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PREFACE 

This book presents a comprehensive view of veterinary vaccines and 
diagnostics~past, present, and future. The authors were all partici- 
pants in the First International Veterinary Vaccines and Diagnostics 
Conference (IVVDC) held during the summer of 1997 at the Monona 
Terrace Convention Center, Madison, Wisconsin, USA, 

Each session had co-chairs who selected four to six speakers. The 
book follows the general organization of the conference. The sessions 
and co-chairs were: 

Vaccines and Diagnostics in Veterinary Medicine: Historical and 
Contemporary Perspectives, Dr. Ronald D. Schultz 

Basic and Applied Immunology and Vaccinology, Dr. Pat Shewen 
and Dr. Chuck Czuprynski 

Adjuvants and Immunomodulators, Dr. Gary Splitter and Dr. Mi- 
chael P. Murtaugh 

Canine Vaccines and Diagnostics, Dr. Leland E. Carmichael and Dr. 
Max Appel 

Porcine Vaccines and Diagnostics, Dr. Linda J. Saif and Dr. Lennart 
B~ickstrSm 

Feline Vaccines and Diagnostics, Dr. Mary Tompkins and Dr. Fred 
W. Scott 

Equine Vaccines and Diagnostics, Dr. Kevin Schultz and Dr. Paul 
Lunn 

Bovine Vaccines and Diagnostics, Dr. Ivan Morrison and Dr. Manual 
Campos 

Avian Vaccines and Diagnostics, Dr. Dick Witter and Dr. Jagdev M. 
Sharma 

Fish, Exotic, and Wildlife Vaccines, Dr. Phillip H. Klesius and Dr. 
Joseph F. Curlee, Jr. 

Adverse Reactions and Failures, Dr. James A. Roth and Dr. David 
Rosen 

Standardization of Vaccines and Diagnostics, Dr. Ronald D. Schultz 
and Dr. Leland E. Carmichael 

Regulation and Licensing, Dr. David A. Espeseth and Dr. Phillipe 
Vannier 

XXXV 
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Vaccinology in the 21st Century, Dr. Fred Brown and Dr. Lorne A. 
Babiuk 

The success of the conference was made possible by the excellent oral 
presentations and more than 100 poster presentations and by more 
than 400 participants from academia, government, industry, and the 
practice of veterinary medicine. Major sponsors of the conference in- 
cluded these organizations: School of Veterinary Medicine, University 
of Wisconsin-Madison; American Association of Veterinary Immunolo- 
gists; Bayer Animal Health; Boehringer Ingelheim Animal Health, 
Inc.; Ft. Dodge Laboratories; Grand Laboratories, Inc.; HESKA Corpo- 
ration; IDEXX Laboratories, Inc.; Intervet; Merck Research Laborato- 
ries (now Merial Ltd.); Pfizer Animal Health; and Rhone Merieux, Inc. 
(now Merial Ltd.). 

The topics covered herein are especially timely because of the many 
changes and new developments in veterinary vaccinology and diagnos- 
tics that  have taken place during the past 10 years. Information on 
vaccines and diagnostics for virtually all the major animal species, 
both wild and domesticated, is included. There are many discussions 
on new methodologies currently being used to develop safer and more 
effective vaccines and for the development of rapid, effective, and 
simple diagnostics. In veterinary medicine, in contrast to human medi- 
cine, vaccines and associated diagnostics must be cost effective; thus, 
certain vaccines and diagnostics must sell for pennies if they are to be 
used for selected species, such as poultry. Monetary restrictions rather 
than any scientific/technological constraints place more significant 
constraints on the development of products for many of the domesti- 
cated species served by veterinary medicine. New methodologies, espe- 
cially those resulting from advances in recombinant DNA technology, 
are making possible the development of vaccines for diseases for which 
there are no conventional vaccines and of replacement of conventional 
vaccines with safer and/or more effective vaccines as needed. New and 
improved diagnostics, some of which can be used with special "marker 
vaccines" to control or maybe some day eradicate certain diseases, are 
also presented. Contributors discuss methods for licensing vaccines 
and standardizing certain procedures and protocols worldwide to im- 
prove and simplify certain processes that are highly diverse and costly. 
Global distribution of many of the vaccines and diagnostics makes 
harmonization necessary and will help ensure the cost effectiveness of 
the new products. 

An especially timely discussion focuses on the frequency of adminis- 
tration of vaccines and the adverse reactions associated with vaccines. 
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All the authors acknowledge the major contributions vaccines have 
made and will continue to make in the control of animal diseases. The 
major accomplishments in the improvement of animal health and well- 
being achieved through the use of many of the vaccines and diagnostics 
currently available are readily apparent.  However, many vaccines are 
being given too often to animals that  will benefit little or not at all from 
the specific vaccines. As illustrated by several authors, there are also 
vaccines that  can cause severe adverse reactions in certain animals 
and there are vaccines providing little or no economic benefit for the 
target species; in fact, they may create an economic loss. Diagnostics 
that  need to be improved with regard to sensitivity and/or specificity 
and the need for standardization and/or improved quality assurance 
programs are also discussed. 

The frequency of vaccination is an especially common theme with 
respect to canine and feline vaccines. It is readily apparent  to most of 
the authors that  vaccines are designed to generate an "immunologic 
memory" that  lasts for years or often for the life of the animal. It is also 
acknowledged that  the current practice of annual revaccination is not 
necessary for many of the products used in cats and dogs and recom- 
mendations for annual  vaccinations were made primarily to get pet 
owners to bring their pets to the veterinarian for annual  physical ex- 
aminations. However, the recommendation for annual  revaccinations 
becomes less acceptable with increased adverse reactions, especially 
those that  cause significant disease or death (for example, ana- 
phylaxis, vaccine-associated fibrosarcomas) and as more and more 
vaccines become available. Adverse reactions and immune responses 
to self-antigens have led to the reexamination of the annual  revaccina- 
tion recommendation, a recommendation that  has no scientific basis! 
For those vaccines with a long duration of immunity (for example, viral 
vaccines), it has been suggested that  vaccination occur once every 
three to five years, instead of annually. Certain vaccines should not be 
given at all to animals, especially those at low or no risk of disease. 

It is obvious that  there are many safe and effective vaccines now 
available for many species, but even more obvious is that  the future 
will bring many new vaccines. These new vaccines will include some 
that  are safer and/or more effective than current vaccines and some for 
diseases for which no vaccines exist. Also new, totally different types of 
vaccines will appear on the market  (for example, cancer vaccines, vac- 
cines to prevent pregnancy). The frequency of vaccination will need to 
be determined for these new products, and frequency should be based 
on the true duration of immunity. It will be as important  not to over- 
vaccinate as it will be to ensure that  as many animals as possible 
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receive the benefit of a vaccine for diseases tha t  cause significant mor- 
bidity and mortality. Likewise, it will be important  to ensure tha t  
vaccines are not used in animals tha t  will receive little or no benefit or 
in circumstances where the vaccines may cause harm. 

Vaccines for prevention and t rea tment  of cancer, for neuter ing pet 
animals and wildlife species, and for losing or gaining weight are just  a 
few of the novel applications being developed. Vaccines tha t  do not 
need to be injected but tha t  can instead be fed or aerosolized or given in 
the water  are required for certain species. Improved delivery methods 
will increase compliance for vaccines and decrease the costs associated 
with vaccinating food animal species and wildlife. Completely revolu- 
t ionary vaccines that  do not contain an antigen, only the genetic infor- 
mation to instruct the animal to make the antigen, are now available. 
These vaccines, DNA/nucleic acid vaccines, are creating a significant 
amount  of interest  because they appear to be as effective as modified 
live vaccines (the most effective type current ly  available) and safer 
than  killed vaccines. 

These are exciting times in vaccinology and diagnostic medicine, 
primarily because technology is providing an opportunity to make new 
and more effective products tha t  can be readily delivered to a large 
number  of animals including wildlife species when and as needed. 
Availability of this new technology alone should not and cannot drive 
product development. We must  stop and ask the question, "Do we need 
the vaccine or the diagnostic?" We should not merely ask, "Can we 
make it?" 

Undoubtedly the advances of the past  10 years will appear  minor 
compared to those made during the next 10 years. We will have anoth- 
er opportunity to get together at the Second IVVDC (IVVDC 2000) in 
Oxford, England, to discuss the progress in this fast-moving field. For 
those unable to at tend the First  IVVDC, this book offers a comprehen- 
sive summary;  for those who attended, it will amplify and embellish 
the information presented on veterinary vaccines and diagnostics. 

RONALD D. SCHULTZ 
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I. Introduct ion 

Vaccination is the most successful medical and veterinary measure: 
More lives have been saved by immunization, more animal produc- 
tion safeguarded than through all other medical and veterinary activ- 
ities combined. It has been possible to eradicate a disease worldwide 
(human smallpox), and attempts to reach the same goal for poliomy- 
elitis and measles are viewed with optimism. But this optimism does 
not apply for diseases where the causative virus has a reservoir in the 
wild fauna (such as in the case of distemper and parvoviruses that  
occur in mustellids). Against these diseases vaccination will have to 
continue. 

Vaccines were being used long before the mechanisms of immune 
protection became known. Today the discipline of vaccinology has ac- 
quired proper scientific status as a interdisciplinary research area that  
emerged from microbiology and immunology. Because vaccines make 
moneymfor the veterinarian and as a corollary also for the phar- 
maceutical industrymmoney is being invested in vaccine research. 
This has resulted in impressive progress. Protection can be obtained 
against most animal viral diseases, and it is hoped the remaining 
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conditions (e.g., feline AIDS, feline infectious peritonitis, Aleutian dis- 
ease of mink) will be controlled in the near future. 

For the average small animal practice in Europe, doing vaccinations 
provides its financial basis; between 20 and >40% of direct and indi- 
rect income is earned from vaccinations. In view of this economy-re- 
lated fact, teaching of vaccinology is clearly insufficient at most veter- 
inary colleges. While there are chairs of immunology and vaccinology 
at the Utrecht Faculty of Veterinary Medicine, most of the neighboring 
European countries lack such chairs. The paradoxical situation exists 
that  the average veterinary practitioner knows least about his or her 
most lucrative activity. This is a depressing and dangerous situation, 
especially in view of the future developments in veterinary medicine. 

II. Will There Be Vaccination in the Next Millennium? 

This is a moot question, of course, but for the virologist no prophetic 
talent is required to answer it in the positive sense. As long as cellular 
organisms populate this planet, new viruses will appear at regular 
intervals and infect them, at times making them ill. Consequently 
there will always be a reason for developing new vaccines--and there 
are no good alternatives. One may not expect universal antiviral che- 
motherapeutics, irrespective of the recent successes obtained in treat- 
ing AIDS patients. (Editor's note: HIV drug resistant strains have 
already appeared to threaten the sucess of treatment.) 

New viral epidemics are seen time and again (from parovirus enter- 
itis to seal distemper to swine mystery disease), the media focus the 
public's attention on them, people may fall ill and die (for example, 
after infection with "new" influenza viruses). Research has shown that  
"new" viruses are the result of subtle changes in the genomes of usu- 
ally well-known ones, the consequence of viral evolution. 

What are these new viruses? As soon as an epidemic has been identi- 
fied molecular genetic research is initiated, the results of which are 
almost predictable: The causative agent will be a virus that  is slightly 
different from other, well-known viruses. The virus causing the epi- 
demic is the result of mutations followed by selection~a process we 
call evolution. The driving force in the evolution of RNA viruses (among 
which there are numerous animal pathogens) are single nucleotide 
changes scattered throughout the genome, but also insertions of longer 
pieces of genetic information cannibalized from the cell. During tran- 
scription, viruses can acquire foreign information and incorporate it 
into their genome by template jumps of the transcriptase, the enzyme 
that  copies the nucleotide sequence; if that  foreign information confers 
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a selective advantage to the "parent" virus, it will be genetically per- 
petuated. When the mere change of a single amino acid has dramatic 
effects, then the uptake of entire motives (modules) of foreign informa- 
tion can be expected to lead to even more dramatic alterations. Thus 
the mutated virus could escape preexisting immunity (to the "parent" 
virus) in its host, thereby causing disease; on the other hand the vari- 
ant could also cross the species barrier and infect a new host. 

Thus viral evolution can be tracked and analyzed in molecular 
terms. The vaccine industry obviously follows epidemiologic develop- 
ments and is eager to market  a vaccine against a newly discovered 
virus disease as soon as possible~this  contributes to its reputation 
and success in the marketplace. In those cases where evolutionary 
trends can be predicted, where mutations can be expected in certain 
genes (for instance, in influenza virus), this is an efficient routine pro- 
cedure: Vaccines against human influenza get a yearly update. 

For a company, vaccine research, development, and registration are 
expensive. Assessment of the return on investment may lead to com- 
promise, especially as far as efficiency is concerned (for instance, by 
accepting a marginally effective antigen concentration in a killed prep- 
aration). Placebo-controlled independent field studies to evaluate the 
degree of protection have been performed only in a few instances, com- 
parative studies between preparations even more rarely. Veterinari- 
ans rely on their "experience," however objective this may be. They 
generally stay loyal to their manufacturers, leaving them only as a 
consequence of a good talk by another sales representative or of "ex- 
periences" communicated by a colleague. Undoubtedly there are dif- 
ferences in vaccine performance between brands, but also between 
viruses. The notoriously bad reputation of preparations intended to 
protect against feline upper respiratory disease may be due to newly 
evolved caliciviruses in the field against which the vaccine induces less 
cross-protection than years ago, when they were first developed. Re- 
search has even shown annual variation between vaccines from the 
same manufacturer; certain lots induced poorer immunity than others. 

When discussing the bad reputation of a particular vaccine one 
should take a sociopsychologic phenomenon into accoun t~ tha t  of se- 
lective observation. No veterinary practitioner or breeder will mention 
the thousands of healthy, well-protected vaccinees, but the single ani- 
mal that  falls ill (after or irrespective of vaccination) gets all the atten- 
tion. When the name of the preparation is mentioned in this context, a 
negative image may develop as a consequence. However, this is nor- 
malmalso in the statistical sense of the word: No vaccine results in 
100% protection and complete safety. Any biological phenomenon fol- 
lows a frequency distribution of effects, and rare ly~somet imes  not so 
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rarely--one may expect no effect at all. This can bias the vet's "experi- 
ence" mentioned above. 

lIl. What Is the Future of Veterinary Vaccinology? 

Van Leeuwenhoek, Beijerinck, and Kluyver are famous names in 
microbiology; also veterinary vaccinology has its roots in the Nether- 
lands. When Frenkel successfully cultivated foot-and-mouth disease 
virus in Amsterdam using suspensions of surviving bovine tongue 
epithelium, the basis was laid for controlled virus growth, for the in- 
dustrial production of viral antigen in cell culture. The National Veter- 
inary Institute subsequently wrote vaccinological history: It developed 
the herpes virus marker vaccines and the chimeric pseudorabies/hog 
cholera vaccine--a molecular vaccinological highlight. Protection of 
dogs and mink against fatal parovirus infections using a short oligo- 
peptide made an old immunological dream come true. 

Progress has been made in both the innocuity (safety) and efficacy of 
veterinary vaccines. Many strategies are currently being developed to 
arrive at maximum possible protection with minimal side effects. Vet- 
erinary medicine leads the way: Observations can be made and experi- 
ence gathered in the target species, where ethical, legal, and economi- 
cal reasons prevent similar approaches in the medical environment. 
One of the most promising developments is vaccination with DNA that 
carries the information for a protection-relevant protein. The immu- 
nogenic protein is not injected into the vaccinee but the genetic infor- 
mation for this protein that is then synthesized by the host cell itself. 
Although the injected DNA does not replicate, the induced immune 
reaction is similar to that after modified live vaccination, with respect 
to MHC class I antigen presentation and the induced cellular response. 

Protection is not only a function of the quality of the antigen but also 
of correct triggering of the immune system. To improve the immu- 
nogenicity of a preparation so-called adjuvants are added to the anti- 
gen; these are minerals such as aluminum hydroxide but also water/oil 
emulsions, detergents, plant glycosides, etc. The antigens are immo- 
bilized at the site of injection, and during the ensuing inflammatory 
reaction antigen-processing cells are attracted. Chronic local inflam- 
mations may lead to malignant transformation, however, and recent 
observations indicate the occurrence of fibrosarcomas at injection sites 
of predominantly aluminum hydroxide-containing inactivated vac- 
cines. The principle of innocuity is stringently observed by European 
licensing authorities--more stringently than efficacy, one is tempted 
to say. It is also easier to prove. An incidence of 3 fibrosarcoma cases on 
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10,000 cats after leukemia or rabies vaccination is only acceptable if 
the disease against which it must  protect carries a higher risk. 

Cytokines are currently the focus of attention as immunity en- 
hancers; they are messenger molecules of the immune system that  are 
able to direct the response. It may be expected that  they will become 
successors of the empirically developed adjuvants. 

IV. Vaccination in the Twenty-First Century 

The veterinary practitioner demands a vaccination schedule that  is 
simple, timesaving and commercially attractive. Industry met these 
requirements by development of polyvalent preparations that  may con- 
tain seven or more components. The small animal scene gradually 
adopted a yearly vaccination routine and everybody appeared satisfied: 
the vet, the owner, the manufacturer. One visit per client per year, one 
injection, one vacc ine~easy  enough. In biological terms this is non- 
sense, of course. A universal scheme cannot be expected to accommo- 
date the immunology of the carnivore, the properties of diverse infec- 
tious agents, the changing epidemiologic situation, or the age and 
living environment (risks of infection) of the animal. 

Injection and immunization are not synonymous. The automatic 
yearly application of a polyvalent preparation with disregard for the 
vaccinee's individual life circumstances is the dangerous development 
alluded to above. It may be damaging for the profession. 

There is nothing wrong, in principle, with combined vaccines, if im- 
munogenicity and protective potency have been proven for each compo- 
nent. Studies have shown, however, that, for example, parvo/dis- 
temper virus combinations may lead to encephalitis caused by the 
latter; though sporadic, these cases have received much attention and 
led to a more critical appraisal of combination products. 

There is something wrong, however, with the unreflected yearly in- 
jection of all the components present in a polyvalent preparation. For 
some diseases this is too much, for others too little. Immunity against 
measles is lifelong, and I do not know of any vet who requests a yearly 
measles booster from her or his physician. But most small animal 
practitioners in Europe revaccinate dogs against distemper, which is in 
essence canine measles, annually. Experimentally, distemper protec- 
tion has been proven for 3 years, and it may last longer. In inter- 
epidemic intervals, and this is most of the time, less frequent immuni- 
zations can therefore be defended. 

The other side of the coin is vaccination against, for example, feline 
herpesvirus, which may be too infrequent when given once a year in a 
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shelter situation. Crowding, immunosuppression as a consequence, in- 
fection pressure, and the notoriously poor antigenicity of herpesvirus 
preparations all argue in favor of more frequent applications. Experi- 
mentally, protection did not last for more than 4-6  months. 

In addition to the pediatric ind ica t ion~the  protection of pups and 
k i t t ensmthere  may be a geriatric indication for vaccination in the face 
of an aging immune system. In veterinary medicine, this is unexplored 
territory. In medicine, influenza vaccination has a geriatric indication. 

V. Outlook 

The following conclusions may be drawn from the above consider- 
ations: 

�9 The vaccine industry should consider developing and market ing 
mono- and oligovalent preparat ions--booster  vaccines containing es- 
sential immunogens and lacking superfluous ones. 

�9 The veterinarian should continuously monitor the epidemiologic 
situation and adjust the booster vaccination schedule accordingly. 
Pups and kittens should get their first shots at the breeder's. This 
has a twofold advantage: the animal is immunized in its own prem- 
ises, and the vet can get an idea about the management  of the kennel 
or cattery. 

�9 The owner should be more involved in the vaccination schedule and 
strategy. After all, the veterinarian is responsible for the health of a 
family member and should therefore be informed about familial ac- 
tivities and changes (vacation, birth of a baby, change of residence, 
acquisition of another dog or cat, etc.) to implement a made-to-mea- 
sure vaccination program. 

�9 The disciplines of veterinary microbiology should become more in- 
volved in the epidemiologic surveillance of the companion animal 
scene, since there is no "Veterinary Communicable Diseases Center" 
for the dog and cat. The appearance of new viruses, new antigenic 
variants, zoonotic risks, and vaccine failures need to be identified and 
communicated to the small animal practitioner at large, but also to 
the vaccine industry. 

The age of empirism in vaccinology is past. To vaccinate successfully 
is not as easy as it seems; it requires veterinary knowledge and immu- 
nologic and microbiologic insight. It was the French poet L~on-Paul 
Fargue (1876-1947) who wrote: "I1 n'y a pas de simplicit~ v~ritable; il 
n'y a que des simplifications." ("There is no real simplicity, there are 
only simplifications.") 
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I. Introduction 

Although the general features of the historical development of both 
human and animal vaccines are well known and have never really 
been contentious, recent scholarship has produced some interesting 
new and perhaps controversial information on the origins and discov- 
ery of the vaccines against smallpox, anthrax, and distemper. 

The birth of vaccination, and immunology in the broadest sense, 
stems from two key events. The recognition by Edward Jenner in 1798 
that vaccinia could protect humans against smallpox and the recogni- 
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tion, in 1879 by Pasteur, that  the general principles enshrined in Jen- 
ner's discovery were broadly applicable to a whole range of infectious 
diseases. The long interval between these two events was unavoidable. 
Only when the microbial nature of infectious disease was recognized, 
and the concept of spontaneous generation discredited, could the 
broader principles involving resistance to disease be appreciated. Once 
this was achieved, the principles of vaccination were rapidly applied 
across Western Europe and North America. Pasteur, for example re- 
ported on his fowl cholera discoveries in February 1880. In a USDA 
special report dated December 1880, Dr. D. E. Salmon could say the 
following. "At present the attention of investigators (employed by 
USDA) is still, for the most part turned to methods of prevention and 
chief among these is inoculation by means of a mitigated virus . . . .  " 
This is not surprising since Pasteur's discovery, for the first time, 
provided a reasonable mechanism of controlling infectious diseases. 
Indeed, once the concept of microbial causes of disease became estab- 
lished, then the ideas of virulence and attenuation followed fairly natu- 
rally. 

These two key discoveries, however, have some very interesting and 
controversial aspects. Thus, while we have long accepted that  Edward 
Jenner used cowpox as his source of vaccine material, there is a consid- 
erable body of evidence to suggest that  vaccinia could have originated 
from a now extinct horsepox virus. This could explain the mystery of 
the origin of vaccinia, a virus that  is distinctly different from modern 
cowpox. 

In the case of Pasteur's early discoveries, we can now see how in the 
years 1880 and 1881, at least three individuals, Greenfield in London 
and Pasteur and Toussaint in Paris, independently came to the same 
basic understanding of the processes of microbial attenuation and vac- 
cination. That the priority and hence the credit was eventually ac- 
corded to Pasteur was inevitable given his very high public profile at 
that  time. Nevertheless, Pasteur was by no means alone at the summit 
of the discovery of vaccination. 

In effect, the limiting factor in the development of many early vac- 
cines was the correct identification of the causal agent of a disease. The 
development of antidistemper vaccines demonstrates in an exemplary 
fashion just how this occurred. Despite the fact that  the viral nature of 
canine distemper was clearly established as early as 1905, there was 
an astonishing reluctance to abandon a bacterial etiology for another 
20 years. As a result, effective antidistemper vaccines were relatively 
late developments. 
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II. The Origin of Vaccinia 

A. JENNER'S VACCINE 

Although the first documented substitution of cowpox for smallpox 
was performed by Benjamin Jesty in 1774, the general acceptance of 
vaccination dates from 1795 when Edward Jenner published his paper 
entitled "An enquiry into the causes and effects of the variolae vaccinae, 
a disease discovered in some of the western counties of England, particu- 
larly Gloucestershire, and known by the name of The Cow Pox." This is 
a misleading title. Despite referring specifically to cowpox, the opening 
sentence of Jenner's paper states: "There is a disease to which the 
horse, from his state of domestication, is frequently subject, The Far- 
riers have termed it the Grease" (Jenner, 1795). Jenner then proceeds 
to claim that  the grease and cowpox were in fact the same disease. 
Jenner described how the grease could be transmitted from a horse to 
the bovine udder as a result of " . . .  some particles of the infectious 
matter adhering to his fingers." The same disease could then, Jenner 
suggested, be transmitted to dairy maids. He went on to give a series of 
examples showing how prior infection of a human with either the 
grease or with cowpox could confer immunity to smallpox. Thus, in his 
very first example, Jenner described how Joseph Merret, an Under 
Gardener to the Earl of Berkeley, managed to transmit  grease from his 
master's horses to his master's cows. He also caught it himself and was 
"much indisposed for several days . . . .  "Merret recovered and about 25 
years later was variolated against smallpox. Susceptible recipients of 
smallpox vaccine normally develop a lesion at the infection site. Resis- 
tant individuals do not. In the case of Joseph Merret, Jenner could 
never get the vaccine to take. Merret was, however, immune to small- 
pox and remained healthy despite the fact that  other members of his 
family developed the disease. 

Edward Jenner was convinced that  the "sore" heels or "grease" of 
horses, which infected the farriers who shod and the grooms who at- 
tended such horses, was horsepox and could produce cowpox and that  
either could be used to vaccinate humans against smallpox. He contin- 
ued to believe that  horse-derived material was a source of vaccinia in 
later life. For example, in 1813, Jenner wrote to a colleague regarding 
vaccination and said, "for the past two months, I have been using 
material derived from a horse." In 1817 Jenner supplied more of this 
equine-derived material to the National Vaccine Establishment and it 
was widely used for vaccination. 
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B. DR. JOHN LOY 

In 1801 Dr. John Loy, a physician from Pickering in Yorkshire ob- 
tained scab material  from the hand of a patient  who had been t reat ing 
horses for the "grease" (Fleming, 1890; Taylor, 1993). Loy used this 
mater ial  to vaccinate the man's brother who developed a local lesion, 
which looked to Loy like a normal cowpock. Loy then went on to take 
more material  from his original donor and use it to inoculate a cow and 
a child. Both developed typical lesions and the child subsequently re- 
sisted variolation. Subsequently, Loy performed a variation on this 
procedure. He took material  from a horse with grease and used it to 
inoculate the udder of a cow. The cow developed "cowpox." He then took 
scab material  from the cow and used it to inoculate a child who subse- 
quently also resisted variolation. To reinforce these ideas, Loy went 
still fur ther  and vaccinated a child directly with horse-derived mate- 
rial and then went on to use material  from this child to inoculate five 
additional children. All resisted variolation, a reasonably reliable indi- 
cation tha t  they had developed immunity to smallpox. Collectively 
these studies confirmed, at least to Dr. Loy, that  there was an agent in 
the lesions of grease tha t  could be t ransmit ted to cows and tha t  hu- 
mans  inoculated with this material  resisted variolation. 

Later  in the nineteenth century there were numerous episodes 
where material  from horses with the "grease" caused pox-like skin 
lesions in humans  (Fleming, 1890). Two examples will suffice. In 1830, 
Professor Hertwig and 11 students at the Berlin Veterinary School 
became inoculated after handling horses affected with the grease. In 
1881, a Dr. Pingaud in Paris took material  from a horse with horsepox 
and collected the "lymph" from the pustules. He used this to inoculate 
7 young soldiers of the 10th Hussars  (volunteers?), 6 of whom subse- 
quently developed characteristic vaccine vesicles. Material from these 
individuals was subsequently used to vaccinate an additional 64 sol- 
diers and in 40 of these the vaccine appeared to take. 

C. GREASE AND HORSEPOX 

What  was the "grease"? At the present  time, the disease of the fet- 
locks of horses is considered to be due to infection with Dermatophilus 
congolense. However, Loy recognized tha t  there were two kinds of 
grease: One was local and not infective to humans,  the other caused a 
systemic febrile disease. This second form could be accompanied by 
eruptions elsewhere on the skin. According to Loy, only the second 
form was effective as a source of vaccine material.  During the nine- 
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teenth century, a disease known as horsepox or equine variola was well 
recognized in Europe and North America. It caused skin lesions, some 
of which could occur on the fetlock. The disease was sporadic but  was 
seen in Montreal in 1882, and in England at least as late as 1885. It is 
also of interest  to note that  the great  Professor Chauveau himself  
noted tha t  injection of vaccinia virus to horses produced lesions that  
" . . .  differ in nothing from natural  horsepox" (Fleming, 1890). 

At the present  time the only poxvirus that  has been isolated from 
horses appears to be restricted to a small area of Kenya (Kaminjolo et 
al., 1975). It is a typical orthopoxvirus that  causes multiple skin le- 
sions resembling papillomas. It is called Uasin Gishu pox after the 
district where the disease occurs. The virus cross-reacts in a hemag- 
glutination inhibition assay with both vaccinia and cowpox. Because 
horses are a fairly recent addition to the area it has been supposed tha t  
its natura l  reservoir is a wild animal. It has never been identified 
outside the area where it was first isolated. It is, however, not incon- 
ceivable tha t  this may actually be a relict population of the horsepox 
virus imported from Europe during the colonial period. 

Is it possible tha t  vaccinia may not be a cowpox but a horsepox virus? 
Certainly, vaccinia is distinctly different from cowpox (Fenner et al., 
1989). During the nineteenth century vaccinia could not, of course, be 
cultivated in vitro. It also had a relatively short storage life although 
at tempts  were made to store it on dried threads. Thus, the most effective 
way to ensure its efficacy was to t ransmit  it directly between individuals 
by arm-to-arm inoculation. This was not always convenient and there 
was a constant need for new sources of vaccine. On occasion, new 
material  could be obtained from natura l  cases of cowpox or, as pointed out 
earlier, from horsepox. When the medical authorities became aware tha t  
direct t ransmission was a good way to t ransmi t  other diseases, especially 
syphilis, they took steps to ban the procedure and made the use of calf- 
derived vaccine mandatory. Unfortunately, only one laboratory in the 
world, in Cologne, Germany, had such a vaccine. Thus, all current  
vaccinia stocks come from this single laboratory. Where did they get their  
virus from? Sadly, the records of this laboratory were lost during World 
War II. The origin of vaccinia is thus unknown. It is not implausible 
however tha t  it did originate from the extinct disease of horses known as 
equine variola, horsepox or the "grease." 

III. Anthraxgate: A Minor Nineteenth-Century Scandal 

Around the year 1880, three investigators independently discovered 
how to vaccinate animals against  anthrax.  They were Louis Pas teur  
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and Henri Toussaint in France and William Greenfield in England. 
While Louis Pasteur received all the publicity, recent scholarship sug- 
gests that  the credit should at the very least be shared. 

A. HENRI TOUSSAINT 

Henri Toussaint was a very junior professor at the Toulouse Veter- 
inary School. He was the one who sent a vial of blood from a cock- 
erel dying of fowl cholera to Pasteur and enabled him to develop the 
first vaccine (Geison, 1995). Toussaint considered that  he had actu- 
ally seen the fowl cholera bacillus but although politely thanked by 
Pasteur, was never publically acknowledged. However, he went on to 
develop his own anthrax vaccine. In July 1880 he told his colleague, 
Henri Bouley, about his discoveries, and Bouley encouraged him to 
make them public. As a result, on July 12, 1880 Toussaint's initial 
results were presented to the National Academy of Sciences (Tous- 
saint, 1880a). In these he described how he successfully immunized 
four dogs and six sheep against anthrax. Toussaint would not reveal 
just how he made this vaccine (he considered this somewhat prema- 
ture) but on the same day deposited a sealed envelope with the sec- 
retary of the National Academy of Sciences. The members of the Na- 
tional Academy were very critical of Toussaint's secrecy so that  on 
August 2, 1880, he allowed the note to be opened (Toussaint, 1880b). 
In it were described a method of making an anthrax vaccine for dogs 
and sheep. This involved heating infected defibrinated blood to 55~ 
for 10 minutes. Toussaint pointed out that  not only were his animals 
protected, but there was also no local reaction at the inoculation 
site. 

Unfortunately, soon after his method became public, Toussaint real- 
ized that  this was an unpredictable method of killing the anthrax 
bacillus. He therefore switched to treating anthrax blood with 1-1.5% 
carbolic acid. Using this method, he conducted a fairly large-scale trial 
of this new vaccine on August 8, 1880, at the Alfort Veterinary School 
(Geison, 1995). In this trial, 16/20 sheep survived challenge although 
many got very sick indeed. At the time this was considered a partial 
failure and Toussaint got very discouraged. He continued his efforts 
but was unable to produce consistent results. Once the results of Pas- 
teur's public experiment were publicized in 1881, Henri Toussaint ap- 
pears to have given up the struggle. Late in 1881 he became mentally 
ill and died in 1890 at the age of 43! At his funeral, the director of the 
Toulouse Veterinary School declared: "His mind gave way under the 
weight of the great thoughts it carried." 
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B. Louis PASTEUR 

Meanwhile Louis Pasteur had turned his attention to the problem of 
disease prevention. Early in his studies he recognized the key features 
of Jennerian vaccination for what they were, namely, the use of an 
avirulent strain of organism to protect against a virulent strain. He 
also recognized that  it would be important to reduce the virulence of an 
organism by attenuation and pointed this out to Emil Roux, his assis- 
tant, several months before he conducted his famous fowl cholera ex- 
periment in the late summer of 1879. Because he had thought all this 
out beforehand, at the conclusion of the experiments on fowl cholera it 
apparently only took him "a minute" before he exclaimed, "Well, every- 
thing explains i t se l f~this  hen has been immunized by being injected 
with the old culture." What has been perceived as an astonishing flash 
of intuition was really the culmination of long considered deliberation 
on the subject. Pasteur reported to the Academie des Sciences on Feb- 
ruary 9, 1880, that  he had succeeded in vaccinating birds against fowl 
cholera. However he kept the method secret until his presentation to 
the Academie de Medicine in October 26, 1880 (Pasteur, 1880). The 
reasons for this secrecy are unclear but Pasteur probably hoped that  
the method could be extended to other, more significant diseases such 
as anthrax. This disease had been making a nuisance of itself across 
France, costing an estimated 20-30 million francs. (It should be noted 
that  the relatively unknown Henri Toussaint had tried the same se- 
crecy approach but had received very severe criticism and was obliged 
to reveal his methods. The renowned Louis Pasteur could not be pres- 
sured in the same way.) 

Following his fowl cholera studies, Pasteur set out to make an an- 
thrax vaccine but was surprised when in July 1880, Toussaint an- 
nounced his development of an anthrax vaccine. The surprise stemmed 
from two concerns. One, that  an unknown from the provinces might 
beat him to it, and two, that  Toussaint had used killed organisms. 
Pasteur had hitherto believed that  vaccination worked when the 
attenuated vaccine strain deprived the body of nutrients essential to 
bacterial growth. He could not conceive therefore how a killed vaccine 
might work. Fortunately for his theory, his friend Emil Roux soon 
showed that  Toussaint's method of heating anthrax to 55~ was not 
lethal to all anthrax bacilli. Of course, Pasteur was basically a chemist 
so he sought to explain the process of attenuation by chemical laws. In 
fact, he considered attenuation to be chemically equivalent to oxida- 
tion. Thus, he decided that  if an organism could be "oxidized" it would 
become avirulent. To attenuate the anthrax bacillus Pasteur decided to 
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oxidize it by heat and so anthrax cultures were incubated at 42-43~ 
This worked fairly well. 

In August 1880, however, Bouley had told Pasteur and Roux about 
Toussaint's vaccine experiment using carbolic acid-treated anthrax 
blood. Just  to be on the safe side, therefore, Pasteur had Roux conduct a 
series of studies looking at the use of chemicals to attenuate anthrax. 
Roux found that  dilute potassium bichromate (final concentration 0.1%) 
added to anthrax cultures for 12-14 days was no longer lethal to sheep 
but effectively protected them. As a result, by January 1881 Pasteur's 
laboratory had two candidate anthrax vaccines available: Pasteur's 
heat-attenuated one and Roux's potassium bichromate-attenuated one. 
Studies on rabbits, suggested that  the bichromate-inactivated product 
was more reliable and safer. Pasteur reported his studies on heat attenu- 
ation of anthrax to the Academy on February 28, 1881 (Pasteur et al., 
1881a). During this presentation he took the opportunity to "knock" 
Toussaint's procedure emphasiz ing" . . ,  la difference qui existe entre les 
deux m~thodes, l'incertitude de l'une, la sfiret~ de l'autre." 

On April 27, 1881, Pasteur was goaded by the skepticism of his many 
critics to accept a challenge to demonstrate the effectiveness of his 
anthrax vaccine in public. But which one should he use in the trial? 
From Gerald Geison's examination of Pasteur's notebooks, it now ap- 
pears that  Pasteur chose to go with the bichromate-attenuated vac- 
cine, a vaccine very similar in principle to that  developed by poor Henri 
Toussaint. Thus on May 5, 1881, Louis Pasteur initiated a public trial 
of his anthrax vaccine at Pouilly-le-Fort when Roux inoculated half a 
flock of sheep with a bichromate-treated culture. On May 17 he gave 
them a second dose. On May 31 he challenged all the sheep, both 
vaccinated and unvaccinated. All vaccinated animals survived while 
the unvaccinated ones died. These results were dramatic and Pasteur 
rightly received international renown for this public demonstration. 
He officially published these results later in 1881 (Pasteur et al., 
1881b). In these results, however, he claims to have used exclusively 
the heat-attenuated vaccine. Why Pasteur falsely claimed to have used 
the heat-attenuated vaccine is unclear. Certainly his later studies fo- 
cused solely on the heat attenuation process and he went no further 
with bichromate attenuation. However, Geison, who has examined 
Pasteur's notebooks, suggests that  Pasteur considered the heat attenu- 
ation process more reliable than the chemical attenuation process 
(Geison, 1995). Because Pasteur's laboratory generated a considerable 
income from the manufacture of anthrax vaccine, he was perhaps re- 
luctant to draw attention to the possibility that  other attenuation pro- 
cesses would also be effective. 
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C. WILLIAM GREENFIELD 

Meanwhile in London work on anthrax was under way at the Brown 
Animal Sanitary Institution, a small veterinary clinic operated by the 
University of London (Wilson, 1979). The institution not only provided 
veterinary care in the city but was also responsible for conducting 
research on animal diseases. Thus, the first superintendent, a Dr Bur- 
don-Sanderson and his veterinary assistant, a Mr. Duguid, investi- 
gated an outbreak of anthrax in cattle in Mr. Mason's farm in February 
1878. During these investigations, they found that  "when the disease 
is transmitted by inoculation from cattle to small rodents, such as 
guinea-pigs, and then from them back to cattle, the character of the 
disease so transmitted is much milder than that  of the original disease 
acquired in the ordinary way. The rodents die, but the bovine animals 
inoculated with their blood or with the pulp of their diseased spleens 
recover." The first experiment of this type was undertaken on March 
25, 1878, when a calf was inoculated with splenic material from a 
guinea pig that  had died of anthrax (Burdon-Sanderson, 1880). The 
calf got very sick, but by March 30 had completely recovered. Two 
yearling heifers were inoculated with guinea pig derived material on 
May 7 and also recovered. On May 16, all three animals were reinocu- 
lated with blood from a guinea pig that  had died from anthrax. The calf 
got very sick again but the heifers were only mildly ill. The animals 
were inoculated a third time on June 10 and while two got mildly ill, 
one showed no symptoms whatsoever. This is clearly the first demon- 
stration of microbial attenuation by passage through a new species. 

Burdon-Sanderson resigned from the institution in 1878 and the 
superintendent's position was filled by Dr. William Greenfield. Green- 
field followed up on these anthrax studies and reported them in the 
Lancet on April 10, 1880 and in the Journal of the Royal Agricultural 
Society that  same year (Greenfield, 1880a,d). Most importantly, Green- 
field saw that  another key experiment was needed: "Hitherto I have 
had no opportunity of submitting an animal thus inoculated to the 
crucial test of subsequent exposure to contagion or inoculation from an 
original case of the disease in a bovine animal; but I have done so from 
a sheep which died of the artificial disease, with a favourable result." 
He thus described in this April report how a bovine that  had been 
protected by prior inoculation was completely resistant to an injection 
of blood from a sheep that  had died of anthrax. In other words, he 
showed that  an animal was resistant not just to attenuated, guinea- 
pig-derived anthrax, but to the virulent forms of the disease. Green- 
field then went on to predict the science of immunology thus: "Should 
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this method of inoculation be found to succeed, even in a majority of 
cases, it would afford a most valuable prophylactic measure in those 
districts where from time to time whole herds of cattle die of the dis- 
ease. It may, "however furnish another illustration of the pathological 
law exemplified in the relations of smallpox and vaccinia, and may 
serve as a basis for future more extended researches in relation to the 
prevention of fatal epidemic diseases." In other words, Greenfield saw, 
like Pasteur, that  the basic principles of attenuation could be applied to 
give protection against other diseases. 

Greenfield gave a series of lectures on his studies on anthrax at the 
University of London in December 1879. These were published in the 
Lancet in installments in June and July 1880 (Greenfield, 1880c,e). In 
the June 5 issue, he stated in a footnote: "Further experiments,  com- 
pleted since the delivery of this lecture, have led me to the conclusion 
that  the poison becomes progressively less virulent in successful gener- 
ations of artificial cultivation. I have thus been able to obtain a modi- 
fied virus, which when inoculated produces much less severe symp- 
toms and appears to be partially protective against future, more severe 
attacks." 

In the July 10 issue he stated: "It has been commonly asserted that  
when cultivated generation after generation in indifferent media, these- 
bacilli still retain their power of causing the disease when inoculated 
in susceptible animals. This I was prepared to affirm until experiment 
had convinced me that it was not universally true." He also said in a 
footnote: "Since delivering this lecture I have, I believe, e s tab l i shed . . .  
that, the anthrax bacillus may be grown in activating fluids in 
successive generations, until it acquires an innocuous condition, 
though maintaining its power of germination and growth and all its 
morphological characters." In the same paper Greenfield described 
again how he passaged anthrax through a guinea pig and then took 
this material and gave a sublethal dose to a heifer. The heifer did not 
die. He therefore reinoculated the animal with a second, larger dose. 
The animal developed a fever, sickened but survived. Greenfield stated 
in his lecture, "It remains to be seen whether this modified attack will 
confer any future protection on this animal." In a footnote, however, he 
states: "These [experiments], together with still further experiments 
not yet published, show that  protection is conferred, which is great in 
degree and lasts a considerable time . . . .  " 

In his paper in the Royal Agricultural Society Journal (Greenfield, 
1880a), Greenfield described how he had in effect repeated Burdon- 
Sanderson's experiments and concluded by saying of his surviving ani- 
mal: "The animal is still being kept, awaiting the opportunity of making 
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the crucial experiment of direct inoculation from a case of an thrax  in a 
cow." Greenfield then concludes by stating, in summary,  the key require- 
ments for all subsequent vaccine research. "It must  be evident to any one 
who considers the mat te r  tha t  there are many points which must  be 
determined by experiments of a much more extensive character  than  any 
I am able to carry out at the Brown Institution. If, as I hope, it should 
prove on fur ther  experiment tha t  the earlier results are confirmed, and 
that  the inoculation of bovine animals with the Bacillus anthracis culti- 
vated artificially after t ransmission through guinea-pigs or some other 
animal serves to render  bovine animals totally or partially insusceptible 
to the disease when t ransmit ted  by the usual channels, one great  step 
will have been taken. But there will yet remain the questions: Is the 
mortality from inoculation by this method a high one, or do even a small 
percentage of animals die? What  are the conditions under  which inocula- 
tion may be best performed, and does age exercise an important  influ- 
ence in the fatality? And, lastly, for how long a period is protection from 
attack conferred? To settle these points, the inoculation of a large num- 
ber of animals will be necessary, and their subsequent  exposure to 
sources of contagion at favorable periods." 

Greenfield followed up these points in a second paper  published in 
the Journal of the Royal Agricultural Society of 1881 (Greenfield, 
1881b). Here he demonstrated tha t  these cattle were truly immune to 
anthrax. Of course, by this time the tremendous publicity generated by 
Pasteur 's  public experiment had left Dr. Greenfield well behind in the 
race and he went  on to other areas of research. In later  years he did 
however claim publically tha t  it was he, not Pasteur, who first devel- 
oped an an thrax  vaccine. 

IV. Early Canine Dis temper  Vaccines 

A. EARLY VACCINES 

Once the basic principles of vaccination had been demonstra ted and 
publicized by Pasteur, it took very little time for the results to be 
applied to other domestic animals. Thus, many at tempts  were made to 
vaccinate dogs against  canine distemper. Canine distemper was first 
described in 1580 (Whitney and Whitney, 1953). Edward Jenner  was 
the first to differentiate between distemper and hydrophobia, the first 
to recognize tha t  it was infectious, and the first to show tha t  it was not 
communicable to man (Kirk, 1922). Jenner  had based these conclu- 
sions on his study of an outbreak of the disease occurring among the 
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foxhounds of Mr. Merret's employer, the Earl of Berkeley. He actually 
tried disinfecting the kennels by washing them, then whitewashing 
and then exposing them to the fumes of "marine acid." 

Several individuals, including Jenner himself, believed that  the skin 
lesions associated with distemper were related to those of cowpox and 
so recommended cowpox vaccination as a preventive measure. Al- 
though soon recognized as ineffective, this procedure resurfaced at 
intervals over the next century. In 1887, R. S. Huidekoper, the first 
dean at the University of Pennsylvania, explicitly pointed out that  
vaccination does not protect against dog distemper (Niemi, 1980). Not- 
withstanding this, as late as 1902, a Dr. Brown, of Cambridge, En- 
gland, observed "For a number of years I inoculated puppies . . .  with 
vaccine lymph, and with the best results. During my time I never 
heard of a case of distemper arising after inoculation." These observa- 
tions were not widely supported. A second early method also occasion- 
ally employed was inoculation of puppies with the nasal discharge of a 
dog with distemper, the object being to induce a mild attack and subse- 
quent immunity. This was not, of course, a reliable procedure and was 
rapidly abandoned. 

In 1875, Senner was the first to discover microorganisms in associa- 
tion with distemper (Kirk, 1922). He isolated a micrococcus and a 
bacillus from the blood and lungs. Because he also found the bacillus in 
the spleen, liver, and kidneys he concluded that it was the causal 
organism. Subsequently, numerous other investigators discovered bac- 
teria in various parts of the body of dogs with distemper and each 
considered that  their own organism caused the disease. Some even 
claimed to have transmitted the disease with the organism grown in 
pure culture. One of these was Millais who isolated a bacillus from a 
case of distemper. He then heated a culture of this organism at 60~ for 
10 minutes (Millais, 1890). He injected this subcutaneously into about 
10 puppies. Subsequently he challenged them by intranasal inocula- 
tion and all were protected. It is unclear from his paper whether he 
used control, unvaccinated animals. 

In 1901, a Dr. Copeman produced a vaccine by heating a broth cul- 
ture of a bacillus to 60~ for 30 minutes and subsequently adding a 
small quantity of phenol as a preservative. This vaccine was similar to 
that  developed for typhoid in humans at that  time. Unfortunately, the 
reviews of Copeman's vaccine were mixed. His ungrateful countrymen 
were concerned that it would actually cause the disease. Others simply 
did not believe that  it worked. Dr. Copeman himself checked into some 
of these unsuccessful trials and noted that  in many cases the dogs 
failed to mount a temperature spike. He therefore concluded that  " . . .  
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little or no immunity could be expected to ensue"--an interesting com- 
ment on the release of pyrogenic cytokines. Lest one be skeptical about 
Dr. Copeman's vaccine, it was approved of by no less a personage than 
His Grace the Duke of Beaufort. His grace vaccinated his hounds for a 
couple of years and declared, "If we go on with the same results, it will 
be the greatest boon that  has ever been brought out." 

In 1901, M. Chauveau reported on the use of a modified live vaccine 
to prevent distemper. He actually isolated his organisms not from a 
dog, but from a guinea pig that  had died of acute septicemia. He report- 
ed that  his vaccinated dogs resisted both natural  and experimental 
infection. 

About 6 months after Dr. Copeman's results were published a Dr. 
Physalix announced that  he had isolated the causal agent of distemper 
(Pasteurella canina) and had succeeded in developing a successful vac- 
cine (Kirk, 1922). The professor evidently had fulfilled Koch's postu- 
lates with this cocco-bacillus, claiming that  it induced all the classical 
features of distemper when injected in pure culture. Dr. Physalix went 
further and developed a modified live vaccine, the organisms being 
attenuated by subcultivation. Two doses were administered, the first 
being a low dose of an avirulent culture and the second being a more 
virulent culture. Dr. Physalix reported that  13 out of 298 vaccinated 
dogs died while mortality reached 50% in controls. However, there was 
great reluctance to support the idea that  a Pasteurella could cause 
distemper. Because of contradictory reports on the efficacy of the Phy- 
salix vaccine, a "Committee of Veterinary Surgeons" was set up in 1903 
to test its merits. The committee reported thus: "The committee consid- 
er the first experiment an entire failure, and the second inconclusive 
but suggestive. On the other hand they regard the results of the third 
experiment as unimpeachable evidence that  the vaccination failed to 
confer any immunity against d i s t e m p e r . . . . "  The end result of the 
experiment was that  three of the four vaccinated pups died of dis- 
temper, while only two deaths occurred among the four unvaccinated 
pups. Despite the disappointing results of Physalix's vaccine, Professor 
Ligni~res produced a new, polyvalent vaccine in July 1903. It con- 
tained a mixture of strains of P. canis, attenuated by several hundred 
subcultures. It appeared to be no better than its predecessor and disap- 
peared without trace (Ligni~res, 1906). 

B. FERRY'S VACCINE 

In 1912, Dr. Ferry working in the United States produced a "poly- 
valent polymicrobial vaccine." Ferry (1912) actually discovered Bor- 
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detella bronchiseptica and believed strongly that  this was the cause of 
distemper. His vaccine contained several strains of the organism (six 
parts) together with Staph pyogenes albus (one part), Staph pyogenes 
aureus (one part) and Strep pyogenes (two parts) and was widely 
tested and employed. As was typical at the time he used 40 dogs to 
determine its efficacy. Nine received live organisms, 17 received dead 
organisms, and 14 were used as unvaccinated controls. Following ex- 
posure to three animals showing the typical symptoms of distemper, 8 
of the control dogs died while all the vaccinated animals remained 
healthy. It is interesting to note that  Ferry's interest stemmed from 
the need to provide his laboratory with healthy animals for research. 
The vaccine was available either as a suspension of killed organisms 
in saline or "in the dry state as hypodermic tablets." The vaccine was 
indicated for both prophylactic and therapeutic use. When used for 
therapeutic use it was recommended that  the vaccine be administered 
with antidistemper serum. Ferry's vaccine was widely used and gener- 
ally well regarded. However, as experience was gained, practitioners 
gradually became disillusioned with the product. Ferry kept faith in 
his project although in 1923 he suggested that the dose employed 
hitherto had been far too small. "As regards the efficacy of the vaccine 
as a prophylactic agent we have practically come to the conclusion 
that  our dose is altogether too small, and that  is the reason more 
favorable results have not been obtained. As pioneers in this line, 
perhaps we have been too conservative. We have carried on enough 
well controlled experiments to know that  a vaccine composed of B. 
bronchiseptica will protect against distemper, and we have numerous 
reports from outside to the same effect; but we feel that  the vaccine 
has not been doing itself justice and that  larger doses will improve it. 
To condemn the specificity of the organism on an unfavorable showing 
of the vaccine may lead to serious results and is unfair to the organ- 
ism. It was years before typhoid vaccine made a proper showing, and 
yet the typhoid bacillus was still considered the cause of typhoid fe- 
ver." It is difficult not to feel some sympathy for Dr. Ferry since with 
the wisdom of hindsight his vaccine probably did have a protective 
effect against cases of kennel cough and against secondary infections. 
It is impressive to read this comment about Ferry's vaccine made in 
1923: " . . .  Ferry's vaccine should prove superior to others, if for no 
other reason than that it is polyvalent and polymicrobial, for the cocci 
contained may be expected to play an important role in protecting 
against the secondary complications with which they are so frequently 
proved to be associated" (Kirk, 1922). Notwithstanding this, in 1926 
Hardenbergh demonstrated that  a vaccine prepared against a pure 
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culture of "B. bronchisepticus" was ineffective in protecting dogs 
against distemper (Hardenbergh, 1926). 

C. VIRAL VACCINES 

The recognition that viruses were entities distinct from bacteria was 
only recognized in the closing years of the nineteenth century as a 
direct result of increasing expertise in growing and identifying bacte- 
ria. It was in 1898 that Loeffler and Frosch showed that foot-and- 
mouth disease could be transmitted by material filtered through a 
bacteria-proof filter. Viruses were not directly observed until the devel- 
opment of the electron microscope around 1940. Nevertheless in 1905 
Carr~ correctly concluded that canine distemper was caused by a filter- 
able virus. "The specific virus or essential element of the disease is 
invisible, passes through the very porous meshes of the bacterial filter 
and is not cultivatable in various media." He found that the virus could 
be detected in the nasal discharge and in the pericardial effusions of 
affected dogs. After filtering either of these through a fine porcelain 
filter, 2 to 3 drops of the filtrate caused typical disease and death in 
susceptible dogs. The filtrate appeared to be sterile on culture. For 
reasons that are unclear, this discovery was ignored by distemper vac- 
cine researchers and by the early 1920s there were two competing 
theories as to the cause of canine distemper. Ferry and several other 
investigators believed that it was caused by "B. bronchisepticus." Oth- 
ers were less certain and remembered CarrY. 

The first successful distemper vaccine was produced in 1923 by Dr. 
Puntoni in Italy. He showed that he could serially passage the disease 
by intracerebral inoculation and that this brain material contained no 
detectable bacteria. Puntoni (1923, 1924) ground up the brain of a dog 
with distemper, suspended it to 10% in saline, and added formalin to 
make a I:I0,000 solution. He kept it for two days before injecting it 
subcutaneously. He tried to follow this with a dose of live, attenuated 
vaccine. However he found the attenuation was too unreliable so he 
persisted with using multiple doses of the inactivated material. He 
apparently got significant protection. In 1927 Lebailly in France dem- 
onstrated that the spleen contains large amounts of virus and so he 
removed the spleen from dogs on the fourth day of visible sickness, 
ground it up in saline, added formalin, and produced an effective vac- 
cine. He vaccinated 19 dogs and used 5 control animals. All vaccinated 
animals remained healthy, all 5 controls developed disease and i died. 
In 1926 Green demonstrated that the cause of fox distemper was a 
filterable agent (Whitney and Whitney, 1953), but it was not until 1928 
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that  Laidlaw and Dunkin eventually succeeded in immunizing dogs 
and ferrets with formalin inactivated material  derived from ferret 
spleen or the liver, spleen, and lymph nodes of infected dogs. 

V. Summary 

In conclusion, it is remarkable just  how farsighted many of the early 
vaccine investigators were. Jenner  was apparently very comfortable 
with contagion and even recognized that  infectious agents could gradu- 
ally change and adapt to a new species. Pasteur, long before his fowl 
cholera experiment, dreamed that  attenuation could yield safe vac- 
cines and it took him no time at all therefore to recognize the signifi- 
cance of that  serendipitous experiment. The fact that  two other investi- 
gators were also developing anthrax vaccines simultaneously is yet 
another example of how the times favor certain discoveries. Finally 
Ferry, while constrained by the fact that  he had no idea that  distemper 
was caused by a virus, recognized well the concept of secondary infec- 
tion and rationalized, not unreasonably, that  his vaccine might assist 
in controlling this. 

It is also clear that  we must  look skeptically at the accepted histori- 
cal record. Thus, it is clear that  Jenner  used horse-derived material  as 
a source of vaccine material  and that  vaccinia may in fact be the long- 
lost agent of horsepox. Certainly this would not be news to many nine- 
teenth-century investigators and veterinarians. Individuals planning 
to use live vaccinia in recombinant vaccines may wish to keep this in 
mind. 

Who discovered anthrax vaccine? Burdon-Sanderson clearly recog- 
nized that  he could at tenuate the organism. Greenfield showed that  
this could protect against disease although he was far from developing 
an effective vaccine. Poor Henri Toussaint was probably the first to 
develop an effective product but did not publicize his results widely. It 
was left to Louis Pasteur to take the risks inherent in a high-profile 
public experiment and win. I believe that  he richly deserves the prize. 

Finally, who deserves the credit for distemper vaccine? First, Carr6 
deserves much more credit than hitherto for discovering that  dis- 
temper was caused by a virus. Second, Ferry, although misled by his 
identification of B. bronchiseptica deserves credit for realizing that  his 
vaccine could play a role in controlling secondary infections. The true 
discoverer of an effective distemper vaccine was the Italian, Puntoni, 
but once again the publicity went to others, Laidlaw and Dunkin. Thus 
a pat tern emerges that  prior discovery matters  little in the face of 
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aggressive publicity. If nobody knows you did the experiment you 
might as well have never done it in the first place. Publish or perish is 
by no means a new phenomenon. 
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I. Introduct ion 

Diagnostic medicine has taken on a new, broader meaning in the 
1990s and reflects an expansion of clinical investigation from the diag- 
nosis of disease to include detection of infection (Evermann, 1998). 
This leads to an entirely new perspective on how veterinary clinicians 
and diagnosticians view laboratory tests and how test results are inter- 
preted. One must  consider not only the specificity and sensitivity of the 
test, but the predictive value of the test, which relates directly to the 
clinical utility of the result (Jacobson, 1997). 

The definitive diagnosis of infectious diseases relies on a combina- 
tion of clinical symptoms, history, and laboratory analyses of ante- 
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mortem and/or postmortem specimens (Evermann, 1998). Disease di- 
agnosis has customarily used diagnostic assays for early recognition of 
disease and rapid implementation of therapy in an individual animal 
basis, and when appropriate use of corrective management (segrega- 
tion, culling, vaccination, etc.) on a population basis. 

The detection of infection during preclinical stages has become 
more important as one considers the consequence of long-term infec- 
tions that have prolonged incubation periods and inapparent trans- 
mission to susceptible animals in the population. This includes life- 
threatening diseases, such as feline infectious peritonitis (FIP), 
rickettsial and ehrlichial diseases and canine herpesvirus (CHV) in- 
fections. Of equal, if not more so, importance for the early detection of 
infection has been the increased recognition of zoonotic infections, 
such as rabies virus, Salmonella typhimurium DT104, and Escheri- 
chia coli O157:H7 (Evans and Davies, 1996; Slutsker et al., 1997; 
Smith, 1996). 

Together with the necessity to detect infections earlier during the 
preclinical stages, there has been a remarkable expansion in the avail- 
ability of assays that can detect infectious microorganisms in low 
quantity. This increased sensitivity has been primarily through the 
detection of nucleic acid sequences after amplification by polymerase 
chain reaction (PCR, Relman and Persing, 1997). PCR can allow not 
only early detection of infection, but rapid speciation of organisms as 
well as strain typing for epidemiologic analyses (Fredricks and Rel- 
man, 1996; McDade and Anderson, 1996). 

The assessment of preclinical infections allows the veterinarian the 
opportunity to determine the relative risk of disease occurring, and to 
take preventive steps to reduce or eliminate the risks depending on the 
consequences of the disease in the animal and/or human (if zoonotic) 
population. 

This chapter focuses on one main issue, and that is differentiating 
the detection of infection from diagnosis of disease. In the course of 
differentiating infection from disease three questions will be ad- 
dressed: (1) How early do we want to detect infection? (2) What are the 
consequences of the results? (3) Where are we heading with veterinary 
diagnostics? 

II. Differentiating Infection Detection from Disease Diagnosis 

Historically, the primary aim of the diagnostic laboratory was to 
assist the veterinarian in the diagnosis of disease. This is presented in 
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Fig. 1. This type of approach initially ignored the origin of the causa- 
tive microorganisms and focused on the accurate diagnosis of the dis- 
ease agent. An example of this type of approach was the testing of cats 
that  were clinically ill for feline leukemia virus (FeLV). If tested posi- 
tive, they were segregated or euthanized. Fur ther  examples include 
FIP, CHV, Johne's disease (Mycobacterium paratuberculosis), and the 
mucosal disease form of bovine viral diarrhea (BVD) virus. Expanded 
use of diagnostic results by the veterinarian and client allowed for 
some corrective management  steps to be taken. These included the use 
of vaccination when available or segregation and culling to reduce the 
source of the infection in the population. Based on this latter principle, 
the reduction of the source of the infection, a different approach has 
been taken. One may consider this an epidemiologic view of the disease 
process (Susser and Susser, 1996a). 

With a combination of more sensitive diagnostic assays, the veter- 
inarian's concern to know the state of the preclinical infection, econom- 
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FIG. 1. Schematic depicting the historical interactions between the laboratory diag- 
nosis of infectious disease and the steps leading to corrective management. (Modified 
from Evermann, 1990, with permission from W. B. Saunders Company.) 
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ic incentives to minimize disease by effectively controlling the infec- 
tion, and concern over potential zoonotic diseases, laboratory diagnosis 
has taken on a different strategy. This is presented in Fig. 2. The 
primary emphasis in this scheme is to view animals preclinical and 
determine the disease risk and/or zoonotic potential of the infection. 
This has been the approach for some retroviral infections (Evermann 
and Jackson, 1997; Knowles, 1997) and bacterial infections with public 
health concerns, such as E. coli O157:H7 and Salmonella spp. infec- 
tions (Evans and Davies, 1996; Firstenberg-Eden and Sullivan, 1997; 
McDonough and Simpson, 1996). The ultimate goal of the assessment 
of preclinical testing is to initiate a preventive management type of 
control. This type of approach places more emphasis on early testing 
and management of infected animals rather than on diseased animals. 

With the shift in emphasis to preclinical testing, the knowledge of 
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FIG. 2. Schematic depicting the current and future interactions between the labora- 
tory testing of animals-at-risk to determine if preclinical infection has occurred, and the 
steps leading to preventive management. (Modified from Evermann, 1990, with permis- 
sion from W. B. Saunders Company.) 
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the ecology of the infectious microorganism has become very important  
in our overall understanding of how successful the control program 
may be (Susser and Susser, 1996b). The control of infections with a low 
degree of transmissibility and narrow host range, such as caprine ar- 
thritis-encephalitis (CAE) virus, is much more realistic than the con- 
trol of diseases with a wide host range, such as chlamydia and Sal- 
monella spp., or those agents spread by arthropod vectors, such as 
arboviruses and rickettsia (Gregory and Schaffner, 1997; Hewinson et 
al., 1997; Knowles, 1997; Raoult and Roux, 1997; Saluzzo and Dodet, 
1997). The ecology of infection provides the veterinarian with vital 
information with which to make decisions. The ecology of six different 
agents is listed in Table I. The ecology of infection is divided into 
infection rate, at tack rate (progress to become clinical), and mortality 
rate. It can be seen that  the infection rate usually exceeds the attack 
rate and mortality rate in the majority of cases. Exceptions to this 
generalization are the mucosal disease form of BVD that  occur in cattle 
that  are tolerant to BVD and persistently infected (PI), and rabies 
infections in mammals  (Innocent et al., 1997; Smith, 1996). 

Another way to view the ecology of an infection is demonstrated in 
Fig. 3. The schematic allows the veterinarian to readily use a graphic 
approach with clients to explain the differences between infection and 
disease. Rabies virus is used as an example of a microorganism with a 
low infection rate, but high mortality. (This figure would be different if 
one were to diagram the ecology of rabies in bats, the natural  reservoir 
for rabies in the United States.) The CAE virus is used as an example 
of an infection in goats with a high infection rate, but lower attack 
rates, and much lower fatality rates (Fig. 4). With retroviruses, such as 
CAE virus, bovine leukosis virus (BLV), and equine infectious anemia 
(EIA), the ecology can also be subdivided into progressor (progress onto 
clinical signs and/or fatality) or nonprogressor (remains clinically nor- 
mal, but infected and potentially contagious). With persistent bacterial 
infections, such as Salmonella and many members of the Rickett- 
siaciae, the ecology can be subdivided into clinical disease leading to 
mortality or clinical disease leading to a chronic carrier state. This 
chronic carrier state can then be further subdivided into inapparent  
infections with constant shredding and inapparent  infections with in- 
termit tent  shedding. With potentially zoonotic diseases, such as Sal- 
monella, rickettsioses, and psittacosis (Chlamydia psittici), the ability 
to shed or t ransmit  the organism into the environment or vectors be- 
comes particularly relevant (Evans and Davies, 1996; Gregory and 
Schaffner, 1997; Raoult and Roux, 1997). 



TABLE I 

ECOLOGY OF INFECTION IN RELATIONSHIP TO DETECTION OF INFECTION AND DIAGNOSIS OF DISEASE 

Ecology of infection 

Transmissible agent 

Infection 
rate 
(%) 

Attack Mortality 
rate rate Detection of Diagnosis of 
(%) (%) infection* disease 

Vaccine 
available 

Prion induced disease (scrapie) 

Coronavirus induced disease (FIP) 

Lentivirus induced disease (CAE) 

Pestivirus induced disease (BVD) 

BVD-PI (immunotolerant) 

Herpesvirus induced disease (EHV- 1) 

Unknown (variable)** 

85 

IHC (biopsy) Clinical signs, No 
genetic typing histopath 

99 Serology, PCR, Clinical signs, Yes (40-80%) 
genetic typing? histopath 

< 10 Serology, PCR, Clinical signs, No 
genetic typing? histopath 

<5 Serology, PCR Clinical signs, Yes (80-90%) 
histopath, IHC 

90 PCR, VI Clinical signs, Yes (variable) 
histopath, IHC 

5 Serology, VI, PCR Clinical signs, Yes (variable) 
histopath, IHC 

85 30 

85 10 

1-2 50 

85 10 

*Antemortem. 
**USDA-APHIS survey in progress. 
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FIG. 3. Schematic depicting the conceptual view of infection rate, attack rate, and 
mortality rate. (a) An infection with a low infection rate, i.e., rabies virus, but a high 
mortality rate. (b) An infection with a high infection rate, i.e., caprine arthritis encepha- 
litis virus, and a low mortality rate. 

III. How Early Do We Want to Detec t  Infection? 

Early detection of infection is now feasible with a number  of microor- 
ganisms affecting animals. The detection may take the form of specifi- 
cally identifying the nucleic acid of the infectious agent, such as bovine 
herpesvirus-1 in semen samples, BLV provirus is selected blood cells 
populations, and foodborne bacteria in dairy products (Batt, 1997; 
Masri et al., 1996; Xie et al., 1997). Although this form of early micro- 
bial detection is preclinical at this time, with fur ther  research it may 
be determined tha t  these "subclinical infections" are actually causing 
alterations in cell s tructure and function leading to endocrine imbal- 
ances and decreased productivity. This form of disease has been re- 
ferred to a "lesionless pathology," and will be the subject of fur ther  
research (de la Torre and Oldstone, 1996). 

Early detection of infection may take a "back door" approach by 
analyzing the host animal's genetic predisposition to infection and dis- 
ease. This interest ing approach has already been used in order to con- 
trol the prion disease, scrapie (O'Rourke et al., 1997). Sheep with a 
unique chromosome are highly susceptible to progress onto scrapie, an 
irreversible disease. Animals tha t  are bred for genetic resistance to 
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FIG. 4. Schematic depicting the conceptual view of further analyses of the attack rate 

into (a) progressor and nonprogressor, and the mortality rate into lethal and nonlethal. 
(b) How CAE virus infection occurs in this scheme. 

infection and/or disease will be major factors in disease control in the 
future (Gavora, 1996; Malo and Skamene, 1994). The utilization of 
genetic testing is essential for some infections, such as the retro- 
viruses, which serve to activate cellular oncogenes and promote dis- 
ease. Identifying these cellular oncogenes would be a major step in 
controlling retroviral-induced diseases (Wiedemann et al., 1991). 

It will be essential to clearly define what the diagnostic assay is 
detecting so that the veterinarian may utilize the information appro- 
priately. Figure 5a graphically presents the use of thresholds to differ- 
entiate subclinical infection from clinical manifestations of the disease. 
Figure 5b shows five potential diagnostic assays, each with varying 
levels of sensitivity. It would be critical to understand the differences 
between a test with high sensitivity, which detects subclinical infec- 
tion and a test with lesser sensitivity, but more accurately diagnoses 
disease. 

IV. What Are the Consequences of the Results? 

This question becomes more difficult the more one employs preclinical 
testing in preventive medicine programs (Clementi et al., 1995; Jacobson 
and Romatowski, 1996; Smith, 1995). The predictive value of a positive 
result may be high when an animal is clinical, such as a cat with FIP. 
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FIG. 5. (a) Schematic depicting the differences between subclinical and clinical infec- 
tions where infectious agents are detected (panel a). (b) The different levels of sensitivity of 
detection assays, with assay A being the most sensitive and assay E being the least 
sensitive. 

However, with early testing the problems of detecting cross-reacting 
viruses (feline enteric coronaviruses) increases, as does the question of 
whether the preclinical result accurately identifies an animal that  is just  
infected or will progress onto disease (Evermann et al., 1995; Foley et al., 
1997). In infections such as EIA, the consequences of infection are just  as 
severe as the horse that  has clinical signs of EIA. This is because the 
infection is regulated by the U.S. Department of Agriculture and all 
seropositive horses and mules are required to be reported, regardless of 
their health status. Assays for early detection of EIA infection have been 
reported to detect viral RNA in plasma samples as early as 48 hours after 
infection (Langemeier et al., 1996). Similarly in bovine tuberculosis, 
caused byMycobacterium bovis, the consequences of a positive test result 
can be economically devastating due to stringent government regula- 
tions. This becomes particularly problematic because many tests cur- 
rently available may cross-react with other mycobacterial species (Essey 
and Koller, 1994; O'Reilly and Daborn, 1995). 

To determine what consequences the test results will have on the 
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animal and the owner it is important to ask five key questions (Table 
II). Is the infection and/or disease of economic concern, such as EIA or 
M. bovis; is the infection and/or disease of zoonotic concern, such as E. 
coli 0157:H7; where is the microbial agent when not causing disease, 
such as with rabies reservoirs in bat populations; what are the contrib- 
uting factors to the infection and/or disease process, such as pregnancy 
for CHV and other herpesviruses; and what factors can animal own- 
ers/veterinarians/public health personnel control to minimize or elimi- 
nate the risk of infection and/or the disease process? Table III lists 
some of the consequences of the infection and/or disease process. These 
range from no sale, as with a goat that  is CAE seropositive, to eutha- 
nasia if a horse or mule is tested EIA seropositive. 

V. Where Are W e  Heading with Veterinary Diagnostics? 

Veterinary diagnostics, like their human counterparts, are already 
directing efforts toward more sensitive assays, which are capable of 
detecting infections very early (within hours of initial infection); sub- 
clinical infections that  are the result of persistent infections acquired 
during gestation and masked by immune tolerance; latent infections 
due to herpesviruses and retroviruses; and infections that  pose a pub- 
lic health risk (Barrett et al., 1997; Burr, 1996; Clarke, 1997; de la 
Torre and Oldstone, 1996; Rodriquez, 1997). 

The evolution of diseases and the emergence of newly recognized 
pathogens have placed considerable pressure on new diagnostic tech- 
nologies. The newer assays will assist in tracking the emerging infec- 
tions, as well as linking causal association with disease to a firm cause 
and effect of the disease (Bryan et al., 1994; Holtzman et al., 1997; Hoet 
and Haufroid, 1997; Lipstich et al., 1996; McDade and Anderson, 1996; 
Poland et al., 1996). 

TABLE II 

FIVE KEY QUESTIONS TO ASK REGARDING INFECTIONS/DISEASES OF ANIMALS 

1. Is the infection and/or disease of economic concern? 
2. Is the infection and/or disease of zoonotic concern? 
3. Where is the microbial agent when not causing disease (microbial ecology)? 
4. What  are the contributing factors to the infection and/or disease process? 
5. What factors can animal owners/veterinarians/public health personnel control to 

minimize or eliminate the risk of infection/disease process? 
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TABLE III 

THE CONSEQUENCES OF THE INFECTION/DISEASE PROCESS ON THE ANIMAL 

�9 No sale 
�9 Public health risk 
�9 Early cull 
�9 Regulatory quarantine 
�9 Shedding of microbial agent to susceptible animals in the population 
�9 Segregation of animal 
�9 Euthanasia of animal(s) 

T h e  f u t u r e  of  v e t e r i n a r y  d i a g n o s t i c s  is now.  T h e r e  a r e  a t  l e a s t  f ive 

d i r e c t i o n s  to  be  p u r s u e d  ( T a b l e  IV), n o n e  of  w h i c h  is new,  b u t  c o n t i n u -  

i n g  to  e v o l v e  a s  t h e  n e e d s  m a n d a t e  t h e  d e t e c t i o n  of  i n f e c t i o n  e a r l i e r  

a n d  t h e  d i a g n o s i s  of  d i s e a s e  a t  a m a n a g e a b l e  s t a g e  ( W i l s o n ,  1994) .  

T h e s e  f ive d i r e c t i o n s  a r e  t h e  d e v e l o p m e n t  of  (1) a s s a y s  to  m o n i t o r  

TABLE IV 

WHERE WE SHOULD BE GOING WITH VETERINARY DIAGNOSTICS 

1. Assays to monitor immune function (immune competence) 
�9 Foal check 
�9 Calf failure of passive transfer 
�9 Llama/alpaca immunoglobulin status 
�9 CMI response 

2. Assays to monitor genetic resistance/genetic susceptibility 
�9 Cellular receptors 
�9 Cellular oncogenes 
�9 Cellular prion proteins 

3. Assays to monitor infections 
�9 In the environment 
�9 In asymptomatic vectors (potential transmissibility) 
�9 In asymptomatic carriers (potential shedders) 

4. Assays to diagnose disease 
�9 Prognosis 
�9 Monitor response to treatment via cytokines (IL-2, IL-4, etc.) 

5. Assays to track emerging infections 
�9 Culture invitro 
�9 Conserved PCR 
�9 Disease potential 
�9 Develop new detection assays 
�9 Develop new vaccines 
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i m m u n e  func t i on  ( i m m u n e  c o m p e t e n c e ) ,  (2) a s s a y s  to m o n i t o r  g e n e t i c  
r e s i s t a n c e / s u s c e p t i b i l i t y ,  (3) a s s a y s  to m o n i t o r  in fec t ions ,  (4) a s s a y s  to 
d i a g n o s e  d i s e a s e  a n d  m o n i t o r  r e s p o n s e  to t r e a t m e n t ,  a n d  (5) a s s a y s  to 
t r a c k  e m e r g i n g  infec t ions .  As in fec t ious  a g e n t s  c o n t i n u e  to evolve,  dis-  
e a s e  e x p r e s s i o n  will  c h a n g e ,  r e s u l t i n g  in  t h e  n e c e s s i t y  to deve lop  n e w  
d i a g n o s t i c  a s s a y s  ( S u s s e r  a n d  Susse r ,  1996b; Wilson,  1994). 
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I. Introduct ion 

Vaccination is a cost-effective health maintenance tool that  has en- 
joyed notable successes, such as the vaccine-based eradication of 
smallpox in 1980 (Ada, 1993). However, there are many infectious 
diseases for which it has not been possible to produce efficacious vac- 
cines. Solutions may exist in increasingly refined approaches to identi- 
fication of virulence factors and related immunogens and formulation 
of vaccines incorporating relevant genes, gene products, or synthetic 
immunogens together with agents that  may direct immune response 
toward the most biologically relevant host response. However, because 
immunogenicity results from interaction between antigen and host, 
future approaches to immunization could be enhanced if the subjects of 
vaccination were improved for responsiveness. 
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In animal production, environmental influences on productivity-re- 
lated traits have been studied and modified in conjunction with genetic 
improvement of the animals themselves. High productivity requires 
selection of populations most responsive to husbandry. Selection for 
traits such as milk production, rate of gain, or feed efficiency has dra- 
matically altered current breeds of livestock and has been accom- 
plished using phenotypic and genetic information largely without spe- 
cific knowledge of biological variables underlying and controlling the 
traits. Livestock health maintenance has in contrast involved exog- 
enous prophylactic and therapeutic procedures applied to animals se- 
lected only for production traits (Gavora and Spencer, 1983), often at 
the expense of health (Simianer et al., 1991; Fujji et al., 1991). If suit- 
able criteria could be identified it may be possible to improve animal 
health by genetic methods. 

II. Genetic Effects on Health and Vaccination 

Genetic control of disease resistance is polygenic and involves quan- 
titative trait loci (QTL) (Lie, 1990), which are additive and dictate the 
genetic component of variation in individual resistance to infectious 
disease (Fig. 1). Evidence of major gene-related resistance to infectious 
disease is limited to Marek's disease of chickens (Briles et al., 1977), 
human malaria (Hill et al., 1991), and possibly bovine leukemia (Lewin 
and Bernoco, 1991). The genetic influence on premature death of hu- 
mans is significant for infectious diseases and exceeds environmental 
effects, while the opposite is true for cancer (Scrensen et al., 1988). 
This suggests the possibility of a genetic approach to enhanced animal 
health, if the same is true of livestock and contributing traits have 
sufficient heritability to permit genetic selection. The problem of low 
immune responsiveness to vaccination has been emphasized by at- 
tempts to use poorly immunogenic peptide vaccines (Outteridge, 1993). 
The possibility that deficient response may be due to inadequate pep- 
tide presentation by-products of the major histocompatibility gene 
complex (MHC) has been proposed (Outteridge, 1994). However, over- 
all immune response phenotype is complex and may not be usefully 
influenced by major genes, such as the MHC, although such genes may 
influence responder and nonresponder phenotypes to certain antigens 
and are associated with quantitative differences in immune response 
(Mallard et al., 1989a,b) (Fig. 1). 

Innate and acquired immunity are integrated and mediate resis- 
tance to infectious disease (Medzhitov et al., 1997). Selection for anti- 
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FIG. 1. Immune response and resistance to infectious disease may be influenced by 
genes of major effect (e.g., the major histocompatibility loci) but individual variation is 
mainly attributed to additive effects of multiple QTLs. 

body or cell-mediated immune response has altered disease resistance 
and health in mice (Biozzi et al., 1984; Covelli et al., 1989), hence 
response to vaccination should vary in part  as a function of host ge- 
notype. Individual variation in immune response could be exploited to 
derive livestock tha t  are inherently more suitable subjects for vaccina- 
tion. Variation in immune response has been recognized in various 
livestock species including pigs (Mallard et al., 1989a,b; Edfors-Lilja et 
al., 1994; Hessing et al., 1995), cattle (Newman et al., 1996), chickens 
(Peleg et al., 1976), and fish (Str~msheim et al., 1994). 

III. Strategies for Genetic Enhancemen t  of Heal th 

Animal breeders and geneticists have contemplated a genetic ap- 
proach to animal health based on observed variation in resistance and 
susceptibility among individuals at risk (Hutt, 1958) but breeding 
methods have, with few exceptions, not been applied to the problem of 
livestock health (Lie, 1990). Most have focused on individual diseases, 
such as Marek's disease of chickens (Simonsen, 1987). Heritability 
estimates have been made for some economically important  diseases 
and potential benefits of genetic selection against  disease have been 
estimated (Uribe et al., 1995). Relatively low heritabilities for disease 
traits in dairy cattle suggest that  selection could produce only small 
gains, possibly at the expense of productivity (Uribe et al., 1995). 
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A genetic approach to health may be advantageous however if a 
suitable strategy could be described. It is unlikely that diseases can be 
approached individually given the risk of inverse relationships be- 
tween susceptibility and resistance to individual diseases and the diffi- 
culty of altering large populations genetically. For example, cattle that 
are resistant to brucellosis are susceptible to extracellular bacterial 
pathogens, hence breeding for resistance to brucellosis would enhance 
susceptibility to other diseases (Templeton et al., 1990). This may re- 
flect the complementary polarization of host resistance and microbial 
virulence into cellular and extracellular, broadly reflecting innate and 
specific cell-mediated (CMI) and antibody-mediated resistance. Al- 
though derived from models using inbred laboratory animals (Alan 
and Maizels, 1997) and largely unconfirmed in livestock, current con- 
cepts of polarity in host resistance-mediating events reflected in cellu- 
lar and cytokine mediators are useful. The sum of events leading to 
resistance to intracellular pathogens (TH1) is, in part, due to quantita- 
tive and qualitative variables at the level of the antigen and its presen- 
tation regulated by host cells and cytokines which differ from those 
involved in generating resistance to extracellular pathogens (TH2) 
(Reed and Scott, 1993). The risk of genetically altering mammalian 
populations to evade the virulence of a specific pathogen is also high 
because of the genetic plasticity of pathogens relative to hosts, which 
allows mutation-induced avoidance of adverse conditions and rapid 
appearance of novel virulence attributes. Populations having a high 
degree of general resistance to infection and infectious disease would 
be expected to express TH1 and TH2 phenotypes in the appropriate 
contexts. 

Although health could in theory be quantified by objective observa- 
tion of disease prevalence, this is an impractical approach if the objec- 
tive is overall resistance. Spontaneous disease is variable in incidence 
and husbandry is designed to limit its expression, hence masking ge- 
netic components of resistance. Artificial induction of disease to test 
resistance phenotype and genotype is similarly impractical. Such di- 
rect approaches are unlikely to contribute to development of improved 
livestock. 

Genetic strategies for enhanced inherent healthiness may assume 
that there are genes of major effect and that such genes would be 
candidates for breeding schemes, such as marker-assisted selection 
(Beckman and Soller, 1987), designed to increase their frequency in 
livestock populations. Alternatively, assumptions that QTLs control 
inheritance of resistance lead to other schemes for optimizing frequen- 
cy of resistance-related genotypes. Major genes may exist together 
with QTLs. These alternatives are illustrated schematically in Fig. 1. 
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A. CANDIDATE GENES 

Genes may be proposed as candidates for genes of major effect in 
controlling health traits. Since the association of MHC genes with 
immune response in laboratory animal models (Bennaceraf, 1981) and 
realization that  the effect was due to efficacy of binding of antigen- 
derived peptides to the MHC gene products in antigen presentation 
(Babbit et al., 1985), it has become common to hypothesize major ef- 
fects of MHC genes on health and immune response (Mallard et al., 
1989a,b). Such major genes are rarely confirmed (Briles et al., 1977; 
Hill et al., 1991) and outcomes may be due to linked genes (Lillehoj et 
al., 1989), themselves only some of the many possible contributors to 
overall phenotypic variation. Nevertheless, the search for genes of ma- 
jor effect in health continues together with expectations of their utili- 
zation in breeding schemes based on marker-assisted selection (Beck- 
man and Soller, 1987) and advanced gene transfection and embryologic 
techniques to facilitate their dissemination (Georges and Massey, 
1991). The feasibility of such an approach is unconfirmed. 

B. POLYGENES AND QUANTITATIVE TRAIT Loc i  
FOR DISEASE RESISTANCE 

It is acknowledged that  the phenotype, resistance to infectious dis- 
ease, is polygenically controlled by QTLs and as such should be amen- 
able to modern selection methods (van der Zijpp, 1983). Heritability of 
several disease-related traits is such that  selection would be feasible 
(Uribe et al., 1995); however, direct selection for health or disease is 
impractical due to the difficulty of objectively measuring phenotype, 
particularly if the objective is to obtain enhanced general disease resis- 
tance rather  than improved resistance to a specific disease or response 
to a single vaccine (Wilkie et al., 1989; Mallard et al., 1998). Selection 
for resistance to one disease, or response to a single vaccine, has been 
confirmed in several instances to result in increased susceptibility to 
other infections and diseases (Mallard and Wilkie, 1993). Various im- 
mune response traits, including antibody and CMI response, have her- 
itabilities in the range of 15-30% and are suitable for selection to 
derive high (HIR) and low (LIR) immune response populations (Mal- 
lard et al., 1992, 1998). Thus immune response objectively measured 
by traits such as antibody production to a protein antigen, such as hen 
eggwhite lysozyme (HEWL), and CMI as cutaneous delayed-type hy- 
persensitivity (DTH) to purified protein derivative (PPD) of tuberculin 
after immunization with bacillus Calmette-Gu~rin (BCG) vaccine, can 
be used to quantify immune response capability (Mallard et al., 1992). 
High immune response is therefore a candidate phenotype for en- 
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hanced health that can be practically used in indirect selection for 
health, including improved response to vaccination (Wilkie et al., 1998). 

IV. High Immune Response Phenotype 

The HIR phenotype has been studied in pigs for nine generations of 
selection using combined phenotypic and genetic parameters ex- 
pressed as estimated breeding values (EBVs) for combined antibody 
and CMI traits (Mallard et al., 1992, 1998). Purebred pigs selected only 
for production traits vary greatly as individuals in ability to produce 
antibody and DTH in response to immunization (Fig. 2). Both individu- 
al and breed comparisons are significantly different. This provides op- 
portunity to alter populations of livestock to test the hypothesis that 
HIR is a phenotype in favorable association with enhanced health and 
productivity. 

FIG. 2. Individual variation in antibody (Ab) response (day 21 serum Ab after day 0 
and day 14 immunization with hen egg white lysozyme, HEWL, in quil A) and cutaneous 
delayed-type hypersensitivity (DTH) to purified protein derivative (PPD) after immuni- 
zation with BCG vaccine. Each bar represents a purebred pig of the Yorkshire or Duroc 
breeds maintained in a commercial breeding herd. Antibody is expressed as OD index 
from an enzyme immunoassay. Cutaneous DTH is expressed as percent increase in 
double skinfold thickness 24 hours after intradermal injection of PPD. Methods are 
described in Mallard et al. (1992). 
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A. SELECTION FOR HIGH AND L o w  ANTIBODY AND CELL-MEDIATED 

IMMUNE RESPONSE 

Estimated breeding values calculated for antibody and CMI in York- 
shire pigs at generation 6 of selection for HIR and LIR are illustrated 
in Fig. 3. The controls (C) were not selected and reflect the original 
population. It is clear that livestock can be bred for overall improved 
immune response. The HIR and LIR pigs differ in several correlated 
traits. Antibody avidity is higher in the HIR animals (Appleyard et al., 
1992) and they produce more antibody to most and perhaps all test 

FIG. 3. Estimated breeding values (EBV) for individual Yorkshire pigs in generation 6 
or selective breeding for high or low combined antibody and cell-mediated immune 
response. Controls were not selected for immune response. Traits incorporated in the 
EBV were serum antibody to secondary immunization with hen egg white lysozyme, 
serum IgG concentration, in vitro blood lymphocyte blastogenesis to Con-A, and cutane- 
ous delayed-type hypersensitivity to PPD of tuberculin after immunization with BCG. 
Methods are described in Mallard et al. (1992). 
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antigens (Mallard et al., 1992, 1998). Monocyte expression of MHC II 
and oxygen metabolites does not vary by line (Groves et al., 1993), but 
NK cell numbers and function are superior in the HIR pigs (Raymond, 
1997). Limited information on the disease resistance of the HIR pigs 
suggests that in response to experimental infection with Mycoplasma 
hyorhinis the LIR animals produce less antibody but also develop less 
arthritis than the HIR animals (Magnusson et al., 1998). Serositis was 
less in HIR than LIR pigs after infection with M. hyorhinis. Line- 
related differences in cytokine production may influence both immune 
response and inflammatory reactions in the HIR and LIR pigs. Cells 
from M. hyorhinis-associated arthritic joints of HIR pigs produce more 
interleukin 6 (IL-6) and interferon ~/(IFN-~) than those of the LIR line 
(J. Reddy and B. N. Wilkie, University of Guelph, personal communi- 
cation, 1997) and during M. hyorhinis infection HIR have more serum 
binding proteins for the chemokines RANTES, MIP-1B, and IL-8 (Ban- 
ga, 1997). The HIR pigs take significantly fewer days to reach market 
weight (100 kg) (Mallard et al., 1998). 

B. RESPONSE TO VACCINATION OF IMMUNE RESPONSE SELECTED PIGS 

Since the HIR and LIR lines differ in immune response to the index 
antigens used to determine phenotypic and genotypic values incorpo- 
rated in the EBV used in selection, as well as in response to nonindex 
antigens, it was hypothesized that they would respond differently to 
commercial vaccines. This was tested by immunizing pigs of HIR and 
LIR lines with a commercial Actinobacillus pleuropneumoniae bacterin 
(Magnusson et al., 1997). Following primary and secondary vaccina- 
tion of HIR and LIR pigs at generation 4 of selection, the HIR animals 
produced significantly (p -< 0.05) more antibody to two antigens of A. 
pleuropneumoniae (carbohydrate antigen type 1, CHO 1, and 
lipopolysaccharide antigen type 1, LPS 1). Response to a third antigen 
(carbohydrate antigen type 5, CHO 5) to which HIR animals had pre- 
existing serum antibody, indicated significantly higher HIR line re- 
sponse after primary but not after secondary immunization (Fig. 4). 

) 

FIG. 4. Least squares means and standard errors of serum antibody determined by 
enzyme immunoassay to individual antigens of Actinobacillus pleuropnumoniae after 
vaccination of pigs bred selectively for high (solid bars) and low (open bars) immune 
response. Vaccination occurred on days 0 and 14 (arrows). At a given time point, bars 
differing in letter designation differ significantly (p -< 0.05) in least squares means. 
(Reprinted from Vaccine, Vol. 15, U. Magnusson et al., Antibody response toActinobacillus 
pleuropneumoniae antigens after vaccination of pigs bred for high and low immune 
response, pp. 997-1000. Copyright 1997, with permission from Elsevier Science.) 
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Although nonresponders were present in each line for each antigen, 
the percentage of these was significantly less among HIR animals for 
CHO 1 (p -< 0.01) and LPS1 (p --- 0.06) but not for CHO5 (Table I). An 
inactivated porcine influenza virus vaccine was used to vaccinate HIR, 
C, and LIR pigs of generation 9. Vaccination was performed on days 0 
and 14. Serum heamagglutination inhibiting antibody was measured 
and at day 21 the mean HIR line response was significantly (p - 0.05) 
higher than the C group, which in turn was higher than the LIR (Fig. 
5). In this experiment nonresponders occurred only in the LIR group 
where they were 38% of vaccinated animals. 

V. Discussion and Summary 

Immune responsiveness varies significantly among commercial pigs 
and other species of livestock and can be altered by selectively breed- 
ing for multiple traits reflecting ability to produce antibody and CMI 
(Mallard et al., 1992, 1998). Preliminary evidence indicates that HIR 

TABLE I 

FREQUENCY OF ANTIBODY-NEGATIVE SERA BY ENZYME IMMUNOASSAY TO 
PURIFIED ANTIGENS OF ACTINOBACILLUS PLEUROPNEUMONIAE AFTER 

VACCINATION OF PIGS OF HIGH AND Low IMMUNE RESPONSE LINES a 

Frequency (%) of nonresponders c 

Test antigen b High line Low line Value ofpd 

Carbohydrate antigen type 1 7 29 0.01 
Carbohydrate antigen type 5 47 48 nse  

Lipopolysaccharide antigen type 1 11 27 0.06 

aReprinted from Vaccine, Vol. 15, U. Magnusson et al., Antibody response to 
Actinobacillus pleuropneumoniae antigens after vaccination of pigs bred for high 
and low immune response, pp. 997-1000. Copyright 1997, with permission from 
Elsevier Science. 

bAntigens extracted from A. pleuropneumoniae and used to coat microtiter 
plates for EIA to detect antibodies induced by immunization with a commerical 
vaccine. 

cNonresponders were defined as individuals failing to develop serum antibody 
as detected by having an optical denisty in EIA for the indicated antigen. 

dLevel of significance for the effect of immune response breeding line as deter- 
mined by ANOVA. 

eNot significant. 



GENETIC EFFECTS ON VACCINATION 49 

= 10- 
o 

=1 
I= 

M 

= = = 5 -  

O _ 

& &  

A A A  * * * *  �9 H i ~  

A A ~ A  * * * *  * Comrol  

o o o o o  v v  �9 Low 
�9 O O O O 0  V V  

�9 g o  V V V T  

V V  

T T ~ T  v v v  

I x  -138.15 b [ n = 2 2 [  n=16 x =6.59 C X =3.38 a r b ~ c (p < 0.05) a 
1.41 SD -- 2.02 SD - 2.83 

FIG. 5. Serum antibody in high, control, and low immune  response Yorkshire pigs 
following vaccination with a commercial inactivated influenza virus vaccine. Animals  
were from generat ion 8 of selective breeding for high, low, and control antibody and cell- 
mediated immune  response. 

pigs may have advantages in productivity and in some, but not all, 
disease signs due to infection. More comprehensive information on the 
health performance of HIR and LIR pigs is presently being sought from 
observations on a large number of phenotyped commercial breeding 
pigs. Consistently with the high antibody and CMI responses of HIR 
pigs to index antigens, these animals have responded better to two 
commercial vaccines. This suggests that it may be practical to manipu- 
late target livestock populations to improve response to vaccination. 
Thus the efficacy of vaccination could be enhanced not only by im- 
proved vaccines per se, but also by changing recipient animals such 
that the HIR phenotype and genotype become more prevalent. The 
method of deriving HIR and LIR lines could have further utility in 
vaccine development in that vaccines capable of efficaciously immuniz- 
ing the LIR animals would be expected to perform well overall in un- 
selected target populations in which most individuals would be ex- 
pected to have better immune responsiveness than the LIR line. Just  
as improved production performance of livestock has depended on se- 
lective breeding so might improvements in general healthiness be 
achieved by indirect selection for candidate health-enhancing phe- 
notype and genotype. High immune response may prove to be such a 
target. 
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I. Vaccinat ion Cost to P e r f o r m a n c e  

Unquestioned is the need for immune protection against pathogenic 
microbial onslaught. Primed immune defense, by means of vaccina- 
tion, has been an essential element in the consolidation of animals in 
modern forms of agriculture. All would agree that  vaccinology ad- 
vanced animal agriculture practices as great as nutritional and genetic 
developments. However, seldom is there mention of the cost associated 
with employment of vaccinations beyond that of the reagent and its 
delivery. An understanding of reduced performance associated with 
vaccination yields opportunity for discovery and novel therapy to im- 
prove animal performance and efficiency of production. (Editor's note: 
Ironically, the cost benefit analysis for most animal vaccines has not 
been reported.) 

As early as the 1950s, scientists became aware of environmental 
factors affecting animal growth. Observation of improved animal per- 
formance in newly built animal research units demonstrated the role 
of the conventional microbial environment in animal performance 
apart from infectious disease (Hill et al., 1952; Lillie et al., 1952). 
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Animals reared in germ-free environments attained weight gains as 
much as 10% more than animals in contact with common environmen- 
tal microbes (Lev and Forbes, 1959). Strategies to recapture reduced 
performance associated with conventional microbe exposure were 
based on antibiotic use. Antibiotics were effective in improving growth 
and feed efficiency in animals, but never realized the full potential 
achieved in germ-free environments. More recently, use of "all in all 
out" management practices has been effective in reducing microbial 
loads in growing animals and enhancing performance (Cline et al., 
1992). 

While the mechanism of improved performance associated with feed- 
ing antibiotics had long been in dispute (Bird, 1969; Visek, 1978), re- 
cent knowledge of immune regulation of growth now suggests that 
conventional microbes suppress performance by immune stimulation 
(Roura and Klasing, 1993). Hence, antibiotics stimulate growth by de- 
creasing the load of immune stimulants in or on the animal. 

In addition to immune stimulants in the environment, vaccination 
also causes a decrease in growth and poorer feed efficiency. Chamber- 
lee and coworkers (1992) reported that "vaccination of broilers resulted 
in lower final body weights, poorer feed conversions, and higher 8 day 
and 42 day mortality (than unvaccinated bro i le rs ) . . ,  in the absence of 
overt disease." 

Growth suppression following immune stimulation has been best 
described by Klasing et al. (1987) in poultry. Chicks immune stimu- 
lated with sheep red blood cells or endotoxin had reduced rate of gain 
and feed intake compared to those injected with sterile saline. The 
effects of immune stimulation on performance can be mimicked by 
directly injecting the cytokine interleukin 1 (IL-1) (Klasing et al., 
1987). During the immune response, IL-1 and tumor necrosis factor 
are released from the macrophage. While IL-1 and related cytokines 
are essential for the production of interleukin 2 for lymphocyte prolif- 
eration, they also stimulate skeletal muscle degradation, and hepatic 
synthesis of acute phase proteins (Johnstone and Klasing, 1990; Klas- 
ing, 1988). 

II. Biochemical Mechanisms in Immune-Induced Wasting 

It has been hypothesized that immune-induced wasting was con- 
served during evolution to ensure that infected animals would fall 
from the herd or flock to prevent the spread of disease (Tracey et al., 
1987). While immune-induced wasting may be important in maintain- 
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ing wild species health, there are few benefits in modern animal pro- 
duction systems. Hence, the reward for controlling immune-induced 
weight loss in animal agriculture would be great. It was a goal to define 
dietary agents that  could reduce immune-driven catabolism. 

Research suggested that IL-1 stimulated the production of pros- 
taglandin E 2 (PGE 2) in skeletal muscle (Goldberg et al., 1984). In turn, 
PGE 2 had been shown to stimulate skeletal muscle degradation and 
decrease net protein accretion (Rodemann and Goldberg, 1982). In ad- 
dition, PGE 2 was shown to inhibit IL-1 synthesis by the macrophage 
(Hwang, 1989). 

We hypothesized that  regulation of PGE 2 production may have bene- 
ficial effects in preventing wasting associated with immune stimula- 
tion (Cook et al., 1993). Work had shown that omega-3 fatty acids were 
effective in reducing PGE 2 production by monocytes (Endres et al., 
1989). Omega-3 fatty acids at 8% of the diet were also effective in 
reducing anorexia caused by immune stimulation (Hellerstein et al., 
1989). However, IL-1 production by monocytes was depressed in the 
presence of omega-3 fatty acids. Protection against immune-induced 
wasting by suppressing cytokine production was not viewed as a satis- 
factory method in preventing immune-induced wasting. Hence, alter- 
native nutrients were sought. 

l lI .  Conjugated Linoleic Acid 

Pariza and coworkers reported on antimutagenic and anticarcino- 
genic activity in hamburger meat (Pariza et al., 1979, 1983; Pariza and 
Hargraves, 1985). The activity was purified and shown to be a mixture 
of geometrical and positional isomers of linoleic acid (conjugated lino- 
leic acid) (Ha et al., 1987). Conjugated linoleic acid (CLA) (primarily cis 
9-, trans 11-, and trans 10-, cis 12-octadecadienoic acid) differs from 
linoleic acid (cis 9-, cis 12-octadecadienoic acid) in the location of the 
double bonds. Since linoleic acid is the precursor of eicosanoids, it was 
hypothesized that  it may modify cyclooxygenase metabolites and hence 
prevent immune-induced wasting. In addition, CLA was shown to be 
naturally occurring, being found in animal tissues, particularly of ru- 
minant origin (Chin et al., 1992, 1994a). 

When mice, chicks, or rats were fed CLA then injected with lipo- 
polysaccharide (LPS), weight loss due to the immune stimulation was 
greatly attenuated (Cook et al., 1993; Miller et al., 1994). In addition, 
anorexia caused by injecting LPS was less severe in CLA fed mice. 
CLA prevented an increase in LPS-induced release of PGE2 in RAW264.7 
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cells (Park, 1996) which mechanistically supports the original hypoth- 
esis. 

Studies were immediately started to determine CLA's effect on im- 
mune function (Cook et al., 1993; Miller et al., 1994; DeVoney et al., 
1997). While CLA had no effect on antibody synthesis in chicks to 
sheep red blood cells, CLA increased splenocyte blastogenesis and foot 
pad response to phytohemagglutinin. Spleen and white blood cell num- 
bers were increased in CLA-fed animals, and the portion of CD4 + T 
cells, post-LPS exposure, was greater in CLA-fed animals than control 
fed. 

Preliminary work (unpublished) also suggests that  CLA feeding did 
not excerbate type I hypersensitivity. The trachea of guinea pigs hyper- 
immunized to ovalbumin did not show increase sensitivity to antigen 
in superfusion studies. Histamine and PGE 2 production was reduced 
in antigen stimulated tracheas. 

The immune system has a broad array of biological activity apart  
from mere defense. During studies on the effects of CLA on preventing 
immune-induced wasting, it was discovered that  CLA enhanced ani- 
mal growth and feed efficiency (Chin et al., 1994b) and repartitioning 
of fat deposition into lean (Park et al., 1997). Also observed was a 
pronounced effect of CLA on increasing body and bone ash and correct- 
ing the skeletal defect in poultry known as valgus and varus leg defor- 
mities (Cook et al., 1997a). Others have reported a role of CLA in 
preventing atherosclerosis (Lee et al., 1994). Hence, an understanding 
of the role of immune regulation of physiologic processes, such as 
growth, yielded a number of discoveries typically viewed as unrelated 
to the traditional role of immune system in disease resistance. 

IV. Cholecystokinin and Immune- Induced  Anorexia 

Immune stimulation of the host induces anorexia. During the im- 
mune reaction, cytokines induce the release of neurotransmitter  pep- 
tides (i.e., cholecystokinin, CCK) which alters gastrointestinal function 
and stimulates satiety (Daun and McCarthy, 1993; Ohgo et al., 1992). 
An at tempt was made to cause an autoimmune response in breeding 
hens to CCK. It was hypothesized that  laying hens would passively 
transfer antibody to CCK, via the egg yolk, to the progeny, and that  the 
CCK antibodies would tie up CCK released during immune stress. 
While positive results in the form of improved growth and feed efficien- 
cy were obtained, it was quickly learned that  a more efficient process 
was to harvest and dry the anti-CCK egg yolks and feed them to grow- 
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ing poul t ry  and  swine. Animals  fed antibodies to CCK achieved g rea te r  
ra tes  of gain  and  improved feed efficiency. Antibodies to o ther  select 
gas t ro in tes t ina l  pept ides have shown benefits (Cook et  al. ,  1997b,c). 

V. S u m m a r y  

Immune- induced  cachetic response  is an example  of a biological op- 
por tun i ty  to develop technologies t h a t  ensure  improved per formance  in 
an imal  agricul ture .  We have es t imated  t h a t  reduced performance  of 
i m m u n e  s t imula ted  animals ,  whe the r  by exposure to convent ional  en- 
v i ronments  or t h rough  vaccination,  resul ts  in more t h a n  U.S. $500 
million in reduced productivity. Nont rad i t iona l  me thods  to alleviate 
the adverse  effects of the i m m u n e  response provide an  oppor tun i ty  for 
those skilled in the  a r t  of vaccinology and  immunology  to develop new 
technologies and  feeding practices. Too often, biologists are bl inded by 
the l imits of the i r  disciplines and  ra re ly  ven tu re  to the  fringe of the i r  
field to engage in collaborations t h a t  at  first glance do not  seem logical. 
The examples  of CLA and an t igas t ro in tes t ina l  pept ides  sugges t  t h a t  
new oppor tuni t ies  awai t  in ensu r ing  t ha t  the cost of the  i m m u n e  re- 
sponse is min imized  and  tha t  new approaches  to an imal  agr icul ture  
awai t  discovery. 
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I. Introduct ion 

A key step in host defense is leukocyte recruitment into peripheral 
tissues following infection by invasive microorganisms. Leukocyte traf- 
ficking through tissues is crucial to effective immune surveillance for 
infectious agents. Trafficking enables rapid neutrophil accumulation 
(innate immunity) at sites of infection or tissue injury and subsequent 
movement of lymphocytes through secondary lymphoid tissues for re- 
sponse against antigens presented in germinal centers (Adams and 
Shaw, 1994). The interaction of different populations of circulating 
leukocytes with postcapillary venule endothelial cells is essential for 
leukocyte emigration into tissue (Adams and Shaw, 1994). The interac- 
tion between endothelial cells and leukocytes is a dynamic process 
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involving both cell types; the long-held view that the endothelium is a 
rather inert lining for blood vessels is no longer valid. 

Neutrophils are a homogeneous population of rather unsophisti- 
cated effector cells whose recruitment to sites of inflammation involves 
the coordinated function of multiple families of adhesion molecules, 
cytokines, and chemoattractants. A multistep model for this process 
includes a transient leukocyte adhesion between the leukocyte and 
endothelial cells of the vessel wall mediated by members of the selectin 
family, followed by triggering of leukocyte activation and subsequent 
tight adhesion between leukocyte integrins and the intercellular adhe- 
sion molecules on endothelial cells. Selectivity in the process of leuko- 
cyte recruitment comes from the diversity of molecules capable of me- 
diating each step. 

The molecular basis of leukocyte migration to an infection site in- 
volves the combined action of multiple families of adhesion molecules 
and chemoattractants. The most simplistic model is that of neutrophil 
extravasation, initially dependent on adhesive interactions between 
L-selectin (CD62L) on neutrophils and E-selectin (CD62E) and P-selec- 
tin (CD62P) on endothelial cells with their respective ligands (Kishimoto, 
1991; Lasky, 1992; Varki, 1994; Imhof and Dunon, 1995). These revers- 
ible selectin interactions can trigger tight adhesion or arresting of 
neutrophils by increasing expression and adhesiveness of another ad- 
hesion molecule, Mac-1 (CDllb/CD18), which is a member of the ~2- 
integrin family of leukocyte adhesion molecules (Hynes, 1992). Mac-1 
on neutrophils tightly binds to its ligand on activated endothelial cells, 
intercellular adhesion molecule-1 (ICAM-1) (Marlin and Springer, 1987; 
Boyd et al., 1988; Smith et al., 1989; Diamond et al., 1991; Rothlein et 
al., 1991), allowing neutrophils to stop rolling and migrate along the 
endothelial surface to intercellular junctions of postcapillary venular 
endothelial cells. Neutrophils then cross the endothelial lining of ves- 
sels by migrating between endothelial cells through the intercellular 
junctions and enter the peripheral tissues through interaction with 
platelet/endothelial cell adhesion molecule 1 (PECAM-1) located in the 
endothelial cell junctions (Muller, 1995). 

Lymphocytes have a greater diversity of effector activities and are 
more sophisticated in the repertoire of adhesion molecules they ex- 
press. Lymphocytes emigrate from blood into tissues through the selec- 
tive adhesion interactions of the a4-integrin adhesion molecules, 
CD62L, cutaneous lymphocyte-associated antigen (CLA), P-selectin 
glycoprotein ligand (PSGL) and their endothelial cell ligands, includ- 
ing the mucosal addressin cell adhesion molecule 1 (MAdCAM-1), vas- 
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cular cell adhesion molecule 1 (VCAM-1), the peripheral lymph node 
addressin (PNAd) complex, CD62E, and CD62P (reviewed in Butcher 
and Picker, 1996; see also Salmi and Jalkanen, 1997). 

A significant dichotomy of lymphocyte trafficking exists between 
naive versus memory/effector lymphocytes. Naive T and B cells typ- 
ically migrate through secondary lymphoid tissues (spleen, lymph 
nodes, Peyer's patches, and tonsil) in a pattern that ensures that 
their first encounter with antigen takes place in tissues where for- 
eign antigen from tissues is presented to naive B and T cells. These 
lymphoid microenvironments typically promote antigen-induced dif- 
ferentiation while also eliminating autoreactive lymphocytes. Most 
lymphocytes with memory/effector functions likely also traffic 
through lymphoid organs, but they have the additional capacity to 
access and recirculate through extralymphoid sites (e.g., intestinal 
lamina propria, pulmonary interstitium, inflamed skin and joints) 
(Butcher and Picker, 1996). Moreover, the homing pattern of subsets 
of memory/effector lymphocytes is much more heterogeneous than 
that of naive lymphocytes. The specificity of these traffic patterns is 
dictated by the adhesion molecules expressed on the migrating lym- 
phocyte, as well as the various receptors expressed on endothelial 
cells of different tissues. 

Stress is an important factor that alters leukocyte trafficking, ren- 
dering animals more susceptible to infectious disease. In livestock hus- 
bandry, stress is an integral component of complex production diseases 
(e.g., respiratory disease in feedlot cattle and mastitis in dairy cattle). 
Stress can be broadly defined as situations in which homeostasis is 
disturbed or threatened. These perturbations can be triggered by vari- 
ous environmental factors to which an animal must respond physio- 
logically to maintain equilibrium with the environment. Release of 
adrenocorticotropic hormone (ACTH) from the pituitary gland, which 
induces synthesis and secretion of glucocorticoids from the adrenal 
cortex, is one example of the host response to stress. Release of ACTH 
also occurs during a response to infection and is likely involved with 
the natural down-regulation of the innate immune response (De Rijk 
and Berkenbosch, 1994). 

Studies of the effects of glucocorticoids on the immune system of 
cattle have identified alterations in leukocyte adhesion molecule ex- 
pression that affect the normal trafficking pattern of neutrophils by 
causing the shedding of CD62L (Burton et al., 1995). Microbicidal func- 
tions of neutrophils are suppressed by glucocorticoids (Roth and Kae- 
berle, 1981), as is the ability of cultured mixed populations of lympho- 
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cytes and monocytes to produce interferon ~/and IgM (Doherty et al., 
1995; Nonnecke et al., 1997). Glucocorticoid administration will also 
suppress or delay some antigen-specific immune responses to vaccines 
(Roth et al., 1984). 

There are two major T-lymphocyte subsets: those expressing the a~ 
T-cell receptor for antigen and those expressing the ~/3 T-cell receptor. 
However, cattle have a much larger proportion of circulating ~/8 T 
cells than other nonruminant species (Hein and Mackay, 1991) and 
this has led to the general belief that ~/8 T cells play a particularly 
important role in immunity against infectious disease in cattle. Neo- 
natal calves have a higher percentage of circulating ~/8 T cells (up to 
70%) than mature cattle (-5%), but these values vary tremendously 
among individual animals of the same age (Clevers et al., 1990; Mor- 
rison and Davis, 1991). The ~/8 T cells preferentially traffic into 
epithelial areas, as opposed to ~ T cells, which preferentially traffic 
through secondary lymphoid tissues. Bovine ~/8 T cells express higher 
levels of the lymphocyte homing receptor, CD62L and have delayed 
CD62L down-regulation in response to chemoattractants compared to 
~ T cells (Walcheck and Jutila, 1994). This was proposed as poten- 
tially contributing to the lack of ~/5 T-cell entry into secondary lym- 
phoid tissue and, possibly, of preferential trafficking of this T-lympho- 
cyte type to epithelial-associated tissues. Studies have shown that 
circulating ~/~ T-cell numbers decline in response to glucocorticoid ad- 
ministration (Burton and Kehrli, 1996) but no evidence of shedding of 
CD62L from ~/8 T cells was found. Moreover, it appears that glucocor- 
ticoid administration may actually enhance trafficking of ~/~ T cells 
into epithelial tissues. 

Virtually identical changes in leukocyte trafficking patterns, cyto- 
kine and immunoglobulin secretion, and adhesion molecule expression 
on leukocytes have been reported in periparturient cows (Sordillo and 
Babiuk, 1991; Sordillo et al., 1991, 1995; Sordillo and Peel, 1992; Ishi- 
kawa et al., 1994; Detilleux et al., 1995; Lee and Kehrli, 1997). We 
believe that the effects of various types of stress on immune function 
increase an animal's susceptibility to infectious disease by altering 
leukocyte trafficking and functional capacities (Burton and Kehrli, 
1995). This chapter summarizes the current molecular mechanisms of 
leukocyte trafficking and the effects of glucocorticoids on some of the 
molecules contributing to leukocyte egress into tissue. The recognized 
compromises of immune function induced by glucocorticoids released 
in response to stresses of castration, handling, transportation, and 
parturition should be considered when designing vaccination protocols 
for management of livestock health. 
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II. Leukocyte Trafficking 

The immune system has a daunting task of maintaining health 
while facing continual exposure to the microbial world. Leukocytes 
routinely deal with microbes ranging from normal flora to severe life- 
threatening pathogens. Leukocyte trafficking is a process that ensures 
appropriate immune surveillance by leukocytes effecting adaptive and 
innate immunity. Recirculation of lymphocytes between blood and 
lymph via paracortical postcapillary venules of the lymph node has 
been recognized since 1964 (Gowans and Knight, 1964). Lymphocytes 
recirculate continuously, one to two times per day. Lymphocyte traf- 
ficking has also been referred to as lymphocyte homing, which alludes 
to the tendency of lymphocytes to preferentially recirculate through 
selected lymphoid tissues (e.g., the common mucosal immune system). 
Recognition of these recirculation patterns has also led to a segrega- 
tion of research into mucosal and nonmucosal immune responses. 
Moreover, trafficking is not random; there are active mechanisms of 
leukocyte-endothelial cell recognition. Human, rodent, and porcine 
lymphocytes extravasate into lymph nodes through specialized para- 
cortical postcapillary venules that are lined with high endothelium, 
known as high endothelial venules (HEVs) (Spalding and Heath, 1989; 
Harp et al., 1990). In ruminants, however, these paracortical venules 
are smaller (i.e., morphologically not as high) and are more numerous 
than HEV in mice (Spalding and Heath, 1989; Harp et al., 1990). 

Leukocyte trafficking is regulated by various adhesion molecules on 
leukocytes and their ligands on postcapillary endothelial cells, involving 
the coordinated sequential function of several families of adhesion mole- 
cules, cytokines, and chemoattractants. Leukocyte egress is a multistep 
process involving a primary adhesion event that is transient and revers- 
ible in seconds. Leukocytes are then rapidly (within seconds) activated. 
Activation-dependent "arrest" of leukocytes to the postcapillary venule 
endothelial cells occurs that is stable under shear forces of blood flow, but 
still reversible over minutes. Diapedesis or the movement of leukocytes 
to an intercellular junction and migration into the tissue is the final 
event. Leukocyte trafficking can be regulated at any or all of the decision 
points. Selectivity in the process of leukocyte recruitment comes from the 
diversity of molecules capable of mediating each step. 

A. SELECTINS 

The first step in the process of leukocyte recruitment involves the 
initial contact and loose interactions required for leukocyte rolling. 
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The tethering of flowing leukocytes to the vessel wall and subsequent 
rolling is mediated by members of the selectin family (Zimmerman, 
1992). Molecules of the selectin family are heavily glycosylated, single 
chain integral membrane proteins that include CD62P, CD62E, and 
CD62L (Lasky, 1992; Bevilacqua and Nelson, 1993; Tedder et al., 
1995). Rolling adhesion or tethering with postcapillary venular endo- 
thelium is mediated in part by CD62L on leukocytes, a C-type lectin 
with affinity for sulfated, fucosylated carbohydrate determinants 
expressed on postcapillary venules. In mouse lymph nodes, these car- 
bohydrate ligands are presented by a number of glycoproteins compos- 
ing the peripheral node addressin (PNAd) on HEV. CD62L is concen- 
trated on tips of leukocyte microvilli, which are the sites of initial cell- 
cell contact under blood flow/shear stress conditions. Other tethering 
receptors are expressed here too (e.g., the ~4-integrins, which bind 
MAdCAM-1 and VCAM-1). CD62L interaction with its ligand is revers- 
ible, which is ensured by proteolytic cleavage of CD62L near the cell 
membrane on cross-linking. Therefore, multivalent CD62L cross-link- 
ing is insufficient for sustained arrest of leukocytes, which requires 
additional reinforcing adhesion mechanisms. 

CD62P is constitutively found in Weibel-Palade bodies of endo- 
thelial cells and in alpha granules of platelets (Johnston et al., 1989; 
Geng et al., 1990). It is mobilized to the cell surface within minutes 
after activation by thrombogenic and inflammatory mediators. Cell- 
surface expression of CD62P, by mobilization from intracellular stor- 
age granules, is short-lived (minutes) and, therefore, is likely involved 
in the early phase of leukocyte rolling during inflammation. By con- 
trast, CD62E is neither synthesized constitutively nor stored within 
intracellular granules (Montgomery et al., 1991). Expression of CD62E 
by endothelial cells only occurs on stimulation by cytokines, with peak 
expression occurring within a few hours following inflammatory 
events. This indicates de novo synthesis of CD62E (Bevilacqua et al., 
1987). CD62L is constitutively expressed on the surface of leukocytes 
and is rapidly shed by proteolytic cleavage on activation (Tedder et al., 
1990; Kishimoto, 1991). CD62L appears to be crucial for recruitment of 
circulating neutrophils into inflamed tissue and lymphocyte homing 
into lymph nodes. It acts by slowing down leukocytes on contact with 
specific endothelial ligands prior to extravasation (Butcher, 1991; von 
Andrian et al., 1991). The cytoplasmic domain of CD62L appears to 
regulate leukocyte adhesion to endothelium independent of ligand rec- 
ognition, by controlling cytoskeletal interactions (Kansas et al., 1993). 

During an inflammatory response, locally produced cytokines stimu- 
late increased expression of CD62P and CD62E on endothelial cells 
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and these selectins interact with undefined counter ligands on leuko- 
cytes. It has been hypothesized that  constitutively expressed CD62L 
on leukocytes initiates margination through transient interactions 
with carbohydrate moieties of the selectins on endothelial cells (von 
Andrian et al., 1993). Although ligands for the selectins have not been 
elucidated, it is believed that they are diverse, mucin-like, complex 
macromolecules that share common anionic carbohydrate moieties 
(Varki, 1994). Neutrophils activated by cytokines or chemoattractants 
shed CD62L, which is a prerequisite step for ~2-integrin-mediated 
tight adhesion. This activation also increases functional activity of the 
~2-integrin, CDllb/CD18, leading to association of cytoskeletal pro- 
teins with the cytoplasmic tails of integrin molecules that  are neces- 
sary for firm adhesion and spreading (Kishimoto et al., 1989; von An- 
drian et al., 1991). In a human genetic disease, termed leukocyte 
adhesion deficiency type 2 (LAD 2), a fucosylation failure reduces ex- 
pression of all fucosylated lactosamines and is associated with mark- 
edly diminished selectin-mediated binding (Etzioni et al., 1992). Pa- 
tients with LAD 2 have neutrophilia, marked defects in neutrophil 
motility resulting in impaired egress into diseased tissues. These pa- 
tients suffer from recurrent pneumonia and bacterial infections, all of 
which underline the importance of the selectin-mediated adhesive in- 
teractions during inflammation (Etzioni et al., 1992). 

B. INTEGRINS 

Integrins are the major family of cell surface receptors that mediate 
cell-cell adhesive interactions and attachment to the extracellular ma- 
trix. These integrin-mediated adhesive interactions are intimately in- 
volved in the regulation of cellular functions, including embryonic de- 
velopment, maintenance of tissue integrity, and leukocyte recruitment 
and extravasation (Albelda and Buck, 1990; Hynes, 1992; Sonnenberg, 
1993). Structurally, the integrins are heterodimers composed of non- 
covalently linked a and ~ transmembrane subunits; the subunits are 
selected from among 16 a and 9 ~ glycoproteins that heterodimerize to 
produce more than 20 different receptors. 

The ~2-integrins are mainly involved in leukocyte-endothelial cell 
contact. The ~2-integrin I (inverted) domain, as well as the divalent 
cation binding site of the a chains, are thought to be involved in ligand 
binding (Randi and Hogg, 1994; Stanley et al., 1994). The ~2-integrin 
family consists of distinct ~ chains, CDl la ,  CDllb,  and CDllc,  that 
share a common ~ chain (CD18). Distribution of ~2-integrins on leuko- 
cyte surfaces varies with cell type and state of activation. LFA-1 
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(CD11a/CD18) is expressed on all leukocytes and is the only ~2-integ- 
rin expressed on T and B lymphocytes (Arnaout, 1990). LFA-1 contrib- 
utes to efficient diapedesis of all trafficking lymphocytes, although it is 
not absolutely required for egress. Mac-1 (CDllb/CD18) and p150,95 
(CDllc/CD18) are predominantly found on granulocytes, with some 
expression on macrophages, and natural killer cells. They are stored in 
secondary and tertiary granules and lead to remarkable increases in 
surface expression of these molecules following cellular activation. 
This occurs following translocation of intracellular granules containing 
Mac-1 and p150,95 to the cell surface (Miller et al., 1987; Arnaout, 
1990). 

Most activators of integrin binding also stimulate intracellular sig- 
nal transduction pathways. The cytoplasmic domains of the ~2-integ- 
rins include phosphorylation sites that are accessible to these events 
and, thus, may mediate inside-out signaling and extracellular confor- 
mational changes (Ginsberg et al., 1992). Conformational changes of 
LFA-1 may be brought about either by monoclonal antibody binding 
that activates it (Keizer et al., 1988) or by intracellular elements that 
interact with the carboxyl terminal cytoplasmic tail of ~2-integrins 
(Hibbs et al., 1991a,b). Conceivably, interactions of cytoskeletal pro- 
teins with the cytoplasmic domains of integrins (Pardi et al., 1992), as 
triggered by leukocyte stimulation, might cause conformational 
changes and increases in integrin affinity. ~2-integrins are also in- 
volved in phagocytosis, neutrophil aggregation, superoxide production, 
H202 production, and intracellular killing of Staphylococcus  aureus  
(Anderson et al., 1986; Shappell et al., 1990). 

C. INTERCELLULAR ADHESION MOLECULES 

Members of the immunoglobulin (Ig) superfamily of proteins on en- 
dothelial cells bind to the ~2-integrins expressed on leukocytes and 
play an important role in strengthening adhesive interactions between 
leukocytes and endothelial cells of postcapillary venules. Intercellular 
adhesion molecule 1 (ICAM-1) and ICAM-2 on endothelial cells are 
products of distinct, but homologous genes containing five and two Ig 
domains, respectively (Marlin and Springer, 1987; Staunton et al., 
1988, 1989). Immunoglobulin domains 1 and 2 of ICAM-1 are involved 
in binding LFA-1 (Staunton et al., 1990), while Ig domain 3 of ICAM-1 
mediates binding to Mac-1 (Diamond et al., 1991). ICAM-1 is expressed 
at low levels on resting endothelial cells, but its expression is increased 
by various cytokines (IL-1, IFN-~/, and TNF-a). Increased expression is 
important for high affinity binding of leukocytes to postcapillary ven- 
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ules and is a prelude to subsequent egress into inflamed tissues (Dus- 
tin et al., 1986; Rothlein et al., 1988; Lo et al., 1992). Epithelial cells 
and stimulated leukocytes have also been shown to express ICAM-1 
(Dustin et al., 1986). ICAM-2 is constitutively expressed on leukocytes 
and at a high level on resting endothelial cells, but its expression is not 
augmented by activation (de Fougerolles et al., 1991; Nortamo et al., 
1991). It has been proposed that ICAM-2 plays a critical role in recir- 
culation of resting lymphocytes (de Fougerolles et al., 1991). 

Leukocytes enter the peripheral tissues through interaction with 
platelet/endothelial cell adhesion molecule-1 (PECAM-1 or CD31) 
(Muller, 1995). CD31 is another member of the Ig superfamily of gly- 
coproteins that is involved in leukocyte endothelial cell interactions. It 
is expressed on the surface of monocytes, neutrophils, platelets, about 
50% of circulating T cells, and natural killer cells. For neutrophils and 
monocytes, CD31 is known to play a major role in transmigration 
between endothelial cell junctions into the subendothelial matrix. This 
crucial role of CD31 is due to its spatial concentration at the junctions 
between vascular endothelial cells. Ligation of leukocyte CD31 with 
CD31 on endothelial cells (in the region of the tight junctions) is be- 
lieved essential for endothelial transmigration of leukocytes. 

D. Ot4-INTEGRINS 

The ~4-integrin subunit can pair with two distinct ~ subunits (~1 and 
~7). As heterodimers, the ~4-integrin pairs are associated with the 
microvillous tips of lymphocytes which initiate contact between lym- 
phocytes and vascular endothelium (Butcher and Picker, 1996). This 
distribution of tethering molecules is similar to that observed for 
CD62L. The ~4~l-integrin heterodimer on lymphocytes binds VCAM-1 
as its primary endothelial cell ligand. ~a~l is the most abundant 
~l-integrin on circulating lymphocytes (Salmi and Jalkanen, 1997) and 
is primarily involved with homing of memory lymphocytes into many 
extraintestinal inflammatory sites (Butcher and Picker, 1996). Naive 
lymphocytes are CD62L TM, Ot4~7L0-Med , and CD11a/CD18 + cells. This 
phenotype allows naive B or T cells to initiate their rolling contact with 
postcapillary venular endothelial cells primarily via CD62L, and to 
utilize CDlla/CD18 for eventual diapedesis into tissue. This allows 
CD62L to play the dominant role in controlling naive B- or T-cell traf- 
ficking through peripheral lymph nodes because naive cells are 
0t4~7 L~ (Butcher and Picker, 1996). However, naive cells also need 
to traffic through the Peyer's patches whose postcapillary venules ex- 
press the following phenotype: CD62L ligand Lo, MAdCAM-1 Hi, 



70 M.E. KEHRLI et al. 

ICAM-1 +, and ICAM-2 +. In this instance, CD62L does not provide a 
tethering adhesion; instead, the high-level expression of MAdCAM-1 
on the postcapillary venules of the Peyer's patches allows the a4~7 
integrins on the naive lymphocytes to mediate a tethering/rolling ad- 
hesion to MAdCAM-1, thus providing a mechanism for rolling adhe- 
sion prior to arrest and subsequent diapedesis (Butcher and Picker, 
1996). Therefore, a4~7 integrins are required for naive lymphocyte 
emigration into Peyer's patches but are not required for naive lympho- 
cyte emigration into peripheral lymph nodes. Interestingly, a4~v-inte- 
grin levels on naive cells are insufficient for binding to MAdCAM-1 +, 
CD62L ligand- venules in the intestinal lamina propria. The CD62L Hi, 
Ot4~7L~ phenotype thus ensures that naive B or T cells have access 
to both mucosal and peripheral secondary lymphoid tissues but not to 
mucosal effector sites (Butcher and Picker, 1996). However, OL4~7 Hi 
memory lymphocytes can effectively interact with postcapillary ven- 
ules in the intestinal lamina propria solely through the roll- 
ing/arresting interaction of a4~7 and its counter endothelial ligand 
MAdCAM-1. 

Another important dichotomy in lymphocyte trafficking is that of 
distinct mucosal and nonmucosal tissue traffic patterns for memo- 
ry/effector lymphocytes. Memory or effector lymphocytes preferen- 
tially homing to skin or other nonmucosal sites, such as the inflamed 
central nervous system and heart, utilize CLA (interacting with 
CD62E on endothelial cells) or the a4~l-integrin heterodimer (interact- 
ing with VCAM-1) instead of ~4~7 for rolling and arrest prior to dia- 
pedesis (Butcher and Picker, 1996). 

III. Effects  o f  Stress  on  Immunity 

Various environmental and physiologic factors may create stress, 
which triggers a physiologic response to maintain equilibrium with the 
environment. Activation of the hypothalamic-pituitary axis including 
release of ACTH and secretion of glucocorticoids is one response to 
stress. There is a paucity of information directly comparing stress- 
induced changes in leukocyte trafficking patterns and immune re- 
sponses to vaccination. The best examples of alterations in leukocyte 
trafficking and immune function associated with stress are studies of 
pregnancy and parturition of many species. Other examples of altera- 
tions in trafficking patterns and immune function have been demon- 
strated using neonates and various glucocorticoid administration 
models. 
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Periparturient and neonatal immunosuppression is suggested by the 
increased incidence and susceptibility of cows and calves to bacterial 
and viral infections during this period (Hill, 1981; Wilson, 1990). Hor- 
monal changes during the periparturient period have been reported 
(Smith et al., 1973; Sasser et al., 1979; Saleem et al., 1992) and likely 
contribute to immunologic dysfunction. Increased plasma concentra- 
tion of the endogenous opioids, ~-endorphin and met-enkephalin, dur- 
ing the periparturient period in cows may also reduce immune function 
(Aurich et al., 1990). Plasma concentration of these opioids peaks at 
parturition and cows experiencing dystocia have significantly elevated 
concentrations of ~-endorphin several hours postpartum compared to 
normal cows. Immunologic disturbances in cellular and humoral com- 
ponents of immune responses have been documented in cattle during 
the periparturient period (neutrophil chemokinesis, respiratory burst, 
phagocytosis, lymphocyte blastogenesis, and serum concentration of 
immunoglobulins) and related to the marked reduction in the ability of 
dairy cattle to respond to invasive microorganisms (Nagahata et al., 
1988, 1992; Kehrli and Goff, 1989; Kehrli et al., 1989a,b; Saad et al., 
1989; Sordillo and Babiuk, 1991; Sordillo et al., 1991, 1995; Sordillo 
and Peel, 1992; Cai et al., 1994; Detilleux et al., 1995). 

Pregnancy has been postulated to result in suppression of cell-medi- 
ated immune function and enhancement of humoral immunity. As 
pregnancy progresses, Thl cytokines [interferon ~/(IFN-~/) and inter- 
leukin 2 (IL-2)] decrease and Th2 cytokines (IL-4, IL-5, IL-6, and 
IL-10) increase (Wegmann et al., 1993; Delassus et al., 1994). Estrogen 
and progesterone play roles as suppressers of cell-mediated immune 
responses and enhancers of humoral responses in mice (Screpanti et 
al., 1991). The change of immune status develops in parallel with 
increased plasma corticosteroid levels as well as increases in estrogen 
and progesterone. Corticosteroids are also known to suppress cell-me- 
diated immune responses and enhance humoral responses by sup- 
pressing the production of Thl  cytokines such as IL-2 and IFN-~/(Vac- 
ca et al., 1992; De Rijk and Berkenbosch, 1994). Cytokine production 
by bovine leukocytes is also disturbed during the periparturient period 
in that IFN-~/and IL-2 production are reduced, suggesting suppression 
of Thl  immune responses (Sordillo et al., 1991; Ishikawa et al., 1994; 
Shafer-Weaver and Sordillo, 1997). Levels of IL-2 activity were lower 
and IFN-~/ was not detectable in mammary gland secretions (colos- 
trum) during the last week of gestation and at parturition when com- 
pared to levels detected 2 weeks prepartum, whereas tumor necrosis 
factor levels increased gradually during that period. It has been postu- 
lated that differential expression of cytokines might occur and that 
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these changes in cytokine production might contribute to the increased 
incidence of disease in periparturient cows (Sordillo et al., 1992, 1995; 
Sordillo and Peel, 1992) and would certainly alter the host response to 
vaccination. Moreover, impairment of the capacity of B cells from peri- 
parturient cows to secrete IgM has been reported (Detilleux et al., 
1995), which may stem from impaired IFN-~ and IL-2 production. 

Leukocyte trafficking patterns change in periparturient cows; as the 
percentage of T cells declines [compared with cows in midlactation 
(~45% versus ~20%)] there is a concomitant increase in granulocytes 
and monocytes (Shafer-Weaver et al., 1996). Also, the proportion of 
CD4 + cells in blood and mammary parenchyma declines postpartum, 
which is consistent with decreased IFN-~ secretion by lymphocytes 
and decreased IFN-~ in lacteal secretions of periparturient cows (Sor- 
dillo et al., 1991; Ishikawa et al., 1994; Shafer-Weaver et al., 1996; 
Shafer-Weaver and Sordillo, 1997; Yang et al., 1997). The immu- 
noregulatory role of CD8 + lymphocytes during the postpartum period 
is most likely of a suppressor nature because IL-4 mRNA was the main 
cytokine detectable in cultures of mononuclear cells from postpartum 
dairy cows while IFN-~/is the main cytokine detected from cows in 
middle to later stages of lactation (Shafer-Weaver and Sordillo, 1997). 
A neutrophilia during the immediate periparturient period is also 
known to be associated with reduced expression of CD62L on neu- 
trophils in an inverse relationship with serum cortisol levels (Lee and 
Kehrli, 1997). These changes are consistent with the effects of glu- 
cocorticoid administration to cattle (Burton and Kehrli, 1995, 1996). 

Dexamethasone causes a similar effect on IFN-~/ and immunoglo- 
bulin production by mitogen-stimulated mononuclear cells, suggesting 
that stress induction of glucocorticoid release may impair TH1 immu- 
nity (Doherty et al., 1995; Nonnecke et al., 1997). Other studies have 
found that castration of bull calves causes a neutrophilia and impair- 
ment of IFN-~ production (Fisher et al., 1997a,b). Murine studies have 
found that B cell, NK cell, and monocyte numbers have greater stress- 
induced decreases than do T cells. Adrenalectomy has shown that en- 
docrine factors (e.g., glucocorticoids) released during stress modulate 
this leukocyte trafficking between the blood and other immune com- 
partments (Dhabhar et al., 1995). Cortisol or dexamethasone induce a 
neutrophilia in cattle without a significant increase in immature neu- 
trophils (Burton et al., 1995), suggesting that glucocorticoids decrease 
the marginating pool of neutrophils, and reduce the efficiency of their 
egress from blood to tissues (Burton and Kehrli, 1995). Glucocorticoids 
also cause a gradual decline in neutrophil expression of ~2-integrins, 
which might contribute to some of the well-documented impairment of 
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neutrophil complement receptor functions (Burton et al., 1995). Shed- 
ding of CD62L and concomitant neutrophilia suggests that one anti- 
inflammatory mechanism of action of dexamethasone is to transiently 
preclude neutrophil egress. Studies of restraint stress in mice have 
also demonstrated suppressed migration of granulocytes and macro- 
phages to inflammatory loci (Mizobe et al., 1997). Glucocorticoids in 
cattle also cause a dramatic decline in percentages of circulating ~/8 T 
cells (Burton and Kehrli, 1996; Nonnecke et al., 1997) and decrease in 
MHC class I and II molecules on remaining mononuclear cells. Since 
~/8 T cells express high levels of CD62L (Walcheck and Jutila, 1994) 
and dexamethasone did not alter CD62L expression on ~/3 T cells (Bur- 
ton and Kehrli, 1996), the putative egress of circulating ~/8 T cells into 
tissues during stress may represent a compensatory immunologic re- 
sponse when neutrophil egress is transiently impaired. 

Where dexamethasone has been used to cause immunosuppression 
in calves, impairment of IgG responses to equine ferritin (delayed peak 
titer) and tetanus toxoid (lower peak titer) have been reported (Roth et 
al., 1984). Moreover, long-term administration of dexamethasone to 
horses can completely abrogate IgGa and IgGb responses to vaccina- 
tion with nonreplicating viral antigens and yet have no effect on IgG(T) 
titers (Slack et al., 1997). Administration of dexamethasone and trans- 
port (800-km) stress of calves both were found to reduce expression of 
IL-2Ra on mononuclear cells compared to expression on mononuclear 
cells from control calves (Lan et al., 1995). Human patients with chron- 
ic fatigue syndrome have increased allergy problems and low produc- 
tion of IFN-~] and IL-2 (Rook and Zumla, 1997). In neonates, impair- 
ment of Thl immunity has been hypothesized to result in a Th2 bias in 
immune responses (reviewed in Vince and Johnson, 1996) that may 
last in spite of subsequent boosting of immunity (Barrios et al., 1996). 

Immunosuppressive and anti-inflammatory properties of glucocor- 
ticoids also include inhibition of endotoxin-stimulated cytokine produc- 
tion and gene expression (Hagan et al., 1992). Transcriptional regulation 
may be one mechanism by which glucocorticoids cause immunosup- 
pression (Auphan et al., 1995; Scheinman et al., 1995). For example, 
glucocorticoids inhibit NF-KB activity by inducing transcription of the 
IKBa gene, thus blocking secretion of cytokines such as IL-1, IL-8, and 
TNF-a (Baeuerle, 1991; Grill et al., 1993). These cytokines normally 
up-regulate expression of ~2 integrins and down-regulate CD62L ex- 
pression on leukocytes. Because plasma cortisol concentrations are 
known to increase during the immediate periparturient period (Smith 
et al., 1973; Guidry et al., 1976), and dexamethasone reduces CD62L 
and CD18 expression on bovine neutrophils (Burton et al., 1995), glu- 



74 M.E. KEHRLI et al. 

cocorticoids could cause an increase in susceptibility to disease 
through their effects on adhesion molecules. Furthermore, ICAM-1 
expression on endothelial cells and binding to neutrophils is reduced 
by dexamethasone in vitro (Cronstein et al., 1992); this could contrib- 
ute to a decline in host defense and an increased susceptibility to 
disease postpartum by impeding phagocyte egress. A marked reduc- 
tion in expression of CD62L was found on the surface of human neona- 
tal neutrophils, and was correlated with reduced ability of human 
neonatal neutrophils to adhere to endothelial cells in vitro (Anderson 
et al., 1991). 

IV. Smnmary 

Increased susceptibility of animals to infectious disease during the 
periparturient period results in suffering and economic losses. Stress 
appears to delay inflammation by reducing efficiency of CD62L-medi- 
ated immune surveillance by phagocytes. It is important to note that  
the effects of stress are not limited to alteration of leukocyte trafficking 
patterns since various stressors (e.g., transport, parturition, and cas- 
tration) also decrease IFN-~ secretion by lymphocytes, and may de- 
crease antigen presentation efficiency by down-regulating class II 
molecule expression on antigen presenting cells, and delay or impair 
immune responses to vaccination. Documented immunosuppression in 
periparturient animals, particularly the bias toward Th2 immune re- 
sponses, and also changes in general leukocyte trafficking patterns 
suggest that vaccination intending to elicit cell-mediated immunity 
may not be efficacious at this point of the production cycle. Based on 
findings of numerous periparturient studies on immunosuppression in 
cattle, waiting at least 30 days after parturition before administering 
routine vaccinations is recommended. 
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I. Introduction 

The mucosal immune system is in constant contact with vast num- 
bers and varieties of antigens, both living and dead, dangerous and 
benign. The ability to selectively mount appropriate immunity to po- 
tentially harmful antigens and organisms, while at the same time 
tolerating beneficial ones, is essential to the maintenance of homeo- 
stasis. This conflict in function is especially problematic in the immune 
system of the intestinal tract (gut-associated lymphoid tissue or 
GALT), where immunity to pathogens must coexist with a need to 
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control inflammatory responses to the lumenal flora and dietary anti- 
gens. Understanding the molecular basis of this decision will aid the 
rational development of mucosally delivered vaccines. 

After reviewing studies of the mucosal adjuvant cholera toxin (CT), 
this chapter describes the ability of CT to adjuvant mucosal immunity 
to related antigens, such as its B subunit (CT-B), as well as unrelated 
antigens when administered orally or intragastrically. The second part 
is a brief overview of cellular and molecular mechanisms for the adju- 
vanticity of CT, including the role of macrophage cytokines, including 
interleukin 1~ (IL-I~) and interleukin 12. 

II. Mucosal Adjuvanticity of Cholera Toxin 

Most orally administered protein antigens fail to generate detectable 
immunity. In contrast, some proteins such as toxins produced by enter- 
ic pathogens are able to induce robust immunity when administered 
orally. The best characterized of these proteins is the toxin of Vibrio 
cholerae, cholera toxin (Holmgren et al., 1996; Snider, 1995; Spangler, 
1992). This unique ability to induce immunity following oral adminis- 
tration makes cholera toxin and related toxins potential adjuvants for 
oral vaccines and valuable tools for the study of mucosal immunology. 

A. STRUCTURE AND FUNCTION OF CHOLERA AND RELATED TOXINS 

Cholera toxin is one of a group of bacterial toxins that function via 
adenosine diphosphate (ADP) ribosylation of host G proteins. In addi- 
tion to cholera toxin, this group consists of heat labile toxin of Es- 
cherichia coli and pertussis toxin (Kochnolte et al., 1996). The basic 
structure and function of CT and of the heat labile toxin of E. coli (LT) 
are similar, with 80% homology on the nucleotide level (Spangler, 
1992). However LT tends to cause a milder disease than CT in humans 
(LTh-I) and causes diarrhea in swine (LTp) (Gyles and Barnum, 1969). 
Cholera toxin is a multimeric protein secreted by V. cholerae consisting 
of a pentamer of l l .6kDa B-subunits (CT-B) and a single 27-kDa 
A-subunit (CT-A). The CT-B subunit binds monosialoganglioside 
(GM1) , found on mammalian epithelial and hematopoietic cells, where- 
as the CT-A subunit enters the cytosol, is activated by cleavage of a 
disulfide bond, and catalyzes the ADP ribosylation of a G protein (Gs~), 
increasing cyclic adenosine monophosphate (cAMP) and resulting in 
hypersecretion of salt and water and severe diarrhea (Spangler, 1992). 
This cAMP elevating activity has been the generally assumed mecha- 
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nism for the adjuvant activity of CT (Snider, 1995). The importance of 
the CT-A induced ADP ribosylation has also been demonstrated by 
targeting of CT-A to B cells through an Ig binding domain (Agren et al., 
1997). In this case CT-A specifically targeted to B cells had adjuvant 
effects very similar to those of CT. On the other hand, some recent 
experiments with CT or LT mutants have demonstrated adjuvant ac- 
tivity in the absence of toxicity (deHaan et al., 1996b; Bergquist et al., 
1997). However, these adjuvants have generally been used intra- 
nasally where the requirements for adjuvanticity may be different. 
Signaling pathways other than cAMP have also been demonstrated for 
CT. For example, the ability of CT to induce IL-1 and IL-6 in human 
peripheral blood mononuclear cells (PBMC) was only minimally inhib- 
ited by blocking cAMP or phosphokinase (PK)A pathways, while being 
completely blocked by inhibition of PKC, suggesting induction of cyto- 
kines via a PKC-mediated signaling pathway (Krakauer, 1996). CT 
induced ADP ribosylation also has cellular effects independent of 
cAMP in B cells, because CT-A synergized with IL-4 or ionomycin to 
induce proliferation (Francis et al., 1995). Binding of CT and CT-B to 
the surface of cells may also induce intracellular signals regardless of 
the presence of CT-A. Binding of GM1 ganglioside induces proliferation 
mediated by calcium influx and nuclear expression of AP-1, a TRE 
binding transcription factor, but not elevated cAMP (Buckley et al., 
1995). 

B. MUCOSAL IMMUNOGENICITY AND ADJUVANTICITY OF CHOLERA AND 

RELATED TOXINS 

Cholera toxin is an excellent oral immunogen in many species in- 
cluding mice (Elson and Ealding, 1984), rats (Pierce, 1978), and dogs 
(Pierce et al., 1980). Recovered human patients have detectable anti- 
CT IgG in serum for years after clinical cholera (Spangler, 1992). 

Orally administered CT-B is weakly immunogenic. Studies showing 
a strong response to CT-B used purified CT-B containing small amounts 
of CT (Pierce, 1978). Immunization of mice with purified CT-B results 
in poor sIgA production, while addition of small amounts of CT mark- 
edly enhances the response (Lycke et al., 1989b). Oral administration 
of 25 ~g of recombinant LT-B to mice results in antibody responses 
detected in feces and serum (Nakagawa et al., 1996). Even so, the dose 
required was much higher than that required for immunogenicity of 
CT where 2 ~g is immunogenic (Lycke and Holmgren, 1986). Inclusion 
of 50 ng of LT with 2 ~g of recombinant LT-B results in secreted IgA at 
distance mucosal sites including reproductive and respiratory tracts, 
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while LT-B alone results in only intestinal IgG and IgA (deHaan et al., 
1996a). 

CT is an effective adjuvant for orally administered CT-B at doses 
much lower than are immunogenic alone. In mice as little as 20 ng of 
CT can act as adjuvant for 10 ~g of CT-B, while as much as 500 ng of 
CT alone does not (Lycke and Holmgren, 1986). Likewise, as little as 2 
ng of LT enhances immunity to 2 ~g of LT-B (deHaan et al., 1996a). 
There are significant differences between species in the adjuvanticity 
of CT and CT-B. In humans oral CT-B is generally considered to be 
immunogenic. Oral cholera vaccine containing CT-B results in system- 
ic and local (intestinal) antibody response (D. Clemens et al., 1990; 
J. D. Clemens et al., 1987; Svennerholm et al., 1984), but inconsistent 
response in distant mucosal sites including vaginal washes (Wassen et 
al., 1996) or in saliva (Jertborn et al., 1986) and no detectable secretory 
antibodies in breast milk (Clemens et al., 1990). While immunogenic 
orally in humans, CT-B shows no adjuvant effect for the coad- 
ministered, whole-cell portion of the cholera vaccine as measured by 
vibriocidal antibodies (Clemens et al., 1987). In contrast to oral admin- 
istration, intranasally administered CT-B results in systemic (serum) 
as well as distant mucosal (vaginal) anti-CT-B responses (Bergquist et 
al., 1997). 

While extensively studied in other species the efficacy of cholera 
toxin as an oral immunogen and adjuvant has not been adressed in 
swine. Large doses of CT (500 ~g) administered directly to porcine 
stomach or ileum induce CT-specific antibody secreting cells in the 
small intestine (Loftager et al., 1995). However, the ability of CT to 
function as an adjuvant for CT-B or other antigens has not been de- 
fined in swine. 

Since species differ in the mucosal immunogenicity and adjuvan- 
ticity of CT-B and CT we have studied the immune response to them in 
swine, measured as systemic and mucosal anti-CT-B IgA, both at the 
site of immunization and at a distant mucosal surface. Recombinant 
cholera toxin B-subunit, obtained from a human cholera vaccine (Na- 
tional Bacteriological Laboratory, Stockholm, Sweden) was adminis- 
tered three times at 7- to 10-day intervals at the vaccine dose of 1 mg. 
Cholera toxin (Sigma Chemical Co., St. Louis, MO) was administered 
in doses from 1 to 100 ~g per animal per time point. 

While most animals receiving three doses of 1 mg of CT-B alone had 
detectable anti-CT-B serum antibodies at 5 days after the third immu- 
nization, this response was markedly enhanced by coadministration of 
whole CT. For example, only animals that  received at least 10 ~g of CT 
along with 1 mg of CT-B had detectable titers of anti-CT-B serum IgA 5 
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days after the second administration (Fig. 1, day 15). Conversely, 10 ~g 
of CT alone did not result in detectable anti-CT-B IgA or IgG in any 
animals, even after the third administration (Fig. 1, day 25). Since the 
adjuvant in this case (CT) also contains the antigen to which the re- 
sponse is being measured (CT-B), higher doses of CT alone would be 
expected to result in an immune response. Indeed, at the highest dose 
of CT (100 ~g), similar responses were seen with or without the co- 
administration of CT-B (Fig. 2). 

Mucosal anti-CT-B sIgA was also induced. Intestinal (jejunal) mucus 
collected 5 days after the third immunization contained anti-CT-B an- 
tibodies, with the response being primarily IgA. Animals that  received 
three doses of 1 mg of CT-B orally had detectable anti-CT-B IgA in the 
jejunal mucus and the levels were increased by coadministration of 10 
or 100 ~g of CT (Fig. 3). Local production of this IgA was confirmed by 
enumeration of anti-CT-B IgA antibody secreting cells isolated from 
the lamina propria (Fig. 4). Anti-CT-B IgA was also detected in the 
saliva of immunized animals (Fig. 5). Doses of 10-100 ~g of CT in- 
creased the detected anti-CT-B response, whereas the response in ani- 
mals receiving 1 ~g was similar to those receiving CT-B alone. 

The ability of CT to act as an adjuvant to coadministered antigens 
has been well documented in mice. Intragastric administration of 5 mg 
of keyhole limpet hemocyanin (KLH) results in little or no response, 
while the addition of 10 ~g of CT results in both local (intestinal wash) 
and systemic (serum) anti-KLH IgA and IgG (Lycke and Holmgren, 
1986; Elson and Ealding, 1984). However, dosages for both the antigen 
and the adjuvant effect of CT are increased by orders of magnitude 
over that  described above for CT-B. The adjuvant effect of CT for 10 ~g 
of CT-B was seen with doses of 20 ng, while 10 ~g was required as 
adjuvant for 5 mg of KLH. In contrast to CT, 10 ~g of CT-B added to the 
KLH did not result in a detectable immune response. However, inclu- 
sion of CT (0.5 ~g) with 10 ~g of CT-B was as effective as 10 ~g of CT in 
stimulating the response to KLH (Wilson et al., 1990). 

Because CT has been shown to adjuvant other coadministered anti- 
gens in other species, we tested its ability to do so in swine. Serum 
anti-CT-B and anti-KLH IgA were determined following three weekly 
oral immunizations with KLH (25 mg) with or without the coad- 
ministration of CT (50 ~g) and CT-B (1 mg). An additional animal also 
was immunized with KLH (2 mg) by a parenteral route (intramuscu- 
lar). Oral CT and CT-B resulted in anti-CT-B IgA in the serum, where- 
as oral administration of KLH alone or with CT and CT-B d idno t  
result in detectable anti-KLH response, while parenterally adminis- 
tered KLH resulted in a robust response (Fig. 6). Therefore, while 
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FIG. 1. Serum anti-CT-B IgA following oral administration of CT and CT-B. Treat- 
ments consisted of cholera toxin (~g) with (+) or without ( - )  1 mg of CT-B, administered 
by gavage on days 0, 10, and 20, following neutralization of gastric acid. Serum anti-CT- 
B IgA was measured by enzyme-linked immunosorbent assay (ELISA) with a positive 
ti ter defined as the dilution of serum with an A45 o of 0.5 over background. Bars represent  
the geometric mean titer with individual animals indicated with a circle. 



ROLE OF MACROPHAGE CYTOKINES IN MUCOSAL ADJUVANTICITY 89 

FIG. 2. Serum anti-CT-B IgA following oral administration of CT and CT-B. Treat- 
ments consisted of cholera toxin (100 ~g) with or without 1 mg of CT-B, administered by 
gavage on days 0, 10, and 20, following neutralization of gastric acid. Serum anti-CT-B 
IgA was measured on day 25 by ELISA as described in Fig. 1. 

FIG. 3. Jejunal mucus anti-CT-B IgA following oral administration of CT and CT-B. 
Treatments were administered as described in Fig. 1. Jejunal mucus was collected by 
absorbent wicks; anti-CT-B IgA determined by ELISA and comparison to porcine IgA 
standards. 
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FIG. 4. Local production of anti-CT-B IgA, IgG, and IgM. Jejunal lamina propria anti- 
CT-B IgA, IgG, and IgM secreting cells were enumerated from the lamina propria of 
animals that  received three doses of CT-B (1 mg) with or without CT (100 ~g). 

FIG. 5. Saliva anti-CT-B IgA following oral administration of CT and CT-B. Treat- 
ments were administered as described in Fig. 1. Saliva was collected by absorbent wicks; 
anti-CT-B IgA determined by ELISA and by comparison to porcine IgA standards. 
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FIG. 6. Adjuvanticity of CT to coadministered KLH. Anti-CT-B and anti-KLH anti- 
bodies were measured by ELISA during and 1 week after three weekly treatments with 
KLH (25 mg) alone or with CT (50 ~g) and CT-B (1 mg). One animal received 2 mg KLH 
intramuscularly. Values are expressed relative to total IgA in the serum. 

h a v i n g  p o t e n t  a d j u v a n t  p r o p e r t i e s  for CT-B, no a d j u v a n t  ac t iv i ty  was  

de t ec t ed  for c o a d m i n i s t e r e d  KLH.  
T h e s e  r e s u l t s  i nd ica t e  t h a t  CT is well  t o l e r a t ed ,  is i m m u n o g e n i c ,  a n d  
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has potent adjuvant properties when used with CT-B in swine. These 
characteristics make CT a useful tool to study mucosal immunology in 
swine. 

lIl. Mechanisms of Mucosal Adjuvanticity 

The ability of CT to profoundly affect the physiology of many cell 
types suggests many possible mechanisms for its mucosal adjuvan- 
ticity in various phases of the immune response. After providing a brief 
overview of these possible mechanisms, this section highlights the role 
of macrophage cytokines, including IL-1 and IL-12 in the mucosal ad- 
juvanticity of CT. 

A. CHOLERA TOXIN 

There are a wide variety of potential mechanisms for adjuvants to 
enhance mucosal immunity, many of which could be affected in some 
way by CT (Snider, 1995). Some examples of these mechanisms are 
listed: 

1. Alterations in delivery of antigen to the GALT Cholera toxin in- 
creases intestinal permeability to dextran (MW 3000) and also induces 
immune response to KLH; CT-B failed to do either (Lycke et al., 1991). 
Administration of CT with ovalbumin significantly increases the 
amount of ovalbumin in the serum within 15 min of administration 
(Pierre et al., 1995). 

2. Effects on antigen presentation. The effects of CT on antigen pre- 
sentation are complex. While CT inhibits intracellular processing of 
protein antigens by macrophages, it enhances presentation of surface 
MHC II molecules when administered after intracellular processing 
has occurred (Matousek et al., 1996). This ability to inhibit intracellu- 
lar processing of proteins is dependent on the presence of whole toxin, 
whereas CT and CT-B both enhance expression of MHC complexes 
on macrophages (Matousek et al., 1996) and B cells (Nashar et al., 
1997). 

3. B-cell antibody isotype switching. CT synergizes with IL-4 to in- 
duce isotype differentiation of B cells (Lycke et al., 1990; Lycke and 
Strober, 1989). Induction of cAMP by CT induced the production of 
sterile germline ~/1-RNA transcripts while binding of GM1 ganglioside 
enhanced later stages of B-cell differentiation via a calcium-dependent 
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mechanism (Lycke, 1993). This provides one possible mechanism for 
the synergy observed between CT and CT-B. 

4. Cytokine production by antigen-specific lymphocytes, induction of 
Th2 phenotype. The primary immune response induced by CT adminis- 
tered at mucosal surfaces is secretory IgA. This response is T cell 
dependent and results in antigen-specific Th2 T cells in the GALT 
(Xuamano et al., 1994; Jackson et al., 1996). The ability of CT to induce 
a type 2 response to coadministered antigens has been well described 
(Marinaro et al., 1997). Following oral immunization with tetanus tox- 
iod (TT), with CT as adjuvant, the predominant T-cell response to TT is 
the production of IL-4 (Marinaro et al., 1995). Also, the ability of CT to 
function as an adjuvant to coadministered KLH or ovalbumin is lost in 
IL-4-deficient mice (Vajdy et al., 1995), although the immunogenicity of 
CT is maintained. 

5. Lymphocyte proliferation. In vitro, CT inhibits IL-2 production 
and proliferation of T lymphocytes and B lymphocytes by a cAMP- 
mediated mechanism; however, the response varied with the stage of 
differentiation of the cells (Lycke et al., 1989a). Both CT and CT-B 
inhibit lymphocyte proliferation in vitro but CT was more rapidly effec- 
tive and potent (Elson et al., 1995). Gavage with CT also causes a 
depletion of CD8 + intraepithelial lymphocytes, which have been asso- 
ciated with a suppressor function (Elson et al., 1995). 

In addition to these mechanisms, mucosal adjuvants such as CT may 
also mediate their effects via activation of antigen presenting cells 
(APC) to express costimulatory molecules and secrete cytokines. These 
costimulatory molecules and cytokines are, in effect, a signal from the 
APC to the T-cell in addition to the antigen-specific interaction of the 
MHC-pept ide-TCR complex. These two signals are then integrated by 
the T cell, determining its response. 

B. DUAL-SIGNAL INTEGRATION 

The immune response to a given protein antigen is not inherent to 
the antigen but is determined by circumstances of the encounter of the 
antigen with the immune system. This is particularly important in the 
GALT where many antigens must be tolerated while immunity is gen- 
erated to others. In this model of mucosal adjuvanticity, APC responds 
to environmental cues by producing cytokines and expressing co- 
stimulatory molecules that regulate the T-cell response to a given anti- 
gen. T cells integrate these two signals, one antigen-specific signal and 
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the other nonspecific or innate, into the resulting immune response. 
The integration of antigen-specific and nonspecific signals occurs at 
the level of the T cell during the initiation of the immune response. The 
molecular basis of this integration is the two-signal model for T-cell 
activation (Schwartz, 1996; Jenkins et al., 1991). Cognate interactions 
of the TCR with peptide in the context of MHC provides signal 1, which 
can result in activation or anergy depending on the presence of a 
second, nonantigen specific signal (Johnson and Jenkins, 1994). This 
second signal consists of surface proteins on the antigen presenting cell 
including CD80 and CD86 (Vella et al., 1997) and proinflammatory 
cytokines such as IL-I~ and IL-12 (Grohmann et al., 1997; Pape et al., 
1997). Therefore, the ability of adjuvants (including CT and CT-B) to 
induce expression of CD80/86 and secretion of IL-I~ and IL-12 may be 
key to their mucosal adjuvanticity. 

C. ROLE OF INTERLEUKIN-1 IN MUCOSAL ADJUVANTICITY 

There is clear evidence that CT induces the production of IL-1. For 
example, CT increases IL-1 production in a murine macrophage cell 
line (Lycke et al., 1989a). The IL-I~ promoter contains cAMP response 
elements (CREs), which are required for full activity of the gene 
(Chandra et al., 1995), and CRE binding proteins are phosphorylated 
in response to both cAMP and LPS (Chandra et al., 1995). In addition 
non-cAMP-dependent pathways have been described for the CT induc- 
tion of IL-1, possibly involving protein kinase C (Krakauer, 1996). Be- 
sides APC, other cellular sources of IL-1 in the GALT have been de- 
scribed including M cells of the follicular epithelium of the Peyer's 
patch (Pappo and Mahlman, 1993). The ability of CT to bind specifi- 
cally to epithelial cells would suggest these may be an important 
source of IL-1 in the GALT. 

Once induced, IL-1 can augment the immune response in a number 
of ways. It is required for IL-12 induced IFN-~] production (Hunter et 
al., 1995), which in turn upregulates the transcription of IL-1 mRNA 
(Sone et al., 1994), prevents development of tolerance (Weigle et al., 
1987) and augments antibody production (Reed et al., 1989). It also 
enhances the in vivo expansion and follicular migration of antigen 
stimulated T cells (Pape et al., 1997). In swine, IL-1 shows adjuvant 
properties when administered with a Streptococcus suis  vaccine 
(Blecha et al., 1995). 

This evidence suggests a role for IL-1 in the mucosal adjuvanticity of 
CT. To further understand this role, we have studied the ability of CT 
and CT-B to induce IL-I~ in cultured porcine alveolar macrophages. 
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Because CT has  specific adjuvant  effects distinct from CT-B, we inves- 
t igated the IL-I~ inducing activity of CT versus tha t  of CT-B as a 
potential  mechanism for its mucosal adjuvanticity. 

Because both the CT and CT-B contained significant quant i t ies  of 
endotoxin, all t r ea tmen t s  were preincubated with polymyxin-B at  a 
level (10 ~g/ml) sufficient to block the effect of 1 ~g/ml of LPS (data not 
shown). The specificity of the CT and CT-B effects was confirmed by 
specifically blocking their  binding to the cell surface GM1 ganglioside. 
Preincubat ion with 10 ~g/ml of GM1 ganglioside completely blocked 
the ability of CT or CT-B to bind to GM1 ganglioside in a GM1 gan- 
glioside ELISA (data not shown). The pre t rea ted  CT and CT-B was 
then  compared to un t rea ted  CT and CT-B for the ability to induce 
IL-I~ mRNA. The pre t rea ted  CT-B induced IL-I~ to levels similar  to 
those seen with un t rea ted  CT-B (Fig. 7), indicat ing a non-GM1 gan- 
glioside binding dependent  effect. This resul t  was in marked  contrast  
to tha t  seen with CT where p re t r ea tmen t  reduced levels of IL-I~ 

FIG. 7. Induction of IL-I~ by CT in cultured porcine macrophages. Alveolar macro- 
phages were treated with the indicated dose of CT or CT-B that had been preincubated 
with GM1 ganglioside (filled bars) or not (open bars). After 12 hours total RNA was 
isolated and IL-I~ and GAPDH mRNA determined by northern hybridization. Values 
are relative phosphorimager units expressed relative to GAPDH. 



96 DENNIS L. FOSS AND MICHAEL P. MURTAUGH 

mRNA to those of control (Fig. 7). These results indicate that CT spe- 
cifically induces IL-I~ mRNA in alveolar macrophages and CT-B does 
not. 

D. ROLE OF INTERLEUKIN 12 IN MUCOSAL ADJUVANTICITY 

Another macrophage cytokine with potent immunoregulatory func- 
tions is interleukin 12. IL-12 is a heterodimeric cytokine with glycosy- 
lated, disulfide bonded subunits of 35 and 40 kDa (Podlaski et al., 
1992). The genes for the two subunits are located on separate chromo- 
somes, 3 and 5 in human and 3 and 11 in mouse (Tone et al., 1996; 
Sieburth et al., 1992). IL-12 is produced by various phagocytic cells, 
including macrophages, and can be induced by bacteria or bacterial 
products. IL-12 activates NK and T cells to produce IFN-~/, which in 
turn activates macrophages to enhance pathogen killing as well as 
produce more IL-12. IL-12 acts on T cells both directly and indirectly 
via induced IFN-~/to have a profound impact on the acquired immune 
response. In this way, IL-12 may play an important role in mucosal 
adjuvanticity. 

There are several lines of evidence for the role of IL-12 in regulation 
of mucosal immunity. It plays a central role in resistance to several 
mucosal pathogens and has been implicated in the pathogenesis of 
inflammatory bowel syndromes. The immune response to Salmone l la  
infections is critically dependent on IL-12. Administration of Sal- 
monel la  dubl in  (EL23) to mice increased IL-12, p40 mRNA expression 
in mesenteric lymph nodes and Peyer's patch by 6 hours after adminis- 
tration (Bost and Clements, 1995). Administration of exogenous IL-12 
augments the protective immune response to S. dublin,  while treat- 
ment with IL-12 neutralizing antibodies reduces survival of infected 
mice (Mastroeni et al., 1996; Kincycain et al., 1996). Inhibition of Sub- 
stance P, which induces IL-12 in murine macrophages (Kincycain and 
Bost, 1997), also increases susceptibility to Salmonel la  infection in 
mice (Kincycain and Bost, 1996). Administration of IL-12 to either 
SCID or BALB/c mice prevented infection with Cryptosporidium par- 
vum and neutralization of endogenous IL-12 exacerbated the infection 
(Urban et al., 1996). Conversely, IL-12 enhanced adult worm survival 
and egg production by the intestinal nematode Nippos trongylus  
brasil iensis (Finkelman et al., 1994). Lamina propria mononuclear 
cells from Crohn's disease patients expressed increased levels of IL-12, 
p35 and p40 mRNA, and secreted bioactive IL-12 (Monteleone et al., 
1997). 

Regulation of bioactive IL-12 secretion is complicated by the inde- 
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pendent regulation of the two subunits and by the observation that the 
p40 subunit can form a homodimer that is a biological antagonist to 
the heterodimer (Heinzel et al., 1997). While the p40 subunit is readily 
induced by various stimuli, secretion of biologically active IL-12 may 
be better correlated by expression of the p35 subunit (Snijders et al., 
1996). 

The ability of CT-B binding to induce binding to AP-1 sites and 
the presence of AP-1 sites in the promoters for p35 and p40 subunits 
of IL-12 suggests the possibility of CT or CT-B inducing expression of 
IL-12. In addition there is also in vivo evidence for the induction of 
IL-12, p40 by LT-B in mice (Bost and Clements, 1995). The murine p40 
promoter region contains recognition sequences including AP1, AP3, 
GATA, Pu.1, and an IFN-~/response (IRF-1) element (Tone et al., 1996). 
In human monocytes, treatment with IFN-~ for 16 hours primes for the 
production of IL-12 following subsequent LPS exposure, primarily by 
enhancing p40 transcription (Ma et al., 1996). In contrast to that of 
p40, the p35 subunit promoter contains multiple transcription start 
sites with no CAAT or TATA boxes, but has a GC-rich region with 
constitutive promoter activity in in vitro assays as well as potential 
regulatory elements such as AP1 and NF-KB sequences (Tone et al., 
1996). IFN-~/directly activates the p35 promoter and has an additive 
effect with LPS in activating the p40 promoter (Ma et al., 1996). 

To further elucidate the possible role of IL-12 in the mucosal adju- 
vanticity of CT, we looked for in vivo evidence that CT or CT-B induces 
IL-12 in swine. Selected GALT tissues were analyzed for IL-12, p40 by 
RT-PCR 5 days following the third administration of cholera toxin (100 
~g per dose at 10-day intervals) or 4 days after administration of Sal-  
monel la  cholerasuis  [3.8 • 1011 colony-forming unit (cfu) avirulent 
strain SC54, NOBL Laboratories, Inc., Sioux Center, IA]. Both CT and 
SC-54 increased IL-12, p40 levels in ileal Peyer's patch and mesenteric 
lymph nodes (Fig. 8). 

We also investigated the effect of macrophage activation on the abili- 
ty of CT or CT-B to induce IL-12, p35 and p40 mRNA in cultured 
alveolar macrophages. The specificity of the observed responses was 
confirmed by performing paired experiments with and without prein- 
cubation with GMi ganglioside as described in the IL-1 section. IL-12, 
p35 and p40 mRNA levels were determined by competitive reverse 
transcriptase-polymerase chain reaction (RT-PCR) (Mansfield et al., 
1995) and were normalized to levels of HPRT. Results for p40 are 
described in Fig. 9; p35 results are similar. Activation of macrophages 
with IFN-~] greatly augmented the response to CT and CT-B. Both 
IL-12, p35 and p40 were measured at approximately 10-fold higher 
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FIG. 8. Induction of IL-12, p40 in ileal Peyer's patch and mesenteric lymph nodes by 
CT and S. cholerasuis (strain SC 54). Total RNA was isolated 5 days following the third 
administration of cholera toxin (100 x per dose at 10-day intervals) or 4 days after 
administration of S. cholerasuis (3.8 x 1011 cfu) and IL-12, p40 mRNA determined by 
competitive RT-PCR with normalization to HPRT. Error bars are the standard deviation 
of three PCR reactions. 

levels in activated macrophages than in nonactivated ones following 
treatment.  In activated macrophages both CT and CT-B induced 40 to 
100 fold increases in measured p35 and p40 mRNA (Fig. 9). In con- 
trast,  CT-B failed to increase p35 or p40 in nonactivated cells. How- 
ever, CT increased both p35 and p40 mRNA in nonactivated cells. 
These effects were blocked by preincubation with GM~ ganglioside. 
These results suggest CT and CT-B may have a differential effect on 
IL-12 mRNA in macrophages depending on activation state. 

IV. Summary  

Delivery of protein antigens to the GALT can result in immunity or 
oral tolerance depending on the circumstances of the encounter. One 
mechanism by which mucosal adjuvants can affect these circum- 
stances is by the induction of macrophage cytokines, including IL-1 
and IL-12. These cytokines can directly affect the immune response by 
their effects on antigen-specific T cells and by the induction of IFN-~/by 
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FIG. 9. Induction of IL-12, p40 in cultured alveolar macrophages by CT and CT-B. 
Alveolar macrophages were treated with the indicated dose of CT or CT-B that had been 
preincubated with GM1 ganglioside (filled bars) or not (open bars). After 12 hours total 
RNA was isolated and IL-12, p40 mRNA determined by competitive RT-PCR with 
normalization to HPRT. 

T cells or NK cells. This IFN-~/also activates macrophages to up-regu- 
late MHC or costimulatory molecules and by further inducing IL-1 and 
IL-12. In effect, mucosal adjuvants function both directly and indi- 
rectly as activators of antigen presenting cells, resulting in stimulation 
of the immune response to coincidental antigens. 

Our studies in swine have shown CT is a potent mucosal adjuvant 
for CT-B. CT also increased IL-1 and IL-12 mRNA in cultured macro- 
phages, especially after activation with IFN-~/. The effect of CT on the 
secretion of bioactive IL-12 protein is currently being investigated. 
While the mucosal adjuvanticity of CT involves a variety of mecha- 
nisms, these findings suggest a role for the induction of the macro- 
phage cytokines IL-1 and IL-12. 
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I. Introduct ion  

Efforts to exploit oral immunization for the development of vaccines 
against the great majority of infections, which directly afflict or invade 
through the mucosal surfaces, were formerly limited by the modest 
responses usually generated by the mucosal immune system. In part, 
this is probably because its functions include the maintenance of ho- 
meostasis despite being continuously challenged by large quantities of 
mainly harmless environmental antigens and commensal microor- 
ganisms. In addition, most nonviable immunogens have no affinity for 
the M cells overlying mucosal inductive sites, such as the intestinal 
Peyer's patches, and are readily digested within the gut lumen. Thus, 
oral immunization with conventional nonviable immunogens typically 
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requires the repeated administration of large doses, and yields modest 
responses that do not persist. However, numerous developments dur- 
ing the past decade have addressed these problems. Notably, the ex- 
ceptionally potent mucosal immunogenic and adjuvant properties of 
cholera toxin (CT) and related enterotoxins (Elson, 1989) have been 
exploited by coupling other antigens to the nontoxic B subunit of CT 
(Czerkinsky et al., 1989), or by seeking to detoxify the heat-labile toxin 
(LT) ofEscherichia coli while preserving its adjuvanticity (Di Tommaso 
et al., 1996; Dickinson and Clements, 1995). Furthermore, the intra- 
nasal (i.n.) route of vaccine administration has been found to be more 
effective than the intragastric (i.g.) route, and it has the advantage 
that CTB then displays adjuvant effects that are not evident i.g. (Wu 
and Russell, 1993). 

