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Preface

Memories from Medical School

It was 1989. I was in my fourth year of medical school, taking care of a patient in
Riverside Hospital’s 6-bed ICU. Riverside was a small community hospital in
Trenton, Michigan, a mostly blue-collar Detroit suburb bordering the Detroit River,
surrounded by steel mills and car manufacturing plants. Practicing medicine was
different then. There was less technology to aid disease diagnosis and there were
fewer treatment options available. Evidence-based medicine was not yet a familiar
term in medical education. Hospital computers were not common, electronic medi-
cal records were an innovation not yet materialized, and paper charts and books in
print served as records and resources. Smoking was allowed in patient rooms which
were equipped with hospital-supplied ashtrays on bedside stands. Pseudomonas
was an infection commonly encountered on the wards and its new-mown hay smell
tipped off medical staff to its existence before confirmatory cultures were complete.
The Advisory Committee on Immunization Practices (ACIP) routinely recom-
mended only four vaccines for children and one for adolescents. However, the prac-
tice of medicine in 1989 and today is similar in one important way: there were
vaccine recommendations for the prevention of certain diseases for those who do
not have a spleen both then and now.

David was a 26-year-old asplenic patient in ICU bed #3. He had fallen ill with a
fever the day before. There was only a thin curtain partition separating David from
me and my patient in bed #2 and I could hear David’s doctor and family crying,
inconsolable with despair. From the nursing staff I learned that David’s spleen had
been surgically removed after a motorcycle accident 4 years prior and he had not
received the [then] two ACIP recommended postsplenectomy vaccines against
pneumococcal and meningococcal infections.(1) Those gathered around his bed
witnessed overwhelming postsplenectomy sepsis, a well-characterized phenome-
non typically caused by encapsulated bacteria, such as Streptococcus pneumoniae,
Neisseria meningitides, and Haemophilus influenzae type b, overwhelm his immune
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system and shut down his organs. Everyone knew the cocktail of antibiotics he was
receiving could not help him. Sepsis took his life swiftly.

It profoundly struck me that a young, previously healthy person lying in bed a
few feet from me had likely died from a vaccine-preventable disease! David’s death
plagued me with many “what-ifs”: What if he had received his recommended vac-
cines? Would he still be alive? What if this fatal outcome was his doctor’s fault? Had
she failed to recommend the vaccines? What if he had been offered the vaccines but
then refused them? Or, what if he received the vaccinations but the vaccines failed
to offer protection?

The seeds of this book took root.

My hope is that this book gives the reader a broad understanding of vaccines. It
chronicles vaccines from their beginnings in society, how they were developed
through scientific study, and their value in preventing disease and saving lives. This
book describes how a vaccine begins with an idea to prevent disease and how it is
then developed in the laboratory through years of research and study and ultimately
results in a recommendation put out by the Centers for Disease Control and
Prevention Advisory Committee on Immunization Practices. The first chapter of
this book in no way claims to cover all of the infectious disease and vaccine history
or cite and acknowledge all those who were responsible to bring vaccine medical
advances to where they are today. It is a collection of historical facts and interesting
stories that illustrate this author’s view of the development of vaccines in society.
Other chapters of this book provide an understanding of vaccine science and immu-
nology and a thorough review of routine immunizations given in the United States
today and in years past, with their indications for reference. Sources and resources
to determine immunization needs for patients are identified. Myths regarding vac-
cines are discussed and busted. Barriers to improving vaccination rates are identi-
fied and Chapters 7 and 8 detail ways to overcome those barriers, offering both
evidence-based recommendations and expert opinion on how to improve immuniza-
tion rates for patients. Practical as well as theoretical discussions and advice on
healthcare systems, implementation science, and models of communication are pre-
sented. I hope that through this book, I can enlighten the reader on vaccines and
vaccine science in new ways.
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Chapter 1
History of Infectious Diseases and Vaccines
in Society: Introduction

Pamela G. Rockwell
The success or failure of any government in the final analysis
must be measured by the well-being of its citizens. Nothing can
be more important to a state than its public health; the state’s
paramount concern should be the health of its people.
Franklin Delano Roosevelt [2]
Introduction

Franklin D. Roosevelt, as governor of New York (serving from 1929 to 1932) in a
report to the New York State Health Commission in 1932 [2], knew that public
health was important to society as evidenced by the first line of the report quoted
above. His commitment to public health and disease prevention helped incorporate
vaccines into US medical practice and pave the way for eradication of polio in the
United States. As the 32nd president of the United States (serving from 1933 to
1945), he founded the National Foundation for Infantile Paralysis (NFIP) in 1938,
later renamed the March of Dimes. Among many other notable accomplishments,
NFIP sponsored a large poliomyelitis vaccine field trial directed by Thomas Francis,
Jr., MD in 1954 [3], of the University of Michigan Vaccine Evaluation Center to test
the safety and efficacy of the Salk polio vaccine. It was the first wide-scale testing
of a vaccine, using 65,000 children volunteered by their parents, to receive either
vaccine or placebo injections [4]. Thanks to the polio trial and subsequent vaccine
trials, ongoing scientific research, and scholarly activity, we can now prevent more
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infectious diseases through immunizations than ever before. In the medical com-
munities’ common goal to cure disease and treat the effects of disease as it occurs,
immunizations have been hailed as one of the most effective methods of all medical
and public health initiatives to save lives by way of preventing disease [5].

Infectious disease outbreaks have had devastating effects on people and popula-
tions, influencing human social and political history throughout recorded time.
Hippocrates (460-377 BCE), who was among the first to record his theories on the
occurrence of disease, coined the terms endemic and epidemic disease. He defined
endemic diseases as diseases that were always present in a population. Conversely,
epidemic diseases were not always invariably present but occurred sometimes in large
numbers [6]. Civilizations and their cultures have been shaped, altered, and decimated
by disease endemics and epidemics. Outbreaks of disease have been documented
since 541 AD in Asia. Though the evidence for epidemics in the non-Western world
and in the New World before significant contact with Europeans is scant, we can theo-
rize that infectious diseases have been present around the world as long as man has
been present [7]. Cholera, yellow fever, malaria, and plague were constant concerns in
the West and in US port cities in the early twentieth century when quarantine was the
principle tool of prevention [6]. Through a combination of public health initiatives
including improved sanitation and introduction of vaccines, deaths declined markedly
in the United States during the twentieth century. This is significantly evidenced by the
sharp drop in infant and child mortality and a 29.2-year increase in life expectancy
noted during that time [8]. The three leading causes of death in 1900 were pneumonia,
tuberculosis (TB), diarrhea, and enteritis, which when combined with diphtheria,
caused 1/3 of all deaths. Young children aged fewer than 5 years accounted for 40% of
the deaths caused by the forenamed diseases and made up roughly 1/3 of all deaths
from all causes. By 1997, that percentage dropped to 1.4% [9, 10] (Fig. 1.1).

The positive effects of vaccines have been documented since the late 1700s when
inoculation (introduction of smallpox pustules into the skin) was practiced. Centers for
Disease Control and Prevention (CDC) describes the reduction in morbidity and mor-
tality associated with vaccine-preventable diseases in the United States as one of the
ten greatest public health achievements of the first decade of the twenty-first century [11].
Despite the success of vaccination, common infectious diseases continue to confer
significant societal and individual harm. For example, influenza, a common and famil-
iar infectious disease known as “the flu,” is responsible for much morbidity and mor-
tality in the United States. CDC estimates that each year, an average of 226,000 people
are hospitalized due to influenza and between 3000 and 49,000 people (mostly adults)
die of influenza and its complications, depending on the year and severity of out-
breaks. Other infectious diseases also result in significant morbidity and mortality: of
the 32,000 cases of invasive pneumococcal disease in adults in 2012, there were
approximately 3300 deaths. A total of 800,000—1.4 million people suffer from chronic
hepatitis B, with complications such as liver cancer, and in the United States, human
papillomavirus (HPV) causes about 17,000 cancers in women and about 9000 cancers
in men each year; about 4000 women die each year from cervical cancer [12].

In addition to illness and death, cost to society from infectious diseases can be
measured in terms of dollars spent in treating and preventing diseases. The eco-
nomic analysis of vaccine-preventable disease (VPD) requires examination beyond
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Fig. 1.1 Crude death rate (per 100,000 population per year) for infectious diseases — United
States, 1900-1996 (Adapted from Armstrong et al. [8]). YAmerican Water Works Association.
Water chlorination principles and practices: AWWA manual M20. Denver, Colorado: American
Water Works Association, 1973

the costs of individual illness to account for the costs of protecting society. For
example, the 2004 direct cost to the public health infrastructure in Iowa containing
one case of measles brought to the United States from an unvaccinated college stu-
dent who had traveled to India was estimated at $142,452. This is far greater than
the estimated cost of uncomplicated individual illness (fewer than $100) [13]. A
2014 report by CDC concluded that routine childhood vaccinations given to infants
and young children over the previous two decades will prevent 322 million cases of
disease, 21 million hospitalizations, and about 732,000 early deaths over the course
of the lifetimes of children born during 1994-2013, for a net societal cost savings of
$1.38 trillion which includes $295 billion in direct costs such as medical expenses
[14]. Moreover, these calculations may underestimate the full impact of vaccines
because only the 14 routine early childhood immunizations that are typically
required for school entry were considered, leaving out flu shots and adolescent vac-
cines along with all the societal benefits those vaccines bestow [12].

Vaccination has led to a dramatic decline in the number of US cases of many
infectious diseases. However, unvaccinated American children and adults are sus-
ceptible to diseases that are now rare stateside but may be imported into the United
States from foreign travelers. Furthermore, those who are unvaccinated are suscep-
tible to exposure to the same infectious diseases while traveling abroad as illustrated
by the measles-infected college student returning from travel to India. Additionally,
outbreaks of preventable diseases occur when many parents decide not to vaccinate
their children, especially when living in a closed community. Pockets of unvacci-
nated children not only create risk for those unvaccinated children in the community,
but also create risk for others outside the community unable to be vaccinated: chil-
dren too young to be vaccinated and people with weakened immune systems [15].
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Around the world, a much larger proportion of children are now protected against
a broader range of infectious diseases through vaccinations, but there is still much
room for improvement in vaccination rates. VPDs are still responsible for about
25% of the 10 million deaths occurring annually among children under 5 years of
age [16]. Mortality estimates are helpful in prioritizing public health intervention,
and in the case of VPDs, these estimates indicate the number of deaths that could be
averted if existing vaccines were used to their fullest potential.

Take the example of measles again, a highly contagious infectious disease caused by
a paramyxovirus with classic symptoms of fever, cough, coryza, conjunctivitis, Koplik
spots, and rash, which in 1912 became a nationally notifiable disease in the United
States. In the first decade of reporting, an average 6000 measles-related deaths were
reported annually. Nearly every child got measles by the time they turned 15; an esti-
mated 3—4 million people were infected each year in the United States, with 48,000
hospitalizations, 4000 cases of encephalitis, and ~400-500 deaths [17]. In the 4 years
prior to the US licensure of the measles vaccine in 1963, an average of 503,282 measles
cases and 432 measles-associated deaths were reported each year [18]. As the US pub-
lic eradication of measles effort began, an ambitious Public Health Service statement in
1966 maintained that by the “effective use of [these] vaccines during the coming winter
and spring should insure the eradication of measles from the United States in 1967~
[19]. Though not eradicated as predicted, by 1998 measles reached a provisional record
low number of 89 cases with no measles-associated deaths [20]. All cases in 1998 were
either documented to be associated with international importations (69 cases) or
believed to be associated with international importations [9]. Over the next decade
around the globe, there was also a reduction in measles mortality from an estimated
750,000 deaths in 2000 down to 197,000 in 2007 [21, 22]. Worldwide, measles vacci-
nation prevented an estimated 17.1 million deaths during 20002014 [23] (Fig. 1.2).

Infectious Disease: Its Effects on Culture and Populations

Significant Plagues, Pandemics, and Epidemics

Both in ancient times and in the modern day, infectious disease complications range
from, at best, a patient forced out of commission for weeks due to illness to far more
serious complications such as hearing and vision loss, disfigurement, limb paraly-
sis, limb amputations, seizures, and death. On a much larger scale than individual
complications, disease epidemics have decimated entire populations and changed
cultures. It wasn’t until the 1960s that historian William H. McNeill started produc-
ing scholarly writings on history in a completely novel way: he chronicled how
infectious disease outbreaks have influenced history. He described how disease has
molded many culture’s demographics, politics, and ecological resources. His schol-
arly contributions are the first to correlate historical events and outcomes with dis-
ease epidemics [24].

McNeill and other historians since wrote of the Antonine Plague of 165-180 AD,
the first major plague known to have influenced culture and civilization. It is reported
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Fig. 1.2 Estimated number of measles deaths and number of averted by measles vaccination —
worldwide, 2000-2014 (from citation progress toward regional measles elimination — worldwide
2000-2014 http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6444a4.htm)

to have killed a quarter to a third of Rome’s population [25]. Most historians agree
that in 165 AD Roman soldiers returning home from war in Mesopotamia caused
the plague by introducing what historians believe to be smallpox (never before seen
in Europe) to Rome. Rome’s two emperors Lucius Verus and Marcus Aurelius
Antoninus died from the plague, giving the plague its name. Unfortunately, little
record keeping of the plague disease and description of its physical and clinical
effects on the sufferer exists. Though the Greek physician, Galen, recorded his
observations and a description of the epidemic, his descriptions were scant and he
did not give many specific details of the disease. He described the plague as “great”
and of long duration and mentioned fever, diarrhea, pharyngitis, as well as a skin
eruption, sometimes dry and sometimes pustular appearing on the ninth day of ill-
ness, fitting the theory that the plague was caused by smallpox (there is no actual
proof of this). The majority of scholars agree that the impact of the plague was
severe, affecting ancient Roman traditions and not only influencing spirituality and
religion but also influencing military conscription and agricultural and urban econ-
omy and depleting the finances of the land. Artistic expression of the time depicted
the renewal of spirituality and religiousness. Scholars conclude that the plague and
its sequelae created the conditions for the spread of monotheistic religions, such as
Mithraism and Christianity [25]. The Antonine Plague, wrote McNeill, coincided
with the start of the Roman Empire’s 300-year decline [24].

Several hundred years later, in 541 AD, the first of three other historically signifi-
cant plague pandemics caused by the bacterium Yersinia pestis began, these more
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carefully recorded than the Antonine Plague. The Justinian Plague or Bubonic
Plague, named after the sixth Byzantine Emperor Justinian I, is characterized by sud-
den onset fever, headache, chills, and weakness and one or more swollen, tender, and
painful lymph nodes (called buboes) and is reported to have killed millions. Numerous
references in art, literature, and monuments attest to the horrors and devastation that
accompanied the disease. It depopulated many European cities and depressed birth
rates for generations, contributing to the fall of Rome. Yersinia pestis infects small
rodents like rats, mice, and squirrels, and it is usually transmitted to humans through
the bite of an infected flea or by handling an animal infected with plague. It was
spread across the world by the globalization of rats: black rats brought over from
Africa as part of the grain trade to Europe. Over the next 200 years, there were several
outbreaks of the Justinian Bubonic Plague which were ultimately responsible for kill-
ing over 25 million people and affecting all the Mediterranean basin [26].

The second large pandemic, rising to epidemic proportions in the fourteenth cen-
tury during the Middle Ages, originated in China several hundred years later, in
1334. This plague was known as the Black Plague, or the Great Plague. The name
was derived by descriptions of people ill with the plague, covered in black boils that
oozed blood and pus. At that time, China was one of the busiest trading nations,
allowing the plague to spread along the great trade routes to Constantinople and
then to Europe where it again devastated Europe, killing nearly 50 million people,
an estimated 60% of the European population. The pandemic died down in winter,
when fleas went dormant, and flourished in the spring. Even after the worst of each
pandemic flair was over, smaller outbreaks continued for centuries, and the disease
did not disappear until the 1600s. The devastation of the Black Plague caused mas-
sive labor shortages due to high mortality rates, which in turn is credited in speeding
up the development of many economic, social, and technical modernizations [27],
and has been considered a factor of the onset of the Renaissance in the late four-
teenth century (Fig. 1.3).

The “third great plague,” the Modern Plague, began in the Yunnan province in
China in 1855 and appeared in Hong Kong by 1894. In the following 20 years, it
spread to port cities around the world via rats on steamships, causing approximately
10 million deaths. It spread from the Yunnan province to all inhabited continents,
ultimately killing more than 12 million people in India and China alone [28]. The
Yersinia pestis bacterium was originally spread by infectious flea bites from infected
rats, but it then spread to local populations of ground squirrels and other small mam-
mals. This bubonic plague was endemic in populations of infected ground rodents
in central Asia and was a known cause of death among migrant and established
human populations in that region for centuries. Increased globalization resulting in
more heterogeneous societies led to the dissemination of bubonic plague which still
exists in various parts of the world. In 2003, more than 2100 human cases and 180
deaths were recorded by the World Health Organization (WHO), nearly all of them
in Africa. The last reported serious outbreak was in 2006 in the Democratic Republic
of the Congo in Central Africa, when at least 50 people died. The United States,
China, India, Vietnam, and Mongolia are among the other countries that have con-
firmed human plague cases in recent years. New research suggests Black Death is
lying dormant [29].
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Fig. 1.3 Black plague — engraving taken from the book Paris Through the Centuries, Tomel
(1878) (Photo courtesy of Alamy Images)

The Americas were mostly shielded by geography from the many infectious dis-
eases endemic to Europe and Asia before the sixteenth century. Native Americans
had no exposure and thus no immunity to many infectious diseases. The first large-
scale contacts between Europeans and native people of the American continents
brought overwhelming pandemic of measles and smallpox to the Native Americans
in the sixteenth century. These diseases spread rapidly and were lethal, leading to a
drastic drop in the Native American population. The Aztec and Inca civilizations
in Central and South America were crippled [30], and much of Native American
cultures collapsed.

The Path to Vaccine Discovery

Smallpox: From Early Recorded Man to the Twenty-First
Century

To review the history of modern vaccines, one must start with a brief review of the
history of smallpox, an exanthematous DNA viral disease. The deadliest form of
smallpox is caused by the variola major virus and is without a known cure. It can be
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contracted via airborne particles or through direct contact with infected bodily fluids
or contaminated objects such as bedding or clothing. There is no animal reservoir of
smallpox and no human carriers — the virus has to spread continually from human
to human to survive [31]. Smallpox is believed to have appeared at the time of the
first agricultural settlements in northeastern Africa around 10,000 BCE. The earliest
physical evidence of smallpox is the pustular rash on the mummified body of
Pharaoh Ramesses V of Egypt, who died in 1157 BCE [32]. Population effects of
the disease can be traced from China in 1122 BCE and on to Europe between the
fifth and sixth centuries. Although epidemics of disease are described in the Bible
and in Greek and Roman literature, descriptions of clinical signs are sparse [33].
One of the epidemics that can be identified with some certainty as smallpox occurred
in Athens beginning in 430 BCE and was described by Thucydides, a Greek histo-
rian, born 460 BCE [31]. Later, during the fourteenth-century Middle Ages, small-
pox was frequently endemic (along with other diseases like typhoid, measles,
dysentery, and the plague), resulting in the fall of the Native American civilizations
in the 1500s due to the introduction of smallpox by Spanish and Portuguese con-
quistadors to the New World.

Smallpox first appeared in England in the sixteenth century. A particularly viru-
lent strain emerged in the early seventeenth century, and by the eighteenth century,
smallpox was endemic: it killed one tenth of the population of British India, one
tenth of all Swedish infants, one seventh of all Russian infants, and over 400,000
Europeans each year [34].

After several decades of endemicity, smallpox became almost wholly a disease
of childhood with a high mortality rate. It resulted in a death rate of roughly 25-30%
and one third of smallpox survivors were reported to have gone blind. It was com-
mon knowledge that survivors of smallpox became immune to the disease, and
almost all adults were immune to smallpox, having survived the disease as children
[35]. Outbreaks of variola major occurred until the end of the nineteenth century.
Man’s attempt to prevent smallpox initially through inoculation (also known as vari-
olation) was the first known attempt to minimize or prevent disease.

Variolation and Inoculation: Earliest Forms of Vaccination

The terms inoculation from the Latin inoculare, meaning “to graft,” and variolation
were often used interchangeably. Variolation specifically refers to the deliberate
exposure of a person to smallpox from pustules or scabs of a person with smallpox.
The Chinese are generally given credit for variolation. Textual evidence such as
Zhang Lu-yu’s Zhangshi Yitong (Zhang’s Medical Compendium) from 1695 offers
a description of smallpox inoculation through variolation involving nasal insuffla-
tion of dried finely powdered human pox crusts taken from a patient in the recovery
stages of smallpox [36]. During this same period in India, scarification procedures
were invented either separately or imported from China [37]. From there, the prac-
tice of cutaneous variolation passed to the Middle East and Africa, from Turkey to
Great Britain, then to the rest of Europe and elsewhere [38].



1 History of Infectious Diseases and Vaccines in Society: Introduction 9

Inoculation through variolation was introduced in England in the early 1700s
[39]. The smallpox virus was introduced subcutaneously via a lancet with fresh
matter taken from a ripe pustule of someone suffering from smallpox. This tech-
nique carried the risk of death to the patient inoculated and also potentially infected
others around the patient as the inoculated patient became infectious. However, the
risk of death from inoculation was much less than the risk of death from contracting
the disease outright, and vaccination through inoculation was recommended by
many. Mathematically minded doctors and scientists calculated the risks of dying
from inoculation — roughly I in 100 in the 1720s — and compared it to the risk of
dying from smallpox, about 1 in 7 [40]. There were those who recommended uni-
versal inoculation like Daniel Bernoulli, a Swiss mathematician who wrote a math-
ematical analysis in 1760 and calculated that approximately three quarters of all
living people during that time had been infected with smallpox. He argued through
mathematical equations that many lives would be saved if smallpox were com-
pletely eliminated, and he encouraged universal inoculation against smallpox [35].

Edward Jenner

In 1757 a young boy by the name of Edward Jenner was inoculated with smallpox
in Gloucester England and thus became immune to the disease [41]. By 1798, the
young Edward Jenner had become Dr. Edward Jenner, known for developing a pro-
cedure to inoculate people with fresh cowpox lesions, conferring immunity to
smallpox. Cowpox is an infectious disease caused by the cowpox virus, a zoonotic
virus that can be transferred between animals and man. The transfer of the disease
was observed in dairymaids who touched the udders of infected cows and who con-
sequently developed pustules on their hands and forearms. These dairymaids were
noted to have immunity to smallpox with later exposures. Jenner was the first to
keep scientific records that documented that cowpox inoculation conferred immu-
nity to those later exposed to smallpox. Through his work of inoculation with cow-
pox, the word vaccination was derived: vacca, Latin for cow, and vaccina, Latin for
vaccinia virus of the genus Orthopoxvirus [42].

To be historically fair, prior to the work of Jenner, other country physicians and
farmers in the dairy lands of eighteenth-century England and physicians and farm-
ers in other parts of the world the previous century knew of and practiced inocula-
tion. Recognition is due to Benjamin Jesty, a farmer in Yetminster, England, who, in
an attempt to protect his family in 1774 (24 years before Jenner’s experiments),
used material from udders of cattle that he knew had cowpox and transferred the
material with a small lancet to the arms of his wife and two young boys, ages two
and three [43]. So sure of his vaccination success, Benjamin Jesty years later pur-
posefully had one of his son’s exposed to known case of smallpox, proving his son’s
immunity [44]. Despite his successful inoculation of his family, Jesty was said to be
ridiculed by the town folk of Yetminster. Much of society at that time was not yet
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A

Fig. 1.4 Edward Jenner, vaccinating his young child, held by Mrs. Jenner; a maid rolls up her
sleeve, a man stands outside holding a cow. Colored engraving by C. Manigaud after E Hamman.
The Royal College of Surgeons of England, 35-43 Lincoln’s Inn Fields, London WC2A 3PE
Credit: Wellcome Library, London. Image: Wellcome Images L0011550

ready for change by way of scientific interventions. In rural areas, people were often
superstitious and the last execution for witchcraft had taken place only 62 years
before. Word spread of what Jesty had done to his family, and he and they became
the object of their neighbors’ scorn and derision. Eventually Jesty moved out of
Yetminster to another part of England, and records show that he went on to success-
fully inoculate many others over the years [45].

However, no one before Jenner had documented or recorded any scientific inves-
tigation or study on the matter of inoculation. Jenner recorded and published his
findings. Vaccines have been associated with clinical trials ever since: within 5 years
of his publication, doctors in Europe and North America conducted trials both in
hospitals and in communities to test the safety and efficacy of cowpox vaccine.
These trials set the model for evaluations of subsequent vaccines [46]. Therefore,
Jenner can be thought of as one of the first physicians to promote and practice
evidenced-based medicine (Fig. 1.4).
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Closer to Home: Smallpox in Eighteenth-Century Americas
and the American Revolution

The early history of the United States of America is profoundly influenced by the
effects of smallpox. The conflict between Great Britain and 13 of its North American
colonies (self-named the United States of America) which had declared themselves
independent was unduly influenced by smallpox. Outbreaks of smallpox nearly cost
the Americans the Revolutionary War (1775-1783). The American Revolutionaries
were fighting both the British and disease [47] as most of the British troops were
immune to smallpox, either from inoculation, or from having had the disease, and
the majority of the Revolutionaries were not. Furthermore, the British commanders
offered voluntary inoculation to its army members not already immune to the dis-
ease, while the American commanders initially did not. Few people in North
America from the 13 colonies, including the fighting troops, had been exposed to
smallpox prior to the war. Quarantine was the initial American line of defense
against smallpox: all incoming vessels that had smallpox on board during their voy-
age, or that came from a place where smallpox was known to be prevalent, were
required to undergo an examination by doctors or Boston selectmen. The selectmen
quarantined anyone with obvious disease or who had been known to come from an
area with smallpox.

Inoculation was not new to the Americas, but it was not widely practiced. Prior
to the American Revolution, sporadic inoculation had begun during a 1721 small-
pox epidemic in Boston. Cotton Mather, a Puritan divine and scientist, had success-
fully inoculated 242 persons with good results: only four of those inoculated died
from the procedure [48]. Though the risk of death due to inoculation was much less
than the risk of death due to natural disease, the people of Boston did not condone
inoculation for both religious and financial reasons. Many physicians and clergy-
men in Boston accused Mather of mocking God’s will by interfering with the course
of a plague. They argued that Mather subjugated a high cost to society through
inoculation, determined by labor time lost to those who needed 1-2 months to
recover from the effects of the inoculation. Furthermore, the risk of transmitting
smallpox from those inoculated to others in the community who were not inocu-
lated was a threat Boston society was not ready to accept. Legislative action was
taken and every colony except Pennsylvania passed laws to restrict the practice of
inoculation [33].

Fortunately, one very important American had been exposed to smallpox as an
adolescent and survived with immunity. George Washington, the Commander in
Chief of the Continental Army, who later served as the first US president (serving
1789-1797) was immune to smallpox. His immunity ultimately helped shape the
course of the Revolutionary War. Washington, born in Virginia, had contracted
smallpox as an adolescent during a visit to Barbados in November 1751 when he
and his older brother were sent there by their parents in hopes that the warm climate
would help his bother recuperate from tuberculosis — it did not.
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As commander in chief during the American Revolution, Washington realized
how contagious smallpox was and what a devastating effect it could have on his
troops and battle outcomes. He strategically used immune troops for certain military
maneuvers that resulted in close engagement with the British. Initially he declined
to inoculate his troops for the same reasons many people of the American colonies
professed: inoculation was dangerous with its small risk of death to those inocu-
lated, and inoculation of large numbers of troops would render the troops ineffective
for 1-2 months while they recuperated from the procedure. He instead chose to rely
on quarantine measures to contain outbreaks of smallpox — until the Battle of
Quebec. After the disastrous loss at Quebec in 1775-1776, reportedly largely due to
smallpox infection among his troops, he changed his mind and decided to inoculate
his troops. In speaking about smallpox, he stated:

I know that it is more destructive to an army in the natural way than the sword. [47]

On February 5, 1777, Washington ordered the inoculation of all susceptible
troops in the Continental camp and of every new recruit. This was the first time an
American force had been immunized by command order. The Continental Army
became the first in the world to have an organized program for smallpox prevention.
It signaled the first of many vaccination programs US military troops would under-
take. To prevent smallpox from spreading via secondary contact with inoculated
troops, Washington had the procedure performed in “inoculation hospitals™ and iso-
lated the troops in vaccination huts [49]. For more than a year, the Army provided
free compulsory inoculation for all soldiers [50]. Washington reportedly kept his
inoculation actions secret to prevent the British from discovering the majority of his
troops were temporarily incapacitated. By the end of the war, the Continental Army
was virtually as immune as the British. Washington’s decision to inoculate had
evened the odds in the war. Some argue that had he decided to inoculate his army
sooner, US land acquisition after the Revolutionary War would have been different:
more of what is now Canada would belong to the United States [51].

Since the Revolutionary War, the US military has promoted vaccination of its
troops and has been actively engaged in vaccine research [50]. The US Army Medical
Research Institute of Infectious Diseases (USAMRIID) created in 1969 spearheads
research to develop medical solutions: vaccines, drugs, diagnostics, and information
to protect military service members from biological threats. USAMRIDD works
alongside CDC and the World Health Organization (WHO) and collaborates with
industry and federal agencies including the Department of Health and Human
Services and the Department of Homeland Security, playing a critical role in the sta-
tus of our country’s preparedness for biological terrorism and biological warfare [52].

Smallpox Today

Before 1972, smallpox vaccination was recommended for all US children at 1 year
of age, and most states required evidence of vaccination for school entry. Vaccination
was also required for military recruits and tourists visiting other countries. Due to
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these vaccination efforts, the last natural outbreak of smallpox occurred in 1949.
Routine vaccination of Americans stopped in 1972 after the disease was declared
eradicated in the United States [53]. Eight years later, naturally occurring smallpox
was declared eradicated from the planet thanks to a global campaign that began in
1967 under the auspices of the WHO. On May 8, 1980, the World Health Assembly
announced that the world was free of smallpox and recommended that all countries
cease vaccination:

“The world and all its people have won freedom from smallpox, which was the
most devastating disease sweeping in epidemic form through many countries since
earliest times, leaving death, blindness and disfigurement in its wake.”

In 1986 the WHO proposed that all laboratories destroy their variola stocks or
transfer them to one of the two WHO reference labs: the Institute of Virus Preparations
in Moscow, Russia, or the CDC in Atlanta, Georgia. All countries reported compli-
ance. Until recently, the US government provided the vaccine only to a few hundred
scientists and medical professionals working with smallpox and similar viruses in a
research setting. From 1983 through 2002, most service members did not get vac-
cinated against smallpox, but in December 2002, President George W. Bush
announced that smallpox vaccination was restarted for all service members and gov-
ernment personnel in high-risk areas, and he set an example and received the vaccine
himself on December 2, 2002. Between December 2002 and May 2014, more than
2.4 million service members received smallpox vaccinations [54].

Germ, or biological warfare, is described as the deliberate use of a microorgan-
ism or toxin as a weapon. A category “A” organism is defined as an organism/bio-
logical agent that is easy to disseminate and transmit from person to person, one that
poses the highest risk to national security and public health. Smallpox was involved
in what many describe as biological warfare during the 1700s. Some historians
believe that roughly 20 years before the American Revolutionary War, during the
French-Indian War (1754—-1767), Sir Jeffrey Ambherst, the commander of the British
forces in North America, suggested the deliberate use of smallpox to diminish the
Native Indian population hostile to the British through dissemination of pox-infested
blankets to the Native Indians [55]. Today, it is reported that, beginning in 1980, the
Soviet government embarked on a program to produce the smallpox virus in large
quantities and adapt it for use in weapons [56]. After the anthrax terrorist attacks in
September and October 2001 when powdered anthrax spores were mailed through
the US postal system, preparedness for additional bioterrorist threats led the federal
government to implement a smallpox vaccination program for civilian public health
responders that reached nearly 40,000 workers [57]. An updated smallpox response
plan was released, and the federal government has called on all states to devise
comprehensive mass prophylaxis plans to ensure that civilian populations have
timely access to necessary antibiotics and/or vaccines in the event of future out-
breaks of infectious diseases. The government has enough vaccine stock to vacci-
nate every person in the United States in the event of a smallpox emergency [53].
The deliberate release of smallpox as a biological weapon today would be an inter-
national crime of unprecedented proportions — one case of smallpox would be con-
sidered an emergency.
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Dryvax, the smallpox vaccine originally licensed in 1944 to Wyeth Laboratories,
Inc., of Madison, N.J., was manufactured until the mid-1980s when the WHO
declared that smallpox had been eradicated. Currently there is one licensed small-
pox vaccine, ACAM?2000, licensed on August 31, 2007, manufactured by Sanofi
Pasteur Biologics Co. of Cambridge, MA, based on the same strain of virus as
Dryvax. ACAM2000 is indicated for active immunization against smallpox disease
for persons determined to be at high risk for smallpox infection. ACAM?2000 is
administered by scarification to the deltoid muscle or the posterior aspect of the arm
over the triceps muscle. On May 2, 2005, the Center for Biologics Evaluation and
Research (CBER), a division of the US Federal Food and Drug Administration
(FDA), licensed Vaccinia Immune Globulin Intravenous (VIGIV) manufactured by
Cangene Corporation of Winnipeg, Manitoba, Canada. VIGIV is used to treat rare
serious complications of smallpox vaccination [58].

Development of the Germ Theory and Early Modern Vaccines

The development of the germ theory is an important step in the development of vac-
cines as we know them today. Louis Pasteur (1822—-1895), a French scientist known
for his discovery of pasteurization, developed the first laboratory vaccine and was
the first to propose the “germ theory” of disease: that diseases are caused by micro-
organisms. He theorized that vaccination could be applied to any microbial disease.
He discovered and documented methods relating to the virulence of microbes and
how they could be attenuated so that live microbes could be used to make prophy-
lactic vaccines. Additionally, he introduced the concept of therapeutic vaccines with
his studies of rabies, demonstrating what we now call post-infection prophylaxis
[59]. One interesting story involves Pasteur’s earliest vaccine research involving
chickens. Pasteur received a strain of bacteria that caused chicken cholera from
Henry Toussaint, a professor of the Veterinary School of Toulouse. Pasteur learned
how to grow the chicken cholera microbe in chicken broth and experimented first by
feeding chickens food contaminated with a culture of chicken cholera microbes.
This resulted in death for most of the chickens. Pasteur recorded his experiments: he
learned that the chickens that survived were then resistant to a second exposure of
the same pathogen given by an inoculation of a lethal dose of the chicken cholera
microbe. He determined that those chickens had immunity against chicken cholera.

A fortuitous accident occurred when Pasteur went on vacation and his assistant
forgot to continue the experiment. The bacterial inoculation cultures Pasteur meant
for inoculation of the experimental chickens were left in a medium that was exposed
to room air for about a month. Later, when the experiment resumed and the chickens
were injected with the now unintentionally “attenuated” strains of bacteria, the
chickens did not die but only contracted a mild form of the disease. When Pasteur
later reinjected these chickens with lethally-dosed, fresh, purulent bacteria, they did
not get ill: Pasteur had successfully vaccinated the chickens against cholera using an
attenuated vaccine [60]!
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Pasteur also developed another attenuated vaccine in his laboratory against anthrax.
In 1881, his vaccine experiments proved vaccine-induced immunity to anthrax in ani-
mals. He gave his live, attenuated anthrax vaccine to some animals in his experiment
but not all. He then proved that when later exposed to anthrax, all vaccinated animals
survived while his control group died [61]. In addition, Louis Pasteur was also instru-
mental in documenting post-infection prophylaxis, also known as postexposure pre-
vention (PEP), through vaccines. PEP refers to a preventive medical treatment that is
started immediately after exposure to a pathogen to prevent infection and development
of disease caused by the pathogen. PEP is commonly and effectively used to prevent
the outbreak of rabies after a bite from or contact with a rabid animal or prevent tetanus
after a potential exposure to tetanus. Pasteur first developed a vaccine against rabies in
livestock in 1884, then proved its effectiveness in post-infection prophylaxis in humans
in 1885 by successfully vaccinating Joseph Meister, a 9-year-old boy who was bitten
several times by a rabid dog. The boy survived and did not contract rabies [62].

History of Modern Vaccines Late Nineteenth and Twentieth
Centuries

Types of Vaccines

There are several different types of vaccines in use today and some currently in
development.

Toxoids

When a toxin produced by a bacterial pathogen is the main cause of illness, toxoid
vaccines may be effective to prevent those toxin-producing diseases. Toxoids are
inactivated forms of bacterial toxins, or “detoxified” toxins, used for the purpose of
immunization. They cannot cause the disease they prevent and there is no possibil-
ity of reversion to virulence [63]. When the immune system receives a vaccine con-
taining a harmless toxoid, it learns how to fight off the natural toxin by producing
antibodies that lock onto and block the toxin [41, 64]. Diphtheria and tetanus are
two examples of toxoid vaccines.

Live, Attenuated Vaccines

Live, attenuated vaccines contain a version of the living microbe that has been
weakened and unable to cause disease. They elicit strong cellular and antibody
responses and often confer lifelong immunity with one or two doses [64]. Smallpox,
yellow fever, and MMR vaccines are examples of these.
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Inactivated Vaccines

Inactivated vaccines are produced by killing the disease-causing microbe with
chemicals, heat, or radiation. These are more stable and safer than live vaccines;
they do not require refrigeration and can be easily stored and transported in a freeze-
dried form. However, these stimulate a weaker immune system response than live
vaccines, often requiring booster shots [64]. Hepatitis A, rabies, and injectable polio
vaccines are examples of these.

Subunit/Conjugate Vaccines

Subunit vaccines include only the antigens of a microbe that best stimulate the
immune system to protect against it and do not contain live components of the
pathogen. Conjugate vaccines are a special type of subunit vaccines, made to create
immunity to the outer coating of polysaccharides that many bacteria have so that the
immature immune systems of infants and younger children can recognize and
respond to them. The hepatitis B, influenza, and Hib vaccines are examples of a
subunit conjugate vaccines [64].

DNA Vaccines

DNA vaccines are still in experimental stages and developing rapidly. They involve
the direct introduction into appropriate tissues of a plasmid contacting the DNA
sequence encoding the antigen(s) against which an immune response is sought and
relies on the in situ production of the target antigen [63—66]. The first DNA vaccines
licensed for marketing are likely to use plasmid DNA derived from bacterial cells.
Others may use RNA or complexes of nucleic acid molecules. Several types are cur-
rently under testing in humans including West Nile and Zika virus vaccines [64—66].

Diseases and Their Vaccines

Diphtheria toxin: diphtheria is a potentially fatal disease caused by the exotoxin
produced by the bacterium Corynebacterium diphtheriae that primarily affects tis-
sues of the upper respiratory tract and kills its victims slowly by suffocation.
Symptoms include a thick, gray membrane covering the throat and tonsils, a sore
throat, lymphadenopathy, fever, chills, and nerve damage. In 1884, German physi-
cian Edwin Klebs (1834—1913) successfully isolated the bacteria that caused diph-
theria. In 1888, French physician, bacteriologist, and immunologist Emile Roux
discovered the diphtheria toxin. This discovery, in conjunction with the scientific
contributions of others (including Emil Von Behring and Paul Ehrlich), led to the
development of the diphtheria vaccine [37].
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Tetanus toxin: tetanus is an acute, often fatal disease caused by an exotoxin pro-
duced by the bacterium Clostridium tetani, which is characterized by generalized
rigidity and convulsive spasms of skeletal muscles. The jaw is usually involved
(lockjaw) and then the neck before becoming more generalized. Experiments that
began in 1884 with animals injected with pus from fatal human tetanus cases eventu-
ally led to the neutralization of the toxin. During World War I (WWI), passively
transferred antitoxin and passive immunization in humans were used for treatment
and prophylaxis. Tetanus toxoid was developed in 1924 and used during WWII [67].

Yellow fever: yellow fever is a highly fatal hemorrhagic infection caused by a
small, enveloped, single-stranded RNA virus. Symptoms include fever, chills, loss
of appetite, nausea, muscle pain, and headaches. In some people symptoms worsen
after 4-5 days and liver damage may occur, causing jaundice (yellow skin), bleed-
ing risk, and kidney damage. Approximately half of those who develop severe
symptoms die within 7-10 days. During the Spanish-American War of 1898, yellow
fever was a serious problem for US troops. US Army physician Walter Reed headed
up the Yellow Fever Commission, which traveled to Cuba and validated a theory
presented by Cuban physician Carlos Finlay two decades earlier: mosquitoes were
responsible for the spread of the disease. Later it was shown that the underlying
cause of yellow fever is a virus that uses mosquitoes as vectors. This discovery led
many scientists to work on yellow fever vaccine development until Max Theiler and
other Rockefeller Foundation scientists developed a successful live attenuated vac-
cine for yellow fever in 1937 [68].

Tuberculosis

Tuberculosis was known as phthisis and consumption from the time of Hippocrates
to the eighteenth century and known as the white death and the great white plague
during the nineteenth century. It was an epidemic in Europe during the eighteenth
and nineteenth centuries and caused millions of deaths [69].

Robert Koch, known as the founder of modern bacteriology, revealed in 1882
that the causative agent of tuberculosis is Mycobacterium tuberculosis, later known
as Koch’s bacillus. From there came the criteria for proof of bacterial causality.
Koch’s postulates state: “the organism must be present in diseased tissues; it must
be isolated and grown in pure culture; and the cultured organism must induce the
disease when inoculated into healthy experimental animals” [70]. Koch’s discovery
facilitated the development of the tuberculosis vaccine. Bacillus Calmette-Guerin
(BCG), a live attenuated vaccination developed in 1924, was first used in newborns
and has become the most widely administered of all vaccines in the World Health
Organization (WHO) Expanded Program for Immunization. Unfortunately, it is
only partially effective, providing some protection against severe forms of pediatric
TB, but is not completely protective against disease in infants and is unreliable
against adult pulmonary TB [71]. Nearly a century after development, this vaccine
is still used today. No universal BCG vaccination policy exists. Some countries
merely recommend its use and others have implemented immunization programs.
It is not routinely recommended in the United States [72].
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Influenza: influenza is a highly contagious disease caused by influenza viruses
that infect the respiratory passages causing fever, cough (usually dry), headache,
sore throat, runny nose, severe muscle and joint aches, and may result in severe ill-
ness and death. It is spread mainly via droplets, which are produced when people
infected with flu cough, sneeze, or talk. Prior to 1933, the bacterium Haemophilus
influenzae was mistakenly thought to cause the flu. The first flu vaccine was devel-
oped by Jonas Salk and Thomas Francis to protect US military forces against the flu
during WWIL. In 1943, a successful controlled trial of the vaccine was conducted on
12,500 men in units of the Army Specialized Training Program at universities and
at medical/dental schools in different areas of the United States, proving the first
effective influenza virus vaccine [73].

Note: There have been four major flu pandemics recorded throughout history. In
1918-1919 the Spanish flu pandemic was responsible for approximately 50 million
deaths worldwide and for nearly 675,000 deaths in the United States. The second flu
pandemic in 1957-1958 hit the United States in two waves killing 69,800 people,
far fewer people than the 1918 pandemic. The elderly had the highest rates of death
during these pandemics. The third pandemic occurred in 1968-1969 from a new
influenza virus that originated in Hong Kong. It was the mildest of all the flu
pandemics, resulting in 33,800 American deaths. Again, the elderly population was
the most likely to die. The 2009-2010 HIN1 swine flu pandemic was declared a
public health emergency by the US government on April 26, 2009. HIN1 was
reported in mostly young people. There were approximately 60.8 million cases,
274,304 hospitalizations, and 12,469 deaths, which occurred in the United States
due to HINI during that pandemic. Massive vaccination campaigns led to the vac-
cination of 80 million people during that time and a decline of flu activity. WHO
declared an end to the global HIN1 flu pandemic August, 2010 [74, 75].

