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PREFACE

Prevention of infectious diseases, allergies, malignancies, fertility, and immune
disorders using vaccination technologies has been explored extensively in the
past decade. Also, the discovery of new antigens through the host genome,
which are predominantly recombinant proteins, will require the use of potent
immunopotentiators and suitable delivery systems to engender strong
responses.

Alum remains the most common adjuvant used in the vaccine market glob-
ally. Apart from its safety profile, its use had expanded due to the lack of
availability of a suitable alternative. In the last few years, the awareness of how
some vaccine adjuvants work has led to a dramatic increase of focus in this
area. Whether through activation of innate immune responses or delivery to
the targeted site, these novel adjuvant formulations can now be better char-
acterized and optimized for their function. Formulations can now be designed
to induce both cellular and humoral responses. Local responses using the nasal
and oral routes can now be generated using selective mucosal adjuvants.
Evaluation of synergistic effects and repeated use are also being explored.
However, these new technologies will have to demonstrate a safety profile that
is acceptable for mass immunization and prophylactic use.

This book highlights some of these newly emerging vaccine technologies,
some of which will be part of licensed products in the near future. The book
evaluates in depth all factors that govern induction of an optimal immune
response. Chapters on adjuvant history, antigen presentation, mechanism of
action, and the safety profile build a sound base for addressing specific vaccine
formulation issues. Detailed descriptions of all leading vaccine formulations
and technologies, together with their limitations, should help both researchers
and students to enhance their understanding of these technologies. Some of
these formulations are purely delivery systems; others comprise immune

ix
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potentiators with or without delivery systems. The book also has chapters on
clinical and nonclinical safety evaluation of vaccine formulations which should
serve as prerequisites in moving vaccine research from preclinical to clinical
testing. Overall, the book highlights most recent advances in the field of adju-
vant and vaccine research.

MANMOHAN SINGH



1

DEVELOPMENT OF VACCINE
ADJUVANTS: A HISTORICAL
PERSPECTIVE

GARY OTT AND GARY VAN NEST

1.1 INTRODUCTION

Since the earliest attempts to raise significant immune responses against
nonliving agents, investigators have tried to identify useful additives that can
be combined with antigens to enhance immune responses. Such immune-
enhancing additives are known as adjuvants. Virtually all adjuvant systems
developed to date have focused on one of two mechanisms: specific immune
activation or the delivery—depot effect. Although many adjuvant systems have
been developed and tested in preclinical models, few have actually proved
useful for human vaccines. The primary limitations for the use of new adjuvant
systems with human vaccines revolve around safety issues. Whereas the toxic-
ity of adjuvants has been reduced systematically through research and devel-
opment efforts over the last 80 years, the safety barriers presented by regulatory
and liability issues have continued to increase. Adjuvants to be used with
prophylactic vaccines in normal, healthy populations need to have virtually
pristine safety profiles. The fact that most vaccines today are given to infants
or children heightens the safety concerns of vaccine adjuvants.

In this chapter we review the history of vaccine adjuvant development
from the beginning studies of the early twentieth century through to the
present day. We recognize four periods of adjuvant development: (1) the initial

Vaccine Adjuvants and Delivery Systems, Edited by Manmohan Singh
Copyright © 2007 John Wiley & Sons, Inc.



2 DEVELOPMENT OF VACCINE ADJUVANTS: A HISTORICAL PERSPECTIVE

development of adjuvants for toxoid vaccines from the 1920s to the 1940s,
(2) the broadened use of oils and aluminum adjuvants from the 1940s to the
1970s, (3) the development of synthetic adjuvants and second-generation
delivery—depot systems from the 1970s to the 1990s, and (4) the development
of rational receptor-associated adjuvants that active the innate immune system
from the 1990s until the present day. We provide perspectives in the areas of
work in preclinical systems, clinical evaluation and the use of adjuvants, and
the interplay between immunology and adjuvant development in each of these
periods.

1.2 INITIAL DEVELOPMENT OF ADJUVANTS FOR TOXOID
VACCINES: 1920s-1940s

Some of the earliest studies leading to the development of adjuvants for active
vaccines involved live [1] or killed bacterial vaccines in which the antigen and
immune-stimulating agents were both provided by the bacteria [2,3]. Protec-
tion against diphtheria by passive transfer of horse antidiphtheria antiseria
was a Nobel Prize-winning advance by von Behring [4]. The concept of an
active subunit vaccine was first demonstrated in 1907 by Smith, who demon-
strated that administration of toxin/antitoxin in immunoprecipitating ratios
could provide protection, and von Behring used this approach in people with
some success in the period 1910-1920 [4]. Addition of oil or lanolin with killed
salmonella is the first documented study with a delivery—depot substance used
with a killed bacterial vaccine [5]. Adjuvant research began in earnest with the
development of diphtheria subunit toxoid [6] vaccines due to the weak immu-
nogenicity observed with these vaccines [7-9]. As noted by Freund: “Interest
in promoting antibody formation by addition of unrelated substances to anti-
gens has never been lacking” [10]. Substances such as agar, tapioca, lecithin
starch oil, saponin, salts of calcium and magnesium, killed Salmonella typhi,
and even bread crumbs were tested [6,11,12].

The most significant vaccine adjuvants to be developed are the aluminum
salt adjuvants: generically, but not correctly, referred to as alums. The first
alum-adjuvanted vaccine was formulated by coprecipitation of diphtheria
toxoid dissolved in carbonate buffer (pH 8.0) with aluminum (a purification
trick), resulting in a coprecipitate of aluminum hydroxide and diphtheria
toxoid [13,14]. The alum adjuvant was developed on the basis of faster and
higher antitoxoid antibody responses in guinea pigs. The results of human trials
with diphtheria toxoid precipitated with alum were published as early as 1934
[15]. Coprecipitated alum—toxoid nearly eradicated diphtheria in Canada in
the 1920s and 1930s. Successful trials with tetanus toxoid were completed in
the same time frame [16]. However, some early alum formulations showed
poor reproducibility, and results of failed clinical trials were also published by
Volk [17]. The alternative approach of adsorbing antigen to the surface of
“naked” alum particles was demonstrated as early as 1931 [18] and later came
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into common use. Only occasional and moderate toxicities were reported with
these early alum-toxoid vaccines. The levels of toxicity seen were deemed
acceptable given the dramatic decreases in diphtheria and tetanus disease
resulting from use of the vaccines.

While the low-toxicity depot approach with alum went forward in clinical
applications, efforts were made to generate more potent vaccines using several
approaches. One such approach was the use of toxin—antitoxin mixtures [19].
Another approach involved work with tuberculosis (TB) vaccines which dem-
onstrated that the inflammation induced by TB could enhance immune
responses to other antigens. As early as 1924, Lewis noted that intraperitoneal
injection of live TB a few days before immunization with a variety of antigens
dramatically increased antibody responses to those antigens [20]. Presentation
of antigen at inflammatory TB foci resulted in elevated antibody titers [21].
These observations pushed forward the immunostimulatory adjuvant approach,
which in the 1930s meant the generation of inflammation.

The next advance in adjuvant development involved the combination of
killed tubercle with oils. Initial combinations of killed tubercle with paraffin
oil produced sensitization to TB but no increased protection from disease
[22,23]. Freund demonstrated similar increased antibody responses using live
TB with oils. Freund made two jumps in the technology in the 1930s with the
substitution of killed TB for live TB and the use of a water-in-oil emulsion
[24], inspired by repository formulation techniques being used at the time
[10]. The water-in-oil emulsion was formed by the mixture of one volume of
10% Arlacel A (mannide monooleate) and 90% mineral oil with one volume
of antigen solution. This system became the standard for adjuvant activity
when Freund demonstrated that the emulsion without killed TB was almost
as potent as the emulsion with killed TB when used as an adjuvant with
diphtheria toxoid and far exceeded the potency of an alum-toxoid formula-
tion [10]. These emulsions went on to become the standard potent adjuvant
systems used in preclinical settings and became known as complete Freund’s
adjuvant (CFA, with killed TB) and incomplete Freund’s adjuvant (IFA,
without TB). The emulsion adjuvant was shown to have activity with a
variety of antigens, including those from Japanese encephalitis and influenza
virus being developed in the same period [25,26]. Water-in-oil emulsion
without TB was tested in early human trials with influenza vaccine and
demonstrated faster and higher antibody responses than those of vaccine
alone [27].

By the mid-1940s, two major adjuvant systems had emerged: the low-
reactogenic, modestly effective, and difficult-to-reproduce alum systems, and
the new, more potent water-in-oil emulsion systems. It was postulated that
alum worked by means of a slow-release depot system [14]. Freund attributed
the activity of the water-in-oil emulsion in some part to extended antigen
presentation [10]. In this era, adjuvant discovery scientists appeared to be
closely involved with immunologists of the day, with adjuvant mechanisms
contributing to immunological theory.
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1.3 BROADENED USE OF ALUMINUM AND OIL ADJUVANTS:
1940s-1970s

Although the definition of any real scientific boundary in adjuvant develop-
ment in the mid-1940s is somewhat artificial, the period before that time was
largely characterized by initial formulation of alum and Freund’s systems,
while the period from the 1940s through the 1970s can be characterized by
extensive efforts to develop these systems for safe, reproducible use in human
vaccines and realization of the limitations of their use.

One of the first alum precipitate vaccines [diphtheria, tetanus, pertussis
(DTP)] was licensed in 1948 [28], just as the first report of diphtheria vaccine
adsorbed to aluminum phosphate was published showing a more controllable
composition [29]. A number of studies on the use of alum with pertussis
vaccines reported varying success [30-33]. Variability of the potency of the
alum-adjuvanted pertussis vaccines seemed to be a common problem. It was
demonstrated that alum provided increased antibody titers [34], but another
study showed that alum provided no advantage in protection [35]. Whereas
the results with alum-adjuvanted pertussis were variable, results with alum-
adjvuanted DPT vaccines were more consistent and favorable. It has been
suggested that the pertussis component of these combination vaccines actually
served as an adjuvant for the diphtheria and tetanus components [31,32]. Alum
has continued as the nearly universal adjuvant for DPT vaccines.

Several limitations of alum were becoming clear with continued human use.
Alum was observed not to be useful in boosting immunizations with diphthe-
ria and tetanus antigens [36] or influenza hemagglutinin (HA) [37]. Granulo-
mas were often observed at the injection site [38-40]. Occasional erythema
was observed [31,32] as well as increases in IgE [41,42]. By the early 1980s,
aluminum adjuvants were a major part of human vaccines, but the limited
potency, lack of biodegradability, and IgE responses left room for other
approaches.

Development of the oil adjuvants continued in the same time period. Freund
was demonstrating the wide range of potency of water-in-oil emulsions in the
1940s and 1950s. Use of the original oil formulations containing the commonly
available mineral oil Drakeol and the surfactant Arlacel A continued due to
the conclusion that nonmetabolizable oil was required for full activity [43].
The use of Freund’s adjuvant proceeded in several directions. A number of
basic studies (utilizing both IFA and CFA) defined the range of antigens that
were made highly immunogenic by presentation with the adjuvant and
addressed the mechanism of action [44]. Freund and co-workers demonstrated
their usefulness with additional viral antigens, such as rabies and polio [45], as
well as sensitization to small molecules (e.g., picryl chloride) [46] and self-
antigens [44]. Production of allergic aspermatogenesis, allergic encephalo-
myelitis, neuritis, and uveitis were described. These studies contributed to
fears that the use of potent adjuvants could lead to accidental generation of
autoimmunity.
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Mechanistic work by McKinney and Davenport [47] demonstrated that the
mode of action of mineral oil adjuvants was complex. They concluded that the
mechanism involved an initial antibody stimulus resulting from antigen dis-
persal; the slow release of antigen, which maintains antibody levels; and the
inflammatory response, which promotes better utilization of antigen. Studies,
including irradiation at periods after vaccination in the presence of adjuvant,
excision and reimplanting of granulomas, implantation of virus-saturated
cotton plugs, and daily injection experiments, indicated that an early response
(<16 days) is critical for the generation of antibody titer. This early response
has been linked with both attraction of certain cells to the inoculation site [48]
and development of inflammation at the injection site [44]. The long-term
maintenance of antibody was correlated with presence of the adjuvant depot
for a period of months after injection [47]. These basic precepts of adjuvant
activity remained through the 1960s and 1970s.

Whereas the more toxic CFA adjuvant was not deemed appropriate for
human use nor was it required for antibody generation, the mycobacterial
component had been shown to be necessary for cellular and tubercular sensi-
tization [49]. Attempts to fractionate the active material from killed cells
showed that a wax fraction, not the protein fraction, was responsible for
the generation of tubercular hypersensitivity [50-52]. This fraction was sub-
sequently shown to be composed of mycolic acid, polysaccharides, and amino
acids [53]. This marked the beginning studies of immune agonists that moved
beyond the consideration of adjuvant function as an antigen reservoir and
granulomatous source of inflammation.

Large-scale testing of IFA for human vaccines was made practical when
Salk et al. [48,54] produced highly purified mineral oil and Arlacel A surfactant
for use in studies on influenza and polio vaccines. Very large scale evaluation
of the adjuvant was done both in the public sector [55] and with the U.S. mili-
tary in influenza vaccine trials [56]. These studies, as well as studies by Salk on
polio [57,58], validated the potency of the adjuvant for enhancement of anti-
body titers in human subjects. Although failure of efficacy was reported for
adenovirus [59], the potency of Freund’s adjuvant became established as the
“gold standard” for most vaccines. The adjuvant was applied to allergy therapy
as well [60], but the special hazards of incompletely controlled exposure of
allergic persons to allergen in the presence of adjuvant was unacceptable.

Issues with toxicology made acceptance of IFA controversial in the 1950s
and 1960s. Intense inflammation and formation of granulomatous lesions at
the injection site were documented [61], but perhaps more alarming was the
finding that the emulsion was not entirely retained at the injection site [44,47]
and that the poorly metabolized mineral oils might be a risk as carcinogens.
The subject of the risk associated with vaccination using the adjuvant and the
acceptability of the local reactions was reviewed very extensively by Hilleman
[62], who noted that only 109 reactions were reported from 23,917 doses of
adjuvanted poliovirus vaccine [63] and commented: “The remaining and most
questionable aspects in relation to decision making rest largely on speculative
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grounds extrapolated from effects which have been observed in animals in
connection with experiments designed for other purposes.”

Licensure for IFA did not occur, and a tone of extreme caution with respect
to adjuvants extended through the 1970s. While attempts to formulate water-
in-oil adjuvants with metabolizable oils had been made [43,64], Hilleman and
his Merck collaborators [65-67] introduced an efficient peanut oil-based adju-
vant using purified Arlacel A and aluminum stearate as stabilizers. Adjuvant
65, as this formulation was named, was reported to be of similar potency to
Freund’s in both animal and human vaccination with influenza virus [68-70],
although in a British influenza trial it was also reported to be significantly less
potent [71]. Despite extensive review of safety over 10 years, data showing
induction of tumors in mice by Arlacel A [72] kept this system from achieving
licensure. The approach of water-in-oil emulsions for adjuvant purposes was
set back severely, but would reappear in the 1990s with the Seppic-produced
systems.

Work in the aftermath of the water-in-oil adjuvant experience was marked
by extreme caution. A seminal review by Edelman [73] cautioned that adju-
vants should not risk induction of autoimmunity or allergy, produce no terra-
togenic effects, and have a very low incidence of adverse events. Chemical
composition should be well defined, demonstrated to be carcinogen-free and
biodegradable, and the type of immunity induced should be specific for the
vaccine and not generally activating.

The next generation of adjuvants was composed of two classes of agents:
small molecules often derived from bacterial fractions shown previously to be
stimulatory with water-in-oil emulsion adjuvants, and particulate vehicles of
dimensions similar to either bacteria or viruses where the agonists are natu-
rally found. Both of these approaches were encouraged by concurrent advances
in immunololgy [74] which indicated that much more complex interactions
with a number of cell types, including Langerhans cells, macrophages, and
dendritic cells, might be important.

A significant part of the small molecule agonist library was derived from
bacterial extracts from Mycobacterium tuberculosis, M. avium, and saphro-
phytic strains of mycobacteria. White et al. [75] screened fractions from a
variety of bacterial sources that showed activity in Wax D, phosphatide, Wax
C, and cord factor fractions of mycobacterial strains, which increased antibody
titers. Additional activity was found in DNA and RNA digests [76]. A large
body of work was devoted to a peptide-containing fraction isolated from Wax
D and characterized in the 1940s [50,52]. The composition of the active fraction
appeared to be analogous to that of the water-soluble cell wall peptidoglycan
[77], and the major part of the activity was ultimately isolated from the cell
wall by lysozyme digestion [78,79]. Although a broad range of bacteria exhib-
ited varying adjuvant activity, suggesting a variety of possible variants [76],
structural work on a few key strains, including M. bovis, Nocardia rubra, and
Listeria monocytogenes, was accumulated and the minimal active subunit of
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the cell wall was defined as N-acetylmuramyl-L-alanyl-p-isoglutamine (MDP)
[80]. It was noted by both major groups characterizing MDP activity that in
vivo activity required administration in water-in-oil emulsions; saline solutions
were inactive. In addition, mycobacterial MDP was shown to be pyrogenic
[81]. Attempts to optimize activity led to chemical synthesis of novel MDP
derivatives [82] for both vaccine application and induction of nonspecific
resistance [83]. Structure—function studies were undertaken [84] to reduce
toxicity, optimally activate an as yet undiscovered receptor, and create compat-
ibility with a variety of delivery systems to be discussed later.

While additional work with mycobacterial fractions such as the cord factor
first described by Bloch [85] and identified as trehalose dimycolate [86] con-
tinued to find application in experimental adjuvants [87], activities of agonists
from other sources were also being characterized. Antibody-enhancing adju-
vant activity of both poly A:U [88] and polyribo I:C was demonstrated with
rabies vaccine [89], along with reports of interferon induction in primates by
polylysine/carboxymethylcellulose—stabilized poly I:C [90].

The ability of gram-negative bacilli to enhance antibody titer had also long
been established [91], and the adjuvant and endotoxic properties of the puri-
fied agent endotoxin were characterized [92]. The adjuvant and endotoxic
activities were shown to be separable by both acylation [93] and desterification
[94] of the liposaccharide mixtures, and detailed structural work was under
way in the 1970s [95].

Finally, saponins, first noted as having adjuvant activity by Ramon [8], were
rediscovered and found to be useful in foot-and-mouth vaccines [96]. The
modern era of saponin use began with the discovery that extracts from Quil-
laja saponaria are the most adjuvant active of the saponins [97] and that partial
purification of the extracts produced the fraction Quil A, which, although still
reactogenic, was markedly better than the crude Quil saponin [98].

In addition to the development of small molecule agonists, several new
delivery vehicle approaches that targeted phagocytic cells and did not produce
granulomas were demonstrated. Liposomes adopted as carriers for a variety
of molecules [99,100] were shown to be adjuvants as carriers of antigen and
adjuvant agonists [101,102]. An alternative approach to targeting phagocytic
cells, use of very slowly biodegradable methacrylate polymer nanospheres, was
introduced by Kreuter and co-workers [103,104]. They demonstrated induc-
tion of antibody-mediated protection against influenza in mice with antigen
either incorporated into the particles or bound to the particle surface [105].

By 1980 the adjuvant field was beginning to recover from the very serious
setbacks incurred when water-in-oil emulsions did not achieve licensure
with influenza vaccine. Although the dominant correlate for protection by
vaccine remained neutralizing titer, many adjuvant approaches moved away
from granuloma-inducing depots to targeting of phagocytic cells, emphasizing
both chemotaxis and uptake by macrophages. The move toward micro-/
nanoparticle delivered agonists and antigen association had begun.
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1.4 RATIONAL RECEPTOR-DRIVEN ADJUVANTS THAT
ACTIVATE THE INNATE IMMUNE SYSTEM: 1990s—-PRESENT

141 Major Breakthroughs of the Era

The early 1980s brought two major changes to the vaccine and adjuvant world.
First, the first recombinant DN A—generated vaccine made against hepatitis B
[106] was successfully demonstrated and ultimately achieved commercial
licensure. This signaled the beginning of recombinant production of a spec-
trum of recombinant subunit antigens, many of which, like diphtheria and
tetanus toxoids, would prove to be active only with adjuvant. Second, the dis-
covery of the HIV virus responsible for AIDS [107,108] and definition of the
gp120/140 and gag antigens from the virus set in motion an unprecedented
wave of investigation into adjuvants suitable for protection against AIDS with
subunit vaccines.

Caution with respect to toxicity continued to be the major factor in moving
materials into clinical trials [109]. Potent adjuvants of low toxicity were devel-
oped and achievement of commercial licensure for the MF59-adjuvanted
flu vaccine Fluad [110] in the European Economic Community and the
IRIV(immunopotentiating reconstituted influenza virosome)-based hepatitis
A vaccine [111] in Switzerland finally brought acceptance of post-alum
adjuvants.

The fields of adjuvant development and immunology became tightly inter-
twined as the professional antigen-presenting cells were characterized [112-
114], the cytokine profiles responsible for generating Th2 versus Th1 immunity
were demonstrated [115], the requirements for MHC (major histocompat-
ability complex) class I versus class II presentation were defined [116], and the
relationship between the innate immune system and many of the known
adjuvant-active molecules was demonstrated with the characterization of Toll-
like receptors (TLRs) responsible for signaling innate immune activity [117].

1.4.2 Historical Progression

Molecular Adjuvants Two mycobacterial components with a history of
adjuvant activity but marginal toxicity profiles received further attention.
Trehalose dimycolate (TDM) was investigated further by Masihi et al. [118],
and a greater effort was made with muramyl peptides, where less toxic or
pyrogenic derivatives were synthesized. The water-soluble Murabutide had
no toxicity problems in humans but was not convincingly active in clinical
trials with tetanus toxoid [119]. A second water-soluble candidate, threonyl
MDP, was nonpyrogenic, did not induce uveitis, and was potent in animal
studies [120]. Additional derivatives, including MDP-lys and the lipophilic
muramyltripeptide phosphatidylethanolamine (MTP-PE), were tested in
human clinical trials for either vaccine adjuvant or chemotherapeutic activi-
ties [121,122].
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Development of lipid A-related adjuvants was a key activity in this period.
While it was shown that there was significant heterogeneity in lipid A compo-
nents from a variety of gram-negative bacteria [123], significant progress was
made in development of adjuvant based on lipid A from Salmonella minnesota.
Purification and structure were determined by the Ribi group [124], who dem-
onstrated that toxicity could be attenuated dramatically by hydrolysis of the
1-phosphate [125] and 3-hydroxytetradecanoyl groups [126] generating 3D-
monophosphoral lipid A (MPL). Data on the safety of MPL in humans was
generated quite early in tumor therapy application [127], and the biological
activities were shown to include stimulation of synthesis of a number of cyto-
kines, including y-interferon [128,129]. Both 3D-MPL and later the aminoal-
kylglucosamine phosphates (e.g., RC529) have further application in humans
when combined with particulate delivery systems to be discussed later.

Among the most promising adjuvant actives to be discovered in the post-
1980 period are the immunostimulatory DNA sequences comprising an
unmethylated CpG. Antitumor activity first demonstrated in bacterial DNA
[130] was shown to result from unique palindromic sequences containing
unmethylated CG sequences [131] with selected flanking sequences [132]
[immunostimulatory sequences (ISSs)]. The activity of the ISS DNA was char-
acterized by induction of interferons, activation of natural killer (NK) cells,
production of Thl-biased antibody response [133], and direct activation of B
cells [132], murine macrophages [134], and both murine [135] and human
plasmacytoid dendritic cells [136]. Plasmid DNA sequences containing certain
CpG motifs have been shown to be active as adjuvants for a number of
antigen-expressing DNA vaccines [137] as well as protein antigens [133,138].
Use of synthetic phosphorothioate oligonucleotide ISSs [139] as vaccine
adjuvants has been investigated for the three classes of immunostimulatory
sequences identified [140-142] as well as for other applications. The demon-
stration of TLRY as an ISS receptor [143] is allowing studies on TLR distribu-
tion and signaling to aid in rational development of ISS-based adjuvants. A
spectrum of vaccines utilizing soluble ISSs have been evaluated in preclinical
models using protein [144], peptide [145], polysaccharide conjugate [146], and
viruslike particles [147]. Vaccines have been administered by mucosal [148,149]
as well as intramuscular routes. ISS conjugates of fusion peptides have been
employed to generate cytotoxic lymphocytes [150]. Conjugation of ISS to the
ragweed protein allergen Amb a 1 has been shown to both increase immuno-
genicity and decrease allergenicity [151]. ISS oligonucleotides have shown an
excellent toxicity profile [152], have been applied to hepatitis B vaccine in
human clinical trials both with hepatitis B surface antigen (HBsAg) alone
[153,154] and with HBsAg-alum [155]. Additional clinical trials have been
performed with soluble ISS in combination with influenza vaccine [155] and
the Amb a 1-ISS conjugate (AIC) [156]. Additional work on combination of
ISS with delivery systems is discussed later. The use of RNA adjuvant mole-
cules has been difficult despite the advent of stabilized RNA derivatives [157].
However, the activity of the imidazoquinoline derivatives, which also stimulate
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RNA receptors TLR7 and TLRS8 [158], have shown preclinical potential as
Thl-directing adjuvants for herpes simplex vaccines [159-161]. One such
product, Imiquimod, has been licensed for topical treatment of herpes simplex
[162], but use of imidazoquinoline derivatives as adjuvants remains at preclini-
cal stages. As for the ISS system, antigen conjugates of R848 (another imid-
azoquinoline derivative) are reported to offer greater activity than that of the
soluble mixtures [163]. A number of other TLR7 and TLRS agonists are under
development.

Several nonparticulate adjuvants that have not been identified as TLR
agonists have been characterized. Further fractionation of Quil A saponin
isolated by Dalsgaard [98] revealed at least 24 peaks [164]. Analysis of adju-
vant activity and toxicity revealed the much less toxic compound triterpene
glycoside QS-21, which was shown to be an active adjuvant in mice [165],
producing Th1 antibody isotypes [166] and CDS8 cytotoxic T lympocytes in
mice [167]. QS-21 has been used clinically for both cancer immunotherapy
[168,169] and prophylactic vaccination against HIV [170] and the malaria
peptide SPF66 [171]. However, injection-site pain was a notable problem,
making the system unacceptable except in extreme circumstances. Particulate
saponin constructs are discussed below.

The mucosal adjuvants cholera enterotoxin (CT) and Escherichia coli heat-
labile enterotoxin (LT) are potent mucosal adjuvants and have about 80%
sequence homology [172]. Their activity has been linked to ADP-ribosyltrans-
ferase activity [173]. While CT has been the standard for mucosal adjuvant activ-
ity, the toxicity of the A subunit has discouraged clinical use [174]. LT also has
toxicity associated with its A subunit, but mutants with significantly lower toxic-
ity have been generated [175,176]. The mutants LTK63 and LTR72 have been
shown to have potent activity in the generation of mucosal antibody in preclini-
cal models against a variety of antigens when administered by oral, nasal [177],
or transdermal routes [178] and appear ready for clinical testing [177].

The molecular adjuvants thus far described give rise to chemokine and cyto-
kine synthesis. The basic paradigm first described by Mossmann et al. [115] is
that two basic types of immune response can be generated. The Th2 response is
characterized by a cytokine profile dominated by interleukin-4 and interleukin-
5 activates principally B cells. The Thl response is characterized by
v-interferon, granulocyte monocyte colony stimulating factor, and interleukin-
12 activates macrophages and cytotoxic T cells [179]. The direct approach of
using cytokines as vaccine adjuvants first concentrated on three cytokines,
interleukin-1, interleukin-2, and y-interferon [180], followed by successful
application of interleukin-12 to leishmania vaccine [181] and use of granulocyte
monocyte colony-stimulating factor [182] with both peptide and protein tumor
antigens. The most extensive efforts on infectious disease vaccines were made
with interleukin-2, a T-cell-activating agent that was used alone with rabies vac-
cines, where it increased protection 25- to 50-fold [183,184] and in combination
with several vehicles to be discussed later. The natural activities of cytokines as
short-range very low concentration signals between cells are quite different
from those of an injection agent in a bolus at high concentrations. The toxicity
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of interleukin-2 [185], interleukin-12 [186], and y-interferon [187], and often a
need for complex dosing regimens, has led to restricting the use of cytokines to
tumor vaccines [188] and to exploration of DNA vaccines in which antigen and
cytokine are coexpressed, such as a herpes simplex virus (HSV)-2gD/interleu-
kin-12 system [189] or an HIV env/interleukin-12 vaccinia system [190].

Particulate Adjuvants The primary delivery systems before 1980 were char-
acterized in large part as depot systems. The aluminum salt adjuvants, until
recently the only licensed adjuvants for human use [191], continue to be
regarded as safe [192] and are in common use with tetanus, diphtheria, pertus-
sis, and poliomyelitis vaccines as well as more recent use with hepatitis B
(HBV), hepatitis A (HAV), and anthrax vaccines [193]. Although these
systems are not workable for a number of proteins and peptides [37,194],
considerable progress has been made in understanding binding parameters
[195]. The limitations of alum are a driving force for research into new adju-
vant systems. The characterization of aluminum salt adjuvants as Th2-directing
systems that stimulate IgE production and very poor cellular immunity is well
documented [196,197]. Thus, alum alone is inappropriate for use against a
variety of diseases that require Thl/cellular immune responses. The combina-
tion of alum with molecular adjuvants (discussed later) may overcome some
of these problems. Alum suffers additionally from some reactogenicity at the
injection site, giving rise to swelling and cutaneous nodules [109,198]. Although
these effects are tolerable, adjuvants that disperse more quickly or do not give
rise to inflammation were desired.