The adjuvant activity of CT coadministered i.g. with antigens ap- 
pears to depend on the adenine diphospho-ribosylating activity of the 
toxic A1 subunit, whereas CT-B subunit lacks adjuvant activity by this 
route (Holmgren et al., 1993). However, CT-B can serve as a carrier of 
other antigens chemically coupled to it, but effective immunization 
with such conjugates by the i.g. route still depends on the adjuvant 
activity of intact CT coadministered with it (Russell and Wu, 1991). 
Moreover, preparation of chemical conjugates is cumbersome and 
yields an incompletely defined product. While straightforward genetic 
coupling of peptide antigens to CT-B as fusion proteins has been suc- 
cessfully accomplished (Jagusztyn-Krynicka et al., 1993), fusion of 
large peptides and immunogenic proteins tends to disrupt the folding 
and assembly of CT-B into pentamers, with consequent loss of crucial 
GMl-binding activity (Dertzbaugh and Elson, 1993). The crystallogra- 
phic resolution of the molecular structure of LT (Sixma et al., 1991), 
which closely resembles CT, suggested another approach: Protein anti- 
gen segments might be genetically fused to the A2 subunit of CT (re- 
placing the toxic A1 subunit), coexpressed with CT-B, and assembled 
into chimeric immunogens resembling the composition of CT but com- 
pletely lacking its toxicity (Hajishengallis et al., 1995). The plasmid 
encoding this antigen-CTA2/B chimeric protein may also be expressed 
in an attenuated live carrier such as Salmonel la  typhimurium,  thereby 
eliminating the need for purifying the product (Hajishengallis et al., 
1996a). 

II. Responses to Mucosal Immunization with SBR-CTA2/B 

The surface protein adhesin, AgI/II, of Streptococcus mutans,  and its 
42-kDa saliva-binding region (SBR) (Hajishengallis et al., 1994) were 
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used to demonstrate the concept, and the cloning strategy was de- 
signed to be readily applicable to other protein antigen sequences of 
interest. Thus the A1 sequence in the gene for CT was replaced with 
DNA encoding SBR so that an SBR-CTA2 fusion protein was coex- 
pressed in E. coli with CT-B (Hajishengallis et al., 1995). On transport 
into the periplasm, the polypeptides were assembled into a chimeric 
protein of the composition SBR-CTA2.CTB 5, as shown by gel electro- 
phoretic analysis and Western blotting, and by GMZ enzyme-linked 
immunosorbent assay (ELISA) showing that the binding activity of 
CT-B was retained and coupled with antigenically identifiable SBR. 
The chimeric protein was purified from periplasmic lysates by ammo- 
nium sulfate precipitation and by chromatography on anion-exchange 
and molecular size-exclusion media (Hajishengallis et al., 1995). 

When mice were immunized i.g. with this protein, salivary IgA and 
serum IgG and IgA antibodies to the parent AgI/II were induced, and the 
addition of CT enhanced the responses (Table I). Antibodies to CT were 
also induced, especially when CT was included (Hajishengallis et al., 
1995). Intranasal immunization was also effective, particularly for the 
generation of salivary IgA antibodies even in the absence of added CT 
and with a lower dose of chimeric protein (Table I). Subsequent experi- 
ments have indicated that one or two doses given i.n. may be sufficient to 
generate responses by 3-4  weeks after immunization (H.-Y. Wu, un- 
published data). Furthermore, continued monitoring of responses 
showed that both salivary IgA and serum IgG antibodies could be 
sustained for up to at least 11 months (Hajishengallis et al., 1996b). 

TABLE I 

SERUM AND SALIVARY ANTIBODY RESPONSES TO So MUTANS AGI/ I I  INDUCED IN MICE BY 
I.G. OR I.N. IMMUNIZATION WITH S B R - C T A 2 / B  CHIMERIC PROTEIN GIVEN THREE TIMES 

AT 10-DAY INTERVALS 

Antibody response to AgI/II 7 days after last dose a 

Serum IgG Serum IgA Salivary IgA 
Immunogen and dose Route (~g/ml) (~g/ml) (% Ab/Ig) b 

SBR-CTA2/B (100~g) i.g. 88 x/+4.0 0.5 x/+3.8 0.4 x/+2.8 
SBR-CTA2/B (100~g) i.g. 363 x / + l . 8  3.7 x/+2.1 4.7 x / + l . 5  

+ CT (5 ~g) 
SBR-CTA2/B (25 ~g) i.n. 38 x /+  1.6 1.5 x/+1.7 2.8 x/+1.6 

aGeometric mean x /+SD (N = 4 or 5). No antibodies to AgI/II were detectable prior to 
immunization or in unimmunized control mice. 

bSalivary antibodies expressed as percent of total salivary IgA concentration. 
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Examination of cells isolated from Peyer's patches and mesenteric 
lymph nodes of i.g. immunized mice for proliferation in response to 
culture with AgI/II revealed the presence of AgI/II-specific T cells (Ta- 
ble II), and the proliferative response increased with the number of 
immunogen doses administered (Toida et al., 1997). In addition, SBR- 
CTA2/B induced stronger T-cell responses than SBR alone, and the use 
of CT adjuvant further enhanced the proliferative response to AgI/II 
(Table II). AgI/II-responsive T cells can also be found in the cervical 
lymph nodes after i.n. immunization with AgI/II-CT-B conjugates (Wu 
et al., 1997). Furthermore, both type 1 and 2 cytokines were expressed 
by antigen-specific T cells from both the inductive sites and the drain- 
ing lymph nodes corresponding to the route of administration (Wu et 
al., 1996, 1997). 

III. Responses to Mucosal Immunization with Salmonella 
Expressing SBR-CTA2/B 

Several strains of S. typhimurium have been attenuated by gene 
deletion to serve as live carriers for mucosal immunization because of 
their ability to colonize the gut-associated lymphoid tissues (GALT). 

TABLE II 

PROLIFERATIVE RESPONSES OF CELLS FROM PEYER'S PATCH (PP), MESENTERIC LYMPH 
NODE (MLN), AND SPLEEN CELLS FROM MICE IMMUNIZED I.G. WITH SBR (40 ~G), 

SBR-CTA2/B (100 ~G), OR SBR-CTA2/B (100 ~G) PLUS CT (5 ~I,G) 

Mean stimulation index a _+SD in cells from mice immunized with: 

Organ Controls SBR SBR-CTB SBR-CTB + CT 

PP 1.31 2.62 5.44 6.14 
_+0.06 _+0.48 _+0.49 _+1.34 

MLN 1.16 2.39 3.00 4.57 
___0.12 _+0.23 _+0.30 _+0.60 

Spleen 1.50 1.80 2.06 2.05 
-+0.33 _+0.23 _+0.14 _+0.09 

aGroups of five mice were killed 10 days after immunization with three doses (at 10- 
day intervals) ofimmunogens shown, and cells were cultured in triplicate for 5 days with 
0.5 ~g/ml of AgI/II and assessed for proliferation by [aH]thymidine uptake. Results are 
shown as stimulation indices calculated as cpm (stimulated culture)/mean cpm (un- 
s t imula ted  culture). 
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An a r o A - / a r o D -  strain (BRD509) that lacks genes essential for aro- 
matic amino acid synthesis was transformed with the pSBR-CT AA1 
plasmid that  expresses SBR-CTA2/B together with temperature-regu- 
lated plasmid GP1-2, which encodes T7 RNA polymerase (Haji- 
shengallis et al., 1996a). On growth at 30~ expression of GP1-2 and 
hence of SBR-CTA2/B (which is dependent on a T7 promoter) is sup- 
pressed, but at 37~ in vitro, and presumably therefore in vivo, large 
quantities of SBR-CTA2/B are produced at the expense of continued 
growth. After i.g. immunization with 109 live bacteria, mice developed 
salivary IgA and serum IgG antibodies to AgI/II (Table III), as well as 
to CT and to Salmonella (Hajishengallis et al., 1996a), which were 
further elevated after a second dose of 109 cells (Table III). Both sali- 
vary IgA and serum IgG responses persisted for at least 7 months after 
the administration of a second dose (Table III). Intranasal administra- 
tion of 10 s recombinant Salmonella also induced antibody responses of 
comparable magnitude. When mice were immunized i.g. with another 
recombinant strain of Salmonella containing a plasmid that  expressed 
SBR alone (as well as plasmid GP1-2), and therefore producing SBR 
but not CTA2/B, the antibody responses to AgI/II were lower (Haji- 
shengallis et al., 1996a). Furthermore, analysis of the IgG subclasses 
(IgG1 and IgG2a) of serum antibodies to AgI/II suggested a slight shift 
toward a Thl  pattern of T-cell regulation (Harokopakis et al., 1997), as 
typically occurs with Salmonella, in contrast to the adjuvant effects of 
CT, which tends to drive Th2-regulated responses. 

TABLE III 

SERUM IGG AND SALIVARY IGA ANTIBODY RESPONSES TO S. MUTANS AGI/I I  INDUCED BY 

I.G. IMMUNIZATION OF MICE WITH 10 9 CFU OF S. TYPHIMURIUM EXPRESSING 

SBR-CTA2/B  CHIMERIC PROTEIN 

Geom. mean x / - S D  (N = 4 or 
5) 

Serum IgG Salivary IgA 
Immunization Tested after: (~g/ml) (%Ab/Ig) ~ 

S a l m o n e l l a / S B R - C T A 2 / B  x 1 

S a l m o n e l l a / S B R - C T A 2 / B  x 25 

S a l m o n e l l a / S B R - C T A 2 / B  x 2 ~ 

7 days 2.4 x / -  1.5 1.0 x / -  1.7 
7 days 39 x / - 1 . 7  0.8 x / - 1 . 7  
7 months 8.1 x / - 1 . 3  0.8 x / - 1 . 6  

aSalivary antibodies expressed as percent of total salivary IgA concentration. 
bSecond immunization (109 cfu) given after 7 weeks. 
cSecond immunization (101~ cfu) given after 15 weeks. 
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IV. Discussion and Summary 

Among numerous approaches to the mucosal application of antigens 
that have been found to induce high levels of IgA antibodies in secre- 
tions (Mestecky et al., 1997), the use of CT-B as a carrier that promotes 
uptake of coupled antigens by the inductive sites of the mucosal im- 
mune system has been particularly successful. The activity may also 
depend on CT-B functioning as an adjuvant that stimulates antigen- 
presenting cells, T cells, and B cells (Snider, 1995). Although the addi- 
tion of CT, which has more potent adjuvant properties than CT-B, 
enhances responses to chimeric Ag-CTA2/B immunogens given by the 
i.g. route in rodents, use of this in humans is precluded by its extreme 
toxicity. However, the i.n. route in mice, monkeys, and humans ap- 
pears to be considerably more effective, and not dependent on the use 
of intact CT adjuvant (Bergquist et al., 1997; Russell et al., 1996; Wu 
and Russell, 1993). Indeed, recombinant CT-B totally lacking contam- 
inating toxin serves as an adjuvant i.n. in mice (Wu and Russell, 1998), 
and CT or LT mutants lacking toxic activity hold great promise as 
mucosal adjuvants, particularly by the i.n. route (Di Tommaso et al., 
1996; Dickinson and Clements, 1995; Douce et al., 1995; Yamamoto et 
al., 1997). Reasons for the efficacy of i.n. immunization undoubtedly 
include the lack of exposure of immunogens to acid and digestive en- 
zymes in the gastrointestinal tract, as well as more immediate contact 
with the site of antigen uptake, which in rodents is thought to be the 
nasal lymphoid tissue (NALT). NALT is considered to be the functional 
equivalent of Waldeyer's ring (Kuper et al., 1992), the pharyngeal ring 
of tonsils, adenoids, and related lymphoid structures in humans and 
other primates. Although anatomically quite distinct, both have accu- 
mulations of B and T lymphocytes, and accessory cells necessary to 
mount an immune response, surmounted by an epithelium that in- 
cludes M-like cells which probably take up antigens and pass them to 
underlying immunocompetent cells. The binding of CT-B to intestinal 
Peyer's patch M cells has been demonstrated (Neutra et al., 1996). We 
have shown that i.n. immunization leads to the development of anti- 
gen-responsive T cells and antibody-secreting cells in NALT, the drain- 
ing cervical lymph nodes, and salivary glands of mice (Wu et al., 1996, 
1997; Wu and Russell, 1993, 1997). 

Live carrier organisms that colonize the GALT are particularly at- 
tractive as delivery vehicles for mucosal vaccines, because an appropri- 
ate recombinant organism, rendered avirulent by multiple mutations, 
and expressing several different vaccine antigens should be easy and 
cheap to produce and administer (Curtiss et al., 1989). Furthermore, 
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organisms such as Salmonel la  induce a different pat tern of immune 
responses than CT (or CT-B) and its homologs, as shown by the relative 
balance of cytokines associated with Thl  or Th2 cells, and the conse- 
quent proportions of IgG antibody subclasses (Klimpel et al., 1995). 
Selection of delivery technologies for mucosal vaccines, or combina- 
tions thereof, may allow responses to be tailored to the most appropri- 
ate pat tern for combatting a particular infection. Limitations of recom- 
binant carrier organisms, however, include the difficulty of obtaining 
an adequate level of expression, and surface expression in particular, 
of the cloned protein antigen, though this will probably be solved by 
genetic manipulation. More problematic is the fact that  the recipient 
animal mounts a strong response to the carrier itself, often exceeding 
the response to the desired antigen. Although this may not be undesir- 
able if the carrier itself is an at tenuated pathogen against which pro- 
tection is useful, it may effectively preclude repeated use of the same 
carrier organism for subsequent booster or other immunizations, be- 
cause the immune response to the carrier interferes with its coloniza- 
tion of the gastrointestinal tract. Remarkably, however, CT-B does not 
appear to suffer this disadvantage (Wu and Russell, 1994), possibly 
because the affinity of CT-B for GM1 ganglioside is considerably higher 
than any antibody affinity, so that  CT-B is therefore able to bind to its 
receptor even in the presence of antibody. 

The mucosal immune system appears to respond at different levels, 
probably according to the intensity and duration of the stimulus. Food 
and other such nonoffensive environmental antigens that  are always 
present induce secretory IgA antibodies but only at low levels, and 
immunization with a bolus of most novel, but nonviable, antigens such 
as foreign proteins induces a modest response that  does not persist for 
long after the cessation of antigen application. Such findings led to the 
notion that  memory was not a feature of mucosal immunity, whereas it 
is now becoming clear that, with appropriate stimulation, mucosal 
immune responses can persist for a long time, and may display anam- 
nestic characteristics. Similarly, it seems that  nonthreatening com- 
mensal microorganisms also induce only modest responses. In these 
instances, the S-IgA antibodies can inhibit absorption of the antigen 
and adequately restrain the commensals. The noninflammatory prop- 
erties of IgA antibodies are probably important in maintaining the 
integrity of the mucosal epithelium which is itself a defensive barrier. 
At the same time, the mechanisms that  manifest themselves as oral 
tolerance suppress systemic immune responses, including IgG anti- 
bodies and cell-mediated immunity, thereby limiting potentially dam- 
aging and unnecessary inflammatory responses. It may also be envis- 
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aged that  this moderation of responses avoids overstimulation of the 
immune system to stimuli that  are constantly present but not threat- 
ening, yet maintains an unobtrusive check on the commensal micro- 
biota. In contrast, an aggressive challenge, represented by an invasive 
pathogen or a noxious toxin, induces a vigorous response from the 
mucosal immune system, resulting in high levels of S-IgA antibodies, 
and also serum IgG and cell-mediated immunity. Furthermore, the 
continued production of S-IgA antibodies at the mucosal surface, as 
well as its precursor IgA in the submucosa, may serve anti-inflamma- 
tory functions that  limit tissue damage and maintain mucosal integri- 
ty. Exploitation of the properties of toxins such as CT and its nontoxic 
B subunit, as well as genetically engineered avirulent microbial vec- 
tors, should enable us to construct effective novel mucosal vaccines for 
protection against the majority of infections that  begin at mucosal 
surfaces. 
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I. Introduction and Background 

Introduction of foreign antigens into the host either by vaccination 
or infection in many cases leads to the production of specific antibody 
(Briles and Davie, 1980). Depending on the nature of the immunogen 
and the various pathways leading to B-cell activation, the clonality of 
the response is ultimately evoked by a given epitope. In most cases, 
antigens represent a broad array of epitopes, and consequently the 
antibody response is chemically heterogeneous and antigenically spe- 
cific. Some multideterminant antigens (i.e., albumin, hen egg white 
lysosyme, HBV epitope, Cro Lac-gp41, etc.) result in an unequal re- 
sponse to some epitopes (reviewed in Benjamin et al., 1984). Given the 
potentially large B-cell repertoire in any given host, selective recogni- 
tion of specific epitope by a limited population of B cells needs explana- 
tion to determine whether this restriction is due to the immunogen 
itself or to host factors involved in its selection. Some antigens induce a 
less variable response, for example, certain carbohydrate antigens, 
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antigens with structural-functional homology to self (Table I), and 
other antigens displaying a limited, highly ordered, or redundant 
number of immunodominant cross-reactive sites, more often with an 
unique steric presentation (i.e., streptococcal group A-variant cell wall) 
(Briles and Davie, 1980). For example, an animal immunized with one 
of these antigenic determinants and later exposed to a different, but 
structurally similar, determinant responds to this second determinant 
by initially producing antibody (sometimes with a higher affinity) to 
the original antigen, a phenomena referred to as OAS (original anti- 
genic sin). In many cases, depending on the antigen concentration, 
continued boosting with the first or second Ag also elicits a normal 
primary response to the second antigen (Briles and Davie, 1980). 

As mentioned previously this OAS-like phenomena, was first de- 
scribed for an influenza viral infection of humans by Francis in 1953. 
Since then, OAS-like phenomena have been recognized, to influenza, in 
other virus families such as toga-, paramyxo-, and enteroviruses (Fen- 
ner et al., 1974). Previously, this phenomenon has been considered (on 
a population level) a beneficial immune response of the host (Angelova 
and Shvartsman, 1982). Providing various members of the population 
long-term, protective anamnestic immune responses to different strains 
of the virus would ensure that some members of the population are 
immune to viral agents constantly undergoing antigenic drift and 
shift. In general, the OAS phenomenon challenges the dogma of immu- 
nologic response specificity and the induction of its memory in a host 
where there may be sequential infections over time with two different, 
but antigenically related, strains of virus; or, as it appears is the case 
with human immunodeficiency virus type 1 (HIV-1) (Table I), with 

TABLE I 

B-CELL ABNORMALITIES DURING HIV-1 INFECTION a 

1. Infection with HIV-1 triggers a strong/sustained antibody response; approximately 
10-50% of peripheral IgG-secreting B cells are HIV-1 specific. 

2. Evidence for high-frequency of preexisting HIV-1 reacting B cells in normal 
seronegative individuals; 45-50% in both adults (1/16,200-49,000) and newborns 
(1/11,800-26,600). 

3. Evidence for abnormal selection of the B-cell repertoire: (1) 26% show overt IgG 
monoclonal populations demonstrating cross-reactivity with p66 pol and p55 gag. 

4. Skewing of K/L ratios, shared idiotypes to different HIV-1 components. 
5. Gp120 acting as a natural ligand for VHIII gene product; B-cell superantigen. 
6. Structural similarities of gpl20 and IgH variable and FW region segments. 

aReviewed in Nara (1996). 
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the generation of such viruses during a "single" persistent viral infec- 
tion. Evidence is mounting that  a number of microbial pathogens in- 
cluding HIV-1 and other animal lentiviruses may have evolved to use it 
in a diversionary way (Table II). By providing immunodominant epi- 
topes capable of undergoing antigenic variation to the immune system 
these pathogens appear to limit or fix the humoral and cell-mediated 
responses to the initial resident pathogen and thus the host seems 
unable to eliminate and/or control the agent. This type of host re- 
sponse is somewhat reminiscent of those described in the fields of 
parsitology and tumor immunology some 25 years ago. The terms con- 
comitant immunity, premunition, and heterotypic immunity were 
coined to describe an immune response in a host whereby the resident 
pathogens or tumor cells were tolerated but pathogenic varients in the 
surrounding "transmission community" were susceptible. This pre- 
vented them from establishing a new infection in the same host (re- 
viewed in Mitchell, 1991). 

II. Deceptive Imprinting 

A. "ORIGINAL ANTIGENIC SIN" GONE AWRY 

As mentioned before, the immunologic phenomenon of OAS was con- 
sidered in the literature to be a type of protective host response in 
humans and rats infected with strains of influenza. Recently, however, 
Nara and colleagues have proposed data and a model of OAS that  
represents an immunopathogenic immune-diverting and evading 
strategy termed deceptive imprinting (Kohler et al., 1994). The nature 
of this phenomenon as modeled in HIV-l-infected chimpanzees is pre- 
sented below based on previously published data. 

TABLE II 

PROPOSED MECHANISMS FOR IMMUNODOMINANT EPITOPE-MEDIATED 
SUPPRESSION/RESTRICTION CONSUMPTION/EXHAUSTION OF "CRITICAL" 

CELLS OR FACTORS 

1. Induction of nonantigenic specific regulatory cells (e.g., NK cells) 
2. Antibody-dependent epitope masking 
3. Carrier-induced epitopic suppression (effector cell or idiotypic network) 
4. Ig-mediated TGF-B CTL suppression 
5. B-cell-driven T-cell diversification (superantigen-like effects) 
6. "Unconventional" B-cell antigen/superantigens (leading to VH expansion) 
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Chimpanzees previously immunized with given immunoaffinity pu- 
rified homologous gpl20 and challenged within weeks with the same 
virus stock elicited a rather robust anamnestic response capable of 
neutralizing at high titer both the homologous strain as well as those 
of divergent strains (~18% sequence difference in the gp120). Viruses 
were re-isolated from the immunized animals PBMC's, and found to be 
completely neutralization resistant. Interestingly, when the genetic 
sequences of these viruses were determined they were found to be only 
1 to 5% divergent in the glycoprotein 120 (gpl20) and completely iden- 
tical in the  V3 region to which the neutralizing response was directed 
(Nara et al., 1990). The mechanism(s) by which this polyclonal anti- 
body response was raised, to effectively neutralize a widely divergent 
strain (not previously seen by the animals immune system), but inca- 
pable of neutralizing a genetically near identical varient (with identi- 
cal V3 sequence), is unknown and extremely important if one is to 
understand how to develop effective humoral immunogens against 
HIV-1. One potential explanation is that cross-reactive neutralizing 
antibodies are elicited that recognize epitopes present on these di- 
vergent strains. Why they are also not capable of neutralizing the 
closely related reisolated viruses remains unknown at this time. This 
phenomenon may be due to the virus since specific distant-site muta- 
tions (to the neutralization epitope) were found to occur in both the 
gpl20 and gp41 molecule, which conveyed some structural and/or 
functional alteration to the neutralization epitope itself thus making 
the neutralizing antibody ineffective (Back et al., 1993; Nara et al., 
1990). In addition, the kinetics of the subsequent neutralizing re- 
sponse were determined for the early neutralization escape viruses 
and generally found to be slow to develop and of low titer, while the 
neutralizing titers to both the parental and divergent strains contin- 
ued to increase to a plateau level after 6 months to 1 year. The explana- 
tion and name given to this immunologic phenomena, briefly men- 
tioned earlier in the chapter, was initially described as a form of 
"original antigenic sin" (Nara and Goudsmit, 1991). It has subse- 
quently been explained in terms of "clonal dominance" (Kohler et al., 
1992) and later refined to include other aspects related to the phenom- 
ena and distinguish it as an immunopathogenic strategy. It is now 
termed deceptive impr in t ing  (Kohler et al., 1994). 

In general, the model and the data suggest that antigenic variation 
of the virus envelope secondary to random mutation/selection theory 
provide for the continued presentation of either identical and/or cross- 
reactive pseudo-neutralizing epitopes present on "escape variants." 
Continued clonal expansion of a limited functional B-cell repertoire 



INSIGHTS INTO IMMUNE INVASION AND VACCINE DEVELOPMENT 119 

restricts the subsequent complete development and/or functional mat- 
uration of the humoral response to other less immunodominant epi- 
topes (for a review, see Muller et al., 1992; Nara and Goudsmit, 1991). 
The initial immune clonal expansion seems to be initiated through a 
viral clonal expansion in both chimpanzees (Nara et al., 1990) and 
humans (Zhang et al., 1993; Zhu et al., 1993; McNearney et al., 1992; 
Pang et al., 1992; Wolfs et al., 1992) with saturation of follicular den- 
dritic cells of the germinal centers with a genetically homogenous 
HIV-1. The resulting immune response from the deceptive imprinting 
model predicts that an overt clonality for specific and/or all structural 
viral antigens should exist. This immunologic mechanism effectively 
restricts or reduces the available T- and B-cell immune repertoire, 
which functionally limits the polyclonal nature of the response while 
expanding a founder population of cross-reactive B and T cells. The 
signature of such an immune response is observed as a stable oligoclo- 
nal population of antibody (reviewed in Muller et al., 1992) and 
clonality of the T-cell response to viral encoded antigens. Recently, 
evidence has been reported which supports this model at the T-cell 
level. Both limited V~ usage (Pantaleo et al., 1994) during ARS and 
unusual oligoclonal TCR usage/expansions in later stage patients of 
specific cytotoxic T cells over long periods of time have been reported 
during HIV-1 infection (Kalams et al., 1994). 

B. HYPERACTIVE B-CELL IG-MEDIATED CONTROL OF T CELLS? 

1. The B-Cel l  Prob lem 

During HIV-1 infection there is a generalized abnormality of the 
B-cell compartment that persists during the transition from early 
HIV-1 infection to AIDS (Schnittman et al., 1986). Circulating B cells 
are at a high level of activation, and in vitro mononuclear cell cultures 
have demonstrated both polyclonal activation and production of anti- 
HIV-1 antibodies (Martinez-Maza et al., 1987; Briault et al., 1988) and 
have also demonstrated that 26% of sera from HIV-infected individuals 
contains monoclonal IgG populations. McGrath and coworkers (Ng et 
al., 1988) purified an electrophoretic spike of oligoclonal Ig origin from 
the sera from an ARC patient that had high titer binding activity 
(>1:100,000) to a variety of HIV epitopes (p66p ~ p55gag, p53p ol, 
p41gag, and p24gag). Later IgG oligoclonal bands in HIV-l-infected pa- 
tients were shown to be directed against HIV-1 specific determinants 
(Amadori et al., 1990, reviewed in Amadori and Chieco-Bianchi, 1992). 
The striking finding regarding this oligoclonal activation is the sponta- 
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neous in vitro production of anti-HIV-1 antibody occurring in unstimu- 
lated PBMC, bone marrow, lymph nodes and cerebrospinal fluid cul- 
tures from HIV-l-infected patients. In general, the antibody is directed 
against the gp120; however, antibody against gag and pol were report- 
ed (Amadori and Chieco-Bianchi, 1992). Paradoxically, this sponta- 
neous B-cell activation is associated with a poor B-cell response to 
mitogens and antigens both in terms of proliferation and antibody 
response to recall antigens (Lane et al., 1983). 

Isoelectric focusing (IEF) was used to evaluate the clonal diversity of 
B-cell responses, because this method is capable of identifying single 
clone products, i.e., spectrotypic patterns reflect the number of actively 
secreting specific B-cell clones. This approach has been used to study 
the antibody spectrotypes in the sera and in the cerebrospinal fluid of 
certain HIV-l-infected patients, and the detection of oligoclonal spec- 
trotypes (characterized by a few clusters of bands) has been inter- 
preted as evidence that during infection there are expansions of a 
limited number of B-cell clones. We have also employed IEF to evalu- 
ate the antibody responses of HIV-l-infected patients (reviewed in 
Muller et al., 1992). In a longitudinal study, each patient (during 12- 
36 months of evaluation) maintained a stable characteristic spec- 
trotype of anti-gp 120 antibodies. Each spectrotype is a form of immune 
fingerprinting and indicates a rather continuous production over time. 
Therefore, clonal dominance or polyclonal restriction was consistently 
present over the course of the disease, regardless of clinical stage or 
the development of ARC and AIDS. 

Studies in VH gene usage stress the qualitative abnormality of the 
humoral immune responses in seropositive patients. Maturation of 
VH3L genes, the largest in the B cell of genes, was found in some 
studies to be selectively depleted, suggesting that B cells from HIV-1- 
infected patients present a maturational arrest at the level of the ger- 
minal center. Further evidence for this was demonstrated more direct- 
ly when it was observed that gpl20 had Fab surface receptor-binding 
capacity for B cells that were similar to that of Staphylococcal protein 
A (Berberian, 1993). This binding demonstrated that between 20 and 
40% of human peripheral B cells bind gpl20 and lead to the induction 
and synthesis of Ig enriched in VH3 IgM in vitro. Although circum- 
stantial, the gpl20 molecule may behave like those of SpA, which acts 
as a B-cell superantigen through specific interactions with B cells ex- 
pressing VH3 heavy chain rearrangements (Silverman and Kohler, 
1992). For mechanisms on how both expansion and clonal depletion of 
VH3 occurs in HIV-l-infected people the reader is referred to a previ- 
ous review (Muller et al., 1992). Although both protein and carbohy- 
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drate type antigens can elicit a clonally expanded population of B cells, 
molecular and serologic approaches have shown their selection of VH 
subfamily specificity can be very different. Some antigens, termed con- 
ventional such as Haemophilus influenzae, type B polysaccharide, use 
only two types of VH3 H chains preferentially. So-called unconvention- 
al antigens, however, such as staphlococcal protein A, have been found 
to bind both the Fc~/-binding site of the Ig framework structure and the 
Fab receptor on some IgM, IgG, IgA, and IgE expressing B-cell surface 
molecules (Langone, 1982; Harboe, 1974; Inganas, 1981). These anti- 
gens do not appear to be limited to a small number of germ line gene 
elements within the large VH3 family and elicit a B-cell superan- 
tigenic-like effect (reviewed in Silverman 1994). A direct mechanism of 
B-cell activation via carbohydrate and/or protein on the gp120 could 
lead to the types of B cell clonal expansions previously described above. 

Mechanism(s) to reinforce the preferential expansion of B-cell clones 
just described, for a single antigen administration, would be that which, 
on a second administration with a similar antigen, suppresses and/or 
limits the antibody response. This type of phenomenon exists and is 
well known as antigenic competition (Albright et al., 1970; Moller and 
SjSberg, 1970; Waterson, 1970; Schecter, 1968; Radovick and Talmadge, 
1967). Various mechanisms for this phenomena have been demon- 
strated and/or proposed (Table II) to occur with various antigens from 
numerous sources (i.e., bacteria, plant and animal virus, animal pro- 
teins, tumor antigens, etc.). In general, antigens capable of eliciting 
these types of responses share various immunochemical characteristics 
such as high charge, hydrophilicity, and mobility/freedom of rotation; 
they tend to be proline-rich and often have proposed loop-like struc- 
tures with repeated sequences and steric/spatial distribution on the 
pathogens surface. Recently the phenomenon of antigenic competition 
with regard to MHC class II presentation has been found to be depen- 
dent on both the specificity of the internalization and subsequent pre- 
sentation. Kittlesen et al. (1993) have suggested that the B cell process- 
ing pathway for an endogenous antigen which is recognized by MHC 
class II-restricted T cells is different from that for exogenous antigen 
internalized nonspecifically, the latter being resistant to protein syn- 
thesis inhibitors and sensitive to antigenic competition (Kakiuchi et al., 
1990). Also Lorenze et al. (1990) demonstrated that presentation of 
antigen internalized through the mannose receptor into macrophages 
is resistant to competition by self proteins. Thus antigens internalized 
through both the mannose receptor and a specific antigen receptor 
seem to be processed via similar pathways. The biochemical, biophysi- 
cal, and immunochemical properties of shed and virion associated 
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gpl20 make it a very good candidate for eliciting a direct B-cell clonal 
dominance and/or clonal dominance through one or more mechanisms 
associated with the phenomenon of antigenic competition. 

2. The T-Cell Problem 

What mechanism could help contribute to suppression or limit the 
polyclonal nature of the cytolytic T-cell response? Recently Rowley et 
al. (1993; Rowley and Stach, 1993) have demonstrated that IgG and 
TGF-B form complexes with macrophages through Fc receptors that 
localize at antigenic sites and play important roles in homeostasis of 
immunity by augmenting proliferation of already activated dominant 
lymphocyte clones (Coffman et al., 1989), promoting isotope switching 
(Lin and Stavnezer, 1992; Kuruvilla et al., 1991; Coffman et al., 1989; 
Sonoda et al., 1989), and suppressing activation/proliferation of new 
specific antigen-reactive clones that may arise during ongoing immu- 
nity (Kuruvilla et al., 1991). It seems remarkable that a mechanism of 
nonantigenic-specific IgG-mediated suppression and/or regulation of 
CTL should exist. If it provides some protective mechanism in the 
immunity of pregnancy, as has been speculated, it would have evolved 
as an important and conserved mechanism (Rowley and Stach, 1993). 
On the other hand, failure to develop both CTL-mediated and B-cell 
immunity to particular protective epitopes while expanding the re- 
sponse to other antigens expressed sequentially after a first or domi- 
nant immunization should be detrimental to individuals bearing im- 
munogenic tumors or infected with organisms that give rise to variants 
expressing new or cross-reactive epitopes. The aforementioned discus- 
sions of newly discovered basic immunologic networks regulating the 
presentation of antigen to the immune system are providing a wealth 
of scientific opportunities to piece together an old phenomenon that 
may provide insights into the immunity of pregnancy, immunologic 
memory, how to develop new ways for promoting allograft survival in 
transplant recipients, and, last, a way for the induction of more effec- 
tive immunity to the class of currently "vaccine-resistant" microbes 
and tumor cells. 

C. A FLEETING MEMORY? 

Classically, substances that elicit B-cell responses are divided into 
thymus-independent (TI) and thymus-dependent (TD) antigens de- 
pending on whether they require substantial cooperating mature T 
cells to generate an antibody response. Because the final consequence 
of antigenic stimulation is the same for both types of substances, that 
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is, proliferation, differentiation and maturation of B cells to antibody 
products, this implies that TI antigens can circumvent or substitute for 
signals delivered by T lymphocytes for TD antigens. Traditionally, the 
TI antigens, both TI-1 and TI-2, immunochemically consist of bacterial 
polysaccharides, such as lipopolysaccharide of gram-negative bacteria 
and pneumococcal saccharides, as well as sheep red blood cells and 
human gamma globulin (Veenhoff and Seijen, 1982). The primary im- 
mune response to TI antigens is primarily restricted to antibodies of 
the IgM isotype, although interestingly, a few examples exist in the 
literature of primary responses of the IgG isotype, mainly IgG3 (Sharon 
et al., 1975; Kunkle and Klaus, 1981; Mosier et al., 1974; Rude et al., 
1976; Humbert et al., 1979). 

Previous studies of B-cell responses during HIV-1 infection provide 
evidence suggesting that an abnormal activation of the B-cell compart- 
ment occurs during HIV-1 infection (Table I). The nature of some of 
these B-cell abnormalities suggests that immunodominant antigen(s) 
elicit strong yet nonfunctional immune responses. These antigens have 
cross-reactive properties and homology residing at the protein, gly- 
coprotein, and carbohydrate residues level (Kohler et al., 1994). There 
has been a long-standing belief that bacterial antigens residing on or 
within the host as normal flora, or those species attempting to colonize 
the host from outside, play an important role in the evolution of the 
B-cell immune response (Colle et al., 1990). Since they are mostly 
found on the membrane and/or cell wall of the microorganisms, they 
are naturally present in the environment and may contribute to the 
permanent stimulation of the immune system. 

1. Evidence for a Primary IgG Response to the HIV-1 Env 
in Experimental ly  Infected Chimpanzees and Natura l  

Infections of  H u m a n s  

Due to previous reports of a clonally dominant humoral response 
and immunochemical evidence for homology of carbohydrate of HIV-1 
and bacterial polysaccharides we investigated the early Ig isotype re- 
sponses to a native, unprocessed, oligomeric form of gpl60 secreted 
from human T-cell line (HUT78) (Kalyanaraman et al., 1988, 1990; Van 
Cott et al., 1995) in experimentally HIV-l-infected chimpanzees (n = 5) 
and preseroconversion serum panels (Boston Biomedical, Inc.; Se- 
rologics, Inc.) from HIV-l-infected humans (n = 13). In addition, se- 
rologic responses to gpl20 and p24 by RIP and neutralization were 
studied and compared to the serologic response to the oligomeric form 
of the protein. 

Preliminary serologic studies utilized the controlled experimental 
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inoculation of varying 10-fold dilutions of HIV-1 IIIB in chimpanzees. 
All infected animals mounted a serologic response that  correlated with 
a persistent HIV-1 infection as determined by reisolation of virus from 
their peripheral blood cells over a period of weeks to months to years 
(Arthur et al., 1989). Interesting, however, were the different kinetics 
and/or sensitivities of antibody responses to various structural pro- 
teins of the virus. Sampling every 2 weeks following infection revealed 
that  the earliest antibody detectable by any of the serologic assays was 
detected with the oligomeric HIV-1 envelope gp16045~ antigen (Table 
III). The IgG gp16045~ ELISA was positive at dilutions of 1:100-1:1600 
at 2 weeks (animals 856 and 923) and 4-6  weeks earlier in animals 854 
and 851 than that  detected by RIP to the immunoaffinity-purified 
gp 120 HIV-1 IIIB and/or the detection of neutralizing antibody to the 
homologous virus. Samples for one animal, 911, were not available for 
testing on days 40 and 54; however, by day 70 a titer of 1:6400 was 
observed. Interestingly, no IgM was detected against the oligomeric 
gp160451 from any of the samples taken from these animals. Thus it 
appears that  a very early and rapid humoral response to infection with 
HIV-1 results from a population of antibody recognizing full-length, 
oligomeric, glycosylated HIV-1 gpl60. There is a possibility that  sam- 
pling every 2 weeks may have missed a short-lived response. Previous 
work (data not shown) demonstrated that  IgM to the p24 was detect- 
able in these samples, however, was not detected until 1-2 weeks later. 
Prior to this finding, the detection of low-level neutralizing antibody to 
the homologous virus was the earliest antibody/serologic assay capable 
of detecting a specific antiviral response (Nara et al., 1990). 

Analysis of the human acute seroconversion panels (n = 6 of 13) are 
presented in Table IV. These major Ig isotypic profiles were observed. 
One patient exhibited a primary IgG in the absence of any IgM and/or 
in association with a weak and low titered IgM response (panel 2211 
and C). The second pattern was that  of a more simultaneous rise in 
both IgM and IgG (2215, I, and 2214). In general (4/6), the serologic 
reactivity to the oligo gp16045 ~ was detected prior to, or as an indeter- 
minant  reaction of, the EIA and WB. However, in one patient (panel A), 
the IgM response preceded the IgG response. 

2. S u m m a r y  and Conclusions 

These findings are consistent with a earlier report in which the 
earliest detectable HIV-1 specific antibody, as measured by live cell 
immunofluorescence of infected T cells (Race et al., 1991), was found to 
be of the IgG isotype. In addition, these antibodies were found to cross- 
react with many different isolates. Other studies also demonstrated 



I N S I G H T S  I N T O  I M M U N E  I N V A S I O N  A N D  V A C C I N E  D E V E L O P M E N T  1 2 5  

T A B L E  I I I  

I G  I S O T Y P E  K I N E T I C S  A N D  S E R O L O G I C  P R O F I L E S  F O R  H I V - 1  E X P E R I M E N T A L L Y  

I N F E C T E D  C H I M P A N Z E E S  

E L I S A  

O l i g o  g p 1 6 0  R I P  

D o s e  N e u t r a l -  

A n i m a l  ( T C I D s o )  D a y  I g M  I g G  p 2 4  g p  1 2 0  i z a t i o n  

8 5 6  4 0 0 0  - 7  . . . . .  
. . . . .  

1 2  . . . . .  

2 6  - -  1 : 1 0 0  - -  - -  - -  

4 0  - -  1 : 1 6 0 0  1 : 5 0  - -  - -  1 : 4 - 8  

9 2 3  4 0 0  - 7  . . . . .  
. . . . .  

1 2  . . . . .  

2 6  . . . . .  

4 0  - -  1 : 1 0 0  - -  - -  - -  

5 4  - -  1 : 8 0 0  1 : 5 0  - -  1 : 4 - 8  

7 0  - -  1 : 1 6 0 0  1 : 5 0  - -  1 : 8  

8 4  - -  1 : 3 2 0 0  1 : 5 0  1 : 2 5 0  1 : 3 2  

9 1 1  4 0 0  - 7  . . . . .  
. . . . .  

1 2  . . . . .  

2 6  . . . . .  

4 0  - -  N D  1 : 5 0  T / 5 0  1 : 8  

5 4  - -  N D  1 : 5 0  - -  1 : 8 - 1 6  

7 0  - -  1 : 6 4 0 0  1 : 5 0  1 : 2 5 0  1 : 1 6  

8 5 4  4 0  - 7  . . . . .  

0 . . . . .  

1 2  . . . . .  

2 6  . . . . .  

4 0  - -  1 : 4 0 0  - -  - -  - -  

5 4  - -  1 : 6 4 0 0  1 : 5 0  - -  

7 0  - -  > 1 : 6 4 0 0  1 : 5 0  T / 5 0  1 : 4 - 8  

8 5 1  4 - 7  . . . . .  
. . . . .  

1 2  . . . . .  

2 6  . . . . .  

4 0  - -  1 : 5 0  - -  - -  - -  

5 4  - -  1 : 3 2 0 0  T / 5 0  - -  

7 0  - -  > 1 : 6 4 0 0  5 0  - -  

8 4  - -  > 1 : 6 4 0 0  5 0  1 : 2 5 0  1 : 4 - 8  

the presence of such antibody in both natural infections of humans 
(Moore et al., 1994) and experimental infections of chimpanzees (Nara 
et al., 1990). Recently, this oligo gpl60 preparation was found to be 
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T A B L E  IV 

IG ISOTYPE KINETICS AND SEROLOGIC PROFILES DURING PRIMARY HIV-1 

INFECTION OF HUMANS 

E L I S A  

Oligo gp160* Serology Vi rus  

P a n e l  No. Day  IgM IgC E I A  WB p24 

2211 7 0.00 0.01 - - nd  

10 0.00 0.01 - - nd  

21 0.12 0.86 + + nd  

24 0.13 1.23 + + n d  

28 0.14 1.41 + + n d  

34 0.05 1.64 + + n d  

41 0.04 1.99 + + n d  

81 0.01 2.37 + + n d  

C 0 0.00 0.00 - - - 

7 0.00 0.00 - - + 

9 0.03 0.01 - - + 

14 0.13 0.14 - - - 

16 0.04 0.13 + / -  - - 

21 0.03 0.36 + / -  - - 

23 0.02 0.39 + / -  - - 

28 0.01 0.32 + - - 

30 0.01 1.06 + + - 

72 0.00 1.62 + + - 

2215 0 0.01 0.01 - - n d  

2 0.01 0.01 - - n d  

7 1.09 0.98 + + n d  

9 1.16 1.46 + + n d  

14 0.95 1.72 + + n d  

63 0.02 2.22 + + n d  

I 0 0.02 0.02 - + + 

7 0.11 0.07 - + + 

14 0.44 0.38 + + + 

16 0.63 0.96 + + + 

21 1.08 1.28 + + + 

23 0.99 1.31 + + + 

28 0.55 1.50 + + - 

30 0.27 1.69 + + - 

2214 0 0.01 0.05 - - n d  

m o r e  s e n s i t i v e  t h a n  t h e  o t h e r  c o m m e r c i a l  d i a g n o s t i c  E I A  a n d  W B  t e s t s  

( V a n  C o t t  et al., 1 9 9 5 ;  N a i r  et al., 1 9 9 4 )  i n  d e t e c t i n g  a n  e a r l y  a n t i b o d y  

r e s p o n s e  f o l l o w i n g  i n f e c t i o n .  F u r t h e r m o r e ,  t h i s  r e c o g n i t i o n  m a y  r e -  

q u i r e  a h i g h e r  o r d e r e d  c o n f o r m a t i o n  i n v o l v i n g  a n  o l i g o m e r i c  f o r m  o f  
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the protein (Van Cott et al., 1995); however, more experiments need to 
be performed. 

The presence of an IgG isotype occurring alone or in combination 
with a simultaneous IgM response is evidence of nonconventional pri- 
mary response. Assuming no technical or logistical limitations (i.e., 
sampling period) are to blame, the results of these studies suggest that  
a somewhat unconventional primary antibody response to an oli- 
gomeric form of the HIV-1 envelope may be initiated very early follow- 
ing HIV-1 infection. In explanation of these results one could consider 
that this is either a specific or cross-reactive anamnestic recall re- 
sponse or an as-yet unappreciated IgG-specific primary response as 
mentioned earlier. At least three papers that have been published to 
date suggest the response may be of the former type (i.e., may have a 
preexisting antibody repertoire to the viral envelope). The first, by 
Zubler et al. (1991), demonstrates that a high percentage (40-50%) of 
a rather limited number of subjects, both HIV-1 negative adults (n 
= 9) and newborns (n = 6), had relatively high frequencies of HIV-1 
envelope-specific and reactive B cells, 1:16,200-49,000 and 1:11, 
800-26,600, respectively. Work by Davis et al. (1990) describes spe- 
cific and cross-reactive antibody in normal laboratory volunteers, all 
who recognized the same two major immunodominant peptides (amino 
acids 601-615 and 771-785) in gp41 recognized by HIV-1 infected 
sera. Additional data from that paper demonstrated that  amino acid 
sequences similar to those found in the gp41 of HIV-1 were shared and 
common among a number of common viruses infecting humans, that is, 
rhinovirus, poliovirus, herpesvirus, Coxsackie virus, and paramyx- 
oviruses (Gonzalez-Scarano et al., 1987). In addition, they exhibited 
the same IgG2 subclass restriction to rhinovirus type 2. Similar Ig 
class restriction(s) have been reported by other authors for epitopes in 
gp41 (Sundqvist et al., 1986; Mathiesen et al., 1988, 1989). Additional 
cross-reactivity to the gp41 (amino acids 705-752) has also been seen 
with increasing frequency using the new and more sensitive EIAs 
(Sayre et al., 1996). 

Evidence for homology of the HIV-1 envelope to bacterial polysac- 
charides comes from several areas. First, gpl20 is capable of binding 
with high affinity to mannose binding protein, a plasma acute phase 
c-type lectin binding protein whose specificity is for trimeric CHO 
moieties found through a Ca2+-dependent interaction (Ezekowitz et 
al., 1989). In addition, naturally occurring carbohydrate-specific anti- 
bodies (Tomiyama et al., 1991) as well as murine monoclonal anti- 
bodies directed at specific N- and O-linked carbohydrate epitopes 
(Hansen et al., 1990) have been reported to recognize HIV-1 envelope 
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glycoproteins. Putting these findings into context would suggest that 
the HIV-1 envelope may have evolved an antigenic makeup consisting 
of epitopes that are "naturally immunodominant" yet paradoxically 
nonprotective. This type of phenomenon has been observed before for 
many multideterminant experimental antigens and chronic-active 
pathogens (for a review, see Nara, 1996). Immunologically speaking, 
these epitopes would exist due to their inherent ability to cross-react 
with preexisting B-cell clones (i.e., protein or carbohydrate epitopes), 
which when stimulated would rapidly proliferate and outcompete oth- 
er clones and clonally dominate the primary response (Fig. 1). Other 
antigens such as Staph A and polylactosamine-1 have been shown to 
interact with antibody binding pocket of the Ig molecule in unconven- 
tional ways. These antigens and others appear to bind more preferen- 
tially to one chain or the other or outside such as is the case with Staph 
A. This is reminiscent of the T-cell superantigens which bind the MHC 
receptor outside the conventional binding pocket. A large body of liter- 
ature exists suggesting that antibodies regulate both B- and T-cell 
responses (Stach and Rowely, 1993). More relevant to this discussion 
and vaccination, however, is how a primary dominant antibody re- 
sponse to an immunodominant epitope subsequently shapes the re-  
sponses to other less immunodominant epitopes in the multidetermi- 
nant antigen. This has been most recently and elegantly shown for the 
surface Ag protein for hepatitis B virus (Vijayakrishanan et al., 1994). 
In this study it was clearly demonstrated that the presence of a rapid 
and early antibody response to an immunodominant epitope on that  
viral antigen prevented, delayed, and selectively down-regulated the 
maturation of epitope-specific B/T-cell-specific responses to a less im- 
munodominant epitope. The previously reported preexisting anti- 
bodies cross-reactive with the HIV-1 gp120/41, along with our findings 
of an unconventional primary Ig isotype response to the HIV-1 enve- 
lope, may be evidence for the evolution and selection of a virus enve- 
lope which is immunochemically proved for anamnestic recall to other 
dominant and established immune networks. Thus the strategy known 
as deceptive imprinting may have evolved as strategy to decoy and 
dysregulate the immune responses toward nonprotective epitopes 
while attenuating or preventing the recognition of other more con- 
served and possibly protective epitopes. Further defining the epitopes 
and mechanism(s) involved in this deceptive imprinting and/or recall 
response(s) will be important for future vaccine design involving the 
viral envelope. We are currently investigating novel strategies to mask 
or eliminate these epitopes from the native protein while preserving 
the relevant and protective epitopes. 
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III. Refocusing the Immune Response by Masking Epitopes 
Responsible for Deceptive Imprinting: Novel Approach 

to Vaccination 

A striking disparity exists between the small number of diseases 
that  are currently prevented by available vaccines and the many infec- 
tious diseases for which either no vaccine exists or the vaccine is of 
such low efficacy that  no real protection is provided in the vaccinated 
outbred populations of man or animals. A recent National Institutes of 
Health Strategic Panel Report on Immunology and Vaccines pointed 
out that  one of the principal reasons for vaccine failure is the the 
inability of current vaccine technologies to overcome antigenic varia- 
tion and the lack of knowledge concerning the mechanism(s) employed 
by the pathogens to survive despite an ongoing immune response. As 
discussed earlier, it appears that  one somewhat cosmopolitin strategy 
is the initial presentation of nonprotective and/or type restricted im- 
munodominant epitopes to the host immune system, resulting in a 
deceptive response from which the host does not ever fully regain. 
Again it is important  to note that  these "deceptive responses" may 
result in type restricted protection and semiprotective immunity and 
does not have to result in the complete absence of any microbe control- 
ling immunity. 

Briefly, our previous work on masking these epitopes through site- 
directed technology resulted in the immune masking through either 
the reduction of charge and/or the introduction of N-linked carbohy- 
drate to amino acid triplet sequones (N-X-T/S), where X is any amino 
acid other than P or D (Garrity et al., 1997). A set of four site-specific 
N-linked mutations was enough to immune dampen a 32-amino-acid 
determinant  in the third hypervariable domain known to contain epi- 
topes responsible for deceptive imprinting in the HIV-1 envelope. Two 
of the four sites were glycoslated while two sites were not; however, the 
combination of reductuion of charge and N-linked glycosylation re- 
sulted in this determinant  becoming immune masked while retaining 
the complex conformation of the envelope molecule as determined by 
recombinant binding studies to the CD4 molecule and the resulting 
viable infectious virus when these were reintroduced into recombinant 
viruses. The resulting immune responses demonstrated antibodies to 
new conserved domains while at the same time shifting the neutraliz- 
ing antibody response to a more broadly in vitro protective pool. Inter- 
estingly, single site-specific N-linked mutants  where also observed to 
refocus the antibody response to adjacent epitopes, both N and COOH 
terminal to the N-linked site within the domain. 
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Dampening immunodominant epitopes such as the V3 domain of the 
HIV-1 envelope can lead to a shift or refocusing of the antibody re- 
sponse to an otherwise silent, qualitatively different, second-order epi- 
tope. Whether this strategy can be used to reveal as-yet more potent 
and broader neutralizing epitopes awaits ongoing research at this 
time. In closing, however, it is important to note that a large number of 
persistent and annually recurring pathogens in addition to HIV-1 com- 
plicate host immunity through the presentation of immunodominant, 
hypervariable, or repeated epitopes; and many if not most of these 
pathogens including cancer cells have resisted conventional vaccine 
strategies. These epitopes appear to play little or no role in protection. 
If the evolution of these epitopes is part of a clever pathogenic strategy 
to evade immune clearance, then the approach of masking these epi- 
topes and refocusing the immune response away from them may have 
a broad application in the development of more broadly protective 
second-generation vaccines and therapeutics. 
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I. Introduct ion 

The World Health Organization (WHO) recently declared a global 
emergency for tuberculosis. The mortali ty rate from this disease had 
remained stable for the past  decade at about 2.5 to 2.9 million deaths 
per year, but  recently, primarily because of the human  immunodefi- 
ciency virus (HIV) epidemic, this rate appears to have surged. 

The bacille Calmette-Gu6rin (BCG) vaccine for tuberculosis was de- 
veloped more than  70 years ago, and has been used throughout  the 
world, with the exception of the United States. Unfortunately,  despite 
the fact tha t  the vaccine is safe and cheap to make, in many controlled 
field trials the actual efficacy of vaccination has been low or close to 
zero. In the Poster Child for BCG vaccination, a massive field con- 
ducted in India in the 1980s, you were actually better off being in the 
placebo group (Hitze, 1980). 

As a result, the National Inst i tutes of Health (NIH) has established 
programs designed to st imulate new vaccine research, and the initial 
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response has been very encouraging with multiple laboratories coming 
up with highly innovative approaches to the problem. These are still at 
the animal model testing stage, but provide optimism that  new strate- 
gies will emerge (Orme, 1995). These may not replace BCG vaccina- 
tion, given its high rate of efficacy in young children, but should cer- 
tainly be considered as boosters for vaccinated people in young 
adulthood where the efficacy of BCG vaccination seems to wane. 

There are certain parallels between human tuberculosis (TB) and 
cattle TB. Both diseases are controlled well in certain countries 
(United States, Australia), but are rife in others (Africa, Asia) (Stan- 
ford et al., 1991). In some countries (Ireland, England, New Zealand) 
the incidence is low due to good control measures, but the disease is far 
from eradicated and hence continues to take a significant toll on the 
economy of these countries (Tweddle and Livingstone, 1994). To date 
there has been no serious at tempt at vaccination as a control measure, 
but the time may now have come to consider this option. 

This brief review describes the different approaches now being 
taken, and progress to date in terms of testing in mouse and guinea 
models of infection (see Table I). 

II. Acquired Immunity and Memory Immunity 
to Tuberculosis Infection 

The purpose of vaccination is to establish a state of memory immu- 
nity, which in the context of tuberculosis consists of a long-lived popu- 
lation of recirculating CD4 T cells that  can secrete interferon (IFN) on 
recognition of specific antigens and hence mediate an accelerated re- 
call of specific acquired resistance. It remains unknown precisely how 
the tuberculosis bacillus is killed following macrophage activation by 
IFN, but a combination of a drop in phagosomal pH combined with the 
production of noxious compounds such as peroxynitrite are probably 
the most important factors. 

Our current picture of the response in the lungs to tuberculosis 
infection involves the interaction of a bacillus that  has managed to 
carry through the tidal airspace and is engulfed on the alveolar or 
peribronchial surface by an alveolar macrophage. The bacillus begins 
to replicate inside this cell, provoking it to spread and tightly adhere to 
the alveolar endothelial surface. The most probable consequence is 
that  the cell is able to kill the bacilli, but if this does not occur the 
likelihood increases that  the cell will lyse and bacilli will then erode 
into the thin basement membrane between the alveolus and the adja- 
cent capillary. 
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TABLE I 

VACCINE DEVELOPMENT: RECENT PROGRESS 

Vaccine type Animal Activity Notes 

CFP in incomplete Freund's Mouse Yes 

CFP in DDA adjuvant Mouse Yes 
CFP-derived proteins in GP Yes 

Synthex 
CFP in MPL plus IL-2 GP Yes 

M. vaccae Mouse No 
M. vaccae GP No 
M. microti GP No 
M. vaccae expressing 19 kDa Mouse No 
rBCG expressing Osp-A Mouse Yes 
rBCG expressing Mouse Yes 

human/murine cytokines 
rBCG expressing Osp-A GP Yes 
rBCG expressing GP Yes 

human/murine cytokines 
Low-dose BCG versus high-dose GP Yes 
Low-dose BCG versus high-dose Mouse Yes 
Merck DNA-Ag85 Mouse Yes 
Merck DNA-Ag85 GP Yes 
TB and BCG auxotrophs Mouse Yes 
TB and BCG auxotrophs GP Yes 

Initially as good as BCG; then 
activity waned 

Good long-term protection 
Reduction in bacterial load; 

survival > 10 weeks 
Protection >30 weeks; no 

necrosis in lungs 

Infection made worse 
BCG efficacy not compromised 
BCG efficacy not compromised 

BCG efficacy not compromised 
BCG efficacy not compromised 

Equally effective 
Equally effective 
Protective 
Protects against caseous necrosis 
Slowly cleared 
Not fully resolved 

This  seems a l ikely event  for two reasons:  

1. I t  expla ins  the  long-known phenomenon  t h a t  soon af ter  in i t ia l  infec- 
t ion some bacilli  "reseed" to o ther  a reas  of the  lung  where  the  V/Q 
ra t io  is more  favorable to the  aerobic organism.  Obviously th is  in- 
volves moving  via the  blood (the mouse  has  a lmos t  no l ympha t i c  
d ra inage  to the  a lveolar  region of the  lung). 

2. I do not  t h i n k  it  feasible t h a t  T-cell sens i t iza t ion  occurs a t  the  ini t ia l  
infectious site. I n s t ead  I believe a few bacilli  escape to the  l iver 
and /o r  spleen where  they  are  engulfed by "professional" an t igen  
p re sen t ing  cells t h a t  in t u r n  p re sen t  "fi l trate" pro te ins  to CD4 T 
cells (Orme e t  a l . ,  1993a). 

The infection is t hen  controlled and  conta ined  by acqui red  cell-medi- 
a ted  immuni ty .  The CMI response  consists  of two components ;  protec- 
tive i m m u n i t y ,  m e d i a t e d  by T cells and  dr iven by the  T h l  cytokine axis 
[ in te r leukin  12 (IL-12) dr iving IFN secret ion by T cells] (Orme e t  a l . ,  
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1993b; Cooper et al., 1997a) and delayed-type hypersensitivity, in 
which tumor necrosis factor (TNF)-stimulated local tissue cells release 
chemokines that attract the influx of monocytes from the blood to wall 
off any potential further dissemination of the infection (Fig. 1). 

After the expression of protective immunity by short-lived CD4 T 
cells this population is gradually replaced by a second subset of CD4 
cells that are long lived and are retained even after the animal is given 
chemotherapy to destroy remaining bacilli. We have some evidence 
that this population is phenotypically different (CD44 hi CD45RBl~ 
CD49e +) but other than that, this population is poorly understood 
(Griffin and Orme, 1994). 

III. Types of Vaccines 

A. AUXOTROPHIC AND RECOMBINANT VACCINES 

A major area of research during the past several years has been in 
the use of mycobacteria as genetic vectors, in which recombinant bacil- 
li can be used to overexpress species-specific or foreign genes (Jacobs 
and Bloom, 1992; Cirillo et al., 1995; Stover et al., 1996). Progress has 
been slow because mycobacteria are particularly difficult to manipu- 

Infected macrophages 

IL- 12/p35/40 

Local 
macrophages 

CD4 T cell 

IFN 

Activation and 
bacilliary 
destruction 

Protective 
immunity 

TNF 

Local tissues 

Chemokines 

- ~  Tuberculin reaction 

Monocytes from blood DTH 

~ Lung granuloma 

FIG. 1. Cell-mediated immunity to tuberculosis; a combination of protective immunity 
and delayed type hypersensitivity. The former is driven by the cytokines IL-12 and IFN, 
the latter by TNF and locally produced chemokines. 
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late in this manner, but gradually the tools have become available for 
this endeavor. 

One such advance has been in the production of mycobacterial aux- 
otrophs (McAdam et al., 1995). In that study transposons were trans- 
posed into the BCG genome in a relatively random fashion. Three 
auxotrophs, two for leucine and one for methionine, were isolated from 
the library of transposon insertions in BCG. They were characterized 
by sequencing and these data suggested homology to the leuD gene of 
Escherichia coli and a sulfate-binding protein of cyanobacteria, respec- 
tively. When inoculated intravenously into C57BL/6 mice, the leucine 
auxotrophs, in contrast to the parent BCG strain or the methionine 
auxotroph, showed an inability to grow in vivo and were cleared from 
the lungs and spleen over several weeks. 

Another approach involved the technique of allelic exchange, a pro- 
cess that is relatively easy in most bacteria but only recently achieved 
in mycobacteria, to produce leucine auxotrophic mutants by homolo- 
gous recombination for both the Erdman and H37Rv strains of My- 
cobacterium tuberculosis (Balasubramanian et al., 1996). 

A possible application for such bacilli could be in vaccination of HIV- 
positive individuals. To demonstrate safety of these auxotrophs, they 
were injected into severe combined immunodeficient (SCID) mice and 
it was then shown that viable BCG could no longer be detected in 
control mice receiving the auxotrophs after 16-32 weeks, and that 
infected SCID mice survived for at least 230 days. In contrast, all SCID 
mice died within 8 weeks after being given BCG vaccine. In addition, 
several of the auxotrophs produced comparable protection against in- 
travenous and intratracheal challenges with M. tuberculosis, suggest- 
ing that auxotrophic strains of BCG may represent a potentially safe 
and useful vaccine against tuberculosis for populations at risk for HIV 
(Guleria et al., 1996; Bange et al., 1996). 

Turning to recombinant mycobacteria, a major advance has been in 
the characterization of phages that infect these bacteria. The best 
known is L5, which efficiently transforms slow-growing mycobacteria. 
The ability to easily generate stable recombinants in these slow-grow- 
ing mycobacteria without the requirement for continual selection has 
since led to the construction of recombinant BCG vaccines and the 
isolation and characterization of mycobacterial pathogenic determi- 
nants in animal model systems (Lee et al., 1991; Stover et al., 1992). 

B. SUBUNIT VACCINES 

The potential use of subunit vaccines has generated a lot of activity 
during the past decade. These range from selecting one particular major 
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antigen, or a few antigens of high immunogenicity, to whole subcellular 
fractions. Of these, the one that  has received the most attention is the 
culture filtrate fraction (CFP) (Orme et al., 1993a; Andersen, 1994). 

This could be the subject of a whole review by itself, but to summa- 
rize, unfractionated CFP, or fractions thereof, delivered in a number of 
different adjuvants, can increase the resistance of mice and guinea 
pigs to M. tuberculosis  infection (Pal and Horwitz, 1992; Horwitz et al., 
1995; Roberts et al., 1995; Andersen, 1997). The results are not dra- 
matic, and only two approaches (CFP plus IL-2, and Ag85 DNA, see 
below) have been shown to prevent caseous necrosis in the guinea pig 
model over the long term, but this progress leaves room for optimism. 

In fact, our approach has been somewhat different to that  of others. 
Instead of using strong adjuvants that  induce strong DTH, we have 
combined CFP with a milder adjuvant (MPL; Ribi ImmunoChem) and 
then "nudged" the Thl  response using IL-2 (Chiron). This formulation 
does not induce initial protection in the form of reduced bacterial load 
as BCG does, but it does lead to prolonged survival of guinea pigs with 
(1) prevention of caseous necrosis and (2) it does not sensitize pigs to 
PPD (Huygen et al., 1998). We have had a similar result with a DNA 
vaccine (see next section). 

C. DNA VACCINES 

When the first results with "naked DNA" became available the re- 
sults were very surprising to most of us, and yet multiple examples of 
using DNA vaccines have now arisen. 

Immunization of mice with DNA encoding the Ag85A mycolyl trans- 
ferase antigen of M. tuberculosis  induces a small but significant protec- 
tion (Huygen et al., 1996). No such protection is seen in guinea pigs, 
but good long-term survival with a lymphocytic response in the lungs 
and no necrosis has been achieved (Baldwin et al., 1998). 

Similar protection in mice has been observed using DNA encoding 
stress proteins (Silva et al., 1994, 1996; Tascon et al., 1996; Ragno et 
al., 1997). Characterization ofT-cell clones obtained after this immuni- 
zation procedure showed that  both CD4 and CD8 T cells were gener- 
ated. In tests of antimycobacterial activity against M. tuberculosis,  
both in infected macrophages in vitro and by adoptive transfer of pro- 
tection with T-cell clones injected into irradiated mice, the most effec- 
tive clones were the most cytotoxic and secretion of IFN made only a 
secondary contribution. [Such findings, however, are contrary to litera- 
ture that  shows that  secretion of IFN is essential to protection (Cooper 
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et al., 1993; Flynn et al., 1993) and that  cytolysis is not a protective 
mechanism (Laochumroonvorapong et al., 1997; Cooper et al., 1997b.] 

IV. Can We Increase  Herd Resistance to Bovine  Tuberculosis? 

It has often been said that  tuberculosis in humans is detectable, 
preventable, and treatable. And yet, given the global incidence of the 
disease, it is clear that  we stand on the edge of a potential worldwide 
disaster. The situation in terms of bovine tuberculosis is certainly 
much better (as the Australians will attest, having apparently eradi- 
cated the disease), but in certain areas of the world control involves 
constant test and slaughter surveillance, while in other countries 
(Mexico, Latin America) only rudimentary control measures exist. 

It is not feasible to t reat  bovine tuberculosis, and efforts to control 
vectors (badgers, possum) are both ineffective and offensive to certain 
animal rights organizations (who, in this case at least, have a reason- 
able point) (Cowan, 1996). The only other major option is vaccination, 
and this has been stymied by the lack of a good candidate and the 
obvious fear factor generated by any potential use of the BCG vaccine. 
Despite this, there is good evidence that  BCG might be effective in 
cattle (Hancox, 1994; Clifton-Hadley, 1995; Newell and Hewinson, 
1995; Adwell et al., 1995; Buddle et al., 1995; Hughes et al., 1996). 

With new vaccines becoming available, however, particularly those 
that  do not disable the skin test, the time may be coming whereby 
wholesale herd vaccination could be feasible. Certainly, in areas of the 
world where BCG vaccination in humans has been effective, the inci- 
dence of tuberculosis has fallen dramatically. Of course, the flip side is 
that  BCG has been totally ineffective in other areas of the world, and it 
is quite possible that  BCG in cattle may cause more overall harm than 
good; we simply do not know. However, with trade agreements such as 
NAFTA likely to increase the flow of cattle from one country to another, 
this may be a good time to find out. 
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I. Introduction and Background 

Numerous reviews have described the use of viral vectors for pos- 
sible vaccine delivery (e.g., Cavanagh, 1985; Sheppard and Fahey, 
1989; Wray and Woodward, 1990; Graham and Prevec, 1992; Boyle and 
Heine, 1993; Hilleman, 1994; Martin, 1994; Dorner, 1995; Babiuk et 
al., 1996; Perkus and Paoletti, 1996). However, in this review I will 
focus solely on the use of viral vectors for delivery of veterinary vac- 
cines. It is without question that  vaccination plays an essential role in 
veterinary medicine, providing the major and often the only prophyla- 
tic approach for the control of infectious diseases. In spite of the vast 
array of currently available vaccines veterinarians and the livestock 
producers continue to express the need for vaccines that  not only main- 
tain the best features of killed or subunit vaccines (such as safety) as 
well as the best features of conventional modified live vaccines (such as 
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efficacy) but improve on them. As well as the need for continual im- 
provement of vaccines there exists a need for new vaccines either to 
new diseases (e.g., chicken anemia virus or porcine reproductive and 
respiratory syndrome virus) or to old diseases for which vaccines are 
not available or no longer meet the requirements of the end user (e.g., 
bovine virus diarrhea virus vaccines). As well as new vaccines there is 
also need for vaccines with special features that  allow potential cus- 
tomers to design disease control programs that  suit their specific needs 
on top of offering greater safety and improved protection. The design 
and construction of these new veterinary vaccines is a major challenge 
facing the field ofvaccinology. With the continued demand of improving 
vaccines and producing new ones it is easier for potential vaccine can- 
didates to fail to meet the increased level of requirements that  are 
expected. The failure of some vaccines can result from problems associ- 
ated with delivery, such as insufficient or no induction of the appropri- 
ate protective immune response. The development of delivery systems 
to produce vaccines that  are more effective, offer greater safety, are 
convenient to administer, and are compatible with customer practices 
is part  of the challenge for vaccinologists. The development of safe and 
convenient live viral vectors for the delivery of veterinary vaccines is 
one possible way of meeting some of these challenges. Recombinant 
DNA technology has allowed more detailed characterization of the ge- 
netic organization of many viruses to such an extent that  regions suit- 
able for insertion of foreign genetic material  have been identified. This 
has resulted in the development of numerous types of viral vectors 
from a wide variety of viral families. Some of these viral vectors have 
been developed with the potential for delivering and expressing gene(s) 
from a foreign pathogen and so act as a vaccine vector (Table I). The 
viral vector is often genetically at tenuated or cannot complete its repli- 
cation cycle in the animal to be immunized, and thus produces no 
clinical disease. Although initially the majority of viral vector develop- 
ment centered around poxviruses, especially vaccinia (Panicali and 
Paoletti, 1982; Macket et al., 1982), it was not long before viral vector 
development witnessed a virtual explosion in the types of viruses de- 
veloped into vectors. These included herpeviruses (Post et al., 1982), 
adenoviruses (Berkner and Sharp, 1982), retroviruses (Wei et al., 
1981), papoviruses (Southern and Berg, 1982), polyoma virus (Fried 
and Ruley, 1982), picornaviruses (Kitson et al., 1991), Semliki Forest 
virus (SFV; Zhou et al., 1994), Sindbis virus (Pugachev et al., 1995), 
and even some plant viruses (Jagadish et al., 1996; Dalsgaard et al., 
1997). 
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TABLE I 

CHARACTERISTICS OF THE MORE COMMON VIRUS GROUPS USED AS VECTORS 

Pox Herpes 
Characteristics viruses Adenoviruses viruses Retroviruses 

Genome 180-300 kb 30-45 kb 150-200 kb 9.2 kb 
Max. Insert >30 kb >5 kb 30 kb 8 kb 
Max. Titer 107-109 10s-1011 106-108 106-109 
Administration Scarification/ Injection/aerosol/ Injection/water Injection 

injection oral 
Safety Problems Inflammation Latency Genomic 

with insertion 
immuno- 
suppressed 

Background 
expression by Yes Yes Yes No 
vector 

II. Viral Vector Construction 

Greater understanding of the structure and function of a wide range 
of viruses at the genetic level has opened up ways of designing novel 
viral vaccine vectors which should improve the quality and effective- 
ness of some future vaccines as major prophylatic tools. Viral vaccine 
vectors have really developed from a greater technological understand- 
ing of viruses at the genetic level, where today they have become a 
viable alternative strategy as one method for the delivery of vaccines. 
The concept of viral vectors was first highlighted by Bernard Moss and 
others in the early 1980s (Mackett et al., 1982; Panicali and Paoletti, 
1982), where they showed that  vaccinia virus could be engineered to 
carry and express foreign genes (Panicali and Paoletti, 1982; Mackett 
et al., 1982). From the time when Moss and others first demonstrated 
that  vaccinia virus could be developed as a vector for the expression of 
foreign genes, the technology has been exploited to apply to a variety of 
virus families as well as a variety of foreign genes including those that  
encode antigens from pathogens. As a result both DNA and RNA vi- 
ruses have been developed as viral vaccine vectors (Table I). 

To produce viral vaccine vectors it is first necessary to study the 
genome of the vector to a stage of understanding where at least one 
region suitable for insertion of foreign genetic material has been iden- 
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tiffed. Second, genes from pathogens that  encode proteins tha t  will 
induce an appropriate protective immune response and can be stably 
integrated into the vector's genome and expressed need to be identi- 
fied. Finally, it is necessary to insert  the foreign gene(s) in such a way 
as to ensure the correct and sufficient expression of the foreign gene(s). 

The ideal viral vaccine vector would have all or at the very least 
some of the following features: 

�9 Safe and nonpathogenic for the vaccinate 
�9 Evoke the appropriate protective immune response 
�9 Single host or limited host range 
�9 Stable genome 
�9 No integration into the host genome 
�9 Readily accessible region(s) for insertion of foreign genetic mater ial  
�9 Able to tolerate well insertion of foreign genetic material  and expres- 

sion of foreign gene(s) 
�9 Convenient to deliver and fits with management  practices 
�9 Relatively simple and cost effective to produce 
�9 Limited background gene expression by the vector 

III. Advantages and Disadvantages of Viral Vectors 
for Vaccine Delivery 

Live viral vectors offer several advantages for vaccine delivery com- 
pared to killed, subunit, or conventional modified live vaccines. First, 
because of the possibility of delivering divalent or even perhaps multi- 
valent vaccines, using a single type of vector can result in a single 
manufactur ing process ra ther  than  several and possibly even a single 
vaccination ra ther  than several. Therefore, vectored vaccines have the 
potential to be less expensive to the manufacturer  and the end user. 
Because the foreign gene is being expressed in the cells of its natura l  
host, it is expected tha t  any post-translational modifications required 
will be correct and produce an authentic antigen, as opposed to Es- 
cherichia coli or baculovirus systems (among others) that  do not al- 
ways produce authentic foreign proteins. Depending on the vector se- 
lected it may be possible to deliver the vectored vaccine more 
conveniently to the mammal  or bird by spray or water  or some other 
means ra ther  than  by needle injection. Such a mass administrat ion 
approach may be particularly relevant to the poultry industry. The 
vector could also be constructed to deliver simultaneously an immu- 
nomodulator (e.g., gamma interferon), which could modify the type or 
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magnitude of the immune response to allow the vaccine to be success- 
ful or more successful than it would be otherwise. The vector only 
expresses the antigens from the pathogen that  are required to elicit a 
protective immune response and therefore reduces or eliminates the 
chance of disease by being exposed to the whole pathogen as with a 
killed or modified live vaccine. Finally, the appropriate viral vectors 
will induce both cell-mediated and humoral  immune responses and in 
some cases are particularly suitable for inducing a local immune re- 
sponse in the mucosal surfaces. 

One of the main disadvantages of using viral vectors for vaccine 
delivery is tha t  like subunit  vaccines each vector can only deliver one 
or a relatively small number  of foreign antigens to the host animal and 
therefore rely on those being able to elicit a completely protective im- 
mune response. Also the only antigens that  can be delivered are those 
tha t  are encoded by nucleic acid. Thus such things as lipopolysac- 
charides are not deliverable. With any vector, regardless of type, only a 
limited amount  of foreign genetic material  can be inserted into the 
vector's genome stably and expressed appropriately. One must  always 
be wary of altered tissue tropisms due to the expression of the foreign 
gene(s). Of course the effectiveness of a viral vector is limited by preex- 
isting immune response in the animal from prior exposure to the virus 
used to construct the vector. Finally, as with all live vaccines there is 
the problem of shelf life and compatibility with other vaccine prepara- 
tions. 

IV. Construction of Safer Viral Vectors for Vaccine Delivery 

To produce viral vaccine vectors successfully it is necessary to ensure 
tha t  the vector itself does not pose any disease threa t  to the animal 
tha t  receives the vaccination or to the person delivering the vaccine to 
the animal. Most often this is achieved by a t tenuat ing the viral vector 
in some way. Until recent times the means of generat ing a live attenu- 
ated virus had been entirely empirical. This process usually involved 
the passaging of the virus in cell culture or animals tha t  were not the 
natura l  host, followed by testing of the resulting viruses for decreased 
virulence in the natura l  host. The basis for a t tenuat ion is most often 
unknown, and may be a result  from as minor as a single base change, 
and thus the chance of reversion back to virulence is always a possi- 
bility. This type of traditional method for generat ing a live a t tenuated  
virus is not necessarily the most attractive method for generat ing a 
viral vaccine vector. With the advent of molecular biology and our 
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improved knowledge of viruses at the genetic level it is now possible to 
generate live at tenuated viruses with precise genetic changes, improv- 
ing their safety and thus make them more suitable as vectors for vac- 
cine delivery. 

A. DELETION OF NONESSENTIAL GENES 

A good example is the deletion of the thymidine kinase (TK) gene. 
While the deletion of the TK gene has little or no effect on virus growth 
in cell culture, TK deleted viruses can be significantly at tenuated in 
vivo ((Buller et al., 1985; Kit et al., 1985, 1986; Becker et al., 1986). 
This feature has been exploited successfully for the development of live 
at tenuated herpesvirus vaccines (McGregor et al., 1985; Kit et al., 
1985; Marchioli et al., 1987; Moorman et al., 1990) as well as safer 
herpesvirus and poxvirus vectors (e.g., Buller et al., 1985; Bayliss et 
al., 1991; Mulder et al., 1994; Hu et al., 1997). 

B. DELETION OF ESSENTIAL GENES 

If an essenential gene is deleted from a virus, the virus can only grow 
if the gene or gene product is provided in trans. This virus is phe- 
notypically normal but genotypically defective and cannot replicate in 
the host because the deleted gene product is not available. This type of 
virus can replicate in vi tro with the help of a genetically engineered 
supporting cell line that  expresses the deleted gene product. The stage 
of the virus life cycle of which the gene product is required will govern 
how far through the replication cycle a virus will proceed. In some 
cases (e.g., if the essential deleted gene is required for virus penetra- 
tion of the cell) the virus will complete a single round of replication in 
the host but the progeny viruses will not be able to invade any other 
cell. (Farrell et al., 1994; McLean et al., 1994; Peeters et al., 1994). 
However, if the deleted essential gene is an early gene that  is required 
to activate other viral genes, then the number of viral proteins synthe- 
sized may be limited and the viral genome may not be able to complete 
even a single cycle of replication (Chen and Knipe, 1996; Brehm et al., 
1997; Da Costa et al., 1997). 

C. REPLICATION LIMITED VIRUS 

A third alternative, which has been exploited successfully, is to use a 
virus that  can only completely replicate in one species as a vector in 
another species, where it cannot complete an entire cycle of replication 
but can commence a replication cycle sufficiently to allow expression of 
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the foreign gene (Tartaglia et al., 1992). The canarypox virus (CPV) 
vector, termed ALVAC,  has successfully been exploited to the degree of 
commercial success. The CPV is restricted to avian cells only for pro- 
ductive replication but can be used to vaccinate mammals  where it can 
elicit an immune response to the foreign gene product without complet- 
ing an entire cycle of replication (Tartaglia et al., 1992, 1993; Taylor et 
al., 1995). The human adenovirus type 5 (HAV-5) has also been exploit- 
ed in a similar fashion to the CPV (Table III) but has the disadvantage 
that  this virus is a human pathogen and so has yet to be exploited 
commercially. 

Several other strategies are also available and in some cases have 
been exploited successfully in order to generate safe viral vectors for 
vaccine delivery. Table V (next section) provides a summary of some of 
these possible approaches. 

V. Examples of Reported Viral Veterinary Vaccine Vectors 

Even though there are a great many examples of viral vectors report- 
ed in the li terature since they were first described in 1982, the number 
of publications reporting the use of viral vectors for veterinary vaccine 
delivery is not that  large. After searching for published papers that  
describe viral vectors with veterinary vaccine applications, especially 
those that  could be described as purposely developed for veterinary 
use, the obvious conclusion was that  even though this research was 
first described in 1982 the veterinary side is still in its infancy. Publica- 
tions describing viral vectors for veterinary vaccine delivery can be 
divided into several groups, which are represented in the following tables: 
Table II, poxvirus vectors; Table III, adenovirus vectors; Table IV, her- 
pesvirus vectors; and Table V, other virus vectors. Although these four 
tables probably do not include every single publication describing viral 
vectors for veterinary vaccine delivery they do describe the majority of 
published papers and present the reader with an idea of the limited 
amount of research that  has occurred in this field during the last 15 
years. 

VI. Commercial ly  Available Viral Vaccine Vectors 
for Veterinary Use 

At the time of writing this review only three viral vectored vaccines 
for use in the veterinary field have been licensed for release. All three 
are based on poxvirus vectors and the three vectors represent the 
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TABLE II 

PoxvIRUS VECTORS FOR THE DELIVERY OF VETERINARY VACCINES 

Test 
Vector Pathogen Antigen animal Reference 

CPV RHDV Capsid Rabbit Fischer et al., (1997) 
RPV FPV/rabies VP2/G Cat Hu et al., (1997) 
CPV/VV CDV F/HA Ferret Stephensen et al., (1997) 
FPV NDV F/HN Chicken Taylor et al., (1996) 
Myxoma Influenza HA Rabbit Kerr and Jackson (1995) 
SPV PrV gp50/gp63 Swine van der Leek et al., (1994) 
CPV FeLV env/gag Cat Tartaglia et al., (1993) 
VV Rabies G Fox Brochier et al., (1991) 
PPV NDV F Chicken Latellier et al., (1991) 
FPV NDV HA/NA Chicken Boursnell et al., (1990a) 
FPV NDV HN/F Chicken Boursnell et al., (1990b) 
VV BLV env Rabbit Ohishi et al., (1990) 
VV EHV-1 gpl3 Mouse Guo et al., (1989) 
VV PrV gp50/63/I/X Mouse Kost et al., (1989) 
FPV Rabies G Dog/cat Taylor et al., (1988) 
VV FeLV env Cat Gilbert et al., (1987) 
VV Rabies G Fox Blancou et al., (1986) 
VV Rabies G Mouse Kieny et al., (1984) 

Key: VV, vaccinia virus; FPV, fowl poxvirus; PPV, pigeon poxvirus; SPV swine poxvi- 
rus; CPV, canary poxvirus; RHDV, rabbit hemorrhagic disease virus; CDV, canine dis- 
temper virus; FPV, feline parvovirus; PrV, pseudorabies virus; FeLV, feline leukemia vi- 
rus; NDV, Newcastle disease virus; BLV, bovine leukosis virus; EHV, equine herpes 
virus. 

TABLE III 

ADENOVIRUS VECTORS FOR THE DELIVERY OF VETERINARY VACCINES 

Vector Pathogen Antigen Test animal Reference 

OAV ~ n e a  ovis 45W Sheep Rothel et al., (1997) 
HAV-5 PRCV Spike Swine Callebaut et al., (1996) 
HAV-5 TGE Spike Swine Torres Iet al., (1996) 
HAV-5 Rabies G Skunk Yarosh et al., (1996) 
HAV-5 BCV HEG Cotton rat Bacca-Estrada et al., (1995) 
HAV-5 FIV env Cat Gonin et al., (1995) 
HAV-5 PRCV Spike Swine Callebaut et al., (1994) 
HAV-5 PrV gD Swine Adam et al., (1994) 
HAV-5 Rabies G Dog Prevec et al., (1990) 
HAV-5 PrV gp50 Rabbit/mouse Eloit et al., (1990) 

Key: OAV, ovine adenovirus; HAV-5, human adenovirus type 5; PRCV, porcine respira- 
tory corona virus; TGE, transmissible gastroenteritis virus; BCV, bovine corona virus; 
PrV, pseudorabies virus. 
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TABLE IV 

HERPES VIRUS VECTORS FOR THE DELIVERY OF VETERINARY VACCINES 

Vector Pathogen Antigen Test animal Reference 

HVT NDV HN/F Chicken Reddy et al., (1996) 
HVT MDV gpAB Chicken Reddy et al., (1996) 
FHV-1 FeLV env Cat Willemse et al., (1996) 
PrV HCV gpE1 Swine Mulder et al., (1994) 
HVT MDV gpB Chicken Ross et al., (1993) 
BHV-1 PrV gpC Swine Kit et al., (1992) 
FHV-1 FeLV gag/env Cat Wardley et al., (1992) 
BHV-1  FMDV cp-epitopes Cattle M. Kit et al., (1991) 
BHV-1  FMDV cp-epitopes Cattle S. Kit et al., (1991) 
PrV HCV gpE1 Swine van Zijl et al., (1991) 

Key: HTV, herpes virus of turkeys; FHV, feline herpes virus; BHV, bovine herpes virus; 
PrV, pseudorabies virus; NDV, Newcastle disease virus; MDV, Marek's disease virus; 
FMDV, foot-and-mouth disease virus; HCV, hog cholera virus. 

evolution in poxvirus vector development. The first vector approved 
was the vaccinia virus vector carrying the rabies G glycoprotein gene 
(e.g., Kieny et al., 1984; Blancou et al., 1986; Brochier et al., 1991). In 
terms of complying with the characteristics of a desirable vector for 
vaccine delivery in the veterinary setting, this vector has the greatest 
number of undesirable characteristics. However, it satisfied an unmet 
need and as a result was released in various parts of the world. The 
second vector to be licensed for release was the fowlpox virus vector. 
This vector delivers the Newcastle disease virus HN and F genes and is 
designed to vaccinate poultry (e.g., Boursnell et al., 1990a,b; Taylor et 
al., 1996). While this vector has the desirable characteristic of only 
replicating in poultry it also has some limitations that  affect its use in 
the field. The third vector licensed is the canarypox virus vector and 
represents the state-of-the-art poxvirus vector. This vector was devel- 
oped to deliver the HA and F genes of canine distemper virus and is the 
most recently available of the three vector vaccines (e.g., Stephensen et 
al., 1997). 

VII. Summary 

Whatever strategy is adopted for the development of viral vectors for 
delivery of veterinary vaccines there are several key points to consider: 
(1) Will the vectored vaccine give a delivery advantage compared to 



TABLE V 

OTHER VIRUS VECTORS FOR THE DELIVERY OF VETERINARY VACCINES 

Vector Pathogen Antigen Test animal Reference 

CPMV 
Poliovirus 
Retrovirus 
Retrovirus 

MEV VP2 epitope Mink 
FMDV Epitopes Guinea pig 
NDV HN Chicken 
Influenza HA Chicken 

Dalsgaard et al. (1997) 
Kitson et al. (1991) 
Morrison et al. (1990) 
Hunt et al. (1988) 

OTHER ALTERNATIVE VIRAL VECTORS THAT HAVE THE POTENTIAL FOR VETERINARY VACCINE DELIVERY 

Amplicons VLPs SFV Sinbis Bacteriophage 

Frenkel et al. (1994) 
Smith et al. (1995) 
Fink et al. (1996) 
Pechan et al. (1996) 
Starr et al. (1996) 

Jagadish et al. (1996) 
Porter et al. (1996) 
Roy (1996) 
Schodel et al. (1994a) 
Schodel et al. (1994b) 

Atkins et al. (1996) 
Mossman et al. (1996) 
Zhou et al. (1995) 
Zhou et al. (1994) 

Pugachev et al. (1995) Bastien et al. (1997) 

Key: CPMV, cowpea mosaic virus; MEV, mink enteritis virus. 
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wha t ' s  a l r e a d y  ava i lab le?  (2) Will t he  vec tored  vaccine  give a m a n u f a c -  
t u r i n g  a d v a n t a g e  c o m p a r e d  to w h a t ' s  a l r e a d y  ava i lab le?  (3) Will t he  
vec tored  vaccine  provide  improved  sa fe ty  c o m p a r e d  to w h a t ' s  a l r e a d y  
ava i lab le?  (5) Will the  vec tored  vaccine  inc rease  the  d u r a t i o n  of i m m u -  
n i ty  c o m p a r e d  to w h a t ' s  a l r e a d y  ava i lab le?  (6) Will the  vec tored  vac- 
cine be more  conven ien t  to s tore  c o m p a r e d  to wha t ' s  a l r e a d y  ava i lab le?  
(7) Is t he  vec tored  vaccine  compat ib le  w i th  o the r  vacc ines?  I f  t h e r e  is 
no o the r  a l t e r n a t i v e  ava i lab le  t h e n  the  a n s w e r  to t he se  ques t ions  is 
easy. However ,  i f  t h e r e  a re  a l t e r n a t i v e  vaccines  ava i l ab le  t h e n  the  
a n s w e r s  to t he se  ques t ions  become very  i m p o r t a n t  b e c a u s e  the  an- 
swers  will d e t e r m i n e  w h e t h e r  a vec tored  vaccine  is m e r e l y  a good 
l abo ra to ry  idea  or a successful  vaccine.  
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I. Introduct ion 

Vaccination continues to be the most cost-effective means by which 
economic losses and animal suffering from infectious diseases can be 
prevented. To date the majority of the preventive measures  directed 
against  controlling infectious diseases include immunizat ion with live 
a t tenuated  or inactivated vaccines. Although these approaches have 
been at least partially successful, the quest for bet ter  and safer meth- 
ods of immunizat ion continues. One possible approach to improve both 
safety and efficacy of vaccination and especially durat ion of immunity  
is by employing DNA immunization. One of the first indications tha t  
this approach could possibly be effective was the report by Wolff et al. 
(1990) tha t  introduction of a plasmid encoding a reporter  gene into an 
animal resulted in expression of tha t  gene in vivo. As a result  of these 
initial observations, it became clear tha t  injected DNA could persist for 
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extended periods of time in muscle tissues. Whether the DNA inte- 
grates or not is still an issue of debate with most reports suggesting 
that it does not, but there are also reports that under certain condi- 
tions it may integrate (Schubbert et al., 1997). Determination of 
whether integration occurs or not is critical if we hope to use this 
approach for immunization of companion or food producing animals. 

These initial studies were quickly extended to demonstrate that not 
only was the plasmid capable of expressing protein, the protein pro- 
duced by the plasmid DNA also induced an immune response in ani- 
mals (Robinson et al., 1993; Cox et al., 1993; Ulmer et al., 1993). Fur- 
thermore, the immune response induced by the plasmids introduced 
intramuscularly or intradermally resembled the responses induced by 
a natural infection, with antigen being processed through both exoge- 
nous and endogenous pathways and able to produce both a Thl and 
Th2 type response depending on the antigen and route of immuniza- 
tion (Michel et al., 1995; Pertmer et al., 1996; Feltquate et al., 1997). 

The past 5 years have seen a rapid evolution in our understanding of 
DNA immunization and this approach is rapidly being adopted by 
academics and biological companies as a potentially valuable adjunct 
to current vaccine strategies. This review attempts to summarize some 
of the lessons learned as well as some outstanding questions that need 
to be addressed before this technique is widely embraced as the "third 
generation" of vaccination. 

II. Universality of DNA Immunization 

Following the early observation that plasmids encoding human 
growth hormone and human alpha-1 antitrypsin (Tang et al., 1992) 
could produce humoral responses, numerous groups have investigated 
the possible application of this approach to protect individuals from 
various infectious agents. Reports employing genes from various viral, 
bacterial, and parasitic agents as well as cancers have clearly demon- 
strated the broad application of DNA immunization for induction of 
immunity (Manickan et al., 1997; Whalen and Davies, 1995; Donnelly 
et al., 1994). Furthermore, this phenomenon appears to work in many 
species including those of veterinary importance such as mammals, 
birds, and aquatic species (Manickan et al., 1997; Anderson et al., 
1996; Cox et al., 1993; Davis et al., 1993; Donnelly et al., 1993; Fynan et 
al., 1993; Hoffman et al., 1994; Lowrie et al., 1994; Robinson et al., 
1993; Tang et al., 1992; Williams et al., 1991; Xiang et al., 1994; Xu and 
Liew, 1994). Probably the most significant observation employing DNA 
immunization is that not only is an immune response induced, but 
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animals are often protected from challenge. Initially some groups ex- 
pressed frustration in not being able to detect antibody responses to 
the specific gene product introduced by plasmid immunization and 
even questioned whether  the early reports were as universally applica- 
ble as originally thought. However, it rapidly became apparent  that  
antibody levels may not be the best readout to measure immune re- 
sponses induced by DNA immunization since animals with no or very 
low levels of antibody were protected from disease (Yokonama et al., 
1995; R. Schultz, personal communications). This was apparent  even 
in diseases where it was thought that  antibody was primarily responsi- 
ble for protection. As a result, we have begun to reassess the role of 
antibody and cell-mediated immune responses in recovery from dis- 
ease. (Editor's note: We have also begun to better unders tand that  the 
mechanisms responsible for protective immunity in vaccinated ani- 
mals can be quite different than immunity in immunologically mature  
animals.) However, even with the recognition that  plasmids generally 
induce stronger cell-mediated immune responses than humoral  re- 
sponses, considerable investigation still needs to be conducted with 
respect to the following questions: (1) What are the different types of 
antigens and their forms, such as whether  they are compartmentalized 
in the cell, expressed on the cell surface, or excreted from the cell? (2) 
What are the biological activity and toxicity of the specific protein in 
question? If the protein is extremely toxic, the level of expression will 
need to be below the toxic threshold or the protein will need to be 
excreted extracellularly to prevent rapid death of the transfected cell. 
If death occurs too early, the quanti ty of antigen may be insufficient to 
induce an immune response. (3) What are the genotype, size, and age 
of the animals used for primary immunization? Presently, it is very 
easy to induce immune responses in mice, but it is much more difficult 
to repeat the same experiments, even with identical gene constructs, in 
large animals. Unfortunately, no one has systematically investigated 
the inherent  differences between large animals and rodents to deter- 
mine which factors are critical for induction of immune responses. 
With respect to genotype of the animal, experiments in mice clearly 
indicate that  the immune responses are not the same in different 
strains. (Barry et al., 1995). (4) What are the route of administration 
and method of gene delivery? Even if the plasmids are putatively deliv- 
ered to the same site, the method of delivery may influence the re- 
sponse. For example, intradermal immunization with needles induces 
different immune responses than introduction of the same plasmids by 
a gene gun (Feltquate et al., 1997). Whether this is related to the 
quanti ty of DNA or the specific cells that  take up the DNA is unknown. 
Similarly, immune responses with the same genes introduced intra- 
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dermally versus intramuscularly are not identical (Pertmer et al., 
1996). Thus, a considerable amount of research still needs to be con- 
ducted with respect to the presentation of antigens expressed by the 
plasmids to the immune system. Because the quantity of DNA intro- 
duced by different routes of administration may qualitatively influ- 
ence the immune response, especially since DNA itself has immuno- 
stimulatory properties, investigations of these parameters and routes 
must be very carefully controlled before hypotheses regarding these 
factors are proposed. Thus, even though it is being widely accepted 
that  DNA immunization is a real phenomenon, considerable investiga- 
tions are still required to optimize this method of immunization before 
it replaces conventional vaccines used in veterinary medicine today. 
Indeed, it is possible that even if we answer all of these questions and 
fully understand the parameters involved in DNA immunization, 
some of the very effective conventional vaccines, which induce sterile 
immunity, may never be supplanted by this new technique. However, 
the vaccine companies, practitioners, and producers will have a reper- 
toire of different approaches to control infectious diseases. This is the 
goal that we are all striving for, in an attempt to provide the highest 
level of protection, yet meeting different management needs of pro- 
ducers. 

III. Induction of Immunity 

It is clear that various routes of administration can result in the 
induction of immunity; however, the transfected cells that are the most 
relevant in antigen presentation are still unclear. Indeed, there are a 
number of possible ways to induce immunity by plasmids depending on 
which cells are transfected. Presently, evidence exists which indicates 
that  transfected muscle cells may play a role, possibly indirect, in 
induction of immunity. Following transfection of myoblasts in vitro and 
transplantation of these transfected myoblasts in vivo, Ulmer et al. 
(1993) clearly showed that these transfected myoblasts could induce 
immunity and that the myoblasts needed to be viable for induction of 
immunity to occur. These results suggest that the myocytes must con- 
tinue to produce antigen if immunity is expected to develop. Further- 
more, it was shown that the CTL responses in F1 mice (H-2 d x H-2 k) 
were restricted to the MHC-1 haplotype of the bone marrow cells, 
suggesting that antigen released from myocytes is taken up by antigen 
presenting cells to prime the CTL response. These results show that 
myocytes may be involved in inducing immunity following intramuscu- 
lar immunization, and that plasmid uptake by nonmyocytic cell types 
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is not critical for induction of immunity. However, these results do not 
exclude the possibility that  other cells can also take up plasmids and 
participate in the induction of immunity. Clearly, all of the injected 
DNA does not stay at the injection site. This was eloquently demon- 
strated by S. A. Johnston (personal communications) who adminis- 
tered DNA into the ear of the mouse and then removed the ear shortly 
after. A similar experiment was performed by Torres et al. (1997) who 
demonstrated that  excision of an injected muscle bundle within 10 
minutes of DNA injection did not affect the magnitude or longevity of 
the immune response. In these instances the immune response was 
equivalent to that  induced in intact animals. Studies have shown that  
professional antigen presenting cells such as dendritic cells are very 
efficient in uptake and antigen presentation (Bos and Kapsenberg, 
1993; Ertl et al., 1995). Thus, it is proposed that  these cells may take 
up the DNA and migrate to the regional lymph nodes where they 
induce immunity following production of extremely low concentrations 
of protein. Indeed, it has been shown that  in vivo transfection of der- 
mal Langerhan cells is followed by mobilization and trafficking to the 
draining lymph node (Condon et al., 1996). Although it is difficult "to 
quantitate" the amount of antigen produced in vivo following DNA 
immunization, it seems plausible that  this continuous stimulation 
with protein by antigen presenting cells could induce immunity with 
100-1000 times less antigen than is required by subunit vaccines. 
Thus, as long as antigen continues to be presented, lymphocyte matu- 
ration occurs, resulting in both immunity and memory. 

A considerable number of investigations have focused on the type of 
immune response induced following DNA immunization and have gen- 
erally suggested that  the method of delivery plays a role in deviating 
the immune response toward a Thl  or Th2 type response (Feltquate et 
al., 1997; Pertmer et al., 1996). Generally, intramuscular  and to a 
lesser extent intradermal administration in saline favors a Thl  type 
response whereas administration by gene gun may favor a Th2 re- 
sponse. Although this may occur in specific cases, we should be cau- 
tious in accepting this as dogma. Thus, the quantity of DNA adminis- 
tered may also influence the type of immune response as well as the 
specific antigens and form of antigen seen by the immune system itself 
(Roman et al., 1997; Cardoso et al., 1996). For example, using measles 
hemagglutinin, the preferential induction of a Thl  or Th2 type im- 
mune response was dependent on whether the H protein was mem- 
brane anchored or secreted. 

To investigate the role of antigenic form in induction of immunity we 
constructed different plasmids encoding the epitopes of a single pro- 
tein: BHV-1 glycoprotein gD. These plasmids encoded three different 
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forms of antigen including the authentic gD with a transmembrane 
anchor intact; a form that had the transmembrane anchor removed, 
thereby resulting in secretion of the antigen; and finally an intracellular 
form with signal and transmembrane domain sequences removed. Using 
this model, we demonstrated that although different antigenic forms 
induced both humoral and cell-mediated immunity, the character of the 
immune response varied. The cytosolic and membrane-anchored forms 
clearly favored antibody of the IgG2a isotype (81%) and the secreted form 
favored the IgG1 isotype (94%). These results demonstrate that the 
cellular compartment in which the antigen originates can, depending on 
the antigen, be important in determining the type of immune response 
induced. Thus, it is imperative to understand the pathogenesis of each 
pathogen being investigated and the type of immune response required 
for protection before embarking on a vaccination regime. 

Because most bacterial antigens would not generally be expressed on 
the mammalian cell membrane, one could introduce transmembrane 
sequences from viruses to have these antigens presented on the surface. 
One would, however, need to ensure that this did not alter the protein by 
glycosylation, etc. Thus, introduction of specific upstream sequences 
could ensure that the protein was compartmentalized in a manner 
appropriate for induction of the most effective immune response. 

In addition to construction of plasmids expressing antigens in spe- 
cific cell compartments, the immune response can also be redirected by 
inducing plasmids encoding cytokines, or costimulatory molecules de- 
livered as coadministered plasmids, bicistronic plasmids or plasmids 
encoding genetic fusions between antigens and costimulatory mole- 
cules (Conry et al., 1996; Kim et al., 1997; Levitsky, 1997). Inclusion of 
these immune regulatory molecules and immunizing protocols may not 
only enhance the level of immunity, but may redirect the immune 
response to the desired balance. For example, coadministration of a 
cytokine encoding interferon-~/and TNF-a altered the character of the 
humoral immune response from one showing predominantly IgG~ anti- 
body isotypes to a more balanced profile as a result of significant in- 
creases in the m e a n s  IgG2a antibody levels. In contrast, moderate 
doses of plasmids encoding GM-CSF appeared to exaggerate the IgG~ 
response (P. J. Lewis, unpublished results). 

IV. Role of Different Antibodies in Clearing Viruses 

If neutralization of a virus is critical and this is enhanced by comple- 
ment it would be important to induce the specific antibody isotype that 



DNA IMMUNIZATION: PRESENT AND FUTURE 169 

binds complement. Because this will be different in different species it 
will be critical to design the antigens for each species. Murine immu- 
noglobulin isotype IgG2a possesses effector functions that  occur to a 
lesser extent, or not at all, in isotypes IgG2b , IgG1, and IgG 3. IgG2a is 
more effective at fixing complement and also facilitates antibody-de- 
pendent cell-mediated cytotoxicity (Neuberger and Rajewsky, 1981; 
Ravetch and Kinet, 1991). These effector functions have been demon- 
strated to contribute significantly to the efficacy of protection against 
several different viral pathogens, although the correlation between 
isotype and protection is not always clearly evident (Ishizaka et al., 
1995; Corbeil et al., 1996). DNA-based vaccines, when injected intra- 
muscularly or intradermally into mice, often result in serum immu- 
noglobulin responses that  show a predominance of IgG2a (Feltquate et 
al., 1997). Current conventional recombinant or killed vaccines typi- 
cally drive humoral responses that  are characterized by high titers of 
IgG~ with little, if any, IgG2a. The only potential mechanism, other 
than DNA-based vaccines, to elevate serum levels of IgG2a would in- 
volve formulating recombinant antigens with adjuvants such as sap- 
onins, monophosphoryl lipid A (MPL), or lipophilic muramyl  dipep- 
tides (MDP) which deviate responses toward a potent Th l  type of 
immunity (Cox and Coulter, 1997). Although the advantages of DNA- 
based vaccines seem obvious, it has recently been suggested that  above 
a certain serum immunoglobulin threshold concentration such things 
as functional affinity and isotype are irrelevant with regard to protec- 
tion (Bachmann et al., 1997). This observation suggests that  IgG2a 
effector functions may only be relevant at subthreshold serum concen- 
tration ranges. It may also simply reflect observations based on a sin- 
gle viral disease model in mice and may not be a universal phenome- 
non in a murine model of viral infection. 

V. Vaccine Delivery 

One of the major concerns in veterinary medicine today is the devel- 
opment of injection site reaction following administration of conven- 
tionally killed vaccines. These reactions are primarily due to the adju- 
vants used in the vaccine. In the case of DNA immunization, many of 
these concerns should be eliminated or dramatically reduced. Further- 
more, this method of immunization provides opportunities for focusing 
the immune response to the desired site. For example, if mucosal im- 
munity is desired the vaccines can be delivered to the mucosal site 
either as free DNA (Kuklin et al., 1997), by a gene gun (Keller et al., 
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1996), in various lipofectins (Caplen et al., 1995; Stribling et al., 1992), 
or by bacteria (Sizemore et al., 1995, 1997). In these cases the plasmid 
would induce immunity, not only at the site of administration but also 
at other mucosal sites due to the homing of lymphocytes to the common 
mucosal immune system (Croitoru and Bienenstock, 1994). However, it 
is also possible to induce mucosal immunity by administration of the 
vaccine into the inner surface of the ear. The lymph nodes draining the 
ear appear to be the same ones draining the upper respiratory tract/  
oral cavity mucosal surfaces (Gao et al., 1995). Results have clearly 
shown that  administration of DNA vaccines intradermally into the ear 
provides excellent immunity, possibly due to the rich environment of 
antigen presenting cells in the dermis/epidermis of the ear (Bos and 
Kapsenberg, 1993). The ear provides a real advantage for immuniza- 
tion of large animals due to the minimal economic value of this part  of 
the animal as well as the ease of administration of the vaccine. 

The main advantage of gene gun delivery is the quantity of DNA 
that  is required to induce immunity. In most reports, 100 times less 
DNA is required to induce immunity by the gene gun versus intra- 
muscular administration. The main reason for this is the relative inef- 
ficiency of delivery of the DNA by intramuscular administration. Fol- 
lowing intramuscular administration it appears that  the majority of 
the DNA is placed extracellularly and therefore is subject to degrada- 
tion by nucleases. Indeed, we obtained better results by multiple injec- 
tion versus a single injection intramuscularly. Thus, more injection 
sites with the same amount of DNA will enhance the chances of admin- 
istering some of the DNA into the muscle fiber. It is not known whether 
the muscle fiber of large animals is more resilient than that  of mice, 
but it is possible that  this is the reason why larger quantities of DNA 
are required for large animals than for mice. The increased quantity of 
DNA used in immunization of large animals may also qualitatively 
influence the immune response generated. This is probably due to the 
immunomodulatory effects of DNA (Roman et al., 1997). Note that  the 
level of immunity and efficiency of various routes of administration 
may also be related to the specific antigen and genotype of the animal. 
Thus, every antigen would be processed and their epitopes expressed 
differently, which may influence the immune response. This is an obvi- 
ous area which requires more investigation. Previously, we described 
the qualitative differences between immune responses induced by sub- 
unit or conventional antigens and those induced by DNA immuniza- 
tion. However, we reemphasize that  in addition to the compartmental- 
ization of antigen, the route of delivery and the quantity of DNA used 
in immunization may also influence the type of immune response. 
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Presently, many individuals are attempting to optimize delivery 
with respect to the route, dose, and delivery vehicles to not only im- 
prove the efficacy of immunization, but also to reduce the cost of such 
an approach. As we continue to develop more efficient methods of deliv- 
ery, hopefully we should also learn more about the factors that  are 
critical in redirecting the immune response to that  required for most 
efficient control of the specific pathogen. Furthermore, it will be critical 
to determine whether sterile immunity (protection from infection) or 
protective immunity, as demonstrated by the absence of disease, is the 
most important. These two types of protective immunity are critically 
different and must be taken into consideration in any overall vaccine 
strategy. 

VI. DNA Immunization in the Face of Passive Antibody 

One of the greatest impediments to effective disease control in veter- 
inary medicine is the inability to immunize animals in the presence of 
passive antibody. Because the level of passive antibody acquired at 
birth varies, individual animals need to be tested to determine when 
the antibody decays to a level when vaccination could be effective. 
Unfortunately, this is expensive and will rarely be implemented into 
common management practices for most species. As a result, animals 
are either overvaccinated, to protect those few animals whose antibody 
levels have decayed, or, alternatively, vaccination is delayed until all 
animals are seronegative. Thus, if it was possible to immunize animals 
at birth, in the presence of significant levels of antibody, such that  they 
can develop active immunity, then at no time in the animal's life would 
there be a window of susceptibility to disease. The observation that  
neonatal animals can respond to nucleic acid vaccination is encourag- 
ing in this regard (Hassett et al., 1997). Indeed, in some cases there is 
an inverse relationship between age and induction of immune re- 
sponses with younger animals being better responders (Barry and 
Johnston, 1997). In addition to overcoming maternal antibody, it ap- 
pears that  DNA immunization can even overcome immune tolerance 
as demonstrated with hepatitis B transgenic mice (Davis et al., 1997). 
Although tolerance is not the same as passive immunity, it does dem- 
onstrate that  nucleic acid immunization can overcome many barriers 
to immunization experienced by conventional vaccines. 

At present there is still uncertainty as to how universal and under 
what conditions DNA immunization can overcome maternal antibody 
or immune tolerance. Our laboratory has passively immunized 6- to 
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7-week-old mice with polyclonal mouse antibody to BHV-1 gD and 
showed that  90% of the mice did seroconvert following DNA immuniza- 
tion. Similarly, Bruce Smith (personal communication) has observed 
that  immunity to canine parvovirus can be induced in the presence of 
passive antibody. The possible reason for this ability to overcome pas- 
sive immunity is that  the antigens are produced endogenously and are 
presented directly to the immune system. 

It is possible that  specific isotypes of antibody acquired passively 
may influence the ease of induction of active immunity. Results in our 
laboratory indicate that  IgG~ may be more efficient in blocking im- 
mune responses than IgG 2 or IgM (L. A. Babiuk et al., unpublished 
results). Clearly, more experiments need to be performed to demon- 
strate the parameters that  may affect the development of immunity in 
the presence of antibody. Regardless, even if a specific isotype limits 
the development of active immunity, the persistence of plasmids for an 
extended period of time might result in induction of immunity once the 
antibody decays to low levels. If this did indeed occur, then animals 
would respond as their passive immunity waned and would not experi- 
ence an extended period of susceptibility between the time when anti- 
body disappeared and they were vaccinated. This would greatly in- 
crease the flexibility producers would have in animal management.  

VII. Regulatory 

Regulatory agencies have had extensive experience in developing 
regulations for conventional vaccines and have a successful track re- 
cord in ensuring the safety of these vaccines prior to licensing. Unfor- 
tunately, there is limited experience with this new generation of vac- 
cines. As a result, many questions are being asked regarding the safety 
of these vaccines. These concerns include (1) whether plasmids inte- 
grate into the chromosomes, (2) the distribution of cell types harboring 
the plasmid, especially germ cells, (3) the length of persistence and 
whether continued stimulation of the immune system may lead to 
immune tolerance or other immunopathologic effects, and (4) whether 
anti-DNA antibodies are formed following injection of DNA. Because of 
possibilities that  some of these concerns may be realized, the regula- 
tory agencies are approaching the risk-benefit  aspects of nucleic acid 
immunization in an extremely cautious manner. 

To help alleviate the concerns of regulatory agencies, many re- 
searchers are actively pursuing answers to these questions. To date 
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there is minimal evidence for DNA integration even after numerous 
a t tempts  to detect integration and association of nucleic acid immuni- 
zation with enhanced tumor formation (Nichols et al., 1995). However, 
a t tempts  are being made to further  reduce the risk of homologous 
recombination and integration by constructing plasmids with se- 
quences having no, or limited homology, with mammal ian  genomes. In 
the case of the concerns over the development of anti-DNA antibodies 
experience indicates tha t  in normal individuals induction of anti-DNA 
antibodies is extremely difficult to achieve (Madaio et al., 1984). In 
those cases where there has been development of anti-DNA antibodies, 
the DNA was modified or was injected in the presence of Freund's 
complete adjuvant  (Gilkeson et al., 1995; Puccetti et al., 1995). Since 
most DNA vaccines will not be incorporated into Freund's adjuvant  
this should be of minimal concern. However, as the t rend toward multi- 
component vaccines continues, manufacturers  should be cautious not 
to combine nucleic acid vaccines with adjuvanted subunit  or conven- 
tional vaccines since the risk of inducing anti-DNA antibodies may 
increase. 

Persistence of DNA and extended stimulation of an immune re- 
sponse does not presently appear to induce any immunopathologic 
events, nor is tolerance to the protein established (Davis et al., 1996). 
Whether  this will ever occur with a specific protein is sheer specula- 
tion. Hopefully, as we gain experience with these vaccines, the regula- 
tory agencies should adopt broad-based regulations, not requiring re- 
searchers to conduct all of the safety tests with every single nucleic 
acid-based vaccine in the future. For example, if the specific plasmid 
backbone has been shown not to integrate,  not to cause induction of 
anti-DNA antibodies, etc., it seems excessive to repeat  all of the 
t imeconsuming expensive experiments for every new gene introduced 
into the plasmid and in every potential species which may be immu- 
nized with nucleic acid vaccines. 

Although the above concerns are legitimate, others appear  to be 
based on less than  scientific parameters .  For example, is the injected 
plasmid shed in the urine, feces, or o ther  body secretions and then 
t ransmit ted  to other hosts? Secondly, can the presence of a few remain- 
ing plasmids (greater than  90% of the plasmid is eliminated in the first 
day) in the meat  of food animals be a heal th risk to individuals con- 
suming the meat? Because of the presence of DNAases in the environ- 
ment  and the gastrointestinal  t ract  this risk should be considered al- 
most nonexistent. More importantly,  it is impossible to evaluate this 
risk effectively. 
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VIII. Epilogue 

The rapid evolution of DNA immunization has been made possible 
by the availability of biotechnological tools as well as our understand- 
ing of pathogenesis and the individual proteins/glycoproteins involved 
in inducing protective immunity to many pathogens. Furthermore, our 
understanding of the role of different immune responses in protecting 
animals from disease or enhancing infection has increased dramati- 
cally. Thus, there is a much better appreciation that  an immune re- 
sponse in itself may not be protective, which means that  we must 
ensure that  the correct immune response is induced to the appropriate 
antigens or epitopes. Furthermore, our long history describing impedi- 
ments to effective immunization in real-world situations is allowing us 
to address these shortcomings quickly. Based on these insights, DNA 
immunization protocols must be designed to address these perceived 
impediments to effective immunization. The first challenge is the po- 
tential to overcome the suppression of active immune responses in 
neonates to administered vaccines by maternally derived passive im- 
munity. Although this is still controversial, a number of recent reports 
indicate that  DNA immunization may overcome, at least in part, the 
suppressive effects of maternal antibodies (Lewis et al., 1997; Hassett  
et al., 1997). If this is indeed the case, the ability to immunize animals, 
or at least prime animals' immune response at an early age, could 
dramatically improve productivity by narrowing the window of suscep- 
tibility to disease. Furthermore, such an approach will be easy to intro- 
duce into present-day management practices. Management conditions 
must  always be in the forefront of any new approaches if adoption of 
this strategy is ever going to occur. Because animals are often exposed 
to multiple pathogens simultaneously, simultaneous immunization to 
all these pathogens needs to be considered. Indeed, many vaccines 
today contain multiple antigens. Unfortunately, in some cases, these 
cocktail vaccines are not as effective as we want them to be because 
some components interfere with immune responses to other compo- 
nents. Although there are limited reports of coadministration of multi- 
ple plasmids, preliminary evidence suggests that  in at least the cases 
tested there was minimal interference (R. Braun, unpublished re- 
sults). Thus, it is theoretically possible to combine numerous plasmids 
into a single vaccine. This will, however, require improved efficacy of 
transfection so that the quantity of DNA introduced in one injection is 
reasonable. From a practical point of view, administration of multiple 
plasmids should provide both economical sense as well as reduce stress 
on the animals. The ability to combine plasmids encoding for vaccine 
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antigens and immune modulators should further enhance the efficacy 
of these vaccines. 

By combining the appropriate plasmids we should be able to alter 
the vaccine architecture in such a way as to greatly enhance the spec- 
t rum of protection as well as improve compliance. 

In addition to administering multiple plasmids, administration of 
these vaccines should not introduce significant tissue reactions even 
though some CTL activity may be generated at the injection site. The 
issue of tissue site reactions and vaccination residues is one of the 
greatest concerns today with regards to meat quality. Presently, inac- 
tivated vaccines are introduced with adjuvants which induce injection 
site reactions and leave residues in the meat. Since DNA immuniza- 
tion uses no additional adjuvants and can be delivered to sites such 
as the ear, where damage to the carcass is minimal or nonexistent 
this approach appears very attractive to producers of food animals. 
This will also be extremely important for companion animals where 
owners are concerned about their animal's welfare. Preliminary stud- 
ies suggest that  delivery to mucosal sites can induce mucosal immu- 
nity, thereby, preventing or limiting infection as well as reducing dis- 
ease. However, for this to become routine and fit into current 
management practices, better delivery and transfection efficiencies 
are required. 

For veterinary vaccines, economics is always an important consider- 
ation. For example, in poultry, vaccines must be produced for $0.01- 
0.05/dose. In cattle, this increases by an order of magnitude. In con- 
trast, in humans, vaccines can sell for 100-500 times the cost of a 
poultry vaccine. To make these vaccines economical for food producing 
animals, it will require improvement of delivery to enhance transfec- 
tion efficiency, enhanced expression of the antigens, and economical 
purification of the plasmid. 

Possibly one of the greatest advantages of DNA immunization is the 
ability to protect animals from disease as well as develop companion 
diagnostics to differentiate vaccinated animals from natural  infected 
ones. Because many diseases can establish carrier states, this ap- 
proach can easily be adopted to current management systems and 
allow culling of carriers. Thus, countries can vaccinate against specific 
diseases and eventually eradicate the disease. This will be especially 
attractive following the introduction of exotic diseases into a country. 
Thus, following accidental introduction it should be possible to rapidly 
eliminate the disease at a much reduced economic cost. Once an exotic 
disease is eradicated they can continue to test animals in the sur- 
rounding area and prove that  they are all free of the disease. This 
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w o u l d  r e t u r n  a c o u n t r y  to a d i s e a s e - f r e e  s t a t u s  a t  m u c h  lower  cos ts  
t h a n  t h e  p r e s e n t  a p p r o a c h e s  u s e d  today.  
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I. Introduct ion  

The early pioneers of vaccination established that  attenuated or 
killed organisms could be used to stimulate protective immune re- 
sponses. These approaches to vaccine development have remained es- 
sentially unchanged for much of the twentieth century, progress hav- 
ing been made largely as a consequence of technical advances in 
methods for culturing microorganisms, identification of adjuvants, and 
refinement of inactivation and attenuation procedures. Although these 
developments have resulted in the production of vaccines that  have 
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had a major impact on the control of livestock diseases, there remain 
many important diseases for which either vaccines are not available or 
the current vaccines are only partially effective. 

During the last two decades, developments in recombinant DNA 
technology have created new opportunities for vaccine production both 
through genetic manipulation of pathogens and by enabling the identi- 
fication of defined antigenic subunits that induce protective immune 
responses. That the application of this new technology has been slow to 
yield vaccine products is due in part to the fact that, until recently, 
there was limited knowledge of the immunology of many of the target 
diseases and of how antigens are processed and recognized by the 
immune system. Recent advances in immunology, coupled to further 
developments in the application of DNA technology, now provide a 
strong conceptual framework for the rational development of new vac- 
cines. 

In this chapter, we consider recent developments in immunology 
that are particularly relevant to vaccination and discuss how studies of 
the bovine immune system are contributing to vaccine development in 
cattle, focusing particularly on our work on MHC and T-cell responses 
to viral infections. 

II. Advances in Immunology Relevant to Vaccine Development 

A. RECOGNITION OF ANTIGENS BY ANTIBODIES AND T CELLS 

Although it has been known for more than 20 years that T lympho- 
cytes recognize antigen that has been processed and presented in asso- 
ciation with major histocompatibility complex (MHC) molecules on the 
surface of antigen presenting cells, the precise nature of the antigenic 
epitopes and how they are recognized was only elucidated following the 
determination of the molecular structure of the MHC and T-cell recep- 
tor molecules. Structural studies have demonstrated that processed 
peptides bind within a groove in the membrane-distal portion of class I 
and class II MHC molecules, formed by two parallel a helices and a 
floor of ~-pleated sheets (Engelhard, 1994; Stern et al., 1994). Class I 
and class II molecules bind peptides of different length, 8-10 amino 
acids and 13-17 amino acids, respectively. In both cases the peptide- 
binding groove contains pockets that accommodate the side chains of 
amino acids at particular positions on the bound peptide; for most class 
I molecules, these binding interactions involve residues at position 2 
and at the C terminus of the peptide. Because the binding residues 
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tend to be conserved for any given class I molecule, they represent a 
motif for that  molecule, which can be exploited when screening protein 
sequences for potential epitopes (Rammensee et al., 1993). Such motifs 
are less well defined for class II molecules (Hammer et al., 1993). 
Antigen recognition by the T-cell receptor involves interaction both 
with the ~ helices of the MHC molecule and with residues in the bound 
peptide that  have upward-facing side chains (i.e., different residues 
from those involved in MHC binding). 

Much of the polymorphism in MHC molecules occurs in and around 
the peptide-binding groove and although this variation does not affect 
the overall structure of the groove it results in subtle differences that  
influence the nature of the peptides that  each molecule will bind (Mat- 
sumura et al., 1992; Rammensee, 1995). Consequently, T cells from 
animals expressing different MHC molecules usually recognize differ- 
ent epitopes from the same pathogen and in some cases these epitopes 
may be on different proteins. This effect is particularly pronounced 
with CD8 + cytotoxic T lymphocyte (CTL) responses, which in individu- 
al animals are often focused on only a few epitopes, and, when patho- 
gen strains are antigenically polymorphic, can lead to variation be- 
tween animals in the strain specificity of the CTL response (Vitiello 
and Sherman, 1983). MHC-determined variation in strain specificity of 
CTL responses has been observed in responses of cattle to infection 
with the protozoan parasite Thei ler ia  p a r v a  (Goddeeris et al., 1990; 
Taracha et al., 1995). Such variation has important implications for 
vaccination strategies utilizing individual proteins, because the poten- 
tial T-cell epitopes within such proteins may not be recognized by all 
individuals in an outbred population. 

In contrast to the situation with T-cell epitopes which are generated 
by denaturation and degradation of proteins, most epitopes recognized 
by antibodies are dependent to varying degrees on the native confor- 
mation of the target molecules. In the early 1980s, a series of studies 
demonstrated that  antibodies raised against intact proteins recognized 
short peptide fragments of the proteins (Geyson et al., 1984). These 
observations encouraged the belief that  it would be possible to use 
synthetic peptides for vaccination. Numerous studies aimed at stimu- 
lating immunity with peptides were undertaken, in which animals 
were immunized with synthetic peptides, representing B-cell epitopes, 
conjugated either to other polypeptides from the same pathogen or to 
unrelated proteins, to provide the necessary T helper cell epitopes. 
With a few exceptions, these at tempts at immunization were unsuc- 
cessful. In many instances, the synthetic peptide failed completely to 
induce antibodies against the parent  protein or organism or resulted in 
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antibodies that only recognized denatured antigen, while in other 
cases strong antibody responses did occur but were at best only par- 
tially effective in mediating protection. 

Subsequent studies of protein structure have highlighted the fact 
that so-called linear peptides exhibit a degree of conformation and that 
they tend to be conformationally flexible such that they can adopt 
structures that differ from that of the parent molecule. The process of 
conjugating a peptide to a carrier molecule may also affect the confor- 
mation of the peptide, resulting in antibodies of low avidity for the 
pathogen in question. There are, in addition, many B-cell epitopes that 
have a complex conformational structure dependent on the tertiary 
structure of the proteins. 

Another potential disadvantage of using peptides representing sin- 
gle antigenic sites to stimulate protective antibody responses is the 
possibility of selecting for antigenic mutations in the pathogen. The 
risk of selecting such mutations is highest for RNA viruses, because of 
the inherent high error rate in RNA replication, and would be of partic- 
ular concern in the case of viruses, such as foot-and-mouth disease 
virus, which already have a propensity to undergo antigenic changes 
and for which antibody responses have an important role in protection. 

B. Two INTRACELLULAR PATHWAYS OF ANTIGEN PROCESSING 

In the early 1980s it was discovered that CD4 + T cells recognized 
antigen presented by class II MHC molecules whereas CD8 + T cells 
recognized antigen presented by class I. The functional significance of 
this finding was subsequently clarified by the discovery that class I and 
class II molecules bind peptides generated within different subcellular 
compartments of antigen-presenting cells. Antigens derived from or- 
ganisms that replicate in the cytoplasm of cells were shown to be 
degraded by proteases within the cytosol and the resultant peptides 
translocated by specialized transporter for antigen presentation (TAP) 
molecules into the endoplasmic reticulum where they associate with 
newly synthesized class I molecules destined for the cell surface (Wil- 
liams et al., 1996). By contrast, organisms or proteins taken into anti- 
gen presenting cells by phagocytosis or endocytosis were shown to 
undergo enzymatic degradation within endosomes and associate with- 
in an endosomal compartment with newly synthesized class II mole- 
cules before being expressed on the cell surface (Wubbolts et al., 1997). 
Binding of peptides to class II molecules in the endoplasmic reticulum 
is prevented by association with an invariant polypeptide, part of 
which lies in the peptide-binding groove. This invariant chain also 
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facilitates transport of the newly synthesized class II molecules from 
the Golgi into endosomes, where it is removed by enzymatic degrada- 
tion allowing peptide loading (Teyton and Peterson, 1992). 

These alternative routes of antigen processing are known as the 
endogenous (class I) and exogenous (class II) pathways, respectively. 
The processing of antigens by the endogenous pathway and presenta- 
tion by class I is confined mainly to organisms, such as viruses and 
some bacteria and protozoa, that replicate intracellularly either in the 
cytosol or within endocytic vacuoles that allow entry of polypeptides 
into the cytosol. This requirement for endogenous processing to induce 
CD8 + T-cell responses imposes constraints on the types of antigen 
delivery systems that can be used when considering the development 
of subunit vaccines against pathogens for which a CD8 + T-cell re- 
sponse is required to mediate immunity. Immunization of animals with 
killed organisms or their component proteins generally fails to induce 
CD8 + T-cell responses, whereas virus vectors, liposomes, and naked 
DNA have all been shown to be effective at stimulating these re- 
sponses. 

C. DIFFERENT CYTOKINE PROFILES OF RESPONDING T CELLS 

In 1986 Mosmann and colleagues, working with mouse T-cell clones, 
described two types of CD4 + T cell, termed Thl and Th2, that were 
distinguished by the cytokines they produced. This and subsequent 
studies established that activated Thl cells secrete interleukin-2 (IL-2) 
and interferon-~/(IFN-~) but not IL-4, IL-5, IL-10, and IL-13, whereas 
the converse applies to activated Th2 cells (Mosmann and Coffman, 
1989). A similar dichotomy has been reported for human T cells 
(Weiranga et al., 1990). Strong cross-regulation between Thl and Th2 
cells has been demonstrated: IFN-~] produced by Thl cells inhibits the 
induction of Th2 responses and both IL-4 and IL-10 have inhibitory 
effects on the induction of Thl responses (Mosmann et al., 1991; Fitch 
et al., 1993). In mice, Thl responses result in activation of macro- 
phages, production of antibody of the IgG2a isotype and delayed-type 
hypersensitivity reactions, while Th2 responses give rise to eosino- 
philia and production of antibody of the IgG 1 and IgE isotypes. Studies 
of murine models of parasitic infections have proved invaluable in 
elucidating the biological significance of the difference in Thl and Th2 
cells. Infection of mice with Leishmania  major, or immunization with 
Leishmania  antigens, can induce either Thl or Th2 T-cell responses, 
depending on the strain of mouse and route of immunization. Thl 
responses result in control of infection and immunity, whereas Th2 
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responses lead to enhanced disease (Liew, 1990). Conversely, Th2 re- 
sponses have been shown to be essential for immunity to the murine 
intestinal nematode Trichuris  mur i s  (Else and Grencis, 1991). These 
are just  two of a growing number of examples in which the outcome of 
infection is strongly influenced by the cytokine profile of the respond- 
ing T cells (Abbas et al., 1996). Although Thl  and Th2 responses have 
not been particularly well defined for cattle, preliminary studies in 
several laboratories indicate that  similar pathways of T-cell differen- 
tiation do occur (Brown et al., 1994; Estes et al., 1995). 

The mechanisms that  determine the bias in T-cell responses are not 
well understood but there is evidence that  modulation of the function 
of antigen presenting cells is involved, by direct or indirect effects of 
pathogens or antigenic components thereof on their expression of cyto- 
kines or costimulatory molecules (Fitch et al., 1993; Carter and Dut- 
ton, 1996). These phenomena have obvious relevance to vaccine design. 
Clearly, it is important to have an understanding of whether the pro- 
tective responses against target pathogens involve Thl  or Th2 CD4 + 
T-cell responses and whether there is the potential for one or other of 
these responses to potentiate disease. There is also the potential to 
incorporate into subunit vaccines cytokines or other costimulatory 
molecules that  have the capacity to bias the T-cell response to a Thl  or 
Th2 cytokine profile. 

D. IDENTIFICATION OF PROTECTIVE ANTIGENS 

Advances in our understanding of how the immune response oper- 
ates to control pathogenic organisms, coupled with the development of 
reagents and techniques to identify functionally important cells and 
molecules of the immune system, have opened the way for studies to 
define the immune responses that  mediate protection against specific 
pathogens. Such information can, in turn, be exploited to develop strat- 
egies for identification of protective antigens, based on the use of spe- 
cific antibodies or T-cell lines known to have protective activity. Tech- 
niques for screening biochemically fractionated antigen preparations 
or antigens expressed by cDNA libraries to identify molecules recog- 
nized by antibodies or CD4 + T cells are well established. The identi- 
fication of antigens recognized by CD8 + T cells presents a more diffi- 
cult challenge because of the need for antigen to be processed by the 
endogenous route for association with class I MHC. In the case of 
simple viruses for which the genome sequence is known, the individual 
genes can be expressed in target cells either by transfection or by 
incorporation into a virus vector, and the cells screened for suscep- 
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tibility to killing by specific CD8 + T cells. Recently a system for identi- 
fying CD8 + T-cell target antigens by screening complex cDNA libraries 
expressed in COS-7 cells has been described (Coulie et al., 1994). This 
system involves several rounds of screening pools of cDNA clones 
based on the ability of the expressed product to stimulate tumor necro- 
sis factor (TNF) production in the specific T-cell line. However, this 
approach requires expression of the restricting class I molecule in the 
COS cells and this is only feasible where cloned genes for the appropri- 
ate class I molecule are available. 

The development of biochemical techniques for analysis of MHC- 
bound peptides is also providing new approaches to the identification 
of antigens recognized by T lymphocytes. As already discussed, class I 
MHC peptide-binding motifs can be used to identify potential T-cell 
epitopes in organisms of known genome sequence (Rammensee et al., 
1993). The mixture of peptides eluted from a particular MHC molecule 
can also be subjected to more rigorous fractionation procedures, utiliz- 
ing high-pressure liquid chromatography or mass spectrometry, which 
allow amino acid sequencing of individual peptides (Hunt et al., 1992). 
Although, at present, this approach requires large amounts of starting 
material and has been used successfully only in a few laboratories, it is 
likely that further refinement of the methodologies will result in im- 
proved sensitivity and reproducibility. Once this has been achieved, 
the approach will find wide application, particularly in the identifica- 
tion of T-cell epitopes in complex organisms such as bacteria and para- 
sites. 

III. Mechanisms of Immune Protection against Bovine 
Respiratory Syncytial Virus 

A. DISEASE CAUSED BY R S V  

Bovine respiratory syncytial virus (RSV) is an important cause of 
pneumonia in calves. The disease occurs as annual winter outbreaks in 
housed calves during the first 6 months of life. The virus infects respi- 
ratory epithelium in both the upper and lower respiratory tract, the 
latter affecting predominantly bronchioles, causing a severe bron- 
chiolitis. A closely related virus in man, human RSV, causes a disease 
in infants with similar pathologic and epidemiologic features. Unlike 
bovine RSV, the human virus infects mice and, although the disease 
produced in mice differs in a number of respects from that in the 
natural hosts, this model has been used extensively to study the immu- 
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nology of RSV. Bovine RSV tends to be difficult to grow in tissue cul- 
ture and generally loses virulence following passage. Nevertheless, 
disease can be reproduced experimentally with some isolates that  have 
undergone limited passage in culture, although, because of the ubiqui- 
tous nature of the virus, such studies need to be carried out in specific 
pathogen-free animals. 

An important problem encountered in the development of some RSV 
vaccines has been the occurrence of enhanced disease following chal- 
lenge with the virus. This problem is particularly well documented for 
a human vaccine that  utilized formalin-inactivated virus incorporated 
in alhydrogel (Fulginiti et al., 1969). The need for a detailed under- 
standing of the immunology of RSV is, therefore, widely recognized not 
only to identify those immune responses that  mediate protection but 
also to highlight the responses that  result in enhanced disease. 

B. ROLE OF ANTIBODY AND T-CELL RESPONSES IN PROTECTION 

The available evidence indicates that  antibody and T-cell responses 
are both involved in immunity to RSV. Animals that  have recovered 
from infection produce antibodies specific for a number of viral pro- 
teins including the at tachment  (G) and fusion (F) envelope glycopro- 
teins. Studies in which monoclonal antibodies (MAb) raised against 
different viral proteins of human RSV were tested for their ability to 
protect mice against infection with the virus showed that  some of the 
MAb specific for the F and G glycoproteins were protective (Taylor et 
al., 1984). The F-specific MAbs exhibited particularly potent protective 
activity, which correlated with the ability to inhibit cell fusion in infec- 
ted cell cultures and was associated with specificity for either of two 
sites on the F protein (Taylor et al., 1992). These MAbs not only pro- 
tected when administered prior to infection with RSV but also resulted 
in rapid clearance of virus when given to mice with established infec- 
tions. A more limited study in calves with bovine MAb specific for the F 
protein, produced from heterohybridomas, confirmed that  such anti- 
bodies could also protect against bovine RSV (Thomas et al., 1998). 

Experiments in which CD4 +, CD8 +, or ~//8 T-cell subsets were tran- 
siently depleted by administration of specific MAb, in calves infected 
with RSV, have provided evidence that  CD8 + T cells are required for 
prompt resolution of infection with RSV (Taylor et al., 1995; Thomas et 
al., 1996). Calves depleted of CD8 + T cells exhibited prolonged nasal 
shedding of virus and more extensive replication of virus in the lungs 
in comparison to calves given a control MAb. By contrast, these param- 
eters were unaffected by depletion of CD4 + or ~//~ T cells. These results 
differ from findings with the mouse model, in which the course of 
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infection was unaffected by depletion of CD4 + or CD8 + T cells, and 
prolonged infection only occurred when both subsets were depleted 
(Graham et al., 1991). 

Immunohistological analyses of lung tissue from RSV-infected calves 
have revealed an influx of T lymphocytes of all three subsets during 
infection, with CD8 + T cells representing the predominant population 
in most animals (Taylor et al., 1995; Thomas et al., 1996). Moreover, 
the T-lymphocyte infiltrate in bronchiolar epithelium was composed 
largely of CD8 + cells. Lymphocytes isolated from lung tissue of calves 
10 days after infection (i.e., 2-3  days after clearance of virus) exhibited 
cytotoxic activity for autologous RSV-infected cells (Gaddum et al., 
1996a). Similar, but lower, levels of cytotoxicity were detected in pe- 
ripheral blood mononuclear cells between 7 and 10 days after infection. 
The cells mediating this cytotoxicity were shown to reside in the CD8 + 
T-cell population, were specific for RSV-infected cells, and were class I 
MHC restricted. They also killed target cells infected with strains of 
bovine RSV which differ predominantly in the antigenicity of the G 
protein. These data coupled with the in vivo T-cell depletion studies 
indicate that  virus-specific CD8 + CTL play an important  role in the 
resolution of primary infections with RSV in cattle. Current studies 
are directed toward identification of the RSV proteins recognized by 
the CTL using target  cells infected with recombinant vaccinia viruses 
expressing individual viral proteins. 

Given the previous evidence for a protective role of antibodies spe- 
cific for the F and G glycoproteins, the absence of an effect on infection 
of CD4 + T-cell depletion was somewhat surprising and raises ques- 
tions concerning the quality of the early antibody response to primary 
infection with RSV in calves. 

Studies of the immune responses of mice inoculated with recombi- 
nant  vaccinia viruses expressing the F or G glycoproteins of human 
RSV have revealed a marked difference in the CD4 + T cell responses 
stimulated by the two antigens (Openshaw et al., 1992; Alwan and 
Openshaw, 1993; Alwan et al., 1993). The F glycoprotein induced CD8 + 
CTL and a typical Thl-dominated CD4 response, with production of 
high levels of IL-2 and IFN-~/, whereas the G protein induced T cells 
that  produced abundant  IL-4 and IL-5 but low levels of IL-2 and IFN-~/. 
Significantly, following challenge with RSV, mice immunized with the 
G glycoprotein exhibited more severe lung pathology, a prominent fea- 
ture of which was infiltration of eosinophils. Also, immunization of 
mice with formalin-inactivated RSV prior to challenge with RSV has 
been shown to result in enhanced pulmonary pathology, which could be 
abrogated by depletion of CD4 + T cells or t rea tment  with MAbs spe- 
cific for IL-4 or IL-10 (Connors et al., 1992, 1994). On the basis of these 
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findings, it has been proposed that  the previously described enhanced 
disease associated with certain inactivated vaccines may have been 
due to preferential induction of a Th2 CD4 T-cell response. However 
there is as yet little evidence to support or refute this hypothesis from 
studies of the disease in the natural hosts. 

C. IDENTIFICATION OF EXPRESSED BOVINE CLASS I MHC GENES 

As discussed earlier, access to animals of defined MHC genotype for 
studies of cytotoxic T-cell responses provides the opportunity to dissect 
the fine specificity of the response and to determine the influence of the 
MHC on viral antigen specificity. Until recently characterization of 
class I MHC antigens in cattle relied on typing with alloantisera. More 
than 50 class I serologic specificities are defined by available antisera, 
the majority of which are reported to represent the products of a single 
locus (Davies et al., 1993). However, initial molecular analyses of class 
I in a Bos indicus animal identified two class I genes expressed on one 
MHC haplotype (Bensaid et al., 1991). Our subsequent studies, carried 
out mainly in Friesian/Holstein (B. taurus) animals, have confirmed 
that  cattle have more than one expressed polymorphic class I gene 
(Ellis et al., 1996; S. A. Ellis, unpublished data). This conclusion is 
based on sequencing of full-length cDNA clones isolated from animals 
carrying different haplotypes and biochemical analyses of the ex- 
pressed class I gene products in transfected cell lines in comparison 
with class I molecules expressed in the animals of origin and in ani- 
mals bred as homozygous for the haplotypes in question. Fourteen 
class I genes expressed by 9 different haplotypes have been analyzed 
in this way. Of 6 haplotypes for which we believe that  all of the ex- 
pressed classical class I genes have been identified, five have two ex- 
pressed genes, whereas one (serologic specificity A18) has only one 
expressed gene. Although these data indicate that two class I genes are 
expressed on most haplotypes, comparative analyses of the gene se- 
quences have so far not allowed assignment of the individual genes to 
particular loci. Indeed, preliminary phylogenetic analyses indicate 
that  there may be four or more potentially expressable class I genes 
with different patterns of gene expression by different haplotypes (S. 
A. Ellis and E. Holmes, unpublished data). 

D. USE OF CLONED CLASS I GENES FOR FUNCTIONAL STUDIES 

Transfected cell lines expressing bovine class I MHC molecules are 
being exploited in two ways to study the fine specificity of CTL re- 
sponses to RSV. First, transfected cells infected with recombinant vac- 
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cinia viruses expressing different RSV proteins are being used as tar- 
get cells to identify the viral proteins recognized by CTL in the context 
of the individual class I molecules. This approach is being pursued, 
initially, using animals homozygous for the A18 class I specificity as 
donors of cytotoxic T cells and transfected cells expressing the A18 
molecule as targets. Analysis of this particular MHC haplotype is sim- 
plified by the fact that it has only one expressed class I gene. Prelimi- 
nary findings indicate that the nucleoprotein and matrix 2 (M2) pro- 
tein of RSV are recognized by RSV-specific CTL when presented by the 
A18 class I molecule (R. Gaddum, unpublished data). Further  studies 
are under way to confirm this finding and to examine the specificity of 
the response on different MHC backgrounds. 

The second way in which the transfected cell lines are being used to 
study the specificity of CTL responses is by defining the peptide bind- 
ing motifs of the expressed class I molecules. This involves affinity 
purification of the bovine class I molecules from detergent lysates of the 
transfected cells using a MAb specific for bovine class I heavy chain 
(IL-A88), elution, and purification of bound peptides by reverse phase-  
high-pressure liquid chromatography and amino acid sequencing of 
the purified peptide pools. The resultant sequence information identi- 
fies conserved residues in the bound peptides, that is, anchor residues, 
as well as amino acids that are preferentially represented at other sites 
in the peptides. We have identified detailed peptide binding motifs for 
six of the cloned class I molecules (Hegde et al., 1995; Gaddum et al., 
1996b; S. Ellis, R. M. Gaddum, and A. C. Willis, unpublished data). The 
characteristics of the motifs are generally similar to those identified for 
murine and human class I molecules, in that there is usually an anchor 
at position 2 and at the C terminus, although in some instances a 
primary anchor could not be identified at the latter site. 

The peptide-biding motif data can be used to identify potential T-cell 
epitopes in pathogens of known sequence. Synthetic peptides repre- 
senting potential epitopes can then be used to prime target cells of the 
appropriate MHC phenotype to test for recognition by CTL. Experience 
from analyses of human and murine CTL indicates that  approximately 
75% of known epitopes contain predicted binding motifs. This ap- 
proach will be applied in the analysis of bovine CTL responses to RSV, 
by screening peptides with predicted binding motifs from those viral 
proteins that have been shown to be recognized by CTL. 

These studies of CTL responses to RSV, when completed, will pro- 
vide information on the viral antigens and the epitopes therein that  
are recognized by CTL, and the extent to which MHC phenotype re- 
sults in variation between animals in the antigenic specificity of the 
response. 
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IV. Summary 

During the last 10 years, investigation of the bovine immune system 
has generated knowledge and reagents that can now be applied to 
study the mechanisms of immunity to disease and the identity of anti- 
gens recognized by protective immune responses. Such studies can 
indicate which antigens are likely to be effective in subunit vaccines 
and also highlight the type of antigen delivery system that will be 
required for a vaccine to induce a protective immune response. In the 
case of bovine RSV, studies of immune responses in the target host 
have demonstrated that both antibody and CTL responses play an 
important role in immunity. Both the F and G glycoproteins have been 
identified as targets of protective antibodies, and systems have been 
established that will allow the identification of the viral antigens rec- 
ognized by CTL. Further studies of CD4 + T-cell responses to the virus 
are required to determine whether or not components of the response 
have the potential to enhance disease and, therefore, need to be 
avoided in vaccination strategies. 
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I. Introduct ion 

Foot-and-mouth disease (FMD) virus (FMDV) has been eradicated 
from the Western world. In the recent past, various European coun- 
tries have become free of bovine herpesvirus 1 (BHV1), which causes 
infectious bovine rhinotracheitis (IBR) and pustular vulvovaginitis 
(IPV), and other countries have eradication schemes implemented for 
this virus. Recently, in the Scandinavian countries, programs have 
been started with the aim of eradicating bovine virus diarrhea (BVD) 
virus (BVDV) and in the future other European countries may follow 
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this example. These three bovine viral diseases will be used to illus- 
trate the evolution in vaccines and diagnostics in relation to eradica- 
tion. 

II. Foot-and-Mouth Disease 

FMD is among the most contagious viral diseases of cloven-hoofed 
animals and is causing enormous economic losses. The virus belongs to 
the genus Aphtovirus of the family Picornaviridae and consists of 
seven serotypes, A, O, C, SAT 1, SAT 2, SAT 3, and Asia 1, that  do not 
cross-protect. Typically, vesicles are found in the mouth and on the 
feet. The virus is prevalent on the South American, African, Asian, and 
Eastern European continents, and has been eradicated from the West- 
ern world. 

A. VACCINES 

Only conventional killed vaccines are available on the market. These 
vaccines usually contain a high amount of antigen that  is rendered 
noninfectious with ethyleneimine or other aziridine compounds or for- 
malin and is formulated with aluminum hydroxide and saponin (Quil 
a) or mineral oil as adjuvant. Most vaccines are multivalent, that  is, 
they contain more than one serotype. The basis for these conventional 
killed vaccines was laid down decades ago. 

Soon after the discovery of FMDV, attempts were made, by trial and 
error, to develop a vaccine. First, living cattle were used to produce the 
virus. The first efficacious vaccines consisted of lymph from tongue 
lesions, which was inactivated with formaldehyde and adsorbed to 
alum (Waldmann et al., 1937). However, the amount of antigen pro- 
duced by this procedure was too low: vesicular material from one cow 
yielded virus for only a few hundred doses of vaccine. Nevertheless, 
this type of vaccine was used in the field, until the beginning of the 
1950s. At that  time, the so-called Frenkel vaccine became available. 
Frenkel was the first to grow virus in tissue culture on a scale large 
enough to start systematic annual vaccination. He cultured fragments 
of epithelium from cattle tongues collected at slaughterhouses in vitro, 
and could do so because penicillin that  prevented bacterial contamina- 
tion had become available (Frenkel, 1947). The first comprehensive 
vaccination program against FMD started in the Netherlands in 1952. 
It dramatically reduced the number of outbreaks, and other countries 
soon followed the Dutch example (Brown, 1989). The development of 
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large-scale suspension cultures using the baby hamster  kidney cell line 
BHK21 enabled the production of huge quantities of vaccine (Capstick 
et al., 1965), which are still required today. 

The current conventional killed FMD vaccines have some disadvan- 
tages: (1) The antigenic variation among virus isolates within one se- 
rotype; hence, vaccination with one subtype may protect only partially 
against challenge with another subtype, which makes the choice of 
vaccine strains highly critical. (2) To maintain a high level of (herd) 
immunity, annual or biannual vaccination is necessary. (3) Last but 
not least, it has been demonstrated that  many outbreaks in Europe 
have originated from virus escaping from laboratories or vaccine pro- 
duction plants or to the use of improperly inactivated vaccines (Beck 
and Strohmaier, 1987). 

These problems have stimulated research on modern approaches of 
FMD vaccine development. The viral protein 1 (VP1) has been ex- 
pressed in Escherichia coli (Kleid et al., 1981), synthetic peptides have 
been designed (Bittle et al., 1982), peptides have been linked to hepati- 
tis B virus core antigen using vaccinia virus as a vector (Clarke et al., 
1987), and a peptide has been expressed in BHV1 (Kit et al., 1991). 
Recently, a genetically altered mutant  of FMDV has been constructed 
that  lacks the coding region for a proteinase. This mutan t  was shown 
to be at tenuated and considered to be a vaccine candidate (Mason et 
al., 1997). Use of a part  of the viral particle or a protein in a vaccine has 
the advantage that  infected or convalescent animals can be differenti- 
ated from vaccinated animals. For this purpose, a protein-specific or 
epitope-specific enzyme-linked immunosorbent assay (ELISA) to de- 
tect antibodies needs to be developed. The existing conventional killed 
vaccines, depending on their grade of purification, contain low to neg- 
ligible amounts of nonstructural viral proteins. Consequently, anti- 
bodies against these proteins may be absent after vaccination, whereas 
these are induced after infection. Tests that  detect antibodies against 
nonstructural proteins may allow infected animals to be distinguished 
from vaccinated ones (Berger et al., 1990; Bergmann et al., 1993). 
Hence, modern FMDV vaccines and perhaps also existing FMDV vac- 
cines can serve as marker  vaccines. 

1. Efficacy and Safety 

In Europe, the efficacy must  be assessed in compliance with the 
European Pharmacopoeia. Three groups of five cattle are injected with 
three dilutions of the vaccine and challenged 2 -4  weeks later with 
virulent virus of the same type as the vaccine strain. A 50% protective 
dose of 3 or more is required. Vaccinal immunity is induced in cattle in 
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a few days (Doel et al., 1994) and may last for several years after the 
last vaccination (Terpstra et al., 1990). 

The European Pharmacopeia and the Manual of Standards of the 
Office International des Epizooties (1996) also prescribes safety tests. 
It is, of course, imperative for killed FMDV vaccines that  the antigen 
be inactivated so that  no residual infectivity exists. 

B. DIAGNOSTICS 

Diagnostic techniques are extensively described in the OIE manual  
(1996). Briefly, the preferred method for the detection of FMDV anti- 
gen and serotype is an indirect sandwich ELISA using sera against the 
seven serotypes as "capture" sera. Virus isolation and subsequent iden- 
tification, or polymerase chain reactions (PCRs) can also be used. For 
the detection of antibody, virus neutralization tests and ELISAs are 
mostly used. However, vaccination interferes with serodiagnosis and, 
therefore, in vaccinating countries the diagnosis is focused on detection 
of the virus in samples of animals suspected of FMD. 

C. ERADICATION 

Control is directed toward easing the impact of disease, and eradica- 
tion is focused on elimination of the agent (Schnurrenberger et al., 
1987). Eradication could be considered as the ultimate aim of animal 
disease control programs. Foot-and-mouth disease virus has been elimi- 
nated in the Western world. In most countries, the systematic vaccina- 
tion with vaccines of high quality has significantly reduced the number 
of outbreaks. It is noteworthy that  the conventional killed vaccines 
used for the yearly vaccinations were primarily developed, not to con- 
fer herd immunity, but to prevent disease upon an infection with field 
virus. The awareness of farmers and veterinarians of this severe infec- 
tious disease, coupled with rapid and sensitive laboratory diagnosis 
and rigorous control measures, were also essential in the eradication of 
FMD. In 1992, the EU implemented a nonvaccination policy against 
FMD, which was justified because of the absence of the virus on its 
territory, and the estimated economic benefits related to it. Since then, 
only a few outbreaks in Italy and Greece have been recorded. Many 
countries still suffer from FMD, and thus constitute a threat  for the 
reintroduction of the virus in fully susceptible populations. Conse- 
quently, countries free from FMDV have instituted surveillance, im- 
portation control, rapid diagnosis, and emergency programs. Par t  of 
the emergency control is the accessibility to FMDV vaccine banks in- 
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stalled in various countries. It would be appropriate if a worldwide 
concerted effort could begin to eradicate FMDV globally, as has been 
done for smallpox and is now under  way for polio in humans.  

III. Infectious Bovine Rhinotrachei t is  

The causative virus (BHV1) belongs to the genus Varicellovirus from 
the subfamily of alphaherpesvirinae.  It infects bovines and causes, 
apar t  from rhinotracheitis,  vulvovaginitis and balanoposthitis. After a 
pr imary infection, viral DNA remains latent  in sensory ganglia of the 
host for life. Some countries have eradicated BHV1, but  the virus is 
still prevalent on all continents. 

A. VACCINES 

To reduce the severity of clinical illness due to BHV1 infection, con- 
ventional live or killed vaccines have been widely used. Although these 
vaccines indeed have been shown to be efficacious under  experimental  
conditions, BHV1 seems to persist in bovine populations at varying 
levels in different countries and continents. This is probably also the 
result  of nonsystematic and ad hoc vaccination strategies. A disadvan- 
tage of vaccination with conventional vaccines is the interference with 
serodiagnosis and determination of the prevalence of infection in 
herds, regions, and countries. 

To circumvent this problem, marker  vaccines have been developed 
and some of these have been on the marke t  since 1995. A marker  
vaccine can be defined as a vaccine based on deletion mutan t s  or con- 
taining one or more microbial proteins, which allows the distinction 
between infected and vaccinated individuals based on the respective 
antibody responses. (Editor's note: Marker  vaccines would be used to 
identify vaccinated/infected cattle since vaccination is unable to pre- 
vent infection; thus the vaccinated animal will be latently infected 
with the virluent virus.) 

1. Types of Marker Vaccines 

Deletion mutan ts  of BHV1 have been compared for virulence and 
immunogenicity. It was found tha t  mutan ts  lacking glycoprotein G 
(gG) or gE were the most immunogenic and were sufficiently attenu- 
ated to serve as candidates for a marker  vaccine. The gC deletion 
mutan t  had too high a residual virulence to be suitable as vaccine 
strain (Kaashoek et al., 1998). However, when a gC deletion was com- 
bined with an inactivated thymidine kinase gene a candidate vaccine 
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strain arose (Kit, 1988; Flores et al., 1993). A subunit vaccine contain- 
ing only gD was shown to be more promising than a vaccine based on 
gB or gC (van Drunen Littel-van den Hurk et al., 1993). 

A BHV1 field strain underwent multiple passages over cell cultures 
and consequently formed some small plaques. After such a small 
plaque was biologically cloned three times, it yielded a virus deleted of 
the entire gE gene and the downstream located US9 gene (Rijsewijk et 
al., 1993). This virus provided the basis for a live and a killed BHV1 
marker  vaccine (Kaashoek et al., 1994, 1995; Strube et al., 1995, 1996). 
An experimental gD subunit vaccine has been developed by inserting 
the gD gene lacking the t ransmembrane anchor into Madin-Darby 
bovine kidney cells resulting in a cell line that  constitutively secretes 
gD into its supernatant  (Kowalski et al., 1993). This supernatant  was 
then formulated with an adjuvant (van Drunen Littel-van den Hurk, et 
al., 1994). 

2. Eff icacy 

With both gE-negative vaccines and the experimental gD subunit 
vaccine a series of experiments have been performed to assess their 
efficacy. 

a. Vaccinat ion-Chal lenge Exper iment .  The efficacy of these vac- 
cines as assessed in separate vaccination-challenge experiments has 
been reported previously (Kaashoek et al., 1994, 1995; van Drunen 
Littel-van den Hurk et al., 1994). In other studies, the most potent 
adjuvant for the killed gE-negative vaccine was selected, and mini- 
mum vaccine dose, vaccination regimen, and duration of immunity 
were established. Both the live and killed gE-negative vaccines were 
found to induce immunity for at least half a year (Strube et al., 1996). 
From these studies, however, we cannot determine which is the most 
efficacious vaccine, because all were performed under different condi- 
tions in different laboratories. Therefore, we tested their comparative 
efficacy in three successive identical experiments, each of which com- 
bined a vaccination-challenge experiment with a transmission experi- 
ment. The experimental gD-subunit vaccine was produced by Pfizer 
Animal Health group, USA, according to the principle described by van 
Drunen Littel-van den Hurk et al. (1994). The gE-negative vaccines 
were based on the conventionally obtained gE-negative strain Difivac 
(Kaashoek et al., 1994) and produced by Bayer AG, Germany. In each 
of the three experiments 30 BHV1 seronegative yearling cattle were 
randomly assigned to three groups of 10; each group was housed sepa- 
rately in identically conditioned isolation stables. Two groups were 
vaccinated twice, each with a different vaccine and the third group 
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served as unvaccinated control. Four weeks after the second vaccina- 
tion, 5 randomly assigned cattle from each group were placed in anoth- 
er stable. The 5 remaining cattle in each group were challenged intra- 
nasally with the virulent Lam strain ofBHV1 (Kaashoek et al., 1996a). 
After 24 hours, the 5 cattle that  were not inoculated were placed back 
into their original stable. In the first experiment the live gE-negative 
and the killed gE-negative vaccine were tested, in the second the killed 
gE-negative and the gD-subunit vaccine, and in the third the live gE- 
negative and the gD-subunit vaccine. The live vaccine was found more 
efficacious than the killed and the gD-subunit vaccine, as evidenced by 
less severe clinical signs and much lower virus titres in nasal swabs 
after challenge. The gD-subunit vaccine induced hardly any protection; 
it only shortened the duration of virus shedding (Bosch et al., 1996). 

b. Transmiss ion Experiment .  The 5 in-contact yearlings in each 
group of the three above successive experiments were used to assess 
whether these three vaccines lowered the transmission of challenge 
virus. They were examined to detect whether they became infected, as 
indicated by virus presence in nasal swabs or development of anti- 
bodies against gE (van Oirschot et al., 1997). All 15 in-contact control 
cattle, and all 10 cattle vaccinated with either the killed vaccine or the 
gD-subunit vaccine became infected. All gD-subunit vaccinated in-con- 
tact cattle shed virus and 7 out of 10 cattle given the killed vaccine 
shed virus from their nasal fluids. Four out of 10 yearlings adminis- 
tered the live vaccine became infected. The reproduction ratio R, de- 
fined as the average number of infections caused by one infectious 
individual, was 0.9 in the group given the live vaccine, which was 
significantly less than that  in the control group. Hence, only the live 
gE-negative vaccine induced herd immunity in these small populations 
under these experimental conditions (Bosch et al., 1997a). 

c. React ivat ion Experiment .  The 30 unvaccinated infected cattle of 
the above described three successive experiments were used for three 
"reactivation" experiments, to assess whether vaccination after infec- 
tion could reduce the rate of reactivation and subsequent virus shed- 
ding. In each experiment, comprising 10 cattle, one of the three above- 
described vaccines was used. Vaccinations were carried out 4 and 8 
weeks after infection in 5 randomly chosen cattle. The other 5 served 
as unvaccinated controls. From 2 weeks after the second vaccination 
all cattle were subjected to a commonly applied dexamethasone treat- 
ment to reactive putative latent BHV1. None of the vaccines could 
prevent reactivation and its subsequent virus shedding, because all 30 
cattle had virus in their nasal swabs after dexamethasone treatment. 
However, the amount, but not the duration, of virus shed was signifi- 
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cantly lower in the cattle vaccinated with the killed gE-negative vac- 
cine or the gD-subunit vaccine than  in the cattle given the live vaccine. 
Surprisingly, the live vaccine elicited no antiviral effect at all (Bosch et 
al., 1997b). Hence, to lower the chance that  latently infected cattle may 
act as a source of BHV1 transmission the killed vaccines can better  be 
used than  the live one. However, mixing the live vaccine in an adju- 
vant, as is common in pseudorabies live gE-negative vaccines, may 
enhance its efficacy in this respect. 

d. Field Trial. The killed gE-negative and the gD-subunit vaccines 
were also evaluated for efficacy in a field trial, which may be consid- 
ered the ult imate test for a vaccine. A randomized, double-blind, place- 
bo-controlled field trial tha t  comprised 130 farms and approximately 
16,000 head of cattle was performed. The advantage of the use of mark- 
er vaccines is that  their  efficacy can be measured relatively easily, 
because they allow monitoring of the incidence of infections in vacci- 
nated populations. The herds were randomly assigned to one of three 
groups: two vaccinated groups and one placebo-treated group. In the 
beginning of the trial all cattle above 3 months were bled and vacci- 
nated twice, at a 4-week interval. A third vaccination was applied 
about 6 months after the start. The trial lasted 13 months and at the 
end all cattle above 3 months were bled again. The number  of cattle 
that  turned gE-seropositive during the trial was determined. A herd 
was considered to have had an "outbreak" when at least one animal 
had produced antibodies against  gE. The gD-subunit and the killed gE- 
negative vaccine reduced the number  of herds with an outbreak, but 
only in case of the gD-subunit vaccine was it statistically significant. 
The BHV1 transmission within the infected herds was significantly 
reduced by both vaccines. However, the reproduction ratios R were 
significantly higher than  1, indicating tha t  major outbreaks may some- 
times still occur in vaccinated herds (Bosch et al., 1997c). A field trial 
with the live gE-negative vaccine is under  way. 

3. Safety 

The safety of the live gE-negative vaccine has been extensively stud- 
ied. After intranasal  administrat ion a slight serous nasal discharge 
was observed and high virus titers were detected in nasal  swabs 
(Kaashoek et al., 1994; Strube et al., 1995, 1996). However, sentinel 
calves did not develop antibodies against  BHV1, indicating tha t  the 
vaccine virus was not t ransmit ted  after int ranasal  inoculation. A few 
calves of 2 weeks of age shed virus at very low titers after intramuscu- 
lar vaccination, but virus shedding was not detected in 3-month-old 
intramuscular ly vaccinated calves (Strube et al., 1996). Under  field 
conditions, spread of gE-negative vaccine virus could not be detected 
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either after intramuscular vaccination (Van der Poel and Hage, 1998). 
The vaccine virus was safe for breeding bulls and did not infect the 
fetus, after being administered intravenously. The gE-negative vaccine 
virus was found to remain latent in trigeminal ganglia after intranasal 
administration, but not after intramuscular vaccination (F. A. C. Van 
Engelenburg et al., unpublished observations), and could be reacti- 
vated by corticosteroid treatment by some (Straub, 1996), but not other 
research workers (Kaashoek et al., 1994, 1996b; Bosch et al., 1997b). 

The killed gE-negative and the gD-subunit vaccines were not associ- 
ated with any adverse effect in the field trial described above, wherein 
about 16,000 cattle were vaccinated three times. In a separate experi- 
ment, the killed gE-negative vaccine was found to induce a slight rise 
in temperature and a slight decrease in milk production. Both minor 
effects were considered to be acceptable (Bosch et al., 1997d). 

B. DIAGNOSTICS 

1. Identification of  the Agent 

Virus isolation from nasal swabs during an acute clinical infection, 
in conjunction with antibody detection in paired serum samples is still 
the most common method to be used for diagnosis. After growth in cell 
culture, the virus can be identified by neutralization with a mono- 
specific antiserum or with the use of monoclonal antibodies. Monoclo- 
nal antibodies have been developed that  can differentiate between 
BHV1 subtype 1.1 (IBR-like) and subtype 1.2 (IPV-like) strains (Wyler 
et al., 1989; Rijsewijk et al., 1997). Further characterization is possible 
by DNA restriction enzyme analysis. 

Swab material put onto coverslips and tissues that  are collected 
postmortem can be examined for the presence of BHV1 antigen by 
standard immunofluorescence or immunoperoxidase tests. ELISAs to 
capture antigen have also been described (Edwards and Gitao, 1987). 

Nucleic acid detection has not as yet found a widespread application 
in routine diagnostics. Particularly, the PCR has the advantage of 
being more sensitive and quicker than virus isolation. However, the 
disadvantage is that  it is prone to contamination, and therefore many 
precautions must be taken to avoid false-positive results. A PCR has 
been developed for detecting BHV1 DNA in semen (Van Engelenburg 
et al., 1993). 

2. Antibody Detection 

The neutralization test is still the "gold standard" for detection of 
antibodies against BHV1. However, ELISAs are being used more and 
more. Neutralization tests with a prolonged (up to 24 hours) virus- 
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serum incubation period are generally more sensitive than those with 
a shorter incubation period. Some ELISAs are more or as sensitive as 
24-hour neutralization tests, whereas others are less sensitive (Perrin 
et al., 1993; Kramps et al., 1994). In general, ELISAs using the block- 
ing principle appeared to be the most sensitive (Perrin et al., 1993). 
Based on a study in the European Union (EU), wherein 49 laboratories 
participated a strong-positive, a weak-positive, and a negative serum 
were selected as EU reference sera (Perrin et al., 1994). These sera are 
presently also recognized as such by the Office International des Epi- 
zooties. It was found that  24-hour neutralization tests and blocking 
ELISAs were the most reliable in scoring the weak-positive EU serum 
as positive, and that about half of the commercial ELISAs scored this 
serum as negative (Kramps et al., 1996). 

Milk is increasingly used for the detection of antibodies (von For- 
schner et al., 1986). Herds with a BHV1 seroprevalence of 10-20% are 
usually scored positive when their bulk milk is tested in an ELISA 
(Hartman et al., 1997). Bulk milk is not suitable to detect the introduc- 
tion of a single seropositive animal (Frankena et al., 1997). 

Companion diagnostic tests are applied along with marker vaccines. 
A gE-ELISA has been developed that  is based on the use of two differ- 
ent monoclonal antibodies against the gE of BHV1. Thus, this ELISA 
detects antibodies against two different epitopes on gE (van Oirschot et 
al., 1997). A commercial gE-ELISA has been launched based on the use 
of one monoclonal antibody, which has the same specificity as one of 
the monoclonal antibodies used in the above gE-ELISA. This commer- 
cial ELISA had a specificity and a sensitivity of 99% compared with the 
noncommercial gE-ELISA (Kaashoek, 1995). The commercial gE-ELI- 
SA is also suitable for detecting antibodies in milk and bulk milk 
samples (Wellenberg et al., 1998a,b). These or other tests, for example, 
a gB-ELISA or gC-ELISA, can be used as companion diagnostics tests 
for a gD-subunit vaccine. 

C. ERADICATION 

Switzerland, Denmark, and other European countries have eradi- 
cated BHV1 by test and removal strategies. Cattle with antibodies 
against BHV1 were detected by ELISA tests and removed from the 
population. By following this procedure for several years these coun- 
tries, which obviously did not vaccinate, eventually succeeded in elimi- 
nating the virus. This scheme can only be adopted when the initial 
prevalence is low. However, in countries with a moderate to high preva- 
lence of BHV1, marker vaccines may be systematically and continu- 
ously used to eradicate the virus or to lower the prevalence in order to 
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eliminate the last few percentages of infected cattle. Such a program is 
now in force in the Netherlands, where a half-yearly vaccination of 
cattle above 3 months of age in infected herds has been made obliga- 
tory. Based on the above findings live and killed gE-negative vaccines 
may be used, but the use of the live vaccine is recommended. The 
Dutch eradication program foresees cessation of vaccination around 
the year 2005 and the absence of BHVl-seropositive cattle in the coun- 
try around 2010. 

IV. Bovine Virus Diarrhea 

Bovine virus diarrhea virus is a member of the genus Pestivirus in 
the family of Flaviridae. It gives rise to high economic losses due to the 
birth of weak or malformed calves, the development of mucosal dis- 
ease, severe postnatal infections, and the immunosuppression it in- 
duces. The virus is prevalent worldwide and conventional vaccines are 
applied in attempts to minimize the damage. The first eradication 
programs are in force in the Scandinavian countries. 

A. VACCINES 

Since the beginning of the 1960s many conventional live and killed 
vaccines, comprising a cytopathic strain of BVDV, have been developed 
and marketed. The first vaccines were probably primarily aimed at 
preventing the most severe clinical form of BVDV, namely, mucosal 
disease. It is, however, not surprising that  cases of mucosal disease 
still occurred after vaccination. At that  time, it was not known that  
mucosal disease only develops in persistently infected immunotolerant 
(PI) cattle, which are the result of congenital infection between 30 and 
120 days of gestation. 

Since the mid-1970s, it has become clear that  vaccines should be 
developed that  primarily prevent congenital BVDV infection. The first 
partially successful attempts to create such a vaccine were made by 
McClurkin et al. (1975). The need to develop vaccines for ameliorating 
disease after postnatal infection decreased, because it was recognized 
that  most infections ran a subclinical course. Recently, however, the 
emergence of more virulent BVDV strains (Corapi et al., 1989) re- 
stimulated interest in vaccines to prevent the severe postnatal disease 
they can cause. 

Because BVDV can be involved in the pathogenesis of bovine respi- 
ratory disease, for example, by inducing immunosuppression, BVDV 
vaccines are often incorporated in multivalent vaccines for the preven- 
tion of respiratory disease. 
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A complication for the development of BVDV vaccines is the fact that  
BVDV is antigenically diverse. Two antigenic groups of strains have 
been identified and there is a tendency to divide group I into at least 
two subgroups (Van Rijn et al., 1997). It may be expected that  more 
antigenic variants will be recognized. The impact of this antigenic 
diversity is not well established yet, but the first data suggest that  it 
indeed has consequences for vaccine development (Bolin and Ridpath, 
1996; Bruschke et al., 1997). On the other hand, a live BVDV type I 
vaccine strain protected calves against the severe clinical signs of a 
BVDV type II infection (Cortese et al., 1996). 

1. Eff icacy 

The efficacy is primarily evaluated in a vaccination-challenge experi- 
ment in the target host. A few of these experiments to test BVDV 
vaccines for their efficacy to prevent congenital infection have been 
performed (McClurkin et al., 1975; Harkness et al., 1987; Meyling et 
al., 1987; Brownlie et al., 1995; Brock and Grooms, 1996; Zimmer et al., 
1996). None of the vaccines tested induced complete protection against 
fetal infection. However, one conventional killed vaccine was found to 
protect all fetuses of vaccinated cows, but the fetus of one of the six 
unvaccinated control cows was not infected (Brownlie et al., 1995). No 
data are available on this vaccine's duration of immunity and ability to 
induce protection against BVDV from another subgroup. Pregnant  
ewes have also been used to assess the efficacy of BVDV vaccines and 
again none of the tested vaccines was 100% efficacious (Carlsson et al., 
1991; Bruschke et al., 1997, 1998). The vaccines tested for their efficacy 
against postnatal infection were shown to give variable results. The 
most promising vaccine for the prevention of congenital infections in- 
duced, after three vaccinations, complete protection when calves were 
challenged 2 weeks after the last vaccination (Howard et al., 1994). 
Cortese et al. (1996) found considerable clinical protection in calves 
given a conventional live combination vaccine based on a type I strain, 
that  were challenged with a type strain. Ideally, vaccines should be 
evaluated for efficacy in the field. However, well-designed field trials 
have not been reported that  demonstrate BVDV vaccine to be effective 
in the field, but there is clinical evidence that  most modified live BVDV 
vaccines protect cattle against severe disease and death in the face of 
natural  challenge. 

2. Safety 

Apart from being efficacious, vaccines must  also be safe. Live BVDV 
vaccines have always been associated with a variety of adverse effects, 
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such as induction of mucosal disease, fetal infection, and immunosup- 
pression (van Oirschot et al., 1998). It is obvious that  killed vaccines 
are safe in this respect. 

In view of the above, it can be concluded that  there is ample room for 
improving the efficacy as well as safety of BVDV vaccines. 

B. DIAGNOSTICS 

1. Identification of  the Agent  

A postnatal clinical infection can best be diagnosed by virus isola- 
tion from nasal swabs or blood along with the demonstration of a four- 
fold rise in antibody titer in paired serum samples. An in utero infec- 
tion can be diagnosed by examining precolostral serum for virus and 
antibodies. A persistently infected immunotolerant calf can be identi- 
fied by detecting the virus in blood or leukocytes twice at a 3-week 
interval. The diagnoses "mucosal disease" is well established if both 
noncytopathic and cytopathic BVDV can be isolated from the same 
severely affected animal. Because BVDV is a common contaminant 
of fetal bovine serum and of primary bovine cells, cell cultures must 
be regularly checked for absence of BVDV to avoid a false-positive 
result. 

Various antigen detection tests have been reported for the detection 
of BVDV in blood leukocytes of PI cattle (Shannon et al., 1991; Entri- 
can et al., 1995). 

Detection of BVDV RNA by reverse PCR is increasingly used for 
diagnosing BVD. An advantage is that  the amplified cDNA product can 
be directly sequenced, which may result in a further (sub)typing of the 
virus (Hofmann et al., 1994; Pellerin et al., 1994). 

Methods that  detect antigen or nucleic acid must  detect the full 
range of antigenic or genetic diversity of BVDV. 

2. Ant ibody Detection 

Enzyme-linked immunosorbent assays and neutralization tests are 
most commonly used for the detection of antibodies against BVDV 
(Edwards, 1990; Paton et al., 1991; Kramps et al., 1998). The use of 
different BVDV strains in neutralization tests can result in large dif- 
ferences in antibody titers (Dekker et al., 1995). To determine the 
BVDV antibody status of a herd a bulk milk ELISA can be useful 
(Niskanen, 1993). A high level of antibodies may indicate the presence 
of one or more PI cattle in a herd (Bitsch and Roensholt, 1995). 
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C. ERADICATION 

Norway was the first country to make BVD a notifiable disease and 
to start an eradication program. Other Scandinavian countries fol- 
lowed this example. These programs are essentially based on (1) iden- 
tification of free herds, (2) prevention of infection of these herds, and 
(3) reduction of the number of infected herds. A decrease in infected 
herds may be achieved by detection and subsequent removal of PI 
cattle from herds (Bitsch and Roensholt, 1995). Caution should be 
taken in generalizing the latter observation, because it has been re- 
ported that  after removal of the PI cattle BVDV can still circulate in 
herds for months or years (Barber and Nettleton, 1993; Moerman et 
al., 1993). In addition, a bull has recently been described that  probably 
had been postnatally infected, had high neutralizing antibody titers, 
and shed BVDV in semen intermittently (Voges, 1997). The signifi- 
cance of these sources of infection in the framework of eradication 
programs needs to be determined. 