Poliomyelitis: polio is an acute paralytic disease caused by three poliovirus sero-
types. It is an intestinal infection spread between humans through the fecal-oral
route. In the 1950s Jonas Salk and Albert Sabin produced the first polio vaccines;
Salk produced a killed-virus injectable vaccine (IPV) and Sabin a live-virus oral
vaccine (OPV). The WHO proposed worldwide poliomyelitis eradication in 1988.
Unfortunately, this goal is still not met. Sporadic cases of wildtype polio occur in
various parts of the developing world in Afghanistan, India, Nigeria, and Pakistan
[76, 77]. The last cases of naturally occurring paralytic polio in the United States
were in 1979 when an outbreak occurred among the Amish in several Midwestern
states [78]. From 1980 to date, there were 162 confirmed cases of paralytic polio
reported — of those 162 cases, 8 were acquired outside the United States and
imported. The last imported case caused by wild poliovirus into the United States
occurred in 1993. The remaining 154 cases were vaccine-associated paralytic polio
caused by live oral poliovirus vaccine. OPV has not been used in the United States
since 2000 but is still used in many parts of the world. IPV is currently the only vac-
cine used in the United States against polio [79].

Measles, mumps, and rubella: measles, one of the most contagious infectious
diseases known, is caused by an RNA virus. Until 2000, measles was still the lead-
ing cause of vaccine-preventable childhood death worldwide [80]. It is still endemic
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worldwide, and although declared eliminated from the United States in 2000, spo-
radic outbreaks still occur. Mumps, also a highly contagious viral illness, causes
parotiditis and serious complications like meningitis, encephalitis, deafness, and
orchitis which can lead to sterility in men. Rubella (also known as German measles)
virus was isolated in the early 1960s and is associated with terrible birth defects if a
pregnant woman contracts the disease. Congenital rubella syndrome (CRS) was
discovered in the 1940s and is associated with cataracts, deafness, congenital heart
disease, encephalitis, mental retardation, pneumonia, hepatitis, thrombocytopenia,
metaphyseal defects diabetes mellitus, and thyroiditis.

The MMR vaccine is a mixture of live attenuated viruses of the three diseases. A
licensed vaccine to prevent measles was first available in 1963. Live attenuated vac-
cines for mumps and rubella became available in 1967 and 1969, respectively [81,
82]. An attenuated combination measles-mumps-rubella vaccine was licensed in
1973 by Merck [83] in 2000; measles was declared no longer endemic in the United
States in 2005; and CDC announced that rubella was no longer endemic in the
United States.

MMR-Autism Hoax

The MMR vaccine is not linked in any way to autism. Perhaps one of the biggest
medical hoaxes in this century is the one perpetrated by Dr. Thomas Wakefield, a
British gastroenterologist [84] who described such a link in a paper published in the
Lancet in 1998 [85]. His paper and the subsequent media explosion around publiciz-
ing his false theory eroded parental confidence in vaccinations, government, and
public health institutions first in England and later in the United States. After 10 years
of controversy and investigation and multiple studies later, Wakefield’s assertion of
the alleged autism-MMR link was disproved [86]. More than 20 studies found no
evidence of connection between receipt of the MMR vaccine and autism disorders,
and Britain’s General Medical Council (GMC) determined after its hearings that
Wakefield was guilty of dishonesty and serious professional misconduct with regard
to his MMR-autism research and the publication of his paper [84, 87]. His paper was
retracted from the Lancet and his medical license revoked. His later attempts, after
moving to Texas, to sue the British Medical Journal for libel were dismissed in a
Texas court [88]. Many believe the media has given celebrities who comment on an
autism-MMR link far more attention than they deserve (Jenny McCarthy and Robert
De Niro come to mind), and segments of the public have confused celebrity status
with authority [89]. The GMC states that anti-vaccine groups and conspiracy propo-
nents promoting such an association should be ignored [87].

Hepatitis A and B: hepatitis (liver inflammation) with fever, fatigue, abdominal
and joint pain, loss of appetite, and jaundice is caused by several different strains of
virus, and strains A and B have been isolated and differentiated since the early
1940s. Hepatitis A-inactivated vaccine was licensed in 1995. A plasma-derived hep-
atitis B vaccine was licensed in 1981, and in 1986 a recombinant hepatitis B vaccine
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was licensed. ACIP recommended routine hepatitis B vaccination for all infants in
1991. In 2001 Twinrix, a combined hepatitis A-inactivated and hepatitis B recombi-
nant vaccine was licensed. In 2002 a vaccine combing diphtheria, tetanus, acellular
pertussis, inactivated polio, and hepatitis B antigen (Pediarix) was licensed [37].

Haemophilus influenzae type b (Hib): Haemophilus influenzae is a bacterial
infection spread person-to-person by direct contact or through respiratory droplets
that mainly causes illness in babies and young children. Infections range from ear
infections to pneumonia, septic arthritis, epiglottitis, meningitis, and sepsis.

Hib vaccine: in 1985 Hib vaccine was recommended routinely for children at
4 months of age and for children at 15 months of age enrolled in child care facilities.
By 1988 the recommendation changed to vaccinate all children at 18 months of age.
By 1990 the age for vaccine recommendation was lowered to 15 months of age for
all children, and in 1991 the recommendation changed to vaccinate all children
beginning at 2 months of age. In the United States between 1980 and 1990, the
incidence of Hib disease was 40—-100/100,000 among children under 5 years of age.
Since 1990, with routine use of Hib conjugate vaccine, the incidence of invasive Hib
disease has decreased to 1.3/100,000 children [90].

Pneumococcus: Streptococcus pneumoniae bacteria, referred to as pneumococ-
cus, cause many types of illnesses ranging from ear/sinus infections and pneumonia
to sepsis and meningitis and occur in all ages from infancy to geriatric years.
Pneumonia is the most common serious form of pneumococcal disease. Two
enhanced pneumococcal polysaccharide vaccines were licensed in 1983 (Pneumovax
23 and Pnu-Immune 23), covering 23 purified capsular polysaccharide antigens of
Streptococcus pneumoniae and replacing the 1977 pneumococcal vaccine covering
14 serotypes of pneumococcal [37]. Pneumococcal 7-valent Conjugate Vaccine
(Prevnar) was approved by the FDA in 2000 for immunization of infants and tod-
dlers [91], and Pneumococcal 13-valent Conjugate Vaccine (PCV13) approved in
2010 for use in place of Prevnar expanded to broader use in all adults age 19—64
with certain underlying medical conditions and all adults over age 65 in 2014 [92].

Varicella zoster: varicella (chickenpox) and herpes zoster (shingles) are caused
by the varicella zoster virus. Chickenpox, typically a relatively mild childhood ill-
ness with fever, malaise, headache, abdominal pain, and a characteristic pruritic
exanthem, follows initial exposure to the virus. Shingles is a painful dermatomal
rash resulting from reactivation of the dormant virus and is often followed by pain
in the distribution of the rash (post-herpetic neuralgia). The varicella zoster vaccine
is the first and only licensed live, attenuated herpesvirus vaccine in the world.
Varivax was licensed in 1995. In 2006, VariZIG, an immune globulin product for
postexposure prophylaxis of varicella, became available. Also in 2006, the FDA
licensed Zostavax, approved for use in people aged 50 years of age and older to
prevent shingles and ACIP recommended for those over 60 years old [37].

Rotavirus: rotavirus is the leading cause of severe acute gastroenteritis in young
infants and children worldwide, transmitted primarily by the fecal-oral route, both
through close person-to-person contact and through fomites. The virus is highly
contagious. Millions to billions of viral particles can be present within one gram of
diarrheal stool. In 2008, rotavirus caused an estimated 453,000 deaths worldwide in
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children younger than 5 years of age. Prior to the vaccine, almost all US infants
were infected with rotavirus before their fifth birthday. The original live, oral vac-
cine was introduced in 1999 but was pulled off the market in the United States
14 months later due to several reported cases of vaccine-associated intussusception.
Two different vaccines are currently licensed for infants in the United States
(RotaTeq and Rotarix), both having gone through rigorous clinical trials to prove
their safety [93].

Meningococcus: meningococcal disease can refer to any disease caused by
Neisseria meningitidis bacteria, an aerobic, gram-negative diplococcus that colo-
nizes the human nasopharynx and is transmitted by respiratory tract droplets.
Invasive disease may cause sepsis and meningitis and death. Sudden fever, head-
ache, and stiff neck are typical symptoms along with nausea, vomiting, light sensi-
tivity, rash, and confusion. Risk factors include crowding such as seen in military
recruits or college students living in dormitories, tobacco smoke exposure, and
alcohol-related behaviors. Persons who acquire the organism in the nasopharynx
may develop a carrier state, but only a few develop invasive disease. The carrier
state is common in college students. The overall case-fatality rate for invasive
disease in the United States is 10-15%, even with appropriate antibiotics.
Quadrivalent meningococcal vaccines protect against serogroups A, C, W, and Y
and recommended to all children at ages 11-12 and 16 years and meningococcal
serogroup B vaccine for those children at high risk and as a permissive recommen-
dation for others [90].

Human papillomavirus (HPV): HPV is the most common sexually transmitted
infection, and transmission occurs most frequently with sexual intercourse but can
occur also with non-penetrative intimate contact. An estimated 14 million new
infections occur per year, and an estimated 79 million persons are currently infected
in the United States. HPV types 6 and 11 cause at least 90% of genital warts, and
types 16 and 18 cause 70% of cervical cancers and 70% of genital cancers. Cancers
of the penis, vagina, vulva, anus, rectum, and nasopharyngeal head and neck struc-
tures are caused by HPV. The first HPV vaccine was licensed in the United States in
2006. The nine-valent (9vHPV) vaccine (covering serotypes 6, 11, 16, 18, 31, 33,
45, 52, 58) is indicated for all adolescents ages 11-12 in a two-dose series,
6—12 months apart. For those who start the vaccination series between 15-26 years
of age, a three-dose series is required for effective immune response [90].

Creation of the World Health Organization Global
Recommendations for Vaccines

During the twentieth century, several international organizations devoted to health
and welfare were created, but only a few survived post WWIIL. One group that per-
sisted after the war, the Health Organization of the League of Nations (started in
1920), had been the weekly distributor of epidemiological information, using both
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Geneva and a special bureau in Singapore as collecting posts. This health organiza-
tion helped create an international public health system and expanded existing
international epidemic control systems. Global disease management became more
scientific, more technical, and less political under it than disease management was
prior to WWII. The Health Organization of the League of Nations represented the
beginning of social medicine, public health separation from politics, and global
public health reform [94]. Eventually the United Nations (UN) proposed that even
greater international organizational work and guidance was needed to combat the
many diseases affecting people worldwide. The World Health Organization was
proposed as a matter of international concern for “economic, social, cultural, edu-
cational, health and related matter” during the UN conference held in San Francisco,
April 1945. One year later, an outline for the proposed constitution of the organiza-
tion was proposed in 1946, but it wasn’t until April 7, 1948, that all 26 signatures
from all 26 member countries were obtained, officially documenting WHOQO’s
beginning [95].

The principle advisory group to the WHO for vaccines and immunization is the
Strategic Advisory Group of Experts on Immunization (SAGE), established by the
Director-General of the WHO in 1999. SAGE is charged with advising on overall
global policies and strategies concerning all vaccine-preventable diseases. In 2005,
the 58th World Health Assembly along with the United Nations Children’s
Emergency Fund (UNICEF) introduced the Global Immunization Vision and
Strategy 2006-2015 (GIVS) as a framework for strengthening national immuniza-
tion programs. SAGE was restructured to meet the needs of GIVS, reporting to the
WHO Director-General, responsible for reviewing and approving all WHO policy
recommendations, including the WHO position papers on vaccines. GIVS’ goal was
to reduce mortality due to vaccine-preventable diseases by two-thirds by 2015 com-
pared to 2000 levels, equal to more than 40 million lives saved [16, 96]. There are
four key objectives to achieve this goal:

. To immunize more people against more diseases

. To introduce a range of newly available vaccines and technologies

. To integrate other critical health interventions with immunization

. To manage vaccination programs within the context of global interdependence [96]

AW N —

At the time of this publication, outcome data for GIVS is not yet available.

Beginnings of CDC

Centers for Disease Control and Prevention was established on July 1, 1946 in
Atlanta, Georgia by Dr. Joseph W. Mountin of the US Public Health Services’
Bureau of State Services. It was then called Communicable Disease Center (CDC).
CDC had grown out of an organization called the Malaria Control in War Areas
(MCWA), which had been established in 1942 to control malaria around military
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training bases in the United States. Initially CDC focused on MCWA’s interests:
fighting malaria, typhus, and other infectious diseases of concern post WWIL. It had
a three-fold primary mission: field investigation, training, and control of communi-
cable diseases. Over the next 60 years, CDC’s title changed several times (The
National Communicable Disease Center, Center for Disease Control, Centers for
Disease Control) to its name today, Centers for Disease Control and Prevention.
Throughout its title changes, the initials “CDC” have remained the same [97]. Over
time, under the leadership of chief epidemiologist Dr. Alexander Langmuir from
1949 to 1970, CDC’s role in the United States grew dramatically, becoming a large
federal agency. Today CDC helps to control epidemics within the United States.
CDC tracks diseases and provides expert scientific advice on health issues to policy
makers, serving as a reference laboratory to the states and informing the public
about health issues through the Morbidity and Mortality Weekly Report (MMWR).
Epidemiologists from CDC routinely assist state health departments in investigating
and controlling outbreaks of infectious and noninfectious disease. On a larger scale,
it has grown to provide leadership, often in partnership with the WHO in controlling
emerging infectious disease worldwide [6].

Vaccine Recommendations in the United States

Today, all vaccine recommendations for American children and adults are made by
CDC’s Advisory Committee on Immunization Practices (ACIP) using evidence-
based decision-making with input from many organizations and experts. Prior to the
1960s, this was not the case. In 1961, the main body making recommendations on
vaccine use in the United States was the American Academy of Pediatrics’
Committee on Infectious Diseases (COID) [98]. COID vaccine recommendations
were first published in 1938 in a pamphlet with a red cover, giving rise to the publi-
cation’s official nickname “Red Book.” Red Book continues to be a major resource
both for physicians and for government committees such as ACIP [99]. For children
of the early 1960s, no formal nationwide immunization program existed. Vaccines
were administered in private practices and local health departments and paid for out
of pocket or provided by using state or local government funds with some support
from federal Maternal and Child Health Block Grant funds. In 1962, the Vaccination
Assistance Act (Section 317 of the Public Health Service Act) was passed to
“achieve as quickly as possible the protection of the population, especially of all
preschool children . . . through intensive immunization activity over a limited period
of time. . .” The initial intention was to allow CDC to support mass, intensive vac-
cination campaigns. In addition, the Vaccination Assistance Act established a mech-
anism to provide ongoing financial support to state or local health departments and
direct support “in lieu of cash.” The direct support included provision of vaccines
and of CDC public health advisors to assist in managing the programs. Section 317
has been reauthorized repeatedly since 1962 and remains one of the most important
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means of supporting health department immunization activities with federal funds
[57]. At the initiation of the 317 funding program in 1963, there were few vaccines
to consider. There were only three vaccines routinely recommended for children
including diphtheria, tetanus, pertussis (DTP), oral polio (OPV), and smallpox. The
measles vaccine was to be licensed later that year.

Vaccine recommendations until 1964 did not formally involve the federal gov-
ernment. The federal government involvement occurred through convening ad hoc
expert advisory groups to address individual issues. One such issue was the adverse
effect of paralysis related to poorly manufactured vaccines during the field trial of
Jonas Salk’s inactivated polio vaccine (IPV). Federal ad hoc groups were also
formed to provide advice about the influenza pandemic of 1957, Albert Sabin’s
attenuated oral polio vaccine (OPV), and the measles vaccines prior to release. The
frequency and complexity of issues requiring discussion and opinion statements
from the federal government led CDC to propose an ongoing Advisory Committee
on Immunization Practices. ACIP was established in 1964 and served as a technical
advisory committee to the Public Health Service. It was initially comprised of eight
members, including the CDC Director, who served as Chair [100, 101]. ACIP
directed its recommendations to public health agencies.

Today, ACIP includes 15 voting members selected by the Secretary of the US
Department of Health and Human Services and makes recommendations to CDC’s
director. Voting members are selected via an application and nomination process
and serve voluntarily. Fourteen of the members have expertise in vaccinology,
virology, immunology, pediatrics, internal medicine, family medicine, nursing,
public health, infectious diseases, and/or preventive medicine. One member is a
consumer representative to provide perspectives on the social and community
aspects of vaccination. In addition, there are eight ex officio members who repre-
sent other federal agencies with immunization programs and 30 nonvoting repre-
sentatives of liaison organizations. ACIP recommendations have major impact on
immunization policies and practice in the United States as well as other countries.
The committee meets three times a year in Atlanta at CDC, where it makes recom-
mendations on how to use vaccines and related agents that are licensed by the US
Food and Drug Administration (FDA) to control disease in the United States. These
recommendations are then forwarded to CDC’s director for approval, and once
approved, they are published in CDC’s MMWR. When data is available, specific
rules of evidence, such as those followed by the US Preventive Services Task Force
(USPSTF), are used to judge the quality of data and make decisions regarding the
nature and strength of recommendations. ACIP recommendations on 17 vaccine-
preventable diseases are published in the MMWR, the Pink Book (Epidemiology
and Prevention of Vaccine-Preventable Diseases), the AAP Red Book, and in the
US immunization schedules for children, adolescents, and adults. MMWR publica-
tion represents the final and official CDC recommendations for immunization of the
US population [102].
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Development of the Vaccines for Children Program

In 1993, a Childhood Immunization Initiative began with the goal of achieving, by
1996, 90% immunization coverage among preschool-aged children for vaccines
recommended during the first 2 years of life. A critical part of the Childhood
Immunization Initiative was to eliminate financial barriers to vaccination and ensure
children could be vaccinated at their site of usual care (medical home). The vaccines
for children (VFC) program was established through the Omnibus Reconciliation
Act of 1993, as an entitlement program for vaccines recommended by ACIP. The
program includes children who are Medicaid eligible, completely uninsured, or
Native American Indian/Alaska Native. Those children, whose insurance does not
cover vaccinations or who are underinsured, can receive vaccines at Federally
Qualified Health Centers [103]. Coverage has grown to include approximately 45%
of US children, including about 70% of African-American and Hispanic children.
VEC authorizes ACIP to decide which vaccines will be covered [104].

The Childhood Immunization Initiative is also responsible for the development
of the National Immunization Survey (NIS) in 1994, a program for documentation
of vaccinations. Through random-digit dialing surveys, statistically valid immuni-
zation coverage rates for all 50 states and several urban areas were tracked. This
helped improve progress toward meeting national immunization goals and
identified problem areas requiring special interventions. The NIS documented in
1996 > 90% coverage for the following vaccines routinely recommended for
preschool-aged children: DTP (three or more doses), polio (three or more doses),
MMR (one dose), and Haemophilus influenzae type b (Hib b) (three or more doses).
The 70% coverage goal of three or more doses of hepatitis B vaccine was also met.
NIS illustrated that racial and ethnic disparities in immunization rates, once as high
as 20 percentage points for measles, had substantially narrowed [104]. To continue
to ensure high coverage rates for immunizations for all ages, health plans today are
required by law to cover recommended preventive services without charging a
deductible, copayment, or coinsurance. This requirement is stipulated by the
Affordable Care Act passed by Congress and signed into law by President Obama
on March 23, 2010.

Up from a handful of vaccine recommendations for eight vaccine-preventable
diseases in the 1980s, (Fig. 1.5) [105] today children in the United States receive
vaccines to prevent 16 diseases (Table 1.1). Most diseases targeted by these vac-
cines have declined to historically low levels (Table 1.2) [106]. Familiar to most
today, the current annual childhood schedule as endorsed by ACIP, AAP, and AAFP
has been available since 1995. The annual updates since contain detailed informa-
tion about the recommended vaccines, including specific age- and dosage-related
information, catch-up schedules, and information about new vaccines as they are
added to the schedule [107]. They can be found at https://www.cdc.gov/vaccines/
schedules/.
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TABLE 2. Recommended schedule for active immunization of normal infants and children®

R ded age' Vaccine(s)* Comments
2 mos DTP#1°, OPVe1** OPV and DTP can be given carlier in areas of high
endemicity
4 mos DTP#2, OPV#2 6-wk to 2-mo interval desired between OPV doses
6 mos OTPeld An additional dose of OPV at this time is optional
in areas with a high risk of poliovirus exposure
15 mos'’ MMR'", DTP#4, Complation of primary series of DTP and OPV
OPVe3
18 mos HeCV™ Conjugate preferred over polysaccharide vaccine***
4-6 yrs DTP#5'"", OPVe4 At or before school entry
14-16 yrs Ta' Repeat every 10 yrs throughout life
*See Table 3 for the recom ded i ization schedules for infants and children up to their seventh birthday

not immunized at the recommended times.

'These recommended ages should not be construed as absolute, e.g., 2 months can be 6-10 weeks. However,
MMBR should not be given to children <12 months of age. If exposure to les di is considered likely, then
ehlldr_en 6 th_rouqh _11 maonths old may ba immunized with single-antigen measles vaccine. These children should
En reimmunized with MMR when they are approximately 15 months of age.

For all products used, consult the facturers’ package er for instructi regarding storage,
handling, dosage, and edministration. Inmunobiologics prepared by different manufacturers can vary, and those
of the same manufacturer can change from time to time. The package inserts are useful referances for specific
products, but they may not always be consistent with current ACIP and American Academy of Pediatrics
immunization schedules.

pTP-Diphtheria and Tetanus Toxoids and Pertussis Vaccine, Adsorbed. DTP may be used up to the seventh
birthday. The first dose can be given at 6 weeks of age and the second and third doses given 4-8 woeks after the
preceding dose.
::OP\{- Poliovirus Vaccine Live Oral, Trivalent: contains poliovirus types 1, 2, and 3.

Provided at least 6 months have elapsed since DTP#3 or, if fewer than 3 doses of DTP have boen recoived, at

h'm'ﬁ Wiaks f'"'."". the last previous dose of DTP or OPV. MMR vaccine should not be delayed to allow

100uUs with DTP and OPV. Administering MMR at 15 months and DTP#4 and OPV#3 at 18
t i to be an ptable alternative.

“MM‘R-" slos, Mumps, and Rubella Virus Vaccine, Live. Counties that report »5 cases of measles among
pre | during each of the last § years should implement a ine 2-dose vaccination
L“ “_' for presch lers. The first dose should be administered at 9 months or the first health-care contact
th @ ..Infmu v d before their first birthday should receive a second dose at about 15 months of age.
Singl g les vaccine should be used for children aged <1 year and MMR for children vaccinated on or
after their first birthday. If resources do not allow a ine 2.dose schedule, an ac ble alternative is to lowar

E.:u routine age for MMR vaccination to 12 months.
HbCV = Vaccine composed nf:" phil: ) infl b poly ide antigen jugated to a protein carrier.
Children <6 years of age previously veccinated with poly b vaccine b the ages of 18 and 23
months should be revaccinated with a single dose of conjugate vaccine if at least 2 months have elapsed since the
receipt of the polysaccharide vaccine.
***If HbCV is not available, an acc ble al ive is to give H hilus influenzae b po aride vaccine
(HbPV) at age =24 months. Children at high risk for Haemophilus infl type b di mmm conj :
vaccine is not available may be vaccinated with HbPV at 18 months of age and revaccinated at 24 months.
"""Up to the seventh birthday.

1989 childhood immunization schedule

Fig. 1.5 1989 Recommendations (From: http://www.cdc.gov/vaccines/schedules/images/sched-
ule1989s.jpg)

ACIP began publishing an annual adult schedule in 1984 [108] for those aged
19 years and older and is now developed with approval from the American College
of Physicians (ACP), the AAFP, the American College of Obstetricians and
Gynecologists (ACOG), and the American College of Nurse-Midwives (ACNM).
There is one adult schedule organized by vaccine and age group and another sched-
ule organized by medical and other indications. These schedules may be found at:
http://www.cdc.gov/vaccines/schedules/hcp/adult.html.

Since their inception, immunization schedules have become more complicated
(Fig. 1.6) and detailed, with separate catch-up schedules (Fig. 1.7) just as complex.


http://www.cdc.gov/vaccines/schedules/hcp/adult.html
http://www.cdc.gov/vaccines/schedules/images/schedule1989s.jpg
http://www.cdc.gov/vaccines/schedules/images/schedule1989s.jpg
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Table 1.1 Year of US licensure of selected childhood vaccines

Vaccine Year of first US licensure

Tetanus toxoid 1943

Trivalent inactivated influenza 1945

Tetanus and diphtheria toxoids 1953 for children aged >7 years.; 1970 for children aged
<7 years

Inactivated polio 1955

Oral polio 1963

Diphtheria-tetanus-pertussis 1970

Diphtheria-tetanus-acellular 1991

pertussis

Measles-mumps-rubella 1963 (measles); 1967 (mumps); 1969 (rubella); 1971
(measles, mumps, rubella combined)

Hepatitis B 1981 (plasma derived); 1986 (recombinant)

Haemophilus influenzae type b 1987 for children aged >18 months; 1990 for infants
conjugate

Hepatitis A 1995

Varicella 1995

Pneumococcal conjugate 2000 (7-valent); 2010 (13-valent)
Live attenuated influenza 2003
Tetanus-diphtheria-acellular 2005

pertussis

Meningococcal conjugate 2006

Rotavirus 2006

Human papillomavirus 2006

Source: USIS (1967-1985); NHIS (1991-1993); CDC, NCHS, and NIS (1994-2009); CDC, NIP,
and NCHS; no data during 1986—1990 due to cancelation of USIS because of budget reductions
Note: Children in the USIS and NHIS were 24-35 months of age. Children in the NIS were
19-35 months of age

https://www.cdc.gov/mmwr/preview/mmwrhtml/su6004a9.htm

Abbreviations: MMR measles-mumps-rubella, DTP/DTaP diphtheria and tetanus and acellular
pertussis, Hib Haemophilus influenzae type b, Heb B hepatitis B, PCV7 7-valent pneumococcal
conjugate vaccine, USIS US Immunization Survey, NHIS National Health Interview Survey, NIS
National Immunization Survey, NCHS National Center for Health Statistics, NIP National
Immunization Program, NCIRD National Center for Immunization and Respiratory Diseases
aDTP(3+) is not a Healthy People 2010 objective. DTaP(4) is used to assess Healthy People 2010
objectives

Schedules are color-coded for ease in interpretation. The comparison of the 1989
immunization recommendations highlighted in Fig. 1.5 in contrast to the 2017 rec-
ommendations illustrated in Fig. 1.6 epitomizes the incredible progress and
increased complexity in vaccine science developing in just over 25 years. The
necessary footnotes, determined with evidenced-based rigor, which give further
guidance on the use of the recommended vaccines, now take up three full pages of
small-type text (Fig. 1.8a, b, c, d) [105].


https://www.cdc.gov/mmwr/preview/mmwrhtml/su6004a9.htm
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Table 1.2 Comparison of annual morbidity
twentieth century and 2009

P.G. Rockwell

from vaccine-preventable diseases during the

Twentieth

Disease century?® 2010¢ % Reduction
Diphtheria 21,053 0 100
Hepatitis A 117,333 84934 93
Hepatitis B, acute 66,232 94194 86
Haemophilus influenzae type b in children 20,000 240¢ 99
aged <5 years
Measles 530,217 63 >99
Mumps 162,344 2612 98
Pertussis 200,752 27,538 86
Pneumococcus, invasive

All ages 63,607 44,000" 30

<5 years 16,069 4700f 72
Poliomyelitis, paralytic 16,316 0 100
Rotavirus, hospitalizations 62,500° 28,125¢ 55
Rubella 47,745 5 >99
Congenital rubella syndrome 152 0 100
Smallpox 29,005 0 100
Tetanus 580 26 96
Varicella 4,085,120 408,572¢ 90

“Estimated annual average number of cases in the prevaccine era for each disease.

2007;298:2155-63

"Source: MMWR 2009;58(No. RR-2)
cSource: MMWR 2011; 60(32):1088-1101
42009 estimate

Source: JAMA

23 type b and 223 unknown serotype (among children <5 years of age)
Source: http://www.cdc.gov/abes/reports-findings/survreports/spneu09.html
From: https://www.cdc.gov/mmwr/preview/mmwrhtml/su6004a9.htm

Summary

Morbidity and mortality conferred by infectious diseases have had devastating
effects on the lives of people and populations, influencing social and political his-
tory throughout recorded time. Through modern medicine and technology, we can
now prevent more infectious disease through immunizations than ever before.
Vaccines save direct and indirect costs such as medical expenses to society and
work days missed, with projected savings in the trillions of dollars in addition to
over 700,000 lives saved in the United States for children born between 1995 and
2013 [14]. A historical review of infectious diseases in society, including the great
pandemics and epidemics from 300 BCE through the early eighteenth century, helps
highlight how infectious disease affects lives, civilizations, and culture. Smallpox


http://www.cdc.gov/abcs/reports-findings/survreports/spneu09.html
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was an undeniable influence on the Americas from its beginning as Europeans colo-
nized the New World. Inoculation by variolation was instrumental in the eventual
eradication of smallpox and served as the first form of vaccination. Vaccines, first
attributed to Edward Jenner, with his trials and experiments using what we now call
“evidence-based medicine” were developed by way of the scientific method.
Vaccine development through the nineteenth and twentieth centuries has resulted in
the eradication of smallpox, is close to eradicating polio, and is responsible for the
elimination of many diseases locally and regionally. In the United States, there has
been a 99% decrease in incidence of the nine diseases for which vaccines have been
recommended for decades accompanied by a similar decline in mortality and dis-
ease sequelae [9]. These diseases include smallpox, diphtheria, tetanus, pertussis,
paralytic poliomyelitis, measles, mumps, rubella (including congenital rubella syn-
drome), and Haemophilus influenzae type b. Today, there are 26 different diseases
listed by the WHO for which there exist vaccines to prevent them. These vaccines
are available worldwide with many more VPD vaccines (24 to date) in development,
many with likely approval within the next few years to the next decade.
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Chapter 2
Vaccine Science and Immunology

Jennifer L. Hamilton

The history of vaccination and inoculation can be traced to the observation that
infection with some diseases conferred lifelong immunity to the survivors.
Deliberate infection with what was hoped to be a mild form of smallpox was an
early attempt at preventing more serious disease; this was later replaced with inocu-
lation with a related virus, cowpox (vaccinia), which caused a much milder illness
while also providing immunity to smallpox. Many of the first vaccines introduced—
such as those against rabies and pertussis—were based on killed or weakened
viruses and bacteria. More recently introduced vaccines provide immunity using
only a portion of the proteins or polysaccharide (complex sugar) shells associated
with these infectious agents. These newer vaccines are able to generate a more tar-
geted immune response. Because they include only a few features of the infectious
organism for the immune system to learn, the subunit vaccines are able to generate
immunity while having a lower risk of vaccination-associated reactions, such as
fever and malaise. The development of these more recent vaccines is based on
understanding how the immune system is able to recognize and respond to
infection.

Immunology Review

The immune system is highly complex, with many different branches and functions.
One of the more fundamental distinctions is between the innate immune system and
the adaptive immune system. The innate system consists of those defenses that
function for wide categories of threats, rather than for specific targets: this includes
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physical barriers (skin, mucus); white blood cells with receptors that respond to
bacterial cell walls; and natural killer cells that identify and destroy cells that are so
deranged they no longer display the “self” signal of the major histocompatibility
complex. These defenses are present even before a given threat is encountered; they
require no prior contact with an infectious organism. The adaptive immune system,
in contrast, develops the ability to react to specific targets, creating a defense based
on characteristics of the bacteria, virus, fungus, or parasite being encountered.

What follows is not meant to be a comprehensive review of immunology; that
would be well beyond the scope of this book. Instead, this will serve as an introduc-
tion (or a review) of the adaptive response to bacterial and viral infection. For this
discussion, we can think of three different tasks of the adaptive immune system:
how it identifies a threat, how it deals with the current infection, and how it eventu-
ally maintains surveillance against a recurrence of the same infection. This over-
view of those aspects of the immune system will then lead to discussion of how
vaccination engages those key pathways to produce a lasting immune memory.

The adaptive immune system features multiple types of cells to encounter and
identify threats, to produce antibodies to mark dangers, to destroy foreign organ-
isms, and (perhaps most important for vaccines) to prime a renewed response for the
next time those same threats are seen. Many of these cells are named based on the
tissues in which they were first identified. T cells mature in the thymus after being
generated in the liver. B cells were first studied in birds, which have an immune
organ called the “bursa of Fabricius.” In mammals, these cells generally mature in
the bone marrow and the fetal liver. Different subgroups of T cells and B cells have
different functions, but both lineages feature cells that recognize threats.

This recognition requires that certain chemical signatures of the threat bind to
receptors on the surface of immune cells. The full structure identified as a threat is
called an antigen; ideally, antibodies produced by the immune system will react to
foreign antigens. Examples of antigens include part of the sugary polysaccharide
coating of Streptococcus pneumonia bacteria or the changing protein structure of a
given year’s influenza virus. An epitope is that portion of the antigen bound by anti-
bodies. There are also receptors (called B cell receptors [BCRs] or T cell receptors
[TCRs] depending on the cells on which they’re found) that bind to antigens. For
example, a B cell with receptors that bind a particular epitope may go on to produce
antibodies to the same structure.

The specific defining shape of BCRs and TCRs is set before the cell ever encoun-
ters its corresponding target. The immune proteins, or immunoglobulins (Igs), on
the surface of these cells take their shapes through a reshuffling of the individual
cell’s genes that code for different parts of these Igs. This recombination allows for
the immune system to generate receptors against millions of different epitopes,
without needing specific genes for each one.

To give an idea of the complexity that can be generated from repeated instances
of simple structures, consider the basic shapes that can be generated from four
squares arranged to form polygons. These shapes may be familiar from the video
game Tetris (see Fig. 2.1). Building a sequence of the 7 different shapes shown, 7
shapes long, can give over 823,000 combinations if simply placed end to end; more
combinations would result if the chain branched along the way.
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Fig. 2.1 Developing

complex structures from
simple shapes. The top row . E— 1 F H |j] ‘
shows seven different

continuous arrangements
of four squares; lower rows

illustrate some of the
myriad varying shapes that
can be constructed using
seven of the shapes to form
a larger pattern

Some of the resulting combinations will match normal, healthy parts of the body.
Ideally, cells with these receptors will be destroyed before fully maturing and enter-
ing the circulation. (If any escape this process, autoimmune disease could result.)
Some of the combinations will match common infectious threats encountered in the
environment. Some will remain on surveillance for their entire life span, never find-
ing the specific epitope that would lead them to trigger a full immune response.

Rather than circulating randomly though the bloodstream, B cells cluster in the
spleen, lymph nodes, and mucosal-associated lymphoid tissue in the intestines.
Patterns of blood flow in these regions increase the chances that a novel antigen will
pass through; thus, a given B cell is more likely to encounter its matching antigen in
these secondary lymphoid tissues than elsewhere. Other specialized immune cells,
also found in the secondary lymphoid tissues, work in concert with the B cells to
help ensure that threatening antigens are recognized while enforcing safeguards to
limit autoimmunity. Further types of cells from the innate immune system, dendritic
cells and macrophages, maintain surveillance in the peripheral tissues. Dendritic
cells take up extracellular fluid from the periphery before traveling to the lymphoid
tissues where T cells are found. Once there, these cells can display the antigens they
encountered in the periphery to the T cells. Macrophages, in contrast, do not travel;
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they may activate circulating T cells. (Macrophages also engulf and destroy threats
that have been tagged with antibodies.)

Once a B cell links to enough copies of its matching antigen, it activates in
response and begins a process of “clonal expansion.” The cell rapidly divides and
makes more copies of itself, with each copy initially sharing the same BCR as the
ancestor cell. These copies later differentiate:

e Plasma B cells rapidly make antibodies, which go on to mark or tag their corre-
sponding antigens, making it easier for other immune system cells to recognize
and destroy them. These cells have life spans of a few days.

» Long-lived plasma B cells generate antibodies more slowly, but live for months
or years after migrating from the germinal centers of the secondary lymphoid
tissue to the bone marrow.

*  Memory B cells do not generate antibodies, but can divide to create a new popu-
lation of plasma B cells if the corresponding antigen is re-encountered.

T cells have a similar process by which a matching antigen is encountered, lead-
ing to activation of a cell and reproduction of a line with the same TRC. Again, the
details of the process are beyond the scope of this chapter. Still, some key features
of the process, as compared to the development of plasma cells and memory B cells,
need to be mentioned:

e T cells do not activate by recognizing “naked” antigens. They respond only to
proteins displayed by other immune cells, dendritic cells, and macrophages.
Because of this, they cannot respond to polysaccharides or lipids; but because
they respond to processed proteins, they may be better able to identify epitopes
which are hidden or buried on a viral structure.

e The T cell process does not lead to the production of antibodies. Instead, cyto-
toxic T lymphocytes (CTLs) result; these cells can destroy virus-infected cells
which display the matching antigen.

e Central memory T cells (TCM) stay within the lymph nodes; effector memory
T cells (TEM) are located peripherally, near where contact with the antigen
occurred (and could be expected to occur again).

See Table 2.1 for a summary of B cell and T cell features.

Types of Vaccines

Understanding how the immune system develops the ability to target specific anti-
gens helps us understand the development of vaccines and reveals strengths and
limitations of different kinds. The first modern vaccine, in which cowpox infection
was used to protect against smallpox, is now known to be a type of live virus vac-
cine. The cowpox/smallpox pair, with an intact, wild-type virus that causes mild
disease that can serve as an immunization for a more deadly disease, is highly
unusual. A much more common variation is to use a weakened live virus, which has
been cultured over time to select for strains that don’t cause disease in healthy
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Table 2.1 Summary of key events in B cell, T cell lineages of adaptive immune system

Identification of threat Current infection Surveillance/memory
B cell Cluster in secondary Plasma B cells Memory B cell population
lineage | lymphoid tissue generate antibodies; regenerates plasma B cells
Encounter blood-borne live for days when needed
antigens Long-lived plasma
Links with several copies | B cells generate
of antigen OR fewer antibodies; live for

copies plus T helper cell | months/years
Responds to
polysaccharides and

proteins
T cell Cluster in secondary Cytotoxic T Central memory T (TCM)
lineage | lymphoid tissue lymphocytes attack cells in lymph nodes
Needs processed protein | infected cells Effector memory T (TEM)
carried by antigen- cells in periphery

presenting cell

people. Examples of this type of vaccine include those for rubella, varicella (chicken
pox), the oral polio vaccine, and some influenza vaccines. The use of an intact,
replicating virus helps ensure a strong immunologic response from both the humoral
(antibody based, derived from B cells) and cell-mediated parts of the adaptive
immune system. Because of concerns regarding the use of a potentially infectious
agent, weakened live virus vaccines generally come into use when attempts to
develop a vaccine by other means have failed. Killed virus vaccines, sometimes
called inactivated virus vaccines, are those in which the viral agent cannot replicate
in the body; formaldehyde or similar chemicals are often used to kill the viruses.
Examples of killed-virus vaccines include the injected polio vaccine and some ver-
sions of the influenza vaccine.

Similarly, some vaccines are based on entire bacteria. The bacillus Calmette—
Guérin (BCG) vaccine used in many countries to protect against tuberculosis is
derived from an attenuated strain of Mycobacterium bovis. The pertussis (whooping
cough) vaccine used in the USA through the 1990s is an example of a killed whole-
cell vaccine: it was made from whole bacterial cells, which were then killed. The
wide variety of antigenic targets associated with an entire bacterium helps the
immune system to develop multiple different types of antibodies that would all
respond to infection when needed.

Some vaccines prime the immune system not to respond to infectious agents but
to the harmful toxins they produce. The vaccines against diphtheria and tetanus are
based on inactivated toxins, called foxoids. A toxoid-based vaccine against botulism
has been developed, but is no longer licensed in the USA [1].

More recently developed vaccines target only certain features of the infectious
agent in question. The bacterium Streptococcus pneumoniae, a cause of pneumonia,
septicemia, and meningitis, has a polysaccharide coating outside the bacteria itself.
This capsule limits the effectiveness of any vaccine directed against characteristics
of the bacteria’s cell wall. Two types of vaccine are currently in use: one derived
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from purified capsules only (polysaccharide vaccine, US brand name Pneumovax)
and one in which polysaccharides from different strains of S. pneumoniae are linked
to, or conjugated with, an altered nontoxic form of diphtheria toxoid protein (conju-
gate vaccine, US brand name Prevnar). Recall from the discussion of the immune
system that polysaccharides do not provoke a response from T cells, which includes
the development of effector memory T cells. TEM cells, unlike cells that generate
antibodies, are located in peripheral tissues. Thus, it should not be surprising that
although both the pneumococcal conjugate and polysaccharide vaccines protect
against invasive disease (bacteremia, meningitis, etc.), it appears that for repre-
sented strains of S. pneumoniae, the conjugate vaccine provides better protection
from mucosal disease such as nonbacteremic pneumonia [2].

Some vaccine components are now produced by recombinant genetic technol-
ogy, rather than through bacterial or viral culture. The initial vaccine against hepa-
titis B, brand name Heptavax, was derived from hepatitis B surface antigen (HBsAg)
drawn from HB V-infected blood donors [3]. Concerns about the safe use of a blood
product only increased when it was later recognized that one group of HBV carriers,
gay men, were also at risk for the infection now identified as HIV [4]. In 1986, a
new version of the vaccine, based on HBsAg grown recombinantly in yeast, was
approved by the FDA [5]. Recombinantly derived antigens are not associated with
a full genome and cannot cause infection. Similar techniques are now used to manu-
facture vaccine for human papilloma virus as well.

Techniques under development may offer the ability to replace existing vaccines
with better ones (more immunogenic, perhaps, or with fewer side effects); the hope
of using vaccine technology to coax the immune system to respond to noninfectious
threats such as cancers also persists. Advances in manipulating DNA and RNA
enabled the creation of recombinant yeast to produce viral proteins as mentioned
above. More recently, these techniques have been used to create a chimeric virus:
the attenuated strain of yellow fever virus used in the yellow fever vaccine was
modified to produce proteins from the Japanese encephalitis virus [6]. The resulting
live attenuated virus is used as the basis of the IMOJEV Japanese encephalitis vac-
cine, which is licensed in Australia and several Asian nations [7].

Another technique under development involves the use of so-called naked DNA.
In this approach, a DNA segment that codes for a protein associated with a threat is
introduced to the body, where it is taken up by antigen-presenting cells. The cells
then create the protein coded for by the DNA and present that protein to T cells [8].
Messenger RNA (mRNA) may be similarly used [9]. It is hoped that nucleic acid
vaccines may someday be effective not only for infectious agents but also for can-
cers, autoimmune diseases, and severe allergies [8].

A list of vaccines commonly used in the USA and their method of manufacture
is given in Table 2.2.