Alternative particulate adjuvants giving an extended presence of antigen
have been described. Replacement of aluminum salts with calcium phosphate
has long been described [199]. Efforts with calcium adjuvants have continued
[200], and work with calcium phosphate nanoparticles has had some preclinical
success [201]. Use of stearyl tyrosine has been described for a variety of anti-
gens now in use with aluminum adjuvants, including tetanus toxoid [200],
diphtheria toxoid [202], and recombinant hepatitis B [203]. Although resi-
dence time is shorter than for aluminum salt systems, the benefits have not yet
given rise to clinical trials. Use of tyrosine as an adjuvant in allergy vaccines
has a long clinical history and a good record of safety [204].

A number of groups have invested effort in controlled release of antigen
by polymeric particles aimed at single-dose vaccines. The first demonstration
of a single immunization system [205] with nondegradable ethylvinyl acetate
showed six-month antibody maintenance against bovine serum albumin
(BSA). While several classes of biodegradable polymers, including polyanhy-
drides and polyorthoesters, have been described for medical applications
[206], more recent efforts have used the well-characterized biodegradable
poly(lactide-co-glycolide) polymeric microparticle systems [207,208]. This
approach advanced to use of very active sub-10-um particles taken up by
antigen-presenting cells combined with 30- to 100-um particles giving long-
term release of antigen [208] and pulsed release of antigen using mixtures
of particles of varying molecular weight and lactide/glycolide ratio [209].
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Although the manufacturing hurdles and protein stability issues have been
solved for some systems and controlled-release formulations have been
licensed [210], they have not been clinically tested for vaccines.

Interesting pre-1980s formulations in development remain the water-in-oil
emulsions originated by Freund and Hosmer [24]. Major factors in their
potency included a long-term depot effect of a mineral oil bolus, which often
resulted in cutaneous nodules along with longer-term immunity. Additionally,
these emulsions attracted a variety of immune cells, resulting in a long-term
reactive center. Efforts to continue with the water-in-oil emulsion (a particu-
larly effective approach for peptides) have been made by Seppic. The Mon-
tanide ISA adjuvants (utilizing mineral oil and mannide monooleate, which
emulsifies water with a low energy input) [211] have a substantial record in
veterinary applications. More recently, the ISA 720 formulation using vegeta-
ble oil has been tested in clinical trials with HIV peptide [212] and a malaria—
HBYV core antigen [213].

Oil-in-water emulsions judged to be ineffective when using mineral oil [10]
were reexamined when Ribi and co-workers found antitumor activity with
trehalose dimycolate surfaces on drakeol oil-in-water emulsions [214]. The
somewhat-toxic trehalose dimycolate surface was replaced with pluronic
polyol block polymer surfactants, and a correlation was established between
the hydrophile-lipophile balance (HLB) and activity [215]. Advances in syn-
thetic techniques allowed production of higher-molecular-weight block copo-
lymers. The copolymer CRL 1005 showed good adjuvant activity when mixed
directly with inactivated whole virus flu vaccine in mouse studies [216]. Reyn-
olds took a different step from mineral oil-based oil-in-water systems, showing
that phospholipid-stabilized lipid emulsions (relatives of nutritional emul-
sions) had adjuvant activity with viral antigens [217]. Significant progress was
made when several groups applied low-HLB surfactants with squalane/squa-
lene oil-in-water emulsions. Ribi and co-workers [118] used squalane-water
emulsions with trehalose dimycolate surfaces for veterinary applications. The
Syntax adjuvant formulation (SAF) [196] used the potent block copolymer
L-121 to generate a squalane-in-water formulation. The SAF M formulation
developed for manufacturing was shown to be effective in several primate
systems [218-220]. Use of the nontoxic low-HLB spreading agent Span 85
[221] and Tween 80 as stabilizers for a squalene-water emulsion produced the
adjuvant MF59 [222,223]. This formulation stimulated neutralizing antibody
(but not convincing protection) successfully with recombinant HSV surface
antigens in phase 111 clinical trials [224]. Phase IIT and IV trials with the com-
mercially available MF59/influenza vaccine Fluad [225,226] showed this
vaccine to be particularly effective in the elderly. MF59 also appears to have
very good adjuvant activity with HS influenza vaccines [227].

Polymeric nanoparticles with either encapsulated antigen or protein-binding
surfaces were used by Kreuter et al. in the 1970s [103]. Much later work [228]
has shown that these easily prepared and well-tolerated poly(methyl-
methacrylate) nanoparticles are a superior adjuvant to a large array of
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particulates when used with HIV-2 split virus. A related set of approaches
using poly(lactide-co-glycolide) microparticles (<10um) employing either
encapsulation of antigen [207,208] or utilization of surface-charged micro-
spheres [229-231] have shown significant promise in preclinical models. This
approach has also been applied to delivery of DNA vaccines, with encouraging
preclinical results [229].

As noted previously, liposomes adopted as carriers for a variety of mole-
cules [99,100] were shown to be effective as carriers of antigen and adjuvant
compounds [101,102]. An extensive amount of work was completed in the
1980s and 1990s in a quest to optimize the adjuvant effects of liposomes. This
work has been well reviewed by several authors [232-234]. Efforts to optimize
adjuvant efficacy have included comparisons of multilamelllar versus unila-
mellar systems, variation in size and fluidity of lipids, incorporation of antigen
by encapsulation versus surface interaction, and alteration of surface with
PEG [poly(ethylene glycol)]-ylated lipids. Preclinical testing has been done
with at least 20 antigens. After extensive testing the general conclusion is that
liposomal delivery of subunit protein—peptide antigen alone is not a powerful
method for enhancement of immunogenicity [235]. Use of liposomes for deliv-
ery of DNA vaccines both by encapsulation and by interaction with cationic
lipid components has been well studied [236-238]. Development of more
effective and less toxic cationic lipids has allowed testing of lipid-adjuvanted
DNA vaccines in primate studies [239,240]. However, human trials of DNA
vaccines have proceeded with naked DNA and appear to need viral boosts
for best [241] effects. It is important to note that liposomal formulations have
shown promise in the generation of cellular immunity, particularly cytotoxic
lymphocytes, which are suspected to be critical in the protection of a variety
of infectious diseases and particularly in cancer therapy. Introduction of pH-
sensitive liposomes capable of introducing ovalbumin into the MHC class I
pathway in mice and generating cytotoxic T lymphocytes (CTLs) [242,243]
marked the beginning of series of CTL-generating formulations using lipo-
some delivery.

The earliest liposome-related vaccines to be licensed, the IRIV and IRIV/
hepatitis A vaccines [232], are based on 150-nm unilamellar vesicles created
by reconstitution of detergent-extracted influenza surface glycoproteins and
phospholipids with egg yolk phosphotidylcholine and phosphatidylethanol-
amine (PE). For the HepA vaccine (and a number of others in preclinical
studies, including tetanus toxoid, poliovirus VP2 peptide, and HBsAg peptide),
the PE moiety is cross-linked covalently to the antigen. Cellular entry of the
vaccine particle and endosomal fusion are thought to use the neuraminidase
(NA)- and HA-mediated entry systems evolved by the influenza virus [244].
The system has intriguing possibilities, but complex composition and formula-
tion issues may limit its application. A second lipid-based particle with exten-
sive application is the ISCOM/ISCOMATRIX system, based on Quillaja
saponin, cholesterol, and phospholipids. Dissolution of these components in
the presence of the detergent Mega 10 followed by removal of the detergent
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by dialysis results in a 30- to 40-nm cagelike structure [245] which will incor-
porate amphiphilic antigens to produce the original immune-stimulating
complex (ISCOM) structure [246]. This structure is an active producer of
antibody but is set apart from most of the adjuvant systems developed thus
far in that it effectively delivers antigen to the MHC class I pathway [247],
although not by the TAP (peptide transporter) pathway. ISCOMs do not
interact with any of the known Toll receptors. ISCOMs are effective CTL-
generating systems in primate systems, including humans [248]. ISCOMs have
been shown to be effective against a broad spectrum of viruses [249] in veteri-
nary applications, with the first commercial use in an equine flu vaccine [250],
where continued success has been reported with intranasal boosting [251].

Delivery System/Molecular Adjuvant Combinations A major tactic from
the first days of adjuvant development has been to use delivery systems to
protect, deliver, and extend the therapeutic lifetime of molecular adjuvants
(the most famous being complete Freund’s adjuvant). Use of alternative water-
in-oil emulsion systems have been examined with a birth control vaccine based
on peptide antigen and a saline/or MDP-squalene emulsion showing clinical
promise [252]. A similar approach for veterinary vaccines was taken with Titer
Max, where saline was emulsified into squalene with the block copolymer
CRL8941 [253]. For the period since 1980, most of the combination adjuvants
have been designed with chemically defined Toll agonists delivered with sub-
10-um particulates. Although criticisms of aluminum salt adjuvants are often
made, combinations of Toll agonists with aluminum adjuvants continue to be
evaluated. Alving began work on vaccines for HIV and malaria using a com-
bination of alum, liposomes, and lipid A [254]. Use of alum-MPL with HSV
gD?2 showed significantly better performance than that of alum alone in both
mice [255] and humans [256], where it remains a possible candidate for future
application. An MPL—-alum combination has also been tested with hepatitis B
vaccine in humans [257,258] and was recently licensed in Europe for use in
dialysis patients. A combination of CpG1826 with aluminum salt was shown
to be equipotent to IFA with a malarial peptide in mice [259] and may repre-
sent an interesting new direction.

A number of groups have used oil-in-water emulsions as carriers or coad-
juvants for molecular adjuvants. Extensive work has been done with an SAF
squalane/LL121 block copolymer system in conjunction with threonyl-MDP
pioneered by Allison and Byars [260]. Preclinical efficacy was demonstrated
with a spectrum of antigens [261], including HIV in chimpanzees [220]. The
squalene—-water emulsion MF59 was tested with MTP-PE and HIV vaccines
in a phase I clinical trial [262] and with influenza vaccine [263] where reacto-
genicity in the presence of MTP-PE was unacceptable. Use of catatonically
modified MF59 with CpG oligonucleotides has shown preclinical promise
without unusual reactogenicity [264]. When tested in cancer patients, use of
oil-in-water emulsions with cell wall skeleton (CWS)-MPL in squalane (Ribi
Detox), showed no systemic toxicity but some reactogenicity at the injection
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site and a few granulomas [265]. Later approaches have omitted the CWS
component and used either the monophosphoryl lipid A or later, monophos-
phoryl lipid A derivative RC529 with the proprietary oil-in-water emulsion
SE with HIV peptides in primates [266] or anthrax protective antigen with a
squalene-water emulsion in primates showing a strong immune response
[267]. The MPL-emulsion approach appears to be a good candidate for next-
generation human vaccines [268].

The use of sub-10-um polymeric particles as a delivery system for adjuvants
has been tested using both encapsulation and surface binding of adjuvants.
Cationic poly(lactide-co-glycoside) microspheres shown previously to be
effective carriers for DNA vaccines [229] have also been shown to enhance
the activity of surface-bound CpG-containing oligonucleotides [269]. The
alternative approach of encapsulation of molecular adjuvants approximates
well-developed drug delivery techniques. This has been shown to potentiate
MPL and derivatives [270], and the approach could be used in combination
with surface-bound antigen systems [271].

Liposomes are modestly potent delivery systems for antibody induction and
have shown potential for CTL generation [242] and as carriers for molecular
antigens. The adjuvant delivered may be either encapsulated or surface bound,
with results depending on that distribution. Use of liposomes for lipid A and
its derivatives has shown potential with malaria vaccine in phase I trials [272]
and with malarial peptides in a liposome-alum formulation [273].

Incorporation of cytokines onto liposomes was first demonstrated [274]
showing that IL-2 could be incorporated into dehydration and rehydration
vesicles, increasing the activity of IL-2. The approach was used in preclinical
studies for HSV [275] but was not pursued further. Incorporation of CpG oli-
gonucleotides into cationic liposomal delivery formulations was shown to
enhance CpG activity [276]. It has been noted that liposomal delivery of CpG
to the endosomal TLRY receptor may have complex effects [277]. There is
indication that CpG liposome formulations can enable CTL generation with
HIV antigens [278] or cancer antigens [279]. Liposomal formulations utilizing
encapsulated membrane-traversing systems such as listeriolysin O, not usually
considered as a molecular adjuvant, can generate anti-ovalbumin CTL [280].

1.5 CONCLUSIONS

Vaccine adjuvant research and development has been an ongoing activity for
more that a century. The need for methods to enhance vaccine immunogenicity
has been recognized from the days of the very first testing of nonliving vac-
cines. The development of successful vaccine adjuvants has been a constant
balancing act between safety and immunogenicity, delivery and immunostimu-
lation, and simplicity and complexity. The fact that after over 100 years so few
adjuvants have been approved for human vaccines attests to the difficulty of
this research and development activity. We appear to be at the beginning of a
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new era in which a variety of new adjuvants are being approved or are about
to be approved for human vaccines. In this chapter we have described the steps
involved in the process over the last century that have led to these new vaccine
adjuvants.
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ANTIGEN PROCESSING
AND PRESENTATION

SUBASH SAD

2.1 INTRODUCTION

Development of vaccines against pathogens provides the safest and most cost-
effective method of ensuring long-term protection against pathogens [1].
However, development of vaccines against infectious diseases such as AIDS,
tuberculosis, malaria, and herpes has been challenging [2-4]. Pathogens respon-
sible for these diseases induce chronic infection and involve multiple immune
evasive strategies [4,5]. Development of vaccines against such pathogens will
involve a thorough understanding of the key virulence strategies of the patho-
gens [6]. While the ultimate goal of vaccination is the development of potent
T-cell memory response to the pathogen, it appears that the programming for
the development of T-cell memory occurs rapidly within the first week of vac-
cination or infection [1]. Antigen presentation by infected cells occurs rapidly
after infection or vaccination and is over within the first few days [7]. The
magnitude of the acquired immune response is governed in large part by how
efficiently antigen is processed and presented within the first few days. Although
various cell types can present antigens to T cells, dendritic cells (DCs) have
the unique ability to induce antigen presentation that translates to the induc-
tion of potent T-cell memory [8]. Thus, antigen processing and presentation
forms the foundation of acquired immunity, and efficient vaccine design relies
extensively on devising strategies to ensure potent antigen presentation.
Integration of two distinct arms of the immune system, the innate and adap-
tive, is critical for ensuring rapid curtailment of the pathogen and subsequent
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generation of long-lasting protection [1]. Recently, the role of antigen-
nonspecific recognition of pathogens by cells of the innate immune system
through pattern-recognition receptors (PRRs) has come to light [9,10]. It is
clear that such innate recognition of pathogens by the host not only curtails
pathogens rapidly until maturation of adaptive immunity but critically sets an
inflammatory milieu for mobilization and development of appropriate adap-
tive immunity [11]. Thus, although vaccines ultimately aim to evoke long-lived
adaptive immunity, optimal acquired immunity cannot be achieved in the
absence of appropriate PRR interactions [12]. Among the adaptive immune
effectors, B and T cells have specialized functions in combating infections.
Traditionally, extracellular pathogens can be eliminated by strong antibody
responses with help from CD4" T cells. In the presence of appropriate cytokines,
CD4" T cells further differentiate into Th1 and Th2 cells, aiding cell-mediated
and antibody responses, respectively [13]. On the other hand, combating intra-
cellular pathogens requires strong cell-mediated immune response, particu-
larly from CD8" T cells [2]. CD8" T cells mediate cytotoxicity toward infected
cells and tumors and produce various cytokines, including IFN-y and tumor
mecrosis factor (TNF), which aid long-term immunity [2,14-17]. Furthermore,
CDS8" T cells have been shown to produce granulysin, which is a component
of the granules of cytotoxic T lymphocytes (CTLs) with strong antimicrobial
activity [18]. It is the latter type of response that has remained a challenge for
safer subunit vaccines.

Vaccine formulations comprise the following major components: specific
antigenic determinants, effective adjuvanting, and optimal delivery strategy. In
the context of vaccines against the major global infectious diseases, such as
tuberculosis (TB), AIDS, and malaria [19], several conditions must be fulfilled
for a vaccine formulation to elicit optimal T-cell memory:

1. Vaccine formulations should activate DCs sufficiently to induce adaptive
immunity, but not to cause overt toxicity.

2. Antigen should be trafficked within the antigen-presenting cells (APCs)
for presentation by both MHC (major histocompatibility complex)
classes I and II to stimulate CD8" and CD4* T cells.

3. The delivery system should accommodate several antigens for wide-
spread effectiveness.

4. Ideally, vaccines should evoke long-lasting memory responses after a
single injection.

In the past, adjuvants were chosen empirically for their ability to
evoke inflammation without disease induction (such as killed particles of bac-
teria) or to provide an antigenic depot at the site of injection (alum). Only
two adjuvants, alum and MF59, are currently approved for universal use
in humans [20]. Both these adjuvants are poor at evoking cell-mediated
immunity.
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2.2 RECOGNITION AND UPTAKE

It is now apparent that DCs, the most potent antigen-presenting cells use a
dual “key” to activate T cells [8]. Particulate and soluble antigens are effi-
ciently internalized by phagocytosis and macropinocytosis, respectively [21].
Both processes are actin dependent, require membrane ruffling, and result in
the formation of large vacuoles. Phagocytosis is generally receptor mediated,
whereas macropinocytosis is a cytoskeleton-dependent type of fluid-phase
endocytosis [8]. In macrophages and epithelial cells, macropinocytosis is tran-
siently induced by growth factors. In immature DCs, in contrast, macropino-
cytosis is constitutive. Macropinocytosis represents a critical antigen-uptake
pathway, allowing DCs to sample large amounts of surrounding fluid rapidly
and nonspecifically. Phagocytosis, in contrast, is initiated by the engagement
of specific receptors, triggering a cascade of signal transduction, which is
required for actin polymerization and effective engulfment. Receptor-mediated
endocytosis allows the uptake of macromolecules through specialized regions
of the plasma membrane termed coated pits. This process is initiated by a signal
in the cytoplasmic tail of the endocytic receptor, which is recognized by a
family of adaptors responsible for the recruitment of clathrin lattices [22].
A large number of endocytic receptors are expressed selectively by subpopula-
tions of immature DCs. These include the Fc portion of immunoglobulin
(FcR), CDY1, scavenger receptors (SRs), macrophage mannose receptor
(MMR), DEC205, CD23, low-affinity IgE receptor, langerin, and dendritic
cell-specific ICAM3-grabbing nonintegrin (DC-SIGN) [23]. These receptors
facilitate uptake of a wide variety of pathogens or macromolecules in different
anatomical compartments by dendritic cells. Immature DCs also internalize
apoptotic and necrotic cells and present antigens to T cells [24].

2.3 DENDRITIC CELL ACTIVATION

Pathogens express pathogen-associated molecular patterns (PAMPs) which
are recognized by specific receptors (PRRs) on dendritic cells, which results
in appropriate signaling that potentiates T-cell priming and memory genera-
tion [10,25]. The Toll-like receptor (TLR) family constitutes a classical PRR
that critically directs innate immune system response to the PAMPs [25].
Activation of cells through TLRs elicits a variety of inflammatory cytokines
and chemokines, depending on the cell type and specific TLR being stimulated
[10]. TLR knock-out mice exhibit a dramatic susceptibility to infection and
compromised generation of acquired immune responses [9,26-30]. Over the
past few years, various TLR ligands have been identified [31] and offer an
opportunity to guide memory development.

Dendritic cells respond to two types of signals: direct recognition of patho-
gens through specific pathogen-recognition receptors (PPRs), and indirect
sensing of infection through inflammatory cytokines. In response to these
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signals, dendritic cells are activated to enter an integrated development
program called maturation, which transforms dendritic cells to efficient T-cell
stimulators.

Five types of surface receptors have been reported to trigger dendritic cell
maturation [8]: (1) Toll-like receptors, (2) cytokine receptors, (3) TNF-receptor
family molecules, (4) FcR, and (5) sensors for cell death.

1. Dendritic cells mature in response to various pathogenic compounds,
including several bacterial wall compounds [such as lipopolysaccharide
(LPS)], unmethylated CpG motifs, and double-stranded RNA. Most of
these molecules are recognized by the large family of surface receptors
called Toll-like receptors. In different cells of the immune system, differ-
ent PPRs are specifically recognized by one or by a combination of TLRs
[25]. For example, TLR4 determines responses of gram-negative bacteria
through binding to LPS; TLR2 is involved in responses to different gram-
positive cell wall compounds and to bacterial lipoproteins; TLRS recog-
nizes flagellin from both gram-positive and gram-negative bacteria; and
TLRY binds to unmethylated CpG motifs.

2. Dendritic cells sense danger and infections indirectly through inflamma-
tory mediators such as TNFa, IL-1, and PGE-2, whose secretion is
triggered by pathogens.

3. CD4 T-cells induce dendritic cell maturation. Triggering of CD40
by CD40L on T cells induces dendritic cell maturation, but CD40-
independent mechanisms also exist.

4. Dendritic cells can also be activated through receptors for immuno-
globulins. Indeed, engagement of most FcR by immune complexes or
specific antibodies induces DC maturation.

5. Cell death can be sensed as a danger signal by dendritic cells [8]. Cell
injury releases adjuvant compounds that enhance T-cell responses [32].
Necrotic but not apoptotic cell death induces mouse and human DC
maturation [§].

2.4 ANTIGEN PRESENTATION AND CROSS-PRESENTATION

CDS8" and CD4" T cells express clonally distributed receptors that recognize
fragments of antigens (peptides) associated with MHC class I and IT molecules,
respectively [33]. Antigen degradation and peptide loading onto MHC mole-
cules occurs intracellularly in APCs. The intracellular pathways for peptide
loading on MHC class I and II molecules have been analyzed in detail [21,22].
Strict compartmentalization of MHC class I and II biogenesis results in the
loading of exogenous and endogenous antigens on MHC class II molecules in
the endocytic pathway and the selective loading of endogenous but not
exogenous antigens on MHC class I molecules in the endoplasmic reticulum
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(ER) [34]. This model accounts at the effector level for the selective killing by
MHC class I-restricted CD8" T cells of virus-infected cells (expressing endog-
enous viral antigens), but not of neighboring cells that have internalized inac-
tive virus. This model, however, is also in conflict with other reports, where it
was shown that the priming of CD8" T-cell responses in vivo can occur after
presentation of exogenous antigens by MHC class I molecules, a phenomenon
referred to as cross-priming [35]. Recent studies in dendritic cells reconcile
these two series of studies by showing that in addition to MHC class II, inter-
nalized antigens may also be presented by MHC class I molecules, a phenom-
enon referred to as cross-presentation [35,36].

2.5 MHC CLASS I-RESTRICTED ANTIGEN PRESENTATION

2.5.1 Endogenous Pathway

Most peptides to be loaded on MHC class I molecules are generated by pro-
teasome degradation of newly synthesized ubiquitinated proteins [22]. The
resulting peptides are transferred to the ER by specialized peptide transporters
(TAP) and loaded on new MHC class I molecules under the control of a
loading complex composed of several ER resident chaperons (including
tapasin, calnexin, and calreticulin) [37]. Once associated with peptides, MHC
class I molecules are transferred rapidly through the Golgi apparatus to the
plasma membrane. Like other cells, dendritic cells present self- or virus-derived
endogenous antigens. It is interesting that in contrast to MHC class II mole-
cules, MHC class I molecules are still efficiently synthesized and transported
to the cell surface in mature dendritic cells, highlighting the functional differ-
ences in the regulation of antigen presentation to CD4* and CD8* T cells. In
addition, dendritic cells constitutively express low levels of the immunoprotea-
some, which becomes the main type of proteasome in mature dendritic cells;
LMP2, LMP7, and PA28 are all induced during dendritic cell maturation
[22]. This change in proteasome composition may up-regulate the efficiency
of presentation of some epitopes while decreasing the presentation of
others. Targeting of proteins for proteasomal degradation requires their
ubiquitination.

2.5.2 Cross-Presentation Pathway

Exogenous antigens internalized by various pathways, however, may also be
presented by MHC class I molecules [35,36,38]. Macropinocytosis allows
receptor-independent cross-presentation of soluble antigens by dendritic cells.
Physiologically, phagocytosis is probably a major route for antigen uptake and
cross-presentation. It has been shown that linking antigens to latex beads, thus
forcing internalization by phagocytosis, strongly increased the efficiency of
cross-presentation [21]. Similarly, entrapment of antigens into lipid vesicles
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results in potent antigen presentation and T-cell priming [39]. Phagocytosis of
bacteria results in efficient cross-presentation in dendritic cells [40]. Phagocy-
tosis of apoptotic cells also results in efficient cross-presentation of viral
and tumor antigens [24]. Whether apoptosis per se is required for cross-
presentation is a matter of debate. Death by necrosis or inhibitors of apoptosis
resulted in inefficient cross-presentation. Exosomes, small membrane vesicles
secreted by tumor cells, or infected phagocytes contain antigens that are taken
up by dendritic cells to induce cross-presentation [41].

Initially, two main intracellular pathways for cross-presentation were
reported, resulting in either endocytic or ER MHC class I peptide loading
[21,34]. Loading in endocytic compartments is in general insensitive to inhibi-
tors of protein neosynthesis (Brefeldin A) and to inhibitors of the proteasome
(lactacystine). In addition, loading is independent of TAP transporters and
sensitive to inhibitors of lysosomal function (e.g., ammonium chloride, chloro-
quine). Conversely, ER peptide loading is blocked by proteasome inhibitors
and requires the expression of TAP. This pathway requires transport of inter-
nalized antigens from the endocytic compartments to the cytosol [21,34].

More recently it was reported that the membrane of ER fuses with nascent
phagosomes, suggesting that this peripheral compartment (phagosomes) in
macrophages and dendritic cells may serve as an organelle optimized for MHC
class I-restricted cross-presentation of exogenous antigens [42]. The process
allows intersection of the endosomal system with the ER, the classical site of
MHC class I peptide loading, and may reconcile the seemingly conflicting
evidence indicating that both of these sites are crucial in cross-presentation.

2.6 MHC CLASS II-RESTRICTED ANTIGEN PRESENTATION

Peptide loading on MHC class II molecules occurs through a different pathway
[43]. Soon after synthesis in the ER, three o/ MHC class II dimmers associate
to a trimer of invariant (Ii) chains [44]. These nonamers exit the ER and pass
through the Golgi apparatus before being transported to the endocytic
pathway under the influence of transport signals present in the cytoplasmic
region of the Ii chain. Once in endosomes and lysosomes, the nonameric
complexes meet an acidic, protease-rich environment, where the Ii chain is
degraded by several proteolytic enzymes of the cathtepsin family. MHC class
IT dimmers become competent to bind antigenic peptides under the control
of two nonpolymorphic MHC class II molecules, HLA-DM/H-2M and HLA-
DO/H2-O (in human and mouse) [43]. Once loaded with peptides, Ii chain-
free MHC class Il/peptide complexes reach the plasma membrane. Antigen
degradation in the endocytic pathway and the generation of antigenic pep-
tides require several proteases, including cathepsins and asparaginyl endopep-
tidases [44]. Thus, MHC class II molecules bind mainly to peptides derived
from antigens present in the endocytic pathway (internalized or membrane
proteins).
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2.7 ANTIGEN PROCESSING AND ADJUVANTS

Antigens incorporated onto traditional adjuvants, while gaining access to the
MHC class II pathway for CD4" T cell activation, fail to gain access for MHC
class I processing [34]. Thus, such vaccines fail to stimulate CD8" T cells.
Recombinant attenuated intracellular viruses and bacteria that can enter the
cytosol act as antigen carriers for induction of CD8" T cells [45,46]. Although
this strategy has been successful to some extent, many risks are associated with
the use of live vaccines. Another strategy of targeting antigens to the cytosol
is to tag them with bacterial toxins that interact with specific receptors on cell
surfaces and translocate into the cytosol. In this context, diptheria toxin,
Shigella-like toxin, and heat-labile enterotoxin have been shown to evoke
CDS8" T-cell immunity [47]. However, the utility for vaccination remains ques-
tionable, as they do not target specific APCs, have toxicity, and are often inef-
fective on repeated use. Particulate antigen delivery systems that provide an
antigenic depot are phagocytosed and may be modulated to deliver antigen
to the cytosol. For example, pH-sensitive liposomes deliver their cargo into
the cytosol by fusion with phagolysomal membrane at acidic pH ([48]). More
promising approaches include viruslike particles [49] and archacosomes [50]
that follow a phagosome—cytosol route and deliver antigen efficiently to the
classical processing machinery [51].