An efficacious marker vaccine that  prevents the birth of persistently 
infected calves would be of benefit in the eradication of BVDV, particu- 
larly in countries with large cattle herds. 

V. Posteradication Period 

After a virus disease has been eradicated, vaccination against this 
disease should be stopped. An intensive surveillance program should 
start to demonstrate continuously that  the virus has not been rein- 
troduced. In case of clinical suspicion of an exotic disease, it is of great 
importance to very rapidly diagnose these infections. The laboratory 
diagnosis for FMD can be made in 1 day, but routine diagnosis for IBR 
and BVD usually takes longer, because in most laboratories virus isola- 
tion is still the method of choice. It would be worthwhile to develop 
animal side tests (which are already available for diseases in pets) for 
the above diseases in order to accelerate the diagnosis. Promising new 
biosensors have been described for possible use as animal side tests 
(Lin et al., 1997; Holtz and Asher, 1997). Once the diagnosis has been 
made a variety of zoosanitary measures can then be taken to prevent 
further dissemination of the virus. One of these measures could be an 
emergency ring vaccination. In this regard, it is of importance to have 
marker vaccines available that  induce early herd immunity, that  is, 
prevent or reduce further spread of the virus within and between herds 
in a couple of days. Although FMDV vaccines induced clinical immu- 
nity in 3-4  days (Doel et al., 1994), it is not known whether they can 
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give rise to herd immunity in such short a time. In the case of IBR, it 
has been demonstrated that calves vaccinated with a live gE-negative 
marker vaccine 2 days before a contact infection did shed significantly 
less virus than unvaccinated calves (Kaashoek and van Oirschot, 
1996), thus were less infectious. Hence, an emergency vaccination may 
substantially contribute to reducing the spread of BHV1 after an out- 
break. The onset of immunity after a BVDV vaccination is not well 
known. Theoretically, there are various approaches to develop more 
rapidly acting emergency marker vaccines, that is, the use of special 
adjuvants and cytokines. 
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I. Introduction and Background 

Bovine genital tract infections that  result in pregnancy loss are large 
economic problems in the cattle industry. Such infections can occur by 
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either a hematogenous or an ascending route. Because the diseases 
acquired by the former route are primarily septicemic whereas local 
ascending infections are primarily sexually transmitted diseases 
(STDs), diagnosis and control may differ between these two categories. 
Systemic infection with localization in the gravid uterus occurs in lep- 
tospirosis, systemic campylobacteriosis (caused by Campylobacter fe- 
tus subsp, fetus), listeriosis, brucellosis, neosporosis, and Haemophilus 
sommus infection. In these syndromes, systemic immunity and se- 
rologic diagnosis are often reliable. Brucellosis is a good example of 
hematogenous infection with localization in the gravid uterus since 
systemic vaccination and serologic assays for diagnosis have been 
practiced for decades. Haemophilus sommus infection is also presented 
because it is a septicemic disease causing abortion and many other 
sequelae, thus immunity is complex. Two examples of STDs, venereal 
campylobacteriosis and trichomoniasis, are also discussed. The em- 
phasis will be on trichomoniasis since this is a current worldwide prob- 
lem. 

II. BruceUa abortus Infection 

In North America, cattle have been immunized against Brucella 
abortus induced abortion by systemic inoculation with attenuated live 
strain 19 vaccine for many years. The use of a live attenuated strain is 
considered to be critical in stimulating cell-mediated immunity (CMI). 
Because B. abortus is a facultative intracellular parasite, this arm of 
the immune response may be most protective. With this vaccine, a 
strong antibody response to the O polysaccharide side chains of the 
"smooth" lipopolysaccharide (LPS) also results (Table I). The antibody 
response probably plays some role in protection because several inves- 
tigators have shown that antibody will passively protect mice against 
B. abortus infection (Pardon, 1977; Araya and Winter, 1990; Plommet 

TABLE I 

VACCINE STRAINS OF BRUCELLA ABORTUS 

Vaccine Form LPS O Polysaccharide Seroconversion 

Strain 19 Live Smooth Yes Yes 
Strain 45/20 Killed Rough No No 
Strain RB51 Live Rough No No 
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and Plommet, 1983; Limit et al., 1987; Montaraz et al., 1986). The 
systemic antibody response to LPS O polysaccharide is also the basis of 
the serologic assays for diagnosis of brucellosis. In countries where 
control of brucellosis is achieved by serologic diagnosis and euthanasia 
of positive animals as well as by vaccination to prevent disease, the 
antibody response to the O polysaccharide of strain 19 can interfere 
with diagnosis of animals infected by wild-type B. abortus .  This prob- 
lem has been largely avoided by only immunizing female calves be- 
tween 4 and 8 months of age so that antibody titers have fallen below 
diagnostic levels by the time of serologic testing. Another approach to 
circumvent this problem has been use of killed B. abor tus  strain 45/20, 
which has rough LPS (i.e., no O polysaccharide side chains). This does 
avoid false-positive serologic assays (Table I) but killed vaccines are 
not usually as efficient in stimulating CMI, and strain 45/20 is said to 
be somewhat unstable in producing only rough LPS. Recently a new 
stable rough mutant ofB. abor tus  (strain RB51) was developed (Schur- 
ig et al., 1991, 1996) that has no O side chains and is killed by bovine 
complement (Corbeil et al., 1988). Live strain RB51 protects mice (Jim- 
enez de Bagues et al., 1994) and cattle (Cheville et al., 1993) against 
brucellosis without stimulating antibodies to LPS O polysaccharide 
(Table I) and causing seroconversion (Stevens et al., 1994). This vac- 
cine is now licensed for use in the United States and is being intro- 
duced in other countries. 

IIl. Haemophilus somnus Infection 

A. SYNDROME 

Septicemia with vasculitis is the hallmark of H. s o m n u s  infection 
(Harris and Janzen, 1989; Humphrey and Stephens, 1983). In the 
pregnant cow, the organism localizes in the gravid uterus to cause 
abortion (Miller et al., 1983). We were able to reproduce hematogenous 
abortion by inoculation of H. s o m n u s  into the jugular vein or intra- 
bronchially (Widders et al., 1986). Other sequelae of septicemia include 
thrombotic meningoencephalitis, arthritis, and myocarditis (Harris 
and Janzen, 1989; Humphrey and Stephens, 1983). In addition, H. 
s o m n u s  may cause local infections of the respiratory or reproductive 
tracts with resulting pneumonia or infertility (Harris and Janzen, 
1989; Humphrey and Stephens, 1983; Kwiecien and Little, 1991). Even 
with this array of syndromes, it is likely that the most common result 
of colonization by H. s o m n u s  is the asymptomatic genital carrier state 
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(Humphrey et al., 1985; Ward and Corbeil, 1983). Thus pathogenesis is 
complex. 

B. PROTECTIVE ANTIGENS/VIRULENCE FACTORS AND 
EVASION OF DEFENSE 

H a e m o p h i l u s  s o m n u s  is a gram-negative bacterium, so it is not sur- 
prising that  endotoxin is a virulence factor. This has been charac- 
terized as lipooligosaccharide (LOS) without O polysaccharide side 
chains (Inzana et al., 1988). The LOS undergoes antigenic variation 
during the course of infection (Inzana et al., 1992), which may explain, 
in part, the chronic nature of the respiratory infection (Gogolewski et 
al., 1989) and perhaps other syndromes. Adherence to several cell 
types (Corbeil et al., 1995) is a second virulence factor which may be 
mediated by a recently discovered surface fibrillar network (Corbeil et 
al., 1997a). This network and a 76-kDa surface antigen are also associ- 
ated with serum resistance (Widders et al., 1988, 1989a; Cole et al., 
1992, 1993) and with Fc binding of IgG2 to the surface of H. s o m n u s  
(Yarnall et al., 1988a,b; Cole et al., 1992; Corbeil et al., 1997a). Both 
serum resistance and Fc binding could result in evasion of host de- 
fense. Others have shown that  H. s o m n u s  suppresses PMN function 
(Chiang et al., 1986; Czuprynski and Hamilton, 1985; Pfeifer et al., 
1992), which would allow evasion of effector cells of the immune re- 
sponse. Iron acquisition via binding of transferrin to the surface of H. 
s o m n u s  (Yu et al., 1992) allows evasion of the host iron sequestration 
mechanisms and may account for species specificity (Ogunnariwo et 
al., 1990). Lastly, several outer membrane proteins have been charac- 
terized and may serve as virulence factors (Tagawa et al., 1993a-d). In 
particular, a 40-kDa OMP appears to be protective (Gogolewski et al., 
1988). This could be the same as one of two 40-kDa lipoprotein genes 
cloned and characterized by Theisen et al. (1992, 1993). The expressed 
protein of one of these has some protective capacity (Rioux et al., 1994). 

C. IMMUNITY 

Gogolewski et al. (1987a) showed that  convalescent phase serum was 
passively protective against experimental pneumonia in calves, as 
would be expected for an extracellular pathogen. Monospecific bovine 
antibody to a 40-kDa OMP was also passively protective (Gogolewski et 
al., 1988). This protective antibody was shown to be specific for the 40- 
kDa OMP, not the closely associated 41-kDa major OMP or a 39-kDa 
OMP (Corbeil et al., 1991b). Protection was associated with IgG2 anti- 
bodies in these experiments as well as in experimental abortion (Cor- 
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beil et al., 1997b; Gogolewski et al., 1988; Widders et al., 1989b). This is 
characteristic of other pyogenic infections also (Nansen, 1972). Later 
studies showed that protective IgG 2 antibodies may have recognized 
more epitopes of the 40-kDa OMP than IgG1 antibodies (Corbeil et al., 
1997b). Because there are two allotypes of IgG 2 in cattle, we then 
evaluated functions of these two allotypes which may be associated 
with differences in protective ability. Thus far, bovine IgG2A1 has been 
shown to be less effective in activating bovine C than IgG2A2 (Bastida- 
Corcuera and Corbeil, 1995). Because C appears to be important in 
resistance to H. s o m n u s  infection (Nielsen et al., 1981), this difference 
in function of the IgG2 allotypes may reflect genetic differences in 
resistance to infection. Although vaccines have been available for H. 
s o m n u s  infection for some time, it is unclear whether they protect 
against reproductive tract infection. New vaccines that  stimulate IgG 2 
responses to the most protective antigens may be most effective. (Edi- 
tor's note: A graduate student in my laboratory found the predominant 
isotype of antibody to a commercial H. s o m n u s  [Pfizer] was IgG 1 not 
IgG2.) 

D. DIAGNOSIS OF Ho SOMNUS INFECTION 

Currently, culture is the best method used in diagnosis ofH. s o m n u s  
infection. This is slightly problematic, however, since many cattle are 
asymptomatic carriers (Humphrey et al., 1985; Ward and Corbeil, 1983), 
suggesting that  a positive culture may not be diagnostic of the cause of 
disease. The diagnosis ofH. s o m n u s  disease can be confirmed by demon- 
stration of the organism in the tissue lesions by immunohistochemistry 
(Gogolewski et al., 1987b) but this takes time. Serologic assays have not 
been very helpful since manyH, s o m n u s  antigens are cross-reactive with 
antigens of other bovine pathogens (Corbeil, 1990; Corbeil et al., 1991b; 
Kania et al., 1990). We showed, however, that the IgG 2 response in- 
creases most after disease (Widders et al., 1989b) and that  an IgG 2 
response to a purified 270-kDa antigen is diagnostic (Yarnall and Cor- 
beil, 1989). Because this serologic assay distinguished between asymp- 
tomatic carriers and animals with H. s o m n u s  pneumonia or abortion, 
and was rapid, it may be helpful in the field. 

IV. C a m p y l o b a c t e r  f e t u s  subsp, venerea l i s  Infection 

A. SYNDROME 

Campylobacteriosis (previously vibriosis) caused by the extracellu- 
lar gram-negative bacterium Campylobac ter  fe tus  subsp, venerealis, is 



222 LYNETTE B. CORBEIL 

a STD. An ascending infection of heifers or cows with these extracellu- 
lar gram-negative bacteria causes mild to moderate endometritis and 
infertility or abortion. Although the infection is usually self-limiting, 
heifers and cows may remain infected for many months (Corbeil et al., 
1981). After clearance, females are resistant to reinfection for a short 
period of time. Then vaginal infection may be detected but ascension to 
the uterus and resulting endometritis is prevented for a longer period 
of time. Thus the individual cow does not abort or show signs of infer- 
tility but the infection can be spred by the bull to susceptible heifers or 
cows in the herd. This also suggests a difference between vaginal and 
uterine immunity. The bull, on the other hand, is a long-term asymp- 
tomatic carrier. Young bulls may clear the infection but older bulls are 
often carriers for life. This age difference may be due to the fact that  
older bulls have deeper preputial epithelial crypts, providing a good 
niche for these microaerophilic bacteria (Samuelson and Winter, 1966). 

B. IMMUNITY 

A reliable vaccine has been available for campylobacteriosis for 
many years (Corbeil et al., 1981). This may be the first STD in any 
species for which an efficacious vaccine has been developed so the 
principles of protection are well worth noting. Passive protection by 
antibody has been demonstrated (Berg et al., 1979), illustrating the 
principle that  antibody is most important in protection against extra- 
cellular pathogens. Local immunity clears the infection slowly with the 
uterus becoming free of infection before the vagina (Corbeil et al., 
1981). Convalescent animals are partially protected. This immunity 
wanes over a couple of years. The antibody response to C. fe tus  infec- 
tion is predominantly IgA in the vagina but predominantly IgG in the 
uterus (Table II). When kinetics of the vaginal antibody response to 

TABLE II 

IMMUNITY TO C. FETUS SUBSP. VENEREALIS 

Predominant Ig 
class 

Uterus Vagina Clearance a 

Systemic immunization 
Convalescent (local) immunity 

aUt, uterus; Vag, vagina. 

IgG IgG Rapid-Ut and Vag 
IgG IgA Slower-Ut then Vag 

,, , 
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infection were evaluated in weekly samples of vaginal secretions, the 
IgM response was detected first, followed by the IgA response, the IgG1 
response, and lastly the IgG2 response. The duration of the IgA re- 
sponse was greatest (average > 56 weeks) followed by the IgG~ re- 
sponse (average 42 weeks), the IgG2 response (average 28 weeks), and 
lastly the IgM response (average 3 weeks) (Corbeil et al., 1974b, 1981). 
Prophylactic systemic immunization, with killed cells in oil adjuvant, 
results in high levels of IgG antibody in serum, uterine secretions, and 
vaginal secretions (Corbeil et al., 1974a,b). This results in both protec- 
tion against subsequent infection (Corbeil and Winter, 1978) and cure 
of chronic infection of the female reproductive tract (Schurig et al., 
1975). Infection of bulls with C. fetus subsp, venerealis results in long- 
term preputial infection but systemic vaccination with whole killed 
cells in oil adjuvant is both prophylactic and therapeutic (Bouter et al., 
1973). This dramatic protection against an extracellular noninvasive 
pathogen of the genital mucosa by systemic immunization is a break- 
through in understanding defense of the reproductive tract. It has also 
resulted in essentially controlling this infection where vaccination is 
practiced. The ability to cure a chronic STD in both males and females 
by systemic immunization is even more unusual. 

C. EVASION OF HOST DEFENSE 

In nonimmunized animals, C. fetus infection of the vagina can be 
very persistent (> 74 weeks in one study; Corbeil et al., 1981) in the 
face of a vaginal antibody response. This suggested that C. fetus had 
developed effective means of evading local immune responses. These 
included (1) resistance of virulent strains to killing by bovine C (Cor- 
beil et al., 1974a), (2) coating with vaginal IgA antibodies that are not 
opsonic in a competition with opsonic IgG antibodies (Corbeil et al., 
1974a, 1975a), (3) variation of surface antigens in the face of the local 
immune response (Corbeil et al., 1975b). Even so, in systemically im- 
munized animals, IgG antibodies transudated to the genital secretions 
are able to prevent (Corbeil and Winter, 1978; Corbeil et al., 1981) and 
even cure (Schurig et al., 1975) infection. This illustrates that the 
dynamic interaction between host and parasite can be manipulated to 
favor the host even when the parasite has multiple strategies to evade 
host protective responses. 

D. DIAGNOSIS OF VENEREAL CAMPYLOBACTERIOSIS 

Diagnosis of C. fetus subsp, venerealis infection is primarily by cul- 
ture under microaerophilic conditions on selective media. The vaginal 
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mucus agglutination test has also been useful for diagnosis in heifers 
or cows and an indirect fluorescent antibody assay has been used with 
preputial scrapings in bulls. 

V. Tr i t r i chomonas  f o e t u s  Infection 

A. SYNDROME 

Bovine trichomoniasis is clinically similar to bovine venereal cam- 
pylobacteriosis. Both are chronic STDs caused by extracellular nonin- 
vasive pathogens (the former due to protozoa and the latter to gram- 
negative bacteria). Both infections result in reproductive failure, with 
serious economic consequences (Corbeil et al., 1981; Clark et al., 1983a; 
Goodger and Skirrow, 1986; Rae, 1989). Trichomoniasis is essentially 
asymptomatic in bulls but is manifest as endometritis, salpingitis, pla- 
centitis, and fetal loss in cows (BonDurant, 1985; Skirrow and Bon- 
Durant, 1988). In the only published study of pathogenesis where 
heifers were infected by breeding to an infected bull, no inflammation 
or fetal loss was detected prior to 60 days of infection (Parsonson et al., 
1976). Inflammation and fetal loss occurred primarily between 60 and 
90 days (Parsonson et al., 1976). Reports of fetal loss from field cases 
have been from days 16-17 through 7 months of gestation (BonD- 
urant,  1985; Rhyan et al., 1988; Skirrow and BonDurant, 1988). After 
pregnancy loss, cattle may remain infertile for weeks to months but 
fertility is usually regained in time. The few animals with pyometra 
may have more severe sequelae (BonDurant, 1985; Skirrow and BonD- 
urant,  1988). 

B. PREVALENCE 

Trichomoniasis is prevalent in areas of the world where natural  
breeding is used. Herd infection rates in the United States have been 
reported to be as high as 44% of herds in Nevada (Kvasnicka et al., 
1989), and 16% of herds in California (BonDurant et al., 1990). In one 
study in Australia, 40% of herds were infected (Dennett et al., 1974) 
and in another study in Costa Rica 7-16% of herds were infected 
(Perez et al., 1992). When individual animals in a herd are compared, 
the prevalence rate in bulls is often higher than that  in cows (Dennett 
et al., 1974; Akinboade, 1980). This difference could be due to differ- 
ences in duration of infection in cows and bulls. The infection is self- 
limiting in cows, although the duration is quite variable (BonDurant, 
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1985; Skirrow and BonDurant, 1988). Clearance may occur between 12 
and 22 weeks (Skirrow and BonDurant, 1988). A few cows may carry 
the infection right through the gestation period (Skirrow, 1987). 
Experimental infections have lasted from an average of 8 weeks 
(BonDurant et al., 1993) to 19.5 weeks (Skirrow and BonDurant, 
1990a). In these studies, the duration may have been related to dose 
since animals with the lowest doses cleared earlier than those with the 
highest doses. The duration of infection in bulls is much longer than in 
cows. Bulls greater than 4 years of age at infection generally remain 
asymptomatic preputial carriers for life whereas 2- to 4-year-old bulls 
carry the infection for shorter times (Clark et al., 1974; Skirrow and 
BonDurant, 1988). These differences between bulls and cows may be 
related to differences in local immune responses of the male and fe- 
male genital mucosa. 

C. PROTECTIVE ANTIGENS 

To better understand mechanisms of protective immunity, it is nec- 
essary to identify protective antigens and the most appropriate im- 
mune responses. Many trichomonad antigens are recognized by the 
immune system when cattle are immunized systemically with T foetus 
(Hall et al., 1986; Corbeil et al., 1989). Burgess used monoclonal anti- 
bodies to identify a 150-kDa surface antigen that was highly conserved 
in various T foetus isolates (Burgess, 1986, 1988). Various monoclonal 
antibodies (mAbs) were shown to mediate complement lysis, act as 
opsonins or inhibit adhesion and cytotoxicity (Burgess, 1986; Burgess 
and McDonald, 1992). We also prepared a bank of murine mAbs to T 
foetus to determine which antigens may be most protective. Those with 
potentially protective functions were selected for further study. Of four 
mAbs that reacted strongly with T foetus in ELISA, two (TFl.17 and 
TFI.15) were most promising (Hodgson et al., 1990). These two mAbs 
immobilized and agglutinated T foetus, mediated complement lysis, 
and prevented adherence of T foetus to bovine vaginal epithelial cells 
(Hodgson et al., 1990). Later we showed that the two mAbs recognized 
different epitopes of the same surface antigen (Ikeda et al., 1993) and 
that this antigen was conserved in 50 isolates from Costa Rica, Argen- 
tina, and various areas of the United States (Ikeda et al., 1993; Bon- 
Durant et al., 1993; Corbeil, 1994). Other studies showed that  the 
antigen ran as a broad band in SDS-PAGE due to heterologous gly- 
cosylation as demonstrated by thymol staining (Hodgson et al., 1990). 
The target surface antigen was immunoaffinity purified using mAb 
TFI.17. The immunoaffinity purified antigen also ran as a broad band 
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between ~45 and 75 kDa, which reacted with both the mAb and with 
bovine antiserum to whole T foetus cells in Western blots (Fig. 1). This 
bovine antiserum reacted with many bands in whole-cell lysates but 
only the wide band in the purified preparation (Fig. 1), demonstrating 
the relative antigenic purity of the immunoaffinity purified TFl.17 
antigen. 

D. IMMUNITY 

Immune responses to T foetus infection have been studied by several 
groups. Convalescent cows are usually resistant to reinfection but this 
immunity wanes over approximately 2 years (Clark et al., 1983a). Skir- 
row and BonDurant (1990b) showed that infected heifers mounted 
minimal systemic antibody responses but strong IgA and IgG1 vaginal, 
cervical, and uterine responses by 7-12 weeks a i~r  intravaginal inocu-- 
lation of T foetus. The IgG2 response was slightly later and was more 

FIG. 1. Western blot of SDS-PAGE gel wells loaded with T foetus (TF) lysate or immu- 
noaffinity purified TFI.17 antigen (Ag). The panel on the left was reacted with TFl.17 
mAb and the panel on the right with antiserum from a cow (#64) immunized intra- 
muscularly with live T foetus (see Corbeil et al., 1989, and Hodgson et al., 1990, for 
methods of antibody production). Molecular weight standards on the left. 
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transient. The duration of the IgA response was greatest (Skirrow and 
BonDurant, 1990b). Our subsequent studies of experimentally infected 
heifers also showed vaginal (BonDurant et al., 1993) and uterine (An- 
derson et al., 1996) antibody responses to infection. These observations 
of resistance of convalescent cows to reinfection, and demonstration of 
mucosal antibody responses, encouraged development of vaccines. 
Currently, killed cell vaccines are available and are at least partially 
protective (Kvasnicka et al., 1989, 1992). 

To investigate protection with specific antigens, we immunized vir- 
gin heifers with immunoaffinity purified TFI.17 antigen mixed with 
incomplete Freund's adjuvant (IFA). A second group was immunized 
intramuscularly with TFI.17 cross-linked with glutaraldehyde and 
mixed with IFA plus dextran sulfate. The two immunized groups and 
an adjuvant control group were challenged with 106 T foetus strain D1, 
2 weeks after the last (third) immunizing dose (BonDurant et al., 
1993). Both immunized groups cleared the infection more quickly than 
the adjuvant controls (p < 0.005). Importantly, most of the immunized 
animals cleared the infection by 7 weeks, which was the time that 
Parsonson et al. (1976) had shown was just before the beginning of 
inflammation and fetal loss. Most of the controls cleared after this 
time. By ELISA with whole-cell T foetus antigen, it was shown that 
cervicovaginal mucus IgA and IgG 1 responses peaked at about the time 
of clearance of infection in vaccinated animals (BonDurant et al., 
1993). This raised the question of whether IgA of IgG antibodies were 
more protective in this infection. To attempt to determine this, we first 
immunized mice with TFI.17 antigen plus several different adjuvants 
by different routes (Corbeil et al., 1998). A group of mice immunized 
twice subcutaneously with TFI.17 antigen and Quil A adjuvant, fol- 
lowed by an intravaginal immunization with killed T foetus in Quil A, 
had greatest genital mucosal response. Thus heifers were immunized 
twice subcutaneously with TFI.17 antigen and Quil A, followed by 
killed T foetus given either subcutaneously or intravaginally. These 
two groups and a group of unimmunized controls were challenged in- 
travaginally with 106 T foetus, 3 weeks after the last immunization. 
Again, immunized animals cleared the infection faster than the con- 
trols (p - 0.0225). By 7 weeks postchallenge, only 25% of vaccinated 
animals were still culture positive whereas 60% of controls were posi- 
tive (Corbeil et al., 1998). There was no statistically significant differ- 
ence in clearance rate between immunized groups even though the 
intravaginally boosted group had much higher vaginal IgA responses 
to TFI.17 antigen and the systemically boosted group had higher vagi- 
nal IgG anti-TFl.17 antigen levels (Corbeil et al., 1998). In parallel to 
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our previous studies with C. fetus and T foetus immunity, however, the 
vaginal IgA response was of greater duration than the IgG response 
(Corbeil et al., 1981, 1998). This may be important in the field, when 
not all animals are challenged naturally within 3 weeks of the last 
immunizing dose. 

Clearance data in vaccinated and in controls from both of these 
immunization experiments (BonDurant et al., 1993; Corbeil et al., 
1998) were then averaged since there were no significant differences 
between groups. It was clear that  the majority of controls did not clear 
the infection before 7 weeks and that  less than 25% of immunized 
animals were still positive by 7 weeks (Fig. 2). This is true even though 
false negative cultures sometimes showed more animals to be positive 
on one week than on the week before (eg week 7 vs 8, Fig. 2). This data 
shows that  with three different adjuvant formulations and two differ- 
ent combinations of routes, TFl.17 antigen was still protective. The 
clearance of immunized animals generally before 7 weeks should pre- 
vent the development of inflammation and fetal loss, if the results of 
the studies of Parsonson et al., (1976), as described under Section V,A, 
can be generalized. 

E. CELLULAR EVIDENCE OF GENITAL MUCOSAL INDUCTIVE SITES 

Studies of genital immunity in both venereal campylobacteriosis and 
trichomoniasis address the question of the role of the female reproduc- 

FIG. 2. Clearance of T foetus after immunization of heifers with TF1.17 antigen and 
challenge with T foetus strain D1 (data averaged from experiments reported by BonD- 
urant et al., 1993, and Corbeil et al., 1998). In each of two experiments there were two 
immunized groups and one control group for totals of 36 and 18 animals, respectively. 
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tive tract as an inductive site for local immune responses. Immuniza- 
tion of the vagina with nonreplicating or soluble antigens has often 
resulted in poor vaginal IgA responses when compared with immuni- 
zation via the gastrointestinal (GI) or respiratory tracts. Because of 
this, others have suggested that  immunization via the GI tract (Hane- 
berg et al., 1994) or the respiratory tract (DiTomaso et al., 1996) may be 
best for stimulating vaginal IgA responses. Whether the genital mu- 
cosa is an inductive site for local immune responses has been a contro- 
versial issue due to lack of organized lymphoid tissue in the female 
reproductive tract (Haneberg et al., 1994). Yet infections of the female 
reproductive tract by extracellular noninvasive pathogens such as C. 
fetus and T foetus induce local IgA responses in the virtual absence of 
systemic antibody responses (Corbeil et al., 1974a,b; BonDurant et al., 
1993; Skirrow and BonDurant, 1990b). To investigate this, vaginal, 
cervical, uterine, and uterine tube (or oviduct) tissues of T foetus 
TFI.17 immunized and control heifers were studied at necropsy 10 
weeks after infection with T foetus (Anderson et al., 1996). Animals 
that  cleared infection within the first 2 weeks (or never became infec- 
ted) had little organized lymphoid tissue at any site. However, 5 of 8 
nonimmunized infected heifers had focal aggregates of nodular lym- 
phoid tissue in the endometrium and 4 of 16 systemically immunized 
animals had lymphoid nodules in the endometrium (Anderson et al., 
1996). Some of these lymphoid aggregates appeared to have germinal 
centers similar to secondary lymphoid follicles. Sequential uterine se- 
cretions were available from a few of these heifers as well as some 
heifers from a separate study. Analysis of IgA antibody reactivity to 
TFl.17 antigen by ELISA showed that  most infected heifers had uter- 
ine IgA responses by 6 weeks postchallenge, which increased at weeks 
8 and 10 (Anderson et al., 1996). Noninfected heifers had essentially no 
IgA response to TFI.17 antigen. These observations suggested that  
organized lymphoid tissue, in the endometrium at least, was stimu- 
lated by the presence of infection and that  a specific IgA response in 
uterine secretions resulted. Subsequent studies were done with heifers 
immunized to enhance local IgG or IgA anti-TFl.17 levels (systemic 
priming with TFI.17 antigen followed by systemic or local boosting 
with killed T foetus as described earlier). These studies revealed lym- 
phoid nodules in both the vaginal and uterine superficial submucosa of 
nonimmunized infected heifers, as well as systemically primed, va- 
ginally boosted heifers (Corbeil et al., 1998). These were the groups 
with the highest vaginal IgA response. The systemically primed and 
boosted group did not have detectable lymphoid nodules in the vaginal 
mucosa and had predominantly IgG1 antibodies in the vaginal secre- 
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tions. Presumably this was transferred from serum since serum IgG 1 
antibody levels were highest in this group. The presence of many eo- 
sinophils within and below the vaginal epithelial cells may have been 
related to leakage of IgG across the epithelium (Corbeil et al., 1998). 
Many plasma cells and large mononuclear cells were detected just 
below the epithelium of all groups, suggesting local antibody synthesis 
was occurring. In other immunohistochemical studies of heifers infec- 
ted with T foetus, we have shown that T foetus antigen is taken up by 
epithelial cells and is present in large mononuclear cells below the 
basement membrane (J. C. Rhyan, M. L. Anderson, R. H. BonDurant, 
and L. B. Corbeil, unpublished data). Because vaginal and uterine epi- 
thelial cells are known to present antigen (Wira and Rossol, 1995a,b) 
and other antigen-presenting cell types with morphology of dendritic 
cells or macrophages were seen to take up T foetus antigen, it appears 
that antigen uptake and presentation is occurring in the bovine female 
genital tract. Therefore, all the requirements for inductive sites (anti- 
gen uptake, antigen presentation, and organized lymphoid tissue) as 
well as local antibody synthesis appear to be present in the infected 
bovine vagina and uterus. 

F. IMMUNITY TO TRICHOMONIASIS IN BULLS 

Experimental immunization of bulls against trichomoniasis has 
been reported to be successful for both prophylaxis and therapy (Clark 
et al., 1983b, 1984), as for bovine venereal campylobacteriosis (Bouter 
et al., 1973). Clark et al. (1983b) first showed that systemic vaccination 
with killed T foetus in oil adjuvant could prevent or eliminate infection 
of bulls up to 5 years of age but was not protective or therapeutic in 
bulls older than 5.5 years old. Subsequently the same research group 
showed that systemic immunization with T foetus membranes and oil 
adjuvant could clear bulls of infection. In two experiments with a total 
of 8 immunized and 8 control bulls between 5 and 8 years of age, 6 
immunized bulls were free of infection by 2 weeks after the third im- 
munization but only 1 control bull cleared the infection (Clark et al., 
1984). This suggests that immunization may be useful in control of 
infection in bulls. Studies in our laboratories showed that infected 
bulls have significantly more IgG1, IgA, IgM, and IgG2 antibodies to 
TFI.17 antigen in preputial secretions than culturally negative bulls 
(J. C. Rhyan, R. H. BonDurant, G. A. K. Mutwiri, and L. B. Corbeil, 
unpublished data). The changes in isotypic antibody levels in preputial 
secretions of immunized bulls may provide insight into mechanisms of 
immune protection of the preputial surface. 
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G. EVASION OF IMMUNE RESPONSES TO T. FOETUS 

As in C. fetus infection, however, T foetus has strategies to evade the 
antibody response. Although T foetus can be killed by bovine C 
(Hodgson et al., 1990) or polymorphonuclear leukocytes (Aydintug et 
al., 1990, 1993) and specific IgG antibody, it has developed means of 
avoiding these defenses. First, the parasite releases extracellular 
(Thomford et al., 1996) cysteine proteinases that digest bovine IgG1 
and IgG2 (Talbot et al., 1991). Second, T foetus nonspecifically binds 
bovine IgG via the Fc or hinge region to its surface, presumably mask- 
ing antigens for specific antigen-antibody reactions but not initiating 
the complement cascade or opsonization (Corbeil et al., 1991a). As for 
C. fetus, these evasive mechanisms appear to contribute to the chronic 
nature of the infection but systemic or local immunization with appro- 
priate antigens and adjuvants can shift the dynamic interaction in 
favor of host defense. 

H. DIAGNOSIS OF TRICHOMONIASIS 

The gold standard for diagnosis of trichomoniasis is culture of vagi- 
nal or preputial secretions (Abbitt and Ball, 1978; BonDurant, 1985). 
Microscopic examination of wet mounts is also used but is less sensi- 
tive than culture (BonDurant, 1985). Even though culture is more 
sensitive than wet mount observation, three successive negative cul- 
tures are necessary to rule out trichomoniasis in bulls (BonDurant, 
1985; Skirrow and BonDurant, 1988). The situation is more complex in 
females because the number of trichomonads in vaginal mucus varies 
with the estrus cycle. Numbers of organisms in vaginal mucus also 
decrease as the infection progresses. False-negative cultures occur 
when numbers fall below the threshold of detectability but the next 
week animals may be culturally positive again, as we have often ob- 
served in experimental trichomoniasis (Anderson et al., 1996; Corbeil 
et al., 1998). Reported sensitivities of diagnosis by culture were 81-  
97% for bulls and 58.7% for cows (Goodger and Skirrow, 1986; Skirrow 
and BonDurant, 1988). With even less sensitivity by direct microscopic 
examination, better diagnostic methods are a priority. DNA probes 
have been offered (Speer and White, 1991), but sensitivity and specific- 
ity were controversial (Appell et al., 1993). Later, others showed that  
with a different probe and polymerase chain reaction (PCR)-based am- 
plification, as low as 10 trichomonads could be detected in reproductive 
tract secretions (Ho et al., 1994). With this method 47 of 52 (90.4%) of 
positive samples were detected and there were no false positives. Cul- 
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ture, on the other hand, detected 44 of 52 positive samples (84.6%). 
This method is promising. Another approach has involved antibody 
based tests. Serology was not helpful in early studies (Skirrow and 
BonDurant, 1988) because little systemic immune response is stimu- 
lated by this mucosal pathogen (BonDurant et al., 1993; Skirrow and 
BonDurant, 1990b). However, we recently showed that ELISA based 
on TFI.17 antigen and the IgA antibody responses in cervicovaginal 
secretions was diagnostic by 6 weeks after experimental infection. If 
whole T foetus cells were used as antigen, cross-reactive antibodies in 
vaginal secretions were a problem. If IgG 2 or IgG 1 antibody against 
TFI.17 antigen was assayed, then not all infected animals were de- 
tected by 6 weeks postinfection (Ikeda et al., 1995). Vaginal IgA re- 
sponses to TFI.17 antigen above preinfection levels were detected in 
all infected animals (Ikeda et al., 1995), the antigen is conserved (Ikeda 
et al., 1993), and the infection is a chronic herd problem. Thus, detec- 
tion by 6 weeks after infection of the first heifer or cow would be quite 
useful in initiating control procedures for the herd. This is especially 
true given that little fetal loss is thought to occur until after 7 weeks. 
Perhaps even more promising is a more sensitive serologic assay than 
was available in the past. BonDurant et al. (1996) have recently devel- 
oped a sensitive hemolytic assay based on antigen shed from T foetus 
and adsorbed to bovine erythrocytes. Serum antibody which mediated 
C lysis of coated erythrocytes was detected by 2 weeks postinfection of 
heifers and remained high throughout the 10-week observation period 
(BonDurant et al., 1996). Sensitivity was 94% and specificity was 
95.6%. Thus, although culture is still the gold standard, new PCR 
assays, vaginal IgA ELISA, and passive hemolysis assays for serum 
antibody have possible applications. 

VI. Summary and Future Directions 

Immunoprophylaxis, immunotherapy, and immunodiagnostics for 
bovine reproductive tract infections have been very successful. A new 
systemic vaccine for brucellosis protects without seroconversion. Thus 
the serologic assays based on antibody to B. abortus LPS oligosac- 
charide side chains can be used with less concern about interpretation 
due to interference by immune responses to vaccine. For abortion fol- 
lowing H. somnus  septicemia, commercial vaccines are available but it 
is unclear whether they protect against H. somnus  abortion. Diagnosis 
is also problematic since asymptomatic carriers are common and diag- 
nosis is primarily by culture. However, virulence factors and protective 
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antigens have been identified. Also a diagnostic ELISA using purified 
antigen and conjugate detecting IgG 2 has been presented. Therefore, 
new immunodiagnostic and immunoprophylactic measures are on the 
horizon. There are two commercially available vaccines for STDs in 
cattle, which provides hope for development of vaccines for STDs in 
other species. Even though both C. fetus and T foetus have developed 
effective strategies to evade immune protection, vaccines have tipped 
the balance in favor of host defense. New information on protective 
antigens of T foetus and the characteristics of protective responses, 
such as kinetics of isotypic antibody responses on mucosal surfaces, 
should permit even more effective second-generation vaccines. New 
diagnostic techniques for trichomoniasis including a hemolytic assay, 
vaginal mucus IgA ELISA, and a nucleic acid probe are promising. 
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I. Introduct ion 

During the last 10 years, our knowledge of the immune responses 
generated during parasi te infections has increased enormously and 
many studies have been published showing induction, or manipula- 
tion, of protection against  parasi tes in experimental  animal models. 
These advances, however, have not yet been t rans la ted  into effective 
vaccines for the important  internal  parasites of livestock. This can in 
part  be at t r ibuted to the fact tha t  different immune rejection and im- 
mune evasion mechanisms may exist for each hos t -paras i t e  system. It 
is therefore important ,  for the development of effective parasi te  vac- 
cines, tha t  the major parasi te infections are identified for which vac- 
cination would be a commercially acceptable al ternative to existing 
control strategies, and tha t  the vaccination studies are performed in 
these hos t -pa ras i t e  systems. In the United States, dairy and beef cat- 
tle are of far greater  importance than  sheep, while the la t ter  still form 
a substantial  par t  of the livestock industry in countries such as Austra- 
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lia, New Zealand, the United Kingdom, and South Africa. Internal 
parasites of major economic importance in the dairy and beef cattle 
industry are liver fluke (Fasciola hepatica) and the gastrointestinal 
trichostrongylid nematodes, of which Ostertagia ostertagi and Haem- 
onchus placei are the most pathogenic (Reinemeyer, 1994). The same 
liver fluke species also infects sheep, and similar trichostrongylid nema- 
todes are major pathogens in the ovine gastrointestinal tract, includ- 
ing Ostertagia circumcincta (now reclassified as Teladorsagia circum- 
cincta), Haemonchus contortus, and Trichostrongylus spp. More protec- 
tion studies against internal parasites have been performed in sheep 
than in cattle, probably due to the lower cost of sheep as experimental 
animals, but it would be expected that, due to the close evolutionary 
relationship between both the sheep and cattle hosts and the parasite 
species, many of the findings in sheep would be transferable to cattle. 
However, even between these closely related ruminants, there can be 
significantly different effects as exemplified by the different responses 
of sheep and cattle to infection with the same liver fluke species (see 
below). While there is some evidence that mounting an immune re- 
sponse may impair the productivity of an animal, this may also depend 
on the mechanism of immunity that occurs in a specific host-parasi te  
interaction because conflicting results have been reported (Kimambo et 
al., 1988; Bisset et al., 1997). 

This article concentrates on several aspects of vaccine development 
for these major internal parasites of sheep and cattle. Rather than 
being an exhaustive overview of work published over the years, which 
has been dealt with in other papers (Newton, 1995; Emery, 1996; 
Munn, 1997) we aim to highlight some of the special characteristics of 
the host immune response and the parasite's molecular makeup that 
we consider to have important implications for vaccine development. 
In addition, we speculate on the predicted outcomes that the availabili- 
ty of vaccines may have on parasite population dynamics. 

II. Vaccination Using Defined Parasite Antigens 

Because large-scale culturing of parasitic helminths for the produc- 
tion of live or modified live vaccines is not economically feasible for the 
majority of helminth infections, it has long been recognized that hel- 
minth vaccines will require the production of defined, subunit parasite 
material produced in a commercially acceptable manner such as by 
recombinant DNA methods or chemical synthesis. These methods, 
however, require the identification of the crucial parasite molecules 
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that, together with appropriate adjuvant systems, will induce useful 
levels of protection in the host animal. Vaccination with whole parasite 
homogenates has generally been unsuccessful in protecting against 
helminth infections. Several previous livestock vaccination studies 
have used various semipurified parasite extracts for experimental tri- 
als. The resulting protection levels, if any, have generally been vari- 
able, and are not easily reproducible in other laboratories because of 
the biochemically ill-defined nature of the antigen preparations. While 
the efforts involved in identifying and purifying particular parasite 
molecules can be substantial, it is highly desirable for further studies 
to be performed with well-defined parasite antigens. Identification of 
the target, protective antigen(s) is the major initial hurdle to vaccine 
development. Conventional or "natural" antigens are recognized by the 
host's immune system during natural infection. Only a few of these 
antigens, however, are likely to play a crucial role in inducing protec- 
tive immunity. Attempts to identify these "protective" antigens have 
generally been based on the reactivity of parasite molecules with anti- 
bodies circulating in the serum of infected animals. The most recent 
report in the literature of successful vaccination of sheep against a 
gastrointestinal nematode used a 31-kDa antigen of T circumcincta 
identified through its reactivity with immune serum of genetically re- 
sistant sheep (McGillivery et al., 1992). However, further extensive 
studies from the same laboratory have been unable to reproduce these 
results and the antigen has not been further characterized (Morton et 
al., 1995). Recently, the search for "natural" protective parasite anti- 
gens has been aided by the development of a new antibody tool for 
antigen identification (Meeusen and Brandon, 1994a,b). Instead of re- 
lying on parasite-specific antibodies circulating in the serum of infec- 
ted animals, this technique isolates parasite-specific antibodies direct- 
ly from the antibody-secreting B cells (ASCs) induced in the lymph 
nodes draining the site of parasite rejection. These "ASC probes" pro- 
vide a much more restricted antibody recognition profile than that 
found with serum antibodies, reflecting the limited number of parasite 
antigens present at the specific time and place where rejection is tak- 
ing place. Using ASC probe technology, a 70- to 90-kDa H. contortus 
antigen (Hc-sL3) has been identified as being specifically recognized 
during a rejection response in H. contortus immune sheep (Bowles et 
al., 1994). The Hc-sL3 antigen was shown to be present on the surface 
of L3 larvae and is expressed in a stage-specific manner (Ashman et al., 
1995; Raleigh and Meeusen, 1996). Vaccination trials using small 
amounts of purified Hc-sL3 antigen have shown significant levels of 
protection to H. contortus infection in vaccinated sheep resulting in 50 
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and 65% reductions in worm burden and egg counts, respectively 
(Meeusen, 1996; Jacobs et al., 1998). This technology has also been 
applied to liver fluke infections using a rat  model, because these ani- 
mals develop a pronounced immunity to reinfection with F. hepatica. 
Three distinct antigens were identified using ASC probes during rejec- 
tion of liver fluke infection in immune rats, one of which was present 
on the surface of the infective juvenile fluke (Meeusen and Brandon, 
1994a; Tkalcevic et al., 1996). Monoclonal antibodies against these 
antigens have been generated but, so far, none of the antigens has been 
tested in vaccine trials. One interesting characteristic common to all 
the parasite antigens so far identified during the early stages of infec- 
tion is that  each of the antigens is only expressed for a limited time (2-  
3 days) by the parasite and is absent from subsequent infection stages. 
Protection induced by these antigens would therefore be expected to 
act on the early infective stages of the parasite, before they reach the 
liver in the case of E hepatica or moult to the blood-sucking adult stage 
in H. contortus infection. Antigens identified as potential vaccine can- 
didates using ASC probes have so far been shown to be protective in 
helminth (Jacobs et al., 1998), ectoparasite (Bowles et al., 1996), and 
bacterial (Walker et al., 1994) infections. 

An alternative approach to conventional vaccination using "natural" 
protective antigens, extensively pursued in recent years, is to identify 
and isolate parasite molecules that  may be crucial to parasite infec- 
tivity or survival in the host and use these molecules to immunize the 
host. The resulting immune response is then expected to neutralize 
the activity of these molecules, thereby killing or severely affecting the 
viability of the parasite. The choice of these molecules, which are gen- 
erally enzymes, is more based on their presumed functional activity 
rather  than on their interaction with the host's immune response. In 
many cases, no immune response is generated against these molecules 
during natural  infection in which case they are also referred to as 
"novel" or "hidden" antigens. One such antigen for which no or very 
poor antibody responses are generated during natural  infection is glu- 
tathione S-transferase (GST) of liver fluke, thought to be important in 
detoxification reactions. Vaccination of sheep with liver fluke GST has 
been shown to cause a reduction in parasite burden in approximately 
half of the immunized sheep (Sexton et al., 1990), while significant 
reductions in both fluke numbers and weight were obtained in most 
vaccinated cattle (Morrison et al., 1996). Another target for liver fluke 
vaccines is the cysteine proteases. Cysteine proteases are an ubiqui- 
tous group of enzymes in many parasites contributing to parasite mi- 
gration into host tissues, digestion of proteins for nutrients, and im- 
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mune evasion strategies. Vaccination with purified liver fluke cysteine 
proteases resulted in significant reductions in worm fertility in sheep 
(Wijffels et al., 1994), while in cattle both worm numbers and egg 
viability were significantly affected by vaccination, especially when the 
cysteine protease was administered in combination with liver fluke 
hemoglobin (Dalton et al., 1996). The cysteine proteases used in these 
vaccination trials are immunogenic during natural infection and anti- 
body levels are boosted after infection of vaccinated animals (Dalton et 
al., 1996). 

For nematode parasites, the most pronounced reductions in worm 
burdens have been achieved using gut-derived molecules as vaccines, 
with the best documented example being the aminopeptidase, H l l ,  
from adult H. contortus worms (Newton, 1995; Munn, 1997). Immuni- 
zation with native H l l  has been shown to confer between 60 and 96% 
reductions in worm burden in different breeds of sheep. Analogous 
aminopeptidase molecules are also present in Trichostrongylus and 
Ostertagia parasites but protection studies in these species have not 
been published. Because these two nematode species are not predomi- 
nant bloodfeeders, host antibodies will have less access to gut antigens, 
and protection of this type of vaccination is expected to be less efficient 
than for H. contortus. H l l  and other gut-derived antigens are gener- 
ally considered to be "hidden" antigens, although a slight boosting of 
the antibody response has been reported after infection of vaccinated 
sheep. 

IIl. Vaccine-Induced Immune Responses 

A revolution in our understanding of the initiation and control of 
various types of immune responses has come about with the identifica- 
tion of the various leukocyte regulatory molecules or cytokines and 
their differential production during infection (Sherr and Coffman, 
1992; Mosmann and Sad, 1996). While knowledge of this area is at 
present still expanding dramatically, major implications for vaccine 
research, especially with respect to parasite vaccines have become ap- 
parent (Meeusen, 1996). It had long been recognized that  helminth- 
induced immune responses are distinct from those of other infectious 
agents, especially in their induction of distinct effector cells (mast cells 
and eosinophils) and antibody isotypes (IgE). While the exact mecha- 
nisms of parasite rejection have not been elucidated, it is likely that 
some of these specialized components are involved in this process. The 
induction of these parasite-specific mechanisms has now been found to 
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be under the control of distinct cytokines including interleukin 4 (IL-4) 
and IL-5, generally referred to as Th2-type cytokines. In the case of 
intestinal parasites, a clear correlation between induction of Th2-type 
cytokines and protection has been established in mouse models (Gren- 
cis, 1993). The induction of Th2-type cytokines through vaccination is 
therefore an important consideration for vaccine research that aims to 
mimic the natural protective response through immunization with pu- 
rified antigens (Meeusen, 1996). The particular adjuvant used in the 
vaccine preparation plays a critical role in directing the type of im- 
mune response induced against the vaccine antigen (Cox and Coulter, 
1997). The importance of adjuvants for the induction of immunity 
against helminths through vaccination is exemplified by the vaccine 
trials with the Hc-sL3 H. contortus  antigen identified during a natural 
rejection response in sheep. In this case, protection was only achieved 
when aluminium hydroxide was used as the adjuvant and no protec- 
tion was observed when Freund's complete adjuvant (FCA) or Quil A 
were used in the vaccine preparation (Jacobs et al., 1998; Turnbull et 
al., 1992). In the past FCA has been used mainly as the experimental 
adjuvant due to its strong induction of both cellular and humoral im- 
mune responses. The aluminum hydroxide adjuvant, on the other 
hand, typically induces much lower antibody responses than Quil A or 
FCA but has been reported to be the best inducer of Th2-type cytokine 
responses including eosinophilia (Cox and Coulter, 1997). It has been 
postulated that eosinophil-dependent killing, mediated by antibodies 
specific to the Hc-sL3 antigen, may be an important mechanism in 
resistance during naturally induced and vaccine-induced immunity to 
larval challenges (Rainbird et al., 1998). 

In contrast to vaccination with natural antigens, the immune re- 
sponse induced against functional of "hidden" antigens does not need 
to have any relevance to natural immunity. The levels of protection 
against H. contortus afforded by vaccination with native H l l  gut anti- 
gen have been reported to correlate significantly with antibody levels 
and inhibition of enzyme activity by the antibodies (Newton, 1995; 
Munn, 1997). So far, all of the published trial data in this system have 
been derived from experiments performed with FCA as the adjuvant. 
FCA has also been the adjuvant used in most of the liver fluke trials; 
however, no correlation between protection and antibody levels in- 
duced by vaccination were found in either the GST or cysteine protease 
immunization trials (Sexton et al., 1990; Dalton et al., 1996). It is 
possible that, in the liver fluke system, the partial weakening of the 
worms by vaccination against functional molecules of the fluke may 
allow the natural immune response of the host to become effective. 
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This would explain why protection with similar molecules seems to be 
more protective in cattle than in sheep, because cattle demonstrate 
increased resistance to natural  infection compared to sheep. In more 
recent liver fluke vaccine studies, different adjuvants have been tested 
in vaccination trials in cattle using GST from F. hepatica (Morrison et 
al., 1996). Significant protection has been reported with either Quil A 
of poly-D-lactide coglycolide microspheres when used in combination 
with squalene Montanide 80. It is clear that,  for commercial applica- 
tion, FCA would be unacceptable due to its known side effects, and 
more studies using commercially acceptable adjuvant are required to 
be able to fully evaluate the effect of vaccination with functional or 
"hidden" antigens. Aluminium hydroxide-based adjuvants have been 
widely used in human and veterinary vaccines but are unlikely to 
generate the type and level of response required for "functional" anti- 
gen vaccines. 

IV. Simulation Models for Host-Parasite Population Dynamics 

One way to examine the possible effects of vaccines that  differ in 
their targets and efficacy on host -paras i te  population dynamics is by 
the development of simulation models. In general, there are two main 
uses for simulation models. The first is to gain a better understanding 
of the system being modeled by testing the assumptions on which the 
model is based, and the second is for predicting the consequences of 
different scenarios. A good model can be used to elicit theoretical out- 
comes rapidly and cheaply for a variety of hypothetical control strate- 
gies under different conditions. A simple overview of the processes 
involved in building simulation models is given next. 

Prior to building a simulation model the assumptions and con- 
straints underlying the system being modeled need to be stipulated. 
This leads to the development of influence diagrams and flowcharts to 
show the relationships between the various elements of the system 
that  are considered to be important. The next step involves the devel- 
opment of mathematical  formulas that  describe the various functions 
within the model. Often these formulas are derived from other studies 
or, if such information does not exist, from intuition based on experi- 
ence of the system being modeled. Many biological systems can be 
extremely complex, hence it is important for the model to focus on key 
issues rather  than utilizing all the information that  is available for the 
various aspects of the system. Therefore, when developing a hos t -  
parasite model to compare the outcomes of different parasite control 
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regimes based on host t reatment,  such as drenching or vaccinating, 
minimal attention should be paid to parts of the system relating to 
parasite stages external to the host such as pasture management  re- 
gimes or alterations in climate. It is assumed that  these external 
stages will behave in a consistent fashion for all of the host t reatment  
regimes. However, if the model will also be required to compare combi- 
nations of host t reatment  and external control measures then vari- 
ables representing the external control measures will also need to be 
incorporated. Once a model has been built, it is tested with real data, if 
such data are available, or simulated data to check that  it produces 
sensible outcomes. The model is then modified in an iterative fashion, 
by the inclusion of additional parameters and the modification of for- 
mulas, to increase the success of the model in explaining real situa- 
tions or expected outcomes. Finally the model is used to examine theo- 
retical systems and to test the impact on the dynamics of the system of 
parameter  variation. At this point a number of real trials should be 
performed to determine how well the model predicts reality. 

In the past there have been two major barriers to building detailed 
simulation models for vaccination of grazing livestock against hel- 
minth parasites. The first of these was that  the tools needed to perform 
such modeling were not widely available or easy to use. This problem 
has largely been overcome by the enormous increase in affordable com- 
puting power, together with the development of user-friendly, powerful 
simulation software on a variety of hardware platforms. In addition, 
courses on modeling systems dynamics are now taught at many uni- 
versities. The major obstacle that  now prevents the construction of 
good models for vaccination of livestock against helminth parasites is 
the lack of knowledge about some aspects of livestock-parasite interac- 
tions. The main targets of the models that  have been developed to date 
have pertained to (1) examining the effects of drenching as a control 
measure, both from the perspective of controlling parasite numbers in 
the host and development of resistance to anthelmintics by the para- 
site, and (2) variation in the number of infective larvae on pasture in 
response to changing pasture conditions and climate (Barnes et al., 
1988; Gettinby et al., 1989; Barnes and Dobson, 1990; Echevarria et al., 
1993; Coyne and Smith, 1994). In contrast, few models have been de- 
veloped to examine the effects of vaccination of livestock against hel- 
minth parasites. A number of models have been generated to examine 
the development of natural  host immunity to gastrointestinal 
nematodes (Coyne and Smith, 1994; Smith, 1988; Dobson et al., 1990; 
Barnes and Dobson, 1993) and these can be used as a basis for model- 
ing different vaccination strategies. One drawback of many of the older 
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models is that  they use seasonal data on the levels of pasture contam- 
ination as inputs ra ther  than deriving the pasture contamination from 
the model itself. Some of the more recent models do incorporate this 
link (Leathwick et al., 1992). The consequences of the reduction in 
pasture contamination as a result of vaccination will be of importance 
when investigating the effects of vaccination. 

Although many factors influence host -paras i te  relationships, the 
underlying feature of many of the important gastrointestinal nema- 
tode parasite infections of grazing livestock is basically a positive feed- 
back loop. The host ingests the infective stage of the parasite from the 
pasture; this stage matures and then produces new infective forms on 
the pasture that  are subsequently ingested by the host (Fig. 1). With- 
out intervention this would lead to an exponential increase in the 
parasite burden of an animal. However, this cycle is normally con- 

Immunity 
decreased establishment 
increased mortality rate 

Host Burden 

Pasture 
Contamination 

Adverse Weather 
increased mortality rate 

FIG. 1. Diagram of influences on helminth infections in livestock. 
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trolled, and can be manipulated, by a number of factors affecting both 
the parasite stages that are within the host and those that are on the 
pasture. These include the development of immunity to the parasite by 
the host, the treatment of the host with drenches that kill virtually all 
parasites within the host at the time of drenching, and the effects of 
both climate and pasture  management on the pasture stages of the 
parasite. 

The population dynamics of both host and parasite populations need 
to be considered when developing models to assess the effects of vac- 
cinating against helminth parasites of livestock. The duration of im- 
munity needed will differ for livestock kept for different purposes, with 
only relatively short-term immunity needed for meat lambs as com- 
pared to the longer term immunity that will be needed for breeding 
and wool-producing animals. The effects of combining vaccination with 
other control strategies such as drenching or pasture management will 
also need to be considered, particularly as some drenches have been 
shown to have immunosuppressive effects (Stankiewicz et al., 1996). 
Hence different models will need to be constructed for different pur- 
poses. Because we are focusing on highlighting special characteristics 
of the host's immune response to parasites, only those factors pertinent 
to the effects of host immunity on parasite population dynamics are 
discussed below. 

V. Host-Immunity and Population Dynamics of Gastrointestinal 
Nematode Infections 

A large number of studies have shown that the immunity of the host 
is influenced by the host's age, genotype, and sex, by the number of 
parasites that it has been exposed to, and by its nutritional status. Two 
major host population subsets are most susceptible to gastrointestinal 
nematode parasites. These are young animals that have not yet devel- 
oped an acquired immunity against the parasites, in particular young 
male animals, and periparturient females whose immunity to the 
parasite is reduced. The periparturient rise in helminth parasite eggs 
shed by the dams is often a major source of infection for young animals 
(Donald and Waller, 1973) and is also the principal means for the major 
livestock nematode parasites to survive during adverse weather condi- 
tions. Although young animals are separated from their dams at wean- 
ing and placed on relatively clean pasture, they have usually com- 
menced pasture consumption before this time and hence have already 
acquired worm burdens. These burdens result in contamination of the 
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"clean" pasture and consequently are an important source of infection 
for the weaned animals. 

A common property of helminth infections is that  of overdispersion 
of the parasite within the host population. That is, the majority of the 
host population parasite burden is carried by only a small proportion of 
hosts. This situation is characterized by a high variance to mean ratio, 
and is commonly represented by a negative binomial function defined 
by two parameters,  a mean and an exponent k. The hosts within a 
population with higher burdens are assumed to be those that  have 
genotypes that  render them more susceptible to the parasite. Another 
feature of livestock helminth infections is that  a threshold of exposure 
is needed before immunity develops. It is not known whether this 
exposure threshold is higher in the livestock that  are genetically sus- 
ceptible, or whether these animals just  mount a poorer immune re- 
sponse. It has also been found that  animals classified as resistant in 
response to infection at a young age are also more resistant in the 
periparturient period (Woolaston, 1992; Barger, 1993). 

In addition to the general properties of host -paras i te  relationships 
for gastrointestinal nematodes described above, each host -paras i te  
interaction is characterized by a number of features that  are particular 
to the species involved. It is likely that  the relative importance of 
different host immune mechanisms will vary for different parasites, 
and the methods by which the parasite at tempts to evade the host 
immune response will also vary between species. For example, the 
relative impacts of hypobiosis of L4 larvae and the dramatic effects of 
"self-cure" differ for Ostertagia and Haemonchus infections of sheep. 

VI. Development of a Simple Model for Vaccination 
against Haemonchus 

A simple model for predicting the effects of vaccination against H. 
contortus has been adapted from the model of Coyne and Smith (1994) 
for H. contortus infection in grazing lambs. This model contains the 
following assumptions: (1) constant fecundity of female worms; (2) de- 
creases in parasite establishment (immune exclusion) and changes in 
the morality rate of established worms as a consequence of the host's 
exposure to infection; (3) no arrested larvae; and (4) constant mortality 
and maturat ion rates for free-living stages. Simulation is started by 
setting both an initial pasture contamination level and an initial host 
parasite burden. The subsequent contamination level of the pasture is 
mainly determined by the number of eggs deposited onto the pasture 
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by the  host .  This  in t u r n  d e t e r m i n e s  the  infect ion r a t e  of the  host .  
Cont ro l  t r e a t m e n t s  such  as vacc ina t ion ,  u s ing  vaccines  of d i f fer ing 
efficacy, a n d  d r e n c h i n g  can be s u p e r i m p o s e d  onto the  model  to invest i -  
ga te  possible  outcomes  (Fig. 2). The  vacc ina t ion  d a t a  i nco rpo ra t ed  in 
the  model  a re  based  on the  k n o w n  effects of e x p e r i m e n t a l  vaccines ,  
w i t h  L3 l a rvae  be ing  t a r g e t e d  by the  H c - s L 3  vaccine and  adu l t  w o r m s  
by the  H l l  vaccine,  and  on h y p o t h e s e s  abou t  the  level and  d u r a t i o n  of 
hos t  i m m u n i t y  invoked  by the  p ro to type  vaccine  t h a t  can  be t e s t e d  in 

FIG. 2. Simulation of effects of vaccination against H. contortus in a grazing popula- 
tion of lambs. A larval vaccine giving 50 or 80% protection against larval forms and an 
adult vaccine giving 80% protection against adult forms are incorporated into the model: 
(a) initial worm burden = 100, vaccination after weaning, low pasture adversity; (b) 
initial worm burden = 100, vaccination prior to weaning, low pasture adversity; (c) 
initial worm burden = 100, vaccination after weaning, moderate pasture adversity; and 
(d) initial worm burden = 200, vaccination after weaning, low pasture adversity. 
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further vaccination trials. It is assumed that  the immunity induced 
through a combination of vaccination and natural  exposure lasts 
throughout the grazing season for lambs. This is likely to be true when 
a natural  antigen vaccine, such as Hc-sL3, is used where the response 
induced by vaccination is boosted by natural  infection. It is less likely 
to be true for "hidden" antigen vaccines where no significant boosting 
is expected. The use of "hidden" antigen vaccines may therefore re- 
quire additional strategies such as slow-release devices for antigen 
delivery to maintain high antibody responses throughout this time 
period. As expected, the model predicts that  the use of vaccines that  
confer higher levels of immunity will have greater effects than those 
conferring lower levels of immunity. It is also clear from this simple 
model that  the effect of vaccination procedures against larvae and 
adults will have different dynamics on worm populations. Further  
models could test the effect of a combined larval/adult  vaccine and of 
combining vaccination with different drenching or pasture rotation 
strategies. Note that  the behavior of this model is constrained by the 
formulas it uses that  relate both immune exclusion (modeled as a 
declining sigmoidal function) and parasite mortality (modeled as a 
linear function) to cumulative host experience of infective larvae and 
that  these formulas are likely to need modification. The usefulness of 
this model could be increased by incorporating elements representing 
a number of other features of host -paras i te  interactions such as aggre- 
gated parasite distributions, hypobiosis, altered duration of immunity, 
and the possibility of "self-cure." 

VII. Summary  

The large amount of scientific progress made in the last 5 years has 
allowed a more rational approach to the design of nematode vaccines to 
develop. Successful experimental trials have been published using two 
different approaches, one aiming to boost acquired host immunity 
through vaccination with natural  immunogens, the other affecting 
parasite viability by targeting parasite molecules crucial for nutrition 
or survival in the host. The individual or combined action of these two 
vaccination procedures will need to be evaluated with respect to their 
potential effects on animal health and productivity in the field. To this 
effect, more data are required concerning the level and duration of 
immunity of the vaccine-induced protection using acceptable adjuvant 
systems. In addition, the age at which vaccination is effective and the 
effect of vaccination on highly susceptible or temporarily immuno- 



254 ELS N. T. MEEUSEN AND JILLIAN F. MADDOX 

supressed  individuals  will need to be considered. In the  case of gastro-  
in t e s t ina l  nematodes ,  the  level of pa s tu re  con tamina t ion  wi th  infective 
l a rvae  is dependen t  on the  worm burdens  in the  host  an ima l  and,  in 
tu rn ,  affects the  bui ldup of n a t u r a l  res i s tance  in the  host. An apprecia-  
t ion of these  complex in te rac t ive  factors is best  achieved t h rough  
compute r  s imula t ion  models  us ing  the  powerful  s imula t ion  sof tware 
t h a t  has  recent ly  become available.  F u r t h e r  an ima l  t r ia ls  will need to 
be per formed to es tabl i sh  the  necessa ry  da t a  to incorporate  into the  
models  and  to adap t  the  model  outcomes to the  t r ia l  resul ts .  These  
epidemiologic and  s imula t ion  s tudies  should be pu r sued  in para l le l  
wi th  vaccine deve lopment  so t h a t  a be t t e r  apprec ia t ion  is ga ined of the  
r e q u i r e m e n t s  of a successful commercia l  vaccine. 
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I. Introduct ion  

Bovine mastit is  is the most costly disease to animal agriculture in 
the United States and much of the world (Bramley et al., 1996). The 
U.S. economic loss is estimated to be approximately $185/cow annually 
and the overall yearly cost of mastit is has been estimated in the bil- 
lions of dollars. These losses are primarily due to lower milk yields, 
reduced milk quality, and higher production costs. 

A number of problems are uniquely associated with vaccination of 
dairy cows for mastit is  (Anderson, 1978; Colditz and Watson, 1985; 
Yancey, 1993). One of these is that  mastitis, an inflammation of the 
mammary  gland, is usually an immune response of the gland to invad- 
ing microorganisms; that  is, the disease is the immune response. 
Therefore, specific enhancement  of the immune response through vac- 
cination might also exacerbate the disease. In addition, due to the 
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large volume of the udder there is dilution of the immune components 
such as specific immunoglobulin, lymphocytes, and phagocytes. Fur- 
thermore, the enormous surface area of the mammary epithelium 
makes immune surveillance difficult. Also, it is well documented that  
milk components have an inhibitory effect on phagocytic cells, making 
them less able to kill invading bacteria. Moreover, for many bacteria, 
with the notable exception of Streptococcus uberis (discussed later) the 
milk is an excellent growth medium. Another of these problems is that  
the number of mastitis pathogens are numerous and heterogeneous. 
Watts (1988) estimated that  there are more than 135 agents of bovine 
mastitis. Bovine mastitis is almost always caused by bacteria. 

Regardless of the numbers of different etiologic agents of mastitis, 
the majority of infections are caused by staphylococci, streptococci, and 
gram-negative bacilli. These are categorized as either contagious 
pathogens (e.g., Staphylococcus aureus, Streptococcus agalactiae, and 
Streptococcus dysgalactiae) or environmental pathogens (e.g., the coli- 
forms and S. uberis). Vaccine efforts for bovine mastitis have concen- 
trated mainly on these more common contagious and environmental 
pathogens. 

In addition to the problems associated with vaccination, the success 
of a mastitis vaccine is difficult to define. Should success be based on 
reduction in severity or frequency of clinical symptoms, prevention of 
new intramammary infections (IMIs), or elimination of existing IMIs 
(spontaneous cure rates)? Ideally, a successful vaccine would do all of 
these, but even the most successful mastitis vaccine, the core antigen 
vaccine for clinical coliform mastitis, only accomplishes a reduction in 
severity and frequency of mastitis. These and other issues are dis- 
cussed in this review. 

II. Vaccines for Contagious Pathogens 

A. STAPHYLOCOCCUS AUREUS 

Although S. aureus bacterins have been commercially available for 
many years, efficacy has not been proven in large, independent field 
trials, the data from which have been published in peer-reviewed jour- 
nals. One such commercial bacterin composed of a lysate of five isolates 
of different bacteriophage types was found to be effective in challenge 
models. Williams et al., (1975) found that  vaccinated cows had lower 
clinical scores, lower somatic cell counts (SCCs), and developed fewer 
cases of chronic staphylococcal mastitis than did nonvaccinated cows. 
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TABLE I 

EFFICACY OF S. AUREUS BACTERINS IN AN EXPERIMENTAL 

CHALLENGE MODEL a 

Number 

Spontaneous 
Treatment Cows Quarters New IMI cures (%) 

Bacterin 10 40 33 24 (73) b 
Protein A 10 40 29 24 (83)b 
Nonvaccinated 10 37 30 14 (47) 

aData from Pankey et al., 1985. 
bp < 0.025 compared to nonvaccinated controls. 

W i t h  th i s  s a m e  vaccine ,  t h e r e  w a s  a s ign i f ican t  i n c r e a s e  in  t h e  n u m b e r  
of s p o n t a n e o u s  cu res  in  cha l l enge  t r i a l s  by  P a n k e y  e t  a l . ,  (1985), al- 
t h o u g h  t he  r a t e  of  cl inical  m a s t i t i s  a n d  n e w  IMIs  w a s  u n a f f e c t e d  
t h r o u g h  t h r e e  l a c t a t i ons  (Table I). In  add i t ion ,  in th i s  t r i a l  t h e  SCC 
w a s  s ign i f i can t ly  lower  for t he  v a c c i n a t e d  g r o u p  c o m p a r e d  to t h e  con- 
t rol  g roup ,  e v e n  t h o u g h  mi lk  p r o d u c t i o n  wa s  no t  affected.  

A l t h o u g h  no t  p u b l i s h e d  in a p e e r - r e v i e w e d  j o u r n a l ,  P a n k e y  e t  al . ,  

(1983) also f o u n d  th i s  s a m e  b a c t e r i n  was  effect ive a t  i n c r e a s i n g  spon ta -  
n e o u s  cure  r a t e s  c o m p a r e d  to n o n v a c c i n a t e d  cont ro l s  in  a field t r i a l  in 
t h r e e  h e r d s  in  N e w  Z e a l a n d  (Table II). Again ,  t h e r e  w a s  no d i f fe rence  

TABLE II 

EFFICACY OF VARIOUS S. AUREUS VACCINES IN FIELD TRIALS 

Statistically significant (p -< 0.05) 
reduction in: 

Number of 
Study (reference) cows/herds Mastitis New IMI Old IMI SCC 

Pankey et al. (1983) 
Warson and Schwartzkoff (1990) 
Watson et al. (1996) 
Nordhaug et al. (1994a) 
Giraudo et al. (1997) 
Calzolari et al. (1997) 

201/3 N N Y NR 
582/5 Y Y NR NR 
1819/7 N(Y) a NR NR NR 
108/16 N N NR N 
30/1 Y Y NR N 

164/2 Y Y NR Y 

Key: N, no; Y, yes; NR, not reported. 
aSignificant reduction in the high prevalence herd. 
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in new IMIs. The results of these studies suggest that  while bacterins 
may not be efficacious when clinical mastitis or a new IMI is the prima- 
ry criterion, vaccination with certain bacterins may provide a manage- 
ment  tool to reduce the frequency of subclinical infections within a 
herd. 

Inclusion of staphylococcal toxoids and capsular or pseudocapsular 
materials in S. a u r e u s  vaccines has been a common strategy for a 
number  of years. Watson and his colleagues in Australia were the first 
to demonstrate the importance of inducing opsonic IgG2 subclass anti- 
body in protection against S.  a u r e u s .  Watson showed that  a vaccine 
composed of killed S. a u r e u s  that  had been cultured under conditions 
tha t  simulated in  v ivo  growth and induced a pseudocapsule, combined 
with staphylococcal toxoids, and a mineral oil/dextran sulfate adju- 
vant, provided statistically significant protection from clinical mastit is  
in dairy heifers experimentally challenged with different strains of S. 
a u r e u s  (Watson, 1992). Nickerson et  al.,  (1993), confirmed that  Wat- 
son's vaccine was effective in reducing new IMI in experimental chal- 
lenge studies. When this vaccine was tested in a blinded trial involving 
582 cows from five commercial dairies in Australia, the incidence of 
clinical mastit is and new IMI due to S. a u r e u s  was significantly re- 
duced (Watson and Schwartzkoff, 1990; Table II). In a more recent, 
larger field trial (1819 cows, 7 herds), Watson's group found that,  al- 
though the number of clinical and subclinical mastitis cases due to S. 
a u r e u s  was lower in the vaccinated groups (45 cases in vaccinates, 67 
in controls), these differences were not statistically significant across 
all herds (Watson et al.,  1996; Table II). In the herd with the highest 
prevalence of staphylococcal mastitis, however, vaccination did signifi- 
cantly reduce the incidence of clinical and subclinical mastitis due to S. 
a u r e u s  (Watson et al., 1996). 

In another recent placebo-controlled, multicenter field trial involv- 
ing 108 heifers, a vaccine was used that  contained killed whole cells 
with pseudocapsule and the ~- and ~-toxoids in a mineral oil adjuvant 
(Nordhaug et  al.,  1994a; Table II). While the incidence of clinical and 
subclinical S. a u r e u s  mastitis was numerically lower in the vaccinated 
group, 8.6 versus 16.0% for the control group, these differences were 
not statistically significant. The rates of S.  a u r e u s  IMI were also simi- 
lar among groups. While high concentrations of IgG2 isotype antibody 
to the pseudocapsule were obtained in the serum of these cows, the 
milk IgG2 concentrations were not significantly different from nonvac- 
cinates, a-Toxin neutralizing IgG1 isotype antibodies were found in 
both the milk and serum. The IgG~ neutralizing titer to ~-toxin was 
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significantly greater in the serum but not the milk, compared to non- 
vaccinates (Nordhaug et al., 1994b). 

A "combination vaccine" was recently evaluated in three commercial 
dairies in Argentina with a high incidence of staphylococcal mastitis 
(Calzolari et al., 1997; Giraudo et al., 1997; Table 2). This vaccine was 
composed of two different strains of S. aureus,  a crude capsular extract 
of S. aureus,  and one strain each of S. uberis and S. agalactiae,  in an 
aluminum hydroxide adjuvant. The vaccine provided statistically sig- 
nificant protection from clinical and subclinical mastitis due to S. au- 
reus in both heifers and cows compared to adjuvant-vaccinated con- 
trols. In addition, there was a significant reduction in IMI due to S. 
aureus.  There was no impact on IMI or mastitis due to Streptococcus 
spp. provided by this vaccine. It will be interesting to determine wheth- 
er this vaccine will be effective against S. aureus  in larger field trials. 

Vaccines for S. aureus  based on chemically linked conjugates of the 
type 5 capsular polysaccharide (CP5) or surface proteins such as the 
fibronectin-binding proteins and protein A have also been the subject 
of active investigation (Yancey, 1993). A conjugate of CP5 with oval- 
bumin administered in Freund's incomplete adjuvant to cows resulted 
in production of IgG2 isotype antibodies to CP5 (Gilbert et al., 1994). 
This is the antibody subtype in cows which has been reported to be 
important for opsonic activity. In a recent report the authors chemi- 
cally conjugated CP5 to a-toxin (Herbelin et al., 1997). Lactating cows 
immunized SC with a-toxin, a-toxin and CP5, or a-toxin coupled to 
CP5, in Freund's complete adjuvant, showed enhanced immune re- 
cruitment of activated neutrophils into the mammary gland. Vaccina- 
tion of dairy cows with protein A in Freund's complete adjuvant was 
found to increase the rate of spontaneous cures and to reduce the SCC 
(Table I), although no significant differences were noted in new IMI, 
milk production, or clinical mastitis (Pankey et al., 1985). Although 
fibronectin has never been conclusively shown to have a role in coloni- 
zation of the mammary gland by S. aureus,  the fibronectin-binding 
receptor on the surface of S. aureus  has been investigated as a poten- 
tial vaccine for mastitis (Flock, 1992; Mamo et al., 1994; Nelson et al., 
1991). Recombinantly produced fusion proteins of the fibronectin-bind- 
ing receptor reduced the severity of S. aureus - induced  mastitis in the 
mouse model and the incidence of clinical mastitis in a small number of 
dairy cows. While these results with capsule and surface receptors are 
exciting, none of these experimental vaccines have been shown to pro- 
vide protection in field trials. 

It is not obvious why the most recently tested bacterin (Calzolari et 
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al., 1997; Giraudo et al., 1997) should be more effective than the pseu- 
docapsule/toxoid-containing bacterins or experimental vaccines dis- 
cussed earlier. It may be simply that  all of these S. aureus vaccines are 
more effective statistically, in herds with a high prevalence of S. au- 
reus infection. It might also be that  selection of the strains of S. aureus 
or the adjuvants used with these vaccines were important variables in 
these studies. Sutra and Poutrel (1994) have suggested that  a vaccine 
for S. aureus-induced mastitis should contain capsular polysaccharide 
of the predominant bovine serotypes (5 and 8) coupled to purified sur- 
face proteins (e.g., the fibronectin receptor or protein A) and/or ~- and 
~-toxin. Based on additional studies (Colditz and Watson, 1985; Her- 
belin et al., 1997), these antigens should be provided in an adjuvant 
and/or by a route of administration that  induces IgG2 opsonic antibody 
and provides for rapid recruitment of immune-activated neutrophils. 
Nonetheless, it appears that  S. aureus vaccines require more work 
before they are ready for large-scale application. 

B. STREPTOCOCCUS AGALACTIAE 

For S. agalactiae, vaccine research has been less prodigious. Immu- 
nization of cows with formalin-killed S. agalactiae cells has not been 
protective (Calzolari et al., 1997; Giraudo et al., 1997; Mackie et al., 
1983). Poutrel, Rainard, and their colleagues have studied a surface 
antigen that  is present on many bovine streptococci, the X-protein, as a 
potential protective immunogen (Rainard and Poutrel, 1991; Rainard 
et al., 1994, 1995). They found that  antibody raised in cows to this 
antigen was opsonic for S. agalactiae (Rainard et al., 1994, 1995) and 
enhanced phagocytosis of S. agalactiae. Also, these researchers found 
that  the group B capsular polysaccharide, when conjugated to a pro- 
tein such as ovalbumin, induced opsonic antibody (Rainard, 1992). 
X-protein may also be coupled with the group B capsular polysac- 
charide to enhance the protective response to both immunogens (Rain- 
ard and Poutrel, 1991). However, no efficacy trial data in cows have 
been published yet with those antigens as vaccines. 

C. OTHER CONTAGIOUS PATHOGENS 

Little success has been reported with vaccination against other con- 
tagious agents such as S. dysgalactiae or Mycoplasma spp. While S. 
dysgalactiae is usually classified as an environmental pathogen, effec- 
tive control of this agent by teat disinfection and dry cow therapy 
makes it more properly classed as a contagious pathogen (Bramley, 
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1997; Oliver et al., 1997). While a number of potential virulence factors 
of this streptococcal species have been identified that might serve as 
protective antigens (Oliver et al., 1997), few vaccination studies have 
been published (Stark and Norcross, 1970). A formalin-killed vaccine 
ofMycoplasma bovis was found not to prevent infection or milk produc- 
tion changes by M. bovis upon experimental challenge of lactating 
cows. The quarters of the vaccinated animals did resolve infections 
sooner than the control cows, although the SCC of these cows remained 
high and milk production was severely reduced in the challenged quar- 
ters (Boothby et al., 1986a,b). 

llI. Vaccines for Environmental Mastitis Pathogens 

A. STREPTOCOCCUS UBERIS 

With S. uberis, previous exposure does provide resistance to infec- 
tion, at least with the homologous strain (Hill, 1988). Nonetheless, 
simple bacterins fail to provide protection in the field against this 
important environmental pathogen (Calzolari et al., 1997; Giraudo et 
al., 1997). 

Studies at the Institute for Animal Health in Compton, United King- 
dom, have shown that both killed and especially live vaccines provide 
protection against experimental challenge; however, protection oc- 
curred against challenge only with the homologous strain (Finch et al., 
1994, 1997; Leigh, 1997). The investigators concluded that protection 
did not correlate with the presence of either milk or serum opsonizing 
antibody and that the appearance of neutrophils in the milk (increased 
SCC) did not reduce the numbers of S. uberis in a quarter as it does for 
coliform mastitis. Leigh (1997) hypothesized that interference with 
bacterial colonization or growth within the gland may have provided 
the protection from clinical mastitis seen in these studies. To further 
evaluate this hypothesis, the Compton group has investigated the role 
of the plasminogen activator, PauA, as a protective antigen for S. 
uberis- induced mastitis. PauA is an extracellularly secreted enzyme of 
approximately 30,000 kDa which is specific for bovine and ovine plas- 
minogen. The production of this enzyme and activation of plasminogen 
to plasmin in the milk may facilitate growth of S. uberis by providing to 
this auxotrophic organism necessary amino acids and peptides. (Leigh, 
1994; Fig. 1). 

Leigh (1997) recently reported challenge-infection experiments in a 
small number of lactating cows using 100 ~g of partially purified PauA 
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FIG. 1. Possible role of PauA for S. uberis in the milk. PauA, which is released from S. 
uberis into the milk as a soluble enzyme, activates bovine plasminogen to plasmin. 
Plasmin cleaves milk proteins such as casein providing peptides and amino acids neces- 
sary for growth of S. uberis. 

as the antigen (Table III). PauA was administered with either incom- 
plete Freud's adjuvant (IFA) or an experimental adjuvant containing 
an oil-in-water emulsion (SB62). Cows were vaccinated subcutane- 
ously (SC) either five times (IFA) or two times (SB62) and challenged a 
few weeks after final vaccination with virulent S. uberis in one or two 
of four quarters of each cow. In the SB62 adjuvanted group, significant 
protection against clinical mastitis was obtained and the majority of 
quarters cleared the infections. Since the PauA was isolated from a 
different strain than the challenge strain, the partially purified PauA 
provided heterologous strain protection in this trial. It was recently 
determined that  the pauA genes from two strains of S. uberis, one from 
the United States and one from the United Kingdom, had over 99% 
sequence identity, suggesting that  this antigen is highly conserved 
across strains (E. L. Rosey, R. J. Yancey, and J. A. Leigh, unpublished 
data, 1997). Whether highly purified PauA will provide protection in 
natural  infection trials remains to be determined. 

B. CLINICAL COLIFORM MASTITIS 

One of the major advances in the control of environmental mastitis 
in the United States has been the introduction of core antigen vaccines 
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TABLE III 

EFFECT OF VACCINATION WITH PARTIALLY PURIFIED PAuA ON S. UBERIS-INDUCED 

CLINICAL MASTITIS IN MID-LACTATION DAIRY C o w s  a 

Quarters with: 
Number of Percent 

Group Adjuvant cows Clinical mastitis Spontaneous cures protection 

Control None 5 9/9 0/9 0 
PauA IFA b 4 5/8 3/8 37.5 
PauA SB62 c 4 3/8 5/8 62.5 d 

aData from Leigh, 1997. 
bIFA, incomplete Freund's adjuvant, 100 ~g PauA per dose, five SC immunizations. 
cSB62, experimental adjuvant, 100 ~g PauA per dose, two SC immunizations. 
dp< 0.05 based on reduction of clinical mastitis compared to controls. 

for clinical coliform mastitis (CCM). The core antigen vaccines are 
bacterins composed of Escherichia coli or Salmonella spp. strains 
which have lesions in their ability to produce complete lipopolysac- 
charide (LPS), resulting in rough (R) mutants. The most studied of 
these strains is E. coli J5, a genetically stable Rc mutant  of E. coli 
Oll l :B4,  and Re-17, a rough mutant  of Salmonella typhimurium.  
These organisms have an exposed LPS core region that  induces anti- 
body that  is cross-reactive with most gram-negative bacteria, espe- 
cially during periods of active growth (Tyler et al., 1990). Core antigen 
bacterins provide protection against the multiple serotypes ofE. coli as 
well as other genera and species of gram-negative bacteria which cause 
CCM. Several field studies have shown these core antigen bacterins to 
be effective in reducing the number of cases of CCM in herds (Cullor, 
1991, 1993; Hogan et al., 1990, 1992a; Gonz~lez et al., 1989, 1995; 
McClure et al., 1994; Table IV). The mean percentage reduction of 
CCM from five field trials using J5 bacterins and one trial using a S. 
typhimurium Re-17 bacterin was 55% (Table IV). If the two-dose Salmo- 
nella bacterin study was eliminated from this analysis, the mean re- 
duction provided by J5 bacterins was 65%. Whether the Re-17 core 
vaccine is less efficacious than the J5 bacterins has yet to be shown in 
published trial data. 

It was observed that  while the core antigen vaccines do not always 
reduce the incidence of new coliform IMI at calving (there was a reduc- 
tion in new coliform IMI in the first year, but not year 2 of the study), 
the percentage of quarters which develop CCM when IMI occur was 
significantly lower in the vaccinated cows (Hogan et al., 1990, 1992a). 



2 6 6  ROBERT J. YANCEY, JR. 

TABLE IV 

EFFICACY OF CORE ANTIGEN VACCINES AT REDUCING CLINICAL COLIFORM MASTITIS (CCM) 
IN FIELD TRIALS 

No. No. No. of 
Study Vaccine of of cases Incidence Reduction 

(reference) type Group doses cows of CCM (%) (%) 

Gonz~les et al. J5 a Control 0 227 29 12.8 80 
(1989) Vaccinates 3 233 6 2.6 

Cullor (1991) J5 Control 3 229 25 10.9 70 
Vaccinates 3 212 7 3.3 

Cullor (1993) J5 Control 3 421 48 11.4 65 
Vaccinates 3 424 17 4.0 

Hogan et al. J5 Control 0 112 9 8.0 78 
(1990, 1992a) Vaccinates 3 113 2 1.8 

Gonz~les et al. J5 Control 0 60 27 45.0 72 
(1995) Vaccinates 3 180 23 12.8 

McClure et al. Re-17 b Control 0 646 90 13.9 41 
(1994) Vaccinates 2 646 53 8.2 

MEAN Core Control 1 283 38 13.4 55 
Vaccinates 2.8 301 18 6.0 

aE. coli strain J5. 
bSalmonella typhimurium strain Re- 17. 

The exact mechanism whereby vaccination with core antigen vaccines 
protects dairy cows has yet to be determined. 

A partial  budget analysis of vaccinating cows against CCM with the 
J5 vaccine concluded tha t  when >1% of cow lactations resulted in 
CCM, increased profits of $57/cow lactation could be obtained (De- 
Graves and Fetrow, 1991). This resulted in a 1700% re turn  on invest- 
ment  from the J5 vaccination program as used in this model. 

In contrast to the results of field trials, challenge trials have not been 
as successful in demonstrat ing the efficacy of J5 vaccines. Hill (1991) 
found tha t  vaccination with J5 would not protect cows from a virulent 
s train of E. coli. Others have since demonstrated that  challenge mod- 
els can be used to demonstrate differences between vaccinated and 
nonvaccinated animals, but the differences between groups are usually 
small (Hogan et al., 1992b, 1995). It was also found in one study tha t  
changes in management  practices can minimize differences afforded 
by J5 vaccination (Hogan et al., 1992a). Additionally, a recent study 
showed tha t  vaccination of cows during lactation can cause a signifi- 
cant, short-term reduction in milk production (Musser and Anderson, 
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1996). Most of the manufacturers of core antigen vaccines, however, 
recommend vaccinating cows during the dry period, a time when milk 
production would not be affected. While the core antigen vaccines are 
not a magic bullet for CCM, they do provide the dairy producer with a 
valuable tool. 

IV. Diagnostic Methods 

For diagnosis of clinical mastitis, the eyes and hands of the milker 
are a sensitive enough tool to assess milk quality and udder appear- 
ance. However, for subclinical mastitis, the mainstay diagnostic meth- 
ods are assessment of the SCC and bacterial culture (Bramley et al., 
1996; Kitchen, 1981; Mackie, 1994). 

The SCC is assessed at the bulk tank and at the cow level. At cow 
side, the SCC can be estimated by detergent-based tests such as the 
California Mastitis Test or the Wisconsin Mastitis Test. More quantita- 
tive SCCs are commonly obtained by automated electronic cell count- 
ing methods such as those employed by the Dairy Herd Improvement 
Association (DHIA) (Bramley et al., 1996; Kitchen, 1981). Detection of 
subclinical mastitis and early detection of clinical mastitis has been 
facilitated by measuring changes in electrical conductivity of the fore- 
milk. While the methodology and equipment are not yet ready for 
commercial application, this early detection procedure has been shown 
to enhance cure rates and reduce the time required for return to nor- 
mal milk when coupled with appropriate antimicrobial therapy (Mil- 
ner et al., 1996, 1997). Various other assays have been used to identify 
subclinical mastitis and the NAGase test (Kitchen, 1981; Mattila et al., 
1986) and chloride ion concentration tests have been the more com- 
monly used of these assays (Bramley et al., 1996; Kitchen, 1981; Mackie, 
1994). However, these assays at present are primarily suited to a re- 
search setting. 

Pathogen diagnosis can rely on standard procedures (Harmon et al., 
1990) or a commercial identification system (Watts and Yancey, 1994). 
To rapidly detect coliform mastitis the chromogenic limulus amebocyte 
lysate test, sold commercially as the Limast | test, has been used pri- 
marily in Europe (Hakogi et al., 1989; Keefe and Leslie, 1997). Recent- 
ly, a rapid bacteriologic test system, the HyMast | test, was introduced 
to rapidly allow decisions for clinical mastitis therapy (Jansen et al., 
1997; Keefe and Leslie, 1997). This test consists of a vial with a screw- 
top cap to which is attached a paddle with media selective for coliforms 
or gram-positive bacteria embedded on either side. The vial is filled 
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with an aseptically collected milk sample, the cap with its paddle is 
replaced, and the vial is inverted to inoculate the media. The milk is 
discarded and the vial with its inoculated paddle is incubated for 8-12 
hours and again for 24 hours, at which times it is bacteriologically 
evaluated. Growth on the gram-positive selective side indicates that  
the quarter  should be treated immediately with an appropriate gram- 
positive active, commercial antibiotic therapy. Growth on the coliform 
selective side or no growth indicates no antimicrobial therapy should 
be used (Jensen et al., 1997). 

An ELISA assay, the Prostaph 1TM test has been used for diagnosis 
of staphylococcal mastitis through detection of S. aureus-speci f ic  anti- 
body. The sensitivity and specificity of the test has been determined to 
be 60-73% and 61-97%, respectively, depending on the study (Hicks et 
al., 1994; Snoep et al., 1995; Watts et al., 1992). While the test is 
convenient to screen for S. aureus  in a herd, it is most accurate at 
detecting uninfected rather  than infected animals (Watts et al., 1992). 

Various typing systems have been used to identify isolates. These 
systems have been used as valuable tools in epidemiologic studies for 
mastitis pathogens. Biotyping, phage typing, DNA fingerprinting, and 
16S rRNA probes have been used to differentiate or follow strains of 
mastitis pathogens (Aarestrup and Jensen, 1996; Hill and Brady, 
1989; Hill and Leigh, 1989; Hillerton, 1997; Jayarao et al., 1991). How- 
ever, again, these assays at present are primarily suited to a research 
setting. 

V. Summary 

A number of problems are uniquely associated with vaccination of 
dairy cows for mastitis. One of these is that  the number of mastitis 
pathogens is numerous and heterogeneous. Vaccine efforts have con- 
centrated mainly on the major mastitis pathogens. While at least one 
S. aureus  bacterin has been commercially available for a number of 
years, no large-scale, independent field trials have been published in 
refereed journals which support the efficacy of this vaccine. Experi- 
mental  vaccines for S. aureus  composed of pseudocapsule-enriched 
bacterins supplemented with a- and/or ~-toxoids appear promising, 
but none of these has been commercialized. With S. uberis, some pro- 
tection against homologous strain challenges was reported recently 
with a live strain and a bacterin, but other data from the same labora- 
tory showed this vaccine would not protect against heterologous chal- 
lenge strains. At this time there is only one highly effective vaccine for 
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mastitis,  the core-antigen vaccine for coliform mastitis.  All of the com- 
mercially available vaccines for this indication are bacterins of rough 
mutan ts  of E. coli strain J5 or Salmonella spp. Prel iminary success 
with an experimental vaccine based on the plasminogen activator of S. 
u b e r i s  is a ve ry  d i f fe ren t  a p p r o a c h  for a m a s t i t i s  vaccine.  Li t t le  success  
h a s  been  r e p o r t e d  w i th  vacc ina t ion  a g a i n s t  o the r  m a s t i t i s  pa thogens .  
For  d iagnos t ic  me thods ,  the  h igh  somat ic  cell count ,  as m e a s u r e d  by 
di rect  count  or ind i rec t  a s says ,  r e m a i n s  the  co rne r s tone  of m a s t i t i s  
d iagnosis .  However ,  for subcl inical  mas t i t i s ,  bac t e r i a l  cell cu l tu re  is a 
re l iab le  d iagnos t ic  me thod .  P a t h o g e n  ident i f ica t ion  m a y  re ly  on older  
b iochemica l  t e s t i n g  m e t h o d s  or n e w e r  commerc i a l  iden t i f ica t ion  sys- 
t ems ,  d e p e n d i n g  on the  l abo ra to ry  budget .  E L I S A  a s s a y s  also h a v e  
been  used  to a s ses s  h e r d  infect ion s t a tus .  Epidemiologic  s tud ies  h a v e  
used  D N A  f i n g e r p r i n t i n g  and  r ibotyping,  bu t  none  of t he se  m e t h o d s  
ha s  ye t  p roduced  an  eas i ly  u t i l ized  commerc ia l  fo rmat .  W i t h i n  the  nex t  
decade,  add i t iona l  efficacious vaccines  for severa l  of the  m o s t  common  
a g e n t s  for bovine m a s t i t i s  a re  likely. A rev iew w r i t t e n  a t  t h a t  t ime  t h e n  
can  be more  fact  t h a n  fiction. 
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I. I n t r o d u c t i o n  

If an effective strategy for immunization is to be developed, we must 
develop an in-depth knowledge of the immune system of the target 
species and the means to analyze the responses at the cellular and 
molecular level. The importance of the cellular collaboration between 
particular antigen-presenting cells (APCs) in the initiation of naive 
T-cell responses and the subsequent direction and regulation of the 
specific T-cell response is appreciated, if not fully understood, at the 
molecular level. Specific T-cell responses in naive animals are induced 
by the presentation of processed antigen presented in the context of 
MHC class I or class II stimulating CD8 + and CD4 + T cells. The 
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cytokines produced by the responding T cells have differing effects and 
the bias of the T-cell cytokine response can be affected by interactions 
between the microbe, its antigens, the local microenvironment, the 
APC, and other cells not acting in a cognitive manner. The purpose of 
this paper is to summarize some of the information that relates to 
cattle T-cell function in vitro and in vivo and the properties of dendritic 
cells, since these cells are pivotal in the stimulation of naive T cells. 

II. Identification of the Major T-Cell Populations in Cattle 

The major T-cell populations in cattle have been identified with mono- 
clonal antibodies (mAbs) to differentiation antigens expressed by the 
cells produced and characterized in the laboratories of origin or within a 
series of international workshops that  have been held. The nomencla- 
ture used follows the human CD nomenclature where there is sufficient 
evidence to conclude that the homologous molecule is being identified in 
cattle and humans. If human CD homologs are not evident WC (work- 
shop cluster) numbers were assigned to the mAb and molecules recog- 
nized. Thus cattle leukocytes are defined in terms of the CD or WC 
antigens expressed (Howard et al., 1991a; Howard and Naessens, 1993; 
Naessens and Hopkins, 1996; Naessens et al., 1996, 1997). 

In blood three major populations of T lymphocytes are identified as 
being either a~ TCR +, CD3 +, CD2 +, CD6 + CD4 + (MHC class II re- 
stricted) or ~ TCR +, CD3 + CD2 +, CD6 +, CD8 + (MHC class I re- 
stricted) or ~/8 TCR +, CD3 +, CD2-, CD6-, CD4-, CD8-, WC1 +. Thus, 
the major T-cell populations can be identified by expression of CD4 or 
CD8 or WC1. However, further minor populations are evident within 
peripheral blood mononuclear cells (PBMCs) that  do not fall within 
this simple categorization and this simple scheme does not apply to T 
cells in tissues. For example, CD8 + T cells that  are ~/8 TCR + are evi- 
dent as a minor subset of CD8 + T cells in blood but a major subset in 
the intestinal epithelium; similarly, the WC1 antigen is not present on 
the major ~/8 TCR + population in the spleen of calves (Clevers et al., 
1990; Hein and Mackay, 1991; Wyatt et al., 1994, 1996). This is clearly 
important when assessing changes in T-cell populations in (1) tissues 
(2) following activation (3) in response to infection. 

III. Role of Different T-Cell Populations i n  V i v o  

A question, asked in relation to specific infections, that  is central to 
vaccine design is whether a particular T-cell population is primarily 
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responsible for recovery from infection or immuni ty  to reinfection. Dif- 
ferences between different infections would influence the appropriate 
strategy selected for immunization. One way in which it is possible to 
analyze this in cattle is to use mAb to specifically deplete part icular 
T-cell populations and to determine the effect on immune responses 
and infection. Our investigations have shown tha t  depletion of CD8 + 
cells but  not CD4 + or WC 1 + cells has a profound effect on the ability of 
calves to recover from respiratory syncytial virus (RSV) infection. This 
indicates a central role for MHC class I restricted CD8 + T cells, and by 
analogy with other species' cytotoxic T-cell responses, in recovery (Tay- 
lor et al., 1995). In contrast, depletion of CD4 + T cells resulted in a 
prolonged viremia and nasal shedding following challenge with bovine 
virus diarrhea virus (BVDV) (Howard et al., 1992). This was even more 
pronounced if the dose of CD4 mAb was increased (Fig. 1), resulting, in 
the example shown, in a viremia lasting 28 days and nasal shedding 53 
days postinfection compared to the 14 or 7 days noted in normal 
gnotobiotic calves of the same age (Howard et al., 1992). The appear- 
ance of neutralizing antibody was delayed following CD4 depletion and 
its appearance in serum coincided with the disappearance of viremia. 
However, nasal shedding persisted after the appearance of antibody 
(Fig. 1). Thus, neutralizing antibody dependent on T-cell help, activa- 
tion of other effector mechanisms, or a direct antiviral effect of the 
CD4 + T cells could be playing greater or lesser roles at different sites 
within the animal. A lesser effect of depletion noted with rotavirus 
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FIG. 1. Prolonged viremia and nasal shedding of BVDV after in vivo depletion of CD4 
T cells by intravenous inoculation of mAb. Inoculations of about 25 mg of mAb CC8 were 
given daily for first 8 days. Intranasal inoculation with BVDV strain Pe515nc. m, virus 
titer in blood;., virus in nasal swabs; A, neutralizing antibody titer. 
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(Oldham et al., 1993) may have resulted from incomplete depletion in 
the gut epithelium compared to the blood. Studies of Trypanosoma 
congolense (Sileghem and Naessens, 1995) indicated that in contrast to 
the results from a mouse model, CD8 + T cells did not play a major role 
in immunity in cattle. 

IV. Identification of Subpopulations of CD4 and CD8 T Cells 
that Differ in Function 

CD4 + and CD8 T + populations in blood and other tissues are not 
homogeneous and differences in expression of surface molecules be- 
tween T-cell subsets is related to their functional differences. The ob- 
jective of an immunization strategy should be to produce an appropri- 
ate type of T-cell response, a CD4 T-cell response that is biased toward 
a Thl- or Th2-type cytokine pattern depending on what is appropriate 
for combatting a particular pathogen. 

Both the CD4 and CD8 T-cell populations can be divided into subsets 
based on expression of different isoforms of the leukocyte common 
antigen, CD45. Three-color flow cytometry (FCM) showed that  most 
CD4 and CD8 cells express either the high molecular weight isoform 
(CD45R) or the low molecular weight isoform (CD45RO) and a few 
expressed both (Fig. 2). In vitro proliferation assays with CD4 + T cells 

FIG. 2. Dot plots showing three distinct subpopulations of CD4 + and CD8 + T cells. 
Bovine (Bos taurus) peripheral blood mononuclear cells (PBMCs) were stained with mAb 
IL-All6  (CD45RO), CC76 (CD45R) and CC30 (CD4), or CC58 (CD8) in three-color flow 
cytometry. The dot plots show gated CD4 cells (left) and gated CD8 cells (right) and 
demonstrate three distinct subpopulations--those that  are CD45RO-, CD45R + (upper 
left quadrant), CD45RO +, CD45R + (upper right), and CD45RO +, CD45R- (lower right). 
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involving Trypanosoma brucei, RSV, or ovalbumin showed that  resting 
memory T cells were within the CD45R- and CD45RO + subset (Bem- 
bridge et al., 1995; Howard et al., 1991b). However, when the CD4 +, 
CD45RO +, CD45R + population as well as the CD4 +, CD45RO +, 
CD45R- and the CD4 +, CD45RO-, CD45R + subsets were assessed, 
both of the CD45RO + populations responded (unpublished). Thus 
memory CD4 T cells are CD45RO +, CD45R- and CD45RO +, CD45R + 
while naive CD4 T cells are CD45RO-, CD45R +. 

These differences in CD45 isoform expression are related to cytokine 
synthesis. An analysis of the CD4 +, CD45RO + and CD4 +, CD45RO- 
populations by reverse transcriptase polymerase chain reaction (RT- 
PCR) showed that  there were transcripts for interleukin 2 (IL-2) in 
both the RO + and RO- subsets but that  transcripts for interferon 
(IFN-~) and IL-4 were only in the RO + subset (Bembridge et al., 1995). 
Thus, resting memory CD4 T cells are capable of rapidly synthesizing 
cytokines that  are not produced by naive cells in the same time. An 
analysis of cytokine production by cytoplasmic staining with mAb re- 
vealed further differences between the subsets (Fig. 3). Following acti- 
vation of cattle PBMC with PMA/ionomycin, in a manner similar to 
that  described for mice (Openshaw et al., 1995), 18% of CD4 cells 
expressed cytoplasmic IFN-~]. These cells were within the CD45RO + 
and CD45R + populations. However, only 1-2% of the CD4 + T cells 
stained with mAb to IL-4, a percentage similar to that  seen with hu- 
man PBMC. All IL-4 + cells were within the CD45RO + population (Fig. 
4). Thus, it appears that  IFN-~] is produced mainly by the CD45RO +, 
CD45R + and CD45RO +, CD45R- CD4 + T cells but IL-4 only by the 
CD45RO +, CD45R- CD4 + T cells. Salmon et al. (1994) showed that  
with more rounds of stimulation naive T cells initially produced IFN-~ 
and subsequently IL-4 as they ceased synthesis of IL-2 and became 
susceptible to apoptosis. This may relate to these observations al- 
though it does not fit the concept that  the different cytokine bias is a 
result of the type of stimulation. The findings of Powrie et al. (1994) 
may also be of relevance. In this case CD45RB + and CD45RB- T cells 
in mice differed in production of IL-4 and this was related to pathology 
or immunity in passive transfer experiments. 

Although subsets of CD8 T cells were also evident based on CD45 
isoform expression, cytolytic precursors evident in PBMC after immu- 
nization with Theileria parva  were not in a particular subset (Bem- 
bridge et al., 1995; Howard et al., 1991b). These cells are clearly the 
progeny of cells that  have experienced antigen and can be considered 
as memory cells. Consequently, for CD8 T cells memory does not relate 
to CD45 isoform expression. However, an analysis by cytoplasmic 
staining with mAb showed that  after activation 19% stained for IFN-~ 



280 HOWARD et al. 

FIG. 3. Density plots showing cytokine staining in subpopulations of bovine peripheral 
blood mononuclear cells (PBMCs). PBMCs were cultured in the presence of 50 ng/ml 
PMA (phorbol 12-myristate 13-acetate), 1 ~g/ml ionomycin, and 10 ~g/ml brefeldin A for 
5 hours. The cells were stained with mAb CC8 (CD4), CC58 (CD8), or IL-A116 
(CD45RO), fLxed in phosphate-buffered saline (PBS) containing 1% w/v parafor- 
maldehyde, permeabilized in Permeabilisation Solution TM (Becton Dickinson) then 
stained with mAb 11C12 (IL-4) or 6H5 (IFN-~/). The two-color staining demonstrates 
that most IL-4 + cells were CD4 + and that  no CD8 + cells produced IL-4 (A and C). IFN-% 
however, was synthesized by both CD4 + and CD8 + cells (B and D). IFN-~ was produced 
mainly by cells expressing CD45RO but production of IL-4 was entirely within the 
CD45RO + cells (E and F). 

(Fig. 4). Because most of the IFN-~/producing cells were CD45RO + it is 
likely that early synthesis of IFN-~/after stimulation is predominantly 
by the CD8 RO + cells. 

An explanation of these observations is that following activation 
naive CD4 and CD8 T cells change from being CD45RO- to CDRO +. 
Thus, this change relates to activation of naive T cells. Memory CD4 + 
T cells in PBMC remain CD45RO + while some CD8 + T cells return to 
being CD45RO- If expression of CD45RO is regarded as relating to 
the activation state of the cell, then an interpretation is that CD4 cells 
after experiencing antigenic stimulation remain partially activated 
but not all CD8 T cells do. Hence CD45RO expression coincidentally 



T-CELL RESPONSES AND THE INFLUENCE OF DENDRITIC CELLS 281 

FIG. 4. Histograms showing the phenotype of (A) IL-4 and (B) IFN-~ positive cells in 
PBMCs. The y axis indicates the percentage of (A) IL-4 or (B) IFN-~/positive cells that 
also stain for the cell surface marker indicated on the x axis. (Cell culture and staining 
methods are summarized in the Fig. 3 legend.) 

relates to memory  for CD4 T cells but  not CD8 T cells. In fact, evidence 
has  been put  forward indicating tha t  some memory  CD4 T cells are 
CD45RO- and require a higher  level of s t imulat ion to induce prolifera- 
tion than  do CD45RO + memory  cells (Pilling et al., 1996). 

The innovative studies on the recirculation of T cells in sheep (Mac- 
kay, 1991; Mackay et al., 1990, 1992) showed tha t  CD4 and CD8 T cells 
in PBMC were CD45R + and CD45R-  (a mAb reactive with CD45RO 
was not available at tha t  time). For  CD4 T cells the CD45R + subset  
was shown to be naive based on proliferation assays. Efferent lymph 
contained predominant ly  CD45R + cells and afferent lymph CD45R-  
cells. The selective recirculation of memory  T cells to t issues was pro- 
posed and subs tan t ia ted  in a number  of publications in sheep and 
mice. A comparison of blood, pseudoafferent  lymph, and gut-derived 
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lymphocytes of cattle (Table I) similarly shows selective recirculation 
of CD45RO + CD4 and CD8 T cells to the body surfaces. 

V. Activation Requirements and Function of T8 T Cells  

As has been noted in a number of publications, ruminant blood, in 
particular when taken from young animals, contains a high proportion 
of ~/8 T lymphocytes (Table I) (Clevers et al., 1990; Hein and Mackay, 
1991; Mackay and Hein, 1991; Wyatt et al., 1994). Most of these ~/8 T 
cells in blood express the WC1 antigen and the majority of functional 
studies have been with this WC1 + population, which appears to selec- 

TABLE I 

THREE-COLOR FLOW CYTOMETRIC ANALYSIS OF CD45 ISOFORM EXPRESSION 
BY CATTLE T CELLS a 

Percentage of cells expressing the high 
and low Mr isoforms of CD45 

T-cell CD45RO- CD45RO+ CD45RO+ 
subset CD45R + CD45R + CD45R-  Cell population examined 

CD4 61_+3 10_+2 29___5 
31_+23 9_+1 60_+22 
39_+13 12_+3 49_+15 

1_+1 2_+1 96_+1 
CD8 70_+6 12_+3 18_+7 

50_+36 16_+3 34_+35 
55_+7 20_+4 25_+4 

9_+3 19_+7 72_+10 
WC1 <1 5_+3 95-+3 

<1 3-+2 97_+2 
1_1 3+_1 97-+1 
ng ng ng 

2- to 5-Month-old calves PBMC 
Afferent lymph 
Adult cattle PBMC 
Adult cattle gut epithelium 
2- to 5-Month-old calves PBMC 
Afferent lymph 
Adult cattle PBMC 
Adult cattle gut epithelium 
2- to 5-Month-old calves PBMC 
Afferent lymph 
Adult cattle PBMC 
Adult cattle gut epithelium 

aThe figures are the means of three animals _ SD and are the percentage of cells 
within the CD4, CD8, or WC1 populations that  were CD45RO-, CD45R +, or CD45RO +, 
CD45R +, or CD45RO +, CD45R-. ng, not given, the percentage of W C I +  cells in the 
intestinal epithelium from adult cattle was too low to get meaningful values. PBMC from 
2- to 5-month-old calves and adult cattle >3 years old were examined as well as pseu- 
doafferent lymph from 2- to 5-month old calves and gut epithelium from adult cattle. 
Three-color immunofluorescent staining was with mAb to CD4, CD8, or WC1 together 
with mAb to the high Mr isoform, CD45R; mAb CC76, and the low Mr isoform, CD45RO; 
mAb IL-Al l6  (Bembridge et al., 1995; Howard et al., 1991b, 1997). 
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tively recirculate from blood to skin (Mackay et al., 1990, 1992) and has 
been shown to be thymus dependent (Hein et al., 1990). A cDNA encod- 
ing the WC1 antigen was cloned and sequenced and the molecule 
shown to be a member of the scavenger receptor family with no clear 
human or rodent homolog (Clevers et al., 1990). More recent studies in 
ruminants  (Kirkham et al., 1997; Takamatsu et al., 1997) have report- 
ed that  the molecule provides a negative signal that  reduces prolifera- 
tion. This, together with the finding that  the WC 1 antigen is actually a 
family of molecules produced by a cluster of up to 50 genes that  are 
differentially expressed on WC1 + cells (Walker et al., 1994; Wijngaard 
et al., 1992-1994) implies some specificity in ligand binding and possi- 
bly control of expansion or effector function by these cells. 

The function of WC1 + ~/8 T cells has not been established and it is 
possible that  the high proportion present in ruminant  blood is a conse- 
quence of a biochemical event occurring around gestation rather  than 
indicating a selective advantage. However, the high numbers of these 
cells in PBMC has enabled resting cells from blood to be isolated and 
their activation requirement and possible role in immunity investi- 
gated. The WC1 cells do not synthesize CD28 transcripts, which is 
considered to be a major costimulatory molecule on ~ TCR + cells. 
Thus, the established mechanism of stimulating T cells involving one 
signal through the TCR and one through CD28 cannot be used (How- 
ard et al., 1996). However, CD25 is expressed by WC1 + T cells in 
PBMC and an in vitro model using parasite transformed monocytes 
has shown that  the WC1 cells will proliferate to two signals, one from 
the surface of a transformed monocyte and one from a cytokine medi- 
ated by CD25 (Collins et al., 1996). That it is the TCR providing one 
signal has not been established in this model but since Concanavalin-A 
and IL-2 will stimulate proliferation (Clevers et al., 1990) it is likely. 
Investigations using the autologous MLR indicate that  the prolifera- 
tive response is polyclonal and not MHC restricted (Hanby Flarida et 
al., 1996; Okragly et al., 1996). On initial stimulation of blood-derived 
WC1 + cells, few cytokine transcripts are evident (Coll ins et al., 1996); 
hence the requirement for the provision of IL-2 by other T cells. But, 
WC1 + T-cell lines produce a variety of cytokine transcripts after more 
prolonged activation (R. A. Collins unpublished; Brown et al., 1994) 
which indicates a role in influencing some immune responses. More 
recent investigations have shown these cells to be capable of present- 
ing native protein antigens to CD4 + memory T cells (Collins et al., 
1998) and to express Fc~/RIII (CD16) which mediate specific recogni- 
tion of antigen (Collins et al., 1997). Investigations in vivo, in which the 
WC1 + T cells were specifically depleted with mAbs, indicated a pos- 
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sible role in the regulation of B-cell responses (Howard et al., 1989). 
Although depletion studies in vivo have not provided evidence for a 
role in immunity to RSV or BVDV infection (Howard et al., 1992; Tay- 
lor et al., 1995) they did confirm a possible modulatory role on antibody 
responses. Furthermore, changes in the number of circulating WC1 + 
cells in cattle after infection with Mycobacter ium tuberculosis have 
been noted (Pollock et al., 1996) perhaps indicating a role in the im- 
mune response to this bacterium. 

VI. T-Cell Responses Induced by Dendritic Cells 

Dendritic cells are the most potent of the professional APCs and 
utilize a number of mechanisms of antigen uptake for presentation to T 
cells (Lanzavecchia, 1996). Dendritic cells are the only APCs recog- 
nized as capable of stimulating naive T cells (Steinman, 1991). At the 
body surfaces they form a network of cells that effectively take up 
antigen and then migrate to the draining lymph node where processed 
antigen is presented to T cells. Associated with this migration to the 
draining lymph node is a down-regulation of capacity to take up anti- 
gen and up-regulation of capacity to stimulate T cells. Dendritic cells 
are present in low numbers in blood and body tissues but in relatively 
high numbers in afferent lymph draining the skin. Thus, in ruminants 
afferent lymph veiled cells (ALVCs), the dendritic cells in afferent 
lymph, can be isolated by cannulation and used for investigations of 
cells that have not been subjected to prolonged isolation procedures 
involving a variety of culture conditions which may result in changes 
in their properties (Emery et al., 1987; McKeever et al., 1991). ALVCs 
from cattle are phenotypically distinguishable from monocytes accord- 
ing to expression of a number of surface molecules. Thus, monocytes 
express CDllb,  CD14, and the IgG 2 binding Fc~/2R that are not ex- 
pressed by ALVCs while ALVCs express the WC6 molecule at a high 
level and monocytes do not (Howard et al., 1997). Furthermore, cattle 
ALVCs have been shown to be much more effective than monocytes in 
ability to stimulate specific T-cell responses in vitro (McKeever et al., 
1991) and after pulsing in vitro with antigen able to prime naive T cells 
in vivo (McKeever et al., 1992). 

ALVCs are not a homogeneous population (Howard et al., 1997 
McKeever et al., 1991) and two major populations defined with a panel 
of mAb have been shown to vary in their ability to stimulate CD4 
and CD8 T-cell responses. Thus, one ALVC population is C D l l a - ,  
Myd-l+,  and the other CD5 +, C D l l a  +, MyD-I-,  CC81 +. Both popula- 
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tions present native antigen, ovalbumin, to CD4 T cells and both stim- 
ulate proliferation of allogeneic CD4 T cells. But, the C D l l a -  popula- 
tion is more effective at stimulating allogeneic CD8 T cells as well as in 
presenting RSV antigen to resting memory T cells or VSG from Try- 
p a n o s o m a  brucei to a T-cell clone (Howard et al., 1997; McKeever et al., 
1991). The molecular basis for the differences in function of the ALVC 
subsets has not been defined. Binding of CTLA4-Ig or CD40L fusion 
proteins was similar for both, indicating similar levels of expression of 
CD80/CD86 and CD40. Uptake of markers of macropinocytosis and 
mannose receptor mediated uptake did not obviously distinguish ei- 
ther subset. One difference between the subsets is expression of a 
molecule that  we have recently cloned from cattle and named MyD-1 
that  mediates binding of T cells (Brooke and Howard, 1996). 

It is clear that  our knowledge of the ruminant  immune system has 
progressed during recent years but that  much still remains unknown. 
Much progress has been attributed to the application of modern tech- 
nologies to answering old questions. There is a pressing need to ad- 
dress the importance of various leukocyte populations in the develop- 
ment of immunity. In view of the central role of dendritic cells in the 
initiation of primary T-cell responses, the findings related to the differ- 
ent function of ALVC subsets may be of significance for the induction of 
immunity in naive animals. Immunization strategies designed to tar- 
get these cells are likely to be beneficial particularly when vectors are 
constructed to contain cytokine genes that  will bias an appropriate 
immune response, as has been shown to be possible with cattle cyto- 
kine genes in vitro (Kuhnle et al., 1996). 
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I. General  Remarks  

Widely divergent views regarding vaccines and their use have ap- 
peared recently in the human, veterinary, and lay literature (Car- 
michael, 1983; Dodds, 1991; Holmes, 1996; Pitcairn, 1995; Priest, 
1996; Smith, 1995; Starita-Mehan, 1997; Tizzard, 1990; Yarnall, 1995). 
Strong opinions have been voiced by many individuals and an increas- 
ingly wide public desires to know "the facts" that underlie vaccine use 
and the basis of immunization regimens. Impassioned, sometimes un- 
informed, concerns have been expressed regarding vaccine efficacy and 
safety, the need for certain vaccines, the frequency with which vac- 
cines are given, the need for annual vaccination~indeed, whether 
vaccines should be used at all! The questions are not new, for they have 
been raised since Mithridates VI, an ancient Greek king of Pontus 
(first century B.C.), attempted to protect himself against poisoning 
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by repeatedly taking small amounts of noxious substances, in honey 
( theriaca)--a  practice not dissimilar to certain contemporary holistic 
rituals. Since the introduction of variolation from the Near East  in the 
early eighteenth century and the use of cowpox virus against Variola, 
there has been public concern about the safety and efficacy of vaccines. 
The concept of "safety" has changed with time, for reactions that  were 
common when the risks of a serious disease were great are no longer 
acceptable. Although often exaggerated by individual passions, or 
groups who champion their own doctrines, several of today's concerns 
seem justified, especially when recognized problems with vaccines are 
not addressed in the light of existing knowledge or experience. 

Rapidly changing attitudes toward pets, their value, and their 
health care have provoked vigorous and widespread discussion of the 
use of vaccines in small animal practice (Priest, 1996; Schultz, 1995; 
Smith, 1995; Tizzard, 1990). This is illustrated by the full-day session 
devoted to vaccination practices at the July 1996 annual meeting of the 
AVMA at Cornell's Feline Practitioner's Seminar and at a recent sym- 
posium, European Symposium on Pet Vaccinology, held in France in 
September 1996. In an ideal world, real or presumed problems with 
companion animal vaccines would be addressed quickly and responsi- 
bly by industry, government regulatory officials, and the veterinary 
profession as soon as they are identified. Unfortunately, problems of- 
ten are neglected or avoided. This circumstance contributes to confu- 
sion and the creation of myths, which often are enhanced by differing 
views of "experts" who have sometimes formed their own conclusions 
with limited data or biased sampling designs. 

Misfortunes with vaccines are well documented in the literature 
(Appel and Gillespie, 1972; Carmichael, 1983, 1997; Martin, 1985; 
Rikula et al., 1995; Tizzard, 1990; Wilbur et al., 1994; Wilson et al., 
1986). They have often become elevated to catastrophes, however, es- 
pecially by those who advocate a radical philosophy but ignore the 
benefits provided by vaccines. Concerns have sometimes led to the 
senseless conclusion that  all vaccines are dangerous and are a direct or 
indirect cause of chronic illness ("vaccinosis"). '~Vaccinoses" are claimed 
to range from "devastated immune systems, laziness, bowel disease, 
bloat, stained teeth, ulcers, chronic gastroenteritis, autoimmune he- 
molytic anaemia, and seizures," to list but a few conditions that  have 
been cited (Duval and Giger, 1996; Pitcairn, 1995; Priest, 1996; Star- 
ita-Mehan, 1997; Yarnall, 1995). However, there are truths between 
the passion of some and indifference of others. Advocates of holistic 
vaccination practices, as inane as they may seem, may actually be 
doing a service to pet fanciers by bringing issues to the fore which have 
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largely been ignored. Unfortunately, legitimate safety or efficacy prob- 
lems have sometimes been disregarded until major misfortunes oc- 
curred. Nevertheless, those who experienced the rampant  distemper 
outbreaks prior to the mid-1960s are amazed by the arguments pre- 
sented by some critics, especially holistic believers. Within 2-3 years of 
the advent of efficacious distemper vaccines, the disease practically 
disappeared in vaccinated populations, but it has reappeared when- 
ever vaccination had diminished. Undeniable progress has been made 
in the suppression of canine distemper and infectious hepatitis and, 
more recently, in controlling the canine parvovirus pandemic in a re- 
markably short period of time. However, the recent outbreaks of dis- 
temper in Scandinavia, and this year's epizootic in Alaska and north- 
ern Quebec, illustrate what may occur when distemper vaccine 
efficacy, or vaccine use, diminishes. Veterinarians and the public have 
become more sophist icated~and litigious; they want to know the facts 
about treatments they use. Unfortunately, many essential facts re- 
garding vaccines are lacking and myths continue to flourish. 

Questions commonly asked by dog owners/breeders and veter- 
inarians are usually complex: Are all vaccines available for dogs neces- 
sary? Are vaccines safe in very young pups? How effective are they in 
preventing disease? Do both live and inactivated vaccines produce a 
sterilizing immunity so as to interrupt transmission? How soon does 
immunity occur after vaccination and how long does it endure? Why do 
vaccines continue to be developed against diseases that  are still poorly 
understood? Are too many agents packaged as multicomponent vac- 
cines, and what are the consequences? It has been well established 
that  the immune system can respond normally to several different 
ant igens--an  issue that  seem to persist; however, some combined vac- 
cines that  had inadequate field trial data prior to release have given 
rise to serious consequences in regard to safety. Unfortunately, an- 
swers to the questions above often reflect individual experiences, 
vested interests, or a disinclination to state that  true answers are not 
known. 

It has been estimated that  more than 50% of office visits to veter- 
inarians are associated with vaccination. Several vaccines for dogs 
(and cats) have been licensed that  have poor or questionable efficacy; 
yet they continue to be produced and promoted, for example, Lep- 
tospira bacterins, some canine coronavirus (CCV) vaccines and, in the 
recent past, several canine parvovirus type 2 (CPV-2) vaccines. 

New or "improved" vaccines are introduced almost yearly, yet even 
perfunctory examination reveals a sparse amount of data that  often 
overstates claims for a particular product. On the other hand, ques- 
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tions posed by veterinarians, dog owners, or by those who oppose vac- 
cination on philosophical grounds often defy factual answers because 
of the paucity of published results. Questions are often based on the 
perception that  valid data are available. Also, many individuals do not 
accept the reality that  vaccination, as other medical practices, sustain 
some risk. To a large extent, problems in standardizing veterinary 
vaccines resist solution because of the complexity inherent in the num- 
ber of different vaccines and viral strains available for pet animals, 
most of which are poorly characterized. 

I share the belief that  expectations for vaccines are at a turning 
point. In this article I outline some personal views and experiences, 
note unsettled problems, and point out the difficulties in resolving 
some of the commonly asked questions. Notwithstanding, I am aware 
that  my remarks will have little impact unless veterinarians con- 
cerned with dog vaccines show the same concerns as those raised by 
the Feline Practitioner's Association and act to gain a better under- 
standing of vaccines, how they work, a realistic appreciation of the 
problems that  can occur, and how they might be remedied. 

II. Veterinary Vaccines 

Most veterinary vaccines continue to be developed empirically. With 
the technology now available, new vaccines will doubtless continue to 
be developed, including subunit vaccines, vectored recombinant vac- 
cines, deletion mutants,  nucleic acid (plasmid DNA) vaccines and, per- 
haps, even "recombinant nosodes" (sic). When made available, how- 
ever, their merits should be evaluated against presently used products, 
not merely for the sake of novelty. Some recombinant vaccines, for 
example, vaccinia-vectored rabies for wildlife, a recently licensed ca- 
nary pox-vectored distemper vaccine, and a Lyme disease vaccine, 
have shown merit in their utility, safety, or, in some cases, superior 
efficacy. 

With few exceptions, modified live virus (MLV) vaccines are the most 
common products used worldwide (Appel, 1987; Carmichael, 1997). 
Most vaccines comprise virus strains which were selected as sponta- 
neous mutants  that  emerged from the native viral populations during 
repeated passage in cell cultures or other laboratory hosts. But, the 
majority of vaccines consist of viral populations that  contain multiple 
mutations and few canine vaccinal strains have been biologically 
cloned so as to suppress the generation of nonimmunizing mutants  
during laboratory passage to vaccine. 
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Mutants that grow in the intended host, yet are replication re- 
stricted in critical tissues, constitute vaccines with different degrees of 
loss of natural virulence ("attenuated virus") Nonimmunizing mutants 
also may emerge during laboratory passage. Such variants may fail to 
grow in the natural  host, yet proliferate luxuriantly in tissue cultures 
or chick embryos. Because "attenuation" means reduction, not absolute 
loss of the capacity to produce disease, safety problems may not be 
revealed until extensive field tests have been conducted; unfor- 
tunately, this has occurred after a product has been licensed and mar- 
keted. A conspicuous example of such failure was the large number of 
dogs that  died or suffered serious illness following the introduction of a 
live canine coronavirus vaccine in 1983 (Martin, 1985; Wilson et al., 
1986). Also a vaccine judged harmless for one species may provoke 
illness in another one (Appel, 1987; Carmichael, 1997; Tizzard, 1990). 
Because of the uncertainty of absolute safety with certain vaccines, for 
example, distemper vaccinal strains propagated in canine cell cultures, 
live viral vaccines are not recommended for most wildlife species, preg- 
nant animals, unweaned pups, or pups that are ill. Yet, breeders and 
some veterinarians continue to vaccinate pregnant dams, pups as early 
as 2 weeks of age, or use vaccines for pet species where safety informa- 
tion in limited (e.g., ferrets). 

Efficacy problems persist with certain "primary" vaccines, such as 
some canine parvovirus vaccines and certain canine distemper prod- 
ucts (Appel and Gillespie, 1972; Carmichael, 1983, 1989, 1997; Schul- 
tz, 1995, 1996). However, the recent improvements in several canine 
vaccines, especially parvovirus vaccines that previously had poor or 
marginal efficacy, have been greatly improved, and they now appear to 
provoke good immune responses. Whether the improvements will be 
sustained depends in large measure on the care taken by vaccine pro- 
ducers in selecting and conserving their seed stock. 

III. Comments on Selected Vaccines 

A. CANINE DISTEMPER 

Virtually all licensed canine distemper (CD) vaccines consist of liv- 
ing attenuated viral strains (Appel, 1987; Appel and Gillespie, 1972; 
Carmichael, 1997). The majority are produced from the egg-adapted or 
avian cell culture-adapted Onderstepoort strain or the "Rockborn 
strain," which is propagated in canine cell cultures (Rockborn et al., 
1965). The Rockborn strain is produced legitimately only by the Eu- 
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ropean company authorized by Professor Gunnar Rockborn (G. Rock- 
born, personal communication, 1996). That virus had undergone -<56 
passages in cell cultures, whereas virus in several U.S. vaccines is used 
at lower passage levels. Thus, the designation "Rockborn CD vaccine 
strain" has been misrepresented by several authors in the past, includ- 
ing myself. Certain products also are claimed to contain the attenuated 
"Snyder Hill" strain, also grown in canine cell cultures, or a ferret- 
origin strain cultivated in avian cell cultures. It is difficult to deter- 
mine the origin of those viral strains in a CD vaccine because some 
strains have  been given novel designations by manufacturers and 
there are few genetic markers. Regardless of the viral strain employed, 
attenuated CD vaccines have proved highly effective when adminis- 
tered to dogs lacking maternal immunity, but they are variably effec- 
tive in dogs with low levels of maternal antibodies. 

As noted earlier, a recognized problem with certain CD vaccines, 
especially those propagated in canine cell cultures, is the variable oc- 
currence of postvaccinal (PV) encephalitis, but actual risks are un- 
known (Appel, 1978, 1987; Appel and Gillespie, 1972; Carmichael, 
1983). Some CD vaccines are virulent for several zoo or wildlife species, 
some of which are now considered pets (e.g., ferrets, skunks, raccoons). 
Also, reversion to virulence of the attenuated Rockborn CD strain was 
demonstrated after serial passage in dogs, or in dog lung macrophages 
(Appel, 1978). The canine cell-adapted vaccines are not recommended 
for pups less than 6 weeks of age, or for wildlife species, because of the 
greater risk of postvaccinal encephalitis. Field experience has demon- 
strated enhanced virulence of CD vaccines produced in canine cell 
cultures when administered in combination with certain other viruses. 
The most conspicuous have been canine adenovirus type 1 (CAV-1, 
ICH) and live CCV vaccines (Carmichael, 1983; Martin, 1985; Wilson 
et al., 1986). Notwithstanding the risks noted earlier, the Rockborn 
strain (at passage level -~55-60) has been used as our laboratory's 
principal experimental vaccine for >40 years. The vaccine is adjusted 
to --103 TCDDo/dose, since the minimal immunizing dose (MID) of the 
"Rockborn strain" is -~20 TCD5o. In such instances, no cases of postvac- 
cinal encephalitis have been observed in field use. However, in labora- 
tory experiments, when the vaccine dose was more than 10 .5.5 
TCD5o/ml, or when vaccine was given together with live CAV-1, en- 
cephalitis was a frequent occurrence about 10-12 days postvaccina- 
tion. Field reports indicated that  the frequency of postvaccinal CD 
encephalitis diminished greatly after the substitution of CAV-2 for 
CAV-1 in combined vaccines. This was one reason for advocating the 



CANINE VIRAL VACCINES AT A TURNING POINT 295 

substitution of CAV-2 for CAV-1 in canine vaccines, in addition to the 
marked, but not total, reduction in postvaccinal "blue eyes" that  oc- 
curred frequently after vaccination with CAV-1. Manufacturers who 
utilize canine cell-grown CDV should, therefore, determine optimal 
safe doses. My personal view is that  each vaccine should have the MID 
indicated on the package insert; this seems important  with both CD 
and CPV-2 vaccines, but for different reasons (see below). If CD vacci- 
nal titers were kept low (<-103-O/dose), the excellent immunity pro- 
vided by CD vaccines grown in canine cells would probably be attended 
by a more acceptable risk of PV reactions. 

Duration of immunity data for most commercial distemper vaccines 
are limited. In one study at the Baker Institute (L. E. Carmichael, 
unpublished results, 1980), nine beagles were vaccinated with the 
Rockborn CD strain and maintained in strict isolation. All dogs had 
high levels of neutralizing antibodies >6 years later. Also, we have 
recently confirmed 6.5-year immunity (SN titers >-1:80) in male dogs 
that  were vaccinated with a commercial (multiple) vaccine and kept as 
breeding stock in a kennel that  maintains strict isolation. Neverthe- 
less, the rates of immunity following vaccination differ between CD 
vaccines (Appel, 1987; Appel and Gillespie, 1972; Carmichael, 1977; 
Rikula et al., 1995). As with other canine vaccines, maternal  antibodies 
interfere with immunization. Recently, substantial differences were 
reported in the ability of CD vaccines to immunize pups with similar 
levels of maternal  antibodies at 6 -7  weeks of age (Schultz, 1996). 

Early studies on duration of antibody persistence at levels that  were 
estimated to ensure immunity (neutralizing antibody titers -1:100) 
waned within 1 year in 33% of dogs vaccinated with the chick embryo- 
adapted "Lederle low passage" CD strain; 2 years later another 33% 
had antibody titers <1:100 (Baker et al., 1962, 1962). Those limited 
data appear to be the basis for the common practice of annual  revac- 
cination. Whether an SN titer of 1:100, by the tests done then, is 
required for protection is uncertain, for it has been stated that  SN 
titers of 1:20 are protective (Appel and Gillespie, 1972; Gorham, 1966). 
Neutralizing antibodies to the low egg passage Onderstepoort strain 
also have been reported to last from 3 to 6 years in almost 90% of dogs 
kept in isolation (Prydie, 1966). Since distemper vaccine efficacy has 
generally improved in recent years, it now seems reasonable, without 
being radical, to discontinue recommending annual vaccination after 
the first year of life, and to limit vaccinations to 3- to 5-year intervals. 
Notwithstanding, most veterinarians and dog breeders will likely con- 
tinue annual vaccinations for pecuniary, or other, reasons. 
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1. Commen t s  

�9 Minimum immunizing doses for each canine vaccinal strain should 
be determined. Egg-adapted CD strains appear to vary somewhat in 
efficacy, while canine-cell adapted strains vary in their capacity to 
provoke PV encephalitis. The "Rockborn-type" strains should proba- 
bly contain about 500 MIDs, unless safety has been ensured. 

�9 Duration of immunity data are needed. Some vaccines, especially 
those propagated in the chick embryo or Vero cells, appear to provoke 
shorter durations of immunity than do other vaccines. However, data 
are scant. Such data are essential to the formulation of rational rec- 
ommendations. 

�9 Safety of canine-cell grown ("Rockborn-type" including "Snyder Hill" 
strains) should be more rigorously studied, especially if used in com- 
bination with other agents. 

�9 There is a need for an effective nonliving CD vaccine especially for 
wildlife species. Promising experiments with a recombinant (ca- 
narypox) distemper product that  protected dogs against challenge 
with virulent distemper virus suggests the possibility for success of 
such vaccines (Taylor et al., 1994). One recombinant CD product has 
recently been licensed in the United States, but unequivocal recom- 
mendation should be withheld until field studies have demonstrated 
its efficacy and duration of immunity. 

B. CANINE PARVOVIRUS TYPE 2 

Several vaccines have been developed for CPV-2 infection, but im- 
mune response data on most CPV-2, or CPV-2a, -b, strains are limited, 
except for brief periods (2-3 weeks) following vaccination. Immunity to 
CPV-2 is believed to be antibody mediated and hemagglutination-inhi- 
biting (HI) titers -> 1:80 are considered protective (Carmichael, 1983, 
1994, 1997; Carmichael et al., 1983; Pollock and Carmichael, 1990). 
However, serologic tests are not standardized and comparison of anti- 
body titers from different laboratories is not too meaningful (Luffet al., 
1987). 

Inactivated and MLV vaccines are available in most countries for 
immunization of dogs. Although inactivated vaccines for CPV-2 pro- 
vide only limited protection against infection, dogs may be exempt 
from disease for several months (Carmichael, 1983; Pollock and Car- 
michael, 1990). Like distemper, reports of the actual duration of immu- 
nity to inactivated CPV-2 vaccines are very limited. It is not known 
whether immunologic memory provides immunity beyond the period 
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when antibody has declined below detectable levels; it also is not 
known whether all killed vaccines perform in a similar manner since 
the magnitude of the antibody responses is related to the amount of 
viral antigen administered. Because inactivated vaccines do not inter- 
rupt transmission of virulent virus, except for belief periods of time 
(~2-3  months), they are not recommended where large numbers of 
dogs are raised, that  is, breeding kennels, pet shops, and animal shel- 
ters or where dogs are at high risk of exposure, such as at shows or 
field trials. It should be obvious that  inactivated vaccines should not be 
followed by MLV vaccines, or the reverse, because antibodies engen- 
dered by the killed vaccine will neutralize the live virus; in the latter 
instance, the killed vaccine would be wasted if the MLV vaccine had 
immunized. 

Efficacious modified-live CPV-2 vaccines have been highly successful 
in preventing parvovirus infection when administered to seronegative 
pups, or to dogs with very low antibody titers. They normally engender 
rapid and enduring immunity, and it is probable that  immunity per- 
sists for several years. HI antibody titers > 1:320 persisted for periods 
as long as 6 years in 13 dogs vaccinated with one strain (Cornell LP 
strain 780916). In recent tests, 5 male dogs that  had received a com- 
mercial product (combined vaccine), and were maintained in a com- 
mercial specific pathogen-free colony, had titers > 1:320 more than 6.5 
years later. Similar studies with other CPV-2 vaccines have not been 
published, but tests done in our laboratory in 1987-1990 revealed that  
serum HI antibody titers in dogs that  had received certain commercial 
vaccines had declined to -1:10 within 2-2.5 years. Thus, differences 
have been observed between vaccines, but several of the ones tested 
earlier have now been replaced by "new generation" products. 

As with CD, a principal cause of vaccination failures in pups is 
maternal antibody interference, which has been amply exploited by 
biologics producers in promoting "new vaccines" that  claim to immu- 
nize pups earlier than do competing products. The reality is that  live 
virus vaccines differ in their capacity to evade low levels of antibodies 
and no vaccine has been shown to immunize pups at the time when 
they have maternal antibody levels that  prevent infection with viru- 
lent virus. The concept of the "critical period" (or "window of vul- 
nerability") was developed to describe that  period of time when pups 
become susceptible to infection with virulent virus, but respond un- 
predictably to vaccines (Carmichael, 1989; Pollock and Carmichael, 
1990). The critical period has been shown to range from 2-5  weeks, but 
it is briefer with some vaccines than with others; that  is some vaccines 
may immunize pups earlier than to others, regardless of age (Car- 
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michael, 1989, 1997; Hoskins et al., 1995; Schultz, 1995). Failures to 
respond to efficacious vaccines relate to prevaccination antibody titers, 
but not age. 

No modified live CPV-2 vaccine has been reported to cause adverse 
reactions, and the myth of"immunosuppression" by virulent CPV-2, or 
vaccine virus, has been discredited (Brunner and Swango, 1985; Phil- 
lips and Schultz, 1987). Indeed, a recent study in Japan indicated that  
modified live CPV-2 vaccines enhance cellular immune responses; 
when vaccine was given to dogs prior to surgery, it prevented the 
postsurgical immunosuppression attending the use of halothane an- 
aesthesia (Taura et al., 1995). 

Despite the general benefit derived from CPV-2 vaccines, consistent 
efficacy has been a recurring problem. Several commercial (MLV) vac- 
cines that  were studied in our laboratory, and found effective at the 
time they were launched, later had poor efficacy. This is likely due to 
genetic heterogeneity of the seed stock. Such occurrences have 
prompted new products, including vaccines prepared from isolates that  
represent variants (CPV-2a,-b) of the original CPV-2. However, it is 
evident that  vaccines prepared from the more recent CPV-2 types have 
no discernible advantage over efficacious vaccines prepared from the 
original isolates. 

The USDA's "master seed principle" does not appear to function well 
with CPV-2 vaccines. The principle may be sound, but it hasn't  always 
worked in practice. Reasons are not documented for most vaccine 
strains, but mutant  viruses that  fail to provoke immunity often pre- 
dominate after several passages in cell cultures (Fig. 1). Vaccines that  
we have examined, with two exceptions, consisted of mixed viral popu- 
lations. Manufacturers should, therefore, prepare seed virus from bio- 
logically cloned stock, selecting those clones shown to immunize and 
which are stable during subsequent cell culture passage from seed 
stock to vaccine. 

The term high titered vaccine has been promoted in advertising, but 
the term has very little meaning if the minimal immunizing dose is not 
revealed. A few years ago, we tested two widely used commercial vac- 
cines that  had viral infectivity titers of > 105-5/dose, yet they provoked 
only low antibody responses in SPF dogs. Those products have been 
supplanted by "new generation vaccines" and it appears that,  during 
the past 2 years, most CPV-2 vaccines have improved substantially. 
Most CPV-2 cases/outbreaks now are reported in unvaccinated dogs, 
breeding kennels or animal shelters. Animals vaccinated with ineffec- 
tive vaccines, pups that  had interfering levels of maternal  antibodies 
at the time of vaccination, and puppies in contaminated kennels are at 
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FIG. 1. Plaque variants and immunogenicity of clones from a CPV-2 vaccine (1989). 
The original vaccinal virus population was predominantly "small plaque" (SP), with 
approximately 2% "large plaques" (LP). The vaccine immunized pups at > 10 .5.5 TCDso 
virus, but not with 102 TCD~o. Selected "SP" variants failed to provoke HI antibody 
responses in pups, even at doses > 106. In contrast, the "LP" variants produced strong 
HI antibody responses (1:5120-1:10,240) within 10 days of vaccination. 

greatest risk of infection, especially where stringent hygiene is not 
practiced. 

Claims that  a vaccine will "immunize pups more efficiently at a 
particular age" are misleading. Failures to respond to good vaccines 
are related to prevaccinal antibody levels, not age. Also, we have never 
observed the failure of a susceptible dog to respond to efficacious CPV-2 
or CD vaccines, regardless of breed (e.g., Rottweilers). Studies in our 
laboratory of nearly 1000 field sera from breeding-age dogs indicated 
that  approximately 25% would not be expected to respond until after 
12 weeks of age. On the other hand, studies on vaccine response- 
versus-age have reported a higher success rate at 12 weeks of age in 
pups from kennels where the dams' antibody titers were probably low 
as a result of vaccination rather than infection (Hoskins et al., 1995; 
Larson and Schultz, 1996; Schultz, 1995). Control of CPV-2 during the 
initial 3 months of a pup's life should be based on stringent manage- 
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ment and prudent vaccinationmpups should be isolated as much as 
possible and kept in a sanitary environment. The availability of de- 
pendable good vaccines is essential. 

The foregoing remarks notwithstanding, the general success of vac- 
cines in controlling canine parvovirus infections has been remarkable 
and the improved vaccine efficacy during the past 2 years inspires 
confidence that  parvoviral infections will continue to be uncommon in 
vaccinated dogs reared in hygienic environments. Inactivated, MLV, 
and heterotypic (feline parvovirus) vaccines are currently available, 
but homologous MLV vaccines are recommended for most dogs because 
they interrupt virulent CPV-2 transmission. Although all MLV vac- 
cines have not been the same with regard to their efficacy there have 
been no documented safety problems with any parvovirus vaccine in 
the 15 years since introduction. Note also that  attempts to "boost" low 
antibody titer (i.e., HI titers -> 1:40) are ineffectual. 

1. C o m m e n t s  

�9 Vaccinal seed stock strains should be biologically cloned to provide 
more uniform and stable viral populations in order to ensure more 
constant efficacy. 

�9 It would seem beneficial to consider "primary" vaccines for pups less 
than 3 months of age that  contain only CD and CPV-2 components. 
Multiple vaccines are suggested at 12 weeks of age, unless pups are 
at high risk for respiratory infections (e.g., animal shelters, pet 
shops, etc.). 

�9 Because efficacious CPV-2 and distemper vaccines have been shown 
to provide immunity for at least 5 years, revaccination at 3-5 years, 
after the first year, seems a conservative strategy. 

�9 Parvovirus vaccines are exceptionally safe. Dogs that  develop signs 
and symptoms of parvovirus infection within 5 days of vaccination 
should be considered as infected with virulent virus prior to, or at the 
time of, vaccination. This is still a common occurrence where par- 
vovirus is more likely to be present in the environment (e.g., "puppy 
mills," pet shops, dog shows, animal shelters, veterinary clinics). 

C. CANINE CORONAVIRUS 

Canine infections caused by CCV, a virus that  may infect both cats 
and dogs, occur as sporadic cases or kennel outbreaks of mild to explo- 
sive (Appel, 1987; Binn et al., 1975; Pastoret, 1984; Pollock and Car- 
michael, 1990; Tennant et al., 1993). Although CCV is frequently ob- 
served by electron microscopy (EM) in the feces of both normal and 
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diarrheic dogs, the true role that  CCV plays in canine enteric illness, or 
the need for vaccines, has yet to be agreed on; however, millions of 
doses have been sold. Disease associated with CCV is usually attended 
by low mortality, but occasional deaths occur in young pups. Dogs 
under stress of intensive training or crowding and those who shelter 
additional enteric pathogens seem to be at greater risk of illness. 

The biology of CCV, and its close relatives in cats and pigs, is still 
unclear. Serologic cross-reactions have been demonstrated between 
CCV, feline infectious peritonitis/feline enteric coronavirus (FECV), 
and transmissible gastroenteritis of swine, but cross-protection has 
been reported only between CCV and FECV (Coyne and May, 1995). 
Most reports on CCV have been case reports or epizootiologic studies, 
where CCV particles in diarrheic feces have ranged from <1% of nor- 
mal stools to about 75% prevalence in rescue kennels (Rimmelzwaan, 
1990; Tennant et al., 1993; Vieler and Herbst, 1995). A controlled study 
in the Netherlands detected CCV by ELISA tests in 7% of normal 
stools and in 11% of diarrheic stools (Rimmelzwaan, 1990). Cases are 
rarely reported since they are usually mild, with the exception of infre- 
quent outbreaks with fatal cases, usually in young pups. 

Laboratory studies have confirmed that  mixed infections by CCV 
and CPV-2 result in more severe disease than that  caused by either 
virus alone (Appel, 1988), an argument  commonly used to justify the 
use of CCV vaccines. However, it has not been reported that  vaccina- 
tion of dogs with CCV vaccine prevents the severe manifestations of 
concurrent, or closely spaced, infections with both viruses. One study 
of possible benefit by an inactivated CCV vaccine to prevent the serious 
consequences attending infection by CPV-2 and CCV failed to demon- 
strate protection (M. Appel, unpublished results, 1985). Also, dual in- 
fections now appear to be rare in vaccinated dogs as the result of the 
extensive use of CPV-2 vaccines. 

Both inactivated and live CCV vaccines are available (Carmichael, 
1997; Coyne and may, 1995; Edwards et al., 1985; Fulker et al., 1995). 
The history of CCV vaccines is convoluted and not without misfortune. 
The first licensed modified live CCV vaccine was rescinded shortly 
after its introduction in 1983 because of severe adverse reactions with 
lesions that  resembled those of FIP (Martin, 1985). Those reactions 
occurred in an estimated 5% of vaccinated pups, generally ones <12 
weeks of age. An inactivated CCV vaccine that  had been licensed also 
was withdrawn from the market  shortly after it was issued because of 
inadequate efficacy. In addition, a second licensed modified live CCV 
product which was combined with a canine cell-grown CD vaccine was 
withdrawn because of a high frequency of post vaccinal CD encepha- 
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litis. That vaccine has since been reformulated to exclude the dis- 
temper component, which appears to have contributed to the problem. 
Interestingly, the latter CCV vaccine strain had been licensed for use 
in California, where it had been marketed for more than 10 years in 
combination with CPV-2 and distemper vaccine, and the manufacturer 
affirmed that there had been no adverse reactions. The most recently 
licensed CCV vaccine comprises a killed FECV product, but informa- 
tion on that vaccine, as well as with most others, is limited mainly to 
promotional information. 

The status of CCV infection is controversial since authenticated 
cases or outbreaks are seldom reported. Notwithstanding, in January 
1997 we made several isolations of a CCV from an outbreak of mild 
enteric disease in a kennel in New Jersey that breeds and trains dogs 
for the blind. Of interest was the finding that the recent isolates dif- 
fered from previous isolates in their failure to grow in feline cell cul- 
tures and its lack of affinity for the aminopeptidase-N cell receptor, 
typical of other coronaviruses from cats, dogs, pigs, and humans which 
were studied (Tresnan et al., 1996; D. Tresnan, personal communica- 
tion, 1997). 

It would seem, therefore, that the development and distribution of 
CCV vaccines was mainly the result of marketing decisions, not clearly 
demonstrated need. On the other hand, factual information on CCV 
disease is limited. Presently, there seems inadequate medical justifica- 
tion for recommending the use of coronavirus vaccines in dogs until 
further research results are available. A lesson from the experiences 
with CCV vaccines is that veterinarians should be cautious when ad- 
ministering new products, especially when little data are available 
other than that required for product licensing. 

IV. Summary 

The most important canine viral infections are distemper and 
CPV-2. Problems of variable CD vaccine safety and efficacy persist, but 
CD vaccines have greatly reduced the prevalence of disease and cases 
in vaccinated dogs are now rare. Canine hepatitis (ICH, CAV-1 infec- 
tion) also has been controlled well by vaccines for more than 35 years 
and it is now rare; the sporadic cases seen in the 1990s have usually 
occurred in unvaccinated dogs. CAV-2 vaccines should, therefore, con- 
tinue to be given since they have proved to be safe and effective, and 
prevent hepatitis as well as adenoviral tracheobronchitis. Failure to 
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vaccinate would likely result in increase in cases of ICH, a serious 
disease, but never as significant as distemper and CPV infection. 

"Are we vaccinating too often?" The question is complex, but the 
dominant opinion is "yes" (Smith, 1995). The question cannot be re- 
sponded to unequivocally, however, since manufacturers employ differ- 
ent strains that  vary in their immunizing capacity and, probably, du- 
ration of immunity. This question was frequent with distemper in the 
1960s. At that  time, many veterinarians tested batches of the vaccine 
they used by providing pre- and postvaccinal sera to competent diag- 
nostic laboratories. That practice appeared to benefit veterinarians 
and dogs, as well as the quality of vaccines. 

Unfortunately, many owners and some veterinarians seem to hold 
the view that  infectious diseases such as parvovirus infection can be 
controlled by frequent vaccination alone. The common practice of dog 
breeders of vaccinating their animals several times each year is sense- 
less. 

Revaccination for distemper and parvovirus infection is suggested at 
1 year of age, but recommendations regarding the frequency of most 
vaccinations given after that  time are unclear. Since most distemper 
and CPV-2 vaccines probably provide immunity that  endures several 
years, vaccination at 3- to 5-year intervals, after the first year, seems a 
reasonable practice until more data on duration of immunity become 
available. 

"Are too many kinds of vaccines being promoted for dogs?" Dis- 
temper and parvovirus vaccines are essential; canine adenovirus vac- 
cines are recommended since the few cases brought to our attention in 
recent years have been in unvaccinated dogs. Vaccination against res- 
piratory infections is recommended for most dogs, especially those in 
kennels, or if they are to be boarded. Need has not been clearly estab- 
lished for coronavirus vaccines; Lyme disease vaccines (see below) are 
useful in preventing illness in areas where the disease exists, but are 
unnecessary elsewhere since dogs respond rapidly to appropriate anti- 
biotics; current Leptospira bacterins are without benefit since they 
contain serovars that  fail to protect in most areas (noted below). 

Lyme disease (LD) was not considered here, but newer recombinant 
(OspA) vaccines are now available that  appear to be safe and effective 
for at least 1 year and they have not caused vaccine-induced postvacci- 
nal lameness, which has been documented with certain whole-cell 
Lyme disease bacterins. Lyme disease vaccines should be restricted to 
dogs in, or entering, endemic areas where infested ticks reside. More 
than 85% of LD cases occur in the mid-Atlantic and Northeastern 
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States, about 10% in six Midwestern states (Michigan, Minnesota, and 
Wisconsin), and a smaller percentage in restricted areas of northern 
California and the Pacific Northwest. 

Leptospirosis also was not discussed here, but vaccines are common- 
ly reported as a cause of anaphylaxis and current vaccines do not 
contain the serovars prevalent in most regions. The vast majority of 
cases diagnosed at the New York State Diagnostic Lab at Cornell are 
grippotyphosa and pomona serovars and there have been no recent 
cases caused by canicola or icterohemorrhagiae serovars. Because lep- 
tospirosis is an important disease of dogs, there is an urgent need for 
more research and the development of safer vaccines that  contain the 
prevalent serovars. In Mexico, dogs may be infected with several se- 
rovars and some canine vaccines contain 8-10 serovars. 

The conditio sine qua non is the availability of consistently good 
vaccines. Without standardization of vaccines, it seems difficult to for- 
mulate general vaccine recommendations. Effort should be directed to 
improving and standardizing the important vaccines in current use, 
not the development of new products, unless need is demonstrated. 

The public is becoming increasingly aware of vaccine problems, per- 
haps even more so than the benefits of vaccination. The reality that  all 
vaccines carry some risk is not fully perceived by many owners and 
veterinarians. Alternative veterinary medicine is now a growing real- 
ity; such practices are being taught in some veterinary colleges and 
questions pertaining to vaccine safety and efficacy will continue to vex 
veterinarians, vaccinologists, and vaccine producers. They will have to 
be addressed. There is a need for better appreciation of the risk of 
adverse reactions (Duval and Giger, 1996). 

Finally, the issues that  have been discussed, or recommendations 
that  might be made, will have little influence unless biologics manufac- 
turers and regulatory officials exercise greater responsibility in con- 
trolling vaccine quality. This could be encouraged by the appointment 
of a committee of unbiased experts to review vaccines for each disease 
and provide recommendations based on available evidence. This view 
has been discussed at meetings on several occasions during the past 30 
years, but it has been largely neglected because of considerations that  
involve industry interests, indifferent or overburdened government 
authorities, and the trust  by veterinarians and dog owners in advertis- 
ing. Vaccines and vaccination guidelines for physicians are supervised 
by the American Academy of Pediatric's Committee on Infectious Dis- 
eases and the Advisory Committee on Immunization Practices who 
advise the medical profession and regulatory authorities (Holmes, 
1996). Until the veterinary profession insists on a responsible advisory 
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council, concerns and questions regarding vaccines will continue to be 
met by conflicting opinions and open the door to "Nosodes" and "Thu- 
ja"--whose benefits seem to be understood only by those who use and 
profit from them. 
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I. Introduction 

With the exception of rabies vaccines, which were introduced earlier 
this century, efficacious canine vaccines for the protection from infec- 
tious diseases were developed during the past 40 years. Research and 
development during this time period has focused on controlling fatal 
infectious diseases like canine distemper, infectious canine hepatitis, 
canine parvovirus infections, or leptospirosis. Later developments ad- 
dressed the need to control nonfatal diseases such as kennel cough or 
Lyme disease. 

Modified live virus (MLV) vaccines became the products of choice to 
control fatal virus infections in dogs. They induce rapid and prolonged 
cellular as well as humoral immune responses after a single inocula- 

309 
Copyright �9 1999 by Academic Press 

All rights of reproduction in any form reserved. 
1093-975X/99 $25.00 



310 M.J.G. APPEL 

tion in susceptible animals. Historically, inactivated (killed) virus vac- 
cines did not sufficiently control disease induced by canine distemper 
virus (CDV) or canine parvovirus (CPV). 

Inactivated virus vaccines were successfully developed to prevent 
rabies virus infections. Inactivated bacterial products (bacterins) pro- 
tected dogs from certain strains of leptospirosis, Bordetella bronchisep- 
tica, and Borrelia burgdorferi (Lyme disease). 

The induction of mucosal immunity by intranasal inoculation of 
modified live products provided better protection against infectious 
agents that  cause kennel cough than parenteral inoculation with inac- 
tivated products. 

A recombinant vaccine for canine distemper that was introduced 
recently may be the beginning of a new era in vaccine production. It 
was intended to increase the safety level of vaccination. However, the 
efficacy of this vaccine is probably not comparable to MLV vaccines. 
More recombinant vaccines can be expected to appear on the market. 
Undoubtedly, DNA vaccines will be introduced for some of the canine 
infectious diseases which may have a similar effect. In most cases in 
vaccine production, the enhancement of one factor comes at the sacri- 
fice of the other. There is presently a tendency to produce safer prod- 
ucts. The question remains whether the safer products sufficiently 
control disease outbreaks. 

It appears that canine infectious diseases are presently controlled 
well by vaccination. This may be the time for some fine tuning to 
address lesser problems such as the possible autoimmune responses 
in some breeds after multiple vaccinations. The question has been 
raised: "Are we vaccinating too much?" and the answer is probably 
yes. Limited data are available for the duration of a vaccine-induced 
immunity against CDV, CPV, and canine adenovirus (CAV) in dogs 
kept in isolation. Immunity against these diseases lasts for several 
years and annual revaccinations may be unwarranted. In addition, if 
reliable and affordable quick tests for levels of maternal antibody 
were to become available, the multiple puppy vaccinations could be 
reduced to one or two inoculations. The use of oro/nasal vaccinations 
could be developed for more products, perhaps combined with newly 
developed vectors, which may reduce the risk of abnormal reactions 
after needle inoculations. There will be additional innovations to 
reduce the risk of vaccination but to maintain the protection of the 
animals. 

The purpose of this paper is to give a brief, historical review of 
canine vaccine development during the past 40 years. 
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II. Rabies Virus 

Rabies in dogs has been known since the fifth century B.C. and the 
dog has long been known to be a principal transmitter of rabies. 

The first rabies vaccine was developed by Pasteur in the early 1880s 
when he adapted "street" virus to rabbits by serial intracerebral pas- 
sage (Pasteur, 1885). The Pasteur vaccine was predominantly used for 
human vaccination. Chloroform or ether inactivated virus vaccines for 
dogs prepared from infected brain suspensions became available in the 
1920s (Kelser, 1930). The development of live attenuated rabies virus, 
vaccines in low egg passage (LEP) and high egg passage (HEP) (Ko- 
prowski, 1954) led to effective vaccination of dogs (Tierkel et al., 1953; 
Sikes, 1975). However, on rare occasions the live attenuated vaccines 
caused rabies-like disease in dogs. They are no longer available. Great- 
ly improved inactivated virus vaccines prepared from rabies virus 
grown in diploid cell culture are now commonly used in dogs (Pastoret 
et al., 1997). Although antigenic differences between virus strains were 
found by monoclonal antibody, the vaccines cross-protect against dif- 
ferent strains (Wiktor and Koprowski, 1980). Most of the inactivated 
rabies virus vaccines on the market today induce immunity in dogs 
that lasts for 3 years. 

Promising results have been reported with rabies ISCOMES (Os- 
terhaus et al., 1986). In addition, newer developments include viral 
vectors expressing rabies virus G protein. The vectors are nonreplicat- 
ing in mammalian hosts (avipox viruses). Both fowlpox and canarypox 
recombinant rabies vaccines induced protective immunity in dogs and 
proved to be safe (Taylor et al., 1988, 1991). 

In several countries around the world, canine rabies was greatly 
reduced by mass immunization of dogs (BSgel et al., 1982). A great 
reduction in wildlife rabies, the source for dog rabies, has been accom- 
plished by the introduction of live attenuated rabies virus by the oral 
route (Baer et al., 1971). Initially a MLV vaccine was applied that was 
later replaced by a vaccinia recombinant rabies vaccine (Pastoret et al., 
1997). Results with oral vaccination of dogs remain inconclusive. 

III. Canine Distemper Virus 

Canine distemper (CD) is caused by a morbillivirus closely related to 
measles and rinderpest viruses. The first vaccine against CD was 
made by Puntoni (1923) from formalin inactivated brain tissue from 
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dogs with distemper encephalitis. Inactivated CDV vaccines, which 
were used earlier this century, have not been able to control the dis- 
ease and are no longer commercially available in the United States. 
They include a limited protection against disease and no protection 
against infection. Another approach was attempted by Laidlaw and 
Dunkin in the late 1920s (1928) by simultaneous inoculation of viru- 
lent virus and antiserum. Results were not satisfactory. Vaccination 
with the heterotypic measles virus (MV) induces protection from dis- 
ease but not from infection with CDV (Appel et al., 1984). It has the 
advantage of inducing partial immunity in pups with maternal anti- 
body (reviewed by Appel and Gillespie, 1972). 

The first MLV vaccine for CD was developed by Green and Carlson 
(1945) by passaging virus 50 times in ferrets. The vaccine was widely 
used. Unfortunately, clinical signs and death frequently occurred after 
vaccination. 

The MLV vaccines for CD that have controlled the disease and that are 
still in use today were developed in the late 1950s. The virus was adapted 
to embryonating hen eggs by Cabasso and Cox (1952, Lederle strain) and 
by Haig (1956, Onderstepoort strain). Both strains were later adapted to 
tissue culture. Rockborn (1960) introduced a canine kidney cell culture 
adapted CDV vaccine that is still used worldwide today. There are 
advantages and disadvantages in both types of vaccines. The Rockborn 
vaccine induces complete immunity in virtually 100% of susceptible 
dogs. However, products from some companies induce postvaccinal en- 
cephalitis (PVE), which has not been seen in 35 years of the original and 
authentic product from Behringwerke (Hoechst) in Germany. The On- 
derstepoort strain doesnot induce PVE, however, the seroconversion 
rate of this product in general is lower, and its H glycoprotein profile 
differs from the H protein of field isolates (Harder et al., 1996). 

A promising approach was taken by De Vries et al. (1988). They 
incorporated the CDV-H and -F proteins into immune stimulating com- 
plexes (ISCOMES), which protected dogs from CDV infection. Because 
both the H and the F proteins are important in producing immunity 
against CDV, any future recombinant or DNA vaccine should incorporate 
both. In 1997, a recombinant CDV vaccine containing the H and F genes 
in a canarypox virus carrier was introduced (Stephensen et al., 1997). 

IV. Canine Parvovirus 

A new enteric disease of dogs that resembled panleukopenia of cats 
and mink enteritis appeared in 1978 in North America, Europe, and 
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Australia. A parvovirus was isolated (Appel et al., 1979) and was ten- 
tatively classified as canine parvovirus type 2 (CPV-2) (Carmichael and 
Binn, 1981). This was in contrast to the "minute virus of canines" that  
was isolated in 1967 and was referred to as canine parvovirus type 1 
(Binn et al., 1970). CPV-2 is believed to be a mutan t  of feline pan- 
leukopenia virus (FPV) or mink enteritis virus; however, the origin of 
this "new" virus remains unknown. 

Soon after the detection of CPV-2 inactivated and heterotypic (FPV) 
vaccines were introduced that  controlled the disease only to a limited 
extent (Appel et al., 1979; Pollock and Carmichael, 1982). A ML-CPV-2 
vaccine became available in 1980 (Carmichael et al., 1981, 1983; Pol- 
lock and Carmichael, 1983) that  was safe and more efficacious than the 
inactivated or heterotypic vaccine. The vaccine protects dogs from in- 
fection as well as from disease. Antibody titers of ---1:80 tested by H1 
are considered to be protective. Dogs vaccinated with ML-CPV-2 vac- 
cine and kept in isolation thereafter had protective antibody titers at 
least 5 years after vaccination (L. E. Carmichael, personal communica- 
tion). 

CPV-2 has further mutated into CPV-2a and CPV-2b and new vac- 
cines have been introduced (Parrish, 1991). However, the original ML- 
CPV-2 vaccine protects dogs against present field strains of CPV-2 
(Appel and Carmichael, 1987). 

Vaccination failures are frequently found when maternal  antibody 
interferes with immunization. Pups become susceptible to virulent 
CPV-2 before they are susceptible to vaccination. This "window" of 
susceptibility may last from 2 to 5 weeks (Pollock, 1984). Although 
claimed by vaccine producers, none of the presently available vaccines 
eliminates this "window" entirely. 

V. Canine Coronavirus 

Canine coronavirus (CCV) causes a mild gastroenteritis in dogs (Ap- 
pel et al., 1980; Carmichael and Binn, 1981). However, it may enhance 
the pathogenicity of CPV-2 infection (Appel, 1988). The virus was first 
isolated from sentry dogs with diarrhea in 1971 (Binn et al., 1975). The 
distribution of the virus in dogs appears to be worldwide (Pensaert and 
Callebaut, 1978; Rimmelzwaan, 1990). 

Inactivated CCV vaccines were introduced in the 1980s (Edwards et 
al., 1985). The vaccine protects dogs from disease but not from infec- 
tion. Because of the mild nature of the disease and the limited protec- 
tion by the killed vaccine its use in dogs is debatable. 
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In 1983 a ML-CCV vaccine was introduced in combination with oth- 
er canine vaccines including CPV and CDV. The vaccine was with- 
drawn from the market 2 months later because adverse reactions were 
seen in more than 900 dogs with central nervous signs or death in more 
than 300 dogs (Martin 1985; Wilson et al., 1986). 

A different strain of ML-CCV was recently licensed in the United 
States, which by itself appears to be safe and efficacious. However, in 
combination with ML-CDV (Rockborn strain), it produced PVE in a 
large number of dogs. The combination was withdrawn from the mar- 
ket and replaced with the same ML-CCV, but a canarypox vectored 
CDV that  is incapable of causing PVE. A ML feline enteric coronavirus 
vaccine antigenically related to CCV also became available recently. 

VI. Canine Adenovirus Type 1 (Infectious Canine Hepatitis Virus) 

Infectious canine hepatitis (ICH) or hepatitis contagious canis (HCC), 
formerly known as "epizootic fox encephalitis," is caused by canine 
adenovirus type 1 (CAV-1). A comprehensive report about the disease in 
dogs was made by Rubarth in 1947. Besides acute hepatitis, CAV-1 is 
known to be responsible for other diseases (e.g., encephalopathy, neo- 
natal disease, respiratory disease, chronic hepatitis, interstitial nep- 
hritis, and ocular lesions) (reviewed by Koptopoulos and Cornwell, 
1981). The virus was isolated and production of a MLV vaccine followed 
after serial passage in dog or swine cells (Cabasso et al., 1954, 1958). 
The safety of this product was limited; the vaccine induced "blue eyes" 
in some dogs, was shed in urine, and produced kidney lesions. The 
CAV-1 vaccine for the control of ICH was replaced in the 1970s by CAV-2 
vaccines, which induce protection from ICH virus infection without the 
undesirable side effects of CAV-1 vaccines (Appel et al., 1975). 

Inactivated vaccines for CAV-1 are not on the market in the United 
States. (Editor's note: A vaccine now manufactured by Bayer Animal 
Health [previously BioCor, previously Tech America] still contains an 
inactivated CAV-1 component according to the package insert. It also 
contains inactivated CAV-2.) They are available in other countries and 
have been found to be safe and efficacious for limited time periods 
(Miller et al., 1980). 

VII. Canine Adenovirus Type 2 

In 1961 a virus designated Toronto A26/61 was isolated by Ditchfield et 
al. (1962) from dogs in Canada suffering from laryngotracheitis and 
kennel cough. The virus is one of the agents causing severe kennel cough 
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in nonvaccinated puppies in pet shop situations that  may simulate 
canine distemper (Appel, 1981). It was found to be antigenically related 
to CAV-1; however, the tissue tropism of both viruses is entirely different 
(Appel et al., 1973). The virus was later classified as CAV-2 (Hamelin et 
al., 1984; Marusyk et al., 1970). The attenuated CAV-2 proved to protect 
dogs against infection with both CAV-1 and CAV-2 (Appel et al., 1975). 
Because ML-CAV-2 vaccine is safer than CAV-1 vaccine, the former 
replaced the latter in the 1970s. Intranasal vaccine is now available in 
combination with B. bronchiseptica and canine parainfluenza virus to 
protect dogs from kennel cough. It has the advantage over parenteral 
injection by inducing immunity in pups with maternal antibody (Appel et 
al., 1975) and, therefore, only one inoculation is needed. 

VIII. Canine Parainfluenza Virus 

Canine parainfluenza virus (CPIV) is one of the main causes of ca- 
nine infectious tracheobronchitis or "kennel cough"and has a world- 
wide distribution (Appel and Percy, 1970; Binn and Lazar, 1970). The 
virus was first isolated from laboratory dogs with respiratory disease 
(Binn et al., 1967). CPIV is closely related to simian virus 5 (SV5) (Binn 
et al., 1967; Crandell et al., 1968), and to human parainfluenza 2 
(Hsiung, 1972). 

Attenuated CPIV vaccines were introduced in the 1970s in combina- 
tion with B. bronchiseptica in two forms: One with inactivated B. bron- 
chiseptica for parenteral inoculation (Chladek et al., 1981; Emery et 
al., 1976) and one with ML B. bronchiseptica for intranasal inoculation 
(Glickman and Appel, 1981; Kontor et al., 1981). Because protection 
from infection by both agents depends on mucosal immunity with IgA 
production, the latter protects from infection and disease while the 
former protects only from disease. In addition, maternal antibody does 
not interfere with the intranasal application. More recently a ML- 
CAV-2 component has been added to the intranasal vaccine. CAV-2 is 
also involved in the kennel cough complex. A genome analysis of viru- 
lent and attenuated strains of CPIV was made by Yonezawa (1985). 

Although CPIV vaccine-induced immunity probably lasts longer 
than 1 year, annual revaccination with the combined vaccine is recom- 
mended because immunity to B. bronchiseptica is limited. 

IX. BordeteUa bronchisept ica 

Bordetella bronchiseptica is the main cause of canine infectious tra- 
cheobronchitis or "kennel cough," a highly contagious respiratory dis- 
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ease of dogs (Bemis et al., 1977a; Binn et al., 1968; Wagener et al., 
1984; Wright et al., 1973). Infection with B. bronchiseptica is not re- 
stricted to dogs. A variety of other species become infected with the 
agent including pigs, cats, and rodents. Although B. bronchiseptica is 
highly susceptible to antibiotics in vitro, the in vivo effect is limited 
because the organisms attach to the cilia of trachea and bronchi (Be- 
mis and Appel, 1977; Bemis et al., 1977b). 

The immune response to B. bronchiseptica in dogs is slow. Although 
dogs become resistant to reinfection and clearance is initiated by 3 
weeks after infection, total clearance of the bronchial tree takes about 
3 months (Bemis et al., 1977b). The mucosal immunity resulting from 
infection or intranasal vaccination lasts for about 1 year (Bemis et al., 
1977b). Muscosal immunity with IgA production is essential for protec- 
tion from infection. 

As with CPIV, two forms of vaccine have been developed: one inacti- 
vated bacterin in adjuvant for parenteral inoculation (Chladek et al., 
1981; McCandlish and Thompson, 1978) and one ML in combination 
with CPIV for intranasal installation (Bey et al., 1981; Glickman and 
Appel, 1981; Kontor et al., 1981; Shade and Goodnow, 1979). The latter 
protects from infection with virulent B. bronchiseptica and from dis- 
ease while the former protects only from disease. Two inoculations of 
susceptible pups are needed to induce protection. Maternal antibody 
does not interfere with intranasal vaccination and only one inoculation 
is needed. In addition, parenteral inoculation with killed organisms 
and adjuvant may cause undesired local reactions. 

X. Borrel ia burgdorferi  

Lyme disease or Lyme borreliosis is caused by the spirochete Bor- 
relia burgdorferi (Barbour, 1984). The agent is transmitted by hard 
shell ticks (Ixodes species) (Spach et al., 1993; Appel, 1990). Lyme 
disease is seen in humans (Steere, 1989), dogs (Appel et al., 1993; Levy 
et al., 1993), cats (May et al., 1994), horses, and cattle (Parker and 
White, 1992) after natural infection. The disease in humans on the 
North American continent was first described by Steere et al. (1978) 
and in dogs by Lissman et al., 1984). 