As can be noted, there may be more than one type of vaccine for a given patho-
gen. In these cases, the selection of which vaccine to use may depend upon the
prevalence of the disease, the availability of different vaccine types, and the health
and immune status of the person receiving the vaccine.
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Table 2.2 Sources for common US-licensed vaccines
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Disease Vaccine(s) Vaccine source(s)
Diphtheria DT Toxoid

DTaP

DTaP-IPV

DTaP-HepB-1PV
DTaP-IPV/Hib

Td
Tdap
Haemophilus influenzae DTaP-IPV/Hib Conjugated polysaccharides
type B Hib
Hib-HepB
Hib-MenCY
Hepatitis A HepA Inactivated virus
HepA-HepB
Hepatitis B DTaP-HepB-IPV Recombinant proteins
HepA-HepB
HepB
Hib-HepB
Human papilloma virus 2vHPV Recombinant proteins
(HPV) 4vHPV
9vHPV
Influenza v Inactivated virus
Influenza RIV3 Recombinant proteins
Influenza LAIV Live attenuated virus
Japanese encephalitis JE Inactivated virus
Measles MMR Live attenuated virus
MMRV
Meningococcus serogroup B | MenB-4C (brand Recombinant proteins with filtered
Bexsero) killed bacterial components
Meningococcus serogroup B | MenB-FHbp (brand Recombinant proteins
Trumenba)
Meningococcus serogroups | MenACWY Conjugated polysaccharides
A, C,W,Y
Meningococcus serogroups | Hib-MenCY Conjugated polysaccharides
CY
Meningococcus serogroups | MPSV4 Polysaccharides
A, C,W,Y
Mumps MMR Live attenuated virus
MMRV
Pneumococcus, 13 serotypes | PCV13 Conjugated polysaccharides
Pneumococcus, 23 serotypes | PPSV23 Polysaccharides
Polio DTaP-IPV Inactivated virus
DTaP-HepB-1PV
DTaP-IPV/Hib
1PV
Rotavirus RV1 (monovalent) Live attenuated virus

RV5 (pentavalent)

(continued)
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Table 2.2 (continued)

Disease Vaccine(s) Vaccine source(s)
Rubella MMR Live attenuated virus
MMRV
Tetanus DT Toxoid
DTaP
Tdap
DTaP-IPV
DTaP-HepB-IPV
DTaP-IPV-Hib
Tuberculosis BCG Live attenuated bacteria
Typhoid ViCPS Polysaccharides
Typhoid Ty2la Live attenuated bacteria
Varicella VAR Live attenuated virus
MMRV
Yellow fever YF Live attenuated virus
Zoster (varicella) HZV Live attenuated virus

The weakened virus oral polio vaccine (OPV) is more effective at producing an
immune response than the killed-virus injected vaccine (IPV) [10]. IPV soon fell
out of use in the USA once OPV was introduced in the early 1960s. However, in
approximately 1/1,000,000 doses, the weakened OPV virus can spontaneously
change back to a form that can cause paralysis. To minimize this risk, the USA
switched to using only the killed-virus vaccine in 2003 [11]. In areas where wild
polio is still endemic, however, the oral vaccine is preferred. IPV and OPV both
protect the vaccine recipient against paralysis, but only OPV provides mucosal
immunity [12]. Preventing replication of the virus in the intestine prevents fecal—
oral transmission of the disease. IPV will prevent paralysis in an immunized
individual; OPV prevents paralysis and stops transmission of the wild virus to
others.

Two vaccines against S. pneumoniae are recommended for use in the USA: a
polysaccharide vaccine that covers 23 different strains of the bacterium (PPSV23,
brand name Pneumovax) and a conjugate vaccine that protects against 13 strains
(PCV13, brand name Prevnar). Both vaccines are recommended for use in adults
over age 65. However, because toddlers are generally unable to mount a full
immune response to polysaccharides, PPSV23 is not recommended even for
children at high risk of infection until the age of at least 2 years [13].

Influenza vaccine was initially developed as an inactivated virus vaccine; in
2003, an inhaled live attenuated virus vaccine (LAIV) was introduced (brand
name FluMist) [14]. Early studies indicated that LAIV was more effective at
preventing influenza in children than inactivated influenza virus vaccines (IIV)
were, and for the 2014-2015 influenza season, the CDC recommended that chil-
dren ages 2-8 years old receive LAIV if available [15]. However, in more recent
flu seasons, LAIV has been significantly less protective than II'V. In June 2016,
after reviewing data suggesting that LAIV provided minimal if any protection in
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the 2015-2016 season, the CDC’s Advisory Committee on Immunization
Practices (ACIP) recommended against the use of LAIV [16] pending further
investigation.

* Influenza virus for live attenuated vaccines and for inactivated virus vaccines is
cultured in chicken eggs. Proteins from the eggs may persist into the vaccines,
potentially causing anaphylaxis in those allergic to eggs. An influenza vaccine
based on recombinant hemagglutinin subunits (RIV, US brand name FluBlok)
avoids the use of eggs at any stage of manufacture and contains no egg proteins.
Another inactivated virus vaccine is cultured in mammalian cells (ccIlV, US
brand name Flucelvax) rather than in hen’s eggs; it may contain traces of egg
protein from the initial “seed” virus used in manufacture.

Inactivated influenza virus vaccines are also available in “regular strength” and
“high-dose” versions; the high-dose version, with four times the hemagglutinin con-
tent of the standard vaccine, was designed for use in elderly patients and is approved
for use in patients aged 65 and older.

Immunizing Special Populations

Why do older patients need special vaccines? Geriatric patients face different risks
than children or younger adults. The differences may be due to the natural history of
the infection itself (e.g., consider how varicella causes chicken pox in children and
shingles in the elderly) or to changes in the immune system that come with aging.
Several factors that contribute to immunosenescence have been identified. The
number of naive T cells produced falls, and the population of T effector cells rela-
tively increases; T cell receptor diversity decreases. The number of natural killer
cells (part of the innate immune system) remains stable or may even increase, but
the effectiveness of each cell declines [17, 18]. Overall, the immune system shifts
from specific responses targeting particular antigens to nonspecific, less effective
methods of defense such as inflammation. Thus, older patients are more vulnerable
to infection and would conceivably benefit from vaccination more than the popula-
tion at large; but the same changes that increase their risk also make vaccination less
effective.

Several strategies have been suggested to reduce the risk from infectious disease
in geriatric patients. One is to make the vaccines themselves more immunogenic, to
compensate for the reduced ability of the immune system to respond to novel
threats. The use of high-dose flu vaccines is one example of this [19]; a similar
technique is the use of PCV13 followed by PPSV23 a year later to protect against
pneumococcal disease. The use of intradermal, rather than intramuscular, vaccines
is being researched [20]. Another route is to ensure that patients develop immunity
to disease that affects seniors before immunosenescence develops: healthcare pro-
fessionals can review patient needs for immunization regularly, reducing the chances
that opportunities to vaccinate are overlooked. While this approach will not help for
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novel infections such as seasonal flu, it can help with zoster, pneumococcal disease,
and other disease.

One more approach is to reduce the chances that the elderly will encounter infec-
tions by immunizing those around them. Although there are no legal requirements
for employees of nursing homes, assisted living centers, or hospitals to have docu-
mented vaccinations, many such facilities recommend or require influenza vaccine
for their employees. Preventive health measures intended for other age groups have
been demonstrated to benefit seniors as well: reduction in pneumococcal disease
associated with the serotypes found in pneumococcal conjugate vaccine was dem-
onstrated in those ages 65 and over shortly after the vaccine was recommended for
use in children (and before it was recommended for adults) [21].

In many ways, immunosenescence can be similar to more general mild immune
suppression. Patients may have weakened immune systems for many reasons,
resulting from trauma (asplenia), disease (HIV, leukemias), inherited immunodefi-
ciencies (Wiskott—Aldrich syndrome), or medical intervention/treatment (cancer
chemotherapy, antirejection medications posttransplant). The exact pathways by
which the immune system is weakened alter the specific recommendations for
patient care, but the general principles remain the same: the anticipated benefit from
vaccination should exceed the risks of not vaccinating.

If immune suppression can be predicted before it begins—for example, in the
case of a young child with sickle cell disease who may be anticipated to lose splenic
function or a patient with worsening renal disease who may someday receive a kid-
ney transplant—yvaccinations may often be given while the immune system is still
intact. (Recommendations regarding BCG vaccine, the attenuated whole-cell vac-
cine against tuberculosis, are an exception to this general rule: if a patient is expected
to become immunosuppressed, BCG vaccine should not be used [22].) Vaccination
for meningococcal and pneumococcal disease is recommended for many patients
with immune disorders and may be suggested at a lower age than would be appro-
priate otherwise.

In many cases, the concern is that vaccination will be merely ineffective in
patients with weakened immune systems. However, some vaccines may be hazard-
ous. Vaccines based on live viruses or bacteria should not be used in those with
immune deficiencies: these include the varicella vaccine, the rotavirus vaccine, the
attenuated live influenza vaccine, and others. Antiviral medication or other appro-
priate therapy may be used if infection develops. Vaccination of household contacts,
although not appropriate in all circumstances, may be a valuable adjunct in these
circumstances.

Another special population to consider when discussing vaccination is the very
young. Although we often associate immunizations with childhood, special challenges
exist early in life that shape the recommended timing and spacing of vaccines.

Newborns have a component of their immune system not found at other ages:
large amounts of antibodies derived from their mothers. These may have crossed the
placenta in utero or be contained in breast milk. These antibodies help protect neo-
nates and infants from infection—indeed, current vaccine guidelines recommend
vaccinating pregnant women against pertussis to foster this temporary immunity in
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their children. However, these antibodies will also respond to antigens deliberately
introduced, reducing the effectiveness of vaccines given early in life. In addition,
the newborn’s immune system is less able to develop memory and make its own
antibodies than it would be later in infancy.

These factors contribute to a balance that influences the age at which vaccines
are recommended. What is the risk of developing the disease if no vaccination is
given, and how severe would that disease be? Can an immune response be gener-
ated? How long would that response last?

As an example, consider pertussis. Over 28,000 cases were reported in the USA
in 2013 [23]; the disease is more severe in younger children. Vaccination of the
mother during pregnancy is recommended to help prevent the illness in newborns,
with a series of immunizations for the child beginning at age 2 months to promote
long-term immunity. Before 2 months, the vaccine is ineffective.

Vaccinations for several diseases of childhood (rotavirus, diphtheria, pneumo-
coccal infection, and others) are recommended starting at age 2 months, when risk
of serious outcome from infection is high and maternal contribution to immunity, if
any, begins to wane. Even so, these vaccines must be administered multiple times at
staged intervals in order to produce immunity.

Before the introduction of the measles vaccine, its incidence occurred at ages
3-6 at different US cities; however, the highest mortality rate was found in younger
children [24]. This would suggest the need for an early vaccination. Initial studies,
however, noted that maternal antibodies against measles persisted beyond the age of
6 months; later clinical experience demonstrated that those antibodies persisted
beyond age 11 months in a substantial proportion of infants [25, 26]. The current US
vaccination schedule recommends vaccination starting at age 12 months [13]. (If
travel to a measles-endemic area is planned, or during an outbreak, a dose may be
given as early as 6 months; however, this does not replace the 12-month dose.) [13].

Given the difficulties of developing immunity from early vaccination, why is the
hepatitis B vaccine recommended for the first day of life? Here, the concern is that
the mother will not pass immunity to the child, but may pass the disease itself. It is
not expected that the vaccination at birth will provide long-term immunity; instead,
it’s given as part of sequence that continues with more vaccinations during infancy.
Because children born to hepatitis B-infected mothers have a high risk of becoming
infected themselves, and because these infections can result in early death from cir-
rhosis or liver cancer [27], the need for early protection surpasses concern for
impermanent immunity.

Immunization Scheduling

This discussion may also clarify why most vaccine-preventable illnesses require
more than one dose of vaccine. Many vaccines are administered in two distinct
stages: one or more doses in early childhood to establish immunity, followed by
so-called booster doses later in life.
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The initial spacing of vaccines in early childhood is limited by immaturity of the
immune system. Generally speaking, those vaccines started earlier require more
doses to establish an immune response. Vaccination with pneumococcal conjugate
vaccine in infancy is recommended to begin at age 2 months and requires four
doses; the same vaccine given in adulthood to those with no prior pneumococcal
immunization is recommended for a single dose only. Children aged 6 months to
8 years receiving their first seasonal influenza vaccine are recommended for two
doses 4 weeks apart.

Once immunity is established, boosters may be needed. They may promote long-
lasting immunity; a second vaccination may lead to immunity for those who, for
some reason, did not develop immunity from the first dose; or a renewed vaccina-
tion may be needed to respond to changes in the pathogen being protected against.

Immunity from both the tetanus [28] and diphtheria vaccine fades over time, and
repeated booster doses every 10 years are recommended in the USA. The need for
continued revaccination against diphtheria can be inferred from the epidemic that
struck countries of the former USSR in the 1990s: although the disease was largely
controlled in the 1980s with only 0.34 cases per 100,000 reported in 1989 [29], the
Soviet Union did not generally recommend adult booster vaccines. After the breakup
of the USSR, vaccination of children faltered; cases of the disease increased dra-
matically. From 1990 through 1998, over 157,000 cases of diphtheria were reported
among nations of the former USSR with over 5000 deaths [29]; more than half the
cases were reported among adults.

In contrast to the case with the tetanus and diphtheria vaccines, vaccination
against measles after the age of 12 months is thought to provide long-standing
immunity—for those who receive any benefit. When the use of a second dose at
ages 4-6 years was introduced in 1998, it was not done to counteract waning immu-
nity; instead, it was a response to the observation that around 5% of children do not
develop immunity with only a single vaccination [30]. (Discussion of herd immu-
nity, later in this chapter, will highlight the difficulty with a measles vaccine that is
at best 95% effective.)

Annual vaccination for influenza is needed for a third reason—in this case,
revaccination is recommended yearly as different strains of the influenza virus
become more or less common. If a universal influenza vaccine is ever developed, it
will likely not require annual dosing.

An additional concern with timing and spacing of vaccines concerns the way in
which one may interfere with another. Live virus vaccines for MMR and varicella
may be administered on the same day without any reduction in effect; but if given
on different days within 28 days of each other, the second vaccine will have reduced
effect [31]. Variations in timing and spacing of other types of vaccines, when stud-
ied, have generally been found to have no impact on vaccine efficacy, but a few
exceptions are worth noting:

*  When both pneumococcal conjugate vaccine (PCV7 or PCV13) and pneumococ-
cal polysaccharide vaccine (PPSV23) are appropriate for a patient, administer
the conjugate vaccine first. Giving PCV13 before PPSV23 has been found to
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enhance immune response to the serotypes shared between the two vaccines. In
contrast, giving PPSV23 first blunted the later response to PCV 13 [32].

* One of the meningococcal conjugate vaccines, MenACWY-D (Menactra), was
found to blunt the response to pneumococcal conjugate vaccine when the two are
administered simultaneously. No interaction between MenACWY-CRM
(Menveo) and PCV7/PCV 13 has been noted [33].

The effect of co-administration of different vaccines is not researched for all pos-
sible combinations. Generally, combinations are investigated if the vaccines
involved are intended for use in the same special population (as meningococcal and
pneumococcal vaccines might be used in asplenic patients) or age group. Because
there can be unexpected interactions between vaccines, and not all timing intervals
have been evaluated, there may be unforeseen shortcomings in using alternate
immunization schedules.

Adjuvants and Additives

Given the need to protect against infections in infancy, when the immune system
may not respond as effectively to threats as later in life, the immunogenicity of a
vaccine is a key factor in its development. How well will a given antigen provoke an
immune response? And will this provide long-term protection against disease, or
will booster vaccines be needed?

Recall that, for many infections, more than one type of vaccine has been devel-
oped—even if only a single variety is in current use. The whole-cell vaccine against
pertussis was replaced with an acellular version; influenza vaccines include attenu-
ated virus, inactivated virus, and recombinant subunit varieties. An ideal vaccine
would provide the long-lasting immune response characteristic of a live virus or
whole cell and the minimal adverse reactions more common of subunit vaccines.
Is there some way to increase the ability of the immune system to “notice” a given
immunization or to prolong its effects—other than changing the type of vaccine
being used?

One way to increase the immunogenicity of a vaccine is introduce additional
material, unrelated to the particular infection being targeted, specifically to provoke
a stronger immune response. These substances are called adjuvants (from Latin, to
help). The group of adjuvants in most common use, aluminum salts, dates back to
research done in the 1920s with toxoid-type vaccines [34]. Why risk working with
potentially infectious bacteria if developing an immune response to respond to an
altered toxin would be enough? The first adjuvant of this type, potassium aluminum
sulfate (also called potassium alum), was thought at the time to have its effect by
forming a depot, delaying the rate of absorption of the injected vaccine into the
body [34]. This would extend the time the antigen was available to promote an
immune response. Since then, alum and related aluminum salts have also been
found to increase uptake of antigens by antigen-presenting cells (recall that T cells
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respond not to “naked” antigens but only to proteins displayed by immune cells
such as dendritic cells) [35]. These salts also increase production of complement,
part of the innate immune system [35]. Aluminum-based adjuvants currently in use
in the USA include aluminum hydroxide, aluminum potassium sulfate, aluminum
hydroxyphosphate sulfate, and aluminum phosphate.

The use of aluminum-based adjuvants is sometimes called into question, since
aluminum is known to be toxic at certain levels. These adjuvants have been used for
generations, beginning with the diphtheria and tetanus toxoid vaccines; they are
also used in several other vaccines introduced more recently (see Table 2.3). During
this time, they have been associated with rare localized reactions such as erythema,
subcutaneous nodules, and granulomatous inflammation [35]. As the number of
vaccines using aluminum adjuvants has increased, popular concern for possible
aluminum-associated neurotoxicity has grown as well. Individual vaccines are lim-
ited to at most 1.25 mg aluminum/dose, but of those vaccines which contain alumi-
num, most do not reach this limit. Reviewing the aluminum content of each vaccine
and the ACIP-recommended childhood vaccination schedule, it is possible to deter-
mine that the maximum single day’s vaccination-related aluminum in the first year
of life would be 1.2 mg (at 2 months and again at 4 months); the maximum total
aluminum from vaccines in the first year would be 4.225 mg [36].

As a comparison, many varieties of infant formula have an average aluminum
content of 0.225 mg/L [35]. For those who are concerned that the aluminum received
on a single day is higher than that from dietary sources, recall that one of the func-
tions of aluminum adjuvants is to form a depot. The aluminum from the vaccine
stays localized and enters the broader body compartments only over time. This
means that any single day’s vaccines contribute to the overall aluminum level or
aluminum body burden slowly—in a manner more like dietary aluminum [36].

Two adjuvants unrelated to aluminum are also used in the USA: monophospho-
ryl lipid A (MPLA) and MF59. MPLA was introduced in the Cervarix bivalent HPV
vaccine in 2009. A derivative of lipopolysaccharide from bacterial cell walls may
exert its effect by bolstering the function of antigen-presenting cells [37]. In Cervarix
it is used in conjunction with alum, which increases its effectiveness as an adjuvant
by preventing it from dissociating from the vaccine antigen [38].

MF59, an oil-in-water adjuvant based on squalene, was approved for use in the
USA as part of the Fluad inactivated influenza virus vaccine in 2016. (Fluad has
been used elsewhere since 1997 [39].) The chemical squalene occurs in all animals;
an unsaturated hydrocarbon is a precursor to the synthesis of cholesterol, vitamin D,
and steroid hormones. In tests, MF59 was shown to improve the immunogenicity of
inactivated influenza vaccine compared to the use of non-adjuvanted vaccine.
Further, the use of the adjuvant may also help protect against not only the exact
three strains of influenza used in the vaccine but also against variants created by
genetic drift [40]. Fluad demonstrates the use of adjuvants to address weakened
immune systems: it is approved in the USA only for use in those aged 65 or older.

Some vaccine products contain preservatives. This is not a function of the vac-
cine design, the immune status of the patient, or the disease being addressed.
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Instead, it’s about packaging: single-dose units can be produced without needing
preservatives, but if the barrier on the vial containing the vaccine will be repeatedly
pierced by needles drawing out contents, a preservative is needed. Agents including
phenol and phenoxyethanol are used (see Table 2.3), but the most familiar one is
likely thiomersal. This mercury-containing compound came to public attention in
the USA in 1990s, when the FDA was directed to assess how much mercury was
contained in vaccines and other products. At the time, three vaccines recommended
during infancy contained thiomersal. The combined mercury content of these three
did not exceed Food and Drug Administration (FDA) recommendations, but did
exceed guidelines from the Environmental Protection Agency (EPA) [35]. The EPA
guidelines of the time were based on the experience of pregnant women who were
inadvertently exposed to methylmercury during their pregnancies. Thiomersal, in
contrast, is metabolized to ethylmercury, which is excreted from the body roughly
seven times faster [35]. Thus, the EPA guidelines overstated the risk associated with
thiomersal.

Unlike adjuvants, which are needed for vaccine efficacy, thiomersal could be
readily removed from vaccine products by manufacturing them in unit doses. This
raised prices—a concern in some parts of the world—but it was thought that in the
USA, those who were concerned about mercury could be reassured when they
learned it was possible to give entire childhood vaccination series without
thiomersal-containing products. Instead, removing the agent may have contributed
to the belief that thiomersal plays a role in the development of autism [35].

Antibiotics are used in some vaccines to protect against bacterial contamination
[35]. These are generally found in vaccines against illnesses caused by viruses. Viral
strains used to produce live or inactivated virus vaccines must be grown in cells; this
introduces the possibility that the cells may be infected with bacteria. Several differ-
ent antibiotics may be used (see Table 2.3). Most commonly used are aminoglyco-
sides (i.e., antibiotics in the “-mycin” family, such as neomycin, streptomycin,
gentamicin). Of these, only neomycin can be found in detectable quantities in the
final vaccine. There have been case reports of uneventful administration of
neomycin-containing vaccines to patients who have had prior allergic reactions to
the antibiotic [41]. Still, a prior anaphylactic reaction to any vaccine component is
a contraindication to its use.

For those concerned about possible allergic reactions, egg proteins and gelatin
may be additional concerns. Influenza viral cultures used in many flu vaccines are
grown on chicken eggs. The final vaccine product may contain small amounts of
egg protein. Deaths from anaphylaxis following influenza vaccination have been
reported in egg-allergic patients [42]. For this reason, it is general practice to ask
about egg allergies before flu vaccination. Anaphylaxis following immunization is
rare, occurring at approximately one case per million doses of any vaccine [43].
Anaphylaxis associated with influenza vaccine in egg-allergic patients is rarer still:
a 2009 review found no cases in the literature for the prior two decades [43], and
literature review for this chapter found no cases since then. This low case rate may
be because of reduction in the amount of egg protein found in the vaccines; aware-
ness of the risk may also be a factor.



60 J.L. Hamilton

Case reports suggest that at least some patients with prior anaphylactic reactions
to egg, and positive skin patch testing, can nonetheless safely receive influenza vac-
cine grown on eggs [44]. If patient can tolerate a small amount of cooked egg, any
of the current flu vaccines can be safely used. Current ACIP guidelines suggest that
all approved influenza vaccines, regardless of origin, now contain small enough
amounts of egg protein for safe use in egg-allergic patients “in a medical setting...
supervised by a health care provider who is able to recognize and manage severe
allergic conditions”[45]. Still, clinicians may prefer to use vaccines cultured in
mammalian cells or grown recombinantly for patients who don’t tolerate egg at all.

The viruses used for measles and mumps vaccines are grown in chicken fibro-
blast cultures. Because of this origin, there may be trace amounts of egg protein
present in the MMR and MMRYV vaccines, but these are on the order of nano- or
picograms [46]. Studies have found that children with even severe egg allergies may
safely receive these vaccines [41, 46, 47].

Gelatin is used in some vaccines as stabilizer against heat and cold [35]. It is
found most often in live virus vaccines. An oral typhoid vaccine, Vivotif, is given in
gelatin capsule. As is the case with egg proteins, gelatin can provoke serious allergic
reactions [48]. Indeed, some of the allergic reactions once attributed to the egg com-
ponent of the MMR vaccine were later attributed to gelatin instead [41].

Herd Immunity

Thus far, we’ve looked at immunity at the level of the individual: the functioning of
the immune system, the changes in the immune system with aging and with medical
conditions, and how vaccines are developed with ingredients to produce a long-
lasting, beneficial immune response.

Immunity can also be considered at the population level, rather than at the level of
an individual. Before the vaccine era, it was common for many infectious diseases to
come through a given area every few years. A contagious disease would spread
through a population; those who were vulnerable to the disease would become
infected and eventually develop immunity (if they survived). The community of now-
disease-resistant people would not see another outbreak of the same illness for some
number of years. For a while, if someone within the community becomes infected
with the disease (perhaps by travel to an area with an active outbreak and then return-
ing home), there would not be enough of an at-risk population to start spreading the
infection widely. Over time, more nonimmune people would be added to the com-
munity, usually through births. When the population had a high enough proportion of
nonimmune population, the chances that any given infected person can spread the
disease to another nonimmune person increase—and another epidemic can begin.
These repeating outbreaks had long been noted in “childhood” diseases such as mea-
sles and varicella [49]. The number of cases between outbreaks can approach zero in
small regions with limited population, such as a city; national statistics, which may
incorporate several peak/minimum cycles across a wide geographic range, may show
valleys without ever approaching zero (see Figs. 2.2 and 2.3).
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Measles cases reported in Philadelphia, 1941-1943
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Fig. 2.2 Measles incidence in Philadelphia, 1941-1943. Note recurrent spikes in incidence (Table
based on data from Ref. [49])

Reported US pertussis cases, 1922-1970
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Fig. 2.3 US pertussis cases, 1922-1970. Note periodic spikes which persist even after the intro-
duction of DTP vaccine (Data from the Centers for Disease Control and Prevention (CDC), http://
www.cdc.gov/pertussis/surv-reporting/cases-by-year.html, cited August 6, 2016)

When a disease is novel to most of a population, rather than just those who have
been added to the group in the last few years, the morbidity and mortality can be
catastrophic. Estimates of deaths from the 1918 to 1918 “Spanish flu” influenza
pandemic vary from 24.7 million upward; data from European countries with estab-
lished public health reporting suggest an excess mortality of 1.1% during the pan-
demic [50]. Other regions had higher influenza-associated mortality: estimates of
population [51] and deaths [52] lead to an estimated mortality of over 4% in India.


http://www.cdc.gov/pertussis/surv-reporting/cases-by-year.html
http://www.cdc.gov/pertussis/surv-reporting/cases-by-year.html
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The spread of a disease through a population, then, is based in part on the propor-
tion of the population that has no immunity to the infection. A novel infection will
spread rapidly; an infection will not spread if enough of the population is immune.
Disease-specific factors also play a role. At one extreme, imagine an infection which
can only be spread under rare conditions or which causes the infected person to
withdraw from social contact or which is otherwise biologically, culturally, or
behaviorally difficult to transmit. Rabies may be the prototype disease for this end
of the spectrum: although human-to-human transmission is possible [53], more
cases have been documented involving inadvertent transplantation of infected
organs [54] than from exposure to human saliva. Next, consider a hypothetical
infection with a long interval between infection and symptoms, during which the
disease could be spread by casual contact, fomites, or airborne methods. The exam-
ple at this end of the scale might be measles: patients can be contagious for 4 days
before the onset of the associated rash; during that time, airborne transmission
(among other modes) takes place. Measles transmission between airplane passen-
gers seated 17 rows apart has been documented [55].

Cumulative data suggest that a single person with measles can infect as many as
18 others, if the people he or she contacts are not immune. Rubella is less conta-
gious; each case results in 6—7 more. The number of people one person, on average,
infects in an environment where no one is immune is called the “basic reproductive
ratio,” Ry. (The reproductive ratio appears in demography, as well; Ry may also
represent the number of female births per adult woman [56].)

With a knowledge of how contagious an infection is, as measured by R, we can
then calculate what percentage of the population needs to be immune—either from
prior infection or from vaccination—to prevent epidemic spread. A disease will not
spread if an infected person, on average, infects less than one other person (or, to
avoid hypothetical fragments of people, if 100 people infect fewer than 100 others).
With measles, for example, each person could infect 18 others; so we need to make
sure that 17 of 18 are immune. That gives a vaccination rate of 94.4%. (You may
recall from earlier in the chapter that a single dose of MMR vaccine at age 12 months
generates immunity in approximately 95%. Because that immunity level is barely
the level needed to prevent an outbreak, a second vaccine later in life is now
recommended.)

As can be seen in Table 2.4, measles and pertussis have comparatively high R,
values. If vaccination rates fall, outbreaks are likely to occur in these illnesses first.
The French measles epidemic of 2008-2011 provides an example of what may hap-
pen when the vaccination rate falls and the percentage of the population that is
susceptible to infection increases.

In France, a two-tiered system of vaccination was used: some vaccines, such as
those for polio or diphtheria, were required; others, including MMR, were recom-
mended but not required [58, 59]. This has parallels to the USA, where some states
require public school students to be vaccinated unless granted a medical exemption
and others allow exemptions for religious or philosophical reasons as well.

A two-dose MMR schedule has been used in France since 1996 [60]. The inci-
dence of measles in France dropped overall during 2000-2007, from approximately
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Table 2.4 Estimated basic reproduction number R, for different diseases, with corresponding
percent immune needed for herd immunity

Estimated basic reproduction

Crude community immunity

Disease number R, threshold (%)
Diphtheria 6-7 83-85
Influenza (varies with strain) 1.4-4 30-75
Measles 12-18 92-94
Mumps 4-7 75-86
Pertussis 5-17 92-94
Rubella 6-7 83-85

From Ref. [57]

10,000 cases in 2000 to only 47 reported in 2007 [60]. Overlaid with this, however,
was a relatively low vaccination rate: national vaccination rates for the first dose of
MMR, to be given by the age of 2, did not reach 90% at any time between 2005 and
2008 [61].

Figure 2.4 shows vaccination rates in France in 2005-2008, with the most recent
data available before the beginning of the epidemic. As can be seen, most of the
countries did not reach the 94% immunization rate needed to prevent transmission
if the disease appeared.

In the spring of 2008, outbreaks were identified among students at certain private
religious schools at which few children received vaccines. Although Ministry of
Health representatives met with parents, many continued to decline to vaccine their
children [60, 61]. The outbreak soon spread geographically. In 2008, the highest
incidence rates were found in Vendee on the Atlantic Coast (which had under 85%
coverage), neighboring Deux-Sevres (under 90%), and the more central department
Allier (under 90%). Over time, the disease moved toward the southeast, with an
incidence rate of over 30 cases per 100,000 in some departments before the epi-
demic was brought under control. At the peak of the epidemic in March 2011, over
3600 cases were reported in a single month [61] (see Fig. 2.5).

Even 2 years after the start of the epidemic, vaccination rates remained low. A
study of 17-year-olds in Poitou-Charentes, a larger region containing Deux-Sevres,
conducted between June 2010 and May 2011, found that only 83% had received two
doses of MMR [59] (Fig. 2.5).

Overall, more than 21,600 cases of measles were reported between October 2008
and September 2011. This included 4980 hospitalized patients. Of those who were
diagnosed with measles, 28% of infants under 1 year of age required hospitaliza-
tion; over 30% of affected adults were hospitalized. Complications of measles were
significant, with more than 1000 cases of pneumonia and 26 cases of encephalitis.
Ten deaths were reported [61].

At the time of this epidemic in France, other outbreaks were occurring elsewhere
in Europe. Over 30,000 cases of measles were reported to EUVAC, a European
surveillance network, in 2010 [62]. Editorials at the time contrasted the ongoing
European cases with the successful efforts against measles in the Americas, where
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Fig. 2.4 (a) Immunization rates in France, 2005-2008 (Redrawn from [61], with map outline
from http://www.d-maps.com/m/europa/france/france/france48.svg). (b) Measles incidence in
France, October 2008—September 2009 (left) and October 2010-September 2011 (right). Outlined
region is Poitou-Charentes, where vaccination rates among 17-year-olds were surveyed during
outbreak (see text) (Redrawn from [61], with map outline from http://www.d-maps.com/m/europa/
france/france/france48.svg)

the disease was virtually eliminated by 2002 [62]. Recent incidents, however, have
demonstrated that herd immunity (also called community immunity) may falter in
regions of the USA as well. In 2014, an outbreak of 383 cases of measles was asso-
ciated with a largely unvaccinated Amish community in Ohio; the Disneyland-
related measles outbreak in 2015 sickened 125, including 110 California residents.
Childhood immunization rates vary greatly across California. On average, only
2.5% of kindergarten students had received personal belief exemptions in the 2014—
2015 school year—but in 4 of its 58 counties reported exemption rates of at least
10% (source: California Health Department data, downloaded from [63]).

The emphasis on complete eradication of a disease such as measles should not
obscure the community benefits that can come to a vulnerable population through
even limited immunization. Consider an infection that has an R, of 3. One person
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can be expected to infect three vulnerable people; those three can be expected to
infect nine (see Fig. 2.5). Now imagine that two of the three who would otherwise
be infected by the index patient are immune. Not only are they protected, but those
who they would go on to infect also do not get the disease.

This limited or partial form of herd immunity has been observed. One striking
example of the protection of one group by immunization of others within a larger
community is the reduction of invasive pneumococcal disease in those aged 65 and
above that has taken place as children under the age of 2 have received PCV7
or PCV13 (“Prevnar”) immunizations (Fig. 2.6). In the USA, PCV7 vaccination
with a series of immunizations beginning at age 2 months was recommended start-
ing in 2000; PCV13 was introduced in 2010. Although pneumococcal conjugate
vaccine was not recommended for those 65+ until 2014, invasive pneumococcal
disease caused by the serotypes represented in PCV13 in the elderly has decreased
dramatically since 2000. This drop-off has not been seen in the non-PCV13 sero-
types, further suggesting that the reduced incidence is due to the vaccination of
children rather than to other factors.
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Invasive pneumococcal disease in US adults over age 65 by year
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Fig. 2.6 Decline in invasive pneumococcal disease in US adults over age 65 (From Centers for
Disease Control and Prevention (CDC), at http://www.cdc.gov/pneumococcal/surveillance.html.
Cited August 15, 2016)

Summary

The reduction of disease shown in Fig. 2.6 brings together many of the concepts of
this chapter. Two different types of pneumococcal vaccine were introduced. The
first was based on unconjugated polysaccharides; the second conjugated the poly-
saccharides with a protein. Addressing the limitations of the vaccine based on
unconjugated polysaccharides required an understanding of the immune system:
polysaccharide antigens do not prompt the development of effector memory T cells.
Without the involvement of TEM cells, the immune response generated by vaccina-
tion is based on secondary lymphoid tissues. The unconjugated polysaccharide vac-
cine protects against invasive disease—bacteremia and meningitis—but is less
effective against infections that have not reached the bloodstream. The addition of a
protein component to the vaccine antigen allows the antigen to be processed by
antigen-presenting cells. The involvement of APCs then triggers the development of
T cells, including TEM cells found in the periphery. The resulting conjugate vaccine
provides enhanced protection against pneumococcal infection of mucosal tissues—
pneumonia and otitis media—while also protecting against systemic infection.
Recommendations for the use of these vaccines are based on an understanding of
the maturation of the immune system in children and later immunosenescence in the
geriatric population. The polysaccharide vaccine is not recommended for children
under 2 years of age, even those at high risk of infection, because the ability to
respond appropriately to polysaccharide antigens does not develop earlier. Later in
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life, vaccination against pneumococcus is recommended for those at increased risk
of disease: smokers, for example, or patients without a spleen. In recognition of the
reduced ability of the immune system to ward off infection with increasing age, the
two different types of pneumococcal vaccine are recommended for those 65 years
old or older. Pneumococcal conjugate vaccine also contains an adjuvant to increase
its ability to promote immunity.

Lastly, the declining incidence of pneumococcal disease shown in Fig. 2.6 high-
lights the key reason for vaccines: their use reduces rates of disease. Vaccination
protects immunized individuals from infection and helps protect vulnerable unvac-
cinated people as well. Continued use of vaccines fosters ongoing protection of the
individual and of broader populations as well.

References

1. Webb RP, Smith LA. What next for botulism vaccine development? Expert Rev Vaccines.
2013;12(5):481+.

2. Plosker GL. 13-valent pneumococcal conjugate vaccine: a review of its use in adults. Drugs.
2015;75(13):1535-46.

3. Szmuness W, Stevens CE, Zang EA, Harley EJ, Kellner A. A controlled clinical trial of the
efficacy of the hepatitis B vaccine (heptavax B): a final report. Hepatology. 1981;1(5):377-85.

4. Francis DP, Feorino PM, McDougal S, et al. The safety of the hepatitis b vaccine: inactivation
of the AIDS virus during routine vaccine manufacture. JAMA. 1986;256(7):869-72.

5. Center for Disease Control (CDC). Recommendations of the immunization practices
advisory committee update on hepatitis B prevention. MMWR Morb Mortal Wkly Rep.
1987;36(23):353-66.

6. Appaiahgari MB, Vrati S. IMOJEV ®: a yellow fever virus-based novel Japanese encephalitis
vaccine. Expert Rev Vaccines. 2010;9(12):1371-84.

7. World Health Organization (WHO). Global Advisory Committee on Vaccine Safety, 11-12
December 2013. Wkly Epidemiol Rec. 2014;89(7):53-60.

8. Liu MA. DNA vaccines: a review. J Intern Med. 2003;253(4):402-10.

9. Geall AJ, Mandl CW, Ulmer JB. RNA: the new revolution in nucleic acid vaccines. Semin
Immunol. 2013;25(2):152-9.

10. ACIP: poliomyelitis prevention: enhanced-potency IPV [Internet]. [cited 2016 Aug 14].
Auvailable from: http://wonder.cdc.gov/wonder/prevguid/m0025216/m0025216.asp

11. Recommended childhood and adolescent immunization schedule/United States, 2003. MMWR
Morb Mortal Wkly Rep. 2003;52(4):Q1.

12. Estivariz CF, Pallansch MA, Anand A, Wassilak SG, Sutter RW, Wenger JD, et al. Poliovirus
vaccination options for achieving eradication and securing the endgame. Curr Opin Virol.
2013;3(3):309-15.

13. Advisory Committee on Immunization Practices (ACIP), ACIP Child/Adolescent
Immunization Work Group. Advisory Committee on immunization practices recommended
immunization schedules for persons aged 0 through 18 years — United States, 2016. MMWR
Morb Mortal Wkly Rep. 2016;65(4):86-7.

14. Harper SA, Fukuda K, Cox NJ, Bridges CB. Using live, attenuated influenza vaccine for pre-
vention and control of influenza: supplemental recommendations of the Advisory Committee
on Immunization Practices (ACIP). Morb Mortal Wkly Rep. 2003:1-8.


http://wonder.cdc.gov/wonder/prevguid/m0025216/m0025216.asp

68

15.

16.

17.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

J.L. Hamilton

Grohskopf LA, Olsen SJ, Sokolow LZ, Bresee JS, Cox NJ, Broder KR, et al. Prevention and
control of seasonal influenza with vaccines: recommendations of the Advisory Committee on
Immunization Practices (ACIP) — United States, 2014—15 influenza season. MMWR Morb
Mortal Wkly Rep. 2014;63(32):691-7.

CDC Press Releases [Internet]. CDC. 2016. [cited 2016 Aug 14]. Available from: http://www.
cdc.gov/media/releases/2016/s0622-laiv-flu.html

Del Giudice G, Weinberger B, Grubeck-loebenstein B. Vaccines for the elderly. Gerontology.
2015;61(3):203-10.

. Pera A, Campos C, Lépez N, Hassouneh F, Alonso C, Tarazona R, et al. Inmunosenescence:

implications for response to infection and vaccination in older people. Maturitas. 2015;
82(1):50-5.

. DiazGranados CA, Robertson CA, Talbot HK, Landolfi V, Dunning AJ, Greenberg

DP. Prevention of serious events in adults 65 years of age or older: a comparison between
high-dose and standard-dose inactivated influenza vaccines. Vaccine. 2015;33(38):4988-93.
Pileggi C, Mascaro V, Bianco A, Nobile CGA, Pavia M. Immunogenicity and safety of intra-
dermal influenza vaccine in the elderly: a meta-analysis of randomized controlled trials. Drugs
Aging. 2015;32(10):857-69.

Moore MR, Link-Gelles R, Schaffner W, Lynfield R, Lexau C, Bennett NM, et al. Effect of use
of 13-valent pneumococcal conjugate vaccine in children on invasive pneumococcal disease
in children and adults in the USA: analysis of multisite, population-based surveillance. Lancet
Infect Dis. 2015;15(3):301-9.

World Health Organization (WHO). Global Advisory Committee on Vaccine Safety, 3—4
December 2009/Comité consultatif mondial de la Sécurité vaccinale, 3—4 décembre 2009.
Wkly Epidemiol Rec. 2010;85(5):29-33.

Centers for Disease Control and Prevention (CDC). Final 2013 reports of nationally notifiable
infectious diseases. MMWR Morb Mortal Wkly Rep. 2014;63(32):702.

Langmuir AD. Medical importance of measles. Arch Pediatr Adolesc Med. 1962;103(3):224.
Albrecht P, Ennis FA, Saltzman EJ, Krugman S. Persistence of maternal antibody in infants
beyond 12 months: mechanism of measles vaccine failure. J Pediatr. 1977;91(5):715-8.
Krugman RD, Rosenberg R, McIntosh K, Herrmann K, Witte JJ, Ennis FA, et al. Further attenu-
ated live measles vaccines: the need for revised recommendations. J Pediatr. 1977;91(5):766-7.
Centers for Disease Control and Prevention (CDC). Newborn hepatitis B vaccination cover-
age among children born January 2003—June 2005 — United States. Morb Mortal Wkly Rep.
2008;57(30):825-8.

Simonsen O, Badsberg JH, Kjeldsen K, Moller-Madsen B, Heron 1. The fall-off in serum con-
centration of tetanus antitoxin after primary and booster vaccination. Acta Pathol Microbiol
Immunol Scand, Sect C Immunol. 1986:;94(2):77-82.

Dittmann S, Wharton M, Vitek C, Ciotti M, Galazka A, Guichard S, et al. Successful control
of epidemic diphtheria in the states of the former Union of Soviet Socialist Republics: lessons
learned. J Infect Dis. 2000;181(Suppl 1):S10-22.

Watson JC, Hadler SC, Dykewicz CA, Reef S, Phillips L. Measles, mumps, and rubella —
vaccine use and strategies for elimination of measles, rubella, and congenital rubella syn-
drome and control of mumps: recommendations of the Advisory Committee on Immunization
Practices (ACIP). Morb Mortal Wkly Rep Recomm Rep. 1998;47(RR-8):i-57.

Centers for Disease Control and Prevention (CDC). Simultaneous administration of varicella
vaccine and other recommended childhood vaccines — United States, 1995-1999. MMWR
Morb Mortal Wkly Rep. 2001;50(47):1058-61.

Greenberg RN, Gurtman A, Frenck RW, Strout C, Jansen KU, Trammel J, et al. Sequential
administration of 13-valent pneumococcal conjugate vaccine and 23-valent pneumococcal
polysaccharide vaccine in pneumococcal vaccine-naive adults 60—64 years of age. Vaccine.
2014;32(20):2364-74.

Sanofi Pasteur. Menactra Product Insert [Internet]. 2014. [cited 2016 Aug 28]. Available
from: http://www.fda.gov/downloads/BiologicsBloodVaccines/Vaccines/ApprovedProducts/
UCM131170.pdf


http://www.cdc.gov/media/releases/2016/s0622-laiv-flu.html
http://www.cdc.gov/media/releases/2016/s0622-laiv-flu.html
http://www.fda.gov/downloads/BiologicsBloodVaccines/Vaccines/ApprovedProducts/UCM131170.pdf
http://www.fda.gov/downloads/BiologicsBloodVaccines/Vaccines/ApprovedProducts/UCM131170.pdf

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.
58.

Vaccine Science and Immunology 69

Glenny AT, Pope CG, Waddington H, Wallace U. The antigenic value of toxoid precipitated by
potassium alum. J Pathol Bacteriol. 1926;26:38-9.

Offit PA, Jew RK. Addressing parents’ concerns: do vaccines contain harmful preservatives,
adjuvants, additives, or residuals? Pediatrics. 2003;112(6):1394—402.

Mitkus RJ, King DB, Hess MA, Forshee RA, Walderhaug MO. Updated aluminum pharmacoki-
netics following infant exposures through diet and vaccination. Vaccine. 2011;29(51):9538-43.
De Becker G. The adjuvant monophosphoryl lipid a increases the function of antigen-
presenting cells. Int Immunol. 2000;12(6):807-15.

Brito LA, Malyala P, O’Hagan DT. Vaccine adjuvant formulations: a pharmaceutical perspec-
tive. Semin Immunol. 2013;25(2):130-45.

Press Announcements — FDA approves first seasonal influenza vaccine containing an adjuvant
[Internet]. [cited 2016 Aug 19]. Available from: http://www.fda.gov/NewsEvents/Newsroom/
PressAnnouncements/ucm474295.htm

Broker M, Beyer C. Adjuvantien fiir Humanvakzinen. Pharm Unserer Zeit. 2008;37(1):42-51.
Latshman R, Finn A. MMR vaccine and allergy. Arch Dis Child. 2000;82(2):93-5.

Bierman CW, Shapiro GG, Pierson WE, Taylor JW, Foy HM, Fox JP. Safety of influenza vac-
cination in allergic children. J Infect Dis. 1977;136:S652-5.

Erlewyn-Lajeunesse M, Brathwaite N, Lucas JSA, Warner JO. Recommendations for the
administration of influenza vaccine in children allergic to egg. BMJ. 2009;339:b3680.

Webb L, Petersen M, Boden S, LaBelle V, Bird JA, Howell D, et al. Single-dose influenza
vaccination of patients with egg allergy in a multicenter study. J Allergy Clin Immunol. 2011;
128(1):218-9.