2.8 INFLUENCE OF THE TYPE OF ANTIGEN-PRESENTING CELL

In addition to the differences in antigen-trafficking pathways for CD4" and
CDS8" T-cell activation, the types of APCs that process and present antigens
can have a profound influence in the development of T-cell response and
memory. Compared to dendritic cells, macrophages and B cells are very poor
in antigen-presenting ability [8,52,53]. The unique ability of dendritic cells to
induce potent antigen presentation is due partially to their expression of high
levels of co-stimulatory molecules CD40 and B7, which provide strong T-cell
priming ability [8]. Even within dendritic cells, there is considerable hetero-
geneity [54], and recently, dendritic cells expressing CD8a have been shown
to be superior to CD8o” DCs in antigen processing and presenting ability
[55,56]. However, dendritic cells cannot induce potent T-cell responses [57,58]
unless they are activated by inflammatory stimuli (such as type I IFN), which
occurs when dendritic cells respond to LPS-like molecules on pathogens,
suggesting that perception of “danger” by the innate immune system is impor-
tant for the generation of a strong T-cell response [12]. In this context, the
role of Toll-like receptors on APCs in “policing” danger signals for appro-
priate activation has been highlighted [59]. Further, co-stimulatory interac-
tions between CD28-CD80, CD40-CD40L, 4-1BB-4-1BBL, and OX40-OX40L
provide additional signals that increase the expansion of T-cell populations
[60-64].
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2.9 T-CELL PRIMING

T-cell response can be categorized into three phases. The first phase involves
T-cell priming, which is followed by an apoptotic phase where the majority of
the primed effectors die. T cells that survive the death phase enter the memory
phase, in which the number of memory T cells stabilizes and these cells are
maintained for prolonged periods of time. In the primary response to antigen,
naive CD4* and CD8" T cells undergo a massive burst of expansion, which in
turn governs the extent of memory generated [65]. Against some intracellular
bacteria (e.g., Listeria monocytogenes), the burst of expansion appears to be
of a much higher magnitude for CD8" T cells compared to CD4* T cells [66].
As the expression of MHC class I molecules is nearly ubiquitous in compari-
son to MHC class II molecules that are selectively expressed on fewer cell
types, CD8" T cells would have a greater opportunity to encounter antigen
than would CD4" T cells. However, it is not clear whether this is true for all
infections, as antigen presentation is induced mainly by professional APCs that
express high levels of MHC class II molecules. CD4* and CD8* T cells also
exhibit differences in the requirements of co-stimulatory molecules [67], sug-
gesting that differential thresholds might exist for CD4" versus CD8" T-cell
activation [1]. The extent of proliferation of T cells also appears to be governed
by the amount of antigen available in vivo. Infection with higher doses of
bacteria or viruses results in a stronger, protective, T-cell memory [68,69]. The
influence of the antigen levels on memory commitment was shown clearly in
elegant experiments with recombinant vaccinia virus engineered to express
low or high levels of ovalbumin (OVA) wherein the response increased pro-
gressively with increasing antigen dose until a saturation in epitope levels was
achieved [70]. Besides the amount of antigen, immunodominance of the pep-
tides also plays an important role in development of CD8" T-cell memory.
Immunodominance appears to be governed mainly by the affinity, stability,
and dissociation of peptide from MHC molecules [71,72]. For example,
LLOy; g9, which is the most immunodominant CTL epitope of Listeria mono-
cytogenes, is the least abundant peptide in infected APCs.

The duration of antigen presentation required for inducing T-cell memory
is still a subject of active studies. Recent investigations indicate that naive
T cells soon after receiving appropriate antigen and costimulatory signals
commit to clonal expansion and differentiation into effector cells. Using either
antibiotics to terminate pathogen growth, or transferring activated T cells into
recipient mice, it has been shown that memory T-cell commitment occurs
within, but not after, the first 24 hours of infection [7,69,73,74]. Thus, the initial
antigenic encounter appears to initiate an instructive program wherein CD8*
T cells undergo a minimum of seven to 10 divisions without further antigenic
stimulation, and once initiated, the antigen-specific T cells continue to differ-
entiate and divide, even in the absence of further antigenic stimulation [7].
The continued persistence of antigen may result in a greater effector T-cell
expansion [75-77]. However, when the duration of antigen presentation
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becomes too long, such as in various chronic viral infection models, effector
populations fail to continue to expand and may undergo clonal exhaustion or
deletion, indicating that antigen-driven proliferation of CD8" T cells does not
occur indefinitely [78-80]. Regardless of whether the pathogen persists briefly
and is cleared in a few days, or persists for a week, the peak of the CD8" T-cell
response, particularly during viral infections, occurs around day 7, indicating
that the timing of the peak is determined early in the encounter with the
pathogen [76]. After activation by APCs, naive T cells will undergo seven to
10 divisions, which could take approximately five days assuming an average
doubling time of 12 hours. After the second cell division, CD8" T cells appear
to acquire effector function and contribute to control of infection [81]. For
CD4* T cells, it was shown recently that whereas the initial antigenic encounter
can induce T-cell expansion for up to seven divisions, repeated antigenic stimu-
lation is required for generation of effector activity and further expansion [82].
The number of cell divisions required for a T cell to acquire effector activity
has been controversial [83,84], as T cells appear to acquire effector activity
even without entering the S phase [84]. Thus, whereas cell cycling may be
necessary for enhancing the frequency of specific cells, it may not be essential
for effector activity.

An important determinant during T-cell priming relates to the immune
status of the host. The induction of a highly inflammatory environment (high
numbers of activated dendritic cells, macrophages, NK (natural killer) cells, ¥0
T cells) by the chronic pathogen Mycobacterium bovis (BCG) compromises
T-cell priming against a subsequent pathogen, Listeria monocytogenes (LM)
[85]. This impairment in T-cell priming was due mainly to the cessation in the
initial expansion of the replicating immunogen, L. monocytogenes. Preexisting
inflammation resulted in a selective impairment in T-cell priming against the
replicating immunogen as CD8* T-cell response to OVA administered as an
inert antigen (OVA archacosomes [86]) was enhanced by BCG preimmuniza-
tion, whereas priming toward OVA administered as a live immunogen
(LM-OVA) was impaired [85]. Thus, depending on the nature of the immuno-
gen, the presence of prior inflammatory responses may either impede or boost
vaccine efficacy. This may provide some scientific understanding for the long-
held clinical practice of avoiding vaccinations during fever associated with
ongoing infections. Similarly, the presence of antibodies or T cells that cross-
react with a given vaccine may limit the vaccine efficacy by reducing the
growth of live vaccine in vivo, and hence result in poor T-cell and antibody
response [87].

Another factor that can influence T-cell priming and subsequent memory
generation relates to the cytokine microenvironment, which may influence the
phenotype and function of memory T cells generated. As with the cytokine-
secreting subsets of CD4* T cells (Thl and Th2) [13], CD8" T cells can also
differentiate into distinct type 1 and type 2 cytokine-secreting subsets [88,89].
These cytokine-secreting subsets of CD8" T cells can exhibit quantitative
differences in their effector function and protective efficacies [90,91]. The
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cytokines (IL-12 and IL-4) that induce the differentiation of CD4" T cells (Th1
and Th2) also induce the differentiation of CDS8" cells (Tcl and Tc2).

210 GENERATION OF MEMORY

It has been debated whether memory T cells represent a separate lineage or
whether they are the descendents of effector cells, and a key question that
remains is how memory T cells avoid the apoptotic program, which eliminates
more than 90% of the effectors generated. Although it could be argued that
memory T cells represent a population of escapees that evade apoptotic
instruction, the remarkably constant proportion of memory T cells generated
(10% of peak effector numbers) irrespective of the dose and type of pathogen
used suggests that memory commitment may not be random.

The duration of antigen exposure may be an important factor in memory
generation since continued antigenic stimulation might switch on the death
pathways. Conversely, T cells that are primed toward the end of an immune
response might experience a brief exposure to antigen, which could still drive
them to differentiate into effectors without activating the apoptotic pathways.
It is possible that memory T cells are generated by incomplete differentiation
of a subset of cells that avoids death (overstimulation) perhaps by ignoring or
avoiding peptide-carrying APCs through some unknown mechanism, or by
arriving late in the immune response. The finding that continued viral persis-
tence can induce T-cell exhaustion and/or deletion is consistent with this
model [78,79].

The development of immune response and subsequent memory can vary
with each pathogen or vaccine, depending on such factors as the relative dura-
tion of antigen presentation, the amount of antigen expressed, and the degree
of inflammation caused. This has allowed further elucidation of the generation
of subsets of memory T cells. It has been reported that killed bacterial vaccines
induce substantial numbers of central phenotype memory T cells without
going through an effector stage [92]. Similarly, in another study, CD8" T cells
cultured in IL-15 developed into central phenotype memory cells, whereas
cells cultured in high-dose IL-2 developed into effector phenotype cells [93].
These studies suggest that the lineage development of memory may vary with
the immunization protocol and that effector differentiation may not be a pre-
requisite for generation of memory CD8" T cells in all models. A reverse linear
differentiation model has also been suggested wherein the central memory
cells arise first and give rise to effector cells [94,95]. The notion that memory
T cells can be maintained only as effector or central memory subsets may be
too simplistic [96]. Indeed, in HIV, cytomegalovirus (CMV), Epstein—Barr
virus (EBV), and hepatitis C virus (HCV) infection models, memory CD8" T
cells exhibited a spectrum of phenotypes typical of uncommitted precursors
to highly polarized terminally differentiated effectors [95,97], and memory
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CD8" T cells against different viruses tend to accumulate at different points
along the differentiation pathway.

2.11 PHENOTYPES OF MEMORY

Various cell surface markers have been used to identify memory T cells;
however, the complexity of expression patterns of different proteins varies with
the degree of activation, type of infection, and the differential isoform splicing
of various molecules [98]. Of all the markers used for discriminating naive
versus memory T cells, CD44 is by far the most reliable marker that is expressed
at high levels in memory T cells of mice [99,100]. Naive T cells also express high
levels of CD62L and lose the expression of this molecule upon activation by
antigen—APCs[101]. However, toward the end of the primary immune response,
as the antigen levels dwindle, some of these activated T cells appear to revert
back to expressing high levels of CD62L [81,102], causing ambiguity in the
phenotypiccharacterization of memory T cells. According to thismodel [81,102],
various subsets of CD8" T cells can be discerned: CD62L"CD44"" (naive),
CD62L"CD44" (resting memory), and CD62L"*CD44" (effector memory). In
addition to these markers, Ly-6C and CD122 have also been shown to be
expressed selectively on memory CD8" T cells [103,104].

A well-defined phenotypic and functional model of the subsets of human
memory CD4" and CD8" T cells has been proposed based on expression of
CD62L and CC-chemokine receptor 7 (CCR7) [94]. CD62L is involved in
attachment and rolling of T-cells on high endothelial venules [105], whereas
CCR?7 binds the chemokines CCL19 and CCL21 that are presented on the
endothelial cells in the lymph nodes, which causes the initiation of extravasa-
tion [106]. As a result, CD62L"CCR7" and CD62L""CCR7" T cells would be
expected to have distinct migratory properties in vivo. Several studies have
shown that CD62L"CCR7* T cells migrate efficiently to peripheral lymph
nodes, whereas T cells lacking these molecules were found selectively in the
nonlymphoid compartment [107,108]. Functionally, CD62L"CCR7* cells pro-
duced only IL-2 after activation in vitro, whereas CD62LYCCR7" T cells
contained intracellular perforin and produced high levels of various effector
cytokines [94]. Based on these functional differences, tissue-homing effector
memory T cells, capable of immediate effector function, were separated from
the lymph-node homing central memory T cells, which were available in sec-
ondary lymphoid organs to generate a second wave of T-cell effectors. When
restimulated in vitro, CD62L"CCR7* memory T cells became CD62L°¥CCR7",
suggesting that central memory cells can give rise to effector memory T cells
[94]. Several recent reports have confirmed the presence of distinct effector
versus resting memory T-cell subsets and shown that effector memory T cells
extravasate selectively in the nonlymphoid compartment [109-111]. However,
arecent report evaluating the subsets of memory CD8" T cells in mice questions
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the segregation of effector versus resting memory CD8" T cells based on CCR7
expression, as both CCR7" and CCR7 subsets of CD8" T cells were equally
cytolytic and produced similar levels of IFN-y [112].

2.12 T-CELL MEMORY AND PROTECTIVE EFFICACY

An important step in vaccination relates to devising methods that ensure
optimal generation and maintenance of memory T cells. As effector memory
cells possess rapid effector function (cytotoxicity and cytokine production) and
the ability to extravasate rapidly to peripheral sites [94,110]. It was previously
believed that vaccinations ought to induce mainly effector memory cells [113-
115]. However, effector memory phase during most infections and vaccinations
appears to be very short-lived, which makes sense biologically, since the persis-
tence of such effectors can result in immunopathology, particularly if there is
cross-reactivity with self-antigens. Interestingly, it was recently reported that
central phenotype memory and effector memory subsets of CD8" T cells in
mice do not differ in immediate effector function [112]. The strict segregation
of CD8" T cells into either central or effector cells can be misleading consider-
ing that during CD8" T-cell differentiation a continuum of cells from central to
effector phenotypes may be generated [96]. Not all cells within the effector or
central memory subset exhibit a uniform cell size or expression of various
molecules. An important factor in evaluating the protective efficacy of T cells
lies in the diseases targeted and the models used. During lymphocytic chorio-
meningitis virus (LCMV) infection of mice, it was recently reported that the
elevated susceptibility of effector memory CDS8" T cells to apoptosis offsets
their usefulness, and it is indeed the central memory but not effector memory
CD&" T cells that mediate protective efficacy, due to their increased propensity
to proliferate and to convert into effector memory cells upon restimulation
[116]. This interpretation does not fit well with a previous report where high
numbers of central memory T cells were induced in mice by heat-killed L.
monocytogenes, but such memory cells were not protective [92]. In an influenza
virus infection model it was reported that only effector memory CDS8" T cells
entered the lungs with rapid kinetics and in high cell numbers, which resulted
in stronger protection against a lethal viral challenge [117]. On the other hand,
central memory CDS8" T cells, which mediated a slightly reduced protection,
were first seen to increase in cell numbers in the draining lymph nodes, where
they converted into effector memory cells before entering the lungs. Similarly,
in a murine respiratory syncitial viral model, CD8" T cells that mediate high
levels of cytolytic activity do not persist, resulting in a decrease in resistance to
reinfection to very low levels within two months following immunization [118].
Regardless of the controversy regarding the differential effector function and
protective efficacy of central memory versus effector memory CD8" T cells, it
is conceivable that in diseases where the pathogen disseminates rapidly, central
memory T cells may not get sufficient time to be effective. The extravasation,
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expansion, and further differentiation of central memory T cells into highly
functional effectors takes time, which could potentially be too late against some
pathogens.

Another important factor relates to the degree of reduction in the pathogen
burden that is sufficient for inducing host survival. In some situations a 10-
to 100-fold reduction in bacterial load (e.g., L. monocytogenes) by specific
memory T cells is sufficient to induce host survival, as the reduced bacterial
burden can be cleared further by other immune mechanisms. However, against
another pathogen, HIV, a 10- to 100-fold reduction in HIV burden does not
translate to any protection. Similarly, a 10- to 100-fold reduction in tumor load
by specific memory T cells is insufficient for host survival and translates to
only a modest delay in death. The differential protection between central
versus effector memory T cells may not be apparent in the conventional
models that involve pathogen challenge at systemic sites, as such infections
are often associated with danger signals [12] that induce strong inflammation
sufficient to reactivate central memory T cells rapidly. This is more relevant
when one considers protection against tumors since tumor cells, as self, do not
induce the activation or danger signals that a pathogen will readily induce;
hence, the maintenance of antigen-specific T cells in a signal 2-independent
status seems essential for effective tumor control [69].

Although it may be difficult to determine accurately the immediate protec-
tive capability of central versus effector memory CD8" T cells, it is reasonable
to suggest that vaccines should induce significant proportions of both cell
types. Manipulative strategies such as multiple vaccinations, prime—boost with
various adjuvants, and controlled antigen release may induce balanced propor-
tions of central versus effector memory T-cell pools, offering the host the
advantages of both subsets and minimizing the limitations.
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MECHANISMS OF
ADJUVANT ACTION

NiLs LYcke

3.1 INTRODUCTION

Over the last decade our knowledge of various substances that exert adjuvant
effects has grown immensely. By necessity this means that only a selection of
adjuvants, typifying certain mechanisms, will be discussed in any greater detail
here. However, to get an overview and a better understanding of the mecha-
nisms involved and the types of strategies used to elicit these effects, a few
revealing examples are presented. This is also usually more informative than
reporting from a long, comprehensive list of substances with adjuvant
activity.

Because of an almost absolute requirement for adjuvants in most commer-
cial vaccines, there is growing interest in adjuvant development. Despite this,
we must conclude that little information is available as to what adjuvants, in
fact, do in vivo. Most of our mechanistic knowledge stems from in vitro studies
using freshly isolated cells, cell lines, or ex vivo—generated cells, such as bone
marrow—derived dendritic cells (DCS) [1]. Few reports have successfully
described the effects of adjuvants on in vivo events, and scarcely any docu-
mentation on more complex interactions leading to priming of T cells or T/B-
cell interactions exists. However, with the introduction of biphoton microscopy
and other such techniques, allowing for real-time assessments, cellular move-
ment and function due to adjuvant administration will soon be past of a rapidly
growing literature [2,3]. This is, indeed, a much warranted development for
future vaccine design and formulation.

Vaccine Adjuvants and Delivery Systems, Edited by Manmohan Singh
Copyright © 2007 John Wiley & Sons, Inc.
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The word adjuvare is Latin and means “to help,” which is exactly what
adjuvants do. Most vaccines based on nonliving material lack the ability to
stimulate a significant immune response. Therefore, substances or formula-
tions that augment immunogenicity of a particular antigen are obligatory for
any vaccine based on nonliving vectors. Although not needed for most attenu-
ated live vaccines, adjuvants may still be required to improve efficacy or
modulate immune responses. A growing literature presents microbial vectors
that have been engineered to express cytokines or immunomodulators together
with the vaccine antigens [4]. Historically, adjuvants are mostly of microbial
origin and induce various degrees of inflammation. In fact, the adjuvant effi-
cacy could in many ways be linked directly to the level of local inflammation.
Thus, in this regard adjuvants can also be responsible for tissue destruction,
pain, and distress, which are key components to consider in any vaccine devel-
opment. Hence, the selection of adjuvant to use is often as critical as which
antigen or combination of antigens to include in a vaccine. All types of immune
responses can be augmented; antibody formation as well as cell-mediated
immunity, including cytotoxic T-cell activity. Adjuvants may use many different
mechanisms to exert an augmenting effect on immune responses: from estab-
lishing an antigen depot in the tissue, to direct or indirect immunomodulation
and antigen-targeting effects. For example, nonliving adjuvants can be formu-
lations of lipid or gel (alum) to create a depot effect of the vaccine following
injection. Also, nonliving adjuvants can be both delivery systems, such as lipo-
somes and poly(lactide-co-glycolide) (PLG) microspheres, or modulators, such
as muramyl dipeptide (MDP) and monophosphoryl lipid A (MPL) [5]. Here
we focus mostly on the immunomodulating and targeting effects of adjuvants,
as antigen delivery and depot effects are discussed in more detail in other
chapters.

3.2 INDUCTION OF IMMUNITY

Today, we have very precise information about necessary signals for the stimu-
lation of adaptive immune responses: This involves the stepwise stimulation
of naive T cells through recognition by the T-cell receptor of MHC (major
histocompatibility complex) class I or II together with peptide, to the more
complicated second signals that are provided by cytokines or co-stimulatory
molecules on the membranes of antigen-presenting cells (APCs) [6]. The co-
stimulatory molecules CD40, CD80, CD86, and OX40L especially are thought
to contribute to an adjuvant function. The linking of innate responses to the
induction of adaptive immunity is the key to successful adjuvant construction.
It is the choice of adjuvant, which can affect differently innate immunity, that
directly influences and shapes the adaptive immune response. The activation
of naive CD4" T cells can lead to the development of either Th1 or Th2 cells,
characterized by distinct cytokine production. Whereas Th1 cells are critical
for cell-mediated immunity and produce IFN-y, TNFa, and IL-2, the Th2
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phenotype secretes IL-4, IL-5, IL-6, IL-10, IL-13, and IL-15, which positively
influences and forms the magnitude, quality, and isotype of the antibody
response [7]. The decision to develop Thl or Th2 dominance is made early in
the course of an immune response. This stage also determines the usefulness
of the adaptive response in relation to the triggering event. In accordance,
helminth infections or extracellular bacterial infections are best eliminated by
antibody production and Th2 skewing, whereas infections with intracellular
parasites, bacteria, or viruses require cell-mediated immunity and Th1 domina-
tion [8]. Furthermore, in the course of an immune response, regulatory ele-
ments are usually induced. One such important factor is the differentiation of
regulatory T cells (Tregs), which have a dampening effect on the effector phase
of an immune response. For example, Tregs could reduce IFN-y production,
thereby reducing tissue destruction driven by Thl cells [7]. These regulatory
T cells express the transcription factor, Foxp-3-encoding gene, and produce
transforming growth factor 8 (TGFp) or IL-10, and contrary to natural thymus-
derived Tregs, they are CD25-negative [9]. Modulation of the function of Tregs
may therefore prove to be a promising avenue in the search for future vaccine
adjuvants. But, at present, few adjuvant strategies have included modulation
of Tregs as a means to achieve protective immunity [10,11]. Taken together,
the identification of ways to modulate Th1, Th2, or Tregs will most certainly
be key to the successful development of novel vaccine adjuvants.

3.3 OVERVIEW OF ADJUVANT MECHANISMS

In principle, adjuvants may exploit three types of modulating effects on the
innate immune response which will affect the adaptive immune response and
promote improved immunogenicity that can eventually convey protection
against infection (Figure 3.1). What were discussed previously as danger signals
are recognized today as defined molecules with distinct chemical and genetic
properties [12]. Behind the activation of innate immunity by danger signals,
we find a series of reactions strictly controlled by specific receptors, called
pattern-recognition receptors (PRRs). These receptors bind microbial products,
such as endotoxin or other microbial membrane products, or bacterial or viral
DNA and RNA, respectively. One family of such receptors is that of the Toll-
like receptors (TLRs), which bind lipopolysaccharide (LPS), flagellin, HSP60,
CpG DNA, dsRNA, or peptidoglycans, all with unique and distinct receptors
[13,14]. The family of TLRs is growing, and currently encompasses 10 members
in humans and 11 in mice [15]. The nucleotide-binding oligomerization domain
(NOD) proteins are another example of receptors that can sense microbial
products [16,17]. However, some controversy remains as to whether NOD1
and NOD?2 are to be considered to be true PRRs [18]. The TLRs are distinctly
located in membranes or intracellular compartments, whereas NODs are
intracellular PRRs. Both can be found in many types of cells, among them
DCs, macrophages, and B cells, which are also the most important cells for
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Principal mechanisms for immunomodulation

PRRs; TLR and NOD
. Non-PRR; ADP-ribosylating toxins and inactivated mutants

1.
3. Natural ligands; HSP70, €3d, conjugate-IgE or ant-DEC205

Figure 3.1 Summary of the major pathways for immunomodulation and adjuvant
function. A dendritic cell labeled with FITC-conjugated anti-CD11c antibodies. (See
insert for color representation of figure.)

antigen presentation to naive T cells and stimulation of an adaptive immune
response [19]. In the case of DCs, binding to PRRs will cause migration to
regional lymph nodes and the maturation of the DCs into effective APCs,
expressing the co-stimulatory molecules required for optimal T-cell priming
[20]. Thus, most adjuvants are ligands for PRRs and binding results in signaling
that eventuate in activation of the transcription factor NFxB. The NF«xB trans-
locates to the nucleus, where it may stimulate expression of an entire range of
genes, many which drive inflammation [21]. However, we also know of adju-
vants that do not appear to involve PRRs and subsequently should be expected
to be less dependent on the NFxB pathway for their function.

To this second family of adjuvants, which probably affect innate immunity
through receptors other than the PRRs, we associate the bacterial enterotoxins
or derivatives thereof, typified by cholera toxin (CT) and Escherichia coli
heat-labile (LT) toxin [22]. These molecules are known to be ABs complexes
and carry an Al subunit that is an ADP-ribosylating enzyme and five B sub-
units that bind distinct ganglioside receptors present on most nucleated mam-
malian cells. Because gangliosides reside in the cell membrane of all nucleated
cells, the binding is very promiscuous and hence the enzyme can affect virtu-
ally all cells in the human body. As discussed later in the chapter, the holotox-
ins stimulate adenylate cyclase, leading to an increase in intracellular cAMP.
This is what makes them highly toxic but is also a property that contributes
to their excellent adjuvant function in vivo [23]. Furthermore, other bacterial
toxins, such as Bacillus anthracis edema toxin, which also induces intracellular
cAMP in target cells, has recently been found to act as an adjuvant in mice,
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strongly enhancing priming of specific CD4" T cells as well as antibody pro-
duction after nasal administration [24]. Pertussis toxin (PT) is another ADP-
ribosylating enzyme that induces cytosolic cAMP, but through a different
G-protein (G;) than CT and LT (G,,), and which is also known to act as an
adjuvant [25-27]. Whereas PT is associated primarily with an augmenting
effect on Thl immunity, variable effects on the skewing to Thl or Th2 differ-
entiation has been reported for CTs, and, in particular, for LT [27-29].

A third group of immunomodulators use natural components of the immune
system, such as complement factors, C3d, or antibodies, preferably IgE anti-
bodies, or antibodies for targeting to innate cells, exemplified by anti-DEC205
antibody conjugates to target antigen to DCs. The latter strategy was shown
to promote enhanced T-cell immunity by exploiting the endocytic DEC205
receptor on DCs in draining lymph nodes following subcutaneous administra-
tion [30]. Conjugation of antigen to immunoglobulins of certain isotypes may
also enhance immune responses. Conjugates based on IgE antibodies espe-
cially have been found to have an adjuvant effect. The mechanism for this
augmenting effect is dependent on CD23, the low-affinity receptor for IgE on
B cells [31]. Moreover, bacterial products such as the 70-kDa microbial heat
shock protein (mHSP70) uses a natural non-TLR pathway for activation of
DCs and have a profound augmenting effect on the immune response. The
mHSP70 interacts with the CD40 receptor on DCs and monocytes to produce
pro-inflammatory cytokines and chemokines [32]. The mHSP70 induced matu-
ration of DCs and hence replaced the natural ligand, CD40L, expressed by
activated T cells. Of note, other heat shock proteins, such as HSP60, which acts
through TLR2 and TLR4, also exert pro-inflammatory and immunoenhancing
properties and may act preferentially on B cells [33]. Finally, the conjugation
of antigen to complement factors such as C3d is a well-established strategy to
achieve an augmenting effect on humoral responses. However, recent findings
point to a complex dependence on complement receptors where C3d may
enhance or inhibit antigen-specific humoral immune responses through both
CD21-dependent and CD21-independent mechanisms, depending on the con-
centration and nature of the antigen-C3d complexes [34].

3.4 TARGETING AS A MEANS TO EXERT ADJUVANT FUNCTION

Because of a more detailed understanding of how to trigger innate immunity,
through specific receptor recognition, adjuvant research is focused increas-
ingly on vaccine targeting of the innate immune system. Targeting is also a way
to restrict side effects, to reduce the dose of antigen, and to limit the risk of
adverse reactions to vaccination. An adjuvant strategy that involves the spe-
cific delivery of an activation signal through a PRR in a given set of cells pro-
vides a unique opportunity to tailor the next generation of vaccine adjuvants
with predicted action. Moreover, since adjuvants may also be live vectors, such
as Salmonella and Adenovirus, which by gene recombination techniques have
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been modified to express relevant proteins, targeting PRRs could also be a
property of such vectors [35]. For example, the live vector adjuvant can func-
tion both as an antigen delivery system and by immunomodulation (e.g., via
TLR binding). However, live vectors are often unstable, and few vaccines
based on this technology have reached the state of clinical practice. Attempts
to target nonliving vaccines to TLR for internalization into APCs have also
been successful. A synthetic vaccine against Listeria monocytogenes that con-
sisted of a TLR2 ligand and an antigen-specific T-cell epitope gave augmented
antibody and CTL immunity [36].

3.5 ADJUVANT FUNCTION AND TOXICITY

A fundamental aspect on any adjuvant development is toxicity. Whereas alu-
minum (Al)-based mineral salts are the most frequently used adjuvants in
commercial human vaccines, they are relatively ineffective compared to many
other experimentally used adjuvants. Although the antigen-depot effect of Al
is associated with relatively mild tissue inflammation at the site of injection,
there is increasing concern about allergic reactions to Al adjuvants [37]. There-
fore, adjuvants that can replace Al in vaccines are much warranted. Also, a
known limitation with Al adjuvant-based vaccines is the poor cytotoxic T
lymphocyte (CTL)-promoting ability and skewing toward Th2, resulting in a
better effect on humoral immunity but less strong stimulation of cell-mediated
immunity [38]. Targeting may allow for enhanced elicitation of specific signal-
ing through PRRs, for example, because of a higher local adjuvant concentra-
tion or better focused administration of the adjuvant. This strategy also appears
promising as a measure to reduce toxicity and improve safety while retain-
ing or augmenting strong cell-mediated and humoral immunity in future
vaccines.