For vaccination strategies it has to be taken into consideration that 
Lyme disease in the United States is caused by B. burgdorferi sensu 
stricto. Additional strains of B. garinii, B. afzelii, and B. japonica are 
known to occur worldwide. Cross-protection between strains is limited 
(Lovrich et al., 1994). In addition, Lyme disease is prominent in endem- 
ic areas. Ninety percent of Lyme disease in the United States was 
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found in the Northeast, with the upper Mississippi region and North- 
ern California following in frequency. Vaccination of dogs should only 
be recommended in endemic areas and in dogs exposed to ticks. It has 
been commented that only 5% of seropositive dogs develop clinical 
lameness that responds well to antibiotic treatment. However, a high 
percentage of exposed nonlame dogs have a subclinical chronic poly- 
arthritis (Appel et al., 1993) and antibiotic treatment does not entirely 
eliminate persistent infection (Straubinger et al., 1997a,b). In addition, 
a fatal renal syndrome has been observed in a limited number of dogs 
(Dambach et al., 1997). 

A whole-cell bacterin for dogs was introduced in 1992 by Chu et al. A 
single protein vaccine for dogs prepared from recombinant outer sur- 
face protein A of B. burgdorferi became available in 1996 (Ma et al., 
1996; Chang et al., 1995). The OspA vaccine has the advantage that it 
induces a specific borreliacidal antibody in dogs (or other species) that 
prevent transmission of B. burgdorferi from ticks to dogs (Straubinger 
et al., 1995). OspA vaccines for human Lyme disease are in testing 
stages. (Editor's note: Extensive research attempting to demonstrate 
infection and disease from B. burgdorferi in cattle, calves, fetuses in 
utero, and adult pregnant cows by Schultz and others in 1993 showed 
that cattle are highly resistant to infection and no clinical disease was 
produced in any aged animal, including young fetuses, when multiple 
isolates of B. burgdorferi were given at low or high doses.) 

XI. Leptospirosis 

Leptospirosis is a zoonotic disease of worldwide distribution. The 
disease may be fatal in dogs if left untreated (Hartman et al., 1986). 
Dogs may recover clinically after antibiotic treatment but may die from 
kidney failure and uremia several months or years later. The disease is 
caused by infection with antigenically distinct serovars of Leptospira. 
The most common serovars isolated from dogs used to be L. icterohae- 
morrhagiae, L. canicola, L. pomona, and L. grippotyphosa. However, in 
recent years outbreaks of leptospirosis in dogs infected with different 
serovars have been reported from Canada and Long Island. Raccoons, 
opossums, deer, rodents, and domestic livestock are reservoirs for most 
L. serovars with the exception of L. canicola, which is transmitted from 
dog to dog. 

Bivalent bacterins for dogs that contain L. canicola and L. ictero- 
haemorrhagiae have been on the market since the 1950s (Hartman et 
al., 1984a,b). They are prepared from chemically inactivated whole 
cells, which make them relatively allergenic. Because immunity after 
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vaccination is highly serovar specific, immunized dogs are not pro- 
tected from other types that  are common in many areas and that  may 
infect dogs. They may also suppress the immune response in young 
puppies and vaccination of pups less than 9 or 10 weeks of age should 
not be recommended. In addition, the vaccine-induced immunity in 
dogs is often less than 6 months, and repeated vaccination in endemic 
areas would be essential for protection (Broughton and Scarnell, 1985). 
It would be highly desirable to have specific outer surface (envelope) 
proteins for the immunization of dogs (Bey and Johnson, 1982) like the 
OspA vaccine in Lyme disease, another spirochetal disease, to reduce 
the risk of anaphylactic shock and other vaccine-related disorders. In 
addition, more serovars should be included in leptospira vaccines that  
correlate with the serovars in endemic areas. 

Public health considerations: Leptospira-contaminated urine is 
highly infectious for people. Persistent infection in healthy vaccinated 
dogs with leptospiruria has been found with resulting development of 
the disease in people (Feigin et al., 1973). 

XII. Summary 

During the last 40 years vaccines have been developed that  have 
greatly reduced the incidence of infectious diseases of dogs. In general, 
modified live products have been superior to inactivated vaccines for 
dogs. It can be expected that  recombinant and/or DNA vaccines may 
dominate the market  in the future. 

Although most vaccines on the market  are safe and efficacious, there 
have been exceptions where disease was induced by vaccination or dogs 
were not protected. The failure of protection may in part be due to vari- 
ations in individual vaccine batches. Only potency tests but not efficacy 
tests are required, which may not be sufficient. For example, a virus 
titer in a vaccine may be meaningless if the minimum protective dose is 
not known. Overattenuated virus (e.g., CDV-Ond or parvovirus in cat 
cells) may have a high titer in tissue culture but is not immunogenic. 

The question of frequency of vaccination of dogs should be addressed. 
Annual revaccinations for CDV, CPV, and CAV are probably not 
needed. However, it would be desirable to collect more data to support 
less frequent vaccinations. Annual immunization for bacterial diseases 
such as kennel cough, Lyme disease, and leptospirosis should continue. 
It also would be desirable to develop more oro/nasal vaccines, perhaps 
combined with newly developed vectors that  are less likely to induce 
undesirable side effects that  may be seen after parenteral vaccination. 

Finally a word of warning against homeopathic "nosodes" to replace 
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tested canine vaccines. They will appear highly effective as long as the 
majority of dogs remain vaccinated. As soon as a nonvaccinated dog 
population is large enough to allow virulent agents to spread, disease 
outbreaks will occur and we will be back where we began 40 years ago. 
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I. Introduction and Background 

Since its discovery in 1986 (Pedersen et al., 1987), feline immu- 
nodeficiency virus (FIV) infection has been shown to result in an im- 
munodeficiency in cats that is similar to AIDS in human beings. The 
virus is now recognized as a long-established and important feline 
pathogen (Brown et al., 1994) and an appropriate animal model for 
human immunodeficiency virus (HIV) infection, playing a key role in 
the development of vaccines against HIV (Willett et al., 1997). Further- 
more, because FIV induces significant disease in cats, the development 
of an effective FIV vaccine is of great veterinary interest. 

Following infection with FIV, cats display multiple clinical signs and 
frequently develop opportunistic infections (Pedersen et al., 1987; 
Yamamoto et al., 1989), immune dysfunction (Siebelink et al., 1990; 
Hoffman-Fezer et al., 1992), hematologic changes (Yamamoto et al., 
1989; Shelton et al., 1990b), and neoplasia (Shelton et al., 1990a). Ab- 
normalities of CD4 + and CD8 + subpopulations develop, similar to 
those found in HIV-infected human beings. Decreased CD4:CD8 ratios 
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have been documented in infected cats due to decreased CD4 + (No- 
votney et al., 1990; Hoffman-Fezer et al., 1992) and increased CD8 + 
cell numbers (Willett et al., 1993). 

II. Whole Inactivated Virus Vaccines 

Protection against FIV infection has been achieved by immunizing 
cats with a whole inactivated virus (WIV) vaccine (Yamamoto et al., 
1991b, 1993; Hosie et al., 1995) produced from the FL4 feline lympho- 
blastoid cell line, which is persistently infected with the Petaluma 
isolate of FIV (FIV/PET) (Yamamoto et al., 1991a). This cell line ap- 
pears to be unique, since it produces large amounts of FIV/PET rich in 
envelope glycoprotein (Env) that is well preserved during purification. 
In contrast, FIV grown in other cell lines contains relatively little or no 
Env protein (Hosie, 1994). 

However, the protective immunity induced by this WIV vaccine does 
not extend to the heterologous isolate FIV/Glasgow-8 (FIV/GL-8) (Ho- 
sie, et al., 1995), which is antigenically distinct from FIV/PET by virus 
neutralization (Osborne et al., 1994) and established a higher viral 
load following infection compared to FIV/PET (M. J. Hosie and D. 
Klein, unpublished data). Thus, this vaccine system provides an excel- 
lent model in which to analyze the viral and host determinants contrib- 
uting to the protection afforded by lentiviral vaccines. 

The protection that we observed with the inactivated FIV vaccines 
was associated with a type-specific neutralizing antibody response and 
was retained when the challenge virus was propagated in an unrelated 
cell line (Hosie et al., 1995), indicating that the response was virus, and 
not cell, specific. As shown in Fig. la, cats immunized with the WIV 
vaccine prepared from FL4 cells developed significantly higher titers of 
virus neutralizing antibodies (VNAs) against the homologous FIV/PET 
isolate compared to the FIV/GL-8 isolate, suggesting that VNAs 
played a significant role in vaccine-induced protection. 

To define more clearly the immunologic correlates of protection by 
the WIV vaccine, we immunized cats by a regime that ensured that 
only a proportion of the vaccinates would be protected and then com- 
pared the immune responses in protected and nonprotected cats (Hosie 
and Flynn, 1996). As shown in Fig. lb, the protected cats developed 
significantly higher titers of VNA compared to the unprotected cats 
following immunization. When the protected cats were rechallenged 8 
months later, the VNA levels had declined in some cats and there was 
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FIG. 1. Log titers of VNAs in protected compared to infected whole inactivated virus 
(WIV) vaccinates. (a) Log titers of VNAs generated by WIV vaccine against FIV/PET 
compared to FIV/GL-8. (b) Log titers of VNAs induced by WIV compared to Env subunit 
vaccine. (c) The mean log titers of VNA are shown _+2 standard errors of the mean 
(SEM). 

no correlation between VNA levels and protection. It was observed, 
however, tha t  the cats resisting this second challenge were those tha t  
possessed significant levels of cytotoxic T cells (CTLs) to Env proteins 
immediately following vaccination, 8 months previously. We concluded 
from these results tha t  the high levels of VNA induced by the WIV 
vaccine may block infection with cell-free virus and prevent the estab- 
l ishment  of a persistent  infection, while CTLs are responsible for long- 
term protection and the maintenance of immunologic memory (Hosie 
and Flynn, 1996; Flynn et al., 1996). 

The protective effect of antibodies has also been shown by the pas- 
sive transfer  of resistance to challenge with plasma from cats either 
immunized with WIV vaccines or infected with FIV/PET (Hohdatsu et 
al., 1993). Because passive transfer  of plasma from cats immunized 
with uninfected T cells in which the vaccine virus was grown did not 
protect cats, anti-FIV antibodies and not anticellular antibodies ap- 
peared to be responsible for vaccine protection. Similarly, neonatal  
ki t tens receiving high levels of maternal  antiviral antibodies from ei- 
ther  vaccinated or infected queens were protected from FIV infection, 
whereas kit tens tha t  received low levels of maternal  antibody became 
infected (Pu et al., 1997). 
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III. Subunit Vaccines 

Although WIV vaccines have proved effective against FIV infection 
and may be valuable in identifying critical determinants of protective 
immunity against lentiviruses, the potential hazards associated with 
WIV vaccines have led to the investigation of alternative vaccines. 
Immunization with affinity-purified Env induced high titers of VNA as 
shown in Fig. lc but gave only partial protection, suppressing the virus 
load in the blood mononuclear and lymph node cells of vaccinates (Ho- 
sie et al., 1996). These results indicated that high titers of VNA are not 
sufficient for complete protection. 

Despite equally high levels of VNA being elicited by both WIV and 
affinity-purified Env, the cats immunized with the affinity-purified 
Env displayed a more potent antibody response to determinants that  
were neither conformational nor glycosylation dependent, implying 
that the purified Env preparation was partially denatured. It is prob- 
able that antibodies directed to nonconformational epitopes of the sur- 
face Env protein neutralize FIV in vitro by a mechanism that does not 
operated against virus in vivo. Indeed, these antibodies may enhance 
infection in vivo. Evidence that supports this possibility comes from 
experiments in which immunization with peptides derived from the V3 
loop ofFIV gp120 also elicited VNA (Lombardi et al., 1994) and yet the 
peptides not only failed to protect cats from challenge with the homolo- 
gous virus but appeared to enhance viral replication (Lombardi et al., 
1994). 

In other experiments, cats immunized with ISCOMs containing re- 
combinant vaccinia virus (rVV)-expressed gp120 or gpl60 displayed 
evidence of enhanced infection (Siebelink et al., 1995). This enhance- 
ment of infection could be transferred to naive cats with plasma, indi- 
cating that the enhancement was mediated by FIV envelope-specific 
antibodies. Although there are at present no reliable systems for the 
detection of FIV-enhancing antibodies, complement and Fc receptor- 
mediated mechanisms of antibody-dependent enhancement have been 
described for HIV and SIV infection (Boyer et al., 1991; Takeda et al., 
1988). It is possible that the affinity and specificity of the anti-Env 
antibodies induced by vaccination determines whether protection or 
enhancement result. Thus the rVV-expressed Env ISCOM vaccine may 
have induced Env-specific antibodies of different affinity and specific- 
ity to those induced by the WIV vaccine (Siebelink et al., 1995). How- 
ever, enhancement of infection has also been observed following immu- 
nization of cats with a recombinant FIV p24 ISCOM vaccine which did 
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not induce anti-FIV envelope antibodies (Hosie et al., 1992), indicating 
that  enhancement may arise by several different mechanisms. 

IV. DNA Vaccination 

Because vaccination with subunit vaccines has proved less success- 
ful than WIV immunization, the alternative strategy of DNA vaccina- 
tion has been investigated. Having demonstrated that  an infectious 
molecular clone of FIV/PET is fully expressed in vivo, giving rise to 
persistent infections in cats following intramuscular inoculation (Rig- 
by et al., 1997), we proceeded to develop a novel DNA vaccine. The 
infectious molecular clone was rendered defective by engineering a 33 
codon deletion in the pol gene. The defective clone, designated ART, 
was administered by intramuscular inoculation at four different sites, 
each receiving 100 ~Lg DNA on weeks 0, 10, and 23. The cats were 
challenged intraperitoneally 3 weeks after the third immunization 
with 25 ID5o of the homologous FIV/F-14 molecular clone and were 
monitored for 12 weeks following challenge. 

No virus could be isolated from samples of peripheral blood mono- 
nuclear cells taken on the day of challenge, indicating that  there was 
no reversion to virulence of the mutant  provirus prior to challenge. 
Following challenge, 4/10 cats inoculated with ART DNA remained 
virus-free whereas all 10 control cats became infected. Thus, there was 
significant protection in the 10 cats immunized with the ART com- 
pared to the controls. Furthermore, the ART vaccinates developed sig- 
nificantly lower clinical scores following challenge compared to the 
controls (Fig. 2, Table I). It was concluded that  protective immunity to 
lentivirus infection may be induced by DNA immunization in the ab- 
sence of a VNA response (Hosie et al., 1998). 

These studies have shown that  the use of DNA vaccines may be 
exploited in future trials to further define the mechanism of protection 
against FIV infection by manipulating the immune response in favor of 
inducing either CTL or humoral responses by coadministering type I or 
type II cytokine genes, respectively. If successful, these experiments 
will provide extremely useful information for guiding the choice of 
candidate vaccines for use against HIV infection in human beings. 
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FIG. 2. Comparison of clinical scores (_+2 SEM) following challenge of ART DNA vacci- 
nates and controls. 

TABLE I 

CLINICAL SCORING CRITERIA 

Virus isolation 
Positive at 3 weeks pc 1 
Positive at 6 weeks pc 1 

Immunoblot analysis of plasma pc 
Positive at 6 weeks pc 1 
Positive at 9 weeks pc 1 

Viral load quantitation 
Virus isolated from 2 x 10 6 PBMC 1 
Virus isolated from 2 x 10 5 PBMC 1 
Virus isolated from 2 x 10 4 PBMC 1 

Possible maximum score 7 
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I. Introduct ion 

During the last 20 years, very significant changes have occurred in 
the field of infectious diseases. We've gone from a time when many 
people felt tha t  antibiotics and vaccines were going to make infectious 
diseases a thing of the past, to a point where the world's population is 
faced with an array of emerging and reemerging infectious agents. We 
are threa tened by bacteria tha t  are resis tant  to some of the last lines of 
antibiotic defense, such as methicill in-resistant Staphylococcus aureus 
and vancomycin-resistant enterococci, as well as newly discovered bac- 
teria, such as Escherichia coli O157:H7. We are faced with "new" vi- 
ruses, such as the Ebola viruses, the Sin Nombre group of hanta-  
pulmonary syndrome viruses, and the equine morbillivirus in 
Australia, tha t  have never been encountered before. And "old" dis- 
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eases, such as tuberculosis, plague, leptospirosis, toxoplasmosis, and 
rabies, have taken on very new significance. 

One remarkable fact is that  many of these infectious agents that  
threaten the human population are either directly zoonotic or involve 
animals, rather  than humans, as their primary reservoir in nature. 
Consequently, vaccination of animals may be an important consider- 
ation for control of some of these diseases. Vaccination of animals as a 
public health tool is clearly not a novel idea. Over the years, the veter- 
inary profession has developed vaccination regimes for animals 
against a number of diseases of public health significance (Table I). The 
purpose of this paper is to review specifically the feasibility and wis- 
dom of vaccinating cats against infectious agents of emerging or reem- 
erging importance. 

On a global scale, there are many reasons, both environmental and 
societal, why infectious agents "emerge" (Morse, 1995). One of the most 
important and challenging for the purposes of this discussion is the 
fact that  the world today includes a substantial population of immu- 
nocompromised human beings. These include individuals who are im- 
munosuppressed for organ transplantation [the number of organ 
transplants in the United States rose nearly fourfold from 1982 to 1992 
(United Network of Organ Sharing Scientific Registry Data, 1995)] as 
well as people who are immunosuppressed in the course of cancer 
chemotherapy or therapy for autoimmune disorders. But the single 
entity that  has changed the picture of infectious diseases the most 
dramatically in the last 15 years is human immunodeficiency virus 
(HIV) and the AIDS pandemic. Between 1982 and 1994, HIV went 
from being a virtually unknown entity to being the number one cause 
of death among persons from 25 to 44 years of age in the United States 
(National Vital Statistics). The particular form of immune compromise 

TABLE I 

SELECTED ZOONOTIC AGENTS FOR WHICH 
ANIMAL VACCINES HAVE BEEN PRODUCED 

Rabies virus 
Equine encephalitis viruses 

Rift valley fever virus 
Japanese encephalitis virus 

Bacillus anthracis 
Bruceila abortus 
Leptospira spp. 

,i i,i H , , l,r. i ,, . , , i , i , 
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that  HIV patients suffer, with intensive compromise of the cellular 
immune systems, puts them at part icular  risk for two of the agents 
tha t  are discussed here, Toxoplasma gondii and Bartonella henselae. 

In addition to rabies, for which vaccines already exist, cats play or 
may play a role in the transmission of a number  of different infectious 
agents to humans  (Table II). These include organisms for which the 
role of cats is very well defined, such as T gondii, as well as others 
where the role of cats is more limited or still undefined. This review 
focuses on three agents tha t  span this spectrum: T gondii, B. henselae, 
and Helicobacter pylori. In each case, a series of considerations should 
be addressed in deciding whether  vaccination of cats makes sense as a 
public heal th tool (Table III). First, does the agent cause a clinically 
significant problem in humans  tha t  warrants  a large-scale control pro- 
gram of any kind? Second, does the agent cause clinical disease in cats 
as well? This has implications not only for whether  vaccination of cats 
can be justified for their  own protection, but also for how a candidate 
vaccine's efficacy will be tested. Third, what  other sources of infection 
are there for humans  and will vaccination of cats really make a signifi- 
cant difference in the overall epidemiology of the disease? Fourth,  is 
enough known about what  constitutes protective immunity  to the 
agent in cats so tha t  a vaccine can be engineered to elicit the appropri- 
ate response? And finally, does a candidate vaccine or vaccination 
strategy pose any risks for cats? 

TABLE II 

SELECTED INFECTIOUS AGENTS FOR WHICH CATS 
MAY PLAY A ROLE IN TRANSMISSION TO HUMANS 

Rabies virus 
Toxoplasma gondii 
Bartonella henselae 

Yersinia pestis 
Francisella tularensis 

Coxiella burnetti 
Salmonella spp. 
Giardia lamblia 

Cryptosporidium parvum 
Microsporum canis 
Sporothrix schenkii 
Helicobacter pylori 



336 CHRISTOPHER W. OLSEN 

TABLE III 

CONSIDERATIONS FOR VACCINATION OF CATS AGAINST ZOONOTIC AGENTS 

1. How clinically significant and prevalent is the disease in humans? 
2. Does the agent induce clinical disease in cats? 
3. How significant is the role of cats in transmission of the agent to humans? 
4. Is the basis for protective immunity in cats understood? 
5. Are there vaccine-associated risks for the cat? 

If. Toxoplasma gondii 

Toxoplasmosis is an example of a zoonotic disease in which cats play 
a very clear role in the maintenance of the organism in nature. Cats 
are, in fact, the ult imate source of the organism since they are the only 
host in which this coccidian parasite can undergo sexual replication 
(see Dubey, 1994, for a review of the life cycle). Sexual replication of T 
gondii occurs in the intestinal tract  of cats, leading to the production of 
oocysts. These oocysts are passed in their feces and are the source of 
infection for intermediate hosts such as rodents, birds, sheep, and pigs 
and for humans.  The oocysts require 1-5  days of incubation in the soil 
for sporulation to occur and to become infectious. In the intermediate 
hosts and humans,  T gondii initially undergoes a period of rapid asex- 
ual replication as tachyzoites and then encysts in tissues as bra- 
dyzoites. These tissue cysts in the intermediate hosts are the major 
source for infection of cats, thus completing the life cycle. Cats can also 
be infected by ingestion of oocysts, as occurs in the intermediate hosts, 
but this route of infection is much less efficient (Dubey, 1996). 

In humans,  infection with T gondii is relatively common, with se- 
roprevalence rates of 3-70% in the United States and up to 90% in 
other parts  of the world (Beaman et al., 1995). Acute infections in 
immunocompetent  individuals are largely self-limiting, but toxo- 
plasmosis can be a devastating disease when a woman is infected dur- 
ing pregnancy. The tachyzoites cross the placenta to infect the fetus 
and can lead to fetal death and spontaneous abortion or congenital 
defects such as hydrocephalus, mental  retardation, seizure disorders, 
and chorioretinitis and blindness (Beaman et al., 1995). The other area 
of real concern is toxoplasmosis in immunocompromised hosts. Disease 
in these individuals most commonly occurs because of recrudescence of 
a previously latent infection. In particular, toxoplasma encephalitis is 
a common and serious complication in AIDS patients (Beaman et al., 
1995). In cats, T gondii can infect virtually any organ in the body, 



VACCINATION OF CATS AGAINST ZOONOTIC PATHOGENS 337 

leading to a diverse array of clinical presentations, including fevers of 
unknown origin, uveitis or chorioretinitis, myositis, encephalitis, and 
pulmonary disease (Taboada and Merchant, 1995). Thus, T gondii is 
an example of a zoonotic agent that can cause serious disease in both 
humans and cats. 

It is clear from a large number of studies in mice that resistance to 
and resolution of T gondii infections are dependent on strong cell- 
mediated immune responses (Araujo, 1994; Sher et al., 1995). Inter- 
feron gamma from NK cells and CD4 and CD8 T cells is an important 
factor in the early response to infection (Khan et al., 1994; Sher et al., 
1995). Cell-mediated immunity to T gondii can be enhanced by exog- 
enous treatment with interleukin 7 (IL-7) (Kaspar et al., 1995), IL-12 
(Gazzinelli et al., 1993), and IL-15 (Khan and Kaspar, 1996). In mice, a 
variety of different forms of Toxoplasma vaccines and adjuvants have 
been tested, including irradiated oocysts, T gondii lysates + cholera 
toxin, ISCOMs, and mutant strains of the organism (Araujo, 1994). In 
domestic animals, the goal of vaccination against T gondii varies for 
different species. In pigs, for instance, a major public health concern is 
to eliminate the organisms from meat. Hence, mutant strains of T 
gondii (RH, ts-4) that do not form tissue cysts themselves and block 
formation of tissue cysts after challenge infection have been investi- 
gated as candidate vaccines (Lindsay et al., 1993; Pinckney et al., 1994; 
Dubey et al., 1991, 1994). In sheep, both mutant strains and an ISCOM 
vaccine (marketed as Toxovax | in New Zealand) have been used in an 
attempt to reduce transplacental transmission of T gondii and abor- 
tion, an economically important concern to the sheep industry (Buxton 
et al., 1989, 1991). 

In cats, the goal of vaccination from a public health point of view is to 
prevent the shedding of oocysts following infection. This should be 
feasible because cats that recover from infection are immune to the 
shedding of oocysts on subsequent challenge (Davis and Dubey, 1995; 
Dubey, 1995; Frenkel and Smith, 1982). This immunity is dependent on 
enteroepithelial replication of the organism (Frenkel and Smith, 1982). 
Consequently, an early approach to vaccination involved intentional 
infection of cats with T gondii, followed by treatment with monensin or 
sulfadiazine/pyrimethamine to eliminate oocyst shedding during this 
immunizing infection (Frenkel and Smith, 1982). More recently, a mu- 
tant, "incomplete" strain designated T-263 has been developed and tested 
extensively (Pfefferkorn and Pfefferkorn, 1976; Frenkel et al., 1991; 
Choromanski et al., 1994; Freyre et al., 1993). This vaccine has been 
shown to induce 84-100% protection from oocyst shedding after chal- 
lenge infection (Frenkel et al., 1991; Freyre et al., 1993). Following oral 
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administration of either tissue cysts or bradyzoites, T-263 organisms 
undergo partial enteroepithelial replication in the gut of the cat, but are 
generally blocked from being able to complete the sexual replication 
cycle, possibly because gametes of only one sex are produced (Frenkel et 
al., 1991). Thus, there should be no public health risk ofoocyst shedding 
with this strain of the organism. The T-263 vaccine appears to be safe for 
most cats, but deaths have been reported in cats that  were infected with 
FeLV 11 months prior to vaccination (Choromanski et al., 1994). Conse- 
quently, further studies in FeLV, FIV, and corticosteroid-immunosup- 
pressed cats are warranted. In addition, because this vaccine is produced 
by infection of mice, there is also the potential, albeit limited, for trans- 
mission ofmurine viruses in the preparation, and large-scale production 
may be problematic. A future goal should be to further elucidate specific 
antigens and immune responses associated with the enteric stages of T 
gondii (Kaspar, 1989). This information may allow development of sub- 
unit or DNA-based vaccines that  will eliminate the concerns associated 
with a live vaccine. However, it is important to realize that  any vaccina- 
tion strategy against T gondii is likely to have difficulty targeting the one 
group of cats that, from a public health perspective, may be most impor- 
tant  to vaccinate, feral cats. Finally, although cats are the ult imate 
source of the organism in the overall ecology of T gondii, people are also 
commonly infected through the consumption of tissue cysts in under- 
cooked meats (Dubey, 1994; Beaman et al., 1995). Thus, it may be prudent 
to consider a multifaceted strategy in which not only cats, but also people 
themselves and pigs are vaccinated (Fishback and Frenkel, 1990). 

III. Bartonel la  henselae 

Cat scratch disease (CSD) has been recognized clinically since the 
early 1900s, but it was only in 1983 that  a microbial organism was first 
identified in tissues by silver staining (Wear et al., 1983). The disease 
had initially been associated with a diverse group of agents, including 
herpesviruses, Chlamydia, and Pasteurella (Emmons et al., 1976), 
then more specifically Afipia felis (Birkness et al., 1992). However, the 
etiologic agent of CSD has now been defined as Bartonella henselae, a 
curved gram-negative rod previously called Rochalimaea henselae (as 
reviewed in Regnery and Tappero, 1995). Infection with B. henselae is 
most common in children. A survey in Connecticut in 1992-1993 found 
a prevalence rate in children <10 years of age = 9.3 cases/100,000 
population, compared to 3.7/100,000 overall (Hamilton et al., 1995). 

The classic form of CSD consists of an uncomplicated course of fever 
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and regional lymphadenopathy proximal to a cat scratch or, less com- 
monly, a bite. The scratch may persist as a nonhealing skin lesion with 
associated papules and/or pustules (Regnery and Tappero, 1995; 
Fischer, 1995). In this form, CSD is a fairly benign disease, aside from 
the emotional stress that an enlarged lymph node may represent a 
lymphoma. Unfortunately, infection can be more serious in children, 
including progression to Parinaud's syndrome (extensive preauricular 
swelling and ocular granulomas) and the development of encephalitis 
several weeks after the initial lymphadenopathy (Fischer, 1995). Bar- 
tonella henselae infection is also a serious concern in immuno- 
compromised hosts, because these patients can develop systemic infec- 
tions. Clinical presentations in these individuals include bacillary 
angiomatosis (a painful, nodular proliferation of blood vessels in the 
skin or in internal organs), peliosis hepatis (an unusual form of liver 
disease), endocarditis, pulmonary nodules, hepatitis, splenitis, and en- 
cephalitis (Regnery and Tappero, 1995; Adal et al., 1994; Caniza et al., 
1995; Holmes et al., 1995; Liston and Koehler, 1996; Drancourt et al., 
1996). 

In cats, serologic data suggest that infection with B. henselae is quite 
common, with seroprevalence rates of 14-54% in the United States 
(Childs et al., 1994, 1995; Jameson et al., 1995). Seroprevalence rates 
are highest in warmer areas of the United States and areas with high- 
er annual precipitation (Jameson et al., 1995). Mild signs, including 
transient fever, central nervous system (CNS) disturbance, lympha- 
denopathy, and anemia, developed in cats after experimental infection 
by intramuscular and intravenous inoculation (Kordick and Breitsch- 
werdt, 1997). Interestingly, intradermal and subcutaneous inoculation 
led to raised skin lesions and lymphadenopathy reminiscent of CSD in 
humans (Greene et al., 1996). However, there have been no clinical 
signs associated with natural infection in cats, suggesting that these 
may not be normal routes of infection from cat to cat. 

There are strong associations between the development of CSD in 
humans and contact with cats. Ninety percent of people with CSD have 
a history of contact with cats, in particular with kittens, seropositive 
cats (Zangwill et al., 1993), or bacteremic cats (Kordick et al., 1995). 
There has also been a great deal of interest in the role that  fleas may 
play in transmission of B. henselae between cats and from cats to 
people. Bartonel la  henselae DNA has been detected by polymerase 
chain reaction (PCR) in fleas for up to 9 days after artificial feeding on 
blood containing the organism, and it is shed in flea feces in an infec- 
tious form (Higgins et al., 1996). Experimentally, B. henselae can be 
spread from cat to cat by infected fleas (Chomel et al., 1996), but not 
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horizontally in their absence (Chomel et al., 1996; Abbott et al., 1997). 
Furthermore, the risk for CSD in people is increased if they own at 
least one kitten with fleas (Zangwill et al., 1993). However, the role of 
fleas in the overall epidemiology of B. henselae infection in humans is 
yet to be defined. 

Information concerning protective immunity to B. henselae is lim- 
ited. Cellular immune mechanisms are likely to be of importance since 
the most severe forms of infection occur in individuals with compro- 
mised cellular immunity and PBMC from AIDS patients have reduced 
abilities to phagocytose the organism and to initiate oxygen radical 
bursts (Rodriguez-Barradas et al., 1995). However, antibody-mediated 
mechanisms may also play a role. Immune sera enhanced phagocytosis 
and oxygen radical production in one study (Rodriguez-Barradas et al., 
1995), and humans make strong antibody responses against specific 
Bartone l la  proteins (Anderson et al., 1995). However, the role of spe- 
cific antigens in protection from infection remains unclear. 

One of the most intriguing aspects of B. henselae infection in cats is 
the fact that  they mount a strong antibody response, yet this response 
is insufficient to clear the organism. Bartonel la  henselae persists in 
cats in a prolonged (weeks to months) bacteremia phase in the pres- 
ence of specific antibodies (Kordick et al., 1995; Abbott et al., 1997; 
Kordick and Breitschwerdt, 1997; Regnery et al., 1996; Breitschwerdt 
and Kordick, 1995). This may be due to either periodic release of or- 
ganisms from an intracellular source or progressive antigenic varia- 
tion (Kordick and Breitschwerdt, 1997). Cats can, however, eventu- 
ally clear this bacteremia. When they do, they appear, from a number 
of experimental infection and antibiotic t reatment  studies, to be sol- 
idly immune to reinfection (Greene et al., 1996; Regnery et al., 1996; 
Abbott et al., 1997). So clearly some form of protective immunity 
eventually develops in cats, but what this is and whether it can be 
simulated through vaccination remains to be determined. However, in 
light of the strong epidemiologic links between cats and CSD develop- 
ment in humans, continued efforts to develop a B. henselae vaccine 
for cats as a public health measure is warranted. Antibiotic t reatment  
of cats belonging to high-risk, immunocompromised persons may be a 
useful adjunct tool to reduce potential exposure in individual cases. 
However, this approach would only be useful after a person knew 
they were immunocompromised and sought testing of their cat, and 
would do nothing to reduce exposure of children and healthy adults. 
Incorporation of B. henselae into the routine kittenhood vaccination 
regimes would provide more widespread protection for all individuals 
and has the potential to reduce the role of cats as a reservoir for 
infection. 
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IV. Helicobacter pylori 

Whereas a great deal is already known about the roles of cats in the 
epidemiology of T gondii and B. henselae, the zoonotic potential of H. 
pylori is only beginning to be addressed. Helicobacter pylori was first 
isolated from humans in 1982, but since then, its discovery has revolu- 
tionized the way that  gastric ulcer disease is treated. Helicobacter 
pylori can be isolated from virtually all people with peptic ulcer disease 
and use of appropriate antibiotics in ulcer therapy has dramatically 
reduced ulcer recurrence rates (Blaser, 1995). In addition, H. pylori 
infection in humans is also associated with duodenal ulcers, chronic 
gastritis, gastric carcinoma, and lymphoma (Blaser, 1995). 

Helicobacterpylori is a gram-negative, microaerophilic curved rod that  
lives in the mucous layer of the stomach and duodenum and is uniquely 
able to survive at low pH (in part, through expression ofa urease enzyme; 
Blaser, 1995). The rate of colonization with this organism increases with 
age. It is estimated that  up to 50% of people in the United States are 
infected by 60 years of age, with even higher rates of infection in 
underdeveloped countries (Blaser, 1995). But in addition to humans,  
Helicobacter spp. have been isolated from a variety of animals as well: H. 
pylori from pigs with gastric ulcers (Krakowka et al., 1995), H. mustelae 
from ferrets with hypergastrinemia and ulcers (Perkins et al., 1996; Lee, 
1994), andH. acinomyx from cheetahs with gastritis (Eaton et al., 1993). 
Of most importance for this discussion, H. pylori has been isolated from 
domestic cats with gastritis (Handt et al., 1995). Fox and colleagues have 
demonstrated that  cats can be experimentally infected with H. pylori 
(Fox et al., 1995), that  infection is associated with gastritis (Handt et al., 
1995; Foxet al., 1995), that  infected cats shedH, pylori in saliva (50% ofl2 
infected cats were culture positive) and feces (80% of 5 infected cats) (Fox 
et al., 1996), and that  H. pylori from cats shares 99.7% sequence identity 
(16S rRNA) with isolates from humans (Fox et al., 1995). Consequently, 
there is growing interest in the potential for H. pylori to be a zoonosis 
associated with cats. However, there is, as of yet, no proof of any role for 
cats in transmission of this organism to people. So until a great deal more 
is known, consideration of vaccination of cats is premature. However, the 
ability to experimentally infect cats and induce gastritis has generated 
interest in using cats as an experimental model for vaccine development 
in humans (Lee, 1996). 

V. Other  Agents 

This review has focused on the feasibility and practicality of vac- 
cinating cats against three specific zoonotic agents. However, cats can 
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be involved in the t ransmission of a number  of other infectious organ- 
isms to people (Table II). Among these, at least one biotechnol- 
ogy/vaccine company is currently developing a Yersinia pestis vaccine 
for cats. Yersinia pestis is the causative agent of plague. Zoonotic trans- 
mission of Y. pestis from cats has been documented, particularly in the 
western United States (Doll et al., 1994, and as reviewed in Eidson et 
al., 1991), but the majority of human  cases of plague are acquired from 
contact with infected rodents and their  fleas (Eidson et al., 1991). Thus, 
it is unlikely that  vaccination of cats would substantially affect the 
epidemiology and ecology of this disease on a national or international  
scale. Likewise, cats play only minor roles in the overall epidemiology 
of human  infection with Francisella tularensis (tularemia), Coxiella 
burnetti (Q-fever), Sporothrix schenckii, and the enteric pathogens 
Salmonella spp., Giardia lamblia, and Cryptosporidium parvum. In 
addition, the prevalence of Microsporum canis infection in people is 
low compared to infection with dermatophytes of human origin. Thus, 
vaccination of cats as a public heal th measure is unwarranted  for these 
agents. 

VI. Summary  

Many of the emerging infectious agents that  threaten the human  
population are either directly zoonotic or involve animals, ra ther  than  
humans,  as their  pr imary reservoir in nature.  Vaccination of animals 
may be an important  consideration for control of some of these dis- 
eases, and this review has specifically focused on the concept of vac- 
cinating cats in the prevention of infection with T gondii, B. henselae, 
and H. pylori. If we re turn  to the considerations that  were presented in 
Table III, T gondii is really the only one of these three agents for which 
each of these "criteria" for vaccination is fulfilled at the present time. 
However, cats clearly play an important  role in the epidemiology of 
infection with B. henselae and this is an organism for which we proba- 
bly will and should see a vaccine for widespread and routine use in 
cats. 
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I. Historical Perspectives of FIP 

Historically, feline infectious peritonitis (FIP) was first described in 
the early 1960s by Dr. Jean Holzworth (1963). At least four earlier 
references to clinical cases in cats that  may have been FIP included (1) 
a conspicuous abdominal distention due to ascites, with a retrospective 
diagnosis of FIP, from the State Veterinary School in Utrecht, seen in 
1912-1913 and reported in 1914 (de Groot and Horzinek, 1995; Jakob, 
1914); (2) an infectious pleuritis in 1942 (Bonaduce, 1942); (3) a severe 
exudative peritonitis of unknown etiology reported in England in 1960 
(Joshua, 1960); and (4) a case of chronic organizing peritonitis in 1961 
(Smith and Jones, 1961). The first detailed description of a clinical case 
of "FIP" was reported by Feldmann and Jortner  (1964). The name 
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feline infectious peritonitis was coined by Wolfe and Griesemer in 1966, 
and it was early recognized to have an immunopathologic component 
(Pedersen and Boyle, 1980; Jacobse-Geels et al., 1980). Antibody- 
dependent enhancement (ADE) was shown to play a part  in the patho- 
genesis of the disease (Pedersen, 1983; Weiss and Scott, 1981; Olsen et 
al., 1993). The first vaccine for FIP, an intranasal  modified live virus 
(MLV) vaccine, was licensed in 1991 (Gerber et al., 1990; Gerber, 1995). 

II. Current Status of FIP 

The current status of FIP varies between types of cat populations. It 
is the most feared disease today in breeding catteries, but is less com- 
mon and of less concern in the general pet population (Wolf, 1995; Kass 
and Dent, 1995; Addie and Jarret t ,  1995). There is no effective treat- 
ment for FIP, and once classical disease occurs, mortality is nearly 
100%. The only available commercial vaccine is less than 100% effec- 
tive. Available laboratory tests detect feline coronavirus antibodies 
and therefore are not specific for FIP. Until recently, there was no test 
to detect FIP antigen, virus, or to identify virus carrier cats. The re- 
liability of new antigen detection tests is still being evaluated. A cat- 
tery with enzootic FIP is difficult to manage. The great variability in 
incubation period of FIP (weeks, months, or even years) presents a 
serious challenge to prevention and control. A comprehensive review of 
FIP virus was published in 1993 by Olsen. This review covers the 
molecular biology of the virus, immunopathogenesis of infection, clini- 
cal aspects of the disease, and a discussion of vaccination for FIP. Two 
reviews of FIPV were published in 1995 (de Groot and Horzinek, 1995; 
Pedersen, 1995b). A series of manuscripts was published in Feline 
Practice as the Proceedings of the 1994 International Workshop on 
FIPV and FECV (Vol. 23 [3], 1995). 

Ill. Causative Agent of FIP 

The causative agent of FIP, feline infectious peritonitis virus (FIPV), 
is a pleomorphic, enveloped virus classified as a coronavirus. This sin- 
gle-stranded, positive-sense RNA genome virus contains three major 
structural proteins: (1) the "N" or nuclear protein (core protein), (2) the 
"M" or matrix glycoprotein (formerly called El), and (3) the "S" or spike 
glycoprotein (formerly called E2) (de Groot and Horzinek, 1995; Olsen, 
1993; Spaan et al., 1988). 
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There are at least two cell receptors for FIPV infection of cells (de 
Groot and Horzinek, 1995; Holmes and Compton, 1995; Olsen et al., 
1992, 1993; Olsen, 1993). One is a virus receptor on the cell membrane 
that  is specific for epitopes on the S protein. The second is the Fc 
receptor on macrophages for the Fc portion of IgG antibodies. 

The replication of FIPV occurs at the endoplasmic membranes of 
infected cells (Holmes, 1985; Olsen, 1993). The virus buds into vac- 
uoles within the cell cytoplasm, and hence the virus remains cell-asso- 
ciated initially. Virus is released from infected cells after the cell is 
destroyed (cytolysis). Replication of virus is rapid, with the replicative 
cycle completed in less than 24 hours. 

FIPV survives in the environment much longer than was originally 
thought. Infectious FIPV can be recovered from contaminated dry sur- 
faces for 3 -7  weeks at room temperature,  with the amount of infec- 
tious virus present gradually decreasing with time (Scott, 1991). It is 
not  a highly labile virus as is usually reported. 

FIPV is one of four viruses that  make up an antigenic cluster of 
viruses with similar genomes. The second virus, feline enteric coro- 
navirus (FECV), generally produces a mild enteritis, but not FIP. How- 
ever, there is some indication that  FECV can produce FIP-like disease. 
Positive antibody titers against FIPV result from FECV infection. It is 
preferable to refer to both FIPV and FECV as feline coronavirus 
(FCoV). The third virus in the group is canine coronavirus (CCV), 
which can infect cats, but usually with a subclinical infection. CCV 
antibody-positive cats can experience ADE of FIPV infection (McArdle 
et al., 1992). One U.K. isolate of CCV can produce clinical FIP in cats. 
Positive antibody titers against FIPV are produced with experimental 
CCV infection of cats. The last virus in the group is transmissible 
gastroenteritis virus (TGEV) of swine. TGEV can infect cats, usually 
with subclinical infection, but with positive antibody titers against 
FIPV (Woods and Pedersen, 1979). 

All feline coronaviruses belong to a single serotype, but there are two 
subtypes of virus, FCoV-1 and FCoV-2, which can be differentiated by 
monoclonal antibody (mAbs) (Corapi et al., 1992; Fiscus and Teramoto, 
1986, 1987; Hohdatsu et al., 1991; Olsen, 1993). 

IV. Pathogenesis of Feline Coronavirus Infections 

The pathogenesis of FCoV infection is complex and unique. The incu- 
bation period can be weeks, months, or even years, but is generally 2-3  
weeks up to 3 months. Local infection or primary infection occurs in 
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the pharyngeal and lung epithelium, and possibly the intestinal 
epithelium (de Groot and Horzinek, 1995; Olsen, 1993). There is mini- 
mal clinical disease during the primary infection, often just a t ransient  
fever for one to a few days. Antibodies against FIPV first appear in 
serum by day 7 to day 10 after infection, and then infection of macro- 
phages occurs. Fc receptors on macrophages enable uptake of v i rus-  
antibody complexes, and infected macrophages transport the virus 
throughout the body. Secondary infection then occurs in many tissues, 
with macrophages attaching to and migrating through the walls of 
veins. A perivascular reaction occurs, leading to development of a 
pyogranuloma, the basic lesion of FIP within tissues. 

Two forms of FIP are recognized (Montali and Strandberg, 1972). 
Early reports described FIP primarily as wet or exudative FIP. Cur- 
rently, dry or granulomatous FIP is more common than the wet form of 
disease. The wet and dry forms of FIP are merely variations of the 
same disease process. In wet FIP there is an exudative reaction at the 
vessel walls, with exudative fluid accumulating in the peritoneal 
and/or the thoracic cavities. 

V. Immunology of Feline Coronavirus Infections 

Immunology of FCoV infections is complicated and not fully under- 
stood. Undoubtedly, all three major components of the host's immune 
response come into play in a fully immune cat. However, many cats 
develop aspects of an immune response without developing protection. 
In some cases, this host response makes the cat more susceptible to 
exposure to FIPV rather  than providing protection. Humoral immu- 
nity results in serum virus neutralizing (VN) antibodies which first 
appear 7-10 days after infection. There is a gradual increase in VN 
titers until 5 -6  weeks after infection, with a hypergammaglobuli- 
nemia occurring in most cats that  develop clinical FIP. The VN anti- 
bodies against epitopes on the S or spike protein usually are enhancing 
antibodies if the right concentration of virus and antibodies exists 
(Olsen et al., 1992, 1993). The subclass of IgG produced may be impor- 
tant  in determining if true immunity occurs (Corapi et al., 1992). 

Cell-mediated immunity (CMI) is believed be to play an essential 
role in an effective immune response against FCoV (Pedersen, 1987, 
1995b). Details of the CMI response have not been determined. Local 
immunity appears to play a significant role in preventing infection of a 
previously infected or vaccinated cat via anti-FCoV IgA on mucosal 
surfaces (Gerber, 1995; Gerber et al., 1990). 
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VI. Antibody-Dependent Enhancement 

Immune enhancement (antibody-dependent enhancement,  ADE) 
has been clearly shown to occur in experimental laboratory infections 
of cats previously infected by natural  or experimental infection, and of 
cats previously vaccinated with Primucell FIP vaccine, experimental 
MLV vaccines, experimental inactivated vaccines, and experimental 
recombinant vaccines containing the S gene (McArdle et al., 1992, 
1995; Ngichabe, 1992; Scott et al., 1992, 1995a,b; Weiss and Scott, 
1981). Antibodies to the S protein produced by the host result in en- 
hanced infection of macrophages via Fc receptors, and the infected 
macrophages then transport  the virus throughout the body. In the 
enhanced infection there is a decrease in incubation t imemas  short as 
1-2 days--af ter  exposure to virulent FIPV. The relative amount of 
virus and antibodies is important  in order for ADE to occur. Higher 
concentrations of antibody neutralize the virus, but as the concentra- 
tion of antibody decreases a concentration occurs where enhanced in- 
fection results. Other related coronaviruses can cause enhanced FCoV 
infection in the cat, including CCV. 

Infectivity of macrophages appears to be a key factor in the ability of 
FCoV to become a systemic infection (Pedersen, 1976; Stoddart and 
Scott, 1986). The infected macrophages travel in the bloodstream to 
various parts of the body where they attach to the walls of veins. The 
local infection with inflammation results in characteristic perivascular 
lesions identified as pyogranulomas. 

VII. FIP Vaccine 

A single commercial vaccine, Primucell FIP from Pfizer, is available 
to aid in protecting cats against FIP and FCoV infections (Christianson 
et al., 1989; Gerber, 1995; Gerber et al., 1990). It is a MLV, tempera- 
ture-sensitive (ts) mutant  produced by attenuation of the original viru- 
lent FIPV-DF2 isolate by serial passage in cell cultures at low tempera- 
ture. The FIPV-DF2 isolate is a type 2 virus. Primucell FIP is licensed 
for intranasal  administration, with two doses given 3 -4  weeks apart  in 
cats at least 16 weeks of age. Annual revaccination is recommended by 
the manufacturer. This vaccine stimulates local IgA and VN antibody 
titers in serum (Gerber, 1995; Gerber et al., 1990). 

Evaluation of the risks and benefits associated with the use of this 
vaccine is a complicated issue. First, the severe, usually fatal nature of 
FIP mandates  the need for a safe and effective vaccine, especially since 
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there is no effective treatment for this disease. If a highly effective 
vaccine against FIP was available, it would be used routinely in feline 
practice. 

VIII. Risks of  FIP Vaccination 

The risks of vaccination with Primucell FIP appear to be minimal in 
most situations. The vaccine has been used for the past 7 years with no 
increase in the incidence of FIP reported. Field safety tests and con- 
trolled field studies have documented no increase in FIP or related 
disease in cats vaccinated with this vaccine (Fehr et al., 1995; Hoskins 
et al., 1995a; Reeves, 1995; Scott et al., 1992). In experimental studies 
in several laboratories, however, ADE of infection has been docu- 
mented in cats vaccinated with this vaccine and a variety of other 
experimental FIP vaccines (McArdle et al., 1995; Ngichabe, 1992; Scott 
et al., 1995a; Vennema et al., 1990). Under these situations, the en- 
hanced state results in a shorter incubation period after exposure to 
virulent virus, a shorter course of disease with more severe clinical 
signs, and a greater mortality compared to unvaccinated control cats. 
The major factor that determines whether enhanced disease occurs is 
the relative concentration of virulent virus and anti-FCoV antibodies 
(Corapi et al., 1992; Olsen, 1993; Olsen et al., 1992, 1993; Scott et al., 
1995b). 

Some investigators have stated that  ADE of infection does not occur 
under natural or field conditions, that  it only occurs under laboratory 
conditions (Addie et al., 1995; Fehr et al., 1995; Reeves, 1995). Al- 
though ADE does not appear to be a major problem under field condi- 
tions, apparently due to the relatively small amount of virus shed from 
infected and carrier cats, it is virtually impossible to determine if an 
individual case of FIP is a result of ADE infection or nonenhanced 
infection. The incubation period is the only differentiating difference, 
with ADE infection resulting in severe clinical FIP within 12 days after 
exposure to virus (Scott et al., 1995b; Weiss and Scott, 1981). Non- 
enhanced infection does not result in severe disease until after 12 days 
from exposure. Since the time of exposure to virus is almost always 
impossible to determine in field infections, it is likewise virtually im- 
possible to determine with certainty whether or not a particular infec- 
tion is enhanced or not. In one study of the safety and efficacy of the 
vaccine in two high-risk cat populations in Switzerland (Fehr et al., 
1995), the authors state that  the vaccine did not result in enhanced 
disease. Yet evaluation of the reported results indicates that  three cats 
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developed FIP within the first month after vaccination, while none of 
the placebo vaccinated cats developed FIP within this time. Were these 
cases of enhanced disease? It is impossible to ascertain, but  it is also 
impossible to rule out enhanced disease based on these data. 

IX. Benefits of FIP Vaccination 

The benefits of vaccination, unfortunately, are ra ther  low. In FIP 
endemic catteries, two controlled studies have failed to show any de- 
crease in the incidence of FIP in vaccinated cats compared to placebo 
vaccinated controls. In the original field study by the manufac turer  of 
the vaccine (Fanton, 1991), 12 endemic catteries were evaluated in a 
controlled study, with 349 cats vaccinated twice with Primucell FIP, 
and 352 cats vaccinated with a placebo vaccine. During the observation 
period of 6 months, three cases of FIP occurred in the vaccinated group 
(0.86%) compared to four cases in the control group (1.1%). This differ- 
ence was not statistically significant. 

In a double-blind placebo controlled field study in Switzerland in- 
volving 138 purebred cats from 15 catteries (Fehr et al., 1995), the 
investigators were unable to show a difference between Primucell FIP 
vaccinated cats and placebo vaccinated controls within these FIP en- 
demic catteries when the vaccine was used as recommended by the 
manufac turer  (two doses of vaccine given 3 -4  weeks apar t  s tar t ing at 
16 weeks of age). There were seven FIP deaths in the vaccinated group 
and five FIP deaths in the placebo group during the 15- to 21-month 
study period. 

In endemic catteries, many kit tens are infected from their  carrier 
queens at 6 -7  weeks of age, long before the vaccine can be used as 
licensed at 16 weeks of age (Stoddart et al., 1984; Addie and Jarre t t ,  
1995). Once a cat is infected with FCoV the vaccine will have no benefi- 
cial effect. Controlled studies on the efficacy of the vaccine in kit tens 
younger than  16 weeks of age have not been published. Some cattery 
owners apparent ly  are using the vaccine off label in ki t tens as young as 
3 weeks of age. 

In high-risk pet cat populations there is limited or no efficacy of the 
vaccine. In the Switzerland study mentioned earlier (Fehr et al., 1995), 
609 domestic and purebred household pet cats were studied in the 
double-blind placebo controlled field study. During the 12 months after 
vaccination, FIP was confirmed in 13/31 deaths in the vaccinated 
group compared to 17/34 deaths in the control group. The authors 
state tha t  "Death losses in placebo and vaccinate groups were equal up 



354 FRED W. SCOTT 

to day 150 following immunization, while significantly more placebo- 
immunized animals died of FIP after tha t  period." In this author 's  
review of the data  in this study (Fehr et al., 1995), there were two more 
deaths in the vaccinated group (n = 12) compared to the control group 
(n = 10) through 150 days, and an equal number  of deaths from FIP (n 
= 13 for both groups) through 250 days after vaccination. After this 
250-day period there were four deaths in the control group but no 
deaths in the vaccinated group. A disturbing finding is tha t  two of the 
deaths in the vaccinated group occurred within the first few days after 
vaccination, while none of the deaths in the control group occurred 
within this time period. Were these cats merely incubating the disease 
at the time of vaccination and would have died anyway, or were these 
early deaths after vaccination a result  of enhanced disease from the 
vaccine in cats that  were already antibody positive? It is impossible in 
this review to ascertain the exact situation in these two cats. In any 
case, Primucell FIP did not reduce the incidence of FIP within this 
high-risk pet population of cats for 8 months after vaccination, or until  
the cats were at least 1 year of age. 

The topical or int ranasal  vaccination with Primucell FIP stimulates 
VN antibodies within the sera of vaccinated cats (Fehr et al., 1995; 
Hoskins et al., 1995a; Scott et al., 1992, 1995a). These VN antibodies, 
directed against  epitopes on the S protein of the virus, are also enhanc- 
ing antibodies when tested in vitro against  infection of peritoneal mac- 
rophages (Olsen et al., 1992; Scott et al., 1995a; Stoddart  and Scott, 
1988). In our studies, 48/49 cats vaccinated with Primucell FIP had 
enhancing antibodies within their  sera after vaccination, while none of 
the 23 unvaccinated controls had enhancing antibodies. Enhanced in- 
fection occurred with both FIPV-1146 and FIPV-DF2. 

Efficacy of Primucell FIP depends on the dose of FIPV to which 
vaccinated cats are exposed (McArdle et al., 1995; Scott et al., 1995a,b). 
Under  experimental conditions where vaccinated cats are exposed to a 
low dose of virulent challenge virus (<10 cat infectious doses), the 
vaccine provides protection for some cats. If vaccinated cats are ex- 
posed to >10 cat infectious doses of FIPV (104 TCIDso), the vaccine 
provides no protection. With this higher challenge dose, many of the 
vaccinated cats are more susceptible to infection than  the unvacci- 
nated controls, resulting in an enhanced and more acute disease. 

Some efficacy of the vaccine can be demonstrated when FCoV anti- 
body-negative cats are vaccinated according to the manufacturer 's  rec- 
ommendation prior to natura l  exposure to FCoV-infected cats. Reeves 
(1995) reported a significant reduction in clinical FIP in FCoV anti- 
body-negative cats that  were vaccinated twice when at least 16 weeks 
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of age, then introduced into a large cat shelter where FIP was endemic. 
Of 254 vaccinates, the mortality from FIP over a 16-month period after 
vaccination was 0.8% compared to a FIP mortality of 3.25% in 246 
placebo-vaccinated cats. The calculated efficacy of vaccination, based 
on preventable fractions, was 75%. 

Hoskins et al., (1995a,b) evaluated the efficacy of Primucell FIP in 
kit tens vaccinated at 16 and 19 weeks of age in two studies. In one 
study, the number  of kit tens with histopathologic indications of FIP 
after a low-dose FIPV-DF2 challenge was reduced from 60 to 30% in 
vaccinated cats compared to unvaccinated controls, a 50% efficacy 
based on preventable fractions. In the other study, vaccinated kit tens 
exposed to FECV-1163 had less intestinal clinical disease, less virus in 
the intestine, and less histopathologic damage to the small intestine 
compared to unvaccinated controls. 

The amount  of virus to which cats are exposed under  normal field 
conditions is unknown. However, based on studies reported to date 
under  both na tura l  and experimental  conditions, one can only conclude 
tha t  the amount  of virus exposure must  be low. If the exposure dose of 
virus was high, enhanced disease would frequently be encountered. 
Because enhanced disease does not occur under  na tura l  conditions, or 
at least it is an uncommon occurrence if at all, the exposure dose of 
virus must  be at a low level. This is consistent with what  is known 
about the amount  of virus shed from experimentally infected cats. 

There is no published information on the duration of immunity  pro- 
duced by Primucell FIP. As with most veterinary biologics, the manu- 
facturer of the vaccine arbitrari ly recommends annual  revaccination. 

In summary,  Primucell FIP vaccine has efficacy in preventing some 
clinical FIP when FCoV antibody-negative kit tens at least 16 weeks of 
age are vaccinated twice intranasal ly  3 weeks apart.  The vaccine has 
not been shown to reduce the incidence of clinical FIP when used in 
endemic catteries when the vaccine is routinely given to kit tens at least 
16 weeks of age. The use of the vaccine appears to be limited to high- 
risk populations, such as breeding catteries and mult icat  facilities, 
where FCoV antibody-negative cats are vaccinated. 

The American Association of Feline Practitioner's Feline Vaccination 
Guidel ines (Elston et al., 1998) makes the following recommendations 
concerning FIP vaccination. "The panel considers this to be a non-core 
vaccine because of the low prevalence of disease in confined populations 
of cats. As a result, vaccination is recommended only for cats at risk of 
exposure to the causative organism. However, the panel was split as to 
what  constituted risk of exposure to FIP-inducing coronaviruses. A 
minority of the panel members recommended vaccination of kit tens 
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and cats with lifestyles that resulted in substantial risk of exposure to 
coronaviruses. Most panel members recommended that vaccination be 
limited to cats in specific risk situations, such as households in which 
FIP had been diagnosed. Those cats for which vaccination is deemed 
appropriate should receive a foundation series of vaccinations as kit- 
tens, according to recognized protocols. An annual booster vaccination 
is recommended by vaccine manufacturers; however, to our knowledge, 
duration of immunity studies have not been performed." 
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I. Introduction 

The increasing movement of horses all over the world for competi- 
tion, sale, and breeding is a source of concern in terms of the risk of 
transmission of infectious diseases. As a counterpart, the requirement 
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of horse breeding registries for verification of identification and pass- 
ports allows individual horses to be monitored throughout their life, 
which in turn helps control all movements better than for any other 
domesticated animal species. 

To prevent the spread of any equine infectious disease, movement 
restriction, management procedures, hygiene, and disinfection are es- 
sential. When exporting horses, quarantine either in the exporting or 
in the importing country is highly recommended. 

With a view to limiting the risk and containing the dissemination of 
any infectious diseases, rapid and accurate diagnosis remains essen- 
tial. For most diseases, delocalized, on-the-spot diagnostics are prefer- 
able to centralized ones. With respect to emerging diseases (e.g., 
equine morbillivirus pneumonia) since time is of the utmost impor- 
tance, it is essential to benefit from the expertise of a network of highly 
dedicated laboratories capable of using the most relevant and most 
recent techniques and reagents. 

For the control of equine diseases, vaccination has become the pri- 
mary method. Existing vaccines are based on conventional ancient 
technologies. Such vaccines clearly need to be improved on terms of 
their safety and/or efficacy. There is also an increasing need for marker 
vaccines to differentiate vaccinated from infected animals. 

This paper describes the most important viral and bacterial diseases 
and reviews the diagnostics and vaccines available or under develop- 
ment, their strengths, and their weaknesses. 

II. Viral Diseases 

Among the main equine infectious diseases, the viral respiratory 
diseasesmequine influenza, equine herpesvirus type 1 or 4 infections, 
and equine viral arteritisndoubtedly rank first in importance. 

A. EQUINE INFLUENZA 

The equine influenza virus (EIV) is a member of the Orthomyx- 
oviridae family and of the genus influenza virus type A. Two subtypes 
are recognized: H7N7 (subtype 1) and H3N8 (subtype 2). 

Equine influenza has occurred in all parts of the world except Austral- 
asia. It is endemic in Europe and North and South America. All reported 
outbreaks in the last decade have been caused by equine 2 influenza. 

Within subtype 2 (H3N8) antigenic variants appear to have arisen 
by genetic recombination from avian viruses (Webster and Guo, 1991). 
In addition, conventional H3N8 viruses have evolved by antigenic drift 
(Hinshaw et al., 1983). 
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1. Diagnosis  

a. Direct  The most accurate method for virus isolation remains 
inoculation of embryonated eggs from nasopharyngeal secretions col- 
lected during the acute phase of the disease (Ilobi et al., 1994). The 
identity of the isolated virus is then confirmed by hemagglutination 
inhibition (HI) tests using specific antisera. 

Capture ELISA based on monoclonal antibody to the virus nucleo- 
protein (NP) is a new way of doing direct diagnosis which could be 
completed by other ELISA-based systems (Cook et al., 1988; Livesay et 
al., 1993; Chambers et al., 1994). Reverse transcriptase-polymerase 
chain reaction (RT-PCR) using specific primers for the detection of the 
viral genome is providing another new opportunity for direct diagnosis. 

b. Indirec t  While antibodies to equine influenza virus are well de- 
tected using an HI test based on Tween-ether dissociated virus as an 
antigen (Burrows and Denyer, 1982), an improvement in their analysis 
and quantitation is provided by the use of single radial hemolysis 
(SRH) (Mumford et al., 1988) which is still preferred to immuno- 
enzymatic assays (Livesay et al., 1993). 

2. Vaccines 

The prevention and control of equine influenza rely on vaccination 
and management regimes to reduce the exposure of susceptible horses. 
Inactivated vaccines containing representatives of the two virus sub- 
types are commercially available. The short-lived nature of the anti- 
body response produced in horses by such vaccines and the continued 
antigenic drift of field virus are thought to be related to the limited 
protection provided (Burrows et al., 1977; Mumford et al., 1988; Mum- 
ford, 1992). 

Improvements have been introduced through the use of single radial 
immunodiffusion techniques for the assay of antigens (Wood et al., 
1983), of new adjuvants (oil adjuvants, polymers) (Mackowiak et al., 
1990; Mumford et al., 1994a), new antigen presentation systems (IS- 
COMS) (Mumford et al., 1994b), and by incorporation of recent field 
isolates (Mumford and Wood, 1993a). 

Viral vectored vaccines and, more recently, naked DNA vaccines are 
being evaluated and could represent new alternatives for improved 
vaccines. 

B. EQUINE RHINOPNEUMONITIS AND EQUINE ABORTION 

Five distinct herpesviruses are known to infect the horse. Two of 
them, EHV4 (equine rhinopneumonitis virus) and EHV1 (equine abor- 
tion virus) related to the subfamily Alphaherpesvirinae, are major 
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causes of respiratory disease and abortion. Another member of the 
subfamily Alphaherpesvirinae is EHV3 (equine coital exanthema). 
The other two, EHV2 and EHV5, are members of the Gamma- 
herpesvirinae subfamily. 

1. Diagnosis  

a. Direct  Diagnosis of EHV4 or EHV1 infection requires isolation 
of the virus. An ELISA based on type-specific monoclonal antibodies 
then permits determination of the identity of the virus (Yeargan et al., 
1985). 

PCR using primers in the gC gene could be applied for direct identi- 
fication in either foal fetal tissues or nasopharyngeal swabs. The meth- 
od proved to be as sensitive as virus isolation and highly specific (Bal- 
lagi et al., 1990; O'Keefe et al., 1991; Sharma et al., 1992; Kirisawa et 
al., 1993). 

b. Indirec t  Until recently the specific serodiagnosis of EHV4 and 
EHV1 was not possible due to strong antigenic cross-reactivity be- 
tween the two viruses. 

A type-specific serodiagnostic test has been developed based on type- 
specific epitopes located on the glycoprotein G and allows specific dis- 
tinction in dually infected horses (Crabb and Studdert, 1993; Crabb et 
al., 1995). 

2. Vaccines 

a. Inac t i va ted  Inactivated EHV1 and EHV4 vaccines have been 
developed. Their poor initial immunogenicity has been improved with 
the use of relevant inactivating agents (~-propiolactone or eth- 
yleneimine) (Bryans, 1978; Mayr et al., 1978) and adjuvants (alumi- 
nium hydroxide, mineral oil or polymers) (Thomson et al., 1979). Be- 
cause the envelope plays an important role in the protective immunity, 
subunit vaccines based on envelope glycoproteins have been suc- 
cessfully developed. 

Immune stimulating complex (ISCOM) vaccines prepared from de- 
tergent-treated purified virions and containing all glycoproteins are 
inducing full protection in the hamster model (Cook et al., 1990). 

EHV1 gB and gC expressed by poxvirus vectors were shown to better 
protect hamsters when coexpressed than when expressed alone (Guo et 
al., 1989, 1990). A third major glycoprotein (gD) genetically expressed, 
using the baculovirus system, is inducing anti-EHV1 and EHV4 neu- 
tralizing antibodies in hamsters (Love et al., 1993). 

b. Live Live attenuated marker vaccines based on gene(s) deleted 
viruses having a reduced virulence are proposed. The safety of such 
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live attenuated vaccines remains an issue. Their ability to induce la- 
tency and the risk of subsequent recombination are a matter  of con- 
cern. 

C. EQUINE ARTERITIS VIRUS 

The equine arteritis virus (EAV) is the type species of the recently 
established family of Arteriviridae. The most important consequences 
of infection are abortion in the mare and establishment of a carrier 
state in the stallion (Timoney and McCollum, 1996). 

1. Diagnosis  

a. Direct Due to the variability of the manifestations of EAV infec- 
tions, a differential diagnosis is needed (Timoney and McCollum, 
1993). The unambiguous diagnosis relies on virus isolation followed by 
identification using neutralization tests or monoclonal antibody-based 
immunoassays. 

An alternative to virus isolation is to detect viral genomic RNA by 
RT-PCR. Such a test has been successfully applied on semen samples 
to detect carrier stallions (Chirnside and Spaan, 1990; St. Laurent et 
al., 1994). 

b. Indirect  Virus neutralization is usually used for measuring 
EAV-specific antibodies (Senne et al., 1985). Attempts to use ELISA 
tests have been made. Specificity improvement is obtained using bacte- 
rially expressed fusion G L or N proteins (Lang and Mitchell, 1984; 
Cook et al., 1989; Chirnside et al., 1995a,b). However, such tests cannot 
differentiate between vaccinated and infected horses. 

2. Vaccines 

Live and inactivated vaccines are available. For live vaccines, atten- 
uation of the virus has been performed by serial passages on equine 
and rabbit kidney cells (McCollum et al., 1961, 1962). The vaccine 
induces mild adverse reaction. It is recommended to vaccinate horses 
more than 3 weeks before breeding and the vaccination of pregnant 
mares is discouraged (Doll et al., 1968; Timoney and McCollum, 1993). 
The vaccine does not protect horses against infection but provides clin- 
ical protection. 

The formalin inactivated vaccine was successful in protecting preg- 
nant mares against abortion and in preventing stallions from becom- 
ing persistently infected (Fukunaga et al., 1984, 1990, 1992). 

Such vaccines do not allow discrimination between vaccinated and 
infected horses. To develop a marker vaccine, bacterially expressed G L 
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protein or G L specific synthetic peptides have been used and shown to 
elicit neutralizing antibodies (Chirnside et al., 1994, 1995a). 

D. JAPANESE, WESTERN, EASTERN, AND VENEZUELAN ENCEPHALITIS 

Western (WEE), Eastern (EEE), and Venezuelan equine encephalitis 
(VEE) viruses are Alphaviruses belonging to the Togaviridae family. 
Japanese encephalitis (JE) virus is a Flavivirus belonging to the Fla- 
viviridae family. They are all mosquito-transmitted viruses (Burke and 
Leake, 1989; Morris, 1989; Reisen and Monath, 1989; Walton and 
Grayson, 1989). 

Japanese encephalitis occurs in Asia while the others occur only in 
the Americas. 

1. Diagnos is  

a. Direct  Virus isolation is the main diagnostic method. But vir- 
emia is only transient and may have passed by the time neurologic 
signs appear. In the absence of virus isolation, viral antigens can be 
detected in clinical specimens by direct or indirect immunofluorescence 
(IF) (Monath et al., 1981). 

Antigen capture ELISA can also be used but the specimens may 
contain sufficient quantities of viral antigens due to the limited sensi- 
tivity of the test (Monath et al., 1984). 

Once more, advances are represented by the use of RT-PCR. 
b. Ind irec t  In equine encephalitis, antibodies appear at the end of 

the viremic period. ELISAs have been developed permitting the detection 
of type-specific antibodies. Common antigenic determinants within al- 
phaviruses and flaviviruses provide a practical advantage for serodiag- 
nosis but could also be a source of confusion (Calisher et al., 1986). Type- 
specific tests are consequently required to clarify the diagnosis. 

2. Vaccines 

The equine encephalitis viruses have the potential to spread rapidly 
and epidemically. As a consequence, the rapid identification of any case 
is crucial for developing prevention and control strategies. Inactivated 
monovalent or associated vaccines are available for WEE, EEE, and 
VEE in America. Inactivated vaccines including two antigenic variants 
of the JE virus are used in Asia. 

Live vectored vaccines based on poxvirus vectors have recently been 
developed for JE, WEE, EEE, and VEE. They represent new ways of 
preventing the diseases, offering a decisive advantage regarding the 
biosafety of vaccine production processes. 
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E. AFRICAN HORSE SICKNESS 

African horse sickness (AHS) is another arthropod-borne disease 
which represents a serious threat to horses in Africa, the Near and 
Middle East, and Southern Europe. Increasing international move- 
ment of horses involves the risk of outbreaks in other areas. The Afri- 
can horse sickness virus (AHSV) is an Orbivirus belonging to the 
Reoviridae family. 

1. Diagnosis  

a. Direct Presumptive diagnosis may be done on the basis of typi- 
cal clinical signs and lesions associated with the seasonal prevalence of 
competent vectors (Culicoides and perhaps mosquitoes). 

Virus isolation is the usual way of making a direct diagnosis of the 
disease (Anonymous, 1992). 

Capture ELISAs based on polyclonal or monoclonal antibodies have 
been developed (Du Plessis et al., 1990; Hamblin et al., 1991; Laviada 
et al., 1992). 

RT-PCR has been proposed (Stone-Marschat et al., 1994; Zientara et 
al., 1994). It fulfills the requirements for serogroup specificity and is at 
least as sensitive as virus isolation and much more rapid (results are 
obtained within 24 hours as opposed to 5-7 days required for virus 
isolation). 

b. Indirect  Outside endemic areas most horses die before having 
developed antibodies. In endemic areas and in regulating international 
movement of horses, identification of horses exposed to AHSV is essen- 
tial. 

ELISA methods have been developed to replace the complement fixa- 
tion test (CF) currently used (Hamblin et al., 1991; Anonymous, 1992). 
A competition ELISA using recombinant VP7 protein and monoclonal 
antibodies to VP7 has been proposed. It avoids the need to grow live 
virus to manufacture it and can be safely used in virus-free areas 
(Chuma et al., 1992; Wade-Evans et al., 1993). 

2. Vaccines 

In nonendemic areas, the control of AHS involves quarantine, vector 
control, and vaccination. 

Live attenuated vaccines were first developed using "neurotropic" 
virus obtained from intracerebral passages through animals (Alex- 
ander and Dutoit, 1934). Associated with significant side effects, such 
vaccines were then been replaced by tissue culture attenuated strains 
(Mirchamsy and Taslimi, 1964; Erasmus, 1978; Anonymous, 1992). 



366 PHILIPPE DESMETTRE 

Inactivated vaccines have more recently been developed to overcome 
safety problems potentially linked with the use of live at tenuated vi- 
ruses in nonendemic areas (Mirchamsy and Taslimi, 1968; Dubourget 
et al., 1992; House et al., 1992; J. A. House et al., 1992). 

Offering an opportunity for marker  vaccines, recombinant subunit 
vaccines are representing a potentially safer and more effective way of 
inducing protective immunity. Recent evaluation of DNA-based immu- 
nization using VP2 gene is showing both humoral and cellular immune 
response in horses, but the immune level is not sufficient for a full 
protection, confirming thus the need for other antigens (Roy et al., 
1992). 

F. EQUINE INFECTIOUS ANEMIA 

Equine infectious anemia virus (EIAV) is a member of the family 
Retroviridae and belongs to the genera Lentivirinae. 

1. Diagnosis  

Usually diagnosis of EIAV is based on clinical signs, on the evidence 
of sideroleukocytes, on detection of antibodies, and on detection of vi- 
rus (Campbell, 1971). Antibodies to EIAV are detected by several 
methods including VN, HI, CF, and AGID test, but the AGID test 
(COGGINS test) is the most reliable one (Tanaka and Sakaki, 1962; 
Kono and Kobayashi, 1966; Coggins and Norcross, 1970; Pearson and 
Coggins, 1979; Sentsui and Kono, 1981). 

ELISAs have been developed, which all use the core protein p26 or 
synthetic peptides (Shane et al., 1984; Shen et al., 1984; Archambault  
et al., 1989). The use of anti-p26 monoclonal antibodies in a competi- 
tive ELISA is a means to improve the specificity (Winston et al., 1987). 
Nevertheless false-positive reactions are still occurring with the ELI- 
SA-based tests and the results have to be confirmed in AGID. 

Real improvements are expected from the use of RT-PCR tech- 
niques to detect viral RNA in blood (Langemeier et al., 1994). 

2. Vaccines 

With the exception of a live vaccine prepared from an EIAV strain 
at tenuated by passage on donkey leukocyte and which is reported to be 
widely used in China, there is no other EIAV vaccine available (Shen, 
1983). This reflects the global difficulty in the lentivirus vaccine devel- 
opment. Furthermore, if not specifically marked, the use of vaccines 
could confound control programs based on serodiagnostic tests alone. 
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G. EQUINE ROTAVIRUS INFECTIONS 

Rotaviruses are recognized as the major identifiable cause of infec- 
tious diarrhea in foals around the world (Conner and Darlington, 
1980). Equine rotaviruses belong to group A rotaviruses and are mem- 
bers of the Reoviridae family. 

1. Diagnosis 

a. Direct Based on the antigenic communities of group A rota- 
viruses, several tests developed for human diagnostics are used for the 
direct diagnosis of equine rotaviruses. They include ELISA and latex 
agglutination tests (Conner et al., 1983; Dwyer et al., 1988). However, 
little is known about the sensitivity and specificity of those different 
methods. 

2. Vaccines 

Parenteral  vaccination of pregnant mare with inactivated bovine 
vaccine has been shown to produce an antibody response in the milk 
and is used for passive protection of suckling foals (Browning et al., 
1991). 

H. EQUINE RABIES 

Rabies occurs sporadically in horses and is usually t ransmit ted by 
the bite of an infected wild animal (Owen, 1978). The rabies virus is a 
member of the Lyssavirus genus, which belongs to the Rhabdoviridae 
family. 

1. Diagnosis 

Rabies is not easy to diagnose in horses by any technique. This could 
be due to low concentrations of viral antigens in the brain of horses or 
to the production of inhibitory factors in brain and salivary gland tis- 
sues (Tabel and Charlton, 1974; Marler et al., 1979). 

The examination for Negri bodies is no longer used. It is advan- 
tageously replaced by immunofluorescence test (IFT) and mouse inoc- 
ulation test done simultaneously (Aubert, 1982; Green et al., 1992; 
Green, 1993). 

2. Vaccines 

Vaccination of horses is recommended in endemic areas. The safest 
and most efficient vaccines contain inactivated virus and an adjuvant. 
Live at tenuated vaccines have to be rejected for safety reasons. 
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Ill .  Bacterial Diseases 

A. POTOMAC HORSE FEVER 

Potomac horse fever (equine monocytic ehrlichiosis) is an acute 
equine diarrheal syndrome caused by a rickettsial organism, Ehrlichia 
risticii. The disease has a sporadic distribution and a seasonal inci- 
dence, suggesting that  an arthropod vector is involved in the transmis- 
sion of the agent (Huntingdon, 1990; Phipps, 1994). 

Cases of equine ehrlichiosis not related to E. risticii but caused by E. 
equi have also been described in Europe. 

1. Diagnosis 

a. Direct Definitive diagnosis of Potomac horse fever is based on 
clinical signs and by demonstration of E. risticii within the cytoplasm 
of parasited monocytes and macrophages as well as by cultural evi- 
dence (Holland et al., 1985). 

PCR is offering a new opportunity for direct diagnosis (Biswas et al., 
1991). 

b. Indirect Serologic tests include IFAT (indirect fluorescent anti- 
body test) (Ristic et al., 1986) and ELISA (Pretzman et al., 1987; Shan- 
karappa et al., 1988). 

There is a rapid raise in antibody titers a few days after infection 
and high antibody titers may persist up to a year after infection. Paired 
serum samples are therefore required to perform a diagnosis. 

2. Vaccines 

Several adjuvanted vaccines based on cell cultured inactivated or- 
ganisms are available. Vaccination is reducing clinical signs rather  
than providing full protection. 

B. LYME DISEASE (Lyme borreliosis) 

Lyme disease does occur as a clinical entity in domestic animals 
including dogs, horses, and cattle as well as in humans. It is a vector- 
based infection transmitted by Ixodes ticks and caused by a spirochete 
(Borrelia burgdorferi) (Van Heerden and Reyers, 1984; Lindenmayer et 
al., 1989; Parker and White, 1992). 

1. Diagnosis 

a. Direct Diagnosis of clinical Lyme disease is difficult and depends 
on the recognition of clinical signs, a history of possible exposure to the 
organism, and the identification of the spirochete in the affected ani- 
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mal. Isolation of the organism is made difficult because B. burgdorferi 
is found in extremely low number in blood and tissues and cultures take 
weeks to grow. If a sufficient number of organisms is present, direct 
observation of specimen is more rapid and practical (Barbour, 1984). 

b. Indirect Serologic testing is the only practical means for con- 
firming B. burgdorferi infection. IFAs as well as polyvalent or class- 
specific antibody ELISAs using the 41-kDa antigen are proposed. But 
these assays are not standardized (Magnarelli and Anderson, 1989; 
Golightly et al., 1990). Horses are developing lower antibody titers 
than dogs. It is furthermore important that a correct interpretation of 
the results of any serologic assay be made. 

Several different strains of B. burgdorferi have been identified. Cur- 
rent serologic assays have been found to detect antibodies to all of 
these strains but false-positive results may be due to cross-reactivity 
with antibodies to related species organisms in horses such as B. thei- 
leri or B. hermsii (Magnarelli et al., 1987). [Editor's note: One needs to 
distinguish clearly between infection with spirochetes, including those 
immunologically cross-reactive with Borrelia species, and diseases 
caused by B. burgdorferi. Infection with spirochetes, including those 
with antigens shared with B. burgdorferi, are common in certain spe- 
cies like horses, dogs, and cattle. However, disease caused by B. burg- 
dorferi is uncommon or nonexistent in these species (e.g., cattle).] 

2. Vaccines 

Based on previous development of vaccines for dogs, research is ongo- 
ing to develop vaccines for horses. A subunit vaccine, based on the outer 
membrane lipoprotein OspA, is produced in recombinant Escherichia 
coli. The strong immunogenicity of OspA makes it possible to induce a 
high level of antibodies and full protection in the absence of any adju- 
vants (which improve the safety of such a vaccine). The level of protec- 
tion provided by such a vaccine in horses remains to be established. 

C. Streptococcus equi Infections (Strangles) 

Streptococcus equi is causing strangles, an acute contagious respira- 
tory disease, which affects predominantly young horses (Sweeney et 
al., 1987a,b; David Wilson, 1988). 

1. Diagnosis 

a. Direct Early clinical cases of strangles have to be distinguished 
from viral respiratory infections. Definitive diagnosis is usually based 
on progression of clinical signs and bacterial culture results (Schultz, 
1988). 
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b. Indirect Serological tests to S. equi are not available yet and are 
of limited interest. 

2. Vaccines 

Vaccines have proven to be of some benefit in herds where the disease 
is endemic. Vaccination is unlikely to eliminate infection but can reduce 
the number and severity of cases and may slow down the spread. 

Adjuvanted bacterins are inducing both local and general adverse 
reactions partly linked to the induction of hypersensitivity in case of 
repeated administration (Smith, 1994; Sezun, 1995). Purified M pro- 
tein vaccines developed to overcome these reactions do not eliminate 
them although they reduce them (Srivastava and Barnum, 1983; Tim- 
oney and Trachman, 1985; Timoney and Mukhtar, 1993). 

A vaccine based on adjuvanted enzymatic extracts of S. equi has also 
been developed (Bryant et al., 1985). 

None of these vaccines is completely effective in preventing stran- 
gles. This may reflect the fact that none of them induces a specific local 
secretory response, which may be necessary to block the infection of 
the upper respiratory tract mucosa (Galan and Timoney, 1985; Wallace 
et al., 1995). 

Recent research has led to the development of a modified avirulent 
strain of S. equi, which, when introduced intranasally or orally, stimu- 
lates a specific secretory response and a solid resistance to challenge. A 
genetically engineered Salmonella typhimurium expressing S. equi M 
protein antigens at its surface has also been generated for that pur- 
pose. 

D. CONTAGIOUS EQUINE METRITIS 

Contagious equine metritis (CEM) is a highly contagious venereal 
infection of equids caused by Taylorella equigenitalis (Haemophilus), a 
bacterium with fastidious growth requirements, causing short-term 
infertility. Stallions do not develop clinical signs nor become really 
infected. They harbor the organism at the surface of their external 
genitalia and contribute to the spread of CEM by a venereal route 
(Bowen et al., 1979; Hugues et al., 1978; Powell, 1981; Timoney, 1996). 

1. Diagnosis 

a. Direct Isolation of T equigenitalis is the only actual means for 
establishing the diagnosis (McIntosh, 1981, 1990; Tainturier et al., 
1981a). 

PCR has recently been developed and may provide an equally sensi- 
tive and more rapid means of confirming the infection (Bleumink- 
Pluym et al., 1994). 
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b. Indirect  Serologic testing for CEM is of limited interest since it 
can only be used for detecting infection in the acutely infected mare 
(Tainturier et al., 1981b; Sahu et al., 1983). 

2. Vaccines 

There is no vaccine against CEM. National control programs are in 
force in many countries, making the disease notifiable or reportable. 
They usually involve the bacteriologic screening of all stallions and 
mares imported (Franck et al., 1979; Timoney and PoweU, 1988). 

IV. Other Viral and Bacterial Diseases 

Other equine viral or bacterial diseases of minor importance are 
described. 

A.VmAL DISEASES 

Among the viral diseases, vesicular stomatitis is caused by a 
lyssavirus, which, like the rabies virus, is a member of the Rhabdo- 
viridae family. The disease is common to livestock and the three main 
serotypes of vesicular stomatitis virus (VSV) can infect horses. Al- 
though vesicular stomatitis does not have a major impact on the 
equine industry, it is clinically identical to the other, economically 
more devastating, diseases of cattle and swine. 

Specific diagnosis is best made by virus isolation and there are no 
vaccines commercially available for horses. 

B. BACTERIAL DISEASES 

Salmonellosis is the most common infectious cause of diarrhea or 
colitis in adult horses. It can also produce epizootics, especially in foals 
under 8 days of age. Diagnosis requires isolation of the organism from 
feces. Direct identification in feces using PCR is now proposed. 

In the absence of potent vaccines, the only way to prevent the dis- 
ease or its spread is herd management,  hygiene, and disinfection. 

Leptospirosis is a zoonotic bacterial disease causing sporadic cases 
in horses. Among the multiple serovars, L. bratis lava is more fre- 
quently identified in abortions and clinical diseases of foals. Periodic 
uveitis is also frequently recognized and could be more associated with 
the serovar L. pomona.  

The diagnosis is dependent on culture, the organism being fastidious 
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to grow. As a result of the difficulties in direct identification, diagnosis 
is often based on serologic tests. For serology, ELISA is replacing the 
s tandard microscopic agglutination test. 

Specific vaccines are not available for horses and the use of multiva- 
lent vaccines developed for other species can cause anaphylactic reac- 
tion. 

Rhodococcus (Corynebacterium) equi has the potential to cause con- 
siderable losses by inducing pneumonia in foals. Bacteriologic culture 
of tracheobronchial exudate or bronchial or broncheoalveolar lavage is 
the only way to achieve a definite diagnosis. 

Despite a lot of work on the protection antigens of R. equi and on the 
development of appropriate immunization procedures, no vaccines are 
available to control the disease in foals. 

V. Summary 

The frequent transfers of horses, whether on a permanent  or tempor- 
ary basis, make strict control of infectious diseases essential. Such 
control needs a reliable and rapid means to accurately diagnose the 
relevant diseases. 

Indirect diagnosis based on antibody detection remains certainly the 
best method to secure the epidemiologic surveillance of the diseases at 
regional, national, or even world level, while direct diagnosis is the 
only way to diagnose a new outbreak. New diagnostic methods result- 
ing from advances in biochemistry, molecular biology, and immunology 
are now available. As far as antibody detection is concerned, the new 
methods are mainly based on immunoassays,  especially ELISAs. 

Regarding the identification of the pathogens, while isolation is still 
of importance, much progress has been made with immunocapture 
tests including capture ELISA based on monoclonal antibodies. DNA 
probes and amplification tests such as PCR or RT-PCR are represent- 
ing a real breakthrough. 

Factors common to all of these tests are specificity, sensitivity, rapid 
implementation, and quick results. Such tests are, however, often still 
at the development stage. They absolutely need to be validated under 
multicentric evaluations prior to being used on a larger scale. At the 
same time there is an obvious need for the standardization of the 
reagents used. The technical and economic impact of a false (either 
positive or negative) diagnosis justifies such an  harmonization which 
could effectively be achieved worldwide under the aegis of the Office 
International des Epizooties (OIE), which is itself the primary source 
of disease information. 
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Vaccines are also essential for the control of equine infectious dis- 
eases. Most vaccines used in the prevention of viral or bacterial dis- 
eases are inactivated adjuvanted vaccines, which may cause unaccept- 
able side effects. Also, their efficacy can sometimes be questioned. 
Subunit vaccines, when available, represent significant advances espe- 
cially with regards to safety. 

Greater progress is expected from the use of new technologies taking 
advantage of recent developments in molecular biology (recombinant 
DNA technology) and in immunology (immunomodulators). Significant 
results have been obtained with subunit vaccines or with live vectored 
vaccines using recombinant DNA technology. Good results are on the 
way to be achieved with genetic (or naked-DNA) vaccines. 

It is therefore possible to expect the availability of a new generation 
of vaccines in the rather short term. Such vaccines will not only be 
safer and more efficacious, but they will also make it possible to differ- 
entiate vaccinated from infected animals, which will contribute to bet- 
ter control of the infection. 

Whatever the quality of the vaccines of the future may be, vaccina- 
tion alone will never be sufficient to control infectious diseases. It is 
therefore essential to keep on making the animal owners and their 
veterinarians aware of the importance of the management and the 
hygiene in the diseases control and to organize them under "Common 
Codes of Practice." 
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I. Introduction 

Equine influenza is endemic in many equine populations throughout 
the world with the exception of Iceland and Australasia and peri- 
odically causes explosive epizootics often associated with the introduc- 
tion of subclinically affected animals into areas where the indigenous 
equidae have little or no immunity. In recent years most epizootics 
have been associated with the A/equine 2 (H3N8) subtype, however 
serologic evidence of A/equine 1 (H7N7) infections continues to be re- 
ported. International movement of horses for competition and breeding 
purposes on a worldwide basis increases the likelihood of equine influ- 
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enza being transmitted long distances, and control measures require a 
global approach. 

Inactivated vaccines against equine influenza have been available 
since the 1960s and generally contain representatives of both subtypes 
as whole virus or subunits with or without an adjuvant. Current vac- 
cines are of variable potency with some products capable of providing 
immunity for at least 1 year after the initial course of three doses and 
others failing to stimulate detectable antibody to the hemagglutinin 
after a similar immunization regime. Nevertheless, mandatory vac- 
cination policies are enforced for many groups of competition horses. 
The lack of standardization and poor efficacy of some products is highly 
relevant to the control of disease at an international level because 
horses travel on temporary import permits which are based on a sys- 
tem of health certification and compulsory vaccination schemes agreed 
between importing and exporting countries. For health certification to 
be effective, particularly in vaccinated populations, efficient laboratory 
diagnostic support and epidemiology surveillance is required to alert 
veterinarians to the presence of influenza in their locality and the 
necessity to exclude subclinical infections in vaccinated horses. Recog- 
nizing the variable efficacy of vaccines and laboratory diagnostic sup- 
port in some countries, the Code Commission of the Office Internation- 
al des Epizooties (OIE) recommends that  an importing country which 
is free of influenza should require that  all horses traveling from en- 
demic areas be fully vaccinated and have received their last booster 
dose within 2-8 weeks prior to shipment. In spite of this, influenza is 
still transmitted by subclinically affected vaccinated animals and evi- 
dence is accumulating that  vaccines including out-of-date strains are 
ineffective in controlling virus excretion. For these reasons interna- 
tional surveillance and characterization of virus strains involved in 
outbreaks has become critical and as a result, a formal Equine Influ- 
enza Surveillance Programme has been put in place under the aus- 
pices of the OIE. This initiative was prompted by the conclusions and 
recommendations arising from a series of three meetings on equine 
influenza held under the auspices of the OIE and World Health Organ- 
isation (WHO). 

II. 1983:  WHO Informal Workshop on Vaccination 
against Equine Influenza 

The poor efficacy of equine influenza vaccines was the main subject 
of discussion at the first meeting held in 1983, at which a number of 
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conclusions and recommendations were made. Field and experimental  
studies demonstrated tha t  vaccines were failing to protect against  in- 
fluenza and it was concluded tha t  the lack of reliable in vitro assays to 
measure  the HA content of vaccines and antibody responses stimu- 
lated by vaccines hampered their  development. As a result  two inter- 
national collaborative studies were conducted to assess the reliability 
of the single radial diffusion (SRD) test  to measure  HA (Wood et al., 
1983) and the single radial hemolysis test for measurement  of antibody 
to HA (Mumford, 1992). It was fur ther  concluded tha t  more informa- 
tion was required on the immune response of the horse and fur ther  
experimental  studies in the target  species were encouraged. It was 
recognized tha t  many vaccines contained old prototype strains tha t  
had little relevance to the prevailing epidemiologic situation. It was 
concluded tha t  there was insufficient information about circulating 
viruses and there was an urgent  need to increase surveillance and 
characterization of viruses in order to select the most relevant virus for 
inclusion in vaccines. 

Ill. 1992:  WHO/OIE Consultation on Newly Emerging Strains 
of Equine Influenza 

The second meeting was held following a series of major epidemics 
caused by H3N8 viruses in South Africa in 1986-1987, India in 1987, 
China in 1989, and Europe in 1989 (Mumford and Wood, 1993). The 
main conclusion from this meeting was tha t  antigenic drift in A/equine 
2 viruses had compromised vaccine efficacy and current  vaccine strains 
needed updating. This was based on field and experimental  observa- 
tions tha t  recently vaccinated animals with high levels of vaccinal 
antibody were not protected against  infection and shed copious 
amounts  of virus in nasal  secretions. Disappointingly, in spite of the 
recommendations of the previous meeting tha t  efforts should be made 
to increase surveillance and virus characterization, there was still in- 
adequate information on which to base a reliable s train selection sys- 
tem for vaccines. It was agreed tha t  the OIE and WHO reference labo- 
ratories should initiate a surveillance and virus characterization 
program tha t  would be coordinated through the Animal Heal th  Trust, 
an OIE Influenza Reference Laboratory. 

On the basis of the results of the collaborative studies on the useful- 
ness of SRD for vaccine potency testing and SRH for antibody mea- 
surement  it was agreed tha t  s tandard  reagents should be prepared to 
enable these in vitro tests to be applied to the s tandardizat ion of vac- 
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cine potency. It was further concluded that  challenge studies in horses 
were a useful method of evaluating the efficacy of vaccines and estab- 
lishing the relevance of antigenic and genetic drift. In spite of the 
technical advances reported at this meeting, it was noted that  current 
licensing requirements precluded the rapid introduction of vaccines 
containing new strains of virus when drift occurred and it was recom- 
mended that  licensing authorities review their procedures in the light 
of the information given at the meeting. 

IV. 1995:  Consultation of OIE and WHO Experts on Progress 
in Surveillance of Equine Influenza and Application 

to Strain Selection 

The aims of the third meeting were to consider the level of surveil- 
lance operating for equine influenza, to examine recent antigenic drift, 
and to develop a formal review system in order to identify the need for 
updating vaccines since the previous meeting (Mumford et al., 1997). 
Procedures for informing registration authorities and vaccine manu- 
facturers of the need to update vaccine strains were also addressed. 
Current requirements for registration of vaccines containing new virus 
strains were appraised in the light of these proposals. 

From the data presented it was clear that  vaccines continued to fail 
to protect against A/equine 2 infection and many vaccines still con- 
tained strains isolated more than a decade earlier. It was agreed that  
there was now sufficient information on which to base vaccine strain 
selection. On the basis of data presented, it was agreed that  vaccines 
should contain an A/equine 1 virus and representatives of European 
and American-like A/equine 2 viruses as a result of a divergence in the 
genetic lineage of A/equine 2 viruses (Daly et al., 1996). The need for a 
formal reporting mechanism of antigenic and genetic drift and shift to 
inform regulatory authorities and manufacturers of the need to update 
strains was identified and a panel of WHO and OIE experts (Table I) 
agreed to meet annually to review data and make recommendations. It 
was recommended that  enhanced dialogue should be initiated between 
manufacturers,  experts, and regulatory authorities to identify infor- 
mation required to minimize vaccine licensing requirements. It was 
agreed that  the European Pharmacopoeia (Eu Pharm), National Insti- 
tute for Biological Standards and Control (NIBSC), and the OIE should 
develop standards for in vitro potency assays to process rapid licensing 
of updated vaccines. 

Following the meeting a number of actions have been taken to fulfill 
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Expert 

TABLE I 

EXPERT SURVEILLANCE PANEL 

Designation Address 

Dr. J. A. Mumford 

Dr. T. Chambers 

Dr. W. Eichhorn 

Dr. A. Hay 

Dr. J. Wood 

Dr. R. Webster 

Dr. B. Klingeborn 

OIE Reference Laboratory 
for Influenza 

OIE Reference Laboratory 
for Influenza 

OIE Reference Laboratory 
for Influenza 

WHO Influenza Research 
Laboratory 

WHO International 
Laboratory for Biological 
Standards and Control 

WHO Reference Laboratory 
for Animal Influenza 

Animal Health Trust, Lanwades Park, 
Kennett, Newmarket, Suffolk, CB8 
7UU, UK 

Maxwell H. Gluck Equine Research 
Centre, University of Kentucky, 
Lexington, Kentucky 40546-0099, 
USA 

Institute for Medical Microbiology 
Infections and Epidemic Disease, 
University of Munich, 
Veterinarstrasse 13, 800 Munich 22, 
Germany 

National Institute for Medical 
Research, The Ridgeway, Mill Hill, 
London, NW7 1AA 

National Institute for Biological 
Standards and Control, Blanche 
Lane, Potters Bar, Hertfordshire, 
EN6 3QG UK 

St. Jude Children's Research Hospital, 
332 North Lauderdale, Memphis, 
TN 38101, USA 

Department of Virology. P.O. Box 585 
BMC, $751 25, Uppsala, Sweden 

the  r e c o m m e n d a t i o n s  and  es tab l i sh  a formal  s t r a in  selection sys t em 
and  a fas t  t r a ck  vaccine l icensing sys t em to allow vaccine manufac -  
t u r e r s  to provide vaccines of adequa t e  potency conta in ing  epidemiolog- 
ically r e l evan t  viruses .  

V. 1 9 9 6 :  Act ions  T a k e n  by the  O I E  

Following a repor t  of the  Conclusions and  R e c o m m e n d a t i o n s  of the  
1995 m e e t i n g  to the  S t a n d a r d s  Commiss ions  of the  OIE, the  commis-  
sion agreed  to suppor t  the  in i t ia t ive  to es tab l i sh  a formal  vaccine 
s t r a in  review sys t em and  to provide reference r eagen t s  for s t andard iz -  
ing serologic assays  for inf luenza and  vaccine potency tes t ing.  They  
fu r the r  suppor ted  the  publ ica t ion of an  a n n u a l  notice in the  OIE Bulle- 
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tin on the current epidemiologic status of equine influenza and the 
recommendations of the Expert Surveillance Panel on the need to up- 
date vaccine strains (OIE Bulletin, 1996, 1997). The commission's rec- 
ommendation was ratified at the OIE's 64th General Session in May 
1996 and subsequently the Bullet in  has published, on an annual basis, 
the findings of the Expert Surveillance Panel. 

VI. Findings of the Expert  Surveillance Panel 

At the meeting held in 1995, extensive data were presented on anti- 
genic genetic variation in A/equine 2 viruses, which had been isolated 
over the previous decade (Daly et al., 1996). Sequence information 
relating to the hemagglutinin genes revealed that the genetic drift 
which had hitherto developed along a single lineage had diverged into 
two separate lineages in about 1987. Two families of viruses were 
identified, represented by American and European isolates. However, 
consistent with the international movement of horses, some American- 
like viruses have been isolated in Europe and at least one European- 
like virus was isolated in North America. Based on genetic and anti- 
genic differences between these two families and preliminary data 
from experimental challenge studies in horses it was concluded that, 
for horses to be adequately protected, vaccines should contain viruses 
from both families. At that  time some manufacturers had recently 
updated their products to contain European-like viruses such as Suf- 
folk/89 or Borlange/91 and it was agreed that  both these viruses were 
typical of the prevailing European isolates. For those products which 
contained viruses from 1983 or before it was recommended that  they 
should be updated tocontain  a Modern European H3N8 virus anti- 
genically similar to Newmarket/2/93 and it was further recommended 
that  all products should contain a recent American H3N8 isolate anti- 
genically similar to Kentucky/94. It was agreed that ancient viruses 
such as Miami/63 should be removed from current vaccines. 

In 1996, the Expert Surveillance Panel met in Cairns, Australia, and 
reviewed new information on influenza epidemics and virus character- 
ization. It was agreed that  there had been little influenza activity and 
no major changes in circulating viruses to justify a change in the rec- 
ommendation made in 1995. The same conclusion was reached in 1997, 
although it was noted that  viruses from relatively isolated populations 
such as in Eastern Europe showed some antigenic diversity from the 
most prevalent types. 



EQUINE INFLUENZA SURVEILLANCE PROGRAM 385 

Vll. Action Taken by the European Pharmacopoeia 

Following the 1995 meeting the Eu Pharm agreed to assist the OIE 
with the provision of reference reagents to improve the standardiza- 
tion of the potency of equine influenza vaccines based on serologic 
assays and agreed to freeze dry equine antisera prepared against rep- 
resentatives of American- and European-like viruses. These reagents 
have now been prepared and are the subject of an international collab- 
orative study to assign the materials agreed values. 

The Eu Pharm has also recognized the need to provide vaccines with 
epidemiologically relevant viruses and has included this requirement 
in the latest monograph for equine influenza vaccines together with 
the requirement for standardized in vitro assays for in-process testing 
of antigenic content by, for example, SRD and standardized serologic 
assays for potency testing vaccines. The new monograph also includes 
a requirement for challenge studies to demonstrate efficacy of a prod- 
uct. 

VIII. Actions Taken by the Committee for Veterinary 
Medicinal Products 

Following the conclusions and recommendations of the 1995 meeting 
the Immunologicals Working Group of the Committee of Veterinary 
Medicinal Products established an Ad Hoc Group of Experts to develop 
guidelines on the "Harmonisation of Requirements for Influenza Vac- 
cines: Specific Requirements for Substitution of an Equine Influenza 
Strain" in order to develop a fast-track licensing system designed to 
allow manufacturers to provide products containing epidemiologically 
relevant strains. The guidelines are based on the premise that equine 
influenza vaccines are well known and that substitution of one strain 
by another is unlikely to materially alter the composition of the prod- 
uct. Therefore, manufacturers can submit an application cross-refer- 
encing the original dossier for information on aspects that have re- 
mained unchanged and where necessary provide analytical, safety, 
and efficacy data pertaining to the new component only. The guidelines 
are based on manufacturers selecting a virus antigenically similar to 
that recommended by the OIE/WHO Expert Surveillance Panel to sub- 
stitute an old strain. Control tests required during production and on 
the final product include in-process testing of antigenic content by SRD 
or a similarly validated test and potency testing in guinea pigs and 
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horses using SRH or a similarly validated serologic assay. Because the 
correlation between SRH antibody and protection has been so well 
established (Mumford and Wood, 1992) challenge studies to demon- 
strate efficacy are not required. To license applications as speedily as 
possible, duration data are not required as a premarketing require- 
ment, but must  be provided as a postauthorization commitment to 
substantiate claims made. 

These guidelines have now been accepted by the CVMP following a 
consultation period with vaccine manufacturers and have been pub- 
lished by the European Agency for the Evaluation of Medicinal Prod- 
ucts. 

IX. Actions Taken by the National Institute of Biological 
Standardization and Control 

The standardization of the potency of human influenza vaccines is 
based on the SRD test and it has been shown to be equally valid for in- 
process testing of equine influenza vaccines prior to addition of adju- 
vant (Wood et al., 1983a,b). The monograph in the European Phar- 
macopoeia, the CVMP Guidelines, and the OIE's Manual of Standards 
for Diagnostic Tests and Vaccines all refer to the use of this test for 
measurement  of antigenic content. This test requires the provision of a 
specific antiserum against the virus hemagglutinin to be assayed and a 
reference vaccine against which to compare test products. When vac- 
cine strains need updating these reagents also need replacing. The 
NIBSC provides the reagents for human vaccines and has undertaken 
to provide similar products which are required for the implementation 
of the new monograph and CVMP Guidelines. Reagents are available 
for Prague/56 (H7N7) A/equine 1 virus and for American-like and 
European-like A/equine 2 (H3N8) viruses. 

X. Action Taken by the USDA 

At the 1995 meeting the USDA representative undertook to explore 
the possibility of introducing some harmonization into the Standard 
Regulations for Equine Influenza Vaccines, which were currently being 
drafted by the USDA. 

This harmonization will be of great value in ensuring that  products 
developed are suitable and efficacious on an international basis and 
that  vaccinated horses traveling internationally can be expected to be 
provided with maximal protection induced by inactivated vaccines. 
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I. Introduct ion  

Strongylus vulgaris is considered the most pathogenic nematode 
parasite of equidae due to the severe arterial lesions it causes in the 
mesenteric arteries during larval migration. Infective third-state lar- 
vae (L 3) ingested from contaminated pasture penetrate the mucosa of 
the large intestine, molt to fourth-stage larvae (L 4) in the submucosa, 
and then proceed along arterioles and arteries that  supply the intes- 
tine to the root of the cranial mesenteric artery (Ogbourne and Dun- 
can, 1985). Once there the larvae molt to immature adults (L 5) causing 
severe arteritis before returning, again via the vasculature, to the 
large intestine to complete their life cycle. Arterial lesions include 
tortuous subintimal tracts, thrombi, and, in severe cases, verminous 
aneurysms that  can compromise perfusion of intestinal vascular beds. 
This syndrome known as verminous arteritis or thromboembolic dis- 
ease is characterized by ischemic infarctions of the bowel, which result 
in toxemia, abdominal pain, and death in severe cases (White, 1985). 

Although S. vulgaris is extremely pathogenic, its importance as an 
equine pathogen has diminished during the past 10 years due to the 
development and regular use of ivermectin (DiPietro et al., 1990). This 
anthelimintic at normal dose levels is highly efficacious against mi- 
grating Strongylus larvae and its usage can eliminate the parasite 
from closed herds of horses (Dunsmore, 1985). Nevertheless there is 
some concern for the environmental and toxic effects of the anthelmin- 
tics on free living arthropod fauna (Waller, 1993). Alternate manage- 
ment programs such as the regular removal of feces and alternate 
grazing schemes have been shown to be useful (DiPietro et al., 1990). 
These methods, however, are expensive and not adaptable to all envi- 
ronments. Vaccination against any infection is clearly the most eco- 
nomic and environmentally sound approach for the control of disease. 
Although progress toward this goal in the control of helminths has 
been slow, recent results have been encouraging (Lightowers, 1994). 

Previous studies have demonstrated that  oral vaccination with radi- 
ation-attenuated S. vulgaris L 3 induces resistance to challenge infec- 
tion and prevents classical lesions of verminous arteritis (Klei, 1992). 
When compared to parenteral vaccination with adult or larval somatic 
antigen homogenates which did not confer resistance to challenge in- 
fection, the protection observed in oral radiation-attenuated L 3 vacci- 
nated ponies correlated to both prechallenge anti-S, vulgaris antibody 
titers specific for surface antigens of L 3 stages and to induction of a 
postchallenge anamnestic-like eosinophilia (Monahan et al., 1994). In- 
fections by S. vulgaris have been shown to activate eosinophils and 
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neutrophils in vitro (Dennis et al., 1988) and eosinophils from S. vul- 
garis primed but not unprimed ponies kill S. vulgaris L 3 in vitro in an 
antibody-dependent manner (Klei et al., 1992), indicating that  an anti- 
body-dependent phenomenon involving eosinophils may contribute to 
the resistance seen in immune ponies. 

Helminth infections are characteristically associated with eosino- 
philia and elevated IgE production (Finkelman et al., 1991), traits that 
also characterize the type II or Th2 response initially described in 
cloned mouse cells (Mosmann et al., 1986; Mosmann and Coffman, 
1989b). Type II responses, identified by the production of interleukin 4 
(IL-4) and IL-5, which are integral to the generation of IgE (Snapper 
and Paul, 1987) and eosinophilia (Coffman et al., 1989), respectively, 
have been shown to play a significant role in the protective immune 
response to metazoan helminths (reviewed in Mosmann and Coffman, 
1989a; Cox and Liew, 1992; Urban et al., 1992). A cytokine or combina- 
tion of cytokines that  exhibits chemotactic activity for eosinophils has 
been found in the supernatants of S. vulgaris stimulated peripheral 
blood mononuclear cells (PBMCs) from immune but not nonimmune 
ponies (Dennis et al., 1993). This finding coupled with the anamnestic 
eosinophilia that is characteristic of immunity to S. vulgaris suggests 
that differential cytokine production, perhaps similar to that seen in 
classical type II responses to helminth parasites, may play a role in 
immunity to S. vulgaris. Here we compare the humoral, lympho- 
proliferative, and cytokine responses of vaccinated and nonvaccinated 
ponies challenged with S. vulgaris. 

II. Methods 

A. EXPERIMENTAL DESIGN 

Ten yearling ponies were raised and maintained under parasite-free 
conditions (Monahan et al., 1997), housed in pairs on wood shavings, 
and fed twice daily a pelleted ration and water ad libitum. The experi- 
mental design consisted of three groups. Four ponies in group 1 (vacci- 
nates) were orally vaccinated with 500 S. vulgaris L 3 irradiated with 
90 krad 6oCo as described by Klei et al. (1982). Immunization was 
repeated in this group 3 weeks after the first immunization. Group 2 
(nonvaccinates) consisted of four ponies and group 3 (controls) con- 
sisted of two ponies. Six weeks following the second immunization 
vaccinates and nonvaccinates were challenged per os with 1000 S. 
vulgaris L 3. Following challenge, ponies were monitored at least twice 
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daily for fever, signs of abdominal pain, depression, and anorexia. Py- 
rexia was considered to be any rectal temperature above 39~ Four 
days prior to challenge (D-4),  on the day of challenge (DO), and on 
days 4 (D4) and 9 (D9) postchallenge, peripheral blood was collected for 
hematologic evaluation and collection of PBMCs at these time points 
as well as 14 days following challenge (D14). On D14 necropsy exam- 
inations were performed as described previously (Klei et al., 1982) for 
evaluation of lesions, and recovery of larvae from dissections of the 
cranial mesenteric artery (CMA) and its branches. 

B. HEMATOLOGY 

Blood was analyzed in a routine fashion. Total white blood cell 
counts were analyzed using a Baker 9000 analyzer (Serono-Baker, Al- 
lentown, PA). Differential white cell counts were determined by counts 
of 100 cells examined at 100x under oil immersion. 

C. STRONGYLUS VULGARIS LARVAE AND SOLUBLE ANTIGEN 

Larvae for use in the irradiated immunizations were recovered as 
L 3 from Baermann sedimentations of fecal cultures from S. vulgaris 
monospecifically infected donor ponies (McClure et al., 1994). Larvae 
were washed and stored in tap water at 4~ until use. Soluble antigen 
preparations used in enzyme-linked immunosorbent assay (ELISA) 
and lymphoproliferation assays were prepared as previously described 
(Dennis et al., 1992) from adult S. vulgaris recovered from the intes- 
tines of horses. 

D. ENZYME-LINKED IMMUNOSORBENT ASSAY 

Circulating antibody isotypes specific for adult S. vulgaris soluble 
antigens were monitored by ELISA using serum collected on D - 4  and 
D14. Soluble adult S. vulgaris antigen (SAWA) was diluted in buffer 
(0.015 M Na2CO3, 0.035 M NaHCO 3, 0.003 M NAN3) to 5 ~g/ml. Anti- 
gen preparation was added to the wells of 96-well flat bottom poly- 
styrene microtiter plates in 50-~1 volumes (Dynatech Laboratories, 
Chantilly, VA) and incubated overnight. Unless otherwise noted, incu- 
bations were performed at 37~ in a humidified incubator. Plates were 
washed three times with a solution of 0.05% Tween 20 in PBS phos- 
phate-buffered solution (PBST) and nonspecific binding sites were 
blocked using 1% fish gelatin (Sigma Chemicals, St. Louis, MO) in PBS 
(PBSG), 100 ~l per well, for 1 hour at room temperature. Dilutions of 
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serum ranging from 1"100 to 1:3200 were made in PBSG and added to 
triplicate wells in 50-~1 aliquots. Serum from known high responders 
and negative responders served as standard positive and negative con- 
trols on each plate and were used to correct for interplate variability. 
Plates were incubated for 90 minutes then washed three times with 
PBST. Culture supernates from hybridoma lines specific for equine 
IgA, IgM, IgGa, IgGb, or IgG(T) (Lunn et al., 1996) were diluted 1:100 
in PBSG, added to appropriate wells in 50-~1 volumes, and incubated 
for 90 minutes. Following incubation, wells were washed three times 
with PBST. Affinity-purified, horseradish peroxidase-conjugated goat 
anti-mouse IgG and IgM, heavy- and light-chain specific (Jackson Im- 
munoresearch Labs, West Grove, PA) was diluted 1:1000 in PBSG, 
added to wells in 50-~1 aliquots, and incubated for 90 minutes. Plates 
were washed three times with PBST. The substrate was 3,3',5,5'-tetra- 
methylbenzidine (TMB, Kirkeguard and Perry, Gaithersburg, MD) at 
75 ~l per well. Reactions were allowed to proceed for 10 minutes for 
optimum color development. Optical density (OD) was recorded using a 
Dynatech MR 700 automated microtiter plate reader (Dynatech Indus- 
tries) with absorbance set at 630 nm. 

E. PREPARATION OF CELLS 

Equine PBMCs were isolated from venous blood by differential cen- 
trifugation over Ficoll Paque (Pharmacia LKB Biotechnology, Piscata- 
way, NJ). After washing in calcium and magnesium free phosphate 
buffered saline (CMF-PBS), PBMC were suspended in media consist- 
ing of RPMI 1640 (Sigma Chemicals) supplemented with 2-mercap- 
toethanol (10 -s  M), glutamine (2 mM), 100 U/ml penicillin, 100 ~g/ml 
streptomycin, and 5% heat-inactivated fetal bovine serum (HyClone 
Laboratories, Logan, UT). Aliquots of PBMCs (2 x 106 cells) were 
frozen at -70~ in RNA Stat 60 (Tel-Test, Friendswood, TX) for use in 
cytokine quantitation assays. 

F. CYTOKINE QUANTITATION 

PBMCs collected at D-4 ,  D4, D9, and D14 and frozen in RNA Stat 
60 reagent were defrosted and processed to RNA using chloroform 
extraction as per the reagent manufacturer's directions. RNA (0.60 ~g) 
in a volume of 35 ~1 DEPC-treated water was heated to 65~ for 10 
minutes to denature the RNA and then quenched in ice and pulsed in a 
microfuge at 4~ Reagent master mix (45 ~1) was then added, result- 
ing in a final reaction containing l x first strand buffer (Gibco-BRL, 
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Gaithersburg, MD), 0.5 mM dNTP (Perkin-Elmer, Foster City, CA), 1.0 
pM oligo-dT (Promega, Madison, WI), 10 mM DTT (Gibco), 0.075 ~g/~l 
BSA (NEB, Beverly, MA), 120 units RNasin (Promega), and 800 units 
Moloney Murine Leukemia Virus Reverse Transcriptase (BRL). The 
reaction was incubated for 1 hour at 40~ then frozen at -20~ until 
use. 

Equine IL-2, IL-4, IL-5, IL-10, and interferon y (IFN-y) were quan- 
tified with the aid of the polymerase chain reaction (PCR) by interpola- 
tion against a standard curve. Standard curves were generated for 
each cytokine by simultaneously amplifying, from a common PCR mas- 
ter mix, known quantities of plasmids that contained the equine cyto- 
kine sequences of interest. Briefly, cytokines were amplified in 50-~1 
PCR reactions from 5 ~l of each cDNA reaction using 0.5 units of Taq 
polymerase (Perkin-Elmer) and species-specific primers at a final con- 
centration of 0.2 pM. Primers were commercially prepared (Genelab, 
Baton Rouge, LA; Baron Biotech, Milford, CT) from species-specific 
sequences which were determined using oligo primer analysis software 
(National Biosciences, Plymouth, MN). Upstream primers were bio- 
tinylated on their 5' terminus. Cycling parameters including buffer 
(PCR Optimizer, Invitrogen, Carlsbad, CA) and annealing tempera- 
tures were optimized for each cytokine. All cytokines were amplified to 
35 cycles, which was previously determined to maintain the reactions 
in their exponential amplification phase. Beta-actin, which was uti- 
lized as a housekeeping gene, was amplified from 2 ~l of cDNA using 
25 cycles in order to remain within its exponential amplification phase. 

PCR products were quantified using the QPCR System 5000 (Perkin- 
Elmer) as has been described (Zhao et al., 1996; Blok et al., 1997). Five 
microliters of each PCR reaction was hybridized in a 50-~1 reaction 
containing l x PCR buffer II (Perkin-Elmer) and 10 pmol tris(2,2'- 
bipyridine) ruthenium II chelate labeled oligonucleotide probe whose 
sequence was specific to the cytokine targeted by PCR. Oligonucleotide 
probes were commercially prepared (Baron Biotech, Milford, CT) and 
purified by high-performance liquid chromatography (HPLC) to elimi- 
nate nonlabeled oligonucleotides. The reaction was heated to 95~ for 
90 seconds followed by a 5-minute hold at 55~ Streptavidin-coated 
iron beads (15 ~1) (Dynabeads, Perkin-Elmer) were added to each reac- 
tion followed by incubation at 55~ for 30 minutes. The entire 65-~1 
reaction was transferred to a 175-mm polypropylene tube containing 
335 ~1 QPCR assay buffer (Perkin-Elmer) and quantified on the QPCR 
System 5000 whose output is in luminosity units. 

Luminosity units were converted to copy numbers using the stan- 
dard curve developed for each cytokine and beta-actin. Each sample 
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was normalized using a correction factor calculated from the beta-actin 
content in each sample. Results are presented as fold increases over 
prechallenge (D-4)  levels for each cytokine mRNA. 

G. STATISTICAL ANALYSIS 

The number of days that  anorexia, pyrexia, depression, and abdomi- 
nal pain were exhibited by ponies in each t reatment  group in response 
to oral challenge with S. vulgaris larvae was subjected to one-way 
analysis of variance as were eosinophil counts. Two-way analysis of 
cytokine data was performed on both fold increases and copy numbers 
over time and between experimental groups. Cytokine copy number 
data were log transformed prior to analysis. ELISA OD data was sub- 
jected to two-way analysis of variance. Differences were considered 
significant when the p values were less than or equal to 0.05. 

III. Results 

A. CLINICAL SIGNS 

Ponies in the vaccinated group exhibited significantly fewer episodes 
of pyrexia, depression, and abdominal pain than nonvaccinates (Table 
I). Pyrexia, depression, and abdominal pain exhibited by vaccinates 
was not significantly different from that  exhibited by control ponies. 
There was no difference in the number of days that  anorexia  was 
exhibited by ponies in the three t reatment  groups. 

TABLE I 

SUMMARY OF THE CLINICAL SIGNS EXHIBITED BY VACCINATED, 

NONVACCINATED, AND CONTROL PONIES IN RESPONSE TO CHALLENGE 
WITH 1000 S. VULGARIS L3 a 

Group Anorexia Pyrexia Depression Colic 

Vaccinates 8 1 0 0 
Nonvaccinates 9 5 3 3 
Controls 2 0 0 0 

aData represent the mean number of days that ponies exhibited the 
respective clinical sign. Pyrexia was considered any rectal temperatures 
exceeding 39~ 
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B. LARVAL RECOVERIES 

Irradiated recipients had a 100% reduction of migration larvae com- 
pared with nonvaccinates (Table II). Larval numbers in nonvaccinates 
ranged from 3 to 28 per pony. 

C. EOSINOPHIL COUNTS 

Differential white blood cell counts performed on peripheral blood 
smears from ponies on D-4 ,  DO, D4, D9, and D14 following challenge 
demonstrated that ponies vaccinated with radiation-attenuated larvae 
developed an eosinophilia by day 4 following challenge (Fig. 1). In 
contrast, eosinophil counts from nonvaccinated ponies failed to show 
significant elevations within the 2 weeks following challenge. 

D. ELISA 

When compared to prechallenge titers of nonvaccinates, levels of 
IgGa, IgGb, and IgG(T) antibodies specific for SAWA were significantly 
greater in the sera of vaccinates (Fig. 2). Following challenge, the 
IgG(T) of vaccinates remained significantly greater than those of non- 
vaccinates but did not change significantly from prechallenge levels. 
Challenge with virulent S. vulgaris L 3 resulted in statistically signifi- 
cant increases in IgA in both vaccinates and nonvaccinates with non- 
vaccinates significantly exceeding those of vaccinates following chal- 
lenge. Nonvaccinates also exhibited a statistically significant increase 
in IgG a in response to challenge. There were no differences in IgM 

TABLE II 

LARVAL RECOVERIES FROM VACCINATED AND 
NONVACCINATED PONIES FOLLOWING CHALLENGE WITH 

1000 S. V U L G A R I S  L3a 

Immunization Average larval Percent 
group recovery protection 

Vaccinates 0 100% 
Nonvaccinates 16 m 

aLarvae were recovered from scrapings of the lumen of 
the CMA and its branches and counted using a dissecting 
microscope. Larval numbers in nonvaccinates ranged from 
3 to 28 per pony. 
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FIG. 1. Eosinophil response to S. vulgaris challenge in vaccinate, nonvaccinate, and 
control ponies. Mean eosinophil counts for each group were calculated by multiplying the 
WBC count/~l blood, as determined by automated counting, by the percentage of 
eosinophils determined by manual counting of 100 cells viewed under oil immersion. 

production within or among the t rea tment  groups prior to or following 
challenge. 

E. CYTOKINE QUANTITATION 

Fold differences in the mRNA levels of IL-2, IL-4, IL-5, IL-10, and 
IFN-~ in the PBMCs on D4, D9, and D 14 postchallenge were compared 
within each t rea tment  group (Fig. 3). The vaccinates demonstrated a 
significant increase in IL-4 and IL-5 mRNA levels on D14, IL-2 and 
IFN-~ mRNA levels significantly decreased on D9, and IL-10 on D4 
and D9. PBMCs from nonvaccinates demonstrated significant increase 
in IL-5 by D14 and decreases in IFN-~ and IL-10 at D9. 

IV. Discussion 

Differences in postchallenge clinical signs and larval recoveries dem- 
onstrated that  ponies immunized orally with irradiated L 3 developed a 



398 C.E. SWIDERSKI et al. 

FIG. 2. Antibody isotype response of vaccinated and nonvaccinated ponies to S. vul- 
garis soluble adult worm antigen 4 days prior to and 14 days following challenge. Serum 
samples were analyzed by ELISA in quadruplicate. Bars represent mean OD values at 
1:400 dilution of serum with standard deviation for groups of ponies in a treatment 
group. 

protective response to challenge when compared to nonimmunized 
ponies. In previous studies, necropsies performed 6 weeks following 
challenge with virulent S. vu lgar i s  L 3 demonstrated that  ponies vacci- 
nated with radiat ion-at tenuated L 3 did not develop lesions of ver- 
minous arterit is but instead had significant periportal fibrosis, sug- 
gesting that  the protective response is generated within the intestinal 
submucosa and that  larval antigens are cleared via the portal system 
prior to L 4 migration into the intestinal vaculature (Monahan et al., 
1994). Blocking parasite entrance to the intestinal arterioles in vacci- 
nates should both limit peripheral exposure to parasite antigens and 
prevent arterial  lesions, result ing in the significant reductions in fever, 
depression, and abdominal pain we observed in vaccinates relative to 
nonvaccinates. Massive killing of larvae within the wall of the intes- 
tine in vaccinates should, however, be expected to trigger the cascade 
of inflammatory mediators responsible for pyrexia including tumor 
necrosis factor ~, IL-1, and IL-6. It has been postulated that  clearance 
of killed larvae and inflammatory mediators by the portal system, 
which is by virtue of its network of vessels of expanding diameter  
mechanically less susceptible to procoagulant effects and thrombus 
t rapping than  intestinal vasculature,  could also contribute to the de- 
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FIG. 3. Cytokine production in PBMCs from vaccinated, nonvaccinated, and control 
ponies after oral S. vulgaris L 3 challenge. Cytokine copy number was determined using a 
quantitative RT-PCR assay. Data are represented as the fold increase in geometric 
mean over prechallenge values on the indicated days following oral challenge with 1000 
virulent S. vulgaris L 3. 

crease in both pyrexia and abdominal pain observed in vaccinates as 
compared to nonvaccinates (Monahan et al., 1994). 

Prior studies have demonstrated that  following immunization with 
radiation-attenuated S. vulgaris L3, vaccinates develop a small in- 
crease in total immunoglobulin directed against SAWA and that  follow- 
ing challenge with virulent S. vulgaris L 3, this SAWA-specific antibody 
titer displays an anamnestic response, converging with titers of non- 
vaccinates by 3 weeks postchallenge (Monahan et al., 1994). We exam- 
ined the differences in immunoglobulin isotypes specific for SAWA in 
vaccinates and nonvaccinates in response to challenge with virulent S. 
vulgaris. Our data indicate that  the previously described increase in 
SAWA-specific immunoglobulin titers seen in response to vaccination 
are at least in part  due to production of isotypes IgGa, IgGb, and 
IgG(T). Challenge resulted in significant increases in SAWA-specific 
IgA production in both vaccinates and nonvaccinates. By contrast, 
SAWA-specific IgG(T) remained significantly greater in vaccinates 
compared to nonvaccinates following challenge. Increases in IgG sub- 
classes in response to S. vulgaris infection have been previously dem- 
onstrated with IgG(T) showing the greatest increase (Patton et al., 
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1978). While the IgG(T) response of the nonvaccinates in the current 
study was not elevated following challenge, this could be due to the 
early time point in which the sera were analyzed. It is possible that the 
nonvaccinates would have also developed an elevated IgG(T) response 
later in the infection. This is consistent with the general assumption 
that  the induction of IgG(T) antibodies requires prolonged antigenic 
stimulation. Though biological function and cytokine regulation of 
murine immunoglobulin isotypes is well characterized, neither has 
been done for the horse. Thus the significance of the disparate produc- 
tion of IgG(T) antibodies between the vaccinates and the nonvacci- 
nates remains unknown. 

Helminth infections are characteristically associated with eosino- 
philia (Finkelman et al., 1991) and IL-5 is required for this response 
(Coffman et al., 1989; Sher et al., 1990). Following challenge with viru- 
lent S. vulgaris ,  vaccinates developed an anamnestic eosinophilia that 
began to rise on D4 and appeared to be peaking at D9. The kinetics of 
this response preceded those previously reported (Monahan et al., 
1994) and may be the result of a larval challenge that exceeded previ- 
ously published doses, or perhaps improved viability of either the vac- 
cinal or challenge larvae leading to more robust stimulation of the 
eosinophilic response mechanisms. The levels of mRNA for IL-5 in- 
creased significantly in the PBMC of vaccinates on D14 but could not 
account temporally for the eosinophilia observed in vaccinates. Levels 
of IL-5 in the PBMC of vaccinates did exceed those of nonvaccinates by 
at lease fourfold prior to challenge and on D4 and D9 following chal- 
lenge. Though not statistically significant, these findings appear to be 
physiological significant with IL-5 production correlating to the more 
rapid increase in eosinophil numbers observed in vaccinates relative to 
nonvaccinates. Though not statistically significant, the magnitude of 
the IL-5 response of nonvaccinates actually exceeded that of vaccinates 
on D14. Analysis of the fold increase in IL-5 of nonvaccinates over 
prechallenge levels indicated that the IL-5 response on D14 was statis- 
tically significant. Because ponies were euthanized on D14 the signifi- 
cance of this finding is only speculative. However, in previous experi- 
ments eosinophil responses in nonvaccinates lagged behind that  
observed in vaccinates by approximately 1 week (Monahan et al., 
1994). Accordingly, the slight increase in eosinophil counts observed in 
nonvaccinates on D14 may signal the beginning of the eosinophilic 
response in this group. 

Like IL-5, the cytokine IL-4 plays an integral role in the protective 
immune response to metazoan helminths, primarily through the in- 
duction of IgE (Snapper and Paul, 1987). Elimination of the IgE re- 
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sponse with anti-IL-4 has been shown to reverse protection in Helig- 
mosomoides polygyrus immune mice (Urban et al., 1991) and primary 
Trichuris muris  infections (Else et al., 1994). IL-4 production by vacci- 
nates increased following challenge and significantly exceeded that  of 
nonvaccinates and controls on D9. A synthesis of these findings leads 
to the hypothesis that  anamnestic IL-4 production, possibly leading to 
an antigen-specific IgE response, may be one component of the im- 
mune response that  differentiates. S. vulgaris immune from suscepti- 
ble ponies. Unfortunately IgE production was not quantified in the 
present study because equine-specific reagents are not readily avail- 
able. 

We observed statistically significant decreases in IFN-~/at D9 in the 
nonvaccinates. Depression of IFN-~/production was also observed in 
the PBMCs of vaccinates though this was not statistically significant. 
In no cases did the decreases observed exceed the cutoff for significance 
that  was established during standardization of this assay. Neverthe- 
less these findings are certainly noteworthy in the light of the associa- 
tion between decreased IFN-~/production and the Th2 response. In the 
Thl /Th2 paradigm, inhibition of IFN-~/production is often attributed 
to IL-10. Though IL-10 was originally described as a product of mouse 
Th2 clones, it is now clear that  IL-10 is also secreted by Thl  cells 
(especially in humans) and activated marcophages (Sornasse et al., 
1996; Martinez et al., 1997). IL-10 is a potent inhibitor of IFN-~/pro- 
duction (Fiorentino et al., 1989; Urban et al., 1991); however, in our 
experiments a temporal relationship between increased IL-10 levels 
and decreased IFN-~/levels was not clear. All groups exhibited a de- 
crease in IL-10 production following challenge that  was significant on 
D4 and D9 in the vaccinates and D9 in nonvaccinates. Significant 
increases in IL-10 noted on D14 in the vaccinates and the nonvacci- 
nates were relative to the depression on D9 and were not significantly 
different from prechallenge levels. It is important to remember that  
while IFN-~/is capable of directly inhibiting the Th2 response, IL-10 
inhibition of IFN-~/production is indirect, acting on antigen-presenting 
cells to reduce their ability to stimulate cytokine secretion by Th l  cells. 
However, other cytokines including IL-3 and IL-4 (Liew et al., 1989), 
IL-11 (Leng and Elias, 1997), and IL-13 (Doherty et al., 1993) have 
also been shown to antagonize macrophage activation and may be 
responsible for the depression in IFN-~/production that  we observed. 
TGF-~ produced by some Th2 cells and many other cell types is also 
antiproliferative inhibiting leukocyte activation (Hausmann et al., 
1994). Elevations in IL-4 production in the vaccinates could also ac- 
count temporally for the significant decrease in IFN-~/production seen 
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in these individuals. Similarly, the increase in IL-2 in vaccinates, 
though statistically significant, did not meet the predetermined cutoff 
for fold changes established during validation of the assay. 

In summary, immunization of ponies with irradiated L 3 of S. vul- 
garis resulted in the production of the type II cytokines IL-4 and IL-5 
and the reduction in the type I cytokines IL-2 and IFN-~ upon chal- 
lenge. Similar, though temporally delayed, results were seen in the 
nonvaccinates following challenge. Anamnestic production of the type 
II cytokines, possibly leading to an antigen-specific IgE [or IgG(T)] 
response, may be one component of the immune response that provides 
protection from S. vulgaris infection in immune ponies. 
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I. Introduction: Immune Stimulating Complex 

Immune stimulating complex (ISCOM) is a delivery system for anti- 
gen and adjuvant together in the same particle. The unique component 
of ISCOM is a mixture of Quillaja saponins extracted from the bark of 
the tree Quillaja saponaria Molina. Three groups of Quillaja compo- 
nents having a triterpenoid structure named QHA, QHB, and QHC 
have been characterized by reverse-phase high-performance liquid 
chromatography (HPLC) and were functionally identified to be of par- 
ticular interest for ISCOMs. Defined compositions of QHA and QHC 
are suitable for small companion animals while for large animals the 
more crude and low-priced Quillaja saponins are used. A commercially 
available ISCOM influenza vaccine for horses is available in Europe 
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and ISCOMs are in human phase II studied in Europe and the United 
States. 

lI. The ISCOM Concept 

The ISCOM was created to make antigens optimally immunogenic 
by (1) presenting the antigens in a physically immunogenic form, that 
is, several copies in a submicroscopic particle to resemble that of an 
infectious agent; (2) optimizing the targeting of antigen and adjuvant 
after both mucosal and parenteral modes of administration to lympha- 
tic organs and cells by enclosure of adjuvant and antigen in a stable, 
uniform particle; and (3) optimizing the immunomodulatory capacity 
both for neonate and adult immune system by presenting the adjuvant 
and antigen components in the same particle, reducing the amount of 
antigen and adjuvant required for efficiently enhancing the immune 
response. 

l lI .  Formation of  ISCOM 

An ISCOM is composed of a matrix containing Quillaja saponins, 
cholesterol, and phospholipid at molar ratio of about 1:1:1. The assem- 
bly of ISCOM is mediated by hydrophobic interactions between these 
components and the antigen. The ISCOM antigen may be an envelope 
protein of a native virus, a cellular membrane protein, or peptides 
containing hydrophobic domains or any antigen with a hydrophobic 
domain. In the case of virus, the envelope is disintegrated by a deter- 
gent, preferably nonionic, to release a protein-detergent complex. On 
removal of the detergent (e.g., by dialysis or density gradient centrifu- 
gation) in the presence of Quillaja saponins, cholesterol, and addition- 
al lipid, ISCOM assembly takes place. Also, primarily nonamphipathic 
proteins (e.g., gpl20 of HIV) may be integrated into ISCOM by refold- 
ing the protein to expose certain hydrophobic sequences to accomplish 
hydrophobic interactions. By efficient coupling methods, peptides may 
be conjugated to the external protein moiety of an ISCOM, which will 
then act as a carrier providing T-cell background to the peptide anti- 
gen. 

By electron microscopy of ISCOMs, 40-nm cagelike structures exhib- 
iting icosahedral symmetry with a number of morphologic subunits are 
demonstrated. Multiple copies of antigens are exposed on the ISCOM 
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particle. The construct is physically remarkably stable; it can be frozen 
and freeze-dried and dissolved in various buffers. Lyophilization may 
thus be useful for storage of ISCOM vaccines. 

IV. Antigen Presentat ion and Targeting by ISCOMs 

There is a vast literature on Ag processing and presentation by anti- 
gen-presenting cells (APCs) to T cells, but there is a limited number of 
reports of how adjuvants influence these activities in APCs. One rea- 
son for this is that  most adjuvants are toxic in vi tro to cells, as is the 
case with oil adjuvants or AI(OH) 3. In contrast, ISCOMs are well 
suited for cell culture work and for immuno-electron microscopy (EM) 
studies where their stability makes it possible to follow the ISCOM for 
about 30 minutes intracellularly after their internalization in cells 
(Watson et al., 1992). In contrast, micelles being diluted far below their 
critical micellar concentration disintegrate and cannot be visualized in 
intracellular vesicles. Using immuno-EM on biotinylated influenza vi- 
rus Ag in ISCOMs, Villacres-Eriksson (1993) was able to trace these 
antigens in equal amounts to both cytosol and vesicles. These results 
were further supported by quantitative studies that  determined the 
amount of biotinylated Ag in subcellular fractions obtained by differen- 
tial centrifugation in a quantitative ELISA using a polyclonal for cap- 
ture antibody, and streptavidin peroxidase was used for the detection. 
While macrophages take up 50%, DC 16% and B cells 13% of ISCOM- 
borne Ag, the corresponding values for influenza virus micelles were 
25- to 50-fold lower. Activities resulting in efficient Ag uptake by APCs 
is probably an important function of an adjuvant. The capacity to deliv- 
er Ag to the cytosol is likely to pave the way for MHC class I restricted 
Ag presentation resulting in cytotoxic T-lymphocyte (CTL) response 
(Takahashi et al., 1990). This is a feature largely confined to acid- 
sensitive liposomes (Harding et al., 1991), ISCOMs, and synthetic li- 
popeptide vaccines among the nonviable Ag delivery systems (Deres et 
al., 1989). With ISCOMs, long-lived cytotoxic memory T cells are in- 
duced in mice after one s.c. immunization (Takahashi et al., 1990). 
Contributing to the efficiency of ISCOMs to induce CTL is their strong 
capacity to stimulate lymphocytes producing interferon ~/(IFN-~/) and 
interleukin 2 (IL-2), that is, a Thl  type of response (Morein et al., 
1995). There are a number of reports of other adjuvants that  claimed to 
enhance CTL, but they generally require high doses of antigen and 
several immunizations. 
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V. Adjuvant Influences on the Transport  of Antigen 

Following intraperitoneal administration of radiolabeled influenza 
ISCOMs a transient increase of neutrophils in the peritoneal fluid is 
recorded and subsequent higher amount of influenza virus antigen was 
found in the spleen up to 8 days (Watson et al., 1989). 

A lipophilic fluorescent carbocyanine dye (Claassen et al., 1995) was 
incorporated into the lipids of liposomes, which were subsequently 
used to study the kinetics of the liposome uptake by macrophages. 
Liposomes like bacteria were found to be taken up by marginal zone 
macrophages (MZMs). Rabies virus (RV) glycoprotein ISCOMs labeled 
by this technique were followed and localized after i.v., i.p., and s.c. 
administrations. Two hours after i.v. and i.p. injections RV was found 
in MZM as expected. Conversely, RV ISCOMs were found mainly in 
the marginal metallophilic marcophages (MMM) located at the border 
of the marginal zone and, to a lesser extent, in MZM, follicular dendri- 
tic cells, and B cells. MMMs are characterized by slender processes 
protruding into periarteriolar lymphoid sheat (PALS) and is the main 
site of antibody production in the spleen and hence a strategic localiza- 
tion for antibody stimulation (Claassen et al., 1995). 

The role of MMM in Ag handling is unclear but it has been suggested 
that they are involved in Ag processing (Kraal et al., 1988), while 
MZMs function as a means of rapid removal and elimination of Ag, 
thus removing it from immune responses. This difference of distribu- 
tion pattern between RV and RV ISCOMs may partly explain why RV 
ISCOMs were 20 to 30 times more immunogenic than RV. When in- 
jected s.c. 0.08 ~g of RV ISCOMs would induce a RV neutralizing 
antibody response while 10 ~g of RV was required to obtain a similar 
neutralizing antibody response. Full protection to intracerebral chal- 
lenge was obtained with 0.4 ~g of RV ISCOMs. 

Antigens are transported from the site of injection to the draining 
lymph nodes and subsequently specific T- and B-cell responses can be 
detected in various lymphatic tissues, for example, lymph nodes, 
spleen, and bone marrow (BM). The distributions of B- and T-cell re- 
sponses after parenteral immunization with influenza virus envelope 
Ag incorporated into ISCOMs or as micelles adjuvanted with CFA were 
compared. The T-cell response, measured by proliferation and produc- 
tion of IL-2, IFN-~/, and IL-4, was first confined to the draining lymph 
node both for ISCOM-borne Ag and Ag adjuvanted with CFA. It was 
transient for ISCOM but comparatively long lasting for CFA adju- 
vanted Ag. In the spleen, however, the T-cell response was prominent 
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for ISCOM-borne Ag but low for CFA adjuvanted Ag (SjSlander et al., 
1997). 

The B-cell response after immunization with ISCOMs (SjSlander et 
al., 1996), measured as Ab producing cells, was first detected in drain- 
ing lymph nodes, and was low in the spleen with a late but prominent 
response in BM. The implication of a strong BM response seems to be 
that  Ab production is retained there for a long period of time. Moreover 
an increasing proportion of the Ab-producing cells of all isotypes is 
located there with increasing age (Benner et al., 1981a,b). Possibly the 
BM as an organ producing antibodies is particularly important  for 
elderly individuals and animals. The mechanisms behind distribution 
of B-memory response in BM and effects of various adjuvants on that  
distribution need to be further explored. In contrast, the use of CFA or 
high doses of LPS interfered with or even abolished the ongoing Ig 
synthesis in BM. Thus, this process can be positively or negatively 
influenced by adjuvants. For example, CFA can cause a delay in trans- 
fer of the antibody-producing cells from draining lymph nodes to BM 
due to the granulopoiesis induced in the spleen (Benner et al., 1981a). 

VI. Adjuvants and Delivery Systems for Induction 
of Mucosal Immunity 

In recent years there has been an increasing interest in adjuvants 
and vaccine delivery systems for induction of mucosal immune re- 
sponses, especially by the oral and to a lesser extent by respiratory 
tract routes. There are three problems to overcome for oral vaccines: 
the acid pH in the stomach, the mucosal barrier, and the induction of 
tolerance, which is clearly observed where oral exposure precedes par- 
enteral immunization. With regard to the respiratory tract the mu- 
cosal barrier and tolerance induction are obstacles to be overcome. 

Like cholera toxin (CT) and the termolabile enterotoxin of Es- 
cherichia coli (LT) ISCOMs have also been shown to prevent induction 
of immunologic tolerance and to exert adjuvant activity in the diges- 
tive tract. Oral administration of ISCOMs will induce secretory IgA, 
CTL, and systemic immune responses (Mowat and Maloy, 1994). Using 
fluorochrome-labeled ISCOMs containing the G protein of rabies virus, 
I. J. T. M. Claassen et al. (personal communication) showed that  rabies 
virus ISCOMs target Peyer's patches (PP) more effectively than rabies 
virus particles. The lymphatic system in the gut is also reached 
through the enterocytes, which may act as APCs (Santos et al., 1990). 
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Enterocytes might be used as APCs by ISCOMs but not by micelles as 
studies shown by Lazarova et al. (1996) indicate. 

Using ovalbumin as model antigen in ISCOMs, Mowat and Maloy 
(1994) have demonstrated that OVA ISCOMs by the oral route induce 
MHC class I restricted CTL and specific IgA in the intestinal mucosa. 
After mucosal intranasal administration of the envelope proteins of 
influenza virus or from respiratory syncytial virus (RSV) in ISCOMs, 
a high serum antibody response is obtained that is of the same order 
as that following parenteral immunization. A secretory IgA response 
measured by ELISA is also efficiently evoked both at the local respi- 
ratory tract mucosa and distantly at the genital tract mucosa (Hu et 
al., 1998). In general, antigens derived from envelope viruses or cell 
membranes are readily incorporated into ISCOMs and they retain 
their biological activities and conformation provided they are isolated 
under mild conditions. RSV incorporated into ISCOMs also induced 
virus neutralizing antibodies both locally in the respiratory tract and 
in serum. Thus, the biological activities of influenza virus or RSV gly- 
coproteins are conserved, facilitating the penetration of mucus, which 
explains their efficiency in evoking mucosal immune responses. 

VII. ISCOMs Induce a Cytokine T h l  Type Response 
But Also Th2 

ISCOMs efficiently stimulate APCs to produce IL-1 and IL-12. Also 
other cytokines such as IL-6, GM-CSF, and TNF-~ are induced. The 
ISCOM induces strong T-cell responses ofT-helper 1 (Thl) type charac- 
terized by delayed type of hypersensitivity (DTH) enhanced production 
of IFN-~/and IL-2, while IL-4 and IL-5 are not generally enhanced but 
often IL-10 is down-regulated. In general, ISCOMs are excellent in- 
ducers of IL-2 and IFN-~/(Morein et al., 1996). 

VIII. Antigens Loaded in ISCOMs Induce Immune 
Response in Neonates 

In several species it is shown that ISCOMs induce potent immune 
responses in newborns with and without maternal antibodies. New- 
born seals immunized with canine distemper virus were protected 
against natural infection with seal morbillivirus. Puppies with mater- 
nal antibodies immunized subcutaneously at 3 and 7 weeks of age with 
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killed canine parvovirus adjuvanted with ISCOM matrix responded 
with very high antibody titers when conventional, killed parvovirus 
vaccine was insufficiently immunogenic. Foals with maternal anti- 
bodies immunized s.c. at the age of 10 days and again 2 weeks later 
with Herpes Eq-2 ISCOMs responded with virus neutralizing anti- 
bodies (Nordengrahn et al., 1996) and were protected from disease 
(abscesses in the lungs) by secondary infection with Rodococcus equi 
bacteria. 

In 2-day-old mice Sendai virus ISCOMs induced memory cells which 
were efficiently boosted, resulting in high antibody responses. Further 
mixed Thl  (IL-2 and INF-~/) and Th2 (IL-4 and IL-5) types of responses 
were induced by ISCOMs in newborn mice similar to the T-cell re- 
sponses induced in adults. In contrast, none of these responses was 
induced by Sendai virus micelles when given s.c. to the 2-day-old mice. 
The present knowledge is that newborn mice, if they respond, do not 
induce a Thl  type of response but a Th2 type of response and a subse- 
quent apoptosis of the Thl  cells (Adkins et al., 1996). 

IX. Protective Immunity 

Protective immunity has been induced by ISCOMs against a variety 
of microorganisms including viruses, bacteria, mycoplasma, and para- 
sites. Of particular interest is that protective immunity was induced by 
ISCOM-borne antigens to a number of retroviruses, that is, feline leu- 
kemia virus infection in cats, to lethal infection with SIV in macaques. 
Of particular interest is that HIV-1 ISCOM vaccine induced protection 
to infection in a challenge system in rhesus macaques using a semi- 
heterologous challenge virus that was a chimer of HIV-1 and SIV 
(SHIV). This protection was correlated to virus neutralizing anti- 
bodies, Thl  type of response together with an IL-4 production and the 
production of the ~-chemokines (MIP-al, MIP-a2, and RANTES). 
These ~-chemokines are produced by CD8 + cells and found in HIV-1 
infected long-time survivors, and they are interacting with the second 
HIV-1 receptor involved in the fusion and entry process of the host cell. 
ISCOMs also induced protection to challenge with HIV-2 in primates, 
and ISCOMs loaded with gp340 of a tumor-inducing herpesvirus, that 
is, Epste in-Barr  virus (EBV), protected cotton top tamarin monkeys 
against challenge with EBV causing lethal tumor development. Table I 
lists examples of ISCOM-borne antigens having induced protective 
immunity. 
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TABLE I 

PROTECTIVE IMMUNITY INDUCED BY ISCOMS AGAINST VARIOUS PATHOGENS 

Antigen Animal Disease 

Hemagglutinin measles virus 
Fusion protein, measles virus 
Hemagglutinin and fusion protein, 

phoid distemper virus 
Hemagglutinin and fusion protein, 

canine distemper virus 
gpl20, Simian immunodeficiency 

virus 
Envelope protein, bovine diarrhea 

virus, envelope protein 
gpl20, P24, and peptides from 

HIV-1, gpl20 V2 and V3 regions 
gp70, Feline leukemia virus 
gp360, Epstein-Barr virus 
Surface antigens, Toxoplasma 

gondii 
Immunoaffinity purified protein, 

Trypanosoma cruzi 

Mice Encephalitis 
Mice Encephalitis 
Seal Lethal infection 

Dog Pneumonia 

Monkey Lethal infection 

Sheep Abortion 

Monkey Viremia (challenged 
with SHIV) 

Cat Viremia 
Tamarin monkey Lethal tumor 
Mice Lethal infection 

Mice Lethal infection 
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Epidemiology is the branch of medicine that focuses on interrelation- 
ships between living organisms and their environment as they relate 
to health. In contrast to most medical disciplines, which focus on diag- 
nosing and treating disease in individuals, there is an inherent ecolog- 
ical nature to epidemiology because understanding, controlling and 
preventing disease in the population is emphasized. It is interesting to 
note that significant advances in modern epidemiology have occurred 
during the same period that advances in biology and medicine have led 
to the common use of intensive vaccination strategies by veterinarians 
and animal owners. Despite the concurrence of these developments, 
epidemiologic methods have played a relatively minor role in the devel- 
opment and critical appraisal of immunoprophylaxis in veterinary 
medicine when compared to their use in evaluating the efficacy of 
efforts to control diseases in humans. A critical appraisal of disease 
prevention strategies is paramount for these efforts to be efficient. 
There is no doubt that "benchtop" and clinical scientific investigation 
are integral to the development and evaluation of immunoprophylactic 
techniques. However, an epidemiologic approach can provide addition- 
al unique information that is ideally suited for objective evaluation of 
disease prevention strategies. Specifically, an epidemiologic approach 
is well suited for investigating the etiology and the relative importance 
of the targeted disease, identifying risk factors which influence the 
occurrence of disease, objectively evaluating the importance of immu- 
noprophylaxis in preventing naturally occurring disease, and identify- 
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ing prevention strategies which may be used in combination with or in 
place of intensive vaccination. 

Three primary forces influence the occurrence of infection and infec- 
tious disease: the likelihood of exposure to an organism, the patho- 
genicity of the organism, and the ability of the host to counteract the 
pathogenic mechanisms of that agent. The health of an animal is deter- 
mined by the balance of these three forces. As a result, disease preven- 
tion strategies are targeted at influencing the balance between the 
likelihood of exposure to infectious agents and improving specific or 
nonspecific immunity through immunoprophylaxis. 

Because vaccines are generally intended to improve immunity to 
specific agents, it is critical to consider the true risk of disease associ- 
ated with exposure to each specific agent targeted by vaccination. At 
times the association between infection and disease is apparent, but 
animals are commonly infected with agents whose pathogenicity is 
unknown or controversial. Even if infection is clearly linked to the 
occurrence of disease, this disease may not significantly affect produc- 
tion of individuals or the production unit. Disease prevention efforts 
will be most efficient if emphasis is placed on controlling the most 
important pathogens; properly conducted, epidemiologic investigations 
can be used to identify these agents. Epidemiologic investigations can 
also yield important information about the biology of the disease, 
which is useful in determining which stage of the life cycle of the host 
and the agent can be most effectively targeted in prevention strategies. 
The greatest benefit is likely to be realized from disease prevention 
strategies when prophylactic measures are targeted at animals with 
the greatest risk of disease. 

It is equally critical to consider the efficacy of the vaccines or pro- 
phylactic therapies to be used. Vaccines are never foolproof preventive 
measures, and not all vaccines that are licensed and marketed com- 
mercially have equivalent efficacies. Widespread marketing, accep- 
tance, and application of vaccines does not ensure that products are 
efficacious in every situation in which they will be applied. Unfor- 
tunately, it is very difficult to obtain objective information that clearly 
documents the efficacy of most vaccines used in veterinary medicine. 
Even if information is available regarding a product's ability to prevent 
experimentally induced disease, it is even less common to find informa- 
tion from properly conducted field trials which evaluate the efficacy of 
vaccines as they are practically applied to prevent naturally occurring 
disease. The success of a product in the laboratory does not ensure its 
success in the field. A vaccine may prove to be very immunogenic and 
successfully protect animals against experimental challenge, but may 
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still fail to protect against infection and disease under conditions of 
natural  exposure. Protection from naturally occurring disease is the 
most relevant outcome for measuring the value and efficacy of a vac- 
cine. Scientists, vaccine manufacturers, veterinary practitioners, and 
consumers should all be greatly concerned when information is not 
readily available regarding objective evaluation of commercially mar- 
keted vaccines. 

The occurrence of one disease in a population is usually an indication 
that  similar agents or agents with similar routes of transmission could 
be a problem in this population. As such, the occurrence of infectious 
disease in animals is often a symptom of more than one impediment to 
production. Even if disease caused by one specific agent could be elimi- 
nated, production methods that  enhance exposure to one pathogen will 
commonly enhance exposure to other pathogens. Intensive vaccination 
programs are not panaceas which remedy all problems created by less 
than optimal management conditions. Immunoprophylaxis will often 
be most effective when used judiciously in combination with other 
prevention strategies. In fact, effective and cost-efficient disease pre- 
vention programs may not even include vaccination as a control mea- 
sure. 

Modern vaccines have benefitted from the incredible advances real- 
ized in modern immunology and biology. There is great promise for 
future immunoprophylactic strategies to help overcome important dis- 
ease problems which prevent animals from realizing their production 
potential. However, it is critical that  objective information be readily 
available about the epidemiology of these diseases as well as the effi- 
cacy of prevention strategies in order for veterinarians and producers 
to make informed decisions about the appropriate role of immu- 
noprophylaxis in disease prevention programs. 
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I. I n t r o d u c t i o n  

II. M a t e r i a l  
III .  R e s u l t s  

IV. D i s c u s s i o n  

A c k n o w l e d g m e n t s  

R e f e r e n c e s  

I. Introduct ion  

From the first attempts by Louis Pasteur (1822-1896) to make 
swine erysipelas bacterins, to the first applications of hog cholera vac- 
cines in the United States in the early 1900s, vaccines have had a place 
in preventive swine veterinary medicine. In the United States, hog 
cholera and erysipelas vaccines were commonly used as early as the 
1920s and 1930s. However, not until the 1950s and 1960s would com- 
mercial vaccines against several other swine pathogens become avail- 
able (A. Hogg, personal communication, 1997). Today, licensed vac- 
cines are available for at least 6 viruses and 16 bacterial pathogens 
(Table I). In addition, for several pathogens vaccines are available for 
different serotypes of certain pathogens: six for leptospirosis, four for 
Actinobacillus pleuropneumoniae and Escherichia coli, and two for 
Salmonella, Streptococci, Pasteurella multocida, and Haemophilus 
parasuis, Despite general recommendations from immunologists in 
favor of monovalent vaccines or limited component vaccines, combina- 
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TABLE I 

SWINE VACCINES LICENSED IN THE UNITED STATES 

Influenza 
Parvovirus 
PRRS 
Pseudorabies 
Rotavirus 
TGE 

Actinobacillus pleuropneumoniae 1, 3, 5, 7 
Bordetella bronchiseptica 
Clostridium perfringens C 
Erysipelothrix rhusiopathiae 
Escherichia coli K88, K99, 987P, F1 
Haemophilus parasuis 5, 6 
Leptospira 5-way/6-way 
Mycoplasma hyopneumoniae 
Pasteurella multocida A, D 
Salmonella cholerasuis / typhimurium 
Streptococcus suis 
Serpulina hyodysenteriae 
Streptococcus equisimilis 
Pseudomonas aeuroginosa 

tion vaccines with many of the above components are commonplace, 
most often with multiple pathogens. Vaccines containing as many as 
12 components have been registered in the United States (Table II). 

Unlike in many other countries, swine vaccines in the United States 
can be purchased over the counter or by catalog. According to the 
National Animal Health Monitoring System (NAHMS) only 55% of the 
vaccines were provided by a veterinarian (NAHMS, 1995a). However, 
83% of herds using a herd veterinarian also used vaccines, compared to 
48% of herds without a consulting veterinarian (NAHMS, 1995b). Thus, 
veterinarians appear to have a great impact on the use of vaccines. 

The regulatory controls of biosafety and efficacy of vaccines, exer- 
cised by the U.S. Department of Agriculture (USDA), have increased 
significantly during the 1980s and 1990s. However, a conflict of inter- 
est seems to exist when efficacy assessments, challenge models, sam- 
ple size, number of replications, trial allocations, and result analysis 
are largely sponsored and done by the biologics industry itself (Han- 
cock, 1992; Moon and Bunn, 1993; Straw, 1994). A common critique 
has also been that the pharmaceutical industry generally uses experi- 
mental challenge for efficacy tests instead of natural exposure to the 
pathogen (Straw, 1994). Therefore, field surveys of vaccination experi- 
ences have been conducted among swine farmers and veterinarians. 
According to NAHMS (1992), Leptospira interrogans vaccines were 
used in 70% of the surveyed herds, parvovirus in 65%, Erysipelothrix 
rhusiopathiae in 61%, E. coli in 47%, Bordetella bronchiseptica/ 
Pasteurella multocida (atrophic rhinitis) in 38%, TGE in 24%, and 
Clostridium perfringens C in 22% of the herds. Ratings of vaccine 
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TABLE II 

EXAMPLES OF COMBINATION VACCINES 

Bordetella bronchiseptica 
Pasteurella multocida A, D 

Transmissible gastroenteritis 
Rotavirus A1, A2 
Escherichia coli K88, K99, 987P, F41 
Clostridium perfringens C 
Bordetella bronchiseptica 
Pasteurella multocida A, D 

Bordetella bronchiseptica 
Pasteurella multocida A, D 
Actinobacillus pleuropneumoniae 1, 3, 4, 5, 7 
Haemophilus parasuis 
Streptococcus equisimilis 
Streptococcus suis I, II 
Staphylococcus aureus 
Pseudomonas aeruginosa 
Escherichia coli K88, K99, 987P, type 1, F41 
Clostridium perfringens C 
Salmonella cholerasuis 
Salmonella typhimurium 

efficacy varied somewhat between veterinary surveys conducted by the 
National Veterinary Services Laboratory (NVSL) in 1992 and by Straw 
in 1994. Overall, ratings were good to excellent for pseudorabies, par- 
vovirus, influenza, erysipelas, and colibacillosis; fair to good for 
clostridiosis, atrophic rhinitis, and G1/isser's disease (H. parasuis); and 
mixed for Mycoplasma hyopneumoniae and Salmonella typhimurium 
or cholerasuis. Efficacies were rated poor for vaccines against the por- 
cine reproductive and respiratory syndrome (PRRS), TGE, rotavirus, 
Streptococcus suis, and Actinobacillus pleuropneumoniae. 

This paper presents current information about the use and perceived 
efficacy of swine vaccines obtained in a 1997 survey of swine veter- 
inarians in the United States and 11 other countries. 

II. Material 

A questionnaire was designed to include all swine pathogens for 
which commercial vaccines were available in the USA in the spring of 
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1997 (Table I). The questions included frequency of use of each vaccine, 
if autogenous vaccines were used, perceived efficacy, and whether the 
vaccine was administered monovalent or in combination with other 
antigens (Table III). The questionnaire was arbitrarily presented to 
well-known and respected swine veterinary specialists, both in private 
practice, in the swine industry, and in academia and extension. Most of 
the responses for the United States were received in conjunction with 
the American Association of Swine Practitioners (AASP) Convention in 
Quebec in March 1997. Others were sent and responded to by mail. A 
total of 118 questionnaires were delivered, and 105 were returned 
completed (89% response rate). 

In addition, the same questionnaire was mailed to one well-known 
swine veterinary specialist in each of 11 arbitrarily chosen other coun- 
tries: Canada, Mexico, Taiwan, Australia, UK, Netherlands, Belgium, 
France, Germany, Denmark, and Sweden (see Acknowledgements sec- 
tion). These specialists were asked to answer the questions in the 
questionnaire on behalf of their country. 

III. Results 

The results are compiled and summarized in Tables IV through VII. 
Large differences are seen between countries regarding use of swine 
vaccines. While licensed vaccines were available for 21 pathogens in 
the United States, the number declined to 17 in Canada to 5 in 
Australia (Table IV). Noticeably, the number of vaccines was no more 
than 12 in the heavily swine populated Netherlands, and 10 in Den- 
mark. 

Vaccines for colibacillosis, erysipelas, parvovirus, and Mycoplasma 
pneumonia were used in all 12 countries. Pasteurella multocida vac- 

TABLE III 

SWINE VACCINE SURVEY 

Use Efficacy Type 

All the time Excellent 
Frequently Good 
Sometimes Mixed/fair 
Never Poor 

No opinion 

Monovalent 
Combination 
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TABLE IV 

SWINE VACCINES IN THE USA AND OTHER COUNTRIES 

Number of swine pathogens for which vaccines are licensed in each country 

United States (USA) 22 France 10 
Canada 17 Belgium 10 
Taiwan 16 Denmark 10 
Mexico 13 United Kingdom 7 
Germany 13 Sweden 7 
Netherlands 12 Australia 5 

Survey of vaccine use among 12 countries 

Number of Number of 
countries countries 

Parvovirus 12 S. cholerasuis 5 
E. coli 12 S. suis 5 
E. rhusiopathiae 12 Rotavirus 4 
M. hyopneumoniae 11 Leptospirosis 3 
P. multocida 11 H. parasuis 3 
B. bronchiseptica 10 S. typhimurium 3 
A. pleuropneumoniae 10 Hog cholera 2 
C. perfringens C 9 Japanese encephalitis 1 
Pseudorabies 7 S. hyodysenteriae 1 
Influenza 6 P. aeruginosa 1 
PRRS 6 S. equisimilis 1 
TOE 6 

cines were used in all but i country, and Bordetella vaccines in all but 
2 countries (Table V). At the bottom of the list for all countries were 
vaccines for TOE, rotavirus, P. aeruginosa, S. equisimilis and S. suis, 
A. pleuropneumoniae, and T hyodysenteriae. (Dysentery vaccine was 
just recently licensed in the United States, so no experiences with its 
use are yet available.) Japanese encephalitis vaccine was only used in 
Taiwan, and hog cholera vaccine in Taiwan and Mexico. 

Vaccines for parvovirus, E. coli, and erysipelas were at the top of the 
user lists in all countries. The 5-way Leptospira vaccine (L. ic- 
terohaemorrhagiae, pomona, grippothyphosa, canicola, hardjo) was 
also at the top of the list in the United States but only used in two other 
countries (Tables VI and VII). The 6-way Leptospira vaccine with L. 
bratislava, which is the most prevalent serovar in the United States, 
(Bolin, 1993), was used much less in this country (Table VI). 

The rates of perceived vaccine efficacy were similar to the rates of 



T A B L E  V 

USE OF SWINE VACCINES IN THE U S A  AND OTHER COUNTRIES 

U S  C T D M N L  F B D K  U K  S A U S  

R e p r o d u c t i v e  d i s e a s e s  
P a r v o v i r u s  Y Y Y Y Y Y Y Y Y Y Y Y 
L e p t o s p i r o s i s  Y Y . . . . . . . . .  Y 
J a p a n e s e  e n c e p h a l i t i s  m - -  Y . . . . . . . . .  

R e s p i r a t o r y  d i s e a s e s  
I n f l u e n z a  y y m y ~ y y y . . . .  

M .  h y o p n e u m o n i a e  Y Y Y Y Y Y Y Y Y Y (Y) 
A.  p l e u r o p n e u m o n i a e  Y Y Y Y Y Y Y Y Y ~ ~ Y 

B.  b r o n c h i s e p t i c a  y y y y y y y y m y y 

P. m u l t o c i d a  Y Y Y Y Y Y Y Y Y Y Y 

P. a e r u g i n o s a  Y . . . . . . . . . . .  

E n t e r i c  d i s e a s e s  

T O E  Y Y Y Y Y . . . . . . .  
R o t a v i r u s  Y Y Y - -  Y . . . . . . .  

E. coli  Y Y Y Y Y Y Y Y Y Y Y Y 

C. p e r f r i n g e n s  C Y Y Y Y ~ Y Y ~ Y Y Y 

S.  t y p h i m u r i u m  Y Y Y ~ Y . . . . . . .  

S .  h y o d y s e n t e r i a e  Y . . . . . . . . . . .  

M u l t i s y s t e m i c  d i s e a s e s  
P s e u d o r a b i e s  y m y y y y y y m m __ 

P R R S  Y Y ~ Y ~ Y ~ (Y) (Y) ~ ~ 
H o g  c h o l e r a  m - -  Y - -  Y . . . . . . .  

H.  p a r a s u i s  Y Y . . . . . .  Y ~ ~ 

E.  r h u s i o p a t h i a e  Y Y Y Y Y Y Y Y Y Y Y Y 

S.  c h o l e r a s u i s  Y Y Y Y Y . . . . . . .  

S.  s u i s  y y y ~ ~ y ~ ~ y ~ ~ m 

S .  e q u i s i m i l i s  Y . . . . . . . . . . .  

T O T A L  P A T H O G E N S  22 17 16 13 13 12 10 10 10 7 7 5 

K e y :  Y, yes  use ;  m ,  no use .  

C o u n t r y  codes:  US,  U n i t e d  S t a t e s ;  C, C a n a d a ;  T, Ta iwan ;  D, G e r m a n y ;  M, Mexico;  NL ,  N e t h e r l a n d s ;  F, F r a n c e ;  B, B e l g i u m ;  DK, 
D e n m a r k ;  UK,  U n i t e d  K i n g d o m ;  S, S w e d e n ;  AUS,  A u s t r a l i a  
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TABLE VI 

FREQUENCY OF USE OF SWINE VACCINES 

In USA In other countries 

High Low Never High Low Never 
Pathogen (%) (%) (%) (%) (%) (%) 

Parvovirus 95 5 0 91 9 0 
E. coli 91 9 0 100 0 0 
E. rhusiopathiae 91 9 0 91 9 0 
Lepto 5-way 90 10 0 18 0 82 
M. hyopneumoniae 62 38 0 27 54 9 
C. perfringens C 52 38 10 9 54 27 
P. multocida 33 62 5 27 64 9 
H. parasuis 33 62 5 18 0 82 
B. bronchiseptica 29 67 4 18 64 18 
PRRS 29 47 24 27 18 55 
Pseudorabies 29 19 52 46 9 45 
S. suis 10 57 33 0 36 64 
Lepto 6-way (bratislava) 9 48 43 9 9 82 
A. pleuropneumoniae 5 52 43 18 64 9 
Influenza 5 47 48 9 27 64 
S. cholerasuis 0 62 38 9 18 72 
TGE 0 47 53 0 36 64 
Rotavirus 0 47 53 0 27 73 
S. typhimurium 0 19 81 0 18 82 

use  (Table VII). The  efficacy r a t e s  also followed the  s a m e  t r e n d ,  w i t h  a 
h igh  p e r c e n t a g e  of r e s p o n d e n t s  r e p o r t i n g  "no opinion" (Table VII). 

A l m o s t  all v e t e r i n a r i a n s  u s e d  a u t o g e n o u s  vacc ines  occasionally.  
Also, a l a rge  m a j o r i t y  of r e s p o n d e n t s  e x p r e s s e d  concerns  a b o u t  combi- 
n a t i o n  vaccines .  Mos t  c o m m o n  c o m b i n a t i o n s  we re  r e p o r t e d  for par -  
v o v i r u s - e r y s i p e l a s - l e p t o s p i r o s i s ,  B. bronch i sep t i ca -P ,  mu l toc ida ,  a n d  
E' col i -C,  p e r f r i n g e n s - T G E - r o t a v i r u s .  

IV. Discussion 

Sta t i s t i c a l  a n a l y s i s  was  not  p e r f o r m e d  since t h e  s t u d y  des ign  of t h e  
s u r v e y  di f fered b e t w e e n  the  U n i t e d  S t a t e s  (mul t ip l e  r e s p o n d e n t s )  a n d  
t he  o t h e r  coun t r i e s  (one r e s p o n d e n t  for each  country) .  Also, d i f fe ren t ia -  
t ion  b e t w e e n  k i l led  a n d  live vacc ines ,  r o u t e s  of a d m i n i s t r a t i o n ,  etc., 
w e r e  not  covered  in t he  survey.  N e v e r t h e l e s s ,  s e v e r a l  i n t e r e s t i n g  con- 

c lus ions  can  be m a d e :  
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TABLE VII 

PERCEIVED EFFICACY OF SWINE VACCINES 

In USA In other countries 

No No 
High Low opinion High Low opinion 

Pathogen (%) (%) (%) (%) (%) (%) 

Parvovirus 81 0 19 82 0 18 
E. coli 90 0 10 91 0 9 
E. rhusiopathiae 76 0 24 82 9 9 
Lepto 5-way 71 0 29 9 9 82 
M. hypopneumoniae 48 38 52 45 18 37 
C. perfringens C 52 14 44 36 18 46 
P. multocida 33 62 5 64 18 18 
H. parasuis 57 10 43 18 9 73 
B. bronchiseptica 38 18 44 55 18 27 
PRRS 29 14 57 0 18 82 
Pseudorabies 52 0 48 36 9 55 
S. suis 19 19 62 0 27 73 
Lepto 6-way (brataslava) 33 10 57 18 0 82 
A. pleuroneumoniae 14 24 62 27 9 64 
Influenza 33 10 57 9 18 73 
S. cholerasuis 43 0 57 0 18 82 
TGE 9 57 44 9 27 64 
Rotavirus 19 48 33 9 18 73 
S. typhimurium 0 0 100 0 18 82 

Colibacil losis ,  e rys ipe las ,  a n d  p a r v o v i r u s  vacc ines  rece ived  t h e  h igh-  
es t  scores  for bo th  f r e q u e n c y  of use  a n d  pe rce ived  efficacy in  all coun- 
t r i e s  su rveyed .  For  all t h e  o t h e r  p a t h o g e n s ,  t h e r e  we re  g r e a t  v a r i a t i o n s  
b e t w e e n  t he  d i f fe ren t  coun t r i e s  for use  a n d  efficacy of vaccines .  

The  g r e a t e s t  d i f ference  b e t w e e n  t he  U n i t e d  S t a t e s  a n d  o t h e r  coun-  
t r i e s  w a s  found  for use  a n d  efficacy of Leptospira  vaccines  (Tables  V -  
VII). Whi l e  t he  Lep to  5 -way  vacc ine  was  u s e d  a lways  or a l m o s t  all  t h e  
t i m e  by  90% a n d  was  pe rce ived  as  h igh ly  efficacious by 71% of t h e  U.S.  
r e s p o n d e n t s ,  Leptospira  vacc ines  w e r e  only u s e d  in two o t h e r  coun-  
t r ies ,  a n d  t he  pe rce ived  efficacy was  low. Seve ra l  c o m m e n t a r i e s  indi-  
ca t ed  t h a t  such  vacc ines  a re  no t  n e e d e d  in  m o d e r n  c o n f i n e m e n t  opera-  
t ions.  The  fact  t h a t  t he  6 -way  Lep to  vacc ine  w i th  L. brat is lava ( the  
m o s t  c o m m o n  se rova r  in  t he  U n i t e d  S t a t e s )  wa s  u s e d  ve ry  l i t t le  accord- 
ing  to th i s  su rvey  adds  f u r t h e r  q u e s t i o n s  r e g a r d i n g  t h e  va l id i ty  of  
Leptospira  vacc ina t ions .  
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Different uses and opinions were also found for several other vac- 
cines. For instance, PRRS vaccines received very low scores for efficacy 
in Europe compared to the United States, while Bordetella/ 
Pasteurella AR vaccines received better scores than in the United 
States. However, at the bottom of the list for all countries were vac- 
cines for TGE, rotavirus, Streptococci, and A. pleuropneumoniae. 
Salmonella and influenza vaccines also received quite low scores, but 
since they had been introduced more recently, many respondents re- 
ported "no opinion" about their use and efficacy. 

Most striking was the great difference between countries regarding 
the numbers of licensed vaccines available against various swine 
pathogens (Tables IV-VII). It appears that  the number of vaccines for 
such pathogens is much higher in the United States compared to most 
of the other countries. This survey was limited to veterinarians. The 
difference would probably be even greater if vaccine purchases and use 
by farmers with no veterinary involvement were added. This is com- 
monplace in the United States (NAHMS, 1995a,b). In many of the 
other countries, vaccines are only available with a veterinary prescrip- 
tion. The difference between countries might indicate diferent preva- 
lence and significance of the various diseases, but they might also 
indicate country-based differences between biologics companies re- 
garding market ing strategies of vaccines, state regulations, and tradi- 
tions and perceptions about use of vaccines. 
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I. Introduction and Background 

Enteropathogenic viruses, such as transmissible gastroenteritis vi- 
rus (TGEV) and rotavirus, replicate and induce lesions only in the 
gastrointestinal tract. The susceptible target cell is the villous entero- 
cyte (Saif, 1990). Thus active immunity against enteropathogenic viral 
infections depends on stimulation of local immune responses within 
the intestine. To date, only limited success has been achieved in the 
development of oral vaccines to prevent neonatal viral diarrheas, and 
commercial vaccines show limited efficacy in the field (Saif and Jack- 
wood, 1990). Although use of live attenuated poliovirus is often cited as 
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a model for an effective oral vaccine, the mechanism of viral patho- 
genesis and hence protective immunity differs from that needed to 
prevent viral diarrheas. Poliovirus undergoes primary replication in 
Peyer's patches or intestinal lymphoid cells (not epithelial cells), but 
the target cell for disease induction is the neuron (Melnick, 1990). 
Thus stimulation of circUlating antibodies using either live oral or 
inactivated poliovirus vaccines can prevent the systemic spread of po- 
liovirus to the central nervous system and the paralytic disease. 