ACIP. Summary recommendations: prevention and control of influenza with vaccines:
Recommendations of the Advisory Committee on Immunization Practices — (ACIP) — United
States, 2013—14 [Internet]. [cited 2016 Sep 25]. Available from: http://www.cdc.gov/flu/pro-
fessionals/acip/2013-summary-recommendations.htm#egg-allergy

Cox JE, Cheng TL. Egg-based vaccines. Pediatr Rev. 2006;27(3):118-9.

Aickin R, Hill D, Kemp A. Measles immunisation in children with allergy to egg. BMJ.
1994;309(6949):223-5.

Sakaguchi M, Nakayama T, Fujita H, Toda M, Inouye S. Minimum Estimated incidence in
Japan of anaphylaxis to live virus vaccines including gelatin. Vaccine. 2000;19(4-5):431-6.
Bartlett M. The critical community size for measles in the United States. J R Stat Soc.
1960;123(1):37-44.

Ansart S, Pelat C, Boelle P-Y, Carrat F, Flahault A, Valleron A-J. Mortality burden of the
1918-1919 influenza pandemic in Europe. Influenza Other Respir Viruses. 2009;3(3):99-106.
Census of India: Census Reports 1921 [Internet]. [cited 2016 Aug 20]. Available from: http://
www.censusindia.gov.in/Census_And_You/old_report/census_1921.aspx

Chandra S, Kuljanin G, Wray J. Mortality from the influenza pandemic of 1918—1919: the case
of India. Demography. 2012;49(3):857-65.

Fekadu M, Endeshaw T, Alemu W, Bogale Y, Teshager T, Olson JG. Possible human-to-human
transmission of rabies in Ethiopia. Ethiop Med J. 1996;34(2):123-7.

Maier T, Schwarting A, Mauer D, Ross RS, Martens A, Kliem V, et al. Management and out-
comes after multiple corneal and solid organ transplantations from a donor infected with rabies
virus. Clin Infect Dis. 2010;50(8):1112-9.

Edelson PJ. Patterns of measles transmission among airplane travelers. Travel Med Infect Dis.
2012;10(5-6):230-5.

Heesterbeek JAP. A brief history of R, and a recipe for its calculation. Acta Biotheor. 2002;
50(3):189-204.

Fine PE. Herd immunity: history, theory, practice. Epidemiol Rev. 1993;15(2):265-302.
Haverkate M, D’ Ancona F, Giambi C, Johansen K, Lopalco PL, Cozza V, et al. Mandatory and
recommended vaccination in the EU, Iceland and Norway: results of the VENICE 2010 survey
on the ways of implementing national vaccination programmes. Euro Surveill BullEuropean
Commun Dis Bull. 2012;17(22):pii: 20183.


http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm474295.htm
http://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm474295.htm
http://www.cdc.gov/flu/professionals/acip/2013-summary-recommendations.htm#egg-allergy
http://www.cdc.gov/flu/professionals/acip/2013-summary-recommendations.htm#egg-allergy
http://www.censusindia.gov.in/Census_And_You/old_report/census_1921.aspx
http://www.censusindia.gov.in/Census_And_You/old_report/census_1921.aspx

70

59.

60.

61.

62.
63.

J.L. Hamilton

Roblot F, Robin S, Chubilleau C, Giraud J, Bouffard B, Ingrand P. Vaccination coverage in
French 17-year-old young adults: an assessment of mandatory and recommended vaccination
statuses. Epidemiol Infect. 2016;144(3):612-7.

Parent du Chatelet I, Antona D, Waku-Kouomou D, Freymuth F, Maine C, Lévy-Bruhl D. La
rougeole en France en 2008: bilan de la déclaration obligatoire. Bull Epidémiologique Hebd.
2009, 2009:39, 41540, 419.

Antona D, Lévy-Bruhl D, Baudon C, Freymuth F, Lamy M, Maine C, et al. Measles elimina-
tion efforts and 2008-2011 outbreak. France Emerg Infect Dis. 2013;19(3):357-64.

Cottrell S, Roberts RJ. Measles outbreak in Europe. BMJ 2011;342(Junl15 1):d3724-d3724.
Immunization Levels [Internet]. [cited 2016 Aug 21]. Available from: https://www.cdph.
ca.gov/programs/immunize/Pages/ImmunizationLevels.aspx


https://www.cdph.ca.gov/programs/immunize/Pages/ImmunizationLevels.aspx
https://www.cdph.ca.gov/programs/immunize/Pages/ImmunizationLevels.aspx

Chapter 3

Immunization Recommendations

and Guidelines: From Development to CDC
Recommendations

Margot Latrese Savoy

Overview

When family physicians think about vaccines, typically they imagine the colorful
vaccine schedule tables that are updated by the Advisory Committee on Immunization
Practices and published annually in February across the medical specialty journals
like American Family Physician, Pediatrics, and the Annals of Internal Medicine.
The journey from the bench to the guideline is a long and often unsuccessful pro-
cess typically requiring an estimated half of a billion dollars and over a decade of
research and development [1, 2]. An overview of the process is shown in Fig. 3.1.

Currently there are many vaccines licensed for use by the US Food and Drug
Administration (FDA) for use in humans in the United States manufactured by sev-
eral pharmaceutical companies from around the world. The US vaccine manufactur-
ers and their products are listed in Table 3.1 [3].

This chapter will review the process of vaccine development from the early
stages of research and development through regulatory review and ultimately rec-
ommendation and widespread use in the United States.

Research and Development

Vaccine research and development is a time-consuming and expensive process
encompassing a wide range of scientists, locations, and funding sources.
Researchers often focus on pathogens with significant disease and economic bur-
den that have either suboptimal or no vaccine available; however, a significant
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Table 3.1 US vaccine manufacturers (as of June 2016) [3]

Company

Product(s)

Emergent Biosolutions

Anthrax vaccine adsorbed (BioThrax)

GSK Vaccines

DTaP (Infanrix); DTaP + IPV (Kinrix); DTaP + Hepatitis B + [PV
(Pediarix); Hepatitis A (Havrix); Hepatitis B (Engerix-B);
Hepatitis A + Hepatitis B (Twinrix); Hib (Hiberix);

Hib + Meningococcal Groups C and Y (Menhibrix); HPV
(Cervarix); Influenza (Fluarix and FluLaval); Meningococcal-
MCV4 (Menveo); Meningococcal serogroup B vaccine (Bexsero);
Rabies (RabAvert); Rotavirus (Rotarix); Tdap (Boostrix)

MedImmune, Inc. (parent
company AstraZeneca)

Influenza (FluMist)

Merck & Co., Inc.

Hib (PedvaxHIB); Hib + Hepatitis B (Comvax); Hepatitis A
(VAQTA); Hepatitis B (Recombivax-HB); HPV (Gardasil and
Gardasil 9); Measles, Mumps, and Rubella (M-M-R 1I);
MMR+Varicella (ProQuad); Pneumococcal-PPV23 (Pneumovax
23); Rotavirus (RotaTeq); Varicella (Varivax); Zoster (Zostavax)

PaxVax

Typhoid, live oral Ty21a (Vivotif)

Pfizer

Meningococcal serogroup B vaccine (Trumenba); Pneumococcal-
PCV13 (Prevnar 13)

Protein Sciences
Corporation

Influenza (Flublok)

Sanofi Pasteur

DTaP (Daptacel); DTaP + Hib + IPV (Pentacel); DTaP + IPV
(Quadracel); DT (pediatric); Hib (ActHIB); Influenza (Fluzone);
Meningococcal-MPSV4 (Menomune A/C/Y/W-135);
Meningococcal-MCV4 (Menactra); Poliovirus, inactivated
(IPOL); Rabies (Imovax); Smallpox (ACAM2000); Td
(DECAVAC); Td (TENIVAC); Tdap (Adacel); Typhoid Vi,
inactivated, injectable (TYPHIM Vi); Yellow Fever (YF-Vax)

Seqirus

Influenza (Afluria, Flucelvax, Fluvirin)

Valneva (Intercell USA)

Japanese encephalitis vaccine (IXIARO)

amount of work is also invested in identifying novel ways to deliver, refine, or
improve the effectiveness of existing vaccines as well. Vaccine development
research occurs in university, industry, government, and not-for-profit organiza-
tion laboratories. Depending on the type of pathogen or the approach being
employed, a wide range of research expertise may be required to create the final
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product including, but not limited to, cellular or molecular biology, chemistry,
biochemistry, virology, microbiology, and immunology.

Prioritization for Research and Development

Deciding which diseases and conditions are suitable for vaccine development is a
complicated process that involves a number of considerations. Because vaccine
development is time and resource intensive, establishing and understanding priori-
ties for development and encouraging collaboration between stakeholders are
essential in addressing the challenges of developing new and improved vaccines [4].

On a global scale, the World Health Organization’s Initiative for Vaccine Research
(IVR) facilitates vaccine research and development (R&D) against pathogens with
significant disease and economic burden, with a particular focus on low- and
middle-income countries [5]. In general, when prioritizing vaccines at global scale,
the World Health Organization (WHO) focuses on prioritizing vaccines that will
address diseases that impact low- and middle-income countries [6]. So, for exam-
ple, while malaria and dengue vaccines would likely be a low priority in a country
like the United States, the WHO works to ensure that the research activity remains
a priority since the countries most affected would likely be unable to develop such
a vaccine on their own. In addition, the WHO remains involved in the regulatory
standards that govern the appropriate and ethical conduct of research in developing
countries who may be particularly vulnerable for clinical trial of investigational
products [6].

In the United States most vaccine research and development occurs as a result of
a collaboration of partners in the academic, government, manufacturing, and public
health arenas. By leveraging public-private partnerships that include researchers,
government, manufacturers, purchasers, and policy makers who work together to
create a shared plan for directing resources into developing targeted high-priority
vaccines, new vaccines have been moved through the development pipeline more
efficiently and granted licensure for broad use [7]. The National Vaccine Advisory
Committee recommends research priorities and other measures the Director of the
National Vaccine Program should take to enhance the safety and efficacy of vac-
cines. The US National Vaccine Plan was established in 2010 and among its five
overarching goals includes developing new and improved vaccines and increasing
global prevention of death and disability through safe and effective vaccination [4].

Because of the growing number of factors that could impact the decision to pur-
sue a particular vaccine, the National Academy of Sciences (specifically the National
Academy of Engineering and the Institute of Medicine) has developed, tested, and
launched “SMART Vaccines: Strategic Multi-Attribute Ranking Tool for Vaccines”
[8]. This decision-support software aids in prioritizing new potential vaccine targets
using demographic, economic, health, scientific, business, programmatic, social,
policy, and related factors [8]. Version 1.1 is available for download at no cost from
www.nap.edu/smartvaccines.


http://www.nap.edu/smartvaccines
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Exploratory Stage

The initial phase of vaccine development is typically called the exploratory stage.
Occurring “at the bench” over 2—4 years, scientists work to identify potential anti-
gens that could be used to prevent or treat a particular disease. While many ideas
may be generated at this stage, only a select number of antigens will progress from
this stage to continue the process of being developed as candidate vaccines.

Preclinical Stage

Antigens with high potential to be developed continue on for an additional 1-2 years
of preclinical research. At this stage the animal models can be used to assess the
safety of the antigen and further narrow down best options for continued candidate
vaccine development.

Case in Point: Zika virus

Although not a widely known virus in the United States before 2015, Zika virus
(ZIKV) has been known to be circulating in areas of Africa and Southeast Asia for
decades. By some accounts ZIKV was initially discovered in Uganda in 1947, while
other accounts report it was first isolated from a Nigerian child with fever and head-
ache in 1952; later, an experimental inoculation of a human subject reproduced a
mild self-limited febrile illness [9, 10]. Though estimated seroprevalence was noted
to be as high as 48-56% in Nigeria, it was uncharacteristic for ZIKV to cause major
outbreaks. The first ZIKV outbreak came in 2007 in the Yap Island in Micronesia
and was followed by a larger outbreak in French Polynesia. ZIKV became a major
concern in the United States after the Pan American Health Organization issued an
alert over transmission in Brazil. This alert has now spread to several countries in
South and Central America, the Caribbean islands (including Puerto Rico and the
US Virgin Islands), and to the mainland of the continental United States [11].

Zika virus is a member of the Flavivirus family related to dengue, yellow fever,
and West Nile fever. It is primarily transmitted to humans through the bite of infected
Aedes aegypti mosquitoes, but can also be transmitted from an infected pregnant
woman to her baby during pregnancy or around the time of birth, via sexual trans-
mission by males, and through blood transfusion. Only 20% of infected people
become ill; symptoms resemble a mild viral syndrome and include fever, rash, joint
pain, and conjunctivitis, lasting several days to weeks. The alarming concern is that
infection with Zika virus during pregnancy is linked to microcephaly and other
severe fetal brain defects.

The National Institute of Allergy and Infectious Disease (NIAID) is collaborat-
ing with the government, academia, pharmaceutical, and biotechnology partners to
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accelerate our understanding of Zika virus including disease transmission, preven-
tion, diagnosis, and treatment strategies [12]. Because researchers have been study-
ing flaviviruses for some time now, NIAID and the National Institutes of Health
(NIH) are hoping that they have a good foundation for developing new ideas. In
2016 they issued calls to the research community announcing an interest in expand-
ing funding research on Zika virus, including:

» Developing sensitive, specific, and rapid clinical diagnostic tests for Zika virus

e Creating treatments for Zika virus and broad-spectrum antiviral drugs that would
be effective against multiple flaviviruses

* Developing and testing vaccines to protect against Zika virus infection and
advancing new vaccination strategies

* Conducting basic research to understand Zika virus infection, replication, patho-
genesis, and transmission, as well as the biology of the mosquito vectors

* Developing animal models that mimic Zika virus infection in people, so that
researchers can investigate the progression of disease

e Pursuing studies on the evolution and emergence of Zika virus, including the
identification of factors that affect host range and virulence

* Performing surveillance studies of the distribution and natural history of Zika
virus

» Evaluating the relative immune responses to Zika and other flaviviruses that may
occur in the same geographical regions (especially dengue virus and yellow fever
virus)

* Investigating how Zika virus infection affects reproduction, pregnancy, and the
developing fetus

There are a number of ZIKV candidate vaccines currently under development;
however, of the 23 ZIKV candidates reported at the February 2016 Advisory
Committee on Immunization Practices (ACIP) meeting, only one vaccine had
moved from the discovery/in vitro phase to preclinical phase.

According to the NIAID [13] they are in the process of developing multiple vac-
cine candidates:

* A DNA-based vaccine that uses a strategy similar to an investigational flavivirus
vaccine for West Nile virus infection. That vaccine, which was developed by
scientists at the NIAID Vaccine Research Center, was found to be safe and
induced an immune response when tested in a phase 1 clinical trial.

¢ A live-attenuated (live but weakened virus, so that it cannot cause disease) inves-
tigational Zika virus vaccine building on a similar vaccine approach for the
closely related dengue virus. The dengue vaccine candidate was shown to be safe
and immunogenic in early-phase trials and is currently being evaluated in a large
phase III study in Brazil.

* An investigational Zika virus vaccine that uses a genetically engineered version
of vesicular stomatitis virus (VSV) - an animal virus that primarily affects cattle.
VSV was successfully used in an investigational Ebola vaccine tested by
NIAID. This vaccine approach is at an early stage with plans underway to evalu-
ate the Zika virus vaccine candidate in tissue culture and animal models.
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* A whole-particle inactivated Zika virus vaccine based on a similar vaccine
approach used by the Walter Reed Army Institute of Research (WRAIR) to
develop vaccines against the related Japanese encephalitis and dengue viruses.

In August 2016, NIAID announced that the first stage I clinical trials have begun
to evaluate the NIAID Zika virus investigational DNA vaccine’s safety and ability
to generate an immune system response in at least 80 healthy volunteer participants
aged 18-35 years in three study sites in the United States [14]. Even with this accel-
erated work, a safe, effective, licensed ZIKV vaccine is not expected to be available
to the public for several more years.

Clinical Development Stage

A candidate vaccine that successfully makes it through the preclinical stage becomes
an investigational vaccine in the clinical development stage. Because this is the first
time the vaccine is administered to humans, it is at this stage that the FDA becomes
involved. Typically, this is the longest and most detailed time of research and devel-
opment, spanning on average of 6-8 years. The majority of investigational vaccines
will not successfully make it through this process.

Overview of the Federal Drug Administration

Like the Centers for Disease Control and Prevention (CDC) and Centers for
Medicare and Medicaid Services, the FDA is an agency within the US Department
of Health and Human Services (HHS). The FDA has a wide scope of influence, and
in vaccine development, its role is to protect the public health by ensuring that
human and veterinary drugs and vaccines and other biological products and medical
devices intended for human use are safe and effective. FDA’s responsibilities extend
to the 50 United States, the District of Columbia, Puerto Rico, Guam, the Virgin
Islands, American Samoa, and other US territories and possessions. A full organiza-
tion chart of the FDA is available on its website (http://www.fda.gov/downloads/
AboutFDA/CentersOffices/OrganizationCharts/UCM432556.pdf). A simplified
version is shown in Fig. 3.2. The Center for Biologics Evaluation and Research
(CBER) oversees the regulation of vaccines and biologics.

CBER’s mission is “to protect and enhance the public health through the regula-
tion of biological and related products including blood, vaccines, allergenics, tis-
sues, and cellular and gene therapies” [15]. Unlike medications and drugs that are
chemically synthesized, biologic agents and vaccines are derived from living
sources (such as humans, animals, and microorganisms). These new products are
often on the leading edge of biomedical research and technology.


http://www.fda.gov/downloads/AboutFDA/CentersOffices/OrganizationCharts/UCM432556.pdf
http://www.fda.gov/downloads/AboutFDA/CentersOffices/OrganizationCharts/UCM432556.pdf
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Fig. 3.2 Simplified
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CBER carefully evaluates scientific and clinical data submitted by manufacturers
to determine whether the product meets the standards for approval. They also moni-
tor the clinical trial process to ensure that researchers are adhering to the FDA’s
regulations for the conduct of clinical trials established in the 1970s to ensure con-
sistent use of the principles of good clinical practices (GCPs), including adequate
human subject protection (HSP). After thoroughly assessing the data, CBER ren-
ders a decision by balancing the risk-benefit for the intended population and the
product’s intended use. FDA’s Bioresearch Monitoring Program (BIMO) ensures
the protection of research subjects and the integrity of data submitted to the agency
in support of a marketing application by conducting on-site inspections of both
clinical and nonclinical studies [15].

Clinical Trial Process

Before administering an investigational vaccine or biological product to a human
subject, clinical researchers must submit an official request for authorization called
an Investigational New Drug (IND) Application to CBER [16]. The IND describes
the vaccine, its method of manufacture, and quality control tests for release. It also
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includes information about the vaccine’s safety and immunogenicity (ability to
elicit a protective immune response) in animal testing, as well as the proposed clini-
cal protocol for studies in humans. At any stage of the clinical or animal studies, if
data raise significant concerns about either safety or effectiveness, the FDA may
request additional information or studies or may halt ongoing clinical studies.

There are two IND categories (research and commercial) and three IND types
including investigator, emergency use, and treatment. If a physician intends to directly
administer or dispense the investigational drug and is the one who both initiates and
conducts the study, it is considered an investigator IND. This scenario is common
when a physician has an interest in studying an unapproved drug or attempting to use
an approved drug but in a new population or for a new indication.

A physician might submit a research IND to propose studying an unapproved
drug or an approved product for a new indication or in a new patient population.
Emergency use of an IND allows the FDA to authorize the use of an experimental
drug in an emergency situation that does not allow time for submission of an IND
in accordance with law. Under certain circumstances, an emergency IND can be
used to include a population of patients who do not meet the criteria of an existing
study protocol or if an approved study protocol does already not exist. If an experi-
mental drug shows promise in clinical testing for a serious or immediately life-
threatening condition, a treatment IND facilitates the availability of promising new
drugs to desperately ill patients as early in the drug development process as possi-
ble, even before general marketing begins, while ongoing trials continue to obtain
additional data on the drug’s safety and effectiveness.

The Food and Drug Administration Safety and Innovation Act (FDASIA) was
signed into law on July 9, 2012 [16]. It expanded the FDA’s authority to expedite
the review process and promote innovation that speeds patient access to safe and
effective products. It allows investigators to apply for a breakthrough therapy
(BT) designation from CBER which expedites the development and review pro-
cess for serious or life-threatening conditions. Qualification for BT designation
requires preliminary clinical evidence that demonstrates the drug may have sub-
stantial improvement on at least one clinically significant endpoint over currently
available therapy.

Case in Point: Meningococcal B Vaccine [17, 18]

Neisseria meningitidis is a leading cause of bacterial meningitis. The bacteria are
transmitted from person to person through respiratory or throat secretions (e.g., by
coughing, kissing, or sharing eating utensils). Even with appropriate antibiotics and
intensive care, between 10 and 15% of people who develop meningococcal disease
die from the infection. Another 10-20% suffer permanent complications, such as
brain damage or limb loss. According to the CDC 160 of the approximately 500
total cases of meningococcal disease reported in the United States in 2012 were
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caused by serogroup B. In 2013, eight cases of serogroup B meningococcal disease
at Princeton University and four cases at University of California, Santa Barbara
were reported. In the wake of these outbreaks, two vaccines which were already
approved in 2013 for use in the European Union, Canada, and Australia were
granted breakthrough therapy designations to expedite drug development and
review by the FDA. In October 2014, the FDA licensed the first serogroup B menin-
gococcal (MenB) vaccine (MenB-FHbp [Trumenba, Wyeth Pharmaceuticals, Inc.])
as a three-dose series. In January 2015, the FDA licensed a second MenB vaccine
(MenB-4C [Bexsero, Novartis Vaccines]) as a two-dose series. Both vaccines were
approved for use in persons aged 10-25 years [18].

Having the designation of BT provided the manufacturers more intensive FDA
guidance on an efficient MenB development program; it facilitated the scientific
evaluation during the IND application stage, offerred an organizational commit-
ment involving senior managers, and a “rolling” submission of the Biologics
License Application (BLA). Acquiring the status of BT allows sponsors to submit
sections of the BLA to FDA for review as they are completed, as opposed to waiting
to submit the complete BLA at one time.

The Expanded Access to Investigational New Drug protocol made it possible for
a CDC-sponsored clinical trial to be conducted in more than 15,000 individuals at
Princeton University and the University of California, Santa Barbara (UCSB) dur-
ing meningitis B outbreaks on these college campuses. In addition to helping to
abort the outbreaks and save lives, the expedited process provided data that sup-
ported the accelerated FDA approval of both vaccines for the public market in the
United States [19]. On February 26, 2015, the ACIP recommended the use of MenB
vaccines among certain groups of persons aged >10 years who are at increased risk
for serogroup B meningococcal disease [17]. In June, 2015, the ACIP further rec-
ommended that adolescents and young adults aged 16-23 years may be vaccinated
with a serogroup B meningococcal (MenB) vaccine to provide short-term protec-
tion against most strains of serogroup B meningococcal disease [18].

Phases of Clinical Testing

In phase I of the clinical testing, 10—100 volunteer human subjects are given the
investigational vaccine, and then they are monitored closely for safety. Often phase
I trials occur over 6 months to a year in hospital settings. Researchers at this stage
are typically looking to confirm that the vaccine is generally safe, to identify side
effects, and to confirm if the vaccine causes the expected immune response in a
human subject.

In phase II of clinical testing, an additional 100-3000 volunteer human subjects
are given the investigational candidate vaccine and undergo a careful evaluation of
their immune response. Typically volunteers are healthy; however, if the vaccine is
to be used in a population with a particular medical condition, attention will be paid
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to recruiting participants who resemble the intended population to receive the vac-
cine. Matching participants for characteristics such as age and physical health are
common at this stage. Phase II clinical researchers are looking to verify how well
the vaccine works, to monitor for any new safety signals or side effects that emerge
as a larger population is exposed to the vaccine, and to identify optimal dosing and
administration of the vaccine.

In phase III of clinical testing, a 1-4-year large-scale test of the investigational
vaccine’s efficacy and tolerance is conducted in hospitals, clinics, or physician
offices on an additional 3000—40,000 volunteer human subjects. Like in phase II,
most volunteers will be healthy, but volunteers with diseases or medical conditions
can be included. Phase III clinical researchers continue confirming the effectiveness
of the vaccine, monitoring for any new safety signals or side effects, and for the first
time, they begin comparing the vaccine to existing vaccines or other commonly
used treatments.

Vaccines that successfully complete phase III clinical trials will be presented to
the FDA for licensing review; however, many vaccines will continue to undergo
research in what is called phase IV of clinical testing. Phase IV studies are often
referred to as post-licensure studies and are valuable for refining indications and
confirming the effectiveness of the vaccine as a larger population begins to receive
the vaccine in real-world conditions. More about phase IV clinical trials can be
found in the post-licensure section.

FDA Regulatory Review: Biologics License Application

If an investigational vaccine successfully completes the three clinical trial phases, it
can move forward for regulatory review. During the regulatory approval phase, all
of the available preclinical and clinical data are submitted to the FDA as a Biologics
License Application (BLA) [20]. The BLA is reviewed by a multidisciplinary FDA
review team which includes but is not limited to medical officers, microbiologists,
chemists, and biostatisticians. The review team carefully examines the efficacy and
safety data, completes a risk/benefit assessment, and makes the decision to recom-
mend or oppose the approval of a vaccine. Concurrent to the safety/efficacy review,
an initial facility inspection is performed, and the vaccine manufacturing production
process is examined closely.

Vaccines and Related Biological Products Advisory Committee

The next step of the process includes a presentation of final report from the FDA
review and the vaccine’s sponsor presentation to the Vaccines and Related Biological
Products Advisory Committee (VRBAC) [21]. VBRAC is a 15-person committee
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external to the FDA comprised of appointed experts knowledgeable in the fields of
immunology, molecular biology, rDNA, virology, bacteriology, epidemiology or
biostatistics, vaccine policy, vaccine safety science, federal immunization activities,
vaccine development including translational and clinical evaluation programs,
allergy, preventive medicine, infectious diseases, pediatrics, microbiology, and bio-
chemistry [21]. The role of the VBRAC is to review the data being offered on the
safety, effectiveness, and appropriate use of vaccines/biological products seeking
FDA licensure or a new indication. They offer an important unbiased final review of
all the applicable data and have the opportunity to consider the quality and relevance
of the FDA’s research. All of this work serves to ensure the final recommendation
provided to the Commissioner of Food and Drugs is appropriate and based on the
sufficient scientific support [21].

Vaccine Labeling

Because the vaccine label provides the most widely accessible collection of infor-
mation about the indications, potential risks and benefits, adverse effects, and sup-
porting information for a particular vaccine, the FDA takes the labeling process very
seriously [22]. Many clinicians use the vaccine’s product labeling to communicate
with patients and parents and to make decisions about providing the vaccine safely
to their patients. The process of vaccine labeling occurs in two major steps: preap-
proval review of labeling and post-approval surveillance.

Preapproval Review [23]

Vaccine manufacturers submit proposed vaccine labeling to FDA as part of the ini-
tial BLA process, or in the event of a later change, as a part of a BLA supplement
(BLS) and transmittal form. During the preapproval review, the FDA determines
whether the information presented in the labeling is scientifically accurate, con-
forms to current regulatory requirements, and includes any previously requested
revisions.

The labeling review is not limited to the physical label on the vaccine vial but
also includes a review of the outer packaging and the package insert for adequacy
and accuracy. If the preliminary review uncovers concerns such as a lack of ade-
quate warnings, use instructions, and/or precautionary information, the manufac-
turer is notified and offered the opportunity to submit a revision. Once all identified
concerns have been sufficiently revised to include current information regarding the
nature and extent of the dangers posed by such vaccines, the FDA formally approves
the final draft labeling.
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Post-Approval Surveillance

A vaccine’s product label is not a static document. Even after approval and licen-
sure, the FDA conducts surveillance and reviews whether there are changes to
existing or new warnings, use instructions, and precautionary information [22]. In
addition to the standing label requirements, the FDA uses epidemiological infor-
mation contained in Morbidity and Mortality Weekly Reports (MMWR), pub-
lished by the CDC, reports in the medical literature, and summaries from the
Vaccine Adverse Event Reporting System (VAERS) to identify new information
on a vaccine’s safety and efficacy post-licensure. FDA reviews the new data,
determines whether package inserts and other labeling should be revised to include
this new information, and then notifies manufacturers if their package inserts do
not reflect currently available information regarding the warnings, use instructions,
and precautionary information.

Case in Point: 9-Valent Human Papillomavirus Vaccine [24, 25]

There are over 150 different types of human papillomaviruses of which around 40
of them are known to infect the genital areas of men and women. Human papilloma
virus (HPV) infection is highly prevalent with some studies showing that 27% of
women aged 14-59 tested positive for one or more strains of HPV and over 80% of
women will have been infected with genital HPV by the time they reach age 50.
Two particular strains of the virus are responsible for nearly 70% of cervical cancers
which accounts for approximately 500,000 new cases and 270,000 deaths world-
wide each year. There are about a dozen other high-risk HPV strains that collec-
tively account for the other 30% of cervical cancers [24, 25]. The first vaccine
licensed by the FDA for HPV was Gardasil (HPV4) in 2006, a Merck vaccine,
providing protection for four strains of HPV including 6, 11, 16, and 18. Cervarix
(HPV2) from GlaxoSmithKline, which protects against two high-risk types of HPV
[16, 18], was licensed in 2009. A 9-valent vaccine (HPV9, Gardasil 9) was approved
in 2014. Today, only the HPV9 vaccine is available for use in the US.

At the time of the initial FDA approval for HPV9, available data showed that in
both females and males, >99% seroconverted to all nine HPV vaccine types, and
geometric mean titers of antibody (GMT) in males were non-inferior to those in
females and males aged 9—15 years. Because study results were only available for
these certain age ranges, HPV9 was initially licensed for use in females aged
9-26 years and males aged 9-15 years. Fortunately, as ongoing research studies
concluded that immunogenicity in males aged 16 through 26 years was comparable
with females of the same age group, the data was reviewed by the FDA and the ACIP,
and on December 14,2015, the FDA extended the age indication by including males
aged 16-26 years [24, 25].
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Vaccine Production

Concurrent with the licensing process, the FDA reviews and oversees the produc-
tion and manufacturing process that will be used to produce the vaccine.
Practically, having a licensed vaccine that a manufacturer is unable to produce
safely and reliably would not be beneficial to society. Traditionally vaccines are
produced using eggs or mammalian cells; however, advances in biotechnology are
exploring novel production mechanisms using plant, insect cells, and bacteria
cultures [26]. As we continue to develop more complicated vaccine combinations,
new adjuvants for stability, and augmented processes to increase speed and vol-
ume of production, it will remain critical to assess that we are producing vaccines
with the safe (or better) safety profiles and potency that we have come to expect
from our traditional approaches. It can take up to 22 months to produce a single
batch of vaccine, so faulty practices that contaminate or cause a vaccine lot to be
wasted not only cost significant loss of money and resources, but also can create
critical shortages to vaccine supply. This is one of the driving reasons that nearly
70% of vaccine production time is dedicated to quality control and confirmation
measures [26].

Manufacturing

To ensure safety, the FDA oversees vaccine production and manufacturing pro-
cesses after licensure. As long as a manufacturer holds a license for a product, they
are subject to regular monitoring of the product and of production activities includ-
ing periodic facility inspections. At times the FDA may request data from the man-
ufacturer’s required ongoing monitoring results around the potency, safety, and
purity for each vaccine lot and the manufacturer may be expected to randomly sub-
mit samples of each vaccine lot to the FDA for testing. If a manufacturer is able to
demonstrate continued assurance of safety, purity, and potency, the FDA may
determine that routine submission of lot release protocols and samples is no longer
necessary [23].

The Centers for Disease Control and Prevention Advisory
Committee on Immunization Practice

The ACIP is a group of 15 individuals appointed by the Secretary of HHS to develop
recommendations on the use of vaccines in the United States.
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Authority and Oversight of the ACIP

The authority and scope of the ACIP is established under Section 222 of the Public
Health Service Act (42 U.S.C. §217a) [27]. The Secretary of HHS delegates the CDC
Director to “assist states and their political subdivisions in the prevention and control
of communicable diseases; to advise the states on matters relating to the preservation
and improvement of the public’s health; and to make grants to states and, in consul-
tation with the state health authorities, to agencies and political subdivisions of states
to assist in meeting the costs of communicable disease control programs” [27]. To
make these decisions, the CDC Director relies in part on guidance and advice from
the ACIP regarding use of vaccines and related agents for effective control of vac-
cine-preventable diseases in the civilian population of the United States. While our
military population of the United States often follows similar guidance, the actual
authority for determining immunization requirements for military personnel resides
with the Department of Defense and follows a parallel approval process.

ACIP recommendations are presented to the CDC Director for review and if
adopted are published as official CDC/HHS recommendations in the Morbidity and
Mortality Weekly Report (MMWR). HHS Secretary and Assistant Secretary for
Health are briefed on immunization recommendations by the CDC Director.

Scope of ACIP Recommendations and Guidance

ACIP guidance and recommendations are expected to provide advice on the control
of diseases for which a vaccine is licensed in the United States. In addition, there are
times when circumstances may warrant the committee develop and provide guid-
ance for use of unlicensed vaccines [27]. In addition to vaccine recommendations,
the committee may also provide recommendations for administration of immune
globulin preparations and/or antimicrobial therapy during times of vaccine-
preventable disease exposure or outbreaks.

Vaccine-Specific Recommendations

Guidance for each vaccine typically includes brief overviews of the scientific data
supporting the included recommendations, consideration of disease epidemiology
and burden of disease, vaccine efficacy and effectiveness, vaccine safety, economic
analyses, and implementation issues with specific advice about:

e Population groups and/or circumstances in which a vaccine or related agent is
recommended

¢ Guidance on route, dose, and frequency of administration of the vaccine, associ-
ated immune globulin, or antimicrobial agent
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e Recommendations on contraindications and precautions for use of the vaccine
and related agents’ information on recognized adverse events

The ACIP reviews and updates guidance as new information on disease epidemi-
ology, vaccine effectiveness or safety, economic considerations, or other data
become available, and the committee may revise or withdraw their recommendation(s)
regarding a particular vaccine if warranted.

Case in Point: Live Attenuated Influenza Vaccine

CDC has recommended an annual influenza vaccination for everyone ages 6 months
and older since February 24, 2010. Each year the ACIP provides an updated sea-
sonal influenza recommendation published in the MMWR based on the circulating
influenza strains anticipated for the upcoming season and available products avail-
able in the United States [28]. On June 22, 2016, many in the immunization com-
munity were surprised to witness the removal of an increasingly popular option, the
live attenuated influenza nasal spray vaccine (FluMist®, MedImmune/AstraZeneca)
from the recommended list of vaccines for use during the 2016-2017 season as
ongoing efficacy studies had found the vaccine less effective against circulating
influenza viruses than other available influenza vaccines [29]. While some viewed
the reversal of the nasal spray vaccine recommendation as a visible failure of the
ACIP’s decision-making process, those most familiar with the committee recog-
nized it as the process working exactly as it was intended to do.

A New Way to Deliver Vaccine

Although relatively new to the market, the live attenuated intranasal influenza vac-
cine had been a work in progress for nearly 60 years. In 1960, in response to an
influenza A virus subtype H2N2 pandemic, the NIH and the US Army invested
resources at the University of Michigan to study novel influenza vaccination strate-
gies that included development of a live attenuated vaccine option. The goal was to
stimulate a broader immune response than the available injectable influenza vaccine
(which contained proteins from inactivated viruses) by allowing the body to respond
to a weakened live version of the influenza virus. The endeavor proved successful in
1967 when Dr. Hunein Maassab of the University of Michigan developed a live,
cold-adapted flu virus for use in a vaccine. The cold adaption process devel-
oped involved selectively growing live vaccine viruses over multiple generations in
increasing cooler temperatures; this process ultimately prevented the virus from
spreading beyond the relatively cool atmosphere in the human upper respiratory
tract. This novel vaccine, administered via a spray mist to the nose, quickly became
a popular option among children and needle-avoidant adults.
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An Unexpected Lack of Effectiveness

Initial data appeared to support the expected boosted immunity when using the live
inactivated formulation over the inactivated injected formulation in younger chil-
dren [30]. After reviewing the initial data, during the 2014-2015 influenza season,
the CDC and ACIP released a preferential recommendation for nasal spray vaccine
for young children. The 2014-2015 influenza season was a difficult one in the US,
fraught with poor vaccine effectiveness across all seasonal influenza vaccines,
including inactivated vaccines and FluMist Quadrivalent. The vaccines’ lower than
expected effectiveness that season has been attributed primarily to the spread of a
“drifted” strain of influenza A (H3N?2) that did not match well with the H3N2 strain
used in the vaccines [31]. While typically overall effectiveness for all influenza
vaccines for any season is around 50-60%, in that season, it was estimated at only
23% [31].

ACIP reviewed all available data including effectiveness data, and they down-
graded their advice during the subsequent 2015-2016 season, to return to recom-
mending influenza vaccination without any preference for one vaccine type or
formulation over another [32]. The ACIP influenza workgroup continued to review
the data, and when preliminary data showed poor or relatively lower effectiveness
of LAIV from 2013 through 2016 in the children ages 2 through 17 years, ACIP
voted to suspend use of the vaccine for the 2016-2017 season. FDA continues to
find that the benefits of FluMist Quadrivalent outweighed any potential risks and
has determined that no specific regulatory action is warranted [33]. As the FDA
continues to work closely with MedImmune to determine the cause of the lower
than expected effectiveness of FluMist Quadrivalent observed in recent years, the
influenza workgroup will continue to review and provide revised policy recommen-
dations for review by the ACIP [34]. A brief timeline of intranasal influenza vaccine
use in the United States can be found in Table 3.2.

General Recommendations

In addition to vaccine-specific guidance, the ACIP provides recommendations
addressing the general use of vaccines and immune globulin preparations as a
class of biologic agents. General recommendations typically address principles
that govern administration technique; dose and dosing intervals; recognized con-
traindications and precautions; reporting adverse events; correct storage, han-
dling, and recording of vaccines and immune globulin preparations; and special
situations or populations that may warrant modification of the routine recom-
mendations. Examples of currently published ACIP general recommendations
include General Recommendations on Immunization and Immunization of
Health-Care Personnel.
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Table 3.2. Brief timeline of intranasal influenza vaccine use in the United States

2016-2017 ACIP votes to no longer recommend for use of intranasal influenza vaccine in
any population for the 2016-2017 influenza season after review showing poor or
relatively lower effectiveness of LAIV from 2013 through 2016

May 2016 Preliminary data on the effectiveness of LAIV among children 2—17 years
during 2015-2016 season became available from the US Influenza Vaccine
Effectiveness Network, and the observational studies showed lower than
expected effectiveness

2015-2016 CDC and ACIP modify the preferential recommendation to no preference after
vaccine effectiveness studies suggest the anticipated benefit was not being
observed in post-licensure studies

2014-2015 CDC and ACIP briefly had a preferential recommendation for nasal spray
vaccine for young children based on initial studies

February FDA approves FluMist Quadrivalent, a formulation containing two Influenza A

2012 subtype viruses and two type B viruses for use in persons 2—49 years of age

2007-2008 CAIV-T is approved for use during the flu season

August 2006 | The FDA approves CAIV-T, an unfrozen refrigerated version for the same age
group (ages 5-49) following completion of phase 3 clinical trials

Winter FluMist is available for use for the first time to health adults and children ages 5

2003-2004 through 49 years

June 2003 The FDA approves FluMist for healthy adults and children ages 5 through 49
years

December The FDA’s Vaccines and Related Biological Products Advisory Committee again

2002 evaluates the safety and efficacy of FluMist. The committee recommends that

the FDA approve FluMist for healthy children and adults ages 549 years.
MedImmune continues to work with the FDA to answer the committee’s
questions about the safety and efficacy of FluMist for children under 5 and
adults 50 and older.

January 2002

MedImmune, Inc. acquires FluMist when it purchases Aviron

July 2001

The FDA’s Vaccines and Related Biological Products Advisory Committee
evaluates the safety and efficacy of FluMist. The majority of the committee
members agree that while there are adequate data to show the vaccine works in
healthy people ages 1-64 years, the analysis of the safety data is incomplete.
Aviron continues to work with the FDA to provide additional clinical and
manufacturing data to support the licensing of FluMist

October
2000

Aviron submits an application for FluMist to the Food and Drug Administration
(FDA), seeking approval for FluMist as an annual vaccine for healthy
individuals 1-64 years old

1999

Aviron enters an agreement with Wyeth Lederle Vaccines of Philadelphia for
marketing FluMist in the United States and worldwide

1998-2003

The NIAID sponsors a large, multiyear trial with FluMist to test a popular
theory: If a critical number of children, about 70%, are vaccinated against
influenza, the spread of the virus within a community can be stopped, resulting
in a kind of “community immunity.” In Temple, Texas, researchers vaccinate
more than 14,000 children with FluMist over the next several years. When this
ongoing study finishes, researchers will compare influenza-associated illness
rates in Temple with those in similarly sized communities without FluMist
vaccine. In 2003, researchers conduct data analysis by comparing influenza-
associated illness rates in Temple with those in similarly sized communities
without FluMist vaccine

(continued)
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Table 3.2. (continued)

1998 NIAID’s Vaccine Treatment and Evaluation Units begin studies to evaluate the
safety of FluMist in HIV-positive adults and children

1997-1998 The vaccine proves similarly effective in the same children against the influenza
flu season strains included in the vaccine. In addition, an unanticipated new influenza strain
emerges this season. FluMist proves 86% effective in protecting children against
this emergent strain that is not contained in the vaccine. FluMist also provided
94% protection against influenza-related middle-ear infections or otitis media

1996-1997 NIAID’s Vaccine Treatment and Evaluation Units and Aviron perform a pivotal
flu season Phase 3 efficacy study that finds the vaccine 93% effective in preventing
influenza in children aged 15-71 months

1995 NIAID signs a cooperative research and development agreement with Aviron of
Mountain View, California, to continue studying the safety, efficacy, and
immunogenicity of FluMist in various populations

1976-1991 NIAID sponsors a series of clinical studies to evaluate the safety, efficacy, and
dosage of the live, cold-adapted, attenuated, flu vaccine

Mid-1970s Brian Murphy, M.D., and other NIAID researchers at the Laboratory of
Infectious Diseases take over the lead in developing the live, attenuated flu

vaccine

1967 Dr. Hunein Maassab of the University of Michigan develops a live, cold-adapted
flu virus for use in a vaccine

1960 The US Army supports research at the University of Michigan to develop a live,
attenuated influenza vaccine strategy

1958 A pandemic caused by the H2N2 influenza virus results in more than 69,000
deaths in the United States, underscoring the need for new strategies to prevent
the flu

https://www.niaid.nih.gov/topics/Flu/Research/vaccineResearch/Pages/NasalSprayFluVaccine.
aspx
http://www.fda.gov/BiologicsBlood Vaccines/Vaccines/ApprovedProducts/ucm508761.htm

ACIP Influence on Vaccine Payment

The impact of ACIP recommendations is not limited to medical and public health
professional administration practices. The Social Security Act (Section 1928)
empowers the ACIP to establish and periodically review and, as appropriate, revise
the list of vaccines for administration to children and adolescents eligible to receive
vaccines through the Vaccines for Children (VFC) program, along with schedules
regarding the appropriate dose and dosing interval and contraindications to admin-
istration of the pediatric vaccines [35]. This list is used by CDC Director as dele-
gated by the DHS Secretary to purchase, deliver, and administer pediatric vaccines
in the VFC program. The Affordable Care Act (Section 2713 of the Public Health
Service Act, as amended) that empowers the ACIP recommendations adopted by the
CDC Director must be covered by applicable health plans.


https://www.niaid.nih.gov/topics/Flu/Research/vaccineResearch/Pages/NasalSprayFluVaccine.aspx
https://www.niaid.nih.gov/topics/Flu/Research/vaccineResearch/Pages/NasalSprayFluVaccine.aspx
http://www.fda.gov/BiologicsBloodVaccines/Vaccines/ApprovedProducts/ucm508761.htm
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The Affordable Care Act and Immunizations

The Patient Protection and Affordable Care Act (PPACA), commonly called the
Affordable Care Act (ACA), is a US federal statute enacted by President Barack
Obama on March 23, 2010. The law made prevention, like immunizations, afford-
able and accessible for all Americans by requiring health plans to cover preventive
services and by eliminating cost sharing [36]. Based on the law, regulations were
released by HHS, the Department of Labor, and the Treasury that stipulate that if an
individual or family enrolls in a new health plan on or after September 23, 2010, that
plan will be required to cover recommended preventive services without charging a
deductible, co-payment, or coinsurance. These new health plans are required to
cover new ACIP recommendations made after September 2009 without cost sharing
in the next plan year that occurs 1 year after the date of the recommendation. While
many children had access to immunizations under the VFC program, the ACA
expanded access for adult immunizations which was previously a notably under
covered area of healthcare, especially for those adults without access to health
insurance or with limited finances.