3.6 SPECIFIC MECHANISMS VIA THE TOLL-LIKE RECEPTORS

3.6.1 Lipopolysaccharide and Monophosphoryl Lipid A

Lipopolysaccharide (LPS) is the prototypic activator of innate immunity via
TLRs. Its effects on DCs in vitro, for example, have been amply documented,
and even detailed analyses of in vivo effects have been reported [39]. LPS is
one of few adjuvants that have also been used for screening of gene expression
in host APCs subsequent to exposure. Among several groups, Ricciardi-
Castagnoli and co-workers have published extensively on the transcriptomes
of DCs treated with LPS using Affymetrics technology [19]. These studies have
revealed that more than 2000 genes appear to be regulated by LPS. A signifi-
cant number of the genes being up-regulated are encoding pro-inflammatory
cytokines and chemokines, explaining the strong augmenting effect of LPS on
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Th1l-dominated immunity [40]. The effect of LPS is strictly TLR4 dependent,
and the signal transduction engages either of two pathways; the MyDS8S8 or
TRIF/TRAM pathways [41]. Subsequent to TLR signaling is activation of
MAPkinase and eventually NFkB, which in turn regulates gene expression
[42]. Not only are pro-inflammatory cytokines and chemokines up-regulated
following exposure to LPS, but genes encoding co-stimulatory molecules are
induced.

Whereas whole LPS is not a candidate for a vaccine adjuvant, monophos-
phoryl lipid A, a modified less toxic derivative of lipid A, has been tested
extensively in human trials [43]. However, the effect is still dependent on the
TLR4 pathway, and only in combination with other adjuvants does this mate-
rial appear to be efficacious and clinically attractive for vaccine use.

3.6.2 Bacterial DNA

CpG oligodeoxynucleotide-(ODN) is a good example of an adjuvant with a
receptor-restricted mechanism because its specificity is directly dependent on
the binding and function of TLRY in the cell [44]. The CpG motifs are common
in bacterial DNA but are underrepresented and methylated in vertebrate
DNA. The presence of bacterial DNA is sensed by TLR9 in many different
types of cells, including APCs. However, the distribution of TLR9 can vary
within, as well as between, different cell types. For example, in humans only B
cells and plasmacytoid DCs express TLRY, whereas in mice, other cells also
express this PRR [45]. This could lead to different effects and potency of a
particular CpG motif in different species or between different types of cells
within one species. Also, distinct species differences exist as to a given motif of
nucleotides, GACGTT, being more potent in mice than in humans. As TLR9
signaling is one of the most potent activators of type I interferon (IFN), CpG
is frequently used as a selective inducer of IFN-o, which has potent antiviral
and pro-inflammatory Thl-stimulating effects . In fact, CpG ODN appears to
be the strongest Th1 inducer of all adjuvants tested in mice [46]. Although not
induced exclusively by CpG, IL12 has been found to be a major factor respon-
sible for the Th1 dominance induced by TLR9Y signaling [47]. Of note, though,
as a consequence of the different TLR9 patterns and sensitivities, extrapolation
of findings in mice may not apply directly to humans. Thus, the TLR9-adjuvant
pathway is an example where caution must be entertained when promising
results in mice are to be translated into vaccine development for human use.
The relative ineffective uptake of CpG ODN by APCs has been found to
be helped by a formulation that focuses the CpG to a particle or carrier
protein. Thus, the poly(lactide-co-glycide) (PLG)-CpG ODN combination
was found to be an effective adjuvant [48]. Furthermore, the cholera toxin B-
subunit (CTB)-CpG conjugate is an original and innovative combination that
renders the CpG especially potent as a mucosal adjuvant. Importantly, it also
provides a means to reduce cross-species variability in CpG ODN function.
Both cell-mediated and humoral immune responses were strongly enhanced
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following parenteral as well as mucosal immunizations with CTB-CpG adju-
vant, and the responses were Th1-dominated and dependent on TLR9/MyD88
expression [49].

3.7 NOD RECEPTORS

Muramyl dipeptide (MDP) is the minimum effective component of complete
Freund’s adjuvant derived from Mycobacteriae [50]. However, for experi-
mental purposes it is an effective and reliable adjuvant, which is recognized
through intracellular NOD2 [16]. This leads to activation of caspases and pro-
inflammatory and type I cytokines and chemokines, which results in tissue
inflammation [51]. The latter is, however, the limiting property of MDP, since
it is generally viewed to be too toxic for human use. A new generation of syn-
thetic modified MDPs have recently been tested with variable effects on dif-
ferent cytokines [51]. A recent development is to explore the potential adjuvant
benefits of simultaneous activation of NOD and TLRs [52,53].

3.8 PARTICULATE ANTIGEN DELIVERY: MICROPARTICLES/
VIRUSLIKE PARTICLES/LIPOSOMES AND
IMMUNOSTIMULATING COMPLEXES

Mechanistically, the adjuvants cited above are perhaps a heterogeneous group,
but for the sake of simplicity we discuss all particulate adjuvants together. It
is believed that the foremost effect of these particles is the effective delivery
of antigen for enhanced uptake by APCs, and DCs in particular. Particulate
structures based on amphiphilic molecules such as phospholipids and deter-
gents are a large group of adjuvants to which liposomes as well as immuno-
stimulating complexes (ISCOMs) belong [54]. The liposomes are submicron
particles made up of bilayers of phospholipids, which allow for the incorpora-
tion of hydrophilic antigens (Figure 3.2). The efficacy of antigen loading varies
greatly between various particles, but in general, members of the liposome
group demonstrate better versatility with regard to size and physicochemical
characteristics than do ISCOMs. The latter contain the saponin mixture Quil
A as an integrated adjuvant together with phospholipids and cholesterol in a
cagelike structure roughly 40 nm in size [55]. Incorporation of antigen into the
ISCOMs has proven most effective, although not a prerequisite for an adju-
vant effect, since mixing antigen with empty ISCOMs (ISCOM-Matrix) has
consistently been found to give quite similar stimulation of immune responses
against many different antigens [56]. Whereas liposomes have a modest-to-
poor immunoenhancing effect, ISCOMs are known to be effective inducers of
augmented humoral and cell-mediated immune responses [57]. In particular,
the effective stimulation of cytotoxic T lymphocyte (CTL) responses is a hall-
mark of ISCOMs [58].
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Figure 3.2 ISCOMs as they can be studied in electron microscopy. Superimposed is
the construction of ISCOMs containing two proteins: CTA1-DD adjuvant and PRS8
influenza virus proteins. ISCOMs containing CTA1-DD and PRS8 antigens were sub-
jected to sucrose density gradient analysis and the fractions were analyzed for CTA1-
DD/PRS and saponin content. The peaks of incorporation of CTA1-DD, PRS proteins,
and saponin are superimposed, illustrating the successful formation of ISCOMS. The
y-axis values represent arbitrary OD units at A450nm for immunodetection of HRP-
labeled CTA1-DD or PRS (left) and saponin at A214nm (right) using a spectropho-
tometer. (See insert for color representation of figure.)

The particulate adjuvants are most often taken up by classical APCs, such
as DCs and macrophages, whereas B cells are not the prime target for these
delivery systems [57]. The outcome of immunization with ISCOMs is a wide
range of immune responses with augmented antigen-specific antibody produc-
tion, delayed-type hypersensitivity (DTH), and Th1 immunity, which are all
dependent on the early production of IL-12 [59].

A recent description of stable cationic liposomes, based on dimethyldiocta-
decylammonium (DDA)-cationic lipids, appears to be especially promising, as
when used in the context of a tuberculosis (TB) vaccine, it induced strong
specific Th1 immunity and IFN-y production [60].

3.9 COMBINATION ADJUVANTS

To achieve a stronger effect or a more potent skewing of immune responses,
adjuvants may be combined. This is also a way to reduce side effects and bring
down the amount of adjuvant and antigen in a vaccine. Currently, much effort
is devoted to combining CpG with alum, and promising results have recently
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been reported in humans [61]. In experimental models, other combinations of
CpG (e.g., with QS21, MDP, or MPL) have proven very effective [62]. Admix-
ing CpG with detoxified LTR72 adjuvant gave stronger Thl responses than
were seen with LTR72 alone when given intranasally [63]. Since alum is the
classical and most used vaccine adjuvant in commercial vaccines, the rational
for combining alum with other immunomodulators is strong. Coadministration
with MDP or Quil A together with alum have been reported to provide good
enhancing effects on both humoral and cell-mediated responses [64]. Transcu-
taneous immunizations using the combination of CT with CpG ODN was
recently proven more effective than using either adjuvant alone for stimulat-
ing antichlamydial immunity in the genital tract [65]. The synergistic effect
resulted in better protection against a live challenge infection in immunized
mice compared to mice immunized with CpG or CT adjuvant alone.
Chitosan is a deacetylation derivative of the polysaccharide chitin, which is
sampled from shells of crustaceans. The function of the chitosan is believed to
be associated with its ability to open up tight junctions of polarized epithelial
cells. However, used successfully as a mucosal adjuvant, the particulate form
or antigen-trapping properties of chitosan may favor uptake of antigen over
the mucosal barrier. In any case, colloidal carrier vectors consisting of a com-
bination of chitosan with MDP, CTB, LTK63,and CTA1-DD have proven very
effective in augmenting mucosal and systemic immune responses after nasal
immunizations [66]. These results clearly argue in favor of combination adju-
vants, which could drastically reduce toxicity and improve vaccine efficacy.

3.10 MUCOSAL VACCINE ADJUVANTS

Mucosal immunization was introduced in the 1950s with the Sabin live attenu-
ated oral polio vaccine. The success of this vaccine, attributable not only to its
needle-free character, but foremost to its ability to stimulate protective immu-
nity, has not been followed by the series of efficient mucosal vaccines one
might have anticipated. There are several explanations as to why this was not
the case, the most important being the requirements for strong clinically
acceptable vaccine adjuvants for mucosal administration. It is well documented
that protein antigens given at mucosal sites, in most cases, are poor immuno-
gens. Thus, nonliving vaccines given at mucosal sites are likely to be ineffective
and can even result in mucosal tolerance, which is the naturally occurring
immunological phenomenon that prevents harmful inflammatory responses to
nondangerous proteins such as food components [67]. Mucosal immunization
with antigen coadministered with a mucosally active adjuvant such as CT,
however, commonly induces both systemic and mucosal immunity [68-70].
Other active adjuvant formulations at mucosal sites are the synthetic CpG
ODN, MPL, and ISCOMs [71-74].

Our understanding of the requirements that render a mucosal vaccine
adjuvant effective is at present incomplete. Both pro- and anti-inflammatory
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pathways have been reported to be activated following the use of these adju-
vants, but in general, it is believed that effective mucosal adjuvants drive
inflammatory responses. For the classical adjuvants such as Freund’s complete
adjuvant (FCA), there appears to be a good correlation between the dose, the
degree of local inflammation, and the adjuvanticity it carries [75]. As afore-
mentioned, in the interest of safety and clinical acceptance, it is important,
however, to develop adjuvants with as little local reactogenicity as possible
but with intact immunoenhancing ability. The study of mutant CT and LT or
derivatives thereof have clearly pointed in that direction, showing convinc-
ingly that cell-targeted adjuvants enable the development of vaccines with
limited local irritation while retaining enhanced immunogenicity [76].

Dendritic cells are considered the key APCs for priming of naive T cells
[77,78]. Whether this is also the case at mucosal membranes awaits to be
proven. The difficulty in targeting DCs in vivo has limited our knowledge
about the priming events that determine whether antigen stimulation will
result in a tolerogenic or an immunogenic outcome [79]. Immature DCs resid-
ing in tissues are known to take up antigen and, if maturation occurs, migrate
to regional lymph nodes or the spleen [80, 81]. In the secondary lymphoid
tissues the DC immigrants, expressing strong co-stimulation, may be inher-
ently stimulatory. But whether resident or poorly activated immigrants are
tolerogenic is currently a much debated issue. In particular, we lack in vivo
information about DCs at specific anatomical sites such as the marginal zone
of the spleen, the lamina propria of the mucosal membranes, or the conduit
system in the peripheral lymph nodes and spleen.

3.11 CHOLERA TOXIN: THE PROTOTYPE ADJUVANT

Cholera toxin (CT) is perhaps the best studied and most effective experimen-
tal adjuvant known today. There is a vast literature on its structure and func-
tion [82]. It is the key element responsible for the diarrhea in infections caused
by Vibrio cholerae bacteria, and it has been used extensively in the study of
various cell biological topics involving the identification of cell membrane
structures and lipid rafts [83,84]. As mentioned before, it is an AB5 complex
with the ADP-ribosyltransferase active Al linked to a pentamer of B subunits
via the A2 fragment. The B subunit of CT is responsible for binding to the
GM1 receptor, a glycosphingolipid found ubiquitously on membranes of most
mammalian cells. Several studies have shown that ADP-ribosyltransferase
activity is required for optimal adjuvanticity, but that binding to cells of the
immune system is mediated via the B subunit [85-87]. The mechanism of
adjuvanticity of the ADP-ribosylating toxins has been the subject of consider-
able debate. Most investigators agree, though, that both elements, binding and
enzymatic activity, can contribute to the immunomodulation. There is ample
evidence in the literature to support this notion, and studies with the closely
related LT and derivatives thereof, have documented this point [88]. However,
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the ADP-ribosyltransferase activity appears to be key to an optimal immu-
noenhancing effect, as shown elegantly by Rappuoli and co-workers [89].
Studies with polarized epithelial cells have demonstrated that CT, following
internalization in the target cell, is subject to retrograde transport into Golgi
and endoplasmic reticulum, prior to its appearance as an Al fragment in the
cytosol, acting on the heterotrimeric GTP-binding protein (Gso) in the cell
membrane [86]. Whether this observation is also relevant for cells of the innate
immune system, such as DCs, macrophages, and B lymphocytes, is assumed,
but has never been investigated carefully [90]. The enzymatic activity in the
cytosol is dependent on ADP-ribosylating factors (ARFs). Whether these
factors are important for adjuvanticity is, however, poorly understood [91,92].
To this end, mutant holotoxins were found to host binding sites for ARFs, but
no attempt to mutate these sites has yet been performed in the context of
adjuvanticity [93]. Activation of the Gso leads to an increase in adenylate
cyclase and subsequent increase in intracellular cAMP. The participation of
the latter elements in the adjuvant effect has never been addressed directly in
experimental models, although studies by Tsai et al. would suggest that the LT
(R192G) mutant, which is a strong adjuvant, cannot be unfolded and thus
would not be transported to the membrane [94]. The significance of this
assumption is, however, difficult to know.

The adjuvant effect is thought to involve the modulation of APCs, but it is
poorly understood which APCs are functionally targeted by CT in vivo. All
nucleated cells, including all professional APCs, can bind the toxin via the
GM1-ganglioside receptor present in the cell membrane. Previous reports
have documented both a pro- and an anti-inflammatory effect of CT. From
several studies, including our own work, CT exposure of APCs has an
augmenting effect on IL-1 and IL-6 production, whereas in other studies a
down-regulating effect on IL-12 and TNFa, and a promoting effect on IL-10
production have been reported. Taken together, this would indicate an anti-
inflammatory effect. In fact, investigators have used the CT adjuvant to gener-
ate Thl cells, but most reports have shown a bias for Th2 cells, and recently
also, IL-10 producing regulatory Tr1 cells [70,95]. In this context it is interesting
to note that PT has been reported to reduce Treg activity, while CT was found
to specifically stimulate Treg differentiation [70,96]. Although data reported
by different groups on CT’s effects on cytokine production, especially IL-1
and IL-12, are thus not consistent, it is clear that CT is a strong adjuvant and
may induce both pro- and anti-inflammatory effects in vivo.

One recent study documented involvement of the NFxB pathway in the
interaction between CT and the targeted APCs, suggesting effects on gene
transcription associated with inflammatory responses. Whether or not this
activation was a prerequisite for an adjuvant effect, was not discussed [87]. In
preliminary experiments we failed to observe an impaired adjuvant effect in
TLR4- and MyD88-deficient mice, suggesting that CT exerts adjuvant func-
tions that are TLR independent, although signal transduction pathways other,
than MyD88 and TRIF/TRAM cannot be excluded at present [41].
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Moreover, CT, but not CTB, up-regulates the CXCR4 and CCR7 chemo-
kine receptors, which may have fundamental importance for the adjuvant
function, as these receptors favor the migration of immunocytes to the lymph
nodes and spleen and promote attraction between DCs and naive T cells
[97,98]. How this dual pro- and anti-inflammatory ability of CT affects its
adjuvant function in vivo still appears unresolved. Interestingly, the CTB,
which is devoid of the CTA1 enzyme, is a well-documented carrier for the
induction of mucosal Ag-specific tolerance [99]. Therefore, CT and CTB rep-
resent a unique pair of modulating proteins that differ with regard to enzy-
matic activity but share the GM1-receptor binding ability, allowing them to be
exploited for mechanistic studies aiming at unraveling the regulatory elements
that control mucosal tolerance and active IgA immune responses.

3.12 SEARCHING FOR IN VIVO CORRELATES OF
ADJUVANT ACTION

In a series of experiments we have used ovalbumin (OVA)-conjugated CT to
study the deposition of the adjuvant in vivo following injections [100]. We
found that after intravenous injections, most of the OVA accumulated in the
marginal zone (MZ) of the spleen (Figure 3.3). No OVA could be detected in
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Figure 3.3 To detect the deposition of CT in the spleen of mice following intravenous
injection we conjugated CT to OVA and traced the OV A by specific labeling with an
anti-OVA FITC (green) conjugated antibody. The CT-OVA localizes distinctly in the
marginal zone of the spleen after 2 hours following intravenous injections. The B-cell
follicle is labeled with TexasRed-conjugated anti-IgM antibody (red). Superimposed is
the expression of CD86 (red) on CD11c" cells that have been isolated from the spleen
24 hours after injection compared to cells from naive (blue) mice. (See insert for color
representation of figure.)
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this zone when unconjugated OV A was used, even when very high doses were
injected. We could conclude that the deposition of CT-OV A was facilitated by
the GM1-ganglioside receptor binding, because a nonbinding mutant toxin
conjugate failed to deposit in the MZ. Antigen concentrations in the targeted
cells were very high and appeared to form a depot of OV A in the MZ for up to
48 hours after injection. After 24 hours the concentration of OV A was reduced
in the MZ, which coincided with the appearance of OV A-containing DCs in the
T-cell zone. These DCs were high expressors of CD86, but not CD80, and
appeared to provide enhanced APC function, as peptide-specific T cells greatly
expanded in response to the CT-OV A conjugate. By contrast, CTB-OV A con-
jugates failed to promote T-cell expansion despite the fact that they delivered
antigen to the MZ. As we failed to detect maturation of DCs after CTB-OVA
conjugate treatment, we concluded that CT, but not CTB, instructs targeted
DCs to mature and migrate into the T-cell zone. Thus, targeting of ADP-
ribosylating enzymes to DCs in vivo appears to be a powerful mechanism to
restrict unwanted reactions and, concomitantly, to greatly augment the priming
of a specific immune response. As mentioned earlier, CIB conjugates are
known to be highly tolerogenic when given orally [101]. Based on these and
other observations, we have hypothesized that ADP ribosylation is the gate-
keeper in determining whether APC function will result in active immunity or
in tolerance, as these response patterns appear to be mutually exclusive [68].

3.13 TOXINS ARE TOO TOXIC FOR CLINICAL USE

A major limitation of holotoxins is their promiscuous binding to the GM1-
ganglioside receptors present on all nucleated cells, including epithelial cells
and nerve cells, which render these toxin adjuvants, or derivatives thereof,
unattractive for clinical use [102,103]. Indeed, a commercial intranasal flu
vaccine with LT as the adjuvant revealed increased incidence of cases with
Bell’s palsy in vaccinated subjects and led to withdrawal of the vaccine from
the market [103-105]. An alternative strategy has proven that mutants of CT
or LT, which host no to very little enzymatic activity, can act as mucosal adju-
vants [106]. The single-amino acid mutations most frequently used, LTK63 and
CTE112, are located in the A1l subunit and although dramatically less toxic,
have been found to retain substantial adjuvant function [61,107]. However,
these mutants also carry a risk of being accumulated in the central nervous
tissues following intranasal immunizations. Since experimental data indicate
that the adjuvant dose of the holotoxins is related to the toxic dose, one can
anticipate that it will meet with difficulty to separate adjuvanticity from toxic-
ity in a human vaccine based on mutants of the holotoxins.

3.14 NONTOXIC CTA1-DD ADJUVANT

To circumvent the toxicity problem discussed above, we have generated a
novel immuno-modulating molecule by combining the enzymatic activity of
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Figure 3.4 Computer modeling of CTA1-DD adjuvant. To the left is the CTA1 and
to the right is the DD-dimer. (See insert for color representation of figure.)

CTAT1 with B-cell targeting. This was achieved by constructing a gene-fusion
protein combining CTA1 with a synthetic dimer of the D fragment of Staphy-
lococcus aureus protein A [108,109] (Figure 3.4). The resulting CTA1-DD
adjuvant is devoid of GM1-ganglioside binding and is, instead, redirected to
the APC population. The CTA1-DD was found to be completely nontoxic
[108,110]. Mice and monkeys have been given doses of more than 200g of
CTA1-DD without apparent side effects or signs of reactogenicity, while
similar doses of CT are known to be lethal. It is noteworthy that humans can
get overt diarrhea from doses as low as 2.5 to 10ug of CT [111]. Thus, CTA1-
DD appears to be a safe and nontoxic mucosal vaccine adjuvant, although it
carries the same amount of ADP-ribosylating ability as CT holotoxin. Further-
more, it was shown to be as potent as the CT holotoxin in augmenting immune
responses after systemic as well as mucosal immunizations [108,112,113]. The
adjuvant effect of CTA1-DD was comparable to that of intact CT and shown
to be dependent on an intact CTA1 enzymatic activity as well as on the Ig-
binding ability of the DD dimer [112].

In view of the findings of direct binding and accumulation of CT or LT to
cells of the nervous system following intranasal administration, we investi-
gated the behavior of CTA1-DD [104,114]. We found that the CTA1-DD
adjuvant did not bind or accumulate in the nervous tissues after intranasal
administration [76]. In extended studies in mice using CTA1-DD as an intra-
nasal vaccine adjuvant, we found no signs of local inflammation in the nasal
mucosa or cellular deposition of inflammatory cells in the lamina propria or
the organized nasal associated lymphoid tissues (NALTSs). This finding cor-
roborated our previous observation of no local edema when injected into the
foot pads of mice, whereas CT elicited a substantial edema in injected foot
pads [110]. Thus, we have developed a highly effective adjuvant that does not
cause local inflammation, is safe, and does not accumulate in the nervous



68 MECHANISMS OF ADJUVANT ACTION

tissues. The CTA1-DD adjuvant is currently being tested in the context of
several candidate vaccines as part of ongoing international collaborations. In
particular, promising results have been obtained with candidate mucosal vac-
cines against Influenza virus, Helicobacter pylori, Chlamydia trachomatis, and
rota virus [115,116]. Antiviral immunity against influenza virus was improved
significantly in mice immunized intranasally with an M2e-based vaccine with
the CTA1-DD adjuvant admixed. The adjuvant effect was clearly demonstra-
ble as enhanced survival and reduced morbidity to a challenge infection in
immunized mice [117].

3.15 GENE EXPRESSION PROFILING

A mechanistically important asset to the CTAl-adjuvant system is the possi-
bility to understand the molecular mechanisms underlying adjuvanticity. For
the first time we have the models and prior information to unravel which
intracellular regulatory elements are involved in the adjuvant process. Since
adjuvanticity is dependent on the ADP-ribosylating ability of CT and CTA1-
DD, we might be able to establish which intracellular proteins are targets for
the enzymatic activity. Our recent work has generated a list of target genes
that are regulated by CT and the ADP-ribosylating enzyme. We have used
Affymetrix technology to investigate global gene expression in B cells and
DG:s following exposure to CT, CTB, CTA1-DD, and the enzymatically inac-
tive mutant CTATR7K-DD. Our rational was to study gene expression pat-
terns after exposure to various adjuvants to gain insights into what may be the
difference at the gene transcriptional level between CT/CTA1-DD and the
nonfunctioning enzymatically inactive CTA1R7K-DD mutant or CTB. These
experiments have revealed between 40 and 65 genes of interest that might be
associated with an adjuvant function. Our work plan for the future involves
dissecting the role of these genes in the immunomodulation and adjuvant
function. For example, by taking a reductionistic approach to the Affymetrix
data, we have confirmed that the co-stimulatory molecules CD80, CD86, and
CDS83 are among the most interesting genes that are up-regulated by the
ADP-ribosyltransferase active molecules. It isnow believed that co-stimulation
is one of the key elements in the adjuvant function of these adjuvants
[68,70,118].

3.16 COMBINATION ADJUVANTS WITH CTA1-DD

The CTA1-DD/ISCOM vector is a rationally designed mucosal adjuvant that
greatly potentiates humoral and cellular immune responses [119]. It was devel-
oped to incorporate the distinctive properties of either adjuvant alone in a
combination that exerted additive enhancing effects on mucosal immune
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responses. We recently demonstrated that CTA1-DD and an unrelated antigen
could be incorporated together into ISCOMs, resulting in greatly augmented
immunogenicity of the antigen. To demonstrate its relevance for protection
against infectious diseases, we tested the vector incorporating PRS8 antigen
from the influenza virus [120]. Following intranasal immunization, we found
that the immunogenicity of the PR8 proteins was augmented significantly by
a mechanism that was enzyme dependent, as the presence of the enzymatically
inactive CTA1R7K-DD mutant largely failed to enhance the response above
the enhancement seen with ISCOMs alone. The combined vector was a highly
effective enhancer of a broad range of immune responses, including specific
serum antibodies and a balanced Th1 and Th2 CD4" T-cell priming as well as
a strong mucosal IgA response. Unlike unmodified ISCOMs, antigen incorpo-
rated into the combined vector could be presented by B cells in vitro and in
vivo as well as by DCs. The combined vector unexpectedly accumulated in the
B-cell follicles of draining lymph nodes and stimulated much enhanced
germinal center reactions. Strikingly, the enhanced adjuvant activity of the
combined vector was absent in B cell-deficient mice, supporting the notion
that B cells are important for the adjuvant effects of the combined CTA1-
DD/ISCOMs vector.

In vitro studies have shown that ISCOM particles themselves are taken up
and presented preferentially by DCs [121], a finding we have extended by
showing that ISCOMs accumulate in DCs in vitro and in the DC-rich T cell-
dependent areas of lymph nodes in vivo. Interestingly, the pattern of uptake
in vivo was consistent with localization in the fibroreticular conduits of T-cell
areas, which others have shown to be important sites of accumulation of Ag-
loaded DCs and initial interactions between DCs and T cells [3,78,122,123]. In
contrast, ISCOMs containing CTA1-DD were taken up very efficiently by B
cells as well as by DCs in vitro and were presented by both APCs to CD4* T
cells, presumably reflecting the ability of the DD portion to bind to B cells
selectively via their surface Ig [120]. Furthermore, subcutaneously injected
CTA1-DD/ISCOMs had a unique ability to accumulate in the B-cell follicles
of lymph nodes, where they were retained for at least 24 hours, by which time
conventional ISCOMs were virtually undetectable in the lymph node. Of most
importance, the augmented adjuvant properties of CTA1-DD/ISCOMs were
largely absent in the B-cell KO mice. For these reasons we propose that this
novel combined vector is so effective because it targets both DCs and B
cells in vivo. Altogether these features highlight the potential usefulness of
CTA1-DD/ISCOMs as practical mucosal vaccine vectors which will provide
flexible and stable means of inducing protective immunity against a variety of
pathogens.

Apparently, mechanistically complementing mucosal adjuvants may provide
novel strategies for the generation of potent and safe mucosal vaccines. The
use of our combined vector is now being tested for mucosal vaccines against
tuberculosis, and preliminary results have demonstrated the feasibility to use
the combined vector in an intranasal vaccine (Figure 3.5).
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Figure 3.5 CTAI1DD strongly enhances priming of T cells in spleen and cervical
lymph nodes (CLN) for recall IFN-y production following intranasal immunizations
with the hybrid H1 antigens (ESAT-6/Ag85) given together with HIV gp120 and the
combined CTA1DD/ISCOM adjuvant vector. An unrelated protein, KLH, was added
to the cultures as a negative control.

3.17 CONCLUDING REMARKS

A better understanding of the underlying mode of action of adjuvants in vivo
will help improve their efficacy in achieving the desired immunomodulatory
effects. We already have extensive information about some of the mechanisms
that adjuvants employ, but it is understanding the fine tuning and the sequen-
tial expression of critical factors by APCs in vivo that will aid in developing
powerful vaccine adjuvants. There is no doubt that future vaccine adjuvants
will be better targeted and more effective, such that less antigen and fewer
side effects will be reported. Exploiting single or combined mechanisms such
as the TLR and NOD pathways or the mutant or engineered toxins in adjuvant
formulations for depot effects or for mucosal administration appears especially
interesting. In our own research we have designed two promising adjuvant
candidates for future mucosal vaccines. Both CTA1-DD or CTA1-DD/
ISCOMS represent conceptually important steps toward the construction of
novel, rationally designed, safe, and efficacious mucosal vaccine adjuvants.
Indeed, control over the priming process leading to tolerance or an active [gA
response by using or not using targeted ADP-ribosylating enzymes appears to
be a most powerful strategy for future vaccine adjuvant developments. Such
a strategy would greatly facilitate the construction of anti-infectious vaccines
as well as vaccines inducing tolerance against autoimmune diseases.
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ALUMINUM-CONTAINING
ADJUVANTS: PROPERTIES,
FORMULATION, AND USE

StaNLEY L. HEM AND HARM HoGENEscH

Aluminum-containing adjuvants have become an important component of
many vaccines since their discovery by Glenny, Pope, Waddington, and Wallace
in 1926 [1]. They safely potentiate the immune response, thereby enabling
effective vaccines to be produced. The search for agents to potentiate the
immune response began in 1925 when Ramon [2] added such agents as agar,
tapioca, lecithin, starch oil, and bread crumbs to tetanus and diphtheria vaccine.
The search for improved adjuvants continues today, but aluminum-containing
adjuvants remain the mainstay of vaccine formulations. Therefore, it is impor-
tant to understand their properties and mechanism of immunopotentiation in
order to formulate the most effective vaccines. In this chapter we present the
current understanding of the mechanism of immunopotentiation; structure
and properties; stability; adsorption and elution mechanisms; elimination; for-
mulation; and safety of aluminum-containing adjuvants.