Currently only oral vaccines containing live replicating organisms 
have been highly effective in inducing mucosal immune responses, 
especially secretory, (S)IgA antibodies. The oral administration of sol- 
uble or killed antigens generally induces immunity of short duration or 
even systemic tolerance (reviewed in Mowat, 1994). Whether the prob- 
lems encountered with oral administration of soluble protein antigens 
can be overcome by the use of improved mucosal adjuvants [muranyl 
dipeptide, immune stimulating complexes (ISCOMs), cholera or 
Escherichia coli enterotoxins, avridine, proteosomes, cytokines, etc.] or 
new and novel delivery systems (liposomes, live recombinant vectors, 
microspheres, DNA plasmids, virus-like particles) requires further in- 
vestigation, and specific examples are given in this review. 

Coronaviruses and rotaviruses are well-characterized enteropatho- 
gens that account for a high percentage of the viral diarrheas in many 
animals (Saif and Wesley, 1992; Saif et al., 1994a). In addition, ro- 
taviruses are the leading cause of dehydrating diarrhea in young chil, 
dren worldwide (Kapikian and Chanock, 1990). Thus these viruses 
serve as important models to study mucosal immunity to enteric vi- 
ruses. In this review, the impact of the site of viral replication (intes- 
tine vs respiratory tract), vaccine dose, and type (attenuated, inacti- 
vated) on the isotype, level, and distribution of virus-specific antibody- 
secreting cells (ASCs) and protection against viral challenge in pigs is 
summarized and discussed. 

II. Characteristics of Enteropathogenic Viruses 

Enteropathogenic viruses belonging to at least five different families 
have been associated with diarrhea in pigs (Table I, Saif, 1990). Each of 
these viruses infects mainly the villous enterocytes of pigs and, with 
the possible exception of astroviruses (Saifet al., 1980), induces villous 
atrophy and a malabsorptive diarrhea (Saif, 1990). None of these vi- 
ruses causes systemic infections; hence, the localized nature of these 
intestinal viral infections is of prime consideration for designing effec- 
tive strategies to induce mucosal immunity. A potential explanation for 
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TABLE I 

CLASSIFICATION AND CHARACTERISTICS OF PORCINE ENTEROPATHOGENIC VIRUSES 

Intestinal 
Discovery replication site 

Size Nucleic 
Family/virus (nm) acid Year Investigator Villous Crypt 

Enveloped 
Coronaviridae/ 60-220 ssRNA 

transmissible 
gastroenteritis virus 
(TGEV) 

Nonenveloped 
Reovir idae/rotavirus 55-70 dsRNA 

(group A) 
Rotavirus (Group B) 55-70 dsRNA 
Rotavirus (Group C) 55-70 dsRNA 
Rotavirus (Group E) 55-70 dsRNA 
Caliciviridae/calicivirus 30-40 ssRNA 

Astroviridae /Astrovirus  

Adenovir idae /Adenovirus  

28-30 ssRNA 

70-90 DNA 

1946 Doyle and + 
Hutchings 
(Solf and 
Wesley, 1992) 

1976 Woode et al. + 

1980 Bridger + 
1980 Saif et al. + 
1986 Chasey et al. ? 
1980 Bridger + 
1980 Saif et al. 
1980 Bridger + 
1980 Saif et al. 
1981 Coussement § 

et al. 

the localized nature of many enteric viral infections was highlighted in 
a recent study (Rossen et al., 1996). The authors found that  TGEV 
enters and exits from polarized epithelial cells in vitro via the apical 
surface; in contrast, another coronavirus, mouse hepatitis virus (MHV), 
enters the same cells apically but exits basolaterally. The investigators 
speculated that  similar differences in the mode of release of coronavi- 
ruses from infected host cells could contribute to the nature of the 
localized intestinal infections induced by TGEV (released apically into 
the gut lumen) or the systemic infections associated with MHV (re- 
leased basolaterally into the blood and lymph). 

A. COMPARATIVE PATHOGENESIS OF VIRULENT AND ATTENUATED 

TRANSMISSIBLE GASTROENTERITIS, PORCINE RESPIRATORY 

CORONAVIRUS, AND ROTAVIRUS 

Exposure of pigs to at tenuated TGEV (TGEV-A), virulent TGEV 
(TGEV-V) or porcine respiratory coronavirus (PRCV) results in distinct 
disease patterns related to differences in virulence and tissue tropisms 
between the viruses (Table II) (Pensaert and Cox, 1989; Saif and 



TABLE II 

VERTICAL AND LONGITUDINAL SITES OF REPLICATION AND VILLOUS ATROPHY IN THE INTESTINE FOR PORCINE CORONAVIRUSES AND 
GROUP A ROTAVIRUSES 

Small  
Virus Diar rhea  intest ine Colon 

Vertical 
Longitudinal  small intestine Villous a t rophy Respiratory 

(site) small intest ine t ract  

Villous Crypt Site Extent  Upper  Lower Reference 

Coronavirus 
Virulent  

TGEV 
At tenua ted  

TGEV 
PRCV 

Rotav irus  
Group A 

Severe D,J,I  

Mild/ 
none 

None 

Mild- 
severe 

J ,I  

D,J,I  

+ Entire - D,J,I Severe +_ +_ 

+ Entire 

- N A  

+ Entire 

J , I /  Mild + ___ 
none 
None None § § 

J,I  Modera t e -  
severe 

Frederick et al. (1976) 

Frederick et al. (1976) 
Furuuchi  et al. (1979) 
Pensaer t  and Cox (1989) 

Theil et al. (1978) 
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Wesley, 1992; Saif et al., 1994b). Virulent TGEV replicates in villous 
epithelial cells throughout the small intestine, inducing severe villous 
atrophy and a malabsorptive diarrhea leading to nearly 100% mortal- 
ity in seronegative, neonatal pigs. Attenuated strains of TGEV repli- 
cate in scattered villous epithelial cells in the distal portion of the 
small intestine of neonatal pigs and induce mild or no diarrhea (Fred- 
erick et al., 1976). They also replicate more extensively in the respira- 
tory tract compared to virulent TGEV strains (Furuuchi et al., 1979). 
In contrast, PRCV strains replicate in the upper and lower respiratory 
tract, with little or no replication in the intestine, and generally cause 
subclinical infections or mild respiratory disease (Pensaert and Cox, 
1989). TGEV infections remain a leading cause of piglet diarrhea and 
mortality in swine herds in North America, and commercial vaccines, 
even live attenuated oral TGEV vaccines, are of limited efficacy in the 
field (Saif and Wesley, 1992). In previous studies, PRCV induced par- 
tial protection against experimental challenge with TGEV (Van 
Nieuwstadt et al., 1989; Cox et al., 1993), but the mechanisms involved 
were not elucidated. These three antigenically related porcine coro- 
naviruses with distinct differences in virulence and tissue tropisms 
(enteric TGEV-A or TGEV-V or respiratory PRCV) provided an ideal 
model to study interactions between bronchus-associated lymphoid tis- 
sues (BALT) and gut-associated lymphoid tissues (GALT) in the induc- 
tion of mucosal immunity and protection against virulent TGEV chal- 
lenge (Brim et al., 1995; Saif, 1996; VanCott et al., 1993, 1994). 

By comparison, porcine group A rotaviruses also replicate through- 
out the small intestine and occasionally the colon, inducing moderate 
to severe villous atrophy in the distal small intestine (Table II, Theil et 
al., 1978). Similar to enzootic infections with TGEV-V in seropositive 
herds, rotaviruses are a frequent cause of diarrhea in 2- to 3-week-old 
pigs with morbidity rates approaching 100%, but with lower mortality 
rates (5-20%) (Paul and Stevenson, 1990; Saif et al., 1994a). 

To date, commercial and experimental candidate vaccines have not 
been highly effective in preventing enteric viral infections and gastro- 
enteritis in humans or animals (reviewed in Saif and Jackwood, 1990; 
Kapikian and Chanock, 1990). Poor efficacy has frequently been en- 
countered in the field using live oral or parenterally administered vac- 
cines to prevent coronavirus and rotavirus-induced diarrhea in swine 
(Saif and Jackwood, 1990). Likewise, clinical trials of candidate ro- 
tavirus vaccines in infants have often failed in various aspects of safe- 
ty, immunogenicity, or efficacy, especially when tested in developing 
countries (Kapikian and Chanock, 1990). These results suggest that 
more research is needed to optimize enteric vaccines to induce local 
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mucosal immune responses that more closely mimic ones elicited after 
exposure to the virulent organism. 

III. Mucosal Immunity to Enteropathogenic Viruses 

A unique mucosal immune system separate from the systemic im- 
mune system has evolved to protect mucosal surfaces from pathogens 
and to exclude environmental antigens and foreign proteins, thereby 
preventing them from evoking systemic-type inflammatory immune 
responses (reviewed by Brandtzaeg, 1992; Husband, 1993; McGhee et 
al., 1992; Mestecky, 1987). The mucosal immune system is charac- 
terized by a preponderance of SIgA antibodies selectively secreted onto 
mucosal surfaces by an active transport mechanism (polyimmunoglo- 
bulin receptor, PIgR). The SIgA antibodies play a major role in preser- 
vation of mucosal integrity by down-regulation of systemic-type im- 
mune responses, preventing invasion of pathogens from the mucosa by 
blocking of attachment or invasion, neutralization (in the lumen or 
intracellularly), and "immune exclusion." These functions are in con- 
trast to systemically induced IgG antibodies that mediate inflamma- 
tory reactions leading to the killing and elimination of pathogens, 
thereby maintaining systemic sterility. 

Although in earlier studies SIgA was envisioned to act mainly at the 
luminal mucosal surfaces, recent data suggest that dimeric IgA may 
bind antigens on the basolateral side of intestinal epithelial cells 
(Kaetzel et al., 1992). These immune complexes would then be trans- 
ported across the epithelial cell via the PIgR and secreted back into the 
intestinal lumen, thereby eliminating foreign antigens that have pene- 
trated the epithelium, Other recent reports suggest that SIgA may 
function intracellularly in host defense by inhibiting viral replication 
or assembly in vitro (Armstrong and Dimmock, 1992; Marzanec et al., 
1992) and in vivo (Burns et al., 1996). If further confirmed in vivo, such 
findings imply that SIgA can promote recovery from viral infections as 
well as initial protection. 

Another unique feature of the mucosal immune system compared to 
the systemic immune system is the induction of antigen-specific B and 
T cells in IgA inductive organized lymphoid tissue (GALT, BALT, etc.) 
and their distribution to remote mucosal effector sites (i.e., lamina 
propria regions of the intestine, bronchi, genitourinary tract, and se- 
cretory glands). This cellular distribution pathway linking distant mu- 
cosal sites is referred to as the common mucosal immune system (Mes- 
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tecky, 1987). Thus antigen taken up (via M cells) and processed via 
GALT [Peyer's patches (PP) and aggregates of lymphoid tissue in the 
lamina propria] induces activated T and B cells which migrate from 
the PP through the MLN and via the thoracic duct into the systemic 
circulation, subsequently repopulating distant mucosal tissues. Matu- 
ration of these B cells into IgA plasma cells occurs within the mucosal 
effector sites in response to antigen, T cells, and cytokines (Lebman 
and Coffman, 1994). Key studies in rabbits confirmed that PP are an 
enriched source of IgA precursor cells which repopulate the lamina 
propria of the intestine and distant mucosal sites (Craig and Cebra, 
1971). 

Among the first reports to document that antigenic stimulation at 
one mucosal site (intestine) leads to SIgA antibody responses at a 
distinct mucosal site (mammary gland) were the studies of lactogenic 
immunity to TGEV in swine by Bohl et al. (1972) and Saif et al. (1972). 
The discovery and subsequent confirmation (Weisz-Carrington et al., 
1978) of the interrelationship between the SIgA system of the intes- 
tine and mammary gland was an important tenet of the common mu- 
cosal immune system, and this system was later confirmed in humans 
and other species (Mestecky, 1987; McGhee et al., 1992). Thus antigen- 
specific B and T cells induced in IgA inductive lymphoid tissues (GALT, 
BALT, etc.) are disseminated to remote mucosal effector sites (i.e., 
lamina propria of the gut, mammary gland, bronchi, genitourinary 
tract, etc.). 

Recent studies, including further studies of immunity to porcine 
coronaviruses (Van Cott et al., 1993, 1994; Saif et al., 1994b; Saif, 
1996), have suggested that functional compartmentalization and lim- 
ited reciprocity may exist within some components of the common mu- 
cosal immune system. For example, migration of cells from BALT is 
more limited than from GALT (Sminia et al., 1989) and BALT exposure 
often leads to dissemination of non-IgA committed secondary B cells 
(Cebra et al., 1984). In addition, IgA precursor cells derived from GALT 
more readily repopulate the gut lamina propria than distant mucosal 
sites (Cebra et al., 1984; Brandtzaeg, 1992). Such observations have 
important implications for the design of effective mucosal vaccines, but 
information on effective and practical procedures to induce protective 
immunity at mucosal surfaces is lacking. In the following sections, our 
studies of the induction of mucosal immunity and protection using the 
antigenically related porcine coronaviruses, TGEV and PRCV, are re- 
viewed as are results of studies comparing different types of rotavirus 
vaccines. 
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A. STUDIES OF ACTIVE IMMUNITY TO TRANSMISSIBLE 
GASTROENTERITIS VIRUS AND PORCINE RESPIRATORY CORONAVIRUS 

To analyze the interrelationships between BALT and GALT related 
to protective immunity, we used as a model the three antigenically 
related porcine coronaviruses. Virulent TGEV replicates primarily in 
the intestine and induces diarrhea; attenuated TGEV replicates in the 
intestine and the upper respiratory tract but induces no diarrhea; and 
PRCV replicates in the upper and lower respiratory tract, but induces 
only a subclinical infection (Table II; Frederick et al., 1976; Pensaert 
and Cox, 1989; Saif and Wesley, 1992). These questions were ad- 
dressed: Is PRCV a more effective candidate vaccine for TGEV than 
attenuated TGEV? Does a high dose of attenuated TGEV administered 
orally induce greater ASC responses in GALT than a lower dose (com- 
parable or higher virus titer than commercial TGEV vaccines)? What 
are the comparative IgA and IgG ASC responses induced in GALT and 
BALT and the level of protection after inoculation with PRCV, TGEV- 
A, or TGEV-V and challenge with TGEV-V? In pigs recovered from 
infection with TGEV-V and reexposed to TGEV-V, what are the corre- 
lates of protective immunity? 

We first investigated the comparative immune responses to live 
PRCV versus TGEV-V, the degree of protection induced against TGEV-V 
challenge, and potential correlates of protection. Three groups of l 1- 
day-old TGEV seronegative pigs were oronasally inoculated with viru- 
lent TGEV, PRCV, or mock-infected cell-culture fluids, respectively, 
and challenged 24 days later with virulent TGEV (Brim et al., 1995; 
Saif et al., 1994b; Saif, 1996; VanCott et al., 1993, 1994). Immune 
responses in intestinal (gut lamina propria and mesenteric lymph 
nodes (MLNs) and respiratory (bronchial lymph nodes, BLN) lymphoid 
tissues were assessed at challenge and postchallenge day (PCD) 4 by 
enumeration of IgA and IgG TGEV-specific ASC by ELISPOT and by 
lymphoproliferative assays (LPAs) using inactivated TGEV as antigen. 
The major ASC responses and percent of pigs protected are summa- 
rized in Table III. All pigs inoculated with TGEV-V developed diarrhea, 
shed TGEV in feces, and recovered. The presence of high numbers of 
IgA-ASC in the gut lamina propria (LP) and high LPA responses in the 
MLN at challenge (PCD 0) was associated with 100% protection 
against diarrhea after TGEV challenge. No significant increases were 
observed in numbers of ASC or LPA responses in the gut LP or MLN, 
respectively, after TGEV challenge (PCD 4), reflecting the lack of viral 
replication associated with complete protection. In contrast, pigs inocu- 
lated with PRCV had no clinical disease and shed virus in nasal secre- 



TABLE III 

COMPARISON OF INTESTINAL AND RESPIRATORY ASC RESPONSES AND PROTECTIVE IMMUNITY INDUCED BY TGEV AND PRCV STRAINS IN 

NEONATAL PIGS AT POSTCHALLENGE DAY (PCD) 0 AND 4 a 

Percent protection 
Mean No. ASC/5 ~] 105 MNC Mean No. ASC/5 ~ 105 MNC at against  TGEV 

at PCD 0 PCD 4 challenge 
V i r u s  

inoculum Intest inal  lamina Bronchial lymph Intest inal  lamina Bronchial lymph Diarrhea Shedding 
group propria node propria node (%) (%) 

IgG IgA G / A  b IgG IgA G/A IgG IgA G/A IgG IgA G/A 
Virulent 

TGEV 109 620 0.18 25 1 25 15 109 0.14 300 94 3.2 100 80 
PRCV < 1 1 UD 223 1 223 150 4 38 320 7 46 58 17 
Controls < 1 < 1 m < 1 < 1 m < 1 < 1 m < 1 < 1 - -  10 22 

aData summarized from VanCott et al. (1994). 
bG/A, ratio of IgG to IgA ASCs; UD, undetermined because numerator  <1. 
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tions but not feces. At challenge (PCD 0), the PRCV-exposed pigs had 
mainly IgG ASC and high LPA responses in the BLN, but low ASC 
numbers and LPA responses in the intestine (gut LP or MLN, respec- 
tively). About 58% of the pigs were protected against diarrhea (com- 
pared to 10% of controls) and only 17% were protected against fecal 
TGEV shedding (comparable to controls). After TGEV challenge (PCD 
4), the numbers of IgG-ASC and to a lesser extent IgA-ASC increased 
rapidly in the intestinal lamina propria of the PRCV-exposed pigs, 
suggesting that virus-specific IgG-ASC precursors derived in BALT or 
systemic lymphoid tissues of the PRCV-exposed pigs may migrate to 
the intestine in response to TGEV challenge and contribute to the 
partial protection observed. The higher numbers of IgA-ASC in BALT 
of TGEV-exposed pigs compared to PRCV-exposed pigs at PCD 4 proba- 
bly reflects TGEV replication and restimulation in the gut resulting in 
trafficking of IgA precursor cells from GALT to BALT (Husband, 1994; 
Mestecky, 1987; McGhee et al., 1992). Thus TGEV infections or vac- 
cines that induce immunity via GALT and secondarily via BALT may 
prevent PRCV infections. Whether the more frequent use of live attenu- 
ated TGEV vaccines in the United States (which induce IgG ASC in 
BLN, Table IV) compared to Europe has had an impact on limiting the 

TABLE IV 

COMPARISON OF INTESTINAL AND RESPIRATORY PRIMARY AND MEMORY ASC RESPONSES INDUCED 
BY VIRULENT TGEV AND Low VERSUS HIGH DOSES OF ATTENUATED TGEV IN NEONATAL PIGS a 

Mean No. ASC/5 x 105 MNC 

Virus inoculum group/response b Mesenteric lymph node Bronchial lymph node 

IgG IgA G/A c IgG IgA G/A c 
Virulent TGEV Primary 48 9 5 7 1 7 

Memory 5295 1159 5 2989 327 9 
Attenuated TGEV 

Low dose (106 pfu) Primary 2 <1 UD 16 1 16 
Memory 60 <10 UD 866 34 25 

High dose (10 s pfu) Primary 9 1 9 28 1 28 
Memory 1133 79 14 4475 159 28 

aData summarized from VanCott et al. (1993). 
bprimary immune responses were assayed by ELISPOT directly on mononuclear cells (MNCs) 

obtained from pigs at PID 12 and 24 and the mean numbers of ASC per 5 x 105 MNC are shown. 
Memory or secondary immune responses were assayed by ELISPOT after in vitro TGEV stimula- 
tion (5 days) of MNC obtained from pigs at PID 24 and 40 and the mean numbers of ASC per 5 x 
105 MNC are shown. 

cG/A, ratio of IgG to IgA ASCs; UD, undetermined. 
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spread of PRCV infections in the United States is unknown, but at 
present PRCV infections appear to be less widespread among swine in 
the United States than in Europe. Thus our major conclusions were 
that  functional compartmentalization exists in the BALT and GALT 
responses: immunization via BALT (PRCV infection) induced a sys- 
temic type of response (IgG-ASC) with low numbers of ASC and LPA 
responses in the gut and provided incomplete protection against 
TGEV-V. Immunization via GALT (TGEV-V infection) induced high 
numbers of IgA-ASC and high LPA responses in the gut and provided 
complete protection against TGEV-V induced diarrhea. Further stud- 
ies on the induction and immune regulation of responses to TGEV and 
PRCV that  affect the distribution of ASC and T lymphocytes should 
provide important insights to optimize oral vaccine regimens to elicit 
protective mucosal immune responses against enteric pathogens. 

In a similar series of experiments, we also examined the effect of the 
dose (106 versus 108 pfu) of live TGEV-A administered oronasally to 11- 
day-old TGEV seronegative pigs, on primary and memory ASC re- 
sponses in the MLN and BLN (Saifet al., 1994b; Saif, 1996; VanCott et 
al., 1993). Our findings (summarized in Table IV) revealed that  the 
high dose of TGEV-A (10 s pfu) induced 2-4  times more primary IgG 
ASC and about 5-20 times more memory IgG ASC in the MLN and 
BLN than the lower dose. Only the high dose of TGEV-A elicited low 
numbers of primary or memory IgA ASC in the MLN, but numbers 
were 9-15 times lower than after inoculation with TGEV-V. Of interest 
were the two- to fourfold higher numbers of primary and memory IgG 
ASC induced in BALT by the high-dose TGEV-A compared to TGEV-V 
consistent with reports that attenuated strains of TGEV replicate more 
extensively in the respiratory tract compared to virulent TGEV strains 
(Furuuchi et al., 1979). Thus the high degree of attenuation of TGEV 
vaccines leading to reduced viral replication in the intestine of the sow 
(Saif and Jackwood, 1990; Saif and Wesley, 1992) and the use of low 
doses (---106 pfu/ml) of live attenuated TGEV vaccines orally in piglets 
(Saif et al., 1994b; VanCott et al., 1993) were major determinants in 
their failure to induce SIgA antibodies in sow's milk or IgA ASC in the 
piglets' intestines, respectively. Such factors presumably contribute to 
the corresponding lack of efficacy of TGEV vaccines in the field. 

B. NEW VACCINE APPROACHES TO INDUCE ACTIVE IMMUNITY 
TO T G E V  

Several new potential vaccine approaches to induce immunity to 
TGEV have recently been reported based on delivery of antigenic pep- 
tides of the TGEV S protein in orally administered live bacterial vec- 
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tors (Der Vartanian et al., 1997; Smerdou et al., 1996). In studies by 
Der Vartanian et al., (1997), two antigenic peptides of the TGEV S 
protein, TGEV S A and S C, were tandemly inserted (25 amino acids) 
into the major CIpG subunit of the CS 31A fibrillae of Escherichia coli 
K-12 strain. The responses of mice to these constructs were as follows: 
(1) The two TGEV epitopes were immunogenic when injected intra- 
peritoneally (IP) into mice as hybrid CIpG subunits, chimeric CS31A 
polymers, or recombinant bacteria; (2) the chimeric CS31A fibrillae 
elicited TGEV antibodies in the serum of mice reactive with TGEV 
peptides and native TGEV; and (3) mice inoculated orally with the 
recombinant bacteria produced IgA intestinal antibodies reactive 
against the CS31A fibrillae and TGEV S c peptide. 

In another approach, a recombinant live attenuated Salmonel la  ty- 
p h i m u r i u m  was used for oral delivery of a TGEV peptide vaccine in 
rabbits (Smerdou et al., 1996). An antigenic peptide of the TGEV S 
protein (S D, amino acids 378-395) was expressed as a fusion protein 
with E. coli LT-B in the Salmonella. The rationale for fusion with LT-B 
was to enhance the immunogenicity of the bivalent vaccine since LT-B 
also functions as an oral adjuvant. Studies of immune responses of 
rabbits inoculated with purified LT-B/SD fusion products expressed 
from Salmonella or the recombinant Salmonella revealed that  neu- 
tralizing antibodies to TGEV were induced by the purified LT-B/S D 
and TGEV antibodies were elicited in serum and intestinal secretions 
after oral inoculation with the recombinant Salmonella.Thus, if simi- 
lar TGEV neutralizing IgA antibody responses can be induced in the 
intestines of pigs by the recombinant bacterial vaccines, such vaccines 
warrant  further study to access their ability to induce protective im- 
munity to TGEV in pigs. 

In our laboratory, we are currently exploring optimal oral adjuvants 
and delivery systems for recombinant TGEV S and M protein vaccines. 
Preliminary data indicate S and M protein vaccines administered IP 
with incomplete Freund's adjuvant (IFA) induced higher numbers of 
memory ASCs in GALT than an inactivated TGEV vaccine adminis- 
tered IP (Sestak et al., 1997). 

C. STUDIES OF ACTIVE IMMUNITY TO GROUP A ROTAVIRUS 

The gnotobiotic piglet model of porcine and human rotavirus-in- 
duced diarrhea has been used to further evaluate the influence of vac- 
cine type (attenuated or binary-ethyleneimine inactivated) compared 
to wild-type virus infection on induction of intestinal ASC responses 
and protective immunity (Chen et al., 1995; Saif et al., 1996; Yuan et 
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al., 1996, 1998). Results of oral or IM inoculation of 3- to 5-day-old pigs 
with Wa human rotaviruses (G1, P1A) and homologous virulent ro- 
tavirus oral challenge at postinoculation day (PID) 21 are summarized 
in Table V. B-cell responses (ASC) were measured by ELISPOT for 
intestinal (lamina propria) and systemic (peripheral blood lympho- 
cytes, PBL) lymphoid tissues at challenge (PID 21). The major findings 
were that the numbers of IgA ASCs in the intestinal lamina propria 
and PBL were significantly greater in virulent-rotavirus inoculated 
pigs (mimic natural infection) than in the other groups (attenuated, 
inactivated, controls) and were correlated (r = 0.9) with the high de- 
gree of protection against diarrhea (89% of piglets protected). The tran- 
sient appearance of IgA ASC in the blood mirrored the IgA ASC re- 
sponses in the gut and could serve as an indicator for IgA ASC 
intestinal responses after rotavirus infection. Piglets inoculated with 
attenuated rotavirus had partial protection against diarrhea (44% pro- 
tected) and the second highest numbers of IgA and IgG ASC in the 
intestinal lamina propria. Interestingly pigs inoculated IM or perorally 
(PO) with inactivated rotavirus in IFA had a very high number of IgG 
ASCs in PBL, but few IgG or IgA ASCs in the intestinal lamina propria 
and, like pigs given inactivated virus PO, minimal protection (0-17%) 
against diarrhea. Thus, the vaccine type influenced the site, isotype, 

TABLE V 

COMPARISON OF MUCOSAL AND SYSTEMIC ASC RESPONSES AND PROTECTIVE IMMUNITY INDUCED 
BY VIRULENT, ATTENUATED AND INACTIVATED ROTAVIRUS VACCINES IN NEONATAL PIGS AT PCD 0 

(PID 21)a 

Virus inoculum group 

Mean No. ASC/5 ~] 108 MNC 

Intestinal lamina Peripheral blood 
propria lymphocytes 

Percent 
protection against 

rotavirus challenge 

Diarrhea Shedding 

IgG IgA G / A  b IgG IgA G / A  b 
Live  

Virulent rotavirus (PO) 64 53 1.2 2 6 0.3 
Attenuated rotavirus (PO) 41 6 6.8 2 1 2 

Inac t i va ted  
Rotavirus (PO) 0.7 5 0.14 88 1 88 
Rotavirus (IM) 4 3 1.3 237 2 119 
Controls <1 <1 <1 <1 

89% 100% 
44% 19% 

0% 0% 
17% 0% 
14% 0% 

aData summarized from Yuan et al., (1996, 1998); Saif et al., (1996, p. 199). 
bG/A, ratio of IgG to IgA ASCs. 
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and level of the ASC response and, similar to the results of the TGEV 
studies, the degree of protection was correlated with the numbers of 
IgA ASCs induced in the intestine. 

Similarly, in studies of natural  rotavirus infections in children, high- 
er fecal IgA antibody titers to rotavirus were associated with protec- 
tion against infection and illness (Matson et al., 1993). Mouse studies 
of rotavirus-induced infection revealed similar findings: induction of 
intestinal IgA antibody responses were positively associated with pro- 
tection against rotavirus shedding (Feng et al., 1994). 

D. NEW VACCINE APPROACHES TO INDUCE IMMUNITY TO ROTAVIRUS 

Although not yet evaluated in swine, a new strategy for rotavirus 
vaccines is the creation of recombinant virus-like particles (VLPs) 
produced by the coexpression of the four rotavirus capsid genes 
(VP2/4/6/7) in a baculovirus expression system (Crawford et al., 1994). 
The VLP vaccines administered with IFA have been tested in rotavirus 
seronegative mice and rabbits (Conner et al., 1996) and as a maternal  
vaccine to enhance passive immunity in rotavirus seropositive cows 
(Fernandez et al., 1996). The VLP vaccines were shown to be noninfec- 
tious (no RNA), stable, antigenically authentic, and highly immu- 
nogenic in the above species. They induced protective immunity 
against rotavirus shedding in vaccinated mice and rabbits (Conner et 
al., 1996) and passive immunity against rotavirus diarrhea in calves 
fed colostrum from the VLP-vaccinated cows (Fernandez et al., 1998). 
Thus VLP vaccines show promise as novel vaccines designed to induce 
mucosal immunity against rotavirus. Fur ther  research is needed to 
identify the optimal delivery systems and mucosal adjuvants for use 
with the VLP vaccines to most effectively stimulate mucosal immunity. 
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I. Introduct ion 

Commercially available vaccines against pseudorabies virus (PrV) 
are comprised of either the inactivated pathogen or modified live virus 
(MLV). We have examined the humoral and cellular immune responses 
of swine to vaccination against PrV by measuring the titer of virus- 
neutralizing antibodies, the frequency of PrV-specific interferon ~/ 
(IFN-~/) producing cells and the intensity of the lymphoproliferative 
response in vitro. Our data demonstrate that while both MLV and 
inactivated PrV vaccines are able to induce similar levels of humoral 
immunity, formulations designed to mimic commercially available in- 
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activated vaccines are not as effective as MLV vaccines in stimulating 
either cell-mediated or protective immunity. To examine the immu- 
noenhancing effect of interleukin 12 (IL-12), pigs were immunized 
with inactivated PrV with our without human recombinant IL-12 as 
the only source of adjuvant. Treatment with IL-12 enhanced the cellu- 
lar immune response and protective immunity induced by the inacti- 
vated vaccine to levels similar to those obtained when using an inacti- 
vated vaccine mixed with an oil-in-water adjuvant. These studies 
quantitatively demonstrate that  an inactivated herpesvirus vaccine is 
less efficient than a MLV vaccine at inducing cell-mediated and protec- 
tive immunity in pigs. Our results provide evidence for the existence of 
a dichotomy in the regulation of porcine humoral and cellular immune 
responses. The data also demonstrate an enhancing effect of IL-12 on 
the porcine cellular immune response to viral antigens and show a 
positive correlation between the intensity of this response and protec- 
tive immunity. 

II. Cytokines as Vaccine Adjuvants 

In vaccine design, formulations must be devised that will produce a 
protective immune response, and not an ineffective or deleterious one. 
Although a humoral immune response may be effective against some 
microbial invaders, it may not protect the host against others, mainly 
obligate intracellular pathogens like viruses. It is thought that  infec- 
tions by cytopathic viruses are primarily cleared by a combination of T 
cells that produce IFN-~/ and mediate delayed type hypersensitivity 
(DTH) responses (Zinkernagel, 1996). A predominant humoral im- 
mune response against a cytopathic virus might not be sufficiently 
protective or may even be deleterious, since the uptake of virus-anti-  
body complexes via Fc receptors on macrophages can lead to an en- 
hanced infection of these cells by arteriviruses such as the porcine 
respiratory and reproductive virus (Yoon et al., 1997). 

Experimentally, the quality of the immune response induced by a 
vaccine can be modulated by the type of adjuvant included in the 
vaccine. The mechanism(s) of adjuvant action are poorly understood. 
Adjuvants are available that help induce preferentially either a cellu- 
lar or humoral immunity in response to a vaccine (Cooper, 1994). Thus, 
it is theoretically possible to obtain the optimal type of immune re- 
sponse to effectively control and eliminate a particular pathogen by 
simply choosing the correct adjuvant. The application of this knowl- 
edge to the development of vaccines for domestic animals is hampered 
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by the fact that most of the research on adjuvant action has focused on 
laboratory animals, and the resulting data may not accurately portray 
their effect in other species. A large number of vaccine adjuvants have 
been developed (for a compendium of vaccine adjuvants, see Vogel and 
Powell, 1995). Cytokines are a prominent example, not only because of 
their great potential as adjuvants, but also for their potential to pro- 
vide insight into the possible mechanisms of action of adjuvants (Pape 
et al., 1997). 

The administration of cytokines as therapeutic and/or prophylactic 
agents is possible due to the availability of recombinant cytokines in 
sufficient quantities and purity. Early experimentation examined the 
effects of IL-1, IL-2, and IFN-~/in rodents (reviewed in Heath, 1995), 
although testing in large animals has also been performed (reviewed 
by Campos et al., 1994; Lofthouse et al., 1996). Recently, IL-12 has 
attracted attention as a possible adjuvant due to its known ability to 
stimulate cell-mediated immunity. This cytokine is known to direct the 
differentiation of T cells following their exposure to antigen into IFN-~/- 
producing cells. IL-12 has been shown to promote the development of 
protective immunity against several intracellular pathogens, including 
viruses (Schijns et al., 1995; Tang and Graham, 1995), and thus has po- 
tential as a vaccine adjuvant (Bliss et al., 1996a,b; Scott and Trinchieri, 
1997). Although this effect has been clearly shown in mice, the ability of 
this cytokine to stimulate protective immunity in a large animal model 
has only been demonstrated recently (Zuckermann et al., 1998a). 

III. Inter leukin  12 and Its Ability to Modulate  
Acquired Immunity 

The innate immune system has a critical influence on the develop- 
ment of adaptive immunity (Trinchieri, 1997). Cytokines produced by 
marcophages, dendritic cells, and other accessory cells directly affect 
the development of adaptive immune responses. IL-12 is the single 
most important factor required for the efficient differentiation of naive 
T cells into IFN-~/-producing memory/effector T cells (reviewed by Scott 
and Trinchieri, 1997). IL-12 is a cytokine with proinflammatory func- 
tions, which is produced by phagocytic cells, dendritic cells, and Lan- 
gerhans' cells in response to infections by microbes, including viruses 
(Coutelier et al., 1995). IL-12 is a heterodimeric cytokine consisting of 
35- and 40-kDa subunits. Both subunits are highly conserved across 
species. The predicted amino acid sequences of the two porcine IL-12 
subunits are approximately 85% homologous with their human coun- 
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terparts (Foss and Murtaugh, 1997). Due to this high degree of sim- 
ilarity, recombinant human (rHu) IL-12 is able to enhance porcine NK 
cell cytolytic activity (Cho et al., 1996) and IFN-~ production (Y.-B. Kim 
and F. Zuckermann, unpublished observations). 

The production of IL-12 is strictly regulated by both positive and 
negative feedback mechanisms. IFN-~, primarily a product of T and 
NK cells, represents the most potent up-regulator of IL-12 production 
(Ma et al., 1996). IL-10, a product of macrophages, lymphocytes, and 
other cell types, is the most physiologically relevant inhibitor of IL-12 
production by accessory cells (D'Andrea et al., 1993). Because of its 
potential toxic effects, overproduction of IL-12 is down-regulated by 
IL-10 (Tripp et al., 1993). Elimination of this negative regulatory mech- 
anism can lead to a potentially lethal and toxic syndrome resulting 
from an overexuberant IL-12 response, such as that seen in IL-10 
knockout mice infected with Toxoplasma gondi i  (Gazzinelli et al., 
1996). Recent reports have shown that the interactions between IL-12, 
IL-10, and IFN-~ are complex, involving reciprocal induction and sup- 
pression events. These interactions significantly affect the quality of 
the immune response (reviewed by Trinchieri, 1997). The interactions 
of these cytokines during a viral infection is not well defined and is just 
beginning to be investigated. During acute infection of mice with mur- 
ine cytomegalovirus (MCMV), IL-12 has been shown to be essential for 
induction of the early NK-cell-mediated and IFN-~]-dependent mecha- 
nisms of antiviral defense. In contrast, the late and most efficient 
production of IFN-~ by T cells during this primary acute viral infection 
appears to be largely IL-12 independent, at least in this murine system 
(Orange and Biron, 1996). This observation is distinct from those ob- 
tained from the examination of immune responses to certain intra- 
cellular bacteria and parasites (reviewed in Trinchieri and Scott, 
1994). In these infections, IL-12 is responsible for NK cell production of 
IFN-~ and is necessary for the development of the Thl lymphocyte 
responses mediated by IFN-~ (reviewed by Romani et al., 1997). The 
production of IL-12 followed by IFN-~ expression, creates a microen- 
vironment in which antigen-specific CD4 + T cells are preferentially 
induced to differentiate into IFN-~-producing cells, resulting in even 
higher levels of this cytokine (McKnight et al., 1994). Despite the dis- 
parate results observed in mice during an acute MCMV infection, 
IL-12 has been shown to have an adjuvant effect on the immune re- 
sponse to inactivated PrV, promoting the T-cell-mediated IFN-~ re- 
sponse in mice (Schijns et al., 1995) and pigs (Zuckermann et al., 
1998a,b). Thus IL-12 appears to play a role in modulating anti-viral 
T-cell-mediated immunity (CMI) in mice and pigs. 
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IV. Porcine Model to Examine the Adjuvant Effect 
of lnterleukin 12 

Pseudorabies virus is an alpha herpesvirus, whose natural host is 
the pig. Infection of pigs by this virus causes Aujeszky's disease. The 
clinical response to virus challenge depends on the immune status and 
age of the animal (Kluge et al., 1992). Aujeszky's disease is charac- 
terized by a fatal encephalitis in newborn pigs and a milder syndrome 
in older swine, which is manifested as severe depression, anorexia, 
pyrexia, ataxia, and respiratory distress (Baskerville et al., 1973). Pro- 
tective immunity can be induced by inoculation with both live and 
inactivated PrV vaccines (Donaldson et al., 1987; Wardley et al., 1991; 
Van Oirschot and de Leeuw, 1985). Although both vaccines prevent 
mortality resulting from virus challenge, the clinical outcome differs 
significantly for the two vaccines. Challenge of vaccinated animals 
results in a reduced rate of weight gain, and even weight loss, depend- 
ing on the severity of the challenge and the level of protective immu- 
nity conferred by the vaccine (Vannier, 1985; Van Oirschot and de 
Leeuw, 1985; Wardley et al., 1991; Zuckermann et al., 1998a). Weight 
changes observed within 7 days after PrV challenge have been shown 
to be a sensitive, reproducible and statistically sound parameter, 
which allows the quantification of the level of protective immunity 
conferred by different PrV vaccines (Stellman et al., 1989). Measure- 
ment of this parameter has demonstrated that indeed inactivated vac- 
cines are less effective than live vaccines at inducing protective immu- 
nity. 

Immunization with live virus vaccines generates a robust cytotoxic 
T-lymphocyte response (Zuckermann et al., 1990). Several studies have 
also demonstrated induction of a strong lymphoproliferative response 
to vaccination (Van Oirschot, 1978; Kimman et al., 1995; Zuckermann 
and Husmann, 1996a; Zuckermann et al., 1998a). Characterization of 
the T cells mediating these responses has shown that the virus-specific 
cytotoxic T-lymphocyte response is mediated by CD8 single positive 
(SP) lymphocytes, while the lymphoproliferative response is mediated 
by both CD4 SP and CD4/CD8 double positive (DP) lymphocytes 
(Zuckermann et al., 1990; Pescovitz et al., 1994; Kimman et al., 1995; 
Zuckermann and Husmann, 1996a,b). Other investigations have ex- 
amined the humoral immune response and found that it is strongly 
induced by both infection and vaccination (reviewed by Chinsakchai 
and Molitor, 1994). We have evaluated the humoral and CMI response 
to vaccination with commercially available modified live or inactivated 
PrV vaccines. We have determined that while the intensity of the lym- 
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phoproliferative response to either of these two types of vaccines may 
or may not differ, the MLV vaccine induces a three- to fivefold higher 
frequency of virus-specific IFN-~/-producing cells than does an inacti- 
vated vaccine (Fig. 1C; Zuckermann et al., 1998a). Remarkably, there 
is a dichotomy between the humoral and cellular immune responses to 
these two types of vaccines. While in some instances the inactivated 
vaccine is capable of inducing an equal (Fig. 1A) or even higher 
(Zuckermann et al., 1998b) titer of virus neutralizing antibodies than 
the MLV vaccine, the latter stimulates the generation of a greater 
number of virus-specific IFN-~/-producing cells (Fig. 1C; Zuckermann et 
al., 1998a,b). These results indicate that  the humoral and cellular 
immune responses of a pig, at least to this viral vaccine, are indepen- 
dently regulated. Further  evidence of this phenomenon is the observa- 
tion that  while immunization with an unadjuvanted, inactivated PrV 
vaccine is capable of inducing a humoral immune response which is not 
significantly different in titer than that  induced by an adjuvanted inac- 
tivated vaccine, it only induced a weak cellular immune response (F. A. 
Zuckermann and R. Husmann, unpublished observations). 

V. Immune Mechanism(s)of Protective Immunity 
against Herpesviruses 

Live PrV vaccines are more effective than inactivated vaccines in 
generating protective immunity. Changes in body weight that  occur 
during the 7 days after virus challenge demonstrate this fact (Stellman 
et al., 1989). The extent to which an individual immune mechanism 
contributes to the control of Aujeszky's disease has been difficult to 
establish. The fact that  humoral immunity is capable of mediating 
disease protection was shown by the demonstration that  passive im- 
munization of swine with mAbs specific for PrV was able to protect pigs 
from lethal virus challenge (Marchioli et al., 1988). However, other 
evidence suggests that  humoral immunity might not be the main 
mechanism mediating protection. There is a poor correlation between 
the titer of vaccine-induced virus-neutralizing antibody in pigs and the 
level of protection against disease (Kimman et al., 1994). Humans suf- 
fering from agammaglobulinemia are not predisposed to severe life- 
threatening viral infection with either measles or herpes simplex virus 
(HSV) infection. This contrasts with the outcome in patients suffering 
from T-cell immunodeficiency such as DiGeorge's syndrome (congenital 
absence of the thymus) or in nude athymic mice, where infections with 
HSV are more severe and life threatening than in normal mice. Trans- 



CELLULAR IMMUNE RESPONSE OF SWINE 453 

fer of passive neutralizing antibodies delays the disease process, but 
only the adoptive transfer of HSV-specific T cells that protects the nude 
mice by resolving the infection (reviewed by Schmid and Rouse, 1992). 
Direct evidence that CMI is essential in mediating protective immu- 
nity against herpesviruses has been obtained in murine experimental 
models of HSV and PrV infection. For HVS, adoptive transfer experi- 
ments performed by several groups of investigators have shown that 
both CD4 and CD8 positive lymphocytes are able to provide protec- 
tive immunity (Nash and Cambouropoulos, 1993; Rouse et al., 1988; 
Schmid and Rouse, 1992). For PrV, the administration of IFN-~/-neu- 
tralizing antibody at the time of vaccination significantly decreased 
vaccine-induced protective immunity in mice (Schijns et al., 1995), sug- 
gesting that the development of Thl-type responses is necessary for 
the generation of protective immunity. Based on these observations a 
strong case for CMI as a major contributor to protective immunity 
against herpesviruses can be made. 

A major component of the cellular immune response is the secretion 
by T helper cells of inflammatory cytokines such as IFN-~/. IFN-~/can 
have a direct antiviral effect by inhibiting virus growth and also by 
inducing the expression of MHC class II antigens. Both HSV and PrV 
are susceptible to the inhibitory effects of IFN-~/(Schijns et al., 1991; 
Schmid and Rouse, 1992). Administration of IFN-~/ in combination 
with an inactivated PrV vaccine into mice, was able to modulate the 
immune response by increasing the production of virus-specific I g G 2 a  , 

and enhancing the resistance to PrV challenge (Schijns et al., 1995). 
Once again, CMI and in particular IFN-~/-producing cells, have been 
shown to be important in conferring protective immunity against her- 
pesviruses. The effector mechanism(s) by which these cells mediate 
their protective effect in vivo is unknown. Based on available evidence 
it is reasonable to assume a central role for IFN-~/-producing cells 
(either CD4 or CD8 positive lymphocytes and NK cells) in controlling 
herpesvirus infections, and in the development of protective immunity 
(Biron, 1997; Nash and Cambouropoulos, 1993; Schmid and Rouse, 
1992). The effector functions by which these cells are likely to provide 
antiviral protection include activation and attraction of phagocytic 
cells, B-cell helper activity for generating complement fixing anti- 
bodies, and direct cytolytic action. As cited earlier, our studies clearly 
show that there are differences in the quality and quantity of the 
immunity induced by a live versus inactivated PrV vaccine (Fig. 1; 
Zuckermann et al., 1998a). While inactivated vaccines are equally effi- 
cient as a MLV vaccine at inducing humoral immunity, they only in- 
duce a weak and transient virus-specific IFN-~/response, compared to 
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a MLV vaccine which induces a robust virus-specific IFN-~/response. It 
is tempting to speculate that  the differential induction of CMI is re- 
sponsible for the distinct levels of protective immunity conferred by 
these two types of vaccines (Fig. 1D). At the very least, a strong IFN-~/ 
response to PrV vaccine is a good predictor that  a pig has developed a 
strong protective immune response against this virus. 

VI. Interleukin 12-Mediated Enhancement of the Cell-Mediated 
Immune Response to an Inactivated PrV Vaccine 

Recent studies in mice have demonstrated that  the intensity of the 
CMI response to an inactivated PrV vaccine can be enhanced by the 
administration of IL-12 (Schijns et al., 1995). The observation that  an 
inactivated PrV vaccine is inefficient at inducing the generation of 
virus-specific IFN-~/-producing memory T cells, and even more ineffi- 
cient in the absence of an adjuvant, provides an ideal model for study- 
ing the possible adjuvant effect of IL-12 in the induction of these sub- 
sets of T cells in pigs. We have developed an ELISPOT assay to 
enumerate IFN-~/-producing cells. This assay provides a sensitive and 
accurate method for measuring even slight changes in the frequency of 
antigen-specific IFN-~/-producing cells generated in response to differ- 
ent formulations of a vaccine (Zuckermann et al., 1998a). Utilizing this 
model we have demonstrated that,  while the injection of IL-12 alone 
does not stimulate a PrV-specific immunity, the injection of IL-12 in 

( 

FIG. 1. Comparison of the humoral, cellular, and protective immunity generated by an 
inactivated and a modified live pseudorabies virus vaccines. Three groups of 8-week-old 
cross-bred pigs (five pigs per group) were immunized twice, four weeks apart with either 
saline (0),  inactivated PrV vaccine (O; Triad, Oxford Labs), or a modified live PrV 
vaccine (O; Tolvid, Upjohn). Fourteen days after the second vaccination, serum and 
peripheral blood mononuclear cells were isolated and the humoral and cellular immune 
responses were measured as previously described (Zuckermann and Husmann, 1996a). 
The frequency of virus-specific IFN-~/-producing cells was determined with an ELISPOT 
assay (Zuckermann et al., 1998a). While the humoral immune response between the two 
immunized groups does not differ (panel A), both the virus-induced lymphoproliferative 
response (panel B) and the frequency of PRV-specific IFN-~/-producing cells (panel C) are 
significantly higher in animals receiving the MLV vaccine. All of the animals were 
challenged at this time with 10 LDso of wild-type PrV (strain Rice). The animals were 
weighed at the time of challenge and 7 days later. The AG7 value (i.e., the weight change 
during this period) was calculated (panel D) as described by Stellman et al. (1989). This 
value was used as a measurement of the potency of the vaccine, and was significantly 
different between the two immunized groups (P<0.02). 
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combination with an inactivated PrV vaccine enhances the strength of 
the cellular immune response over the response induced by the inacti- 
vated vaccine alone. The increased CMI response was manifested as an 
increase in the frequency of virus-specific IFN-~/-secreting cells (Fig. 2). 
Furthermore,  this effect was associated with an increased level of pro- 
tective immunity (Zuckermann et al., 1998b). 

VII. Summary and Conclusion 

Vaccination is the single most successful medical measure against  
infectious disease. However, the major barrier  for achieving the full 
protective effect or immunization is how to render at tenuated,  killed, 
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FIG. 2. IL-12 enhances the generation of virus-specific IFN-~/-producing cells in re- 
sponse to vaccination with an inactivated PrV vaccine. Pigs at 6 weeks of age were 
allocated to four treatment groups (eight pigs per group). One group was left untreated. 
Pigs in two other groups were injected intramusculary in the gluteal region with one 
dose per pig (2 cc) of an inactivated PrV vaccine (PR-Vac| SmithKline Beecham). 
Pigs in one of these two groups were also injected with 1 ~g of human recombinant IL-12 
(R&D Systems, Minneapolis, MN) in a 1 cc volume at a site adjacent to the vaccine site. 
The IL-12 treatment was repeated 20 hours after the vaccination. The fourth group of 
pigs received only the IL-12 injection. The vaccination was repeated 2 weeks later. 
Peripheral blood monuclear cells were isolated 2 weeks after the second vaccination and 
the frequency of PrV-specific IFN-~/-producing cells enumerated in an ELISPOT assay as 
previously described (Zuckermann et al., 1998a). Animals inoculated with the inacti- 
vated PrV vaccine in combination with IL-12 had a significantly higher frequency of PrV- 
specific IFN-~/-secreting cells (P<0.05). 
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or subunit vaccines as immunogenic as the fully infectious versions of 
these microbes (Hughes and Babiuk, 1995; Rabinovich et al., 1994). In 
the case of PrV, infection with wild-type virus induces an immune 
response superior to vaccination with a live modified vaccine. After 
primary intranasal infection with wild-type PrV, the replication of a 
homologous secondary virus challenge is completely inhibited, and the 
much sought "sterile immunity" is generated (Kimman et al., 1994). In 
contrast, the immune response of pigs similarly exposed to PrV mu- 
tants, which have been attenuated by removal of the thymidine kinase 
(TK) and the envelope glycoprotein gE gene (McGregor et al., 1985; 
Zuckermann et al., 1988), is insufficient for preventing the replication 
of a homologous wild-type virus challenge (Kimman et al., 1994). Fur- 
thermore, inactivated PrV vaccines are even less effective at inducing 
protective immunity than are live modified PrV vaccines (de Leeuw 
and Van Orischot, 1985; Stellman et al., 1989; Vannier, 1985). The 
importance of inactivated and subunit vaccines resides in their stabil- 
ity and safety, since no infectious microbe is being introduced into the 
animal. However, because of the recognized lower effectiveness of inac- 
tivated vaccine types, they usually fall in disfavor when a modified live 
vaccine alternative is available. There is a critical need to develop 
strategies to enhance the immunogenicity of live, inactivated, and sub- 
unit vaccines for human and veterinary use (Hughes and Babiuk, 
1995; Rabinovich et al., 1994). Although the inoculation of an animal 
with a virulent microbe is obviously not the desired method to produce 
sterile immunity, the immune response generated to infection with 
wild-type PrV clearly demonstrates that this type of immunity is pos- 
sible. Research directed at devising strategies to increase the immu- 
nogenicity of different types of vaccines is necessary. Because of the 
wealth of information available on PrV immunity (reviewed by Chin- 
sakchai and Molitor, 1994; Nauwynck, 1997), on PrV vaccines (Kim- 
man et al., 1992, 1994; Mettenleiter, 1991; Scherba and Zuckermann, 
1996) and increasingly on the porcine immune system (Lunney, 1993; 
Lunney et al., 1996; Saalmfiller, 1995), the swine herpesvirus model is 
ideal for investigating the development of vaccine formulations with 
enhanced immunogenicity. 

Among the strategies currently being examined for the enhancement 
of the immunogenicity of inactivated and subunit vaccines is the use of 
recombinant cytokines administered together with antigen (Hughes 
and Babiuk, 1995; Rabinovich et al., 1994). The ability to regulate the 
development of an immune response by cytokines such as IL-12 pro- 
vides the theoretical basis to use these cytokines as adjuvants to im- 
munopotentiate the response to an inactivated vaccine. More impor- 
tantly, it provides a model to investigate the mechanisms behind the 
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induction of protective immunity and the components of a vaccine nec- 
essary for stimulating such a response. By providing cytokines such as 
IL-12 or IFN-~/in combination with the vaccine inoculum, it is reason- 
able to expect that they will be able to direct the differentiation of T 
cells during the primary immune response. Modulation, in a predict- 
able and desired manner of the quality and quantity of the induced 
protective immunity, should be achievable. The ability to manipulate a 
vaccine-induced immune response in the direction of a predominantly 
cellular response (Thl-like) instead of a predominantly humoral one 
(Th2-1ike) is perhaps best illustrated by the need to develop an effec- 
tive vaccine against the porcine reproductive and respiratory syn- 
drome (PRRS) virus, whose infectivity can be significantly enhanced in 
vitro and in vivo by antibody induced by vaccination against this virus 
(Yoon et al., 1997). Examination of the ability of IL-12 to enhance the 
CMI response of swine to an inactivated or MLV vaccine should have 
application not only to controlling PrV but also other pathogens such 
as PRRS virus. 
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I. Introduction 

Pigs are efficient converters of feed grains into valuable animal pro- 
tein. As a result the swine industry provides about 25% of the energy 
and 9% of the protein that human beings obtain from animal sources 
(Pond, 1983). The industry annually provides about 30-35 kg of high- 
quality protein for each person in the United States. To increase pro- 
duction efficiency, innovative management practices have been insti- 
tuted and biologicals are used to reduce disease-related losses. More- 
over, swine production has changed from a large number of small 
farms to a relatively small number of large operations. Because of the 
intensive nature of these production units, losses due to contagious 
disease have been magnified, especially those manifested in the respi- 
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ratory, reproductive, and enteric systems. To prevent diseases, swine 
are routinely vaccinated against common pathogens that  are responsi- 
ble for significant mortality, morbidity, and reduced weight gain. Some 
of the live vaccines, used, for example, against the viral diseases, are 
rotavirus, transmissible gastroenteritis virus, pseudorabies virus, and 
parvovirus. In spite of the availability of effective vaccines for some 
diseases, novel pathogens (e.g., the porcine respiratory and reproduc- 
tive syndrome virus) continue to emerge and some of the at tenuated 
virus (e.g., pseudorabies virus) vaccines can become latent. 

Although the economic impact of swine diseases varies, significant 
losses due to infectious agents still occur. While current information on 
disease-related losses is not available, according to a 1986 report of the 
Committee on CSRS Animal Health Research Programs, major dis- 
ease-related losses attributed to respiratory infections were $400 mil- 
lion, to reproductive disorders were $200 million, and to enteric infec- 
tions were $214 million annually in 1976. In this regard, three distinct 
swine diseases that  are viral in origin are briefly described next. 

Aujeszky's disease is caused by the herpesvirus (pseudorabies virus) 
and is responsible for significant economic losses to the swine industry. 
This disease is contagious and is characterized by encephalomyelitis 
and inflammation of the upper respiratory tract. Mortality can reach 
100% in piglets under 2 weeks of age. The respiratory form of the 
disease is common in growing and adult pigs. In pregnant sows, abor- 
tion, mummification of fetuses, or stillbirths can occur depending on 
the stage of pregnancy. Recovered or subclinically infected pigs contin- 
ue to shed virus leading to persistent herd infection. The annual cost of 
pseudorabies for swine producers was more than $21 million in the 
mid-1980s (Miller et al., 1996). Most vaccines do provide clinical pro- 
tection against disease but do not prevent shedding or multiplication of 
the virus. Thus, some animals remain carriers for variable periods and 
become a source of infection for susceptible animals. Therefore, it is 
important for vaccination to prevent or reduce virus shedding to the 
extent that  transmission to other susceptible animals is reduced. To 
at tenuate the virus further, several genetically engineered deletion 
mutants  have been developed and evaluated for their ability to reduce 
virus shedding. The impact of such vaccines is not yet fully known. 
Several countries are at tempting to eradicate pseudorabies virus infec- 
tion in their swine populations with or without the use of vaccines. 
However, in certain regions feral swine harboring latent virus can still 
be a potential source of infection for the domestic swine. Eradication of 
pseudorabies virus from such a population is practically impossible. 

Diarrheal disease is a common and significant problem among neo- 
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natal pigs. Economic losses in the United States due to neonatal diar- 
rhea are estimated in excess of $200 million annually. Similar prob- 
lems are encountered in other countries, such as Australia. Here, Mul- 
lan et al. (1994) estimated a loss of $260 to $330 per breeding sow in 
the ensuing 12 months after infection with transmissible gastroen- 
teritis virus (TGEV). According to the National Animal Monitoring 
System ofUSDA, TGE cost the pork industry located in Iowa alone $10 
million annually in 1987 and 1988 (Hill, 1989). TGEV causes a highly 
contagious enteric disease affecting pigs of all ages. In case of neonatal 
pigs, TGE is characterized by severe diarrhea, vomiting, and mortality 
approaching 100%. This disease is caused by a coronavirus that  is shed 
in feces and nasal secretions. Current vaccines consisting of attenu- 
ated or inactivated TGEV are inadequate (Saif and Jackwood, 1989; 
Saif and Wesley, 1992). 

In recent years an economically important emerging pathogen, por- 
cine respiratory and reproductive syndrome (PRRS) virus, has been 
responsible for significant losses to the swine industry. Clinical signs of 
the disease range from inapparent infection to severe losses of more 
than 20% pig production and can occur in all types of swine production 
systems (Becker and Schwartz, 1996). PRRS virus strains of variable 
virulence cause reproductive and respiratory tract disease. Modified 
live virus vaccines against PRRS are available although a considerable 
amount of evidence suggests that  vaccines are clearly not the entire 
solution to the PRRS problem. A severe form of PRRS recently 
emerged in Iowa, despite vaccination (Halbur and Bush, 1997). 

II. Conventional Vaccines 

The greatest t r iumph in the history of disease prevention and erad- 
ication came toward the end of the eighteenth century when Edward 
Jenner  introduced inoculation against smallpox. Jenner 's  work has led 
to the development of many human and animal vaccines and the rapid 
advancement of the sciences of immunology, virology, and vaccinology. 
Vaccines represent an important tool for the prevention or eradication 
of diseases. In this regard, the greatest achievement in this century 
has been the eradication of smallpox. 

Prevention of diseases through vaccination has been shown to be 
extremely beneficial, not only in reducing mortality and morbidity but 
also in reducing the cost of animal production. In addition to providing 
protection to vaccinated animals, vaccines also reduce the spread of 
infection. Due to their relatively low cost, vaccines are popular instru- 
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ments of disease prevention that  offer an important form of investment 
for the long-range success of the animal industry. The impact of vac- 
cines for the prevention and control of diseases is becoming increas- 
ingly recognized and research on all aspects of vaccination has in- 
creased considerably in recent years. 

The traditional approach to vaccine development includes both mod- 
ified live (attenuated) and inactivated vaccines. In many instances 
attenuation has been attempted by serial passage of the virulent virus 
in an in vitro cell culture system. Live at tenuated vaccines are devel- 
oped by trying to establish the balance between maximum immu- 
nogenicity and minimum virulence for the host. Because the genetic 
makeup of such vaccine strains is not known, in many cases there is 
the risk of reversion to virulence under field conditions. Efficacy of 
vaccines is usually determined by the protective immune response in 
the host. Because immunity can be broken by an overwhelming chal- 
lenge, no vaccine can be claimed as "perfect." Recovery from a natural  
infection usually leads to a strong and long-lasting protection against 
reinfection by the same pathogen. Although a vaccine that  is com- 
pletely safe normally does not induce as strong an immunity as the 
natural  infection, to be efficacious it should induce an appreciable de- 
gree of protective immunity in the host when exposed to a reasonable 
natural  challenge. 

Attenuated modified live vaccines are generally preferred since they 
provide strong, long-lasting immunity and are more easily produced 
than inactivated vaccines. However, as mentioned earlier, they often 
pose the threat  of reversion to virulence and transmissibility to other 
species and often are required to be maintained at a correct passage 
level. Moreover, the same vaccine produced by different biological man- 
ufacturers may have a varied potential for reversion to virulence. Fur- 
thermore, it is probable that  in vivo recombination either between 
different vaccine strains and/or field strains, for example, pseu- 
dorabies virus, will result in the generation of a strain with greater 
virulence than the original vaccine strain(s). These concerns are un- 
warranted when using inactivated or subunit vaccines; however, fre- 
quent administration is required and, therefore, application of killed 
vaccines becomes more expensive than the use of live vaccines. Al- 
though in designing a vaccine the main emphasis is to protect the host 
against the disease, it is also important to consider the duration of 
immunity, lack of any adverse effects, ease of administration, and low 
cost. The increasing number of vaccines against common and emerging 
pathogens has made their individual administration impractical. In 
this regard, the biological companies have realized for a long time the 
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advantages of combined vaccines that  will protect against several dis- 
eases. Because multi-antigenic vaccines require a relatively lower 
number of injections, the cost of packaging, storage, delivery equip- 
ment, and labor are reduced. 

The problems associated with the use of current vaccines can be 
overcome by the development of a new generation of live vaccines in 
which only the protective antigen(s) of a pathogen is presented to the 
immune system of the host and chances of reversion to virulence are 
eliminated. In such a vaccine the beneficial properties of both live and 
killed vaccines can be retained. 

III. Recombinant  Virus Vectored Vaccines 

The availability of molecular methods and knowledge enable us to 
overcome the limitations of traditional approaches in vaccine develop- 
ment. Using modern genetic engineering techniques, it is possible to 
isolate, identify, and sequence important genes of pathogenic organ- 
isms and place them into new vectors in which they can be faithfully 
expressed. Both bacterial and viral vectors can be used for the expres- 
sion of foreign genes. Bacteria are easy to manipulate and can provide 
a high level of expression, but in bacteria glycosylation, proteolytic 
processing, and subunit assembly of eukaryotic proteins may not occur 
properly. Consequently, the use of such vectors may not result in the 
production of an authentic protein(s). Therefore, the genomes of both 
small and large viruses, for example, baculoviruses, adenoviruses, her- 
pesviruses, and poxviruses, have been manipulated for expression of 
foreign proteins. The genomes of the large-sized viruses (e.g., pox- 
viruses and herpesviruses) are difficult to alter but have the capacity 
to express a significant amount of foreign genetic material  (i.e., several 
foreign genes). When considering herpesviruses as vaccine vectors, 
however, it is important to consider their potential for delayed per- 
sistence and oncogenesis. On the other hand the small-sized viruses 
(e.g., adenoviruses) have the limitation that  their genomes can accom- 
modate only a small amount of foreign genetic material  without the 
virus becoming defective in replication. 

A. VACCINIA AND AVIANPOX VIRUSES 

Although poxviruses have been of concern for many years by virtue 
of their impact on human and animal health, the recent increasing 
interest in these viruses stems from their usefulness as viral vectors 
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(Moss and Flexner, 1987). Extensive experience obtained with the use 
of vaccinia virus as a live vaccine, as well as its wide host range, large 
size genome capable of accommodating a substantial amount of foreign 
DNA and inability to induce oncogenic transformation have been some 
of the important features favoring its potential use as a vector for 
immunization against important pathogens. Additionally, genetically 
altered vaccinia viruses maintain their infectivity after insertion of 
foreign genes, and induce both humoral and cellular immunity. Vac- 
cinia vectored vaccines are relatively inexpensive to produce and easy 
to administer. 

Since the first demonstration in 1982 of the ability of vaccinia virus 
to express an inserted herpes simplex virus thymidine kinase (TK) 
gene (Panicali and Paoletti, 1982), a large variety of foreign genes have 
been expressed by recombinant vaccinia viruses. When those genes 
encode for antigens responsible for eliciting an immune response, the 
resultant  recombinant viruses have been shown to elicit protective 
immunity in animals against the respective pathogens. Thus, when 
foreign genes are expressed under vaccinia virus regulation, the pro- 
teins are produced in a native state. Because the genome of vaccinia 
virus has the ability to accept up to 25,000 bp of inserted foreign DNA, 
more than 10 foreign genes could conceivably be expressed by a single 
live recombinant virus (Flexner and Moss, 1997). Thus the demon- 
strated and potential success with vaccinia virus as a gene expression 
vector has kept its popularity unchallenged for so many years. How- 
ever, because of its wide host range, there has been reluctance in ac- 
cepting vaccinia-vectored vaccines due to postvaccination complica- 
tions in humans (Gurvich, 1992), which were observed during the use 
of vaccinia for the eradication of smallpox. Consequently, this technol- 
ogy has been applied to host-specific avianpox viruses (e.g., fowlpox 
and canarypox viruses). Use of such vectors with their greatly re- 
stricted replicative ability provides a safety advantage for the host as 
well as those who come in contact with them. 

In spite of limited basic information about the genome of these vi- 
ruses, remarkable progress has been made in the development of avi- 
anpox virus vectored vaccines. Some key events that  led to these early 
successes were (1) the continuous use of live fowlpox virus vaccines by 
the poultry industry for more than 50 years to prevent fowlpox in 
chicken and turkeys, (2) the effective substitution of heterologous vac- 
cinia virus promoters in lieu of homologous avianpox virus promoters 
(Tripathy and Wittek, 1990; Schnitzlein and Tripathy, 1990) in the 
development of recombinant fowlpox virus vectors, (3) the ability of 
primary as well as a permanent  cell line of avian origin to support the 
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growth of fowlpox virus, and (4) the availability of several genes encod- 
ing for specific proteins from poultry pathogens. Consequently, several 
recombinant fowlpox viruses expressing specific proteins from a vari- 
ety of avian pathogens were created. Immunization of susceptible birds 
with such recombinants resulted in the development of specific anti- 
bodies and enabled protection to subsequent challenge with the respec- 
tive virulent pathogen (Tripathy, 1996). These developments have 
resulted in the licensing of a recombinant fowlpox virus vaccine ex- 
pressing the hemagglutinin of Newcastle disease virus. Additionally, it 
has been shown that avianpox viruses (e.g., fowlpox and canarypox 
viruses) expressing foreign antigens can induce an immune response 
in mammalian hosts (Taylor et al., 1988, 1991) without causing a pro- 
ductive infection. 

B. SWINEPOX VIRUS AS VACCINE VECTOR 

Before considering swinepox virus as an expression vector for genes 
from swine pathogens, it is necessary to mention that several other 
viruses have been engineered to express genes encoding for protective 
antigens of swine pathogens. For example, Tuboly et al. (1994) showed 
that baculovirus-expressed spike protein of the transmissible gastro- 
enteritis virus was capable of inducing TGEV-specific antibodies of the 
IgG class in pigs. A recombinant pseudorabies virus expressing the 
enveloped glycoprotein E1 of hog cholera virus provided protection 
against both pseudorabies and hog cholera (classical swine fever) vi- 
ruses (van Zijl et al., 1991). A highly attenuated strain ofvaccinia virus 
was developed by Tartaglia et al. (1992) and used as a vector for the 
expression of pseudorabies virus proteins, which were evaluated for 
protection (Brockmeier et al., 1993, 1997; Mengeling et al., 1994). 

Successes with vaccinia and avianpox viruses as expression vectors 
provided further impetus to consider using swinepox virus for the ex- 
pression of antigens from swine pathogens. Like vaccinia virus, swine- 
pox virus is brick-shaped and its genome consists of a double-stranded 
DNA of approximately 175 kb (Massung and Moyer, 1991a). It is the 
only distinct member of the genus Suipoxv i rus  that has worldwide 
distribution. As with vaccinia and fowlpox virus, modification of 
swinepox virus into an expression vector is practical due to certain 
biological attributes. These include its host specificity, mild patho- 
genicity, thermo stability, and low transmissibility (Tripathy et al., 
1981; House and House, 1992; Tripathy, 1993). The restricted replica- 
tive ability of swinepox virus with its attenuated nature provides a 
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safety advantage not only to the recipient but also to nonvaccinated 
contacts. 

In the case of modified viral vectors, the main safety concern has 
been whether the vector is virulent and capable of producing clinical 
disease in the host. The development, production, and application of a 
conventional vaccine is based on several factors: its safety, efficacy, 
and cost as well as the seriousness of the disease. Because swinepox 
virus infection is so mild and occurs so rarely, a need to develop a 
vaccine against it was never realized. Only isolated cases of swinepox 
have been reported in recent years (Olffumi et al., 1981; Borst et al., 
1990) and genetic and antigenic differences of those viruses are not 
known. Unlike vaccinia virus, very limited basic or applied research 
had been done on this virus in recent years. However, due to the recent 
interest in poxviruses as vaccine vectors, some studies on the molecu- 
lar biology of this virus have been conducted (Massung and Moyer, 
1991a,b). 

Because of the large size of its genome, like vaccinia virus, swinepox 
virus can accommodate a significant amount of foreign genetic mate- 
rial with the possibility of developing polyvalent vaccines. A cell line of 
porcine origin that  will support the growth of the swinepox virus has 
been available for many years. As with other poxvirus vectored vac- 
cines, the antigens expressed by swinepox virus should be properly 
processed and glycosylated. Finally, the recombinant swinepox virus 
vectored vaccines would be safer than conventional live vaccines since 
they will only contain a minor portion of the genome of the foreign 
pathogen. 

So far the only nonessential locus that  has been identified in the 
swinepox virus genome is the TK gene (Schnitzlein and Tripathy, 
1991). Since studies with other poxviruses including fowlpox virus (Tri- 
pathy and Schnitzlein, 1991; Beard et al., 1991) have shown that  fol- 
lowing insertional inactivation of TK gene, the recombinant viruses 
become less pathogenic than the parent virus, the resulting recombi- 
nant  swinepox virus should become less virulent than the parent virus. 
Thus, the swine industry would benefit from a new generation of re- 
combinant swinepox virus vectored vaccines because of some desirable 
features of this virus. 

C. PROCEDURE FOR CREATION OF RECOMBINANT SWINEPOX VIRUS 

The basic recombinant DNA techniques used to construct vaccinia 
virus and fowlpox virus recombinants which have been modified and 
extended to swinepox virus are briefly described below. 
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The first step in the production of recombinant viruses is to create 
plasmids that can direct the insertion of the foreign transcriptional 
unit(s) into the virus genome. Insertion occurs by homologous recom- 
bination and thus requires that  the foreign DNA be flanked by a con- 
tiguous virus genomic region. In the case of vaccinia and fowlpox virus 
recombinants, the most commonly used insertion site for foreign genes 
is the TK gene of these viruses. In this regard, the TK gene of swinepox 
virus has been identified and sequenced (Schnitzlein and Tripathy, 
1991; Feller et al., 1991). This gene (TK) is nonessential for virus 
replication. The development of swinepox virus as a recombinant vec- 
tor capable of inducing immunity against various swine pathogens 
requires that the inserted foreign gene(s) be expressed. Because the 
transcriptional machinery of the virus will not recognize host~cel l  
promoters, foreign genes much be linked to poxvirus promoters. 

Because of the unique and conserved nature of poxvirus transcrip- 
tional regulatory elements, two defined vaccinia virus promoters (P l l  
and P7.5) have been predominantly used in the creation of recombi- 
nant vaccinia and avianpox viruses. As with the distantly related 
fowlpox virus (Tripathy and Wittek, 1990; Schnitzlein and Tripathy, 
1990), both promoters are also recognized by swinepox virus. Gener- 
ally the vaccinia virus late P l l  promoter is used to regulate transcrip- 
tion of the marker gene, whereas expression of the other gene (encod- 
ing the protective antigen) is controlled by the early-late promoter 
P7.5. These transcriptional units are positioned immediately adjacent 
to each other and are flanked by virus DNA sequences to ensure inser- 
tion into the virus genome. 

Once the plasmid has been generated, it is transfected into pig kid- 
ney (PK-15) cells that have been previously infected with swinepox 
virus. Recombinants are generated by homologous recombination be- 
tween the replicating swinepox virus genomes and the transfected 
plasmid as shown schematically in Fig. 1. Because more than 99% of 
the progeny from such an infection retain the parental genome, a pro- 
cedure for the screening/selection of the recombinant progeny is re- 
quired. One method of identification utilizes the Escherichia coli lacZ 
gene as a marker. In this case, a chromogenic substrate, 5-bromo-- 
4chloro-3 indolyl~-D-galactosidase (X-gal), which is converted to a blue 
compound by the action of the expressed enzyme (~-galactosidase) is 
then used to identify ..the virus plaques produced by the recombinant 
virus in the progeny against a background of colorless plaques gener- 
ated by nonrecombinant viruses. Alternatively, recombinants carrying 
the E. coli xanthine-guanine phosphoribosyl transferase gene (gpt) as a 
marker can be selected due to their resistance to mycophenolic acid 



FIG. 1. Schematic representation of generation of recombinant swinepox virus. 
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(Boyle and Coupar, 1988). In addition, recombinant viruses can be 
identified by plaque hybridization using a DNA probe specific for the 
inserted foreign gene. Thymidine kinase-deficient (TK-) cells have 
been used effectively in the selection of recombinant viruses in which 
foreign genes were introduced within the TK gene. Since a TK-  cell 
line of swine origin which will allow selective growth of the recombi- 
nant  TK-  swinepox virus is not available, inclusion of the marker  gene 
becomes important  to facilitate selection/screening of the recombinant 
virus. 

Regardless, of the identification procedure, virus stocks are prepared 
from plaques after no wild-type virus can be detected in two consecu- 
tive rounds of infection. The production of authentic antigen by the 
recombinant swinepox virus is verified by using specific antibodies 
against  the respective protein(s) in an immunoprecipitation assay or 
by detecting immunofluorescence on the surface of cells infected with 
the recombinant viruses (Fig. 2). 

FIG. 2. PK-15 cells infected with recombinant swinepox virus expressing gIII glycopro- 
tein of pseudorabies virus. Specific immunofluorescence is observed following reaction 
with antibody against gIII glycoprotein of pseudorabies virus. 
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D. RECOMBINANT SWINEPOX VIRUS VACCINES 

Using the above-mentioned protocols, recombinant swinepox viruses 
expressing the gp50 or gIII glycoprotein of pseudorabies virus have 
been generated (Tripathy et al., 1994). These enveloped glycoproteins 
were chosen due to their importance in the induction of protective 
immunity. Of the several pseudorabies virus glycoproteins that have 
been identified, gIII and gp50 have been shown to induce antibodies 
that neutralize the virus (Marchioli et al., 1987; Zuckermann et al., 
1990) and also provide protection from subsequent lethal challenge 
(Marchioli et al., 1987). Genes encoding these glycoproteins were sepa- 
rately inserted into the swinepox virus genome. 

To evaluate the protective ability of recombinant swinepox viruses 
expressing pseudorabies virus genes, susceptible pigs were vaccinated 
with either of the two recombinants or a mixture of both. All animals 
vaccinated with the recombinant viruses were protected when chal- 
lenged with virulent pseudorbies virus. In contrast, either mortality 
occurred or severe clinical disease developed in those swine mock vac- 
cinated or inoculated with unaltered swinepox virus (Tripathy et al., 
1994). All animals injected with either the unaltered swinepox virus or 
recombinant swinepox virus developed local lesions at the site of inoc- 
ulation which regressed within 7-10 days. No secondary lesions were 
observed in any of the animals. Moreover, the primary lesions result- 
ing from recombinant swinepox virus infection regressed faster than 
those produced by the parental unmodified swinepox virus. This phe- 
nomenon has been observed with other poxviruses in which their TK 
gene has been insertionally inactivated. Further evidence of protection 
by recombinant swinepox virus expressing glycoproteins gp50 and 
gp63 of pseudorabies virus has been reported by van der Leek et al. 
(1994). 

These studies indicate that the swinepox virus vectored recombinant 
vaccines are capable of expressing the foreign genes to a level that will 
induce protective immunity. The host specificity of such recombinants 
should favor their use as ideal immunizing agents for swine. 

E. FUTURE OF SWINEPOX VIRUS VECTORED VACCINES 

Vaccination against diseases is carried out to limit the economic 
losses caused by mortality and morbidity and growth retardation in 
infected animals. The ultimate aim, however, if possible, is to eradicate 
the disease by regular use of attenuated or inactivated vaccines. In 
spite of the regular use of conventional vaccines, significant losses do 
still occur. Therefore, new or improved vaccines are needed for many 
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current and emerging infectious swine diseases which contribute to 
unnecessary mortality and morbidity and significant economic loss. 

A new approach to vaccine development is the expression of genes of 
foreign pathogens using live attenuated viral vaccines as vectors. In 
this regard, large size viruses such as pox and herpesviruses have been 
very promising. However, as mentioned earlier, herpesviruses have the 
potential of reactivation from latency resulting in recurrent infections 
and possible shedding of the virus. It is possible that  in certain in- 
stances in vivo recombination of different vaccine strains may result in 
the generation of recombinants with virulence greater than that  of 
involved vaccine strains. Vaccinia virus vectored vaccines, on the other 
hand, have proved to be highly successful immunizing agents, but 
regular application of such live recombinant vaccinia viruses has been 
controversial because of minor complications associated with the vac- 
cination program against smallpox. Therefore, the development of live 
vaccines that  are self-restricted, which cannot be transmitted from 
vaccinated animals to contact animals, and which are not released into 
the environment would be ideal. Limited experimental studies with 
TK-inactivated swinepox virus indicate that such live swinepox virus 
monovalent or polyvalent vaccine vectors can be created. 

Lack of adequate local immunity by parenterally administered vac- 
cines against those pathogens whose portal of entry is respiratory or 
gastrointestinal tract has been realized for a long time. Indeed vaccinia 
vectored vaccines administered parenterally stimulate protective lev- 
els of serum IgG antibody and cellular immunity but do not induce 
mucosal immunity associated with IgA antibody. Because oral immu- 
nization with recombinant vaccinia virus containing the rabies gly- 
coprotein gene provided protection against rabies (Rupprecht et al., 
1986), field trials are being conducted with an oral bait for vaccinating 
wild animals for the control of rabies. In this case, immunization prob- 
ably occurs due to viral replication in the tonsils. Safety and efficacy of 
oral vaccination of raccoons by feeding raccoonpox virus containing 
rabies virus glycoprotein in sponge-baits has been described by Es- 
posito et al. (1988). Enteric immunization of mice with recombinant 
vaccinia virus containing the influenza virus hemagglutinin gene in- 
duced mucosal IgA antibody, serum IgG antibody, and cell-mediated 
immunity (Meitin et al., 1994). Similarly, mice immunized intra- 
gastrically with recombinant vaccinia virus containing the hemagglu- 
tinin and nucleoprotein genes of influenza virus were protected against 
influenza (Bender et al., 1996). 

In natural cases of swinepox in neonatal piglets, lesions in the 
mouth and respiratory tract have been observed indicating that  the 
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virus can replicate in sites other than skin. Additionally, antibodies in 
the sera and antibodies of IgA class in the intestinal contents of swine 
infected orally with swinepox virus have been observed providing fur- 
ther evidence of virus multiplication after oral administration (Tuboly 
et al., 1993). This study suggests that  swinepox virus can be a potential 
vector for the expression of antigens from enteric and respiratory viral 
agents of swine. Use of an oral vaccine for enteric pathogens would not 
only be convenient for mass administration through the drinking wa- 
ter but less expensive than conventional vaccines. Additionally, 
swinepox virus could be used in the construction of a multivalent re- 
combinant vaccine because of its ability to accommodate a large 
amount of foreign genetic material. Alternatively, combined recombi- 
nant  vaccines expressing different antigens could be used to protect 
against multiple pathogens. Whether oral or intranasal administra- 
tion of recombinant swinepox virus vaccine expressing antigens of en- 
teric/respiratory pathogens would induce a desirable protective im- 
mune response needs to be determined. If such an effective 
recombinant vaccine is ever developed, the swine industry would bene- 
fit tremendously. 

Like avianpox viruses, swinepox virus has never been isolated from 
any other host than the pig. Interestingly, host-restricted recombinant 
avianpox viruses have been shown to express foreign antigens in mam- 
malian hosts without producing a productive infection. In a similar 
manner, if recombinant swinepox viruses containing foreign antigens 
were able to express them optimally in hosts other than swine without 
a productive infection, this virus could become a potential candidate 
for vectored vaccines for a wide range of species including man. 

IV. Summary  

Several small and large viruses (e.g., adenovirus, poxvirus, and her- 
pesviruses) have been investigated as vaccine vectors. Each viral sys- 
tem has its advantages and disadvantages. One major advantage for 
viral vector vaccines is their ability to elicit a protective cell-mediated 
immunity as well as a humoral response to the antigen delivered by 
the vector. One major problem to using recombinant viruses as vac- 
cines is the pathogenic potential of the parent virus. Therefore, it is 
important  that  along with the optimal expression of the foreign genes 
and ability to provide protection, the pathogenicity of the vector virus 
must  be reduced during genetic manipulation without affecting its 
multiplication. 
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The r equ i r emen t s  to develop a viral  vector, for example,  swinepox 
virus,  are a cell cul ture  sys tem t h a t  will suppor t  the  g rowth  of the  
virus,  a sui table  nonessent ia l  region(s) in the virus  genome for inser- 
t ion of foreign DNA so t h a t  vi rus  repl icat ion is not  affected, a foreign 
gene(s) t h a t  encodes for an immunogenic  prote in  of a swine pathogen,  
s t rong t ransc r ip t iona l  regu la to ry  e lements  (promoters)  necessary  for 
opt imal  express ion of the  foreign genes, a procedure  for del ivering 
the foreign gene(s) into the nonessent ia l  locus, and  a convenient  meth-  
od of d i s t inguish ing  the  r ecombinan t  viruses  from the  p a r e n t  wild-type 
virus.  

Using  this  methodology,  r ecombinan t  swinepox virus  vaccines ex- 
press ing  pseudorabies  virus  an t igens  have been developed and  shown 
to provide protect ion aga ins t  challenge. These s tudies  and  evidence of 
local infection of the  oral t rac t  by swinepox virus  indicate  its potent ia l  
as a r ecombinan t  vector for providing i m m u n i t y  aga ins t  var ious  swine 
pa thogens  including those t h a t  infect the r e sp i ra to ry  and  gastroin-  
tes t ina l  t racts .  
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I. Introduction 

Poultry constitutes a vital segment of world agriculture. Yearly glob- 
al production exceeds 30 billion birds. This number is expected to in- 
crease steadily in the foreseeable future. In the United States, poultry 
is a $20 billion industry, with a yearly production of more than 8 billion 
birds. About 63% of the total value of U.S. poultry is attributed to 
broiler production. Other significant segments of the industry include 
egg laying chickens and turkeys (Table I). More recently, ratites, prin- 
cipally ostriches, have entered the commercial market, and although 
their numbers are quite small, they may increase in due course. 

Yearly production of large populations of birds creates a number of 
management challenges. A vast majority of commercial birds are 
raised under the system of intensive rearing. In this system, large 
numbers of birds, often flocks containing tens of thousands of birds, are 
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TABLE I 

COMMERCIAL POULTRY IN THE UNITED STATES a 

Number Market age 
produced per Feed or productive Value 

Bird year (millions) conversion age ($ billions) 

Broiler chickens 7300 1.8 45 days 13 
Layer chickens 294 2.15 52 weeks 4 

(= 1 lb eggs) 
Turkeys 293 2.4 14-21 weeks 3 

aData obtained from 1995-1996 summaries of the U.S. Department of Agriculture, 
National Agriculture Statistics Service. 

placed under one roof in closed houses. This type of housing places 
birds in proximity to each other and increases the risk of rapid spread 
of infectious disease. Thus, poultry producers must constantly vacci- 
nate birds to minimize the threat of disease outbreaks. Proper man- 
agement of flock health by biosecurity and vaccination is one of the 
critical factors in profitable poultry production. 

In this article, I give a brief overview of the commonly used poultry 
vaccines. In addition, I share some of the general features of the avian 
immune system that are relevant to the host response to vaccines. 

II. Disease Prevention by Vaccination 

Birds are susceptible to numerous viral, bacterial, fungal, and para- 
sitic diseases (Calnek et al., 1997), Exposure of susceptible birds to 
infectious agents may result in clinical disease and death. Many 
agents tend to cause subclinical infections associated with immu- 
nosuppression and poor flock performance. Disease-associated stress 
and reduced flock performance are a common cause of economic loss to 
the industry. 

Certain viral and bacterial agents are endemic in poultry-producing 
areas and tend to cause recurring infections in commercial flocks. Of 
particular interest are certain respiratory viruses such as Newcastle 
disease virus (NDV), infectious bronchitis virus (IBV), and infectious 
laryngotracheitis virus (ILTV); neoplastic disease of chickens such as 
Marek's disease virus (MDV) and avian leukosis viruses; and immu- 
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nosuppressive viruses such as infectious bursal disease virus (IBDV), 
infectious anemia virus, and hemorrhagic enteritis virus (HEV). Flocks 
must be routinely protected against these common pathogens. The 
most common method of protection is vaccination. 

Both active and passive immunization are practiced to control dis- 
eases in poultry. Active immunization using live vaccines is the cur- 
rent industry standard although passive immunization is also used in 
certain special circumstances. For example, passive immunization is 
widely used to protect young chicks against IBD (Lukert and Saif, 
1997). IBDV is an economically important, immunosuppressive virus 
that is endemic in most poultry-producing areas in the world. Newly 
hatched chickens are highly susceptible to the immunosuppressive ef- 
fects of IBDV (Allan et al., 1972; Faragher et al., 1974; Pertile and 
Sharma, 1998). Thus early post-hatch protection against the virus is 
critical. The protection is achieved by hyperimmunizing hens so that 
protective levels of maternal antibody are transmitted to progeny 
chickens. The disadvantage of passive immunization is that  it is diffi- 
cult to determine the optimum time for actively immunizing a flock 
that has chickens with varying levels of residual maternal antibody. 

Table II shows some of the commonly used vaccines in poultry. Most 
live vaccines are either mild isolates that induce a protective immune 
response against their pathogenic counterparts or pathogenic agents 
that have been attenuated. 

TABLE II 

COMMONLY USED POULTRY VACCINES 

Vaccine Species vaccinated 

Marek's disease Chickens 
Newcastle disease Chickens, turkeys 
Infectious bronchitis Chickens 
Infectious bursal disease Chickens 
Infectious laryngotracheitis Chickens 
Fowl pox Chickens 
Avian encephalomyelitis Chickens 
Reovirus Chickens 
Hemorrhagic enteritis Turkeys 
Cholera Chickens, turkeys 
Bordetellosis Turkeys 
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III.  Vaccinat ion P r o g r a m s  

The selection of appropriate  vaccines and the regimen of their  use 
vary widely among commercial flocks. Many factors mus t  be consid- 
ered in designing a vaccination program. These factors include flock 
history, endemic infectious agents,  proximity to other birds, age and 
genetic background of the birds, heal th  s ta tus  of the paren t  flock, the 
level of biosecurity being practiced, and other managemen t  and envi- 
ronmenta l  influences. 

Table III shows the vaccination program being used in three selected 
flocks of broiler chickens, layer chickens, and turkeys.  The da ta  in 
Table III are based on specific flocks. The vaccination program shown 
should not be considered opt imum for all flocks. 

As can be seen from the da ta  in Table III, chickens and turkeys  may  
need to be vaccinated repeatedly against  certain agents. The most  
commonly used vaccines elicit a strong pr imary  immune  response in 
unexposed birds. This response eventual ly wanes, leaving behind im- 
munologic memory which can be boosted by subsequent  vaccinations 
or environmental  exposure to the same agent. Certain vaccines elicit a 

TABLE III 

VACCINATION PROGRAMS BEING PRACTICED IN THREE SPECIFIC FLOCKS OF POULTRY 

Birds being Age when vaccine is 
vaccinated Vaccine administered 

Broiler chickens Marek's disease In ovo 
Infectious bronchitis and Day 1, day 14 

Newcastle disease 
Infectious bursal disease Day 21 

Layer chickens Marek's disease Day 1 
Infectious bursal disease Week 2, week 6, week 12 
Newcastle disease and Week 2, week 6, week 12 

infectious bronchitis 
Infectious laryngotracheitis Week 12 

and fowlpox 
Mycoplasma gallisepticum Week 15 

Turkeys Newcastle disease Day 1 (recombinant), 
week 3, week 8, 
week 12, week 16 

Week 4 Hemorrhagic enteritis 
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lifelong immunity following a single administration. For example, a 
single exposure to the Marek's disease vaccine virus initiates a persis- 
tent infection and a lifelong immunity. 

IV. Vaccine Delivery 

Vaccines are administered to eggs, that  is, in  ovo  vaccination, or to 
chicks after they have hatched. Ease of administration of a vaccine is 
an important requisite for considering the vaccine desirable for poul- 
try. Because large populations of animals must be vaccinated, the most 
beneficial vaccines are those that can be delivered simultaneously to 
large numbers of birds with minimum amount of labor. Post-hatch 
delivery systems include aerosol, spray, drinking water, eye drop, and 
injection. 

I n  ovo  vaccination is a relatively new concept in vaccine administra- 
tion. This method of vaccine delivery has replaced post-hatch injection 
of Marek's disease vaccine in broiler chickens. In in  ovo  vaccination, 
the vaccine is injected in eggs during later stages of embryonation, 
usually at 17-18 days of incubation (Sharma and Burmester, 1982). 
There are several advantages of in  ovo vaccine delivery over parenteral 
application of vaccines in hatched birds. Because the developing em- 
bryo is exposed to an immunizing dose of the vaccine virus while still in 
the egg, the vaccinal protection is well established by the time the 
chick hatches and is first exposed to environmental pathogens. I n  ovo 

vaccination also substantially reduces the labor cost associated with 
individual handling of chicks in the conventional vaccination proce- 
dure. The development of multiple-head egg injection machines has 
facilitated simultaneous inoculation of large numbers of eggs, up to 
50,000 eggs per hour (Gildersleeve et  al . ,  1993). The i n  ovo  injection 
machines can deliver precise quantities of vaccines into each individu- 
al egg and the injection needles are automatically cleaned and disin- 
fected between injections. 

The initial work that  established the concept of safely introducing 
live viral vaccines into embryonated eggs was done with the Marek's 
disease vaccine (Sharma and Burmester, 1982). This vaccine continues 
to be the principal vaccine currently delivered via the in  ovo  technology 
in commercial hatcheries. Successful i n  ovo  use of vaccines against a 
number of other disease agents or mixtures of agents has also been 
demonstrated under laboratory conditions (Sharma and Witter, 1983; 
Sharma, 1985; Wakenell and Sharma, 1986; Fadly and Nazerian, 
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1989; Ahmad and Sharma, 1992, 1993; Stone, 1994; Sarma et al., 1995; 
Reddy et al., 1996; Karaca et al., 1998). 

V. New Developments in Poultry Vaccines 

Vaccine development is an area of active research. The advent of 
molecular technology has resulted in the generation of a number of 
recombinant poultry vaccines. Live fowlpox virus (FPV) and turkey 
herpesvirus (HVT) have been used most extensively as vectors with 
inserts of genes of immunogenic proteins from a number of avian 
agents including NDV, MDV, IBDV, ILTV, avian influenza, reticuloen- 
dotheliosis virus, turkey rhinotracheitis, and hemorrhagic enteritis. 
Most of these recombinants express the immunogenic genes and are 
protective under laboratory conditions. One recombinant, FPV con- 
taining HN and F gene inserts of NDV has been licensed by the U.S. 
Department of Agriculture and is available commercially (Boyle and 
Heine, 1993; Nazerian et al., 1992). The recombinant is not being ex- 
tensively used in chickens because anti-NDV antibodies present at the 
time of vaccination tend to interfere with the recombinant's protective 
efficacy against NDV. However, certain commercial turkey flocks have 
used this recombinant with good success. Commercial availability of 
additional recombinant vaccines appears imminent. Vectors other than 
FPV and HVT are also being tested (Vakharia et al., 1993; Jenkins et 
al., 1991; Curtiss, 1990) as are chemical and deletion mutants, immu- 
nogenic subunits, naked DNA, and antigen-antibody complexes (Cur- 
tiss and Kelly, 1987; Lillehoj and Trout, 1993; Whitfill et al., 1995; 
Robinson et al., 1993; Jackwood et al., 1995; Ahmad and Sharma, 
1993). "Designer" vaccines that have matching immunogenic peptides 
with major histocompatibility complex (MHC) haplotypes for optimum 
antigen presentation to immune cells are also being considered (Witter 
and Hunt, 1994; Thacker et al., 1995). 

There is much current interest in using adjuvants to enhance the 
immune response against vaccines and thus enhance vaccine efficacy. 
Genetic cloning and expression of several avian cytokines in recent 
years have made cytokines attractive candidates as adjuvants. Cyto- 
kines are soluble proteins produced by a variety of cells. These proteins 
play a critical regulatory role in normal immunologic and certain phys- 
iologic functions. Therapeutic administration of extraneous cytokines 
has been shown to enhance vaccinal immunity (Anderson et al., 1987; 
Weinberg and Merigan, 1988; Nunberg et al., 1989; McCullough et al., 
1992; Heath and Playfair, 1992; Balkwill, 1993; Reddy et al., 1993; 
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Blecha et al., 1995; Gao et al., 1995; Karaca et al., 1998) and to quali- 
tatively improve the nature of protective immunity (Afonso et al., 
1994). Recently, several FPV constructs coexpressing NDV and type I 
interferon (IFN) genes have been developed and we have examined one 
such construct in vivo (Karaca et al., 1998). We studied the response of 
chickens hatching from eggs inoculated at embryonation day 17 with 
rFPV-NDV-IFN or rFPV-NDV. Several interesting observations were 
made. In  ovo administration of the virus/cytokine recombinant in- 
duced protective immunity against NDV. Although the presence of IFN 
reduced anti-NDV antibody levels in chickens, there were no apparent 
quantitative differences in protection between the cytokine-containing 
and cytokine-lacking constructs. Most notable was the observation 
that chickens hatching from eggs injected with FPV-NDV had signifi- 
cantly lower body weight at 2 weeks of age than unvaccinated controls. 
This loss in body weight was not detected in chickens that hatched 
from eggs inoculated with rFPV-NDV-IFN. This result indicated that 
the cytokine may have reduced the stress associated with replication of 
a live FPV vector while maintaining protective efficacy. 

VI. General Features of the Avian Immune System 

Among the avian species, the immune system of the chicken has 
been studied most extensively and will be briefly discussed here. The 
reader is referred to other reviews for additional information (Toivanen 
and Toivanen, 1987; Sharma, 1991, 1997; Davison et al., 1996; Vainio 
and Imhof, 1996; Pastoret et al., 1998). Available data indicate that  the 
basic mechanisms of immunity are shared by all birds. The overall 
organization and functions of the immune system are similar in chick- 
ens and mammals. 

The primary lymphoid organs in the chicken include the bursa of 
Fabricius and the thymus. The bursa is of particular interest because 
this organ is unique to birds. An equivalent organ does not exist in 
mammals. Bursa is a saclike structure located in the region of the hind 
gut. B-cell differentiation takes place in the bursa. The thymus gland, 
which is a bilateral, multilobular structure that spans the cervical and 
thoracic areas, is the primary lymphoid organ for T-cell differentiation. 
Although birds lack lymph nodes, the secondary lymphoid system is 
well developed and lymphoid tissue is scattered through the body 
(Fletcher and Barnes, 1998). The important secondary lymphoid struc- 
tures include the Harderian gland, bone marrow, and conjunctival- 
associated, gut-associated, head-associated, and bronchial-associated 
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lymphoid tissues. In addition, a number of visceral organs have dif- 
fusely scattered lymphoid cells that tend to proliferate during an im- 
mune reaction. 

The development of the immune system begins early during embry- 
ogenesis. Bursal precursor cells can be detected in the embryo at 
around 7 days of embryonation. Cells expressing surface IgM, IgG, and 
IgA can be detected at 10, 14, and 16 days of embryonation respec- 
tively. The T-cell precursors enter the thymus in three closely regu- 
lated waves, one wave each at 6.5, 12, and 18 days (Coltey et al., 1989). 
Each wave lasts for about 2 days and cells of each wave are able to 
differentiate into ~ or ~]~ cells. T cells with surface CD3 molecules 
appear in the embryo at 9 days and those with T-cell receptor (TCR) at 
12 days of embryonation. Because the late-stage embryos are able to 
respond immunologically to antigens, it is possible to immunize chick- 
ens or turkeys by in  ovo vaccination. 

VII. Humoral Immunity 

Surface immunoglobulins serve as receptors for antigen recognition 
by B cells (Kincade and Cooper, 1971). Because birds have an ex- 
tremely limited number of Ig genes, immunoglobulin diversity is at- 
tained by the process of gene conversion. In this process, segments of 
pseudo genes are inserted into the VL and VH regions of the genome 
(McCormack and Thompson, 1990). 

Upon stimulation with an antigen, responsive B cells differentiate 
into plasma cells that secrete antibodies specific to the antigen. The 
successful "take" of a vaccine is often monitored by demonstrating a 
rise in antibody titer within a few days of vaccination. Birds produce 
three classes of antibodies: IgM, IgG, and IgA. Primary antibody re- 
sponse is initiated by the development of IgM antibody. Subsequently, 
IgG and IgA are produced. The mechanism of antibody class switching 
is not known although, as in mammals, the switch is probably medi- 
ated by cytokines. Although avian and mammalian IgG have similar 
biological functions, the avian IgG molecule is longer than its mam- 
malian counterpart and lacks a genetically encoded hinge. Because of 
these differences, avian IgG is sometimes referred to as IgY. IgA is 
considered critical for local immunity in the respiratory and intestinal 
tracts. In birds, IgA is transported to the liver and stored in the bile. 

A number of serologic procedures have been developed to assay anti- 
bodies in birds. These assays include enzyme-linked immunosorbent 
assay (ELISA), gel defusion, agglutination, hemagglutination, serum 
neutralization, immunofluorescence, and Western blotting. The devel- 
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opment of ELISA has greatly facilitated serologic monitoring of com- 
mercial flocks. 

VIII. Cell-Mediated Immunity 

T-lymphocytes are the principal cells of cell-mediated immunity. The 
avian TCR is a multichain complex and consists of the TCR chains that  
recognize the antigen and CD3 complex that is important for signal 
transduction. The antigen binding sites of the TCR complex are formed 
by glycoprotein chains designated as TCR~ and TCR~ ( ~  T cells) and 
TCR~ and TCR5 (~8 T cells). In the adult chicken, ~]8 T cells, detectable 
by TCR 1 monoclonal antibodies (Chen et al., 1991), constitute about 
20-50% of the circulating T cells. These cells are also present in the 
spleen and the intestinal epithelium. 

The constant region of the TCR molecule is encoded by a single 
nonpolymorphic gene whereas three gene fragments encode the vari- 
able region, which is composed of V, J, and D segments. As in mam- 
mals, the avian T-cell diversity is generated by somatic recombination, 
imprecise joining of the V, J, and D elements, and by combining differ- 
ent TCRa and TCR~ or TCR~ and TCR8 chains (Tjoelker et al., 1990; 
Gobel et al., 1994). 

There are two functional subsets ofT cells: CD4 helper cells and CD8 
cytotoxic/suppressor cells. The functions of CD4 + and CD8 + cells are 
MHC restricted. The mechanisms of CD4 + effector cell functions in 
chickens are not well elucidated. Isolation and biological characteriza- 
tion of avian cytokines will facilitate the study of helper T-cell func- 
tions. 

Although T-cell-mediated immune responses are important in vac- 
cine-induced protective immunity in birds, assay procedures to quanti- 
tate these responses are cumbersome and not routinely used. Live 
viral vaccines have been shown to elicit detectable cytotoxic T-cell re- 
sponses (Maccubin and Scheirman, 1986; Omar and Schat, 1996; Seo 
and Collisson, 1997). Cultured immune T helper cells when exposed to 
specific antigens may proliferate and secrete cytokines (Karaca et al., 
1996). Mitogen proliferation assays are commonly used to assess non- 
antigen-specific immune responsiveness in birds. Mitogen prolifera- 
tion can be conducted in isolated lymphoid cells or whole blood (Hovi et 
al., 1978; Lee, 1978; Sharma and Belzer, 1992). 

Natural killer cells and the cells of antibody-dependent cellular cyto- 
toxicity constitute important cells of the innate immunity in chickens. 
The NK-cell activity that can be quantitated by 51Cr-release cytotox- 
icity assays using tumor cell targets has been studied in some detail 
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(Sharma and Schat, 1991). Vaccination with Marek's disease vaccines 
up-regulates the NK-cell activity in chickens (Sharma, 1981; Heller 
and Schat, 1987). 

IX. Summary 

The poultry industry constitutes a significant sector of world agricul- 
ture. In the United States, more than 8 billion birds are produced 
yearly with a value exceeding $20 billion. Broiler chickens are the 
largest segment of the industry. Birds raised under commercial condi- 
tions are vulnerable to environmental exposure to a number of patho- 
gens. Therefore, disease prevention by vaccination is an integral part 
of flock health management protocols. Active immunization using live 
vaccines is the current industry standard. Routinely used vaccines in 
chickens include MDV, NDV, IBV, and IBDV, and in turkeys NDV and 
HEV. Newer vaccines, including molecular recombinants in which 
genes of immunogenic proteins from infectious agents are inserted into 
a live viral vector, are also being examined for commercial use. Efforts 
are under way to enhance vaccine efficacy by the use of adjuvants, 
particularly cytokines. The vaccine delivery systems include in  ovo 

injection, aerosol, spray, drinking water, eye drop, and wing web injec- 
tion. The in  ovo vaccination procedure is relatively new and at the 
present time it is used primarily to vaccinate broiler chickens against 
MDV. Birds respond to vaccines by developing humoral and cellular 
immune responses. Bursa of Fabricius and the thymus serve as the 
primary lymphoid organs of the immune system. B cells use surface 
immunoglobulins as antigen receptors and differentiate into plasma 
cells to secrete antibodies. Three classes of antibodies are produced: 
IgM, IgG (also called IgY), and IgA. Successful vaccinal response in a 
flock is often monitored by demonstrating a rise in antibody titer with- 
in a few days of vaccination. ELISA is used most commonly for se- 
rologic monitoring. T cells are the principal effector cells of specific 
cellular immunity. T cells differentiate into a~ and ~/8 cells. In adult 
birds, ~/8 cells may constitute up to 50% of the circulating T cells. 
Functionally, CD4 + cells serve as helper cells and CD8 + cells as cyto- 
toxic/suppressor cells. 
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egg. Today, more than 80% of the U.S. broiler industry vaccinate their 
birds in  ovo  against Marek's disease, thereby replacing the convention- 
al method of vaccinating newly hatched birds by subcutaneous injec- 
tion. Benefits of in  ovo vaccination compared to post-hatch vaccination 
include earlier immunity, reduction in bird stress, precise and uniform 
injection, reduced labor costs, and reduced contamination. I n  ovo vac- 
cination technology is now being introduced into the European, Asian, 
and Latin American markets. This paper reviews (1) the discovery and 
commercialization of the in  ovo vaccination process for prevention of 
Marek's disease; (2) the utility of this technology for use with other 
viral vaccines typically used in the industry such as Newcastle disease, 
infectious bronchitis, and infectious bursal disease (IBDV); (3) issues 
relating to maternal antibody inactivation of viral vaccines in young 
birds or embryos; (4) the use of viral neutralizing factor technology to 
facilitate safe and effective vaccination i n  ovo; and (5) the use of bacte- 
rial and protozoal vaccines i n  ovo. The results cited in this paper are 
based on the limited trials described. They are not determinative of 
future results or the results that would be experienced in any specific 
hatchery. 

II. Technology Discovery 

Marek's disease is an ubiquitous neoplastic disease caused by a high- 
ly contagious herpesvirus. In 1982 Sharma and Burmester demon- 
strated that chickens vaccinated with Marek's herpesvirus of turkey 
(HVT serotype 3) as embryos were better protected to a 3-day neonatal 
Marek's (MDV) challenge than those vaccinated a t  hatch. When the 
challenge was administered to birds at 7 days of age, protection was 
equivalent irrespective of route of vaccination. This was the first dem- 
onstration that in  ovo vaccination might provide earlier protection to a 
Marek's field challenge. Sharma and Witter (1983) extended these ob- 
servations to show that Marek's disease virus vaccines of serotypes 1 
and 2 administered to 18-day-old embryonated eggs also induced bet- 
ter protection against post-hatch challenge at 3 days with virulent 
MDV than vaccines given at hatch. Sharma et  al. (1984) further dem- 
onstrated that HVT administered at day 18 of incubation rapidly infec- 
ted the embryos and replicated to a high titer in the embryonic lung. 
This early viral replication presumably provided the means for the 
embryo to establish an appreciable degree of immunity by the time of 
hatch. 
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III. Commercialization of in o v o  Marek's (HVT/SB 1) Vaccination 

Prior to 1992, Marek's vaccination was typically accomplished by 
manual vaccination of each newly hatched bird by the subcutaneous 
route employing a bivalent HVT/SB1 (serotypes 3 and 2, respectively) 
vaccine. In some countries an attenuated serotype 1 virus was also 
employed. Following the demonstration by Sharma and Burmester in 
1982 that embryonal vaccination was possible, scientists and engi- 
neers at Embrex undertook the development of an automated egg in- 
jection and transfer system, the Inovoject | capable of high-speed inoc- 
ulation of eggs and eliminating the need for manual post-hatch 
injection. It was expected that the benefits of using such a system 
would be reduced labor costs and healthier chicks due to the earlier 
development of immunity and the reduced stress associated with the 
elimination of manual handling and injection. 

A. AUTOMATED EGG INJECTION EQUIPMENT 

The Inovoject is an automated vaccinating system that  requires two 
operators, one loading incubated eggs held within their respective flats 
onto a load conveyor for injection and a second to remove injected eggs 
that have been transferred into the hatching basket. The process is 
accomplished during normal transfer from incubators to hatcheries 
and typically conducted between 17.5 and 18.5 days of incubation. The 
machine is designed in a modular fashion to accommodate a variety of 
egg flat configurations ranging from 36 to 150 eggs per injection and to 
withstand the harsh environment of the hatchery. 

Operation of the equipment begins with manually loading flats of 
eggs onto the main conveyor system. The eggs are moved by the con- 
veyor to a controlled position under the injection head where the eggs 
are sensed and the injection cycle begins. At that time the injection 
head, carrying anywhere from 36 to 150 tooling injectors, is lowered 
onto the flat of eggs. Egg penetration is accomplished by a series of 
steps which include punching a hole in the top of the egg followed by 
introduction of a needle through the punch mechanism. The injectable 
solution is then delivered to the egg through the needle by a peristaltic 
pump in predetermined volumes of 50-200 ~L1. Following completion of 
the injection process, the egg flat is carried by conveyor to the transfer 
operation while the next flat requiring injection is brought into posi- 
tion under the injection head. Simultaneously with the conveying of 
the flat of eggs to the transfer operation and for the next injection cycle, 
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a sanitation cycle is initiated. This process step consists of flushing a 
buffered sanitizing solution through the injection tooling assembly to 
sanitize the injection needle and punch prior to the next injection. 

Eggs which have been injected and moved by conveyor onto the 
transfer table are positioned and accumulated under the vacuum 
transfer head. The transfer head is designed to lift and separate the 
eggs from their flats and then gently deposit the eggs into a hatching 
basket. After the eggs are lifted up and separated from the flats, the 
empty hatching basket is put into position by the second Inovoject 
system operator. The basket is then sensed, as in position and ready to 
receive eggs, by the basket sensor. As the eggs are being unloaded into 
the hatching basket the empty egg flats are removed by the operator or 
automatically ejected from the end of the transfer system depending on 
the needs of the hatchery. The loaded hatching basket is then removed 
and replaced by a second empty hatching basket to repeat the cycle. 

B. FIELD EFFICACY 

Based on the work of Sharma and Burmester (1982) it was expected 
that, as mentioned earlier, automated egg vaccination would result in 
reduced labor costs and healthier chicks due to earlier protection to a 
Marek's field challenge and the reduced stress associated with the 
elimination of manual handling and injection. In a series of eight field 
trials conducted between 1989 and 1992 at two integrated broiler com- 
panies in North Carolina using 1.3 million eggs per treatment group, 
consistent improvements in feed conversion and reduced settlement 
costs were observed in the Inovoject system compared to the conven- 
tionally (at hatch) Marek's vaccinated group (Gildersleeve et  al. ,  1993; 
Gildersleeve and Fluke, 1995). Hatchability, 2-week mortality, liv- 
ability to time of processing, and live body weight were similar in the 
two treatment groups. Leukosis and total condemnations were similar 
in the two treatment groups. Sarma and colleagues (1995) reported on 
the field safety and efficacy of a bivalent (HVT and SB1) vaccine ad- 
ministered in  ovo compared to conventional (at hatch) vaccination. 
Overall livability and feed efficiency tended to be improved in the in  

ovo t reatment groups and total condemnations and condemnations due 
to air sacculitis and septicemia/toxemia were lower. No treatment dif- 
ferences in leukosis condemnation rates were observed. Birds chal- 
lenged with a very virulent strain of MD-V (RB1/B) were protected 
irrespective of vaccination route. In both studies leukosis rates were 
low indicating a low level of Marek's challenge. Under these conditions 
in  ovo vaccination is equally as effective as the conventional post-hatch 



IN OVO VACCINATION TECHNOLOGY 499 

method of vaccine administration. Additional controlled studies under 
more severe exposures are needed to determine whether in ovo vac- 
cination is more efficacious than conventional vaccination. 

C. PROCESS OPTIMIZATION 

Process control is very important when introducing the in ovo vac- 
cination process into a hatchery. Particular attention must  be paid to 
controlling mold levels in the hatchery environment, using strict asep- 
tic techniques for vaccine preparation, and ensuring that  the vaccine is 
introduced into eggs at the correct stage of incubation. 

1. Aspergillus and Egg Injection 

Aspergillus fumigatus is the most common etiologic agent of asper- 
gillosis, however Aspergillus flavus and Aspergillus niger have been 
isolated. Aspergillosis is the most common fungal disease of poultry 
and most often occurs in a pulmonary form. Disease in broiler chickens 
is characterized by an acute onset, usually within 10 days of place- 
ment. The hatchery or moldy litter or grain at the growout farm is most 
often the source of extensive exposure to the Aspergillus organisms 
that  cause disease. "Brooder pneumonia," as it is often called, is char- 
acterized generally with high mortality and morbidity. Clinical signs 
include gasping, cyanosis, dyspnea, and accelerated breathing. Im- 
properly maintained hatchery conditions have been shown to affect a 
hatchery adversely after in ovo injection. 

For optimal utilization of in ovo technology, the hatchery must  ad- 
dress biosecure air flow patterns within its building (positive and nega- 
tive pressures, clean to dirty direction), routine air handling equip- 
ment maintenance and sanitation, the elimination of biofilms on 
equipment, moisture management  (floors, humidifiers, drains, etc.), 
and effective sanitation and disinfection of all eggs handling equip- 
ment in order to control Aspergillus levels. The hatchery has the addi- 
tional task of enforcing the quality of product allowed in the system. 
This can only be accomplished through a coordinated managerial  effort 
including microbiological assessment from breeder farm through the 
hatchery, to the broiler farm. 

2. Vaccine Preparation for the Inovoject Egg Injection System 

Correct preparation of vaccine for vaccination by the Inovoject egg 
injection system is mandatory. No single set of procedures is more 
important to the process of egg injection. Preparation must  ensure 
sterility of the vaccine through aseptic techniques and minimal trau- 
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ma to cell-associated vaccine (Marek's), thereby maintaining the high- 
est possible titer or plaque forming units (pfu). Vaccine used in the 
Inovoject system must be sterile. 

Cell-associated or "live" Marek's vaccine ampules are frozen and 
stored in liquid nitrogen. The ampules must  be thawed and broken 
open for usage. Diluent should be stored at room temperature. Any 
diluent that  is discolored or cloudy should be discarded. Marek's vac- 
cine is available in 1000 and 2000 dose ampules, with different types 
including serotype 3 (HVT), serotype 2 (SB-1), serotype 1 (CVI-988, 
Rispens), and combinations of serotypes 2 and 3, (HVT and SB-1). 
Marek's vaccine should be completely used within 1 hour of hanging on 
the machine. Prepared vaccine should be used within 1.5 hours from 
the time the first ampule is thawed. Following the Inovoject system 
setup cleaning cycle, sterile saline is aseptically attached to the vac- 
cine delivery system, and forced through the system. Vaccine can then 
be introduced to the Inovoject vaccine delivery system. 

3. Day of Injection 
The 18th day of incubation is the recommended time for Inovoject 

system vaccination and transfer of eggs from the setter to the hatcher. 
However, commercial broiler practices sometimes result in the need to 
transfer and inject on either day 17 or 19 of incubation. Unpublished 
observations (P. Phelps) described later suggest hatchability is de- 
pressed if eggs are transferred on day 17 instead of day 18 of incuba- 
tion, regardless of whether eggs are vaccinated or not. Future studies 
are needed to determine the effect of transfer and injection on day 19 of 
incubation. 

Trials conducted at three different commercial hatcheries suggested 
hatchability of eggs transferred but not injected on day 18 of incuba- 
tion averaged 1.4% better than eggs transferred on day 17. The num- 
ber of eggs evaluated was 632,880 and 772,686 for days 17 and 18, 
respectively. If eggs were injected at the time of transfer, the hatch- 
ability depression seen on day 17 versus day 18 was 1.73%. The num- 
ber of injected eggs evaluated was 600,480 and 772,880 for days 17 and 
18, respectively. Thus the hatchability depression due to transfer on 
day 17 versus day 18 was increased by only 0.33% if eggs were injected. 
Therefore, the majority of the hatchability depression seen when eggs 
are vaccinated by the Inovoject system on day 17 instead of day 18 is 
due to earlier transfer not egg injection. These studies were not con- 
trolled for flock, incubator, or season but based on multiple hatches of 
large numbers of eggs. 
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Hatchability differences between eggs injected on days 17 and 18 for 
14 separate flocks at a commercial hatchery were evaluated over a 
2-month period. Hatchability was increased by 1.18% if eggs were in- 
jected on day 18 of incubation instead of day 17. 

If eggs must be vaccinated by the Inovoject system on day 17 instead 
of day 18 due to hatchery schedules, injection as late on day 17 as 
possible is preferred. Data collected at a commercial hatchery sug- 
gested hatchability decreases of 2.20% if eggs were injected on day 17 
instead of day 18 but decreases of only 0.97% if eggs were injected on 
day 17.5 instead of day 18.5. Studies were not controlled for season, 
breeder flock, or incubator but based on multiple observations of large 
numbers of eggs. 

4. Upside Down Eggs 

Prior to transfer, hatching eggs are incubated vertically with the 
large or air cell end up. This orientation ensures that  the embryo 
develops with its head toward the large end of the egg, enabling it to 
emerge through the air cell and hatch successfully. Sometimes eggs are 
mistakenly placed in the setter trays upside down or with the pointed 
end up. Bauer and coworkers (1990) found the incidence of eggs set 
upside down in a commercial hatchery varied between 0.3 and 3.4%. 
Setting eggs upside down results in increased embryonic malpositions 
and reduced hatchability (Byerly and Olsen, 1931). Hatchability de- 
creases between 10 and 32% have been reported for eggs set upside 
down (Bauer et al., 1990; Cain and Abbott, 1971; Talmadge, 1977; E1- 
Ibiary et al., 1966). Muller and Williams (1975) also reported that  
setting eggs upside down decreased chick quality. 

The impact of vaccination by the Inovoject system on hatchability 
and chick quality of eggs set upside down was not known. Moreover the 
advantage or disadvantage of turning eggs which were set upside 
down, right side up before injection is unknown. Unpublished studies 
of P. Phelps and S. Bryan were conducted to address these two issues. 

Hatchability depressions of eggs set upside down ranged between 10 
and 18.5%. These data agree with the literature previously cited. Vac- 
cination by the Inovoject system resulted in additional hatchability 
decreases of 2.6% in trial 1 and 6.0% in trial 2, however, these differ- 
ences were not significant. If one assumes only 0.5% of all eggs set are 
set upside down then the impact of vaccination by the Inovoject system 
would only decrease total hatchability by 0.215%. Vaccination by the 
Inovoject system had no increased effect on the 1-week mortality of 
chicks that hatched from eggs set upside down but did have a slight 
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numerical decrease on 1-week body weight. The decreased body 
weights were due to an increase in the number of cull or unthrifty 
chicks. 

Experiments were also conducted to determine if eggs set upside 
down should be turned right side up before Inovoject system vaccina- 
tion. Embryonated eggs that  have been set upside down often bleed 
when injected, however experimental results indicated eggs should be 
left upside down because righting the eggs before injection further 
decreased hatchability by 8%. 

5. Mois ture  Loss  

Optimum hatchability is achieved when hatching eggs lose between 
11 and 14% of their preincubation weight as moisture (Mauldin and 
Wilson, 1988). Egg weight or moisture loss is an indirect measure of 
embryo oxygen uptake. Weight loss is not constant during incubation. 
The final stages of embryo development require increased oxygen. Oth- 
er factors that  affect egg weight loss during incubation include egg 
size, shell porosity, relative humidity, incubation temperature, and egg 
storage time and conditions (Wineland, 1996). The impact of Inovoject 
system vaccination, specifically the hole left in the egg following injec- 
tion, on moisture loss during incubation is minimal. Inovoject system 
vaccination increases total egg moisture loss by 0.30% if eggs are in- 
jected on day 17 of incubation and by 0.15% if eggs are injected on day 
18 of incubation (P. Phelps, unpublished data). This slight change in 
moisture loss is not thought to impact hatchability or chick quality. 

6. R i s p e n s  

CVI 988/Rispens-type vaccines are typically administered in ovo 
when field MD challenges exceed the level of protection afforded by 
HVT alone or in combination with serotype 2 vaccines such as SB1 or 
30lB. HVT+Rispens is used extensively in broilers in the Delmarva 
region of the United States, in Italy, and in Japan where field MD 
challenges are often greater than other regions (Embrex, Inc., un- 
published data; Rosenberger, 1996). In  ovo HVT MD vaccination has 
been shown to maximize the interval between vaccination and early 
field challenge and causes an earlier viremia in ovo vaccinates than in 
subcutaneous vaccinates because the in ovo administration of the vac- 
cine precedes subcutaneous administration by 3 days and HVT repli- 
cates rapidly in ovo (Sharma and Burmester, 1982; Fabris et al., 1994). 
Fabris et al. (1994) reported similar viremia results for HVT + Rispens 
MD vaccine when administered in ovo, though the difference between 
the two routes and times of vaccination were not as robust for Rispens 
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viremia when compared to HVT viremia. Sharma (1987) reported that  
when he inoculated serotype 1 and 2 MD viruses in  ovo, the viruses did 
not replicate rapidly like HVT but instead showed a replication that  was 
delayed until just after hatch. Fabris et al. (1994)  agreed with Sharma 
(1987) but reported that  Rispens vaccination in  ovo resulted in an 
earlier viremia than subcutaneous vaccination with Rispens after 
hatch. This observation could be explained by viral replication near the 
time of hatch in the in  ovo vaccinates, while viral replication after 
subcutaneous vaccination would likely occur several hours to one full 
day after hatch. It is not known if the delayed replication of serotype 1 
and 2 MD vaccine viruses, relative to the rapid replication of HVT, 
affects the field efficacy of in  ovo serotype 1 and 2 MD vaccines by 
reducing the effective interval between vaccination and field challenge. 
The field efficacy of in  ovo H V T + R i s p e n s  vaccination must  be compara- 
ble if not superior to that  of subcutaneous vaccination. In the regions 
around the world where MD field challenges are increasing and where 
in  ovo MD vaccination with Rispens type vaccines is practiced, a high 
degree of protection against MD exist (Embrex, Inc., unpublished data). 

IV. Commercialization of Other  in  o v o  Live Viral Vaccines 

In addition to Marek's vaccination, a typical vaccine program used in 
a commercial broiler operation in the United States includes the use of 
Newcastle and bronchitis vaccines administered via spray cabinet to 
the hatchling. In some cases the newly hatched bird may be vaccinated 
with a mild bursal vaccine. An additional vaccine administered in the 
drinking water or by course spray at 14-21 days of age is often re- 
quired during growout, since the presence of maternal antibodies in 
the hatchling will inactivate most viral vaccines administered imme- 
diately after hatch. The injection of many of these posthatch vaccines 
in  ovo is unsafe for the embryo. In the United States only those vac- 
cines that  are approved by APHIS for use in  ovo should be used. 

A. INFECTIOUS BRONCHITIS VIRUS 

Infectious bronchitis virus (IBV) causes a highly contagious respira- 
tory disease and occasionally a nephrosis/nephritis syndrome in chick- 
ens. Wakenell and Sharma (1986) demonstrated that  a commercial 
IBV vaccine injected in  ovo was pathogenic to avian embryos. These 
investigators suggested that  this was not surprising since the vaccine 
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employed was an egg propagated vaccine. Using a tissue culture atten- 
uation system, pathogenicity to the embryo could be eliminated. Fol- 
lowing passage in tissue culture (40 times) the vaccine could be safely 
administered into SPF embryos. Birds were protected following chal- 
lenge at 4 weeks of age to a virulent strain of Massachusetts 41. The 
pathologic and immunologic effects of vaccination with the attenuated 
strain were comparable to those induced by conventional vaccination 
of chicks (Wakenell et al., 1995). Based on personal observations made 
by Dr. Wakenell, embryos may not be vaccinated with bronchitis vac- 
cines typically employed in the hatchling. These vaccines must be at- 
tenuated and the type of attenuation is critical, that is, tissue culture 
attenuation may be employed, but embryo attenuation is contraindi- 
cated. To our knowledge there are no APHIS approved bronchitis vac- 
cines available for in ovo administration in the United States. 

B. NEWCASTLE DISEASE VIRUS 

Newcastle disease is a highly contagious respiratory disease of 
chickens and turkeys that  continues to have a substantial economic 
impact on the poultry industry throughout the world. Neither the B1 
or La Sota vaccine strains currently used in chickens can be employed 
in  ovo in chickens or turkeys due to embryo toxicity (Ahmad and 
Sharma, 1992, 1993). Birds that  do hatch from in ovo vaccinated eggs 
exhibit high early mortality. Several groups are investigating alterna- 
tive approaches for providing an in ovo -compat ib l e  Newcastle vaccine. 
Treatment of the B 1 strain of Newcastle disease virus with an alkylat- 
ing agent, ethylmethane sulfonate, markedly reduces the virulence of 
the virus for the 18-day chick embryo (Ahmad and Sharma, 1992). 
Hatched chicks developed antibody to Newcastle and are protected 
against challenge at 4 weeks of age with a highly virulent GB-Texas 
strain of Newcastle. Stone (1993) is evaluating the use of a killed 
Newcastle vaccine for embryonic use. Whitfill and coworkers are ex- 
ploring the use of viral neutralizing factor technology (see later) as a 
means to develop a safe and effective Newcastle vaccine for in ovo use. 
There are no Newcastle vaccines yet registered for in ovo use in the 
United States. 

C. INFECTIOUS BURSAL DISEASE (IBDV, GUMBORO DISEASE) 

Infectious bursal disease is an acute, highly contagious disease of 
chickens that  occurs worldwide. Infections before 3 weeks of age are 
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normally subclinical but cause immunosuppression due to widespread 
destruction of lymphocytes. Very virulent strains of IBD have, since 
the late 1980s, caused high mortalities, particularly after day 30 of 
growout, in Europe, Asia, and Africa. As early as 1985, Sharma demon- 
strated that  if viruses of low virulence were employed, embryos from 
SPF chickens could be inoculated on the 18th day of incubation. The 
resulting hatched chicks were resistant to challenge with virulent IBD 
at 3 weeks of age or older. Viruses of moderate virulence such as 2512 
were not safe to administer to embryos lacking maternal antibody. 
Studies by Sharma (1985) and more recently by Soleno et  al.  (1997) 
have demonstrated that  Marek's and mild infectious bursal vaccines 
may be administered i n  ovo  with no indication of interference between 
them. Combination vaccines registered for this use are available in the 
United States. 

D. FowLPOX 

Vaccination in  ovo  against fowlpox has been practiced in the United 
States, Mexico, Italy, and Japan. The most thorough evaluation of pox 
vaccination in  ovo  was conducted during the development of an i n  ovo  

fowlpox vaccine during the past several years in Japan (Embrex, Inc. 
and Nisseiken Co., Ltd., unpublished data). The studies conducted in 
Japan will be submitted for publication this year by the vaccine manu- 
facturer (Nisseiken Co., Ltd., Ome, Tokyo, Japan). The data from the 
studies show that  the efficacy and safety of chicken fowlpox vaccine for 
i n  ovo  use can be greatly enhanced by injecting a highly diluted, mild 
tissue culture adapted vaccine into the embryo proper on day 19 of 
incubation. The vaccine was both safe and efficacious in small-scale 
field tests. It is likely that  extensive field data will become available 
from the manufacturer in 1998 after publication of their studies and 
government approval of their vaccine. 

V. Maternal Antibody Effects o n  V i r a l  Vaccine Efficacy 

Maternal antibodies have been shown to interfere with the effective- 
ness of Marek's embryonal vaccination (Sharma and Graham, 1982). 
The interference was greater when cell-free Marek's vaccine was used 
compared to that  elicited when cell-associated Marek's vaccine was 
employed. The authors suggest that  maternal antibodies likely neu- 
tralized the vaccine virus more readily when it was in cell-free form. 
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Several studies have demonstrated maternal  antibody interference 
when mild bursal vaccines are employed in embryonal vaccination 
(Sharma, 1985). 

Chickens all over the world are commonly vaccinated for Newcastle 
disease and infectious bronchitis using at tenuated live virus. These 
vaccinations commonly take the form of a spray administration at day 
of hatch followed by drinking water administration at 1-2 weeks of 
age. Day of hatch vaccination by spray administration for both New- 
castle disease and infectious bronchitis appears to produce some local 
immunity in the respiratory tract despite the possible interference of 
maternal  immunity. This local immunity is usually short lived. Mater- 
nal immunity has been shown to reduce the degree and duration of 
immunity stimulated by day of age vaccinations for Newcastle disease 
(Giambrone and Closser, 1990; Sharma et  al. ,  1989; Holmes, 1979) and 
infectious bronchitis (Klieve and Cumming, 1988). 

VI. Safe and Effective Vaccination in Presence 
of Maternal Antibodies 

Typically, in poultry a mild vaccine (effective in low maternal  anti- 
body birds) is given at day of age and a more virulent (intermediate) 
vaccine is give at 1-2 weeks of age, a time when maternal  antibody 
levels have declined. It would be advantageous to have vaccines that  
effectively immunize commercial broiler chickens with one administra- 
tion given either in  ovo  or on the day of hatch, irrespective of the 
maternal  antibody status of the bird. 

Embrex has developed a novel proprietary technology, viral neu- 
tralizing factor (VNF| which improves the safety and efficacy of live 
viral vaccines. The VNF technology utilizes specific viral neutralizing 
antibody in hyperimmune antiserum and a vaccine virus. The specific 
antiserum is mixed with a vaccine virus to form a virus-antibody 
complex vaccine. The amount of antiserum used is not sufficient to 
neutralize the vaccine virus, but is sufficient to delay the pathologic 
effects caused by the vaccine virus when compared to the use of the 
vaccine virus without antiserum (naked virus). This delaying of 
pathologic effects allows young chickens to be vaccinated more effec- 
tively and without the adverse consequences sometimes associated 
with live viral vaccines. It also allows for administration of vaccine 
viruses that  would otherwise be too virulent to use in  ovo  or at day of 
hatch. 
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A. BURSAPLEX TM, INFECTIOUS BURSAL DISEASE VIRUS 
ANTIBODY COMPLEX VACCINE 

Infectious bursal disease virus (IBDV) causes a highly contagious 
acute infection of chickens. The primary lymphoid organ, the bursa of 
Fabricius (bursa), is where B-cell maturat ion occurs and this organ is 
severely affected by IBD (Lukert and Saif, 1997). Susceptible birds 
infected under 2 weeks of age with virulent IBDV have few clinical 
signs, but usually become immunosuppressed, predisposing these 
birds to various other diseases (Saif, 1991). Despite extensive vaccina- 
tion of breeders and progeny, outbreaks causing significant economic 
losses still occur. Maternal antibodies protect birds from IBD for the 
first few weeks of life, but also prevent effective immunization with 
live IBD vaccines during this time. Maternal antibody levels vary from 
flock to flock and within individuals of the same flock. Thus, it is often 
difficult to predict the best time to vaccinate chickens in the field with 
a live IBD vaccine (Lukert and Saif, 1997). It would be advantageous to 
have an IBD vaccine that  could be given in the hatchery and have it 
provide protection for life without a booster, regardless of the maternal  
antibody level of the chicks. Bursaplex TM is a vaccine developed specifi- 
cally for that  purpose. 

Extensive studies have been conducted utilizing Bursaplex in  ovo 
and at day of age (Avakian et al.,  1993; Haddad et al.,  1993; Whitfill et 
al.,  1992, 1995a,b). The vaccine is licensed for sale in the United States 
and is presently being used to vaccinate millions of embryos each 
week. 

Experimental data from Whitfill et al. (1995a) have shown that  in  
ovo vaccination of specific pathogen-free (SPF) chickens with Bur- 
saplex results in a normal hatch, no clinical signs in the hatchlings, 
and delayed gross lesions in bursa until day 7 of age. When the same 
naked vaccine virus is administered in  ovo at the same dose it causes 
reduced percent hatch, bursal lesions by day 1 of age, and 15% post- 
hatch mortality. Thus, the addition of antibody delays pathologic 
changes caused by the vaccine virus, but does not prevent infection and 
replication. SPF birds vaccinated in  ovo with Bursaplex have been 
shown to have an elevated antibody titer and be protected from stan- 
dard very virulent IBDV challenge. The use of the virus-ant ibody 
complex vaccine Bursaplex is designed to result in a safer immuniza- 
tion, which is particularly important in birds with low maternal  anti- 
body levels. Furthermore,  studies have shown that  the vaccine was 
efficacious. 

In one study broiler chickens with high levels of maternal  antibody 
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to IBDV were vaccinated in  ovo with either Bursaplex or the same dose 
of naked vaccine virus. Birds vaccinated with Bursaplex exhibited 
IBDV antibody mean titer values greater than birds vaccinated with 
naked vaccine virus when measured at day 42 of age (2379 versus 
1297). A separate group of vaccinated birds was challenged at day 21 of 
age with vvIBDV strain DV86. The nonvaccinated control birds had 
20% mortality and 30% clinical illness, while both vaccinated groups 
exhibited 100% protection from the challenge. Hence, the presence of 
maternally derived antibody against IBDV did not interfere with the 
ability of Bursaplex to stimulate a protective immune response, even 
before an active humoral immune response was measurable. 

In another study, Bursaplex was given in  ovo to commercial broilers. 
The mean maternal antibody titer in these day old broilers was 3689. 
On day 34 of age, the Bursaplex vaccinates had antibody to IBDV and 
19/20 were protected from a standard USDA IBDV challenge. In a 
similar but different study, commercial broilers with a day 1 of age 
mean maternal antibody titer to IBDV of 6492 were vaccinated in  ovo 

with Bursaplex. On day 35 of age, birds were challenged with the 
USDA standard IBDV challenge strain and 21/21 vaccinates were pro- 
tected from the challenge. 

These studies have shown that  the antibody complex vaccine Bur- 
saplex is both safe and effective in birds with no maternal antibody, 
moderate maternal antibody, and high maternal antibody. Even when 
the starting maternal antibody titer was over 6000, Bursaplex was 
able to break through and elicit immunity in the broilers. The time at 
which the vaccine virus breaks through maternal antibody depends on 
the starting maternal antibody level in each bird, with a higher titer 
resulting in a later release of the Bursaplex vaccine virus. Thus, test 
results indicate that one administration of Bursaplex at the hatchery 
protects broilers with varying levels of maternal antibody and elimi- 
nates the need to guess when to give a field vaccination. 

A number of commercial field trials have been conducted using Bur- 
saplex. The tests (Table I) were conducted using a time period on Bur- 
saplex (usually a week of production from one hatchery) and a time 
period on the conventional IBD program (controls). In these studies the 
farm was the unit of treatment separation. Bursaplex vaccinated birds 
received no other IBD vaccination. Production data were supplied by 
the producer. 

In the eight trials (Table I) approximately 22.5 million birds were 
given Bursaplex and were compared to the same number of controls. 
Bursaplex use resulted in an average cost reduction of 0.24 cents per 
pound produced. This was primarily due to the 0.02 points lower feed 
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TABLE I 

PRODUCTION VALUES FROM LARGE-SCALE TRIALS a USING THE IBD VACCINE BURSAPLEX IN 
COMMERCIAL BROILER CHICKENS 

No. of 
Trial Vaccine b birds Percent Average Avergae Percent 
number treatment Route c (millions) live weight FCR d age cond SC e 

1 Bursaplex IO 5.6 93.7 5.36 2.185 53 0.81 19.41 
Control IO 2.8 93.3 5.29 2.212 53 1.04 19.66 

2 Bursaplex IO 2.1 95.6 4.84 1.974 47 2.22 20.57 
Control IO 2.4 95.9 4.83 2.001 47 2.33 20.84 

3 Bursaplex IO 3.9 95.1 4.01 1.865 41 1.51 22.61 
Control IO 2.1 95.0 3.97 1.870 41 1.51 22.74 

4 Bursaplex AH 1.2 94.4 5.10 2.050 49 0.88 18.58 
Control AH 4.4 94.1 5.22 2.085 50 0.82 18.79 

5 V2Bursaplexf IO 2.5 93.7 5.51 2.124 53 1.05 18.93 
Control IO 3.1 93.7 5.46 2.128 53 1.06 18.98 

6 Bursaplex IO 1.0 96.4 6.26 2.130 55 0.88 22.96 
Control IO 1.1 96.2 6.14 2.132 55 1.04 23.01 

7 Bursaplex IO 5.6 94.3 4.45 1.979 46 0.92 18.82 
Control IO 6.0 92.8 4.20 2.019 45 1.11 19.56 

8 Bursaplex IO 0.5 96.5 4.02 1.913 43 0.76 21.71 
Control IO 0.7 95.7 3.96 1.930 43 0.69 21.94 

aEight trials consisting of approx. 22.5 million birds. Hatchery conditions were monitored 
to ensure proper conditions. Trial results are not necessarily determinative of future re- 
sults. 

bBirds were given Bursaplex or a conventional IBD vaccination (control) that consisted of IBD 
at the hatchery and/or IBD via drinking water/spray at the farm. No Bursaplex vaccinated birds 
were given a field boost. In trials 6 and 7 the controls did not receive an IBD vaccination. 

cIO, in ovo; AH, at hatch. 
dFCR, feed conversion ratio. 
eSC, standard settlement cost in cents per pound as supplied by the poultry producer. 
f �89 a half dose of Bursaplex; in trial 5 a half dose of Bursaplex was compared to 

a conventional vaccine program consisting of an in ovo IBD vaccination followed by a field 
boost. 

c o n v e r s i o n  r a t i o  on  a v e r a g e .  F u r t h e r m o r e ,  B u r s a p l e x  t r e a t e d  b i r d s  

w e r e  on  a v e r a g e  0 .06  p o u n d s  h e a v i e r ,  h a d  0 .07 %  l o w e r  f ie ld  c o n d e m n a -  

t i o n s  a n d  0 .4% b e t t e r  l i v a b i l i t y  t h a n  c o n t r o l s  in  t h e s e  t r i a l s .  T h e s e  

e i g h t  t r i a l s  w e r e  c o n d u c t e d  u n d e r  a v a r i e t y  of  c o n d i t i o n s  a n d  t h e  d a t a  

i n d i c a t e  t h a t  t h e  u s e  of  B u r s a p l e x  is b o t h  sa fe  a n d  e f f i cac ious  a n d  cos t  

e f f ec t i ve  in  c o m m e r c i a l  b r o i l e r  p r o d u c t i o n  a s  a s s e s s e d  in  t h e s e  

t r i a l s .  
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B. OTHER VIRUS--ANTIBODY COMPLEX VACCINES 

The infectious virus-antibody complex concept of vaccine develop- 
ment has been tested with three IBD vaccine viruses, Newcastle dis- 
ease virus (NDV), and three avian reoviruses. Development of experi- 
mental vaccines using NDV and avian reovirus is in the early stages, 
and vaccine formulations have not been optimized. Data using these 
experimental complex vaccines are similar to that presented for Bur- 
saplex with respect to delay and improved safety for administration in 
ovo and day of hatch. In addition to Bursaplex, two other IBDV anti- 
body complex vaccines have been developed for selected international 
markets. The technology also appears to work with viruses that infect 
mammals. Human reovirus (stain TD3) antibody complexes were used 
in mice and resulted in a delay of pathologic changes and improved 
safety. A canine parvovirus complex vaccine demonstrated delay and 
increased safety in SPF pups. 

In addition to improved safety, there has been a trend toward en- 
hanced immunity in each of these model systems. This enhanced im- 
munity was evidenced by higher antibody titers and/or higher levels of 
protection following a challenge, when compared to individuals that 
were vaccinated with the naked vaccine virus. This enhanced immu- 
nity may be related to the way in which immune complexes are pro- 
cessed by the immune system. There is a body of research using anti- 
gen-antibody complexes (immune complexes) that may provide some 
clues. Previous work in vi tro and in mammals using inactivated anti- 
gen-antibody complexes have shown that B-lymphocyte memory 
(Klaus, 1978; Taylor et al., 1979; Terres and Wolins, 1961), antigen- 
specific T-lymphocyte proliferation (Celis and Chang, 1984; Marusic- 
Galesic et al., 1991; Schalke et al., 1985), and antibody response (Hey- 
man et al., 1982) can be enhanced when compared to administration of 
the antigen alone. It has been suggested that enhanced immunity re- 
sulting from administration of immune complexes occurs because a 
primed state is achieved within hours of an antigen-antibody complex 
injection (Terres et al., 1972). In a typical immune response, immune 
complexes are formed upon second antigen exposure and are consid- 
ered an important step in the generation of the secondary immune 
response (Szakal et al., 1991). Thus, in the case of infectious virus- 
antibody complex vaccines, the initial presentation as an immune com- 
plex followed by the subsequent replication of the vaccine virus in the 
target tissue may trigger an immune response with elements of a sec- 
ondary response along with the primary response. 
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C. MECHANISM OF ACTION 

Research into the mechanism of action of IBDV antibody complex 
vaccines is ongoing and is not yet completely understood. However, some 
aspects have been determined. In one study, various tissues and cell 
types from SPF birds were identified with monoclonal antibodies 
(Jeurissen et  al. ,  1988a,b) for the presence of vaccine virus at numerous 
times postvaccination. It was shown that  replication of the IBDV anti- 
body complex vaccine was delayed about 5 days when compared to the 
same dose of vaccine virus without antibody. The mechanism behind this 
delay is still unknown. The addition of antibody did not seem to cause a 
different initial localization of replication, since both antibody complexed 
and naked virus began replicating in the same lymphoid organs. IBDV 
was detected in/on B lymphocytes, macrophages, and follicular dendritic 
cells. Chicks given antibody complex vaccine in  ovo always had small 
clusters oflymphocytes in some bursal follicles. Furthermore,  repopula- 
tion of bursal lymphocytes occurred much faster in complex vaccinates 
that  in birds given naked virus. The most striking difference between the 
complex vaccine and the naked virus was that  antibody complex vacci- 
nates had much larger numbers of follicular dendritic cells in their 
bursae and spleen with surface localized IBDV and a much higher 
number of germinal centers in the spleen. 

In conclusion, the antibody complex vaccine Bursaplex has been 
shown in studies to be both safe and effective when given in  ovo or at 
day of age in experimental trials. Commercial field data have shown 
that  Bursaplex is safe and suggests that  it may be more effective than 
other commonly used IBD prevention programs. The use of the anti- 
body complex vaccine technology has been shown to work with two 
other IBD vaccine viruses, Newcastle disease vaccine viruses, three 
avian reoviruses, a human reovirus in a murine model, and a canine 
parovirus. Thus, the technology appears to be broadly applicable and 
may be used to increase the safety and efficacy of a number of live viral 
vaccines in both avian and mammal ian  subjects. Additional research is 
needed to understand the mechanism(s) of action of these complex 
vaccines and their possible immune enhancing capacities. 

VII. Bacterial Vaccines 

Very little published work is available on the use of bacterial vac- 
cines for in  ovo use. Chick embryos inoculated on day 16 of incubation 
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with heat-killed Campy lobac te r j e jun i  organisms into the amniotic flu- 
id developed an early antibody response associated primarily with the 
IgA isotype, with high titers in both systemic and mucosal compart- 
ments of immunized chicks (Noor et al., 1995). Campylobacter  and 
salmonella contamination of chicken carcasses poses a public health 
risk to individuals eating improperly cooked chicken. Preliminary 
studies using a genetically engineered (gene deletion) salmonella vac- 
cine have demonstrated that  in ovo administration appears to be a safe 
and effective route to administer this vaccine (Coloe et al., 1994). 

VIII. Coccidial Vaccines 

Coccidiosis is a protozoan parasite of poultry that  causes massive 
economic loss to the global poultry industry. Partial protection of 
birds immunized as embryos with Eimer ia  tenella extracts or recom- 
binant E. tenella antigens (Ruff et al., 1988; Fredericksen et al., 1989) 
suggests that  embryos are capable of mounting an immune response 
to the protozoal coccidial parasite Eimeria .  However, when live intact 
oocysts or sporocysts of E. m a x i m a  were administered in ovo at day 
15, 17, or 18 of incubation there was no evidence of protection to sub- 
sequent coccidial challenge (Watkins et al., 1995). In contrast, inoc- 
ulation of chicks post-hatch provided significant protection against 
subsequent challenge. Additional studies are needed in order to de- 
velop appropriate methodologies for effective use of live coccidial vac- 
cines in ovo. 

IX. Summary 

More than 80% of the U.S. broiler industry has converted to the in 
ovo vaccination process for control of Marek's disease. Providing cer- 
tain criteria are met, including timing and site of vaccine placement, 
vaccine mixing, machine sanitization, and hatchery management  
specifications, this has proven to be an efficacious and convenient 
method of vaccination. Efforts to extend the technology for other viral 
vaccines including Newcastle, bronchitis and bursal disease, and bac- 
terial and parasitic vaccines are in progress. Collectively, these stud- 
ies demonstrate that  in ovo vaccination technology using approved 
vaccine is a safe, efficacious, and convenient method for vaccination of 
poultry. 
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I. Introduction and Background 

Biotechnology has changed the way scientists approach the develop- 
ment of new vaccines. The ability to manipulate genes directly (bio- 
technology) has allowed scientists to create nonpathogenic vaccines 
capable of inducing a protective immune response. The poultry indus- 
try leads the way in the development and use of these recombinant 
vaccines. The first commercially available recombinant viral vector 
vaccine was produced for poultry. 

II. Virus Vectors 

Virus vectors are nonpathogenic viruses carrying a foreign gene in- 
serted into a region of the viral genome that  is not required for viral 
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replication. When the virus vector infects the host, the foreign protein 
is expressed and the host immune system responds to the virus vector 
as well as the foreign protein. There are several advantages to using a 
virus vector. Virus vectors are live viruses that  replicate in the host 
and induce an immune response usually with only a single vaccination. 
In addition, the amount  and the presentation of the foreign protein is 
such tha t  a strong protective response is induced in the vaccinated 
animal. Another advantage to viral vectors as vaccines is tha t  more 
than  one foreign gene can be inserted into the vector, allowing for the 
construction of a multivalent vaccine. The main disadvantage of virus 
vector vaccines are that  they are expensive to develop. 

A. FOWLPOX VIRUS 

The first commercially available virus vector vaccine was a fowlpox 
virus. Fowlpox Virus is a double-stranded DNA virus in the Poxviridae 
family, genus Avipoxvirus. Avian pox is the disease caused by fowlpox 
virus, and numerous vaccine strains have been shown to be safe and 
effective over many years of use. Scientists have found that  inactiva- 
tion of the thymidine kinase gene in fowlpox virus does not affect the 
replication of that  virus. Thus, foreign genes inserted into that  region 
of the genome have no affect on the ability of the vaccine viruses to 
infect, replicate, or induce an immune response in the host. 

The first commercially available fowlpox virus vaccine vector con- 
tains the hemagglutinin neuraminidase (HN) and fusion (F) genes 
from Newcastle disease virus (NDV). Newcastle disease virus is an 
orthomixovirus that  has a single-stranded negative sense RNA ge- 
nome. That  virus causes an upper respiratory tract  disease in poultry. 
The HA and F proteins, located on the surface of the virus, have been 
shown to induce neutralizing antibodies that  protect the host from 
disease. 

To construct the fowlpox virus vaccine vector, copy DNA was pre- 
pared to the NDV genes coding for the HA and F proteins and tha t  
cDNA was inserted into a t ransfer  plasmid. The transfer  plasmid con- 
tained fowlpox virus nucleic acid sequences flanking the inserted NDV 
genes, and was used to insert  the HA and F genes into a vaccine strain 
of fowlpox virus using a technique called homologous recombination. 
When the fowlpox virus vaccine vector containing the NDV genes cod- 
ing for the HA and F proteins is used to vaccinate poultry, the birds 
respond immunologically to the poxvirus as well as the NDV proteins. 

The major advantage of the fowlpox virus vector for NDV is tha t  
there is absolutely no chance of an upper respiratory reaction. That  is 
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because the pox virus replicates in the skin not in the upper respira- 
tory tract where live NDV vaccines replicate. Furthermore,  since the 
pox virus vector was originally a vaccine strain, it is a safe and effec- 
tive vaccine for pox. The major disadvantage of the fowlpox virus vec- 
tor for NDV is that  maternal  antibodies to NDV interfere with the 
immune response. The vaccine works best in maternal  antibody nega- 
tive birds. 

Currently there are two commercially available fowlpox virus vec- 
tors for NDV. Both contain the HN and F genes of NDV. VectorVax FP- 
N (Hoechst-Roussel Vet, Somerville, NJ) is a lyophilized product that  
was licensed in July 1994. Trovac-NDV (SELECT Laboratories, Gaines- 
ville, GA) is a liquid N 2 frozen product that  was licensed in October 
1995. Other fowlpox virus vectored vaccines likely to be licensed in the 
near future will contain genes from avian influenza virus, infectious 
laryngotracheitis virus (ILTV), and possibly avian immune modulator 
genes (cytokines). 

B. HERPESVIRUS OF TURKEYS 

Another virus vector being developed for poultry is based on her- 
pesvirus of turkeys (HVT), an alpha herpesvirus used as a vaccine 
against Marek's disease (Morgan et al., 1993). Several nonessential 
regions have been identified in the unique short and unique long re- 
gion of the viral genome of HVT. Genes from NDV, avian influenza 
virus, Marek's disease virus, and ILTV are being inserted into HVT to 
develop a virus vector against those viruses. Because HVT causes a 
persistent systemic infection and stimulates both humoral as well as 
cell-mediated immunity it is hoped that  a single vaccination with that  
vector will induce long-lasting immunity. 

III. Future Recombinant Vaccines for Poultry 

A. SUBUNIT VACCINES AND SYNTHETIC PEPTIDES 

Several other approaches to recombinant vaccines for poultry are 
currently being pursued. Subunit vaccines, which are the immunogen- 
ic proteins of disease agents, are being pursued using baculovirus or 
the T7 transient  expression systems. 

Synthetic peptides are short amino acid chains containing only the 
neutralizing epitope of an immunogenic protein from a disease agent. 
They can be synthesized in the laboratory and must  be linked to a 
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carr ier  molecule, such as bovine se rum a lbumin  of keyhole l impet  he- 
mocyanin.  

B. NUCLEIC ACID VACCINES 

Perhaps  the most  promis ing  new recombinant  vaccine technology is 
the development  of nucleic acid vaccines. Nucleic acid vaccines, also 
called gene vaccines or DNA vaccines, are usual ly  a bacter ial  p lasmid 
conta in ing a cloned gene from a disease agent.  Eukaryot ic  promoters  
allow the gene to be expressed when  the DNA is injected directly into 
the animal .  General ly  nucleic acid vaccines are injected intra-  
muscular ly ,  t aken  up by the skeletal  muscle fibers, and  the immu-  

FIG. 1. Infectious bronchitis virus nucleic acid vaccine containing the $1 glycoprotein 
gene (Ark S1) from the Arkansas serotype of the virus. The plasmid contains the am- 
picilin resistance gene (Amp), the cytomegalovirus immediate early promoter (CMV IE 
promoter) including the cap site at position 678bp, and the rat preproinsulin poly- 
adenylation and processing signals (Rat preproinsulin Poly-A signals) including the 
poly-A site at 3318 bp. The numbers following restriction enzyme sites are in base pairs. 
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TABLE I 

DNA VACCINE TITRATION AND PROTECTION OF CHICKENS AGAINST 
ARK IBV CHALLENGE a 

Vaccine given at 
Clinical signs at 7 Average tracheal 

Group 14 days of age 35 days of age days postchallenge b lesion scoresc 

1 50 ~g pMJAS1 100 ~g pMJAS1 6/6 2.71A 
2 100 ~g pMJAS1 200 ~g pMJAS1 2/5 2.26 B 
3 150 ~g pMJAS1 300 ~g pMJAS1 0/5 2.168 
4 150 ~g pBC12 d 300 ~g pBC12 6/6 2.53 A 
5 Live Ark Live Ark 0/6 1.168 
6 TE buffer TE buffer 6/6 2.038 

aSee text for details; data for nonchallenged birds are not presented. 
bNumber of birds with clinical signs/number of birds examined. 
cNumbers within the column with different superscripts are statistically different (p<0.1). 
dpBC12, the pBC12/CMV/IL-2 plasmid. 

nogenic protein encoded by the cloned gene is expressed. When the bird 
mounts an immune response to the expressed protein, that  immature 
response has been shown to be protective and persistent. 

One of the first nucleic acid vaccines was described and developed by 
Fynan et al. (1993) to avian influenza virus. Those scientists cloned the 
H7 (hemagglutinin) gene into an expression plasmid containing the 
cytomegalovirus immediate early promoter and showed that birds 
were protected from a lethal challenge with H7 influenza virus. Nucle- 
ic acid vaccines have also been developed to a number of other avian 
diseases including one developed in our laboratory (Jackwood et al., 
1995) to infectious bronchitis virus (IBV). That vaccine contained the 
base plasmid described by Cullen (1986) and the IBV S1 gene subunit 
of the immunogenic spike glycoprotein (see Fig. 1). In  vitro transfection 
studies showed that the S1 glycoprotein could be expressed in COS 
cells. Following vaccination of specific pathogen-free chickens twice at 
14 and 35 days of age with 150 and 300 ~g of DNA, respectively, the 
birds were shown to be protected from the disease following challenge 
with the homologous serotype of the virus (Table I). 

IV. Summary 

The use of biotechnology to create recombinant viral vaccines holds 
many promises for the future. But, to be practical, new vaccines must 
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have a selective advantage over traditional vaccines. A vaccine that  is 
novel because it is a recombinant vaccine is not enough. Recombinant 
vaccines must  be safer, or more efficacious, or less expensive to produce 
in order for them to gain a niche in the marketplace.  
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I. Introduct ion  

Enteric septicemia of catfish (ESC) is responsible for about $20-$30 
million annual losses to catfish farmers in the southeastern United 
States (Plumb and Vinitnantharat, 1993). The causative agent, a 
gram-negative rod-shaped bacteria, Edwardsiel la ictaluri, was first 
isolated and described in 1976 (Hawke, 1979; Hawke et al., 1981). 
Control of E. ictaluri has been by feeding antibiotic medicated feed. 
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This practice is expensive and ineffective because sick fish do not eat 
and antibiotic resistance to oxytetracycline and ormethoprim-sul- 
famethoxine (the approved drugs for use on food fish) has been ob- 
served (Waltman and Shotts, 1986; Plumb and Vinitnantharat, 1990). 
In salmonid culture and other animal husbandry industries, effective 
vaccines have been developed and marketed. Vaccines have signifi- 
cantly reduced antibiotic use and economic loss to poultry, swine, beef, 
and salmon producers. Vaccines developed for use in salmon/trout cul- 
ture are typically killed products injected intraperitoneally in an oil 
adjuvant. An effective vaccine is desirable to the channel catfish indus- 
try to prevent ESC. However, the vaccine must be low cost and not 
injected (i.e., immersion or feed vaccines). 

Vaccination of channel catfish (Ictalurus punctatus) with E. ictaluri 
bacterins has not resulted in acquired immunity of long duration 
against E. ictaluri infection (Thune et al., 1994; Shoemaker and 
Klesius, 1997). Nusbaum and Morrison (1996) also demonstrated that 
killed E. ictaluri was not entering the fish and suggested this affected 
vaccine efficacy. Edwardsiella ictaluri has been described as a faculta- 
tive intracellular pathogen of channel catfish (Miyazaki and Plumb, 
1985; Shotts et al., 1986; Morrison and Plumb, 1994). Because of the 
nature ofE. ictaluri as an intracellular pathogen it is not unusual that 
killed vaccines have not been successful. Nonliving vaccines [killed 
BruceUa abortus or antigen preparations, i.e., lipopolysaccharides 
(LPS) or outer-membrane proteins (OMPs)] were not capable of induc- 
ing protective immunity of long duration against B. abortus (an intra- 
cellular pathogen) in cattle or mice presumably because only humoral 
immunity was induced (Montaraz and Winter, 1986). Other re- 
searchers have suggested that cell-mediated immunity is needed for 
development of protective immune responses to intracellular patho- 
gens (North, 1974, 1975; Eisenstein et al., 1984; Montaraz and Winter, 
1986; Antonio and Hedrick, 1994; Shoemaker et al., 1997). Klesius and 
Sealey (1995) and Shoemaker and Klesius (1997) demonstrated that 
antibody alone was not responsible for protective immunity to enteric 
septicemia of catfish. Antonio and Hedrick (1994), Shoemaker et al. 
(1997), and Shoemaker and Klesius (1997) suggested acquired immu- 
nity to ESC is dependent on the cellular immune response. 

Protective immunity to B. abortus in cattle was demonstrated using 
modified live Brucella species vaccines (Montaraz and Winter, 1986; 
Schurig et al., 1991; Winter et al., 1996). These vaccines typically rely 
on an attenuated mutant of Brucella species. One vaccine that was 
developed lacks the O-side chain of LPS, which is believed to be one of 
the virulence factors involved in B. abortus pathogenesis. Thornton et 
al. (1994) utilized A-layer and O-antigen-deficient strains or mutants 
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ofAeromonas salmonicida as vaccine strains and demonstrated protec- 
tion to furunculosis in rainbow trout (Oncorhynchus mykiss). Recent 
work in our laboratory demonstrated that  a short immersion exposure 
to a low number of living E. ictaluri could induce strong acquired 
immunity to ESC for at least 6 months (Klesius and Shoemaker, 1997). 
Klesius and Shoemaker (1997) demonstrated that  protective immunity 
against ESC was dependent on the isolate ofE. ictaluri used to immu- 
nize the fish, suggesting antigenic heterogeneity. A multivalent vac- 
cine may be needed to protect channel catfish against all E. ictaluri 
isolates present in production ponds. We hypothesized an O-antigen- 
deficient E. ictaluri would be an effective vaccine against enteric sep- 
ticemia of catfish. 

The objective of this study was to develop an at tenuated E. ictaluri 
vaccine that  was safe and provided long-lasting acquired immunity in 
channel catfish to enteric septicemia of catfish. 

II. Materials and Methods 

A. PRODUCTION OF AN ATTENUATED E. ICTALURI R E - 3 3  VACCINE 

The parental  microorganism is E. ictaluri EILO isolate originally 
isolated from the walking catfish Clarius batrachus from Thailand. 
EILO isolate is weakly virulent for channel catfish and requires at 
least 2 • 107 cfu/ml for 60-minute immersion exposure to cause about 
20% ESC mortality. Plumb and Klesius (1988) showed that  this isolate 
was different from 13 U.S. isolates by polyacrylamide gel analysis of 
reduced proteins. Kasornchandra et al. (1987) indicated serologic sim- 
ilarities between EILO isolate and other U.S. isolates of E. ictaluri. 
Biochemically, the isolate is the same as U.S. isolates (Kasornchandra 
et al., 1987; Bader et al., 1998). 

The procedure used to produce the RE-33 vaccine was modified from 
that  described by Schurig et al. (1991) to produce the rough B. abortus 
vaccine strain RB-51. Briefly, E. ictaluri isolate EILO was passaged on 
increasing concentrations of rifampicin (3-[4-methylpiperazinyl-im- 
inomethyl] rifamycin SV; (Sigma Chemical Company, St. Louis, MO) 
supplemented brain heart  infusion (BHI) agar to a final concentration 
of 320 ~g/ml rifampicin for 33 passages. 

LPS was extracted as described by Schurig et al. (1991). Bacterial 
growth from a 250-ml BHI broth culture of both the parent  EILO and 
RE-33 was harvested by centrifugation. The cell pellet was then sus- 
pended in 25 ml of 10 mM Tris, pH 8.0, and bacteria were killed by 
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addition of an equal volume of acetone and stirred overnight. Cells 
were centrifuged at 13,000g for 5 minutes at 4~ and then washed with 
100 ml sterile distilled water. The bacteria were then resuspended in 
45 ml sterile distilled water  and then 55 ml phenol was added (incu- 
bated at 68~ for 40 minutes). The mixture was then centrifuged at 
17,000g at 4~ for 10 minutes. The phenol layer was removed and the 
process repeated three times. The phenol phases were pooled and 
washed with hot distilled water  (about 66~ centrifuged at 17,000g at 
4~ for 10 minutes (five washes). LPS was precipitated by addition of 5 
volumes cold methanol (99 ml): sodium acetate saturated methanol (1 
ml) with stirring at 4~ for i hour. This solution was then centrifuged 
again at 17,000g at 4~ for 10 minutes and the resulting pellet har- 
vested in 10 ml sterile distilled water. This was then frozen at -70~ 
and subsequently lyophilized. 

Samples of phenol extracted LPS from E. ictaluri EILO and RE-33 
were t reated as described by Schurig et al. (1991) prior to electro- 
phoresis. SDS-PAGE was then carried out using the Phast  system 
(Pharmacia-Biotech, Uppsala, Sweden) with 10-15% gradient  gels. 
The gels were then silver stained to examine presence or absence of the 
O-side chain of LPS. 

B. RE-33  SAFETY AND EXPERIMENTAL ANIMALS 

All catfish utilized in this study were raised at the USDA ARS facili- 
ty in Auburn, Alabama, in tanks or aquaria  supplied with well water. 
Catfish were free ofE. ictaluri as determined by ELISA (Klesius, 1993) 
or culture (Klesius, 1992a) prior to use. A total of 16,460 channel cat- 
fish, blue catfish (Ictalurus furcatus), and the blue catfish x channel 
catfish were vaccinated by immersion with about I x 108 cfu/ml RE-33 
vaccine for 2 minutes at a density of about 50 fish/liter in 24-26~ 
water  to monitor for any signs of ESC. Fish utilized in the experiments 
ranged in size from 10 to 50 g and were about 3 -9  months of age. 
Channel catfish (125 USDA and 60 Marion strain) were vaccinated at 
200 times the normal vaccine dose (2 x 107/ml) for a 30 times longer 
exposure (1 hour) to determine the safety of the vaccine. Twenty catfish 
(blue x channel catfish) were injected intraperitoneally (IP) with 50 ~1 
of a 24-hour culture of RE-33 that  was isolated from a channel catfish 
after vaccination to determine if reversion to virulence occurred. Five 
serial passages of E. ictaluri RE-33 were also conducted in five groups 
of 10 channel catfish each. Briefly, E. ictaluri RE-33 was obtained from 
a vaccinated channel catfish and grown in BHI broth for 24 hours 
before use. The first group of 10 fish was vaccinated at the normal dose 
and time. Two to 3 days following vaccination, two to three fish were 
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euthanized and cultured for E. ictaluri RE-33. After a pure culture was 
obtained, this process was repeated five times. Fifty channel catfish 
were immersed in 2 ml/L RE-33 culture tha t  had been streaked on 320 
~g/ml rifampicin-supplemented BHI agar plates to non-rifampicin- 
supplemented plates for 16 passages to examine reversion to virulence. 

C. RE-33 VACCINATION 

Catfish were immersed for 2 minutes in water  (24-26~ containing 
2 ml RE-33 vaccine/liter of water  (about 1 x 105 cfu/ml of water). The 
RE-33 vaccine was cultured in BHI broth at 25-27~ in a water  bath 
shaking at 50 rpm for 24 hours before vaccination. Prior to vaccination, 
the E. ictaluri RE-33 vaccine was tested for resistance to 320 ~g/ml 
rifampicin and purity. Survival and clearance of RE-33 vaccine within 
the host was determined by an enrichment technique described by 
Klesius (1992b). 

D. EDWARDSIELLA ICTALURI ISOLATES AND EXPERIMENTAL 
CHALLENGE 

The isolates used to infect the channel catfish were obtained from 
cases of enteric septicemia of catfish in the southeastern United 
States, except for the isolate from Thailand (Table I). All isolates were 
passed in fish and not grown in or on culture media for more than  three 
passages before use. Experimental  challenge was carried out by im- 
mersion with E. ictaluri isolates (24-hour BHI broth cultures) at a 
concentration of 1 to 2 x 107 cfu/ml for 1 hour as described by Klesius 
and Sealey (1995), Klesius and Shoemaker (1997), and Shoemaker and 
Klesius (1997). An equal number  of nonvaccinated (naive) fish were 
challenged with each group of vaccinated fish challenged. Results of 
experimental  challenge are presented as relative percent survival 
(RPS) as described by Amend (1981). RPS is calculated according to the 
following formula: 

% vaccinate mortality 
RPS = 1 -  x 100 

% control mortality 

III. Results 

A. CHARACTERISTICS OF E. ICTALURI RE-33 

Edwardsiella ictaluri RE-33 mutan t  is differentiated from the par- 
ent microorganism because it is resis tant  to 320 ~g/ml rifampicin. 



528 PHILLIP H. KLESIUS AND CRAIG A. SHOEMAKER 

TABLE I 

EDWARDSIELLA ICTALURI ISOLATES USED IN EXPERIMENTS 

Isolate Source Location 

AL-93-75 Channel catfish with ESC Alabama 
AL-95-58 Channel catfish with ESC Alabama 
AL-96-25 Channel catfish with ESC Alabama 
ATCC-33202 American Type Culture Georgia a 

Collection 
$94-629 Channel catfish with ESC Mississippi 
$94-649 Channel catfish with ESC Mississippi 
$94-707 Channel catfish with ESC Mississippi 
$94-827 Channel catfish with ESC Mississippi 
$94-873 Channel catfish with ESC Mississippi 
$94-1017 Channel catfish with ESC Mississippi 
$94-1051 Channel catfish with ESC Mississippi 
$94-1034 Channel catfish with ESC Mississippi 
EILO Walking catfish b Thailand 

aOriginal isolate described by Hawke (1979) which was iso- 
lated from channel catfish. 

bReisolated from a channel catfish at our laboratory. 

Biochemical characteristics of the E. ictaluri RE-33 are identical to E. 
ictaluri as described in Bergey's Manual of Determinative Bacteriology 
(Holt et al., 1994). Silver-stained SDS-PAGE profiles of LPS extracted 
from E. ictaluri RE-33 indicated tha t  the O-chain was not present  as 
compared to the parent  E. ictaluri EILO lipopolysaccharide. A lower 
antibody response (data not shown) in channel catfish to E. ictaluri 
RE-33 was observed as determined by agglutination (Chen and Light, 
1994) and ELISA (Klesius, 1993). 

B. R E - 3 3  SAFETY AND CLEARANCE 

Safety of the vaccine administered by immersion was determined in 
16,460 channel catfish, blue catfish, and blue catfish x channel catfish 
(Tables II and III). All vaccinates were alive and free of signs of ESC or 
mortali ty resulting from vaccination. Vaccinates have been held at 
least 4 months without any mortality or signs of ESC at the current  
vaccine dose of about 105 E. ictaluri RE-33/ml for a 2-minute exposure. 
Safety of the vaccine was evaluated at 200 times the dose and 30 times 
the exposure time (Tables IV and V). No mortality or signs of ESC 
occurred in the 185 fish tested at this dose and exposure time. Rever- 
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TABLE II 

SAFETY OF VACCINE DOSE OF EDWARDSIELLA ICTALURI RE-33 IN CHANNEL CATFISH, 
BLUE CATFISH, AND BLUE CATFISH X CHANNEL CATFISH VACCINATES a,b,c 

Number 
alive/day Signs of 

Experi- Numbers postvaccination ESC or 
ment Date Species or strains vaccinated (DPV) mortality 

1 7/96 Marion 60 60/14 None 
2 10/96 USDA 125 125/14 None 
3 10/96 USDA 1050 1050/60 None 
4 11/96 USDA 525 525/30 None 
5 12/96 USDA 1100 1100/120 None 
6 1/97 USDA 1100 1100/90 None 
7 5/97 USDA 3500 3500/90 None 
8 5/97 Norris x USDA 3000 3000/90 None 
9 5/97 Blue x USDA 3000 3000/90 None 

10 5/97 Blue 3000 3000/90 None 

Total 16460 16460 None 

aImmersion vaccination with about 1 x 105 E. ictaluri RE-33/ml for 2 minutes at a 
density of about 50 fish per liter water at 24-26~ Immunized fish were kept in 1500- 
liter fiberglass tanks supplied with recirculating or well water at 18 or 26~ with a flow 
rate of 0.5 liter/minute. Fish were daily fed commercial catfish ration at 4% of their body 
weight. Fish were daily observed for mortalities and abnormal behavior. 

bMinus the fish used for experimental purpose (i.e, challenge experiments). 
cFingerlings weighing from 10 to 50 g depending on experiment. 

s ion to v i ru l ence  did no t  occur  in  t he  20 fish t e s t e d  a f t e r  E. ictaluri 
RE-33  w a s  p a s s a g e d  in  c h a n n e l  catf ish.  No m o r t a l i t y  or s igns  of E S C  
w e r e  obse rved  in  t he  f ish for 35 days  a f t e r  inject ion.  R e v e r s i o n  to v i ru-  
lence did no t  occur  in  c h a n n e l  ca t f i sh  in  wh ich  t h e  E. ictaluri RE-33  
w a s  se r ia l ly  p a s s a g e d  five t i m e s  t h r o u g h  c h a n n e l  catf ish.  T h e  fish u s e d  
in  th i s  e x p e r i m e n t  w e r e  he ld  in t he  l a b o r a t o r y  w i t h o u t  s igns  of  E S C  or 
a d v e r s e  b e h a v i o r  for a t  l e a s t  20 days.  Edwardsie l la  ictaluri RE-33  w a s  
no t  i so la t ed  f rom 5 of  t he  f ish s a m p l e d  12 days  a f t e r  inject ion.  No 
m o r t a l i t y  or s igns  of  E S C  w e r e  obse rved  for 35 days  in  50 fish im- 
m e r s e d  in  E. ictaluri RE-33  p a s s e d  on r i f a m p i c i n - s u p p l e m e n t e d  a n d  
n o n - r i f a m p i c i n - s u p p l e m e n t e d  B H I  a g a r  p l a t e s  for 16 p a s s a g e s .  

S u r v i v a l  a n d  c l ea r ance  of E. ictaluri RE-33  wa s  e v a l u a t e d  in  some 
v a c c i n a t e d  groups .  Edwardsie l la  ictaluri RE-33  w a s  i so l a t ed  f rom 6 of 
10 c h a n n e l  ca t f i sh  s a m p l e d  14 days  a f t e r  v a c c i n a t i o n  a t  200 t i m e s  t h e  
vacc ine  dose for 30 t i m e s  longe r  e x p o s u r e  (Table V). Edwardsie l la  ic- 



TABLE III 

SAFETY OF VACCINE DOSE OF EDWARDSIELLA ICTALURI RE-33 IN CHANNEL CATFISH, BLUE CATFISH, 
AND BLUE CATFISH X CHANNEL CATFISH 

Number of fish Number of fish Relative percent 
Days Total number  cultured/culture alive minus Signs of survival 2 months 

postvaccination a of fish positive b sampled ESC/mortali ty postvaccination c 

5 12,500 35/11 12,500 None ND d 
11 12,500 35/6 12,500 None ND 
28 12,500 ND 12,500 None 100 

aImmersion vaccination with 1 x 105 E. ictaluri RE-33/ml for 2 minutes at a density of about 50 fish per liter water. Immunized fish 
were kept in 1500-liter fiberglass tanks supplied with recirculating or well water at 18 or 26~ with a flow rate of 0.5 l i ter/minute.  

bCulture technique as described by Klesius (1992b). 
cRelative percent survival determined on a subsample of 60 vaccinates as compared to 60 nonvaccinated controls (mortality in controls 

was 67%). Only channel catfish were challenged at 28 days postvaccination. 
dNot done. 
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TABLE IV 

Two HUNDRED TIMES VACCINE DOSE OF EDWARDSIELLA ICTALURI RE-33 IN CHANNEL 
CATFISH AT 14 DAYS POSTVACCINATION (DPV) AND RELATIVE PERCENT SURVIVAL a,b 

Number of Signs of Relative percent 
Treatment fish ESC/mortality Alive 12 DPV survival c 

Vaccinates 125 None 125 94.7 
Controls 125 None 125 

aFish immersion vaccinated with 2 • 107 E. ictaluri RE-33/ml for 60 minutes. All 
conditions as previously described. 

bChallenge with E. ictaluri AL-93-75 at 2 • 107/ml for 60 minutes as described by 
Klesius and Sealey (1995) and Shoemaker and Klesius (1997). 

cRelative percent survival (RPS) as described by Amend (1981); R P S -  > 50% is protec- 
tion by vaccination. Mortality in the controls was 92%. 

t a l u r i  R E - 3 3  w a s  a l s o  i s o l a t e d  f r o m  11 of  35 c a t f i s h  s a m p l e d  5 d a y s  

a f t e r  i m m e r s i o n  v a c c i n a t i o n  a t  t h e  n o r m a l  d o s e  a n d  e x p o s u r e  t i m e .  