The ACA also addressed other barriers to immunization delivery in the United
States including providing states the authority to purchase adult vaccines with state
funds from federally negotiated contracts. It reauthorized the Section 317
Immunization Grant Program, which makes available federally purchased vaccines
and grants to all 50 states, the District of Columbia, five large urban areas, and ter-
ritories and protectorates, to provide immunization services to priority populations.
The ACA also required the General Accountability Office (GAO) to study and
report to Congress about Medicare beneficiary access to recommended vaccines
under the Medicare Part D benefit.

Vaccines for Children

The VFC program is an entitlement program (a right granted by law) for eligible
children, age 18 and younger [35]. It was created under the Omnibus Budget
Reconciliation Act (OBRA) passed by Congress on August 10, 1993, in response
to a US measles epidemic from 1989 to 1991 during which there were tens of
thousands of cases of measles and hundreds of deaths. In the subsequent CDC
investigation of the outbreak, it was found that more than half of the children who
had measles had not been immunized, even though many of them had seen a
healthcare provider.

VEC attempts to remove cost as a barrier to children receiving their recom-
mended vaccination on schedule. The program helps provide vaccines recom-
mended by the ACIP to children whose parents or guardians may not be able to
afford them. VFC funding is approved by the Office of Management and Budget
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(OMB) and allocated through the Centers for Medicare and Medicaid Services
(CMS) to the CDC. CDC buys vaccines at a discount and distributes them to grant-
ees. Grantees typically include state health departments and certain local and terri-
torial public health agencies. The grantees then distribute the vaccines at no charge
to private physicians’ offices and public health clinics registered as VFC providers
for administration to eligible children. VFC program-eligible children are younger
than 19 years of age and either Medicaid eligible, uninsured, underinsured, or
American Indian or Alaska Native. “Underinsured” children include those children
with health insurance, but either their insurance does not cover any or needed vac-
cines, or the child has exceeded the insurance company’s fixed dollar limit or cap
allotted for vaccines. Underinsured children are eligible to receive vaccines only at
Federally Qualified Health Centers (FQHC), Rural Health Clinics (RHC), or under
an approved deputization agreement.

ACIP Membership

While the majority of the 15 voting members of the committee are comprised of
experts in medicine and public health, one member is a consumer representative
who provides the social and community perspective on the impact of vaccination
recommendations [37, 38]. To be appointed, members are nominated after submit-
ting a record demonstrating their personal expertise in vaccinology, immunology,
pediatrics, internal medicine, nursing, family medicine, virology, public health,
infectious disease and/or preventive medicine, with corroboration of their experi-
ence and expertise along with recommendations from the professional scientific
community. Nominees are automatically excluded from participation in the ACIP if
they are not a US citizen, are employed by the US government, or have certain
vaccine-related interests. If an applicant or an immediate family member is directly
employed by a vaccine manufacturer (or parent company), holds a patent on a vac-
cine or vaccine-related product, or serves on a vaccine manufacturer’s Board of
Directors, she/he is not eligible for appointment. Applicants undergo a formal
review process including an interview by the ACIP Steering Committee which
includes CDC division members working in vaccine-related areas, an FDA repre-
sentative, and the ACIP Chair. The top two applicants for each vacant position are
presented first to the CDC Director for approval and then forwarded to the DHHS
Secretary for final review and appointment. The voting members reflect the diver-
sity of the US population, and attention is paid to trying to balance on the basis of
geography, race and ethnicity, sex, and type of expertise when reasonable.
Appointments are for 4-year overlapping terms.

Once selected, committee members are asked to recuse themselves during the
term of their membership from participating in activities that are or may be con-
strued as a conflict of interest including but not limited to providing advisory or
consulting services to a vaccine manufacturer (or its parent company), acceptance
of honoraria, or travel reimbursement from a vaccine manufacturer. During their
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term, ACIP voting members may continue their work on vaccine-related research
and studies; however, they are required to declare their conflicts at the start of each
meeting and abstain from votes on any recommendations related to vaccines they
are studying. For transparency, they are also required to abstain from voting on any
other vaccine manufactured by a company funding their research or any vaccine that
is similar to the one they are studying. Annually committee members file confiden-
tial financial reports with the Office of Government Ethics and disclose publicly all
vaccine-related interests and work.

In addition to the 15 appointed voting members of the ACIP, nonvoting liaisons
from 8 ex officio organizations and 30 professional organizations (see Table 3.3)
attend the meetings and serve on the working groups to provide comment and input
from the perspective of groups who will need to implement the guideline recom-
mendations. The current ACIP voting membership roster including the ex officio
members and nonvoting liaisons is updated at least annually on the ACIP website.

ACIP Meetings

The full committee, ex officio members, and liaison members meet in person at the
Centers for Disease Control and Prevention in Atlanta, Georgia, three times a year
typically in February, June, and October. These meetings are open to the public and,
for those unable to attend in person, webcast via the Internet. While vaccine manu-
facturers attend the meeting and are frequently called upon to present data to the
ACIP or answer questions about their products, they are not permitted to participate
in the committee’s deliberations. Members of the general public, including special
interest groups, are also permitted to provide written or oral testimony during the
public comment periods throughout the public meetings. In addition to the official
publication of approved recommendations in the MMWR, a summary of the meet-
ing’s minutes, the slide sets presented during the meeting, and archived version of
the webcast can be found on the ACIP website within 90 days of the meeting.

ACIP Workgroups

A significant amount of work is required to draft vaccine policy and guidance. It is
more work than can be completed during the 6 days of face-to-face meetings. The
ACIP uses workgroups to gather, analyze, review, and prepare information for the
voting members of the committee to discuss and vote on during the meetings [37,
38, 40]. Each workgroup is chaired by a voting member of the ACIP and at least one
additional ACIP member, a CDC subject matter expert, relevant ex officio members,
liaison representatives, members of the academic community, and invited consul-
tants. While vaccine manufacturers are often invited to present data on vaccine
immunogenicity, effectiveness, and safety to the workgroups, they are not permitted
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Table 3.3. Ex officio members and liaison organizations represented at the ACIP [39]

Ex officio members
Centers for Medicare and Medicaid Services (CMS)
Department of Defense (DoD)
Department of Veterans Affairs (DVA)
Food and Drug Administration (FDA)
Health Resources and Services Administration (HRSA)
Indian Health Service (IHS)
National Vaccine Program Office (NVPO)
National Institutes of Health (NIH)
Liaison professional organizations
American Academy of Family Physicians (AAFP)
American Academy of Pediatrics (AAP)
American Academy of Physician Assistants (AAPA)
American College Health Association (ACHA)
American College of Nurse Midwives (ACNM)
American College of Obstetricians and Gynecologists (ACOG)
American College of Physicians (ACP)
American College of Physicians (ACP) (alternate)
American Geriatrics Society (AGS)
America’s Health Insurance Plans (AHIP)
American Medical Association (AMA)
American Nurses Association (ANA)
American Osteopathic Association (AOA)
American Pharmacists Association (APhA)
Association of Immunization Managers (AIM)
Association for Prevention Teaching and Research (APTR)
Association of State and Territorial Health Officials (ASTHO)
Biotechnology Industry Organization (BIO)
Council of State and Territorial Epidemiologists (CSTE)
Canadian National Advisory Committee on Immunization (NACI)
Infectious Diseases Society of America (IDSA)
National Association of County and City Health Officials (NACCHO)
National Association of Pediatric Nurse Practitioners (NAPNAP)
National Foundation for Infectious Diseases (NFID)
National Immunization Council and Child Health Program, Mexico
National Medical Association (NMA)
National Vaccine Advisory Committee (NVAC)
Pediatric Infectious Diseases Society (PIDS)
Pharmaceutical Research and Manufacturers of America (PhRMA)
Society for Adolescent Health and Medicine (SAHM)
Society for Healthcare Epidemiology of America (SHEA)

to be a member of a workgroup or to participate in the workgroup deliberations.
Unlike the public meetings of the ACIP, workgroup meetings are confidential and
not subject to the Federal Advisory Committee Act (FACA) law. Workgroup meet-
ings are subject to Freedom of Information Act (FOIA) requests. The workgroups
do not determine ACIP policy; however, they do create and present draft recom-
mendations after careful review of the available evidence to the ACIP members for
discussion and vote during the open public ACIP meetings.



3 Immunization Recommendations and Guidelines: From Development to CDC... 93

Table 3.4 ACIP workgroups (as of August 2016)

Permanent? AAFP represented?

Adult immunization YES YES
Child/adolescent immunization YES YES
General recommendations YES YES
Influenza YES YES
Anthrax Vaccine NO NO

Human papillomavirus vaccines NO YES
Meningococcal vaccines NO YES
Pneumococcal vaccines NO YES
Dengue Vaccine NO NO

Herpes zoster vaccine NO YES
Japanese encephalitis/yellow fever vaccines NO NO

Hexavalent vaccine NO YES
Cholera vaccine NO YES
RSV vaccine (older adults) NO YES
Hepatitis vaccines (older adults) NO YES
Evidence-based recommendations NO YES

There are four permanent ACIP workgroups: adult immunization, child/adoles-
cent immunization, general recommendations, and influenza. Other workgroups are
formed and disbanded as necessary. The complete list of active workgroups is
shown in Table 3.4.

Workgroups meet via teleconference/web conference throughout the year as fre-
quently as needed to prepare policy recommendations using the GRADE for con-
sideration at the in-person meetings by the ACIP. Balance of benefits and harms,
type or quality of evidence, values and preferences of the people affected, and health
economic analyses are all considered in preparing vaccine recommendations.

The GRADE Methodology

The ACIP uses a systematic methodology for evidence review called GRADE or
Grading of Recommendations Assessment, Development and Evaluation [41]. The
GRADE process provides a standard way of organizing and judging the quality of
evidence upon which a recommendation is based. GRADE is a well-respected inter-
national guideline process that provides several benefits including a set of explicit
and comprehensive criteria for downgrading and upgrading quality of evidence rat-
ings, and provides a clear separation between quality of evidence and strength of
recommendations. This includes a transparent process of moving from evidence
evaluation to recommendations and clear, pragmatic interpretations of strong versus
weak recommendations for clinicians. While use of the GRADE process cannot
compensate for missing or poor quality data, it does make it easier to judge the
strength of the recommendation being made.
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Literature Search Process Using GRADE

In the GRADE process, evidence is gathered related to a specific topic or PICO
(population, intervention, comparison, outcome) question [42]. Systematic reviews
are utilized first. Further literature is incorporated including randomized control tri-
als, observational studies, etc. The evidence addresses similar populations, interven-
tions, comparisons, and outcomes. The evidence is summarized in tables and a
strength of recommendation is assigned [42]. The strength of a recommendation
reflects the extent to which one can be confident that desirable effects of an interven-
tion outweigh undesirable effects. GRADE classifies recommendations as strong or
weak. Strong recommendations mean that most informed patients would choose the
recommended management and that clinicians can structure their interactions with
patients accordingly, while weak recommendations mean that patients’ choices will
vary according to their values and preferences, and clinicians must ensure that
patients’ care is in keeping with their values and preferences. Ultimately, the strength
of recommendation is determined by the balance between desirable and undesirable
consequences of alternative management strategies, quality of evidence, variability
in values and preferences, and resource use. The ACIP recommendations report
strong and weak recommendations as either Category A or Category B. Category A
recommendations are made for all persons in an age- or risk-factor-based group,
while Category B recommendations are made for individual clinical decision mak-
ing. ACIP provides evidence tables summarizing the benefits and harms and the
strengths and limitations of the body of evidence for review. A summary comparing
GRADE and ACIP recommendation terminology is included in Table 3.5.

ACIP Recommendation

Although the workgroup and CDC scientists draft a recommendation, the recom-
mendation is not final until it is both approved by the ACIP by majority vote, and
accepted by the Director of the CDC. The overview of steps for final approval is

Table 3.5 Comparison of GRADE and ACIP recommendation categories [43]

GRADE ACIP

Strong Most informed patients would | Category A All persons in

recommendations choose the recommended recommendations | an age- or
management clinicians that risk-factor-
can structure their interactions based group
with patients accordingly

Weak recommendations | Patients’ choices will vary Category B Individual
according to their values and | recommendations | clinical
preferences; clinicians must decision
ensure that patients’ care is in making

keeping with their values and
preferences
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Fig. }.3 Process of Draft guidance prepared by
creating an ACIP the CDC staff ACIP work
recommendation group.
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Final guidance published
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shown in Fig. 3.3. At each stage of the process, the recommendation may be edited
and revised for clarity. Once it is approved, the final guideline is published in the
MMWR and posted on the CDC website. Any subsequent policy update will follow
a similar process of being drafted through the workgroup, presented to the ACIP for
review and feedback, to final approval from the CDC Director and publication.

Ongoing Monitoring
Post-Licensure Review

Phase IV clinical studies are formal studies that are continued after the vaccine has
already been licensed and is on the market. Often these studies are conducted by the
manufacturer who is looking to demonstrate the vaccine’s success relative to other
vaccines on the market, to monitor for long-term protection or impact on the
patient’s quality of life after receiving the vaccine, or to determine the actual cost-
effectiveness after introduction of the vaccine. These additional studies are incred-
ibly important for identifying the less common side effects and adverse events that
cannot be seen in the small sample sizes of clinical trials compared to the millions
who can be monitored after a vaccine is available to the general population.
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Case in Point: Rotavirus Vaccine [44]

Rotavirus is the most common cause of severe diarrhea in infants and young chil-
dren. Prior to the widespread use of second-generation vaccines in the United States,
rotavirus was responsible for nearly 3 million symptomatic gastroenteritis infec-
tions and around 60,000 hospitalizations annually. Despite the incredibly large bur-
den of disease, easy access to oral and intravenous rehydration therapy in the United
States limits the mortality to under 60 deaths annually [44]. Live attenuated oral
rotavirus vaccines were first tested for proof of concept in the early 1980s, and the
first vaccine (RotaShield®, Wyeth) was licensed by the FDA on August 31, 1998.
At the time of licensure, the risk of intussusception was noted but appeared to be
low. The package insert noted that “Intussusception was noted in 5 of 10,054
(0.05%) vaccine recipients compared to 1 of 4,633 (0.02%) placebo recipients.”
However, as the number of cases of intussusception reached 100 in under a year and
within the initial million doses of the licensed vaccine administered in the United
States, RotaShield® was withdrawn in 1999.

In 2006 two second-generation rotavirus vaccines were introduced in the United
States (Rotarix®, GlaxoSmithKline, and RotaTeq®, Merck), and both remain on
the market today. In the past decade, millions of infants in the United States have
been safely given the newer rotavirus vaccines. Continued surveillance to monitor
for safety signals has carefully tracked both Rotarix® and RotaTeq® for vaccine-
attributable intussusception and found a rate of 1:51,000-1:68,000 in the 7 days
after dose 1 for both vaccines. Fortunately, this is much less than the vaccine-
attributable risk of RotaShield®. Ultimately, CDC and ACIP concluded that the
overall benefits of the second-generation rotavirus vaccines outweighed the poten-
tial risks and recommend their use.

The rotavirus vaccine is often cited as an example of the post-licensure surveil-
lance working at its best because not only did the concerning safety signals get picked
up quickly, but the appropriate agencies were able to respond quickly to update the
medical community. Ultimately, a new, safer vaccine was developed to reduce the
morbidity and mortality of rotavirus gastroenteritis in infants and children.

Vaccine Adverse Event Reporting System (VAERS)

In addition to the post-licensure studies which are actively studying the vaccines
and their impact on health, the United States uses national passive surveillance sys-
tem called Vaccine Adverse Event Reporting System (VAERS) to track adverse
events related to vaccination [45]. The WHO describes a national passive surveil-
lance system as one that relies on healthcare providers in laboratories, hospitals,
health facilities, and private practices to report the occurrence of a vaccine-
preventable disease to a higher administrative level [46]. US healthcare profession-
als are asked to submit a report for any adverse event that occurs after the
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administration of a vaccine licensed in the United States even if they are unsure
whether a vaccine caused them.

National Childhood Vaccine Injury Act

The National Childhood Vaccine Injury Act (NCVIA) of 1986 formalized a process
for providing financial support to vaccine-injured parties and their families via the
federal vaccine injury compensation program and ensuring that vaccine safety pro-
tections were maintained in the US mass vaccination system [47]. The law pre-
served the right for vaccine-injured persons to bring a lawsuit in the court system if
federal compensation is denied or is not sufficient. In addition to the financial and
legal protections, the law requires healthcare providers to give parents vaccine ben-
efit and risk information before their children are vaccinated, keep written records
of vaccine manufacturer names and lot numbers for each vaccination given, enter
serious health problems following vaccination into a child’s permanent medical
record, and report serious health problems following vaccination to VAERS [47].
The NCVIA is the reason why healthcare providers are mandated to provide copies
of a designated Vaccine Information Sheet (VIS) before each dose of vaccine is
administered. The VIS is a patient education handout created and updated by the
Centers for Disease Control and Prevention (CDC) that explains to vaccine recipi-
ents, their parents, or their legal representatives both the benefits and risks of a
vaccine.

Reporting a Vaccine Adverse Event

Vaccine adverse event reports can be submitted by a patient/parent, by a healthcare
professional, or the pharmaceutical company via mail, fax, or online at https://vaers.
hhs.gov/esub/index [45]. Vaccine administration errors like giving a live vaccine to
an immunocompromised patient or mistimed doses can also be reported to the
VAERS for tracking and monitoring. Information is collected about the specific
patient including contact information. This data is not accessible to the public; how-
ever, the patient/parent or healthcare provider may be contacted for additional infor-
mation and/or follow-up. The FDA’s “Postmarketing Safety Reports for Human
Drug and Biologic Products; Electronic Submission Requirements” provides regu-
lations to assist vaccine manufacturers subject to mandatory reporting requirements
[48]. It describes the requirements for electronic submission of Individual Case
Safety Reports (ICSRs), ICSR attachments, and periodic reports to the FDA by the
manufacturer. VAERS reports are taken very seriously, and knowingly filing a false
report with the intent to mislead the Department of Health and Human Services is a
violation of federal law (18 US Code § 1001) which is punishable by fine and
imprisonment.


https://vaers.hhs.gov/esub/index
https://vaers.hhs.gov/esub/index
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Surveillance

VAERS is more than a static repository of adverse events; scientists are actively
monitoring the reports, tracking trends, identifying new and serious effects, and
commissioning additional studies when warranted. If the verified findings suggest
that there is any concern for public safety, the CDC, FDA, and vaccine policy mak-
ers collaborate to determine if the vaccine’s benefits outweigh any potential harms.
In the case of mild or newly identified effects, the vaccine may continue to be used
but with modifications recommended to the package insert and the VIS. When seri-
ous side effects are found and the risk of the vaccine outweighs the benefits, a rec-
ommendation to use the vaccine may be withdrawn and the licensure rescinded.

Conclusion

A vaccine’s journey from idea through bench and clinical studies, safety monitor-
ing, FDA and CDC review, and ongoing surveillance is painstaking and long. Most
vaccines will not make it past the early clinical stages and those that do will undergo
ongoing scrutiny through a combination of active and passive surveillance mecha-
nisms for the length of time it is licensed and produced in the United States. Despite
the time and care put into protecting the health of the public, at times unexpected
adverse events are identified after a vaccine is being used by the public, but there are
safeguards in place to not only identify and investigate these warning signals but
also to compensate injured parties and limit additional harm to the public. Thanks
to the ongoing collaboration of scientists, medical community, public health, gov-
ernment, pharmaceutical industry, and the general public, each year new vaccines
are brought to the market, thereby reducing morbidity and mortality from vaccine-
preventable diseases and illness.
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OoPV
PCV13
PCV7
PEP
PHN
PPSV23
REST
RNA
RV1

RV5

S. pneumoniae
S. typhi
STD

TB

Tdap

V. cholerae
VZV

H.L. Diez et al.
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Vaccine-Preventable Diseases and the Vaccines that Prevent
Them

In the following section, the 17 vaccine-preventable diseases for which routine
immunization is recommended in the USA are discussed. Clinical signs and symp-
toms of the 17 diseases are reviewed, epidemiology and incidence is discussed, and
available vaccines to prevent the 17 diseases are reviewed. The discussion pro-
gresses in the order in which the vaccines were developed.

Diphtheria

Prior to the introduction of a vaccine against it, diphtheria was a leading cause of
childhood death and a common disease in the USA, with more than 200,000 cases
reported during the 1920s. Approximately 5-10% of diphtheria cases were fatal,
with the highest case fatality ratios recorded for the very young and the elderly.
Today, diphtheria is a rare disease in the USA, primarily because of the high level
of vaccination with diphtheria and tetanus toxoid and pertussis vaccine (DTP)
among children as well as an apparent reduction in the circulation of toxigenic
strains of the bacterium Corynebacterium diphtheriae (C. diphtheriae) [2]. A three-
dose complete vaccination series substantially reduces the risk of developing diph-
theria, and those that get the disease get a milder form of it. However, vaccinated
persons may continue to be asymptomatic carriers of the bacteria [3]. Waning
immunity puts adults at risk for the disease, and travel to endemic areas poses an
additional risk factor for travelers.

Disease is caused by the protein synthesis inhibiting exotoxin from C. diphthe-
riae biotype mitis, gravis, intermedius, or belfanti. Infection is spread via respira-
tory droplets, direct contact, and, more rarely, by fomites. Diphtheria may be
classified as either respiratory diphtheria or cutaneous diphtheria. Respiratory
diphtheria disease symptoms begin with fever, malaise, and sore throat. The disease
incubation period is 2—-5 days. The hallmark of respiratory diphtheria is the presence
of a white pseudomembrane that develops on the mucous membranes of the tonsils,
soft palate, and pharynx as a result of toxin-induced necrosis of tissues. A character-
istic “bull neck” from significant cervical soft tissue edema and lymphadenopathy
may develop. Untreated, the highly adherent pseudomembrane may progressively
extend into the larynx and trachea and cause airway obstruction, resulting in death
secondary to membrane aspiration. Additionally, absorption of diphtheria toxin
from the site of infection can cause systemic complications including kidney, myo-
cardial, and neurologic damage. Case fatality rate for those infected is ~10%.
Cutaneous disease, most common in the tropics, is usually mild, presenting as shal-
low ulcers, or nondescript sores, and rarely causes toxic complications. Since 1980,
cutaneous diphtheria has not been a nationally reportable disease, but respiratory
diphtheria remains reportable [4].
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The most effective treatment of diphtheria is prompt antitoxin administration,
available from CDC on request, and antibiotics with the patient placed in isolation
[3]. CDC Yellow Book lists the current areas of endemicity around the world in Asia,
the South Pacific, the Middle East, Eastern Europe, Haiti, and the Dominican
Republic and reports large outbreaks in Indonesia, Thailand, and Laos that have
occurred since 2011.

Tetanus

Clostridium tetani (C. tetani) is an obligate gram-positive anaerobic bacillus that
forms exotoxin-producing spores that cause tetanus, or lockjaw, a life-threatening
disease. The C. tetani spores are widely distributed in soil and in the intestines and
feces of horses, sheep, cattle, dogs, cats, rats, guinea pigs, and chickens. Manure-
treated soil may contain large numbers of spores. The spores can also be found in
contaminated heroin and on human skin surfaces; a significant number of adults
who live in agricultural areas have been found to harbor C. tetani [5]. Infection is
commonly the result of a puncture wound or cut in the skin, but can occur with any
exposure of tetanus-containing soil to an opening in the skin. Mortality rates
between 10 and 80% are reported and noted to be highest in affected neonates and
the elderly. Reported cases in the USA have declined by greater than 95%, and
deaths from tetanus have declined by greater than 99% since 1947, when the disease
became reportable nationally [6].

Tetanus is a clinical syndrome lacking confirmatory laboratory tests. It is charac-
terized by generalized rigidity and convulsive spasms of skeletal muscles as dis-
seminated C. tetani spores affect the central nervous systems, including peripheral
motor end plates, the spinal cord, and the brain, and the sympathetic nervous sys-
tem. Symptoms are produced when tetanus toxin interferes with release of neu-
rotransmitters, blocking inhibitor impulses, leading to unopposed muscle
contractions and spasms. Muscle stiffness usually involves the jaw (lockjaw) and
neck and then becomes generalized. The most common form of the disease is gen-
eralized tetanus which includes the classic triad of trismus, muscle rigidity, and
reflex spasms [7].

With the advent of tetanus toxoid vaccines and the use of tetanus antitoxin for
wound management, tetanus is now uncommon in developed countries. There are
currently four kinds of vaccines used today to protect against tetanus, all of which
are combined with vaccines for other diseases:

» Diphtheria and tetanus (DT) vaccines
* Diphtheria, tetanus, and pertussis (DTaP) vaccines
e Tetanus and diphtheria (Td) vaccines
e Tetanus, diphtheria, and pertussis (Tdap) vaccines

Older adults over 65 years of age are at greater risk for tetanus and fatal disease
than younger persons, likely due to inadequate vaccination rather than inadequate
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response to vaccination. It is established that tetanus immunity wanes following
childhood vaccination, leaving many adults susceptible to tetanus [6]. Therefore,
continued vaccination is needed throughout the lifespan.

During 2001-2008, a total of 233 cases (an average of 29 cases/year) of tetanus
were reported from 45 states with 26 reported fatal outcomes [8]. However, tetanus
is still endemic in developing nations and remains an important cause of death glob-
ally, with over 250,000 deaths annually in neonates alone.

Pertussis

Whooping cough, or pertussis, is caused by the highly contagious bacteria,
Bordetella pertussis, and is a nationally notifiable disease. Pertussis is a common,
endemic disease in the USA with peaks in reported disease every 3-5 years as well
as frequent outbreaks. The incidence rate of pertussis among infants exceeds that of
all other age groups. The primary goal of pertussis outbreak control efforts is to
decrease morbidity and mortality among infants, with a secondary goal is to decrease
morbidity among all others [9].

In the absence of a more likely diagnosis, CDC defines the clinical case defini-
tion of pertussis as a cough illness lasting 2 weeks or longer with one of the follow-
ing symptoms: paroxysm of coughing, inspiratory “whoop,” posttussive vomiting,
or apnea (with or without cyanosis) in infants aged 1 year or less. The laboratory
criteria for diagnosis include the isolation of Bordetella pertussis from clinical spec-
imens or positive polymerase chain reaction (PCR) for B. pertussis. Symptoms of
pertussis usually develop within 5—-10 days after exposure, but sometimes not for as
long as 3 weeks after exposure.

Classically, pertussis occurs in three distinct phases: the catarrhal phase, the par-
oxysmal phase, and the convalescent phase. The catarrhal, or prodromal phase, lasts
1-2 weeks and consists of symptoms of typical upper respiratory tract infections,
including rhinorrhea, conjunctivitis, mild cough, and low-grade fever. The paroxys-
mal phase is characterized by paroxysms of cough followed by sudden inspiration
against a partially closed glottis. This deep inhalation creates the characteristic
“whoop” for which the disease is named. This phase typically lasts 2—4 weeks, but
may last up to 20 weeks. While adults may have symptoms of disease ranging from
asymptomatic or mild to the typical protracted disease, infants are at high risk of
severe complications, including pneumonia, apnea, and death. Severe cough parox-
ysms may cause sequelae including subconjunctival hemorrhage, cyanosis, hemop-
tysis, and hernias. Other severe sequelae include bronchopneumonia and neurologic
complications. Eventually, in the convalescent stage, cough paroxysms begin to
decrease in frequency and severity, though an intermittent cough may persist for
months. Treatment does not significantly alter the disease course, but can decrease
transmission to others [10].

Prior to vaccination, the USA experienced over 100,000 cases of pertussis annu-
ally, with nearly all persons acquiring the disease by the age of 16 (peak incidence
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from 1 to 4 years of age). Post introduction of the pertussis vaccine, the numbers of
annual cases decreased to just over 1000 in the 1970s. The resurgence of pertussis
reported in recent years appears to be due to waning immunity. Recent estimates
suggest just 10% of children remain immune to pertussis 8.5 years after their final
DTaP injection [11]. Infection is primarily seen among adolescents and adults, who
transmit the disease to young infants. The majority of infant infections appear to be
transmitted from close household contacts, including mothers. For protection of
newborns and infants, it is recommended that all pregnant women receive a Tdap
booster, preferably between 27 and 36 weeks of gestational age, for transplacental
antibody transfer. Additionally, CDC encourages “cocooning” an infant through
vaccination of all household or other close contacts of infants with a Tdap booster.

Diphtheria, Tetanus, and Pertussis Vaccine and Vaccine Efficacy

One of the earliest recommended childhood vaccines was the combination vaccine
for tetanus, diphtheria, and pertussis developed in the 1940s [12]. Diphtheria toxoid,
tetanus toxoid, and whole-cell pertussis (DTP) was licensed in 1949 [13]. The com-
ponents of the combination vaccines have evolved over time; the most current vac-
cines protecting against diphtheria toxoid, tetanus toxoid, and pertussis are provided
in Table 4.1.

Clinical diphtheria and tetanus efficacy data for both Infanrix® and Daptacel® is
limited to immunogenicity studies reported in manufacturer package insert.
Immunogenicity demonstrated in separate studies of Infanrix® and Daptacel® was
strong, with 100% of sera tested one month after three-dose primary series achiev-
ing adequate levels of diphtheria and tetanus antitoxin concentrations [14, 15]. The
clinical efficacy of the diphtheria toxoid has been estimated to be 97% [19].
Unfortunately, the duration of immunity provided by primary vaccination antibody
titers is thought to decrease after 8 years [20].

Clinical efficacy of DTP varied from 1938 to1983 in the USA, from 54% to 96%.
Potential explanations for the wide variance in efficacies were differences in defined
protection, standard of clinical diagnostic criteria, vaccine composition, and rela-
tionship between serology and protection [21]. Safety concerns with the whole-cell
pertussis vaccine (convulsions, hypotonic-hyporesponsive episodes, acute encepha-
lopathy with possible brain damage), though rare, ultimately prompted the develop-
ment of acellular pertussis vaccines. In 1997, the recommendations changed from
DTP (whole cell) to DTaP (acellular) for at least the first three primary doses of
routine diphtheria, tetanus, and pertussis. Efficacy for DTaP vs. DTP is difficult to
compare in many studies due to differences in study designs, case definitions, and
laboratory methods used to confirm the diagnosis of pertussis. The efficacy of three
doses of acellular pertussis vaccines was within the range expected for most whole-
cell DTP vaccines, ranging from 59% to 89% [22]. Recently, the duration of immu-
nity of DTaP has come into question, and need for earlier or repeated booster doses
is under consideration. A study comparing relative risk ratios for pertussis in two
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Table 4.1 Diphtheria, tetanus, and pertussis combination vaccines

Vaccine FDA-
contents/ approved age | Year
abbreviation | Trade name indication approved Notes
Diphtheria Daptacel®* 6 weeks 2002 Five-dose
toxoid, through series
tetanus 6 years
toxoid, and
acellular
pertussis
(DTaP)
DTaP INFANRIX®" 6 weeks to 1997
7 years old
Tetanus Adacel®® 10 through 2005
toxoid, 64 years old
diphtheria
toxoid, and
acellular
pertussis
(Tdap)
Tdap Boostrix®? >10 years 2005
and older
Td Tenivac®® >7 years and | 2003 Replaced
older Decavac,
which was
discontinued in
2012
Other diphtheria, tetanus, and pertussis combination vaccines
Vaccine Trade name | FDA- Year Notes for use
contents approved age | approved
indication
DT Generic 6 weeks 1997 five-dose series; pediatric
produced by | through alternative for those that have
Sanofi 6 years a contraindication to the
Pasteur’ pertussis component of DTaP
DTaP + Pediarix®: 6 weeks 2002 three-dose series;
HepB + 1PV through combination alternative
6 years
DTaP + IPV Kinrix®" 4 to 6 years 2008 Single dose; combination
alternative
DTaP + Pentacel®' 6 weeks 2008 four-dose series; combination
IPV + Hib through alternative
4 years

“Daptacel [Package Insert] [14]

°INFANRIX [Package Insert] [15]

°Adacel [Package Insert] [16]

YBOOSTRIX [Package Insert] [17]

“Tenivac [Package Insert] [18]

Diphtheria and Tetanus Toxoids Absorbed [Package Inset] [226]
#Pediarix [Package Insert] [317]

"Kinrix [Package Insert] [318]

iPentacel [Package Insert] [319]
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states, 2 years and 6 years after a five-dose DTaP series, found a 2.5-4-fold increase
in relative risk of pertussis 6 years after completion of five-dose DTaP primary
series [23]. It is estimated that 90% of children will be susceptible to pertussis
8.5 years after last dose of DTaP series [11].

Both Adacel® and Boostrix® were approved in 2005, as Tdap boosters for ado-
lescents over the age of ten [16, 17]. The estimated efficacy and duration of immu-
nity to Tdap were assessed, with an efficacy of 68.8% after vaccination, declining to
8.9% by 4 or more years [24].

Influenza

Influenza causes millions of illnesses each year in the USA, resulting in thousands
of hospitalizations. Depending upon the severity of the influenza season, CDC
reports between 3,000 and 49,000 deaths annually from influenza infections. The
overall US burden of influenza disease estimated across all age groups during the
20142015 season was 40 million flu illnesses, 19 million flu-associated medical
visits, and 970,000 flu-associated hospitalizations [25]. Worldwide, seasonal influ-
enza is estimated to cause severe disease in 3—5 million people, leading to 250,000—
500,000 deaths annually [26].

There are three antigenic types of influenza: A, B, and C. Influenza A is further
subdivided into subtypes by two of its antigenic surface proteins, hemagglutinin and
neuraminidase. Influenza A viruses can undergo both antigenic shift and drift, while
influenza B viruses only change by antigenic drift [27]. RNA mutations with small
antigenic drifts occur slowly over time, necessitating the need for an updated annual
influenza vaccine. Conversely, antigenic shift changes occur abruptly and suddenly,
with gene reassortment or exchange resulting in distinct changes to the hemaggluti-
nin and neuraminidase protein antigens. This shift may result in a brand new viru-
lent virus and an influenza epidemic or pandemic. Influenza A is responsible for
global influenza pandemics, while influenza B and C are responsible for epidemics
of shorter duration. Global pandemics occurred in 1918, 1957, and 2009-2010 (the
HINI, swine flu pandemic), causing millions of deaths; the 1918 influenza A pan-
demic was responsible for approximately 40—50 million deaths [28].

In the USA, disease caused by influenza typically occurs seasonally, beginning
in October, peaking between January and March, and subsiding in early May. In
tropical climates, the influenza season may last throughout the year. The influenza
virus spreads via large respiratory droplets, primarily through close contact, but the
virus can also survive on fomites. The incubation period is 2 days, with a range of
1-4 days. Adults are infectious from 1 day prior to symptom onset through 5—10 days
after symptoms begin. Children and immunocompromised hosts have a more pro-
longed period of continued viral shedding and infectivity. Uncomplicated influenza
illness symptoms include abrupt onset of fever, malaise, myalgias, cough, pharyn-
gitis and headache and are typically self-limited, lasting 7-10 days. Presentation
may be atypical in children and the elderly. A common complication of influenza
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infections includes secondary bacterial infections, particularly Staphylococcus
aureus, Streptococcus pneumoniae (S. pneumoniae), and Streptococcus pyogenes.
Other rarer complications include myocarditis, rhabdomyolysis, encephalitis, delir-
ium, and other neuropsychiatric adverse events. In pregnancy, infection can lead to
preterm delivery, small-for-gestational-age infants, and fetal death, in addition to
maternal complications. Infants, the elderly, and people with chronic conditions are
at high risk of influenza-related morbidity and mortality [10].

Influenza Vaccine and Vaccine Efficacy

The first influenza vaccine was approved for military use in the USA in 1945 and
civilian use in 1946 [29]. ACIP recommends influenza vaccines for all persons aged
6 months and older. Children under 8 require two doses of influenza vaccine if get-
ting vaccinated for the first time. There are several types of influenza vaccines avail-
able. Most are injectable vaccines designed to be injected into the muscle with a
needle. There are also injectable vaccines given via a jet injector and intradermal
and nasal vaccines. Influenza vaccines are either trivalent (includes two strains of
influenza A and one strain influenza B) or quadrivalent (includes two influenza A
strains and two influenza B strains). Some vaccines come with adjuvants, and there
is one recombinant vaccine that is egg-free. Trivalent vaccines are made to protect
against three flu viruses: influenza A HIN1 virus, influenza A H3N2 virus, and one
influenza B virus. Quadrivalent vaccines are made to protect against four viruses
which include the three viruses found in the trivalent vaccine plus a second influ-
enza B virus [30].

Injectable influenza vaccines include those that are trivalent inactivated
vaccines:

» Standard trivalent vaccine for different ages (IIV)
— One formulation given with a jet injector instead of a needle (for those 18-54)

* High-dose trivalent vaccine (for those 65 and older)
e Recombinant trivalent vaccines (egg-free for those over 18)
* Trivalent made with adjuvant (for those 65 and older)

Injectable influenza vaccines include those that are quadrivalent inactivated vac-
cines (IIV4):

e Standard quadrivalent vaccine (for different ages)

* An intradermal quadrivalent vaccine (for those 18—64) injected into the skin, not
muscle

* Quadrivalent vaccine containing virus grown in cell culture, new 2016 (for those
over 4 years)

The quadrivalent nasal spray live attenuated influenza vaccine (LAIV) (for those
249 years of age) has been recommended during some flu seasons, but not all.
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The influenza vaccine is unique in that it is the only vaccine reformulated annu-
ally to confer protection for different viruses each flu season July 1-June 30.
Exposure to influenza one season does not confer antibody protection to influenza
the following year. In addition to viral changes through antigenic drift and antigenic
shift, host factors such as age, medical conditions, prior infections, and prior vac-
cinations can affect how beneficial the vaccine is to the host [31]. Vaccine effective-
ness is measured via the Influenza Vaccine Effectiveness Network, a collaboration
among institutions in five geographic locations. Observational studies compare the
frequency of influenza illness among vaccinated and unvaccinated people. Patients
with respiratory symptoms are tested for influenza, influenza vaccination status is
recorded, and vaccine effectiveness is calculated [31]. Influenza vaccine has demon-
strated varying degrees of effectiveness year to year. Effectiveness has ranged from
10% to 60% from 2005 through 2016 [32] (Table 4.2).

Table 4.2 Adjusted vaccine effectiveness estimates for influenza seasons from 2005 to 2016

Adjusted
Influenza Study No. of overall VE
season’ Reference site(s) patients* (%) 95% CI
2004-05 [209] WI 762 10 —-36, 40
2005-06 [209] WI 346 21 -52,59
2006-07 [209] WI 871 52 22,70
2007-08 [210] WI 1914 37 22,49
2008-09 Unpublished WI,MI, | 6713 41 30, 50
NY, TN
2009-10 [212] WL ML, | 6757 56 23,75
NY, TN
2010-11 [215] WI, ML, | 4757 60 53, 66
NY, TN
2011-12 [214] WI, ML, | 4771 47 36, 56
PA, TX,
WA
201213 [213] WI, MI, | 6452 49 43,55
PA, TX,
WA
2013-14 [346] WI, ML, | 5999 52 44,59
PA, TX,
WA
2014-15 [347] WI,MI, | 9311 19 10, 27
PA, TX,
WA
2015-16* ACIP presentation, WI, MI, | 7563 478 39, 53¢
Flannery [332 kB, 26 PA, TX,
pages] [211] WA

“Estimate from Nov 2, 2015-Apr 15, 2016. http://www.cdc.gov/flu/professionals/vaccination/
effectiveness-studies.htm
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A high-dose, trivalent, inactivated influenza vaccine was created to improve anti-
body responses in adults aged 65 and older. Vaccine efficacy studies show that when
compared to the standard-dose vaccine, the high-dose vaccine was 24.2% more effi-
cacious than the standard-dose vaccine by inducing a significantly higher antibody
response and better protection against laboratory-confirmed influenza [33].
Additional evaluation of this data showed that even when stratifying the efficacy by
age, comorbidities, frailty, and the number of conditions, the high-dose vaccine was
consistently more efficacious than the standard-dose vaccine irrespective of age and
presence/number of comorbid or frailty conditions [34].

Recent studies do not show increased efficacy of the live attenuated influenza
vaccine to the inactivated influenza vaccine. No consistent conclusions have been
found regarding the use of the live, attenuated influenza vaccine from year to the
next [31]. Over the past several years, recommendations to preferentially give the
live attenuated vaccine over the killed vaccine to children have been made and
retracted, and during the 20162017 flu season, no recommendation was made to
give live attenuated influenza vaccine.

Polio

Poliomyelitis is a crippling and potentially fatal viral disease caused by three sero-
types of the species enterovirus C, of the Picornaviridae family. Polio spreads from
person to person via the oral-oral or fecal-oral route and replicates in the oral and
intestinal mucosa. It has no cure and vaccination is the best protection from the
disease. Polio was once considered one of the most feared diseases in the USA: in
the early 1950s, polio outbreaks caused more than 15,000 cases of paralysis each
year in the USA. After the introduction of the trivalent inactivated poliovirus vac-
cine (IPV) in 1955 and the trivalent oral poliovirus vaccine (OPV) in 1963, the
number of polio cases fell rapidly to less than 100 in the 1960s and fewer than 10 in
the 1970s. Since 1979, no cases of polio have originated in the USA, but polio dis-
ease has been brought into the country by travelers infected with polio [35].

Most polio disease is asymptomatic: approximately 72 out of 100 infected per-
sons do not have any visible symptoms. The incubation period for the onset of initial
symptoms is between 3 and 6 days. Approximately 24% of infected patients experi-
ence fever, malaise, nausea and vomiting, sore throat, and headache. Minor illness
progresses to severe headache and neck stiffness, typically lasting 2—10 days, and
completely resolves. Those that develop more serious symptoms affecting the brain
and spinal cord may experience paresthesias, meningitis, and paralysis. Less than
1% of cases of poliomyelitis progress to paralytic polio: when cases do progress, the
initial typical mild symptoms appear to resolve before flaccid paralysis rapidly
develops. Paralysis can continue to extend for several days, affecting proximal more
than distal muscles. In 5-10% of cases of paralytic polio, the respiratory muscles
are affected, leading to respiratory insufficiency and death. Some survivors of para-
lytic polio recover with permanent paralysis, muscle atrophy, and/or skeletal defor-
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mities. A noninfectious post-polio syndrome can occur 15-40 years following
infection and results in irreversible muscle weakness [35].

Since 1988, the World Health Assembly has been working toward complete erad-
ication of poliovirus from the globe. Recently, worldwide surveillance detected type
1 poliovirus in three countries: Nigeria, Afghanistan, and Pakistan [36]. Until the
world is rid of polio, vaccination efforts must continue.

Polio Vaccine and Vaccine Efficacy

The first polio vaccine was created by Dr. Jonas Salk and licensed in 1955. It is an
inactivated vaccine, given as an injection, and prevents three strains of polio. The
second (live attenuated) polio vaccine licensed for use in the USA was created by
Dr. Albert Sabin. It also prevents three strains of polio and is given as an oral vac-
cine. The Sabin oral poliovirus vaccine (OPV) was given in the USA from 1963
through 2000. Today in the USA, only the Salk inactivated vaccine (IPV) is given,
as a four-dose series at 2, 4, and 6—18 months of age and a booster dose at 4-6 years
of age. Adult travelers to polio-endemic or high-risk areas of the world are recom-
mended to get a polio booster vaccine. Those persons working in a laboratory and
handling specimens that might contain polioviruses and healthcare workers treating
patients who could have polio should also be vaccinated. In 1988, study investiga-
tors demonstrated at least 99% detectable antibodies to all three types of wild virus
following the second dose of the polio vaccine and 99-100% detectable antibody
levels after the third dose of IPV [37].