41 MECHANISM OF IMMUNOPOTENTIATION

Although aluminum-containing adjuvants have been administered to human
beings and animals in millions of doses of vaccines, surprisingly little is known
about the mechanisms by which these adjuvants enhance the immune response.
Aluminum-adjuvanted vaccines are usually administered intramuscularly or
subcutaneously. Vaccine antigens need to reach the draining lymph node,
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where they are recognized by naive T and B cells. Soluble antigens can reach
the lymph node via the afferent lymphatics and can interact directly with the
immunoglobulin receptors on B cells, or they are taken up and processed by
resident dendritic cells for presentation to T cells. Alternatively, antigens are
taken up by immature dendritic cells at the site of injection and carried via
the afferent lymph vessels to the lymph node for presentation to T cells.
Recent experiments show that soluble antigens reach the lymph node within
minutes, whereas dendritic cells with antigen arrive after eight to 12 hours
[3,4]. Whereas activated T cells can be detected following the arrival of soluble
antigen in the lymph node, sustained T-cell activation may only occur after the
second wave of antigen arrives.

It is generally thought that the adsorption of antigens to aluminum salts is
critical to the adjuvant effect [5]. The traditional view is that antigens adsorbed
onto aluminum adjuvants are slowly released from an injection site, resulting
in exposure of the immune system to antigens over a prolonged period of time
and activation of a sufficient number of lymphocytes. This is known as the
depot hypothesis and is based on the observation that a significant portion of
aluminum adjuvant-adsorbed diphtheria toxoid was retained at the injection
site for days or weeks, whereas soluble toxoid disappeared rapidly [6,7]. Sub-
sequent studies showed that surgical removal of the injection site four days
after injection impaired the immune response to diphtheria toxoid, whereas
removal after seven days had no effect [8]. This suggests that it is critical for
the immune response to diphtheria toxoid that the antigen be released and
reach the lymph nodes over a period of four to seven days following injection.
Aluminum-containing adjuvants cause a mild inflammatory response at the
injection site, resulting in the recruitment of neutrophils, eosinophils, and
macrophages [9,10]. It is likely that inflammation also increases the number
of dendritic cells at the injection site, similar to inflammatory responses in the
respiratory tract [11]. Aluminum-containing adjuvants are particulate in nature
and facilitate the uptake of antigens by antigen-presenting cells [12,13]. Alu-
minum phosphate adjuvant is composed of aggregates approximately 3 um in
diameter and was taken up more efficiently than the larger aluminum hydro-
xide adjuvant aggregates [13]. Thus, the physical association of antigens with
aluminum-containing adjuvants delays the diffusion of antigens from the injec-
tion site, allowing more time for uptake by newly recruited dendritic cells and
directly enhances the uptake of antigens by phagocytosis.

Aluminum-containing adjuvants also enhance the immune response by
mechanisms that do not rely on the adsorption of antigens, but rather, have a
direct or indirect effect on antigen-presenting cells. This is perhaps most clearly
demonstrated by the increased immune response induced by DNA vaccines
when mixed with aluminum phosphate adjuvants [14,15]. Aluminum hydro-
xide adjuvant was not effective, as it tightly adsorbed the DNA plasmids and
did not allow gene expression. Aluminum phosphate adjuvant did not bind
the DNA and did not affect expression of the DNA plasmid. The aluminum
phosphate adjuvant enhanced the immune response even when administered



MECHANISM OF IMMUNOPOTENTIATION 83

three days before or after the injection of the DNA vaccine [14]. It is unlikely
that the newly synthesized and released antigens are adsorbed onto the alu-
minum salts in vivo, because many interstitial proteins have a high affinity for
aluminum salts and prevent adsorption of antigens [16].

There is some evidence that aluminum-containing adjuvants activate den-
dritic cells directly. Human peripheral blood monocytes pulsed with aluminum
hydroxide adjuvant-adsorbed tetanus toxoid induced a much better prolifera-
tive response by autologous T cells than did monocytes pulsed with soluble
tetanus toxoid [17]. This correlated with an increased uptake of aluminum
hydroxide adjuvant—-adsorbed tetanus toxoid and induction of IL-1 secretion.
Incubation of peripheral blood mononuclear cells, containing both monocytes
and lymphocytes, with aluminum-containing adjuvants in vitro resulted in
increased expression of CD86 and MHC (major histocompatibility complex)
class IT on monocytes [18,19]. Many cells acquired a dendritic morphology and
expressed CD83, a marker of mature dendritic cells [18]. However, the effect
of aluminum adjuvants on MHC class II expression was not seen with purified
monocytes or following neutralization of IL-4, suggesting that this effect was
indirect [18]. In contrast, aluminum adjuvants directly increased the expression
of MHC class II, CD86, and CD83 on mature macrophages [20].

The activation of dendritic cells is believed to be critical to the mechanism
of action of many experimental adjuvants that contain microbial products such
as lipopolysaccharides, muramyl dipeptide, and bacterial (CpG) DNA. The
activation by microbial products occurs via interaction with Toll-like receptors
(TLRs), resulting in activation of signaling pathways, including the NFxB sig-
naling pathway, and increased expression of co-stimulatory molecules and
secretion of cytokines. The adaptor molecule MyD88 serves as a link between
TLRs and the NFxB signaling pathway. The immunopotentiation effect of
aluminum hydroxide adjuvant was not diminished in MyD88-deficient mice
compared with wild-type control mice [17], suggesting that TLRs are not
involved in the mechanism by which aluminum hydroxide adjuvant enhances
the immune response. However, recent studies have identified several other
adaptor molecules that can compensate for the loss of MyD88 (reviewed in
[21]), and therefore interaction between aluminum-containing adjuvants and
TLRs cannot be excluded.

Following activation by antigen-presenting dendritic cells, CD4" T cells can
differentiate into cytokine-secreting effector cells. Thl cells are characterized
by the expression of IFN-yand induce cell-mediated immune responses and
opsonizing antibodies. Th2 cells express IL-4, IL-5, and IL-13 and induce pri-
marily humoral immune responses. The control of CD4* T-cell differentiation
is complex and includes genetic factors, antigen dose, and the nature of the
infectious agent. Adjuvants exert a strong influence on the type of immune
response. Many adjuvants, including complete Freund’s adjuvant, saponin-
containing adjuvants, and immunostimulating complexes, stimulate Th1-biased
immune responses, whereas aluminum-containing adjuvants stimulate a Th2-
biased immune response [22-24]. IL-12 plays an important role in stimulating
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the differentiation of Thl cells. It induces the expression of IFN-y by T cells
and NK (natural killer) cells and is produced primarily by dendritic cells and
macrophages [25,26]. Microbial stimuli that signal through TLRs are potent
signals for the production of IL-12 [27,28] and skew the CD4 T-cell differentia-
tion toward Thl. Activated dendritic cells that do not secrete IL-12 can induce
CD4" differentiation toward Th2. Several factors have been identified that
inhibit IL-12 expression by dendritic cells, including prostaglandin E2 and
complement products iC3b and C5a [29-31]. Interestingly, aluminum hydrox-
ide adjuvant activates the complement system in a manner independent of the
classical or alternative pathway [32]. The complement products may play a
role in Th2 differentiation in the immune response to aluminum adjuvanted
vaccines.

IL-4 is not only produced by Th2 cells but also promotes the differentiation
of CD4" T cells into Th2 cells. Functional deletion of the IL-4 gene did not
interfere with the adjuvant effect of aluminum hydroxide adjuvant and did
not affect the differentiation of Th2 cells as demonstrated by unchanged IL-5
secretion [33]. However, in the absence of IL-4, an aluminum-containing adju-
vant induced the production of antigen-specific IgG2a antibodies and IFN-y-
secreting T cells, indicating a Th1-mediated immune response. Similar results
were obtained with IL-4Ra-deficient and Stat-6-deficient mice, demonstrating
that both IL-4 and IL-13 are dispensable for the adjuvant effect of aluminum-
containing adjuvants, but inhibit Th1 differentiation [34].

4.2 STRUCTURE AND PROPERTIES

4.2.1 Aluminum Hydroxide Adjuvant

An x-ray diffraction pattern of aluminum hydroxide adjuvant is shown in
Figure 4.1. The x-ray diffraction patterns of the two major forms of aluminum
hydroxide [Al(OH);], bayerite and gibbsite, are also presented in Figure 4.1.
The x-ray diffraction pattern of aluminum hydroxide adjuvant is significantly
different from those of aluminum hydroxide. Thus, aluminum hydroxide adju-
vant is not chemically Al(OH); as its name implies. The broad reflections by
aluminum hydroxide adjuvant at 12.6, 27.5, 38.2, 48.4, and 64.4 °26 correspond
to d-spacings of 6.46, 3.18, 2.35, 1.86, and 1.44 A. These d-spacings identify
aluminum hydroxide adjuvant as poorly crystalline boehmite, an aluminum
oxyhydroxide with the formula AIO(OH). Poorly crystalline boehmite is
widely used in industrial applications as an adsorbent or catalyst.

The infrared spectrum of aluminum hydroxide adjuvant also identifies it as
poorly crystalline boehmite [35]. The absorption band at 1070cm™ and the
strong shoulder at 3100cm™ are characteristic of poorly crystalline boehmite.
Aluminum hydroxide adjuvant is composed of fibrous primary particles that
average 4.5 x 2.2 x 10nm along the a, b, and ¢ axes [36] (Figure 4.2). The
primary crystallite size can be characterized by the line broadening of the
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Figure 4.1 Reference x-ray diffraction patterns using CuKo radiation of (a) alumi-
num hydroxide adjuvant; (b) bayerite; (c¢) gibbsite.

Figure 4.2 Transmission electron micrograph of aluminum hydroxide adjuvant.

(From Ref. 35.)
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(020) x-ray reflection, which occurs at 12.6 °20. The width of the (020) band
at half height (WHH) is directly related to the protein adsorption capacity
[37]. The primary particles form loose, irregular aggregates that range from 1
to 10um. The aggregates are easily dissociated by the shear associated with
mixing but readily re-form when the shear is removed.

The small primary particles are responsible for the use of poorly crystalline
boehmite as an adsorbent. Traditional techniques for measuring surface area
require complete desiccation of the sample. The drying process causes the very
small primary particles to fuse irreversibly. Thus, traditional techniques under-
estimate the surface area of aluminum hydroxide adjuvant. The surface area
of aluminum hydroxide adjuvant has been determined by a gravimetric
Fourier-transformed infrared (FTIR) spectrophotometer that measured the
FTIR spectra and water sorption isotherm simultaneously. The surface area
determined by this method was approximately 500m?®g [36]. Such a high
surface area is unusual for a crystalline material and approaches the surface
area values reported for expandable clay minerals of 600 to 800 m*/g.

Aluminum hydroxide adjuvant exhibits very low solubility in aqueous
media, but the solubility increases in acidic or alkaline media [38] (Figure 4.3).
The adsorbent properties of aluminum hydroxide adjuvant are related to the
surface area as well as the surface groups. The surface is composed of hydroxyl
groups coordinated to aluminum (Figure 4.4a). Such hydroxyl groups, known
as metallic hydroxyls, can accept a proton to produce a positive site or can
donate a proton to produce a negative site at the surface [39]. Thus, the surface
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Figure 4.3 Effect of pH on the solubility of aluminum hydroxide adjuvant after a
45-minute exposure period. The error bars represent 95% confidence intervals of the
mean. (From Ref. 38.)
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Figure 4.5 TIsoelectric points of aluminum hydroxide adjuvant (circles) and aluminum
phosphate adjuvant (squares). (From Ref. 38.)

charge of aluminum hydroxide adjuvant is pH dependent. The isoelectric point
of aluminum hydroxide adjuvant is 11.4 (Figure 4.5). The hydroxyl groups at
the surface of aluminum hydroxide adjuvant can be displaced by phosphate
or fluoride ions, a process known as ligand exchange [39], which is an important
adsorption mechanism for phosphorylated antigens.

4.2.2 Aluminum Phosphate Adjuvant

Aluminum phosphate adjuvant is amorphous to x-rays and therefore
cannot be identified by x-ray diffraction. The FTIR spectrum [35] exhibits an
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absorption band at 1100cm™ which is characteristic of phosphate. There is a
broad hydroxyl-stretching band around 3400cm™ due to adsorbed water and/
or structural hydroxyls. When the sample was heated to 200°C, a prominent
band at 3164cm™ was apparent that is characteristic of structural hydroxyls.
Thus, aluminum phosphate adjuvant is chemically amorphous aluminum
hydroxyphosphate and not AIPO,, as its name implies. Aluminum hydroxy-
phosphate is not a stoichiometric compound, and the hydroxyl and phosphate
composition depends on the precipitation reactants and conditions.

The primary particles are plates having a diameter of approximately 50nm
(Figure 4.6). The primary particles form loose, irregular aggregates of 1 to
10pum. The aggregates are easily dissociated by the shear associated with
mixing but re-form readily when the shear is removed. Although the surface
area of aluminum phosphate adjuvant has not been determined, the very small
primary particles seen in Figure 4.6 are likely to have a high surface area.
Aluminum phosphate adjuvant is more soluble than aluminum hydroxide
adjuvant, and like aluminum hydroxide adjuvant, it is more soluble in acidic
or alkaline media (Figure 4.7).

A schematic drawing of the surface of aluminum phosphate adjuvant is seen
in Figure 4.4b. The surface is composed of both hydroxyl and phosphate
groups. The relative proportion of hydroxyl and phosphate groups is deter-
mined during precipitation. The hydroxyl groups are metallic hydroxyls and
exhibit a pH-dependent surface charge [39]. The isoelectric point of aluminum
phosphate adjuvant is inversely related to the P/Al molar ratio (Figure 4.8).

Figure 4.6 Transmission electron micrograph of aluminum phosphate adjuvant.
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Figure 4.7 Effect of pH on the solubility of aluminum phosphate adjuvant after a
45-minute exposure period. The error bars represent 95% confidence intervals of the
mean. (From Ref. 38.)
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Figure 4.8 Effect of phosphate substitution for hydroxyl on the isoelectric point
(PZC) of aluminum phosphate adjuvant. (From Ref. 40.)

Substitution of phosphate anions for hydroxyl anions lowers the isoelectric
point. It is interesting to note that the isoelectric point in Figure 4.8 extrapo-
lates to 9.6, the isoelectric point of AI(OH); [41], at a P/Al molar ratio of zero.
Aluminum phosphate adjuvant can also undergo ligand exchange with phos-
phorylated antigens, although there are fewer hydroxyl groups at the surface
than are present in aluminum hydroxide adjuvant.



90 ALUMINUM-CONTAINING ADJUVANTS

4.2.3 In Situ Precipitation

The first use of aluminum-containing adjuvants by Glenny et al. [1] precipi-
tated the aluminum-containing adjuvant in the presence of diphtheria toxoid.
Alum, a soluble aluminum compound having the formula KA1(SO,),-12H,0,
was the source of the aluminum cation. The adjuvant was precipitated by the
addition of a base such as sodium hydroxide. Such vaccines are known as
alum-precipitated vaccines [42]. Vaccines continue to be prepared by the in situ
precipitation of the adjuvant.

When vaccines are prepared by in situ precipitation, the antigen is usually
dissolved in a phosphate buffer which is mixed with the alum solution. When
the antigen—phosphate—alum solution is precipitated by the addition of a solu-
tion of sodium hydroxide, the precipitate is amorphous aluminum hydroxy-
phosphate sulfate [35], as both phosphate anions from the buffer and sulfate
anions from the alum substitute for hydroxyls in the precipitate. The morphol-
ogy is similar to that of aluminum phosphate adjuvant shown in Figure 4.6.
Because aluminum hydroxyphosphate sulfate is not a stoichiometric com-
pound, the relative proportions of hydroxyl, phosphate, and sulfate depend on
the precipitation recipe and conditions.

There are two views regarding the location of the antigen in a vaccine pre-
pared by in situ precipitation. A World Health Organization report [43] on
immunological adjuvants states that “sometimes the aluminum salt is formed
in the presence of antigen, securing occlusion of the antigen in the adjuvant.”
Another view is that the antigen is adsorbed on the surface of the adjuvant
when a vaccine is prepared by in situ precipitation. The adsorption of antigen
by the adjuvant is supported by a study [44] that found that lysozyme in a
vaccine prepared by in situ precipitation could be eluted completely by treat-
ment with sodium dodecyl sulfate. Thus, lysozyme was accessible to the liquid
media and was not occluded within the aluminum-containing adjuvant. This
result suggests that the in situ precipitation of alum involves two separate
processes: precipitation of amorphous aluminum hydroxyphosphate sulfate
and adsorption of the antigen by the solid phase.

4.3 STABILITY

4.3.1 Aging

Although aluminum hydroxide adjuvant is crystalline, its x-ray diffraction
bands are broader than those of the crystalline forms of aluminum hydroxide
(Figure 4.1). The degree of order in crystalline solids is characterized by the
WHH of the major diffraction band. The WHH is inversely related to the
degree of order in the crystalline material. The relatively large WHH values
for aluminum hydroxide adjuvant suggest that the solid phase may become
more highly ordered during aging. Table 4.1 shows the changes in the degree
of order of two samples of aluminum hydroxide adjuvant that were aged at
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TABLE 4.1 Effect of Aging at Room Temperature on the Properties of Two
Samples of Aluminum Hydroxide Adjuvant

A B
BSA® BSA
Adsorption Adsorption
Capacity Capacity
WHH (°26) pH (mg/mg Al)  WHH (°20) pH  (mg/mg Al)
Initial 4.20 6.30 2.9 3.90 6.50 2.7
6 months 3.75 6.24 2.8 3.72 6.48 2.3
Diluted, 6 3.62 6.15 2.8 3.53 6.39 2.3
months
15 months 3.47 6.24 2.6 3.25 6.40 2.4
Diluted, 15 — 5.98 2.1 — 6.15 1.7
months

Source: Data from Burrell, L.S., White, J.L. & Hem, S.L. Stability of aluminum-containing adju-
vants during aging at room temperature. Vaccine 2000, 18, 2188-2192.
“BSA, bovine serum albumin.

room temperature. The samples were aged as received (10.6mg Al/mL) and
then diluted to 1.7mg Al/mL with doubly distilled water. The WHH of both
samples of aluminum hydroxide adjuvant decreased during aging, indicating
that the adjuvants were becoming more highly ordered. The decrease in WHH
during aging was accompanied by a decrease in pH (Table 4.1). The develop-
ment of order occurs by the formation of double hydroxide bridges by sequen-
tial deprotonation and dehydration reactions:

AL(OH,)!* = AL(OH)(OH, )" +H* (4.1)
2A1(OH)(OH, )" = Al, (OH), (OH,)!* +2H,0 (4.2)

The deprotonation reaction results in a decrease in the pH. The decrease
in pH seen during the aging of the aluminum hydroxide adjuvants is confirma-
tion that order developed during aging.

The protein adsorption capacity of the aluminum hydroxide adjuvants also
decreased during aging (Table 4.1). The diluted samples exhibited a greater
decrease in bovine serum albumin adsorption capacity than that of the undi-
luted samples. Thus, even though aluminum hydroxide adjuvant is crystalline,
further order develops during aging, which results in a decrease in the protein
adsorption capacity.

An aluminum phosphate adjuvant containing 4.4mgAl/mL and having a
P/Al molar ratio of 1.0 was aged at room temperature for 15 months. The
adjuvant was amorphous to x-rays initially and during the 15-month aging
period. However, order was developing during aging as the pH decreased,
indicating the formation of double hydroxide bridges, and the lysozyme
adsorption capacity decreased (Table 4.2).
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TABLE 4.2 Effect of Aging at Room Temperature on the Properties of an
Aluminum Phosphate Adjuvant Having a P/Al Molar Ratio of 1.0

Lysozyme Adsorption Capacity

pH (mg/mg Al)
Initial 6.50 0.80
6 months 6.34 0.72
15 months 6.32 0.54

Source: Data from Burrell, L.S., White, J.L. & Hem, S.L. Stability of aluminum-containing adju-
vants during aging at room temperature. Vaccine 2000, 18, 2188-2192.

Stability studies of a widely used antacid, aluminum hydroxycarbonate,
have shown that carbonate substitution for hydroxyl improves the stability by
blocking the formation of double hydroxide bridges [45]. It is likely that phos-
phate acts in a similar manner to slow the development of order in amorphous
aluminum hydroxyphosphate. This hypothesis was confirmed by a study of the
stability of five aluminum phosphate adjuvants having P/Al molar ratios
ranging from 0.26 to 0.74 [40]. It was found that the rate of aging was greatest
for the adjuvant having a P/Al molar ratio of 0.26 and that a P/Al molar ratio
of at least 0.50 was needed to minimize the rate of aging.

43.2 Autoclaving

Autoclaving aluminum hydroxide adjuvant at 121°C increased the degree of
order in the crystalline solid, as evidenced by a decrease in the WHH of the
020 reflection [46]. The bovine serum albumin (BSA) adsorption capacity
decreased during autoclaving, although the change was not statistically signifi-
cant at the 95% confidence level. The pH and viscosity decreased due to
autoclaving. The viscosity of suspensions is usually inversely related to particle
size.

Aluminum phosphate adjuvant also demonstrated an increase in order
during autoclaving, although the x-ray diffraction pattern remained amor-
phous. Both the pH and lysozyme adsorption capacity decreased during auto-
claving at 121°C for 30 or 60 minutes. These changes are consistent with an
increase in order.

Aluminum hydroxide adjuvant and aluminum phosphate adjuvant both
exhibited an increase in order during autoclaving, which resulted in a decrease
in protein adsorption capacity. Autoclaving conditions should be selected that
minimize exposure time to elevated temperatures. Procedures requiring
repeated autoclaving of the same samples should be avoided.

4.3.3 Freezing

It is well recognized that freezing can adversely affect the properties of
suspensions [47]. The monograph for aluminum hydroxide adjuvant in the
European Pharmacopoeia states “Do not allow to freeze.” The monographs
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for aluminum hydroxide adjuvant and aluminum phosphate adjuvant in Phar-
maceutical Excipients 2004 both state that the adjuvant “must not be allowed
to freeze as the hydrated colloid structure will be irreversibly damaged” [48].
The two major commercial manufacturers of aluminum-containing adjuvants
both warn that freezing must be avoided.

When vaccines formulated with aluminum-containing adjuvants are frozen,
the physical properties as well as the immunological properties may be
adversely affected. The World Health Organization sponsored a collaborative
study [49] in which six laboratories studied the effect of freezing diphtheria,
pertussis, tetanus (DPT) vaccine. Of the eight adsorbed vaccines tested, six
exhibited irreversible physical changes, including the appearance of particu-
late matter and an increased rate of sedimentation. Three vaccines suffered
losses in pertussis potency and two vaccines exhibited a decrease in tetanus
potency, but no change was observed in the two vaccines in which the diph-
theria potency was tested. The inconsistent effect of freezing on the physical
properties and immunogenicity of the vaccines reported in this study suggests
that factors that were not controlled contribute to the freeze—thaw stability of
aluminum-adjuvanted vaccines. The authors concluded that “although some
of the adsorbed DPT vaccines tested did not show evidence of decreased
potency or increased toxicity, we recommend that adsorbed vaccines submit-
ted to freezing are discarded.”

A study [50] of the storage of pertussis vaccines at —=3°C hypothesized that
in addition to the physical changes noted for aluminum-containing adjuvants
that freezing may cause changes “in the secondary, tertiary or quaternary
structure or even fragmentation of the protein antigens.”

In summary, it is widely agreed, as stated in the World Health Organization
documents Safe Vaccine Handling, Cold Chain and Immunizations [51] and
Thermostability of Vaccines [52], that aluminum-adjuvanted vaccines should
not be used if they were exposed to freezing conditions.

44 ADSORPTION OF ANTIGEN

44.1 Adsorption Isotherm

Adsorption isotherms of the adsorption of antigens by aluminum-containing
adjuvants provide useful information for the formulation of vaccines. They are
constructed by adding increasing concentrations of the antigen to a series of
samples of the adjuvant at a controlled pH. Each sample is composed of the
same concentration of the aluminum-containing adjuvant and a different con-
centration of the antigen. The samples are allowed to equilibrate and the
concentration of antigen in solution is determined by analyzing the superna-
tant. This value, concentration of antigen in solution at equilibrium, is plotted
on the x-axis. The amount of antigen that was adsorbed, determined by differ-
ence, divided by the weight of the adjuvant is plotted on the y-axis.
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Figure 4.9 Adsorption isotherms of recombinant protective antigen and aluminum
hydroxide adjuvant at pH 7.4, 25°C: in water (crosses) and Dulbeccos phosphate-
buffered saline (equates). (From Ref. 53.)

The adsorption isotherm of recombinant protective antigen (rPA) and alu-
minum hydroxide adjuvant is shown in Figure 4.9. Adsorption was determined
in both water and Dulbeccos phosphate-buffered saline. The adsorption iso-
therms contain three phases. For example, in water the adsorption increased
as the equilibrium concentration of rPA in solution increased up to 52 ug/mL.
The adsorption then remained constant as the equilibrium concentration of
rPA in solution increased from 52pug/mL to 79ug/mL. The amount of rPA
adsorbed increased as the concentration of rPA in solution at equilibrium
increased from 79 ug/mL to 123 pg/mL.

The rate of increase in the first phase is related to the strength of the adsorp-
tion force and is characterized by the adsorption coefficient. The adsorption
of antigens by aluminum-containing adjuvants is based on an equilibrium
between the adsorbed antigen and antigen in solution:

kf

antigen adsorbed 2 antigen in solution (4.3)
ke

The adsorption coefficient is the constant that describes the equilibrium.
Mathematically, it is the rate of the forward reaction (k;) divided by the rate
of the reverse reaction (k,).

The relatively constant amount of rPA that was adsorbed in the second
phase indicates that rPA has formed a monolayer on the adjuvant surface. In
this region no additional adsorption occurred even though the concentration
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of antigen in solution at equilibrium increased. The amount of antigen that
can be adsorbed as a monolayer is known as the adsorption capacity.

As the concentration of antigen in solution at equilibrium increases, a
second layer of antigen may adsorb on the monolayer of antigen that repre-
sents the adsorption capacity. This multilayer adsorption may occur in some
systems and is seen in the third phase of the rPA adsorption isotherms.

A mathematical description of adsorption was developed by Langmuir that
includes the adsorption capacity and adsorption coefficient. A test for whether
the data from an adsorption isotherm can be analyzed by the Langmuir equa-
tion is to plot the data according to the linear form of the Langmuir equation.
When the data from Figure 4.9 were plotted according to the linear form of
the Langmuir equation, the best-fit lines had correlation coefficients of 0.9850
for water and 0.9376 for Dulbeccos phosphate-buffered saline. The adsorption
coefficients were 100 and 4.6 mL/mg, respectively, indicating stronger adsorp-
tion forces in water than in Dulbeccos buffered saline.

Adsorption isotherms are frequently characterized as having either high or
low affinity. Comparison of the adsorption isotherms of hepatitis B surface
antigen (HBsAg) by aluminum hydroxide adjuvant and rPA by aluminum
hydroxide adjuvant illustrates this characterization. As shown in Figure 4.10,
the adsorption capacity of HBsAg was reached even though the concentration
of HBsAg in solution at equilibrium was below the detection point of the
assay. Thus, the equilibrium shown in equation (4.3) strongly favors adsorbed
antigen. This is a high-affinity adsorption isotherm. In contrast, at least 52 ug
rPA/mL in solution at equilibrium was required for monolayer coverage by
rPA to be completed. The equilibrium for this system is not as strongly in favor

0.5 —

HbsAg adsorbed (g/ieg Al)

HBsAg in solution (xg/mL)

Figure 4.10 Adsorption isotherm of hepatitis B surface antigen by aluminum hydro-
xide adjuvant in doubly distilled water at pH 7.4, 25°C. (From Ref. 54.)
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of adsorbed antigen as for the HBsAg system. The rPA adsorption isotherm
is referred to as a low-affinity adsorption isotherm.

The adsorption coefficient can be used to predict the displacement of an
adsorbed antigen by an added antigen or protein. Heimlich et al. [16] studied
the in vitro displacement of adsorbed proteins and found that a protein having
a larger adsorption coefficient was able to displace a protein with a smaller
adsorption coefficient.

4.4.2 Adsorption Mechanisms

The major mechanisms by which aluminum-containing adjuvants adsorb anti-
gens are electrostatic attraction, hydrophobic forces, and ligand exchange.
Electrostatic attraction is the most frequently encountered mechanism of
adsorption. It takes advantage of the high isoelectric point (11.4) of aluminum
hydroxide adjuvant and the low isoelectric point (5.0) of commercial alumi-
num phosphate adjuvant. Once the isoelectric point of the antigen is known,
the adjuvant having the opposite surface charge is selected. Seeber et al. [55]
illustrated this when they showed that lysozyme (isoelectric point 11.0) was
adsorbed extensively by aluminum phosphate adjuvant at pH 7.4 but was
poorly adsorbed by aluminum hydroxide adjuvant.