H o w e v e r ,  11 d a y s  a f t e r  v a c c i n a t i o n  E.  i c t a l u r i  R E - 3 3  w a s  o n l y  i s o l a t e d  

f r o m  6 of  35 f i sh  s a m p l e d .  

C. PROTECTIVE IMMUNITY INDUCED BY E.  ICTALURI R E - 3 3  AGAINST 

ENTERIC SEPTICEMIA OF CATFISH 

V a c c i n a t i o n  of  c h a n n e l  c a t f i s h  w i t h  E.  i c t a l u r i  R E - 3 3  a t  2 0 0  t i m e s  

t h e  v a c c i n e  d o s e  a n d  for  30 t i m e s  l o n g e r  r e s u l t e d  i n  r e l a t i v e  p e r c e n t  

TABLE V 

Two HUNDRED TIMES VACCINE DOSE OF EDWARDSIELLA ICTALURI RE-33 
ON THE SURVIVAL OF 60 CHANNEL CATFISH AT 12 DAYS POSTVACCINATION (DPV) 

Number of Signs of ESC/ Culture positive 
Treatment fish mortality Alive 12 DPV for E. ictaluri a 

Vaccinates b 60 None 60 6 of 10 sampled 
Controls c 60 None 60 0 

aE. ictaluri isolated from trunk kidney by enrichment technique of Klesius (1992b). 
One E. ictaluri colony or more per fish considered culture positive. Mean weight of 
fingerlings was 15 g. 

bVaccinated at 200 times (2 • 107/ml) E. ictaluri RE-33/ml for 30 times longer (60 
minutes). 

cControls immersed in brain heart  infusion broth only. 
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survival (RPS) of 94.7% after challenge with virulent E. ictaluri (Table 
IV) at 14 days postvaccination (DPV). No fish vaccinated at 200 times 
the vaccine dose died after vaccination. A positive effect by vaccination 
is a RPS greater than 50% (Amend, 1981). Of the 12,500 fish vacci- 
nated, the 60 channel catfish challenged showed a relative percent 
survival of 100% at 28 DPV at the normal dose (about 1 x 105 E. 
ictaluri RE-33/ml) for the 2-minute immersion vaccination (Table III). 
We also examined the ability of E. ictaluri RE-33 to induce protective 
immunity to 12 different E. ictaluri isolates obtained from diseased 
channel catfish throughout the Southeast and the parent isolate from 
Thailand (Table I). Relative percent survivals were greater than or 
equal to 50% at 14 DPV for 8 of 13 isolates tested (RPSs ranged from 50 
to 98.3%; Table VI). Five of the 13 isolates had RPS values less than 
50% (Table VI). However, by increasing the time after vaccination, 
protection to isolate $94-694 and $94-707 was demonstrated with 
RPSs of 96 and 93%, respectively (Table VI). We have demonstrated 
protective immunity by a single vaccination for as long as 105 days 
following vaccination (Table VI). 

IV. Discussion 

The data presented indicate that  E. ictaluri RE-33 appears to have 
many properties of the attenuated B. abortus RB-51. Brucella abortus 
RB-51 is an approved vaccine strain for brucellosis in cattle. Bio- 
chemically, E. ictaluri RE-33 is the same as the parent EILO isolate of 
E. ictaluri. Edwardsiel la ictaluri RE-33 lacks the O-polysaccharide as 
does B. abortus RB-51 (Schurig et al., 1991) and both are resistant to 
rifampicin. Vaccination with E. ictaluri RE-33 resulted in a lower anti- 
body response to E. ictaluri presumably because of the lack of the 
O-polysaccharide. The lack of antibody response to O-polysaccharide 
has been demonstrated in cattle vaccinated with RB-51 (Schurig et al., 
1991). Specific antibody response to intracellular pathogens may have 
little or no protective effect (Olivier et al., 1985; Portnoy, 1992) and in 
the case of B. abortus and E. ictaluri infection it may have a negative 
effect (Schurig et al., 1991; Klesius and Sealey, 1995). 

Survival ofE. ictaluri RE-33 in vaccinates was demonstrated. Smith 
(1990) and Thornton et al. (1994) suggest live vaccine strains must 
gain entry and persist in the host to be effective vaccines. However, E. 
ictaluri RE-33 was cleared at about 14 days postvaccination. Thornton 
et al. (1991) also demonstrated clearance of live vaccine strains. They 
felt the clearance was a result of the increased susceptibility of the live 



TABLE VI 

PROTECTION AGAINST ENTERIC SEPTICEMIA OF CATFISH AFTER IMMERSION VACCINATION a OF CHANNEL CATFISH WITH 

E D  WARDSIELLA ICTALURI  R E - 3 3  VACCINE 

Days 
postvaccination N u m b e r  of fish E. ictaluri Relat ive percent  Percent  m o r t a l i t y  

Expe r imen t  (DPV) vaccinated  chal lenge isolate b survival  c in controls  

1 14 60 EILO d 51.7 100.0 
2 14 60 AL-93-75 98.3 100.0 
3 14 125 AL-93-75 96.6 94.6 
4 14 60 AL-93-75 96.8 94.4 
5 84 60 AL-93-75 93.9 26.4 e 
6 105 60 AL-93-75 78.9 79.3 
7 14 60 $94-873 54.0 68.3 
8 14 60 $94-1017 71.7 100.0 
9 14 60 $94-1051 50.0 100.0 

10 14 60 AL-96-25 50.4 96.7 
11 14 60 $94-827 47.0 96.7 
12 14 60 $94-1034 27.0 98.3 
13 14 60 ATCC-33202 6.7 100.0 
14 14 125 AL-95-58 78.4 40.8 e 
15 14 125 $94-629 53.3 24.0 e 
16 14 60 $94-694 18.3 100.0 
17 42 60 $94-694 96.0 55.0 ~ 
18 63 60 $94-694 100.0 55.0 e 
19 14 60 $64-707 29.0 91.7 
20 42 60 $94-707 93.0 70.0 

Total 1395 13 isolates Mean  Protect ion 
= 64.6% 

a Immers ion  vaccination with 1 x 105 E. ictaluri RE-33/ml for 2 minu te s  a t  a dens i ty  of about  50 fish per  l i t e r  of 
water.  

bChallenge with E. ictaluri isolates a t  1 to 2 x 107/ml for 1 hour  descr ibed by Klesius and  Sealey (1995) a nd  
S h o e m a k e r  and Klesius (1997). 

cRelative percent  survival  (RPS) as de t e rmined  by Amend  (1981). RPSs ->50% are  considered protection by vaccina-  
tion (Amend, 1981). 

d p a r e n t  of RE-33 vaccine strain. 
eD~f~ dn nn t  fit Am~ nd ' s  cri teria of 60% mor ta l i tv  in controls. 
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vaccine to host lytic factors. Wise et al. (1997) showed clearance of 
virulent E. ictaluri from the blood at 216 hours after infection. Ed- 
wardsieUa ictaluri RE-33 was more susceptible to serumcidal activity 
(complement) than were virulent E. ictaluri isolates (P. H. Klesius, 
unpublished observation). 

Edwardsiella ictaluri RE-33 is safe and no mortality has resulted 
from vaccination of 16,460 channel catfish, blue catfish, and blue x 
channel catfish hybrids. Even at 200 times the vaccine dose and for 30 
times longer exposure, no ESC or mortality resulted in 185 channel 
catfish tested at this dose and time. No ESC or mortality was observed 
in fish injected with RE-33 after passage in channel catfish and/or 
after passage on media lacking rifampicin. Five serial in vivo passages 
of E. ictaluri RE-33 were completed in channel catfish with no rever- 
sion to virulence. 

In two previous studies, Shoemaker et al. (1997) and Shoemaker and 
Klesius (1997) demonstrated that  acquired immunity was dependent 
on the ability of channel catfish macrophages to kill E. ictaluri. Mean 
percent killing of E. ictaluri by macrophages (1:6 ratio) at 2.5 hours 
was significantly greater for macrophages obtained from channel cat- 
fish vaccinated with live E. ictaluri when E. ictaluri used in the assay 
was either opsonized (93.8%) or nonopsonized (75.9%) with anti-E. 
ictaluri antibody. Bactericidal activity of macrophages from nonvacci- 
nated channel catfish for E. ictaluri was 46.2 and 55.9% for opsonized 
and nonopsonized E. ictaluri, respectively. 

Acquired immunity of long duration to enteric septicemia of catfish 
was proven possible by live E. ictaluri vaccination of channel catfish 
(Klesius and Shoemaker, 1997; Shoemaker and Klesius, 1997). Protec- 
tive immunity as demonstrated by RPS indicated that E. ictaluri 
RE-33 vaccine provided protection to 8 of 13 isolates tested. Protection 
to all isolates was not expected as Klesius and Shoemaker (1997) re- 
cently showed that protective immunity to enteric septicemia of catfish 
was dependent on the isolate used to immunize catfish. However, this 
study demonstrated that  acquired immunity against two of the five 
isolates, in which protection was not demonstrated at 14 days postvac- 
cination, was produced by holding the fish for longer periods (Table VI). 

V. Summary 

The present study showed that  E. ictaluri RE-33 vaccine does not 
cause ESC but does stimulate protective immunity. The RE-33 vacci- 
nates were protected against ESC for at least 4 months following a 
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single bath  immersion in a low number  of E. ictaluri RE-33 without 
booster vaccination. Antibody responses are weak after RE-33 vaccina- 
tion. Edwardsiella ictaluri RE-33 vaccine presents no risk or hazard  to 
catfish. RE-33 vaccine will prevent ESC caused by most isolates of E. 
ictaluri in catfish. We recently obtained from USDA, Animal Plant  
Heal th Inspection Service (APHIS), and the state veter inar ians of Ala- 
bama and Mississippi, approval to field test  the RE-33 vaccine in 
young catfish. About 2 -3  million 10- to 30-day-old channel catfish in 
Alabama and Mississippi have been vaccinated since June  1997 with 
no adverse effects of vaccination. 
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I. Introduct ion  

During the past 30 years, aquaculture has grown into a very signifi- 
cant industry in many parts of the world. Salmonid production in Nor- 
way increased from 50,000 metric tons in 1986 to 241,000 metric tons 
in 1995. Japan produced 150,000 metric tons of yellowtail in 1996. 
Production of channel catfish in the United States increased from 
21,000 metric tons in 1980 to 214,000 metric tons in 1996 (Fig. 1). With 
increased aquaculture, production husbandry practices have evolved 
from extensive or semi-intensive to intensive or superintensive. Under 
conditions of high population densities, infectious diseases pose a con- 
stant and costly threat  to successful animal husbandry. Even when 
environmental conditions are good and fish are healthy, certain infec- 
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FIa. 1. Channel catfish production in United States from 1980 to 1996. 

tious agents, if introduced into the farm, are so virulent that  mass 
mortalities can and do occur. Antibiotics provide a useful means to 
control many bacterial diseases but often do not provide a satisfactory 
solution. Many problems are associated with antibiotic use including 
the development of antibiotic resistance. Recurrent outbreaks due to 
bacterial resistant strains necessitate further, costly treatments. Anti- 
biotics combined into the feed is the only mass means of administra- 
tion. Chemotherapy is not as successful as desired, because highly 
infected fish do not eat and cannot be medicated. The general lack of 
registered and approved therapeutic chemical and antibiotics, only 
oxytetracycline and Romet, for aquaculture necessitates other means 
of disease control. The successful use of vaccines in warm-blooded ani- 
mals and the decreasing effectiveness of antibiotics in controlling bac- 
terial fish diseases have led to the development of vaccines for fish. 

In 1976 a vaccine against enteric redmouth (ERM) disease, caused 
by gram-negative bacteria Yersinia ruckeri, was the first commercial 
product licensed by the U.S. Department of Agriculture for fish. Since 
then there have been many more fish vaccines commercialized includ- 
ing vaccines against Vibrio anguillarium, Vibrio ordalii, Vibrio sal- 
monicida, Vibrio viscosus, Aeromonas salmonicida, and Photobac- 
terium damsela subsp, piscicida. A variety of vaccine compositions are 
available. Methods of administration, efficacy, and benefits of using 
vaccine in fish are discussed. 
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II. Immunizat ion Methods in Fish 

In general, there are three different methods for vaccination in fish 
(Ellis, 1988): immersion, injection, and oral. Each method has advan- 
tages and disadvantages (Table I). 

A. IMMERSION VACCINATION 

Immersion vaccination is an easy and effective method for immuniz- 
ing fish. Fish are immersed in a dilute vaccine solution for a short 
period of time and released into the culture unit, typically ponds, race- 
ways, or net pens. Use of this method is somewhat limited to certain 
operations. For instance, for fish that  will not be moved after they are 
stocked into the culture unit, the immersion vaccination can be used 
only at stocking time. The duration of protection, between 3 and 12 
months, is not long enough for the culture cycle of some fish species. 
Immersion vaccination is also cost prohibitive for larger size fish. 

B. INJECTION VACCINATION 

Intraperitoneal injection (IP) vaccination is the most effective way of 
immunizing fish. The injection method also allows the use of adju- 
vants, especially oil adjuvant, that  will prolong the protection com- 
pared to immersion vaccination. Fish are anesthetized and injected IP 
with vaccine then returned to clean water to recover. Commercial opera- 
tions use repeating injection guns, both manually and automatically 
operated, that  allow each operator to inject 1000-2000 fish per hour. 
The system typically consists of an anesthetization tank, an injection 
table with injecting gun connected to a vaccine bottle or bag, and a 

TABLE I 

COMPARISON OF THREE DIFFERENT METHODS OF FISH VACCINATION 

Immersion Injection Oral 

Application Easy Moderate Very easy 
Stress Light Moderate None 
Labor Inexpensive Intensive None 
Effectiveness Good Excellent Fair 
Duration 3-12 Months 12-24 Months 2-4 Months 
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recovery tank. Injection vaccination is very labor intensive. The size of 
the fish limits the use of the injection method. In general, for a fish 
weighing less than 5 g the injection method is not practical. Some other 
disadvantages of injection vaccination are adhesion formation, tempor- 
ary reduced feeding, inadvertent puncture of the intestine, and creation 
of a wound that  could provide a portal of entry for infectious agents. 

C. ORAL VACCINATION 

Oral vaccination is the most convenient way to immunize fish be- 
cause the vaccine can be administered at any time on any size of fish 
during the culture cycle and in all types of culture systems. The vac- 
cine is either incorporated in or adhered to feed and then fed to fish. It 
is the least stressful method because handling is not required. As with 
immersion, oral vaccination is not cost effective when attempting to 
immunize larger fish. Oral vaccination gives the least efficacy com- 
pared to the immersion and injection methods. The major problem 
seems to be the destruction and absorption of antigens by the fish 
digestive system. Further research is needed to develop methods to 
protect antigens from getting destroyed by the digestive system and 
improve absorption in order to improve efficacy of oral vaccination. 

III. Benefit of Using Vaccine 

Efficacious vaccines protect immunized fish against specific diseases 
and, as a result, the reduction of losses due to diseases. Once the fish 
acquires protection against certain diseases, production becomes more 
predictable. Efficacy testing of fish vaccine is accomplished by actual 
challenge with live organism at a specific time interval postvaccina- 
tion. Relative percent survival (RPS) is used to evaluate vaccine effi- 
cacy. The higher the RPS value the better the protection: 

RPS = 1 - (% mortality in vaccinated fish) 
% mortality in control fish 

• 100 

Vaccines are used as a preventive measure, that  is, before disease is 
anticipated, as opposed to treatment with antibiotics after disease has 
occurred. In the past before vaccines were introduced on the fish farm, 
antibiotics were used as a means for controlling diseases. Antibiotics 
proved useful by helping to control many bacterial diseases but they 
are not the final answer. Chemotherapy is not as successful as desired, 
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because highly infected fish do not eat and cannot be medicated. Many 
problems are associated with antibiotics including the development of 
antibiotic resistance and recurrent outbreaks necessitating further, 
costly treatments.  

Vaccines for aquaculture are very successful in reducing the amount 
of antibiotics used such as is done for aquaculture in Norway. In 1990 
the amount of antibiotic used was 231g for each kilogram of salmonids 
produced when furunculosis disease occurred. A vaccine against furun- 
culosis was introduced in late 1990, and 4 years later the amount of 
antibiotics used per kilogram of salmonids produced in Norway 
dropped to only 6.4 g. 

Since the first commercial vaccine, vaccine against ERM, was intro- 
duced to aquaculture, many more vaccines have become commercially 
available to fish farmers, including vaccines against the viral disease 
infectious pancreatic necrosis (IPN), vaccine against bacterial diseases 
caused by P. damsela subsp, piscicida, V. anguillarum, V. ordalii, V. 
salmonicida, V. viscosus, and A. salmonicida. 

IV. Vaccines against Some Specific Diseases 

A. VACCINE AGAINST YERSINIA RUCKERI 

Yersinia ruckeri is the causative agent of enteric redmouth disease. 
It is a gram-negative rod bacteria of the family enterobacteriaceae. It 
was first isolated from rainbow trout (Onchorhyncus mykiss) in the 
1950s by Rucker (Ross et al., 1966). Enteric redmouth is a subacute to 
acute systemic infection. Clinical signs include reddening of the mouth 
and opercula, inflammation and erosion of the jaws and palate, hemor- 
rhaging at the base of fins, and exophthalmia. Internally, hemorrhages 
may occur in muscle and intestine that  may also contain a yellow fluid. 

Vaccine against ERM disease was the first commercial product li- 
censed by the U.S. Department  of Agriculture for fish in 1976. In the 
past vaccine against ERM was commonly delivered by immersion. In 
this experiment we have compared the efficacy of immersion vaccine to 
oral vaccine. Eight groups of 250 rainbow trout were vaccinated by 
different vaccination regimes. Seven groups were vaccinated by im- 
mersion or orally at 6 g, and two groups were given an oral booster 3 
months later; fish size was 30 g. The immersion vaccine contained 3 -6  
x 109 colony forming units (cfu)/ml. All groups, including the nonvacci- 
nated controls, were marked, mixed in two parallel tanks, and chal- 
lenged with Y. ruckeri serotype -O1 three and six months after the 
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second vaccination. The challenge was introduced by intraperitoneal 
injection with 4.6 • 105 and 1.5 • 105 cfu/fish at 3 and 6 months, 
respectively, after second vaccination. Cumulative mortality in the 
nonvaccinated group was 90% in the first and 56% in the second chal- 
lenge. The RPS against Y. ruckeri in the group vaccinated once by 
immersion was low, 6-53%, 6 months after vaccination, and nearly 
zero 9 months after vaccination. Both of the groups that  were given an 
oral booster using either immersion or oral as the primary dose of 
vaccination showed good protection against Y. ruckeri in challenges 3 
and 6 months after second vaccination. 

All vaccinated groups showed significantly better survival than the 
nonvaccinated controls after the first challenge. Only groups given an 
oral booster (groups 5 and 7, Table II) were significantly better than 
the nonvaccinated control fish in the second challenge. No significant 
difference between groups 5 and 7 was observed in any challenge, nor 
were differences observed between the groups vaccinated once by im- 
mersion (groups 2, 3 and 4, Table II). Fish vaccinated once orally at 6 g 
survived significantly better than fish immersed at 6 g after the first 
challenge, but in the second challenge neither group vaccinated only 
once showed significant protection. Vaccination of rainbow trout is nor- 
mally performed once by immersion in the hatchery. The fish are trans- 
ferred to the growout farm at average weight of less than 6 g. This 
means that  vaccination will be performed on smaller fish during trans- 
fer from hatchery to the growout farm. The results obtained in this 
experiment show that the longevity of vaccination by immersion at this 
stage will protect the fish for less than 9 months, and will therefore not 
protect the fish throughout the production cycle. To make fish farming 
profitable, it is critical to protect the high value fish of 100g and more. 
To maintain the protection against yersiniosis throughout the produc- 
tion cycle, a booster vaccination is needed. Oral vaccination would be 
preferable and the only realistic alternative for revaccination of rain- 
bow trout. A vaccination regime based on two oral vaccinations should 
give sufficient protection and is easy for farmers to administer. This 
immunization method causes minimum stress on the fish. 

B. VACCINE AGAINST VIBRIO VISCOSUS 

Vinters&r or "winter ulcer" was first identified in Norwegian Atlantic 
salmon operations in the early 1980s, and was registered at 50 fish 
farms by the National Veterinary Institute in 1990 (Lunder, 1992; 
Anonymous, 1991). The disease typically occurs at sites in Iceland and 
Norway from February through April when water temperatures are 
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First  
Group vaccination vaccination 

TABLE II 

EFFICACY OF VACCINE AGAINST Y E R S I N I A  R U C K E R I  a 

Challenge 1 (3 month) Challenge 2 (6 month) 

Second Mortality/ RPS Mortality/ RPS 
total RPS average total RPS average 

l a  PBS No 45/50 24/50 
lb  45/50 32/50 
2a Fatro No 24/50 47 b 29/50 - 21 
2b 21/50 53 b 50 b 30/50 6 - 7 
3a All  No 38/50 165 18/50 25 
3b 30/50 335 255 29/50 9 17 
4a Al2 No 31/50 315 21/50 13 
4b 32/50 29 b 30 b 28/50 13 13 
5a A12 AO 15/50 675 8/50 67 
5b 8/50 825 75 b 9/50 72 695 
6a AO No 14/50 695 20/50 17 
6b 17/50 625 655 34/50 - 6  5 
7a AO AO 13/50 715 9/50 63 
7b 11/50 765 745 7/50 78 70 b 
8a No AO 30/50 335 26/50 - 8  
8b 22/50 515 425 39/50 - 2 2  - 15 

aNumber of dead fish relative to total number  of fish within each group during challenge 3 and 6 months after 
last  vaccination. Eight groups are designated 1-8  with parallel tanks a and b. RPS is calculated based on the 
mortal i ty  of vaccinated groups compared to nonvaccinated fish group 1. 

bSignificant difference from group 1 (p < 0.05). 
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below 8~ Survivors of infection typically recover in the spring when 
water temperatures rise above 8~ The disease infects juvenile and 
adult salmon and trout raised in saltwater, and also occurs at freshwa- 
ter hatcheries when seawater is added for smolt acclimation (Lunder, 
1992). The disease typically involves shallow, superficial lesions on 
scale-covered tissue which develop into penetrating ulcers. Early in- 
vestigations suggested that winter ulcers resulted from mechanical 
disruption of vesicles formed after vascular thrombosis of dermal ves- 
sels, and were influenced by high levels of dietary iron (Salte et al., 
1994). However, an infectious etiology was strongly suggested when 
two Vibrio species, V. viscosus and V. wodanis, were frequently isolated 
from kidneys of Atlantic salmon during winter ulcer outbreaks at eight 
different farms, and identified in situ in degenerative muscle tissue 
using immunohistochemistry (Lunder, 1992; Lunder et al., 1995). Sub- 
cutaneous injection of Atlantic salmon in saltwater with V. viscosus 
produced a disease condition that resembled winter ulcer, providing 
additional evidence supporting a bacterial etiology. Healthy Atlantic 
salmon held in tanks with fish infected during a natural outbreak also 
developed ulcers, indicating that the disease could be transmitted hori- 
zontally. In addition, mechanical disruption of the skin was shown to 
be a predisposing factor (Lunder et al., 1995). Though mortality during 
winter ulcer outbreaks is typically 0-10%, up to 20% mortality has 
occurred in a 1-month period at certain farms. The disease has been 
reported in up to 50% of adult fish prior to slaughter (Lunder, 1992). 
Lesion formation necessitates downgrading from "superior" to "ordi- 
nary" or "production" quality fish, and a reduction in market value. 
Infections of adult fish and losses due to mortality and downgrading 
represent a significant economic loss in affected Atlantic salmon farms 
in Norway and Iceland. 

Though the scientific name is not currently accepted nomenclature, 
V. viscosus is used here for practical purposes, referring to Vibrio phe- 
non 1 in Tor Lunder's Ph.D. thesis (1992). An IP challenge model for V. 
viscosus was developed in rainbow trout. Injection of live bacteria pro- 
duced signs typical of a septicemia, concentration-dependent mortal- 
ity, and the ability to reisolate the bacteria from liver tissue of mortal- 
ities. The challenge model was used to evaluate potency of a multi- 
valent, formalin-killed, mineral oil adjuvanted vaccine. Rainbow trout 
(9.5 g) were vaccinated with 0.2 cc of a vaccine containing V. viscosus, 
V. anguil larum (serotypes I and II), V. salmonicida, and A. salm- 
onicida. Vaccinated fish were held in 32-gal freshwater tanks (10~ at 
a 25 gallon per hour (gph) flow rate and fed 1/16-in. pelleted feed at 2% 
body weight. 
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At 21 and 43 days postvaccination, 10.1 and 19.1 g fish were injected 
intraperitoneally with V. viscosus cultured in a specialized media to an 
optical density of 2.2-2.4 at 560 nm. Injections were performed with a 
1.0-cc syringe using a 26-guage, 3/8-in. needle. Four replicate vacci- 
nate and control groups of 24 fish each were placed in flow-through 
16.6-liter tanks supplied with 10~ freshwater at a 5 gph flow rate, and 
mortality was recorded daily for 21 days. Challenge 21 days postvac- 
cination produced a cumulative percent mortality of 2% in vaccinates 
and 52% in control fish, with an RPS of 96%. At 43 days, a challenge 
that  killed 83% of control fish produced a 1% mortality in vaccinated 
fish, and an RPS of 98%. The high RPS in vaccinated fish challenged 
with V. viscosus demonstrates that  vinters~r can be successfully pre- 
vented by vaccination. 

C. POLYVALENT VACCINE AGAINST VIBRIO ANGUILLARUM SEROTYPES I 
AND II, V. SALMONICIDA, AND A. SALMONICIDA 

At the beginning of the fish vaccine era, most of the commercial 
vaccines were introduced to fish by immersion of monovalent vaccine 
but by the early 1990s the oil adjuvant technology was incorporated 
into fish vaccines and the fish were immunized by IP with polyvalent 
vaccines instead of monovalent vaccine. This chapter briefly discusses 
the etiologic agents and the efficacy of the polyvalent vaccine against V. 
anguillarum, A. salmonicida, and V. salmonicida. 

Vibrio salmonicida is the causative agent of cold-water vibriosis or 
Hitra disease (Egidius et al., 1981). It is classified in the family Vi- 
brioaceae. It is a short, 0.3-1.0 ~m by 1.5-1.8 ~m, curved rod, peri- 
trichous flagellated. The bacterium is halophilic and requires at least 
0.5% NaC1 in the medium for growth. It is sensitive to vibriostat 0/129 
(2,4-diamino 6,7-diisopropyl pteridine phosphate) and novobiocin. 
Hitra was one of the most serious diseases in Norwegian fish farming 
in the 1980s. The disease derives its nickname from heavy outbreaks 
in the island of Hitra in 1979 and 1980. Outbreaks of cold-water vib- 
riosis have also been reported from Shetland, Faroe Islands, and Cana- 
da. The typical external signs include hemorrhaging of the skin, the 
area around the gills, and the vent. Internally hemorrhaging may be 
evident in all the organs and also muscle. The liver may be pale. Histo- 
logically, necrosis can be observed in the kidney, muscle, gastrointesti- 
nal tract, spleen, and gills. These clinical signs were different from the 
clinical signs of disease caused by A. salmonicida. 

Aeromonas salmonicida is gram negative, nonmotile, and cyto- 
chrome oxidase positive. The majority of the strains produce a brown 
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diffusing pigment. Aeromonas salmonicida is the causative agent for 
furunculosis disease (Bullock and Stuckey, 1975). The disease is 
named after the raised liquefactive muscle lesions (furuncles) that  
sometimes occur in chronically infected fish although these lesions are 
rarely seen in acute infection (McCarthy and Roberts, 1980). The clini- 
cal signs include darkening and going off feed. Internally, the viscera 
are hemorrhagic, the kidney tissue is very soft, the spleen is enlarged 
and the liver is very pale or mottled with petechiae. In the subacute 
form skin lesions are present. Internally, there is intestinal inflamma- 
tion and hemorrhaging in various organs. 

Vibrio anguillarum is gram negative and of the family Vibrioaceae. 
It is a short curved rod, is motile, and is cytochrome oxidase positive. It 
is sensitive to vibriostat 0/129 and novobiocin. Vibrio anguillarum is 
the causative agent of vibriosis disease (Bullock, 1977). This disease is 
distributed worldwide in cultured fish, principally in marine environ- 
ments, but sporadic outbreaks have occurred in freshwater. The dis- 
ease is normally a generalized septicemia with clinical signs indis- 
tinguishable from other bacterial septicemias. The disease ranges from 
peracute (mortalities without gross lesion) and acute (hemorrhaging of 
the eyes, gills, vent, skin and internal organs, ascites fluid in body 
cavity) to subacute and chronic (hemorrhagic ulcerations of the skin 
and underlying muscle). 

Vaccine against vibriosis, cold-water vibriosis, and furunculosis has 
been available to fish farmers for some time but as monovalent and 
immersion vaccine. We discuss the efficacy of the polyvalent oil adju- 
vant injectible vaccine against V. salmonicida, A. salmonicida, and V. 
anguillarum (Fig. 2). Four hundred rainbow trout, average size of 5.36 
g, were immunized by IP with the polyvalent oil adjuvant commercial 
product, Bioject 1900. They were kept at 15~ in a flow-through circu- 
lar tank with the flow rate of 24 gallons per hour (gph).The other 400 
fish were kept as nonimmunized controls. Three weeks postvaccination 
they were challenged with V. anguillarum serotypes I and II (causative 
agent of vibriosis), and V. salmonicida (causative agent of Hitra dis- 
ease) by IP. Fish challenged with V. anguillarum were kept in a flow 
through tank at 15~ with a flow rate of 5 gph. Fish challenged with V. 
salmonicida were kept in the flow-through tank at 10~ with a flow 
rate of 5 gph. The mortality was recorded for a period of 14 days. The 
dead fish were confirmed for specific mortality with antiserum. At the 
end of 14 days the mortality in the control fish challenged with V. 
anguillarum serotype I was 87% and there was no mortality in vacci- 
nated fish. The RPS was 100. The results of the challenge with V. 
anguillarum serotype II also gave an RPS of 100 (80% mortality in 
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FIG. 2. Potency of polyvalent vaccine in rainbow trout challenged with four bacterial 
pathegens. 

control fish and no mortality in vaccinated fish). The RPS from V. 
salmonicida challenged was 100% (86.7% mortality in control and no 
mortality in vaccinated fish). The fish were challenged with A. salmo- 
nicida (causative agent of furunculosis) 5 weeks postimmunization by 
in t ramuscular  injection. They were kept at 15~ in a flow-through 
circular t ank  with a flow rate of 5 gph. The mortality was recorded for a 
period of 14 days. The specific mortali ty was confirmed with anti- 
serum. At the end of 14 days the mortality in control fish due to A. 
salmonicida was 50% and the mortali ty in vaccinated fish was 6.7%, 
result ing in an RPS of 86.6. 

Data  indicated tha t  this oil adjuvant  polyvalent vaccine protects the 
fish from each disease very well. The effectiveness of vaccine from 
different commercial companies varies somewhat depending on how 
they grow the organism. Media composition, growth conditions, and 
the downstream processing will all affect the efficacy of final product. 

V. Summary  

Fish vaccines can be delivered the same way we immunize warm- 
blooded animals. Fish can be immunized by immersion in vaccine for a 
short period of t i m e ~ 3 0  seconds to 2 minutes. They can be immunized 
by injection, in t ramuscular ly  or intraperitoneally, and orally by mix- 
ing vaccines with feed either by top dressing or by incorporating into 
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feed as an ingredient. Fish also respond to vaccine the same way as 
other animals do, but since fish are cold-blooded animals, the response 
to vaccine depends largely on the water temperature. In general, the 
higher the water temperature, the faster the immune response of fish 
to the vaccine. 

During the past 20 years fish vccines have become an established, 
proven, and cost-effective method of controlling certain infectious dis- 
eases in aquaculture worldwide. Fish vaccines can significantly reduce 
specific disease-related losses resulting in a reduction of antibiotics 
use. The final result is the decrease of overall unit costs and more 
predictable production. Fish vaccines are advantageous over antibiot- 
ics because they are natural biological materials that leave no residue 
in the product or environment, and therefore will not induce a resis- 
tant strain of the disease organism. Fish vaccines are licensed by the 
federal government and closely regulated in the same manner as all 
other veterinary vaccines to ensure safety, potency, and efficacy. 

Even though commercial vaccines for aquaculture work really well 
in terms of protecting the fish against certain diseases, they should be 
used only as part of the overall fish health management program, 
because fish vaccines are not a cure-all. Animal husbandry is still the 
key to success in aquaculture. 
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R e f e r e n c e s  

I. Introduction 

Organisms exist that  may produce morbidity and mortality in a wide 
variety of animal species. In some cases, vaccines intended for immuni- 
zation against a particular disease agent in one species may also confer 
protection to unrelated species. This article discusses the disease 
caused by canine distemper virus and Clostridium botul inum type C in 
different types of animals. Historical laboratory and field data are 
cited concerning the safety and efficacy of off-lable use of these two 
particular vaccines. 

II. Canine Distemper  Virus 

Canine distemper virus is a morbillivirus classified in the family 
Paramyxoviridae. The disease has a worldwide distribution with vary- 
ing forms of morbidity and mortality, depending on the species af- 
fected. It is known to affect 8 of the 11 families of carnivores. These 
include Ailuridae, Ailuropodidae, Canidae, Hyaenidae, Mustelidae, 
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Procyomidae, Viverridae, and Felidae (Montali et al., 1987). It has also 
been reported in Ursidae (bears), but is usually subclinical (Poston and 
England, 1992). Canine distemper virus has been associated with ma- 
rine mamals such as seals, dolphins, and porpoises. In 1988 in the 
North and Baltic Sea area of Northern Europe there was a massive 
outbreak of distemper in Phocine species. Particularly affected were 
the harbor seal (Phoca vitulina). The same year in the Lake Baikal 
region of Siberia there was significant mortality in Siberian seals (Pho- 
ca sibircca). There was no clear epidemiologic connection between the 
outbreak in marine seals in Europe and the outbreak in freshwater 
Lake Baikal seals, which were several thousand kilometers away. Fur- 
ther work established that  the European and Siberian isolates were 
very similar to canine distemper virus (Mamaev, et al., 1996). Further  
studies (Blixenkrone-Mr et al., 1989) in Denmark showed evidence 
that  the Phocine distemper virus would infect naive mink and that  
vaccination with modified live canine distemper virus vaccine licensed 
for mink would provide protection against Phocine distemper virus 
(Blixenkrone-Mr et al., 1989). It was also speculated that  several 
distemper outbreaks in mink were caused by contact with infective 
Phocine distemper virus tissues. That same year, a study found that  
harbor seals were protected from Phocine distemper virus challenge 
using certain inactivated canine distemper virus vaccines (Visser et al., 
1989). A study in the United Kingdom showed that gray seals (Hali- 
choerus grypus) produced high antibody levels to attenuated canine dis- 
temper virus following intramuscular injection (Hughes et al., 1992). 

There have been numerous accounts of canine distemper virus vac- 
cination in terrestrial exotic species. Some articles have described ca- 
nine distemper virus infection following inoculation of modified live 
canine distemper virus vaccines, usually of canine origin. The affected 
species were red pandas (Ailurus fulgens), black-footed ferrets (Mus- 
tela nicripes), kinkajous (Potos flavus), gray foxes (Urocyon cineieo- 
argenteus), possibly African cape hunting dogs (Lycaon pictus), and 
fennec foxes (Montali et al., 1987). Currently, only killed canine dis- 
temper virus vaccine is used in the black-footed ferret. The new gener- 
ation of genetically altered vaccines may prove to be of benefit, but 
much data must  be collected, especially with regard to efficacy. 

Killed canine distemper virus vaccines have been used, but follow-up 
studies in many species have shown little or no serologic evidence of 
protection. Avian origin modified live canine distemper virus vaccine 
was shown safe and/or immunogenic in gray foxes, bush dogs, maned 
wolves, and fennec foxes (Montali et al., 1987). Safety was evident in a 
study conducted in North American badgers (Taxidea taxus) (Goodrich 
et al., 1994). A field study was conducted in raccoons (Procyon lator) by 
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United Vaccines and the Willowbrook Wildlife Haven to access the 
safety of a combination avian origin modified live canine distemper 
virus and killed mink enteritis vaccine (Hulsebos, 1993). No adverse 
reactions were noted in any of the 262 animals vaccinated up to three 
times. Because animals were not experimentally challenged, the effi- 
cacy of vaccination could not be assessed; however, canine distemper 
virus and canine parvovirus were endemic in the area and were mani- 
fested clinically in numerous unvaccinated raccoons delivered to the 
shelter. United Vaccines and Dr. Christine Miller of the Miami Metro 
Zoo measured serum antibody response to vaccination of fennec fox 
pups with avian origin modified live canine distemper virus. All pups 
showed an SN titer response of >1:64. Challenge studies were not 
performed to determine if the titer was protective (Hulsebos, 1994). 

Canine distemper virus in large felids was first reported in 1981 by 
Cook and Wilcox. In the past few years there have been canine dis- 
temper virus outbreaks in large felids in zoos in the United States. 
Exposure is thought to be from local wildlife. A study by Harder et al., 
(1996) found that  CDV isolates from recent outbreaks in the United 
States and Europe were distinct from vaccine strains and that  isolates 
clustered according to geographical locations instead of host species 
origin. In 1994 an epidemic of canine distemper virus in Serengeti 
lions claimed approximately one-third of the lion population. In addi- 
tion, large numbers of bat-eared foxes, spotted hyenas, and possibly 
leopards have died (DVM Newsmagazine, 1995). A vaccination pro- 
gram has been initiated in the wild dog population in an at tempt to 
prevent future outbreaks. 

III. C l o s t r i d i u m  b o t u l i n u m  Type C 

Toxins of C. bo tu l inum are some of the most potent known. Eight 
different types of botulism have been identifed (A, B, C1, C2, D, E, F, 
and G) based on antigenically distinct neurotoxins. Identification is 
performed by inoculating mice with type-specific antitoxin. Animals 
are then inoculated with sera or intestinal contents of the dead animal. 
Types A, B, and E are usually confined to human disease, whereas 
types C and D are usually associated with animals (Barsanti, 1990). 
Botulism is usually caused by ingestion of preformed toxin. The toxin 
is abosrbed in the stomach where it is distributed to the neuromuscu- 
lar junctions of cholinergic nerves and prevents presynaptic release of 
acetylcholine. General clinical signs are an ascending paralysis. Death 
is usually caused by respiratory paralysis. 
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A variety of animals have been reported to be susceptible to type C 
botulism. Among those are the domestic dog, mink cattle, horse, green 
sea turtles (Chelonia mydas), sheep, and numerous waterfowl, poultry, 
pheasants, gulls, and cranes. It has also been reported in lions (Bar- 
santi, 1990). 

In cattle (types C and D) and sheep (type C) the disease has gener- 
ally been seen in areas of the world deficient in phosphorus (South 
Africa, Australia, southwest United States and South America). Ani- 
mals suffering from pica may ingest the toxin from animal remains. 
Other reports have been from the consumption of silage containing 
dead carcasses (Gray and Bulgin, 1982) or contaminated broiler litter 
(Pugh et al., 1994; McIlroy et al., 1987). In the latter case, animals 
destined to graze an area covered in contaminated litter, where several 
deaths were seen, were vaccinated with 10 ml of United Vaccines type 
C toxoid 14 days apart. Clinical signs of botulism were not seen in the 
vaccinated animals. 

In green sea turtles, type C botulism causes paralysis of the pectoral 
muscles and is referred to as "floppy flipper disease." United Vaccines 
(personal communication between Roger Brady, United Vaccines, and 
Fern Wood, Cayman Turtle Farm Ltd., February 1993) has supplied 
type C toxoid for more than 20 years for immunization of sea turtles in 
the Carribean. There is little, if any, published data available concern- 
ing safety and efficacy. 

Mink are extremely susceptible to type C botulism. Once mink in- 
gest preformed toxin, paralysis of the rear limbs can occur as early as 6 
hours with death in 12 hours (personal experience/observation). In a 
recent outbreak of botulism in Norway, approximately 150,000 unvac- 
cinated mink died; whereas a few farms that  vaccinated were pro- 
tected. Type C specific botulism vaccine has been available to the mink 
producers for approximately 50 years. Efficacy and saftety are well 
documented. 

Outbreaks of type C botulism have been reported in poultry (Har- 
rigan, 1980; Wilcox and Pass, 1980; Haagsma, 1974). In each case the 
cause was the lack of removal of carcasses that  were then cannibalized 
by others of the flock. Good sanitation practices eliminated the prob- 
lem. However, one study showed that  chickens vaccinated at 2 weeks of 
age with a type C botulism mink vaccine were provided with accept- 
able protection following toxin challenge at 6 and 8 weeks of age, but 
not at 3 weeks of age (Dohms et al., 1981). 

In pheasants, type C botulism is usually ingested from toxin-laden 
maggots found in decomposing carcasses. The larval stages of blowflies 
(Calliphoridae) and flesh flies (Sarcophagidae) usually carry the high- 
est toxin load (Forey and Abinanti, 1980). It was shown that  one de- 
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composing bird carcass may contain up to 5000 maggots, which would 
be sufficient to kill 40,000 pheasants (Graham, 1978). 

Type C botulism epidemics in waterfowl (ducks, geese, swans) have 
been dramatic. Avian botulism has been reported in every continent 
except Antarctica. Outbreaks in the United States have been recorded 
since 1910, most occurring west of the Mississippi River. In 1952 it was 
estimated that  4 to 5 million waterfowl died in the western United 
States (Friend et al., 1985). The disease is characterized by a flacial 
paralysis, which ascends to the neck (limberneck). Most animals die 
due to respiratory paralysis or drowning. Waterfowl ingest the toxin 
from maggots found in dead carcasses in contaminated brackish water. 
It has been shown that  a duck can be intoxicated by ingesting only two 
to four maggots (Olsen, 1994). 

Many zoos, which maintain susceptible birds, routinely vaccinate 
against type C botulism. In 1992 Dr. Richard Cambre of the Denver 
Zoological Gardens conducted a vaccine trial using United Vaccines 
mink botulsim vaccine (Cambre and Kenny, 1993). The Denver Zoo- 
logical Gardens and surrounding areas had 7 consecutive years of sum- 
mer botulism outbreaks. Two hundred seventy-three birds of 42 spe- 
cies were inoculated with 1 ml of vaccine SQ on the craniodorsal throat 
between the wings. A booster vaccination was given approximately 1 
month later. None of the vaccinated birds became sick or died due to 
botulism. During that  same time, five unvaccinated nesting ducks and 
numerous wild waterfowl were found dead. 

IV. Summary 

These are two examples of organisms which may cause morbidity 
and/or mortality among numerous unrelated species. Since it is cost 
prohibitive in most instances to have a biological licensed for wild or 
exotic species, it remains a challenge to the zoo or wildlife veterinarian 
to determine if a licensed vaccine for other species is safe and effi- 
cacious for a particular exotic species. 
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I. Introduct ion 

The purpose of this report is to describe some observations on the 
occurrence of canine distemper (CD) on mink farms and experimental 
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trials using mink and ferrets. Ferrets, because of their high suscep- 
tibility to canine distemper virus (CDV), show an invariably fatal 
course, which makes them the most satisfactory animal for conducting 
many distemper experiments. 

II. Vaccines 

Vaccination is the only suitable means for the control of mink and 
ferret distemper. Attenuated live CDV vaccines produce a more de- 
pendable, longer lasting immunity and have replaced inactivated vac- 
cines for ranch-raised mink and pet ferrets. 

A. FORMALIZED TISSUE VACCINES 

Formalized aqueous or oil emulsion vaccines evoke an uncertain 
immunity in ferrets (Laidlaw and Dunkin, 1928, 1931; Ott et al., 1959). 
No one can argue with Laidlaw who said "the injection of live virus was 
indispensable for the production of a strong and durable immunity." 

In our experience and others in the United States, Canada, and 
Russia, the use of formalized CDV tissue vaccines was disastrous in 
at tempts to control outbreaks of mink distemper. The onset of immu- 
nity was delayed and the duration of protection was uncertain. Pro- 
phylactic vaccination failed to prevent outbreaks and ongoing out- 
breaks were almost impossible to control. Because virulent CDV 
replicates in ferrets and mink vaccinated with inactivated vaccines, 
susceptible contacts are at risk for infection. Furthermore, the formal- 
ized CDV tissue vaccines prepared from mink spleens and livers fre- 
quently contained the Aleutian disease parvovirus that  survived for- 
malization. Massive outbreaks of Aleutian disease, particularly in 
Washington and Oregon, resulted in losses of millions of dollars in 
mink pelts (Gorham et al. 1965). 

B. LIVE CHICKEN EMBRYO PROPAGATED VACCINES 

Adaption of CDV to embryonated eggs by Haig in South Africa (1948, 
1949), Cabasso and Cox (1949), and West et al. (1956) marked the end 
of distemper's dark ages. Here was a convenient, inexpensive method 
to produce vaccines. Moreover, the chorioallantois of the developing 
embryo could be used for the titration of CDV antibody in neutraliza- 
tion tests. If the reports of at tenuation in embryonated eggs are com- 
piled, the passage level at which the chorioallantoic membranes first 
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became thickened and showed whitish plaques was from the 3rd to 
10th passage. At passage level 20-33, the virulence was reduced for 
the ferret. The passage level when CDV virulence was lost for the 
ferret varied from 22 to 110 (Gorham, 1960). 

Neither ourselves nor G. R. Hartsough (personal communication, 
1991) have observed or have had reports of the chicken embryo propa- 
gated (CEP) vaccine reverting to virulence in vaccinated farm-raised 
mink. Moreover, several trials have shown that  commercial mink CEP 
vaccines are not shed by the vaccinate. Contact mink and ferrets have 
not developed distemper antibody or exhibited CD signs. On the other 
hand, there is a single report in which a commercial mink vaccine 
induced fatal distemper in black-footed ferrets (Carpenter et al., 1976). 
In all probability the genotype of this ferret species was the determin- 
ing factor that  resulted in its susceptibility to the mink vaccine. Com- 
mercial mink distemper vaccines have been used since the early 1950s 
for immunizing European ferrets (Mustela putorius) against distemper 
and to our knowledge have not caused distemper. In one trial, it re- 
quired 14 serial ferret back passages to revert a mink vaccine strain to 
virulence (Goto et al., 1976; Gorham and Goto, 1997). 

C. ESTIMATED MINIMAL NUMBER OF EGG INFECTIOUS DOSES 
REQUIRED FOR IMMUNIZATION OF FERRETS AND MINK 

A divergence in the minimal immunizing egg infectious dose (EID5o) 
needed to confer resistance in dogs has been reported. In our trials, 
ferrets were immunized with about 2 and mink were immunized with 
32 EID5o (Svehag and Gorham, 1962). An interval of 15 days was 
selected between vaccination and challenge to allow sufficient viral 
replication for a limited number of EID5o values of at tenuated vaccine 
virus to evoke immunity. Low levels of vaccine virus replication were 
not overwhelmed by challenges as high as 100,000 ferret lethal doses 
(FLD5o). 

D. DURATION OF CDV IMMUNITY IN ISOLATED ANIMALS FOLLOWING 
CEP VIRUS VACCINATION 

In our trials (Burger and Gorham, 1964) mink and ferrets were 
found to be immune to virulent CDV challenge 6 years following vac- 
cination. Cabasso et al. (1953) also reported that  ferrets resisted chal- 
lenge at 5.5 years after CEP vaccination. For comparative purposes 
dogs had high levels of CDV antibody at 6.5 years following vaccination 
with the Rockborn (1958) strain of vaccine (Carmichael, 1997). 
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For prophylaxis almost all young mink in the United States and 
Canada receive a single vaccination in the summer after they reach 10 
weeks of age to preclude the neutralization of the CEP vaccine virus by 
maternal antibody. If the mink have been successfully immunized by 
primary vaccination at 10 weeks of age, we feel that revaccination is 
not required. Because the majority of mink on farms are pelted at - 3  
years of age, a level of herd immunity is established that  greatly re- 
duces the risk of an outbreak. 

Present-day distemper vaccines for mink are inexpensive and effec- 
tively immunize susceptible mink, and they can be combined with 
other vaccines to protect against mink virus enteritis, botulism, and 
Pseudomonas  infections. The CEP vaccine protects against all field 
CDV isolates that have been tested including the harbor seal (Blix- 
enkrone-Mr 1993) and the Serengeti and California lion isolates 
reported by Appel and Montali (1994) in which CEP vaccine protected 
ferrets against Serengeti and lion isolate challenge trials (Evermann et 
al., 1997). 

E. INTERFERENCE BETWEEN CHICKEN EMBRYO PROPAGATED AND 
VIRULENT CDV 

When graded doses (~3-300,000 EIDso) of CEP distemper virus 
were given to ferrets at intervals prior to, simultaneously with, or after 
challenge with a low dosage of ferret lethal doses ( -5  FLD5o) of viru- 
lent virus, a correlation between dosage of CEP and onset of resistance 
was observed (Burger and Gorham, 1964). I f - 3  EID5o were given, 
three of four ferrets were immunized when the interval prior to chal- 
lenge was 13 days, whereas 30 EID5o evoked protection after a 5-day 
interval. Interference of the CEP with the virulent virus challenge was 
observed when dosages o f - 3 0 0  EID5o or higher were injected one day 
prior to, or simultaneously with, the challenge virus. When an esti- 
mated 30,000 EID5o were given 1 or 2 days after the challenge virus, 
interference with the virulent virus challenge was recorded (Fig. 1). 

If the level of virulent virus challenge was increased to -1000 
FLD5o, the course of the natural  disease was not altered and inter- 
ference was not observed. Interference of CEP vaccine with virulent 
ferret distemper virus was expressed as full protection, prolonged incu- 
bation, and/or death time and occasional recovery. Full protection was 
the most common observation. 

The results of mink experiments were consistent with those of fer- 
rets in that  there was an inverse relationship between the dose of 
virulent challenge virus and interference by CEP vaccine. In these 
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FIG. 1. Correlation between vaccine dose and time of vaccination prior to, or simul- 
taneously with, virulent virus challenge (day 0), and after challenge. 

experiments, interference was used in the broad sense, since the mech- 
anism involved in early protection was not clear. 

F. PRODUCTION OF C D V  INCLUSION BODIES BY C E P  VACCINES 

The cornerstone of CD diagnoses has been the demonstration of CDV 
inclusion bodies by a variety of histologic staining methods including H 
and E and trichrome tissue stains (Page and Green, 1942; Gorham, 
1948). Currently, immunofluorescence (IF) techniques (Coffin and Liu, 
1957; Moulton, 1956) for the detection of CDV antigen have supple- 
mented or replaced older conventional procedures in many diagnostic 
laboratories. Coupled with a clinical impression of CD in ferrets and 
mink, these laboratory procedures are an excellent means to diagnose 
CD. But there is a delay in the conduct of the laboratory procedures 
and the notification of the results to the attending veterinarian. I 
would hazard the speculation that  in a few years there will be a simple 
"pen side" test for the detection of CDV antigen. 

When investigating disease outbreaks, it is important  to know 
whether commercial mink vaccines produce inclusion bodies using con- 
ventional stains and specific IF. When mink and ferrets were vacci- 
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nated with CEP, CDV inclusion bodies were not observed but we de- 
tected CDV antigen by IF in the spleen 5-7 days after vaccination and 
in the respiratory epithelium on days 9-11 postvaccination. 

Blixenkrone-M~ller (1989) found viral antigen by IF in lymphoid 
tissue 6-12 days after vaccination but not in epithelium, respiratory, 
or urinary tracts or in the nervous tissue of vaccinated mink. A study of 
the distribution of viral antigen in mink infected with virulent CDV 
revealed IF after 6-12 days following exposure in a wide variety of 
tissues including lymphoid tissues, epithelial cells of the skin, mucous 
membranes, lung, kidney, and cells of the central nervous system. 

lII. Routes of Vaccination 

Resistance to virulent CDV can be stimulated by aerosol (airborne) 
exposure to CEP vaccines. The onset of resistance following aerosoliza- 
tion in ferrets occurred at 5 days (Gorham et al., 1954a). Similarly, 
mink were protected by aerosol exposure against virulent CDV chal- 
lenge (Gorham et al., 1954b). Using commercially available CEP vac- 
cines parenterally, we anticipate that  the onset of protection in mink 
occurs within 2-3 days after vaccination. This is a reasonable assump- 
tion if the vaccine dose contains 1000 or more EID5o. If distemper 
occurs on unvaccinated mink farms when the kittens are less than 6 
weeks of age, multiple aerosol vaccinations offer the best control of the 
transmission of CDV. Because the mink are not handled during vac- 
cination, the opportunity of viral spread by direct and indirect contact 
is markedly reduced. 

Chicken embryo vaccine can also be administered by the airborne 
route as a dust. Following exposure to a chicken embryo propagated 
virus in a dust, 7 of 10 mink developed CDV neutralizing antibodies, 
and 12 of 14 ferrets were immune to challenge with virulent CDV. The 
experimental dust vaccine was never used in the field because the dust 
particles were hygroscopic (Gorham et al., 1995). 

IV. Maternal Antibody and Vaccination 

In the case of dogs, foxes, mink, and ferrets and perhaps all other 
Mustelidae, Canidae, and Procyonidae, maternal antibody is a double- 
edged sword protecting young animals from distemper and conversely 
blocking early CEP vaccination. 

Ott and Gorham (1955) observed the response of neonatal and young 
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ferrets from distemper susceptible and immune dams to intranasal 
inoculation of CEP vaccine. Ferret kits from CD susceptible dams were 
immunized after 8 days of age; young from immune dams were not 
immunized until 36-47 days after birth. 

In a later study, Farrell and his coworkers (1971) showed that  all 
young ferrets were immunized by aerosol CEP vaccine and by subcuta- 
neous injection of CEP vaccine at 10 weeks or more of age. At younger 
age groups, there was a greater likelihood of the vaccine being neu- 
tralized by maternal antibody. 

The level of maternal antibody that  mink and ferret kittens receive 
from the female varies between kittens in a single litter and between 
kittens in other litters. Although the decline in maternal immunity 
and its ability to block distemper vaccination varies between kittens, it 
is safe to say that  almost all kittens can be effectively immunized after 
10 weeks of age. If the female mink have not been vaccinated against 
CD, mink kittens as young as 4 weeks can be protected by CEP vaccine 
(Hansen and Lund, 1972). 

But there is a window of vulnerability. Although we have no solid 
research to verify our field observations, we feel that  during the 8- to 
10-week period following birth, some mink kittens from vaccinated 
females are susceptible to highly virulent invasive strains of CDV. At 
the same level of declining antibody, immunity with an attenuated 
vaccine strain can be blocked. 

Also, it is highly likely that  mink infected with Aleutian disease 
parvovirus are immunosuppressed and are unlikely to survive CD. 
Also CDV immunization is uncertain. Aleutian disease has a world- 
wide distribution and has infected millions of mink. It is characterized 
by an immune disorder (Bloom et al., 1994). 

V. Vaccination of Pregnant  Female Mink 

In CD disease outbreaks that  occur on farms during late February, 
March, April, and May, pregnant females must be vaccinated to con- 
trol the spread of the virus. Tennison (1954) reported that  egg-propa- 
gated distemper virus did not inferfere with mink reproduction if given 
either immediately before or 2-55 days after breeding. We conducted a 
trial in which pregnant female mink were inoculated subcutaneously 
with CEP vaccine (Hagen et al., 1970). Both susceptible and immune 
females were vaccinated during the 21st to 30th days of pregnancy. We 
found that  there was no difference in the average number of kittens in 
the litters of the CDV susceptible and immune groups of females when 
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their kittens reached 21 days of age. Female adult mink without litters 
were equally distributed in both the susceptible and immune groups. 
Fetal abnormalities were not found in either susceptible or immune 
adult females that  were vaccinated during pregnancy. 

VI. Transplacental  and Neonatal  Attempts to Immunize Ferrets 
against CDV 

The possibility of transplacental  immunization seemed reasonable 
since a viremia occurs following vaccination with CEP vaccine (Gorham, 
1957; Gorham et al., 1957). 

Susceptible pregnant female ferrets were vaccinated with CEP vac- 
cine at intervals from 2 to 16 days prior to parturition. All of the 
kittens were susceptible to virulent CDV when they reached 10 weeks 
of age. Either sufficient vaccine did not transverse the placental bar- 
rier to immunize the unborn kittens, or perhaps the vaccine virus was 
qualitatively deficient. In another trial young ferret kittens were vacci- 
nated within 48 hours after birth. When these ferret kittens were 
challenged with virulent CDV at 10 weeks of age, only 10 of 22 sur- 
vived, which is probably a reflection of immunologic immatur i ty  
(Gorham and Ott, 1964). 

VII. Time Interval Required to Infect Ferrets by Direct Contact 

The experiment was designed to favor transmission (Shen and 
Gorham, 1978). In a series of contact exposure trials, two distemper- 
infected ferrets, which we designated as donor ferrets, were placed in a 
single wire mesh pen measuring 2 x 3 x 5 feet with 10 distemper 
susceptible recipient ferrets. The number of days the donor ferrets 
were infected after exposure varied from 6 to 11 days. The length of 
time the infected donors were in direct contact with the susceptible 
recipient ferrets varied from 15 minutes to 8 hours. 

Infected distemper donor ferrets in the later stages of the disease, 
that  is, 9, 10, and 11 days after exposure, t ransmit ted distemper more 
effectively, especially when longer contact times of 4 -8  hours were 
employed. A ferret infected for 11 days and placed with 10 susceptible 
ferrets for 8 hours of exposure t ransmit ted distemper to all 10 ferrets. 
However, only 1 of 10 ferrets was infected if the contact time was 
reduced to 15 minutes. Because there is a high level of virus in the 
lungs of ferrets late in the incubation period, more virus was probably 
shed into the air to infect susceptible contact ferrets. 
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VIII. Exper imenta l  Epidemiology 

While there are many variables in the transmission trials and the 
induced CDV outbreaks discussed next, the limited results may pro- 
vide some insight on the spread of CDV in naturally occurring out- 
breaks. 

A. INFECTIOUS PERIOD 

It is relevant to know when CDV first appears in the secretions of 
infected mink and ferrets. Similarly, the time interval of virus shed- 
ding following the disappearance of clinical signs is also important. 
Experiments have shown that  CDV was first demonstrable in the na- 
sal exudate of mink on the fifth day following inoculation and persisted 
from 46 to 51 days (Gorham and Brandly, 1953). In these trials CD 
signs were observed in mink until the 36th day (Fig. 2). Thus, there is a 
time when mink appear healthy but are capable of t ransmit t ing the 
disease. 

Virus was first detected in the nasal exudate of ferrets on the fifth 
day postinoculation and persisted until death of the ferret. The con- 
junctival exudate of ferrets was shown to contain CDV on the 16th day 
following inoculation. Virus was present in the conjunctival exudate 
collected from mink on days 21 and 30 postinoculation. When nasal 
exudates are infectious, conjunctival exudates also contain virus. 

FIG. 2. Results of tests for distemper virus in pooled samples of nasal exudate from 
CDV susceptible ferrets (10) mink (12) and 8 dogs. Canine distemper virus was demon- 
strated by inoculation of the nasal exudate into susceptible ferrets. 
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We have demonstrated CDV in dog urine on days 10, 11, and 12 
postexposure to virulent CDV. Since the urinary bladders of ferrets 
and mink contain IF antigen, it is likely that  the urine of infected mink 
and ferrets also contains CDV. 

In a small trial, eight CD susceptible dogs were exposed to a virulent 
CDV aerosol and their nasal exudates were pooled and injected into 
susceptible ferrets. Virus was demonstrated on days 6, 7, 8, 9, 10, 13, 
and 28 (Fig. 2). It is likely that  there may have been CDV in the pooled 
inocula on days 14-27 but it was diluted below an infectious dose in 
their nasal exudate by dogs that  were not shedding CDV. 

B. INDUCED OUTBREAKS 

1. The influence of immune ferrets on the spread of CDV in small 
susceptible CDV ferret populations was investigated by observing ex- 
perimentally induced outbreaks (Kelker, 1980). 

The pen arrangements for 100 ferrets along with the feeding and 
observation route are shown as a broken line in Fig. 3. The outbreak 

FIG. 3. Pen arrangement for experimental ferret distemper outbreaks, showing the 
feeding and observation route and the position in the pens of ferrets dead of distemper 
(black squares). 
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was star ted by inoculating one ferret (day 0) in row 1. Ferrets  tha t  died 
of CD in the pens are designated as black squares. The number  of virus 
hits probably reached a threshold by day 34, and the disease spread 
rapidly until  the experiment was terminated on day 84. 

2. The second induced outbreak was conducted using the same pen 
arrangement .  Fifty susceptible ferrets were placed in cages a l ternat ing 
with empty cages in a checkerboard configuration. The outbreak was 
star ted by infecting a single ferret in the center of the first row as in 
the above trial. CDV spread through the population and all ferrets 
were dead of CD by day 94. 

3. A third trial was set up in the same configuration of pens as the 
previous trial except tha t  CDV immune ferrets were placed in empty 
pens and the outbreak was s tar ted in the same manner  as in items 1 
and 2. The last ferret in this induced outbreak died of CD on day 71. 
The progression of the outbreak was somewhat more rapid in this 
induced outbreak tha t  contained immune ferrets. While it is possible, 
we feel ra ther  doubtful tha t  the immunized ferrets played a significant 
role in CDV transmission. Obviously, these prel iminary trials should 
be repeated. 

4. In many instances the first cases of a distemper are overlooked or 
misdiagnosed during a mink farm outbreak. To simulate this situation, 
an outbreak was s tar ted by infecting 1 ferret in a population of 60 
susceptible ferrets. We waited until 3 additional ferrets were showing 
signs of CD, then we vaccinated 60, 70, and 80 percent of the remain- 
ing ferrets in separate  trials. In these three trials, almost all of the 
unvaccinated ferrets succumbed to CDV. Clearly, it is difficult to con- 
trol an outbreak if virulent CD has a major advantage over the estab- 
l ishment of immunity  by vaccination. On the other hand, we found it 
was difficult to s tar t  an outbreak when 70% or more of the population 
was immune. Although there many variables in these ferret induced 
CDV outbreaks, the limited results may provide some background on 
the spread of CDV in natural ly  occurring outbreaks. 

IX. Future Research 

Mink offer a unique opportunity for CD study. It is not unusual  for 
farms to have 25,000 or more mink in which 7000-8000 mink are 
raised on an acre of ground. When a CD outbreak occurs, "shoe leather" 
epidemiology allows reasonable impressions of CD activity. 

Most veter inar ians familiar with mink farming and mink farmers in 
North America and Scandinavia have observed tha t  distemper mortal- 
ity in disease outbreaks is almost invaribly greater  in the pastel (bb or 
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gg) color phase mutation mink than in natural  dark mink (Hansen, 
1971, 1985; and Hunter and Lemieux, 1996). While the Aleutian (aa) 
Chediak Higashi gene (Padgett et al., 1964) has increased the suscep- 
tibility of this color phase mutation to bacterial diseases, we have not 
noted an increase of CDV virulence in this genotype. While the in- 
creased CDV disease mortality of the pastel mink is a solid clinical 
worldwide observation, molecular tools are available to determine if 
the pastel genes for color are linked to genes for CD susceptibility. 

There seems to be a gradual change in the clinical course of CD in 
mink during the past 50 years even though the case/fatality rate is 
about the same. The catarrhal signs (nasal, ocular exudates, hyper- 
keratotic foot pads) are less severe. Interestingly, the occurrence of 
neurotropic episodes has apparently not decreased. 

If the observation of the reduction in the severity of the catarrhal 
signs is valid, the genotypic properties of CDV strains circulating on 
mink farms should also be considered. A study of the interaction be- 
tween CDV and the mink would provide some insight on the reduced 
severity of the catarrhal forms of the disease. One wonders if widescale 
CDV vaccination of millions of mink each year influenced the disease 
picture. 

Large populations of mink on farms where the breeding history of 
each mink is recorded allow critical observation of the circumstances 
under which clinical disease occurs on a farm and the factors that  
influence the frequency, spread, and distribution on a single farm or 
from farm to farm. The environmental effects of temperature and hu- 
midity and the influence of nutrition on the disease can be observed. 
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I. Introduction and Background 

Rabies is a deadly disease that  has plagued mankind since early 
antiquity (Artois et al., 1990). Although safe and effective conventional 
vaccines are available to protect domestic animals and people (i.e., 
veterinarians and other at-risk public health personnel), rabies is still 
a serious threat  to human health. In the United States there have been 
15 confirmed human deaths attributed to rabies infection since 1987. 
Several cases were due to exposures occurring outside the United 
States, whereas others were due to rabies-infected bats or contact with 
nonvaccinated kittens or puppies that  were harboring the virus. 

These case numbers pale in comparison to the approximate 60,000 
human deaths occurring each year in underdeveloped countries where 
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prophylactic postexposure rabies t rea tment  is rarely available. Rabies 
remains a disease of public concern in countries without sufficient 
public heal th services and with roaming populations of unvaccinated 
feral dogs or other vector species. In the United States and Europe, 
pets and domestic species such as sheep, cattle, and horses are rou- 
tinely vaccinated against rabies. However, rabies continues to remain 
endemic in these countries due to wildlife species that  serve as reser- 
voirs. In Europe, the red fox and raccoon dog are the primary vector 
species for rabies; in the United States the raccoon, skunk, fox, and 
coyote harbor the virus in their  specific ecological niches (Krebs et al., 
1996). Rabies is considered to be endemic in bats both in Europe and 
the United States (Anonymous, 1992, 1993, 1994). 

II. Raboral V-RG: A Rabies Vaccine Created 
by Recombinant Technology 

During the late 1980s, a new era of biological science began as re- 
combinant technology emerged from the laboratory and into practical 
application in human and veterinary medicine (Maki and Mackowiak, 
1994). Prior to this time, rabies control in wild species consisted of 
depopulation or individual t rapping and vaccinating of raccoons and 
foxes using conventional rabies vaccines. However, these methods are 
labor intensive and have only been applied in small-scale situations. To 
vaccinate wildlife species on a grander  scale, a rabies vaccine was 
needed that  could be safely and easily distributed into the environ- 
ment  as well as administered with minimal human  interference. 

Raboral V-RG was developed as an alternative rabies vaccine tha t  
proved to have the unique and novel at t r ibute of being effective by the 
oral route. The vaccine consists of a modified live vaccinia virus con- 
taining the rabies surface glycoprotein gene inserted in its genome. 
The first experimental use of the recombinant vaccine in wildlife was 
initiated in Europe. Baiting campaigns were conducted in Luxem- 
bourg, Belgium, and France from 1989 to 1991 (Brochier et al., 1996; 
Brochier and Pastoret, 1993). The vaccine was contained within a plas- 
tic sachet surrounded by an edible fishmeal bait and deployed into 
areas known to contain rabies-infected red fox populations. These cam- 
paigns resulted in a dramatic reduction in rabies cases in red foxes and 
the use of Raboral V-RG was considered a success. Baiting campaigns 
were continued biannually for several years and rabies in red foxes 
continued to decline. Based on these results Raboral V-RG was li- 
censed in France in 1995 and in Belgium and Luxembourg in 1996, 
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which marked the first licensure of a recombinant rabies vaccine in the 
world. 

The first USDA-approved experimental use of the vaccine in the 
United States was conducted in 1990 and 1991 on a barrier island offthe 
coast of Virginia (Parramore Island). The vaccine was tested primarily 
for bait preference, raccoon characteristics, and safety in the environ- 
ment but it was also demonstrated to be immunogenic in the selected 
target species, the raccoon (Hanlon et al., 1989). Following this small but 
landmark use of the vaccine, USDA approved its use in two additional 
trials, which took place on protected game lands in Westmoreland 
County, Pennsylvania, in 1992. Through these small-scale trials, vac- 
cine safety was demonstrated by its repeated use in the environment 
(Anonymous, 1992, 1993, 1994) without adverse events nor deleterious 
impact on the flora or fauna. Additionally, the initial apprehension and 
concern of government officials and environmentalists toward using a 
recombinant vaccine began to decrease. Thus, the feasibility of vaccinat- 
ing wild populations of raccoons against rabies was becoming a reality. 
Raboral V-RG was conditionally licensed in 1995 and granted full licen- 
sure for use in raccoons in 1997. Today, Raboral V-RG remains the only 
licensed rabies vaccine for wildlife in the United States and the only 
rabies vaccine effective by the oral route. 

IIl. USDA Testing of Recombinant  Vaccines 

USDA classifies recombinant vaccines into three categories based on 
their complexity. Type I vaccines consist of subunit proteins produced 
by recombinant bacteria or other organisms which often require puri- 
fication prior to use. These vaccines frequently require adjuvants 
which are necessary to increase the effectiveness of the purified pro- 
tein. Type I vaccines offer the benefit of excellent safety over whole 
organism vaccines and are commonly used in veterinary medicine 
against diseases such as Lyme disease and feline leukemia. 

Type II recombinant vaccines consist of the actual pathogenic organ- 
ism which has been specifically modified by recombinant technology to 
be less virulent. An example of a type II vaccine is the gene-deleted 
modified live pseudorabies vaccine for pigs. Deletion of specific gene 
sequences from the wild-type virus results in a safer vaccine, which 
induces a limited repertoire of antibodies in the recipient pig. The use 
of this vaccine allows discrimination of vaccinated pigs from infected 
pigs and has played a major role in success of the pseudorabies eradi- 
cation program in the United States. 
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Type III vaccines are unique in that  they consist of a modified live 
virus or bacteria that contain additional genetic information, often a 
gene or genes encoding an immunogenic protein from a different or- 
ganism. The modified live organism that contains the gene is called a 
vector and serves as a genetic delivery mechanism in the recipient 
animal. For example, the Raboral V-RG vaccine is a type III, live vac- 
cinia virus vector containing the rabies glycoprotein gene. Following 
administration, this recombinant virus expresses the rabies virus gene 
product, which is a membrane protein recognized by the host's immune 
system. 

To construct Raboral V-RG, a genetic recombinant element called a 
plasmid was used in a process known as homologous recombination. 
The rabies glycoprotein gene was initially removed from the rabies 
virus as a sequence of ribonucleic acids (RNA). This gene was tran- 
scribed into a more stable form consisting of the same information 
encoded by deoxyribonucleic acids (cDNA), which was further modified 
and inserted into a circular DNA molecule called a plasmid. The plas- 
mid was specifically designed to transfer the rabies gene into the vac- 
cinia virus and allow the incorporation of the foreign gene into the 
virus's genetic makeup, or genome. Using a process called transfection, 
the plasmid was introduced into vaccinia virus and the recombinant 
virus was amplified in cell culture. The recombinant virus, now con- 
taining the rabies gene in its genome, produced the rabies glycoprotein 
during it replication cycle and thus expressed the foreign gene product 
in vaccinia infected cells (Desmettre et  al.,  1990; Rupprecht and Kieny, 
1988; Wiktor et  al., 1988). 

Following administration of the recombinant virus to an animal, 
cells take up the virus and it begins a replication cycle; however, the 
replication cycle is self-limiting and few progeny viruses are actually 
made. During this replication process the rabies glycoprotein is ex- 
pressed and subsequently recognized by the host's immune system and 
antibodies are made against it. Subsequently, the host's immune re- 
sponse is "primed" against the rabies glycoprotein and will respond to 
future exposure to wild-type rabies virus by producing specific anti- 
bodies against it. In this way the animal becomes vaccinated against 
infection by the virulent rabies virus. 

Due to genetic manipulations that  occurred during the construction 
of the vaccine, the recombinant vaccinia virus cannot replicate at the 
same rates and with the same degree of virulence as the native form of 
the virus. Raboral V-RG contains only the rabies glycoprotein gene; 
thus, it cannot cause rabies. The recombinant vaccine contains only 
one gene from the rabies virus and is therefore lacking enough genetic 
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in format ion  to m a k e  a complete  rabies  virus.  Because  Rabora l  V-RG is 
such a novel vaccine aga ins t  a deadly  zoonotic agent ,  the  r egu la to ry  
process for approval  has  been long and  rigorous. Because  the  vaccine 
was  developed for use in wildlife, extensive  safety  t r ia l s  were  per- 
formed to ensu re  t h a t  it  would not cause lesions in the  rec ip ient  ani- 
mals .  The vaccine has  been t es ted  by var ious  routes  of a d m i n i s t r a t i o n  
in more  t h a n  60 species (Brochier et al., 1989, 1996; D e s m e t t r e  et al., 
1990) inc luding rodents ,  carnivores ,  r u m i n a n t s ,  omnivores ,  birds  of 
prey,  and  p r i m a t e s  (Table I). 

While  product  safe ty  was  being proven in the  field, the  vaccine was  
also being developed for indus t r i a l  product ion and  USDA approval .  
Efficacy and  safe ty  t r ia ls  were  conducted us ing  raccoons housed  in 
controlled e n v i r o n m e n t a l  condit ions to sat isfy USDA regula t ions .  Such 
t r ia ls  are  a necessa ry  pa r t  of the  l icensing procedure  for rabies  vac- 
cines and  requi re  the  moni to r ing  of s e r u m  ant ibodies  in the  rec ip ient  
an ima l s  as well as dai ly observat ions  for safety. To prove the  efficacy of 
Rabora l  V-RG, a single dose of vaccine was  enclosed in a f i shmeal  ba i t  
and  fed to ind iv idua l ly  caged raccoons. Nine m o n t h s  later,  the  vacci- 

TABLE I 

SPECIES INVOLVED IN RABORAL V-RG SAFETY TESTING 

Flying squirrel 
Cotton rat 
Marsh rice rat 
Syrian hamster 
Groundhog 
Gray squirrel 
European field mouse 
Yellow-necked mouse 
Wood mouse 
Woodland jumping mouse 
Carrion crow 
Ring-billed gull 
Great horned owl 
Deer mouse 
Ferret 
Mink 
Polecat 
Vampire bat 
Red-tailed hawk 
Common buzzard 
Kestrel 

Red fox 
Gray fox 
Artic fox 
Domestic dog 
Coyote 
Raccoon dog 
Bobcat 
Woodchuck 
Black bear 
Raccoon 
Cattle 
Sheep 
White-tailed deer 
River otter 
European badger 
Javelina 
Magpie 
Jay 
Water vole 
Striped skunk 
Horse 

Domestic cat 
Seagull 
Opossum 
Short-tailed shrew 
Squirrel monkey 
Chimpanzee 
Rabbit 
Porcupine 
Field mole 
Meadow mole 
Common mole 
Bank mole 
Red-backed mole 
Laboratory mouse 
Hamster 
Daubenton bat 
Nude mouse 
Domestic pig and wild boar 
Laboratory guinea pig 
Eurasian badger 
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nates and a group of unvaccinated controls were injected with virulent 
rabies virus. The animals were observed for 90 days and during this 
time period 10/12 controls (83%) died and 21/27 (78%) of vaccinated 
raccoon survived. This rigorous test demonstrated that  the vaccine 
protected the majority of vaccinated raccoons against rabies. Reports 
describing test results from controlled studies as well as additional 
field experiments were submitted to USDA to allow larger studies to 
take place in areas of the eastern United States that  were experiencing 
an epizootic of rabies in indigenous wild raccoon populations. 

IV. Controlling Raccoon Rabies 

Prior to 1983 raccoon rabies was considered a sporadic enzootic dis- 
ease in the southeastern United States. However, the epidemiology of 
the disease abruptly changed following the transportat ion of rabies- 
infected raccoons to southeastern West Virginia for hunt ing purposes. 
Once released into native populations of raccoons, an epizootic of ra- 
bies occurred in several states along the Atlantic coast. From the ini- 
tial focus, the infection spread rapidly northward following the natura l  
river valleys of the Appalachian Mountains to New Jersey, New York, 
and other northeastern states (Brochier et  al.  1996). 

As a state affected by the epizootic, New Jersey was the first state to 
use the yet unlicensed rabies vaccine in raccoons. By 1992, rabies virus 
had infected the majority of raccoon populations in the western part  of 
the state. To test the vaccine in an uninfected area, the geographically 
isolated peninsula of Cape May County was selected as a testing site. 
Biannual  campaigns were carried out during the spring and fall of 
each year from 1992 to 1994 under  the direction of the New Jersey 
Depar tment  of Health. Vaccine-filled baits were distributed at a densi- 
ty of 1 bait/acre over an area of 213 square miles (552 square kilome- 
ters). Post-bait distribution safety data, bone samples for biomarker 
testing, and serology samples were collected from raccoons from within 
the vaccination zone. Over the 3 years tha t  baits were distributed, no 
cases of raccoon rabies occurred below the vaccination zone (Table II). 
A few rabid raccoons were detected at the periphery of the barrier. 
Raboral V-RG demonstrated protective efficacy within the vaccination 
zone and halted the expansion of the rabies epizootic for 2.5 years. 

Due to funding costs and apparent  reduction in the number  of rabid 
raccoons detected from within the vaccination zone, the number  of 
baits distributed in Cape May, New Jersey, were decreased during the 
fall 1994 campaign and baits were not distributed during the spring of 
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TABLE II 

NEW JERSEY RABIES SURVEILLANCE (1994--1995) 

Epizootic 

Positive Negative Total 

Treated area 5 56 61 
Nontrea ted  36 11 47 
area  

Enzootic 

Positive Negative Total 

Treated area  5 56 61 
Nontrea ted  23 20 43 
area  

1995. Shortly thereafter, in July 1995, a rabid raccoon was detected 
beyond the vaccine zone and within Cape May county. Clearly, the 
threa t  of rabies infection had not yet subsided and the epizootic quickly 
spread into the remainder  of the peninsula. In the fall of 1995 baits 
were distributed throughout  the entire Cape May area using varying 
densities as determined by location of suitable raccoon habitat .  Succes- 
sive yearly single baiting campaigns were continued in 1996 and 1997. 
This second round of vaccine application took place after rabies had 
entered the area and thus tested the efficacy of the vaccine during an 
enzootic rabies infection as compared to the 1992-1994 campaigns 
which were against  an advancing epizootic. The vaccine proved to be 
efficacious in both applications as determined by a variety of methods. 
As of mid-1998, no new case of rabies have been confirmed in Cape 
May County since J anua ry  1997. 

During 1992-1997, rabies serology data collected from nonvaccinated 
areas were compared to serology data  collected from raccoons within the 
vaccinated zones. Rabies incidence data  collected after the epizootic had 
entered New Jersey (in 1994) demonstrated 53% (23/43) ofraccoons from 
nonvaccinated areas were infected with rabies. During the same period, 
only 8% (5/61) of raccoons from within the vaccination zone were infected 
with rabies. These comparative data  indicate tha t  Raboral V-RG had 
established a level of population immunity tha t  resulted in greater  than  
a six-fold decrease in rabies infection rate. In areas in which rabies was 
enzootic, rabies incidence in raccoons was demonstrated to have infec- 
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tion rates of 8% (5/61) in t reated areas as compared to 76.5% (36/47) 
raccoons in nontreated areas (Table II). 

As the rabies epizootic continued to spread northward, New York 
was the next state to use Raboral V-RG to immunize raccoons against  
rabies. The first experiments in New York compared rabies incidence 
rates in two geographically distinct areas separated by the Hudson 
River. Albany and Rennselaer counties received vaccine-filled baits at 
75-100 baits per square kilometer in two separate test sites of approx- 
imately 3000 square kilometers per country. Baits were distributed 
from 1994 to 1996 in biannual  campaigns under the direction of the 
New York State Depar tment  of Health. As in New Jersey, post-bait 
distribution safety data, bone samples for biomarker testing, and serol- 
ogy samples were collected from raccoons from within the vaccination 
zone. Rabies incidence data  were collected from vaccinated and non- 
vaccinated areas of the counties. In t reated areas of Albany county, 7% 
(3/41) of raccoons were infected with rabies. In nontreated areas of the 
same county 35% (22/62) were infected. Also, in Rennselaer county 
t reated areas were less infected 5% (1/19) compared to nontreated 
areas demonstrat ing 56% (31/55) (Table III). These two separate trial 
areas confirmed the New Jersey findings of efficacy and safety of 
Raboral V-RG in raccoons and efficacy in an enzootic rabies area. 

A third state, Massachusetts,  began baiting against raccoon rabies 
in 1994 with the purpose of protecting the Cape Cod is thmus from 

TABLE III 

RACCOONS EXAMINED FOR RABIES (1993--1995) 

Albany County, New York 

Positive Negative Total 

Treated area 3 38 41 
Nontreated 22 40 62 
area 

Rennselaer County, New York 

Positive Negative Total 

Treated area 1 18 19 
Nontreated 31 24 55 
area 
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infection. The geographical formation of Cape Cod provided adequate 
natural  boundaries to set up an isolated test site similar in theory to 
New Jersey's Cape May peninsula. In a study conducted by Tufts Uni- 
versity, vaccine-filled baits were applied in the spring and fall from 
1994 to 1997 using densities of 50-200 baits per square kilometer 
based on raccoon habitat. Although the baited area is only 8 miles 
across, the additional natural  barrier of the Cape Cod canal has con- 
tributed to the prevention of rabies beyond the vaccine-treated area. 
During the summer of 1996, the rabies epizootic entered Massa- 
chusetts and challenged the vaccine barrier. To date, rabid raccoons 
have not been detected beyond the treated area and surveillance meth- 
ods, similar to techniques described above, continue to monitor the 
safety and efficacy of the vaccine. Rabies incidence data from Massa- 
chusetts are equally impressive in that  1% (1/100) of raccoons collected 
from 1994 to 1996 were positive for rabies within the vaccination zone. 
This one animal was detected at the western border of the zone and 
was most likely an intrusion from the infected area. In nonvaccinated 
areas of western Cape Cod county rabies incidence rates of 24.5% 
(14/57) infected raccoons were reported during the same time period 
(1994-1996) (Table IV). Thus, these data confirm the previously men- 
tioned findings of product efficacy in raccoons. Additionally, no safety 
concerns have been reported in nontarget species from any of the de- 
scribed test zones. 

In 1995, Florida began using Raboral V-RG to combat a rabies epi- 
zootic in raccoons which involved the heavily populated Pinellas Coun- 
ty. Approximately 100,000 vaccine-filled baits were distributed using 
mosquito control helicopters under the direction of the Pinellas County 
Animal Control Division. Baits were distributed by air throughout the 
county including drainage ditches supplemented by hand placement of 

TABLE IV 

RACCOONS EXAMINED FOR RABIES (1994--1996) 

Cape Cod, Massachusetts 

Positive Negative Total 

Treated area 1 99 100 
Nontreated 14 43 57 
area 
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baits in heavily populated suburbs. Rabies incidence began to decrease 
later  tha t  year and a subsequent campaign in 1996 has contributed to 
a continued decline in rabid raccoons. As of mid-1998, no new cases of 
rabies have been detected since August 1997. This campaign continues 
to date and has demonstrated the successful use of Raboral V-RG into a 
subtropical environment in which raccoons remain active throughout  
the year. 

Another Raboral V-RG trial currently under  way in raccoons in- 
volves the distribution of vaccine in two different baiting formats in 
upstate  New York. In this trial, orchestrated by Cornell University, six 
different counties are receiving baits in specific designated vaccination 
zones. In this study, the vaccine has been applied using two different 
bait  formats and is distributed only once a year. The goal of this study 
is to broaden the methods of vaccine application as well re tard the 
expansion of the raccoon rabies epidemic into southern Canada. Since 
these campaigns are relatively new, data  have not yet been analyzed. 
Two additional campaigns have recently been initiated in Ohio and 
Vermont due to the entrance of the raccoon epizootic into these new 
areas. These campaigns were initiated in 1997 and vaccine was distrib- 
uted based on knowledge gained from previous trials. Currently, 
Raboral V-RG is being used in six states to combat raccoon rabies. 

The safety of the vaccine has been proven and the efficacy of the 
product has been demonstrated by stopping the spread of a rabies 
outbreak as well as decreasing the incidence of infection in rabies 
endemic areas. 

V. Rabies in Texas: Coyotes and Gray Foxes 

In 1988, an epizootic of canine rabies developed along the south 
Texas border near  the Rio Grande River (Meehan, 1995). These cases 
were of great concern to the Texas Depar tment  of Health since previ- 
ously rabies in coyotes had been sporadic and infrequent (Clark et al., 
1994). Additionally, due to decreased hunt ing pressure on gray fox 
populations, numbers of this vector species were increasing in the 
southwestern part  of the state and a gray fox strain of rabies was 
emerging as a public health threat .  Thus, the occurrence of two major 
rabies epizootics was imminent  and in July 1994 the governor of Texas 
declared a state of emergency releasing state funds to combat rabies in 
Texas and protect the threatened city of San Antonio. Due to the dire 
na ture  of the rabies problem, permission was granted by USDA to use 
Raboral V-RG experimentally in coyotes (APHIS-ADC, 1995; Meehan, 
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1995) and gray foxes once the vaccine had passed preliminary immu- 
nogenicity and safety testing. Texas Department of Health officials, in 
conjunction with USDA personnel and Merial Limited, the manufac- 
turer of the vaccine, conducted preliminary yet critical experiments in 
caged wild-caught coyotes and gray foxes to determine bait acceptance 
(Meehan, 1995) and vaccine efficacy. 

In 1995, 830,000 vaccine-filled baits were distributed across south 
Texas in a 15,000-square-mile band covering the epizootic wave of coy- 
ote rabies that  had expanded northward across the south central por- 
tion of the state. Surveillance efforts and rabies case monitoring was 
reported via a county-based system coordinated by the Texas Depart- 
ment of Health. Data collected post-baiting indicated that  by the fall of 
1995 rabies cases were declining and the epizootic had not spread 
beyond the northern vaccination border. Additional campaigns con- 
ducted in 1996 and 1997 distributed more than 1 million vaccine-filled 
baits per year over 21,000 square miles and rabies in coyotes continues 
to decrease. 

The use of Raboral V-RG in gray foxes lagged slightly behind the 
coyote program with the first vaccine-filled baits being dropped in 
southwest Texas in 1996 and again in 1997. Approximately 1.2 million 
baits were distributed each year in a 30-mile-wide band surrounding 
the perimeter of a > 25,000-square-mile area of known gray fox rabies 
cases. The bait container was modified to be acceptable to the smaller 
gray fox, and post-baiting acceptance data based on biomarker and 
rabies serology indicate excellent vaccine uptake and immunogenicity. 
Cases of rabies in gray foxes continue to decrease and surveillance of 
rabies cases continues, as with the coyote program, under the direction 
of the Texas Department of Health. 

The described rabies vaccination programs using Raboral V-RG ex- 
emplify federal, state and private companies working together for the 
common good. The potential deleterious impact that  these epizootics 
may have had on public health will never be known due in part to the 
successful use of Raboral V-RG. Data collected by several different 
groups of scientists during the past 7 years of field research indicate 
that  Raboral V-RG has earned its place in rabies control programs. 

VI. Summary 

The impact of recombinant technology in veterinary and human 
medicine can only be hypothesized at this time. The development of 
vaccines and other biological products that  go beyond the abilities of 
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conventional products demonstrates the benefits of this new technolo- 
gy. Raboral V-RG was developed as an alternative rabies vaccine with 
the novel attribute of being effective by the oral route. Within 10 years 
after its first application as an experimental vaccine in European, red 
foxes it developed into a useful tool and is being used to curtail rabies 
epizootics in three wildlife species in the United States. The use of this 
vaccine can be considered as monumental  in contributing to the control 
of rabies in species that were at one time considered to be incapable of 
vaccination in large-scale campaigns. 
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I. Introduct ion  

In the United States, veterinary biological products are regulated in 
accordance with the Virus Serum Toxin (VST) Act of 1913, as amended 
in 1985 (21 United States Code 151-159). The VST Act makes it un- 
lawful to: 

1. Prepare, sell, or ship any worthless, contaminated, dangerous, 
or harmful veterinary biological product in or from the United 
States. 

2. Prepare, sell, or ship any veterinary biological product in or from 

585 
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the United States, unless it is prepared in a licensed establishment 
in compliance with U.S. Department of Agriculture regulations. 

The regulations developed to administer this Act are published in 
Title 9, Code of Federal Regulations (9 CFR), Parts 101-118 (January 
1, 1996). The regulations define veterinary biological products to be: 

all viruses, serums, toxins, and analogous products of natural or synthetic origin, 
such as diagnostics, antitoxins, vaccines, live microorganisms, killed microor- 
ganisms, and the antigenic or immunizing components of microorganisms intended 
for use in the diagnosis, treatment,  or prevention of diseases of animals (9 CFR 
101.2). 

For a biologics producer to demonstrate that a product is not worth- 
less, contaminated, dangerous, or harmful, the producer must demon- 
strate that the product is pure, safe, potent, and efficacious [9 CFR 
102.3(b)]. 

II. Organization 

Within the USDA, the VST Act is administered by the Animal and 
Plant Health Inspection Service (APHIS), Veterinary Services, Center 
for Veterinary Biologics (CVB). Three primary units within CVB are 
responsible for the licensing, inspection, and testing functions of the 
Veterinary Biologics program: 

1. Center for Veterinary Biologics--Licensing and Policy Development 
(CVB-LPD) in Riverdale, Maryland, is responsible for prelicensing 
activities, such as the review of license applications and the devel- 
opment and publication of licensing requirements and program poli- 
cies. 

2. Center for Veterinary Biologics-Inspection and Compliance (CVB- 
IC) in Ames, Iowa, is responsible for postlicensing activities, such as 
inspection of establishments, release of product serials (lots) for 
marketing, receiving consumer complaints, and coordinating inves- 
tigations of suspected violations of the VST Act. 

3. Center for Veterinary Biologics-Laboratory (CVB-L) in Ames, Iowa, 
is responsible for conducting confirmatory tests on Master Seeds, 
Master Cells, and product serials (both prelicense and postlicense), 
and for developing new test methods, references, and reagents used 
in such tests. 

Further information concerning CVB and the Veterinary Biologics 
Program (including regulations, memorandums, and notices) can be 
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obtained from the CVB home page on the Internet  at http:/ /  
www.aphis.usda.gov/vs/cvb/index.html. 

III. Licensing Procedures  for Conventional Vaccines 
and Bacterins 

Two types of licenses are required in order to produce and market  a 
veterinary biological product in the United States (9 CFR 102.2)" 

1. A United States Veterinary Biologics Establishment License. 
2. A United States Veterinary Biological Product License. 

Procedures for the issuance of establishment and product licenses in 
the United States are designed to define and document what is being 
licensed and who will be responsible for the production and distribu- 
tion of the product that  is authorized. These procedures are also in- 
tended to ensure the purity, safety, potency, and efficacy of each prod- 
uct and the accuracy of labeling. 

To obtain a United States Veterinary Biologics Establishment Li- 
cense, an application (APHIS form 2001) must  be filed with APHIS 
identifying the name and address of the applicant and any subsidiaries 
or divisions that  will be doing business under the license. The applica- 
tion also identifies the person responsible for the license, including 
corporate officers for corporations. 

The following information must  be submitted in support of an appli- 
cation for an establishment license (9 CFR 102.3): 

1. An application for a U.S. Veterinary Biological Product License. 
2. A copy of the articles of incorporation if the applicant or subsidiaries 

are incorporated. 
3. Plot plans and blueprints of the facilities to be licensed and a legend 

that  provides a brief description of the activities performed and 
equipment located in each room, including decontamination proce- 
dures and other precautions against cross-contamination. 

4. A certificate from the appropriate water pollution control agency 
indicating that  the establishment is in compliance with applicable 
water quality control standards. 

5. A short resume describing the training and experience of those em- 
ployees at the establishment who will be responsible for essential 
steps in production, testing, and initial distribution of product. 

Prior to issuing an establishment license, CVB-IC personnel conduct 
a prelicensing inspection of the facilities. Inspectors review the ade- 
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quacy of record-keeping systems designed to document each step in 
production. Inspectors also review the construction and operation of 
the establishment to validate that they are as represented on the blue- 
prints and legends and to ensure that conditions are acceptable for 
production of the veterinary biological product intended to be licensed. 
Laboratory practices are observed to ensure that facilities are being 
operated at an acceptable standard. CVB-IC personnel train a person 
at the establishment to collect and submit valid samples from each 
serial (lot) of product for testing at CVB-L. Quality control testing and 
other compliance requirements are also reviewed at this time. The 
report of the prelicensing inspection is forwarded to CVB-LPD for con- 
sideration in the licensing process. If the establishment is found satis- 
factory in all regards, the establishment license is issued with the first 
product license [9 CFR 102.4, (a), (b)]. 

An application for a United States Veterinary Biological Product 
License (APHIS Form 2003) and the following information and data 
must be submitted during the licensing process for a new veterinary 
biological product [9CFR 102.3, (b) & 102.5]: 

1. An Outline of Production: The Outline of Production is the de- 
tailed protocol for manufacturing and testing the product. The outline 
includes information on each microorganism (Master Seed) found in 
the product; the methods for culturing and harvesting the microor- 
ganisms; a stepwise description of the preparation of the product; and 
a description of the purity, safety, and potency tests conducted on the 
product (9 CFR 114.8 & 114.9). 

2. Purity data: The production of a pure and uniform product is 
based on the Master Seed concept (9 CFR 113.8), in which a stock of a 
specifically identified microorganism is the source of all seed materials 
for production. In most cases, the final product must not be more than 
five serial passages from the Master Seed. The Master Seed, Master 
Cell Stock, primary cells, ingredients of animal origin, and final prod- 
uct must be tested for viral, bacterial, mycoplasmal, and fungal con- 
tamination. Eggs used in the production of biological products must be 
derived from specific-pathogen-free flocks. The purity and identity of 
Master Seeds and Master Cells are confirmed by testing conducted at 
CVB-L (9 CFR 113.25-113.32, 113.34, 113.36, 113.37, 113.42, 113.43, 
113.46, 113.47, 113.51-113.53, 113.55, & Veterinary Biologics Mem- 
orandum No. 800.65 and 800.88). 

3. Laboratory safety data: Safety testing may include a combination 
of various studies. Live virus vaccines are typically evaluated in the 
host animal using the product at a 10 • dose, while killed products are 
usually evaluated at a 1x dose. The vaccinated animals should be 
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evaluated both for systemic and local reactions. Live products must  be 
characterized to determine if they have the ability to shed from the 
host and be t ransmit ted to contact animals. Reversion-to-virulence 
(backpassage) studies are required to provide information on the ge- 
netic stability of live at tenuated vaccines. Adjuvants for products used 
in food-producing animals must  be approved by the USDA Food Safety 
Inspection Service (9 CFR 113.33, 113.38-113.41, 113.44, 113.45 & 
Veterinary Biologics [General Licensing Considerations] No. 800.201). 

4. Efficacy data: Product efficacy must  be demonstrated by statis- 
tically valid host animal vaccination and challenge studies. The vac- 
cination must  be conducted using an experimental product containing 
the minimum level of antigen prepared from the highest allowable 
passage level from the Master Seed, as defined in the Outline of Pro- 
duction. The precise challenge method and the criteria for determining 
protection vary with the immunizing agent. Sufficient data must  be 
collected to validate each label claim; that  is, each recommended route 
or method of administration, each recommended species or age of ani- 
mal to be vaccinated, and any claims for degree or duration of protec- 
tion must  be supported (9 CFR 113.64-113.455 & Veterinary Biologics 
[General Licensing Considerations] No. 800.200). 

5. Potency data: Potency tests are designed to measure the relative 
strength of a product. Data must  be submitted to demonstrate that  a 
proposed potency test is correlated with the host animal efficacy study. 
Potency tests are then conducted on each serial (lot) of product prior to 
release for marketing. For release of live vaccines, virus titrations or 
bacterial counts are used. For killed viral or bacterial products, poten- 
cy tests may be conducted in laboratory or host animals (e.g., challenge 
or serology), or with quantitative in vitro methods (9 CFR 113.64- 
113.455). 

6. Field safety data: Field safety studies are designed to detect unex- 
pected reactions (local lesions, morbidity, mortality, etc.) that  may not 
have been observed during the development of the product. The tests 
are done on the host animal, at a variety of geographic locations, using 
large numbers of susceptible animals that  the vaccine producer does 
not own. The test animals should represent all the ages and husbandry 
practices for which the product is indicated. A request to conduct a 
field safety trial must  be reviewed and approved both by APHIS and by 
authorities in the cooperating States (9 CFR 103.3). 

7. Three prelicensing serials: Licensees are required to produce and 
test three consecutive serials (lots) of final product in their licensed 
establishment in accordance with the approved Outline of Production. 
Samples of these serials are tested at CVB-L to confirm the purity, 
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safety, and potency test results submitted by the producer. These seri- 
als are also used by the producer to conduct the field safety studies. 

Upon satisfactory completion of all requirements, including review 
and acceptance of labels and circulars, a U.S. Veterinary Biological 
Product License may be issued. 

IV. Licensing Procedures for Nonconventional Products 

A. RECOMBINANT PRODUCTS 

Master Seed viruses or bacteria developed through genetic recom- 
bination techniques present unique licensing considerations. These 
products must  meet the same standards of purity, safety, potency, and 
efficacy required of conventional products. Additionally, the licensee 
must  conduct studies to evaluate any potential effects on the human 
environment that  could result from release of a live recombinant mi- 
croorganism. This would include studies to: 

1. Biochemically characterize the recombinant microorganism. 
2. Evaluate its genetic stability (both in vitro and in vivo). 
3. Examine for any changes in the tissue tropism or virulence of the 

microorganism in the host. 
4. Assess its potential to shed from the host and spread to target and 

nontarget host species. 
5. Evaluate its ability to persist in the environment. 
6. Examine its potential to undergo recombination with similar field 

strains of the microorganism. 

The data from these studies are used by APHIS to conduct a risk 
analysis and to prepare an Environmental Assessment, in accordance 
with the National Environmental Policy Act (NEPA), prior to release of 
the product for field testing or licensure. The NEPA procedures also 
require public notification, through the Federal Register, of any recom- 
binant microorganism release action to be taken by APHIS. 

B. IMMUNOMODULATORS 

Products designed to enhance or suppress host immune responses 
are also licensed by APHIS. To be licensed, however, the product must  
meet the definition of a veterinary biological product and carry a claim 
for the prevention or t reatment  of a specific veterinary disease. Be- 
cause of the unique nature of these products, specific standard require- 
ments are not in place for licensing this product category. Neverthe- 
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less, the licensee must  demonstrate the purity, safety, potency, and 
efficacy (as defined by the product claim) of the product prior to licen- 
sure. Clinical efficacy trials may be employed in place of typical vac- 
cination-challenge trials to evaluate such products if an acceptable 
laboratory challenge model cannot be developed. 

V. Conditional Licenses 

APHIS may issue a conditional license in order to meet an emergen- 
cy condition, limited market,  local situation, or other special circum- 
stance (9 CFR 102.6). Such a license may be approved under an expe- 
dited procedure, provided the product is shown to be pure and safe, and 
to have a reasonable expectation of efficacy. This process allows APHIS 
to:  

1. Respond to emergency disease outbreaks. 
2. License products for minor species and other limited market  situa- 

tions where the cost of establishing full efficacy before market ing 
would prohibit the development of needed products. 

3. License needed products when host animal efficacy has been estab- 
lished, but difficulty in the development of a fully satisfactory po- 
tency test would result in undue delay in the issuance of a regular 
license. 

Conditional licenses are issued for a period of I year. Before reis- 
suance, the licenses must  demonstrate acceptable progress toward 
completion of host animal efficacy and/or potency tests. Labels for 
conditionally licensed products must  bear a s tatement that  the product 
is under conditional license and that  potency and efficacy studies are in 
progress. Conditional licenses are not issued for any product already 
marketed under a regular license by another manufacturer. 

VI. Licenses for Further Manufacture 

Licensing products for further manufacture has permitted split 
manufacturing procedures, where two or more licensed establishments 
work together to produce a product. These are regular licenses for 
products that  are only permitted to be shipped from one licensed estab- 
lishment to another licensed establishment or for export. This proce- 
dure permits one company to obtain a license for further manufacture 
to prepare a product to a certain stage of production and ship it to a 
second company. The second company finishes the product and re- 
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leases it under a regular license. Licensing in this manner has permit- 
ted the industry to take the best advantage of its production capacity 
and to expand company product lines without extensive development 
costs [9 CFR 114.3 (d) & Veterinary Services Memorandum No. 
800.61]. 

VII. Sublicensing 

Sublicensing of a licensed product from one company to another is 
also permitted. In this process the company that has a license for the 
product contracts to transfer to a second company the data, technology, 
and materials necessary to produce the product. The Outline of Pro- 
duction must be transferred along with Master Seed and Master Cell 
Stock. The receiving company must repeat purity testing of the Master 
Seed and Master Cell Stock and do an immunogenicity test in a re- 
duced number of animals to confirm previous data. Additional field 
safety studies are not required. This process has been useful in the 
transfer of products and technology from one company to another (Vet- 
erinary Services Memorandum 800.58). 

VIII. Exemptions to Licensure 

Biological products may be produced and used in the absence of 
federal establishment and product licenses only under the following 
three circumstances" 

1. Products used by USDA, or under USDA supervision, in a USDA 
disease control program (9 CFR 106). 

2. Products prepared under state license, issued by a state program 
considered by APHIS to be equivalent to the federal program (9 
CFR 107.2). Such products are limited to distribution only within 
the licensing state. (Currently, only California has such a program.) 

3. Products prepared by a person for use in animals owned by that  
person or by a veterinarian for use under a veterinarian-cl ient-  
patient relationship (9 CFR 107.1). 

IX. Autogenous Products 

Microorganisms isolated from diseased animals by a veterinarian or 
appropriate specialist may be submitted to a licensed establishment 
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for preparation of an autogenous vaccine or bacterin (9 CFR 113.113). 
Such products carry the following restrictions: 

1. They must carry a warning statement what the potency and efficacy 
of autogenous biologics have not been established. 

2. They may only be used by or under the direction of a veterinarian or 
approved specialist. 

3. Unless specifically exempted by APHIS, they may only be used in 
the herd or flock of origin. Groups of animals under the same owner- 
ship but at different locations are considered separate herds or 
flocks. 

4. Unless specifically exempted by APHIS, production seed viruses or 
bacteria for autogenous products may not be older than 15 months 
from the date of isolation, or 12 months from the date of harvest of 
the first serial (lot) of product prepared from the seed, whichever 
comes first. 

5. The expiration date for a serial of an autogenous product may not 
exceed 18 months from the date of harvest. 

X. Summary 

The licensing procedures reviewed above provide a framework for 
the production of pure, safe, potent, and efficacious veterinary biolog- 
ical products. The licensing, inspection, and testing activities of the 
Veterinary Biologics program provide the oversight necessary to en- 
sure the continued availability of high-quality veterinary biological 
products in the United States. 

REFERENCE 

Anonymous (1993). Autogenous biologics guidelines issued by AVMA. J. Am. Vet. Med. 
Assoc. 203, 175-176. 



This Page Intentionally Left Blank



ADVANCES IN VETERINARY MEDICINE, VOL. 41 

Licensing Procedures  for Immunological  

Veterinary Medicinal Products in the 

European Union 

R R PASTORET* AND F. FALIZE+ 

*Department of Immunology-Vaccinology, Faculty of Veterinary Medicine, 
University of Liege, Sart Tilman, B-4000 Liege, Belgium, tPharmaceutical 

Inspectorate, Ministry of Public Health, Belgium 

I. Int roduct ion 
II. Role of the  European  Agency for the  Evalua t ion  of Medicinal  Products  

III. Available European  Procedures  
IV. New Definitions of Veter inary  Biologicals 

A. Definition of a New Active Substance 
V. Revision-Validation of Vaccines a l ready  on the  Marke t  

VI. Manufac tu r ing  Author iza t ion 
VII. Batch Control /Release 

VIII. Special Case of Equine  Inf luenza Vaccines 
IX. Role of the  European  Pharmacopoeia  
X. S u m m a r y  

References 

I. Introduct ion 

The pharmaceutical legislation of the European Community, which 
has evolved over a 30-year period, covers both medicinal products for 
human and veterinary use. Harmonization of requirements in the area 
of veterinary medicines began in 1981 with the adoption of Directives 
81/851/EEC and 81/852/EEC, laying down common requirements for 
manufacturing and marketing authorization, based on the evaluation 
of the quality, safety, and efficacy of the product. Many additional 
measures were taken to harmonize further the procedures and the 
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criteria for the evaluation of veterinary medicinal products, such as 
framework requirements and interpretive guidelines for their testing, 
principles, and guidelines of Good Manufacturing Practice, and a 
community procedure for the evaluation of high-technology products. 
However, granting of authorizations remained national. As a conse- 
quence, although applications were evaluated on the basis of these 
harmonized criteria and procedures, and in some cases in common by 
the authorities of the Member States, there were differences in the 
decisions reached by the Member States on individual products. This 
was why the commission made proposals in 1990 for a new system for 
marketing authorization of medicinal products, which was adopted by 
the Council of Ministers in 1993 and entered into force on January 1, 
1995. 

One of the first consequence was the creation of the European Agen- 
cy for the Evaluation of Medicinal Products (EMEA) in London. 

II. Role of the European Agency for the Evaluation of 
Medicinal Products 

In 1995 a new European system for the authorization of medicinal 
products came into force. After 10 years of cooperation between nation- 
al registration authorities at the European Union (EU) level and 4 
years of negotiations, the Council of the EU adopted in June 1993 three 
directives and one regulation, which together form the legal basis of 
the system (Brunko, 1997). 

The EMEA was established by Council Regulation (EEC) 2309/93 of 
July 22, 1993. (OJL 214, 24.8.1993), and London was chosen as its seat 
by decision of the heads of state and government on October 29, 1993. 

This agency formulates opinions and, apart from the administrative 
staff and the management board, is composed of two scientific commit- 
tees, the CPMP in charge of medicinal products for humans and the 
CVMP in charge of the animal health sector. 

The CVMP is responsible for the evaluation of applications for mar- 
keting authorization for products derived from biotechnology, for pro- 
ductivity enhancers, new chemical entities intended for use in food- 
producing animals, and other innovative new products. In addition, 
the CVMP makes recommendations on MRLs (maximum residue lim- 
its) for substance used in food-producing animals. Nevertheless, due to 
the fact that  it is impossible to discriminate between the results of a 
vaccination versus a natural infection, there is no need to determine 
MRLs for immunologic products. To support its activities, the CVMP 
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relies on a pool of 400 experts put at the disposal of the agency by the 
EU Member States. These experts may participate in any of the CVMP 
working parties. Among the working parties, the Immunological Veter- 
inary Medicinal Working Party (IVMP/WP) has a double mandate: to 
examine any request for scientific advice made by a company during 
the development of a new vaccine, and to advise the CVMP on more 
general policy issues such as the elaboration and revision of guidelines 
on immunologic products. The guidelines for the testing of veterinary 
medicinal products are contained within Volume VII of the rules gov- 
erning medicinal products in the EU, published by the European com- 
mission in 1994. 

Among the working program of the IVMP/WP for 1998, appear the 
following: 

�9 Potency testing of biologicals 
�9 Reduction in the number of animals in safety testing 
�9 Use of adjuvants in veterinary biologicals 
�9 Production and quality control of veterinary medicinal products de- 

rived by recombinant DNA technology, including DNA vaccines 
�9 Revision of guidelines on duration of protection and vaccination 

schemes 

The role of the European Pharmacopoeia will be discussed sepa- 
rately. 

III. Available European Procedures 

Since 1995, two new registration procedures for human and veterin- 
ary medicinal products have become available through the European 
Union: the centralized and the decentralized procedures. 

The centralized procedure is compulsory for medicinal products de- 
rived from biotechnology (Part A), and available at the request of appli- 
cants for other innovative new products (Part B). Applications are 
submitted directly to the agency in London. At the conclusion of the 
scientific evaluation undertaken in 210 days within the agency, the 
opinion of the Scientific Committee is transmitted to the commission to 
be transformed in a further 90 days into a single market authorization 
applying to the whole European Union. 

Applications may be submitted under the rules of Part  A of the 
annex to the regulation or under the rule of Part B of the same annex. 

Article 3 of Reg. 2309/93 states that  no medicinal product referred to 
in Part  A of the annex to the regulation may be placed on the market 
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without being submitted to the centralized procedure; on the other 
hand, the person responsible for placing on the market  a medicinal 
product referred to in Part  B of the annex may request to pass through 
the centralized procedure. Part  B of the annex states the following 
criteria: 

�9 Medicinal products developed by other biotechnological processes 
which, in the opinion of the agency, constitute a significant innova- 
tion 

�9 Medicinal products administered by means of new delivery systems 
which, in the opinion of the agency, constitute a significant innova- 
tion 

�9 Medicinal products presented for an entirely new indication which, 
in the opinion of the agency, is of significant therapeutic interest 

�9 Medicinal products based on radioisotopes which, in the opinion of 
the agency, are of significant therapeutic interest 

�9 New medicinal products derived from human blood or human plasma 

The decentralized procedure, applying to a majority of conventional 
medicinal products, is based on the principle of mutual  recognition of 
national authorizations. It provides for the extension of a marketing 
authorization granted by one Member State to one or more other Mem- 
ber States identified by the applicant. 

Should the original national authorization not be recognized by oth- 
er Member States, the points in dispute are to be submitted to the 
agency's scientific committees for arbitration. In this case, the final 
decision is adopted by the European Commission, with the assistance 
of the regulatory committee or, in the event of serious disagreement 
between the Member States, by the Council of the European Union. 
National procedures remained available to applicants during the tran- 
sition period, that  is, up to January  1, 1998, after which they may be 
used exclusively for nationally marketed medicinal products, the de- 
centralized procedure being mandatory. 

The Member States recently created a mutual  recognition facilita- 
tion group in order to facilitate admission of medicinal products under 
the decentralized procedure. Meetings are being held monthly at the 
EMEA. 

IV. New Defmitions of Veterinary Biologicals 

To anticipate forthcoming products on the market, the IVMP/WP 
has produced new definitions of immunologic products eligible for Part  
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B of the annex. According to Council Directive 90/677/EEC extending 
the scope of Directive 81/851/EEC on the approximation of the laws of 
the Member States relating to veterinary medicinal products and lay- 
ing down additional provisions for immunologic veterinary medicinal 
products, the term immunologic veterinary medicinal product means a 
veterinary medicinal product administered to animals in order to pro- 
duce active or passive immunity or to diagnose the state of immunity. 
To fulfill the requirements for admission of Part  B of the centralized 
procedure a new active substance had to meet the following criteria. 

A. DEFINITION OF A NEW ACTIVE SUBSTANCE 

A new chemical, biological or radiopharmaceutical active substance 
includes: 

1. A chemical, biological or radiopharmaceutical substance not previ- 
ously contained in a veterinary medicinal product authorized in the 
European Community 

2. An isomer, mixture of isomers, a complex or derivative or salt of a 
chemical substance previously authorized as a veterinary medicinal 
product in the European Community but differing substantially in 
properties with regard to safety and efficacy from that  chemical 
substance previously authorized 

3. A biological substance previously authorized as a veterinary medici- 
nal product in the European Community, but differing substan- 
tially in molecular structure, nature of the source material  or manu- 
facturing process 

4. A radiopharmaceutical substance which is a radionucleide, or a lig- 
and not previously authorized as a veterinary medicinal product in 
the European Community, or the coupling mechanism to link the 
molecule and the radionuclide has not been previously authorized 
in the European Community 

The proposed definition of a new biological substance that  consti- 
tutes a new active ingredient in the context of Part  B of the annex to 
Council Regulation 2309/93 is expanded as follows: 

A biological active substance is considered new if: 

�9 The antigen is contained within a product indicated against a newly 
emerging species of pathogen, or 

�9 A new antigen is contained within a product indicated against a 
disease where existing products are proven and recognized not to 
alleviate suffering from diseases in the target  species; 
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�9 An antiserum is contained within a product indicates against a newly 
emerging species of pathogen, or 

�9 The antiserum is contained within a product indicated against a 
disease where existing products are proven and recognized not to 
alleviate suffering from disease in the target species; 

�9 The product consists of a substance which through immunologic 
mechanisms affects the physiologic function of an animal (e.g., one 
which causes immunocastration), either if the substance has a new 
efficacy claim or if a new active substance has a different mode of 
action; 

�9 The product consists of a substance, which modulates the function of 
the immune system either if the substance has a new efficacy claim 
or if a new active substance has a different mode of action. 

V. Revision-Validation of Vaccines Already on the Market 

Immunologic veterinary medicinal products were initially excluded 
from the scope of the legislation and continued to be regulated nation- 
ally until 1993. With the objective of the single market, it became 
necessary to include these products into the scope of the harmonized 
legislation. Upon proposal from the commission, the council adopted 
Directive 90/677/EEC extending the scope of the pharmaceutical legis- 
lation to immunologics, which entered into force on April 1, 1993, for 
new products. For already existing products, a transitional period of 5 
years was granted, during which these products are being reviewed for 
compliance with the requirements of the directives, according to an 
agreed-on harmonized chronology with regard to the different species- 
specific vaccines. 

Because these time constraints could not be implemented it was 
decided that  the nondefended products would still be withdrawn from 
the market on April 1, 1998, whereas the defended ones could be exam- 
ined within a mutual recognition procedure, at the request of the appli- 
cant. 

Note, however, that, since the entry into force of Directive 87/22/EEC, 
veterinary vaccines derived from biotechnology were already covered 
by the Community requirements and had access to the Community 
"concertation" procedure by virtue of their biotechnological nature. On 
these matters, the CVMP was assisted by a specialized group of ex- 
perts from the Member States. 

Draft legislation is generally proposed by the European Commission 
and adopted by the Council of Ministers. This legislation (i.e., regula- 
tions and directives) is binding on all Member States. On some specific 
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matters, however, the commission has been empowered by the council 
to adopt legislation itself, by a regulatory process involving a commit- 
tee of governmental experts from the Member States. This legislation 
has the same value and status as council legislation. 

In the veterinary medicines sector, the commission has been charged 
with the updating of testing requirements, whenever the need may 
arise. This was done in 1991 to take into account the technical progress 
achieved since the adoption of the original testing Directive 81/852/EEC 
and to cover immunologics newly introduced into legislation. This re- 
sulted in directive 92/18/EEC, describing the testing requirements to 
be followed by manufacturers intending to file an application for mar- 
keting authorization. Special requirements for immunologics were 
agreed to in the directive, relating to the demonstration of quality, 
safety, and efficacy of the product. Given the framework aspect of the 
directive, it was felt necessary to supplement it by a series of guide- 
lines representing the detailed and harmonized interpretation of these 
requirements. These guidelines are intended to assist manufacturers 
in complying with the framework provisions of the directive. Compli- 
ance with these guidelines provides assurance to the industry that the 
research and development work undertaken will be considered valid by 
the Member States. To avoid placing too many constraints on scientific 
and technical developments, other approaches to those described in a 
guideline can be followed if it can be shown that this is justified. The 
current guidelines address both live and inactivated vaccines in gener- 
al, with specific provisions for a series of species-specific vaccines. Be- 
sides guidelines specifically addressing testing of immunologics, some 
guidelines of a general, horizontal nature apply, such as the guidelines 
of good clinical practice. 

VI. Manufacturing Authorization 

In accordance with Directive 81/851/EEC, authorization is also re- 
quired for manufacture of veterinary medicinal products, including 
immunologics. This directive provides for regular inspections and that 
manufacture must be supervised by a "qualified person," who certifies 
that each batch is in conformity with the approved specifications for 
the product. For the implementation of these requirements, the com- 
mission has adopted Directive 91/412/EEC relating to the principle 
and guidelines of Good Manufacturing Practice (GMP), and published 
a detailed guide on GMP developed by a group of pharmaceutical in- 
spectors from the Member States. 
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Unlike conventional medicinal products, which are produced using 
chemical and physical techniques capable of a high degree of consistency, 
the production of biological medicinal products involves processes and 
materials that are subject to variability and, by virtue of their biological 
nature, provide good substrates for the growth of microbiological con- 
taminants. Therefore, in-process controls take on a major importance. 
This line of thought led to the adoption of supplementary provisions 
addressing the manufacture of immunologic veterinary medicinal products. 

VII. Batch Control/Release 

As stated earlier, manufacturers are required to have the services of a 
qualified person at their disposal to certify that each batch of product has 
been manufactured and checked in accordance with the conditions for 
marketing authorization. This is a basic requirement of the pharmaceu- 
tical legislation. In the case of batches imported from third countries, 
each batch has to undergo a full qualitative analysis and a quantitative 
analysis of at least the active ingredients in the first Member State of 
import into the European Union, under the supervision of a qualified 
person. Not until this control by the qualified person has been carried can 
a batch circulate within the European Union without further control. 

In the special case of immunologic veterinary medicinal products, an 
additional step may be introduced. Directive 90/677/EEC allows those 
Member States which consider it necessary to ask for the submission of 
samples of each production batch of the bulk and/or finished product 
for examination by a control laboratory before that batch is placed on 
the market. This official batch release is not meant to waive the re- 
quirement of batch control by the qualified person. 

Except in specially justified circumstances, batch release carried out 
by one national control laboratory must normally be recognized with- 
out repetition by the other Member States. To ensure the smooth oper- 
ation of this provision, an administrative information exchange proce- 
dure has been agreed between the competent authorities. Although all 
Member States do not require official batch release for veterinary im- 
munologics, it was felt by all that they had to be involved in this 
information exchange scheme. 

Vlll .  Special Case of Equine Influenza Vaccines 

Equine influenza has remained among the main acute contagious 
respiratory diseases of horses worldwide. Equine influenza is repre- 
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sented by two subtypes: influenza A/equine 2 virus (H3N8), which is 
the most important  cause of respiratory diseases in the horse, and 
influenza A/equine 1 virus (HTNT), which is still circulating sub- 
clinically but is almost considered to be extinct. 

However, a divergence in the evolution of A/equine 2 (H3N 8) viruses 
has occurred since 1987 and two families of viruses are now circulat- 
ing. These were designated European-like and American-like, al- 
though representatives of both families have been isolated in both 
continents. There is increasing evidence from field studies that  anti- 
genic drift in the gene coding for the hemagglutinin (HA), which is the 
major surface protein of these influenza A strains, eventually renders 
vaccine strains obsolete and is likely to compromise vaccine efficacy. 

A formal reporting mechanism on antigenic/genetic drift or shift of 
equine influenza viruses and a vaccine strain selection system has 
been set up, so that  vaccine manufacturers and regulatory authorities 
are informed of the potential need to update vaccine virus strains. 

An Expert Surveillance Panel, including representatives from three 
WHO reference laboratories and from three OIE reference laborato- 
ries, reviews every year the epidemiologic and virologic information 
and makes recommendations about suitable vaccine strains. These 
recommendations are published annually by the OIE in its Bulletin. 
Because antigenic drift in equine influenza occurs at a slower rate than 
in human influenza, it is considered that  a regular update of the 
strains could be necessary every 3-5  years. 

The development of effective vaccines can now be facilitated by the 
availability of reliable in vitro assays such as single radial diffusion 
(SRD) to measure vaccine bulk antigen content in terms of HA content, 
or single radial hemolysis (SRH) to measure serologic responses. 

For in-process controls, SRD provides a reliable method of measur- 
ing hemagglutinin content of equine influenza bulk antigens, although 
it cannot be used on final adjuvanted products. Use of SRD tests is 
therefore limited to the in-process control of adjuvanted vaccines. SRD 
tests can provide a great improvement on the chick cell agglutination 
(CCA) test because it is not susceptible to wide test variation and 
measures immunologically active HA. SRH is a sensitive and repro- 
ducible method for measuring antibody to hemagglutinin. 

A new outbreak associated with a breakdown of existing vaccines 
may require a change in the formulation of equine influenza vaccines. 
It is expected that  manufacturers will wish to make such changes in 
response to evidence of an antigenic drift and on the need for such a 
change from the report and recommendation from the Expert Surveil- 
lance Panel. 

Equine influenza vaccines are well known, and it is unlikely that  the 
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replacement of one strain by another would lead to such substantial 
changes so as to justify a new full set of safety and efficacy tests to be 
carried out. In addition, there is a need to consider reduction of the 
number of animals used in the testing of medicinal products whenever 
possible. 

Therefore, provided there have been no or few adverse reactions with 
the previous formulation, a twofold approach is proposed for the test- 
ing of the new formulation: 

1. Cross-references to the original dossier would be accepted for those 
parts that remain unchanged. 

2. Where necessary, the analytical, safety, and efficacy sections of the 
original dossier would need to be amended and new additional data 
generated. 

IX. Role of the European Pharmacopoeia 

The last 30 years have seen profound changes in the organization of 
the European people and the regulation of medicinal products (Artiges, 
1997). Thirty years ago, each country had its own regulations, and 
between them the European countries had two-thirds of the world's 
pharmacopoeias with all the possible variations. The European Phar- 
macopoeia Convention has now been signed by 24 parties: twenty- 
three countries, 1 and just recently by the Commission of the European 
Communities; moreover 10 European and non-European countries, 2 
and the World Health Organization (WHO) have observer status. Close 
relations are maintained with the licensing authorities of the Eu- 
ropean Economic Area, where integration is developing via the imple- 
mentation of common directives and guidelines of medicines for human 
and veterinary use. The European Pharmacopoeia cofounded, with the 
Japanese Pharmacopoeia and the United States Pharmacopoeia, the 
Pharmacopoeial Discussion Group (PDG) in 1990; this group is work- 
ing assiduously for harmonization at the world level, and it partici- 

1Austria, Belgium, Cyprus, Croatia, Denmark, Finland, France, Germany, Greece, 
Iceland, Ireland, Italy, Luxembourg, Netherlands, Norway, Portugal, Slovenia, Spain, 
Sweden, Switzerland, Turkey, United Kingdom, the Former Yugoslav Republic of Mace- 
donia; Member States must apply the standards of the European Pharmacopoeia. 

2Albania, Australia, Bulgaria, Canada, Hungary, Czech Republic, People's Republic of 
China, Lithuania, Slovakia, Poland; Observer States do not have to apply the European 
Pharmacopoeia standards. Some of them apply the standards on a voluntary basis. 
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pates in the International Conference on Harmonisation of Technical 
Requirements for Registration of Pharmaceuticals for Human Use 
(ICH) program. Unfortunately this will have no consequences in the 
field of veterinary vaccines as there are no monographs on these prepa- 
rations in the U.S. and Japanese pharmacopoeias. 

In Europe, during the 1960s, mainly within the framework of the 
two major international organizations, the European Union and the 
Council of Europe, it was agreed to pool technical and scientific exper- 
tise. This led to the formation of a coherent body of regulations cover- 
ing marketing and quality control of medicines for human and veterin- 
ary use, manufactured locally or imported. Its main components are 
market ing authorization, granted case by case for medicines manufac- 
tured industrially, and the Pharmacopoeia, a tool for standardization. 
The regulations surrounding marketing authorization were elaborated 
by the European Economic Community after extensive public consulta- 
tions with professional pharmaceutical associations as well as the Eu- 
ropean Free Trade Association countries and the Nordic countries. The 
European Pharmacopoeia was developed under the aegis of the Coun- 
cil of Europe by means of specific international convention, which from 
the start  allowed a larger number of European countries to participate. 

The convention on the Elaboration of a European Pharmacopoeia is 
based on a dual commitment by its signatory states: 

�9 A commitment to elaborate a common pharmacopoeia, by contribut- 
ing financially to its budget and by sending experts 

�9 A commitment to make official on their territories, the specifications 
of the European Pharmacopoeia replacing, where applicable, the ex- 
isting national requirements 

This commitment has been made official and integrated into the 
regulations for the registration of medicines manufactured indus- 
trially since the adoption in 1975 of the first directive (75/318/EEC) on 
the standards and protocols for analytical, pharmacotoxicological, and 
clinical studies on medicines for human use; this principle has also 
been applied in the area of drugs for veterinary use according to Direc- 
tive 81/852/EEC and also when these requirements were extended to 
immunologic products (human vaccines, immunosera, and allergens; 
Directive 89/342/EEC), to veterinary vaccines (Directive 90/677/EEC), 
and to homeopathic medicines for human use (Directive 92/73/EEC) 
and for veterinary use (Directive 92/74/EEC)). 

The harmonization envisaged involves real integration and the cre- 
ation of supranational European specifications. This has been the deci- 
sion taken by the European Pharmacopoeia Commission since its first 
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meeting. To this end, it created groups of experts in the various phar- 
maceutical areas; the chairman of each group is usually a delegate at 
the commission, and the experts are proposed by the national delega- 
tions and appointed by the commission. 

In the field of veterinary vaccines, a specific group of experts has 
been set up. 

As far as vaccines are concerned the functions of the European Phar- 
macopoeia have been affected in recent years by the increasing degree 
of integration of the internal market  of the European Union. 

For the first 25 years of its life, the European Pharmacopoeia took a 
"classical" view of vaccine monographs, concentrating on the finished 
product available as a commercial article that  an independent analyst 
could obtain and test according to the specifications; as far as vaccines 
were concerned many of the essential aspects of quality were virtually 
ignored and had then to be dealt with by each country in parallel 
systems in compendia of regulations and guidelines applicable to bio- 
logicals. Inevitably the decisions differed and this provided the spark 
necessary to initiate a change of course. It was decided that  mono- 
graphs would in future treat  all aspects of quality throughout the 
manufacturing process. A new section, Production, has been added to 
each monograph, which sets out the essential features and control 
requirements along the manufacturing process. 

The production of new harmonized monographs and the revision of 
existing ones has accelerated with the concomitant harmonization of 
European registration legislation. New or revised monographs or gen- 
eral chapters are constantly added. In 1997, around 50 monographs on 
veterinary immunologics were described in the edition of the European 
Pharmacopoeia and around 25 new monographs are in preparation. 
Before their adoption, all monographs are published for inquiry and 
comments in the Forum of the European Pharmacopoeia, PHARM- 
EUROPA, issued four times a year by the Council of Europe. In addi- 
tion, the European Pharmacopoeia endorsed the aims of the European 
Convention for the Protection of Vertebrate Animals used for Experi- 
mental  and Other Scientific Purposes and encouraged its groups of 
experts to take into account the three R's rule and review all existing 
animal tests. 

For the time being no monographs on combined veterinary vaccines 
have been prepared because many combinations are available and the 
resources to prepare monographs on all these combinations have not so 
far been available. Nevertheless, in the near future such monographs 
will be prepared in order to harmonize the approach of the different 
countries. 
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X. Summary 

With the adoption of the new authorization system, all regulatory 
needs for veterinary medicinal products have been fulfilled with the 
European Union. This system, indeed, provides access to a continent- 
wide market to innovative products, in particular vaccines, and facili- 
tates access to the markets of the Member States for other products. 
This should have a clearly favorable impact on the veterinary vaccines 
industry. 
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I. Introduct ion 

During the past several years, the regulatory authorities of the 
United States, Japan, and the European Union (EU) met on several 
occasions in an attempt to harmonize the regulations dealing with 
human and veterinary biologics. In veterinary biologics, the discus- 
sions were held between U.S. and EU authorities. The obstacles being 
so numerous, the current trend is to aim for mutual recognition rather 
than a change of the existing standards within a given geographic 
area. Even with this "smoother" approach, several years will be needed 
to achieve this objective. A proposed way to speed up this process is to 
use the tools offered by the International Association of Biological 
Standardization (IABS). 

In human biologicals, several of the existing requirements took their 
roots in meetings organized by the IABS and especially in the meeting 
cosponsored by the IABS, the World Health Organization (WHO) and/or 
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the Federal Drug Administration (FDA). The latest ones have been dealing 
with the purity of plasma derivatives (Cannes, 1992; Washington, DC, 
1996) and the safety of biologicals (Bethesda, 1995; Annecy, 1996). 

Surprisingly, despite the number of meetings of interest for veterin- 
ary medicine, the IABS is not well recognized by veterinary scientists 
who perceive the IABS as an association dealing with human products 
only: Less than 5% of the current membership are veterinarians. 

II. Introducing the lABS 

The IABS was founded in 1955 by a group of independent experts 
who identified an urgent need for an improvement in the quality and 
comparability of data being exchanged between scientists working in 
research, development, production, regulation, and standardization of 
biological products. 

Today the IABS is a nonprofit association administered by the Swiss 
Civil Code and specific statutes with a main office located in Geneva. 
The IABS is a branch of the International Union of Microbiological 
Societies and has close links with the WHO. There are about 460 
members in 45 countries. 

The IABS may be considered as a platform for discussion and con- 
sensus of temporary issues related to biologicals. This organization is 
unique in its ability to bring together for informal discussion state 
controllers, manufacturers, and research workers from academic insti- 
tutions and public health organizations. 

A. THE MISSIONS 

According to its statutes, the main missions of the IABS are: 

�9 To encourage the appropriate control and standardization of biolog- 
ical products 

�9 To promote uniform methods for the international control of biolog- 
ical products 

�9 To organize congresses, symposia, and other scientific meetings and 
to publish reports of such meetings 

B. THE ORGANIZATION 

The supreme authority of the association is vested in the general 
assembly, which is constituted from the membership. The general as- 
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sembly meets every 2 years on the occasion of a scientific meeting 
organized by the association. The general assembly elects the council, 
which is the executive board of the association. The council elects the 
following officers: 

�9 President 
�9 Two vice-presidents 
�9 Secretary general 
�9 Chairman of the scientific committee 
�9 Chairman of the editorial committee 
�9 Treasurer 

The council meets at least twice a year to discuss the items proposed 
on an agenda sent by the secretary general. Experience shows that  
most of the time spent by the council is dedicated to matters dealing 
with the organization of scientific meetings and with the publication of 
the proceedings of these meetings and of the journal. 

C. TOOLS OF THE IABS 

1. Meetings and Proceedings 

In 1965, S. Karger was selected as the official publisher of the asso- 
ciation. Since that  time, the IABS has convened more than 90 interna- 
tional meetings of contemporary interest, which are then published as 
proceedings of those meetings. 

2. The Journal 

Biologicals is an international journal published quarterly, devoted 
to the timely publication of broad ranging reports relevant to the devel- 
opment, preparation, and quality control of biologicals used in human 
and veterinary medicine. Reports on biologicals derived from new tech- 
nologies are especially encouraged. 

Three types of papers are acceptable: original research reports, short 
papers, and review articles dealing with topics of current interest. 

3. The Newsletter 

The Newsletter is a quarterly publication which reports the current 
activities of the IABS regarding the membership, scientific activities, 
announcements and programs of future symposia, and the reports of 
the general assembly. 
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III. A Case Study: Repor t  of the Avian Products  Standardization 
Committee (March 1979)  

As already reported, in human biologicals, several of the existing 
requirements took their roots in meetings organized by the IABS. In 
the veterinary field, we would like to report a "case study" with the 
hope that  it will be used as an example for further progress in the 
international harmonization process. 

In 1973, the IABS organized in Lyon, France, an international sym- 
posium on the Requirements for Poultry Virus Vaccines. The proceed- 
ings of this symposium were published in 1974 as Developments in 
Biological Standardization, Vol. 25. At the conclusion of the sympo- 
sium, it was resolved that  an Avian Products Standardization Commit- 
tee, composed of four subcommittees, should be established. Each sub- 
committee, under the direction of an experienced chairman, considered 
the following topics: 

�9 Marek's disease (Dr. B. R. Burmester) 
�9 SPF poultry flocks (Dr. R. Luginbuhl, succeeded by Dr. J. B. McFer- 

ran) 
�9 Infectious bronchitis (Dr. R. Winterfield) 
�9 Newcastle disease (Dr. R. P. Hanson, succeeded by Mr. W. H. Allan) 

Each chairman was responsible for forming his subcommittee by the 
selection of four to six recognized experts in the appropriate field. 
Representatives of the United States and European Union were pres- 
ent in each subcommittee. All of these experts were to advise on the 
problems that  had been discussed at the symposium and outlined in 
the conclusions of the proceedings and to make recommendations. 
Where appropriate, they would also arrange for scientific studies and 
assays to be conducted to establish parameters for vaccine production 
and control. 

The recommendations of three of the subcommittees were submitted 
and published in a report in March 1979. Through unforeseen circum- 
stances, it has not been possible to finalize the report on Newcastle 
disease. 

A summary follows of the work carried out by the SPF and Marek's 
groups, underlining the most interesting steps: 

A. MAREK'S SUBCOMMITTEE 

A plan was immediately developed with actual succession of events 
as given here. A questionnaire designed to obtain information of all 
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aspects of the manufacture and testing of Marek's disease vaccine was 
sent to 59 licensing authorities and manufacturers.  Usable replies 
were obtained from 24. Information was collated, studied, and a tenta- 
tive draft s tandard prepared. After thorough study by the working 
group, a second draft was prepared and sent for critical review to all 
those who responded to the questionnaire. Subsequently, a third draft 
was prepared with due consideration of all respondents and others. 

All of these consultations allowed the subcommittee not to recom- 
mend the PD50 test, as initially planned, for the evaluation of the 
efficacy of the vaccines, due largely to the variations observed in test 
results. At that  time, a lot of discrepancies were observed in the evalu- 
ation of the PFUs in Marek's assays. This group made available sam- 
ples of a reference batch and recommended that  a reference sample 
should be included in any titration process. 

These recommendations, made from numerous international practi- 
cal observations were, at tha t  time, of great help for the Marek's dis- 
ease scientists in comparing their results. 

B. SPF POULTRY FLOCKS SUBCOMMITTEE 

Two hundred questionnaires were distributed and 32 replies re- 
ceived from virtually all the important  egg producers, national control 
authorities, and various experts. 

The variety of replies indicated that  there were many ways to pro- 
duce eggs free from microorganisms and that  there is not one "golden" 
way to success. 

Detailed recommendations were made regarding the management  
and maintenance of SPF poultry flocks as well as their microbiological 
surveillance. 

The proposals of the SPF subcommittee were used a few years later 
as a reference document for the setting up the new EU regulations 
regarding the poultry SPF flocks. 

More recently, at Ploufragan, France, in 1992, another meeting co- 
sponsored by the IABS and dealing with veterinary biologics was very 
well received. The proceedings of this meeting, published in Vol. 72 of 
the IABS series and titled The First  Steps Towards an International 
Harmonisation: 1993 and the Free Circulation of Vaccines within the 
E.E.C., were used by the experts working on the international harmo- 
nization of veterinary biologics. In a certain way, we may say that  this 
meeting was a good presentation of the existing problems to be solved 
for international harmonization. Five years later, the need for another 
follow-up of this meeting is obvious. In this regard, we would propose 
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another meeting to be organized by the same team and dealing with a 
limited topic. The proceedings of a meeting on Quality Control of Seeds 
and Raw Materials of Biological Origin would certainly help the com- 
petent authorities to set up the rules allowing exchange of seeds be- 
tween the United States and Europe. That would represent a first step 
toward the reality of international harmonization. 

In conclusion, I want to stress that  the IABS does not a t tempt to 
intrude on the responsibilities of regulatory agencies. On the contrary, 
the strength of this association resides in the meetings organized un- 
der its umbrella, allowing nonofficial discussions between the inter- 
ested parties. The tools offered by the IABS have been largely and 
successfully used by the scientists dealing with human biologics. We 
hope that  this example will be followed in veterinary biologics, espe- 
cially at a time when international harmonization is such a crucial 
topic for the progress of veterinary medicine. 
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I. Introduct ion  

In general, vaccine properties cannot be evaluated by a few simple 
tests. Many series of experiments have to be done in order to provide 
adequate information on the biological properties of a vaccine. These 
properties cannot be established without a review of all tests done on 
the vaccine and have to be determined by objective and quantifiable 
criteria. This approach is totally applicable to Aujeszky's disease (AD) 
vaccines. 

So, testing of AD vaccines is founded on several trials to define the 
properties of this kind of vaccine. But, in a second step and particularly 
in the case of a marketing authorization, it is necessary to define an 
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acceptability threshold for safety as well as for efficacy. This problem is 
not easy to solve. How do we determine this threshold? What criteria 
can be taken into consideration? Different options have been choosen 
in the existing regulatory and technical texts which are mainly the 
92/18 E. U. directive and the European Pharmacopoeia (EP) mono- 
graphs about live and inactivated AD vaccines used in pigs. In that  
text, because the quality part  of the file is not specific to AD vaccines, it 
is not particularly developed, contrary to the safety and efficacy ones. 

II. Safety Testing 

For a vaccine, local and general reactions have to be determined. 
When a live vaccine is used, it is necessary to differentiate the exact 
safety properties of the vaccinal strain from those of the finished prod- 
uct including the adjuvant. 

A. PRINCIPLES 

In general, safety is tested initially under experimental conditions. 
When the results of these preliminary tests are known, it is necessary 
to enlarge the number of animals vaccinated in order to evaluate, 
under practical conditions, the safety of the vaccine. In all the cases, 
safety testing must be done on the pigs under the usual conditions of 
use or under abnormal conditions in order to reveal any reactions not 
discovered previously. In a first step, laboratory trials have to be per- 
formed and in a second step only, field trials can be done. These trials 
supplement, on a greater scale, the laboratory tests. 

B. LABORATORY TESTING 

General and local reactions must  be examined. 

1. General Effects Assessment  

a. Live Vaccines. The definition of the properties of an AD viral 
strain depends on the characteristics of this virus; so specific tests need 
to be performed to better understand the behavior of the vaccinal strain. 

Because the AD virus is neurotropic and is particularly pathogenic 
for young piglets, intracerebral tests and vaccination of 3-day-old pig- 
lets are very useful for determining the degree of safety of a strain. So 
in the EP monograph, five piglets, 3-5  days old each, received 104.5 
TCIDso of the vaccine virus intracerebrally. None of the piglets should 
die or show signs of neurologic disorders. 
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All of the information about intrinsic properties of AD strains cannot 
be provided because they are part of confidential marketing authoriza- 
tion applications files. But, as examples, the following data will illus- 
trate this text. 

Some strains such as Alfort 26, which is thermosensitive, and ADV 
Omnimark have no effect on 2-day-old piglets inoculated by the intra- 
cerebral route (Toma et al., 1979; Kit, 1989). These strains as the 783 
(TK-, gI-) and the Begonia ones do not provoke nervous signs when 
they are injected by the intramuscular route to very young piglets (2-4 
days old) even if the 783 strain can induce slight depression and fever 
(Van Oirschot et al., 1990; Visser and Lfitticken, 1989). But, nervous 
signs and mortality depend on a dose-effect law: When the Begonia 
strain is injected by the intracerebral route to 2-day-old piglets (titer: 
106.3 TCID5o/0.1 ml), five out of six piglets die, whereas no mortality is 
observed with a 105.3 TCID5o dose. This means that  even TK- strains 
remain pathogenic particularly for the central nervous system when 
high doses of virus are used (Visser and Lfitticken, 1989). 

It is essential, too, to assess the properties of a vaccine and specifi- 
cally of live ones in the target animals (e.g., in normal conditions of use 
for fattening pigs), generally vaccinated when they are between 9 and 
12 weeks old and for pregnant sows when it is claimed by the manufac- 
turer and authorized. Assays have been performed in pigs (4-10 weeks 
old) with Alfort 26, Bartha, and Begonia strains (Toma, 1979; McFer- 
ran and Dow, 1975; Visser and Lfitticken, 1989). No clinical signs in- 
cluding thermic reactions were observed after vaccination. 

So, in the EP monograph the animals used in the test for immu- 
nogenicity are also used to evaluate safety. The rectal temperature of 
the vaccinated animal is measured at the time of vaccination and 6, 24, 
and 48 hours later. No animal shows a temperature rise greater than 
1.5~ and the number of animal showing a temperature greater than 
41~ does not exceed 10% of the group. At slaughter, the injection site 
is examined for local reactions. No abnormal local reactions attribut- 
able to the vaccine are produced. The animals used for field trials are 
also used to evaluate safety. A test is carried out in each category of 
animals for which the vaccine is intended (sows, fattening pigs). Not 
fewer than three groups each of not fewer than 20 animals are used 
with corresponding groups of not fewer than 10 controls. The rectal 
temperature of each animal is measured at the time of vaccination and 
6, 24, and 48 hours later. No animal shows a temperature rise greater 
than 1.5~ and the number of animals showing a temperature greater 
than 41~ does not exceed 25% of the group. Again, at slaughter, the 
injection site is examined for local reactions. No abnormal local reac- 
tions attributable to the vaccine are produced. 
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In addition, 10 piglets, 3 -4  weeks old that  do not have antibodies 
against  AD virus or against a fraction of the virus, each receive by a 
recommended route a quanti ty of virus corresponding to 10 doses of 
vaccines. Ten piglets of the same origin and age are kept as controls. 
The animals are observed for 21 days. The piglets have to remain in 
good health. The weight curve of the vaccinated piglets does not differ 
significantly from that  of the controls. 

Ten piglets, 3 -5  days old, which do not have antibodies against AD 
virus or against a fraction of the virus, each receive by the intranasal  
route a quanti ty of virus corresponding to 10 doses of vaccine. The 
animals are observed for 21 days. None of the piglets dies or shows 
signs of neurologic disorder attributable to the vaccine virus. 

Ten piglets, 3 -4  weeks old, and which do not have antibodies against  
AD or against a fraction of the virus, each receive a daily injection of 2 
mg of prednisolone per kilogram of body mass for 5 consecutive days. 
On the third day, each piglet receives a quanti ty of virus corresponding 
to one dose of vaccine by a recommended route. The animals are ob- 
served for 21 days following administration of the virus. The piglets 
must  remain in good health. 

To complement these studies in the target species, the real degree of 
at tenuation of an AD viral strain can be evaluated by inoculation into 
other species such as chickens, dogs, cats, mice, etc. 

Reversion to virulence following serial passage has to be examined. 
Primary vaccination is done by the recommended route of administra- 
tion, which is most likely to be followed by reversion to increased 
virulence. A series of at least five passages in piglets are made. 

The objective of these assays is to test the genetic stability of live 
vaccinal strains. They seem to be less necessary or unuseful when a 
genetically modified live strain is involved, especially when it was de- 
veloped by gene deletion. 

However, it may be necessary to examine the possibility of recom- 
bination or genomic rearrangement  with strains existing in the field or 
with other strains (Henderson et al., 1991). 

The virus excretion of a vaccinal strain by a vaccinated pig is inter- 
esting. Obviously the more the vaccine strain is disseminated through- 
out the body of a vaccinated animal, the greater the risk of spreading 
and shedding. Vaccinal strains such as Alfort 26 and Bartha are, in 
most cases, only recovered from the site of inoculation and the satellite 
lymph nodes (Toma et al., 1979; McFerran and Dow, 1975). In the EP 
monograph, 14 pigs, 3 -4  weeks old and which do not have antibodies 
against  AD virus or against a fraction of the virus, are vaccinated with 
one dose of vaccine by the recommended route and at the recommend- 
ed site. Four pigs are kept as contact controls. Nasal and oral swabs 
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are collected daily from the day before vaccination until  10 days after 
vaccination. The vaccine is acceptable if the virus is not isolated from 
the secretions collected. 

The ability of the AD vaccine strain to spread from a vaccinated pig to 
unvaccinated ones (transmissibility) must  be tested by using the recom- 
mended route of administration. In the EP monograph, the same test is 
carried out on four separate occasions. Each time, four piglets of the 
same age (without any AD antibody) are kept together with them. 
Antibodies are not detected in any group of contact controls (5 weeks 
later). 

Until recently, it appeared interest ing to know more about the possi- 
bility tha t  a t tenuated  AD vaccinal strains can also become latent  with 
the initiation of eradication programs in different countries (Mengeling, 
1991). Studies demonstrated tha t  an a t tenuated  TK negative strain of 
AD virus can establish a reactivatable latent  infection in pigs (Mengel- 
ing, 1991). No reactivation was observed after vaccination of pigs with 
vaccinal strains tha t  had a natural ly  occurring gene deletion for viral 
glycoprotein I (gI) (Mengeling, 1991; Van Oirschot and Gielkens, 1984). 

If live vaccines are used on pregnant  sows, the effects on the progeny 
have to be studied. The born piglets should not become infected by the 
vaccinal strain. 

b. Inactivated Vaccines. As for live ones, it is essential to test  the 
inactivated vaccines in the target  animals in normal conditions of use 
for fat tening pigs and for sows when it is claimed by the manufacturer  
and authorized in the different countries. As described previously, it is 
fundamental  to use objective and quantifiable criteria to detect and to 
measure  adverse reactions such as temperature  before and after the 
vaccinations on vaccinated and control groups, weight performances, 
litter size, and reproductive performance. So the tests have to be per- 
formed by administering the vaccine in the recommended dose and at 
each recommended route of administrat ion to the pigs for which it is 
intended. 

The pigs or sows are usually kept under  observation and submitted 
to examinations until any reaction has disappeared and the period of 
observation must  not be less than  14 days after administration. This 
period has to be extended when, for example, the vaccine is used in 
pregnant  sows and it is necessary to assess the putative effects of the 
vaccine on the reproductive performance, which means the period of 
observation is, for those conditions, the duration of pregnancy and 
lasts until the farrowing. 

Moreover, it is generally requested to vaccinate with a double dose to 
have a better  opportunity to detect adverse reactions which could be at 
the limit of a detectable level when a single dose is administered. 
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2. Local Reactions 

Local reactions are often associated with the use of inactivated vac- 
cines as these side effects can be induced by adjuvants and particularly 
oil adjuvants. But some AD live vaccines are mixed with different 
adjuvants which modify what  was observed up to now. 

The local reactions are of two types" allergic or inflammatory. In the 
case of AD vaccines, local reactions are mainly inflammatory and can be 
more or less complicated (necrotic or suppurative) depending on the 
nature  of the adjuvants used and the aseptic conditions of the vaccina- 
tion. Oil adjuvants can induce a great variety of effects ranging from 
muscular  degeneration to granuloma, fibrosis, and abscessation. In 
addition to the nature of the oil used (the intensity of the reaction is 
reduced when metabolizable oils are used in the vaccine), it is the type of 
the emulsion (water/oil, oil/water, water/oil/water) which induces these 
reactions to a greater or lesser extent (Hall et al., 1989; Vannier, 1986). 

In consequence, it is necessary to observe not only from the outside 
the site of injection, but also by dissection when slaughtering the pigs 
and particularly the finishing ones. 

C. FIELD TESTING 

Field trials are necessary to assess the safety of an AD vaccine in a 
high number of pigs or sows. In Europe, tests are carried out in each 
category of animals for which the vaccine is intended (sows, fattening 
pigs). Not fewer than three groups each of not fewer than 20 animals 
are used with corresponding groups of not fewer than 10 controls. The 
rectal temperature of each animal is measured at the time of vaccina- 
tion and 6, 24, and 48 hours later. At slaughter, the injection site has to 
be examined for local reactions. 

If the vaccine is intended to be used in sows, reproductive perfor- 
mances have to be recorded. [Editor's note: The extensive battery of 
safety tests described here for vaccines licensed by the European 
Union is not required by the USDA for licensing of similar vaccines in 
the U.S.] 

III. Efficacy Testing 

A. LABORATORY TRIALS 

The biological properties of vaccines are generally based on the clini- 
cal protection they confer through passive immunity by vaccinating 
the dams or by actively immunizing the growing pigs. 
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1. Assessment of Passive Immunity  

To test the efficacy of vaccines, it is important to mimic the natural  
infection conditions. AD infection provokes important losses in young 
piglets from nonimmune sows. So, when vaccinating sows, the main 
goal is to protect the young piglets through passive immunity confered 
by the colostrum ingested immediately after birth. 

To measure this passive immunity and the protection induced by 
vaccinating the sows, experimental models were carried out. Eight 
sows are vaccinated according to the vaccinal scheme and by the rec- 
ommended route during pregnancy and, when the piglets are between 
6 and 10 days old they are given an intranasal  challenge exposure with 
a virulent AD strain (Andries et al., 1978; Vannier et al., 1976). Differ- 
ent values of virulent virus titers were used in such assays: 2 x 105 
TCID5o/2 ml or 103 to 104 UFP/ml. It is better to use a strain t i trated 
in lethal dose 50. It is recommended to inoculate by the nasal route, 
102 pig LD 50 per pig in 1 ml. The efficacy of the vaccine is assessed by 
comparing clinical signs, mainly mortality on piglets from unvacci- 
nated dams (minimum of four in EP monographs) with the ones ob- 
served on piglets from vaccinated sows. 

The vaccine is satisfactory if not less than 80% protection against 
mortality is found in the piglets from the vaccinated sows compared to 
those from the control sows. The test is not valid if the average number 
of piglets per litter for each group is less than six. 

2. Assessment of Active Immunity  

a. Clinical protection. Several criteria can be taken under consid- 
eration to measure the active immunity induced by vaccinating the 
pigs. Generally, the pigs are vaccinated at the beginning of the growing 
period, which means when they are between 9 and 12 weeks old. The 
laboratory trials are performed by challenging the pigs at the end of 
the finishing period when they weigh between 80 and 90 kg. 

In general, at least three criteria such as rectal temperature,  weight 
loss, and clinical signs with mortality are used to measure the clinical 
protection of pigs after vaccination and challenge. The antibody titers 
have little predictive value for the efficacy of the vaccines (de Leeuw 
and Van Oirschot, 1985). Weight loss compared between the vaccinated 
and control groups is certainly the parameter  that  is the most repro- 
ducible and quantifiable when the challenge conditions are well stan- 
dardized. The measure of the difference of weight gain or loss between 
the two groups of pigs and in the interval of time between challenge 
(DO) and D7 (7 days later) has a very good predictive value for the 
efficacy of the vaccines (de Leeuw and Van Oirschot, 1985). In the EP 
monograph, it is indicated that  each animal (10 vaccinated pigs, 5 
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controls) is weighed and then challenged by the intranasal route with a 
suitable quantity of a virulent strain of AD virus (at least 106 TCID5o 
of a virulent strain having undergone not more than three passages 
and administered in not less than 4 ml of diluent). Each animal is 
weighed 7 days after challenge or at the time of death if this occurs 
earlier and the average daily gain is calculated as a percentage. 

The vaccine complies with the test if: 

�9 All the vaccinated pigs survive and the difference between the aver- 
ages of the daily gains for the two groups is not less than 1.5 

�9 The geometrical mean titers and the duration of excretion of the 
challenge virus are significantly lower in vaccinates than in controls. 

The test is not valid unless all the control pigs display signs of AD 
and the average of their daily gains is less than -0.5. 

Mean titers and the duration of excretion of the challenge virus are 
determined in swabs taken from the nasal cavity of each animal daily 
from the day before challenge until virus is no longer detected. 

This method to evaluate the efficacy of AD vaccine is now well tested, 
which allows us to lay down an objective index that provides the oppor- 
tunity to determine the level of efficacy of a vaccine (Stellmann et al., 
1989). This index, which compares the relative weight losses between 
vaccinated pigs and control ones, can also be used in releasing batch 
controls (potency testing) as in efficacy testing. But the acceptable 
value of the index is different in the two tests (1.5 for the efficacy 
testing, 1 for potency testing). 

Figure 1 shows the mean virus titers excreted by pigs from different 
vaccinated and control groups. Different synthetic index can be used to 
express the quantity of virulent virus excreted by pigs taking into 
consideration the duration and the level of viral excretion, as the num- 
ber of pigs excreting virulent virus. Differences between vaccines can 
be observed using similar protocols (Pensaert et al., 1990; Vannier et 
al., 1991). 

The effects of vaccine with regard to viral shedding were compared 
when the vaccines where used in the presence or absence of passive 
immunity. The comparison suggested that  the clinical protection pro- 
vided by the vaccines was relatively lower when the pigs were first 
vaccinated while posessing passive antibodies, which is a well-known 
phenomenon. Likewise, viral excretion appeared to be elevated when 
passive antibodies were present, but the relative position of the vac- 
cines was the same when they were compared in the presence or ab- 
sence of maternal immunity. Thus, it may be prudent to compare vac- 
cines without passive antibodies to better standardize the assay. 
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FIG. 1. Mean titers of virus excreted by pigs vaccinated with three different vaccines 
compared with the level of virus shedding by control pigs. 

B. F IELD TRIALS 

In general terms, it is extremely difficult to assess vaccine efficacy in 
animal populations. To do this, it would be necessary to vaccinate the 
animals in the absence of the pathogen that  the vaccines protects 
against, then to await the moment of infection and to compare the 
effects of infection in vaccinated animals (or the offspring of vaccinated 
dams) with the effects in the unvaccinated animals of the same age, in 
the same building, and in the same batch as the vaccinated animals (or 
those protected passively). All of these conditions are difficult to realize 
in the field. That is why field trials are certainly more appropriate to 
safety testing than to efficacy testing. In Directive 92/18 for efficacy, 
field trials are not absolutely necessary if good experimental data are 
provided. 
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IV. Batch Release Controls 

It is essential to differentiate the tests that  are carried out on a 
routine basis to release the produced batches from those performed to 
define the biological properties of a vaccine. The trials carried out for 
batch releasing are not the same as the ones carried out once to deter- 
mine safety and efficacy of a vaccine. The batch release controls are 
always short-term trials, as cheap as possible, and not systematically 
carried out in the pigs. Their purpose is mainly to attest  to the con- 
sistency of the quality of the finished product, which has to be in 
conformity with the quality initially defined in the marketing authori- 
zation application. 

For safety, these batch release trials can be performed on guinea 
pigs, pigs, rabbits, or other species depending on whether the vaccine 
is inactivated or live. 

For potency, if good correlation was established between trials car- 
ried out on a routine basis and the efficacy ones done once, it can be 
used in vitro tests (titration, etc.) in vivo trials by challenging pigs or 
other susceptible species (mice, rabbits, etc.), by measuring the anti- 
body response after vaccination. 

In that  kind of control, the most difficult point is to determine an 
acceptability threshold to accept or to reject the batch according to the 
results obtained. [Editor's note: Batch release controls involving ani- 
mals are not required by USDA, but many of my colleagues feel they 
should be required with vaccines used in food animals and companion 
animals. A small number of animals should be used to assess the 
continued immunogenicity of the vaccine.] 

V. Summary  

Under the light of current scientific knowledge, particularly with the 
progress of molecular biology and of the definition of assays to be 
performed, it is possible to know, as accurately as possible, the biolog- 
ical properties of a vaccine. Most requirements of EP monographs and 
Directive 92/18 are founded on that  concept. It is clear that  there is a 
balance between safety and efficacy in the case of a live at tenuated 
viral strain that  means the more efficient a strain, the less safe it can 
be. Nevertheless, the problem is more complex; considerable progress 
has been done to set up new finished products and particularly with 
the adjuvants which are used now even in combination with live atten- 
uated AD strains. The efficacy of a vaccine can be greatly enhanced, 
maintaining good local and general safety. 
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B u t  a d e b a t e  a lways  occurs  w h e n  it  is n e c e s s a r y  to d e t e r m i n e  t he  
accep tab i l i t y  t h r e s h o l d  of a vacc ine  w i th  r e g a r d  to i ts  sa fe ty  a n d  effi- 
cacy. The  po in t s  of v iew a re  of ten  ve ry  d ive rgen t .  But ,  in any  case,  th i s  
t h r e s h o l d  d e p e n d s  on the  local condi t ions  in t he  d i f f e ren t  count r ies .  I t  
is c lear  t h a t  object ives  of a vacc ina t ion  p r o g r a m  a n d  the  r e q u i r e m e n t s  
a b o u t  a vacc ine  c a n n o t  be t he  s a m e  in heav i ly  in fec ted  coun t r i e s  w i th  a 
compu l so ry  vacc ina t i on  p r o g r a m  as in coun t r i e s  or r eg ions  w i t h  a low 
p r e v a l e n c e  of AD infec t ion  or w i th  an  absence  of any  infect ion.  More-  
over, i t  m u s t  also be cons ide red  t h a t  vacc ines  c o n s t i t u t e  only one ele- 
m e n t  of a control  or e r a d i c a t i o n  p r o g r a m  t a r g e t e d  a g a i n s t  Aujeszky ' s  
d i sease  v i rus .  
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I. Introduction 

All veterinary biologics licensed in the United States, including 
pseudorabies vaccines, must be in compliance with the Virus Serum 
Toxin Act (VSTA) of 1913, as amended by the Food Security Act of 
1985. Thus, they must be in compliance with the regulations in Title 9, 
Chapter 1, Subchapter E of the Code of Federal Regulations (9 CFR), 
written to implement these acts. The VSTA prohibits the importation 
and interstate movement of worthless, contaminated, dangerous, or 
harmful veterinary biological products. The Food Security Act extends 
this authority to all products shipped into, within, or from the United 
States. In the United States, licenses for veterinary biological products 
are issued by the United States Department of Agriculture (USDA), 
Animal Plant Health Inspection Service (APHIS), Veterinary Services 
(VS), Center for Veterinary Biologics (CVB). 
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The regulations that specifically apply to the licensing of live pseu- 
dorabies vaccines are found in 9 CFR 113.300, General Requirements 
for Live Virus Vaccines, and 9 CFR 113.318, Pseudorabies Vaccine, and 
the sections referenced therein. 

Guidelines to clarify the requirements for licensing these products 
are found in Veterinary Services Memorandums, Notices, and General 
Licensing Considerations. The most notable of these are General Li- 
censing Considerations 800.200, Efficacy Studies; General Licensing 
Considerations 800.201, Back Passage Studies; and Veterinary Ser- 
vices Memorandum 800.84, Guidelines for Submission of Materials in 
Support of Licensure. 

The Center for Veterinary Biologics--Laboratory (CVB-L) provides 
Supplemental Assay Methods (SAM) which are recommended proto- 
cols for conducting some of the tests required by the regulations. These 
include SAM 117, Titration of Pseudorabies Antibody (Constant Virus- 
Varying Serum Method); SAM 118, Supplemental Assay Method for 
Titration of Pseudorabies Virus; SAM 119, Method for Titration of 
Pseudorabies Virus Neutralizing Antibody (Constant Virus-Varying 
Serum Method); and SAM 123, Supplemental Assay Method for Pseu- 
dorabies Virus Challenge Test in Swine. 

The National Environmental Policy Act (NEPA) of 1969 must also be 
considered in the licensing of any live product, particularly products 
produced through biotechnology. NEPA governs the release of organ- 
isms into the environment as a result of field testing and/or licensing. 

II. Licensing Considerations 

The establishment where the vaccine will be produced must either 
have an establishment license or be able to qualify for an establish- 
ment license at the time the pseudorabies product license is issued (9 
CFR 102.2). The general requirements for a product license are de- 
scribed in 9 CFR 102.3(b). They include submission of the following: a 
product license application, APHIS Form 2003; an Outline of Produc- 
tion in accordance with 9 CFR 114.8 and 114.9; study reports; and 
evidence that ingredients of animal origin used to produce the product 
were sterilized or tested for purity (9 CFR 113.53). 

A. MASTER SEED AND CELL TESTING 

Master Seeds must be tested for purity, safety, identity, and immu- 
nogenicity (9 CFR 113.300 and 113.318). Purity testing includes free- 
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dom from bacteria and fungi (9 CFR 113.27), mycoplasma (9 CFR 
113.28), and extraneous agents (9 CFR 113.55). The safety tests in- 
clude host animal safety at 10 times the normal dose in minimum age 
animals (9 CFR 113.44), mouse safety [9 CFR 113.33(a)], and a back- 
passage study (Veterinary Biologics General Licensing Consideration 
800.201). Identity testing may be done by fluorescent antibody, serum 
neutralization, or an APHIS-approved outline test [9 CFR 113. 
300(c)]. 

The immunogenicity test is done in the host animal [9 CFR 113.- 
318(b) and SAM 123], using 25 test swine (20 vaccinates and 5 con- 
trols). The test swine must each have a serum neutralization titer of 
less than 1:2, and the swine must be of the minimum age that  will be 
recommended on the label. The serial of product used to conduct the 
immunogenicity study should be produced at the highest passage of 
the virus and cell stock. The titer must be established both prior to and 
after administration of the serial to the test animals. The product must 
be administered as recommended on the label. 

The challenge virus must be supplied or approved by APHIS. Pigs 
are challenged 14-28 days postvaccination and are observed for 14 
days postchallenge. Four of five controls must develop severe central 
nervous system signs or die, and at least 19 of 20 vaccinates must 
remain free of signs of pseudorabies for a satisfactory test. If four of 
five controls do not develop severe central nervous system signs, the 
test is inconclusive and may be repeated. Supplemental Assay Method 
123 details the clinical signs that  are considered significant in evaluat- 
ing the study. 

The master seed must be retested for immunogenicity in three years 
[9 CFR 113.318(b)(4)]. Only five vaccinates and five controls need to be 
used. The serum neutralization titer of each animal is determined 14- 
28 days postvaccination. If the five controls have not remained nega- 
tive at 1:2, the test is inconclusive and may be repeated. At least four of 
five vaccinates in a valid test must have titers of 1:8 final serum dilu- 
tion or higher, and the remaining vaccinate a titer of 1:4 or higher 
for the test to be satisfactory, unless the master seed is shown 
to be effective by challenge of the controls and vaccinates [9 CFR 
113.318(b)(4)(v)]. 

Cell stock testing for primary cells or cell lines used to produce the 
product is done in accordance with 9 CFR 113.51 or 9 CFR 113.52, 
respectively. Cells are tested for identity and purity. 

The CVB-L will conduct confirmatory tests on Master Seeds and 
Cells. This is usually limited to purity and identity, but may include 
any of the required tests. 
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B. TESTING OF PRELICENSING SERIALS 

Prior to licensing, three consecutive serials of product produced in 
accordance with a filed outline of production must be tested and 
found satisfactory. The testing is the same as that required for serial 
release (9 CFR 113.300 and 113.318) and is done on product taken 
from final containers. The product is tested for purity, identity, safe- 
ty, and virus titer. The virus titer must be sufficiently greater than 
the titer of vaccine used in the immunogenicity test to ensure that  
when tested at any time within the expiration period, each serial and 
subserial must have a virus titer at least 100.7 TCID5o per dose great- 
er than that  used in the immunogenicity test, but not less than 102.5 
TCID5o per dose. CVB-L will conduct confirmatory tests on the three 
prelicensing serials. 

C. FIELD SAFETY STUDIES 

Field safety studies are done to assess the safety of a biological 
product when used according to label directions in animals kept under 
conditions typical for that  species. An acceptable safety study should 
include animals in at least three geographically distinct locations and, 
when applicable, different breeds or conditions of husbandry. The 
study population should include sufficient numbers of all classes of 
animals that  are included in the label recommendations, such as preg- 
nant  animals (representing each trimester), lactating animals, and 
minimum age animals. A sufficient number is the number of animals 
needed to provide a 95% assurance that  the reaction rate is not greater 
than an acceptable level for a particular reaction. Such levels are es- 
tablished on a case-by-case basis depending on the type of product and 
the population for which it is recommended. The product should be 
administered as recommended on the label, including administration 
of multiple doses. At least two prelicensing serials should be evaluated. 
Disposition of study animals should be in accordance with 9 CFR 
103.2. 

Field safety studies must meet the requirements of 9 CFR 103.3 and 
the National Environmental Policy Act. To conduct a field safety test, 
the manufacturer must submit for approval an application to ship an 
experimental biological product in accordance with 9 CFR 103.3 and 
Veterinary Services Memorandum No. 800.67. The application should 
include the following: a copy of a permit or letter of permission from 
the proper state or foreign animal health authorities of each state or 
foreign country involved, a tentative list of the names of the proposed 
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recipients and quantity of experimental product that is shipped to each 
individual, a description of the product, recommendations for use, and 
results of preliminary work including the method of preparation and 
testing presented in the appropriate outline format described in 9 CFR 
114.9, label or label sketches, and an experimental protocol. The appli- 
cation should also include the identity of the serials to be shipped and 
the test results for these serials. 

NEPA compliance must be adequately addressed prior to the initia- 
tion of a field study for products that are not exempted by categorical 
exclusion from the preparation of an environmental assessment or an 
environmental impact statement by 7 CFR 372.5(c). NEPA compliance 
is documented by submission of a completed risk analysis, which 
should include a completed Summary Information Format, as applica- 
ble, for either Veterinary Biologics (conventional live products which 
have potential for a significant environmental effect), Category II Vet- 
erinary Biologics (gene deleted or marker gene inserted), or Category 
III Veterinary Biologics (live vectored products); a Summary Informa- 
tion Format for Environmental Releases; and a Hazard Identification 
for Veterinary Biologics as described in "Risk Analysis for Veterinary 
Biologics" by Gay and Orr (1994). The current edition of this publica- 
tion can be obtained from APHIS-VS-CVB-LPD. 

The experimental protocol for field safety studies should include the 
following: 

1. Specific objectives of the study as related to the recommended use 
of the product 

2. A description of the animals to be used including the number of 
subjects, species, age, sex, breed, and any other distinguishing 
features 

3. The source, housing, and management of the subjects during the 
study 

4. The procedures for administering the product 
5. The observations that will be made, at what intervals, and by 

whom 
6. How long the animals will be observed and what follow-up work 

will be done if reactions occur (Reactions should be observed until 
they have resolved. For live products the observation period should 
take into account the incubation period of the disease, and in- 
contact animals should be observed for any adverse reactions that 
might result from lateral transmission of the vaccine virus.) 

7. An explanation of how the data will be evaluated, including the 
statistical analysis that will be done 
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8. Slaughter withdrawal time if the product is for use in food-produc- 
ing animals 

9. Data acceptable to APHIS demonstrating that the use of the prod- 
uct in food-producing animals is unlikely to result in an unwhole- 
some condition in the edible parts of animals subsequently 
slaughtered 

10. A statement from the researcher or sponsor agreeing to furnish on 
request, prior to movement of the animals, the information needed 
to locate and identify the animals at slaughter 

11. Methods and procedures for maintaining records of the quantities 
of the experimental product prepared, shipped, and used. 

D. STABILITY 

Stability data must be provided to support the expiration date of the 
product (9 CFR 114.13). If real-time stability data are not available, 
accelerated stability data should be provided. Stability dating must be 
confirmed prelicensure or postlicensure by testing serials at release 
and at or after the dating requested. 

E. LABELS 

Labels must be submitted for approval in accordance with 9 CFR, 
part 112, prior to licensure. 
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I. Introduction 

Every day, veterinary practitioners pick up bottles of vaccine, read 
the label, and still wonder how they should use this product in their 
patients. In the United States these curious practitioners then call 
manufacturers for advice. As a veterinarian that  gets to answer those 
questions, I use this experience as the impetus for this paper. Why is it 
that  intelligent veterinary school educated practitioners have so many 
questions about how to use vaccines? Obviously, some of the blame 
must lie with the labels they are reading. If the label contained the 
information that  they needed, their questions would be resolved. While 
some readers would claim that  this problem is due to greedy manufac- 
turers working in cahoots with inept regulators, this is really not the 
case. This is not to say that  the regulations that  govern vaccine labels 
do not need improvement or that  manufacturers are not pressured by 
economic factors to write vaccine labels toward the lowest common 
denominator. It is fair to say that  the sum total of the system, as it 
exists today, does create some very interesting vaccine labeling issues. 
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II. Vaccine Label Expectations 

Users of biological agents have very high expectations for a product 
label. They expect a label to discuss practical immunology, preventive 
medicine theory and application, applied clinical medicine, product 
liability, owner compliance, and the economics of veterinary medicine. 
That's a pretty tall order for document that  might be as small as a 
postage stamp. If that were not enough, users would also like to see 
contingency plans in case they need to use products in less than con- 
ventional manners. The sellers of a vaccine believe the vaccine label 
should be able to offer unique advantages, so that buyers will under- 
stand why their product, and no other, should be purchased. Regula- 
tors want labels only to make those claims that  are beyond scientific 
scrutiny. Lay users want all of the above along with explanations about 
what a vaccine is, what a vaccine can or cannot do, all potential side 
effects, why they should use this product, and when to use it. Clearly 
vaccine labels cannot fulfill all of these demands. Unfortunately we 
must accept compromise, and with each compromise we find disap- 
pointment. 

III. Vaccine Label Reality 

It is a fact of life in the 1990s that  the information that appears on a 
vaccine label is greatly influenced by the approval process. It is not my 
intent to conduct an in-depth review of the approval process for vac- 
cines, but without an understanding of the process, labeling issues lack 
a frame of reference. 