Measles

Measles, also known as morbilli or rubeola, is caused by a single-stranded, envel-
oped RNA virus with one serotype. Humans are the only natural hosts. Measles is
spread by respiratory droplets directly or via aerosolized virus and is one of the
most infectious diseases known to man, with 12-18 secondary cases following a
single infection. In the decade before the live measles vaccine was licensed in 1963,
an average of 549,000 measles cases and 495 measles deaths were reported annually
in the USA. As most cases were not reported, it is more likely that an average of 3—4
million people were infected with measles annually during the 1950s. In 2000, mea-
sles was declared eliminated from the USA (defined by the absence of endemic
measles virus transmission for 12 months or longer). However, measles cases and
outbreaks still occur every year in the USA with imported cases of disease affecting
susceptible Americans [38]. Healthcare providers should report suspected measles
cases to their local health department within 24 h.

Outbreaks of measles virus in temperate regions typically occur in late winter
and early spring with epidemics occurring every 2-5 years. Worldwide, prior to
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routine vaccination, an estimated 130 million cases and 70 million deaths occurred
annually secondary to measles. Today, in developed countries, the death rate is less
than 0.5% but is nearer 10% in areas with limited healthcare resources. Measles is
still endemic in many countries. Of the estimated 20 million people who become
infected with measles annually worldwide, over 130,000 people die [38].

The incubation period for measles lasts up to 14 days. After the incubation
period, symptoms of fever and the “three C’s” (cough, coryza, and conjunctivitis)
develop. Pathognomonic small, blue-white lesions of the buccal mucosa known as
Koplik’s spots appear prior to the onset of rash. The characteristic erythematous,
maculopapular rash presents initially on the face and ears and then spreads centrifu-
gally to the trunk and extremities, lasting 3—5 days before becoming confluent prior
to resolution. Desquamation may occur. Up to 40% of affected people suffer com-
plications, including diarrhea, secondary viral or bacterial pneumonias, stomatitis,
croup, otitis media, keratoconjunctivitis leading to blindness, encephalitis, and
death. Infection during pregnancy can lead to severe maternal infection including
risk of death, preterm labor, and fetal demise. Subacute sclerosing panencephalitis
may present 5—15 years after acute infection in up to 1 in 10,000-100,000 cases,
leading to cognitive and motor dysfunction, seizures, and death [10, 39]. Measles
can be prevented with measles-containing vaccine administered as the combination
measles-mumps-rubella (MMR) vaccine. Vaccination levels of greater than 95% are
required to prevent and contain disease outbreaks [39, 40].

Mumps

Mumps, caused by the mumps virus, was once a common childhood condition that
is typically self-limited and relatively benign. It is moderately contagious and is
spread to the upper respiratory tract through respiratory droplets, direct contact, or
fomites and has an incubation period of 15-24 days. Mumps is characterized by
unilateral or bilateral non-purulent parotid gland swelling, present in 60-75% of
cases. The parotid gland swelling typically occurs after the prodromal phase, char-
acterized by fever, anorexia, malaise, and headache. Central nervous system involve-
ment is common, with over 50% of cases demonstrating elevated white blood cell
counts in the cerebrospinal fluid. Between 1 and 10% of patients develop meningi-
tis, which is universally benign and without long-term sequelae. Orchitis is common
in postpubertal males with the rare complication of infertility. In pregnancy, espe-
cially during the first trimester, spontaneous abortions may occur. Other less com-
mon complications of mumps include encephalitis, chronic sensorineural hearing
loss, mastitis, pancreatitis, EKG abnormalities, and joint involvement. Prior to rou-
tine vaccination, nearly all people were infected with mumps by adolescence, with
peak incidences occurring in winter and spring. Vaccination has reduced rates of
infection in the USA by 99%. Today, incidences have been reported around 300 per
100,000 annually, but underreporting of infection is suspected. Recent outbreaks
have occurred in populations with routine mumps vaccination. Outbreaks are
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suspected to be secondary to insufficient immunization to reach herd immunity
threshold as well as waning immunity of MMR vaccination. Outbreaks typically
involve adolescents and adults, who experience higher levels of complications than
children [10, 41].

Rubella

Rubella, or German measles, and congenital rubella syndrome (CRS) are caused by
the rubella virus, an enveloped, positive-stranded RNA virus classified as a Rubivirus
in the Togaviridae family [42]. There is no treatment to cure rubella. Outbreaks usu-
ally occur in the spring, while epidemics occur in cycles ranging from 3 to 9 years.
Before the rubella vaccine was licensed in the USA in 1969, rubella was a common
disease, occurring primarily among young children. Rubella incidence has decreased
by more than 99% from the pre-vaccine era and was deemed eliminated from the
USA in 2004 [42].

Rubella is spread via the respiratory route and is moderately contagious. Humans
are the only natural hosts. Disease is typically benign and self-limited and most
prevalent in children and young adults. Symptoms include a generalized erythema-
tous, maculopapular rash, mild fever, and lymphadenopathy. The average incuba-
tion period of rubella virus is 17 days with a range of 12-23 days. People infected
with rubella are most contagious when the rash is erupting, but can be contagious
from 7 days prior to rash development and up to 7 days after rash development [42].
Rubella complications include arthritis, encephalitis, and thrombocytopenia. CRS
is a devastating illness affecting infants exposed to rubella in utero. Maternal vire-
mia leads to placental and fetal infection, and spontaneous abortion may result early
in the pregnancy. Clinical sequelae in surviving infants include encephalitis, micro-
cephaly and mental retardation, autism, cochlear deafness, cataracts, and cardiac
conditions. Neonates may have characteristic “blueberry muffin” lesions as a result
of dermal erythropoiesis, interstitial pneumonitis, and hepatosplenomegaly.
Following widespread vaccination in the Americas and Europe, current data sug-
gests less than two cases of CRS per 100,000 live births. Unfortunately, rubella and
CRS remain endemic in many areas of the world, with the annual global incidence
of CRS of greater than 100,000 [43].

MMR Vaccine and Vaccine Efficacy

The measles, mumps, rubella vaccine (MMR, M-M-R® II,) was licensed in 1971 as
a live combination vaccine against measles, mumps, and rubella viruses [52]. Today,
the vaccine contains a more attenuated measles virus from Enders’ attenuated
Edmonston strain [53]. Current ACIP recommendation is a two-dose series MMR
for children at 12—15 months of age and at 4-6 years of age (may be given earlier,
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if at least 28 days after the first dose). Some infants traveling out of the country
should get a dose of MMR before 12 months of age, and this dose will not count
toward their routine series. Adults born before 1957 are generally considered
immune to measles, mumps, and rubella and do need the MMR vaccine. Adults
born after 1956 who were never vaccinated, and who never had the three disease,
are recommended to get the MMR vaccine. Children between 1 and 12 years of age
can get a combination quadrivalent measles, mumps, rubella, and varicella vaccine
(MMRYV, ProQuad®).

Vaccine effectiveness in the prevention of measles after one dose of MMR vac-
cine in recipients greater than 1 year of age, ranged from 87% to 97% in studies
conducted in the USA from 1972 to 1986 [44]. In 1989, ACIP recommended that
the routine vaccination schedule be increased from a one-dose to a two-dose sched-
ule after major measles outbreaks occurred in the previous years (including out-
breaks in schools with greater than 98% vaccination rates) [45]. Vaccine effectiveness
from a 1994 outbreak at an elementary school was approximated at 92% in those
children having received one dose of MMR and 100% in those with two doses [46].
Increased effectiveness of patients receiving two doses versus only one dose has
been subsequently proven in other outbreaks [47, 48], and the two-dose MMR series
has been shown to maintain protection from measles for up to 10 years after the
second dose of MMR [49].

The first single live mumps virus vaccine, Mumpsvax®, containing mumps virus
from the Jeryl Lynn™ (B level) strain, was licensed in the USA in 1967. This is still
the same viral strain used in the current MMR vaccine [13, 50]. Vaccine efficacy
against mumps, based on antibody titers, was 95.6% in 5 months after vaccination
[51]. Post initiation of MMR vaccine, incidence of mumps rapidly declined in the
USA by 98%, from 152,209 cases in 1968 to 2982 cases in 1985 [52]. Clinical effi-
cacy reported from 1985 to 1988 varied from 70 to 91% during the one-dose MMR
era [53-55]. After the ACIP recommendation to increase MMR vaccination to a
two-dose series, vaccine effectiveness was calculated using data from a 2005 mumps
outbreak: vaccine efficacy was 91.6% for those individuals with two doses of MMR
(53%) compared to 79.7% with one dose (32%) [56]. Another study using data from
a 2006 mumps outbreak determined vaccine effectiveness to be 76-88% for those
with two doses of MMR when compared to those with one dose. Of those individu-
als who had received a two-dose vaccination series, but still contracted mumps,
74-79% of them had received their second dose greater than 10 years prior [57].
Thus the potential benefit of a third dose of MMR during an outbreak has been
investigated: a 75.6% reduction in mumps attack rate was seen in those subjects that
received a third dose [58]. It remains to be seen whether mumps booster recommen-
dations will change.

The first single, live rubella virus vaccine, Meruvax® II, containing the Wistar
RA 27/3 rubella strain, was licensed in the USA in 1979 and is the same viral strain
used in the current MMR vaccine [13, 59]. Vaccine efficacy with monovalent rubella
vaccine after one dose of the 27/3 strain was historically high, at greater than 95%
[60]. The duration of protection from the 27/3 strain, defined by presence of anti-
bodies, was detected at decreasing levels up to 16 years after vaccination. [61]
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WHO cites development of rubella antibodies in 95-100% of susceptible persons
aged >12 months after a single dose of the MMR vaccine, and in outbreak situa-
tions, the effectiveness of different rubella vaccines has been estimated at 90—100%
[62].

Hepatitis B

Hepatitis B virus (HBV) causes hepatitis B liver infection, the most common viral
infection worldwide. There are an estimated 2 billion people infected with HBV and
350 million chronic carriers of HBV worldwide. Over 500,000 people die each year
of hepatitis B or its complications [63]. In the USA, 850,000-2.2 million persons
are estimated to be living with HBV infection. HBV is transmitted through percuta-
neous or mucosal exposure to blood or body fluids of an infected person, such as
from an infected mother to her newborn during childbirth, through close personal
contact within households, through unscreened blood transfusions or unsafe injec-
tions in healthcare settings, through injection drug use, and from sexual contact with
an infected person. Adults with diabetes are at an increased risk of acquiring HBV
infection if they share diabetes-care equipment such as blood glucose meters, fin-
ger-stick devices, syringes, and/or insulin pens [64].

In acute HBV infection, nearly all children and up to 70% of adults are asymp-
tomatic. Some acute infections lead to chronic infections and long-term complica-
tions. The risk of progression to chronic HBV infection is inversely proportional to
age of disease acquisition. While more than 90% of vertically transmitted perinatal
infections lead to a chronic carriage state, more than 90% of infections in adoles-
cence or adulthood resolve spontaneously. Chronic HBV infection may lead to
hepatocellular hepatic cirrhosis or hepatocellular carcinoma (HCC). Nearly 25% of
people infected in childhood will progress to develop cirrhosis or HCC [10]. Half of
the total cases and nearly all childhood cases of HCC are related to chronic HBV
infection [65, 66]. Vaccination against HBV has been successful in reducing infec-
tion with HBV and its complications, including a significant decline in HCC [67].

When present, symptoms of hepatitis B include anorexia, nausea and vomiting,
abdominal pain, malaise, and jaundice, lasting for days to weeks. These may not
appear for up to 6 months after the time of infection. Extrahepatic manifestations
include arthralgias, macular rashes, and glomerulonephritis. More rarely, fulminant
hepatitis may occur with rapidly progressive symptoms and death without immedi-
ate interventions.

Unvaccinated adults account for 95% of new HBV infection. Persistent attention
to vaccination status of adults, especially those with high-risk behaviors, should
remain as an area of focus among healthcare professionals [68, 69]. With the initia-
tion of universal childhood hepatitis B (HepB) vaccination starting in 1991, rates of
acute hepatitis B in vaccinated children and adolescents decreased by 94%.
Furthermore, infant HepB vaccination decreases perinatal transmission in infants
born to HBV-infected mothers. Combined administration of HepB vaccine and
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hepatitis B immunoglobulin within 12 h of birth provides 94% efficacy in prevent-
ing vertical transmission in infants born to HB V-infected mothers. Administration
of the complete HepB vaccination series along with immunoglobulin is vital for
these infants, as the infection rate is 6.7% among infants with less than three doses
of vaccine compared to 1.1% in those with complete series [70].

Hepatitis B Vaccine and Vaccine Efficacy

HepB vaccination is given as three or four doses over a 6-month period and is rec-
ommended for:

e All infants, starting with the first dose within 24 h of birth, series completed by
6—18 months of age

e All children and adolescents younger than 19 years old not already vaccinated

* People whose sex partners have hepatitis B

* Sexually active persons not in a long-term, mutually monogamous relationship

* Persons seeking evaluation or treatment of a sexually transmitted disease

* Men who have sex with men

* People who share needles, syringes, or other drug injection equipment

* People in close household contact with someone infected with HBV

e Healthcare workers and public safety workers at risk for exposure to body
fluids

* People with end-stage renal disease

» Residents and staff of facilities for the developmentally disabled

* Travelers to regions with moderate or high rates of HBV infection

* People with chronic liver disease or chronic kidney disease

e People with HIV

* People with diabetes ages 19-59, consider for those over 60

* Persons in correctional facilities

* Anyone who wishes to be protected from hepatitis B

The first vaccine to protect against hepatitis B was human plasma derived and
licensed in 1981 [71]. However, it was later discontinued due to public concern for
potential HIV transmission despite studies verifying the safety of the vaccine and no
documented cases of HIV transmission [72]. Recombivax HB® was licensed in
1986 as a genetically engineered recombinant vaccine to satisfy the fears of potential
disease transfer from plasma-derived vaccines. A few years later, Engerix-B® was
licensed in 1989 for the prevention of infection by all subtypes of HBV [1, 73, 74].
Either recombinant vaccine conveys a 95—-100% seroprotective rate in vaccinated
children [75]. A three-dose vaccination series is recommended, and efficacy is not
altered if vaccine brands are interchanged during the series [76]. A 2009 study
found that 60% of individuals had sufficient immunity 22 years after the primary
vaccine series [77]. Booster doses after the primary series completion are not cur-
rently recommended. Combined hepatitis A (HepA) and HepB vaccines indicate
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Table 4.3 Available hepatitis B vaccines
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Vaccine FDA-
contents/ Year approved age | Volume of
abbreviation | Trade name licensed | indication dose (mL) Dose series
HepB Engerix-B®* | 1989 Birth through | 0.5 3 doses: at 0, 1, and
19 years 6 months of age
20 yearsand |1 3 doses: at 0, 1, and
older 6 months of age
HepB Recombivax 1983 Birth through | 0.5 3 doses: at 0, 1, and
HB®" 19 years 6 months of age
11 years 3 doses: at 0, 1, and
through 6 months of age
15 years
11 years 1 2 doses: at 0, 4-6
through months
15 years
20 years and 3 doses: at 0, 1, and
older 6 months of age
HepA + Twinrix®¢ 2001 18 yearsand |1 3 doses (standard):
HepB older at0, 1,and 6
months of age
4 doses
(accelerated): at 0,
7, and 21-30 days,
followed by a
booster dose at
month 12
DTaP + Pediarix®? 2002 6 weeks 0.5 3 doses: at 2, 4, and
HepB + IPV through 6 months of age
6 years

“Engerix-B [Package Insert] [1]
"RECOMBIVAX HD [Package Insert] [73]

‘TWINRIX [Package Insert]. [Internet] [110]
dPediarix [Package Inset] [Internet] [317]

similar rates of immune response to both anti-HAV and anti-HBV when compared
to monovalent vaccines [78].
The following vaccines are available to protect against hepatitis B (Table 4.3):

* Recombivax HB®, licensed in 1983, and Engerix-B®, licensed in 1989, are
recombinant HepB vaccines given as three-dose series, at birth, 1-2 months, and
6—18 months of age.

e Twinrix® is a combined HepA (inactivated) and HepB (recombinant) vaccine
licensed in 2001 for persons 18 years and older against disease caused by HAV
and HBV given as a three-dose series at 0, 1, and 6 months of age.

e Pediarix® (DTap-IPV-HepB) licensed in 2002 is a combined diphtheria and tetanus
toxoids and acellular pertussis adsorbed, recombinant hepatitis B, and inactivated
poliovirus vaccine given as a three-dose series at 2, 4, and 6 months of age.
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Haemophilus influenzae

Haemophilus influenzae is a type of bacteria that mainly causes illness in infants
and young children, and is the leading cause of a variety of invasive infections in
children. There are six identifiable types of H. influenzae bacteria (a through f) and
other non-identifiable (nontypeable) types [79]. Much invasive H. influenzae dis-
ease is caused by the encapsulated type b serotype (Hib), which can cause ear infec-
tions, meningitis, epiglottitis, cellulitis, septic arthritis, pneumonia, and bacteremia.
Between 3% and 6% of Hib cases in children are fatal; up to 20% of patients who
survive Hib meningitis have permanent hearing loss or other long-term neurological
sequelae. Patients 65 years of age and older with invasive Hib disease have higher
case fatality ratios than children and young adults [79].

Prior to introduction of Hib vaccination, Hib was a frequent nasopharyngeal
colonizer in infants and preschool children, serving as a reservoir for transmission
of the disease among children and their daycare or household contacts. Incidence of
invasive disease was greater than 300 per 100,000 children, with most invasive dis-
ease occurring in children under the age of 5. Today, there are fewer than 1 case per
100,000 children under age 5 in the USA [89, 90].

Haemophilus influenzae Vaccine and Vaccine Efficacy

The introduction of conjugate vaccines against Hib in 1988 resulted in a rapid
decline of disease over a brief period compared to other vaccines [80]. Several
brands of Hib vaccine are available, and depending on which vaccine is used, a child
is recommended to receive either three or four doses at 2, 4, and 6 months of age
(6-month dose may not be necessary depending on brand of vaccine) and a booster
dose at 12—-15 months of age. Healthy adults and children over 5 years of age are not
recommended to receive the Hib vaccine. However, it is recommended for children
and adults with special conditions such as asplenia or sickle cell disease, presurgical
splenectomy, following a bone marrow transplant, or for those with HIV.

There are currently three monovalent Hib vaccines available in the USA, differ-
ing by the protein conjugate. PedvaxHIB® was the first of the currently available
vaccines approved in 1989 and is conjugated to an outer membrane protein complex
of the BI11 strain of Neisseria meningitidis serogroup B [81]. ActHIB® and
Hiberix® were approved in 1993 and 2009, respectively, and are conjugated to teta-
nus toxoid [82, 83]. The antibody response after three doses of PedvaxHIB® or
ActHIB® is similar, 88% and 97%, respectively [84]. Hiberix® was initially
approved as a booster dose in the Hib series (prior to fifth birthday), after comple-
tion of the primary series [85]. Immunogenicity of Hiberix® was established via a
noninferiority study, meeting minimal protective antibody levels [83]. The inci-
dence of Haemophilus influenzae invasive disease in children under 5 years old
decreased by 97% during the decade of 1987-1997 [86].
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Varicella Zoster Virus: Chicken Pox

Varicella zoster virus (VZV) is the human herpesvirus responsible for causing the
highly contagious disease varicella (chicken pox), as well as herpes zoster (shingles).
Varicella results after primary infection with VZV, which then stays in the body in
the sensory nerve ganglia as a latent infection. Reactivation of latent infection causes
herpes zoster. The incubation period for varicella is 14-16 days after exposure to
varicella or a herpes zoster rash, with a range of 10-21 days [87]. VZV is spread
primarily through the respiratory route, but can also be contracted through direct
contact with skin lesions, or across a mother’s placenta. The rash of varicella is gen-
eralized and present in varying stages of development progressing from macules to
papules to vesicles before crusting. The rash usually appears first on the head, chest,
and back and then spreads to the rest of the body. Infection is generally benign and
self-limiting. Serious complications include bacterial superinfection, cellulitis, pneu-
monitis, meningoencephalitis, and stroke. Severe complications are more common
when primary infection occurs in adulthood. Congenital varicella syndrome (CVS)
is a rare disorder that affects infants born to mothers infected with varicella during
the first 20 weeks of pregnancy. Newborns may show skin lesions, limb abnormali-
ties, chorioretinitis, microcephaly, and cognitive impairment. If CVS develops within
the final days before delivery, or within a day or two afterward, there is a risk of
neonatal varicella, which carries a mortality rate as high as 30% [10, 88].

Prior to the availability of VZV vaccination, mortality rates secondary to vari-
cella infection were 0.41 per 100,000 in the USA, with a hospitalization rate of 2.7
per 100,000. Vaccination has significantly decreased those rates to 0.14 and 0.6,
respectively [89]. Additionally, varicella outbreaks confer high financial costs to
society with vaccination saving money. Compared to no vaccination program, the
US varicella vaccination program results in societal cost savings of over $0.9 billion
dollars [90].

Varicella Zoster: Chicken Pox Vaccine and Vaccine Efficacy

Varivax® was licensed in 1995 initially as a single dose, live attenuated varicella
virus vaccine [91]. Children who have never had chicken pox are recommended to
get two doses of varicella vaccine at 12—15 months of age and again at 4-6 years of
age (may be given earlier, if at least 3 months after the first dose). People 13 years of
age and older who have never had chicken pox or received the vaccine are recom-
mended to get two doses at least 28 days apart. Varivax® demonstrated 100% effi-
cacy 9 months postvaccination, in healthy naive recipients aged 1-14 years [92].
Long-term efficacy was demonstrated to be 96% after a second varicella season and
95.1% after 7 years [93]. Since routine varicella vaccination started in the USA, sev-
eral post licensure efficacy studies have demonstrated varied efficacy. Vaccine effec-
tiveness after one dose varies depending on categorization of varicella severity and
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clinical or lab diagnosis [94]. A 2004 study reported vaccine efficacy of 97% one year
postvaccination, declining to 86% after two years and 81% after eight years [95]. In
June 2007, ACIP recommended a second varicella dose between ages 4 and 6 years
[96]. Efficacy following two doses of varicella was calculated at 98.3% compared to
86% following one dose of varicella in children 4 years and older [97]. Unfortunately,
despite improved vaccine efficacy after two doses, outbreaks are still reported, but
with less impact. The impact of the two-dose varicella vaccination program has
resulted in a 60% reduction in outpatient visits and a 38% reduction in hospitaliza-
tions [98]. MMRV (ProQuad® licensed in 2005), a combination vaccine containing
both varicella and MMR vaccines, may be given to persons 12 years of age and
younger. MMRYV was found to be noninferior to MMR® II and Varivax® [99].

Hepatitis A

The Hepatitis A virus (HAV) causes hepatitis A liver infection, an acute, usually
self-limited viral illness in children, but a potentially more serious infection in
adults. In children under age 6, infection with HAV is usually asymptomatic or
produces mild symptoms. Adults may experience more severe symptoms that
include fever, malaise, nausea, vomiting, abdominal pain, jaundice, and, rarely,
acute fulminant hepatitis. The risk of jaundice and other severe symptoms increases
with age. Up to 10% of infected patients may have a relapsing course lasting up to
6 months. Unlike infections with hepatitis B and C, HAV infection does not lead to
chronic liver infections. Worldwide, HAV is responsible for over 1 million cases of
acute hepatitis annually, leading to 35,000 deaths [10, 100, 101]. In the USA, the
number of Hepatitis A cases reported has declined from 1670 reported cases in 2010
to 1239 reported cases in 2014 [102].

HAV is transmitted through the fecal-oral route, through close person-to-person
transmission, and during foodborne outbreaks. The average incubation period for
hepatitis A is 28 days (range 15-50 days) [103]. In 1996, ACIP recommended HepA
vaccination only to those persons at high risk for the disease, but by 1999, the rec-
ommendations were expanded to include children living in 11 states with average
hepatitis A rates of over 20 cases per 100,000 population. In 2006, ACIP recom-
mendations again expanded to include routine vaccination of all children at 1 year
of age and older in all 50 states.

Hepatitis A Vaccine and Vaccine Efficacy

Hep A inactivated vaccine is given as a two-dose series given over 6 months for
children and adults. A combined HepA and HepB vaccine is available for adults
18 years of age and older, given in a three-dose series over 6 months. HepA vaccina-
tion is recommended for:
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e All children aged 12 months or older

* Travelers to certain countries

* Family members or caregivers of a recent adoptee from countries where hepatitis
A is common

e Men who have sex with men

» Users of injection and non-injection illegal drugs

* People with chronic liver disease

* People treated with clotting factor concentrates

* People who work with HAV-infected animals or in a HAV research lab

There are currently three vaccines available to immunize against hepatitis A: two
inactivated monovalent vaccines and one combination vaccine (Table 4.4).

Havrix® was licensed in 1995 initially for persons 2—18 years of age, and Vaqta®
was licensed in 1996 for persons 2—17 years of age for prevention of disease caused
by HAV [104, 105]. The two inactivated monovalent HepA vaccines were compared
in an open-label randomized trial. They were shown to be similar in rapid serial
conversion rates after the primary dose as well as demonstrating equivalent immu-
nogenicity after one booster dose [106]. Two studies examining the vaccine efficacy
over time found lasting antibody concentrations 17 years after primary vaccination
series and seropositive protection rates greater than 95% after 25 years [107, 108].
Success of the HepA vaccine is illustrated by the 96.6% decrease in reported hepa-
titis A disease from 1996 to 2011 [109]. With recent increases in hepatitis A cases
in adults over the age of 40, future vaccination efforts may need to focus on this
older population [109].

Twinrix®, a combined HepA (inactivated) and HepB (recombinant) vaccine,
was licensed in 2001 for persons 18 years of age and older against disease caused

Table 4.4 Available hepatitis A vaccines

Number of
FDA-approved | Volume doses in
Vaccine contents/abbreviation Trade name age indication | of dose series
HepA Havrix®* 12 months 0.5 mL Two
through
18 years old
19 years and 1 mL
older
HepA Vaqta®® 12 months 0.5 mL Two
through
18 years old
19 years and 1 mL
older
HepB + HepA Twinrix® © 18 years and 1 mL Three
older

4 Havrix [104]
"Vagta [Package Insert] [105]
‘TWINRIX [Package Insert]. [Internet] [110]
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by HAV and HBV as a three-dose series at 0, 1, and 6 months [110]. Efficacy trials
indicate similar rates of immune response to both anti-HAV and anti-HBV when
compared to monovalent vaccines [111].

Rotavirus

Rotavirus is a contagious virus that causes acute, severe gastroenteritis and is the
leading cause of gastroenteritis in infants and children worldwide. Rotavirus
infects the proximal small intestine, producing an enterotoxin that destroys the
epithelial surface, resulting in blunted villi, extensive damage, and shedding of
massive quantities of virus in the stool. Spread is common within families [112].
Nearly every US child who is not vaccinated against rotavirus as an infant is
expected to be infected with rotavirus within the first year of life. In developing
countries, rotavirus gastroenteritis is responsible for approximately half a million
deaths per year among children less than 5 years of age [113]. During the 1990s
and early 2000s, rotavirus resulted in approximately 410,000 physician visits,
205,000-272,000 emergency department visits, and 55,000-70,000 hospitaliza-
tions among US infants and children, with total annual direct and indirect costs of
approximately $1 billion [112].

Rotavirus is spread through the fecal-oral route, through person-to-person con-
tact, and through fomites [114]. Risk factors associated with increased risk for hos-
pitalization for infants include lack of breastfeeding, low birth weight, daycare
attendance, the presence of another child less than 24 months of age in the house-
hold, and either having Medicaid insurance or having no medical insurance [115].
The incubation period for rotavirus gastroenteritis is 1-3 days. Reinfection occurs
up to five times in the first 2 years of life, but severity of disease decreases with each
subsequent infection. Peak incidence of infection occurs at 4-23 months of age.
Symptoms include vomiting, followed by profuse and watery diarrhea that may lead
to dehydration and electrolyte disturbances. Neurologic symptoms include enceph-
alopathy, encephalitis, or seizures. Without supportive medical treatment, rotavirus
can be deadly in children [116].

Since initiating regular vaccination, the USA has seen reductions in rotavirus
activity ranging from 50 to 90%. Hospitalizations due to rotavirus acute gastroen-
teritis have declined by 50-90%, with all-cause acute gastroenteritis hospitaliza-
tions decreasing by 30-60% [117].

Rotavirus Vaccine and Vaccine Efficacy

Two rotavirus vaccines currently licensed for use in infants in the USA are recom-
mended for either a two- or three-dose series between the ages of 2 months and
6 months, depending on the brand. Both vaccines are given orally, and the first dose of
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either vaccine is most effective if given before a infant is 15 weeks of age. All infants
should receive all doses of rotavirus vaccine before they turn 8§ months old [118].

In 2006, RotaTeq® (RVS5) was licensed as a pentavalent, oral, live three-dose
vaccine series, and in 2008, Rotarix® (RV 1) was licensed as a monovalent, oral, live
two-dose vaccine series against rotavirus [13, 119]. The Rotavirus Efficacy and
Safety Trial (REST) demonstrated RV5 had 98% efficacy against severe rotavirus
gastroenteritis in the first season after immunization and sustained efficacy at 88%
after the second rotavirus season, lasting for 3.1 years after the last vaccine dose. An
86% decrease in clinic visits and a 95.8% reduction in hospitalizations due rotavirus
gastroenteritis were also shown. An extension trial of REST determined sustained
efficacy of RV5 up to 3.1 years after the last dose of vaccine [120, 121]. Another
study, the human rotavirus study, revealed RV1 had 84.7% efficacy against severe
rotavirus gastroenteritis within the first year of life and hospitalization was avoided
in 84% of vaccine recipients [122]. Moreover, RV1 demonstrated 90.4% efficacy
against severe episodes after the second consecutive rotavirus season [123]. In addi-
tion, it is estimated that the societal cost savings of the complete vaccine series of
RotaTeq® and Rotarix® are nearly 60 million dollars [124].

Pneumococcal Infections

Streptococcus pneumoniae (S. pneumoniae), or pneumococcus, is a common bacte-
rial cause of otitis media, sinusitis, community-acquired pneumonia, and septice-
mia. The World Health Organization (WHO) estimates that S. pneumoniae kills
close to half a million children under 5 years of age worldwide every year, with
most deaths occurring in developing countries. Children younger than 2 years old,
adults 65 years or older, and adults 19-64 years old with certain medical conditions
or risk factors are at increased risk for pneumococcal disease. In the USA, prior to
2000, pneumococcal disease caused more than 700 cases of meningitis, 13,000
cases of septicemia, 5 million ear infections, and 200 deaths in children under the
age of 5. Since the advent of a pneumococcal vaccine in 2000, severe pneumococcal
disease has fallen by 88% in children [125].

Transmission of pneumococcal bacteria is through direct contact with respira-
tory secretions like saliva or mucus [126]. Asymptomatic nasopharyngeal carriage
of pneumococcal serotypes is common in infants and children, especially in those
who attend daycares or are exposed to overcrowded living situations [127]. Adults
living with children may also be asymptomatic carriers. Disease is usually episodic,
however, person-to-person transmission can occur via respiratory droplets.

The more severe clinical syndromes of pneumococcal disease result in pneumo-
nia, bacteremia, and meningitis. S. pneumoniae is the most common clinical presen-
tation of pneumococcal disease among adults and is one of the most frequent causes
of community-acquired pneumonia. CDC estimates that as many as 400,000 hospi-
talizations from pneumococcal pneumonia occur annually in the USA. Bacteremia
occurs in up to 25-30% of patients with a case fatality rate of 5-7%, higher among
the elderly. Symptoms of pneumococcal pneumonia include an abrupt onset of fever
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and chills or rigors after a short incubation period of 1-3 days. Typically, there is
only a single rigor without repeated shaking chills. Other complications of pneumo-
coccal pneumonia include empyema, pericarditis, and respiratory failure. Children
with pneumococcal pneumonia often show tachypnea, retractions, and other symp-
toms of respiratory distress [128].

Invasive pneumococcal disease can also present initially as bacteremia, sepsis,
and meningitis, without pneumonia occurring first. Among children 2 years of age
and younger, bacteremia without a known site of infection is the most common inva-
sive clinical presentation of pneumococcal infection, accounting for approximately
70% of invasive disease in this age group [125]. More than 12,000 cases of pneumo-
coccal bacteremia occur each year with an overall case fatality rate of about 20%, or
as high as 60% among elderly patients. Patients with asplenia who develop bactere-
mia may experience a fulminant clinical course. Estimates of invasive pneumococcal
disease are 15-30 per 100,000 people per year in developed countries [128].

Furthermore, pneumococci cause over 50% of all cases of bacterial meningitis in
the USA with an estimated 3000—-6000 cases occurring each year [128]. Meningitis
presents classically with fever, headache, and nuchal rigidity and can rapidly prog-
ress to obtundation and death. Fatality rates in children are currently less than 10%
with appropriate antibiotic therapy, however, long-term sequelae including sensori-
neural hearing loss, seizures, motor dysfunction, and cognitive impairment occur in
20-50% of survivors. In the USA, invasive disease incidence in children under 5
decreased from 95 per 100,000 to 22-25 per 100,000 between 1999 and 2002, and
rates continue to decline [129].

Pneumococcal Vaccines and Their Efficacies

There are currently two types of pneumococcal vaccines: pneumococcal conjugate
vaccine (PCV13 or Prevnar 13®) and pneumococcal polysaccharide vaccine
(PPSV23 or Pneumovax®). There are age-based as well as disease-based recom-
mendations for the vaccines. (See https://www.cdc.gov/vaccines/vpd/pneumo/hcp/
recommendations.html for full dosing recommendations.)

PCV13 is a 13-valent protein conjugate vaccine recommended for all children
under 5 years of age, all adults 65 years or older, and people 6 years or older with
certain risk factors.

PCV13 vaccine is recommended for:

* Infants and children younger than 2 years old in four-dose series at 2, 4, 6, and
12—-15 months.

e Children 2-5 years (to receive one dose) with the following medical conditions
such as the following:

— Sickle cell disease
— A damaged spleen or no spleen
— Cochlear implant(s)


https://www.cdc.gov/vaccines/vpd/pneumo/hcp/recommendations.html
https://www.cdc.gov/vaccines/vpd/pneumo/hcp/recommendations.html
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— Cerebrospinal fluid (CSF) leaks

— HIV/AIDS or other immunocompromising diseases such as diabetes, cancer,
or liver disease

— Chronic heart or lung disease

— Who take medications that affect the immune system such as chemotherapy
or steroids

* Adults 19 years or older (to receive one dose) with conditions that weaken the
immune system such as HIV infection, organ transplantation, leukemia, lym-
phoma, and severe kidney disease.

e Children 6-18 years of age (to receive one dose) with certain medical conditions
such as sickle cell disease, HIV, other immunocompromising conditions,
cochlear implant, or CSF leaks who have not previously received PCV 13 regard-
less of whether they have previously received the PCV7 (Prevnar®) or the
PPSV23 should receive one dose PCV13.

e Children who are unvaccinated or have not completed the PCV series should get
the vaccine (the number of doses recommended and the intervals between them
will depend on the child’s age when vaccination begins).

* PCV13 may be given at the same time as other vaccines, but it should not be
given with PPSV23 nor with the meningococcal conjugate vaccines.

PPSV23 is a 23-valent polysaccharide vaccine recommended for all adults who
are >65 years of age and for people 2—-64 years of age who are at high risk for pneu-
mococcal disease.

PPSV23 vaccine is recommended for:

e All adults >65 years

* Anyone 2-64 years of age or has a long-term health problem such as heart dis-
ease, lung disease, sickle cell disease, diabetes, alcoholism, cirrhosis, CSF leaks,
or cochlear implant

* Anyone 2-64 years of age who has a disease or condition that lowers the body’s
resistance to infection such as long-term steroids, certain cancer drugs, and radi-
ation therapy

* Any adult 19-64 years of age who is a smoker or has asthma

The PCV13 vaccine replaced the previously recommended 7-valent Prevnar®
vaccine in 2010 [130]. Five additional serotypes added to the 7-valent vaccine
provide protection against 61% of invasive pneumococcal disease strains [131].
Four doses of PCV13 are recommended to elicit the greatest antibody response to
the greatest number of serotypes [130]. A meta-analysis of pneumococcal vaccina-
tion in children less than 24 months demonstrated an efficacy of 63-74% against
invasive pneumococcal disease, 29% against otitis media, and 6—7% against clini-
cal pneumonia for all serotypes. Due to the high burden of disease, even a low
vaccine efficacy for otitis media and clinical pneumonia can result in a great impact
overall [132].

The pneumococcal polysaccharide vaccine (PPV23) contains 23 of the strains that
account for 85-90% of invasive pneumococcal disease cases. In studying and evaluat-



4 Vaccine-Preventable Diseases and the Vaccines That Prevent Them 127

ing many studies, it is difficult to assess the efficacy and effectiveness of PPV23 due
to the low frequency of invasive infection, inaccuracy of diagnostic criteria for pneu-
mococcal pneumonia, and poor study methodologies. CDC reports effectiveness in
case-control studies ranging from 56-81% against invasive disease [133].

Meningococcal Infections

Neisseria meningitidis (N. meningitidis) is the bacterial pathogen responsible for
meningococcal diseases, caused by six of its 12 serogroups: A, B, C, W, X, and
Y. Rates of disease range from 0.6 to 34% and are highest in children younger than
1 year and in adolescents and young adults aged 16 through 23 years, especially
those living in overcrowded conditions such as military barracks and college dormi-
tories. Approximately 500,000 cases of meningococcal disease occur annually, with
the majority in the winter and fall. Serogroups B, C, and Y cause most of the illness
seen in the USA, and serogroup A causes disease in developing countries and in
what is known as the “meningitis belt” of sub-Saharan Africa. Nearly all invasive N.
meningitidis organisms are encapsulated by a polysaccharide capsule. Rates of
meningococcal disease have been declining in the USA since the late 1990s [134].

Transmission of N. meningitidis occurs through respiratory droplets in close
person-to-person contact and exchange of respiratory and throat secretions (saliva
or spit). About one in ten people are asymptomatic carriers of N. meningitidis in
their posterior nasopharynx. Without treatment, the case fatality rate of Neisseria
bacterial meningitis can be as high as 70%, and one in five survivors may be left
with permanent sequelae including hearing loss, developmental delay, neurologic
disability, and limb amputation [135]. Clinically, after an incubation period of
1-10 days, meningococcal infections have an abrupt onset of nonspecific symptoms
including fever, chills, and malaise which can lead to meningococcal meningitis
(50% of cases) and septicemia or bacteremia (35-40% of cases). A macular, macu-
lopapular, petechial, or purpuric rash is classically present with meningococcemia.
Meningococcal disease is a reportable condition in all states, and state and local
health departments will conduct investigations when disease is reported to ensure
all close contacts are provided prophylaxis [134].

Meningococcal Vaccines and Vaccine Efficacies

Meningococcal vaccines help protect against all three serogroups of meningococcal
disease seen most commonly in the USA: serogroups B, C, and Y. There are three
kinds of vaccines available in the USA:

* Meningococcal conjugate vaccine (Menactra®, MenHibrix®, and Menveo®)
e Meningococcal polysaccharide vaccine (Menomune®)
* Serogroup B meningococcal vaccine (Bexsero® and Trumenba®)
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All 11-12-year-olds should be vaccinated with a single dose of a quadrivalent
meningococcal conjugate vaccine (Menactra® or Menveo®). A booster dose is rec-
ommended at age 16.

Teens and young adults (16-23 years of age) may also be vaccinated with a sero-
group B meningococcal vaccine (Bexsero® or Trumenba®), preferably at
16-18 years of age. Two-three doses are needed depending on the brand. Preteens,
teens, and young adults should be vaccinated with a serogroup B meningococcal
vaccine if they are identified as being at increased risk of meningococcal disease
with certain medical condition such as asplenia, having complement component
deficiency, and being infected with HIV (Table 4.5).

Menomune® (MPSV4) was the first tetravalent (serogroups A, C, Y, W-135)
polysaccharide vaccine licensed for use in 1981 [13]. The immunogenicity and
clinical efficacy of MPSV4 among the four serogroups varies across ages. In adults,
MPSV4 demonstrated seropositive conversion to serogroup A (95%), serogroup C
(100%), and serogroup W-135 (93%) [136]. Serogroup C is poorly immunogenic in
children under 18-24 months, while serogroup A component elicits a comparable
adult-like response by 4-5 years [137].

Vaccine efficacy was demonstrated to be 85% in subjects 2-29 years [138].
Antibody response to serogroup A and C in children quickly declined to near levels
of unimmunized children between booster doses up until 66 months of age [139]. In
adults, protective antibody concentrations against serogroup A and C lasted for
10 years [140]. The poor immunogenicity and rapid decline of antibody response to
MPSV4 led to the development of conjugated polysaccharide vaccines.

Menactra® was the first conjugate tetravalent (serogroups A, C,Y, W-135) poly-
saccharide vaccine approved in 2005 for use in ages 9 months to 55 years old [141].
Menactra® licensure was granted via demonstration of noninferior immunogenicity
as compared to MPSV4 [137]. In subjects aged 2—10 and 11-18 years, the immuno-
genicity of Menactra® compared to MPSV4 was higher one month after the first
vaccination and remained higher three years after primary vaccination [142, 143].
Conversely, in subjects aged 18-55 years, the percentage of subjects with protective
antibody levels was higher in the MPSV4 group than the Menactra® group; how-
ever, noninferiority was still established [137].

Menveo®, a second conjugate tetravalent polysaccharide vaccine, was approved
in 2010, initially for ages 11-55 years old [13]. For subjects aged 11-17 and 19-55,
Menveo® had significantly greater antibody levels for all four serogroups compared
to MPSV4 one month after vaccination, and higher levels were maintained
12 months after vaccination (exception serogroup A) [144]. Menveo® has also dem-
onstrated to be noninferior to Menactra® across all four serogroups (notably statis-
tically superior for groups C, W, and Y); thus, the age indication was expanded,
ultimately to include those 2 months and older [13, 145]. The duration of protective
antibody concentration has been demonstrated to be up to 5 years in the adolescent
population. In 2010, ACIP recommended a meningococcal booster dose at age 16.
More robust studies are needed to examine persistent efficacy after the adolescent
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booster dose; however, a small study demonstrated a strong antibody response,
higher than seen with primary vaccination [146, 147].

In response to college outbreaks of serogroup B meningococcal disease, the
Food and Drug Administration (FDA) fast tracked approval of two serogroup B
meningococcal vaccines [148]. Trumenba® is a two- or three-dose series and was
the first serogroup B meningococcal vaccine licensed in 2014 [149]. One year
later, Bexsero® was licensed as a two-dose series against serogroup B vaccine
[150]. As with the conjugate meningococcal processors, the serogroup B vaccine
efficacy was based on immune response [148]. Trumenba® immunogenicity
response was evaluated when given concomitantly with a HPV vaccine versus with
placebo. Protective antibody levels following one month after three doses of
Trumenba® ranged from 88.5% to 99.4%, depending on heterologous variant of
serogroup B strain; the immune response was more robust after three doses com-
pared to two doses [151]. Antibody titers rapidly declined after the three-dose
series, but stabilized after 6 months, and antibody titer protection was demon-
strated in more than 50% of subjects four years after vaccine series [152]. Following
one dose of Bexsero®, protective antibody levels were evident in 92-97% of ado-
lescents, increasing to almost 100% after two doses, and minimal difference was
seen when three doses were given [153]. Protective immunogenicity of Bexsero®
against three serogroup B strains 18-24 months after a single dose decreased to
62-73%, after two doses to 77-94%, and after three doses to 86-97% [154]. The
sustained impact of these fast-tracked vaccines against serogroup B meningococ-
cal disease remains to be seen.

Human Papillomavirus

Human papillomavirus (HPV) is a sexually transmitted small DNA virus with over
100 distinct types, 35—40 of which are known to infect the skin and mucous mem-
branes of the anogenital region. CDC estimates that HPV accounts for the majority
of newly acquired sexually transmitted infections in the USA with recent data indi-
cating nearly 80 million new and existing HPV infections. HPV is the most com-
mon sexually transmitted infection in the USA [155].