As expected with any electrostatic interaction, the ionic strength of the

medium affects adsorption. Al-Shakhshir et al. [56] showed that lysozyme was
adsorbed by aluminum phosphate adjuvant at pH 7.4 in the presence of 0.06 M
NaCl. Adsorption was greatly reduced at isotonic ionic strength (0.15M NaCl)
and was not observed in 0.25M NaCl. The ionic strength of vaccines should
be kept as low as possible when the antigen is adsorbed by electrostatic attrac-
tion. Polyols may be used to adjust the tonicity, rather than salts.
It is possible to change the iep of either aluminum hydroxide adjuvant or alu-
minum phosphate adjuvant by pretreatment with phosphate anion. Aluminum
hydroxide adjuvant was pretreated with five concentrations of phosphate
anion [57]. The iep was reduced from 11.4 to 4.6 by the phosphate pretreat-
ment. As shown in Figure 4.11, positively charged lysozyme was adsorbed only
when the phosphate pretreatment produced a negative surface charge. Thus,
if either aluminum hydroxide adjuvant or aluminum phosphate adjuvant
is desired for a vaccine formulation, the surface charge may be reversed in
the case of aluminum hydroxide adjuvant by pretreatment with phosphate
or by reducing the phosphate content of aluminum phosphate adjuvant
(Figure 4.8).

An interesting example of complex electrostatic adsorption is presented by
human respiratory syncytial virus vaccine [58]. The antigen, BBG2Na, is a
recombinant chimeric protein that has a bipolar two-domain structure. The
BB domain has an isoelectric point of 5.5 and the G2Na domain has an
isoelectric point of 10.0. The BBG2Na antigen is adsorbed strongly by both
aluminum hydroxide adjuvant and aluminum phosphate adjuvant. It was con-
cluded that when BBG2Na was adsorbed by aluminum hydroxide adjuvant,
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Figure 4.11 Effect of surface charge of phosphate-treated aluminum hydroxide adju-
vants on the adsorption capacity of lysozyme at pH 7.4 and 25°C. (From Ref. 57.)

negatively charged BB domain was oriented to the adjuvant surface. Con-
versely, the positively charged G2Na domain was responsible for adsorption
by aluminum phosphate adjuvant.

An antigen having exposed hydrophobic regions may be adsorbed by
aluminum-containing adjuvants by hydrophobic attractive forces. The contri-
bution of hydrophobic forces to antigen adsorption can be tested by the effect
of ethylene glycol on adsorption. Ethylene glycol stabilizes the hydration layer
of proteins, which renders hydrophobic interactions thermodynamically unfa-
vorable. The adsorption capacity of lysozyme by aluminum phosphate adju-
vant was reduced when ethylene glycol was added [56]. In contrast, the
adsorption isotherm of bovine serum albumin by aluminum hydroxide adju-
vant was not affected by the addition of ethylene glycol. The observation that
hydrophobic interactions contribute to the adsorption of lysozyme but not
bovine serum albumin is consistent with lysozyme’s longer retention time
during hydrophobic interaction chromatography than that of bovine serum
albumin.

Ligand exchange occurs with phosphorylated antigens and is the strongest
adsorption force. Phosphate forms an inner sphere surface complex with alu-
minum that is the inorganic equivalent of a covalent band [39]. Phosphate
binds more strongly to aluminum than hydroxyl and displaces surface hydroxyl
from aluminum hydroxide adjuvant and aluminum phosphate adjuvant.
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Figure 4.12 Effect of surface charge of phosphate-treated aluminum hydroxide adju-
vant on the adsorption capacity of ovalbumin at pH 7.4 and 25°C. (From Ref. 57.)

Ligand exchange may occur even when an electrostatic repulsive force is
present. The adsorption of ovalbumin (OVA) by the five phosphate-treated
aluminum hydroxide adjuvants that were studied with lysozyme (Figure 4.11)
is shown in Figure 4.12.

Ovalbumin has an isoelectric point of 5 and contains up to two phosphate
groups. Thus, it can adsorb to positively charged aluminum hydroxide adjuvant
by both electrostatic attraction and ligand exchange. An electrostatic repulsive
force was present when the surface charge was negative. However, as shown
in Figure 4.12, extensive adsorption of ovalbumin occurred when the phosphate-
treated aluminum hydroxide adjuvant was negatively charged. Adsorption
under these conditions is due to ligand exchange. The reason that the adsorp-
tion capacity decreased with the higher concentration of phosphate pretreat-
ment is because the number of surface hydroxyl groups available for ligand
exchange was reduced as the concentration of phosphate anion used for the
pretreatment increased.

Adsorption by ligand exchange is also affected by the degree of phosphory-
lation of the antigen. Four ovalbumin samples were prepared having different
degrees of phosphorylation [59]. The four ovalbumin samples were negatively
charged and were electrostatically repelled by aluminum phosphate adjuvant.
However, adsorption occurred that was related directly to the degree of phos-
phorylation of ovalbumin (Table 4.3). The greater the degree of phosphoryla-
tion, the greater the opportunity for adsorption by ligand exchange. Thus, the



FORMULATION OF THE VACCINE 99

TABLE 4.3 Adsorption of Ovalbumin Samples by Aluminum Phosphate Adjuvant
at pH 7.4, 25°C

% Elution Upon Exposure

Ovalbumin PO,/OVA to Interstitial Fluid for
Sample Molar Ratio % Adsorption 21 Hours
POVA 32 99 26

OVA 1.8 38 100
DPOVA 1 1.2 26 100
DPOVA 2 0.14 0 100

Source: Data from Ref. 59.

ovalbumin sample containing 3.2mol PO,/mol ovalbumin was completely
adsorbed by ligand exchange, but the sample having only 0.14mol PO,/mol
ovalbumin was not adsorbed, as little, if any, ligand exchange was possible, and
electrostatic repulsive forces prevented adsorption.

4.5 FORMULATION OF THE VACCINE

4.5.1 Selection of the Buffer

The potential interaction of the buffer species with aluminum-containing adju-
vants should be considered when formulating a vaccine. Two buffer systems
require special consideration: phosphate and citrate. Phosphate anions are
adsorbed by both aluminum hydroxide adjuvant and aluminum phosphate
adjuvant by ligand exchange. Figure 4.13 shows that the isoelectric point of

Isoelectric point

O T T T T
0 1 2 3 4 5 6

Phosphate adsorbed (mg/mL Al)

Figure 4.13 Relationship between phosphate adsorption by aluminum hydroxide
adjuvant and the isoelectric point. (From Ref. 60.)
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aluminum hydroxide adjuvant can be decreased from 11.4 to approximately 4
by adsorption of phosphate anion. Similarly, the isoelectric point of aluminum
phosphate adjuvant is decreased by phosphate substitution for surface hydro-
xyls. The isoelectric point of aluminum phosphate adjuvant ranged from
approximately 8 to 4, depending on phosphate adsorption (Figure 4.8).

The adsorption of phosphate anion present in a vaccine formulation as
buffer can affect the adsorption of an antigen by affecting both the surface
charge and the number of surface hydroxyls available for ligand exchange with
phosphate groups of the antigen. Figure 4.12 shows that the adsorption capac-
ity of aluminum hydroxide adjuvant for ovalbumin, which may adsorb by
electrostatic attraction and/or ligand exchange, decreases due to exposure to
phosphate anion. Citrate buffers may lead to an increase in the soluble
aluminum concentration. The citrate anion is an o-hydroxycarboxylic acid that
adsorbs to an aluminum-containing adjuvant and solubilizes the aluminum by
formation of a soluble aluminum-citrate complex [61].

Buffers that do not alter the properties of aluminum-containing adjuvants
are acetate and TRIS. However, phosphate buffers may be used as long as
their effect on the aluminum-containing adjuvant is understood. For example,
adsorption of the experimental malaria antigen R32tet32 was enhanced when
the vaccine was formulated with a phosphate buffer. R32tet32 has an isoelec-
tric point of 12.8 and was electrostatically repelled by aluminum hydroxide
adjuvant [62]. However, adsorption of R32tet32 increased as the concentration
of the phosphate buffer was increased from 3mM to 20mM. The buffer ions
were adsorbing to the aluminum hydroxide adjuvant and reducing the isoelec-
tric point as shown in Figure 4.13. Lowering the isoelectric point of aluminum
hydroxide adjuvant led to the development of electrostatic attractive forces
between R32tet32 and the adjuvant.

The use of a phosphate buffer can also decrease the adsorption of an
antigen. Recombinant protective antigen has an isoelectric point of 5.6 and is
adsorbed electrostatically by aluminum hydroxide adjuvant [53]. Figure 4.9
shows that the adsorption capacity of recombinant protective antigen was
decreased when formulated with Dulbeccos phosphate-buffered saline in
comparison to water. The decrease in the adsorption capacity is probably
caused by a decrease in the isoelectric point of the aluminum hydroxide adju-
vant due to adsorption of phosphate anion and an increase in the ionic strength
that reduces electrostatic forces.

4.5.2 Microenvironment pH

It is a basic principle of colloid chemistry that charged particles electrostati-
cally attract ions of opposite charge (counterions) to form the Gouy—Chapman
double layer. Negatively charged surfaces attract cations including protons to
form the double layer. Thus, the pH of the double-layer region (i.e., micro-
environment pH) will be lower than the bulk pH which is routinely measured
by a pH electrode. Similarly, the double layer surrounding positively charged
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particles will be rich in anions, including hydroxyls, and the microenvironment
pH will be higher than the bulk pH.

Antigens that are adsorbed to aluminum-containing adjuvants may be
exposed to a pH that is different from the bulk pH, especially if the adjuvant
has a surface charge. A recent study [63] used glucose-1-phosphate as a model
antigen to study the microenvironment pH of aluminum hydroxide adjuvant.
Glucose-1-phosphate adsorbs strongly to aluminum hydroxide adjuvant by
ligand exchange of the phosphate group. The rate of hydrolysis of glucose-1-
phosphate adsorbed to positively charged aluminum hydroxide adjuvant at
pH 5.4 was significantly slower than the rate of hydrolysis of a solution of
glucose-1-phosphate at the same pH. The positively charged adjuvant was
electrostatically attracting anions to create a microenvironment pH that was
higher than 5.4, thus reducing the rate of acid-catalyzed hydrolysis. The
adsorbed glucose-1-phosphate at pH 5.4 hydrolyzed at the same rate as a solu-
tion of glucose-1-phosphate at pH 7.3. Thus, it was concluded that the micro-
environment pH of the aluminum hydroxide adjuvant was approximately 2
pH units higher than the bulk pH.

The chemical stability of antigens that degrade by a pH-dependent mecha-
nism can be optimized by modifying the surface charge of the aluminum-
containing adjuvant to produce the pH of maximum stability in the
microenvironment of the adjuvant. Antigens that have been reported to be
sensitive to pH changes in terms of immunogenicity and stability include foot-
and-mouth disease virus, tetanus toxoid, influenza A virus, and Mycoplasma
hyopneumoniae [63]. The surface charge of aluminum hydroxide adjuvant may
be modified by pretreatment with phosphate anion (Figure 4.13). The isoelec-
tric point of aluminum phosphate adjuvant can range from 9.6 to 4.0, depending
on the phosphate to hydroxyl ratio (Figure 4.8). Thus, it is possible to formulate
an aluminum-adjuvanted vaccine that will have the necessary surface charge
to produce the microenvironment pH required to optimize the chemical stabil-
ity of an antigen that degrades by a pH-dependent mechanism.

4.5.3 Content Uniformity

Obtaining an accurate dose is always a concern when administering suspen-
sions. It is also a concern for vaccines, as the dose of most antigens is in micro-
grams, whereas the quantity of the aluminum-containing adjuvant may be up
to 0.85mg Al per dose. Fortunately, the particle morphology of aluminum-
containing adjuvant leads to uniform distribution of the antigen as long as
adequate mixing procedures are followed. Aluminum-containing adjuvants
exist as primary particles of approximately 50 nm. The high surface free energy
of such small particles causes them to aggregate. Thus, the functioning particles
are aggregates of 2 to 20um. The aggregates disperse and reaggregate readily
when mixed. This behavior is shown in Figure 4.14.

Green and red fluorescent probes were conjugated to bovine serum albumin
and adsorbed to aluminum hydroxide adjuvant. The suspensions were exam-
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Figure 4.14 Distribution of BODIPY FL-labeled bovine serum albumin adsorbed to
aluminum hydroxide adjuvant and BODIPY TR-labeled bovine serum albumin
adsorbed to aluminum hydroxide adjuvant in a combination vaccine: (¢) BODIPY
FL-labeled bovine serum albumin adsorbed to aluminum hydroxide adjuvant prior to
combination; (b) BODIPY TR-labeled bovine serum albumin adsorbed to aluminum
hydroxide adjuvant prior to combination; (¢) 15 minutes after combination with mixing;
(d) 30 minutes of mixing; (e) 45 minutes of mixing; (f) 60 minutes of mixing; The bars
represent Spum. (From Ref. 64.) (See insert for color representation of figure.)

ined by fluorescence microscopy. Figure 4.14a and b show green BODIPY
FL-labeled bovine serum albumin adsorbed to aluminum hydroxide adjuvant
and red BODIPY TR-labeled bovine serum albumin adsorbed to aluminum
hydroxide adjuvant, respectively. Equal volumes of the two suspensions were
combined and mixed with a magnetic stir bar. Following combination, the
aggregates were composed of green fluorescent regions and red fluorescent
regions (Figure 4.14c). The large, well-defined fluorescent regions became
smaller during the 60 minutes of mixing (Figure 4.14d—f). The yellow color
was caused by superposition of green and red fluorescent regions using imaging
software. The fluorescent images indicate that mixing causes the adjuvant
aggregates to deaggregate and then reaggregate by combining fragments of
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green fluorescent adjuvant with fragments of red fluorescent adjuvant. This
process of deaggregation and reaggregation led to uniform distribution of the
red- and green-labeled bovine serum albumin throughout the aluminum
hydroxide adjuvant. Thus, the morphology of aluminum-containing adjuvants
is favorable for the uniform distribution of antigen as long as adequate mixing
occurs.

4.5.4 Detoxification of Lipopolysaccharide

Endotoxin or lipopolysaccharide is a component of the outer membrane of
gram-negative bacteria. It is released when the bacteria undergo autolysis.
Endotoxin causes inflammatory responses or endotoxic shock due to the stim-
ulation of cytokines such as tumor necrosis factor-o. (TNFo) and IL-6. Thus,
it is important to eliminate or detoxify endotoxin during the manufacture of
vaccines. Aluminum hydroxide adjuvant, but not aluminum phosphate adju-
vant, detoxifies endotoxin.

Adsorption isotherms of endotoxin with aluminum hydroxide adjuvant or
aluminum phosphate adjuvant reveal a large difference in the adsorption coef-
ficient [65]. The adsorption coefficients of endotoxin with aluminum hydroxide
adjuvant or aluminum phosphate adjuvant are 13,000 and 0.2mL/ug, respec-
tively. The strong adsorption of endotoxin by aluminum hydroxide adjuvant is
due to ligand exchange with the two phosphate groups in the lipid A part of
endotoxin. Adsorption of endotoxin by aluminum phosphate adjuvant is much
weaker, as phosphate has substituted for hydroxyl at many surface sites. Thus,
ligand exchange is inhibited.

The toxicity of an endotoxin solution, endotoxin and aluminum hydroxide
adjuvant or endotoxin and aluminum phosphate adjuvant, was tested in rats
[65]. TNFo and IL-6 were detected in the serum of the rats that received the
endotoxin solution or endotoxin and aluminum phosphate adjuvant. No TNFa
or IL-6 was detected in the serum of the rats that received endotoxin and
aluminum hydroxide adjuvant.

Aluminum hydroxide adjuvant but not aluminum phosphate adjuvant pro-
tected rats from the toxic effects of endotoxin. The detoxification of endotoxin
by aluminum hydroxide adjuvant is due to irreversible adsorption of endo-
toxin by ligand exchange. Thus, the use of aluminum hydroxide adjuvant
provides an extra margin of safety in the event that endotoxin was introduced
into the vaccine inadvertently.

4.6 ELUTION OF ANTIGEN

4.6.1 In Vaccine

It may be desirable during in vitro testing of aluminum adjuvanted vaccines
to elute the antigen to determine directly the amount of adsorbed antigen or
to examine the conformation of the antigen. Although thisis a difficult problem,
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limited success has been achieved by the use of surfactants, dissolution of the
adjuvant, or addition of competing ions.

There are few published studies on the elution of antigens from aluminum-
containing adjuvants, but a number of publications describe the use of surfac-
tants to elute proteins from polymer surfaces. For example, 3% sodium dodecyl
sulfate has been used to elute fibrinogen from polyurethane surfaces [66]. An
aging effect was noted as less fibrinogen was eluted with increasing residence
time. It was concluded that changes in the conformation of the adsorbed
fibrinogen occurred which resulted in stronger adsorption. Triton X-100, a
nonionic surfactant, has been used to elute insulin that was adsorbed to
poly(vinyl chloride) bags [67].

A series of anionic, cationic, and nonionic surfactants were screened for
their ability to elute ovalbumin from aluminum hydroxide adjuvant or lyso-
zyme from aluminum phosphate adjuvant [68]. The surfactants studied were
Triton X-100 and lauryl maltoside (nonionic), lauryl sulfobetaine (zwitter-
ionic), sodium dodecyl sulfate (anionic), cetylpyridinium chloride, and dodecy-
Itrimethylammonium chloride (cationic). Cetylpyridinium chloride produced
the greatest degree of elution (60%) of ovalbumin from aluminum hydroxide
adjuvant. Sodium dodecyl sulfate completely eluted lysozyme from aluminum
phosphate adjuvant. The effectiveness of the surfactants in eluting either oval-
bumin or lysozyme was related directly to their ability to denature the protein.
Thus, the disadvantage of using surfactants to elute antigens is the potential
to denature the antigen.

Another approach to elute antigens during the in vitro testing of vaccines
is to dissolve the aluminum-containing adjuvant. Dissolution can be achieved
by adjusting the pH, adding citrate anion, or a combination of citrate anion
and pH. The pH of minimum solubility of aluminum hydroxide adjuvant is 5.0
[38]. Elution of ovalbumin was observed when the pH was adjusted to values
below 4.1 or above 7.4. Maximum elution was observed at pH 2.9 or 11.0. This
elution can be explained by the dissolution of the aluminum hydroxide
adjuvant.

a-Hydroxycarboxylic acids such as citric acid, lactic acid, or malic acid are
good chelators of metal ions, due to the formation of stable five- or six-
membered rings. Citrate anion is well known for its solubilizing effect on alu-
minum-containing minerals. Seeber et al. [69] demonstrated that aluminum
hydroxide adjuvant and aluminum phosphate adjuvant can be solubilized by
a sodium citrate solution at pH 7.4. Aluminum phosphate adjuvant is signifi-
cantly more soluble than aluminum hydroxide adjuvant.

If the properties of the antigen permit, the best approach to eluting antigens
by dissolving the adjuvant is to combine dissolution at low pH with solubiliza-
tion by chelation with citrate anion. Thus, the exposure of a vaccine to a solu-
tion of sodium citrate adjusted to pH 4 is frequently an effective technique to
elute antigens.

Antigens that are adsorbed by electrostatic attraction may be eluted by
reversing the surface charge of the aluminum-containing adjuvant. For example,
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electrostatic attractive forces play a role in the adsorption of ovalbumin (iso-
electric point 5.0) by aluminum hydroxide adjuvant (isoelectric point 11.4) at
pH 7.4. The addition of 4mM phosphate anion caused 45% of the adsorbed
ovalbumin to be eluted [70]. The addition of 4mM phosphate anion to alumi-
num hydroxide adjuvant caused the isoelectric point to change from 11.4 to
6.7. Thus, the surface charge of the aluminum hydroxide adjuvant became
negative and a repulsive electrostatic force operated between the ovalbumin
and the adjuvant. Similar to the elution of fibrinogen with surfactant, an aging
effect was observed when ovalbumin was eluted by exposure to phosphate
anion. The elution of ovalbumin by 4mM phosphate anion decreased from
45% to 27% when the vaccine aged for 17 days.

4.6.2 In Interstitial Fluid

The importance of the degree of adsorption of the antigen by aluminum-
containing adjuvants following intramuscular or subcutaneous administration
was recognized by Chang and co-workers [71], who tested three lysozyme
vaccines in rabbits. All the vaccines contained the same concentration of lyso-
zyme, but the degree of adsorption by the aluminum-containing adjuvant was
3, 35 or 85%. In contrast to a lysozyme solution, all three vaccines produced
the same immunopotentiation. However, when mixed in vitro with sheep
lymph fluid, which is identical to interstitial fluid, the degree of adsorption of
lysozyme was 40% for all three vaccines. It was concluded that the degree of
adsorption in interstitial fluid, not the degree of adsorption on the vaccine,
correlated with the immune response. It is not surprising that the degree of
adsorption of an antigen by an aluminum-containing adjuvant can change
upon intramuscular or subcutaneous administration as key components of
interstitial fluid such as phosphate anion [70], citrate [69], fibrinogen [16], and
albumin [16] have been found to affect the degree of adsorption.

The contributions of electrostatic attraction and ligand exchange to the
degree of adsorption of antigens upon exposure to interstitial fluid were dem-
onstrated by Morefield et al. [59]. Ovalbumin (OVA) was either conjugated
with phosphoserine to increase its phosphorylation or treated with potato acid
phosphatase to reduce the degree of phosphorylation. Four ovalbumin samples
containing from 3.2 to 0.14 mol PO,/mol ovalbumin were prepared. Ovalbumin
has an isoelectric point of 4.6 and is attracted electrostatically to aluminum
hydroxide adjuvant (isoelectric point 11.4). In addition, the phosphate groups
of ovalbumin are available to undergo ligand exchange with surface hydroxyls
of aluminum hydroxide adjuvant. As shown in Table 4.4, these two adsorption
mechanisms led to virtually complete adsorption of all four ovalbumin
samples.

However, the adsorbed ovalbumin vaccines behaved differently when
exposed in vitro to interstitial fluid. When mixed with interstitial fluid the
percent elution was inversely related to the PO,/OVA molar ratio (Figure
4.15). This behavior suggests that ovalbumin molecules that are not
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TABLE 4.4 Adsorption of Ovalbumin Samples by Aluminum Hydroxide Adjuvant
and Elution in Interstitial Fluid

% Elution Upon Exposure

Ovalbumin PO,/OVA to Interstitial Fluid for 21
Sample Molar Ratio % Adsorption Hours

POVA 32 100 3

OVA 1.8 99 36

DPOVA 1 12 97 73

DPOVA 2 0.14 95 100

Source: Data from Ref. 59.
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Figure 4.15 Effect of phosphate content of ovalbumin samples on elution from
aluminum hydroxide adjuvant upon exposure to interstitial fluid at 37°C. (From
Ref. 59.)

phosphorylated and are therefore adsorbed by electrostatic attractive forces
are readily eluted when exposed to interstitial fluid. Conversely, ovalbumin
samples that are phosphorylated adsorb by both ligand exchange and electro-
static attraction. The contribution of ligand exchange to the adsorption mecha-
nism increased as the PO,/OV A molar ratio increased. Examination of Table
4.4 and Figure 4.15 lead to the conclusion that antigens adsorbed by ligand
exchange do not readily elute upon exposure to interstitial fluid. Thus, the
degree of adsorption in interstitial fluid, following administration, can be con-
trolled through the degree of phosphorylation of the antigen.

The degree of adsorption in interstitial fluid can also be controlled by the
degree of phosphorylation of the adjuvant. Aluminum phosphate adjuvant has
an isoelectric point of approximately 5. Thus, it is electrostatically repelled by
the negatively charged ovalbumin samples and can only be adsorbed by ligand
exchange. However, the surface of aluminum phosphate adjuvant is composed
of both hydroxyl and phosphate groups. Only the hydroxyl groups can undergo
ligand exchange with phosphate groups of ovalbumin. Ligand exchange is
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responsible for the direct relationship shown in Table 4.3 between the PO,/
OVA molar ratio and the percent adsorption by aluminum phosphate adju-
vant. The complete elution of ovalbumin samples containing 1.8 mol of phos-
phate per mol of ovalbumin or less is due to the limited opportunity for ligand
exchange with aluminum phosphate adjuvant due to the limited number of
surface hydroxyl groups. Thus, elution following administration can also be
controlled by modifying the degree of phosphorylation of the adjuvant.

4.7 ELIMINATION

Interstitial fluid contains significant concentrations of citric acid, lactic acid,
and malic acid. These o-hydroxycarboxylic acids are capable of chelating
aluminum and solubilizing aluminum-containing compounds. In vitro dissolu-
tion studies using citrate solutions at pH 7.4 that mimic the concentration of
o-hydroxycarboxylic acids in interstitial fluid revealed that both aluminum
hydroxide adjuvant and aluminum phosphate adjuvant are solubilized,
although the amorphous aluminum phosphate adjuvant is more readily solu-
bilized. Thus, it is likely that aluminum-containing adjuvants dissolve in inter-
stitial fluid, and the aluminum is transported in the lymph to the blood, where
it is excreted by the kidney.

Aluminum-containing adjuvants were used for many decades before a tech-
nique was available that could detect changes in the normal aluminum plasma
concentration (5ug Al/L) caused by the small amount of aluminum allowed in
vaccines (<0.85mg Al per dose). Accelerator mass spectrometry can accurately
measure very small amounts of aluminum, 107" g in blood or urine [72,73].
This technique enabled the absorption, tissue distribution, and elimination of
aluminum-containing adjuvants to be studied.

Aluminum phosphate adjuvant and aluminum hydroxide adjuvants were
prepared by substituting a small amount of *AlCI; for the naturally occurring
7 AICl; during the precipitation process. Al does not occur naturally, so any
%Al in blood, tissues, or urine came from the aluminum-containing adjuvant.

Two female New Zealand white rabbits received an intramuscular injection
of Al aluminum phosphate adjuvant and two rabbits received a similar injec-
tion of Al aluminum hydroxide adjuvant. One rabbit received an equivalent
intravenous injection of *Al-labeled aluminum citrate solution, and another
rabbit received an equivalent intramuscular dose of aluminum phosphate
adjuvant containing no **Al as a cross-contamination monitor. Blood and urine
samples were collected for 28 days, after which the animals were euthanized
and the kidney, spleen, liver, heart, lymph node, and brain were analyzed
for 7Al.

Figure 4.16 shows the concentration of aluminum in the blood following
intramuscular administration of the adjuvants. Al was detected in the blood
of all four rabbits at the first sampling point (one hour). Thus, dissolution of
both adjuvants begins upon administration. Table 4.5 shows that approximately



108 ALUMINUM-CONTAINING ADJUVANTS

3E-06

1E-06

Aluminum concentration in blood (mg/g)

0 200 400 600 800
Elapsed time (hr)

Figure 4.16 Blood concentration profile after intramuscular administration of Al-
labeled aluminum hydroxide adjuvant: (H) rabbit 1; (@) rabbit 2; (A) mean, or alumi-
num phosphate adjuvant; ((J) rabbit 3; (O) rabbit 4; (A) mean,; the solid line represents
aluminum hydroxide adjuvant, and the dashed line, aluminum phosphate adjuvant.
(From Ref. 72.)

TABLE 4.5 Pharmacokinetic Parameters After Intramuscular Injection of
% Al-Containing Aluminum Hydroxide and Aluminum Phosphate Adjuvants

% Adsorbed Cumulative Al in Urine After

Adjuvant in 28 Days 28 Days (%)
Aluminum hydroxide

Rabbit 1 13 5.0

Rabbit 2 22 6.2

Average 17 5.6
Aluminum phosphate

Rabbit 3 47 10

Rabbit 4 55 33

Average 51 22

Source: Data from Ref. 72.

three times more aluminum appeared in the blood from aluminum phosphate
adjuvant than from aluminum hydroxide adjuvant during the 28-day study.
Similarly, the cumulative urinary excretion of aluminum phosphate adju-
vant was four times greater than that of aluminum hydroxide adjuvant. The
average tissue distribution of Al was approximately three times greater for
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aluminum phosphate adjuvant than for aluminum hydroxide adjuvant. Thus,
the higher concentration of **Al in the blood from aluminum phosphate adju-
vant appears to be responsible for the greater distribution to the tissues.

It can be concluded from the in vitro and in vivo studies that interstitial
fluid is capable of dissolving both aluminum phosphate adjuvant and alumi-
num hydroxide adjuvant following intramuscular administration. Amorphous
aluminum phosphate adjuvant exhibits a more rapid rate of dissolution and
absorption than that of crystalline aluminum hydroxide adjuvant. The ability
of the body to eliminate aluminum-containing adjuvants may be partly respon-
sible for their excellent safety record.

4.8 SAFETY

It is difficult to assess the contribution of the aluminum-containing adjuvant
when adverse reactions to a vaccine occur, as clinical trials rarely include treat-
ment groups that receive the vaccine with and without the adjuvant [74]. When
one considers the number of doses of aluminum-adjuvanted vaccines that have
been administered since aluminum-containing adjuvants were first included in
vaccines in 1926 and the incidence of adverse effects, it is easy to conclude
that aluminum-containing adjuvants pose a very small safety risk [42]. They
are not associated with any immune complex disorders [75]. Severe local reac-
tions such as erythema, subcutaneous nodules, and contact hypersensitivity are
associated with aluminum-containing adjuvants [74]. These local reactions are
noted more frequently when aluminum-adjuvanted vaccines are administered
subcutaneously than when administered intramuscularly [76]. A study of the
effect of the amount of aluminum-containing adjuvant and local swelling reac-
tion found an inconsistent relationship [77].