The USDA was granted authority to regulate veterinary vaccine by 
Congress through the Virus Serum Toxin Act of 1913. This means that  
the USDA has been regulating labels for a long time. Many of its 
procedures have developed slowly over time. Like most bureaucratic 
institutions, changes in procedures occur slowly, usually following the 
discovery of inadequacies in the process that  are newly defined under 
the light of new knowledge or understanding. In addition, changes to 
the system are often implemented to ease the burden of the regulator 
and not the regulated industry or the customer. The USDA requires 
that  any biologic agent that  is intended to enter interstate commerce 
be approved by the agency prior to its sale. The approval process covers 
four main areas: purity, potency, efficacy, and safety. Because purity 
and potency do not to any reasonable degree affect the text that  is 
found on the label, I will concentrate on efficacy and safety. 
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Efficacy testing to support approval is normally an in vivo assess- 
ment of the product's ability to stimulate the immune system. It is the 
goal of this immune response to provide clinically important  protection 
to the animal if subsequent challenge occurs. Efficacy studies are nor- 
mally either serologic quantification of antibody formed in response to 
vaccine administration or they are challenge studies comparing the 
clinical disease observed in vaccinates compared to nonvaccinates af- 
ter challenge. Sometimes both serologic and challenge testing are per- 
formed. Efficacy studies are normally performed in the target species, 
but there are diseases where this in vivo efficacy testing is performed 
in nontarget (i.e., laboratory animals) species. The major reason for 
nontarget species testing would be where challenges in the target spe- 
cies are not well perfected, for example, equine influenza and where 
laboratory animal testing has been shown to have correlation to target 
animal efficacy. 

From a regulatory perspective, efficacy studies that  are performed to 
obtain approval can be either codified or noncodified. A study protocol 
is codified when the USDA determines the protocol parameters  that  
must  be utilized to demonstrate efficacy for approval and then pub- 
lishes that  protocol in the Code of Federal Regulations (9 CFR 113). 
Some of the parameters  that  will be defined in the code include the 
species of animal, the number of vaccinates and controls, the dose of 
vaccine administered, the dose and source of challenge organism, the 
clinical scoring system used to evaluated disease signs observed, or the 
serologic tests that  must  be done. The code will also list the level to 
which the study must  demonstrate effectiveness to be considered eligi- 
ble for approval. These efficacy levels are commonly 80% of controls 
must  show illness while 80% of the vaccinates should not. If t i ter is the 
effectiveness measurement  then 75% of the vaccinates must  have a 
titer greater than a set level. If a codified study exists for an antigen, 
then that  is the study that  must  be performed to support product 
approval. The situation is very different if no codified study exists for 
the antigen you are concerned about. 

If the antigen in question does not have a codified efficacy test, then 
the manufacturer  is free to develop its own test to demonstrate that  its 
product has efficacy. The efficacy test procedure and the results of that  
testing will have to be approved by the USDA. At first glance this may 
appear overly manufacturer  friendly, but I would argue it is reason- 
able given the level of knowledge and the rate of change of knowledge 
in this area. If noncodified effectiveness studies could not be per- 
formed, there would be a incredible delay in getting novel products into 
the marketplace. An example: At the time of this writing there are no 
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approved products in the United States to prevent feline immunodefi- 
ciency virus (FIV) disease in cats. If a manufacturer wanted to bring 
such a vaccine to the marketplace they would have to go through the 
effort that  it takes to develop a satisfactory efficacy test protocol. This 
efficacy test will most likely include postvaccination serology and chal- 
lenge information. If the manufacturer had to wait until an FIV chal- 
lenge protocol and vaccine efficacy test were developed by academics or 
the USDA, such a product might never make it to the marketplace. A 
manufacturer would have to hope that  academics or the USDA was 
interested enough in this disease to develop this type of testing. With- 
out a financial reward (selling the vaccine) to generate study in this 
area, maybe such testing protocols would never be developed. Even if 
there is interest by the USDA and academics, the time it takes for the 
USDA to codify a test protocol can be measured in decades. At the time 
of this writing there is still no codified protocol for feline leukemia 
virus efficacy testing, even thought the first commercial vaccine has 
been available since the mid-1980s. 

While the use of noncodified efficacy testing has allowed the vaccine 
industry to provide new and novel vaccines to be brought to the mar- 
ketplace, their use also causes problems. The first challenge protocols 
are most likely developed by the vaccine company. It is in the best 
interest of that  company not to divulge too many details of the chal- 
lenge protocol. This is to prevent competitors from using the same 
challenge system to get another product on the market. This less than 
complete disclosure creates confusion in the minds of users and inter- 
feres with the amount of technical data on the label and its interpreta- 
tion. As additional products enter the marketplace each manufacturer 
will have developed its own efficacy testing protocols. Each efficacy 
model may measure different parameters so that different label claims 
can be supported. This can create lots of confusion when users read 
label claims on products. An example: Early feline leukemia vaccine 
efficacy testing did not include mechanisms to measure FeLV infection 
in bone marrow. Therefore, these early approved vaccines did not have 
prevention of latent infection claim. Years later when techniques for 
determining bone marrow infection and latency were more readily 
available, some product approvals utilized these techniques. There- 
fore, these subsequently approved products obtained label indications 
for the prevention of latency. A user reading a vaccine label from an 
early approved product and comparing it to a later approved product 
would conclude that the vaccine with the prevention of latency claim 
was able to do something that  the product without the label claim was 
not able to do. While this conclusion might be correct, is it based on 
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science or reading habits? Is it more plausible that  the difference in the 
label text is a reflection of the measuring system used and not in the 
immunologic responses associated with one vaccine and not the other? 
Either way, the user cannot tell from reading the label. 

The results that  are obtained during the efficacy testing for a vaccine 
then determine the wording that  is used on the label to describe the 
indications for this product. If this testing results in evidence that  the 
immune response of the vaccinates prevents all tested indications of 
infection, then a product may claim that  it prevents infection. I am not 
aware of any USDA-approved products that  can make this label claim. 
If this efficacy testing indicates that  the immune response clearly pre- 
vents the expression of the majority of the signs of disease in vacci- 
nates then the claim will be prevention of disease due to infection with 
the agent in the test. This same claim would be obtained if the efficacy 
test was a serology limit and the vaccinates were all above that  limit. 
Notice that  there is no way for the vaccine reader to know from reading 
the label which standard (serology vs. challenge) was used to deter- 
mine efficacy. If the immune response in the vaccinates was only able 
to demonstrate that  the clinical scores in the vaccinates were better 
than the controls and this difference was statistically significant then 
the label will claim as an aid in the prevention of disease associated 
with infection agent in the test. For the aid in prevention claim, there 
is no requirement for this difference in the disease observed in the 
vaccinates vs. the controls to be clinically apparent or relevant. With- 
out a careful reading of the label and an understanding of the differ- 
ences in the similar phrases used in the indications sections of these 
labels, the reader could easily not know how the vaccine was tested. In 
addition, many users do not understand that  the phrases in the indica- 
tion section of the label tell them a lot about what to expect from the 
product in terms of clinical effectiveness. 

In addition to efficacy, vaccine labels have information about the 
safety behavior of the product. The standard text on vaccine labels is 
an announcement that  vaccine use can be associated with an- 
aphylaxis along with a t reatment  recommendation to use epinephrine 
if anaphylaxis is observed. Until very recently, no other safety infor- 
mation was provided. It is interesting to compare the single sentence 
found on most veterinary vaccines with the safety information that  is 
provided with vaccines intended for use in humans. One of the com- 
mon DTP vaccines for children has 23 column inches on its package 
insert to discuss issues of vaccine safety. While one can argue that  
this is excessive and it is due to the concerns of litigation that  sur- 
round human medicine, one could also argue that  the average medi- 
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cal practitioner has ready access to considerably more information 
concerning vaccine safety than  does the average veterinary practi- 
tioner. 

Recently the amount  of safety information on labels has increased. 
The USDA is requiring manufacturers  to add to labels those vaccine 
mediated events that  are seen in safety studies performed for approv- 
al. Therefore, you will see more comments about fever, lethargy, or 
injection site swelling after vaccination appearing on labels. While this 
is a step in the right direction, are the events that  are seen in a safety 
study on a few hundred animals a good reflection of what  a veter- 
inarian in private practice should expect? These additions to labels will 
only occur for newly approved products or for old products where a 
manufacturer  submits changes to the USDA, and then the USDA de- 
cided tha t  changes to the safety information should be made. The end 
result  of this new att i tude by USDA is tha t  nearly identical products 
can have very different safety information on their labels. This will be 
true when at the same time, the user has every reason to expect tha t  
these differing products would have identical, or nearly identical, bio- 
logical behavior. In addition, some manufacturers  have added safety 
comments describing events tha t  are commonly reported to them as 
part of their postapproval adverse event reporting system. Some manu- 
facturers have added safety comments about reported events tha t  are 
not commonly reported, but are serious. An example: Some feline vac- 
cines now have s tatements  tha t  fibrosarcomas have been reported af- 
ter use of a product. While I am in favor of more information to users, 
what  is a user supposed to th ink when these statements are on some 
vaccines and not others? Isn't it reasonable to conclude that  a product 
without a fibrosarcoma warning would have no such reports associated 
its use while a product with this warning has these reports? How is a 
user to know? 

In addition to information about efficacy and safety, vaccine users 
need labels to tell them how to use the product in animals. The direc- 
tions that  are found on the label are for the most part  the way the 
vaccine was used during its efficacy and safety testing. This use pat- 
tern may or may not be clinically relevant or convenient. This use 
pat tern  may or may not be the best way to use the product. Normally 
little work is done by manufacturers  to determine how products should 
be used when confronted with clinically common problems like owners 
tha t  do not re turn  animals to the clinic in the 2- to 4-week window tha t  
the label says is the interval during which boosters should be given. 
The end result is a vaccine label tha t  tells users about one effective 
way to use a product, but is says very little, or nothing, about how to 



VACCINE LABELS 639 

use the product within the realities of clinical practice or common 
animal husbandry practices. 

This logically brings up the question of appropriate long-term revac- 
cination internals. Vaccines approved by the USDA have contained 
statements that  annual revaccination is recommended. The original 
source of this label recommendation is not known to me. Those older 
than I tell me that  this recommendation was first put on rabies vaccine 
based on experimental evidence and then the practice spread to other 
products. With the exception of rabies vaccines, manufacturers have 
not been under any obligation to prove that  this revaccination interval 
was effective. This is again an area where the USDA has recently 
changed its standards. New novel (antigens that  currently are not 
approved) products that  are approved must provide data to support the 
revaccination interval that  they recommend. So if a vaccine were to be 
approved tomorrow for FIV and the revaccination interval on the label 
was annual, the manufacturer would have provided data to show that  
animals kept in isolation for 1 year demonstrate the same efficacy 
performance as those tested just a few weeks postvaccination. Another 
confusing point exists for established products. Some manufacturers 
have conducted studies to determine that  the annual revaccination 
interval is supported by objective data, while others have not. The 
product labels would read identically. So readers see the revaccination 
claim and do not know if it is objectively supported or historically 
applied. Finally, readers need to understand that  the revaccination 
interval that  is claimed is not the most efficient or the best revaccina- 
tion interval. Studies to determine the best revaccination interval are 
very complex and are, at present, outside of the scope of manufac- 
turer's resources. 

Vaccine labels have historically not had much information about the 
age of animals that  should be vaccinated. Recently the USDA has 
determined that  labels need to have a minimum age information. This 
standard is being applied to all newly approved novel products. This 
standard is also being applied to currently approved products if the 
manufacturer submits any changes for approval to the USDA. At that  
time the USDA can require them to add minimum age information to 
the label. This minimum age will be determined by the ages of the 
animals in the efficacy and safety studies. The minimum age on the 
label should be the age of the animals in the efficacy study and at least 
one-third of the animals in the safety study must be at this age, too. 
This has created many interesting product labels. The company I work 
for recently added an updated A2 influenza strain to its products. Our 
original product label indicated it should be used in healthy horses. 
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Because of the ages of the animals in our safety study, our new and 
improved product now carries a label that  reads for vaccination of 
healthy horses nine months of age or older. The reason for this label 
change was not newly discovered biological behavior of the product; it 
was due to changes in regulatory attitude. It is very unlikely that  the 
reader of the label will know of this difference. I can assure you that  
there were many confused vaccine users after they read this new vac- 
cine label. 

There is another vaccine label issue that  will bring about changes in 
what  users read on labels. Historically the USDA has said that  ~ for 
most diseases efficacy demonstrated against the accepted challenge 
would provide support for a label claim that  was not restricted if multi- 
ple clinical syndromes existed. An example: Clinical BVD creates sev- 
eral syndromes including mucosal disease, persistent infection, acute 
disease, and reproductive disorders. The challenge study used for vac- 
cine efficacy testing looks only at the acute syndrome. Vaccine labels 
have ignored the multiple syndromes and claimed efficacy against  dis- 
ease cause by infection with BVD virus. The USDA now wants vaccine 
labels only to claim those syndromes that  are demonstrated in the 
efficacy testing. If they restrict this att i tude to new novel products then 
there won't be too much confusion, but if they follow the lead they have 
created on age claims it could get very ugly in the marketplace as some 
vaccine get labels restricted to the syndromes they demonstrate, but 
others continue to ignore the issue. Jus t  how this new position will 
impact vaccine labels is still unclear. 

IV. Recommendations for Standardization Improvements 

So how do we get our vaccine labels to stop saying the funny things 
they do? First, we need improvements in the way we test vaccines for 
efficacy and safety. The challenge protocols that  are used need to be 
improved so that  they more closely resemble the reality of the infec- 
tious disease. Safety protocols need to be expanded to better gather 
safety data so that  more precise safety information can make its way to 
the product labels. The safety data that  are accumulated from adverse 
event reports need to get better access to vaccine labels, but this access 
needs to be standardized and not haphazard. The USDA needs to im- 
prove its handling of codified protocols. Similar products need to be 
tested by similar test methods. The USDA needs to make users more 
aware of its standards and the impact of those standards. The USDA 
needs to understand the impact that  its changes in atti tudes have on 
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the marketplace. At present, the USDA gives advantages to companies 
that  do not change products. If they like their label they know that  if 
they don't ask for other changes their label probably won't get re- 
viewed. The company that  wants to improve its product, gets its label 
reviewed when the changes are submitted for approval. To fix this the 
USDA needs to alter its present regulatory style. Vaccines made from 
similar techniques (i.e., killed vs. MLV) and for the same antigens 
share more characteristics than not. These similar vaccines will have 
similar immunologic activity and similar uses in animal health pro- 
grams. Therefore, they should have identical testing procedures. This 
requires an increase and improvement in the codified efficacy proto- 
cols. If the product is approved, then all products within the same 
category should have similar, or even, identical labels. The safety data 
on each product within the group should be similar based on the collec- 
tive evidence of the product group. There should be flexibility in the 
process, so that  if a company can demonstrate compelling evidence 
that  the product has some unique characteristic, that  activity could be 
presented on the label. In the absence of this compelling evidence, the 
labels should remain the same. If the USDA wants to change the 
approval process or label recommendations, these changes should oc- 
cur simultaneously in all products within the same category, so that  
the impact of these changes is seen at once in the marketplace. There is 
no question that  this increase in standardization will require more 
regulatory activity and personnel. With more standardization we 
would have less user confusion and better use of these products in 
animals. Better use of vaccines would give us healthier animals, and 
having healthier animals is a goal that  we all can share. 
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I. Introduction and Background 

Monitoring the plasma concentration of acute phase proteins in ani- 
mals is now established as providing valuable diagnostic information 
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in conditions involving inflammation, infection, or t rauma (Eckersall 
and Conner, 1988; Gruys et al., 1993, 1994; Kent, 1992). The investiga- 
tion of these proteins is becoming even more widespread as commercial 
diagnostic kit producers provide veterinary laboratories with assay 
systems that  have been validated for particular species. In addition, it 
has been suggested that  the determination of the plasma concentra- 
tion of these proteins is of particular value in farm animal production 
as an indicator of clinical and subclinical diseases and as an aid to 
meat  inspection when carcasses of potential risk to public health can 
be identified (Saini and Webert, 1991; Eckersall, 1992; Gruys et al., 
1993). 

Development of assay methods to quantify acute phase proteins in 
animals has been pioneered by a number of laboratories on at least 
three continents. Thus methods for the analysis of acute phase pro- 
teins such as haptoglobin, serum amyloid A (SAA), and ai-acid gly- 
coprotein (AGP) have been developed in the United States and Canada 
(Eurell et al., 1992; Young et al., 1995; Godson et al., 1996), Japan 
(Tamura et al., 1989; Itoh et al., 1992, 1993; Ohwada and Tamura, 
1995), and Europe (Skinner et al., 1991; Conner et al., 1988a,b; Hora- 
dagoda et al., 1993; Alsemgeest, 1993; Alsemgeest et al., 1993). In 
these laboratories calibration of the assays has been achieved by isola- 
tion of the protein and determination of its concentration prior to its 
use as a primary standard. Unlike assays for biochemical analytes 
where the molecular structure is identical in all species, protein assays 
should not share standards between species especially when immu- 
noreactivity forms the basis of the methodology. Lack of cross-reaction 
or only partial cross-reaction between the antiserum and target anti- 
gen in the new species has the potential to lead to gross inaccuracies. 

It is important for veterinary medicine that  assays for each species 
should be as accurate as possible. International harmonization of cali- 
bration by use of a common reference preparation would be an impor- 
tant  step toward this goal. Indeed, if the measurement of acute phase 
protein is to fulfill its potential as a marker  for infection or inflamma- 
tion in animals at slaughter or as a marker  for the identification of 
illness in animals prior to travel across international boundaries, then 
agreement on standards will be vital. For example, this will allow the 
concentration of haptoglobin in porcine serum measured in Denmark 
to agree with the result of the same test carried out on the same 
sample in Japan. Only if assays are calibrated with the same interna- 
tional reference material will it be possible to agree on acceptable 
reference limits of acute phase protein concentration above which it 
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would indicate that  an animal is unfit for transport  or that  a carcass 
should be marked for special inspection before being passed for human 
consumption. 

Before describing an approach to be taken to rectify the current 
absence of international harmonization, the biochemistry of selected 
acute phase proteins in animals is briefly reviewed to emphasize their 
importance in aiding veterinary medicine and public health. The excel- 
lent reviews on this topic in the li terature during the last few years can 
be consulted for further details of the acute phase reaction (Sehgal et 
al., 1989; Thompson et al., 1992; Gruys et al., 1994; Baumann and 
Gauldie, 1994; Eckersall, 1995). 

II. Acute Phase Prote in  in Animals 

A. PRODUCTION 

The acute phase proteins are a group of plasma proteins, produced in 
the hepatocyte, the concentration of which varies during the host's 
response to infection, inflammation or t rauma (Sehgal et al., 1989; 
Baumann and Gauldie, 1994). The change in acute phase protein con- 
centration in plasma can show either a major acute phase response by 
increasing from very low levels by 100- to 500-fold (e.g., bovine SAA), a 
moderate response by increasing three to four times the normal con- 
centration (e.g., porcine haptoglobin), or a minor response when the 
maximum increase is only twice the normal concentration (e.g., bovine 
ceruloplasmin). The concentration of an acute phase protein may de- 
crease instead of increase, thus albumin which reduces in concentra- 
tion during the acute phase response is a negative acute phase protein. 
It has been established that  there is significant variation between 
species in the acute phase protein profile as not all of the proteins 
respond in the same way in all species. 

The production of the acute phase proteins is stimulated by pro- 
inflammatory cytokines released into the circulation from the site of 
infection or inflammation. Interleukin 6 (IL-6) has been identified as 
the predominant cytokine capable of stimulating the response, but 
other cytokines can also lead to the production of the proteins, notably 
IL-1 and tumor necrosis factor ~ (TNF-~), IL-11, and macrophage in- 
flammatory protein either directly or indirectly via stimulation of IL-6 
(Heinrich et al., 1990; Baumann and Schendel, 1991; Richards et al., 
1992). Indeed, the assay of the acute phase proteins can be regarded as 
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providing a robust alternative to cytokine assay as a means of quan- 
tifying the outcome of the overall cytokine induced systemic response 
to infection or inflammation. 

B. ACUTE PHASE PROTEINS IN CATTLE 

In cattle and other ruminants,  haptoglobin has been the acute phase 
protein most commonly monitored as a marker  of inflammation (Skin- 
ner et al., 1991; Wittum et al., 1996; Gray et al., 1996). Haptoglobin 
concentration rises up to 300-fold during the acute phase response in 
cattle, increasing from a concentration of less than 0.01 g/liter to reach 
2-3  g/liter within 48 hours of infection. 

Serum amyloid A, which is an apolipoprotein associated with high- 
density lipoprotein, is a major acute phase protein in cattle. This has 
been shown to be more sensitive than haptoglobin because it can be 
induced earlier following infection, and in studies of clinical cases, SAA 
was shown to be the most efficient diagnostic test for the determina- 
tion of inflammatory lesions (Alsemgeest, 1994). SAA is the precursor 
of the amyloid A protein that  is associated with amyloidosis. 

al-Acid glycoprotein is a highly glycosylated protein which has a 
moderate acute phase reaction in cattle and is raised in inflammatory 
conditions and in the presence of natural  or experimentally induced 
liver abscesses (Motoi et al., 1992). 

Negative acute phase proteins in addition to albumin have been 
identified in cattle. ~2-Macroglobulin has been shown to decrease in 
the blood during an acute phase response, while trace elements Fe and 
Zn are also reduced. Combination of the results from positive and 
negative acute phase proteins have been used to calculate an acute 
phase index for maximizing the diagnostic efficiency of these markers 
(Toussaint et al., 1995). 

C. ACUTE PHASE PROTEINS IN PIGS 

C-Reactive protein (CRP) is the most requested acute phase protein 
assayed in human medicine and is also a major reactant in pigs. In 
pigs, it has been shown to respond to turpentine injection with a 100- 
to 200-fold increase being observed (Lampreave et al., 1994; Eckersall 
et al., 1996). In the same studies it has been shown that  porcine hap- 
toglobin is a moderate acute phase protein, increasing from a normal 
level of 1-2 mg/ml and rising to over 5 mg/ml at the peak of the 
response after turpentine injection. 

The acute phase in the pig has unusual features in that  the response 
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of AGP to turpentine injection did not show the type of response found 
in other species (Eckersall et al., 1996; Lampreave et al., 1994), al- 
though raised AGP levels have been recognized in pigs with a range of 
infectious or inflammatory conditions (Itoh et al., 1992). A further un- 
usual aspect of the porcine acute phase reaction is that  a protein, 
called major acute phase protein (MAP) has been identified and shown 
to be the most sensitive protein to use as a marker of disease in this 
species. Porcine MAP was related by amino acid sequence analysis to a 
trypsin inhibitory protein in man (Gonzalez-Ramon et al., 1995). 

Pathophysiologic reactions of the acute phase proteins in the pres- 
ence of disease in cattle and pigs have now been established. There is 
little doubt that  the diagnostic value that  comes from determination of 
their concentration would be greatly enhanced if there were to be inter- 
national harmonization of calibration and standards. It is imperative 
that  the worldwide veterinary diagnostic community undertake the 
task of harmonizing calibration of assays. A problem exists in that  
assay methods and calibration procedures have evolved independently 
in different laboratories, but this should not be an insurmountable 
obstacle. A similar situation faced clinical biochemists in human refer- 
ence laboratories in the 1970s and the procedures they established to 
produce a reference preparation for human serum proteins (Johnson, 
1993) should be a blueprint for present-day veterinary clinical bio- 
chemists. 

III. Methods of Acute Phase Protein Assay 

A. BIOCHEMICAL ASSAYS 

While most assays for acute phase proteins in animals are based on 
immunochemical methodology, some assays rely on biochemical prop- 
erties of the proteins and may be of continuing value. The advantages 
that  biochemical assays have over immunochemical systems is that  
they can be applied to all species, after appropriate validation, and 
that  they can be a better measure of biologically active protein. 

Haptoglobin can be measured on the basis of its ability to bind hemo- 
globin, which it does with a high affinity, and this characteristic has 
been utilized as the basis for routine biochemical assays (Eurell et al., 
1992; Harvey and Gaskin, 1978). There are variations in the way in 
which this innate activity is used for quantification. The simplest sys- 
tem is to monitor the effect of haptoglobin on the characteristic hemo- 
globin (or methemaglobin) absorbance in a spectrophotometer. There is 
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a shift in the maximum absorbance when haptoglobin binds to hemo- 
globin and this can be used to quantify the concentration of hapto- 
globin. A disadvantage is that  each sample has to be accompanied by 
reagent and sample controls. In a variation of this approach, use is 
made of the property of the hemoglobin-haptoglobin complex to con- 
serve the peroxidase activity of the hemoglobin at low pH, whereas free 
hemoglobin is inactivated (Makimura and Suzuki, 1982; Conner et al., 
1988a; Skinner et al., 1991). Peroxidase substrates such as guaiacol or 
tetra methyl benzidine have been used for production of chromogen, 
although these have disadvantages of either being noxious (guaiacol) 
or so sensitive to peroxidase that  samples have to be diluted several 
hundred times before assay (tetra methyl benzidine). 

There is a difference in the ways in which results of assays based on 
hemoglobin binding are calibrated and reported. Because the assays 
are based on the binding of hemoglobin and because a controlled 
amount of hemoglobin is added, some assays use the proportion of 
hemoglobin bound as an indicator of the quantity of haptoglobin pres- 
ent in the serum sample. The results of these assays should be report- 
ed as weight of hemoglobin binding capacity per volume of serum, e.g., 
mg HbBC/100 ml rather  than weight per volume (mg/ml). To avoid 
confusion, in biochemical haptoglobin assays abbreviations of weight 
per volume should only be used with assays which are calibrated with 
purified haptoglobin or a secondary standard serum. A further factor 
to consider is that  hemolysis in samples can lead to erroneous results 
with assays based on hemoglobin-haptoglobin binding. 

Determination of the acid soluble glycoprotein content is another 
assay that  does not rely on immunoreactions. This assay involves the 
precipitation of the majority of serum protein by perchloric acid with 
the concentration of the remaining, soluble protein being determined 
by Lowry or bicinchoninic acid methods. This has been developed as a 
diagnostic test and could potentially be used as a routine clinical bio- 
chemical test. Other acute phase proteins that  have been identified in 
animals using biochemical methodologies are ~l-antiprotease, ~ 1-antichy- 
motrypsin, a2-macroglobulin, and ceruloplasmin. 

B. IMMUNOCHEMICAL ASSAYS 

The predominant methodology used for quantification of acute phase 
proteins has been based on immunoassay. Many types of immunoassay 
have been described for analysis of these proteins. A number of assays, 
particularly for AGP, are based on immunodiffusion in agarose (Itoh et 
al., 1992; Motoi et al., 1992), which have the disadvantage of requiring 
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24 or 48 hours for diffusion to be complete. The precipitation of the 
ant ibody-ant igen complex is also the basis for immunoturbidimetry,  
which has been used for the measurement  of canine CRP (Eckersall et 
al., 1991), equine and canine haptoglobin (Weidmeyer et al., 1994), and 
has been used for quantification of porcine CRP. This has the advan- 
tages of being rapid and adaptable to biochemical analyzers. Solid 
phase immunoassays have also been described, either as enzyme- 
linked immunosorbent assays in microtiter plates (Eckersall et al., 
1989) or as latex agglutination inhibition systems (Yamamoto et al., 
1993). 

Assays using antiserum to the analagous human protein are justi- 
fied if there is sufficient cross-reaction with the animal protein and if 
the assay is validated for use in a particular species. However, there is 
little doubt that  species-specific antiserum and standards are essential 
if consistent and comparable assays are to be developed to allow the 
widespread use of these assays. 

IV. Standardization of Acute Phase Protein Assays 

A. NEED FOR INTERNATIONAL STANDARDIZATION 

In animal clinical biochemistry, the majority of analytes are bio- 
chemical compounds that  have the same chemical structure in all spe- 
cies or are enzymes with a common activity. Glucose is the same in 
cattle, dogs, and pigs; aspartate t ransaminase has the same activity in 
all species. However, a new era is dawning when there will soon be a 
demand to quantify specific proteins in animal plasma by the use of 
antibody-based tests. It is important that  the assays used to measure 
such proteins be calibrated against the protein from the relevant spe- 
cies. No doubt the commercial diagnostic companies, who will increas- 
ingly market  these immunoassays in the future, will produce the nec- 
essary reagents and take care in preparation of their own calibrants. 
However, quantification of the concentration of a purified protein is not 
straightforward. Factors such as the true purity of the sample, the 
choice of total protein assay, whether based on the Lowry reaction, 
Coomassie blue binding, or the bicinchoninic acid reaction, and the 
choice of albumin or immunoglobulin to calibrate the total protein 
assay will affect the derived concentration for the acute phase primary 
standard. 

There is already evidence that  assays developed in different laborato- 
ries can give substantially different results when the same samples are 
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analyzed. The results for bovine haptoglobin assayed by a peroxidase 
activity method when compared to an ELISA method varied by 30% (Fig. 
1) (Young et al., 1995). Furthermore, in a collaborative study undertaken 
in Europe it was clear that  there were wide differences in the results 
obtained when the same samples were assayed for porcine haptoglobin 
and CRP (Tables I and II). This survey revealed that for haptoglobin 
there was up to a sixfold difference in the concentration ofhaptoglobin as 
measured in different laboratories in the same porcine serum samples. A 
40-fold difference was found in the concentrations of porcine CRP in the 
same samples as determined by two of the laboratories. 

Such variation between laboratories leads to confusion in results. To 
allow data from all veterinary laboratories to converge toward a consen- 
sus in calibration, an international effort should be undertaken to 
provide laboratories and diagnostic kit manufacturers with reference 
materials for international harmonization of acute phase protein assays. 
This is essential ifthe acute phase protein assays are to be fully utilized in 
providing accurate diagnostic information for animal health and welfare. 
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FIG. 1. Bovine serum samples analyzed for the concentration of haptoglobin by an 
ELISA assay (ordinate) and by a hemoglobin binding assay method (abscissa), which 
was calibrated with a secondary standard of haptoglobin in acute phase serum. Data 
reanalyzed from Young et al. (1995). Haptoglobin in peroxidase assay was quantified by 
calibration with a secondary standard. 
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TABLE I 

CRP (mg/liter) MEASURED IN CONTROL SERUM SAMPLES 
BY FOUR DIFFERENT LABORATORIES 

Control A Control B Control C 

Lab 1 3.8 1.2 5.6 
Lab 2 69 33 125 
Lab 3 79 35 99 
Lab 4 101 16 235 

B. INTERNATIONAL REFERENCE PREPARATIONS FOR 
ANIMAL PLASMA PROTEINS 

In h u m a n  medicine, protein assays have been harmonized across the 
world for at  least  two decades and recently a third  in ternat ional  refer- 
ence prepara t ion  for proteins in h u m a n  serum was prepared,  cali- 
brated,  and released to reference laboratories and diagnostic kit  manu-  
facturers (Johnson,  1993). Assays for specific protein in h u m a n  serum 
in clinical biochemistry laboratories across the world are now cali- 
bra ted  indirectly with this prepara t ion  so tha t  an assay for h u m a n  
CRP carried out in a hospital  in Wisconsin ought to give the same 
resul t  as an assay carried out in Moscow, Hong Kong, or Santiago. 

The approach taken  in h u m a n  clinical laboratories was to pool and 
aliquot a large volume of serum. Aliquots were then  dis tr ibuted to 
reference laboratories,  which analyzed the serum for a full range of 
specific proteins using their  own calibration mater ia l  for the assays. 
Results were collated and a consensus value derived for each protein, 
which became the accepted value for the concentrat ion of the serum 
protein. The reference prepara t ion was then used to develop secondary 
and te r t ia ry  s tandards  for assay calibration. This approach may not 

TABLE II 

HAPTOGLOBIN (mg/ml) MEASURED IN CONTROL SERUM 
SAMPLES BY THREE DIFFERENT LABORATORIES 

Control A Control B Control C 

Lab 1 1.3 0.66 1.75 
Lab 2 0.38 0.43 6.0 
Lab 3 2.56 1.58 4.64 
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lead to the most accurate estimate of the concentration of each protein 
and to a certain extent the agreed values are arbitrary, but experience 
shows that  once the assigned values for the reference material  were 
used the precision of protein assays between laboratories improved 
significantly. The human reference preparation is not only being used 
for calibration of acute phase protein assays but also for other specific 
protein assays, such as transferrin, complement C3, C4, and the im- 
munoglobulins IgA, IgG, and IgM. 

In veterinary medicine there are no equivalent reference prepara- 
tions for immunoglobulins or complement for any species. Although 
commercial kits are available for the analysis of the immunoglobulins 
classes in cattle, pig, horses, dogs, and cats, there are no procedures 
available to develop interlaboratory agreement on results obtained. 

International collaboration is urgently required to remedy this state 
of affairs and our group from interested European laboratories invites 
collaboration from colleagues around the world in order to initiate the 
preparation and distribution of International Reference Preparations 
for Proteins in Animal Serum. A summary of the process required to 
develop reference preparations is given in Table III. While the initial 
emphasis should be on animals of agricultural importance, the same 
process should be applied to establishing reference preparations for 
serum protein of all species of domestic animals. Individual laboratory 
scientists may contribute to this process, but it will be important for 
relevant learned societies and national and international organiza- 
tions to become aware of this problem and the proposals whereby it can 
be overcome. Relevant organizations that  may wish to support this 
essential process are listed in Table IV. 

TABLE III 

A PROPOSAL TO ESTABLISH A REFERENCE PREPARATION FOR ANIMAL SERUM PROTEIN 

1. Establish international network of reference libraries performing specific serum 
protein assays. 

2. Prepare pooled acute phase serum from species of interest. 
3. Aliquot and distribute to reference laboratories. 
4. Combine results for each protein as an "all-laboratory mean." 
5. Agree that "all-laboratory mean" values be assigned to the reference preparation. 
6. Utilize the reference preparations as primary standards for calibration of assays. 
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TABLE IV 

ORGANIZATIONS POSSIBLY CONCERNED WITH A REFERENCE 
PREPARATION FOR ANIMAL SERUM PROTEIN 

European Union 
World Veterinary Association 

Office International des Epizooties 
Food and Agricultural Organisation 

International Standards Organisation 
International Federation of Clinical Chemistry 

National Departments or Ministries of Agriculture 
International Association of Biological Standardization 
International Society for Animal Clinical Biochemistry 
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V. Summary 

I. Introduction 

Vaccines have already achieved great success in controlling many 
diseases of importance to farm or companion animals or which threat- 
en human health. Vaccines have brought eight major human diseases 
under various degrees of control: smallpox (complete eradication), 
diphtheria, tetanus, yellow fever, whooping cough, polio, measles, and 
rabies. More than 80% of the world's children are now being immu- 
nized against the polio virus and the annual number of cases has been 
cut from 400,000 in 1980 to 90,000 in the mid-1990s. Measles is anoth- 
er possible candidate for eradication. Veterinary vaccines also have 
had a profound influence in the world. They can control devastating 
diseases such as foot-and-mouth disease in cattle, canine distemper, 
feline and canine parvovirus, pseudorabies in swine, and rabies in all 
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species, as well as the economic losses due to many respiratory, repro- 
ductive, or enteric pathogens. 

Prevention is always better than cure, to minimize the suffering of 
animals and losses among livestock. Vaccines, coupled with precau- 
tions such as quarantine, movement control, and sound management, 
can achieve this objective. However, immunization should never be 
seen as routine. It is important to recognize that biologicals can cause 
adverse reactions or that  inappropriate use could promote the produc- 
tion of escape mutants. The animal owners and the public have a right 
to expect that  the preparation and use of animal biologicals is reliably 
based on the highest standards of quality, safety, and efficacy. In this 
paper we review some of the issues surrounding standardization of 
veterinary vaccine practices. 

lI. Can We Standardize Vaccination Practices? 

Immunization is one of the most important tools in veterinary medi- 
cine and probably the most cost effective. All animals around the world 
are at risk from a multitude of infectious diseases. Furthermore, many 
different products are available in countries around the world. There- 
fore, an effort to define vaccination schemes and protocols, while 
needed, must take into account numerous issues. 

A. STANDARDIZATION OF VETERINARY PRACTICES 

1. Label Claims 

Before being administered to a patient, vaccines have to be re- 
searched, developed, field tested, licensed, produced, quality con- 
trolled, regulated, purchased, transported, stored, and delivered. Most 
of these activities are subject to national or international legislation. 
The data generated during the development phase and reviewed dur- 
ing the licensing process is the basis for the labeling and product infor- 
mation literature. Full instructions on how to use the product, details 
of the claim for it, dosing regimes, and contraindications are given in 
the label. It is the primary source of information provided by the manu- 
facturers and authorized by government licensing agencies and should 
always be taken into consideration by the users. 

2. Guidelines 

For many species professional organizations such as the American 
Veterinary Medical Association (AVMA) regularly publish updated 
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guidelines to help the veterinarians in the design of the best vaccina- 
tion practices. These recommendations are based on information from 
the label claims, the published scientific literature, the experience 
from the field, and the epizootiology of each disease. 

3. International Organizations 

Many international organizations are concerned with animal health 
worldwide: the Office International des Epizooties (OIE), the Food and 
Agriculture Organization (FAO), and the World Health Organization 
(WHO) deal with the control of animal diseases. Furthermore,  regional 
organizations such as the Commission of the European Union or the 
Pan-American Health Organization are also involved in decision 
making and recommendations on animal health policies including vac- 
cination based on political, economic, and technical considerations. 
Government policies can also made defined vaccination programs man- 
datory or exclude particular vaccines from use. 

4. "Global" Diseases 

Many viruses for example are distributed around the world: Canine 
distemper and parvovirus, feline parvovirus, bovine herpesvirus 1 
(BHV1) or bovine viral diarrhea virus (BVDV), pseudorabies virus, and 
Marek's disease virus infect animals worldwide. At least in theory, 
global recommendations for vaccination programs could be made for 
these diseases. 

5. Lessons from Human Vaccines 

The use of pediatric vaccines has been standardized successfully by 
the WHO and local medical pediatric associations. These vaccines have 
brought major disease such as poliomyelitis under control in many 
countries. This could set up an example for veterinary vaccines. 

With well-defined label claims, government or international legisla- 
tion and guidelines, and professional association recommendations, 
vaccination programs could be easily standardized. However, such poli- 
cies have many limitations where the biologicals are put into action to 
protect diverse populations against infectious agents. 

B. LIMITATIONS 

Generally, routine vaccination is undertaken is young animals with 
booster vaccinations at various intervals depending on manufacturers '  
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or government instructions. However, in practice, which vaccines are 
given and precisely when they are given varies according to many 
factors. 

1. Multiplicity of Target Species and Husbandry Conditions 

The market  for veterinary vaccines is very fragmented. Very few 
individual vaccines can be administered to more than one species. 
Within a given species different disease conditions, distribution chan- 
nels, or husbandry conditions in different countries contribute to fur- 
ther  fragmentation. Customers require different products, use pat- 
terns, and administration routes (e.g., oral, intradermal, intranasal,  
intramuscular,  in ovo, etc.) depending on the management  system, 
housing, age of the animals, traditions, or opinions of leading vac- 
cinologists in each country. 

2. Difference in Disease Conditions 

The prevalence of diseases within a given species varies from one 
region to the other. The epidemiology of different serotypes (e.g., Acti- 
nobacillus pleuropneumoniae) restricts the use of some products to 
certain geographic areas. Moreover, the disease incidence is often of a 
t ransient  nature (e.g., transmissible gastroenteritis in pigs) and there- 
fore the need for a particular vaccine may change rapidly. 

3. Strain Variations and Antigenic Diversity 

A certain degree of antigenic diversity is always identified among 
isolates of the same pathogen. This variation may concern only a few 
epitopes which are differentiated by a panel of monoclonal antibodies 
and not relevant for a vaccine formulation or it may require the devel- 
opment of a different vaccine strain. Foot-and-mouth disease virus 
(FMDV) occurs as seven serotypes, within each of which there is the 
potential for wide antigenic diversity. In the face of FMDV outbreak, it 
is critical to demonstrate that  cross-protection is induced by the vac- 
cines. Pestiviruses also exhibit wide differences. Two biotypes (cyto- 
pathic and noncytopathic), two genotypes (types I and II), and a contin- 
uous spectrum of antigenic variations can be found in BVDV isolates. 

4. Lifestyle 

Multiple-cat households are defined as homes with three or more 
cats. By nature cats are solitary creatures, comingling only at times of 
mating or territorial disputes. Many health problems seen in multiple- 
cat households result from artificial environments in which the cat 
must  live and do not exist in single-cat households. Therefore, the 
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recommendations for vaccines should be different for cats living in 
multiple- or single-cat households. 

5. Age at First Vaccination 

Puppies become susceptible to viral infections as the maternal anti- 
body titer declines to nonprotective levels. Currently, parvovirus in 
dogs is more commonly encountered in puppies from 6 weeks to 6 
months of age. High levels of maternal antibodies can prevent some 
vaccines from being effective. Conversely, most adult dogs have be- 
come immune through vaccination or natural infection and are refrac- 
tive to boosting with modified live vaccines. 

6. Breed Susceptibility 

Certain breeds are reported to be more susceptible to the develop- 
ment of parvovirus disease despite antibody titers considered protec- 
tive in other breeds. Doberman pinschers, Labrador retrievers, and 
Rottweilers are reported to be more severely affected by parvoviral 
infections. For those breeds at high risk, it is sometimes recommended 
that  the vaccination protocol be continued to 20 weeks instead of 12 
weeks of age. 

7. Economical Issues 

BHV-1 is responsible for infections of the respiratory and reproduc- 
tive tract. The infections are widespread. The virus causes severe clini- 
cal signs and economic losses in the United States, but the disease is 
mostly subclinical in most countries of the European Union. Therefore, 
the control of the clinical disease is critical in North America but not in 
Europe. However, European Union Directive 64/32/EEC allows coun- 
tries to restrict trade in live animals on the basis of their health status. 
As a consequence, a marker vaccine strategy is being developed in 
Europe not only to control the disease, but to limit the virus circulation 
and eradicate the virus from the cattle population. The vaccine strate- 
gies are totally different between the two continents. Zoosanitary legis- 
lation may also limit the types of vaccines used in control programs to 
a particular strain or marker, thereby distorting competition in the 
marketplace. 

8. Difference in Regulatory Requirements 

National or regional regulatory requirements further contribute to 
the market complexity of veterinary vaccines. For example, the use of 
vaccines against clinical swine fever (CSF) is forbidden in the Eu- 
ropean Union despite a severe outbreak of the disease in 1997 in the 
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Netherlands. Vaccines against CSF are allowed in other parts of the 
world as a tool to control the disease outbreaks. 

9. Influence of the Climate or Ecosystems 

The geographic distribution of tick-borne diseases is highly depen- 
dent on the existence of the vectors. Pathogens, vectors, and reservoir 
hosts exist in ecologic assemblages and a combination of events have 
led to increasing human and companion animals interaction with 
these assemblages. For example, Amblyomma americanum, which 
transmits  the agent of human ehrlichiosis, is found throughout the 
southeastern United States while Ixodes dammini, which transmits  
the agent of Lyme disease, is found in the northeastern and north 
central (Wisconsin, Minnesota) part  of the country. The recommenda- 
tion for the prevention of each disease will vary dramatically depend- 
ing on the geographic location of the population being vaccinated. 

The choice of a vaccine and a vaccination regimen should always be 
selected with the best interest of the animals and their owners in mind. 
Appropriate immunization should be given in accordance with manu- 
facturers' guidelines, government regulations, and veterinarian rec- 
ommendations. The local veterinarian is usually the best qualified to 
make the recommendation. Vaccination programs need to be tailored 
to each individual animal or livestock operation. 

III. Are We Vaccinating Too Much? 

A. RISKS 

Recently, concerns about vaccine reactions have raised questions 
and doubts about the best immunization practices. 

1. Safety 

Vaccination safety is of utmost importance. The use of biological 
products has become so routine that  vaccination is sometimes believed 
to be innocuous. However, varying levels of immunity, adverse reac- 
tions, and other unexpected events are a reality with biological prod- 
ucts. The major safety problems reported are injection site reactions, 
systemic reactions, allergic reactions, immunosuppression, inadequate 
inactivation, residual pathogenicity, genetic recombinations, and con- 
taminations. An increased incidence of fibrosarcomas in cats has been 
linked to vaccination since many of the lesions occur in common sites of 
immunization. The yearly prevalence has been estimated at 2 cases 
per 10,000 vaccinated cats. Although there are still many unknowns, 
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the potential risk is to be taken into consideration before making the 
decision to vaccinate. 

2. Duration of Immunity 

Following pr imary immunization, natura l  exposure or virus per- 
sistence will result  in a boosting of immunity  in a population. However, 
in most situations, such natura l  boosting is unreliable. Booster vac- 
cinations are often given at intervals to ensure immunologic memory 
for a rapid immune response to pathogens. The t iming may vary de- 
pending on the targets  and the vaccines. Currently, the conventional 
recommendation is for an annual  booster for most vaccines with excep- 
tions for, for instance, some rabies vaccines when a 3-year duration of 
immunity  has been demonstrated. 

It is known tha t  some vaccines such as leptospirosis vaccines provide 
short-lived immunity. Furthermore,  because mucosal memory is usu- 
ally short lived, vaccines designed to replicate on mucosal surface may 
need to be repeated frequently. However, there may be a lack of scien- 
tific documentation to back up annual  boosters of vaccines such as 
feline and canine parvovirus or canine distemper. Concerns about side 
effects should be incentive to conduct the research necessary to deter- 
mine the optimal intervals between vaccinations. Animal serologic ex- 
amination could also help define the proper immunizat ion intervals for 
individual animals or herds, in diseases where antibody titers corre- 
late with protection. 

3. Vaccine Components 

Effective vaccination of young puppies against  canine parvovirus, 
distemper, and adenovirus 1 and 2 is critical. The benefits from canine 
coronavirus vaccines or from Lyme disease vaccines outside endemic 
areas is more controversial. 

4. Cost 

Cost is another  disadvantage to overvaccination. The owner of the 
animal could be paying for something the animal does not really need. 
Therefore, the selection, strategic need, route, and program of adminis- 
trat ion of any vaccine, as well as care in handling and inoculating, 
should receive much more attention. 

B. BENEFITS 

As mentioned earlier, vaccines have played a very important  role in 
bringing many diseases under  control. Before decisions are made to 
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reduce the number of vaccinations, some factors should be carefully 
considered. 

1. Herd Immunity 

Vaccines are effective in preventing diseases not only in individuals 
but also in populations. This type of protection is called herd immunity. 
When a virus spreads from one animal to another, it requires both an 
infected host to spread it and a susceptible host to catch it. Herd immu- 
nity works by decreasing the number of susceptible animals. When the 
number of susceptible hosts drops low enough, the disease will disap- 
pear from the population because there are not enough animals to 
continue the infection cycle. It is therefore critical to maintain a high 
percentage of the host population immunized to achieve herd immu- 
nity and hence disease control. 

2. Wild Reservoirs 

Many species of wild carnivores, such as mustelids, are susceptible 
to canine distemper virus and therefore represent a potential source of 
infection for dogs. There are many examples of outbreaks of diseases 
occurring in dog populations without sufficient protection. 

3. Protection of Other Species 

In addition to protecting the target species, vaccination is also used 
to arrest the cycle within a species or interrupt transmission from one 
susceptible species to another or from animal to man. Human public 
health is dependent on the control of zoonotic diseases in animals. In 
some instances such as rabies, it is the only possible option for control. 

4. Drug Resistance and Residues 

The development of safe and efficacious antibiotics for the control of 
bacterial infections has probably limited the development of bacterial 
vaccines. However, with the increased frequency of bacterial resistance 
to drugs and an increase of the public awareness to antimicrobial resi- 
dues in animal products, there is a need for greater use of antibacterial 
vaccines. The economic advantage for producers to offer residue free 
animal products without compromising the animal welfare and public 
health should not be underestimated. 

5. Animal Welfare 

Veterinarians have a duty to protect animal health and welfare. 
Successful vaccination involves much more than the administration of 
the product. They should also provide the customer with information, 
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recommend preventive health programs, understand the proper han- 
dling of products, report adverse reactions, and increase the public's 
awareness of food safety and zoonotic issues. 

Balancing risks and benefits as well as tailoring vaccination pro- 
grams to the individual patient or population should be taken into 
consideration by the veterinarians before administering any biological 
products. 

IV. Consequences for the Animal Health Industry 

A. FUTURE CHALLENGES 

1. Technologies 

The search for the ideal vaccine must continue. Many technologies 
such as biotechnology, delivery technology (slow or intermittent pulse 
release of antigens at appropriate sites), or immunomodulation hold 
great promises for the future. The mastering of these new technologies 
should result in the following improvements: 

�9 Safer and more efficacious vaccines 
�9 Vaccines with longer duration of immunity 
�9 Vaccines that  can bypass inhibitory maternal antibodies 
�9 Vaccines for major diseases that  cannot be currently prevented 
�9 Vaccines for emerging diseases 
�9 More convenient vaccines that  are well adapted to husbandry man- 

agements or animal owner lifestyles 
�9 Less dependency on refrigeration (cold chain) 

2. Design of New Vaccines 

Recent discoveries in vaccinology and immunology will allow a bet- 
ter design for new vaccines. Factors that  are irrelevant or detrimental 
to the protective immune response can be removed from the antigenic 
fractions ofbiologicals by recombinant DNA technology. It is likely that  
many microorganisms contain molecules capable of biasing the im- 
mune response in a fashion advantageous to the parasite. 

Optimal antigen presentation is of key importance for successful 
immunization. Researchers involved in the design of new products 
should pay attention to the cells involved in the immune response, the 
surface molecules expressed by antigen-presenting cells and T cells, 
the cytokines and chemokines produced by the cells, and the peptides 
binding to MHC class I and II molecules. 
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Vaccines also need to induce long-lasting memory and should include 
multiple helper and cytotoxic T-cell epitopes. The persistence of anti- 
gens may also be important. 

Infectious agents have developed multiple mechanisms for escaping 
the immune response, including the production of escape mutants, the 
interference with MHC antigen presentation, the exhaustion of cyto- 
toxic T cells, or the mimicking of effects of cytokines. Decreasing the 
likelihood of escape mechanisms coming into play will be critical in the 
design of vaccines against viruses such as porcine reproductive and 
respiratory syndrome virus. 

3. Epidemiological Implication of Vaccinations 

The choice of a vaccine strain should be justified on the basis of 
epidemiologic data. Genomic and antigenic diversity among bovine vi- 
ral diarrhea viruses may contribute to vaccine failure. Furthermore, 
the situation may be changing all the time: new strains of feline cal- 
icivirus different from the F9 strains are now isolated from the field. 
Likewise, serovars of leptospira not contained in current vaccines are 
being reported from diagnostic laboratories. An epidemiologic surveil- 
lance program must be developed rapidly. Strategies for the use of and 
measurement of the success of vaccination in the control of animal 
disease have to be considered in the context of the epidemiology of that 
disease. 

4. Strategies for Vaccine Use 

Prevention of disease can reach one of the three following goals: 
diminution of incidence, of prevalence, or of disease consequences. For 
example, a vaccine that only protects against clinical disease, but not 
against infection, allows propagation of the pathogen in the host popu- 
lation. Secondarily, reducing the severity of the symptoms could also 
contribute to the diminution of incidence by reducing shedding of the 
pathogens (for example, nasal discharge ofBHV1). A clear definition of 
the goals of the vaccination and a good knowledge of the property of the 
biological product are needed before the decision to immunize an ani- 
mal is taken. Vaccination should usually be used and judged in a popu- 
lation context. The development of national or regional policies and the 
development in the trade of animals and animal products will play a 
role in the development of vaccine prophylaxis at all levels. The strate- 
gic thinking is moving from "think globally, act locally" to "think lo- 
cally, act globally." 
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5. Cost 

Fragmented markets, pressures on prices, development of a monopo- 
listic competition, increasing cost for discovering, developing, register- 
ing, producing, and marketing biological products will impact the rela- 
tively small veterinary vaccine industry at a time when large 
investments are required. 

B. PARTNERSHIP FOR BETTER VACCINES 

The availability of better biological products is dependent on a part- 
nership, summarized in Fig. 1, in which there are many roles and 
responsibilities. Consumers, animal owners, veterinarians, the scien- 
tific community, national and international agencies, government regu- 
latory offices, and the vaccine industry must communicate and collabo- 
rate. Because the control of animal diseases is becoming more and 
more complex, a formal structure to promote collaboration between 
parties might be needed. 

National Organizations and International ,[i[ 
. . . . . .  

Vaccine I lt-li ' .... 
,,, Industry Customers ,----n I 

gcienti lators i [  

, / !  Consumers / [I Veterinarians 

G 
Partnership for Better Animal Health 

FIG. 1. Partnership for better animal health. 
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V. Summary 

Significant achievements have been made during the nineteenth 
century to improve animal health and welfare through vaccination. 
Vaccination standards and practices will change significantly in the 
next century. Vaccination programs need to be tailored to each live- 
stock operation or individual animal in accordance with manufac- 
turers' instructions, government regulations, scientific standards, pro- 
fessional organization guidelines, and veterinarian recommendations. 
Vaccination should always be considered in a population context. A 
better use of vaccine will require a different approach and a significant 
investment in research. Finally, all the partners involved in animal 
health should consider a close collaboration to meet future animal and 
public health challenges. 
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I. Introduct ion  

In 1920, a consignment of zebu cattle in transit  from Africa to South 
America arrived at the port of Antwerp in Belgium. While in port, the 
cattle were off-loaded and held at a quarantine station before their 
journey was to resume. It was soon discovered that  these cattle were 
afflicted with rinderpest; however, it was too late to prevent its spread 
beyond the quarantine station. Fortunately, the strain of rinderpest 
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virus was not especially virulent and the epizootic was controlled but 
not before reaching the French border. This event served as a grim 
reminder of the scourge of rinderpest that  swept Europe in the latter 
part of the 1800s. The following year, France hosted an international 
conference on epizootics which laid the groundwork for what was to 
become the Office International des Epizooties (OIE). Three years later 
in 1924, the OIE was established under an international agreement 
originally signed by 28 countries. As of 1997, membership in the OIE 
has grown to include 145 countries. 

The primary objectives of the OIE are as valid today as when they 
were first drafted 73 years ago. They are: 

1. To inform governments of the occurrence and course of animal dis- 
eases throughout the world and of ways to control these diseases 

2. To coordinate, at the international level, studies devoted to the sur- 
veillance and control of animal diseases 

3. To harmonize regulations for trade in animals and animal products 
among its member countries 

In working toward these objectives, the OIE has undertaken a major 
role in the international harmonization of standards for diagnostic 
tests and vaccines. At the center of this role is one of the OIE's special- 
ist commissions, the Standards Commission. 

II. Organization and Structure 

To appreciate the role of the Standards Commission in harmoniza- 
tion, it is pertinent to understand the structure of the OIE (Fig. 1). The 
OIE operates under the authority and control of the International 
Committee, which is comprised of the permanent delegates, usually 
the chief veterinary officer, from each of the member countries. The 
International Committee is presided over by a president and a vice- 
president elected from among the delegates. 

The activities of the OIE are conducted by the Central Bureau. 
Headed by a director general, the bureau is responsible for the daily 
operations of the office and is also responsible for implementing the 
resolutions approved by the International Committee. 

Resolutions presented to the International Committee for ratifica- 
tion are prepared by the Central Bureau with the support from several 
elected commissions, which include: 
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FIG. 1. Organization and structure of the Office International des Epizooties (OIE). 
The OIE operates under the authority and control of the International Committee, which 
is comprised of the permanent delegates from each of 145 member countries. The activ- 
ities of the OIE are conducted by the Central Bureau, headed by a director general. The 
Central Bureau is supported by several elected commissions, permanent regional offices, 
and designated working groups, reference laboratories, and collaborating centers. 

1. The adminis t ra t ive  commiss ion~execu t ive  of the In te rna t iona l  
Commit tee  plus addit ional  members  from among p e r m a n e n t  dele- 
gates  

2. Four  specialist  commiss ionsmmembers  from among world experts  
3. Five regional commiss ionsmmembers  from within  des ignated re- 

gions 

To be t te r  serve member  countries,  the Centra l  Bureau  has  also es- 
tabl ished and coordinates networks  of specialized groups which in- 
clude: 

1. Reference l abo ra to r i e s~p rov id ing  scientific and technical  expert ise 
on specific diseases (e.g., r inderpest ,  brucellosis, etc.) 

2. Collaborat ing c e n t e r s ~ p r o v i d i n g  scientific and technical  expert ise 
in cer tain fields (e.g., diagnostic techniques,  vaccinology, etc.) 

3. Working g r o u p s ~ m o n i t o r i n g  and analyzing recent  developments  in 
specific areas  (e.g., biotechnology, wildlife diseases, etc.) 
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4. Regional coordinators--providing expertise and services out of re- 
gional offices to meet specific needs (e.g., disease surveillance, con- 
trol and eradication programs, etc.) 

The financial resources of the OIE are derived primarily from regular an- 
num contributions and exceptional contributions from member countries. 

III. Specialist Commissions 

The roles of the specialist commissions are to study problems related 
to the epidemiology and control of animal diseases, and issues related 
to the harmonization of international regulations applicable to trade in 
animals and animal products. Four specialist commissions have been 
established and include: 

1. Foot and Mouth Disease and other Epizootics Commission--Origi- 
nally established in 1946 and expanded to include other epizootics 
in 1988, this commission assists in identifying the most appropriate 
strategies and measures for disease prevention and control. 

2. Standards Commission--Established in 1949, this commission de- 
fines standards for diagnostic tests and vaccines as applied to mam- 
mals, birds, and bees. 

3. International Animal Health Code Commission--Established in 
1960, this commission defines the regulatory standards that  apply 
to international trade in animal and animal products. 

4. Fish Diseases Commission--Established in 1960, this commission 
specializes in prevention, diagnosis, and control of diseases as well 
as regulatory standards that  pertain to international trade in fish, 
crustaceans, and mollusks. 

IV. Standards Commission 

The Standards Commission acts as the primary scientific and tech- 
nical reference point for the OIE. In close collaboration with the Scien- 
tific and Technical Department of the Central Bureau, the commission 
is active on several, interdependent fronts. 

A. MANUAL OF STANDARDS FOR DIAGNOSTIC TESTS AND VACCINES 

The purpose of the Manual  is to define standards for diagnostic tests 
and for production of biological products, principally vaccines. By doing 



STANDARDS FOR DIAGNOSTIC TESTS AND VACCINES 673 

so, the Manual contributes to the harmonization of methods of surveil- 
lance and control of important animal diseases. The Manual also acts as 
the principal reference for the International Animal  Health Code, pre- 
pared by the Code Commission. Wherever there is a reference in the 
Code to a diagnostic test or vaccine, it is fully described in the Manual. 

The Manual was first published in three volumes in a looseleaf for- 
mat  between 1989 and 1991. The second edition was compiled and 
published as a bound book in 1992. The latest edition, which contains 
more than 700 pages, was published in 1996. Subsequent additions 
will appear approximately every 4 years. 

The Manual targets scientific and technical staff working at the 
bench and the latest edition begins with seven introductory chapters 
covering a broad range of topics: 

1. Sampling methods 
2. Good laboratory practice, quality control, and quality assurance 
3. Principles of validation of diagnostic tests for infectious diseases 
4. Tests for sterility and freedom from contamination of biological ma- 

terials 
5. Human safety in the veterinary microbiology laboratory 
6. Principles of vaccine production 
7. Biotechnology in the diagnosis of infectious diseases and vaccine 

development 

The 93 chapters that  follow the introductory chapters deal with indi- 
vidual diseases. All diseases appearing in the Code are covered, in 
addition to a number of others which are not in the Code. Although the 
diseases are too numerous to list, these chapters are organized in the 
following manner, with the number of diseases in parentheses: 

1. List A Diseases (15) 
2. List B Diseases 

a. Multiple Species (8) 
b. Cattle (13) 
c. Sheep and Goats (6) 
d. Horses (14) 
e. Pigs (5) 
f. Birds (11) 
g. Lagomorphs (3) 
h. Bees (5) 

3. Diseases not in the Code (13) 

List A includes transmissible diseases that  have the potential to 
spread rapidly within and beyond national borders and result in very 
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serious socioeconomic and/or public health consequences. They include 
diseases such as foot-and-mouth disease and Newcastle disease and 
are of major importance to international trade. List B includes trans- 
missible diseases usually contained within national borders and are 
considered to be of socioeconomic and/or public health concern. They 
include diseases such as brucellosis and rabies and are of importance 
to international trade. Some diseases, such as Q fever and porcine 
reproductive and respiratory syndrome, which are not covered in the 
Code are included because they also have international trade implica- 
tions in many instances. 

Individual chapters are written and reviewed by internationally rec- 
ognized experts. In many cases, a chapter is authored by an expert in 
the field of diagnostics and an expert in the field of vaccinology. As part  
of the process, each member country is also given the opportunity to 
review and make comments on all chapters before publication. 

Each chapter includes a general overview of the disease, agent, diag- 
nostic tests, and available vaccines. Following are detailed descrip- 
tions of diagnostic techniques and, where applicable, requirements for 
vaccines or other biological products. The descriptions and relevant 
references represent the internationally accepted standards for diag- 
nostic tests and vaccines. 

B. PRESCRIBED TESTS FOR INTERNATIONAL TRADE 

The Standards Commission is also responsible for evaluating diag- 
nostic tests with respect to their potential application in international 
trade. Based on this evaluation, new tests may be recommended for 
incorporation into the Code and, in some cases, older tests may be 
recommended for retirement. The commission ensures that  all new 
tests proposed by developing laboratories are properly standardized 
and internationally validated before being considered. New and exist- 
ing tests are grouped into two categories: 

1. Prescribed t e s t s~ those  required by the Code for the testing of ani- 
mals before they are moved internationally 

2. Alternative t e s t s~ those  suitable for the diagnosis of disease within 
a local setting, and can be used in the import/export of animals after 
bilateral agreement 

Prescribed and alternative tests are listed in the Manual. However, 
this list is updated as required and circulated to member countries 
between editions of the Manual. 
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C. OIE REFERENCE LABORATORIES AND COLLABORATING CENTERS 

The Standards Commission, and indeed the whole of the OIE, de- 
pends very much on international experts for scientific and technical 
advice. To this end, a voluntary network of reference laboratories and 
collaborating centers has been established. The commission reviews 
and recommends the designation of OIE reference laboratory or collab- 
orating center status based on a defined set of criteria. To qualify, 
institutions must  meet the majority of the following: 

1. Be internationally recognized as a center of expertise 
2. Be willing to prepare and/or distribute reference strains and diag- 

nostic standards, antisera, antigens, or other reagents to member 
countries 

3. Be actively involved in diagnostic testing and the analyses of epi- 
zootiological data, both nationally and internationally 

4. Be actively involved in the development of new methods 
5. Be actively involved in the coordination of collaborative studies at 

the international level 
6. Be actively involved in the publication and dissemination of scien- 

tific and technical information. 
7. Be willing to provide consultative assistance to the OIE 
8. Be willing to provide international training in specific areas of ex- 

pertise 
9. Be willing to organize scientific meetings on behalf of the OIE 

OIE reference laboratories are recognized for their expertise on spe- 
cific diseases. Wherever possible, multiple laboratories for any given 
disease have been designated on a regional basis to ensure that  their 
particular expertise is available to most member countries. To date, 
more than 110 laboratories have requested and received OIE reference 
laboratory status. This includes designations for all 15 List A diseases 
and approximately 25 List B and other diseases. 

OIE collaborating centers, on the other hand, are recognized for 
their expertise in technologies such as ELISA and other molecular 
techniques for diagnosis, in disciplines such as vaccinology or in pro- 
grams such as surveillance and control of diseases prevalent in certain 
regions of the world. Six collaborating centers have now been estab- 
lished and the list is expected to expand. 

By creating this network, international harmonization is promoted 
through the sharing of knowledge and the establishment of collabora- 
tive projects related to methods development, standardization, quality 
assurance, and validation. 
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OIE reference laboratories and collaborating centers are also listed 
in the Manual. Again, the list is updated as required and circulated to 
member countries between editions of the Manual. 

D. GUIDELINES FOR VETERINARY LABORATORIES 

The Standards Commission has drafted a series of guidelines to 
promote harmonization among member country laboratories and to 
assist OIE-designated laboratories in the delivery of their services. 
Guidelines have been prepared for: 

1. International reference standards for antibody assays (1993) 
2. Data sheets for reference standards (1994a) 
3. Validation of diagnostic tests for infectious diseases (1994b) 
4. Laboratory quality evaluation (1995a) 
5. Laboratory proficiency testing (1996) 

These guidelines have been distributed to member countries through 
the biannual reports of the Standards Commission and pertinent 
guidelines have been sent directly to designated laboratories. Addi- 
tional guidelines are currently under development. New and existing 
OIE guidelines, which fulfill the requirements of the ISO 9000 series of 
standards and relevant ISO/IEC guides, will be compiled and made 
available worldwide through a special issue of the OIE Scientific and 
Technical Review slated for publication in late 1998. 

E. INTERNATIONAL REFERENCE REAGENTS 

The Standards Commission has been actively encouraging OIE ref- 
erence laboratories to prepare and distribute reference reagents for 
diagnostic tests. Priority has been given to a number of important 
diseases for which there are no available international standard sera 
for particular diagnostic techniques. The intent is to have available to 
member country laboratories fully characterized and well-documented 
reference reagents for the calibration of diagnostic tests used for inter- 
national trade and for the preparation of national standards. The ma- 
jor emphasis to date has been on the need for reference sera for anti- 
body assays. Standard sera have either been prepared or are under 
development for the following diseases tests: brucellosis, rinderpest, 
contagious bovine pleuropneumonia, infectious bovine rhinotracheitis, 
enzootic bovine leukosis, pest des petits ruminants, Aujeszky's disease, 
classical swine fever, rabies, African horse sickness, equine influenza, 
equine viral arteritis, and equine infectious anaemia. 
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The selection, characterization, standardization, and distribution of 
reference reagents by an OIE reference laboratory is a very large but 
necessary commitment to international harmonization. Those labora- 
tories taking on this commitment, without subsidy from the OIE, de- 
serve much credit for their initiative. 

F. PROVISION OF SCIENTIFIC AND TECHNICAL ADVICE 

Over the years, the OIE has established permanent working rela- 
tionships with more than 20 international organizations including the 
Food and Agricultural Organization of the United Nations (FAO), the 
World Health Organization (WHO), the Inter-American Institute for 
Cooperation on Agriculture (IICA), and the Pan-American Health Or- 
ganization (PAHO). In matters of a scientific and technical nature 
concerning diagnostic tests and vaccines, the Standards Commission 
provides information and advice through the Scientific and Technical 
Department to these organizations. In many instances, members of the 
Standards Commission represent the OIE at international and region- 
al consultative meetings. By maintaining cooperative working rela- 
tionships, the OIE is able to promote harmonization at the internation- 
al program level. 

G. WORLD TRADE ORGANIZATION 

The Sanitary and Phytosanitary Agreement of the World Trade Or- 
ganization, as included in the Marrakech agreement (1994), specifi- 
cally recommends the use of standards, guidelines, and recommenda- 
tions developed under the auspices of the OIE in order to promote 
harmonization of regulations for international trade in animals and 
animal products. 

The Manual of Standards for Diagnostic Tests and Vaccines (1996b), 
prepared by the Standards Commission, represents one of the four 
normative works published by the OIE that promote such internation- 
al harmonization. The others include the International Animal Health 
Code (1992), the International Aquatic Animal Health Code (1995c), 
and the Diagnostic Manual for Aquatic Animal Diseases (1995b). 

V. Summary 

The OIE is recognized as the world organization for animal health. 
Serving 145 member countries, the OIE provides current information 
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on disease occurrence, coordinates studies on disease surveillance and 
control, and harmonizes regulations for trade in animals and animal 
products. This paper focuses on the role of one the OIE's specialist 
commissions, the Standards Commission. 

The Standards Commission works in close collaboration with the 
Scientific and Technical Department of the OIE's Central Bureau on 
the international harmonization of standards for diagnostic tests and 
vaccines. The Manual of Standards for Diagnostic Tests and Vaccines, 
approved by the International Committee, defines the international 
standards for diagnostic tests and for the production of biological prod- 
ucts as applied to mammals, birds, and bees. The Manual lists and 
details those tests which are prescribed for international trade and 
others which are suitable for bilateral trade agreements. The Manual 
represents one of the key scientific and technical references for harmo- 
nization of regulations for trade in animals and animal products. 

The commission coordinates the activities of a network of some 110 
OIE reference laboratories and six collaborating centers. By creating 
and nurturing this network, international harmonization is promoted 
through the sharing of knowledge and the establishment of collabora- 
tive projects related to methods development and standardization, pro- 
duction and distribution of international reference standards, quality 
assurance, and assay validation. Through a series of guidelines pro- 
vided to participants, the commission ensures the quality and focus of 
these projects. 

In matters  of a scientific and technical nature concerning diagnostic 
tests and vaccines, the Standards Commission collaborates with other 
international organizations such as the FAO, WHO, IICA, and PAHO, 
thus promoting harmonization at the international program level. Un- 
derscoring the important role of the OIE at this level, the Sanitary and 
Phytosanitary Agreement of the World Trade Organization, as in- 
cluded in the Marrakech agreement (1994), specifically recommends 
the use of standards, guidelines, and recommendations developed un- 
der the auspices of the OIE in order to promote harmonization of regu- 
lations for trade in animals and animal products. 
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I. Introduct ion 

Vaccines have proven to be very beneficial for controlling diseases in 
domestic animals. Their widespread use has dramatically reduced the 
incidence of severe and fatal diseases in companion animals (canine 
distemper, canine parvovirus, infectious canine hepatitis, and feline 
panleukopenia). They have also enabled the intensification of livestock 
production, thus enabling great increases in efficiency in animal origin 
food and fiber production. In addition, animal vaccines have improved 
human health through control of zoonotic diseases such as rabies, bru- 
cellosis, and leptospirosis. Indeed, it can be argued that animal vac- 
cines have had a profound impact on modern society. Without effective 
rabies vaccines many people would not opt to keep companion animals 
in their homes, and without effective vaccines for controlling major 
diseases in food-producing animals the availability of animal proteins 
for human consumption would be greatly reduced. However, in spite of 
the success of animal vaccines, vaccines sometimes induce adverse 
reactions in animals and sometimes they fail to protect animals. When 
making decisions regarding vaccination programs for animals, veter- 
inarians and animal owners must weigh the risks of vaccinating vs. the 
risks of not vaccinating. They must also use vaccines in a manner that 
induces optimal protection. This article provides an overview of some 
of the reasons why vaccines occasionally produce adverse reactions 
(Table I) and reasons why vaccines sometimes fail to protect animals 
from disease (Table II). 

To produce protective immunity, a vaccine must stimulate a reaction 
in the animal. There usually must be a reaction both at the site of 
injection and systemically in order to produce an effective immune 
response. This reaction involves extensive activity by antigen-present- 
ing cells, production of a variety of cytokines, and alterations in the 
trafficking of lymphocytes within the body. In addition, if the vaccine 
contains live organisms, they probably need to replicate to induce ef- 
fective immunity. Live viruses must infect and replicate within cells. 
These essential reactions to a vaccine may induce observable clinical 
signs. Hopefully, the reaction to the vaccine will be mild and either 
unnoticeable or acceptable to the animal owner. 

To understand vaccine safety and efficacy, it is important to under- 
stand the process by which vaccines are developed and tested by vac- 
cine producers, and licensed by the United States Department of Agri- 
culture (USDA), Animal and Plant Health Inspection Service (APHIS), 
Center for Veterinary Biologics (CVB). The federal government regula- 
tions for the United States of America regarding veterinary vaccines 
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TABLE I 

POTENTIAL MECHANISMS RESPONSIBLE FOR ADVERSE VACCINE REACTIONS 

�9 Contamination with extraneous agents 
�9 Failure to inactivate agent in killed vaccine 
�9 Residual virulence of vaccine organisms 
�9 Vaccination of immunosuppressed animal 
�9 Immune suppression induced by the vaccine 
�9 Excessive induction of cytokine release 
�9 Multiple vaccines administered concurrently 
�9 Hypersensitivity to vaccine antigens 

Type I - - immedia te  type 
Type IImcytotoxic type 
Type I I Imimmune  complex type 
Type IVmdelayed type 

�9 Triggering or exacerbation of hypersensitivity to nonvaccine antigens 
Allergies 
Autoimmune disease 

�9 Induction of neoplastic changes 
�9 MLV BVD vaccine triggering mucosal disease in persistently infected cattle 

are found in the Virus Serum Toxin Act (VSTA) in Title 9 of the Code of 
Federal Regulations (9 CFR). The VSTA gives the USDA the authority 
to regulate veterinary vaccines in the United States. According to the 
9 CFR a USDA licensed biological must be "pure, safe, potent, and 
efficacious, and not be worthless, contaminated, dangerous, or harm- 
ful." To understand this statement, it is important to understand what 
is meant by safe and efficacious. The definition found in the 9 CFR for 
safe or safety regarding veterinary biologics is "freedom from proper 
ties causing undue local or systemic reactions when used as recom- 

TABLE II 

POTENTIAL REASONS FOR VACCINE FAILURE 

�9 Insufficient time after vaccination to develop immunity 
�9 Something happened to the vaccine to make it ineffective 
�9 The physiologic status of the animal impaired the response to the vaccine 
�9 The animal was immunosuppressed at some point after vaccination 
�9 The animal was exposed to an overwhelming challenge dose of infectious agent 
�9 The duration of immunity after vaccination was not adequate 
�9 Important  antigenic differences exist between the vaccine and field strains 
�9 Interference when multiple vaccines are administered concurrently 
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mended or suggested by the manufacturer." This definition has two 
important  qualifiers for the term safety. It does not state that  a vaccine 
should produce no reaction, ra ther  it states that  a vaccine should not 
cause "undue local or systemic reactions." This is a recognition of the 
fact tha t  st imulating a potent immune response is likely to produce at 
least a mild local and systemic reaction in the animal. The second 
important  point is that  according to the definition the safety of the 
vaccine is only ensured when it is used as recommended or suggested 
by the manufacturer.  The recommendations and suggestions can be 
found on the label for the vaccine. Most vaccine label s tatements  will 
indicate that  a particular vaccine is only for use in healthy animals of a 
part icular  species. Healthy is defined as "apparently normal in all vital 
functions and free of signs of disease." 

The 9 CFR definition for efficacious or efficacy is "specific ability or 
capacity of the biological product to effect the result for which it is 
offered when used under the conditions recommended by the manufac- 
turer." The label found on the vaccine will indicate the "result for which 
the vaccine is offered" and will also indicate the conditions under  
which the vaccine is recommended for use. Therefore, it is very impor- 
tan t  to read and follow label instructions in order to achieve maximum 
safety and efficacy from vaccine usage. 

II. Adverse Vaccine React ions 

When animals develop adverse clinical signs within a few days to 
weeks after vaccination it is important  to determine whether  those 
clinical signs were vaccine induced or were not due to vaccination and 
only coincidentally occurred after the vaccine was administered. Ani- 
mals commonly experience adverse clinical signs from a wide variety of 
causes and animals are commonly vaccinated. Therefore, it is to be 
expected that  occasionally adverse clinical signs will occur after ani- 
mals have been vaccinated for reasons unrelated to vaccine adminis- 
tration. There are also many reasons why vaccines may induce adverse 
reactions in the animal. It is important  to differentiate true adverse 
vaccine reactions from false adverse vaccine reactions. Some of the 
causes of true adverse vaccine reactions are summarized in Table I and 
explained next. 

A. CONTAMINATION OF VACCINES WITH EXTRANEOUS AGENTS 

A prominent example of this occurred when it was discovered tha t  
some lots of the live oral human  poliomyelitis vaccine were contami- 
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nated with live simian virus 40 (SV40) in the 1950s (Pennisi, 1997; 
Shah  and Nathanson ,  1976). Millions of people were potential ly ex- 
posed to live SV40 through adminis t ra t ion  of polio vaccine. To date, 
there is no solid epidemiologic evidence tha t  any adverse hea l th  affects 
can be a t t r ibuted  to exposure to this agent. The SV40 virus had  not yet 
been discovered when the h u m a n  polio vaccine was produced. This 
raises the question of how does one test  for all potential  known and 
unknown viruses in each production lot of modified live virus vaccines. 
There have been numerous  examples of extraneous agents  contam- 
inat ing veter inary  vaccines. A list of these examples with appropriate  
references is given in Table III. 

B. FAILURE TO INACTIVATE THE VACCINE ORGANISM 

IN A KILLED VACCINE 

A dramat ic  example of this cause of adverse vaccine reactions oc- 
curred with the killed poliovirus vaccine in people. Formaldehyde,  
used to inactivate the poliovirus in the vaccine, failed to completely 
inactivate the vaccine virus (Gard and Lycke, 1957; Na thanson  and 
Langmuir ,  1963). This resul ted in several cases of poliomyelitis in 
people tha t  had  received the vaccine. There have also been cases where 
formaldehyde failed to inactivate the foot-and-mouth disease virus 
(Beck and Strohmaier,  1987; King et  a l . ,  1981) and the Venezuelan 
equine encephalit is  virus (Kinney et  al . ,  1992) in their  respective vac- 
cines. In both of these cases the vaccine was shown to induce disease 
because of the lack of complete inactivation of the virus by the formal- 
dehyde (Brown, 1993). An example of a failure to completely inactivate 
a bacterial  pathogen in a killed bacterin occurred when thimerosol was 
used to inactivate H a e m o p h i l u s  s o m n u s  in an H.  s o m n u s  vaccine. The 
thimerosol failed to kill the H.  s o m n u s .  Approximately hal f  the ani- 

TABLE III 

EXAMPLES OF ADVERSE VACCINE REACTIONS DUE TO EXTRANEOUS AGENTS IN VACCINES 

�9 Live SV40 in human polio vaccine (Pennisi, 1997; Shah and Nathanson, 1976) 
�9 Killed hog cholera virus in pseudorabies vaccine (Jensen, 1981) 
�9 Live Mycoplasma in multiple live virus veterinary vaccines (Thornton, 1986) 
�9 Live border disease virus in Orf vaccine (Loken et al., 1991) 
�9 Live bovine leukemia virus in babesiosis and anaplasmosis vaccines (Rogers et al., 

1988) 
�9 Live bovine viral diarrhea virus in hog cholera vaccine (Wensvoort and Terpstra, 1988) 
�9 Live border disease virus in pseudorabies vaccine (Vannier et al., 1988) 
�9 Live blue tongue virus in a canine vaccine (Evermann et al., 1994; Wilbur et al., 1994) 
�9 Live bovine viral diarrhea virus in bovine vaccines (Lohr et al., 1983; Neaton, 1986) 
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mals on one farm that were injected with vaccine shortly after its 
production developed thromboembolic meningoencephalitis and died. 

C. ADVERSE VACCINE REACTIONS DUE TO RESIDUAL VIRULENCE OF 
VACCINE ORGANISMS 

Modified live vaccine organisms have been attenuated to have re- 
duced virulence. The attenuation must be shown to be stable when 
passaged through animals; therefore, reversion to virulence is thought 
to be a rare event. However, the attenuated vaccine strains may be 
capable of producing disease in immunosuppressed animals. Induction 
of disease by the vaccine organism has occasionally been reported 
when modified live virus (MLV) vaccines have been administered to 
healthy animals. However, it has occurred much more frequently when 
MLV vaccines are administered to unhealthy animals, by a nonrecom- 
mended route of exposure, to animals younger than the intended age 
for use of the vaccine, or when the vaccine is used in other than the 
intended species. Examples of MLV vaccines occasionally causing dis- 
ease in healthy animals of the recommended species without apparent 
predisposing causes include the induction of rabies in dogs and cats 
after administration of an MLV rabies vaccine (Bellinger et al., 1983; 
Esh et al., 1982; Erlewein, 1981; Whetstone et al., 1984; Pedersen et 
al., 1978) and the induction of ovarian lesions and infertility in se- 
ronegative heifers administered MLV bovine herpesvirus 1 (BHV1) 
vaccine during estrus (Smith et al., 1990; Chiang et al., 1990; Miller et 
al., 1989; Van der Maaten et al., 1985). Since most heifers already have 
antibody to BHV1 due to either vaccination or previous exposure, this 
is thought to be a rare occurrence. 

An example of vaccine-induced disease resulting from administration 
of vaccine to unhealthy animals is the induction of encephalitis by MLV 
canine distemper virus vaccine in dogs infected with canine parvovirus 
(Krakowka et al., 1982). An example of adverse vaccine reaction after 
exposure of an animal to an MLV vaccine by a nonrecommended route of 
exposure is the induction of clinical feline viral rhinotracheitis after 
inadvertent exposure by the intranasal route to an MLV vaccine that  was 
intended for intramuscular administration only (Povey and Wilson, 
1978). MLV vaccines that  have been shown to be safe in older animals 
may not be safe in neonatal animals. An MLV BHV-1 vaccine induced 
fatal BHV1 infection in neonatal purebred Salers calves (Bryan et al., 
1994). This may have been partially due to the breed of the animals since 
there are other reports that  MLV BHV1 vaccines are apparently safe in 
neonatal calves (Schuh and Walker, 1990). 
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There have been several examples of MLV vaccines inducing lethal 
disease when administered to a species other than the target species. 
An MLV pseudorabies virus vaccine produced fatal pseudorabies in 
lambs (Clark et al., 1984; Van Alstine et al., 1984). This occurred when 
a syringe that had been used to administer the pseudorabies vaccine to 
pigs was used without proper disinfection to vaccinate lambs with 
another vaccine 3 days later. The MLV canine distemper virus vaccine 
has been shown to induce canine distemper infection in gray foxes 
(Halbrooks et al., 1981), kinkajous (Kazacos et al., 1981), and lesser 
pandas (Bush et al., 1976). An MLV rabies vaccine has been shown to 
induce rabies in a pet skunk (Debbie, 1979). An MLV feline pan- 
leukopenia vaccine induced cerebellar hypoplasia when given experi- 
mentally to neonatal ferrets (Duenwald et al., 1971). 

D. ADVERSE VACCINE REACTIONS DUE TO VACCINE-INDUCED 
IMMUNE SUPPRESSION 

An MLV bovine viral diarrhea (BVD) virus vaccine has been shown to 
suppress neutrophil function and lymphocyte blastogenesis in cattle 
(Roth and Kaeberle, 1983). This correlates with the observation that  
cattle tend to be somewhat more susceptible to bacterial pneumonia 
after administration ofMLV BVD vaccines, especially if the animals are 
stressed at the time of vaccination. Several commercially available 
canine vaccines have been shown to be capable of inducing lymphopenia 
and suppressing blastogenesis of peripheral blood lymphocytes (Phillips 
et al., 1989; Mastro et al., 1986; Kesel and Neil, 1983). Lymphopenia and 
suppression of blood lymphocyte blastogenesis must be interpreted with 
caution, however, because it may only be an indication of changes in 
lymphocyte trafficking between the blood and lymphatic systems rather 
than an indication of depressed lymphocyte function. Vaccination with 
an MLV BHV1 vaccine has been shown to exacerbate the lesions of 
infectious bovine keratoconjunctivitis after experimental intraocular 
challenge with Moraxe l la  bovis (George et al., 1988). 

E. ADVERSE VACCINE REACTIONS DUE TO EXCESSIVE INDUCTION OF 
CYTOKINE RELEASE 

Interleukin 1 (IL-1), IL-6, and tumor necrosis factor ~ (TNF-~) are 
potent proinflammatory cytokines that are released by macrophages 
and other cells in response to infection, endotoxin and other bacterial 
components, and some vaccine adjuvants. These proinflammatory cy- 
tokines can induce a wide range of clinical signs. They may induce 
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acute inflammation at the local site of production, they may induce 
rapid synthesis and secretion of acute phase proteins by the liver, they 
may act on the hypothalamus to induce fever and malaise, they may 
reduce rate of gain and feed efficiency, and in sufficiently high concen- 
trations they may induce hypoglycemia, reduce cardiac output, cause 
hypovolemic shock, and cause disseminated intravascular coagulation. 
Lipopolysaccharide (or endotoxin) from gram-negative bacteria is one 
of the most potent inducers of the proinflammatory cytokines (Cullor, 
1994; Ellis and Yong, 1997; Galanos and Freudenberg, 1993). A num- 
ber of other bacterial components, listed in Table IV, have also been 
shown to induce proinflammatory cytokine production (Erdos et al., 
1975; Henderson and Wilson, 1995; Allison and Eugui, 1995). These 
components are generally the most active if they are released from 
the degraded bacterial cell. Killed bacterins that contain excessive 
amounts of these bacterial components can induce clinical signs due to 
excessive induction of cytokine release. This is more likely to occur if 
multiple killed bacterins are administered at the same time and if 
these bacterins contain adjuvants that also induce cytokine release. 
The production of small amounts of proinflammatory cytokines is 
beneficial to the induction of a protective immune response. However, 
overproduction of the proinflammatory cytokines can have mild to very 
severe adverse side affects. 

F.  H Y P E R S E N S I T I V I T Y  R E S P O N S E S  TO VACCINE A N T I G E N S  

Animals may develop any of the four types of immune-mediated 
hypersensitivity reactions to vaccine antigens. Systemic anaphylaxis 

TABLE IV 

BACTERIAL COMPONENTS THAT INDUCE 
PROINFLAMMATORY CYTOKINES 

�9 Lipopolysaccharide 
�9 Lipid A 
�9 Porins  
�9 M u r a m y l  peptides 
�9 Pept idoglycan 
�9 Mycoplasma l ipoproteins 
�9 Teichoic acid 
�9 Lipoteichoic acids 
�9 L ipoa rab inomannans  
�9 Prote in  A 
�9 Superan t igens  
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due to type I (immediate type) hypersensitivity is the most dramatic 
type of adverse vaccine reaction. This can occur as a result of the 
induction of IgE class antibody to essentially any component of a vac- 
cine (Bonin et al., 1973; Wilson et al., 1968; Erdos et al., 1975). As with 
all of the hypersensitivity reactions, the animal will not react on first 
exposure to an antigen (unless it has received passive antibody respon- 
sible for the reaction). It will only react after there has been sufficient 
time to produce the sensitizing antibody or memory T cells. 

A local type I hypersensitivity reaction may occur due to IgE induced 
against infectious agents by the vaccine. Immunization against bovine 
respiratory syncytial virus under experimental conditions was shown 
to induce IgE antibodies specific for BRSV which apparently contrib- 
uted to the development of symptoms following aerosol challenge with 
BRSV (Stewart and Gershwin, 1989a,b). 

Vaccine-induced type II (cytotoxic type) hypersensitivity reactions 
can occur when vaccines are used that  contain normal cell antigens. 
For example, vaccines that  contain erythrocyte antigens may induce 
anti-erythrocyte antibodies leading to immune-mediated hemolytic 
anemia. 

Type III (immune complex type) hypersensitivity can occur when 
circulating antibody specific for vaccine antigens is present at the time 
of vaccination. This can lead to an Arthus reaction at the site of injec- 
tion due to complement fixation and neutrophil recruitment to the site. 
This mechanism is commonly responsible for the local inflammatory 
reaction at the site of injection, especially when administering booster 
vaccinations with killed vaccines. Sometimes, hypersensitivity can be 
one component of a more complex adverse vaccine reaction. Antibody 
induced by the vaccine may lead to immune complex type hypersen- 
sitivity reactions after the animal becomes infected when the antibody 
binds to replicating infectious agents. Examples include anterior 
uveitis and corneal edema (blue eye) after vaccination with canine 
adenovirus (Carmichael et al., 1975; Wright, 1976) and the sensitiza- 
tion to the effusive form of feline infectious peritonitis after vaccination 
with experimental killed vaccines (Pedersen and Black, 1983). 

Sometimes, hypersensitivity may be one component of a more com- 
plex adverse vaccine reaction. Bacterins for Pasteurella haemolytica 
which were marketed and widely sued for several years were of mar- 
ginal efficacy and were even capable of increasing the severity of le- 
sions in animals either experimentally (Wilkie et al., 1980) or naturally 
exposed (Bennett, 1982) to the P. haemolytica. There are at least two 
hypothesized mechanisms by which the immune response induced by 
the bacterin could potentiate pneumonia after P. haemolytica chal- 
lenge. First, the high concentration of complement-fixing antibody in- 



690 JAMES A. ROTH 

duced by vaccination with a bacterin could rapidly activate comple- 
ment if a large number of P. haemolytica organisms were introduced 
into the lung either naturally or artificially. This could cause a type III 
hypersensitivity response leading to acute inflammation in the lung 
and severe pneumonia. Second, antibody against cell surface antigens 
will opsonize the P. haemolytica in the lung and enhance phagocytosis 
by alveolar macrophages and neutrophils. Because there may be insuf- 
ficient leukotoxin-neutralizing antibody or cell-mediated immunity to 
activate phagocytes, the bacteria present in the alveoli and ingested by 
phagocytes are not efficiently killed and may produce leukotoxin that  
could destroy the phagocytes. This destruction would cause the pha- 
gocytes to release their hydrolytic enzymes into the lung. 

G. VACCINE-INDUCED TRIGGERING OR EXACERBATION OF 
HYPERSENSITIVITY DISEASE TO NONVACCINE ANTIGENS 

In the last few years concern has been expressed that  vaccination 
may trigger or exacerbate autoimmune disease or allergies (hypersen- 
sitivities), especially in dogs and cats (see article by Dr. Jean Dodds in 
this volume). Vaccination has been shown to augment production of 
IgE antibody to pollen in inbred atopic dogs (Frick and Brooks, 1983). 
Remember that  animals with allergies or autoimmune diseases are not 
healthy animals, and that  vaccines are only recommended for use in 
healthy animals. Dr. Harm HogenEsch addresses the topic of vaccine- 
induced autoimmunity in another article in this volume. 

H. VACCINE-INDUCED NEOPLASTIC DISEASE 

In recent years, an increased incidence of fibrosarcoma occurring at 
sites commonly used for vaccination in cats has been observed 
(Hendrick et al., 1992, 1994; Kass et al., 1993). The causal relationship 
and mechanistic basis for vaccine-associated fibrosarcomas in cats has 
not been firmly established (Ellis et al., 1996). 

I. MLV BVD VACCINE TRIGGERING MUCOSAL DISEASE IN 
PERSISTENTLY INFECTED CATTLE 

Shortly after MLV BVD vaccines were introduced, it was recognized 
that  a very small percentage of cattle developed a syndrome 7-20 days 
after vaccination that  closely resembled BVD mucosal disease (Lam- 
bert, 1973; Peter et al., 1967). Based on the current understanding of 
the pathogenesis of mucosal disease (Bolin et al., 1985; Brownlie et al., 
1984) this was almost certainly due to the cytopathic BVD virus in the 
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vaccine triggering mucosal disease in calves that  were immunotolerant 
to, and persistently infected with, a noncytopathic BVD virus. The 
mechanistic basis for the induction of the lesions of mucosal disease is 
not clearly understood. This unique syndrome is primarily due to ab- 
normalities in the animal rather than to a defect in the vaccine. 

J. ADVERSE REACTIONS DUE TO MULTIPLE VACCINES ADMINISTERED 
CONCURRENTLY 

Vaccines are tested for safety and efficacy when administered to 
healthy animals in the formulation in which they are packaged to be 
sold. Vaccines are not required to be tested for safety and efficacy when 
administered concurrently with other vaccines. This would not be 
practical since there are too many possible vaccines that  may poten- 
tially be used in combination. An example of a safety problem that  
occurred when two different vaccines were administered concurrently 
involved a newly developed MLV canine coronavirus and parvovirus 
vaccine given at the same time as an MLV canine distemper-hepati t is  
virus vaccine. The evidence indicated that  the other MLV components 
allowed the canine coronavirus in the vaccine to induce neurologic 
disease in some vaccinated animals (Wilson et al., 1986). 

K. INJECTION SITE LESIONS 

Injection site lesions are a common occurrence and are of great con- 
cern in food-producing animals. They may lead to unacceptable blem- 
ishes in, or decreased quality of, meat intended for human consump- 
tion. There are many possible causes of injection site lesions, including 
organisms introduced with a contaminated needle, live contaminating 
organisms in the vaccine, adjuvant induced reactions, cytokine release, 
hypersensitivity reactions (types I, II, III, or IV), trauma, and hemor- 
rhage (Straw et al., 1985, 1990; Droual et al., 1993; Littledike, 1993; 
Stokka et al., 1994; Dexter et al., 1994; Apley et al., 1994; Straw, 1986). 

III. Vaccine Failure 

Vaccines that  are licensed by the USDA have been tested to deter- 
mine that  they are safe and effective. However, "effective" is a relative 
term. It does not mean that  the vaccine must be able to induce com- 
plete immunity under all conditions which may be found in the field. 
This would not be realistic since the immune system is not capable of 
such potent protection under adverse conditions. 
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To be federally licensed, the vaccine must have been tested under 
controlled experimental conditions. The vaccinated group must have 
had significantly less disease than the nonvaccinated control group. 
This testing is typically done on healthy, nonstressed animals under 
good environmental conditions and with a controlled exposure to a 
single infectious agent. Vaccines may be much less effective when used 
in animals that  are under stress, incubating other infectious diseases, 
or exposed to a high dose of infectious agents due to overcrowding or 
poor sanitation. 

It is important to remember that  for most diseases the relationship 
between the infectious agent and the host is sufficiently complicated 
that  vaccination cannot be expected to provide complete protection. 
The vaccine can increase the animal's resistance to disease, but this 
resistance can be overwhelmed if good management practices are not 
followed. Some of the causes for vaccine failure are summarized in 
Table II and explained next. 

A. INSUFFICIENT TIME TO DEVELOP IMMUNITY 

The host requires several days after vaccination before an effective 
immune response will develop. If the animal encounters an infectious 
agent near the time of vaccination, the vaccine will not have had time 
to induce immunity. The animal may come down with clinical disease 
resulting in apparent vaccination failure. In this situation, disease 
symptoms will appear shortly after vaccination and may be mistakenly 
attributed to vaccine virus causing the disease (McKercher et al., 
1968). 

B. VACCINE FAILURE DUE TO ALTERATIONS IN THE VACCINE 

Improperly handled and administered vaccines may fail to induce 
the expected immune response in normal, healthy animals. Modified 
live bacterial and viral vaccines are only effective if the agent in the 
vaccine is viable and able to replicate in the vaccinated animal. Ob- 
serving proper storage conditions and proper methods of administra- 
tion are very important for maintaining vaccine viability. Failure to 
store the vaccine at refrigerator temperatures, or exposure to light, 
may inactivate the vaccine. Even when stored under appropriate con- 
ditions, the vaccine loses viability over time. Therefore, vaccines that  
are past their expiration date should not be used. The use of chemical 
disinfectants on syringes and needles can inactivate modified live vac- 
cines if there is any residual disinfectant. 
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The use of improper diluent or the mixing of vaccines in a single 
syringe may also inactivate modified live vaccines. Diluents for 
lyophilized vaccines are formulated specifically for each vaccine. A di- 
luent tha t  is appropriate for one vaccine may inactivate a different 
vaccine. Some vaccines and diluents contain preservatives tha t  may 
inactivate other modified live vaccines. For these reasons, multiple 
vaccines should not be mixed in a single syringe unless tha t  part icular  
combination has been adequately tested to ensure there is no inter- 
ference. 

C. HOST FACTORS RESPONSIBLE FOR VACCINE FAILURE 

Vaccine failures may occur because a vaccinated animal is not able to 
respond appropriately to the vaccine. Vaccine failure in young animals 
may be due to the presence of maternal  antibody which prevents ade- 
quate response to vaccination. It can also be due to immunosuppres-  
sion from a variety of causes. 

Maternal  antibodies derived from colostrum are a well-known cause 
of vaccine failure (Greene, 1990). These antibodies in the young ani- 
mal's circulation may neutralize or remove the antigen before it can 
induce an immune response. Typically, virulent infectious agents are 
capable of breaking through maternal  immunity earlier than  modified 
live or killed vaccines. This means tha t  even if young animals are 
immunized frequently, there still may be a period when they are vul- 
nerable to infection. Vulnerability occurs between the time tha t  young 
animals lose their  materna l  antibody and before they develop their  
own active immune responses. This period can be shortened by the use 
of less-at tenuated and/or higher t i tered modified live vaccines or the 
use of killed vaccines with high antigenic mass and strong adjuvants 
(Smith-Carr et al., 1997; Larson and Schultz, 1996). 

A high challenge dose of infectious agents will break through mater- 
nal immunity  sooner than  low exposure to infectious agents. There- 
fore, overcrowding and poor sanitation exacerbate the problem of in- 
ducing immunity  in young animals before they come down with clinical 
disease. 

Veterinarians commonly recommend tha t  puppies and kit tens be 
vaccinated every 3 weeks between approximately 6 and 18 weeks of 
age. However, for large domestic animals, a single vaccination is com- 
monly recommended to induce immunity  during the first few weeks or 
months of life. There is no inherent  difference between large and 
small domestic animals in their  responses to vaccination in the face of 
maternal  immunity. The frequent vaccinations recommended in pup- 
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pies and kittens minimizes the period of vulnerability to infectious 
diseases. 

Because only one vaccination is commonly recommended for large 
domestic animals, the timing of vaccination is important. If the vaccine 
is administered too soon, it may be ineffective because of the presence 
of maternal antibody. If the vaccine is administered after all maternal 
antibodies are gone from animals in the group, there may be a pro- 
longed period of vulnerability before they develop their own immune 
response. The optimal age to vaccinate young animals is highly vari- 
able. It will depend on the antibody titer of the mother and the amount 
of colostrum ingested. It is impossible to predict an optimal age to 
vaccinate a young animal, unless its antibody titers are determined. 
Most veterinarians and producers decide that  because of time and 
expense considerations it is impractical to vaccinate young food-pro- 
ducing animals frequently to minimize their period of vulnerability to 
infection. However, frequent vaccination may be justified in cases of 
unusually high disease incidence in young animals. 

Immunosuppression due to a variety of factors including stress, mal- 
nutrition, concurrent infection, or immaturity or senescence of the im- 
mune system may also lead to vaccination failure. If the immunosup- 
pression occurs at the time of vaccination, the vaccine may fail to 
induce an adequate immune response. If the immunosuppression oc- 
curs sometime after vaccination, then disease may occur due to re- 
duced immunity in spite of an adequate response to the original vac- 
cine. Therapy with immunosuppressive drugs (e.g, glucocorticoids) 
may also cause this to occur. 

D. VACCINE FAILURE DUE TO EXPOSURE TO AN OVERWHELMING 
CHALLENGE DOSE 

Most vaccines do not produce complete immunity to disease. They 
provide an increased ability to resist challenge by infectious agents. If 
a high-challenge dose of organisms is present due to overcrowding or 
poor sanitation, the immune system may be overwhelmed, resulting in 
clinical disease. 

E. VACCINE FAILURE DUE TO INADEQUATE DURATION OF IMMUNITY 

The peak response to a vaccine typically occurs 2-6 weeks after 
vaccination. The level of immunity then begins to gradually decline. A 
common recommendation is to revaccinate annually. However, if the 
animal did not have a strong initial immune response due to stress at 
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the time of vaccination, or if it is stressed and exposed to a high- 
challenge dose several months after vaccination, there may not be 
enough residual immunity to protect the animal. This is especially true 
for certain killed vaccines. Under these circumstances, it may be neces- 
sary to revaccinate more frequently than once per year. 

F. VACCINE FAILURE DUE TO ANTIGENIC DIFFERENCES BETWEEN 
VACCINE AND FIELD STRAINS 

For certain types of infectious agents, particularly bacteria that  are 
vulnerable to control by the development of antibodies against surface 
components and viruses which use RNA as their genetic material and 
consequently have high mutation rates, there are often several anti- 
genic variants of each agent. For antibody-mediated protection to be 
effective, the antibodies formed must bind the important strain-spe- 
cific antigens on the surface of the bacteria or virus. Cell-mediated 
immunity is usually not as strain specific as antibody-mediated im- 
munity. To determine if a vaccine's failure to protect is due to anti- 
genic differences between the vaccine and field strains it is necessary 
to isolate the field strain and compare it to the vaccine strain. Anti- 
genic differences between strains leading to lack of vaccine efficacy 
are usually more of a problem with killed vaccines than modified live 
vaccines. 

G. VACCINE FAILURE DUE TO INTERFERENCE WHEN MULTIPLE 
VACCINES ARE ADMINISTERED CONCURRENTLY 

As mentioned earlier, vaccines are tested for safety and efficacy 
when administered singly to animals. However, multiple vaccines are 
commonly administered concurrently to animals. Very little published 
data are available concerning the efficacy of vaccines when used in 
combination. One study demonstrated that  there was no detrimental 
effect on the antibody response to a bovine respiratory syncitial virus 
vaccine w h e n  administered in combination with up to 17 different 
immunogens (Carmel et al., 1992). In contrast, an MLV BHV1 vaccine 
when administered in combination with an experimental Pasteurella 
haemolytica vaccine containing outer membrane proteins and genet- 
ically attenuated leukotoxin significantly reduced the antibody re- 
sponse to the leukotoxin and the efficacy of the P. haemolytica vaccine 
in preventing morbidity and mortality due to bovine respiratory dis- 
ease (Harland et al., 1992). 
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IV. Summary  

Mild local and systemic reactions to vaccines are to be expected as a 
natural  consequence of vigorously stimulating the immune system. 
Dramatic adverse reactions to vaccines are occasionally due to mis- 
takes during the production or handling of vaccines. More often, they 
are due to not following label instructions, particularly the restriction 
to only use vaccines in healthy animals. It is important to publish well- 
documented instances of adverse vaccine reactions so that  producers 
and users of vaccines can all learn from the experience and avoid 
similar problems. 

Vaccine failure to protect from disease is usually due to problems 
with either client education or compliance with good animal manage- 
ment practices. It is important for clients to understand the proper 
timing and method of vaccine administration, what to realistically ex- 
pect for vaccine efficacy, and the importance of minimizing immu- 
nosuppressive factors and exposure to high doses of infectious agents 
in vaccinated animals. 

Veterinary vaccines have produced dramatic benefits in terms of 
animal health, human health, and efficiency of food production. Ad- 
vances in research and the accumulating experience with vaccines are 
leading to safer and more effective vaccines. Proper usage of vaccines 
and adherence to good management  practices will continue to be essen- 
tial to achieve maximal vaccine safety and efficacy. 
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I. Defining the Problem 

There is increasing concern about the safety of vaccines for compan- 
ion animals. The Journal of the American Veterinary Medical Associa- 
tion recently addressed this topic in its section on Current Concepts in 
an article titled "Are we vaccinating too much?" (Smith, 1995). Two 
sides of the issue were discussed: (1) Are the currently used vaccina- 
tion schedules excessive? (2) Are the adverse reactions to vaccines 
unacceptable? One point raised by several experts was that  there is 
little scientific evidence to back up label claims for annual administra- 
tion of most vaccines. While in the past most veterinarians believed 
that  annual vaccination was beneficial and would do no harm, this 
attitude has begun to change. Several events appear to underlie in- 
creasing concern for the safety of veterinary vaccines, including a pos- 
sible nationwide epidemic of postvaccinal sarcomas in cats (Hendrick 
and Goldschmidt, 1991) and an apparent increase in the frequency of 
autoimmune diseases in dogs (Dodds, 1985), one of which (e.g., im- 
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mune-mediated hemolytic anemia) has been associated in controlled 
epidemiologic studies with recent vaccinations (Duval and Giger, 
1996). 

While few veterinarians challenge the fact that most vaccines are 
highly effective and have been responsible for a marked decrease in the 
incidence of common infectious diseases of dogs and cats, many have 
proposed reducing the frequency of vaccine use by either vaccinating 
every other year or by performing annual antibody titer screens to 
determine which vaccines to administer (Smith, 1995). In essence, by 
only vaccinating dogs when indicated by antibody titers, veterinarians 
would tailor vaccination schedules to individual patients. While these 
approaches will no doubt continue to be debated for some time to come, 
the need now is for accurate quantitative estimates of the nature and 
frequency of adverse effects associated with vaccines (i.e., the risks) as 
well as the best way to vaccinate individual animals according to their 
age, general health, and environment. This type of information can 
only be ascertained through a formal process of risk assessment. An- 
other aspect of the issue that  must be considered is how to communi- 
cate risk estimates to the veterinary community and companion ani- 
mal owners, so they can make informed decisions and become more 
involved in managing the risks posed by vaccines. 

II. Vaccine Risk Assessment 

Risk assessment is the use of scientific evidence to define the health 
effects of exposures of individuals or populations to hazardous sub- 
stances and situations (National Research Council, 1983). In this con- 
text the hazard in question is the vaccine and the situation is the act of 
vaccination. Four steps are usually undertaken to assess risk: (1) haz- 
ard identification, the determination of whether a particular substance 
or procedure is or is not causally linked to a particular health effect; (2) 
dose-response assessment, the determination of the relation between 
the magnitude of the exposure (e.g., frequency or time since last vac- 
cination) and the probability of occurrence of the health effects in ques- 
tion; (3) exposure assessment, the determination of the extent of 
exposure; a description of the population at risk; and (4) risk character- 
ization, a description of the nature and the magnitude of risk, includ- 
ing the uncertainty associated with it. This last step is usually per- 
formed by combining the results of exposure and dose-response 
assessments. A risk assessment might stop with the first step, hazard 



WEIGHING THE RISKS AND BENEFITS OF VACCINATION 703 

identification, if no adverse effect is found, or if it is decided to take 
action without further  analysis. 

This question arises: Where will the data come from for a risk as- 
sessment of individual veterinary vaccines? There is general agree- 
ment  tha t  safe vaccines are those which do not induce local or systemic 
adverse reactions, are not excreted or are excreted only at low levels for 
modified live organisms, do not revert  to virulence, do not affect the 
fetus, and are completely inactivated for killed vaccines. However, 
there are few published studies specifically designed to est imate the 
frequency of adverse reactions following vaccination. 

Clinical trials conducted to evaluate the efficacy of veter inary vac- 
cines prior to their  licensing often include less than  100 animals. While 
this may be sufficient for a manufacturer  to demonstrate  efficacy and 
obtain a license from the U.S. Depar tment  of Agriculture for their  
product, it is unlikely to reveal adverse effects even when the incidence 
is high. For example, if a disease like immune-mediated hemolytic 
anemia (IMHA) occurs at a rate of 2 per 10,000 dogs per year indepen- 
dent of vaccination in the general population, and if a new vaccine 
induces IMHA at a rate of 50 per 10,000 dogs per year, then a clinical 
trial of approximately 2500 dogs will be needed to have a 90% proba- 
bility of detecting this adverse effect. If these two rates are lower, for 
example, 2 per 100,000 dogs and 50 per 100,000 dogs, respectively, 
then approximately 20,000 dogs will be required. Surely no studies of 
this magnitude are feasible or likely to be conducted in the future. 
Where then will accurate data  come from to measure  the safety of a 
vaccine so tha t  any adverse effects can be detected before they occur in 
near-epidemic proportions following its widespread use? 

III. Current  Sources  o f  Data  on Adverse  Reac t ions  

The types of adverse reactions to animal vaccines have been well 
characterized in the veterinary l i terature (Brooks, 1991; Tizard, 1990). 
These reactions can generally be categorized as either systemic or 
local. Systemic reactions include type I hypersensit ivity or ana- 
phylaxis, type III complex-mediated hypersensitivity, diluent and con- 
taminat ion problems, and reactions due to endotoxins. Local site reac- 
tions include type I hypersensitivity, type IV cell-mediated (delayed- 
type hypersensitivity), reactions to adjuvents such as granulomas and 
possibly even cancer (Hendrick et al., 1992), diluent and contamination 
related problems, and faulty administrat ion techniques. The failure of 
a vaccine to protect against  the disease for which it is intended can also 
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be considered an adverse consequence. Evaluating the risk of adverse 
reactions for an individual animal following vaccination is based on 
knowledge of the frequency of adverse reactions in the general popula- 
tion of similar animals and the host and environmental risk factors 
that  are associated with these events. 

Surveillance is defined as the continuing scrutiny of all aspects of 
occurrence of disease that  are pertinent to effective control (Last, 
1988). This approach is routinely used in human and veterinary medi- 
cine to monitor the use and untoward effects of vaccines. To be effec- 
tive as a method of disease control and prevention, surveillance should 
involve four interrelated components, namely, data collection, analy- 
sis, interpretation, and timely dissemination. In the U.S. veter- 
inarians are requested to voluntarily report all potential adverse reac- 
tions and vaccine failures to vaccine manufacturers. These data are 
collated by the manufacturers and compared with the number of vac- 
cines of that type that were sold to determine the adverse reaction 
rate, usually by lot number, on a monthly or yearly basis. Inherent to 
this approach, however, is a marked degree of underreporting and a 
bias toward more severe adverse reactions. Also, since the actual num- 
ber of animals that were vaccinated with the vaccine in question in a 
given time period is unknown, it is not possible to calculate a true 
adverse reaction incidence or risk rate. This method of data collection 
can be effective, however, for identifying changes in the frequency of 
adverse effects from vaccine lot to vaccine lot, epidemics of adverse 
reactions associated with new products (Martin, 1985), and geographic 
clusters of excess adverse reactions. Routinely collected veterinary 
health data such as that in the Veterinary Medical Data Base (Priester 
and McKay, 1980), and hospital or diagnostic laboratory records are 
also potential sources of information regarding unusual disease occur- 
rences. 

Surveillance is a form of descriptive epidemiology in that  it is de- 
signed only to describe the frequency and distribution of adverse reac- 
tions without regard to predetermined causal or other hypotheses. Its 
main value is to reveal potential causal relationships that can be fur- 
ther examined in controlled analytic epidemiologic studies that  at- 
tempt to quantify the association between health effects and specific 
exposure(s) (Last, 1988). For example, concern was first raised about 
possible vaccine site reactions and fibrosarcomas in cats by veterinary 
pathologists who regularly reviewed surgical biopsy specimens from 
their own teaching hospital and from regional veterinary practices 
(Hendrick and Goldschmidt, 1991). A clear trend of increasing vaccine 
site-associated fibrosarcoma prevalence was later demonstrated 
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among tissue specimens evaluated histologically at a state veterinary 
diagnostic laboratory where the vaccine site fibrosarcomas were found 
to differ morphologically and biologically from those occurring at non- 
vaccine sites (Doddy et al., 1996). In a case-control study (Kass et al., 
1993) it was shown that  the vaccine-site fibrosarcomas were signifi- 
cantly associated with injection of several types of inactivated vac- 
cines. Experimental studies are currently in progress to identify the 
mechanisms responsible for these cancers so that  preventive action 
can be taken. Great uncertainty remains, however, regarding the actu- 
al risk of fibrosarcoma attributable to feline vaccines, with estimates 
ranging from as little as 1 per 10,000 vaccinated cats (Burton and 
Mason, 1997) to as high as 1.3 per 1000 cats (Lester et al., 1996). This 
illustrates the inadequacy of currently used passive surveillance sys- 
tems in veterinary medicine for accurately estimating vaccine-associ- 
ated risks. 

Most surveillance efforts are designed to relate specific adverse reac- 
tions to recently administered vaccines, that  is, to vaccination in the 
previous few hours, days, or even months. However, in the past few 
years, there appears to be a considerable increase in the number of 
dogs and cats recognized to have immune-mediated diseases with on- 
set in middle and older ages. While a variety of causes or predisposing 
factors are known or thought to precipitate immune-mediated dis- 
eases, it has been suggested that  some of these can be triggered by 
frequent exposure to modified live vaccines (Dodds, 1985). The longer 
the latency period between vaccination and disease, the less likely it is 
that  the relationship will be detected by routine postmarketing vaccine 
surveillance. 

Most reports of an association between vaccination and autoimmune 
disease in animals are anecdotal in nature such as "A number of cases 
(10) have come to my attention over the last 2-3 years which appear to 
have an autoimmune-vaccination relationship. Specifically, a number 
of dogs have been observed to develop conditions which appear to be 
immune-mediated, following annual vaccination, at an incidence 
which is greater than that  which has been observed in previous years" 
(Albritton, 1996). A controlled epidemiologic study of this possible rela- 
tionship found that, when compared with a randomly selected hospital 
control group of dogs, dogs with IMHA were more likely to have been 
vaccinated within the previous month (p < 0.0001) and the dogs with 
IMHA that  had been vaccinated in the previous month had more se- 
vere disease than those with IMHA that  had been vaccinated more 
than 1 month previously (Duval and Giger, 1996). All of the recently 
vaccinated dogs with IMHA in the study had received combination 
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vaccines from various manufacturers against canine distemper, ade- 
novirus type 2, leptospirosis, parainfluenza, and parvovirus. 

While a single epidemiologic study does not by itself establish a 
cause-and-effect relationship between vaccination and autoimmune 
disease, it indicates a need to develop better reporting systems and for 
experiments to define possible underlying immunologic mechanisms. 
In such a recent experiment, a group of Beagle dogs vaccinated with a 
commercial multivalent canine vaccine at 8, 10, 12, 16, and 20 weeks of 
age, and with a rabies vaccine at 16 weeks of age, developed a signifi- 
cant rise of IgG autoantibodies against fibronectin, laminin, cardio- 
lipin, sphingomyelin, DNA, and collagen compared with a group of 
unvaccinated control dogs (HogenEsch et al., 1998). Because all of the 
dogs were euthanatized at 22 weeks of age, it was not possible to 
determine the clinical significance of these postvaccinal autoantibody 
responses. However, many of these autoantibodies and in particular 
anti-fibronectin, are present in elevated concentration in humans with 
systemic lupus erythematosus and rheumatoid arthritis (Henane et 
al., 1986; Girard et al., 1995). Another interesting finding in this study 
was that  the autoantibody response appeared to have a genetic basis, 
in that  it was more pronounced in dogs from some litters than others. 

IV. Suggested Improvements in Postmarketing Surveillance 

Reports are received by vaccine manufacturers by telephone and in 
writing from animal owners and veterinarians concerning health prob- 
lems that  appear to be temporally associated with vaccination of their 
animal(s). These contacts may be handled by veterinarians or by 
trained veterinary technicians who record the facts, usually on stan- 
dardized forms. Data from these forms are often coded and entered 
into a computerized database. The data are periodically analyzed and 
reports generated showing adverse reaction rates by vaccine lots over 
time. Often, the reaction rates are categorized as to local or systemic, 
allergic, lethal, lack of efficacy, etc. No industry-wide standard cur- 
rently exists for characterizing adverse reactions or for determining 
what constitutes an excess adverse reaction rate for a particular vac- 
cine. Also, since the number of animals that  were actually vaccinated 
with the vaccine is unknown, adverse reaction rates are calculated 
based on the number of vaccines sold and distributed over a given time 
period, rather  than by the actual population at risk. 

The present system of post-marketing surveillance for veterinary 
vaccines can be improved considerably if industry-wide standards are 
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adopted for characterizing and counting adverse reactions and if indi- 
vidual manufacturers consider the following: 

1. Increase ascertainment of adverse reactions by encouraging more 
complete reporting by veterinarians. This can be accomplished by sup- 
plying prestamped postcards with all vaccines sold, so that  veterinary 
practices can more easily record and report adverse reactions. The 
postcard should provide a place to record the species, breed, age, sex, 
and health of the animal; the type and lot number of the vaccine; route 
of administration; time from vaccination to clinical signs; clinical 
signs; outcome; and name, address, and telephone number of the re- 
porting person. For food animal vaccines the postcard should also re- 
cord herd information such as number of animals in the herd, number 
vaccinated, and number affected; and changes in productivity and feed 
consumption. More complete reporting will facilitate the interpreta- 
tion of clusters of adverse events by time and place that  may be arti- 
facts of incomplete or sparse data. Also, a method is needed to score the 
reliability of each report that  is received based on supporting documen- 
tation such as laboratory and pathologic findings, follow-up investiga- 
tion, and qualifications of the reporting party. 

2. Vaccine manufacturers should standardize their reporting sys- 
tems to be consistent with each other in terms of the type and severi- 
ty of adverse reactions. This standardization requires the training of 
veterinary paraprofessionals to collect and code adverse reaction re- 
ports. 

3. Criteria should be developed for analyzing and reporting ad- 
verse reaction data on a regular basis. This should include establish- 
ing statistical methods to determine when an adverse reaction rate 
exceeds the expected value, which is the fundamental  definition of an 
epidemic. 

No universal criteria can necessarily be applied to determine the ex- 
cess number of adverse reactions sufficient to warrant  further investi- 
gation. The decision to investigate is influenced by factors such as the 
severity of the health consequences and the particular circumstances 
of the events. This analysis may exclude reports thought to be invalid, 
because they are either incomplete or unreliable. Also, a standard 
needs to be established for defining what goes into the denominator 
when calculating adverse reaction rates (e.g., total number of a vaccine 
lot sold, number of a vaccine lot sold in the previous month or the 
current month, etc.). 

In addition to improvements in current postmarketing surveillance 
systems, new approaches should be developed to measure more accu- 
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rately the risk of vaccine-associated adverse reactions. The following 
should be considered: 

1. Manufacturers need to decide when surveillance data indicate 
the need for additional investigation. Procedures have been described 
to investigate outbreaks of disease in animals (Kahrs, 1978) as well 
as geographic clusters of health-related events (Fiore et al., 1990). 
Veterinary epidemiologists should lead these investigations of ad- 
verse reactions and, therefore, need to be part  of the professional and 
technical services teams in industry. In some instances, confirmation 
of the occurrence of a vaccine-associated epidemic should be followed 
by analytic epidemiologic studies (e.g., case-control) so that  multiple 
etiologic hypotheses can be tested concurrently using appropriate 
field investigations. This is particularly true where the population at 
risk cannot be unequivocally defined and or fully enumerated (Dwyer 
et al., 1994). 

2. Because postmarketing surveillance is likely to reveal apparent 
space-t ime clusters of adverse reactions, increasing use should be 
made of statistical software such as CLUSTER in interpreting the 
patterns observed and in deciding whether further investigation is 
warranted (Aldrich and Drane, 1990). 

3. Special postmarketing surveillance systems need to be estab- 
lished that  are capable of defining the population at risk in order to 
determine true adverse reaction incidence rates. One possible method 
is to prospectively monitor over a specified time period all animals in 
selected veterinary practices that  are vaccinated. The growth of large 
corporate practices such as VetSmart, which see as many as 1 million 
dogs and cats yearly in multiple geographic locations and which utilize 
a common computerized medical record system, make such a reporting 
system more cost effective. Each vaccine manufacturer will need to 
identify a group of veterinary practices that  use their products and will 
provide accurate information on potential adverse reactions on a regu- 
lar basis. The number of animals that  need to be included in such a 
monitoring system should be based on the statistical probability of 
detecting some specified minimum adverse reaction rate with a given 
level of confidence. 

4. Existing postmarketing industry surveillance programs need to 
utilize individuals with expertise in database management,  epidemiol- 
ogy, and computer programming to provide more timely analysis and 
dissemination of adverse reaction reports. Such individuals should 
work with industry and practicing veterinarians to improve data col- 
lection procedures and with the U.S. Department of Agriculture to 
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make current surveillance programs more suitable for analytic stud- 
ies, while at the same time retaining their administrative value. 

V. Risk Management and Risk Communication 

Risk assessment is designed to draw extensively on scientific evi- 
dence linking specific exposures and health effects. However, as indi- 
cated earlier, the available information may be incomplete and lacking 
in quality such that  there is uncertainty in the nature and magnitude 
of health effects associated with vaccination. This problem has no im- 
mediate solution. Nevertheless, decisions regarding the use of certain 
vaccines still must  be made by veterinarians, animal owners, and gov- 
ernmental  agencies in the face of this uncertainty. The process of 
evaluating alternative strategies and selecting among them has been 
termed risk management.  Risk management  entails consideration of 
not only the scientific facts regarding vaccine safety and efficacy, but 
also political, social, economic, and technical concerns. 

A decision to vaccinate companion animals against a particular dis- 
ease may involve consideration of the efficacy of the vaccine, the likeli- 
hood of the animal being exposed to the disease-causing agent, the age 
and health of the animal, and the probability of side effects. However, 
veterinarians might also take into account the revenue that  will be lost 
by not including this vaccine in their routine protocol for all animals, 
while owners are interested in the cost to them. For example, should 
all cats be vaccinated yearly for rabies when there are rabies vaccines 
licensed that  provide 3 years duration of immunity? Though the exact 
risk of fibrosarcoma in cats following vaccination for rabies and other 
infectious diseases is uncertain, repeated immunizations of cats has 
been associated with an increased risk of fibrosarcoma (Kass et al., 
1993). Does the risk of rabies and the ensuing public health threat  in 
areas where rabies is endemic outweigh the risk of fibrosarcoma from 
yearly rabies vaccination? Yearly vaccination of cats against rabies is 
required by law in some states, despite the fact that  no formal risk 
assessment was ever done justifying this regulation in light of rabies 
vaccines that  provide 3 years of protection. Similar issues can be raised 
about vaccines for Lyme disease and for vaccines currently being devel- 
oped for heart  worm infection, Toxoplasma, Giardia, etc. Who will do 
the risk assessments for these vaccines and how will they be done? 

Veterinarians are increasingly expected to discuss the benefits and 
risks of vaccination with their clients and this topic is frequently high- 
lighted in newspapers and magazines. The animal-owning public de- 
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pends on their veterinarians to interpret the results of scientific stud- 
ies and to share with them their opinions. This is made more difficult 
when the public's perception of the risk is disproportionate to the scien- 
tific facts, that  is, the client overestimates the risk to their animal. 
Effective risk communication is not something veterinarians are 
taught  in school. 

Several guidelines for risk communication have been developed for 
epidemiologists (Sandman, 1991) and most of these could benefit veter- 
inarians. These include: 

1. Tell people who are most affected what you know--and  tell them 
first. 

2. Make sure people understand what you are telling them and what 
you think its implications are. 

3. Acknowledge uncertainty promptly and thoroughly. 
4. Seek advice from experts in the field when you have questions. 
5. Show respect for public concerns even when they are not "scientific." 
6. Decide that  risk communication is part  of your job, and learn its 

r u d i m e n t s ~ i t  is easier than dealing with disgruntled clients. Poor 
communication may compromise even the best trained veter- 
inarian. 

VI. Summary 

The following summarizes this author's current thoughts regarding 
veterinary vaccines and their safety: 

1. Every licensed animal vaccine is probably effective, but also pro- 
duces some adverse effects. 

2. Prelicensing studies of vaccines are not specifically designed to de- 
tect adverse vaccine reactions. 

3. An improved system of national postmarketing surveillance is re- 
quired to identify most adverse vaccine reactions that  occur at low 
and moderate frequency. 

4. Even a good postmarketing surveillance system is unlikely, how- 
ever, to detect delayed adverse vaccine reactions, and the longer the 
delay the less likely they will be associated with vaccination. 

5. Analytic epidemiologic (field) studies are the best way to link vac- 
cination with delayed adverse reactions, but these are often hin- 
dered by incomplete vaccination histories in medical records in vet- 
erinary practice and by a lack of veterinarians in industry trained 
in epidemiologic methods. 
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6. Each licensed veterinary vaccine should be subjected to a quantita- 
tive risk assessment, and these should be updated on a regular 
basis as new information becomes available. 

7. Risk assessment should be used to identify gaps in information 
regarding the safety and efficacy of vaccines, and appropriate epide- 
miologic studies conducted to fill these gaps that  contribute to the 
uncertainty in risk estimates. 

8. Risk assessment is an analytical process that  is firmly based on 
scientific considerations, but it also requires judgments to be made 
when the available information is incomplete. These judgments in- 
evitably draw on both scientific and policy considerations. 

9. Representatives from industry, government, veterinary medicine, 
and the animal-owning public should be involved in risk manage- 
ment, that  is, deciding between policy options. 

The controversy regarding vaccine risks is intensifying to the point 
that  some animal owners have stopped vaccinating their animals. 
They offer as justification the belief that  current vaccines are "just too 
dangerous." Some owners report that  since they completely stopped 
vaccinating their animals, they have been healthy. What they fail to 
realize is that  a high percentage of animal owners are responsible 
and do vaccinate their animals, thus providing "herd immunity" pro- 
tection to the unvaccinated animals whom they contact. The solution 
to the vaccine controversy is not to abandon vaccination as an effec- 
tive means of disease prevention and control, but rather to encourage 
vaccine research to answer important questions regarding safety and 
to identify the biological basis for adverse reactions. Key questions to 
be answered include these: What components of vaccines are respon- 
sible for adverse reactions? What is the genetic basis for susceptibility 
to adverse health effects in animals? How can susceptible individuals 
be identified? Do multivalent vaccines cause a higher rate of adverse 
reactions than monovalent vaccines? Is administration of multiple 
doses of monovalent vaccines really any safer than administering a 
single multivalent vaccine? These and other vaccine-related questions 
deserve our attention as veterinarians so we can fulfill our veterinary 
oath to relieve animal suffering and "above all else, do no harm." 
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I. Introduction and Background 

The challenge to produce effective and safe vaccines for the currently 
prevalent infectious diseases of humans and animals has become in- 
creasingly difficult (Bloom, 1994; Cohen, 1994; Stratton et al., 1994). In 
veterinary medicine, evidence implicating vaccines in triggering im- 
mune-mediated and other chronic disorders (vaccinosis) is growing 
(Dodds, 1983, 1993, 1995a, 1997; Phillips and Schultz, 1992; Alderink 
et al., 1995; Schultz, 1995a,b; Duval and Giger, 1996). Although some 
of these problems have been traced to contaminated or poorly attenu- 
ated batches of vaccine that revert to virulence, others apparently re- 
flect the host's genetic predisposition to react adversely on receiving the 
monovalent or polyvalent products given routinely to animals (Dodds, 
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1983, 1993, 1995a,b,c, 1997; Oehen et al., 1991; Lumsden et al., 1993; 
Wilbur et al., 1994; Gloyd, 1995; Smith, 1995; Wynn and Dodds, 1995). 

Determining causality for adverse effects of vaccines can be asked as 
three questions: Can it? (potential causality); Did it? (retrodictive cau- 
sality); and Will it? (predictive causality) (Stratton et al., 1994). Other 
factors to be weighed in considering the implications of causality in- 
clude prevalence and clinical severity of the naturally occurring infec- 
tious disease, implementing more effective strategies to control infec- 
tious diseases, vaccine-related issues such as dosage in relation to body 
mass and age, advantages and disadvantages of modified live (attenu- 
ated) and killed (inactivated) vaccines, hormonal state during vaccina- 
tion (Smith et al., 1990), and periodicity of booster vaccinations in re- 
lation to duration of immunity (Dodds, 1997). Alternatives to current 
vaccine practices include measuring serum antibody titers; avoidance 
of unnecessary vaccines or overvaccinating; caution in vaccinating sick, 
very old, debilitated, or febrile individuals, and families known to be at 
high risk for immunologic reactions; and use of homeopathic nosodes 
either as preventive or therapeutic adjuncts. (This last option is consid- 
ered an unconventional treatment that has not been proven scientifical- 
ly to be efficacious. If veterinarians choose to use homeopathic nosodes, 
their clients should be provided with an appropriate disclaimer and 
written informed consent should be obtained.) A multifaceted approach 
is needed to further recognition of this situation, along with implement- 
ing alternative strategies to contain infectious diseases and reduce the 
environmental impact of conventional vaccines. 

lI. Overview of Adverse Effects of Vaccines 

The onset of adverse effects of vaccination can be expressed as an 
immediate hypersensitivity or anaphylactic reaction; an acute event 
occurring 24-72 hours afterwards, or 10-28 days later in a delayed- 
type immunologic response (Dodds, 1983, 1995a, 1997; Tizard, 1990; 
Phillips and Schultz, 1992; Duval and Giger, 1996), or even later as 
seen with mortality from high-titered measles vaccine in infants (Gar- 
enne et al., 1991), canine distemper antibodies in joint diseases of dogs 
(May et al., 1994), and feline injection-site fibrosarcomas (Kahler, 
1993; Kass et al., 1993). The increasing antigenic load presented to the 
host individual by modified live virus (MLV) vaccines during the period 
of viremia is presumed to be responsible for the immunologic challenge 
that can result in a delayed hypersensitivity reaction (Tizard, 1990; 
Phillips and Schultz, 1992). 

These adverse vaccine reactions typically include fever, stiffness, 
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sore joints and abdominal tenderness, susceptibility to infections, neu- 
rologic disorders and encephalitis, collapse with autoagglutinated red 
blood cells and icterus (autoimmune hemolytic anemia, AIHA), or gen- 
eralized petechiae and ecchymotic hemorrhages (immune-mediated 
thrombocytopenia, ITP)(Dodds, 1983, 1993, 1995b, 1997; Jones, 1984; 
Phillips and Schultz, 1992; Littledike, 1993; May et al., 1994; Gloyd, 
1995; Duval and Giger, 1996). Liver enzymes may be markedly ele- 
vated, and liver or kidney failure may occur by itself or accompany 
bone marrow suppression. Furthermore, MLV vaccination has been 
associated with the development of transient seizures in puppies and 
adult dogs of breeds or cross-breeds susceptible to immune-mediated 
diseases especially those of hematologic or endocrine tissues (e.g., 
AIHA, ITP, autoimmune thyroiditis) (Dodds, 1983, 1993, 1995b). Post- 
vaccinal polyneuropathy is a recognized entity associated occasionally 
with the use of distemper, parvovirus, rabies, and presumably other 
vaccines (Tizard, 1990; Phillips and Schultz, 1992; Dodds, 1993; Col- 
lins, 1994; Gloyd, 1995). This can result in various clinical signs includ- 
ing muscular atrophy, inhibition or interruption of neuronal control of 
tissue and organ function, muscular excitation, incoordination and 
weakness, as well as seizures (Dodds, 1993, 1997). Adverse reactions to 
vaccination also have been reported recently with increasing frequency 
in cats (Rosenthal and Dworkis, 1990; Kahler, 1993; Kass et al., 1993). 
Accordingly, companion animal breeders should be advised of the po- 
tential for genetically susceptible littermates and relatives to be at 
increased risk for similar adverse vaccine reactions (Dodds, 1983, 
1993, 1995a,b; Schultz, 1995b). 

Among the most alarming adverse reactions to vaccinations are the 
tragic mortalities from other infections following high-titered measles 
vaccinations of human infants (Garenne et al., 1991), development of 
subacute sclerosing panencephalitis in Canadian infants receiving 
measles vaccine at less than 12 months of age (Stratton et al., 1994), 
and experiences with refractory injection-site fibrosarcomas in cats 
(Kahler, 1993; Kass et al., 1993). Commercial vaccines can also be 
contaminated with other adventitious viral agents, presumably as a 
result of inadequate quality control during vaccine production (DVM 
Vaccine Roundtable, 1989; Tizard, 1990; Wilbur et al., 1994; Ellis et al., 
1995a). This has been of particular concern in cattle where contamina- 
tion of bovine respiratory disease and rotacoronavirus vaccines with 
bovine viral diarrhea virus has occurred with unacceptable frequency 
(DVM Vaccine Roundtable, 1988; Ellis et al., 1995a; Cortese et al., 
1997). Another serious problem arose from a commercial canine par- 
vovirus vaccine that was contaminated by blue tongue virus, as it 
produced abortion and death when given to pregnant dogs (Wilbur et 
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al., 1994). The authors linked the causality here to the ill-advised but 
all too common practice of vaccinating pregnant animals. The potential 
for side effects such as promotion of chronic disease states in male and 
nonpregnant female dogs receiving this lot of vaccine remains in ques- 
tion, although there have been anecdotal reports of reduced stamina 
and renal dysfunction in performance sled dogs (J. L. Olson, un- 
published observations, 1995). Recently, a commercial manufacturer of 
distemper vaccines had to recall all of its biologic products containing a 
distemper component, because the vaccines were associated with a 
higher than normally observed rate of central nervous system postvac- 
cinal reactions 1-2 weeks following administration (Gloyd, 1995). 

Overvaccination raises other issues; the increased cost in time and 
dollars spent needs to be considered, despite the well-intentioned solic- 
itation of clients to encourage annual booster vaccinations so that  pets 
also can receive a wellness examination (Smith, 1995). Giving annual 
boosters when they are not necessary has the client paying for a ser- 
vice that  is likely to be of little benefit to the pet's existing level of 
protection against these infectious diseases. It also increases the risk 
of adverse reactions from the repeated exposure to foreign substances 
(Smith, 1995; Alderink et al., 1995). Vaccination leads to false-positive 
serologic test results in viral or bacterial screening assays [e.g., feline 
leukemia virus (FeLV), feline coronavirus, canine borreliosis]. The ex- 
perts agree that  certain vaccines such as canine coronavirus, Lyme 
disease, and the commercially available Leptospira bacterins have 
little justification for their widespread use (Greene, 1992), while others 
so rarely cause disease today (e.g., infectious canine hepatitis) that  
their need is questionable (Alderink et al., 1995). Furthermore, only 
cats at high risk of exposure really need to be vaccinated for feline 
infectious peritonitis (FIP) or FeLV (Scott and Geissinger, 1997). A 
controversial canine and feline ringworm vaccine has been marketed, 
and a canine rotavirus vaccine is being introduced, although there is 
no recognized canine rotavirus disease beyond the newborn stage. An 
important point, raised by Dennis W. Macy in the editorial of Smith 
(1995), is the fallacy of assuming that  recommending annual vaccina- 
tion will cause a greater percentage of the pet population to be vacci- 
nated. What actually happens is that  conscientious clients come in 
regularly and their pets get overvaccinated with the at tendant  higher 
risk of adverse reaction. 

Polyvalent MLV vaccines that  multiply in the host elicit a stronger 
antigenic challenge to the animal and should mount a more effective 
and sustained immune response (Greene, 1990; Tizard, 1990; Phillips 
and Schultz, 1992; Schultz, 1995a,b; Hoskins, 1997). However, this can 
overwhelm the immunocompromised or even a healthy host that  has 
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ongoing exposure to other environmental stimuli as well as a genetic 
predisposition that  promotes adverse response to viral challenge 
(Brenner et al., 1988; Garenne et al., 1991, Phillips and Schultz, 1992; 
Dodds, 1993, 1997; Allen et al., 1996). The recently weaned young 
puppy or kitten being placed in a new environment may be at particu- 
lar risk. Furthermore, while the frequency of vaccinations is usually 
spaced 2-3 weeks apart, some veterinarians have advocated vaccina- 
tion once a week in stressful situations (McDonald, 1992; Smith, 1995). 
This practice makes little sense scientifically or medically, as the rela- 
tively immature immune systems of young animals may be tempo- 
rarily or more permanently harmed (Schultz, 1995a,b). One could even 
envision the consequences of increased susceptibility to chronic debil- 
itating diseases in later life. 

Dogs with preexisting inhalant allergies (atopy) to pollens have an 
augmented immune response to vaccination, as a natural  example of 
the "allergic breakthrough phenomenon" (Frick and Brooks, 1981). The 
increasing current problems with allergic and immunologic diseases 
has been linked to the introduction of MLV vaccines more than 20 
years ago (Tizard, 1990). While other environmental factors no doubt 
have a contributing role, the introduction of these vaccine antigens and 
their environmental shedding (Tizard, 1990) may provide the final 
insult that exceeds the immunologic tolerance threshold of some indi- 
viduals in the pet population. 

III. Breed Study Examples 

In the early 1980s, this author began studying families of dogs with 
an apparent increased frequency of immune-mediated hematologic dis- 
ease (AIHA and/or ITP) (Dodds, 1983, 1995b). Among the more com- 
monly recognized predisposed breeds were the Akita, American cocker 
spaniel, German shepherd, golden retriever, Irish setter, Kerry blue 
terrier, miniature and standard dachshund, toy, miniature, and stan- 
dard poodle, old English sheepdog, Scottish terrier, Shetland sheepdog, 
shih tzu, vizsla, and Weimaraner (Dodds, 1983, 1995b). Since then, 
other investigators have noted the relatively high frequency of AIHA 
in American cocker spaniels (Duval and Giger, 1996) and old English 
sheepdogs (Day and Penhale, 1992). A significant proportion of these 
animals had been vaccinated with monovalent or polyvalent vaccines 
within the 30- to 45-day period prior to the onset of their autoimmune 
disease (Dodds, 1983, 1995a,b; Duval and Giger, 1996). 

As an example, this author's recent survey of 13 cases of vaccine- 
associated AIHA included the following descriptors: six males (two 



720 w. JEAN DODDS 

neutered) and six females (four spayed) with one case of unknown sex; 
age at onset ranged from 1 to 10 years with a mean age of 4.9 years; 
time postvaccination ranged from 3 to 42 days with a mean of 19.5 
days; all received polyvalent vaccines and two also received Lyme vac- 
cine; and one was in estrus at the time, one had monthly heartworm 
preventive, and five had ITP concomitantly (Evan's syndrome). Find- 
ings from the author's much larger accumulated database of three 
susceptible breeds are summarized next. 

A. VACCINE-AssoCIATED DISEASE IN OLD ENGLISH SHEEPDOGS 

The old English sheepdog apparently is predisposed to a variety of 
autoimmune diseases (Dodds, 1983, 1995b; Day and Penhale, 1992). Of 
these, the most commonly seen are AIHA, ITP, thyroiditis, and Ad- 
dison's disease (Dodds, 1995b; Happ, 1995). Between 1980 and 1990, 
this author studied 162 cases of immune-mediated hematologic dis- 
eases in this breed. One hundred twenty-nine of these cases had AIHA 
and/or ITP as a feature of their disease. Recent vaccination was the 
only identified triggering event in seven cases, and was an apparent 
contributing factor in another 115 cases (Dodds, 1995b). Thyroid dis- 
ease was recognized as either a primary or secondary problem in 71 
cases, which is likely an underestimate of the true incidence, because 
thyroid function tests were not run or were inconclusive in most of the 
other cases. 

The disease experience with a particular old English sheepdog fami- 
ly illustrates the relationship between autoimmune thyroiditis and the 
concomitant predisposition to AIHA and/or ITP (Tomer and Davies, 
1993; Dodds, 1995b; Happ, 1995). Four of five littermates had severe 
adverse vaccine reactions between 7.5 and 12 months of age. Three of 
the four had elevated thyroglobulin autoantibodies, and two had thy- 
roid biopsies, which confirmed lymphocytic thyroiditis. Von Willebrand 
factor antigen levels were also low (< 50%) or borderline normal (50- 
69%) in this litter. Other immediate family members were also af- 
fected. The sire and two litterbrothers of the dam had thyroid disease, 
and the dam had low von Willebrand factor antigen (31%), abnormal 
thyroid function tests, and elevated circulating T3 autoantibody and 
thyroglobulin autoantibody. The maternal grandsire also had elevated 
thyroglobulin autoantibodies; and the maternal great granddam pro- 
duced a daughter with thyroid disease that  progressed to thyroid ade- 
nocarcinoma at age 10 years. This female's paternal grandsire was the 
foundation sire of many dogs affected with AIHA and/or ITP and his 
littersister had died of AIHA. These dogs represented a closely related 
subset of the larger study summarized by Dodds (1995b). 
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Pedigrees were available from 108 of the 162 old English sheepdog 
cases of autoimmune disease; a close relationship was found among all 
but seven of the affected dogs (Dodds, 1995b). Two of three pedigrees 
available from the studies of Day and Penhale (1992) were also related 
to this large North American study group. 

B. VACCINE-AssoCIATED DISEASE IN A FAMILY OF YOUNG AKITAS 

Akitas are subject to a variety of immune-mediated disorders includ- 
ing Vogt-Koyanagi-Harada syndrome (VKH), pemphigus, and juvenile- 
onset immune-mediated polyarthritis (IMPA) syndrome (Dougherty 
and Center, 1991; Wynn and Dodds, 1995). Juvenile-onset IMPA occurs 
in Akitas less than 8 months of age. This author initially studied eight 
affected Akitas puppies, in collaboration with Susan Wynn (Wynn and 
Dodds, 1995), and five of them were closely related. Affected dogs ex- 
hibit signs of profound joint pain and cyclic febrile illness lasting 24-  
48 hours. The mean age of onset was 14 weeks, with all dogs showing 
signs by 16 weeks of age. Three were male, and five were female. The 
dogs consistently exhibited cyclic febrile illness with signs of severe 
pain, usually related to the joints. Most of the dogs had elevated hepat- 
ic enzymes, creatine kinase, and blood urea nitrogen. Three of the dogs 
tested had low thyroid hormone levels (T4, free T4, T3). Screening for 
rickettsial diseases was negative. One dog was ANA positive at 1:40. 
Hemograms revealed mild nonregenerative anemia, neutrophilic leu- 
kocytosis, and occasional thrombocytopenia. Joint aspiration and ra- 
diography of three dogs indicated nonseptic, nonerosive arthritis. Ju- 
venile IMPA in Akitas is a syndrome distinct from the nonerosive, 
noninfectious, non-neoplastic polyarthritis seen in other breeds. Af- 
fected Akitas show signs of the disease at a much earlier age, and the 
syndrome is heritable (Dougherty and Center, 1991). The mechanism 
of disease development has not been elucidated, but it shares several 
features with the inherited renal amyloidosis and recurrent fever of 
unknown origin syndrome of Chinese shar pei dogs (May et al., 1992; 
Rivas et al., 1993; Zeiss, 1994). This combination of symptoms is remi- 
niscent of familial Mediterranean fever of humans, which has an auto- 
somal recessive inheritance (Rivas et al., 1993). 

Pedigree analysis revealed that all eight dogs were linebred on one 
popular sire, now deceased, and that there were three sets of litter- 
mates involved (Wynn and Dodds, 1995). Treatment was unsuccessful 
over the long term, because all dogs had relapsing signs despite symp- 
tomatic therapy for immune-mediated disease and pyrexia. All dogs 
died or were euthanized by 2 years of age following progressive system- 
ic disease and renal failure. Necropsies were performed on three dogs, 
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two of which had glomerular amyloidosis and multisystemic inflamma- 
tory lesions. In all dogs with known vaccination histories (seven of 
eight), the initial signs appeared 3-29 days following polyvalent MLV 
and/or killed virus vaccination with a mean reaction time of 14 days. 
The history, signs, and close association with immunization suggest 
that juvenile-onset polyarthritis and subsequent amyloidosis in Akitas 
may be an autoimmune response triggered by the viral antigens or 
other components of vaccines (Wynn and Dodds, 1995). 

A ninth, related dog became affected 4 months after receiving two 
killed CPV vaccines. Previously the dog had received only homeopathic 
nosodes. This dog, a male, had a very high parvovirus HA titer 
(1:6250), and succumbed at 2 years of age to systemic amyloidosis that 
affected multiple tissues. A tenth, related male Akita became acutely 
febrile, and appeared paralyzed and in severe pain after receiving a 
killed CPV vaccine. As with the sixth, eighth, and ninth cases, only 
homeopathic nosodes had been given previously by the breeder, who 
kept meticulous records. Recurring episodes of fever continued in a 
cyclic fashion. The tenth dog died at 11 months after deteriorating 
rapidly. Necropsy showed suppurative, eosinophilic enteritis. An elev- 
enth related male Akita began showing clinical signs of high fever and 
joint pain as a 4-month-old puppy. The dog was euthanized in a mori- 
bund state at 2.5 years of age, and necropsy determined the cause to be 
systemic amyloidosis. 

The vaccine-related history of 129 puppies produced by this Akita 
breeder has been collected. Polyvalent MLV vaccine was given to 104 of 
them with 10 puppies showing adverse reactions and death (9.8%). 
Another 6 pups received a polyvalent all-killed vaccine product (no 
longer commercially available) with no reactors, and 19 pups received 
homeopathic nosodes initially followed by killed CPV vaccine with one 
reactor that died (5.6%) and one that became ill but survived. 

A genetic basis for immune-mediated diseases is well recognized 
(Dodds, 1983, 1995b; Carson, 1992; Happ, 1995). A group of inherited 
immunodeficiencies characteristic of certain breeds already has been 
described (Felsburg and Jezyk, 1982; Felsburg, 1985; Dodds, 1992). 
Breed-specific disorders with suspected autoimmune etiologies are be- 
ing reported with increasing frequency (Dodds, 1983, 1995b; Meric et 
al., 1986; Scott-Moncrieffet al., 1992). The mechanism for induction of 
immune-mediated disease in these dogs is poorly understood, but pre- 
disposing factors have been implicated. Immune-mediated disease 
may develop in genetically susceptible individuals when triggered by 
environmental agents that induce nonspecific inflammation and/or 
molecular mimicry (Dodds, 1983, 1992, 1995b; Barnett and Fujinami, 
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1992). The combination of these genetic and environmental factors 
overrides normal self-tolerance, and is most often mediated by T-cell 
imbalance or dysregulation (Sinha et al., 1990). 

Since Akitas are mostly inbred from a relatively small gene pool, 
genetic derangement of immunologic function is not unexpected. For 
owners of existing breeding stock, understanding the possible environ- 
mental triggers of juvenile-onset IMPA has immediate importance. 
Numerous agents have been implicated, including drugs, vaccines, 
viruses, bacteria, chemicals, and other toxins (Dodds, 1983, 1993, 
1995a,c, 1997; Barnett and Fujinami, 1992; Cohen and Shoenfeld, 
1996; Duval and Giger, 1996). Although littermates from affected fami- 
lies are usually placed in different environments, all of them undergo 
relatively standardized immunization procedures at a similar age. The 
fact that signs of the disease appeared initially during a period of 
concentrated vaccine exposure could provide the key triggering event, 
as discussed in Section II. 

C. VACCINE-ASsOCIATED DISEASE IN YOUNG WEIMARANERS 

The Weimaraner appears to be especially prone to both immune 
deficiency and autoimmune disease, which have been recognized with 
increasing frequency in the breed during the past decade (Couto, 1988; 
Dodds, 1995c). Dogs of susceptible genotype are known to have trans- 
mitted these problems to some of their offspring. Autoimmune thy- 
roiditis leading to clinically expressed hypothyroidism is probably the 
most common of these disorders, although an immune deficiency syn- 
drome with low levels of circulating immune globulins (especially IgA 
and IgM deficiency) is being recognized more often, as is the vaccine- 
associated disease of young Weimaraners described previously by Cou- 
to (1988) and Dodds (1995c). 

During the period between 1986 and 1988, Couto (1988) evaluated 
170 Weimaraners suspected of having immune deficiency or related to 
suspected or confirmed cases. Fifty of these dogs were ill at the time or 
had been chronically ill before evaluation. The clinical signs of the 
affected dogs included high fevers, polyarthritis with pain, and swelling 
typical of hypertrophic osteodystrophy (HOD), coughing and respira- 
tory distress from pneumonia, enlarged lymph nodes, diarrhea, pyoder- 
ma, and ulcers of the mouth. In most of these cases, clinical signs were 
first detected shortly after vaccination with a second dose of polyvalent 
MLV vaccine. Most affected puppies therefore were between 2 and 5 
months of age. Laboratory assessment of these puppies showed leuko- 
cytosis, low plasma protein, neutropenia, and low levels of IgG and IgM. 
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A subset of dogs also had low IgA levels, but whether the plasma 
protein and immunoglobulin levels were below expectations for puppies 
of this age is unclear. A familial or genetic component was postulated 
because of the clustering of cases in particular kennels or litters. 

In this author's series of Weimaraners with vaccine-associated dis- 
ease, 24 cases were evaluated (Dodds, 1995c). The mean age of onset 
was 13.5 weeks with a mean reaction time of 10.5 days postvaccina- 
tion. The disease syndrome predominantly affected males, although 
the sex was not reported in 6 of the 24 cases. All affected pups showed 
high spiking fevers, cyclic episodes of pain, and polyarthritis (HOD)-- 
a group of signs identical to those of the affected young Akitas earlier. 
Most affected puppies also showed leukocytosis (with neutrophilia or 
neutropenia), diarrhea, lethargy, anorexia, and enlarged lymph nodes. 
Some pups also had levels of IgA and/or IgM below those expected for 
their age, and 1 pup had IgG deficiency as well. Other signs included 
coughing, pneumonia, depression, seizures or spaced out behavior, re- 
fusal to stand or move, and hyperesthesia ("walking on eggshells"). The 
outcome for half of these cases was good (12 of the 24 are healthy 
adults), although 2 died, 3 were euthanized as puppies, and 3 re- 
mained chronically ill as adults. Another 4 cases were lost to follow-up. 

Management of this clinical syndrome in the author's case cohort 
involved use of parenteral corticosteroids followed by systemic antibi- 
otics and a tapering course of corticosteroids over 4-6 weeks. Recur- 
ring episodes were treated by increasing the steroid dosage for a few 
days until the flareup had subsided. The response to initial corticoste- 
roid treatment was always dramatic. Fever and joint pain subsided 
within a matter of hours. This experience is contrary to that  described 
by Couto (1988), where corticosteroid use was reserved for refractory 
cases or used only with extreme caution. He also recommended vita- 
min C supplementation (500-1000 mg daily) and levamisole given 
twice weekly. 

Instead of revaccination, CDV and CPV serologic titers were mea- 
sured in the affected surviving puppies (19 of 24). Because all had 
adequate antibody titers, booster vaccinations were not given. On 
reaching adulthood, serum antibody titers were reevaluated and de- 
tectable CDV- and CPV-specific IgG persisted. Several of these dogs 
have developed hypothyroidism in the interim and are receiving thy- 
roid replacement (Dodds, 1995c). 

IV. Periodicity of Booster Vaccination 

The landmark review commentary by Smith (1995) focused the at- 
tention of the veterinary research, diagnostic, and clinical commu- 
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nities on the advisability of current vaccine pract ices~that  is, are we 
overvaccinating companion animals, and if so, what is the appropriate 
periodicity of booster vaccines? The answers to this provocative topic 
generally concur in the affirmative to the first question, but lead to 
another question concerning the duration of immunity conferred by 
the currently licensed vaccine components (Alderink et al., 1995). Ex- 
amples of the newly recommended protocols for cats and dogs include 
giving the kitten and puppy vaccine series followed by a booster at 1 
year of age; further boosters to be given every 3 years until geriatric 
age, at which time booster vaccination may be unadvisable, especially 
for animals with aging or other diseases and except where vaccination 
is required by law. In the intervening years between adult booster 
vaccinations, and in the case of geriatric pets, humoral immunity can 
be evaluated by vaccine antibody serology as an indication of the pres- 
ence of "adequate immune memory." This latter terminology is gener- 
ally preferred over the term "protective immunity" because serum an- 
tibody titers may not correlate directly with protection against disease 
(Olson et al., 1988; Sprent and Tough, 1994; Alderink et al., 1995; 
Schultz, 1995a,b; Smith, 1995). 

Relatively little published information exists about the duration of 
immunity following vaccination (DVM Vaccine Roundtable, 1988; 
Olson et al., 1988; Phillips et al., 1989; Tizard, 1990; McDonald, 1992; 
Phillips and Schultz, 1992; Dodds, 1993, 1997; Alderink et al., 1995; 
Ellis et al., 1995b; Schultz, 1995a,b; Smith, 1995). Most veterinarians 
recommend that annual booster vaccinations be given after completion 
of the initial vaccine series and continue them throughout old age. An 
increasing number of experts, however, advocate lengthening the in- 
terval between boosters, especially for geriatric animals (Frick and 
Brooks, 1981; Tizard, 1990; Alderink et al., 1995; Schultz, 1995a,b), 
while other publications reason that the waning immune function of 
older animals should be boosted by giving vaccinations more fre- 
quently. It seems obvious that the latter suggestion is unwise and 
unnecessary, especially in light of the long-term immunologic memory 
elicited by earlier vaccination or exposure (Etlinger et al., 1990; Sprent 
and Tough, 1994; Alderink et al., 1995). 

An in-depth study from Sweden (Olson et al., 1988) examined the 
duration of serum antibody response to CPV, canine adenovirus 1, and 
CDV immunizations. Only killed CPV vaccine was used, whereas the 
CDV vaccine was MLV and the adenovirus 1 was either killed or MLV 
in origin. Several interesting conclusions arose from this work, which 
examined several hundred dogs. For adult dogs vaccinated with killed 
CPV vaccine, there was no significant difference in antibody titer be- 
tween vaccinated and nonvaccinated animals. While protective levels 
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of immunity induced by the killed vaccine were of relatively short 
duration, two vaccinations with optimal spacing (21-35 days apart) 
adequately protected against parvovirus disease (Olson et al., 1988). 
As expected, the MLV CDV and adenovirus 1 vaccines induced more 
long-lasting protective immunity. Equating the effectiveness of vac- 
cination with humoral antibody concentration alone is fraught with 
problems, however, because cell-mediated immunity can fully protect 
against disease in the absence of circulating antibody titers (Schultz, 
1995a,b). Regardless of the type of vaccine used, persistence of mater-  
nal immunity which interferes with active immunization remains the 
primary cause of vaccine failures (DVM Vaccine Roundtable, 1988; 
Greene, 1990, Garenne et al., 1991; McDonald, 1992; Schultz, 1995a,b; 
Smith, 1995; Hoskins, 1997). Protection afforded by most MLV vac- 
cines and by the MLV vaccines used in the Swedish study lasted at 
least 3 years (Olson et al., 1988). In humans,  once the series of child- 
hood vaccinations is completed, protection against these diseases is 
generally assumed to be long-lived (Stratton et al., 1994). Further- 
more, Etlinger and colleagues (1990) emphasized that  long after an 
individual is vaccinated, immunologic memory will be recalled on re- 
newed exposure to the constituents of the vaccine. Thus, prior immuni- 
zation can be successfully exploited to elicit memory responses as well 
as to assist in immunizing individuals against new vaccines (Etlinger 
et al., 1990; Sprent and Tough, 1994). 

In that  regard, Olson et al. (1988, 1997) stated the protective serum 
neutralization (SN) titer for canine distemper virus (CDV) to be >- 1:16, 
and the protective hemagglutination inhibition (HA) titer for canine 
parvovirus (CPV) to be -> 1:80, basically in agreement with earlier pub- 
lished studies from Carmichael at Cornell (1997). Hoskins (1997) 
agrees with the Cornell group for CPV (HA >_ 1:80), and further stated 
that  a four-fold increase in titer from before or at vaccination as com- 
pared to 3 weeks later affords protection. McMillen et al. (1995) stud- 
ied humoral and cellular immunity in racing greyhounds given a mini- 
mal or intensive vaccination protocol and found little difference in the 
outcome with respect to titers or immune protection. Both protocols 
afforded good protective immunity. Their titers for successful immuni- 
zation were the same as those of the Cornell group for CDV and CPV. 
Carmichael (1997) stated the ideal protective titer for CDV SN to be 
>1:100 and for CPV HA to be >1:320. However, he also stated that  
there is no point or need to booster titers unless HA levels fall below 
1:10 or 1:20. Schultz (1995a,b, unpublished observations, 1997) consid- 
ered a CDV SN titer of 1:40 and a CPV HA titer of 1:160 to be "protec- 
tive." Finally, for cats, the recent paper by Scott and Geissinger (1997) 
indicated the following protective titers for three common feline viral 
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diseases: feline panleukopenia virus (FPV) >-1:8, feline herpesvirus 
(FHV) >-1:2, although any titer is adequate; and feline calicivirus 
(FCV) >- 1:4. 

V. Alternative Strategies to Conventional Vaccination 

This review, which includes examples of the adverse reactions asso- 
ciated with conventional vaccination, illustrates the rationale and jus- 
tification for seeking alternative approaches to protection against the 
common infectious diseases of animals. Several such approaches are 
discussed next. 

A. MONITORING SERUM ANTIBODY TITERS 

Except where vaccination is required by law, animals that  previously 
experienced an adverse reaction to vaccination or are at genetic or 
physiologic risk for such reactions can have serum antibody titers mea- 
sured annually instead of revaccination. This approach recently has 
been recommended to assess the adequacy of protection during the 
interval between routine adult booster vaccinations, in coordination 
with the policy change of giving them every 3 years (Alderink et al., 
1995; Dodds, 1995a, 1997; Schultz, 1995a,b; Scott and Geissinger, 
1997). Examples of the currently available methods are discussed in 
Section IV. If adequate titers are found, the animal should not need 
revaccination until some future date. Rechecking of antibody titers can 
be performed annually thereafter, and can be offered as an alternative 
to pet owners who object to conventional vaccination. 

B. REDUCING THE NUMBER OF VACCINE ANTIGENS USED OR 
GIVEN SIMULTANEOUSLY 

An argument can be made for vaccinating well-nourished, healthy 
pet animals only against the clinically important infectious diseases of 
their species. For the dog, this would include CDV, CPV, and rabies 
virus; and for the cat, it would include FPV and rabies virus (Alderink 
et al., 1995; Schultz, 1995a,b; Scott and Geissinger, 1997). Why, then, 
are we giving animals so many other antigens in polyvalent vaccines, 
and is this approach really necessary or safe? For example, with re- 
spect to Leptospira bacterins, the clinically important serovars are not 
contained in the currently licensed products, and the antibodies they 
elicit only last a few months. Similarly, there have been very few 
clinical cases of infectious canine hepatitis from adenovirus 1 infection, 
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although the standard polyvalent vaccines all contain adenovirus 2 to 
afford cross-protection. Other vaccine components such as that  for 
Lyme disease need not be used universally, because the disease is 
limited to certain geographic areas. Use of FeLV vaccines could be 
reserved for cats that  live mostly outdoors or live both indoors and 
outdoors, and for catteries where new animals are introduced on a 
regular basis, as their efficacy is only modest and they have been 
implicated along with rabies vaccine in producing injection-site fibro- 
sarcomas (Kahler, 1993; Kass et al., 1993). Perhaps one way to address 
these issues would be to offer more individual or dual vaccine compo- 
nents that  could be given on alternating years, in between the 3-year 
booster vaccinations for the clinically important diseases. The overall 
risk-benefit ratio of using multiple antigen vaccines given simul- 
taneously and repeatedly should be reexamined, although we have the 
luxury of asking such questions today only because the risk of disease 
has been effectively reduced by the widespread use of vaccination pro- 
grams (Alderink et al., 1995; Schultz, 1995a,b; Dodds, 1997). 

C. AVOID VACCINATING OR OVERVACCINATING CERTAIN POPULATIONS 

Common sense dictates that  sick, very old, or debilitated animals 
should not be vaccinated. It also would be unwise to vaccinate immu- 
nocompromised and febrile animals until their physiologic state re- 
turns to normalcy. Animals of certain susceptible breeds or families 
such as old English sheepdogs, Akitas, and Weimaraners, and includ- 
ing those with coat color dilutions (e.g., double-dilute Shetland sheep- 
dogs, harlequin Great Danes, albinos) appear to be at increased risk 
for severe and lingering adverse reaction to vaccines (Dodds, 1995a,b,c, 
1997; Wynn and Dodds, 1995) (see Section III). 

Another situation where needless overvaccination occurs is a conse- 
quence of the varying state regulatory policies for rabies vaccination. 
Because the federal U.S. Department of Agriculture has licensed ra- 
bies vaccines for 3 years now, there is no legitimate reason for some 
individual states to insist on annual revaccination. This is particularly 
worrisome because rabies vaccine is associated with significant ad- 
verse neurologic and other immune reactions, as well as producing 
injection-site fibrosarcomas in cats (Kahler, 1993). 

D. ALTERNATIVE METHODOLOGIES 

In situations where an animal has experienced a severe adverse 
reaction to vaccination or when the owner refuses conventional vac- 
cination, there is appropriate justification for selecting alternative 
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methodologies, such as homeopathic nosodes (Pitcairn, 1993; Dodds, 
1995a, 1997), to protect against the common infectious diseases of 
animals. A word of caution is in order here, however, because a recent- 
ly conducted, preliminary trial with a parvovirus nosode failed to pro- 
tect puppies against challenge with a street virus strain of CPV (S. G. 
Wynn and R. D. Schultz, personal communication, 1997). Additional 
trials are obviously needed to assess the efficacy of the various nosode 
preparations currently in use. 

These alternative techniques must  be performed under the super- 
vision of a licensed veterinarian with an established doctor/client/ 
patient relationship, and requested by the owner of the pet after re- 
ceiving appropriate informed consent. Obtaining a signed disclaimer 
and release form from the client is also advisable. Finally, minimizing 
the risk for exposure to infectious diseases should always be kept in 
mind, by avoiding areas where animals of unknown health status con- 
gregate or exercise. 

VI. Summary and Future Directions 

Veterinary clinicians are increasingly faced with patients exhibiting 
signs of immunologic dysfunction and disease. In a troublesome num- 
ber of cases, the onset follows a recent vaccination, therapeutic or 
preventative drug use, infection, toxic exposure, hormonal change/ 
imbalance, or stress event. The evidence implicating vaccines as trig- 
gering agents in genetically susceptible individuals is growing. A mul- 
tifaceted approach to furthering the recognition of this situation, along 
with alternative strategies for containing infectious diseases and re- 
ducing the environmental impact of conventional vaccines is clearly 
needed. As a beginning we can increase the periodicity between adult 
booster vaccinations from 1 to 3 or 5 years, except as required by law, 
and implement monitoring of serum antibody levels for assessing pro- 
tection against the clinically important infectious agents. 
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I. Introduction 

Vaccines are widely used in human and veterinary medicine as an 
effective and economic method to control viral and bacterial diseases. 
Although generally considered safe, vaccination is occasionally accom- 
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panied by adverse effects. Many adverse effects related to vaccination 
are acute and transient, for example, fever, swelling at the site of 
inoculation, and allergic reactions. In contrast, reports of autoimmune 
disease following vaccination are relatively rare. In most instances, it 
is difficult, if not impossible, to ascertain that  vaccination caused or 
precipitated the autoimmune disease. In a recent report, the Advisory 
Committee on Immunization Practices in people concluded that  there 
is a causal relation between diptheria-tetanus-pertussis (DTP) and 
measles-mumps-rubella (MMR) vaccination and arthritis, but no evi- 
dence of a causal relationship between these vaccinations and other 
autoimmune diseases such as autoimmune hemolytic anemia and 
Guillain-Barr~ syndrome (Centers for Disease Control and Prevention, 
1996). Cohen and Shoenfeld (1996) also stated that  the relation be- 
tween vaccination and autoimmunity is obscure. They added that  
there is a need for experimental studies to address this subject (Cohen 
and Shoenfeld, 1996). 

There has been a growing concern among dog owners and veter- 
inarians that  the high frequency with which dogs are being vaccinated 
may lead to autoimmune and other immune-mediated disorders 
(Dodds, 1988; Smith, 1995). The evidence for this is largely anecdotal 
and based on case reports. A recent study observed a statistically sig- 
nificant temporal relationship between vaccination and subsequent 
development of immune-mediated hemolytic anemia (IMHA) in dogs 
(Duval and Giger, 1996). Although this does not necessarily indicate a 
causal relationship, it is the strongest evidence to date for vaccine- 
induced autoimmune disease in the dog. 

We are investigating the effect of vaccination on dogs in a series of 
experimental studies. The goals of these experiments are (1) to deter- 
mine if vaccination of dogs affects the function of the immune system 
and, in particular, if vaccination results in autoimmunity; (2) to delin- 
eate the mechanisms by which vaccination results in autoimmunity if 
this occurs; and (3) to develop alternative vaccination strategies that  
will not be accompanied by adverse effects. The issue that  is the focus 
of this and ongoing studies in our laboratory is somewhat different 
from that  examined by Duval and Giger (1996). In their study, a statis- 
tically significant temporal relationship between the onset of IMHA 
and prior vaccination suggested that  vaccination caused IMHA or ac- 
celerated preexisting IMHA in adult  dogs. Although not documented, 
it is likely that  these middle-aged dogs had received multiple vaccines 
prior to the last vaccination. Why this last vaccination suddenly trig- 
gered the onset of IMHA is unknown. In contrast, our studies examine 
if vaccination of dogs at a young age causes alterations in the immune 
system, including the production of autoantibodies, that  could eventu- 
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ally lead to autoimmune disease in susceptible individuals. In this 
paper, we report on the findings of the first study in which a group of 
vaccinated dogs and a group of unvaccinated dogs were followed for 14 
weeks after the first vaccination. 

II. Materials and Methods 

A. ANIMALS 

Two pregnant Beagle dogs were purchased from a commercial breed- 
er. The animals whelped in the Animal Facility of the Purdue Univer- 
sity School of Veterinary Medicine and the pups were weaned at 6 
weeks of age. Five pups were assigned to one of two groups, a vacci- 
nated and an unvaccinated group, based on body weight, gender, and 
litter of origin. The vaccinated and unvaccinated group of dogs were 
housed in separate rooms. 

The dogs were examined daily. Rectal temperature and body weight 
were recorded twice a week. Blood samples were collected from the 
jugular vein prior to each vaccination and 2, 5, 7, and 14 days following 
vaccination for hematology, endocrinology, and viral serology. Blood 
samples collected on days 5 and 14 following vaccination were also 
used for lymphocyte phenotyping and lymphocyte proliferation assays, 
and blood samples collected at 7 days following vaccination were used 
for the detection of autoantibodies. 

B. VACCINATION SCHEDULE 

The dogs in the vaccinated group were injected subcutaneously with 
a commercially available multivalent vaccine, Vanguard-5 CV/L 
(Pfizer, Groton, CT) at 8, 10, 12, 16, and 20 weeks of age according to 
the instructions of the manufacturer. They were injected subcutane- 
ously with an inactivated rabies vaccine, Imrab-3 (Rhone-Merieux, 
GA) at 16 weeks of age. The unvaccinated group of dogs received sub- 
cutaneous injections of sterile saline at the same time points. 

Both groups of dogs were injected subcutaneously with 1 mg of keyhole 
limpet hemocyanin (KLH, Calbiochem) in RIBI-adjuvant at week 20. 

C. VIRAL SEROLOGY 

Serum samples collected at 6 weeks of age and 0, 2, 5, 7, and 14 days 
after each vaccination were assayed for the presence of antibodies to 
canine distemper virus by serum neutralization test, and for anti- 
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bodies against canine parvovirus by hemagglutination inhibition test. 
Serum samples were analyzed for antibodies against rabies virus at 16 
and 20 weeks of age by a rapid fluorescent focus inhibition test. 

D. HEMATOLOGY 

Blood samples were collected at 0, 2, 5, 7, and 14 days after each 
vaccination for hematocrit, corrected white blood cell count and differ- 
ential, and platelet counts. 

E. ENDOCRINOLOGY 

Plasma and serum samples collected at 0, 2, 5, 7, and 14 days after 
each vaccination were assayed for cortisol, triiodothyronine (T3), and 
thyroxine (T4) by radioimmunoassay. 

F. IMMUNOLOGY 

Lymphocyte phenotyping was used. Whole blood was stained with a 
panel of mouse monoclonal antibodies, followed by F(ab') 2 goat anti- 
mouse IgG (Jackson Research Laboratories). The monoclonal anti- 
bodies used were CA2.1D6 (anti-CD21), CA15.8G7 (ant i -TCR~),  
CA20.8H1 (anti-TCR~]~), 12.125 (anti-CD4), and 1.140 (anti-CD8). The 
characteristics of these monoclonal antibodies have been described 
(Gebhard and Carter, 1992; Moore et al., 1996). Following red blood cell 
lysis and fixation in 2% paraformaldehyde, the cells were analyzed by 
flow cytometry. 

G. LYMPHOCYTE BLASTOGENESIS ASSAY 

Heparinized blood samples were diluted 1:10 in RPMI-1640 and dis- 
tributed in the wells of a 96-well plate. Triplicate samples were incubated 
for 96 hours in the presence of medium only, 2.5 and 5 ~g/ml PHA, 5 and 
10 ~g/ml Concanavalin A (Con A) and 1 and 10 ~g/ml PWM. During the 
last 24 hours of incubation the wells were pulsed with 0.5 ~Ci of 3H- 
thymidine. The cells were harvested with a 96-well cell harvester, and 
the incorporation of radioactivity was measured in a TopCount scintilla- 
tion counter (Packard Instrument  Co., Meriden, CT). 

H. ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) 

The presence of antibodies reactive with homologous and heter- 
ologous antigens in serum samples collected at 22 weeks of age was 
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analyzed by an indirect ELISA. High-binding ELISA plates (Costar, 
Cambridge, MA) were coated with 10 ~g/ml of antigen in 0.1 M bicarbo- 
nate buffer. The wells were rinsed and incubated for 1 hour with phos- 
phate-buffered saline (PBS)/0.1% Tween. Serum samples were diluted 
1:10 in PBS and added to the wells in triplicate. Following incubation, 
the wells were rinsed and incubated with alkaline phosphatase labeled 
goat anti-dog IgG (Kirkegaard and Perry, Gaithersburg, MD). Alka- 
line phosphatase activity was measured after addition of p-NPP sub- 
strate at 405 nm in a microplate reader (Molecular Devices, Menlo 
Park, CA). 

Essentially the same procedure was used to measure the presence of 
antibodies against KLH. Alkaline phosphatase labeled anti-dog IgM and 
IgG were used as secondary reagents. 

I. NECROPSY 

At 22 weeks of age, the dogs were killed by intravenous injection 
of barbiturates, and a complete necropsy performed. Tissue samples 
were collected in 10% buffered formalin and processed for light mi- 
croscopic examination. The tissues that  were examined included the 
spleen, lymph nodes, tonsils, thymus, Peyer's patches, adrenal glands, 
thyroid glands, pituitary gland, pancreas, heart, lung, kidney, liver, 
and brain. 

J.  STATISTICAL ANALYSIS 

Data were analyzed for significant differences between groups by 
Student's t test or repeated measures ANOVA and a significant change 
over time using a repeated measures ANOVA. 

III. Results 

A. VIRAL SEROLOGY 

None of the pups had detectable antibodies against canine distemper 
virus and canine parvovirus at 6 weeks of age and against rabies virus 
at 16 weeks of age. The unvaccinated dogs remained seronegative for 
these three viruses during the course of the study. The dogs that  were 
immunized developed titers against CDV (maximum titers ranged 
from 1:48 to 1:1024), CPV-2 (1:320 to 1:1280), and rabies (1:25 to 
1:1000). 
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B. CLINICAL OBSERVATIONS~ HEMATOLOGY~ AND ENDOCRINOLOGY 

No differences between the unvaccinated and vaccinated groups were 
found for rectal temperature,  body weight, and hematologic values. 