Most HPV infections are asymptomatic and do not progress to disease, as the
body’s immune system clears approximately 90% of infections within 2 years.
Low-risk HPV genotypes can lead to genital warts, whereas persistence of high-risk
types can lead to many types of cancer including cervical cancer, other anogenital
cancers, and cancers of the head and neck [156].

Based on CDC data from 2008 to 2012, approximately 38,793 HPV-associated
cancers occur in the USA annually; 23,000 among women and 15,793 among men.
HPV is thought to be responsible for more than 90% of anal and cervical cancers,
about 70% of vaginal and vulvar cancers, and more than 60% of penile cancers.
Approximately 70% of head and neck cancers may be linked to HPV and may be
associated with a combination of tobacco, alcohol, and HPV. In 2015, the prevalence
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of genital warts reported in patients who presented to sexually transmitted disease
(STD) clinics (as reported by the STD Surveillance Network) shows the highest
rates of genital warts in men who have sex with women (MSW) 4.3% (range
1.7-8.1), followed by men who have sex with men (MSM) 3.3% (range 1.9—4.6)
and women 0.9% (range 0.7-2.2). HPV types 16 and 18 are known to cause the vast
majority of disease and have been implicated in approximately 70% of cases of
cervical carcinoma. Clearance rates in women in the USA have been cited as high
as 70—100% at 2-5 years and are highest in young women and in those with non-
oncogenic genotypes. Women of low socioeconomic status and in developing coun-
tries are disproportionately affected, likely due to lower screening rates and
availability of HPV vaccines. In 2012, over 200,000 women worldwide died of
cervical cancer, 85% of them in developing countries. HPV has been detected in
99.7% of cases of cervical carcinoma, approximately 90% of anal cancers, 40% of
vulvar and vaginal cancers, 40% of penile cancers, and 25% of cancers of the head
and neck [157].

Human Papillomavirus Vaccine and Vaccine Efficacy

HPYV vaccine is recommended for preteen boys and girls at age 11 or 12 so they are
protected before exposure to the virus. A more robust immune response is seen in
younger preteen patients than in older teens and young adults. The HPV vaccine is
given in a two- or three-dose series depending on the patients’ age. For patients
under 15 years of age, the recommendation is for two doses, 6—12 months apart. For
patients >15 years of age, the recommendation is for three doses at 0, 1-2, and
6 months of age [158].

Gardasil® was licensed in 2006 as a quadrivalent vaccine against HPV types 6,
11, 16, and 18 [13]. The Females United to Unilaterally Reduce Endo/Ectocervical
Disease (FUTURE) II trials demonstrated 100% efficacy against anogenital warts
and vulvar or vaginal intraepithelial neoplasia or cancer related to HPV types 6, 11,
16, and 18. The FUTURE I trial also demonstrated 98% prevention of cervical
intraepithelial neoplasia grade 2 or 3 or cervical adenocarcinoma in situ related to
HPV types 16 and 18 related in HPV-naive females aged 15-26 years after three
doses of quadrivalent vaccine with Gardasil® in greater than 95% of subjects [159,
160]. Gardasil® was approved for use in males in 1999. The prevention of external
genital warts; penile, perianal, or perineal intraepithelial neoplasia; or penile, peri-
anal cancer related to the four types contained in the vaccine of the per-protocol
population was 90.4% for males ages 16-26 [161].

In 2014, a 9-valent HPV vaccine, Gardasil®9, was licensed to protect against the
same diseases and precancerous or dysplastic lesions as Gardasil®, with expanded
coverage of five additional HPV virus types [31, 33, 45, 52, 58, 162]. The addition
of these five types could lead to an additional 14.7% protection from invasive cervical
cancer [163]. The Broad Spectrum HPV Vaccine Study demonstrated 96.7% risk
reduction of high-grade cervical, vulvar, and vaginal disease, caused by HPV types
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31, 33,45,52, and 58 in HPV-uninfected females aged 16-26 years after three doses
of Gardasil®9 within one year of enrollment [164]. Immunobridging studies were
utilized to establish Gardasil®9 efficacy via noninferiority in the following groups:
adolescent females aged 915 years and males aged 16-26 years. Notably, male and
female adolescents (aged 9-15 years) had significantly higher antibody titers to
Gardasil®9 compared to females aged 16-26 years receiving the 9-valent HPV
[165]. Post clinical trial efficacy data is gradually being published. A 6.1% decrease
in prevalence of HPV types 6, 11, 16, and 18 in females aged 14—19 years was dem-
onstrated in those having received three doses (62.5%) of Gardasil® [166]. The
impact of HPV vaccination on the incidence and mortality rate of cervical cancer
has yet to be determined [167].

Varicella Zoster Virus: Shingles

Varicella zoster virus (VZV) not only causes varicella, but also causes herpes zoster
(HZ), or shingles. Shingles occurs following reactivation of latent VZV of cranial
nerves or dorsal root ganglia. Approximately 1 million cases of HZ occur annually
in the USA, and incidence increases with age; 68% of HZ cases occur in persons
over age 50. Almost one out of every three people in the USA will develop shingles
in their lifetime [168]. Both natural VZV infection and vaccination against VZV
with live, attenuated virus result in latent virus acquisition. Those who are immu-
nized against varicella show decreased shingles incidence than those who acquired
the disease naturally [169].

Shingles is characterized by a painful maculopapular or vesicular rash, usually
unilateral and following one or two adjacent dermatomes. Less commonly the rash
can be more widespread and affect three or more dermatomes; this condition is
known as disseminated zoster [170]. The most commonly involved dermatomes
include V1 of the trigeminal nerve and the thoracic nerves T1-L2. Approximately
1-4% of people who get shingles are hospitalized for complications, and each year
there are approximately 96 shingles-related deaths in the USA [171].

Other complications of shingles include secondary bacterial infections, herpes
zoster ophthalmicus, a complication that can lead to blindness without appropriate
treatment, aseptic meningitis, transverse myelitis, stroke symptoms, and posther-
petic neuralgia (PHN). Prevalence of PHN in the USA is estimated at greater than
500,000.

PHN, with pain persisting over the area of the shingles rash for more than
30 days, is one of the most devastating and common sequelae of shingles infection.
PHN can significantly affect quality of life and ability to perform activities of daily
living. Its incidence increases with age. Approximately 13% of people 60 years of
age and older with zoster will get PHN [170].
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Varicella Zoster Virus: Shingles Vaccine Efficacy

Zostavax®, the zoster live attenuated virus vaccine licensed in 2006, is indicated for
prevention of herpes zoster [172]. It is approved by FDA for people 50 years of age
and older but recommended by ACIP for people 60 years of age and older whether
or not they report a prior episode of shingles or prior history of chicken pox.

In the Shingles Prevention Study, overall zoster vaccine efficacy of 51.3% was
demonstrated against HZ in patients over 60, with the greatest efficacy occurring in
patients 60—69 years old (63.9%), declining by roughly 20% each decade thereafter.
Vaccine efficacy to reduce the incidence of PHN varied among age groups, with the
highest efficacy (55%) in subjects aged 70-79, followed by those greater than
80 years old (26%). The lowest efficacy of PHN was observed in subjects aged
60-69 at 5% [172, 173]. The Zostavax® Efficacy and Safety Trial found subjects
aged 50-59 had a vaccine efficacy between 69.8% and 72.4% [174]. Studies assess-
ing the duration of efficacy suggest a decline in protection after 8 years to 21.1% or
less [175]. The ACIP recommendation for zoster vaccination 10 years after current
FDA-licensed approval age is due to these studies showing waning protection [176].
Despite the herpes zoster vaccine reduction of 50-60% disease incidence and
sequelae, further innovation for a more effective herpes zoster vaccine remains to be
seen, especially with the expected increase in the geriatric population [177].

Overview of Vaccine Types

The characteristics of the pathogen targeted by a vaccine determine the type of vac-
cine that can be produced to protect humans from acquiring the targeted disease or
illness. There are currently four major types of vaccines: live attenuated, inacti-
vated, toxoid, and subunit vaccines.

Live Attenuated

A live, attenuated vaccine contains a non-virulent, living version of the pathogen
against which it protects. These weakened, or attenuated, pathogens have lost the
ability to infect or replicate in a human host, but still elicit an immune response.
Methods for attenuating pathogens vary, but involve selectively culturing genera-
tions of the pathogen with progressively limited ability to replicate in a human host.
This is most readily achieved in viruses, with their rapid replication and mutation
rates [178-180].

Live, attenuated vaccines elicit a strong immunological response, with typically
long-lived protection. However, there are risks to the use of live vaccines. An immu-
nologically incompetent host may have an insufficient immune response to the vaccine
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to prevent subsequent illness from the attenuated pathogen. Alternatively, as the live
pathogens retain the ability to mutate, they may regain their virulence in humans.
Additionally, live, attenuated vaccines are the least stable vaccine type, often requir-
ing refrigeration [178-180].

Inactivated

Killed or inactivated vaccines are an alternative to live, attenuated vaccines. (The
word killed is usually used to refer to bacterial pathogens, while inactivated is used
to refer to viruses.) Like attenuated vaccines, inactivated vaccines contain the whole
disease-causing pathogen or microbe. Killing, or inactivation, is a result of exposure
to heat, radiation, or chemicals such as formaldehyde and formalin. The pathogen
that remains following inactivation allows for an immunologic response to a wide
array of surface antigens [178]. The killed pathogen cannot revert or mutate to a
more virulent form and cause illness or disease. However, the immunologic response
to killed or inactivated vaccines is less robust and provides a shorter length of dura-
tion of protection than the response to live, attenuated vaccines and typically
requires multiple doses, boosters, and/or adjuvants to promote a good immunologic
response and maintain protection.

Toxoid

A toxoid is a bacterial toxin, usually an exotoxin, whose toxicity has been inacti-
vated or suppressed either by heat or chemicals that can still produce an immuno-
logic response. Toxoid vaccines carry no risk of infection; however, they generally
produce a weak immune response, and therefore multiple doses, boosters, and/or
adjuvants are typically required to induce immunity [178]. Tetanus and diphtheria
vaccines are examples of toxoid vaccines.

Subunit

Subunit vaccines use specific antigens, or epitopes of antigens, of the targeted
pathogen to invoke an immune response. Subunit vaccines can be further subdi-
vided into conjugate, recombinant, and viruslike particle vaccines. In conjugate
vaccines, a polysaccharide antigen, which typically elicits a weak immune response,
is covalently bound to a strongly immunogenic carrier protein. The carrier protein
allows for a more efficient immune response to the polysaccharide antigen, confer-
ring immunity to the targeted pathogen [178, 179].
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Recombinant vaccines are produced through recombinant DNA technology. They
may be classified as either DNA vaccines or recombinant (protein subunit) vaccines.
These types of vaccines use genetic material coding protein antigens from a targeted
pathogen that stimulates the immune response that are then inserted into microbial
DNA cells of the body. As the host cell reproduces, the protein antigen of the patho-
gen is expressed and can be used to induce an immunologic response to the targeted
pathogen. An example of a recombinant protein vaccine is the HepB vaccine.

Viruslike particle vaccines are similarly created with recombinant DNA technol-
ogy. The selected viral protein antigens of these vaccines mimic the organization and
conformation of authentic native viruses, but without the native viral genome, thus
prompting an immune response to the expressed protein in a potentially safer and
cheaper manner than other subunit vaccines [179-181]. While there is no risk of viru-
lence or illness with subunit vaccines, there are disadvantages to their use. Often sub-
unit vaccines require multiple doses, boosters, and/or adjuvants to produce sufficient
immunity. Additionally, local reactions at the site of vaccination are common [178].

Indications for Routine Vaccine Recommendations

CDC has established routine vaccination recommendations for children and adults
and recommendations for people with special conditions, for travelers, for those
with certain occupations and exposures and during outbreaks.

Pediatric Vaccine Schedule

Presently, vaccines are recommended by ACIP against 13 diseases for all children
and adolescents aged O through 18 years, in addition to an annual influenza vaccine
recommendation. The first dose in the series of the HepB vaccine is the only vaccine
given immediately postpartum, before hospital discharge. This early administration
ensures that newborns born to mothers unaware they are infected with HBV will be
spared severe illness and possible death if the virus is transmitted during delivery
[182]. Two additional doses of HepB are recommended to confer full immunity, the
second at 1-2 months of age and the third at 6—18 months of age.

Six vaccines are recommended for children at 2 months of age: HepB, rotavirus,
DTaP, Hib, pneumococcal conjugate, and inactivated poliovirus. At 4 months of
age, second doses of all of the vaccines given at 2 months of age (except for HepB)
are recommended [183].

The type of vaccine administered guides the number of doses required. There are
two rotavirus vaccines: the RV1 is a two-dose series while the RVS5 has an additional
third dose that should be given at 6 months of age. Depending upon the brand of Hib
vaccine administered, three doses are sufficient at 2, 4, and 6 months, and a forth
dose may be needed at 12—18 months of age. There are currently six Hib vaccines
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approved for use, three of them are combined with vaccines for other diseases and
three of them solely confer vaccination against Hib. Each brand of the Hib vaccine
needs to be assessed for the number of doses required [183].

Three additional vaccines recommended to be completed by 6 years of age
include DTaP, the pneumococcal conjugate, and inactivated poliovirus vaccines.
The DTaP vaccine has a recommended total of five doses through age 6. Three
doses at 2, 4, and 6 months of age, one dose at 15-18 months of age, and one dose
at 4-6 years of age are recommended. Four doses of the pneumococcal conjugate at
2,4, 6, and 12-18 months are recommended, and inactivated poliovirus vaccine is
recommended at 2, 4, and 6-19 months and 46 years of age [183].

MMR, VZV, and HepA vaccines are not recommended until after 1 year of age.
The first dose of each of these vaccines should be administered at 12—18 months of
age. The second doses of MMR and varicella vaccines should be administered at
4-6 years of age. HepA vaccine has a more specific instruction as to when its second
dose should be administered; it needs to be 6—18 months after the initial dose [183].

Immunizations for those over age 6 include TdaP, meningococcal, and HPV
vaccines.

Tdap is recommended for children aged 7 through 18 years who are not fully
vaccinated, preferentially at 11-12 years of age along with meningococcal and HPV
vaccines. A booster dose of meningococcal vaccine should be administered at
16 years of age. The meningococcal B vaccine is not routinely recommended, but it
is available as a permissive recommendation and can be administered at a clinician’s
discretion. A two- to three-dose series of HPV vaccine are recommended on a
schedule of 0 and 6-12 months to be completed by 13 years of age (up to age 15)
and on a schedule of 0, 1-2, and 6 months if the series is started after age 15 [183].

The influenza vaccine is the only vaccine recommended to be given annually to all
individuals 6 months of age and older. For each influenza season, there are usually
several vaccine types available. Young children under 8 years of age require two doses
of the influenza vaccine administered at least 4 weeks apart the first time they are vac-
cinated against influenza. Note: influenza recommendations are unique to each influ-
enza season, and the annual recommendation should be referenced each year [184].

Adult Vaccine Schedule

The routine adult vaccine schedule includes vaccines against tetanus, diphtheria, per-
tussis, varicella, zoster, and pneumococcal diseases. Tdap is given once after 19 years
of age, and then a Td booster is recommended once every 10 years thereafter. Adults
without evidence of immunity to varicella should receive two doses of varicella vac-
cine. Evidence of immunity includes documentation of two doses of varicella vac-
cine at least 4 weeks apart, USA born before 1980 (excluding healthcare personnel
and pregnant women), history of varicella disease, history of herpes zoster, labora-
tory evidence of immunity, or laboratory confirmation of disease. The human papil-
lomavirus vaccine is only recommended in adulthood through 26 years of age, if the
vaccine series was not completed during adolescence.
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In addition to an annual influenza vaccine, adults over the age of 60 years are
recommended to receive a single dose of zoster vaccine regardless of whether
they have had chicken pox or a prior episode of herpes zoster. All adults over the
age of 65 should receive the PCV13 vaccine and at least 1 year later PPSV23
vaccine.

Vaccine Recommendations for Special Populations
Pregnant Women

Pregnant women should receive a Tdap vaccine with each pregnancy during their
third trimester. It is also important to vaccinate pregnant women anytime during preg-
nancy with influenza vaccination [185, 186]. Rubella and varicella immunity should
be assessed. Pregnant women without immunity are to be administered needed MMR
and varicella vaccines postpartum before discharge from hospital. Second doses of
each vaccine are to be given 4 weeks later. The following live vaccines are contraindi-
cated for pregnant women, varicella, zoster, and MMR, because a risk to the fetus
cannot be excluded. HPV vaccine is not recommended during pregnancy.

Immunocompromised Patients

Individuals who have HIV infection should receive vaccine recommendations based
upon their CD4+ count. Those with a CD4+ count greater than or equal to 200
(cells/microliter) are no longer contraindicated to receiving live vaccines. All immu-
nocompromised patients are recommended to receive the pneumococcal PCV13
and PPV23 vaccines. Individuals who have received a hematopoietic stem cell
transplant (HSCT) should receive a three-dose regimen of the Hib vaccine starting
at 6-12 months after a successful transplant. The doses should be separated by at
least 4 weeks and given regardless of the patient’s vaccination history. Of immuno-
compromised individuals, only HIV-infected individuals are recommended to
receive the hepatitis B vaccine (regardless of CD4+ count). It is important to refer-
ence CDC recommendations for the most up-to-date and specific information for
immunocompromised patients. Immunocompromised individuals should not
receive the three live vaccines: varicella, zoster, and MMR [186].

Men Who Have Sex with Men (MSM)

The hepatitis A and B vaccines are recommended for men who have sex with men.
Two doses of HepA vaccine should be given 6 months apart, and three doses of
HepB or a combination HepA/HepB given at 0, 2, and 6 months are recommended.
For MSM younger than 26 years, three doses of HPV vaccine are recommended at
0, 1-2, and 6 months.
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Healthcare Personnel

In addition to the normally recommended vaccine schedule, healthcare workers
should receive the HBV series as they could potentially be exposed to infectious blood
or body fluids. Additional vaccines may be recommended depending upon what type
of healthcare work is performed. Measles, mumps, rubella, and varicella immunity
should be assessed, and if not present, appropriate immunizations should be given.

Other Medical Conditions/Indications

For persons with unique medical conditions, specific vaccines may be recom-
mended. These conditions include chronic diseases such as diabetes, heart disease,
chronic lung disease (including asthma), kidney disease, liver disease, and alcohol-
ism. All persons with the afore-listed conditions and diseases are recommended to
receive one PPSV23 vaccine prior to age 65. In addition, diabetics and those with
chronic liver or kidney disease are additionally recommended to complete the
HBYV vaccination series; those with liver disease are recommended to receive the
HAV series as well. For those with chronic kidney disease, one dose of PCV13
before age 65 is also indicated. Full recommendations from CDC may be found at:
https://www.cdc.gov/vaccines/schedules/hcp/imz/adult-conditions.html.

Contraindications to Vaccines

In addition to the contraindications for specific populations highlighted above,
severe allergic reaction (e.g., anaphylaxis) experienced after receiving a vaccine
dose or a known anaphylactic allergy to a vaccine component of any vaccine is a
contraindication to receiving doses of that vaccine. Based on 2016 CDC recommen-
dations, people with egg allergies no longer need to be observed for an allergic
reaction for 30 min after receiving a flu vaccine. There is a common misconception
that people with mild to moderate egg allergies should not receive influenza vac-
cines. Persons with a history of egg allergy who have experienced only hives after
exposure to egg should receive flu vaccine: any licensed and recommended flu vac-
cine (i.e., any form of IIV or RIV) that is otherwise appropriate for the recipient’s
age and health status may be used. Persons who report having had reactions to egg
involving symptoms other than hives such as angioedema, respiratory distress,
lightheadedness, or recurrent emesis or who required epinephrine or another emer-
gency medical intervention may similarly receive any licensed and recommended
flu vaccine (i.e., any form of IIV or RIV) that is otherwise appropriate for the recipi-
ent’s age and health status. For those with severe egg allergies, the influenza vaccine
should be administered in an inpatient or outpatient medical setting (including but
not necessarily limited to hospitals, clinics, health departments, and physician
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offices). Vaccine administration should be supervised by a healthcare provider who
is able to recognize and manage severe allergic conditions [187].

Postexposure Prophylaxis

Postexposure prophylaxis (PEP) is defined as “a preventive measure taken to protect
a person or community from harm after contact with disease-causing chemicals,
germs, or physical agents.” [188] PEP in the form of vaccines or immunoglobulin
(IG) is routinely recommended following exposure to many viral and bacterial
diseases.

Viral Hepatitides
Hepatitis A

Hepatitis A is spread to others via close personal contact (household and sex con-
tacts), illicit drugs, and food preparation. Recently exposed people who have not
been vaccinated previously should be given the HepA vaccine or IG within 2 weeks
after exposure. IG is the recommended treatment for people at increased risk of
severe HepA infection, such as the elderly and those who are immunocompromised
[189].

After exposure to HAV:

e Healthy persons aged 12 months to 40 years should receive the HepA vaccine
(preferred) or immunoglobulin (IG) to be administered within 2 weeks of
exposure.

 For those over 40 years old, give IG.

e Give IG for children less than 12 months, immunocompromised persons, or
those with chronic liver disease [190].

Hepatitis B

Hepeatitis B is spread via exposure to blood or body fluids. After exposure to HBV,
timely prophylaxis can prevent HPV infection. The mainstay of PEP is HepB vac-
cine, but in certain circumstances, HepB IG is recommended in addition to vaccina-
tion [191].

For an exposure to a known hepatitis B surface antigen (HBsAg)-positive source:

e Persons who have completed the HepB vaccine series but did not receive post-
vaccination testing should receive a single vaccine booster dose.
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e Persons in the process of being vaccinated but have not completed the series
should receive the appropriate dose of HepB IG (HBIG) and complete the vac-
cine series.

* Unvaccinated persons should receive both HBIG and HepB vaccine as soon as
possible after exposure (preferably within 24 h). The vaccine may be adminis-
tered simultaneously with HBIG in a separate injection site.

For an exposure to a source with unknown HBsAg status:

e Persons with written documentation of a complete HepB vaccine series require
no further treatment.

* Persons who are not fully vaccinated should complete the vaccine series.

» Unvaccinated persons should receive the HepB vaccine series with the first dose
administered as soon as possible after exposure, preferably within 24 h [192].

Note:

* For one previously vaccinated with adequate response, no PEP is indicated.

» For a person who is vaccinated with the HepB series once, but a non-responder,
a single dose of HBIG is recommended within hours of exposure, followed by
the vaccine series.

* For one who is vaccinated and a non-responder after two vaccination series, give
HBIG twice within 24 h of exposure [193].

Hepatitis C

Hepatitis C is spread via large or repeated percutaneous exposures to infectious
blood. This may occur though injection drug use (the most common means of trans-
mission in the USA currently), receipt of donated blood or organ (now rare in the
USA since blood screening began in 1992), through needlestick injuries in the
healthcare settings, and during childbirth in a hepatitis C-infected mother.
Unfortunately, there is no PEP that has been proven useful after a hepatitis C expo-
sure [194, 195]. An experiment with chimpanzees given IG prior to a needlestick
with hepatitis C-positive blood did not prevent the transmission of infection.
Additional research has similarly shown that no protective antibody response has
been induced to prevent infection.

HIV

After exposure to HIV, short-term antiretroviral therapy is indicated. No vaccine is
available.

Note: There exists preexposure prophylaxis, or PrEP, to prevent HIV infections
for those that are at substantial risk of getting HIV. A daily pill (taken consistently)
containing two medications, tenofovir and emtricitabine, has been shown to reduce
the risk of HIB infection in people who are at high risk by up to 92% [196, 197].
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Influenza

PEP is recommended for people that have a high risk of complications from an
influenza infection who have had contact with an ill individual from 1 day prior to
influenza symptoms onset until 1 day after defervescence [195]. Those at a high risk
might include those unable to receive the vaccine, exposure during the 2 weeks after
influenza immunization, and family members or healthcare providers who are
unimmunized and likely to have close exposure to unimmunized infants and tod-
dlers. Chemoprophylaxis can be used in addition to immunization in children who
may not respond well to the vaccine or in instances when the circulating strains of
influenza virus in the community are not well matched with the seasonal influenza
vaccine strains [198]. Widespread or routine use of antiviral medications chemopro-
phylaxis is not recommended as it could encourage the emergence of antiviral resis-
tant viruses. Oseltamivir and zanamivir are the two antiviral medications used for
PEP. Oseltamivir is approved for use in children older than 3 months of age, and
zanamivir is approved for use in children 5 years of age or older. It is recommended
that chemoprophylaxis be given for 7 days after the last known exposure. However,
if more than 48 h have elapsed since the initial exposure to the infectious person,
antiviral chemoprophylaxis is not generally recommended [199].

Measles

The most vulnerable to a measles exposure include those unvaccinated or under
vaccinated, infants under 12 months of age who would have not yet received the
vaccine, pregnant women without evidence of immunity, and immunocompromised
people.

e If exposed to measles, the MMR vaccine must be administered within 72 h of the
exposure to be effective.

o If the timeframe is missed or if a person is unable to receive the vaccine, IG can
be given intramuscular (IM) or intravenous (IV) within 6 days of exposure to
help prevent or limit measles infection.

e IG IM is the recommended prophylaxis treatment for children under 12 months
of age since they cannot receive the MMR vaccine.

e Pregnant women and severely immunocompromised people should receive IG
IV since they cannot receive the MMR vaccine [198].

Meningococcal Disease

Whether vaccinated with meningococcal vaccines or not, anyone who has had close
contact with an infected individual with meningococcal disease within the 7 days
prior to onset of illness should be treated [200]. Antibiotic prophylaxis should be
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initiated within 24 h after the infectious patient has been identified [201]. Effective
antibiotic regimens may include ceftriaxone, rifampin, or ciprofloxacin. Ceftriaxone
is the regimen of choice for pregnant women. Azithromycin is not routinely recom-
mended as a treatment choice, but could be used if needed [198].

Pertussis

The CDC recommends targeting postexposure antibiotics against pertussis to high-
risk individuals and people who have close contact with high-risk individuals. PEP
can be administered to contacts within 21 days of exposure to onset of cough in the
index case. People who are at high risk include all household contacts, infants,
women in the third trimester of pregnancy, and persons with preexisting health con-
ditions. Asthma or immunocompromised conditions such as moderate-to-severe
asthma may be exacerbated by a pertussis infection [198, 202]. Household contacts
(including immunized contacts) should be treated because secondary attack rates
are high. Extensive contact tracing and broadscale use of postexposure antibiotics
are not effective uses of public health resources, and there is no data to indicate that
widespread use of PEP among contacts will effectively control or limit the scope of
a pertussis outbreak. All unimmunized or under-immunized contacts should be vac-
cinated [202].

The preferred antibiotic treatment for PEP in persons older than 1 month includes
erythromycin, clarithromycin, and azithromycin. For those younger than 1 month,
only azithromycin is recommended. An alternative that is available for patients
2 months and older is trimethoprim/sulfamethoxazole [203].

Rabies

Each year approximately 16,000-39,000 people receive rabies PEP after coming
into contact with a potentially rabid animal [204]. Indications for rabies PEP include
being bitten or scratched by a suspected rabid animal or when a reliable history of
exposure cannot be obtained. For example, if a person awakens in a room to find a
bat in the room, PEP may be considered, as contact between the bat through the
person’s mucous membrane (lips) and the bat cannot be excluded. Treatment can be
discontinued if a suspected rabid animal is quarantined and remains healthy for
10 days or if the animal is humanely killed and tests negative for rabies [205]. It is
important to treat patients exposed to rabies with PEP because treatment of clinical
rabies is an extreme challenge and only one person has recovered from rabies with-
out receiving PEP [204].

Wound cleansing is the first step of PEP. It is especially important because wound
cleansing alone without any further PEP has shown a marked reduction in the likeli-
hood of rabies. The recommendations for rabies PEP are the following:
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* Those who have not previously received the rabies vaccine should be given both
passive antibody and vaccine. Unvaccinated individuals should receive rabies
vaccine on days 0, 3, 7, and 14 (a fifth dose on day 28 if immunocompromised).
Human rabies IG should be administered around the wound if anatomically fea-
sible, with the rest into the gluteal region.

* Those previously vaccinated with rabies vaccine series should only be readmin-
istered the vaccine: only two doses of vaccine (days O and 3) are necessary if
there is evidence of protective neutralizing antibodies [206].

Tetanus

Puncture wounds, compound fractures, burns, unsterile injections, and crush inju-
ries or wounds with potential contamination with dirt or rust are possible indica-
tions for tetanus PEP. If a person is uncertain of their vaccination history or did not
complete a three-dose primary series of tetanus-containing vaccine, they should
receive a tetanus vaccine and a single dose of tetanus IG.

* For minor and clean wounds, a person should receive a tetanus vaccine if their
most recent dose was given more than 10 years ago.

e For puncture wounds or wounds contaminated with dirt, a tetanus vaccine is
indicated if their most recent dose was more than 5 years ago [195].

Tuberculosis

Tuberculosis (TB) bacteria are put into the air when a person with TB disease of the
lungs or throat coughs, speaks, or sings [207]. Anyone nearby could breathe in these
bacteria and therefore should receive PEP. Even if a person previously received bacilli
Calmette-Guérin (BCG) immunization or has their own tuberculosis history, they
should still receive PEP. A tuberculin skin test or interferon gamma release assay
should be performed after the exposure, and then again at 8—12 weeks after exposure.
If either of these tests were to be positive, treatment with isoniazid plus vitamin By for
9 months should be completed to ensure infectious TB disease does not develop [195].

While the USA has about 10,000 TB cases per year, it is important to keep in
mind that one third of the world’s population is infected with TB, and in 2014, 9.6
million people around the world had TB disease [207].

Varicella or Herpes Zoster

Vulnerable populations to a varicella zoster exposure include people older than
12 months of age who are unimmunized or immunocompromised children without
evidence of immunity. Individuals who have contraindications for vaccination
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including pregnant women, immunocompromised people, and children less than 12
months of age are recommended to receive varicella zoster IG. Maximum benefit is
achieved when PEP is administered as soon as possible after exposure, but may be
effective if administered up to 10 days after exposure. Finally, in the absence of
availability of IG and contraindications to vaccination, some experts recommend
prophylaxis with acyclovir beginning 7—10 days after exposure (administered four
times per day for 7 days) [208].

e The varicella vaccine should be administered within 3—5 days of exposure, with
a second dose given at the appropriate age interval [198].

e For children under 13 years of age, the minimum interval between doses is
3 months, while for people greater than 13 years of age the minimum interval is
4 weeks [208].

Conclusion

Vaccines represent a large-scale, highly successful public health program that saves
lives, reduces morbidity, and saves money. Multiple vaccine types designed to target
a substantial variety of pathogens have been developed through rigorous scientific
study and research. Vaccination schedules in infancy, childhood, and adulthood are
safe and effective in protecting the most vulnerable populations from disease.
Diseases once common and devastating in the USA have had substantial decreases
in incidence, morbidity, and mortality with the initiation of routine vaccination pro-
grams. Worldwide eradication of several vaccine-targeted diseases appears possible.
Ongoing research continues to look at improved vaccine efficacy, the longevity of
vaccine protection, and special populations requiring enhanced disease protection.
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Chapter 5
Vaccine Adverse Effects: Myths and Realities

Jeffrey L. Moore

Introduction

In 1999 the Centers for Disease Control and Prevention (CDC) identified vaccines
as the most prominent of the ten most effective public health interventions of the
twentieth century [1, 2]. In the case of many of these vaccines, widespread adoption
has resulted in dramatic declines in the incidence of the corresponding diseases, and
progress continues to be made in the early part of the twenty-first century. Vaccinating
an entire population, with the ambitious schedule and array of vaccines that we now
have, is a highly complex undertaking with no shortage of challenges.

The particular challenge addressed in this chapter is the issue of public skepti-
cism, hesitation, and even opposition. These anti-vaccine headwinds have been
present since the initial public application of vaccine science, evolving over the past
two centuries with the times. Popular myths have arisen regarding vaccines through-
out their history and have been widely propagated through various means of com-
munication. In our current twenty-first century era, this remains true, and the
propagation of these myths has likely been accelerated by the advent of widespread,
nearly instant electronic communication. Cultural factors that have helped foster an
environment of skepticism in our time include a decline in public science education,
a growing suspicion of “Big Pharma,” and a widespread mistrust of government.
There is suspicion that government-funded public health agencies are in league
somehow with the pharmaceutical industry. The myths dealt with in this chapter
spring from these and other avenues of mistrust.

This chapter will examine several myths and offer responses to each, but it is
important to note that these responses in themselves may not sway people who are
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hesitant about vaccines. It is intended that discussion of these myths and realities
will provide vaccine advocates with some background knowledge and reassurance
upon which to build acceptable answers to patients.

Foundations of vaccine safety

“Vaccine safety has not been studied enough”

A mother has her 11-year-old daughter in the clinic for a routine well-adolescent
visit, and per current guidelines, you recommend the HPV vaccine. Mom responds,
“I don’t know, that vaccine is pretty new; I don’t think it has been used long enough
to consider it safe yet.”  She turns to the daughter and asks, “Do you want a shot
today?”, (One wonders who is the parent here) and eventually declines on her
daughter’s behalf [author’s experience].

The notion that vaccine safety has not been adequately studied has been a popu-
lar one in recent years and has been proclaimed by many of the most vocal recent
vaccine opponents. There are popular allegations that vaccines have been rushed
through the development and approval process, often with the knowing complicity
of regulatory agencies in partnership with pharmaceutical companies. The period of
time from public awareness of a new vaccine to the recommendation to have it given
to one’s own child seems uncomfortably brief to many parents. Given the unfamil-
iarity that most of the public has with the vaccine development process, such a
perception can certainly be understood.

A look at the foundations of vaccine safety is in order here. Vaccine safety is
critical for at least the following reasons:

e There are ethical obligations upon developers and implementers of immuniza-
tion strategies to protect the public to the highest possible degree.

e The public is understandably averse to accepting a vaccine with high serious
adverse effect rates.

e Some vaccine adverse effects are rare enough to escape detection in the early
phases of development but can become evident when the vaccine has been
administered to millions of people, requiring that rigorous post-marketing sur-
veillance be in place to detect concerns. Mechanisms for monitoring for hazards
are as important as the initial safety measures.

A well-developed structure to assure the safe vaccine development is in place in
the United States, the details of which are discussed elsewhere in this book. Agencies
playing a major role in the process include the Food and Drug Administration
(FDA), which has the authority to approve or deny the marketing and use of any
vaccine; the Advisory Committee on Immunization Practices (ACIP), a committee
of vaccine experts that advises the CDC on the best implementation of available
vaccines; and ACIP work groups which study in detail the various vaccines being
considered for public use. Further structures exist to monitor vaccine safety and
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efficacy once the product has been released for public use. These include ongoing
surveillance by the FDA; monitoring by the Vaccine Adverse Event Reporting
System (VAERS), operated under the FDA and CDC; the Vaccine Safety Datalink
(VSD), a consortium of major private and public health systems across the United
States, working in conjunction with the CDC; and the CDC’s Clinical Immunization
Safety Assessment Project (CISA), a third pillar in the nation’s system of post-
marketing vaccine surveillance, combining the efforts of the CDC’s Immunization
Safety Office and seven major medical research institutions across the United
States. CISA evaluates and sponsors research into specific vaccine safety concerns
and complements the work of VAERS and VSD.

With the above array of safety monitoring and safety assurance mechanisms, it is
rare for major safety issues to go undetected. The process works well. The science
of vaccine safety is a self-correcting endeavor. Most safety concerns become evi-
dent early in the process of development and even rare events can be detected and
further studied under these systems.

Dealing with suspicion
“Side effects get swept under the rug”

A 59-year-old man is in the clinic for a recheck on his hypertension. It is November,
within the season for administering influenza vaccine. When he is advised of this,
however, he replies, “There are more side effects from that vaccine than they let on.
I read that the government and the drug companies hide that information.”

The man’s reply carries a paranoid tone, but it is actually not rare, and it is held
by vaccine-resistant people from a variety of educational levels and backgrounds.
Others may not sound so obviously distrusting, but the concept of hidden, secret
schemes is a popular one.

There are some seemingly obvious points that should address our concerns and
hopefully our patients’ concerns as well. One immediate thought is, “How could
such a vast and disparate array of parties as the government, the world of academics,
clinicians, and the pharmaceutical companies so successfully hide adverse informa-
tion from an unsuspecting populace?” This phenomenon does illustrate, however,
that people in the early twenty-first century have a lesser faith in public and private
institutions compared to past decades. In the anti-vaccine community, there is a
popular notion that government and industry are too close to one another, cooperat-
ing in what turns out to be a campaign of deceit and population-wide control [3, 4].

Perhaps the best response to concerns about hidden vaccine adverse effects is to
know some counterexamples that illustrate that, in fact, the vaccine safety system
works well. Here are four examples:

e Paralytic poliomyelitis was one of the most dreaded diseases of the twentieth
century, with communities and families living in fear during every polio season
and having little protective recourse available. Every spring and summer saw
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families keep their children from public gatherings, pools, and parties for fear of
the paralyzing disease and its aftermath. The inactivated polio vaccine (IPV) was
developed by Dr. Jonas Salk and colleagues and released to the US market in
1955 and was met with widespread relief and hope. It was followed in 1961 by the
attenuated oral polio vaccine (OPV) developed by Dr. Albert Sabin. In the United
States, the oral vaccine was adopted as the primary polio vaccination and was a
critical element in the eradication of polio in the United States in 1979 and in the
Western Hemisphere by 1991. The oral vaccine was preferred because it led to
more prompt development of immunity compared to the inactivated vaccine,
arrested the transmission of wild poliovirus by infected individuals to others, and
was logistically easier to manage. It became evident, however, that the attenuated
oral vaccine was capable of causing paralytic polio itself in about I recipient out
of every 760,000 first-time vaccine recipients. By the late 1990s, it was clear that
the number of vaccine-associated paralytic polio cases in the United States
exceeded the number of cases attributable to wild polio virus (WPV). The deci-
sion was then made to discontinue routine oral polio vaccine administration in the
United States and transition completely to the inactivated polio vaccine in 1999.
OPV remains in use in widespread areas of the developing world because of its
advantages with respect to logistics and rapid development of immunity against
polio, which is especially critical in areas where wild polio virus still exists. Based
on ongoing worldwide monitoring of polio activity, type 2 poliovirus has been
dropped from OPV in April 2016, leaving only types 1 and 3 in the vaccine. The
World Health Organization (WHO) is making plans for a worldwide transition
from OPV to the IPV once the current pockets of WPV have been eradicated [5].

» Pertussis has been a scourge of childhood for many centuries, and it remains a
widespread risk to young children to this day. In 1914 the first pertussis vaccina-
tion was developed. Widespread use of the vaccine, however, didn’t occur until
the 1940s. Following the introduction of widespread vaccination, there was a
sharp drop in the incidence and death rate from pertussis nationwide. However,
the pertussis vaccine (generally given along with diphtheria and tetanus vac-
cines) was at that time a whole-cell vaccine; the entire Bordetella pertussis
organism, including thousands of antigens, was inactivated and included in the
vaccine. It was highly reactogenic, frequently causing fevers, sometimes sei-
zures, sometimes other serious reactions, and raising the alarm of many parents
and health-care providers alike. While later studies showed that the whole-cell
vaccine did not cause permanent brain damage or excess mortality, it was none-
theless felt appropriate to transition to an acellular vaccine. This transition
occurred in the 1990s. Today’s acellular pertussis vaccines contain several of the
pathogenic components of the pertussis organism but not the whole cell. In fact,
there are now five antigens in the acellular vaccine compared to the three thou-
sand in the whole-cell product. Local and systemic reactions to the vaccine are
now far less common than they were with the whole-cell vaccine. As of 2016
there are concerns that the acellular vaccine may not be as immunogenic as the
whole-cell vaccine, and this remains an area of active research [6]. Ongoing
surveillance by the established mechanisms now in place has continued to lead
to improvements in vaccine safety and tolerability.
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* The first commercially available hepatitis B vaccine was released to the market
in 1982. The original product was a serum-derived purified dose of hepatitis B
surface antigen. It was drawn from individuals who had chronic hepatitis B and
had circulating hepatitis B surface antigen in their serum. While numerous stud-
ies confirmed the safety of the vaccine, this development took place during the
early days of the HIV epidemic, and the concern about blood-borne pathogens
was high on the minds of vaccine developers and patients. In order to further
assure the safety of hepatitis B vaccine and allay those concerns of the public,
manufacturers developed recombinant DNA techniques for production of the
vaccine. The serum-derived hepatitis B vaccine was discontinued in 1990 and is
no longer available. In the late 1980s, the recombinant vaccine was widely avail-
able and is now the only type of hepatitis B vaccine used [7].

* The first vaccine against rotavirus was developed and released to the market
under the brand name RotaShield, in 1999. Pre-licensing studies had not shown
any increased risk of any specific disease process following immunization.
However, within months of the release to widespread use, VAERS data demon-
strated a link between receipt of the RotaShield vaccine and development of
intussusception in infants. The ACIP recommended discontinuing use of this
vaccine pending further study and eventually recommended withdrawal of the
vaccine from the routine immunization schedule for infants. The manufacturer
withdrew it from the market in 1999. Two second-generation rotavirus vaccines
are now available, Rotarix and RotaTeq. A Vaccine Safety Datalink report in
2010 showed no intussusception risk with the use of RotaTeq above the natural
background rate [8]. A 2014 report suggested there still is a risk of intussuscep-
tion occurring with the use of these vaccines, at a rate in the neighborhood of 1.5
excess cases of intussusception per 100,000 vaccine recipients [9], roughly one-
tenth of the risk identified with the earlier RotaShield.

Other examples of drawbacks or adverse effects from vaccines could be quoted,
but these four cases illustrate this: the current system works. Ongoing post-marketing
surveillance and independent studies have demonstrated the capacity to identify
problems; producers have been able to improve their product to address safety con-
cerns. Mechanisms are in place that effectively allow the identification and correc-
tion of problem issues with current vaccines. The notion that vaccine adverse effects
are deliberately suppressed is not supported by a review of history.

Myth: “We don't see those diseases anymore”

Reality: They’re just a plane ride away

History has a great way of teaching; each generation can glean and build upon the
lessons of previous generations. The mistakes of previous generations can serve as
warning signs to current generations. The inspiring examples of history’s heroes can
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serve to motivate for good. History also has a great way of being ignored or forgotten,
often at our peril.

History shows that the vast majority of human experience over the millennia has
been accompanied by common serious infectious diseases. Epidemics were not
uncommon. Diseases like smallpox, measles, tetanus, diphtheria, pertussis, polio,
and many others were well known. Our current life expectancy at birth, 79.7 years
[10] in the United States, contrasts sharply with that of all human civilization previ-
ously. For example, US life expectancy at birth in 1900 was 47.3 years [11]. A major
factor in this difference has been in the reduction of childhood mortality due to
infectious diseases that are now preventable with immunizations.

Most families today have never seen measles, polio, or Haemophilus influenzae
meningitis. Even chickenpox is becoming a novelty. Many of our patients are only
vaguely aware of this history. Their conclusion? These vaccines are not that impor-
tant; we don’t see those diseases anymore.

If only it were so. Immunizations have brought about huge reductions in the
incidence, morbidity, and mortality of almost every disease targeted so far, but only
one, smallpox, has been eradicated to date (polio is close behind). The rest, how-
ever, are still present and still capable of afflicting populations and individuals in
whom immunity is not adequate. Recent history has seen outbreaks of vaccine-
preventable diseases in the United States and many other parts of the world. A num-
ber of twenty-first-century developments have contributed to this, including reduced
population coverage with vaccines, increased population densities, increased popu-
lation mobility, war and natural disasters, and possibly climate change.