A new safety issue was recently raised when Gherardi et al. [78-80] reported
a focal histological lesion observed in biopsy samples which they termed mac-
rophagic myofaciitis (MMF). However, due to the limited number of cases and
the lack of controls, the causal relationship between MMF and aluminum-
adjuvanted vaccines is in dispute. A recent study in Cynomolgus monkeys
concluded that aluminum-adjuvanted vaccines cause histopathological changes
restricted to a region within 20mm from the injection site but that these
changes are not associated with abnormal clinical signs [81].

A statement by Clements and Griffiths [75] appears to summarize the
current understanding of the safety of aluminum-containing adjuvants:
“Regarding aluminum-based adjuvants, we cannot say categorically that they
cause no problems. We can say they have been used in vaccines for 70 years
and have played a part in making the classical vaccines as successful as they
have been. With such a phenomenal number of doses administered over this
period of time, we can be confident that if there is a potential for causing
adverse reactions to aluminum in these vaccines, the rate is inordinately small.
Anything more would have been detected years ago.”
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MF59: A SAFE AND POTENT OIL-IN-
WATER EMULSION ADJUVANT

DEeRex T. O’HAGAN AND MANMOHAN SINGH

5.1 EMULSIONS AS ADJUVANTS

Emulsions are liquid dispersions of two immiscible phases, usually an oil and
water, either of which may comprise the dispersed phase or the continuous
phase to provide water-in-oil or oil-in-water emulsions. Emulsions are gener-
ally unstable and need to be stabilized by surfactants, which lower interfacial
tension and prevent coalescence of the dispersed droplets. Stable emulsions
can be prepared through the use of surfactants, which orientate themselves at
the interface between the two phases since they comprise both hydrophobic
and hydrophilic components. Although charged surfactants are excellent sta-
bilizers, nonionic surfactants are widely used in pharmaceutical emulsions due
to their lower toxicity and their lower sensitivity to formulation additives.
Surfactants can be defined by their ratio of hydrophilic to hydrophobic com-
ponents, called their hydrophile-to-lipophile balance (HLB), which gives infor-
mation on their relative affinity for water and oil phases. At the high end of
the scale, the surfactants are predominantly hydrophilic and can be used to
stabilize oil-in-water (o/w) emulsions. In contrast, oil-soluble surfactants at the
lower end of the scale are used primarily to stabilize water-in-oil (w/0) emul-
sions. The commonly used polysorbate-based surfactants (Tweens) have HLB
values in the range 9 to 16, while sorbitan esters (Spans) have HLBs in the
lower range 2 to 9. Extensive pharmaceutical experience with emulsions has
established that a mixture of surfactants offers maximum stability, probably
due to the formation of more rigid films at the interface. The physicochemical
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characteristics of emulsions, including droplet size and viscosity, are controlled
by a variety of factors, including the choice of surfactants, the ratio of continu-
ous to disperse phases, and the method of preparation used. For an emulsion
to be used in an injectable product, stability and viscosity are important param-
eters. In general, stability is enhanced by having smaller droplets, and viscosity
is decreased by having a higher volume of the continuous phase.

Emulsions have a long history of use as vaccine adjuvants in both human
and veterinary products. Almost 70 years ago, Freund demonstrated the adju-
vant effect of mineral (paraffin) oil combined with mycobacterial cells, called
Freund’s complete adjuvant (FCA) [1]. The w/o emulsion, without bacterial
cells, known as Freund’s incomplete adjuvant (FIA), has subsequently been
used in several veterinary vaccines [2]. Recent studies have explored the
structure—activity relationships for w/o emulsion adjuvants of the FIA type [3].
Although w/o emulsions containing mineral oils such as FIA have been used
extensively as vaccine adjuvants in human subjects, particularly for influenza
vaccination [4], they are generally considered to be too reactogenic for wide-
spread use [5]. Nevertheless, long-term follow-up of individuals immunized
with FIA have established that there are no significant long-term adverse
events, although local reactogenicity was common during the initial immuniza-
tions [6]. More recently, w/o emulsions with high oil content, based on mineral
oils and non-mineral oils, have been evaluated as vaccine adjuvants for malaria
and HIV vaccines [7]. Ongoing clinical trials continue to demonstrate that
these newer generation w/o emulsions (Montanide) induce potent immune
responses but also show a significant occurrence of local reactions, which can
occasionally be severe [8]. Due to the reactogenicity of w/o emulsions, o/w
approaches were evaluated as alternatives and were initially promoted as
delivery systems for immunopotentiators [9].

5.2 INITIAL DEVELOPMENT OF MF59
OIL-IN-WATER ADJUVANT

In the 1980s a number of groups were working on the development of novel
adjuvant formulations, including emulsions, ISCOMs (immunostimulating
complexes), liposomes, and microparticles [10]. All of these approaches had
the potential to be more potent and effective than the established aluminium-
based adjuvants, which were the only adjuvants available in licensed human
vaccines at the time. Often, the novel adjuvant formulations contained immu-
nopotentiators of natural or synthetic origin, which were included to enhance
potency. However, the inclusion of immunopotentiators often raised concerns
about the overall safety of the adjuvant formulation.

Based on the long history of the use of emulsions as adjuvants, including
the widely used FIA, several groups investigated the development of improved
emulsion formulations, which might prove acceptable for use in humans.
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Scientists at Syntex developed an o/w emulsion adjuvant using biodegradable
squalene as oil and used this formulation as a delivery system for a synthetic
immunopotentiator called N-acetymuramyl-L-threonyl-p-isoglutamine (threonyl-
MDP) [9]. The Syntex adjuvant formulation (SAF) was designed to be as
potent as FCA, but with greater potential to prove acceptable for widespread
human use. A closely related immunopotentiator, N-acetyl-L-alanyl-D-
isoglutamine (MDP), had originally been identified in 1974 as the minimal
structure isolated from the peptidoglycan of mycobacterial cell walls, which
had adjuvant activity [11]. However, MDP was pyrogenic and induced uveitis
in rabbits [12], making it unacceptable as an adjuvant for human vaccines.
Therefore, various derivatives of MDP were synthesized in an effort to identify
a potent molecule with an acceptable toxicology profile, including threonyl-
MDP. Unlike lipopolysaccharide (LPS) and its synthetic derivatives, which are
also used as adjuvants [e.g., monophosphorye lipid A (MPL)], MDP does not
activate immune cells through TLR2 or TLR4 [13]. Recently, it was discovered
that MDP activates immune cells through interaction with the nucleotide-
binding domain (NOD), which acts as an intracellular recognition system for
bacterial components [14]. In addition to threonyl-MDP, SAF also contained
a pluronic polymer surfactant (L121), which was included to help bind anti-
gens to the surface of the emulsion droplets. Unfortunately, clinical evaluations
of SAF as an adjuvant for a HIV vaccine showed it to have an unacceptable
profile of reactogenicity [15]. As an alternative to SAF, Chiron scientists devel-
oped a squalene-based o/w emulsion as a delivery system for an alternative
synthetic MDP derivative, muramyltripeptide phosphatidylethanolamine
(MTP-PE). MTP-PE was lipidated to allow it to be more easily incorporated
into lipid-based adjuvant formulations and to reduce toxicity [16]. Unfortu-
nately, clinical testing showed that emulsions of MTP-PE also showed an
unacceptable level of reactogenicity, which made them unsuitable for routine
clinical use [17,18]. Nevertheless, these studies highlighted that the squalene-
based emulsion alone, without an additional immunopotentiator, was well
tolerated and had comparable immunogenicity to the formulation containing
MTP-PE [18,19]. These observations resulted in the development of the MF59
o/w emulsion as an injectable adjuvant. The composition of MF59 is shown in
Figure 5.1.

The small droplet size of MF59, generated through the use of a microfluid-
izer in the emulsion preparation process, was crucial to potency but also
enhanced stability and allowed the formulation to be sterile filtered. MF59
alone, without the use of additional immunopotentiators, was used in subse-
quent studies and proved sufficiently potent and safe to allow successful
product development [20]. Hence, our early clinical experience with o/w emul-
sions served to highlight the need for careful selection of immunopotentiators
if they need to be included in adjuvant formulations. In addition, the experi-
ence with MF59 showed that o/w emulsions can be highly effective adjuvants,
with an acceptable safety profile.
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Appearance: milky white oil in water (o/w emulsion)
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Composition: 0.5% Tween 80 - water-soluble surfactant

0.5% Span 85 - oil-soluble surfactant
4.3% Squalene oil
Water for injection
10 nM Na-citrate buffer
Density: 0.9963 g/mL Emulsion droplet size: ~165 nm

Viscosity: close to water, easy to inject

Figure 5.1 Submicron MF59 emulsion composition. (See insert for color representa-
tion of figure.)

5.3 MECHANISM OF ACTION OF MF59 ADJUVANT

Early studies designed to determine the mechanism of action of MF59 focused
on the possibility of a depot effect for coadministered antigen, since there had
been suggestions that the emulsion may retain antigen at the injection site and
promote sustained antigen presentation. However, it was shown that an antigen
depot was not established at the injection site and that the emulsion was
cleared rapidly [21]. The lack of an antigen depot at the injection site with
MF59 was confirmed in later studies [22], which also established that MF59
and antigen were cleared independently. Subsequently, it was thought that
perhaps the emulsion acted as a direct delivery system and was responsible
for promoting the uptake of antigen into antigen-presenting cells (APCs). This
theory was linked to earlier observations with SAF emulsion, which contained
a pluronic surfactant that was thought to be capable of binding antigen to the
emulsion droplets [9]. However, studies with recombinant antigens showed
that MF59 was an effective adjuvant, despite no evidence of binding of the
antigens to the oil droplets. Moreover, an adjuvant effect was still observed if
MF59 was injected up to 24 hours before the antigen and up to one hour after,
confirming that direct association was not required [21]. Nevertheless, admin-
istration of MF59 24 hours after the antigen resulted in a much reduced adju-
vant effect, suggesting that the emulsion was activating immune cells, which
were then able to better process and present the coadministered antigen. A
direct effect on cytokine levels in vivo has also been observed [23]. Moreover,
more recent studies have confirmed the ability of MF59 to have a direct effect
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on immune cells, triggering the release of chemokines and other factors
responsible for recruitment and maturation of immune cells.

Hence, although the exact mechanism of action of MF59 adjuvant remains
to be defined, it appears to function predominantly as a delivery system and
promotes the uptake of coadministered vaccine antigens into APC [24,25].
However, for them to be taken up, there does not appear to be a need for the
antigen to be directly associated with the emulsion droplets. Rather, it seems
likely that MF59 recruits and activates APCs at the injection site, which are
then better able to take up, transport, and process coadministered antigens.
Nevertheless, further studies are necessary to better define the mechanism of
action of MF59. Observations on the mechanism of action of MF59 can be
summarized as follows:

+ Minimal retention of antigen and adjuvant at the injection site.

+ MF59 and antigen are cleared independently from the injection site.

+ Early studies showed that herpes simplex virus (HSV) gD2 did not associ-
ate with droplets.

« HSV gB2 associates (~10%), but does not increase, immunogenicity.

+ Administration of MF59 24 hours before antigen works well.

+ Administration of MF59 24 hours after antigen is ineffective.

+ Enhanced cytokines can be detected in local lymph nodes or serum after
MF59 injection.

+ MF59 recruits APCs (M@ and dendritic cells) to the injection site.

+ MF509 is taken up by APCs and transported to local lymph nodes.

+ MF59 enhances uptake of antigen into APCs.

« MF59 triggers apoptosis of M@ in draining lymph nodes.

54 COMPOSITION OF MF59

MF59 is a low-oil-content o/w emulsion. The oil used for MF59 is squalene,
which is a naturally occurring substance found in plants and in the livers of a
range of species, including humans. Squalene is an intermediate in the human
steroid hormone biosynthetic pathway and is a direct synthetic precursor to
cholesterol. Therefore, squalene is a biodegradable and biocompatible natu-
rally occurring oil. Eighty percent of shark liver oil is squalene, and shark liver
provides the original natural source of the squalene that is used to prepare
MF59. MF59 also contains two nonionic surfactants, Tween 80 and Span 85,
which are designed to optimally stabilize the emulsion droplets. Citrate buffer
is also used in MF59 to stabilize pH and the squalene content, since early for-
mulations in water were not sufficiently stable for further development.
Although single vial formulations can be developed with vaccine antigens
dispersed directly in MF59, MF59 can also be added to antigens immediately
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prior to their administration. Although a less favorable option, combination
prior to administration may be necessary to ensure optimal antigen stability.

5.5 MANUFACTURING OF MF59

Details of the manufacturing process for MF59 at the 50-L scale have previ-
ously been described [26]. The process involves dispersing Span 85 in the
squalene phase and Tween 80 in the aqueous phase, before high-speed mixing
to form a coarse emulsion. The coarse emulsion is then passed repeatedly
through a microfluidizer to produce an emulsion of uniform small droplet size
(165nm) which can be sterile-filtered and filled into vials. Methods have also
been published previously to allow the preparation of MF59 at a small scale,
for use in research studies, but a microfluidizer is always required [27]. MF59
is characterized extensively by various physicochemical criteria after prepara-
tion and some of the parameters that are characterized are:

* Visual inspection

* Mean particle size

+ Number of large particles

+ Surfactant and squalene content
+ Carbonyl content

- pH

* Endotoxin evaluation

5.6 PRECLINICAL EXPERIENCE WITH MF59

Preclinical experience with MF59 is extensive and has been reviewed on
several previous occasions [26] and [28]. MF59 has been shown to be a potent
adjuvant in a diverse range of species, in combination with a broad range of
vaccine antigens, to include recombinant proteins, isolated viral membrane
antigens, bacterial toxoids, protein polysaccharide conjugates, peptides, and
viruslike particles. MF59 is particularly effective for inducing high levels of
antibodies, including functional titers (neutralizing, bactericidal, and opsono-
phagocytic titers) and is generally more potent than alum (Table 5.1).

In a recent preclinical study, we compared MF59 and alum directly for
several different vaccines and confirmed that MF59 was more potent, although
alum performed well for bacterial toxoids [29]. MF59 has also shown enhanced
potency over alum when compared directly in nonhuman primates with protein
polysaccharide conjugate vaccines [30] (Table 5.2) and with a recombinant
viral antigen [27]. In preclinical studies, compared to various alternative adju-
vants, MF59 is the most potent adjuvant for flu vaccines (Figure 5.2).

In addition to immunogenicity studies, extensive preclinical toxicology
studies have been undertaken with MF59 in combination with a range of
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TABLE 5.1 MF59 Represents a Workable Alternative to Alum for a Range of Traditional and
New-Generation Vaccines
DT Toxin TT MenC MenC HBsAgM MenB MenB
ELISA  Neutral ELISA ELISA BCA (IUML  ELISA BCA
Formulation  Titer (EU/mL)  Titer Titer Titer Titer) Titer Titer
Alum 8,568 14.1 31,028 11,117 19,766 9,118 8,143 512
MF59 4,625 4.1 84,922 29,526 32,768 41,211 107,638 4,096
TABLE 5.2 Comparison of MF59 with MenC and Hib Conjugate Vaccines in
Infant Baboons
ELISA Antibody Responses
Hib (ug/mL) MenC (IgG Titer)
Adjuvant 1 Dose 2 Doses 3 Doses 1 Dose 2 Doses 3 Doses
Alum 8,568 14.1 31,028 11,117 19,766 9,118
MF59 4,625 4.1 84,922 29,526 32,768 41,211
3000
- Alum
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Figure 5.2 Evaluation of various delivery systems with flu cell culture antigen (FCC).
MF59 emulsion exhibits the most potent response after two immunizations.

different antigens in a number of species. In these studies it has been shown
that MF59 is neither mutagenic nor teratogenic, and did not induce sensitiza-
tion in an established guinea pig model to assess contact hypersensitivity. The
favorable toxicological profile established for MF59 allowed extensive clinical
testing for MF59 with a number of different vaccine candidates. Observations
from preclinical toxicological studies and clinical safety studies are summa-
rized as follows:
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+ Neither mutagenic nor teratogenic

» Does not include hypersensitization

+ No significant systemic adverse effects

* Minimal local effects at the injection site; reversible short-term reactions

5.7 CLINICAL EXPERI ENCE WITH MF59 ADJUVANT

The largest clinical experience with MF59 has been obtained with the adju-
vanted influenza vaccine Fluad, which was licensed initially in Italy in 1997
and is now licensed in more than 20 countries. More than 20 million doses of
this product have now been used in humans. The adjuvanted influenza vaccine
was initially targeted for vaccination of the elderly, since conventional vaccines
do not provide optimal protection in this age group [31]. For this reason, most
of the clinical trials with MF59-adjuvanted influenza vaccines have been per-
formed in elderly subjects, in which a significant adjuvant effect has consis-
tently been observed [32]. The increased immunogenicity of MF59-adjuvanted
influenza was shown to be particularly important in subsets of the elderly
population, which have a higher risk of developing influenza and its most
severe complications, including subjects with a low preimmunization titer and
subjects affected by chronic diseases [32,33]. Additionally, immunogenicity
against heterovariant flu viruses was enhanced by MF59, a feature that is par-
ticularly beneficial when the vaccine antigens do not match completely those
of the circulating viruses [32,34,35]. The addition of MF59 to influenza vaccine
did not affect the safety profile of the vaccine, which was very well tolerated
[32]. MF59 was also evaluated as a potential adjuvant for pandemic influenza
vaccines and was shown to induce a highly significant enhancement of anti-
body titers (Figure 5.3) [36,37].

100 100
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Figure 5.3 Enhanced efficacy of a pandemic influenza vaccine with MF59 adjuvant
emulsion at three dose levels: (a) with MF59 and () vaccine alone.
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Importantly, MF59 also allowed a significant reduction in the antigen dose,
an observation that might be very important to increase the vaccine produc-
tion capacity when a real pandemic occurs [36]. Notably, 7.5 ug of MF59-adju-
vanted HS hemagglutinin was significantly more immunogenic than 30ug of
plain H5 hemagglutinin [36]. As already shown for the interpandemic vaccine
[32,34,35], broader cross-neutralization against heterovariant pandemic strains
was also an additional benefit of an MF59-adjuvanted vaccine [38]. This is an
important observation, which might favor the use of MF59-adjuvanted pan-
demic vaccines for stockpiling purposes.

Clinical testing of MF59 with other vaccine candidates, including the herpes
simplex (HSV) and hepititus B (HBV) viruses, has provided additional evi-
dence of the safety, tolerability, and potency of MF59 in adults [39-41]). These
data have been reviewed recently [28]. Clinical data on the use of MF59 as an
adjuvant for pediatric vaccines has also been obtained, with cytomegalovirus
(CMV) and HIV vaccines. Seronegative toddlers immunized with an MF59-
adjuvanted CMV gB vaccine showed antibody titers that were higher than
those found in adults naturally infected with CMV. Moreover, the MF59-
adjuvanted vaccine was well tolerated in this age group [42]. Additionally, an
MF59-adjuvanted HIV vaccine was evaluated in newborns born to HIV-
positive mothers [43-45]. The vaccine was very well tolerated and despite the
presence of maternal antibodies, induced an antibody response in 87% of the
infants immunized [44,45]. Moreover, the MF59 vaccine was significantly more
potent than alum for the induction of cell-mediated immune responses (pro-
liferative T-cell responses) against homologous and heterologous strains of
HIV [43].

In summary, clinical testing of MF59 adjuvant has resulted in the registra-
tion in more than 20 countries of an effective and well-tolerated influenza
vaccine for use in the elderly population. However, it has also been demon-
strated that MF59 can be administered safely with a range of antigens, to
diverse age groups, including the pediatric population.

5.8 COMBINATION OF MF59 WITH IMMUNOPOTENTIATORS

Although MF59 is generally a more potent adjuvant than alum [46], it cannot
be expected to be suitable for all vaccines. MF59 is particularly effective for
enhancing antibody and T-cell proliferative responses [26,46]. However, it is
not a potent adjuvant for the induction of Thl cellular immune responses,
which may be required to provide protective immunity against some viruses
and additional intracellular pathogens. Nevertheless, Th1 immunopotentiators,
including CpG oligonucleotides [47], have been added successfully to MF59
to improve its potency and to alter the type of response induced [48]. Although
the formulation of MF59 can be modified to promote the association of CpG
with the oil droplets [48], more recent studies suggest that this may not be
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TABLE 5.3 MF59 in Combination with an
Immunopotentiator: CpG and E1E2 (HCV) in Mouse

Adjuvant Total IgG IgG1 1gG2a
MF59 3,475 31,262 3,801
MF59 + CpG 5,260 3,846 46,747

necessary, and simple addition of CpG to MF59 may be sufficient in some situ-
ations (Table 5.3).

However, careful choice is needed in considering which immunopotentia-
tors to add to MF59 emulsion and how best to formulate them. Our early
experience in the clinic showed that MTP-PE added to MF59 gave an unac-
ceptable level of reactogenicity [17,18]. Fortunately, subsequent data showed
that the inclusion of MTP-PE was not necessary to enhance the immunogenic-
ity of antigens combined with MF59. Although preclinical studies showed that
the potency of MF59 was enhanced by the inclusion of MTP-PE [49], animal
models were not able to predict the poor tolerability of MTP-PE in humans.

In addition to immunopotentiators, alternative delivery systems, including
microparticles, can also be added to MF59 to enhance potency [50]. However,
the level of enhancement achieved would need to be highly significant and
probably enabling for vaccine efficacy, to justify development of such a complex
formulation approach.

5.9 USE OF MF59 IN PRIME-BOOST SETTINGS

As an alternative to the inclusion of immunopotentiators into MF59 to promote
a Thl response, MF59 can be used as a booster vaccine with recombinant
proteins once a Thl response has already been established by immunization
with DNA [51]. Recently, this strategy has been shown to be highly promising
for the development of a vaccine against HIV, since all arms of the immune
response, including CTL responses, T-helper responses, and neutralizing anti-
bodies, are induced by this combination immunization approach [52-55]. A
similar approach of DNA prime and protein boost in MF59 has also shown
significant promise in nonhuman primates as a vaccine strategy against hepi-
titis C virus (HCV) [56]. Alternatively, protein in MF59 can also be used to
boost Thl responses primed by immunization with attenuated viral vectors.
The concept of an attenuated viral vector prime followed by MF59 boost has
been established in the clinic using canarypox vectors, as a strategy for both
HIV [57] and CMYV [58]. Studies are also showing very encouraging preclinical
data with alternative viral vectors, including alphaviruses and adenoviruses
(unpublished data).
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5.10 FUTURE PERSPECTIVES ON THE USE OF MF59

In an extensive range of clinical studies, MF59 has proven to be a safe and
potent vaccine adjuvant, resulting in the licensure of an MF59-adjuvanted
influenza vaccine in more than 20 countries. The ability of MF59 to induce
significantly enhanced titers against potential pandemic flu strains at low
antigen doses appears highly promising, as does the ability of MF59 to offer
neutralization against heterologous strains. The clinical data obtained previ-
ously with a H5N3 flu strain was recently reproduced with a HIN2 strain, and
studies with a H5N1 strain are currently ongoing. The dose-sparing aspect of
MF59 may be particularly attractive given the current limited capacity world-
wide for influenza vaccine production, which is not sufficient to deal with a
pandemic, given the high dose requirements for unadjuvanted influenza
vaccine [35].

The encouraging safety and tolerability profile of MF59, in combination
with immunogenicity data, suggest that MF59 is an appropriate adjuvant for
use in pediatric populations. The stronger adjuvant effect of MF59 compared
to alum in newborn infants immunized with an HIV vaccine has established
the basis for further use of MF59 in this population. Moreover, preclinical data
have firmly established that MF59 is a more potent adjuvant than alum for a
wide range of vaccines, including recombinant proteins and protein polysac-
charide conjugates. Finally, if necessary, MF59 may be combined with immu-
nopotentiators to enable the development of more complex vaccines (e.g.,
against HCV and/or HIV), which may also require the use of a prime with
DNA or viral vectors.
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TLR4 AGONISTS AS VACCINE
ADJUVANTS

DAviD A. JOHNSON AND JOrRY R. BALDRIDGE

6.1 INTRODUCTION

Most vaccines in use today employ killed or attenuated microbes or microbial
fragments to stimulate a protective immune response against the cognate infec-
tious agent. However, problems associated with the manufacture of conven-
tional vaccines and the presence of nonessential components and antigens have
resulted in considerable effort to refine vaccines as well as to develop well-
defined synthetic antigens using chemical and recombinant techniques [1]. But
the refinement and simplification of microbial vaccines has led to a concomi-
tant loss in potency. In addition, low-molecular-weight synthetic antigens,
although devoid of potentially harmful contaminants, are themselves not very
immunogenic [1,2]. These observations have led to investigations on coadmin-
istering additives known as adjuvants with vaccine antigens to potentiate the
activity of vaccines and the weak immunogenicity of synthetic epitopes [2].
Currently, the only adjuvant licensed for human use in the United States is
a group of aluminum salts known as alum [1]. But alum, which acts by a depot
mechanism, is not without side effects and enhances humoral (Th2) immunity
principally [1,3]. The recognition that cell-mediated immune responses, par-
ticularly the induction of cytotoxic T lymphocytes (CTLs), are crucial for
generating protective immunity in the case of many intracellular pathogens
and cancers has prompted efforts to develop new vaccine adjuvants that
enhance both antibody and T-cell responses [1]. For certain diseases it may
also be desirable to stimulate predominantly a Th1 or Th2 immune response
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or stimulate both mucosal and systemic immunity. Thus, new adjuvants are
needed that help control the magnitude, direction, and duration of the immune
response against antigens. The discovery of mammalian Toll-like receptors
(TLRs) and other pattern-recognition receptors (PRRs) on innate immune
cells, and dendritic cells (DCs) in particular, not only has demonstrated the
integral role that stimulation of the innate immune system plays in triggering
adaptive immune responses to vaccine antigens but has also provided natural
product leads that are useful in the design of new adjuvants.

Although the addition of microbial components to vaccines has long been
known to enhance adaptive immune responses, the molecular mechanisms
involved have not been well understood. Only recently were PRRs on cells of
the immune system shown to engage some of these microbial products. For
example, the main cell surface component of gram-negative bacteria, such as
lipopolysaccharide (LPS, endotoxin) and its active principle, lipid A, are ligands
for Toll-like receptor 4 (TLR4) and accessory molecules such as MD-2 on den-
dritic and other immune cells. As a result, many lipid A molecules are potent
adjuvants for protein and carbohydrate antigens and can markedly enhance
both humoral and cell-mediated responses. However, the profound pyrogenic-
ity and lethal toxicity of LPS and lipid A have limited their medicinal use. Thus,
considerable effort has been directed toward the development of semisynthetic
and synthetic lipid A mimetics with simplified structures and improved toxicity
and activity profiles for use as vaccine adjuvants as well as stand-alone thera-
peutics for enhancing host resistance to infectious disease and cancer.

6.2 TLR4-MEDIATED INDUCTION OF ADAPTIVE IMMUNITY

The TLR family consists of at least 11 known members that collectively rec-
ognize conserved pathogen-associated molecular patterns (PAMPs) common
to most or all known pathogens. These evolutionarily conserved receptors are
type 1 membrane proteins with extracellular, transmembrane, and cytoplasmic
regions. The extracellular or amino-terminus portion has leucine-rich motifs
that are thought to be involved with PAMP recognition. Of the 11 known
family members, five TLRs appear to specialize in recognition of structural
molecules from bacteria: TLR4 detects LPS; TLRs 1, 2, and 6 cooperate in the
recognition of bacterial lipopeptides, and TLRS detects bacterial flagellin [4].
In contrast, TLRs 3, 7, 8, and 9 focus on the detection of viruses and nucleic
acids: TLR3 detects double-stranded RNA; TLRs 7 and 8 recognize single-
stranded RNA; and TLR9 detects unmethylated DNA, which is more common
to bacteria and viruses [4]. Accordingly, the cellular expression of TLRs 3, 7,
8, and 9 is restricted to cytoplasmic compartments, where they are more likely
to encounter pathogen-associated nucleic acids [4]. The most recent TLR
discovery, TLR11, is found in mice and is associated with the detection of
protease-sensitive molecules from urogenic bacteria [5] and a profillin-like
protein from the protozoan parasite, Toxoplasma gondii [6]. Thus, each TLR
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specializes in the recognition of different microbial ligands, and collectively
the TLRs detect most if not all classes of pathogens.

All TLRs have conserved cytoplasmic tails, which share amino acid homol-
ogy with the IL-1 receptor (IL-1R). This conserved Toll/IL-1R (TIR) region
is critical for the induction of intracellular signaling pathways that lead to gene
expression. The TIR domain regulates signaling via association with intra-
cellular adaptor molecules, including MyD88, TRIF, TIRAP, and TRAM [7,8].
All TLRs utilize the MyD88 adaptor protein with the exception of TLR3,
which associates with TRIF. Following PAMP-mediated activation, TLRs
recruit and activate MyDS88, which subsequently induces recruitment of
members of the IL-1 receptor-associated kinase family (IRAK) and TRAF6.
The majority of TLRs appear to associate directly with MyDS88, but TLR4 and
TLR2 work through the intermediate adapter molecule, TIRAP. By either
mechanism this MyD88-dependent pathway leads to expression of inflamma-
tory cytokine and chemokine genes, including TNFo, IL-1, and IL-6. TLR3
does not associate with MyD88 but instead employs the TIR-containing
adaptor molecule TRIF to regulate intracellular signaling. Activation of TRIF
in this MyD88-independent pathway induces the recruitment of IRF-3, which
leads to the expression of type I interferons (IFNo/f). TLR4 activation can
also lead to the expression of IFNo/f through the engagement of TRIF;
however, this MyD88-independent TLR4 pathway uses the intermediate
adapter molecule TRAM. Thus, the stimulation of distinct TLR family members
can differentially regulate the expression of inflammatory cytokines, chemo-
kines, and type I interferons through utilization of a variety of intracellular
adaptor molecules and their associated pathways.