There were no significant differences between unvaccinated and vac- 
cinated dogs for concentrations of cortisol, T3, and T4. However, a 
significant (p < 0.02) change was observed over time for each of these 
three hormones. The plasma concentration of cortisol decreased from a 
mean of 41.1 ng/ml at 8 weeks of age to 17.6 ng/ml at 22 weeks of age. 
The concentration of T4 also decreased, from 31.1 ng/ml at 8 weeks of 
age to 22.8 ng/ml at 22 weeks of age. The concentration ofT3 increased 
from 0.63 ng/ml at 8 weeks of age to 1.1 ng/ml at 22 weeks of age. 

C. IMMUNOLOGY 

No differences were observed between the unvaccinated and vacci- 
nated dogs for lymphocyte subpopulations or for the proliferative re- 
sponse to any of the mitogens tested. 

The response of both groups of dogs to KLH was similar. There was 
no statistically significant difference in the KLH-specific IgM and IgG 
concentrations in the serum (not shown). 

At 8 weeks of age, antibodies against homologous and conserved 
heterologous antigens were negligible in the serum of the dogs. At 22 
weeks of age there was a significant increase of IgG antibodies reactive 
with 10 of 17 antigens in the vaccinated dogs versus no increase in the 
unvaccinated dogs (Table I). The increase of optical density was modest 
for 8 of these 10 antigens, but a large increase was observed for fi- 
bronectin and laminin. All vaccinated dogs developed high levels of 
fibronectin-specific IgG antibodies. Similar levels of IgG anti-fibronec- 
tin antibodies were observed when bovine fibronectin was substituted 
by human  or mouse fibronectin (not shown). The concentration of anti- 
fibronectin antibodies began to increase after the second vaccination in 
three dogs and after the third vaccination in the other two vaccinated 
dogs, and reached a maximum level after the fourth vaccination (Fig. 
1). To determine if the antibodies had a preferential reactivity with a 
particular part of the fibronectin molecule, we tested the reactivity of 
serum samples with two fragments of fibronectin. The 30-kDa frag- 
ment  contains the heparin-binding domain of fibronectin, whereas the 
45-kDa fragment contains the collagen-binding domain. As shown in 
Fig. 2, little reactivity was observed with the 45-kDa fragment, but 
significant reactivity was observed with the 30-kDa fragment. 

High levels of anti-laminin antibodies were observed in the serum of 
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TABLE I 

REACTIVITY OF SERUM IGG ANTIBODIES OF VACCINATED AND UNVACCINATED DOGS 

WITH HOMOLOGOUS AND HETEROLOGOUS ANTIGENS AT 22 WEEKS OF AGE a 

Ant igen  b Unvacc ina t ed  dogs Vaccinated dogs p value  

c. a l bumin  0.119 _+ 0.017 0.223 _+ 0.046 0.001 
c. cytochrome C 0.168 _ 0.023 0.200 +_ 0.034 NS c 

c. hemoglobin  0.171 +_ 0.029 0.200 +_ 0.019 NS 
c. myocard ia l  myoglobin 0.118 _ 0.018 0.157 _ 0.039 NS 
c. skeleta l  muscle  myoglobin 0.675 _+ 0.303 0.745 _ 0.510 NS 
c. thyroglobul in  0.191 _ 0.089 0.190 _ 0.040 NS 
c. t r a n s f e r r i n  0.172 _+ 0.015 0.230 _ 0.042 0.021 

b. cardiol ipin 0.112 _+ 0.014 0.256 _+ 0.057 0.001 
b. collagen I 0.106 _+ 0.012 0.164 +_ 0.049 0.032 

b. DNA 0.125 _ 0.031 0.223 _ 0.058 0.010 
b. f ibronectin 0.159 _ 0.046 2.811 _+ 0.514 <0 .001  
b. sph ingomyel in  0.105 _ 0.018 0.159 _ 0.046 0.040 

p. insu l in  0.094 _ 0.010 0.142 _ 0.041 0.037 

p. myocard ia l  myos in  0.179 _+ 0.016 0.234 _ 0.061 NS 
p. skeleta l  muscle  myos in  0.367 _+ 0.149 0.522 _+ 0.165 NS 
m. collagen IV 0.117 _+ 0.008 0.178 _+ 0.043 0.014 
m. l amin in  0.100 ___ 0.006 0.761 +_ 0.642 0.050 

aValues r ep r e sen t  the  m e a n  _ SD of the  0D4o5 as m e a s u r e d  by ELISA.  
bc, canine;  b, bovine; p, porcine; m, mur ine .  
cNS, not  s ignif icant  (p > 0.05). 

three of the five vaccinated dogs at 22 weeks of age. One dog had high 
levels at 17 weeks of age, whereas the other two dogs did not develop 
high levels until the end of the study. 

High levels of antibodies reactive with skeletal muscle myosin and 
myoglobin were observed in both groups of dogs at 22 weeks of age. The 
antibody levels increased at 11 weeks of age in three dogs, at 13 weeks 
of age in another three dogs, and at 17 weeks of age in the remaining 
four dogs. 

D. NECROPSY 

Gross and light microscopic examination of the tissues of the dogs 
revealed no significant lesions. The thyroid gland of one of the vacci- 
nated dogs had a small lymphoid nodule with obliteration of adjacent 
thyroid follicles. 
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FIG. 1. Fibronectin-reactive IgG antibodies  in the serum of vaccinated dogs as mea- 
sured by ELISA. The vertical arrows indicate the days at which vaccines were adminis-  
tered. The numbers  in the legend represent  the individual  dog numbers .  

IV. Discussion 

In this study, we exhaustively evaluated the effects of vaccination 
with a multivalent vaccine and a rabies vaccine on the immune system 
of young dogs. Vaccination did not cause immunosuppression or alter 
the response to an unrelated antigen (KLH). In contrast to an earlier 
study (Mastro et al., 1986), but in agreement with other work (Phillips 
and Schultz, 1987), we did not observe a transient lymphopenia in the 
dogs at any time. However, vaccination did induce autoantibodies and 
antibodies to conserved heterologous antigens. The pathogenic signifi- 
cance of these autoantibodies is presently uncertain. We did not find 
any evidence of autoimmune disease in the vaccinated dogs, but the 
study was terminated when the dogs were 22 weeks of age, well before 
autoimmune diseases usually become clinically apparent. It is likely 
that genetic and environmental factors will trigger the onset of clinical 
autoimmune disease in a small percentage of the animals that develop 
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FIG. 2. Specificity of serum IgG antibodies for human fibronectin, and the heparin- 
binding 30-kDa fragment and the collagen-binding 45-kDa fragment of human fibronec- 
tin as measured by ELISA. The numbers below the horizontal axis represent individual 
dog numbers. 

autoantibodies.  For practical and economic reasons, only a small num- 
ber of dogs can be followed in an experimental  study, and clinical 
au to immune  disease may, therefore, never be observed. The principal 
value of an exper imental  s tudy is tha t  it enables us to determine the 
frequency of autoant ibody responses and the mechanism(s)  tha t  cause 
vaccines to induce autoantibodies.  

We used two vaccines, a mul t iva lent  vaccine and an inact ivated ra- 
bies vaccine of a par t icular  commonly used brand.  We consider it un- 
likely tha t  the observed autoantibodies were specifically induced in 
response to these brands  of vaccine and this phenomenon will likely 
occur with other commercial vaccines. In a follow-up study, we have 
observed similar  au to immune  phenomena  in dogs immunized  with the 
mul t iva lent  vaccine only and in dogs immunized with  the rabies vac- 
cine only (unpublished observations). 

There was a marked  increase of autoantibodies to the skeletal  
muscle proteins, myoglobin and myosin, in both groups of dogs. The 
reason for the appearance of these antibodies is uncertain,  but  it may  
be the resul t  of the frequent  blood sampling of the dogs. The dogs were 
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bled five times following each vaccination, and some tissue trauma was 
unavoidable. 

We examined the thyroid and adrenal cortical function in the dogs, 
and did not find evidence of any abnormality. Autoimmune thyroiditis 
is one of the most common autoimmune diseases of dogs, and it has 
been suggested that the apparent increase of this condition in dogs is 
related to the increased frequency of vaccination with modified live 
vaccines. There was no increase of anti-thyroglobulin antibodies in the 
vaccinated animals, or other evidence of thyroid dysfunction. However, 
the lymphoid nodule found in the thyroid gland of one of the vaccinated 
dogs may be an early manifestation of thyroiditis, a common lesion in 
purpose-bred Beagles (Fritz et al., 1970). 

The most strikingly increased concentrations of autoantibodies were 
directed against fibronectin and laminin. Fibronectin is widely distrib- 
uted in the body as a component of the extracellular matrix and plas- 
ma. The anti-fibronectin antibodies were reactive with fibronectin of 
bovine, murine, and human origin. Although we have not yet demon- 
strated that they also react with canine fibronectin, this is very likely, 
since fibronectin is highly conserved between species. Anti-fibronectin 
antibodies have been found in human patients with systemic lupus 
erythematosus (SLE) and rheumatoid arthritis, and a patient with a 
poorly defined connective tissue disease (Henane et al., 1986; Atta et 
al., 1994, 1995; Girard et al., 1995). The anti-fibronectin antibodies in 
four human SLE patients were directed against the collagen-binding 
domain (Atta et al., 1994), in contrast to the anti-fibronectin antibodies 
in the vaccinated dogs, which showed no affinity for this domain. The 
anti-fibronectin antibodies in the human patient with connective tis- 
sue disease showed reactivity with the cell-binding domain of fibronec- 
tin (Girard et al., 1995). 

Anti-fibronectin antibodies have been experimentally induced in 
rabbits by immunization with human fibronectin in complete Freund's 
adjuvant (Murphy-Ullrich et al., 1984). The antibodies were reactive 
with both human and rabbit fibronectin. The rabbits subsequently 
developed a glomerulopathy with granular deposits suggestive of im- 
mune complexes in the glomerular basement membrane. Anti-fibro- 
nectin antibodies have been induced in mice by multiple injections of 
homologous fibronectin without adjuvant (Murphy-Ullrich et al., 
1986). The titer of anti-fibronectin antibodies was much lower in mice 
immunized with native fibronectin than in mice immunized with de- 
natured fibronectin. However, in both groups, immune complexes were 
present in the serum and in the glomeruli (Murphy-Ullrich et al., 
1986). Light microscopic examination of the glomeruli of the kidneys of 
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vaccinated dogs did not reveal evidence of glomerulopathy, but we 
cannot exclude the possibility of sub-light microscopic lesions. 

Anti-laminin antibodies were prevalent in the serum of three of the 
five vaccinated dogs. Anti-laminin antibodies are increased in human 
patients with SLE, rheumatoid arthritis, and vasculitis. Injection of 
polyclonal anti-laminin antibodies into rats resulted in glomerulopa- 
thy and proteinuria (Abrahamson and Caulfield, 1982). Anti-laminin 
antibodies have also been implicated in glomerular disease in rats 
induced by mercuric chloride (Aten et al., 1995). 

The mechanisms that  may underlie the production of autoantibodies 
following vaccination are unknown, but at least four mechanisms can 
be proposed: cross-reactivity with vaccine-components, somatic muta- 
tion of immunoglobulin variable genes, "bystander activation" of self- 
reactive lymphocytes, and polyclonal activation of lymphocytes. Per- 
haps the simplest and most likely mechanism is that  of cross-reactivity 
of vaccine and self-antigens. Although certain microbial antigens may 
cross-react with self-antigens (Schattner and Rager-Zisman, 1990), the 
most likely sources of cross-reactive epitopes are bovine serum and cell 
culture components. These are present in almost all vaccines as residu- 
al components of the cell culture necessary to generate vaccine viruses 
and may purposely be added to the vaccine as a stabilizer. In the 
presence of an adjuvant, these bovine products stimulate a strong im- 
mune response and induce antibodies that  cross-react with conserved 
canine antigens. Thus, the strong response to fibronectin in the vacci- 
nated dogs is most likely the result of the injection of bovine fibronectin 
contaminants in the vaccine. Indeed, this is essentially identical to the 
protocol used to produce anti-fibronectin antibodies in rabbits with 
human fibronectin in complete Freund's adjuvant (Murphy-Ullrich et 
al., 1984), as mentioned above. The lower response to other antigens 
(e.g., cardiolipin and laminin) may be due to a lower concentration of 
these antigens in the vaccine or lower immunogenicity. 

During every immune response, self-reactive B and T lymphocytes 
are generated and activated. This is the result of somatic mutation and 
bystander activation. Under normal conditions, this will not lead to 
significant production of autoantibodies, because of the selection pro- 
cess in the germinal centers of lymph nodes. In the germinal centers, 
only B cells that  successfully compete for interaction with antigen 
presented on the surface of follicular dendritic cells will be allowed to 
survive (MacLennan, 1994). These B cells generally have high-affinity 
receptors for the antigen to which the immune response was induced. 
B cells with low affinity for the antigen or affinity for other antigens, 
including self-antigens, will undergo programmed cell death. The B 
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cells with high-affinity receptors express bcl-2, which may rescue them 
from programmed cell death (MacLennan, 1994). This mechanism was 
elegantly demonstrated in mice immunized with a nominal antigen, 
phosphorylcholine (Ray et al., 1996). A single point mutation in the 
hypervariable region of the expressed immunoglobulin genes was suffi- 
cient for the phosphorylcholine-specific B cells to acquire specificity for 
DNA. However, it was only possible to demonstrate DNA-specific B 
cells by fusing germinal center B cells with cells that expressed high 
levels of bcl-2, thereby rescuing them from programmed cell death 
(Ray et al., 1996). An increased expression of bcl-2 was observed in 
thymic lymphoid follicles of patients with myasthenia gravis, suggest- 
ing that failure to delete self-reactive B cells in these patients may lead 
to autoimmune disease (Shiono et al., 1997). While this may seem an 
attractive hypothesis to explain autoimmune phenomena in human 
beings and dogs, there is currently no evidence that this is a common 
mechanism. 

Finally, polyclonal activation of lymphocytes, including activation of 
self-reactive lymphocytes, is a possible mechanism of vaccine-induced 
autoimmunity. Certain viruses and bacteria have superantigen or mi- 
togen activity (Schwartz, 1993). This could also be the case for the 
microbial products included in the vaccines. The present study does 
not support this mechanism. Firstly, antibodies were observed against 
10 of 17 antigens tested. Secondly, the anti-fibronectin antibodies did 
not react with any portion of the fibronectin molecule, but, instead, 
reacted most strongly with the heparin binding domain. These obser- 
vations indicate that the appearance of autoantibodies in the serum of 
vaccinated dogs is an antigen-driven process and not caused by polyclo- 
nal activation. As argued earlier, the main antigens implicated are cell 
culture contaminants and bovine serum components. 

In the dog, certain autoimmune diseases occur more frequently in 
particular breeds of dogs, indicating genetically determined suscep- 
tibility (Dodds, 1983; Happ, 1995). There is abundant evidence from 
studies in rodents and human beings that the magnitude of the anti- 
body response and the susceptibility to autoimmune disease are in part 
genetically determined (Schwartz, 1993). It is likely that genetic fac- 
tors also determine the susceptibility to vaccine-induced autoim- 
munity. That this is indeed the case is suggested by the finding that 
only three of the five vaccinated dogs developed a strong anti-laminin 
antibody response and that the kinetics of the anti-fibronectin re- 
sponse differed between individual animals. Identification of suscep- 
tibility genes will be important, because it may shed light on the patho- 
genesis of the autoimmunity. In addition, it will provide genetic tests 
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that  will enable dog breeders to monitor the susceptibility of their 
breeding stock to vaccine-induced autoimmunity. 

Although the pathogenic significance of the vaccine-induced autoan- 
tibodies is still unclear, there are a number of ways to prevent their 
induction. Not vaccinating dogs is not a viable option, because the 
benefits of vaccination clearly outweigh the still uncertain risks of 
immune-mediated disease. However, since bovine serum components 
in the vaccine may be responsible for the majority of autoantibodies, 
elimination of these bovine components may avoid this problem. This 
could be accomplished by substituting homologous serum for bovine 
serum. However, as mentioned earlier, anti-fibronectin antibodies may 
still be induced by immunization with homologous fibronectin. New 
generations of vaccines, especially naked DNA vaccines, are free of 
serum components, and these should not induce autoantibodies. A re- 
cent study in mice indicates that  DNA vaccination does not induce or 
accelerate autoimmune disease (Mor et al., 1997). Finally, mucosal 
vaccines are less likely to induce autoantibodies than parenterally ad- 
ministered vaccines. Depending on the formulation of the vaccine, sol- 
uble serum components are less likely to be absorbed via the mucosal 
surface, and, in fact, may induce tolerance instead of autoantibodies 
(Weiner et al., 1994). 

In conclusion, we have demonstrated that  vaccination of dogs using 
a routine protocol and commonly used vaccines, induces autoan- 
tibodies. The autoantibody response appears to be antigen driven, 
probably directed against bovine antigens that  contaminate vaccines 
as a result of the cell culture process and/or as stabilizers. The patho- 
genic significance of these autoantibodies has not yet been determined. 
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I. Introduct ion 

Information about adverse events after the vaccination of animals in 
the United States is available largely from voluntary reports sponta- 
neously submitted by vaccine users. Interpreting spontaneous adverse 
event report (AER) data is complicated by biases inherent in the obser- 
vation of vaccine adverse events, the use of surrogate measures, and 
the lack of a clear probability structure. The quantitative analysis of 
AER data often encounters a degree of variability exceeding that ex- 
plained by the standard sampling models which justify many statisti- 
cal procedures. This paper considers the implications of these phenom- 
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ena and their impact on both the analysis and interpretation of AER 
data. It reviews and illustrates several statistical methods, and intro- 
duces a modification of a useful rate ratio formula. The final section 
considers issues in the practice of postmarketing surveillance of veter- 
inary products. 

II. Postmarketing Surveillance and Public Policy 

Early this year, newspaper headlines screamed the alarming news 
that  human poliomyelitis is nearly always caused by the vaccine in- 
tended to prevent it (e.g., USA Today, 1/31/97). In fact, since 1980 the 
vaccine has been the only source of indigenous polio disease in the 
United States (Strebel et al., 1992). 

Although such headlines had the desired shock effect, the fact that  
poliomyelitis results only from the vaccine is actually very good news. 
The good news is that  the vaccine has been highly effective. Disease 
due to wild poliovirus has been eradicated from the United States, 
having dropped from more than 20,000 cases of paralytic polio in 1952, 
the year the vaccine was introduced. The flood of newspaper stories 
about polio vaccine in early 1997 was prompted by the introduction of a 
revised vaccination regimen aimed at halving the vaccine-induced dis- 
ease rate of about two cases per million doses (Advisory Committee on 
Immunization Practices, 1997). 

It is evident that  whenever the risk of naturally occurring disease 
diminishes, the hazards of vaccination bear greater scrutiny. Often 
vaccination coverage in the population will drop, as increased confidence 
about the reduced disease incidence coincides with increasing concern 
over the risks of vaccination. A drop in the fraction of children vaccinated 
did, in fact, contribute to a small outbreak of polio disease in 1979. 

This also highlights why it is important that  vaccination r isk-bene- 
fit decisions be made in the arena of public policy rather  than on an 
individual basis. A parent may accurately conclude that  the risk of 
vaccine-induced polio, however small, outweighs the risk of natural  
infection, which is virtually nil in the United States. A risk analysis on 
an individual basis dictates the decision not to vaccinate one's child. 
Yet if all parents were to make such a decision, vaccination would 
cease, the disease would be reintroduced, and the goal of worldwide 
eradication would recede into impossibility. Because vaccination exerts 
its effects in the population, not just  in the individual, vaccination 
policy must  be determined at the population level as well. 

Postmarketing surveillance ideally seeks to monitor the relationship 
between vaccine effectiveness, vaccine adverse events, and disease 
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prevalence. Vaccine efficacy, often expressed as the risk ratio comple- 
ment, may be reformulated as the attributable fraction [which is the 
way Greenwood and Yule (1915) originally defined it]. If the expected 
sick fraction of a group of vaccinated animals is designated Pv and the 
sick fraction of those not vaccinated is Pu, then vaccine efficacy is VE = 
(Pu - Pv)/Pu. Vaccine efficacy is thus the risk difference in the reduced 
sample space of those who would be expected to be sick had they not 
been vaccinated. Ifpu estimates the prevalence, then vaccine efficacy is 
the expected risk difference (RD) as a fraction of the expected preva- 
lence (VE = RD/P), as depicted in Fig. la. 

If VE is presumed to be a constant property of the vaccine, then the 
risk difference would drop proportionately with a drop in prevalence. 
Now it is the risk difference which describes the effect of the vaccine in 
the population. RD is often omitted from reports of vaccine studies, 
because, besides lacking VE's presumed invariance to prevalence, it is 
always smaller and less dramatic than VE. 

The effect of this relationship in practice is il lustrated in Fig. lb. A 
field study of a canine borreliosis vaccine (Levy et al., 1993) estimated 
vaccine efficacy at 79% and disease prevalence at 4.7%. The 3.7% risk 
difference exceeded the reported 1.9% rate of adverse reactions. With a 
drop in prevalence of just  a few percent, however, adverse reactions 
would exceed the risk difference, and the costs of vaccination relative 
to its benefits would need to be reconsidered. 

A distinction is often made between the term vaccine efficacy, refer- 
ring to the protection of an individual, and the term vaccine effective- 
ness, referring to the vaccine's effect in the population. In prelicensing 
trials of veterinary vaccines, the subjects are usually challenged with 
the virulent pathogen, virtually ensuring equivalent exposure. Al- 
though vaccine efficacy may thus be legitimately computed from 
properly designed veterinary vaccine trials, the U.S. Department  of 
Agriculture (USDA) Center for Veterinary Biologics (CVB) does not 
specifically require the estimation of vaccine efficacy for licensure. 
Challenge trials of animal vaccines provide a significant advantage 
over trials of human vaccines, but further distance the conditions of 
experimental trials from field conditions of actual use, which observa- 
tional work aims to study. 

III. The Postmarketing Surveillance Datum 

The postmarketing surveillance of veterinary biologics involves 
monitoring a vast market  of billions of doses of thousands of products. 
Active surveillance, in which each individual vaccinated animal would 
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FIG. 1. Vaccine efficacy, risk difference, and adverse reactions. (a) Vaccine efficacy as 
the attributable (prevented) fraction. In this illustration, the sick fractions are 0.8 of 
unvaccinated and 0.2 of vaccinated. The vaccine prevents disease in 0.6 of the population 
(risk difference), or 0.75 of those that would be sick without vaccination (attributable 
fraction). (b) The effect of changing prevalence on the relation between risk difference 
and adverse reactions (based on data from Levy et al., 1993). 

be actively followed up, is clearly out of the question. Both human and 
veterinary surveillance systems have had some success with strictly 
passive surveillance schemes, which depend on voluntarily submitted 
reports of adverse events after vaccination. 
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To ameliorate the deficiencies of a strictly passive system, reporting 
may be encouraged by what might be termed stimulated spontaneous 
surveillance. Reports to the human Vaccine Adverse Event Reporting 
System are stimulated by the requirements of the National Childhood 
Vaccine Injury Act of 1986. Regulations proposed by the USDA would 
require a milder stimulus, such as a label statement informing vaccine 
users where to submit a report. In any case, every stimulus is an 
intervention with the potential for introducing bias. In late 1996, the 
recommendation was made by the Feline Sarcoma Task Force to report 
injection-site lumps to the United States Pharmacopeia (USP). Such 
reports to the USP promptly increased to about half of all reports 
involving cats. While most were current, some reports were of events 
occurring years before. 

The very first step in any analytical approach is to identify explicitly 
the random quantity one is able to study. It is at this initial stage that  
many attempts to analyze data from veterinary vaccine AERs go 
wrong. All too often even specialists use terms such as events, cases, 
reaction rate, and the like. Yet surveillance systems for AERs only 
observe the report of an adverse event, not the putative event itself 
(Fig. 2). The role of the vaccine is even more distant. While apparently 
obvious, this crucial distinction is often overlooked. 

Furthermore, to minimize bias, reports should ideally be of "adverse 
events unqualified by any suspicions" (Finney, 1982). Thus, every ad- 
verse event occurring after vaccination would be reported, whether or 
not the reporter suspected the vaccine. This is rarely the case, and 
reports are more frequently submitted when the reporter has a high 
level of suspicion. Those receiving the reports, at least, should be care- 
ful to record them objectively without additional filtering. 

( 

ssoC i a t~ @usa t/o 

<. ( 

I ~ ! I I 
FIG. 2. Schematic diagram of adverse event reporting. From the perspective of the 

surveillance system, neither the veracity of the report nor the validity of the inference 
can be ascertained. 
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IV. Fathoming Spontaneous Adverse Event Report Data 

A. CAUSALITY 

The quality and accuracy of AERs vary widely, particularly when 
received from lay consumers rather than veterinary health profession- 
als. From the perspective of AER surveillance, when the veracity of a 
report is undetermined, it would be foolhardy to assess the validity of 
the causal relationship between vaccination and the reported event. 
Association is observable (and any adverse event observed after vac- 
cination is temporally associated with it), while causation requires 
inference. Such inference is rarely straightforward, except in cases 
where there is close proximity of onset (e.g., peracute anaphylaxis) or 
location (e.g., injection site abscess). In any case, assessing the possi- 
bility of a causal relationship for a specific individual AER is often an 
inappropriate activity for vaccine surveillance systems (Chen, 1994), 
which are focused on studying the action of the vaccine in the popula- 
tion. 

Appropriate causality assessment is determined by the arena of ac- 
tivity in which one is engaged. A clinician, focused on the patient and 
observing the event, is often obligated to perform an ad hoc assessment 
of retrodictive causality. An answer to the question "Did the vaccina- 
tion cause this event?", however presumptive, may be necessary for the 
initiation of treatment.  The regulatory epidemiologist, by contrast, ob- 
serves the report, not the event, and is focused on the vaccine, not the 
patient. Appropriate to this activity is an assessment of predictive 
causality, and the question becomes "How likely is it that  the vaccine 
will cause this type of event?" Hence, the postmarketing surveillance of 
veterinary vaccines is often engaged in the estimation of rates. 

The distinction between reasoning about causality in the epidemiolog- 
ic arena and the approach taken in the clinical arena begins with the 
fundamental  meaning given to causality. The causality criterion most 
often used by the clinician is that  of necessity. Necessary causality 
implies that  without the vaccination, the event would not have occurred, 
as distinct from sufficient causality, which means that  all vaccinations 
result in the event. While the conjunction of necessity and sufficiency 
together underlie disease causality in the sense of the Henle-Koch 
postulates, for the clinician the criterion of necessity compels the forma- 
tion of a belief about something that  has not occurred ("had the animal 
not been vaccinated, it would not have experienced the event"). This 
proposition, a counterfactual conditional (Glymour, 1986), may be ten- 
uous but is often appropriate in the clinical context. 
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The Henle-Koch postulates break down in the face of multifactorial 
causal relationships, such as those often studied by epidemiologists. A 
vaccine may, for example, potentiate an adverse response in an indi- 
vidual with a hereditary disposition under certain environmental con- 
ditions. In regulatory or public health contexts, the recognition of mul- 
tifactorial causality is indispensable. 

Risk factor epidemiology is an interdisciplinary mosaic which relies 
on judgment  based on the weight of evidence to solve problems prag- 
matically (Charlton, 1996). Although Charlton does a good job of 
articulating its exigencies, he focuses on its deficiencies, claiming that  
"risk factor epidemiology cannot be regarded as a scientific discipline 
because it aims at concrete usefulness rather  than abstract truthful- 
ness." In fact, this approach serves the regulatory epidemiologist far 
better than a useless abstract truth. 

B. BIAS 

Observational data are an essential complement to the experimental 
data generated in the licensing process. They reflect the actual use of 
the vaccine under the intended field conditions in all subsets of the 
target population, and they provide the quantities necessary to detect 
relatively rare events. Hence postmarketing surveillance is " n o t . . .  an 
optional activity" (Finney, 1982). 

We would like to know something about the incidence rate of adverse 
events after vaccination. To estimate the incidence rate, however, we 
need information about the number of affected individuals and the 
number of vaccinated individuals, neither of which is known in post- 
marketing surveillance. Instead, we estimate the reporting rate using 
information available to us, the number of AERs over the number of 
doses sold. 

The use of surrogates introduces bias into both the denominator and 
numerator. Sales volume is the usual denominator surrogate for the 
population at risk (Praus et al., 1993). In general, the sales volume of 
the reporting period is used, although seasonal or other variation may 
suggest the use of a lagged denominator, which utilizes sales volume 
during an earlier period. Marketing patterns of veterinary immu- 
nobiologics vary widely and will affect how closely vaccine use parallels 
sales volume. The discrepancy is reduced when considering historical 
data by production lot rather  than time interval. 

The interpretation of the reporting rate as a surrogate for incidence 
rate depends on defining the relationship between the two. This is not 
easily done, and it appears that  this relationship varies by factors such 
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as species, manufacturer,  event type and severity, and it may even 
change over time. The relationship between reporting rate and inci- 
dence rate for human vaccines has been found to have a wide range. 
One study estimated the reporting rate to be about 70% of the inci- 
dence rate of vaccine-induced polio disease, a severe and rare event, 
while the reporting rate for rash after measles-mumps-rubella vac- 
cination was estimated at less than  1% of the incidence rate (Rosenthal 
and Chen, 1995). It is likely that  reporting fractions are even lower for 
veter inary vaccines, which lack the mandatory reporting requirements  
of human  vaccines. 

Whether  designed to study the vaccination history of groups of cases 
and noncases, or to observe vaccinated and nonvaccinated cohorts for 
adverse events, observational studies generally aim to provide infor- 
mation on all four cells of a typical 2 x 2 table, which exclusively and 
exhaustively partitions reality. Spontaneous AER data, on the other 
hand, yield no information for three of the cells (the two for nonvacci- 
nated and the one for vaccinated noncases), and incomplete informa- 
tion for the fourth (vaccinated cases if observed). In fact, a suitable 
parti t ion for considering AER data requires at least a 2 x 2 x 2 cube 
ra ther  than  a flat table, since any observation may or may not be 
reported. Herein lies the most important  bias in spontaneously report- 
ed data: self-selection. 

The serious biases introduced by self-selection are manifestly evi- 
dent. In addition, self-selection means tha t  there is no clear probabilis- 
tic structure to AER data, such as would be imposed through proba- 
bility sampling or random allocation. 

The study of vaccine adverse events is also complicated by other 
specific biases. Although different vaccination rates between risk 
groups is often the norm in veterinary medicine, the result  may be 
naively interpreted as a failure of the vaccine's efficacy. It should be 
understood that  vaccinating individuals with a high risk of exposure 
while not vaccinating low-risk individuals makes it likely that  most 
cases of the disease will be seen in vaccinated individuals. In addition, 
the decision to vaccinate may be associated with a factor that  is also 
associated with an adverse event. Such a confounder may result  in the 
unwar ran ted  inference that  the vaccine causes a part icular adverse 
event or even protects against  it (Fine and Chen, 1992). 

Neither exposure to the pathogen nor the observation of animals 
may be equivalent between vaccinated and unvaccinated individuals. 
Exposure or event ascertainment  are often sloppy. In addition to these 
are the usual biases which dog observational work. The possibility of 
an undetected confounder, in particular, should never be overlooked, as 
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it may result in an apparent association in the direction opposite the 
true association, known as Simpson's paradox. 

While a major thrust  of this paper is on the variability of AER data, 
remember that  bias can have a far greater impact on the validity of 
one's interpretation of such data. The relative significance of bias and 
variance appears explicitly in many statistical procedures through the 
mean squared error loss function, where the contribution of bias to 
error is seen to be of a higher order than the contribution of variance. 

C. INTERPRETATION 

Surveillance with spontaneous AER data labors under two major 
handicaps. The first is the constant omnipresence of bias, and the 
second is the absence of a clear probabilistic structure to the data. The 
latter invalidates many popular statistical procedures, while the for- 
mer subverts the interpretation of any apparent feature of the data. In 
view of these considerable hurdles, any analysis should maintain "con- 
ceptual simplicity and inferential modesty" (Hall, 1989). We cannot 
even routinely assume that  summary descriptions may be extended to 
a parent population. While these hurdles must  never be overlooked, 
they should not be allowed to deter us from the appropriate study of 
AER data. 

Several mistakes in the use of AER data are widely prevalent: mis- 
representing an AER as what it is not, an adverse event or a vaccine- 
related event; misunderstanding the random nature of the data, which 
have not arisen from sampling or allocation; and misinterpreting the 
data by ignoring biases. 

Making sense of AER data is clearly challenging. The cautious inter- 
pretation of AER rates requires experience with spontaneously report- 
ed data, familiarity with the animal vaccine industry, and great discre- 
tion. Conclusions are often tentative and, in any case, incomplete 
without sensitivity analysis and consideration of alternative explana- 
tions. In general, the analysis of AER data should be viewed as explor- 
atory, rather  than confirmatory, for which other types of information 
may be needed. 

The initial objectives of postmarketing surveillance are first, the 
description of typical activity, and second, the detection of unusual 
activity. The most useful analytical methods are often graphical. Esti- 
mation and modeling may be helpful descriptive tools, although they 
should be used in an empirical and heuristic spirit ra ther  than pivoting 
on a specific stochastic basis. Surveillance ends with detection, since 
confirmation usually relies on further investigation. 
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Comparisons for detecting differences between subsets of the data 
should also have a descriptive tenor. Estimation is preferable to hy- 
pothesis testing in that  attention is focused on the magnitude of an 
apparent  difference rather  than hinging on an unverified probability 
structure. Even under the most proper conditions, statistical hypothe- 
sis tests are too often abused, misused, and misunderstood. With AER 
data they must  never be interpreted as formal tests of significance, but 
as detection tools providing indices of suspicion (Finney, 1982). Their 
use should be limited to internal comparisons between subsets of the 
data, and some advocate permutation methods as most appropriate for 
this purpose (Hall, 1989). 

V. Quantitative Analysis of Adverse Event Report Data 

A. ADVERSE EVENT REPORT PROCESS 

Having identified the random variable we wish to study, the AER 
rate, we must  investigate its nature more closely. Figure 3 gives a 
quantitative depiction of the process outlined in Fig. 2. The number of 
AERs is, in fact, a compound of several other random quantities. Many 

J 

FIG. 3. Adverse event reports as a compound quantity. Both vaccine-related events 
and coincidental events contribute to adverse events occurring after vaccination. Only a 
fraction of adverse events are observed, and of those only a fraction are reported. 
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vaccine adverse events are never observed, and only a small fraction of 
those observed are reported. An adverse event after vaccination may 
be either vaccine related or coincidental. For example, while it is prob- 
ably a chance event when a child dies of sudden infant death syndrome 
(SIDS) the day after immunization, even under  optimal conditions it 
may not be possible to differentiate a coincidental from a vaccine- 
related event. (It is noteworthy that  concern over postvaccination SIDS 
arising from postmarket ing surveillance led to studies tha t  exonerated 
the vaccine and identified genuine risk factors for the syndrome. As a 
result, the incidence of SIDS has diminished.) Vaccine-related events 
themselves may be the manifestation of a complex interaction between 
vaccine, vaccinee, and environmental  factors. 

Surveillance is the continual observation of a sequence of occur- 
rences in order to study the process underlying tha t  sequence. Vaccine 
AERs may be viewed in two types of sequences, the production se- 
quence and the vaccination sequence. The production sequence, in 
which the vaccine is manufactured,  has a natura l  unit, the production 
lot, a single batch of vaccine assembled and filled at one time. (Produc- 
tion lots of USDA regulated biologicals are called serials.) By contrast, 
the doses comprising the sequence of vaccine administrat ion must  be 
aggregated into practical clusters by an appropriate time interval, 
such as month or quarter. Each of the two types of sequences may 
highlight different features of the data, as i l lustrated in example 3 (in 
a later  section). 

The process which our surveillance aims to elucidate is one in which 
AERs result  from vaccination. It may be formulated 

AERs = exposure x intensity 

The intensity of the process is the probability that  an AER results from 
a vaccination with a single dose. The number  of AERs is then the 
product of the intensity and the exposure in doses. The intensity multi- 
plied by a s tandard  exposure, such as a million doses, is a reporting 
rate. 

In studying AERs, we are often interested in the rate intensity pa- 
rameter  or some function of it. Paramete r  estimation is straightfor- 
ward under  certain assumptions. If the outcome of each vaccination is 
stochastically independent  and identically distributed with a common 
intensity, then the number  of AERs is generally assumed to follow 
the Poisson distribution. That  distribution is completely specified by a 
single parameter,  whose maximum likelihood est imator is the empiri- 
cal cumulative AER rate. The cumulative rate is conveniently com- 
puted by taking the total number  of AERs summed across all individ- 
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ual rates and dividing by the total number  of doses summed across all 
the rates. 

If these assumptions do not hold, lumping the data into a cumulative 
rate may be unwarranted.  The precision of estimates may be inac- 
curately evaluated, and inferences may be suspect. It is essential to 
identify the assumptions underlying one's methods and to scrutinize 
those assumptions closely. 

B. OVERDISPERSION 

At each stage from vaccine manufacture  to adverse event report, the 
assumptions of independence or a common distribution can be ques- 
tioned. Vaccines are produced in lots, each of which is a batch of hypo- 
thetically homogeneous doses. Each lot may be sold in a different geo- 
graphic region and, within each region, to many veterinarians (or lay 
consumers). Each veter inar ian vaccinates different herds, and within 
each herd there may be units such as litters of pigs. Is it reasonable to 
assume that  the outcome in a pig is independent of the outcome in its 
adjacent lit termate? Or tha t  it is identical to a pig in the next litter? 
The vaccine chain forms clusters within clusters, and clustering is 
often at the root of the failure of these assumptions. Thus, even before 
looking at the data we need to be skeptical about them. 

Once the data are before us, they should be closely examined for 
consistency with the assumptions. In example 2 (Fig. 7; see later  sec- 
tion), we consider a sequence of anaphylaxis AER rates for one year's 
production lots of a vaccine. There is an increase toward the end of 
the period. At what  point could one say tha t  a rate is different than  the 
others? It is apparent  tha t  the data  are somewhat variable, and the 
challenge is differentiating an observation that  is truly different from 
one simply manifesting the random variation typical of the type of data  
we are observing. 

In what  comes, notation is as follows. Let Y i represent the number  of 
AERs for lot or interval i, with h i the number  of doses sold of tha t  lot or 
in tha t  interval; k is the rate parameter  governing the intensity of the 
process, and a circumflex (^) over a parameter  indicates an est imate of 
tha t  parameter.  The cumulative AER rate intensity can thus be writ- 
ten ~ = ~,yi/~,hi, where summation is over all i. The expected value o f y  i 

will be designated ~i, and P~i = khi .  
In Fig. 4, the data of Figure 7 (shown later) are shown in the upper 

panel, while the lower panel shows a random sample generated under  
the Poisson assumptions. The cumulative AER rate was est imated as 
described, by lumping the data  across all of the individual lot rates, 
giving the estimate ~ = 3.3 x 10 -6. The illustrated random sample is 
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FIG. 4. Reporting rates for one year's production lots of a vaccine compared with a 
random sample drawn from a Poisson distribution with mean equal to the observed 
cumulative average rate (arrow). 

{(xi/h i) x 10 6} where the x i were randomly drawn as Poisson variates 
with expectation ~hi. 

It is clear that  the data are more spread out than the Poisson ran- 
dom sample; they manifest extra-Poisson variation, also known as 
overdispersion. If we were to apply standard procedures blindly for 
count data, say, by clicking the apparently relevant menu item in our 
favorite statistical software package, our inferences could be suspect. 

Those uncomfortable with graphical analysis may prefer a formal 
hypothesis test for overdispersion. A test statistic appropriate to most 
simple single-sample problems with an adequate sample size is 

�9 
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(For details on this and other tests, see Dean and Lawless, 1989, and 
Dean, 1992.) 

The first step in handling apparent overdispersion should be the 
search for systematic factors that  have been overlooked in constructing 
the model. If such factors can be observed, the model's systematic 
formulation can be refined. If we believe such factors exist but cannot 
be observed, they are termed latent. It may be possible to take latent 
variables into account in the analysis, as is done, for example, with 
finite mixture models. Often, however, we have no choice but to consid- 
er the unexplained variation to be random and use methods appropri- 
ate for overdispersed data. In postmarketing surveillance, overdisper- 
sion appears to be more common with biological products rather than 
drugs, veterinary rather than human products (possibly due in part to 
reports by lay consumers as well as health professionals), and in data 
grouped by lot rather than time interval. 

The source of overdispersion may influence our selection of the ran- 
dom component of our model. Among the contributors to overdisper- 
sion may be intracluster correlation, intercluster variation, or a latent 
mixture of populations. A compound process may exist (Fig. 3) where 
the probability that an event occurs, the probability that it is observed, 
and the probability that  it is reported may be governed by different 
random processes, any of which may be subject to overdispersion. 
Where there is no substantive basis for assuming the data have arisen 
from a particular parametric distribution, it may be difficult to deter- 
mine which distribution provides the best fit to the data. 

Figure 5 illustrates empirical histograms of AER rates compared 
with the estimated probability mass functions of a number of distribu- 
tions. Most are plausible, offering greater dispersion than the Poisson, 
but the data are not sufficient for us to select among them confidently. 

The dilemma of selecting a parametric model for the AER data we 
have examined, as well as computational and other considerations, has 
led us to rely on quasi-likelihood (QL) methods (Wedderburn, 1974). 
QL requires the specification of only the mean and variance rather 
than the entire distributional structure of the data, providing an ap- 
pealing flexible approach to modeling overdispersion. 

C. SOME METHODS FOR ADVERSE EVENT REPORT DATA 

The several methods illustrated here are not intended to survey 
surveillance methodology, but were selected to illustrate some proce- 
dures for overdispersed data. While approaches based only on means 
are inadequate, and describing the full distributional structure of the 
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FIG. 5. Selecting the parametric model that best fits a set of reporting rates may be 
difficult. Probability mass functions of several distributions are compared with empirical 
histograms. (A) Empirical histogram for the reporting rates of a dog vaccine. (B) Poisson. 
(C) Generalized poisson. (D) Negative binomial. (E) Empirical histogram for a cattle 
vaccine. (F) Poisson-Poisson finite mixture. (G) Poisson-negative binomial finite mix- 
ture. (H) Poisson-inverse Gaussian hierarchical mixture. 

da t a  is not  a lways  possible, the  var iab i l i ty  of the  da t a  m u s t  a lways  be 
considered.  The da t a  should a lways  be examined  directly,  before pro- 
ceeding to s u m m a r i e s  and  reduct ion.  The u t i l i ty  of g raphica l  me thods  
cannot  be overemphas ized .  

1. Interval Estimation: Modified Formula for Rate Ratio 

For  the  compar ison  of AER ra tes ,  such as a cu r ren t  r a t e  wi th  one dur ing  
some preceding  period, an  in te rva l  e s t i m a t e  of the  r a t e  ra t io  allows us to 
judge  both  the  m a g n i t u d e  of a change as well as i ts plausibil i ty.  

An in te rva l  e s t i m a t e  of the  r a t e  ra t io  for count  da t a  which are  not  
overdispersed  m a y  be computed  from the  following formula:  

z2 
R = 1 + ~/2 1 

2 
1/+ z. 2 jy (yz  2 +4y1 )] 

Y2 2yly2 
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where y. = Yl + Y2, R = (yl /hl) /(y2/h2),  and Z~ is the ~ quantile of the 
standard normal distribution. This formula is derived from a standard 
Poisson likelihood function, which is also the basis for the score test 
below. (The derivation is given in Siev, 1994, Appendix 1, and closely 
parallels one for the binomial case given by Gart, 1985.) 

In the presence of overdispersion, the following QL approximation 
can be used: 

R [~ 1 + ~ a12 1 1 Zotl2 " 2 
= _ Y.r 4YlY2 2 7 1 + 7 2  + SY" + 2YlY2 

The dispersion parameter  (~) may be estimated by the method of mo- 
ments as follows (Wedderburn, 1974). For the comparison of a single 
rate with an historical period, use 

= (n - 1) - 1 E  (Yi - ~ti )2/~t i 
i e H  

where summation is usually over the rates during the historical period 
only (indicated by H). For other comparisons involving, say, sets of 
rates for two vaccines, estimate 

2 ni 

~ : ( E n / - 2 ) - 1 E  E ( Y i j - - ~ i j ) 2 / ~ i j  
j=l i=1 

where j = 1, 2 depending on the vaccine, ny is the number of rates for 
vaccine j, a n d  fLij = Kjh~j with kj estimated by the cumulative rate for 
each vaccine separately. 

2. Hypothesis Testing: Sui tabi l i ty  of  Usual Procedures 

Although estimation is preferable, certain types of hypothesis test 
procedures may occasionally be useful to guide one's suspicions. Re- 
member that  they are just  guides and not formal significance tests. 
Adjustments for multiple comparisons may be needed. 

A test for of the hypothesis that  a current AER rate is no greater 
than the rate during some comparison period has been proposed (Nor- 
wood and Sampson, 1988). The basis of the Norwood-Sampson test is 
that,  if the reporting rate has not increased, the proportion of AERs 
received during the current period, conditioned on the total number of 
AERs, would not be greater than the proportion of doses sold. The 
comparison is thus internal, and it could be interpreted as a minimal- 
ist test in the spirit advocated by Hall (1989) if it did not specify a one- 
sided alternative. 
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The Norwood-Sampson test  assumes there is neither any systematic 
t rend during the historical comparison period nor overdispersion dur- 
ing the current  and comparison periods. Rejection of the null hypothe- 
sis would then imply a systematic difference between the rate inten- 
sities of the current  and comparison periods. The one-sided hypothesis 
is tested using the complement of the binomial cumulative distribution 
function: 

Yc -1 
1 - ~., px  (1_  p)n-x n!/(x! (n - x)!) 

x=O 

where n = Yc  + YH, P = h c / ( h c  + hH), and the subscripts are C for 
current  period and H for historical comparison period. 

The Norwood-Sampson test  is not appropriate when there is over- 
dispersion. Suppose we are comparing lot 21 with lots 1-20 in example 
2 (see Fig. 7 later). The hypothesis being tested is really tha t  k i = k for 
all i, tha t  is, all the rates are the same. Conditioned on the total, Eyi, 
the sequence of AERs by lot {Yi: i = 1 , . . . ,  21} has a Multinomial(Eyi, 
{Pi: i = 1 , . . . ,  21}) distribution. The multinomial probabilities are Pi = 
E(y i ) /E (Ey  j) = k ih i /Ek jh  j where summation is over all lots. If all k i = k, 
then Pi = hi /Ehi ,  the sales fraction, and parti t ioning as a binomial into 
current  rate and historical period is legitimate and results in the Nor- 
wood-Samson test. If, however, this is not the case, the Pi are not the 
sale fractions, and the test is invalid. 

The null hypothesis tha t  the rate ratio is unity could be tested with 
1 

the statistic (21- (h lY . ) /h . ) l (1 /h l  + 1/h2)h./(~Y.)} ~, where y. = 21 + Y2 and 
h = h 1 + h 2. If overdispersion is not present, assume $ = 1; other- 

\ ! 

wise use the moment  est imator shown earlier. Values of this statistic 
may be compared to the s tandard normal distribution, with extreme 
values offering evidence that  the rate ratio is not one. Results will 
agree with those from the formula for interval estimation of the rate 
ratio, from which it is developed, and there is thus little justification 
for using the test  ra ther  than  the estimate, other than  pedagogical 
grounds. 

a. E x a m p l e  1. In the sequence of quarterly anaphylaxis AER rates 
i l lustrated in Fig. 6, we may wish to compare the final rate  to the 
preceding eight. Most of the points during the comparison period fall 
within a 95% profile likelihood interval for the cumulative rate, and 
Dean's test  gives no evidence of overdispersion (p = 0.80). The rate 
ratio for the ninth quarterly rate relative to preceding 2 years is 3.14 
with a 95% interval est imate of 1.76 to 5.61. By the score test  p < 10 -4, 
and by Norwood-Sampson test  p < 10 -3. 
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FIG. 6. Adverse event reporting rate sequence with no evidence of overdispersion. 
Circles are proportional to the number of doses. The shaded band shows a 95% profile 
likelihood interval for the observed cumulative AER rate over the first eight quarters. 
The rate ratio for the ninth quarter is 3.14 (95% interval 1.76 to 5.61). 

b. Example 2. Here we see a sequence of anaphylaxis  AER ra tes  by 
production lot (Fig. 7). A fair bit of var ia t ion is evident. If lots 1 -20  are 
the comparison interval,  most  of its points fall outside a 95% profile 
likelihood interval  for the cumulat ive  rate.  By Dean's test,  p < 10 -5, 
support ing our impression of overdispersion. Interval  es t imates  of the 
ra te  ratios for lots 21-23  all exceed 1.0, with lot 23 subs tant ia l ly  so. If 
the formula neglecting overdispersion were used, intervals  for lots 13 
and 18 would also exceed 1.0 (Table I,B). The quasi-score tes t  finds lots 
21 -23  significantly different t h a n  the comparison period (Table I,C). 
Now, suppose we had applied the Norwood-Sampson tes t  to these data.  
In addition to the final three  lots, the ra tes  of lots 13, 14, and 18 
(indicated by diamonds in the f igure)would  also have p values -<0.05 
when  compared with the preceding lots. 
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FIG. 7. Adverse event reporting rate sequence with overdispersion. The shaded band 
shows a 95% profile likelihood interval for the observed cumulative AER rate over lots 1-  
20. A rate ratio interval for lot 23 supports the position that  its AER rate is substantially 
elevated compared with lots 1-20, and intervals for lots 21 and 22 indicate moderate 
elevation. Diamonds indicate lots that  could be found significantly elevated by the inap- 
propriate use of the Norwood-Sampson test. Circles and diamonds are proportional to 
the number of doses. 

3. Loglinear Modeling: Quasi-Likelihood 

A large set of data, with many concomitant factors and covariates, 
cannot be adequately handled with just  univariate procedures for indi- 
vidual estimates or comparisons. What is needed is a unified model for 
the entire data set. Loglinear models for counts have been extensively 
developed (e.g., Agresti, 1990). The multiplicative process identified 
earlier, AERs = Exposure x Intensity, is expressed in our notation as 
the loglinear model log(~) = log(h) + k, where ~ = Ex~ (subscripts 
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TABLE I 

SEQUENCE OF ANAPHYLAXIS AERs USED IN EXAMPLE 2 

A. Data a 

7(114,600), 7(83,000), 1(142,250), 2(95,100), 1(26,875), 0(161,300), 1(82,450), 
2(160,375), 10(219,125), 0(86,700), 1(79,575), 2(150,900), 9(142,325), 9(161,825), 
4(152,425), 8(164,250), 2(159,700), 15(238,125), 4(206,375), 9(208,875), 24(276,925), 
23(232,625), 29(160,675) 

B. Rate ratio intervals b C. p values c 

Adjusted Standard Norwood- 
Lot formula formula R Lot Quasi-score Sampson 

13 0.78 8.74 1.27 5.36 2.61 13 .13 .01 
14 0.61 6.50 0.99 4.04 2.00 14 .27 .05 
18 0.88 4.96 1.20 3.63 2.08 18 .10 .01 
21 1.32 5 .18  1 .68  4 . 0 8  2.62 21 .005 10 - 4  
22 1 .49  5 .98  1 .90  4 .69  2.98 22 .002  < 1 0  - 4  
23 2 . 8 8  10 .30  3 .60  8 .24  5 .45 23 < 1 0  - s  < 1 0 -  lo 

aNumber of AERs and number of doses (in parentheses) for each of 23 production lots. 
bInterval estimates (95%) of rate ratios by the formula adjusted for overdispersion 

compared with the standard formula. Intervals not covering 1.0 are in bold type. Rate 
ratios for lots 21-23 are each relative to lots 1-20. Rate ratios for lots 13, 14, and 18 are 
each relative to all preceding lots. 

cp Values by the quasi-score and Norwood-Sampson tests. Values -<0.05 are in bold 
type. Adjustments for multiple comparisons were not made. 

suppressed) so that  the intensity is a function of explanatory factors. 
The model's random component is implied by ~L, the expectation of y, 
and y is typically taken to follow the Poisson distribution. 

When overdispersion is present, the random component is no longer 
strictly Poisson. Parametric regression models have been applied to 
overdispersed count data (e.g., Lawless, 1987; Dean et al., 1989; Consul 
and Famoye, 1992). We have chosen models based on the QL approach, 
which requires fewer assumptions. QL models for count data include a 
variance specification that  allows for adjustment by dispersion. The 
models used here specify the variance as ~)~ (which is the Poisson 
variance when ~ = 1). Estimation can then be done as usual, using 
standard loglinear modeling software, and ~ estimated as above. [An- 
other widely used variance formulation is ~(1 + ~L), and an iterative 
procedure is used for estimation (Breslow, 1984)]. It may also be that  
is not constant but varies as function of the covariates. Estimation of 



ANALYTICAL METHODS FOR POSTMARKETING SURVEILLANCE 769 

along with the regression coefficients can be done by maximizing the 
extended quasi-likelihood (EQL) function (Nelder and Pregibon, 1987). 

a. Example  3. A set of AERs is illustrated in Fig. 8a plotted by 
type-specific rate per month, and in Fig. 8b by type-specific rate per lot. 
Only marginal AER totals were available (AER counts by lot or by 
month, but not jointly by lot and month), so that  separate models for 
each sequence had to be fit, rather  than the more desirable joint model. 
Each type of sequence may highlight particular features of the data. 
The vaccination sequence may detect temporal changes and hence fol- 
low field conditions more closely. The production sequence may reflect 
the influence of manufacturing circumstances. 

EQL models were fit to each sequence. For the vaccination sequence 
(Fig. 8a), a polynomial regression curve models the spike in reporting 
rates well, with little temporal effect evident before the spike. It is 
interesting that  there is not just  a change in the magnitude of the AER 
rate, but in its variability as well. Estimates of ~ are 1.49 before the 
spike and 0.43 during the spike. This sharp reduction in dispersion 
during a period when reporting rates increased supports the view that  
the process was altered. Overdispersion during the "typical" period 
makes it difficult to model underlying temporal patterns that  may be 
present, at least without much more data. In the production sequence 
(Fig. 8b), the effect of a formulation change is modeled using four 
covariates related to the new formulation. The shaded bars show the 
percent of each lot by the new formulation. AER rates appear to be 
lower with greater amounts of the new formulation. 

VI. Summary 

Any analysis of spontaneous AER data must  consider the many bi- 
ases inherent in the observation and reporting of vaccine adverse 
events. The absence of a clear probability structure requires statistical 
procedures to be used in a spirit of exploratory description rather  than 
definitive confirmation. The extent of such descriptions should be tem- 
perate, without the implication that  they extend to parent  populations. 
It is important to recognize the presence of overdispersion in selecting 
methods and constructing models. Important stochastic or systematic 
features of the data may always be unknown. 

Our at tempts to delineate what constitutes an AER have not elimi- 
nated all the fuzziness in its definition. Some count every event in a 
report as a separate AER. Besides confusing the role of event and 
report, this introduces a complex correlational structure, since multi- 



FIG. 8. Observed abortion AER rates (thin line) for a cattle vaccine and the fit of 
extended quasi-likelihood models to the data (thick line). (a) AER rates plotted by 
month. The shaded area is a joint 95% confidence band for the regression curve. (b) AER 
rates plotted by production lot. The shaded bars show the percent of each lot comprised 
of material  manufactured according to a new formulation. 
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ple event descriptions received in a single report can hardly be consid- 
ered independent. The many events described by one reporter would 
then become inordinately weighted. The alternative is to record an 
AER once, regardless of how many event descriptions it includes. As a 
practical compromise, many regard the simultaneous submission of 
several report forms by one reporter as a single AER, and the next 
submission by that  reporter as another AER. This method is reason- 
able when reporters submit AERs very infrequently. When individual 
reporters make frequent reports, it becomes difficult to justify the in- 
consistency of counting multiple events as a single AER when they are 
submitted together, but as separate AERs when they are reported at 
different times. 

While either choice is imperfect, the latter approach is currently 
used by the USDA and its licensed manufacturers in developing a 
mandatory postmarketing surveillance system for veterinary im- 
munobiologicals in the United States. Under the proposed system, 
summaries of an estimated 10,000 AERs received annually by the 
manufacturers would be submitted to the USDA. In quantitative sum- 
maries, AERs received from lay consumers are usually weighted equal- 
ly with those received from veterinary health professionals, although 
arguments have been advanced for separate classifications. 

The emphasis on AER rate estimation differentiates the surveillance 
of veterinary vaccines by the USDA CVB from the surveillance of vet- 
erinary drugs as practiced by the Food and Drug Administration (FDA) 
Center for Veterinary Medicine (CVM). The FDA CVM does, in fact, 
perform a retrodictive causality assessment for individual AERs (Par- 
khie et al., 1995). This distinction reflects the differences between vac- 
cines and drugs, as well as the difference in regulatory philosophy 
between the FDA and the USDA. The modified Kramer algorithm 
(Kramer et al., 1979) used by the FDA relies on features more appro- 
priate to drug therapy than vaccination, such as an ongoing t rea tment  
regimen which allows evaluation of the response to dechallenge and 
rechallenge. In tracking AERs, the FDA has emphasized the inclusion 
of clinical manifestations on labels and inserts, while the USDA has 
been reluctant to have such information appear in product l i terature 
or to use postmarketing data for this purpose. 

The potential for the misuse of spontaneous AER data is great. Dis- 
information is likely when the nature of this type of data is misun- 
derstood and inappropriate analytical methods blindly employed. A 
greater danger lies in the glib transformation of AER data into some- 
thing else entirely. Since approval before publication is not required, 
advertisements for veterinary vaccines appear with claims such as 
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"over 3 million doses, 99.9905% satisfaction rating," or "11,500,000 
doses, 99.98% reaction free." These claims, presumably based on spon- 
taneous  AERs, are almost f raudulent  in their  deceptiveness. Are we to 
suppose tha t  11.5 million vaccinations were observed for reactions? 

In comparing the two advert isements ,  we find the second presumed 
AER rate  is double the first. There is no basis for supposing tha t  a 
comparison of this type provides any information whatsoever  about the 
relative safety of the two vaccines. Comparisons of AER rates mus t  be 
done with great  caution, and the comparison between manufac ture rs  
is par t icular ly  tricky. Figure 9 shows the report ing rate ratios for the 
cat vaccines of three manufac ture rs  relative to a fourth. Two of the 
manufac ture rs  have about the same AER rate, but  manufac ture r  C's 
rate  is about three t imes tha t  of manufac ture r  D. Should we conclude 
tha t  C's vaccines are three t imes as reactive? This is certainly not so, 
since the vaccines of C and D were identical, produced by the same 
manufac tu re r  who simply labeled one lot for C and another  lot for D. 
There is a threefold difference in AER rates between vaccines tha t  
were identical except for their  label or some factor confounded with the 
label. 

It is apparen t  tha t  the h u m a n  element is the most critical one in the 
analysis  of rates  of spontaneous reports of adverse events. The specific 

FIG. 9. Adverse event reporting rate ratios for four manufacturers' cat vaccines rela- 
tive to manufacturer C. Rate ratios and 95% intervals were estimated from a quasi- 
likelihood model. Manufacturer A's interval overlaps the vertical line (rate ratio = 1), 
indicating no evident difference between the reporting rates of A and C. 
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features of spontaneous AER data, combined with the complexity of 
the U.S. veterinary biologics industry, cloud the interpretation of any 
unusual phenomenon observed in the surveillance of reporting rates. 
Automated procedures alone will not give consistently meaningful re- 
sults. In view of their distinctive characteristics, reporting rates must 
be interpreted cautiously by experienced analysts using great discre- 
tion. 
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type C botulism and, 554-555 

Black-footed ferrets, 552, 559 
Blastogenesis, suppression, in blood lym- 

phocytes, 687 
Blood lymphocytes, suppression of blast- 

ogenesis in, 687 
Blowflies, 554 
Blue catfish, see Catfish 
~Blue eye," 314, 689 
Blue tongue virus, 718 
Bone marrow, immune response in, 408, 

409 
Booster vaccinations, see Annual vaccina- 

tions; Revaccination 
Bordetella bronchiseptica 

canine distemper and, 20-21 
kennel cough and, 315-316 

Bordetella bronchiseptica vaccines, 316, 
420, 423, 427 

Borrelia burgdorferi, 316-317, 368-369; 
see also Lyme disease 

Borrelia hermsii, 369 
Borrelia theileri, 369 
Botulism, Type C, in wild animals, 553- 

555 
Bovine herpesvirus 1 

diagnostics for, 205-206 
distribution, 659 
early detection of, 31 
economics of vaccination for, 661 
eradication of, 197, 206-207 
herd immunity and, 210-211 

Bovine herpesvirus 1 vaccines 
administering with other vaccines, 695 
efficacy of, 202-204 
marker vaccines, 201-202 

overview of, 201 
residual virulence and, 686 
safety of, 204-205 
vaccine-induced immunosuppression 

and, 687 
Bovine leukemia, 40 
Bovine leukosis virus, 29, 31 
Bovine mastitis 

diagnostics for, 267-268, 269 
economics of, 257, 266 
etiologic agents of, 258 

Bovine mastitis vaccines 
for clinical coliform mastitis, 264-267 
difficulties in, 257-258, 268 
economics of, 257, 266 
Mycoplasma bovis and, 263 
overview of, 268-269 
polyvalent, 261 
for Staphylococcus aureus, 258-262 
for Streptococcus agalactiae, 261, 262 
Streptococcus dysgalactiae and, 262- 

263 
for Streptococcus uberis, 261, 263-264 

Bovine respiratory disease, 207-208 
Bovine respiratory syncytial vaccines, 

689 
Bovine respiratory syncytial virus 

CD8 T cells and, 277 
characteristics of, 187-188 
immune response to, 188-191, 192 

Bovine serum, in vaccines, cross-reac- 
tivity and, 743, 745 

Bovine trichomoniasis, see Tri- 
trichomonas foetus 

Bovine tuberculosis, see Tuberculosis 
Bovine vaccines, see also specific vaccines 

contamination of, 717 
Bovine venereal campylobacteriosis, see 

Campylobacteriosis 
Bovine viral diseases 

ecology of infection and, 29 
eradication of, 197-198 
posteradication period and, 210-211 

Bovine virus diarrhea vaccines 
efficacy of, 208 
onset of immunity and, 211 
overview of, 207-208 
safety of, 208-209 
triggering of mucosal disease by, 690- 

691 



780 INDEX 

Bovine virus diarrhea vaccines (cont.) 
vaccine-induced immunosuppression 

and, 207, 687 
Bovine virus diarrhea virus 

antigenic diversity and, 660 
CD4 T cells and, 277 
in contamination of bovine vaccines, 

717 
diagnostics for, 209 
distribution, 659 
eradication of, 197, 209-210 

Breeders, canine, vaccine use and, 291 
Breeds, see Dogs 
Bronchial lymph nodes 

enteropathogenic viruses and, 433, 
436-439 

functional compartmentalization in, 
439 

"Brooder pneumonia," 499 
Brucella abortus, 218-219, 232 
Brucella abortus vaccines, 524-525, 532 
Bulls 

campylobacteriosis and, 230 
trichomoniasis and, 225 

Burdon-Sanderson, J.S., 15, 22 
Bursa of Fabricius, 487, 488, 507, 511 
Bursaplex, 507-509 

Calciviruses, 3 
Camplylobacter fetus subsp, venerealis, 

221-224 
Campylobacteriosis, see also Vibrosis 

diagnosis of, 223-224 
evasion of host defenses by, 223, 231 
genital mucosal inductive sites of, 228- 

229 
immune response to, 222-223, 228, 

230 
pathogenesis of, 221-222 
similarity with trichomoniasis, 224 
vaccine development and, 233 

Campylobacter jejuni, 512 
Canarypox virus vector, 151, 153 
Canine adenovirus type 1, 314, 726 
Canine adenovirus type 1 vaccines, 294- 

295 
"blue eye" and, 314, 689 

Canine adenovirus type 2, 314, 315 
Canine adenovirus type 2 vaccines 

for canine adenovirus type 1, 314 
canine hepatitis and, 302-303 
overadministration of, 728 
overview of, 315 

Canine coronavirus, 349 
antibody-dependent enhancement and, 

351 
in canine parvovirus mixed infections, 

301, 313 
outbreaks of, 302 
overview of, 300-301 

Canine coronavirus vaccines 
efficacy and, 291 
overview of, 301-302, 313-314 
in polyvalent canine distemper vac- 

cines, 294 
safety issues and, 293 

Canine distemper encephalitis, 294-295, 
296, 301-302, 312 

Canine distemper vaccines, see also Mink 
distemper vaccines 

annual vaccination and, 5, 295, 303 
canarypox virus vector and, 153 
development of, 8 
duration of immunity and, 295, 296, 

726 
early vaccines, 17-22 
efficacy issues and, 293 
maternal antibodies and, 294, 295 
minimal immunizing dose for, 294, 

295, 296 
overview of, 311-312 
in polyvalent vaccines, 294-295, 301- 

302, 314 
postvaccinal encephalitis and, 294- 

295, 296, 301-302, 312 
production of, 293-294 
protective titers for, 726-727 
recombinant, 296, 312 
residual virulence and, 686, 687 
safety issues and, 293 
success of, 302 
wild animals and, 552-553 

Canine distemper virus, see also Mink 
distemper 

clinical course of, changes in, 568 
distribution, 659 
first isolation of, 19 
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future research and, 567-568 
induced outbreaks and, 566-567 
infectious period in, 565-566 
production of inclusion bodies by, 561 
in wild animals, 551-553 

Canine hepatitis, 302-303, 314 
Canine herpesvirus, 26 
Canine measles, see Canine distemper 
Canine parainfluenza virus, 315 
Canine parvovirus, 411, 659, 661 
Canine parvovirus type 2, 298-299, 301, 

312-313 
Canine parvovirus type 2 vaccines 

administration to pups, 297-298, 299- 
300 

efficacy and, 291, 298-300 
immunity duration in, 296-297, 300 
immunosuppression and, 298 
maternal antibodies and, 297, 313 
in polyvalent vaccines, 314 
revaccination and, 303 
safety and, 300 
types of, 296-297 

Canine parvovirus vaccines 
adverse reactions to, 722 
age at first administration, 661 
contamination of, 718 
duration of immunity and, 726 
efficacy and, 293 
overview of, 312-313 
protective titers for, 726-727 
virus-antibody complexes and, 510 

Canine rotavirus, 718 
Canine vaccines, see also specific vaccines 

disease outbreaks, nonvaccinated popu- 
lations and, 291, 319 

efficacy of, 291-292, 293 
frequency of administration, 303, 310, 

318 
history of, 309 
intranasal administration, 310 
modified live virus strains and, 292- 

293, 309-310 
overview of, 309-310, 318-319 
public awareness of, 289-291, 304 
quality of, 304 
recombinant, 292 
safety issues and, 291, 293 
in small animal practice, 290 
successes of, 302-303 

Caprine arthritis-encephalitis, 29 
Capsular polysaccharide, type 5, 261 
Capsular proteins, 260, 261 
Carbohydrate antigen type 1, 46, 48 
Carbohydrate antigen type 5, 46, 48 
Carr6, H., 21, 22 
Carrier organisms, see Bacterial vectors; 

Virus vectors 
Caseous necrosis, 140 
Catfish, Edwardsiella ictaluri and, 524, 

525-535 
Cats 

adverse vaccine reactions in, 717 
Bartonella henselae and, 338-340 
factors affecting vaccination in, 660- 

661 
feline infectious peritonitis vaccination 

and, 353 
Helicobacter pylori and, 341 
overvaccination and, 718 
protective titers for, 727 
Toxoplasma gondii and, 336-338 
vaccine-induced fibrosarcomas and, 5, 

704-705, 709 
Yersinia pestis and, 342 
zoonotic pathogens and, 335-342 

Cat scratch disease, 338-340; see also 
Bartonella henselae 

Cattle 
acute phase proteins in, 646 
botulism and, 554 
class I MHC genes in, identification of, 

190 
DNA vaccines and, 175 
immunization development and, 285 
stress-related immunosuppression in, 

71-74 
T cells in 

CD45 subpopulations, 278-282 
dendritic cell-induced responses, 

284-285 
~/8 T cell activation and function, 

282-284 
~/8 T cell trafficking, 64 
identification of subpopulations, 276 
in vivo roles of, 276-278 

vaccine contamination and, 717 
vaccine costs and, 175 
vaccine-induced mucosal disease in, 

690-691 
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Causality, concepts of, 754-755 
CD11a/CD18 integrin, 67-68, 69 
CDllb/CD18 integrin, 62, 68 
CD31 immunoglobulin, 69 
CD45 antigen, in T cell subpopulations, 

278-282 
CD62E adhesion molecule, 63, 66 
CD62L adhesion molecule 

~/5 T cells and, 64, 73 
glucocorticoids and, 73-74 
leukocyte trafficking and, 62, 66, 67, 

69, 70 
CD62P adhesion molecule, 63, 66 
Cell death, in B cells, rescue from, 744 
Cell-mediated immune response, see also 

Cytotoxic T cell immune response 
in avian immune system, 489-490 
in disease resistance, 42 
DNA immunization and, 165 
feline infectious peritonitis and, 350 
heritability and, 43 
herpesviruses and, 454-455 
immune-response selected pigs and, 

45-46, 48-49 
modulation by interleukin 12, 450, 

455-456 
in protective immunity, 524 
pseudorabies virus vaccines and, 451- 

452, 455-456 
suppression of during pregnancy, 71- 

72 
Toxoplasma gondii and, 337 
tuberculosis and, 137-138 

Cell surface receptors, see Integrins 
Cellular compartments, plasmid-induced 

immunity and, 168 
Center for Veterinary Biologics, 627, 682 

adverse event report data and, 771 
licensing procedures and, 587-588 
units within, 586-587 
vaccine efficacy and, 751 

Center for Veterinary Medicine, 771 
Cerebellar hypoplasia, 687 
Ceruloplasmin, 648 
Challenge trials 

bovine herpesvirus 1 vaccines and, 
202-203 

for clinical coliform mastitis vaccines, 
266 

leading to vaccine failure, 694 

in licensing procedures, 589 
for mink distemper vaccine, 560-561 
for Streptococcus uberis vaccines, 263- 

264 
swine vaccines and, 420 
vaccine efficacy and, 751 

Channel catfish 
annual production of, 539 
Edwardsiella ictaluri and, 524, 525-535 

beta-Chemokines, 411 
Chick cell agglutination test, 603 
Chicken embryo propagated vaccines, for 

mink distemper, 558-564 
Chickens, see also Poultry 

immune system of, 487-490 
Chinese Shar Pei dogs, 721 
Chlamydia, 29, 31 
Chlamydia psittici, 31; see also Psit- 

tacosis 
Chloride ion concentration test, 267 
Cholecystokinin, immune-induced an- 

orexia and, 56-57 
Cholera toxin 

adjuvanticity of, 85-98, 99, 106 
dual-signal integration and, 94 
interleukin 1 and, 94-96 
interleukin 12 and, 97-98 
SBR-CTA2/B, 106-109 
structure of, 84 
A subunit, 84-85, 106 

Cholera toxin, B subunit 
activity of, 84, 85, 92, 93 
adjuvanticity of, 106, 110, 111 
cholera toxin adjuvanticity and, 86-92, 

99 
dual-signal integration and, 94 
immunogenicity of, 85, 86 
interleukin 1 and, 94-96 
interleukin 12 and, 97-98 

Chromogen, 648 
Chromogenic limulus amebocyte lysate 

test, 267 
Chronic fatigue syndrome, 73 
Clarius batrachus, 525 
Class I antigen processing, 184-185 
Class II antigen processing, 184-185 
Clearance 

Edwardsiella ictaluri RE-33 vaccine 
and, 529, 531, 532, 534 

role of antibodies in, 168-169 
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Climate, effects on vaccination, 662 
Clonal dominance, deceptive imprinting 

and, 118, 120, 122 
Clonal expansion, in deceptive imprint- 

ing, 119 
Clostridiosis vaccine, 421 
Clostridium botulinum Type C, 553- 

555 
Clostridium perfringens C vaccine, 420 
Coccidiosis, 512 
Codified efficacy testing, 635 
Cold-water vibrosis, 547 
Colibacillosis vaccine, 421, 422, 426 
Colic, 395, 399 
Coliform mastitis, clinical, 264-267, 

269 
Color genes, in mink, distemper mortal- 

ity and, 567-568 
Combined vaccines, see Polyvalent vac- 

cines 
Committee for Veterinary Medicinal 

Products, 385-386, 596-597 
Common mucosal immune system, 434- 

435 
Companion animals 

benefits of DNA immunization and, 
175 

risk management for, 709 
use of vaccines for, 290 
vaccine safety concerns and, 701-702 

Compartments, cellular, plasmid-induced 
immunity and, 168 

Complete Freund's adjuvant, see 
Freund's adjuvant, complete 

Concomitant immunity, 117 
Conditional licenses, 591 
Conjugated linoleic acid, immune-in- 

duced wasting and, 55-56 
Contagious equine metritis, 370-371 
Conventional antigens, 121 
Core antigen vaccines, for clinical coli- 

form mastitis, 265-267, 269 
Corneal edema, 689 
Cornyebacterium equi, 372 
Coronaviruses, 349, 430, 431; see also 

Canine coronavirus; Feline coro- 
navirus; Porcine respiratory coro- 
navirus 

Corticosteroids, in treatment of vaccine- 
associated disease in dogs, 724 

Cortisol, vaccine-induced autoimmunity 
and, 738 

Costimulatory molecules, see Adjuvants 
Cowpox, 8, 9, 10, 11 
Coxiella burnetti, 342 
Coyotes, controlling rabies in, 580-581 
Crohn's disease, 96 
Cryptosporidium parvum, 96, 342 
Culicoides spp., 365 
Culture filtrate fraction vaccine, 140 
Cutaneous lymphocyte-associated anti- 

gen, 62, 70 
Cyclic AMP (cAMP), cholera toxin and, 

84-85 
Cysteine proteases, 231 

of liver fluke, 244-245, 246 
Cytokine assays, acute phase protein as- 

says and, 646 
Cytokines 

acute phase proteins and, 645-646 
as adjuvants, 5, 448-449, 457-458, 

486-487 
CD45 T cell subpopulations and, 279- 

280 
cholera toxin induction of, 85, 93 
effects of glucocorticoids on, 73-74 
excessive induction of, 687-688 
in helminth-induced responses, 246 
ICAM-1 expression and, 68 
immune-induced wasting and, 54, 55 
in immune-response selected pigs, 46 
induction by immune stimulating com- 

plexes, 410 
in mucosal adjuvanticity, 94-99 
in periparturient immunosuppression, 

71-72 
SBR-CTA2/B chimeric cholera toxin 

protein and, 108 
stimulation of selectin expression by, 

66-67 
in Strongylus vulgaris infections, 391, 

397, 400-402 
Cytomegalovirus, 450 
Cytotoxic T cell immune response, see 

also Cell-mediated immune response 
in bovine respiratory syncytial virus 

immunity, 189, 190-191, 192 
DNA immunization and, 166, 175 
epitope recognition in, MHC polymor- 

phism and, 183 
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Cytotoxic T cell immune response (cont .)  
feline immunodeficiency virus vaccines 

and, 327 
immune stimulating complexes and, 

407 
pseudorabies virus vaccines and, 451- 

452 

Dairy cattle, see also Cattle 
disease resistance traits, heritability 

of, 41 
Deceptive imprinting 

B cell abnormalities in, 119-122 
described, 117, 118 
function of, 129 
HIV-1 modeling of, 117-119 
primary response to HIV-1 infection 

and, 123-128 
suppression of T cell polyclonal re- 

sponse in, 122 
vaccine failure and, 129-130 

Delayed-type hypersensitivity immune 
response 

cutaneous, in immune-response se- 
lected pigs, 43, 44 

immune stimulating complexes and, 
410 

tuberculosis and, 138 
Deletion mutations 

in live attenuation of virus vectors, 150 
in marker vaccine design, 201 

Dendritic cells, see also Afferent lymph 
veiled cells 

induction of T cell responses by, 282- 
284 

plasmid-induced immunity and, 167 
virus-antibody complexes and, 511 

Depression, 395 
D e r m a t o p h i l u s  congolense, 10 
Dexamethasone, 72-73, 73, 74 
Diagnosis 

concepts of causality and, 754-755 
distinguished from infection detection, 

27-31 
Diagnostic medicine 

future of, 34-36 
infection detection and, 25-26, 28-31 

methods in, 31-32 
predictive value of preclinical testing 

in, 33-34 
traditional approaches to, 26-28 

Diagnostic tests, see also i n d i v i d u a l  tests; 

Preclinical testing 
controlling disease transmission and, 

360, 372 
future of, 34-36 
indirect, enzyme-linked immunoabsor- 

bent assays and, 372 
in infection detection, 26 
international reference reagents and, 

676-677 
levels of sensitivity in, 32 
OIE Standards Commission and, 672- 

677, 678 
Diapedesis, 65, 68 
Diarrheal disease 

enterpathogenic viruses and, 430, 433 
in swine, economic costs of, 464-465 

DiGeorge's syndrome, 452 
Dilutents, 693 
Diptheria-tetanus-pertussis vaccine, 

734 
Disease, see Autoimmune disease; Diar- 

rheal disease; Exotic disease; Im- 
mune-mediated disease; Infectious 
disease; Sexually transmitted dis- 
ease; Zoonotic disease 

Disease prevention, see also Preventive 
medicine 

epidemiological approach to, 415-417 
role of vaccines in, 666 

Disease resistance, genetic predisposition 
and, 39-49 

Disease transmission, see also Mosquito- 
transmitted viruses; Sexually trans- 
mitted disease; Tick-borne disease; 
Transmissibility; Virus shedding 

controlling with vaccination, 664 
of distemper in ferrets, 564 
eradication of carrier states and, 175- 

176 
feral swine and, 464 
fleas and, 339-340 
long-distance, horses and, 359-360, 

372, 379-380 
Distemper, see Canine distemper; Mink 

distemper 
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Distemper vaccines, see Canine dis- 
temper vaccines 

DNA, immunomodulatory effects of, 
170 

DNA immunization 
antibody isotypes and, 168-169 
development of, 163-164 
DNA integration and, 164, 173 
DNA persistence and, 173 
DNA shedding and, 173 
economics of, 175 
efficacy of, 164 
exotic diseases and, 175-176 
future of, 174-176 
humoral immune response and, 164, 

165 
induction of immunity and, 166-168 
injection site reactions and, 169, 175 
mucosal immune system and, 169-170, 

175 
passive antibodies and, 171-172, 174 
polyvalent, 174-175 
regulatory issues and, 172-173 
universality of, 164-166 
vaccine delivery in, 169-171 

DNA technology, see Biotechnology; DNA 
immunization 

DNA vaccines, 4 
for feline immunodeficiency virus, 329 
for poultry, 520-521 
tuberculosis and, 140-141 

DNA virus vectors, 147 
Doberman pinschers, 661 
Dog owners, vaccine use and, 291 
Dogs 

adverse vaccine reactions in, 719-725, 
728 

overvaccination and, 718 
susceptibility to disease and, 661 
vaccine-induced autoimmunity and, 

705-706, 734-745 
Dosages, see Minimal immunizing dose 
Drenching, 250 
Drug residues, 664 
Drug resistance, 664 
Dual-signal integration immune re- 

sponse, 93-94 
Dunking, G.W., 22 
Duration of immunity, see Immunity, du- 

ration of 

Dusting, mink distemper vaccine and, 
562 

Ear, DNA vaccine delivery and, 170 
Eastern equine encephalitis, 364 
Ecchymotic hemorrhages, see Immune- 

mediated thrombocytopenia 
Ecology of infection, 29-31 
Ecosystems, effects on vaccination, 662 
E d w a r d s i e l l a  ic ta lur i ,  523; see also  En- 

teric septicemia of catfish 
bacterins, 524, 525 
EILO isolate, 525, 532 

E d w a r d s i e l l a  i c ta lur i  RE-33 vaccine 
characteristics of, 527-528 
clearance and, 529, 531, 532, 534 
production of, 525-527 
protective immunity and, 531-531, 

534-535 
reversion to virulence and, 529 
safety and, 528-529, 534 

Effector cells, in helminth-induced re- 
sponses, 245 

Efficacy, see Vaccine efficacy; Vaccine effi- 
cacy testing 

Egg injection equipment, 497-498; see 

also  Inovoject egg injection system 
Eggs, see a lso  I n  ovo vaccination 

hatchability, 500-502 
in  ovo vaccine delivery and, 485, 490 

E h r l i c h i a  equi ,  368 
E h r l i c h i a  ristcii ,  368 
Ehrlichiosis, 26, 368, 662 
EIA test, 124, 126, 127 
E i m e r i a  tenel la ,  512 
ELISAs, see Enzyme-linked immunoab- 

sorbent assays 
ELISPOT assay, 455 
Embryos, see I n  ovo vaccination 
Encephalitis 

B a r t o n e l l a  hense lae  and, 339 
caprine arthritis-encephalitis, 29 
equine, 364 
polyvalent parvodistemper vaccine 

and, 5 
postvaccinal, canine distemper vaccines 

and, 294-295, 296, 301-302, 312 
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Encephalitis (cont.) 
Toxoplasma gondii and, 336 

Encephalomyelitis, 464 
Endogenous antigen processing, 184-185 
Endometrium, bovine trichomoniasis 

and, 229 
Endothelium 

CD31 immunoglobulin and, 69 
leukocyte trafficking and, 61-62, 65 
selectins and, 67 

Endotoxins, see also Lipopolysaccharides 
excessive cytokine induction and, 688 
Haemophilus somnus infection and, 220 

Enteric infections, see also Entero- 
pathogenic viruses 

oral immunization and, 476 
in swine, economic costs of, 464 
viral, vaccination and, 433 

Enteric redmouth disease, 540, 543-544 
Enteric septicemia of catfish 

causative agent, 523 
Edwardsiel la ictaluri RE-33 vaccine 

and, 525-535 
protective immunity and, 525 

Enteric vaccines, 433-434, 475 
Enterocytes, 410, 429, 430 
Enteropathogenic viruses, see also Enter- 

ic infections 
characteristics of, 430-434 
diarrhea and, 430 
enteric vaccines and, 433-434 
group A rotavirus vaccines and, 440- 

442 
mucosal immune response to, 434-442 
oral vaccines and, 429-430 
pathogenesis of, 431-433 
transmissible gastroenteritis virus vac- 

cines and, 439-440 
Enterotoxins, see also Cholera toxin; 

Heat-labile toxin 
mucosal adjuvanticity and, 106 

Envelope glycoproteins, see Glycoproteins 
Enzyme-linked immunoabsorbent assays 

(ELISAs) 
antibody detection and, 372 
in bovine herpesvirus 1 diagnostics, 

205-206 
in bovine mastitis diagnostics, 268, 269 
in bovine virus diarrhea virus diagnos- 

tics, 209 

in foot-and-mouth disease diagnostics, 
200 

in Haemophilus somnus diagnostics, 231 
in poultry antibody detection, 488, 489 
in Strongylus vulgaris antibody detec- 

tion, 396-397 
in trichomoniasis diagnostics, 231 

Eosinophilia, 246 
interleukin 5 and, 400 
in Strongylus vulgaris infections, 390- 

391, 396 
Epidemiology 

concepts of causality and, 754-755 
impact on vaccination, 660, 666 
input to immunoprophylaxis, 415-417 
in vaccine risk assessment, 704-706, 

710 
Epinephrine, 637 
Epithelium 

genital, bovine trichomoniasis and, 230 
gut-associated, interleukin-1 and, 94 
mucosal, immunoglobulin A and, 111 

Epitopes, 115; see also Immunodominant 
epitopes 

diversity and, 660 
effects on DNA immunization, 170 
masking of, 129 
T cell recognition of, 183 
T cell-recognized, identification of, 

186-187 
Epizootics 

equine influenza and, 379 
equine salmonellosis and, 371 
rabies and, 576 

Epstein-Barr virus, 411 
Equine abortion virus, 361-363 
Equine arteritis virus, 363-364 
Equine coital exanthema, 362 
Equine ferritin, 73 
Equine herpesviruses, 361-363, 411 
Equine infectious anemia, 29, 33, 366 
Equine Influenza Surveillance Pro- 

gramme, 380-386, 603 
Equine influenza vaccines, 361 

antigenic drift and, 381-382, 384 
efficacy of, 380 
Equine Influenza Surveillance Pro- 

gramme and, 380-386 
licensing of, 382-383, 385-386, 602- 

604 
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Equine influenza virus 
causative agent of, 360 
diagnosis of, 361 
emerging strains, 381-382, 384, 603 
epizootics and, 379 
Equine Influenza Surveillance Pro- 

gramme and, 380-386, 603 
long-distance transmission of, 379-380 

Equine metritis, contagious, 370-371 
Equine monocytic ehrlichiosis, 368 
Equine rabies, 367 
Equine rhinopneumonitis virus, 361-363 
Equine rotaviruses, 367 
Equine variola, 11; see also Horsepox 
Eradication 

of bovine herpesvirus 1, 197, 206-207 
of bovine virus diarrhea virus, 197, 

209-210 
of foot-and-mouth disease virus, 197, 

200-201 
as goal of vaccination, 474 
posteradication period and, 210-211 

Erysipelas vaccines, 420, 421, 422, 426 
E s c h e r i c h i a  coli, see also Heat labile tox- 

in 
O157:H7, preclinical detection and, 26 
vector for transmissible gastroenteritis 

virus vaccine, 440 
E s c h e r i c h i a  coli bacterins, 420 

for clinical coliform mastitis, 265-266, 
269 

Europe, wildlife reservoir species of ra- 
bies in, 572 

European Agency for the Evaluation of 
Medicinal Products, 596-597 

European ferrets, 559 
European Pharmacopoeia, 604-606 

equine influenza vaccines and, 382, 
385 

pseudorabies vaccine licensing and, 
616, 624 

European Union, 659 
clinical swine fever and, 661-662 
economics of bovine herpesvirus 1 vac- 

cination and, 661 
licensing procedures, 595-596, 607 

centralized and decentralized regis- 
tration in, 597-598 

definitions of veterinary biologicals 
in, 598-600 

for equine influenza vaccines, 602- 
604 

European Agency for the Evaluation 
of Medicinal Products and, 596- 
597 

for manufacturing authorization, 
601-602 

pre-existing products and, 600-601 
for pseudorabies vaccines, 615-625 
role of European Pharmacopoeia in, 

604-606 
Evan's syndrome, see Immune-mediated 

thrombocytopenia 
Evolution 

in B cells, 123 
in viruses, 2-3 

Exogenous antigen processing, 184-185 
Exotic animals, canine distemper virus 

and, 552, 553 
Exotic disease, eradication of, 175-176, 

210-211 
Extended quasi-likelihood function, 769 

Falvivirus, 364 
Fasc io la  hepat ica ,  see Liver flukes 
Feedback loops, positive, in host-parasite 

relations, 249-250 
Feline calicivirus, 666, 727 
Feline coronavirus, 348, 349-350, 351, 

355; see also Feline infectious peri- 
tonitis 

Feline coronavirus vaccine, 351-356 
Feline enteric coronavirus, 301, 349 
Feline herpesvirus, 5-6, 727 
Feline immunodeficiency vaccines, 326- 

329 
Feline immunodeficiency virus, 325-326 
Feline infectious peritonitis vaccine, 348 

benefits of, 353-356 
description of, 351 
hypersensitive reaction to, 689 
overvaccination and, 718 
risks of, 352-353 

Feline infectious peritonitis virus, 348- 
349 

antibody-dependent enhancement and, 
351, 352-353, 354, 355 
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Feline infectious peritonitis virus (cont.) 
canine coronavirus and, 301 
causative agent of, 348-349 
current status of, 348 
exposure dose for, 355 
forms of, 350 
historical perspectives on, 347-348 
immune response to, 350 
overvaccination and, 718 
pathogenesis of, 349-350 
preclinical detection and, 26, 33 

Feline leukemia vaccines, 573, 636, 728 
Feline leukemia virus, 27, 411, 718 
Feline panleukopenia, 313, 687, 727 
Feline parvovirus, 659 
Feline Sarcoma Task Force, 753 
Feline upper respiratory disease, 3 
Feline vaccines, vaccine label safety 

statements and, 638 
Feline viral rhinotracheitis, 686 
Fennec foxes, 552, 553 
Feral swine, disease transmission and, 

464 
Ferrets 

distemper and, 558, 564, 565, 566-567 
maternal antibodies and, 562-563 
mink distemper vaccine and, 559, 560, 

561-563, 564 
neonatal and transplacental immuniza- 

tion in, 564 
Ferry, N.S., 19-21, 22 
Ferry vaccine, 19-21 
Fetlocks, disease of, 10 
Fibronectin, 742; see also Anti-fibronectin 

antibodies 
Fibronectin-binding receptors, 261 
Fibrosarcomas, vaccine-induced 

aluminum hydroxide adjuvant and, 4-5 
epidemiological surveillance of, 704-705 
risk management for, 709 
vaccine label safety statements on, 638 

Field trials 
bovine herpesvirus 1 vaccines and, 204 
in licensing procedures, 589 
of pseudorabies vaccines, 620, 623 

Fish, see also Aquaculture; Catfish 
Aeromonas salmonicida and, 547-548 
Edwardsiella ictaluri and, 523 
Vibrio anguillarum and, 548 
Vibrio salmonicida and, 547 

Fishes Disease Commission (Office Inter- 
national des Epizooties), 672 

Fish vaccines 
advantages of, 550 
in aquaculture, 540 
benefits of, 542-543 
for enteric redmouth disease, 543- 

544 
for enteric septicemia of catfish, 525- 

535 
immune response to, 550 
methods of administering, 541-542 
polyvalent, 547-549 
for Vibrio viscosus, 544, 546-547 

Fleas, transmission of Bartonella hen- 
selae and, 339-340 

Flesh flies, 554 
"Floppy flipper disease," 554 
Florida, controlling raccoon rabies in, 

579-580 
Foals, Rhodococcus equi and, 372 
Food and Agriculture Organization 

(United Nations), 659, 677 
Food and Drug Administration (United 

States), 771 
Food Security Act (United States), 627 
Foot and Mouth Disease and other Epi- 

zootics Commission (Office Interna- 
tional des Epizooties), 672 

Foot-and-mouth disease vaccine, 198- 
200 

Foot-and-mouth disease virus 
antigenic diversity and, 660 
diagnostics for, 200 
eradication of, 197, 200-201 
failure to kill vaccine organism in, 

685 
herd immunity and, 210 
synthetic peptide-stimulated immunity 

and, 184 
Formaldehyde, 685 
Fowl cholera, 13 
Fowlpox vaccine, 468 
Fowlpox virus vector, 153, 468-469, 486, 

487, 518-519 
Foxes, 552, 553 

controlling rabies in, 580-581 
Francisella tularensis, 342 
Frenkel, H.S., 198 
Frenkel vaccine, 198 
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Freund's adjuvant 
complete 

compared to ISCOMs, 408-409 
in helminth vaccines, 246, 247 
Staphylococcus aureus vaccines and, 

261, 262 
DNA vaccines and, 173 
incomplete, 227 

transmissible gastroenteritis virus 
vaccines and, 440 

Furunculosis, 525, 543 

G 

Gammaherpesvirinae, 362 
Gangliosides 

B cells and, 85 
cholera toxin and, 84, 92, 95 

Gastric ulcers, Helicobacter pylori and, 
341 

Gastroenteritis, 433 
Gastrointestinal immunization, 229 
Gastrointestinal nematode infections, 

250-251; see also Trichostrongylid 
nematodes 

Geison, Gerald, 14 
Gene delivery, DNA immunization and, 

165-166 
Gene expression, in virus vectors, 467, 

468 
Gene gun, DNA vaccines and, 165, 170 
Genes, major, disease resistance and, 42, 

43 
Genetics 

effects on health and vaccinations, 40-41 
health enhancement and, 39-40, 41-  

49 
susceptibility to vaccine-induced auto- 

immune disease and, 744-745 
Genetic testing, 32 
Gene vaccines, see DNA vaccines 
Genital tract infections, bovine 

Brucella abortus, 218-219 
campylobacteriosis, 221-224 
Haemophilus somnus, 219-221 
overview of, 217-218 
Tritrichomonas foetus, 224-232 

Giardia lamblia, 342 
Gl~isser's disease vaccine, 421 

Glomerular amyloidosis, 722 
Glomerulopathy, 742-743 
Glucocorticoids 

bovine ~/~ T cells and, 64, 73 
in immunosuppression, 63-64, 70, 73-74 
stress-released, dexamethasone models 

of, 72-73 
Glutathione S-transferase, 244, 246, 247 
Glycoproteins 

acid soluble, assay for, 648 
clonal dominance and, 122 
in feline immunodeficiency virus vac- 

cines, 326, 328 
in HIV-1 deceptive imprinting, 118, 

120 
in Raboral V-RG vaccine, 574 
in swinepox recombinant vaccine, 474 

Good Manufacturing Practice, 601 
gpt gene, 471 
Gray foxes, 552 

controlling rabies in, 580-581 
Gray seals, 552 
Grease, 9, 10-11 
Greenfield, William, 8, 15-17, 22 
Green sea turtles, 554 
Guaiacol, 648 
Guillain-Barr~ syndrome, 734 
Gumboro disease, see Infectious bursal 

disease 
Gut-associated lymphoid tissue 

characteristics of, 83-84 
dual-signal integration immune re- 

sponse in, 93-94 
enteropathogenic viruses and, 433, 

436-439 
functional compartmentalization in, 

439 
interleukin 1 and, 94 
interleukin 12 and, 97 
mucosal adjuvanticity in, 92, 98-99 
in mucosal immune response, 435 
mucosal vaccines and, 108-109, 110- 

111 

H 

H l l  aminopeptidase, 245 
Haemonchus contortus, 242; see also Tri- 

chostrongylid nematodes 
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Haemonchus contortus (cont.) 
antigen identification in, 243-244 
H11 vaccine and, 245 
modeling of vaccines for, 251-253 

Haemonchus placei, 242 
Haemophi lus  somnus 

diagnosis of, 221, 232-233 
immune response to, 220-221 
pathogenesis of, 219-220 
virulence factors in, 220 

Haemophi lus  somnus vaccines, 232, 685- 
686 

Halichoerus grypus, 552 
Haptoglobin, 644, 650 

assays for, 647-648, 649 
in cattle, 646 
in pigs, 646 

Harbor seals, 552 
Hatchability, in ovo vaccination and, 

500-502 
Hc-sL3 antigen, 243-244, 246 
Hc-sL3 vaccine, 252, 253 
Health, see Animal health; Public health 
Heat attenuation 

Pasteur and, 13-14 
Toussaint and, 12 

Heat-labile toxin 
adjuvanticity and, 106, 110 
immuogenicity of, 85-86 
structure and activity of, 84, 85 
in vaccines for transmissible gastroen- 

teritis virus, 440 
Helicobacter acinomyx, 341 
Helicobacter mustelae, 341 
Helicobacter pylori, 341 
Heligmosomoides polygyrus, 401 
Helminthic infections, see also Strongylus 

vulgaris 
eosinophilia and, 391, 400 
interleukin 4 and, 400-401 
overdispersion and, 251 
Th2 immune response and, 391 

Helminthic vaccines 
adjuvants in, 246, 247 
development in, 241-242 
dynamics of gastrointestinal nematode 

infections and, 250-251 
economic importance of, 242 
future trends in, 253-254 
immune responses, 245-247 

modeling host-parasite population dy- 
namics and, 247-250, 254 

modeling of Haemonchus vaccines, 
251-253 

novel antigens and, 244-245 
protective antigens and, 242-245 

Hemagglutination inhibition test 
equine influenza and, 361 
protective titer levels and, 726-727 

Hemagluttinin gene, in equine influenza ' 
virus, 602 

Hematologic disease, see Autoimmune 
hemolytic anemia; Immune-mediated 
hemolytic anemia; Immune-mediated 
thrombocytopenia 

Hemoglobin, in assays for haptoglobin, 
647-648 

Hemolytic anemia, immune-mediated, 
705-706, 734 

Hemolytic assays, see also Single radial 
hemolysis test 

in trichomoniasis diagnostics, 231 
Hemorrhagic enteritis virus, 483 
Henle-Koch postulates, 754, 755 
Hepatitis contagious canis, see Canine 

hepatitis 
Hepatocytes, acute phase proteins and, 

645 
Herd immunity, 210-211, 664, 711 
Heritability, disease resistance traits 

and, 41 
Herpes simplex virus, 452, 454 
Herpesvirus(es) 

cell-mediated immune response and, 
454-455 

equine, 361-363 
feline, 5-6, 727 
immune stimulating complexes and, 

411 
porcine, economic costs of, 464 
of turkeys 

in Marek's disease vaccine, 496, 497, 
498, 500, 502-503, 519 

in recombinant poultry vaccines, 
486, 519 

Herpesvirus vaccines, 150 
Herpesvirus vectors, 150, 151, 475, 486, 

519 
Heterotypic immunity, 117 
Hidden antigens, see Novel antigens 
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High endothelial venules, 65 
High immune response phenotype, 43-49 
Hitra disease, 547; see also Vibrio sal- 

monic ida 
HIV-1, see also AIDS; Lentiviruses 

anamnestic recall response and, 127 
auxotrophic vaccines and, 139 
B cell abnormalities and, 119-120, 123 
deceptive imprinting model and, 117- 

119 
epitope masking and, 130 
feline immunodeficiency virus DNA 

vaccines and, 329 
immune stimulating complexes and, 

411 
modeling with feline immunodeficiency 

virus, 325 
OAS phenomenon and, 116-117 
tuberculosis mortality and, 135 
viral envelope of, 127-128 

HIV-2, 411 
Hog cholera vaccine, 423 
Homeopathic nosodes, 305, 318-319, 716 
Homologous recombination 

in DNA integration, 173 
in recombinant vaccine formation, 471, 

518, 574 
reversion to virulence and, 475 

Horsepox, 8, 9, 10-11, 22 
Horses 

bacterial diseases of, 368-372 
long-distance disease transmission 

and, 359-360, 372, 379-380 
Uasin Gishu pox and, 11 
vaccination and, 360, 373 
viral diseases of, 360-367, 371 

Host-parasite relations 
in gastrointestinal nematode infec- 

tions, 250-251 
modeling vaccination in, 247-250, 254 

Huidekoper, R.S., 18 
Human adenovirus type 5, 151 
Human alpha-1 antitrypsin, 164 
Human growth hormone, 164 
Human immunodeficiency virus type 1, 

see HIV-1 
Human parainfluenza virus 2, 315 
Human reovirus, 510 
Humans 

Bartonella henselae and, 338-339, 340 

Helicobacter pylori  and, 341 
Microsporum canis and, 342 
rabies and, 335, 571-572 
rotaviruses and, 430 
Toxoplasma gondii  and, 335, 336-337, 

338 
Yersinia pestis  and, 342 

Human vaccines, see also specific vac- 
cines 

as models for veterinary vaccines, 659 
reporting of adverse events in, 755- 

756 
success of, 657 

Humoral immune response 
in avian immune system, 488-489, 490 
cytopathic viruses and, 448 
in disease resistance, 42 
DNA immunization and, 164, 165 
feline infectious peritonitis and, 350 
heritability and, 43 
HIV-1 infections and, 119-120, 123- 

128 
immune-response selected pigs and, 

45-49 
pregnancy and, 71 
pseudorabies virus vaccines and, 451- 

452 
HyMast test, 267-268 
Hypersensitivity reactions, 688-690 

clinical overview of, 716-717 
Hypertrophic osteodystrophy, 724 
Hypothesis testing, of adverse event re- 

port data, 758, 764-766 
Hypothyroidism, 725 

Ic talurus  punctatus ,  524; see also Chan- 
nel catfish 

IgA, see Immunoglobulin A 
IgE, see Immunoglobulin E 
IgG, see Immunoglobulin G 
IgM, see Immunoglobulin M 
Immersion vaccination, 541, 543-544, 

549 
Immune complex type response, in hy- 

persensitive reactions, 689-690 
Immune deficiency syndrome, in 

Weimaraners, 723 
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Immune enhancement, see Antibody-de- 
pendent enhancement 

Immune-induced wasting, 53-57 
Immune-mediated disease, see a l so  Auto- 

immune disease; speci f ic  d i s e a s e s  

mechanisms of, 723 
vaccine-related, 705-706 

Immune-mediated hemolytic anemia, 
705-706, 734; see a lso  Autoimmune 
hemolytic anemia 

Immune-mediated polyarthritis, 721 
Immune-mediated thrombocytopenia, 

717, 719, 720-721 
Immune response, see a lso  Cell-mediated 

immune response; Cytotoxic T cell 
immune response; Delayed-type hy- 
persensitivity immune response; Hu- 
moral immune response; Secondary 
immune response 

to carrier organisms, 111 
dual-signal integration in, 93-94 
effects of stress on, 70-74 
gene-related, 40-41 
genetic enhancement of, 39-40, 41-49 
induction, DNA immunization and, 

166-168 
in mucosal immune system, 111-112 

Immune response phenotype, 43-49 
Immune stimulating complexes (IS- 

COMs), 326 
antigen presentation and targeting by, 

407 
antigen transport by, 408-409 
conceptual design of, 406 
formation of, 406-407 
induction of cytokine Thl-Th2 re- 

sponse, 410 
induction of immune response in neo- 

nates, 410-411 
induction of mucosal immunity, 409- 

410 
induction of protective immunity, 411 
overview of, 405-406 
for rabies, 311 

Immune systems, avian, 487-490 
Immune tolerance, DNA immunization 

and, 171 
Immunity, see a lso  Acquired immunity; 

Active immunity; Herd immunity; 
Protective immunity 

concomitant or heterotypic, 117 
inhibition of, immunoglobulin G and, 

172 
mucosal, duration of, 663 
sterile, DNA vaccines and, 171 

Immunity, duration of 
for canine vaccines, 295, 296-297, 300, 

310 
inadequate, vaccine failure and, 694-695 
for mink distemper vaccines, 559-560 
revaccination and, 663, 725-727 

Immunization, see a lso  DNA immuniza- 
tion; Vaccination 

distinguished from injection, 5 
in poultry, 483 
prophylactic, see Immunoprophylaxis 
sexually transmitted diseases and, 223 
use of synthetic peptides in, 183-184 

Immunoassays, see Acute phase protein 
assays 

Immunocompromised systems, see a lso  

AIDS 
B a r t o n e l l a  h e n s e l a e  and, 339, 340 
infectious disease and, 334-335 

Immunodiffusion, 648-649 
Immunodominant epitopes 

in HIV-1 infection, B cell abnormalities 
and, 123 

masking of, 130 
OAS phenomenon and, 116-117 
pre-existing B cell clones and, 128 
in unconventional reactions with anti- 

bodies, 128-129 
vaccine failure and, 129 

Immuno-electron microscopy, 407 
Immunofluorescence, inclusion bodies 

and, 561-562 
Immunoglobulin A (IgA) 

in avian immune system, 488 
bovine trichomoniasis and, 226-228, 

229 
campylobacteriosis and, 222-223 
cholera toxin induction of, 87, 93 
enteropathogenic viruses and, 436-439 
heat labile toxin and, 85-86 
mucosal epithelium and, 111 
mucosal immune response and, 112, 

434, 435 
porcine group A rotaviruses and, 441- 

442 
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respiratory syncytial virus and, 410 
SBR-CTA2/B chimeric cholera toxin 

protein and, 107 
Immunoglobulin A plasma cells, see also 

Antibody-secreting cells 
in mucosal immune response, 435 

Immunoglobulin E (IgE) 
in helminthic infections, 245, 400- 

401 
in hypersensitivity reactions, 689 

Immunoglobulin G (IgG) 
inhibited by active immunity, 

172 
in avian immune system, 488 
bovine trichomoniasis and, 226-228, 

229-230 
campylobacteriosis and, 222-223 
CD4 T cells and, 185 
DNA immunization and, 169 
Haemophilus somnus infections and, 

220-221 
HIV-1 infections and, 124-127 
monoclonal populations in HIV infec- 

tions, 119 
mucosal immune response and, 112 
plasmid-induced immunity and, 168 
SBR-CTA2/B chimeric cholera toxin 

protein and, 107 
Staphylococcus aureus infections and, 

260-261 
Strongylus vulgaris infections and, 

396, 399-400, 402 
suppression of T cell polyclonal re- 

sponse and, 122 
thymus-independent antigens and, 123 

Immunoglobulin M (IgM) 
in avian immune system, 488 
campylobacteriosis and, 223 
HIV-1 infections and, 124, 127 
thymus-independent antigens and, 123 

Immunoglobulins 
assays for, international standardiza- 

tion and, 652 
in avian immune system, 488 
cholera toxin induction of, 87, 93 
dexamethasone repression and, 73 
heat labile toxin and, 85-86 
HIV-1 infections and, 123-127 
leukocyte trafficking and, 68-69 
mucosal immune response and, 112 

SBR-CTA2/B chimeric cholera toxin 
protein and, 107 

in Strongylus vulgaris infections, 396- 
397, 399-400, 402 

Immunological veterinary medicinal 
product, see Veterinary biological 
products 

Immunological Veterinary Medicinal 
Working Party, 597, 598 

Immunologic memory, see also Secondary 
immune response 

duration of immunity and, 726 
vaccine development and, 666 

Immunology 
origins of, 7-8 
vaccine development and, 182-187 
William Greenfield on, 15-16, 17 

Immunomodulators 
DNA as, 170 
licensing procedures for, 590-591 
virus vectors and, 148-149 

Immunoprophylaxis 
bovine campylobacteriosis and, 223 
bovine trichomoniasis and, 230 
epidemiological approach to, 415-417 

Immunosuppression 
avian viruses and, 483 
bovine virus diarrhea virus and, 207- 

208 
canine parvovirus type 2 vaccines and, 

298 
causing vaccine failure, 694 
infectious disease and, 334-335 
residual virulence of modified live vac- 

cines and, 686-687 
stress-related, 70-74 
vaccine-induced, 687 

Immunoturbidimetry, 649 
Inactivated bacterins 

excessive cytokine induction and, 688 
failure to kill vaccine organism in, 

685-686 
Inactivated vaccines 

for canine parvovirus type 2, 296, 297, 
313 

for canine viruses, 310 
cytokine adjuvants and, 457-458 
for equine influenza, 380 
failure to kill vaccine organism in, 

685-686 
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Inactivated vaccines ( c o n t . )  

for feline immunodeficiency virus, 326- 
327, 328 

importance of, 457 
porcine pseudorabies virus and, 447- 

448, 451-452, 454, 455-456, 457 
for rabies, 310, 311 
risks of reversion and, 466 

Inclusion bodies, 561-562 
Incomplete Freund's adjuvant, see  

Freund's adjuvant, incomplete 
Indications, on vaccine labels, 637 
Infection 

acute phase proteins in, see  Acute 
phase proteins 

distinguished from disease, 29 
ecology of, 29-31 
genetic predisposition to, 32 

Infection detection 
in diagnostic medicine, 25-26 
ecology of infection and, 29-31 
genetic predisposition to infection and, 

32 
methods in, 31-32 
preclinical, 26, 28-29 
predictive value of, 33-34 
traditional approach to, 27-28 

Infectious bovine keratoconjunctivitis, 
687 

Infectious bovine rhinotracheitis, 197, 
201-207, 210-211; see  a l s o  Bovine 
herpesvirus 1 

Infectious bronchitis vaccines 
DNA vaccines, 521 
maternal antibodies and, 506 
i n  ovo  vaccination and, 503-504 

Infectious bronchitis virus, 482 
Infectious bursal disease vaccines, 507- 

509, 511 
Infectious bursal disease virus, 483 
Infectious canine hepatitis, see  Canine 

hepatitis 
Infectious disease, see  a l s o  s p e c i f i c  d i s -  

e a s e s  

animal management and, 417 
in aquaculture, 539-540 
breed susceptibility and, 661 
in commercial poultry flocks, 482-483 
control of, diagnostics and, 360, 372 
distinguished from infection, 29 

economic costs of, in swine, 463-465 
emerging, 333, 334-335 
gene-related resistance to, 40-41 
"global," 659 
immunosuppression and, 334-335 
reemergence of, 333 

Infectious laryngotracheitis virus, 482 
Infectious pancreatic necrosis, 543 
Inflammation 

acute phase proteins and, see  Acute 
phase proteins 

leukocyte trafficking and, 61-62, 66- 
67, 68-69, 74 

mucosal immune response and, 111- 
112 

Influenza vaccines, see  a l s o  Equine influ- 
enza vaccines 

avian, 521 
porcine, 421, 427 

Influenza virus, see a l s o  Equine influenza 
virus 

immune stimulating complexes and, 
410 

Injection, distinguished from immuniza- 
tion, 5 

Injection site reactions 
adjuvants and, 169, 620 
Arthus reaction and, 689 
causes of, 691 
DNA vaccines and, 169, 175 
with pseudorabies vaccines, testing for, 

620 
Innocuity, 4-5 
Inovoject egg injection system, 495, 497- 

503 
I n  ovo  vaccination 

aspergillosis and, 499 
automated equipment for, 497- 

498 
with bacterial vaccines, 511-512 
benefits of, 496 
field efficacy trials in, 498-499 
with fowlpox vaccines, 505 
history of, 495, 496 
with infectious bronchitis vaccines, 

503-504 
with infectious bursal disease vaccine, 

5O4-5O5 
with Marek's disease vaccines, 497- 

503, 512 
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maternal antibodies and, 505-506 
moisture loss and, 502 
with Newcastle disease vaccines, 504 
overview of, 485, 490 
Rispens-type vaccines and, 502-503 
time of injection, 500-501 
upside down eggs and, 501-502 
vaccine preparation for, 499-500 
with virus-antibody complex vaccines, 

506-511 
Integrins 

~2 family, 67-68 
~4 family, 69-70 
in leukocyte trafficking, 62-63, 67-68, 

69-70 
Inter-American Institute for Cooperation", 

on Agriculture, 677 
Intercellular adhesion molecules 

effects of dexamethasone on, 74 
leukocyte trafficking and, 62, 68-69 

Interferon, gamma 
as adjuvant, 458 
CD45 T cell subpopulations and, 279- 

280 
in cell-mediated immune response, 

453-455 
inactivated pseudorabies virus vaccine 

and, 455-456 
induction by immune stimulating com- 

plexes, 410 
inhibition by interleukin 10, 401 
interaction with interleukin 12, 450 
in Strongylus vulgaris infections, 401- 

402 
T h l  immune response and, 185 

Interferons 
adjuvanticity in DNA immunization, 

168 
DNA tuberculosis vaccines and, 140 
interleukin 12 and, 97 
in mucosal adjuvanticity, 98-99 
in periparturient immunosuppression, 

71-72 
recombinant poultry vaccines and, 

487 
Interleukin 1 

immune-induced wasting and, 54, 55 
in mucosal adjuvanticity, 94-96, 98-99 

Interleukin 2 
CD45 T cell subpopulations and, 279 

induction by immune stimulating com- 
plexes, 410 

Thl  immune response and, 185 
Interleukin 4 

CD45 T cell subpopulations and, 279 
helminthic infections and, 400-401 
Strongylus vulgaris infections and, 

397, 400-401, 402 
Interleukin 5 

eosinophilia and, 400 
Strongylus vulgaris infections and, 

397, 400, 402 
Interleukin 6 

acute phase proteins and, 645 
excessive induction of, 687 

Interleukin 10 
inhibition of gamma interferon by, 401 
inhibition of interleukin 12, 450 
Strongylus vulgaris infections and, 401 

Interleukin 11, acute phase proteins and, 
645 

Interleukin 12 
adjuvanticity of, 448, 449, 450, 455- 

456, 458 
modulation of acquired immune re- 

sponse, 449-450 
modulation of immune response to pseu- 

dorabies virus vaccine, 455-456 
in mucosal adjuvanticity, 96-99 
production and regulation of, 450 
structure of, 449-450 

Interleukins 
CD4 T cells and, 185 
cholera toxin-induced, 85 
dexamethasone repression and, 73 
helminthic infections and, 246 
inhibition of gamma interferon by, 401 
in mucosal adjuvanticity, 94-99 
in periparturient immunosuppression, 

71-72 
Strongylus vulgaris infections and, 

397, 400-402 
toxin induction of, 93 
Toxoplasma gondii infections and, 337 

International Animal Health Code, 673 
International Animal Health Code Com- 

mission (Office International des 
Epizooties), 672 

International Association of Biological 
Standardization, 609-614 



796  INDEX 

International organizations, see also Eu- 
ropean Union; Office International 
des Epizooties; World Health Organi- 
zation 

in veterinary standardization, 659 
International trade 

diagnostic tests and, 673 
disease transmission in horses and, 

359-360, 372, 379-380 
International Union of Microbiological 

Societies, 610 
Interval estimation, of adverse event re- 

port data, 763-764 
Intestines, pathogenesis of enteric vi- 

ruses and, 431, 433 
Intradermal vaccination, DNA vaccines 

and, 165-166 
Intragastric vaccination 

mucosal immune system and, 
106 

SBR-CTA2/8 chimeric cholera toxin 
protein and, 109, 110 

Intramammary infections, see also 
Bovine mastitis 

coliform vaccines and, 265 
Staphylococcus aureus vaccines and, 

259, 260, 261 
Intramuscular vaccination, DNA vaccines 

and, 165, 170 
Intranasal vaccination 

canine vaccines and, 310 
mucosal immune system and, 106 
SBR-CTA2/8 chimeric cholera toxin 

protein and, 109, 110 
Intraperitoneal vaccination 

for fish, 541-542, 549 
of transmissible gastroenteritis virus 

vaccine, 440 
ISCOMs, see Immune stimulating com- 

plexes 
Isoelectric focusing, 120 
Ivermectin, 390 
Ixodes dammini ,  662 
Ixodes spp., 316, 368 

Japanese encephalitis vaccine, 423 
Japanese equine encephalitis, 364 

Jenner, Edward, 465 
canine distemper and, 17-18 
cowpox vaccine and, 9 
origin of vaccinology and, 7, 22 
vaccinia and, 8 

Jenner's vaccine, 9, 13 

Kennel cough 
Bordetella branchispetica and, 

315-316 
canine adenovirus type 2, 314 
canine distemper and, 20-21 
canine parainfluenza virus and, 315 
polyvalent nasal vaccination for, 315, 

316 
Keyhole limpet hemocyanin 

cholera toxin adjuvanticity and, 87, 91, 
92, 93 

in vaccine-induced autoimmunity ex- 
periments, 735, 737, 738, 740 

Kidney failure, see Renal failure 
Kinkajous, 552 
Kramer algorithm, 771 

L5 phage, 139 
Labels, see Vaccine labeling 
Labrador retrievers, 661 
lacZ gene, 471 
Laidlaw, P.P., 22 
Lamina propria, 436, 438, 439 
Laminin, see Anti-laminin antibodies 
Langerhan cells, 167 
Latency testing, 636 

in pseudorabies vaccines, 619 
Latent variables, 762 
Lebailly, C., 21 
Leishmania major, 185 
Lentiviruses, see also HIV-1 

vaccine development for, 366 
Leopards, 553 
Leptospira bratislava, 371 
Leptospira pomona, 371 
Leptospirosis, 304, 317-318 

equine, 371-372 
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Leptospirosis vaccines 
duration of immunity in, 663 
efficacy and, 291, 303 
for swine, 420, 423, 426 

"Lesionless pathology," 31 
Lesions, at injection sites, see Injection 

site reactions 
Leukocyte adhesion deficiency type 2, 67 
Leukocyte trafficking 

effects of stress on, 63-64, 70, 72-73, 
74 

endothelium and, 61-62, 65 
importance of, 61 
integrins and, 62-63, 67-68, 69-70 
intercellular adhesion molecules and, 

68-69 
molecular basis of, 62-63 
overview of, 65 
in periparturient immunosuppression, 

72 
selectins and, 62, 65-67 
stress-released glucocorticoids and, 72- 

73 
Leukosis 

avian, 482, see also Marek's disease vi- 
rus 

bovine, 29, 31 
LFA-1 integrin, 67-68, 69 
Licensing procedures (European Union), 

595-596, 607 
centralized and decentralized registra- 

tion, 597-598 
definitions of veterinary biologicals in, 

598-600 
for equine influenza vaccines, 382-383, 

385-386, 602-604 
European Agency for the Evaluation of 

Medicinal Products and, 596-597 
for manufacturing authorization, 601- 

602 
pre-existing products and, 600-601 
for pseudorabies vaccines, 615-625 
role of European Pharmacopoeia in, 

604-606 
Licensing procedures (United States) 

for autogenous products, 592-593 
conditional licensing and, 591 
for conventional vaccines and bacte- 

fins, 587-590 
exemptions to, 592 

for further manufacturing, 591-592 
for immunomodulators, 590-591 
for modified live pseudorabies vaccines, 

628-632 
for recombinant products, 590 
sublicensing and, 592 
Virus Serum Toxin Act and, 585-586, 

627 
Lifestyle, effects on vaccination, 660-661 
Limast test, 267 
Linoleic acid, conjugated, immune-in- 

duced wasting and, 55-56 
Lions, 553 
Lipophilic muramyl dipeptides, 169 
Lipopolysaccharide antigen type 1, 46, 48 
Lipopolysaccharides, see also Endotoxins 

excessive cytokine induction and, 688 
immune-induced wasting and, 56 

Live attenuated vaccines, see also Mod- 
ified live vaccines 

described, 466 
for Edwards i e l la  ictaluri,  525-535 
for rabies, 311 
virus vectors and, 149-151 

Liver failure, vaccine-induced, 717 
Liver flukes, 242, 244-245, 246-247 
Loglinear modeling, of adverse event re- 

port data, 766-769 
Low immune response phenotype, 43, 

45-48, 49 
Lowry reaction, 648, 649 
Loy, John, 10 
Lupus erythematosus, systemic, 706, 

742, 743 
Lycaon pictus,  552 
Lyme borreliosis, see Lyme disease 
Lyme disease, 662 

etiologic agent, 316 
horses and, 368-369 

Lyme disease vaccine, 303-304, 316-317 
overadministration of, 728 
recombinant, 573 

Lymph, dendritic cells in, 284; see also 
Afferent lymph veiled cells 

Lymph nodes 
AgI/II adhesin and, 108 
ISCOM antigen transport and, 408 
mesenteric, in mucosal immune re- 

sponse, 435, 436 
plasmid-induced immunity and, 167 
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Lymphocytes (cont.) 
immune stimulating complexes and, 

407 
proliferation, cholera toxin and, 93 
self-reactive, in vaccine-induced auto- 

immunity, 744 
suppression of blastogenesis in, 687 

Lymphocyte trafficking 
adhesion molecules and, 62-63 
integrins and, 69-70 

Lymphoid nodules, genital, bovine tri- 
chomoniasis and, 229 

Lymphoid system, avian, 487-4488 
Lymphoid tissue 

gut-associated, see Gut-associated lym- 
phoid tissue 

nasal, immunization and, 110 
Lymphopenia, 687 
Lymphoproliferative assays, 436, 438, 

439 
Lymphoproliferative response, to pseu- 

dorabies virus vaccines, 451-452 
Lyssavirus, 367, 371 

M 

Mac-1 integrin, leukocyte trafficking and, 
62, 68 

Macaques, HIV-1/SIV protection in, 
411 

c~-Macroglobulin, 646, 648 
Macrophage cytokines, in mucosal adju- 

vanticity, 94-99 
Macrophage inflammatory protein, acute 

phase proteins and, 645 
Macrophages 

Edwardsiella ictaluri RE-33 vaccine 
and, 534 

in feline infectious peritonitis, 350, 
351 

inhibition of by interleukins, 401 
ISCOM uptake by, 408 

Maggots, botulism and, 554 
Major acute phase protein, 647 
Major histocompatibility complex (MHC) 

cholera toxin adjuvanticity and, 92 
class I 

in antigen processing, 184, 185 
in antigen recognition, 182-183 

bovine respiratory syncytial virus 
immunity and, 190-191 

class II 
antigenic competition and, 121 
in antigen processing, 184-185 
in antigen recognition, 182-183 
gamma interferon and, 453 

immune response and, 40, 43 
in mucosal adjuvanticity, 99 
polymorphisms in, 183 
T cell-recognized epitopes and, 187 

Mammary glands, in mucosal immune 
system, 435 

Mannose receptor, 121 
Manual of Standards for Diagnostic Tests 

and Vaccines (Office International 
des Epizooties), 672-674, 676, 677, 
678 

Marek's disease vaccines, 485, 490 
bivalent, 497 
herpesvirus of turkeys and, 496, 497, 

498, 500, 502-503, 519 
International Association of Biological 

Standardization and, 612-613 
maternal antibodies and, 505 
in ovo vaccination and, 496, 497-503, 

512 
Rispens type, 502-503 

Marek's disease virus, 482 
distribution, 659 
gene-related resistance to, 40, 41 
in ovo vaccination and, 496 
Rispens-type vaccines and, 502-503 

Marginal metallophilic macrophages, 408 
Marginal zone macrophages, 408 
Marine mammals, canine distemper vi- 

rus and, 552 
Marker vaccines 

for bovine herpesvirus 1, 201-202 
defined, 201 
in disease eradication, 210 

Massachusetts, controlling raccoon rabies 
in, 578-579 

Master Cell Stock 
in licensing procedures, 588 
in pseudorabies vaccine licensing, 629 

Master Seeds 
in licensing procedures, 588, 590 
in pseudorabies vaccine licensing, 628- 

629 
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Mastitis, see Bovine mastitis; Coliform 
mastitis 

Maternal antibodies, see also Passive im- 
munity 

canine distemper vaccines and, 294, 
295 

canine parvovirus type 2 vaccines and, 
297, 313 

canine vaccines and, 310 
DNA immunization and, 171, 174 
effects on vaccination, 661 
feline immunodeficiency virus vaccines 

and, 327 
immune stimulating complexes and, 

410-411 
infectious bursal disease and, 507 
kennel cough vaccines and, 315, 316 
mink distemper vaccine and, 562- 

563 
poultry vaccines and, 505-506 
recombinant Newcastle disease vaccine 

and, 519 
vaccine failure and, 693-694 
virus-antibody complex vaccines and, 

506-511 
Maximum residue limits, 596 
M cells, 110, 435 
Measles vaccine, adverse reactions to, 

717 
Measles virus, 312 
Meat quality 

DNA vaccines and, 175 
Toxop lasma  g o n d i i  and, 338 

Memory immune response, see Immu- 
nologic memory; Secondary immune 
response 

Memory lymphocytes, see also T cells, 
memory 

trafficking and, 63, 70 
Memory T cells, see T cells, memory 
Mesenteric lymph nodes, in mucosal im- 

mune response, 435, 436 
MHC, see Major histocompatibility com- 

plex 
Microorganisms, environmental, effects 

on animal performance, 53-54, 57 
M i c r o s p o r u m  canis,  342 
Milk 

bovine herpesvirus 1 antibody detec- 
tion and, 206 

bovine virus diarrhea virus detection 
and, 209 

Minimal immunizing dose 
for caninea vaccines, 294, 295, 296 
for mink distemper vaccines, 559 

Mink 
botulism and, 554 
botulism vaccine and, 555 
distemper vaccinces and, 558- 

564 
distemper virus and, 552, 557-558, 

565-568 
enteritis vaccine and, 553 
enteritis virus and, 313 

Mitogen proliferation assays, 489 
Modified live vaccines, see also Live at- 

tenuated vaccines 
adverse reactions to 

clinical overview of, 716-717 
in polyvalent vaccines, 718-719, 722, 

724 
canine, 296, 300, 309-310, 312, 314 
described, 292 
licensing of, 615-625, 628-632 
nonimmunizing mutants and, 293 
pseudorabies virus and, 447-448, 451- 

452, 454, 455 
residual virulence and, 686-687 
reversion and, 466 

Monocytes, afferent lymph veiled cells 
and, 284 

Monophosphoryl lipid A, 169 
Morbillivirus, 410, 551 
Mortality 

canine coronavirus and, 301 
human, rabies and, 571-572 
pseudorabies virus and, 464 

Mosquito-transmitted viruses, equine, 
364, 365 

Moss, Bernard, 147 
Mouse hepatitis virus, mode of release 

in, 431 
Mucosal addressin cell adhesion molecule 

1, 62, 70 
Mucosal adjuvanticity 

cholera toxin and, 84-92, 106 
dual-signal integration in, 93-94 
immune stimulating complexes and, 

409-410 
interleukin 1 in, 94-96 
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Mucosal adjuvanticity (cont.) 
interleukin 12 in, 94-96 
mechanisms of, 92-98 

Mucosal disease, 207, 209 
vaccine-induced, 690-691 

Mucosal epithelium, immunoglobulin A 
and, 111 

Mucosal immune system 
adjuvanticity in, see Mucosal adjuvan- 

ticity 
characteristics of, 83-84 
DNA vaccines and, 169-170, 175 
immune responses in, 111-112 
immune stimulating complexes and, 

409-410 
oral vaccines and, 105-106, 430 
overview of, 434-435 
response to enterpathogenic viruses 

and vaccines, 436-442 
virus vectors and, 149 

Mucosal immunity, duration of, 663 
Mucosal vaccines 

carriers organisms and, 110-111 
gut-associated lymphoid tissue and, 

110-111 
Salmonel la  expressing SBR-CTA2/B 

and, 108-109 
vaccine-induced autoimmunity and, 

745 
Multideterminant antigens, 115 
Multivalent vaccines, see Polyvalent vac- 

cines 
Muramyl dipeptides, lipophilic, 169 
Murine cytomegalovirus, 450 
Muscle cells, transfected, plasmid-in- 

duced immunity and, 166 
Mustela nicripes, 552 
Mustela putorius,  559 
Mutants, nonimmunizing, in viral vac- 

cines, 293 
Mutation 

in B cells, autoimmunity and, 744 
in canine parvovirus type 2, 313 
in live attenuation of virus vectors, 

150 
in marker vaccine design, 201 
in viruses, 2-3 

Myasthenia gravis, 744 
Mycobacteria, as vectors, 138-139 
Mycobacterium bovis, see Tuberculosis 

Mycoplasma bovis, 263 
Mycoplasma hyopneumoniae vaccine, 

421, 422 
Mycoplasma hyorhinis, 46 
Myoblasts, transfected, plasmid-induced 

immunity and, 166 
Myoglobin, autoantibodies and, 739, 

741 
Myosin, of skeletal muscle, autoan- 

tibodies and, 739, 741 

N 

NAGase test, 267 
Naive lymphocytes, trafficking and, 63, 

70 
Nasal lymphoid tissue, 110 
Nasal shedding, see also Virus shedding 

bovine virus diarrhea virus and, 277 
National Environmental Policy Act, 590, 

628, 631 
National Institute for Biological Stan- 

dards and Controls, 382, 386 
Natural immunity, see Passive immunity 
Natural killer cells, see also Cytotoxic T 

cell immune response; T cells 
in avian immune system, 489-490 

Negri bodies, 367 
Nematodes, see also Helminthic vaccines; 

Trichostrongylid nematodes 
gastrointestinal infections and, 250- 

251 
hidden antigens and, 245 
intestinal, interleukin-12 and, 96 

Neonates 
administration of canine vaccines and, 

297-298, 299-300, 661 
adverse reactions and, 719 
diarrheal disease and, 464-465 
DNA vaccines and, 171 
gastrointestinal nematode infections 

and, 250-251 
immune stimulating complexes and, 

410-411 
immunosuppression and, 71 
maternal antibodies and, 174 
swinepox virus and, 475-476 
timing of vaccination for, 661, 663, 694, 

719 
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Neoplastic disease 
avian, 482 
vaccine-induced, 690 

Neutralization tests 
in bovine herpesvirus 1 diagnostics, 

205, 206 
in bovine virus diarrhea virus diagnos- 

tics, 209 
Neutrophilia, 67, 72 
Neutrophils 

CD31 immunoglobulin and, 69 
CD62L adhesion molecule and, 66, 74 
glucocorticoids and, 63 
in inflammatory response, 67 
in leukocyte trafficking, 62 
stress-released glucocorticoids and, 72- 

73 
Newcastle disease vaccines 

fowlpox virus vector and, 153 
maternal antibodies and, 506, 519 
in ovo vaccination and, 504 
recombinant, 486, 487, 518-519 
virus-antibody complexes and, 510 

Newcastle disease virus, 482, 518 
New Jersey, controlling raccoon rabies 

in, 576-578 
New York, controlling raccoon rabies in, 

578, 580 
Nippostrongylus brasiliensis, 96 
Nonamphipathic proteins, 406 
Noncodified efficacy testing, 635-636 
Nonvaccinated animals 

disease outbreaks and, 291, 319 
herd immunity and, 711 

Norwood-Sampson test, 764-766 
Nosodes, 305, 318-319, 716 
Novel antigens, helminth vaccines and, 

244-245, 246-247, 253 
Novel antigen vaccines, modeling of, 253 
Nucleic acid vaccines, see DNA vaccines 
Nutrition, immune-induced wasting and, 

55-57 

O 

OAS phenomenon, 116-119 
Office International des Epizooties (OIE) 

Equine Influenza Surveillance Pro- 
gramme and, 380-386 

founding of, 670 
guidelines for veterinary laboratories, 

676 
international reference reagents and, 

676-677 
objectives of, 670 
organizational structure of, 670-672 
other international organizations and, 

677 
reference laboratories and collaborat- 

ing centers of, 675-676 
Sanitary and Phytosanitary Agreement 

and, 677, 678 
specialist commissions of, 672 
Standards Commission of, 670, 672- 

677, 678 
OIE, see Office International des Epi- 

zooties 
OIE Bulletin, 383-384, 603 
Old English sheepdogs, 720-721 
Omega-3 fatty acids, immune-induced 

wasting and, 55 
Oncogenes, in disease prevention, 32 
Oncorhynchus mykiss, 525; see also Rain- 

bow trout 
Onderstepoort canine distemper vaccine 

strain, 293, 295, 312 
Oocyst shedding, see also Virus shedding 

in Toxoplasma gondii infections, 337- 
338 

Opiods, endogenous, in periparturient 
cattle, 71 

Oral vaccination 
for enteric pathogens, 476 
for fish, 542, 543-544, 549 
immune stimulating complexes and, 

409-410 
mucosal immune system and, 105- 

106 
Raboral V-RG vaccine and, 572, 582 
recombinant viral vaccines and, 475 
for Strongylus vulgaris, 390 

Oral vaccines 
cholera toxin and, 84, 85, 86, 87- 

92 
enterpathogenic viruses and, 429- 

430 
heat labile toxin and, 85-86 
mucosal immune system and, 430 

Orbivirus, 365 
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"Original antigenic sin," 118; see also 
OAS phenomenon 

Ormethoprim-sulfamethoxine, 524 
Orthopoxvirus, 11 
OspA vaccine, 303, 317, 369 
Ostertagia circumcincta, 242 
Ostertagia ostertagi, 242; see also Tri- 

chostrongylid nematodes 
Ostertagia spp., 245 
Ostriches, 481 
Ovalbumin, cholera toxin adjuvanticity 

and, 92, 93 
Overdispersion 

of adverse event report data, 760-762, 
769 

in helminth infections, 251 
Overvaccination, 663, 701-702, 718, 728; 

see also Revaccination 
Oxytetracycline, 524, 540 

p150,95 integrin, 68 
Pan-American Health Organization, 659, 

677 
Parasites, see also Helminthic vaccines 

economically important, 242 
overdispersion and, 251 

Parenteral vaccination, local immunity 
and, 475 

Parinaud's syndrome, 339 
Parturition, administering vaccines near, 

74 
Parvodistemper vaccine, 5 
Parvovirus, Aleutian disease and, 558, 

563; see also Canine parvovirus; Ca- 
nine parvovirus type 2 

Parvovirus vaccines, 420, 421, 422, 426; 
see also Canine parvovirus vaccines; 
Canine parvovirus type 2 vaccines 

Passive immunity, see also Maternal an- 
tibodies 

DNA immunization and, 171-172, 174 
immune stimulating complexes and, 

410-411 
in poultry, 483 
pseudorabies vaccines and, 621 

Pasteur, Louis 
anthrax vaccines and, 11, 12, 13-14 

origin of vaccinology and, 8, 22 
rabies vaccine and, 311 

PasteureUa canina, 19; see also Canine 
distemper 

Pasteurella haemolytica vaccine, 689- 
690, 695 

Pasteurella multocida, see Atrophic rhini- 
tis 

Pasture contamination, in host-parasite 
relations, 249, 254 

Pasture management, in host-parasite 
relations, 250 

Pathogens, resistance to, 42 
PauA plasminogen activator, 263-264 
PCR, see Polymerase chain reaction 

(PCR) 
Peptides 

antigastrointestinal, immune-induced 
anorexia and, 56-57 

synthetic, immune stimulation by, 
183-184 

Periarteriolar lymphoid sheats, 408 
Peripartttrient immunosuppression, 71-72 
Peripheral blood lymphocytes, 441 
Peripheral blood mononuclear cells 

in cattle, CD45 T cell subpopulations, 
276, 279, 280, 281 

~/5 T cells in, 283 
in Strongylus vulgaris infections, 391, 

400, 401 
Peripheral lymph node addressin com- 

plex, 63 
Periportal fibrosis, 398 
Peroxynitrite, 136 
Pertussis toxin, 84 
Pestiviruses, 207, 660 
Peyer's patches 

AgI/II adhesin and, 108 
cholera toxin, B subunit and, 110 
immune stimulating complexes and, 409 
interleukin-1 and, 94 
leukocyte trafficking and, 69-70 
in mucosal immune response, 435 
oral vaccines and, 105-106 

Pharmaceutical companies, see Vaccine 
industry 

Pharmaceutical legislation, see Virus Se- 
rum Toxin Act 

PHARMEUROPA,  606 
Pheasants, 554 
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Phoca sibirca, 552 
Phoca vi tul ina,  552 
Phocine distemper virus, 552 
Physalix vaccine, 19 
Pica, 554 
Pigs, see Swine 
Plague, 342 
Plasma cells, see Antibody-secreting cells 
Plasmid immunization, see DNA immuni- 

zation 
Plasmids, see Virus vectors 
Plasminogen activators, 263-264 
Platelet/endothelial cell adhesion mole- 

cule 1, 62, 69 
Platelets, CD62P adhesion molecule in, 66 
Pneumonia, equine, in foals, 372 
Poliomyelitis vaccine, 429-430, 684-685, 

750 
Poliovirus, 429 
Polyarthritis, immune-mediated, 721 
Polyclonal restriction, in HIV infected B 

cells, 120 
Polygenes, disease resistance and, 43-44 
Polyimmunoglobulin receptor, 434 
Polylactosamine-1 antigen, 128 
Polymerase chain reaction (PCR), see 

also Reverse transcriptase-poly- 
merase chain reaction 

in diagnostic assays, 26, 205, 231, 372 
Polyneuropathy, postvaccinal, 717 
Polysaccharides, bacterial, homology with 

HIV-1 envelope, 127-128 
Polyvalent vaccines, 5-6 

advantages of, 467 
adverse vaccine reactions and, 718- 

719, 722, 724 
for bovine mastitis, 261 
bovine virus diarrhea virus vaccines in, 

208 
for canine coronavirus, 301-302, 314 
for canine distemper, 294-295 
in DNA immunization, 174-175 
for fish, 547-549 
for kennel cough, 315, 316 
limitations of, 174 
overadministration of, 728 
safety and, 291 
in vaccine-induced autoimmunity ex- 

periments, 735-745 
virus vectors and, 148 

Ponies, Strongy lus  vulgaris  infections 
and, 390-402 

Porcine group A rotaviruses, 433 
Porcine group A rotavirus vaccines, 440- 

442 
Porcine reproductive and respiratory syn- 

drome, 458 
Porcine reproductive and respiratory syn- 

drome vaccine, 421, 427 
Porcine respiratory coronavirus 

mucosal immune response to, 436-439 
pathogenesis of, 431-433 

Porcine respiratory coronavirus vaccines, 
433-434 

Positive feedback loop, in host-parasite 
relations, 249-250 

Postcapillary venules, 61-62, 65 
Postmarketing surveillance, 706-709, 

710 
bias and, 753, 755-757 
concepts of causality and, 754-755 
data collection in, 751-753 
difficulties in interpreting, 757-758 
implications for public policy, 750-751 
objectives of, 750-751, 757 

Post-translational modification, virus 
vectors and, 148 

Postvaccinal encephalitis, 294-295, 296, 
301-302, 312 

Postvaccinal polyneuropathy, 717 
Potassium bichromate, 14 
Potency testing, in licensing procedures, 

589 
Potos flavus, 552 
Poultry 

effects of conjugated linoleic acid in, 56 
immune-induced wasting and, 54, 56- 

57 
immune system of, 487-490 
specific pathogen free, 504, 505, 507, 

511, 612-613 
type C botulism and, 554 

Poultry industry, see also In  ovo vaccina- 
tion 

bacterial infections and, 511-512 
coccidiosis and, 512 
common infectious diseases of, 482- 

483 
commonly used vaccines in, 483, 490 
disease prevention in, 482-483, 490 
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Poultry industry (cont.) 
intensive rearing system in, 481-482 
output of, 481, 490 
recombinant vaccines in, 486-487 
vaccination programs in, 484-485 
vaccine costs in, 175 
virus vectors and, 148-149 

Poultry vaccines 
commonly used, 483, 490 
delivery methods in, 485, 490 
DNA, 520-521 
recombinant, 486-487, 519-521 
subunit, 519 
synthetic peptides and, 519-520 
in vaccination programs, 484-485 
virus vectors and, 518-519 

Poxviridae, 518 
Poxvirus vectors, 146, 150, 151, 153, 

467-469 
Preclinical testing 

ecology of infection and, 29-31 
future of, 34-36 
genetic testing and, 32 
methods in, 31-32 
overview of, 26 
predictive value of, 33-34 

Pregnancy 
suppression of cell-mediated immune 

response and, 71-72 
vaccination and, 74, 718 

Premunition, 117 
Prepuce, bovine trichomoniasis and, 230 
Preventive medicine 

genetic testing and, 32 
preclinical testing and, 33-34 

Primucell vaccine, 351-355 
Probability, adverse event reports and, 

757, 769 
Procyon lator, 553 
Professional organizations, in veterinary 

standardization, 658-659 
Proinflammatory cytokines, excessive in- 

duction of, 687-688 
Promoters, in recombinant virus vectors, 

471 
Prostaglandin E2, 55 
Protective antigens, helminthic vaccines 

and, 242-245 
Protective immunity, see also Acquired 

immunity; Active immunity 

cell-mediated immune response and, 
524 

DNA vaccines and, 171 
EdwardsieUa ictaluri RE-33 vaccine 

and, 531-531, 534-535 
enteric septicemia of catfish and, 525 
immune stimulating complexes and, 411 
pseudorabies vaccines and, 452-455, 

457 
time to develop, 692 

Protein assays, see also Acute phase pro- 
tein assays 

human, international standardization 
in, 651-652 

Proteins, see Acute phase proteins 
Proteinuria, 743 
P-selectin glycoprotein ligand, 62 
Pseudocapsular proteins, 260 
Pseudomonas aeruginosa vaccine, 423 
Pseudorabies vaccines, 421 

European Union licensing procedures 
for, 615-625 

immunes responses to, 447-448, 451- 
452 

interluekin 12 and, 455-456, 458 
protective immunity and, 452-455, 457 
recombinant, 469, 573 
residual virulence and, 687 

Pseudorabies virus 
attenuated, 457 
Aujeszky's disease and, 451 
distribution, 659 
economic costs of, 464 
gamma interferon and, 454 
glycoproteins, in swinepox recombinant 

vaccine, 474 
immune response to, 457 
mortality rates, 464 

Psittacosis, 31 
Public health 

Bartonella henselae and, 340, 342 
leptospirosis and, 318 
Toxoplasma gondii and, 338, 342 
zoonotic pathogens and, 334, 335, 342 

Public policy, vaccination risk-benefit 
analysis and, 750-751 

Puntoni, V., 21, 22 
Pups 

canine distemper vaccines and, 294, 
295 
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canine parvovirus type 2 vaccines and, 
297-298, 299-300 

timing of vaccination and, 661, 663 
Pustula~ vulvovaginitis, 197 
Pyrexia, 395, 398, 399 

Q 

QTL, see Quantitative trait loci 
Quantitative trait loci (QTL), disease re- 

sistance and, 40, 42, 43-44 
Quasi-likelihood methods, adverse event 

report data and, 762, 768-769 
Quil A, in helminthic vaccines, 246, 

247 
Qui l la ja  saponar ia ,  405, 406 

R 

Rabies 
ecology of, 29 
equine, 367 
human mortality and, 571-572 
immune stimulating complexes and, 

408, 409 
overview of, 311 
preclinical detection and, 26 
transmission to humans, 335 
viral glycoprotein in Raboral V-RG vac- 

cine, 574 
wild reservoirs of, 29, 34, 572 

Rabies vaccines, see also Raboral V-RG 
vaccine 

feline, risk management for, 709 
recombinant, 475 
residual virulence and, 686, 687 
in vaccine-induced autoimmunity ex- 

periments, 735-745 
vaccinia virus vector, 153 

Raboral V-RG vaccine 
construction of, 574 
controlling coyote and gray fox rabies 

with, 580-581 
controlling raccoon rabies with, 573, 

576-580 
development of, 572-573 
mechanism of action in, 574-575 
oral administration and, 572, 582 

success of, 582 
USDA testing of, 575-576 

Raccoonpox virus, 475 
Raccoons 

polyvalent vaccines and, 553 
rabies control in, 573, 576-580 

Rainbow trout 
furunculosis and, 525 
Vibrio v iscosus  and, 546-547 

Ratites, 481 
Reactivation experiments, bovine her- 

pesvirus 1 vaccines and, 203-204 
C-Reactive protein, 646, 650 
Recombinant DNA technology, see Bio- 

technology; DNA immunization 
Recombinant vaccines, see also Virus vec- 

tors 
antigen production and, 467 
biotechnology and, 521-522, 581-582 
canine, 292 
for canine distemper, 296, 310, 312 
for feline immunodeficiency virus, 328- 

329 
foreign hosts and, 476 
future of, 522 
immune responses and, 475 
licensing procedures for, 590 
multivalency and, 476 
for poultry, 486-487 
for rabies, 311, 572-573 
for transmissible gastroenteritis virus, 

440 
for tuberculosis, 139 
USDA classification of, 573-574 
virus-like particles and, 442 

Recombination, homologous 
DNA integration and, 173 
in recombinant vaccine formation, 471, 

518, 574 
reversion to virulence and, 475 

Red pandas, 552 
Reference reagents, international stan- 

dards, 676-677 
Registration, see Licensing procedures 

(European Union); Licensing proce- 
dures (United States) 

Regulatory agencies, see also Animal and 
Plant Health Inspection Service; 
Center for Veterinary Biologics; Eu- 
ropean Pharmacopoeia; Office Inter- 
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Regulatory agencies (cont.) 
national des Epizooties; U.S. Depart- 
ment of Agriculture 

DNA immunization and, 172- 
173 

vaccine label information and, 
634 

Relative percent survival 
defined, 527, 542 
E d w a r d s i e l l a  ictaluri  RE-33 vaccine 

and, 531-532, 534 
Renal amyloidosis, inherited, 721 
Renal failure 

leptospirosis and, 317 
Lyme disease and, 317 
vaccine-induced, 717 

Reoviridae, 365 
Reovirus, human, 510 
Respiratory disease, see also Porcine re- 

productive and respiratory syn- 
drome; Porcine respiratory corona- 
virus; Respiratory syncytial virus 

avian, 482 
bovine, 207-208, see also Bovine respi- 

ratory syncytial virus 
equine rhinopneumonitis, 361-363 
feline, 3 
in swine, economic costs of, 464 

Respiratory syncytial virus, see also 
Bovine respiratory syncytial virus 

human, 187 
immune stimulating complexes and, 

410 
vaccines, enhanced disease and, 188 

Respiratory tract immunization, bovine 
trichomoniasis and, 229 

Retroviruses, 366 
immune stimulating complexes and, 

411 
oncogenes and, 32 

Revaccination, see also Annual vaccina- 
tions; Overvaccination 

adverse reactions and, 718 
canine vaccines and, 303, 318 
frequency of, 663, 725-727 
mink distemper vaccine and, 560 
vaccine label statements on, 639 

Reverse transcriptase-polymerase chain 
reaction, in diagnostics, 209, 361, 
372 

Reversion 
E d w a r d s i e l l a  ictaluri  RE-33 vaccine 

and, 529 
in pseudorabies vaccines, testing for, 618 
risks of, 466 
via homologous recombination, 475 

Rhabdoviridae, 367, 371 
Rhesus macaques, HIV-1/SIV protection 

in, 411 
Rheumatoid arthritis, 706, 742, 743 
Rhinopneumonitis virus, see Equine rhi- 

nopneumonitis virus 
Rhinotracheitis, see Infectious bovine rhi- 

notracheitis 
Rhinovirus type 2, 127 
Rhodococcus  equi, 372 
Rickettsiosis 

ecology of infection and, 29, 31 
preclinical detection and, 26 

Rifampicin, 527, 532 
Rinderpest, 669-670 
Risk assessment 

postmarketing surveillance and, 706- 
709, 710 

public vs. private, 750-751 
sources of data on, 704-706 
steps in, 702-703 

Risk communication, 709-710 
Risk difference, 751 
Risk factor epidemiology, 755 
Risk management, 709 
RNA viruses 

mutation in, 2-3 
synthetic peptide-stimulated immunity 

and, 184 
as virus vectors, 147 

Rockborn canine distemper vaccine 
strain, 293-294, 295, 296, 312 

Rodococcus equi, 411 
Romet, 540 
Rotaviruses, 277-278 

diarrhea and, 430 
equine, 367 
pathogenesis of, 429, 433 

Rotavirus vaccines, 421, 427, 433, 440- 
442 

Rottweilers, 661 
Roux, Emil, 13, 14 
Ruminants, see also Cattle 

immunization development and, 285 
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Safety, see Vaccine safety; Vaccine safety 
testing 

Saliva-binding region, 106 
Salmon, Vibrio viscosus and, 544, 546- 

547 
Salmonella cholerasuis vaccine, 421, 427 
Salmonella dublin, 96 
Salmonella spp. 

ecology of, 29, 31 
equine infections and, 371 
poultry infections and, 512 
zoonotic infections and, 342 

Salmonella typhimurium,  preclinical de- 
tection and, 26 

Salmonella vaccines 
in ovo vaccination and, 512 
Re-17, for clinical coliform mastitis, 

265, 269 
for swine, 421, 427 

Salmonella vectors 
for mucosal vaccines, 106, 108-109, 

111 
for SBR-CTA2/B chimeric cholera tox- 

in, 106, 108-109 
for transmissible gastroenteritis virus 

vaccine, 440 
Salmonids, antibiotics and, 543 
Sanitary and Phytosanitary Agreement 

(World Trade Organization), 677, 678 
Saponins, 169, 405, 406 
SBR-CTA2/B (chimeric cholera toxin pro- 

tein), 106-109 
Seal morbillivirus, 410 
Secondary immune response, see also An- 

amnestic recall response; Immu- 
nologic memory 

HIV-1 infection and, 127 
in mucosal immune system, 111 
tuberculosis and, 136 
virus-antibody complexes and, 510 

Seed stock, see Master seeds; Vaccine 
seed stock 

Seizures, vaccine-induced, 717 
Selectins, in leukocyte trafficking, 62, 63, 

65-67 
Self-selection, of adverse event report 

data, 756 
Sendai virus, 411 

Septicemia, see also Enteric septicemia of 
catfish 

bovine genital tract infections and, 218 
Haemophilus somnus infection and, 219 

Serengeti lions, 553 
Serials 

defined, 750 
prelicensing, 589-590 

Serum amyloid A, 644, 646 
Serum antibody titers, using to deter- 

mine revaccination, 727 
Serum neutralization titer, protective 

levels of, 726-727 
Sexually transmitted disease 

bovine genital tract infections and, 
218, 233 

campylobacteriosis and, 222 
contagious equine metritis and, 370 
systemic immunizations and, 223 

Shar Pei dogs, 721 
Shedding, see Nasal shedding; Oocyst 

shedding; Transmissibility; Virus 
shedding 

Sheep 
botulism and, 554 
Toxoplasma gondii and, 337 

Sheepdogs, see Old English sheepdogs 
Siberian seals, 552 
Simian immunodeficiency virus, 411 
Simian virus 5, 315 
Simian virus 40, 685 
Simulation models 

design and use of, 247-248 
of Haemonchus vaccines, 251-253 
of vaccination in host-parasite popula- 

tions, 248-250, 254 
Single radial diffusion test, equine influ- 

enza and, 381, 385, 603 
Single radial hemolysis test, equine in- 

fluenza and, 361, 381, 386, 603 
Skeletal deformities, conjugated linoleic 

acid and, 56 
Small animal practice 

polyvalent preparations and, 5-6 
use of vaccines in, 290 

Smallpox, 9, 10 
"Snyder Hill" canine distemper vaccine 

strain, 293, 296 
Somatic cell counts, in bovine mastitis 

diagnosis, 267, 269 
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Specific pathogen free poultry, see Poul- 
try, specific pathogen free 

Spleen, virus-antibody complexes and, 
511 

Sporothrix schenckii, 342 
Spotted hyenas, 553 
Stability testing, 632 
Stallions, contagious equine metritis and, 

370 
Standards Commission (Office Interna- 

tional des Epizooties), 670, 672-677, 
678 

Staph A antigen, 128 
Staphylococcus aureus vaccines, 258- 

262, 268 
Sterile immunity, DNA vaccines and, 171 
Strangles, 369-370 
Streptococcus agalactiae vaccines, 261, 

262 
Streptococcus dysgalactiae, 262-263 
Streptococcus equi, 369-370 
Streptococcus equismilis vaccines, 423, 427 
Streptococcus suis vaccines, 421, 423, 427 
Streptococcus uberis vaccines, 261, 263- 

264, 268, 269 
Stress 

effects on immunity, 70-74 
effects on leukocyte trafficking, 63-64 

Strongylus vulgaris 
control of, 390 
eosinophilia and, 390-391, 396 
equine, immune response to, 390-402 
pathogenesis, 390 

"Subclincal infections," 31 
Sublicensing, 592 
Substance P, 96 
Subunit vaccines 

biasing T cell responses and, 186 
cytokine adjuvants and, 457-458 
for feline immunodeficiency virus, 328- 

329 
importance of, 457 
for poultry, 519 
risks of reversion and, 466 
tuberculosis and, 139-140 
USDA classification of, 573 

Sudden infant death syndrome, 759 
Suipoxvirus, 469 
Surface proteins, in Staphylococcus au- 

reus vaccines, 261 

Surveillance 
postmarketing, see Postmarketing sur- 

veillance 
in vaccine risk assessment, 704-706, 

710 
Swine 

acute phase proteins and, 646-647 
cholera toxin adjuvanticity in, 86-92 
enteropathogenic viruses and 

enteric vaccines, 433-434 
group A rotavirus vaccines, 440-442 
mucosal immune response, 434-442 
pathogenesis of, 430-433 
transmissible gastroenteritis virus 

vaccines, 439-440 
feral, disease transmission and, 464 
immune-response selected, 43-49 
infectious diseases of, 463-467, 

469 
neonates 

diarrheal disease and, 464-465 
swinepox virus and, 475-476 

pseudorabies virus and, 451 
pseudorabies virus vaccines and, 447- 

448, 451-452, 454, 455-456, 457, 
458 

respiratory infections and, economic 
costs, 464 

Toxoplasma gondii and, 337 
Swine fever, 661-662 
Swine fever vaccine, 469 
Swine industry 

infectious diseases and, 463-465 
protein output of, 463 

Swinepox vaccine, 474-476, 477 
Swinepox virus, 469-470, 475-476 
Swinepox virus vector, 470-473 
Swine vaccines, overview of, 419-427 
Synthetic peptides 

immune stimulation by, 183-184 
poultry vaccines and, 519-520 

Systemic lupus erythematosus, 706, 742, 
743 

%263 vaccine, 337-338 
Taxidea taxus, 552 
Taylorella equigenitalis, 370 
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T cell clones, DNA tuberculosis vaccines 
and, 140 

T cell immunodeficiency, 452 
T cell receptors 

activation of ~ T cells and, 283 
antigen recognition and, 182, 183 
in avian immune system, 489 

T cells, see also Cytotoxic T cell immune 
response 

antigen presenting cells and, 275-276 
antigen recognition and, 182-184 
antigens recognized by, identification 

of, 186-187 
in avian immune system, 487, 488, 

489, 490 
in cattle 

bovine respiratory syncytial virus 
immunity, 188-191, 192 

dendritic cell-induced responses and, 
284-285 

identification of subpopulations in, 
276, 278-282 

in vivo roles of, 276-278 
cholera toxin and, 93 
in deceptive imprinting, 119 
dual-signal integration and, 93-94 
immune stimulating complexes and, 

408-409 
in mucosal adjuvanticity, 98-99 
in mucosal immune response, 434, 435 
response determining mechanisms and, 

186 
SBR-CTA2/B chimeric cholera toxin 

protein and, 108 
suppression of polyclonal response in, 

122 
trafficking and, 63, 64, 69 
in tuberculosis immunity, 136, 137 
workshop cluster numbers and, 276 

T cells, CD4, see also Thl immune re- 
sponse; Th2 immune response 

antigen processing and, 184-185 
in avian immune system, 489 
in cattle 

afferent lymph veiled cells and, 284- 
285 

bovine respiratory syncytial virus 
immunity, 188-190, 192 

bovine virus diarrhea virus and, 277 
identification of, 276 

identifying CD45 subpopulations in, 
278-282 

in vivo roles of, 277 
cytokine profiles of, 185-186 
interleukin 12 and, 450 
response determining mechanisms and, 

186 
in tuberculosis immunity, 136, 138 

T cells, CD8 
antigen processing and, 184-185 
antigens recognized by, identification 

of, 186-187 
in avian immune system, 489 
in cattle 

afferent lymph veiled cells and, 284- 
285 

bovine respiratory syncytial virus 
immunity, 188, 189 

identification of, 276 
identifying CD45 subpopulations in, 

278-282 
respiratory syncytial virus and, 

277 
in vivo roles of, 277-278 

response determining mechanisms and, 
186 

T cells, ~]~ 
in cattle 

activation and function of, 282-284 
bovine respiratory syncytial virus 

immunity, 188 
identification of, 276 
trafficking of, 64 

glucocorticoids and, 73 
T cells, memory, see also Memory lym- 

phocytes 
CD45 antigen and, 279, 280, 281- 

282 
immune stimulating complexes and, 

407 
Teladorsagia circumcincta, 242, 243 
Tetanus toxoid, 73, 93 
Tetra methyl benzidine, 648 
Texas, controlling wild animal rabies in, 

580-581 
Thl immune response 

characteristics of, 185-186 
defined, 42 
in DNA immunization, 167 
in hypersensitive reactions, 689 
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Thl immune response (cont.) 
immune stimulating complexes and, 

410 
inhibition by interleukin 10, 401 
in tuberculosis immunity, 137 

Th2 immune response 
characteristics of, 185-186 
cholera toxin induction of, 93 
defined, 42 
in DNA immunization, 167 
helminthic infections and, 246, 391 
in hypersensitive reactions, 689 
immune stimulating complexes and, 

410 
Strongylus vulgaris infections and, 401 

Theileria parva, 183 
Thimerosol, 685 
Thrombocytopenia, see Immune-mediated 

thrombocytopenia 
Thromboembolic disease, Strongylus vul- 

garis infections and, 390 
Thromboembolic meningoencephalitis, 

686 
"Thuga," 305 
Thymidine kinase gene, 150 

in fowlpox virus vector, 518 
in recombinant virus vectors, 471, 473 
in swinepox virus, 471 

Thymus-dependent antigens, 122-123 
Thymus gland, in avian immune system, 

487, 488 
Thymus-independent antigens, 122-123 
Thyroglobulin autoantibodies, 720-721 
Thyroid disease, vaccine-induced, 720- 

721 
Thyroiditis, autoimmune, 723, 742 
Tick-borne diseases, 316, 360, 662 
Togaviridae, 364 
Toussaint, Henri, 8, 12, 13, 14, 22 
Toxoplasma encephalitis, 336 
Toxoplasma gondii, 335, 336-338, 342 
Trade, see International trade 
Transcriptional regulation, glucocor- 

ticoids and, 73 
Transmissibility, see also Virus shedding 

of bovine herpesvirus 1 vaccines, 203 
of pseudorabies vaccine strains, 619 

Transmissible gastroenteritis vaccines, 
420, 421, 423, 427, 433-434, 439- 
440 

Transmissible gastroenteritis virus, 349 
attenuated, 431-434, 439 
mode of release in, 431 
mucosal immune response to, 436-439 
pathogenesis, 429, 431-433, 465 
in swine, economic costs of, 465 

Transmission, see Disease transmission 
Transplacental immunization, 564 
Transporter for antigen presentation, 

184 
Trichomoniasis, see Tritrichomonas foetus 
Trichostrongylid nematodes, 242; see also 

Helminthic vaccines 
aminopeptidases in, 245 
host immunity and, 250-251 
modeling of vaccines for, 251-253 
overdispersion and, 251 

Trichuris muris, 186, 401 
Tritrichomonas foetus, 224-232 

diagnosis of, 231-232 
evasion of immune response by, 231 
genital mucosal inductive sites and, 

228-230 
immune response to, 226-228, 230 
pathogenesis of, 224 
prevalence of, 224-225 
protective antigens of, 225-226 
vaccine development and, 233 

Trout, see Rainbow trout 
Trovac-NDV, 519 
Trypanosoma congolense, 278 
Tuberculosis 

acquired cell-mediated immunity and, 
137-138 

~/8 T cells and, 284 
human mortality and, 135, 141 
memory immunity and, 136 
preclinical detection and, 33-34 
process of infection in, 136-137 

Tuberculosis vaccines, 135, 136, 138-141 
Tumor necrosis factor 

acute phase proteins and, 645 
adjuvanticity in DNA immunization, 

168 
excessive induction of by vaccines, 687 
tuberculosis and, 138 

Turkey herpesvirus, in Marek's disease 
vaccine, 496, 497, 498, 500, 502-503, 
519 

Turkey herpesvirus vectors, 486, 519 
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Turkeys, see also Poultry industry 
recombinant vaccines and, 486 

Turpentine injection, 646, 647 
Type III response, in hypersensitive reac- 

tions, 689-690 
Typing systems, in bovine mastitis diag- 

nostics, 268 

U 

Uasin Gishu pox, 11 
Ulcers, Helicobacter  pylori  and, 341 
Unconventional antigens, 121 
Underdeveloped countries, rabies in, 

571-572 
United States 

controlling wildlife rabies in, 576-581 
licensing procedures in 

for modified live pseudorabies vac- 
cine, 628-632 

for veterinary biological products, 
586-593 

Virus Serum Toxin Act and, 585- 
586, 627 

regulation of veterinary vaccines in, 
682-684 

swine vaccine use in, 422, 423, 425, 
426, 427 

wildlife reservoir species of rabies in, 572 
United States Pharmacopeia, 753 
United States Veterinary Biologics Es- 

tablishment License, 587-588 
Unvaccinated animals, see Nonvacci- 

nated animals 
Uremia, 317 
Urocyn cineieoargenteus,  552 
U.S. Department of Agriculture, see also 

Animal and Plant Health Inspection 
Service; Center for Veterinary Bio- 
logics; Licensing procedures (United 
States) 

adverse event report data and, 771 
annual revaccination regulations, 639 
classification of recombinant vaccines, 

573-574 
collection of adverse event reports and, 

753 
efficacy testing regulations, 635-637 
equine influenza vaccines and, 386 

licensure exemptions and, 592 
regulation of veterinary vaccines, 682- 

684 
safety testing regulations, 638 
testing of Raboral V-RG vaccine, 573, 

575-576 
vaccine label information and, 634-641 
Veterinary Biologics program and, 

586-587 
Uterus 

bovine campylobacteriosis and, 222- 
223 

bovine trichomoniasis and, 228-230 

Vaccination, see also Annual vaccination; 
DNA immunization; In  ovo vaccina- 
tion; Nonvaccinated animals; Revac- 
cination 

adverse reactions and, see Adverse re- 
actions 

benefits of, 663-665 
conventional, alternatives to, 716, 727- 

729 
cross-species, 551-555 
in disease prevention, 465-466 
economics of, 1-2, 661 
emerging infectious agents and, 2-3, 

333, 334-335 
epidemiology and, 415-417, 666 
genetic predispositin and, 39-49 
of geriatric animals, 6, 725-726, 728 
goal of eradication in, 474 
holistic perspective and, 290-291 
immune-induced wasting and, 53, 54, 57 
of neonates, 297-298, 299-300, 661, 

663, 694, 719 
origins of, 7-8 
overuse of, 663, 701-702, 718, 728 
overview of, 668 
of pregnant animals, 74, 718 
professional knowledge of, 2 
purpose of, 136 
reemerging infectious agents and, 

333 �9 
risks and, 662-665, 702-792 
standardization and, 658-662 
success of, 1 
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Vaccine Adverse Event Reporting Sys- 
tem, 753 

Vaccine delivery 
DNA immunization and, 165-166, 

169-171 
intradermal, 165-166 
intragastric, 106, 109, 110 
intramuscular, 165, 170 
intranasal, 106, 109, 110, 310 
intraperitoneal, 440, 541-542, 549 
in  ovo, 485, 490 

Vaccine development 
advances in immunology and, 182-187 
antigen processing and, 184-185 
antigen recognition and, 182-184 
biotechnology and, 182, 517, 521-522, 

581-582, 665 
for bovine genital tract infections, 233 
for bovine respiratory syncytial virus, 

192 
current trends in, 182 
deceptive imprinting and, 129 
epitope masking and, 130 
for equine diseases, 373 
for foot-and-mouth disease virus, 199 
future of, 665-666 
in helminthic vaccines, 242-254 
identification of T cell-recognized anti- 

gens and, 186-187 
for lentiviruses, 366 
in poultry vaccines, 486-487 
recombinant vaccines and, 467 
synthetic peptides and, 183-184 
T cell response pathways and, 185-186 
traditional approaches to, 181-182, 

466 
virus vectors and, 146, 475 

Vaccine effectiveness, distinguished from 
vaccine efficacy, 751 

Vaccine efficacy 
distinguished from vaccine effective- 

ness, 751 
exposure of adverse effects and, 703 
interpreting, 3-4 
public concern with, 290 
quantitative definition of, 751 
U.S. regulations on, 684 

Vaccine efficacy testing 
of bovine herpesvirus 1 vaccines, 202- 

204 

of bovine virus diarrhea virus vaccines, 
208 

of canine coronavirus vaccines, 301, 
302 

of canine parvovirus type 2 vaccines, 
298-300 

of canine vaccines, 291-292, 293 
codified, 635 
of conventional vaccines, 466 
disease prevention and, 416-417 
of enteric vaccines, 433 
of equine influenza vaccines, 380 
of feline infectious peritonitis vaccines, 

354-355 
of fish vaccines, 542 
of foot-and-mouth disease vaccines, 

199-200 
in licensing procedures, 589 
noncodified, 635-636 
of in  ovo  vaccination, 498-499 
of pseudorabies vaccines, 620-623, 629 
of Raboral V-RG vaccine, 575-576 
reported on vaccine labels, 635-637 
of swine vaccines, 420, 421, 423, 425 
USDA regulations, 635-637 

Vaccine industry, see a l so  Licensing 
loyalty of veterinarians to, 3 
postmarketing surveillance and, 706- 

709 
recommendations for, 6 
research and development in, 3 

Vaccine labeling 
animal age ~ information on, 639-640 
annual revaccination information on, 

639 
directions for clinical use on, 638-639 
efficacy information on, 635-637, 684 
expectations for, 634 
improving standardization in, 640-641 
indications information on, 637 
information on multiple syndromes, 

640 
in pseudorabies vaccine licensing, 

632 
safety information on, 637-638, 684 
standardization of, 658 
veterinarian needs and, 633, 634 

Vaccine marketing, misuse of adverse 
event report data in, 771-772 

Vaccine production lots, see Serials 
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Vaccines, see a lso  speci f ic  types;  Veterin- 
ary biological products 

administering concurrently, dangers of, 
691, 693, 695 

administering near parturition, 74, 718 
adverse reactions to, see Adverse reac- 

tions 
clinical use, directions for, 638-639 
contamination of, 684-685, 717-718 
conventional, overview of, 465-467 
costs of, 175 
cross-reactivity and, 743, 745 
failures, causes of, 129-130, 146, 595, 

691-695 
holistic perspective and, 290-291 
human vaccine models and, 659 
hypersensitivity reactions and, 688- 

690 
immunogenic qualities of, 456-457 
improper handling of, 692 
licensing and registration of, see Li- 

censing procedures 
loyalty of veterinarians to, 3 
need for improvement in, 145-146 
partnership model for, 667 
risk assessment for, 702-703 
strategies for use, 666 
success of, 657-658, 682 
target species and, 660 

Vaccine safety, 710 
characteristics of, 703 
frequency of administration and, 701- 

702 
problems in, 662-663 
U.S. regulations on, 683-684 

Vaccine safety testing 
of bovine herpesvirus 1 vaccines, 204- 

205 
of bovine virus diarrhea virus vaccines, 

208-209 
of canine coronavirus vaccines, 301- 

302 
of canine parvovirus type 2 vaccines, 

300 
of canine vaccines, 291 
of E d w a r d s i e l l a  i c ta lur i  RE-33 vaccine, 

528-529, 534 
of foot-and-mouth disease vaccines, 200 
in licensing procedures, 588-589 
of modified live virus vaccines, 466 

of nonimmunizing mutant viral vac- 
cines, 293 

of pseudorabies vaccines, 616-620, 
629, 630-632 

public concern with, 290 
reported on vaccine labels, 637-638 

Vaccine seed stock, see a lso  Master seeds 
canine parvovirus type 2 vaccines and, 

298 
Vaccinia, 8, 9-11, 22 
Vaccinia virus vector, 146, 147, 153, 467- 

469, 475, 572, 574 
Vaccinology 

adjuvants and, 4-5 
DNA injections and, 4 
early anthrax vaccines, 11-17 
early discoveries in, 9-11 
origins of, 7-8 
polyvalent vaccines and, 5-6 
professional knowledge of, 2 
recommendations for, 6 
William Greenfield on, 15-16, 17 

Vaccinosis, 290, 715 
Vaculitis, 219 
Vagina 

bovine campylobacteriosis and, 222- 
223 

bovine trichomoniasis and, 228- 
230 

Valgus deformity, 56 
Vanguard-5 CV/L vaccine, 735 
Varice l lov irus ,  201; see a lso  Bovine her- 

pesvirus 1 
Varus deformity, 56 
Vascular cell adhesion molecule 1, 63 
Vectors, see Bacterial vectors; Virus vec- 

tors 
VectorVax FP-N, 519 
Venereal campylobacteriosis, see Cam- 

pylobacteriosis 
Venezuelan equine encephalitis, 364 
Venezuelan equine encephalitis vaccine, 

685 
Venules, leukocyte trafficking and, 61- 

62, 65 
Verminous arteritis, 390, 398 
Vesicular stomatitis, 371 
Veterinarians 

animal welfare and, 664-665 
attitudes towards vaccines, 3 
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Veterinarians (cont.) 
in postmarketing surveillance of vac- 

cines, 707 
risk communication and, 709-710 
risk management and, 709 
swine vaccines and, 420, 425, 427 
vaccine labels and, 633, 634 

Veterinary biological establishments, li- 
censing of, 587-588 

Veterinary biological products 
defined, 586 
licensing of 

European Union, 595-607 
United States, 587-593, 627 

new European definitions of, 598-600 
Virus Serum Toxin Act and, 585-586 

Veterinary Biologics program, 586-593 
Veterinary diagnostics, see Diagnostic 

medicine 
Veterinary laboratories, as OIE reference 

laboratories, 675-676 
Veterinary medicinal products, see Veter- 

inary biological products 
Veterinary microbiology, 6 
Veterinary practices 

corporate, postmarketing surveillance 
of vaccines and, 708 

standardization and, 658-659 
Veterinary Services, 627 
VetSmart, 708 
VH genes, in deceptive imprinting, 120- 

121 
Vibrio angui l larum,  548-549 
Vibrio cholerae, see Cholera toxin 
Vibrio salmonicida, 547, 548-549 
Vibrio viscosus, 544, 546-547 
Vibrio wodanis, 546 
Vibrosis, 547, 548; see also Campylobac- 

teriosis 
Viral diarrhea, enterpathogenic viruses 

and, 430 
Viral envelope 

deceptive imprinting and, 118 
HIV-1, similarity with other viruses, 

127 
immune stimulating complexes and, 

406, 410 
Viral envelope glycoprotein 

in feline immunodeficiency virus vac- 
cines, 326, 328 

in recombinant swinepox vaccines, 474 

Viral neutralizing factor technology, 506- 
511 

Viremia 
bovine virus diarrhea virus and, 

277 
in poultry, rispens-type vaccines and, 

502-503 
Virulence, see also Reversion 

of Haemophi lus  somnus, 220 
modified live vaccines and, 466 
residual, in modified live vaccines, 

686-687 
Virus-antibody complex vaccines, in ovo 

vaccination and, 506-511 
Viruses, see also specific diseases; Virus 

vectors 
mutation in, 2-3 
"new," 2 
replication limited, 150-151 
strain variability, effects on vaccina- 

tion, 660 
Virus-like particle vaccines, 442 
Virus Serum Toxin Act (United States), 
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