Several recent outbreaks illustrate the propensity of vaccine-preventable diseases
to reemerge when conditions allow:

e From late 2014 into 2015, a multistate outbreak of measles occurred, evidently
starting from an imported measles case at Disneyland, in California. By the end
of that outbreak, 147 people had developed measles. In all of 2015, 189 people
in the United States developed measles and 22 of them were hospitalized. Of the
159 people infected with measles in January through April 2015 (mostly the
Disneyland-connected outbreak), 45% were known to be unvaccinated, 38% had
unknown vaccination status, and a small percentage were known to be vacci-
nated [12].

e In 2014 approximately 383 cases of measles erupted in an Amish community in
Ohio. This outbreak was also associated with an imported measles case [13] and
was able to spread widely due to the low vaccination status of this particular
community. That same year, 22 other outbreaks of measles occurred in the
United States, all associated with imported cases. The outbreaks together brought
the total number of measles cases in the United States in 2014 to 667.

e After the Andrew Wakefield publication in 1998, MMR vaccination coverage in
the United Kingdom dropped significantly, from approximately 92 percent
before his paper to a low of around 80 percent on the average afterward. Measles
began to reoccur in significant numbers beginning within a few years of the
Wakefield paper and has only come down to near pre-1988 levels as of 2014
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Fig. 5.1 Measles cases in the United Kingdom (Source: https://www.gov.uk/government/uploads/
system/uploads/attachment_data/file/S03791/hpr0816_mmr.pdf)

[Fig. 5.1]. Throughout this past decade, the number of measles cases in the
United Kingdom has far outstripped the number in the United States [14].

e A 2016 literature review [15] concluded that a substantial proportion of the US
measles cases in the era after elimination were intentionally unvaccinated.
(“Elimination” in this case refers to the January 2000 declaration that endemic
measles has been eliminated from the United States.) The article further con-
cludes that the phenomenon of vaccine refusal was associated with an increased
risk of measles both for people who had refused vaccination and for fully vac-
cinated individuals.

e Pertussis has seen a resurgence in the past decade [Fig. 5.2] due to a number of
factors. It has become well understood that immunity induced by pertussis vac-
cine fades over a shorter period of time than does immunity with most other
vaccines [16]. There is growing recognition that the current acellular vaccine is
less immunogenic than the original whole-cell pertussis vaccine. The same study
that showed that intentional avoidance of MMR vaccine contributed to the rise in
measles incidence in the United States also found that vaccine avoidance was a
contributing factor to the rise in pertussis incidence during the same period of
time [15] [Fig. 5.2].

e Diphtheria has a history of occurring in cycles of high and low incidence and
epidemics. With the advent of effective diphtheria vaccines, however, these epi-
demics have largely disappeared from North America and most of Europe due to
the high acceptance rate of diphtheria vaccines. However, enormous epidemics of
diphtheria are still capable of happening; the best illustration is the experience of
the former Soviet Union in the 1990s, when over 140,000 cases and 4000 deaths
occurred in Russia alone. Multiple factors probably contributed to the incidence
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Fig. 5.2 Pertussis resurgence (Source: National notifiable diseases surveillance system, CDC)

of diphtheria in that era, and shortage of vaccines in many of the former Soviet
States contributed significantly [17]. In 1921, the United States reported 206,000
cases of diphtheria, with 15,520 deaths. In the 1920s, diphtheria incidence
dropped precipitously with the introduction of widespread vaccination. Thus,
between 2004 and 2015, there were only two cases reported in the United States.
In contrast, in 2014, there were 7321 cases of diphtheria reported to the World
Health Organization, and it is generally assumed that there were many unreported
cases that same year. Given the reservoir of diphtheria cases in scattered areas
around the world, high coverage of the US population with diphtheria vaccine is
key in preventing a reappearance of the disease in the United States [18].
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Other vaccine-preventable diseases have shown the capacity to reoccur in popu-
lations with insufficient immunity. Mumps continues to show up in the United
States with annual incidences between 200 and 2600 in the past decade. Many of
these cases occur in under-immunized individuals, although some can occur in
exposed and fully immunized individuals. Polio, on the brink of eradication, still
has the capacity to reinfect populations declared free of endemic polio. Examples of
this occur in South Asia and in the Middle East. The principle here is that immuni-
zations have eradicated or nearly eradicated many diseases that were once common;
however, in all cases except smallpox, the diseases still exist in some parts of the
world and can be reintroduced into a population if immunization levels are insufficient.
The concept that “We don’t see those diseases anymore” is simply not true.
Every population needs a sense of vigilance to prevent the resurgence of once van-
quished diseases.

Myth: “Natural immunity is better than vaccine induced
immunity”’

Reality: Encountering the Real Thing can be Devastating

A 61-year-old gentleman at his doctor’s office is advised to have a dose of the zoster
vaccine. He is of the right age, in otherwise good health, and is an ideal candidate
for the vaccine. However, he responds “I don’t like putting that artificial stuff in my
system.” When advised that the vaccine can greatly reduce his risk of acquiring
shingles, he replies, “I’d rather take my chances.”

The word “natural” carries great weight in the public mind and in marketing in
the United States. Labels that reassure the customer that there are no artificial pre-
servatives contained within the package are comforting to the buying public. Tens
of millions of people regularly buy and consume multivitamins, herbal products,
and other supplements. Among these products, the term “natural” is often the major
selling point. As illustrated by the clinical scenario above, the preference for natural
products extends into the vaccine world as well. Natural products are assumed by
many to be inherently safer than products synthesized in the laboratory or manufac-
turing facility. For some, the concept of a live virus vaccine, modified in the labora-
tory to be less virulent, conjures up the same concerns as genetically modified
organisms (GMOs) which themselves provoke popular concern. Most communities
across the United States have a significant representation of naturopaths, chiroprac-
tors, and other alternative health practitioners, among whom vaccination is com-
monly an objectionable concept.

In a way, the concept of natural immunity being better than vaccine-induced
immunity is true. Measles, for example, rarely reoccurs in people who have previ-
ously had measles. Second occurrences of chickenpox are uncommon, and when
they occur they tend to be very mild. A case of polio leaves the patient immune to
that particular strain of the polio virus. People infected with a strain of influenza
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virus can be found to have some degree of immunity to that strain for decades after-
ward. Prior to its declared eradication in 1980, smallpox left people with lifelong
immunity to the disease — assuming they survived.

By contrast, optimal vaccination against many vaccine-preventable diseases
requires multiple doses of the vaccines in question. Measles, mumps, and rubella
vaccine is ideally given twice to all children by age 6. Diphtheria, tetanus, and per-
tussis immunization requires five doses by age 6. Polio vaccine is administered five
times by the age of 6, while hepatitis B three times, hepatitis A twice, and rotavirus
two or three times. Routine meningococcal vaccination is given to adolescents twice
and the human papillomavirus virus vaccine is given in three doses. In the case of
each of these vaccines, experience and monitoring have shown that multiple doses
are required to achieve adequate immunity. In fact, one could argue that there is
nothing quite as effective at inducing immunity as catching the disease itself.

However, not all that is natural is benign. In fact, measles, smallpox, rabies, teta-
nus, and all the other vaccine-preventable diseases are natural. To deliberately allow
infection with the wild type of any vaccine-preventable disease microorganism is to
toy with the risk of the complications of such illness. Those risks are present with
every one of the currently vaccine-preventable diseases and exceptionally high
among some of them. The risk of complications with measles is in the neighborhood
of 30 percent [19]. In the United States, the risk of measles mortality during the latter
part of the twentieth century was 0.2 percent [19]. The risk of mortality is signifi-
cantly higher in less developed countries. Prior to varicella immunization, chicken-
pox carried a mortality of up to 150 children per year in the United States, and 10,000
to 13,000 children were hospitalized for complications of chickenpox annually [20].
Haemophilus influenzae was the most common cause of childhood meningitis and
epiglottitis, [21] both of which were commonly fatal among young children.

The advent of immunizations against common diseases has resulted in stunning
reductions in the incidence of those diseases. [Table 5.1] A further convincing point
is that in every case of the vaccine-preventable diseases mentioned in this section,
the complication rate of the disease in question is vastly higher than the rate of com-
plications from the corresponding vaccine. While vaccine complications do occur
and while no vaccine is perfect, the numbers are heavily in favor of continuing
routine vaccination according to the current schedule. Nature can be nasty; some-
times it’s best to outsmart it.

Myth: “Vaccines cause autism”

Reality: Multiple Pursuits in Science Answer and Refute
the Charge

“Autism has become an epidemic. Twenty-five years ago, 35 years ago, you look at
the statistics, not even close. It has gotten totally out of control. ... I am totally in
favor of vaccines. But I want smaller doses over a longer period of time. Same exact
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amount, but you take this little beautiful baby, and you pump—I mean, it looks just
like it's meant for a horse, not for a child, and we've had so many instances, people
that work for me....” Donald Trump in a Republican presidential candidates’ debate,
September 16, 2015 [23]

The popular concern that vaccines cause autism fueled one of the most intense
debates in the recent history of public immunization. The controversy erupted in the
1990s and early 2000s before gradually receding to a degree from the public eye.
Fears of autism are not proclaimed as vociferously as in the past but remain a con-
cern among some parents and are still proclaimed by some advocacy groups. The
hypothesis arose due to a pair of coincidences:

e The symptoms of autism tend to show up especially prominently among children
in the second year of life, around the time that they are receiving a number of
vaccines, especially MMR, the vaccine that seems to have drawn the most atten-
tion from vaccine opponents.

* The reported incidence of autism has increased in the United States, at least dou-
bling, from the 1980s through the following two decades. This correlates roughly
with the increased number of immunizations administered to young children.
Certain groups, especially parents of autistic children and autism advocacy
groups have assumed, therefore, that the immunizations given to these children
are either the sole cause or at least a contributing cause to the development of
their autism.

The concept of vaccines causing autism reached a new peak when Andrew
Wakefield, a British former surgeon, published his paper, “Ileal-Lymphoid-Nodular
Hyperplasia, Nonspecific Colitis, and Pervasive Developmental Disorder in
Children” in the Lancet [24] in 1998. Wakefield proposed a mechanism whereby the
MMR vaccine could conceivably cause a constellation of neurological symptoms
that we generally know as autism. The paper drew tremendous attention and in short
order led to a marked decline in the public’s willingness to subject their children to
the MMR vaccine. (This was followed by a resurgence of measles cases in the
United States [25]. The rise in measles cases was even greater in Britain [26].)
Autism advocacy groups rallied behind Wakefield and his findings, and celebrities
such as Jenny McCarthy and Jim Carrey as well as attorneys such as Robert
Kennedy, Jr., vigorously promoted the same claims. Ideas of a link between vac-
cines and autism have reached nearly the highest echelons of American political
life, having provided for example the opening quote above.

The vaccine-autism link has morphed frequently during the debate. Vaccine pro-
ponents would say that the skeptics have been moving the goal posts. Hypothetical
links have ranged from Dr. Wakefield’s original gastrointestinal association with
autism, to the thimerosal included in some vaccines, to adjuvants, to the multiplicity
of immunizations given at the same time.

The vaccine-autism connection has not held up under scrutiny, however. There
are now several lines of evidence, four of which are considered here, to refute the
claimed link between vaccines and autism.
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Table 5.1. Comparison of twentieth-century annual morbidity and current morbidity: vaccine-
preventable diseases

Twentieth-century 2008 reported | Percent decrease

Disease annual morbidity cases (%)
Smallpox 29,005 0 100
Diphtheria 21,053 0 100
Measles 530,217 132 >99
Mumps 162,344 386 >99
Pertussis 200,752 10,007 95

Paralytic polio 16,316 0 100
Rubella 47,745 17 >99
Congenital rubella syndrome 152 0 100
Tetanus 580 15 97

H. influenzae 20,000 219 99

Adapted from American Academy of Family Physicians. Adolescent immunizations and overcom-
ing barriers. CME Bulletin 16(1) Feb 2016
Originally published in [22]

The first line is from Dr. Wakefield’s methods. Wakefield’s published paper was
subjected almost immediately to careful scrutiny, given that no experts in the field
had ever previously found evidence to suggest such a connection. The claim was
contrary to all previously known science on the issue. Researchers were unable to
reproduce Wakefield’s published findings. Subsequent investigations found that the
laboratory Dr. Wakefield used to substantiate his claims regarding measles vaccine
virus and the GI tract was substandard and was biased toward Wakefield’s claims.
Dr. Wakefield was financially supported by attorneys who were pressing civil claims
against vaccine manufacturers, his study subjects were not properly randomized,
and it turns out that he had applied for a patent on an alternative measles vaccine
prior to publishing his paper. In the end, the Lancet retracted [27] Wakefield’s 1998
paper as being fraudulent and the British General Medical Council revoked his priv-
ileges to practice medicine in the United Kingdom.

The second major line of evidence is epidemiology, which further undermined
the claim of a link between MMR and autism. Very large epidemiologic studies in a
number of countries failed to identify any link. A review of autism reports compared
with MMR vaccination records over 14 years in California showed no association
between MMR vaccine and risk of autism [25]. A very large epidemiologic study in
the United Kingdom [28] showed no step-up in autism cases after introduction of
MMR vaccine, no difference between vaccinated and unvaccinated children, and no
temporal association between MMR administration and a diagnosis of autism.
Investigators in Denmark, with its nationwide health database, were similarly
unable to find any link whatsoever between the MMR vaccine and autism in a study
of over 500,000 children [29]. A 2015 American study of over 95,000 children with
older siblings showed that there was no identifiable link between MMR vaccine and
autism, even among children with an autism-affected sibling, who would be
expected to be at high risk [30].
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A third body of evidence comes from the science of toxicology. Mercury, a
component of thimerosal, a preservative used in some vaccines, has been cited as a
possible cause of neurodevelopmental abnormalities in vaccinated children.
Toxicologists, however, point out that in known cases of mercury poisoning there is
neurological injury but that the typical pattern is distinctively different from the
findings in autistic children. There is also the important distinction between methyl
mercury and ethyl mercury, the former being found in contaminated fish, for exam-
ple, and the latter being the form of mercury found in thimerosal. Ethyl mercury is
excreted from the body at a far faster rate than methyl mercury and is considered
significantly less toxic. Despite the removal of thimerosal, with its mercury compo-
nent, from almost all pediatric vaccines, there has been no measurable reduction in
the incidence of autism following that change. In fact, a review of all childhood
autism cases in Denmark from 1971 through 2000 showed not only that there was
no demonstrable association between thimerosal and autism but that the incidence
of autism continued to rise after the removal of thimerosal from pediatric vaccine
[31]. One of these studies [32] included over 460,000 children.

The final line of evidence supporting the safety of vaccines with respect to neu-
rodevelopmental abnormalities comes from the growing understanding of autism.
Autism is a subject of active research and it is now well understood that the roots of
autism are prenatal. Manifestations of autism can be identified in children long
before their receipt of the MMR vaccine.

Since the controversy of the late 1990s and early 2000s, continued research has
given further evidence that there is no identifiable link between vaccines and autism.
As the Institute of Medicine states the case in its dry way, “The committee assesses
the mechanistic evidence regarding an association between MMR vaccine and
autism as lacking,” and “The evidence favors rejection of a causal relationship
between MMR vaccine and autism” [33]. The question has been settled in Federal
Court, specifically in the Office of Special Masters [34], on a number of occasions,
and later in federal appeals court. MMR vaccination coverage has been on the
increase since its decline in the wake of Dr. Wakefield’s paper. Most autism advo-
cacy organizations no longer campaign against immunization [35-37]. Most impor-
tantly, immunization providers can confidently continue to provide assurance to
those under their care: Vaccines DO NOT cause autism.

Myth: “All these Shots Overwhelm the Immune System”

Reality: A Drop in the Inmunological Bucket

The number of immunizations a child now receives according to the current ACIP
recommended schedule (2016) is in the neighborhood of 25 shots. This number may
vary depending on the combination of vaccines being used but illustrates an impor-
tant point. Today’s children receive immunizations against many more diseases than
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children of previous generations. One popular assumption as a result of this
increased number of vaccinations is that more shots entail a greater number of anti-
gens administered to children. Many people have raised concern that this increased
number of vaccines, with the antigen exposure involved, is somehow harmful to the
infant immune system; this concern is expressed most vocally by organizations con-
sidered in the anti-vaccine camp but is heard often even among those who are more
neutral on vaccination in general. Responding to this perception, many people have
elected to modify the vaccine schedule in order to “space these shots out” and not
allow their children to have the usual number of vaccines per session, thereby reduc-
ing their antigen exposure at any given sitting. For example, Dr. Robert W. Sears, a
Californian pediatrician, advocates an alternative schedule different from that rec-
ommended by the ACIP and the American Academy of Pediatrics, in order to “space
out” these vaccines [38].

The reality is considerably different, based on the science of pediatric vaccines.
The following paragraphs offer several points of assurance:

* The number of antigens to which a child is now exposed in the routine vaccina-
tion schedule has shrunk dramatically in the last 30 years. There were over 3000
different antigens present in the routine vaccine schedule in 1980 and that is now
down to around 150. The primary reason for this is the dramatic drop in antigen
load that came with the switch from the whole-cell pertussis vaccine to the acel-
lular version. Other vaccines, however, have been further refined to include only
those antigens critical for immunogenicity. Compare these numbers to the thou-
sands of antigens to which the infant is exposed immediately at birth and to the
millions within a short time thereafter.

e That tiny infant who looks so vulnerable at birth is actually equipped with an
incredibly capable immune system. While it is true that there are several patho-
gens that are particularly virulent in newborns, the vast majority of microorgan-
isms the infant encounters are well within the capability of the innate immune
system to manage. In addition a child is born with maternal antibodies which
provide a degree of protection for a number of months after birth. It is estimated
that any given vaccine administered to an infant “occupies” the attention of less
than 0.01 percent of the infant’s immune system capacity [39].

* Decades of surveillance have shown that there is no increase in the incidence of
immune system failure or autoimmunity in children on today’s vaccine schedule
compared to the past [40]. In fact, immune suppression is more likely to occur
with natural infection with vaccine-preventable diseases than with the vaccine
itself. Studies have also shown that vaccinated and unvaccinated children do not
differ in their susceptibility to diseases for which there is no vaccine, such as
Candida, methicillin-resistant Staphylococcus aureus (MRSA), or streptococci
[41, 42]; i.e., routine immunizations do not suppress general immunity.

* The currently recommended vaccine schedule for the US public is more thor-
oughly studied and monitored than any other alternative schedule proposed.
Alternative schedules created for the sake of limiting simultaneous vaccine anti-
gen exposure have not brought about any reduction in serious adverse effects,
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and, in fact, they delay the full immunization of children, increasing the period
during which they are vulnerable to vaccine-preventable diseases. Thanks to
multi-component vaccines, some of which immunize against five separate ill-
nesses simultaneously, children can be protected from more diseases with fewer
injections than just a few years ago. Every one of these multicomponent vaccines
has been subjected to rigorous study to prove that the safety equals that of the
same vaccines presented separately.

In summary, given the elegant capabilities of the infant and child immune system
and the thoroughly vetted safety and efficacy of today’s vaccines, parents, physi-
cians, and other providers can be assured that the vaccine schedule presented today
is no threat to the immune system of our young patients.

Myth: “Vaccines are Full of Toxins”

Reality: Purpose and Safety of Vaccine Components Are Well
Established

A mother is in the clinic with her young child, who is due for a number of vaccines
by virtue of her age. Mom is very hesitant, however, because “I am concerned about
all that mercury in the vaccines.” With further inquiry, it becomes evident that mer-
cury is not the only one of her concerns about toxins.

Among concerned parents as well as committed anti-vaccine activists, “toxins”
are a major point of focus. It is alleged that there are numerous toxic compounds
and elements within our currently used vaccines and that these toxins are responsi-
ble for a wide variety of adverse impacts on health. This probably reflects a popular
public notion about toxins in general. Alternative health-care literature and web
sites refer frequently to toxins in the system and people’s needs to detoxify them-
selves, their livers, their kidneys, their cardiovascular systems, and other organs.
The same sentiment has spilled over to affect the vaccine dialogue as well. In addi-
tion, there are indeed present within vaccines a number of compounds or elements
that in other settings would be considered toxic. There is in the community of vaccine-
skeptical people the notion that certain substances are toxic in any quantity, in
contrast to the concept of “The dose makes the toxin.”

In the CDC’s Pink Book, a detailed but publicly understandable compendium of
current vaccine knowledge and recommendations, we can find a lengthy list of sub-
stances found within vaccine products in the United States [43]. This list includes
some substances that are used in the vaccine manufacturing process but largely
removed during the final purifying and packaging steps. Other substances are
included by design within the final product, primarily to protect the product itself
from bacterial contamination, to provide the optimal acid-base balance, to enhance
the vaccine’s immunogenicity, and to prevent premature chemical breakdown. The
following pages list a number of the more common substances contained within our
current vaccines, of concern to parents and others.
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Mercury

Mercury, specifically contained within a preservative called thimerosal, is present in
a number of vaccines, although little or no thimerosal is now included in the routine
childhood vaccine schedule. Only the multidose influenza vaccine vial contains
thimerosal. All other routine childhood vaccines have had thimerosal removed as a
precautionary compromise in 2000. In a sense then, the question should be of con-
siderably less urgency now that there is such limited exposure to thimerosal.
However, even beyond that, the reality is that thimerosal has never been shown to
cause adverse health events in vaccine recipients. Here are some lines of evidence
to allay concerns:

e Thimerosal is a form of ethyl mercury. Ethyl mercury is much more rapidly
excreted than the environmentally present methyl mercury, which is present in a
variety of foods. Methyl mercury has considerably greater toxicity because it is
more likely to penetrate into tissues and is much slower to be excreted.

e Methyl mercury has a known spectrum of toxicities but does not cause autism in
well-characterized mercury toxicity cases. Likewise, ethyl mercury has never
been shown to cause any toxicity resembling autism.

e Mercury is a common element in the Earth’s crust and can be found in infant
formula, breast milk, a variety of foods, and even in our atmosphere. All humans
are exposed to mercury, although the quantities vary according to local environ-
mental factors and diet. Given that today’s pediatric vaccines no longer contain
any mercury compounds, vaccines do not play a significant part of children’s
total mercury exposure.

e Major epidemiologic studies [44], involving hundreds of thousands of children
in multiple countries, have shown no association between thimerosal, in any
quantity, and autism or even any other consistently demonstrable health prob-
lems. The conclusion of the World Health Organization [45] as well as the CDC,
the American Academy of Pediatrics [46], and other major bodies is that mercury
does not constitute a risk as currently present in our nation’s vaccines.

Aluminum

Aluminum is included by design in some of our commonly used vaccines as an
adjuvant, a substance added to a vaccine to enhance the immune response. Aluminum
hydroxide, for example, is one of those commonly used adjuvants. Adjuvants have
been in use in vaccines for over 60 years. As a result of adjuvant use, vaccines can
now be used with lower doses of antigen and a smaller number of doses to achieve
the same immunogenic response. Aluminum is not without toxicity in some circum-
stances. The primary example is individuals with severe renal failure, especially
those on dialysis, who are at risk of excessive accumulation of aluminum within the
body from such sources as foods and especially antacids. In those individuals
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aluminum can cause neurotoxicity. Various concerned individuals and organizations
have raised the question as to whether aluminum in vaccines, particularly when
given to infants, can also cause neurotoxicity.

Aluminum is the third most common element in the Earth’s crust (behind oxygen
and silicon). It is found in measurable quantities in a variety of foods, baking powder
(which contains sodium aluminum phosphate), dairy products, infant formula, and
even breast milk. Studies of healthy infants show that all infants have detectable
levels of aluminum in their blood, whether vaccinated or not. A fully immunized
infant by age 6 months receives between 4 and 5 milligrams of aluminum via vac-
cines. This is in contrast to the approximately 7 milligrams of aluminum ingested
by a strictly breastfed infant and over 100 milligrams of aluminum by a formula-fed
infant in the first 6 months. An average adult American diet contains 7-9 milligrams
of aluminum per day. Measurements of serum aluminum levels in infants before
and after vaccination have not shown measurable rises in their aluminum levels
[47]. Aluminum compounds are generally excreted by the kidneys, including
among infants.

In summary, aluminum salts are a valuable additive to some vaccines to enhance
the effectiveness of the vaccine and to optimize the amount of antigen and doses
necessary to accomplish the goal of immunization. Normal human physiology as
well as calculations and measurements of aluminum dynamics in the body provides
ample evidence that the aluminum present in today’s vaccines is of negligible health
risk to vaccine recipients [48]. Physicians and other health-care providers can be
confident in explaining to their patients that aluminum does not pose a risk in the
provision of these valuable vaccines.

Formaldehyde

Almost all vaccines require the production and modification of microorganisms, all
of which can be harmful to exposed individuals if not somehow modified before
formulating the vaccine. A critical step in the manufacturer of many vaccines is to
inactivate the live organism that has been cultured for the purpose of developing the
vaccine. In many cases an agent used to inactivate these microorganisms is formal-
dehyde. Formaldehyde is also used in the modification of natural bacteriological
toxins to render them biologically harmless while maintaining their antigenic prop-
erties; the deadly tetanus toxin, for example, is changed to the harmless but immu-
nogenic tetanus toxoid by treatment with formaldehyde. The final purification
processes in manufacturing the vaccine remove all but a trace of formaldehyde, but
tiny quantities of formaldehyde can be found in various vaccines. The presence of
formaldehyde in a vaccine understandably raises concerns in the public mind, given
that formaldehyde is well known as an embalming compound, as well as its known
toxicity in certain kinds of exposure. As a result, vaccines have come under question
for the inclusion of formaldehyde and the potential vaccine-induced toxicity that
may result. Formaldehyde in high concentrations (e.g., in industrial exposures) is
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known to pose health hazards, and in the same settings, it is considered potentially
carcinogenic.

However, the following points can be raised by way of reassurance in the context
of vaccine applications:

e Formaldehyde is a naturally existing compound that is actually produced in the
human body and used naturally for a number of critically important functions,
such as the production of DNA and amino acids. As a result, individuals without
any vaccine history or exposure to industrial or environmental formaldehyde still
have measurable serum levels of formaldehyde.

e The total amount of formaldehyde to which a child is exposed through vaccina-
tion during their entire childhood is dwarfed by the naturally produced formalde-
hyde in their own body as well as exogenous sources such as food, housing
materials, smoke, and others.

* Injected formaldehyde is quickly dispersed from the injection site and metabo-
lized to formic acid, which is promptly excreted in the urine.

There is no evidence that formaldehyde poses a risk to vaccine recipients [49].

Human Tissue

A perusal of all of the ingredients present in certain vaccines (particularly hepatitis
A, rabies, and varicella/zoster) shows that these vaccines contain trace amounts of
proteins from cell vulture lines MRC-5 and WI-38. MRC-5 and WI-38 are both
laboratory-grown tissue cultures that have their ultimate origin from two fetuses
that were aborted in the 1960s. Neither one of these fetuses was aborted with
research or vaccine production in mind. These tissue cultures are used in the pro-
duction of the viruses contained in the abovementioned vaccines, as no ideal alter-
native has been identified as a substitute. The cells used today for vaccine virus
production are actually descendants of the original fetal cells, now separated by
many generations of cell division and proliferation.

This issue has posed two problems: One is that some vaccines may contain resid-
ual quantities of human proteins and DNA or other compounds. The second is that
some vaccines have a remote past connection to a pair of abortions.

To answer the second objection first, the National Catholic Bioethics Center has
publicly [50] issued the statement that receipt of a vaccine with a historical connec-
tion to abortion is permissible. The stated grounds for this position is that the cell
lines now used in vaccine production are many generations derived from the origi-
nal aborted tissue and there is no tissue that was originally part of the involved fetus
present in the laboratory tissue used for vaccine production. The second point raised
by the Center is that the good of benefiting and protecting human life by these vac-
cines is felt to outweigh the significance of the original cell line development, espe-
cially since the abortions were not carried out with the specific intent of benefiting
research.
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To address the concern about possible reactions to human-derived substances in
the vaccine, the following points can be made:

* The process of vaccine purification prior to packaging removes the great major-
ity of tissue-derived substances.

* No significant reactions have been identified among people receiving a vaccine
derived from MRC-5 or WI-38 sources. Incidents of anaphylaxis (a rare but
known complication of vaccination [51, 52]) have not conclusively been tracked
back to MRC-5 or WI-38 derivatives. Although over 70 million doses of MMR
vaccine were distributed in the United States from 1990 (when VAERS was
implemented) through 1996, only 33 cases of anaphylactic reactions after MMR
vaccination were reported [53].

Other Toxicity Questions

Numerous other components can be found in various vaccines in current common
use. Probably all of these substances have been subjected to scrutiny and concern
about their potential for causing adverse health effects among vaccine recipients; at
the same time, all of these components have also been found through multiple chan-
nels to be sufficiently safe for inclusion in our currently available vaccines. Another
principle is “the dose makes the toxin,” the observation that substances typically
considered toxic have no measurable adverse effect on humans when given in the
tiny quantities present in today’s vaccines. (Conversely, substances that are widely
regarded as safe and essential for human life can also be toxic when taken in exces-
sive quantities.) In the case of vaccine components, all of these components are
present in quantities of micrograms or at most milligrams. The likelihood of toxicity
in quantities such as these is very remote, as the discussions above illustrate. Despite
some vocal public concerns, the supposed toxicities of today’s vaccines cannot be
substantiated; Vaccines are safe, and have been of tremendous public benefit for
generations.

Influenza Vaccine Myths

Influenza is the most common of the illnesses for which we use routine immuniza-
tions, and it is far and away the most commonly recommended immunization, in
that it is recommended for all individuals over the age of 6 months, annually. In this
section we will use the word influenza for the technically defined illness caused by
one or another strain of the influenza virus. We will use the word “flu” for the much
more variably defined and colloquial term for a wide variety of illnesses. Influenza
is an illness which occurs in annual epidemics, typically with a high incidence, in
the fall or winter season, with a surprisingly high rate of complications requiring
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medical intervention in the inpatient or outpatient setting, and some risk of mortality,
especially in certain risk groups [54, 55]. Those higher-risk groups include infants
and young children; people with immune-compromising conditions; pregnant
women; people with diabetes, lung disease, heart disease, and chronic kidney
disease; and people over 65 years of age.

“I don’t need that vaccine, I never get the flu”

This, along with other influenza vaccine myths, is heard very frequently in clinical
practice and other venues where immunizations are administered. It is probably
common to encounter people who truly have had relatively little personal experi-
ence with influenza virus, but it is the exception rather than the norm for our popu-
lation. A 2007 paper [56] estimated that in 2003 there were 31 million outpatient
visits because of influenza, 3.1 million hospital days, and over 610,000 life years
lost to influenza. The CDC’s Pink Book [19] reports annual US influenza-related
deaths vary between 3000 and over 40,000, depending on the population’s prior
experience with the subtype and the virulence of the strain. The average annual US
death rate attributable to influenza, albeit with a very wide year-to-year variation,
is over 20,000. An estimated 15 to 42 percent of American children contract influ-
enza in any given epidemic (which is an annual event). In pandemic years, the
incidence and rate of complications both tend to be higher. In view of these statis-
tics, it is likely that those who report having never had influenza are perhaps think-
ing of other illnesses (viral gastroenteritis, colds, and ill-defined viral syndromes
are often mistaken for influenza), may not have been diagnosed with influenza, or
may have had a relatively mild case. Influenza is, in fact, a very common illness
and has an annual incidence rate far above any other currently vaccine-preventable
illness.

“The flu isn’t really that serious”

Influenza, being as common as it is, breeds a sense of familiarity and complacency.
It is difficult for people to grasp that influenza could possibly be a serious illness.
Invasive meningococcal infections are very rare in the United States, with annual
incidence rates in the neighborhood of 1 per 100,000 population. Influenza, on the
other hand, takes thousands of American lives per year. In spite of this, it is often
easier to convince people of the wisdom of the meningococcal vaccine than of the
influenza vaccine. Furthermore, the vaccine skeptics have this on their side: influ-
enza, for most people in most cases, turns out not to be very serious. Vaccine skep-
tics, however, underestimate the impact of influenza with respect to its capacity to
put people in hospitals, to cause lethal complications, and to cause pediatric deaths
due to influenza including among previously normal, healthy children. In addition,
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the economic impact of annual influenza epidemics is measured in the billions of
dollars both in lost work time and in direct medical expenses [56].

“When I get the flu vaccine, I get really sick”

This is perhaps the most common myth expressed in clinical practice [author’s
experience]. People’s perception is that the vaccine can cause influenza or illnesses
like it. At least some of these claims have a bit of truth to them, in that the influenza
vaccine is capable of causing adverse effects, even though the incidence of serious
adverse effects is extremely low. In fact, in randomized placebo-controlled studies,
only injection site redness and soreness occur more frequently than with placebo
(saline only) [57]. A more plausible explanation is that the influenza vaccine is not
perfect at preventing influenza. Some people every year who receive the influenza
vaccine will nonetheless contract influenza sometime during the same season, occa-
sionally even within the 2 weeks lag time between the injection and development of
immunity. People in that situation can mistakenly equate association with causation.
The influenza vaccine does not, in fact, cause influenza, though it is perceived by
some as doing so.

Other likely explanations for this perception include the fact that influenza vac-
cine is given during the fall and winter seasons, when a variety of other respiratory
viruses are circulating and people again attribute those illnesses to having received
the vaccine. If we assume that the average adult experiences two to four colds per
year [58] (more in children), each lasting an average of 10 days and most occurring
during the fall and winter months, then there is a high likelihood that some of those
illnesses will happen by coincidence within a few days of a dose of influenza vac-
cine. Again, people are inclined to believe that correlation equals causation. These
and other even less plausible reports of adverse events are extremely common in
practice.

Another observation is that while claims that “the vaccine makes me sick” are
extremely common, it is actually very uncommon for vaccine recipients to return to
the clinic in the short term with adverse vaccine effects. People’s perception of
vaccine-induced harm can be magnified with the passage of time.

The great majority of influenza vaccine doses are the inactivated (killed) version,
so there is no plausible means by which the vaccine can cause actual influenza. Finally,
the live attenuated influenza vaccine has been shown not to cause influenza [59].

“Nah, that vaccine doesn’t work”

Vaccine skeptics have a point here in that the influenza vaccine is admittedly not
perfect. According to the US Flu Vaccine Effectiveness (VE) Network, influenza
vaccine efficacy from 2004 through 2015 has varied between 10 percent and 60



190 J.L. Moore

percent. The majority of those years have had vaccine efficacies between 40 and 60
percent [60], indicating that influenza vaccine can reduce the incidence of “medi-
cally attended influenza” by roughly half. This leaves a substantial percentage of the
vaccinated public still vulnerable to influenza, at least partially. During years in
which the vaccine/wild virus match is poor, much of the population is aware of it,
as it is usually widely publicized. Many people assume that the same flaw is com-
mon each year. In fact, the influenza vaccine is effective. It does protect from influ-
enza. We would all like it to be 100 percent effective in doing so, but that is not a
current reality. Influenza vaccine has been demonstrated to reduce pediatric ICU
admissions in the neighborhood of 75 percent during influenza epidemics [61]. The
vaccine, when studied in a school-based trial, was shown to provide efficacy at pro-
tecting vaccinated children but also offered herd protection even for unvaccinated
children [62].

In summary, the influenza vaccine, contrary to widespread public misperception,
is a safe and effective means of protection from influenza, which itself is a poten-
tially high-risk illness with major medical and socioeconomic consequences for our
society.

HPYV Vaccine Myths

Human papillomavirus (HPV) vaccine, first licensed in 2006, was initially available
in a quadrivalent formulation. It has proven to be highly effective, with efficacies
over 99% against the four strains represented in the vaccine. Given its efficacy in
preventing infection with the most oncogenic strains of HPV, the HPV4 vaccine is
anticipated to reduce cervical cancer risk by approximately 70 percent and the
HPVO vaccine, approved in December 2014 [63], by up to 90 percent. Given the
role that oncogenic strains of HPV play in the genesis of several other cancers, both
in males and females, it is expected that HPV vaccination will similarly reduce the
incidence of a number of other HPV-related cancers.

A number of myths and misunderstandings have grown up around the phenom-
enon of HPV vaccination and are dealt with below.

“The vaccine is too new”

The concept that a vaccine is “too new” implies that it has not had adequate preclini-
cal and clinical usage to assure that it is truly safe. HPV vaccine, however, went
through several years of preclinical development and testing, similar to other vac-
cines, before FDA approval and ACIP recommendation. It has now been in wide-
spread clinical use since 2006. Worldwide over 170 million people have received
the vaccine by 2014. In the United States, adverse effects of HPV vaccines have
been monitored under the VAERS and other mechanisms since 2006. According to
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the 2012 report of the Institute of Medicine (IOM), the only serious adverse effects
of the HPV vaccines are a risk of fainting after injection and an extremely small risk
of anaphylaxis [64]. The IOM found insufficient evidence to support a causative
role in any other serious adverse effect.

“She doesn’t need that vaccine; she is not sexually active”

The majority of parents prefer that their sons and daughters not initiate sexual inter-
course during their adolescence. However, National Health and Nutrition
Examination Survey (NHANES) surveys generally show that nearly half of
American adolescents have their first sexual intercourse prior to completing high
school [65]. Actually, administering the vaccine prior to the onset of sexual activity
is the perfect time to start, just as the ideal time to fasten a seatbelt is sometime
before the first car accident. HPV vaccines are highly immunogenic, but it is strictly
preventive. It is not effective as a treatment for an HPV infection already estab-
lished. Waiting until after the sexual debut risks allowing exposure to the wild-type
virus before the individual has had the chance to develop vaccine-induced
immunity.

“I don’t want a vaccine to give my kid any ideas”

There is a legitimate concern that early sexual activity in adolescents is fraught with
risks. Delaying sexual activity onset is associated with reduced risk of sexually
transmitted infections, reduced risk of adolescent pregnancy, and improved aca-
demic outcomes, including completion of school. It is not a surprise then that par-
ents have concerns that perhaps an immunized child might consider the vaccine a
license to engage in sexual activity. However, a number of reports, including large
studies in the United States [66] and Ontario [67], show no difference between vac-
cinated and unvaccinated females with respect to sexual activity, either by self-
report or by medical records review for sexual activity-related concerns. No study
has demonstrated any increased participation in high-risk sexual behavior as a result
of HPV vaccine administration.

“He doesn’t need it. He doesn’t have a cervix.” (Stated
to the author by the mother of an adolescent boy in the Clinic.)

The original ACIP recommendations for the use of HPV4 vaccine were to routinely
administer the vaccine to females. The primary aim was to reduce the incidence of
cervical dysplasia and cervical cancer. Later ACIP recommendations would add
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routine administration to males as well, reflecting the growing recognition that HPV
plays an important role in a number of other cancers aside from cervical cancer.
Much of the public, however, has not become as aware of the HPV connection to
other cancers, and many do not see the importance of immunizing males against
HPV. Immunization of males, however, has become an increasingly important facet
of the overall HPV control strategy. Males are the primary source of HPV infection
for females but — even more directly pertinent to males — roughly 37% of HPV-
related cancers are experienced by males. The current estimate is that there are
about 30,700 total HPV-attributable cancers in the United States annually, 11,600 of
them in males, including anal, penile, and oropharyngeal cancers [68, 69]. In view
of these developments, the current ACIP recommendation for HPV immunization
of males is as strong as the recommendation for females.

“I heard that the vaccine causes ovarian failure”

Primary ovarian insufficiency (POI), defined as cessation of ovarian function prior
to the age of 40, occurs in approximately 1% of females. The cause is usually
unknown. It is estimated that around 4% of these cases are attributed to autoimmune
factors, the ultimate cause of which remains obscure. Among adolescents, there is
more likely to be an identifiable background etiology, including such entities such
as Turner syndrome, Fragile X syndrome, hyperprolactinemia, a history of cancer
treatment, and possibly infections or autoimmunity [70]. Because some cases have
occurred among girls who had previously received the HPV vaccine, the concept
that the vaccine can cause ovarian failure has gained some traction in the more
vaccine-skeptical population. To address this, we need to consider the following
points:

e POI occurs naturally with a measurable background rate, including among ado-
lescents. The fact that some cases have been found after HPV immunization
(anywhere from months to years) does not specifically imply causation.

e There has been no plausible biological mechanism yet proposed for a causative
link between HPV vaccine and POI.

* No evidence of autoimmunity has been found in recipients of the HPV vaccine
outside of the natural background rate [71].

HPYV vaccine has a well-proven record of safety, tolerability, and efficacy and
deserves to be included among the routine immunizations given to adolescents and
young adults. HPV vaccine is unique among vaccines in that it is designed and
administered to reduce the incidence of certain cancers. The vaccine’s safety and
efficacy are well established, and it deserves an important role in adolescent and
young adult health.
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Perspectives

What Works

As the majority of this chapter has demonstrated, there is a host of myths and con-
cerns about immunizations that a sizable minority of the population holds to, caus-
ing them to question, if not outright refuse immunization. Ideally, the science that
can answer those objections can also provide confidence to the health-care person-
nel who are providing immunization services. Lest we think, however, that our mas-
tery of technically sophisticated arguments in defense of vaccines will reliably win
the day by itself, we must consider elements of an immunization program that really
work. If the question is, “What will enhance the acceptance of vaccines by the pub-
lic?”, some attempts at answers are given below:

* Physician recommendation. Surveys show that the most trusted source of infor-
mation about vaccines is the primary care physician. A large European study
showed that primary care physicians were the most trusted source of informa-
tion, followed in varying order (depending on locations) by primary care nurses,
public health physicians and nurses, pharmacists, the media, and informational
pamphlets [72]. Primary care physicians, nurses, and other providers are likely to
be in the best position to offer sound advice about immunization. The established
relationship of a primary care setting engenders the trust that makes sound advice
acceptable to patients.

¢ Caring, non-argumentative advice. Usually the health-care personnel who are
administering vaccines know a great deal more of the science about those vac-
cines than the people who are receiving them. Depending on the competitiveness
of the health-care provider advocating for immunization, it can be tempting to
bowl people over with facts. It even becomes tempting to employ argument and
debate (author’s experience). The problem is that argument and debate rarely
work with most patients. An argumentative approach prompts a defensive
response, and defensiveness is a powerful force. A gentle, caring, and personal
recommendation from a trusted health-care provider is much less likely to prompt
such defensiveness [73]. Rigorous scientific studies are critical in building the
knowledge base of the immunization provider, but the facts and statistics that
impress most of us carry much less weight for most of the public. We will not win
over everybody; some people are quite steadfast in their refusal. However, a kind
and measured approach leaves the door open for the patient to return later on.

¢ Standing orders. The use of standing orders authorizes supervised health-care
staff to administer vaccines in a variety of settings including clinic, hospital,
public health facilities, and outreach programs. The use of standing orders has
been demonstrated to help smooth patient flow through immunization facilities
[74, 75], as well as to increase immunization rates in the populations served.
Templates for standing orders can be obtained through the Immunization Action
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Coalition (immunize.org). Individual practices can also develop these standing
orders of their own.

* Vaccine information statements. By federal law a Vaccine Information
Statement (VIS) must be provided along with the vaccine. These are required to
be the most current copies. In addition to being required with the administration
of a vaccine, the VIS can also be a useful source of information to patients who
may be hesitant about receiving the vaccine in question. They are written at a
level suitable for the general reader, and they provide accurate and timely infor-
mation about the vaccines as well as adverse effects. Patients can be offered the
VIS to take home and consider in a less pressured environment and will some-
times be sufficiently reassured to return for the vaccines. VISs can be obtained
through immunize.org as well as directly from the CDC.

e Immunization information systems. Also known as an immunization registry,
an immunization information system (IIS) is a state-sponsored program by
which immunizations provided throughout the state by various physicians and
other providers in private and public sectors can be registered securely at a state-
operated database. IISs are now operating in all American states and territories,
at various degrees of development. Experience has shown that the IIS, especially
when integrated with a provider’s electronic medical record system, can reduce
duplication of immunizations to individuals, provide alerts to immunization staff
that a given patient is due for updates, and can provide a portable record of
immunizations for people who are away from their medical home or change
immunization providers.

* State mandates. All states in the United States have mandated immunization
programs, most commonly linked to admission to public schools. Some states
allow exemption from these mandates only for medical contraindications. Other
states allow exemptions for religious reasons and yet others allow for exemption
by personal conviction as well. Experience has shown that immunization rates in
states that allow exemption based on personal conviction tend to be somewhat
lower than in states that do not have such an allowance [76, 77]. Mandates are
established through state legislative processes.

Even when the above recommendations are fully in place, not all individuals will
accept the immunizations being of