TLRs are expressed strategically in tissues and cells that maximize their
capacity for immune surveillance and immune cell recruitment in the event of
infection. Consequently, TLRs are expressed on epithelial cells lining the respi-
ratory and digestive tracts, on resident leukocytes of the mucosa, and on leuko-
cytesin circulation. Some differential expression of TLRs on antigen-presenting
cells has been noted. Monocytes and macrophages express most TLRs with the
exception of TLR3. Dendritic cell (DC) subsets, key cells for the uptake and
presentation of antigens to T lymphocytes, appear to have distinct TLR expres-
sion patterns with myeloid DCs (mDCs) expressing predominantly TLRs 1, 2,
3,4,5, 6, and 8, while plasmacytoid DCs (pDCs) express TLRs 7 and 9 [4,9].
Interestingly, freshly isolated human DCs do not appear to express TLR4 or to
respond to LPS (TLR4 ligand) stimulation. In addition to their role in allergic
reactions, mast cells are capable of phagocytosis, presentation of antigen, and
secretion of inflammatory cytokines. Human mast cells express TLRs 2, 4,6, and
8. Distributed in this way, TLRs are positioned to recognize invading pathogens
at the most likely portals of entry, to activate phagocytic cells to control the
initial spread of infection, and to recruit and activate lymphocytes that provide
antigen-specific resistance as well as immunologic memory.

The realization that TLR molecules are key mediators of innate and adap-
tive immune responses has led to increased evaluation of TLR agonists as
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vaccine adjuvants and as stand-alone immunomodulators. In this chapter, we
focus predominantly on agonists of Toll-like receptor 4.

LPS, the natural ligand for TLR4, is a potent immunostimulant that acti-
vates immunocompetent cells and provokes the release of inflammatory cyto-
kines and chemokines. However, cellular recognition of LPS is complex, and
TLR4 alone is insufficient for detection and signaling. At least three other
proteins aid in the detection, binding, and transfer of LPS to the cell surface
receptor complex: LPS-binding protein (LBP), CD14, and MD-2 [10]. LBP, a
secreted serum protein, binds gram-negative bacteria, facilitating the extrica-
tion and transfer of monomeric units of LPS from the bacterial cell wall to
CD14, which is present as a soluble serum protein and as a glycosylphospha-
tidylinositol-anchored protein on PMNs, monocytes, and macrophages. CD14
has long been recognized as an LPS receptor but does not have a cytoplasmic
tail that would enable it to induce signal transduction. Instead, CD14 transfers
LPS to MD-2, a critical component of the membrane-bound TLR4/MD-2
heterodimer that forms the ultimate LPS receptor complex. MD-2, a secreted
glycoprotein, possesses a putative lipid-binding pocket within its hydrophobic
core capable of sequestering the acyl chains of LPS and is considered to be
the LPS-binding component of the TLR4/MD-2 receptor complex. In support
of this concept, MD-2 can discriminate between lipid A molecules of varying
levels of acylation and subsequently affect the response to these agonists [11].
MD-2 also possesses conserved amino acid sequences that are critical for
association with the extracellular portion of TLR4, the signaling component
of the receptor complex.

Understanding where TLR4 is expressed, how it interacts with other extra-
cellular proteins, and how it triggers intracellular signaling pathways should
help in the design of agonists that are safe and beneficial for use as vaccine
adjuvants. As mentioned above, in vitro studies have determined that MD-2
with its lipid-binding pocket is a critical component of the TLR4 receptor
complex, but exactly how variations in lipid A acylation patterns are accom-
modated and their effect on signaling remains unclear. Furthermore, how the
phosphorylated glucosamine backbone interacts with TLR4/MD-2 and how it
affects signaling is not understood. Studies with natural lipid A variants and
synthetic lipid A mimetics are now under way which may shed light on these
unknowns. There is already convincing evidence that TLR4 agonists can be
produced that have reduced toxicity profiles while maintaining beneficial
vaccine adjuvant capabilities.

6.3 NATURALLY DERIVED LIPID A DERIVATIVES AND
SYNTHETIC LIPID A MIMETICS

6.3.1 Disaccharides

Several years ago, it was discovered that the toxic effects of Salmonella min-
nesota R595 lipid A (structure 1) could be ameliorated by selective hydrolysis



SEYLTY

H

'V pudi] vrosauuIL g JO SOATIBALIOP POALIOP A[[RINJBU PUE OOYIUAS  [°9 dIn3Ly

=4 S
=Y v

|AouexspenajAxaiphy-¢-(y) = ¥ €
[4

H=

v pidi| ejossuuiny s T

]

HO OH 0

-0 Q
HO— H 0 G 0
o OOI (4] i
O OH

D.- '

s R d~0oH

HO 4

135



136 TLR4 AGONISTS AS VACCINE ADJUVANTS

of the 1-O-phosphono and (R)-3-hydroxytetradecanoyl groups [12]. The result-
ing chemically modified natural lipid A product, monophosphoryl lipid A
(MPL) adjuvant, is an effective adjuvant in prophylactic and therapeutic vac-
cines and shows an excellent safety profile in humans [13]. The first TLR
agonist—containing vaccine (Fendrix vaccine for hepatitis B containing MPL)
was recently approved in Europe, and a second MPL-adjuvanted vaccine
(Cervarix for human papilloma virus) is in phase III clinical trials in Europe.
In addition to the major hexaacyl component (2), MPL adjuvant comprises
several less highly acylated compounds, due primarily to inherent heterogene-
ity in the LPS from which it is manufactured.

Another detoxified lipid A product closely related to MPL adjuvant and
containing heptaacyl derivative (3) as a major component is being employed
as an adjuvant in therapeutic cancer vaccines against non-small cell lung
(NSCL) and prostate cancer [14]. A phase III clinical trial with an NSCL
liposomal-based vaccine that elicits a cellular immune response to the tumor-
associated antigen mucin MUC-1 began in 2007. Biomira, the developer of this
and other therapeutic cancer vaccines, recently reported that the synthetic
3-desacyl monophosphoryl lipid A (MLA) derivatives 4 and 5, which possess
hydrolytically more stable alkoxy-substituted acyl residues and a unique
trilipid moiety, induce T-cell proliferation and levels of IFN-y comparable to
those induced by the detoxified lipid A (3) and its congeners in experimental
MUC-1 vaccines in murine models [15]. MPL adjuvant has also been shown
to possess activity similar to that of synthetic MLA derivatives 4 and 5, and
this detoxified lipid A in experimental models for NSCL and prostate cancer
[14,15].

Preclinical and clinical results with these monophosphoryl lipid A deriva-
tives suggest that the structural requirements for adjuvanticity are less strin-
gent than for other endotoxicities. The effect of fatty acid structure on
endotoxicity in the MLA series has also been evaluated with a series of chain-
length homologs of MLA (2) [16]. Although the MLA normal (secondary)
fatty acid chain length was found to play an indispensable role in the expres-
sion of various endotoxic activities, including TLR4-mediated cytokine
induction in peripheral-blood monocytic cells (PBMCs), prepared synthetic 2
as well as synthetic MLA derivative 6, which contains 14-carbon secondary
acyl chains and the same overall number of acyl carbon atoms as 2, induced
significantly higher tetanus toxoid—specific antibodies of all classes of immu-
noglobulins tested, including complement-fixing IgG2a and IgG2b isotypes
than those of the highly endotoxic 10-carbon homolog 7 in murine vaccine
models.

These data suggest that fatty acid structure, which is known to influence
molecular conformation as well as solution aggregate structure, may be more
important than the presence or absence of the 1-phosphate and 3-hydroxytet-
radecanoyl groups (both absent in MPL) in determining the biological activity
of lipid A molecules. For example, the reduced toxicity of MPL component 2
relative to that of parent lipid A (1) cannot be reconciled with the high pyro-
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genicity and lethal toxicity of MLA derivative 7 on the basis of chemical
modification (deacylation and dephosphorylation) alone. Further, OM Pharma
recently reported that the triacyl diphosphoryl lipid A (8; OM-174), derived
from Escherichia coli lipid A (9), exhibits strong TLR4-dependent adjuvant
activity (humoral, mucosal, and cell-mediated immunity) in vaccine models
but is more than 10,000 times less pyrogenic than its lipid A progenitor (9)
despite the presence of the anomeric phosphate in 8 [17,18]. Triacyl derivative
8, which induces high levels of IL-6 and nitric oxide (NO) in human mononu-
clear cells and murine macrophages, respectively, also activates dendritic cells
in vivo via TLR4 [19]. Nonetheless, direct comparison of the adjuvant activity
of the underacylated diphosphate 8, which may also signal via TLR2, with that
of related disaccharides has not been reported, making it difficult to draw
definitive conclusions about the importance of acyl chain number and pattern
and the presence of anomeric phosphate in 8 to its adjuvanticity and reduced
toxicity. In general, increasing or decreasing the number of lipid chains present
in disaccharide lipid A derivatives from an optimum of six reduces TLR4
agonist activity and toxicity [20,21]. The low endotoxicity observed for certain
helicobacter, pseudomonas, and other lipopolysaccharides has been attributed
to the presence of underacylated lipid A components [22,23]. But factors
besides TLR4 agonism, such as aqueous solubility and stability, solution
aggregation, and other physicochemical properties, are also important to
adjuvanticity.

Biophysical characterization of the triacyl derivative 8 shows that individual
molecules adopt an inverted conical shape under nearly physiological condi-
tions and a micellular H; aggregate structure [24]. This molecular shape and
supramolecular structure are both very different from those of the potent
TLR4 agonist 9 (conical/inverted cubic) and the TLR4 antagonist lipid IVa
(cylindrical/lamellar) [25]. This shows that physicochemical characterization of
lipid A-like molecules can provide insight into the molecular requirements
for different endotoxic activities, including adjuvanticity, and improved toxic-
ity/bioactivity profiles. Nevertheless, for certain underacylated LPS variants it
has been reported that solution aggregation properties are not important
determinants of the TLR4 agonist activity and that the monomeric LPS:MD-2
complexes formed from underacylated variants are less adept at activating
TLR4 and triggering oligomerization [26].

6.3.2 Monosaccharides and Acyclic Derivatives

Numerous subunit derivatives of bacterial lipid A have also been prepared
with the aim of separating toxic properties from beneficial immunostimulatory
effects. These molecules are typically synthetic analogs of either the reducing
or nonreducing glucosamine moieties of lipid A or molecules in which one of
the saccharide units or the entire disaccharide backbone has been replaced
with an acyclic scaffold. The availability of synthetic lipid A subunit analogs
makes it possible to carry out precise investigations on the relationship between
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chemical structure and biological activity without ambiguity due to heteroge-
neity in naturally derived materials and/or contamination by other bioactive
substances.

Synthetic analogs of either the reducing or nonreducing glucosamine moi-
eties of lipid A containing up to five fatty acids and lacking an aglycon unit
typically exhibit low biological activity. However, certain monosaccharides—
particularly nonreducing subunit analogs possessing three acyl residues—
exhibit broad endotoxic activities but low pyrogenicity and lethal toxicity
compared to E. coli lipid A (9). For example, GLA-60 (10), a compound pos-
sessing nearly the same fatty acid substituents in the same relative positions
as in the disaccharide OM-174 (8), showed the strongest B-cell activation and
adjuvant activities among various nonreducing subunit analogs that have been
examined [27]. Structure—activity relationship (SAR) investigations showed
the importance of normal fatty acid chain length, stereochemistry, and the
number, type, and relative position of the fatty acyl moieties in this series.
However, despite the low pyrogenicity of GLA-60 (10), and in marked con-
trast to disaccharide (8), compound (10) was two orders of magnitude less
active than E. coli lipid A (9) with respect to its ability to induce TNFo pro-
duction in human mononuclear cells. Biophysical characterization of 10 showed
that it adopts a slightly conical molecular conformation and mainly unilamel-
lar aggregate structures, which is consistent with its reduced bioactivity [28].
Adding a fatty acid onto the side-chain hydroxyl group of 10 to form tetra-acyl
derivative 11 (GLA-47) abolishes TNFo and IL-6 induction in human U937
cells and PBMCs [27].

Interestingly, the triacyl sulfoglycolipid 12 (ONO-4007), which is structur-
ally related to GLA-60 and GLA-47, exhibited strong antitumor activity in
several animal models via intratumoral production of TNFo [29]. However,
this compound activates human monocytes to release TNFo only in GM-CSF-
primed monocytes, not monocytes from human whole blood [30]. Thus, this
sulfo lipid A analog may activate human monocytes by a pathway different
from that of lipid A.

It is important to note, however, that certain lipid A-like compounds, such
as the monosaccharide GLA-47 (11) and the disaccharide lipid IVa, the bio-
synthetic precursor of E. coli lipid A (9), are TLR4 agonists in murine models
but antagonists in human cells. Thus, cells of the human immune system exhibit
much stricter structural requirements for TLR4 agonism than do murine mac-
rophages [27,31]. Conversely, the structural requirements for antagonism are
stricter in murine cells than in human cells. This clear difference between the
activation of murine and human immune cells underscores the importance of
using human cell systems for the discovery of clinically useful vaccine adju-
vants that activate TLR4.

In contrast to nonreducing subunit analogs of lipid A, monosaccharide
derivatives of the reducing glucosamine are considerably less immunostimula-
tory and often exhibit TLR4 antagonist properties [32,33]. Despite seminal
studies showing that the biosynthetic precursor to the reducing sugar of lipid
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A (lipid X, 13) possesses immunostimulatory activity [34], highly purified syn-
thetic lipid X was shown to be devoid of activity and to actually antagonize
the effects of LPS in vitro [35]. In comparison, the synthetic triacyl derivative
14 (MRL-953) was found to be highly protective in experimental models of
microbial infection, presumably via TLR4 activation of monocytes [36]. While
the immunostimulatory activity of 14 and other triacyl monosaccharides speaks
to the importance of having an optimum of three acyl residues in monosac-
charides lipid A derivatives, the ability of 1-phosphate intermediates to act as
glycosyl donors during chemical synthesis, potentially forming small amounts
of biologically active acylated B-(1—6)glucosamine disaccharides [35], brings
into question the biological activity of certain monosaccharide analogs. The
chemical instability of the anomeric phosphate (as well as the acyloxyacyl
moieties of natural lipid A) has engendered studies on the design of lipid A
analogs with improved chemical stability. This has been accomplished in part
by replacing the labile anomeric phosphate with “bioisosteric” acidic groups
in both monosaccharides and disaccharides as well as replacing one of the
sugars (particularly the structurally less conserved reducing sugar) and/or
entire B-(1—6)diglucosamine moiety with stable acyclic mimetics. Such com-
pounds also provide a structural motif more amenable to systematic investiga-
tions of structure—activity relationships.

Since the spatial arrangement, chain length, and number of fatty acyl resi-
dues in lipid A and other bacterial amphiphiles appeared important for immu-
nostimulant activity [37,38], we designed a new class of stable acyclic lipid A
mimetics known as aminoalkyl glucosaminide 4-phosphates (AGPs) [39]. The
AGPs are synthetic mimetics of MLLA derivative 2 in which the reducing sugar
has been replaced with a conformationally flexible N-acylaminoalkyl (aglycon)
unit. Several members of this class, including prototypical AGPs RC-529 (15)
and CRX-527 (16), have been shown to improve humoral and cell-mediated
immune responses to a variety of antigens in mice [39,40], as well as to enhance
nonspecific resistance (NSR) in mice to Listeria monocytogenes and influenza
infections [41]. RC-529, which can be synthesized in high yield and purity on
a large scale, was recently shown to be a safe and effective adjuvant in a pivotal
phase III vaccine trial with a recombinant hepatitis B antigen [42]. CRX-527,
which contains an N-acylated serine aglycon unit that is structurally similar to
the TLR4-active lipoamino acid flavolipin [43], shows promise as a stand-alone
therapeutic for enhancing host resistance to bacterial and viral infection [44].
CRX-527 also induced higher titers of tetanus toxoid-specific antibodies,
including complement-fixing IgG2a and IgG2b antibodies, and CTL responses,
than those of both synthetic 2 and naturally derived MPL adjuvant in murine
models [39]. The immunostimulatory activity of the AGP class of lipid A
mimetics has been shown to be strictly dependent on TLR4 and MD-2, but
not CD14, in HeLa cell transfectants [45].

As further testimony to the feasibility of this approach to adjuvant design,
the lipid A mimetics 17 and 18 possessing an N-acylated pentaerythritol
aglycon unit and the same acyl residues as RC-529 (15) were found to induce
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high levels of cytokines in human adherent antigen-presenting cells (APCs)
and antigen-specific T-cell proliferation in an experimental MUC-1 liposomal
vaccine [46]. Interestingly, the monophosphate 17 induced higher levels of
TNFa, IL-6, and IL-8 in human APCs than the corresponding diphosphate
(18). This observation corroborates other studies showing that the distance
between anionic groups and/or the spatial relationship of the aglycon phos-
phate or phosphate bioisostere to the aglycon lipid moiety are important to
TLR4 agonist activity [47]. OM Pharma recently described synthetic acyclic
versions of the triacyl diphosphoryl lipid A (8; OM-174) in which the disac-
charide backbone of 8 has been replaced with a pseudodipeptide bearing three
fatty acids and one or two phosphate moieties or other acidic groups [18,48].
Two of these diseco derivatives, OM-294-DP (19) and OM-197-MP-AC (20),
which comprise homoserine- and ornithine-derived amino acids as well as a
functionalized side chain in 20 suitable for conjugation, were reported to
exhibit strong adjuvant activity in several vaccine models. Pseudopeptides 19
and 20 showed TLR4-dependent up-regulation of T-cell co-stimulatory mole-
cules such as CD40 and CD86 and TLR4-dependent induction of TNFo. and
IL-12 (p40) in murine macrophages. Compound 20 was able to activate both
monocyte-derived dendritic cells and leukemia-derived DCs. Like disaccha-
ride predecessor 8, these new acyclic lipid A mimetics are more than 10,000
times less pyrogenic than E. coli LPS in rabbits.

Eisai has also described a series of acyclic lipid A analogs that are potent
vaccine adjuvants when administered with an antigen either subcutaneously
or intranasaly [49,50]. These dimeric compounds, which comprise two trilipid
serinol units connected to a stable linker via phosphodiester groups, activate
NF«B signaling through the TLR4 receptor like other structural mimetics of
lipid A [49,51]. The ability of these symmetric phospholipids to stimulate
TNFo and IL-6 in human cell systems as well as to enhance the generation of
antigen-specific antibodies in vaccine models against tetanus toxoid and other
antigens was shown to be highly dependent on the stereochemistry of the lipid
moieties as well as the length of the chain connecting the serinol units [49].
Both the stereochemistry and spatial arrangement of the lipids in these dimeric
compounds probably affect their overall molecular shape and thus their ability
to interact with the TLR4 receptor and accessory molecules.

Some of the most potent compounds in this series, exemplified by urea
derivative 21 (ER803022) and malonamide 22 (ER804058), possess the same
stereochemistry as that of natural lipid A (all of R configuration) and one- or
three-carbon spacer units between the monomeric units; longer linker units
reportedly led to diminished activity [49]. The high TNFo-inducing ability of
22 in human monocytes is somewhat surprising in view of the fact that this
analog possesses the same (keto and unsaturated) fatty acid moieties as those
of the nontoxic lipid A from Rhodobacter capsulatus as well as the closely
related synthetic TLR4 antagonist E5531 [52]. Nonetheless, these acyclic deriv-
atives were found to adopt a conical shape and nonlamellar, inverted hexago-
nal Hy aggregate structures in solution, which is consistent with their high
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Figure 6.6 Acyclic lipid A analogs containing two trilipid serinol units.

agonist activity [53]. In marked contrast to other subunit lipid A analogs pos-
sessing three lipid moieties [e.g., GLA-60 (10)], the monomeric units of these
compounds were reported to be inactive.

6.4 SELF-ADJUVANTED VACCINES:
TLR4 AGONIST-ANTIGEN CONSTRUCTS

Although covalently linking endogenous TLR2 ligands such as tripalmitoyl-S-
glycerol cysteine (Pam;Cys) to various peptide, glycopeptide, and carbohy-
drate antigens often enhances humoral and antigen-specific CTL responses
[54], the construction of synthetic vaccines or self-adjuvanted vaccines with
TLR4 agonists has not been investigated as extensively. A few experimental
synthetic vaccines incorporating the triacyl lipid A structure 23 have been
designed against HIV, melanoma, and leukemia using Tn (a-N-acetylgalactos-
amine-O-serine), sialyl Tn, or peptide antigens present on cancer cells or the
HIV-1 viral envelope (compounds 24 to 27) [55-57]. Many of these constructs
exhibit mitogenic activity on C3H/He mouse splenocytes in vitro that is greater
than that of the lipid A analog 23 alone or conjugated to a linker, suggesting
the possibility of antigen-specific immune responses. However, in some cases
the mitogenic responses were weaker with the synthetic construct than with
an admixture of antigen and 23 containing a (3-alanine linker [57].
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Similarly, antigen-adjuvant conjugates of TLR4 agonist OM-197-MP (28)
have been generated via reductive amination of a side-chain aldehyde with
peptide antigens with or without a protein carrier present [58]. In the case of
the antigen (NANP)P,P5,, which comprises a recurring peptide sequence from
Plasmodium falciparum (NANP) and two peptide sequences from tetanus
toxoid (P, and P3), immunization with monoconjugate 29 (one adjuvant mol-
ecule per antigen construct) led to slightly greater IgG responses than with
the antigen—adjuvant admixture. Higher-order conjugates containing a mixture
of mono-, di-, and tri-conjugates or coadministering additional adjuvant with
the monoconjugate did not improve humoral responses. In the case of a syn-
thetic peptide corresponding to the T-cell epitope of circumsporozoite protein
of Plasmodium yoelli, the corresponding adjuvant-antigen tetraconjugate
(four molecules of 28 per antigen) elicited moderate but significant antibody
titers and CTL responses compared to the admixture or monoconjugate. As
has been observed with certain other self-adjuvanted vaccines exhibiting weak
immune responses, a stronger CTL response was elicited by the monoconju-
gate 30 when coadministered with additional OM-197-MP (28). Enhancement
of humoral responses (IgM) in mice with the OM-197-HIN1 hemagglutinin
conjugate 31 in comparison to the analogous admixtures appears to be equivo-
cal with or without added adjuvant.

Despite the moderate improvement in serological responses with TLR4
agonist—peptide conjugates, it is not clear whether these conjugates actually
interact with TLR4 and co-stimulatory receptors on cells of the immune system.
These constructs may help target the bound antigen into APCs much like con-
ventional delivery systems promote antigen uptake. The amphipathic nature of
TLR4 agonists in general and their tendency to form liposomelike aggregates
in solution may facilitate endocytosis by APCs via a “microdelivery” mecha-
nism. Clearly, the development of effective synthetic vaccines using TLR4 ago-
nists will require much more work to better define the cell types, specific
receptors, signaling pathways, and physicochemical processes involved.

6.5 SYNERGISM BETWEEN TLR4 AND OTHER TLR AGONISTS
OR VACCINE ADJUVANTS

Another promising approach toward optimizing immune responses, particu-
larly as our understanding of the immunobiology of TLR4 and other TLR
receptors and of the importance of Thl versus Th2 responses expands, is the
combination of TLR4 agonists with other TLR agonists or molecular adju-
vants to stimulate multiple TLRs and other immune receptors simultaneously.
The potential synergistic effect of using multiple immune response modifiers
was explored initially by Ribi, who noted enhanced responses when MPL was
combined with mycobacterial cell wall skeleton (CWS), which is now thought
to act on TLR2 [59]. These early studies led to the development of Detox (later
Enhanzen) adjuvant, a clinical-grade adjuvant containing MPL and CWS
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formulated as an oil-in-water emulsion. This combination adjuvant, which was
more potent then MPL alone, was evaluated in a number of cancer vaccines
and eventually approved as a component of a melanoma vaccine [60]. Further
evidence in support of this concept is found when the TLR9 ligand CpG is
combined with the TLR4 agonist MPL, resulting in a strongly skewed Th1 type
of immune response to vaccination [61]. However, the best example of the
potential synergy mediated by TLR4 agonists and other immunomodifiers is
exemplified in the combination of MPL and QS21.

Through its action on TLR4, MPL is known to stimulate inflammatory
cytokines, including IL-12, to up-regulate accessory molecules, including B7
proteins, all of which are important in the induction of Th1 immunity. QS21,
a purified triterpine saponin, is a strong adjuvant for which the mode of action
is still under debate, but it is not known to interact with any identified TLR.
Numerous preclinical studies indicated that the combination of MPL and
QS21 provided a much stronger adjuvant for the induction of humoral and
cell-mediated immune responses than did either adjuvant alone. Based on this
information, a novel oil-in-water formulation containing MPL and QS21,
called SBAS2 (now AS02A), was developed and evaluated in candidate malar-
ial vaccine studies [62]. Plasmodium falciparum malaria is responsible for sig-
nificant morbidity and mortality in endemic regions of the world, causing in
excess of 2 million deaths per year. Despite considerable effort, prophylactic
vaccines targeting this pathogen are currently unavailable. An open-label clini-
cal trial was conducted in a laboratory setting to evaluate the safety and effi-
cacy of a vaccine containing recombinant P. falciparum circumsporozoite
antigen RTS,S and SBAS2 [63]. Remarkably, six of seven immunized subjects
did not develop parasitemia upon experimental challenge with P. falciparum.
These results were confirmed in subsequent studies and complemented by
demonstrated protection in a field study [64,65]. Considering that no other
malaria vaccine to date has been found to elicit this degree of protection in
humans, these findings are highly significant. Follow-on studies demonstrated
that protection correlated with antigen-specific, interferon-y-producing CD4*
and CD8" cells, which were induced reliably only when the stronger SBAS2
adjuvant was used [66]. For disease indications such as malaria, HIV, and
cancer that have proven resistant to traditional vaccination strategies, the
complementary combination of TLR4 agonists with other immune-response
modifiers may facilitate the induction of improved immune responses.

6.6 RAPID-ACTING VACCINES

The full potential of TLR4 agonists as adjuvants and stand-alone immuno-
modulators is only now beginning to be realized. Armed with an increased
understanding of TLR4 signaling, we can now evaluate novel vaccine
approaches that take full advantage of both the innate and the adaptive
immune responses. For example, preclinical studies have shown that in their
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capacity as stimulators of innate immunity, TLR4 agonists are able to provide
short-term, nonspecific resistance or protection against bacterial and viral
challenge within hours of administration [41,44]. These same agonists act as
mucosal adjuvants that mediate strong adaptive immune responses to coad-
ministered vaccine antigens, including influenza [67]. Exploitation of both
TLR4 agonist characteristics may yield vaccines that provide (1) short-term,
nonspecific protection against pathogens and (2) durable, antigen-specific
acquired immunity. A rapid-acting vaccine approach such as this may provide
much appreciated relief in such critical times as during a pandemic influenza
outbreak.

6.7 TLR4-ACTIVE VACCINE ADJUVANTS:
CONCLUDING REMARKS

It is widely noted that vaccines provide one of the most cost-effective and
successful health care tools for preventing disease and mortality. TLR4 ago-
nists have shown potential in a number of human vaccine studies with infec-
tious disease, cancer, and allergy vaccines. The results from clinical trials with
TLR4-active adjuvants indicate that we can expect continued growth in the
already impressive results of vaccination by using this class of adjuvants in
new and improved vaccines (Table 6.1). The clinical evidence indicates that

TABLE 6.1 Selected Clinical Trials with TLR4 Agonists as Vaccine Adjuvants

Clinical Indication Adjuvant Trial Highlights Refs.
Hepatitis B MPL + alum Enhanced seroconversion; 68, 70, 73, 74
(SBAS4) higher GMT; enhanced
cell-mediated immunity
Malaria MPL + QS21 Resistance to parasitemia; 63-65
(SBAS2) enhanced humoral and
cell-mediated immunity
Herpes type 2 MPL + alum Enhanced binding and 75
(SBAS4) neutralizing antibody;

enhanced cell proliferation;
enhanced IFN-y

Streptococcus MPL + alum Neonate patient population; 73

pneumoniae enhanced cell proliferation;
enhanced IFN-y
Melanoma MPL + CWS Extended survival 60
(Detox)

Grass pollen MPL + Reduced nasal symptoms; 71,77
allergy tyrosine reduced skin-prick sensitivity

Hepatitis B RC-529 + alum Enhanced seroconversion; 69

higher GMT; synthetic TLR4
agonist
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the TLR4 agonists MPL and RC-529 induce protective responses to hepatitis
vaccines faster and with fewer administrations than do alum-adjuvanted vac-
cines [68,76]. Persons who had low or no response to traditional hepatitis
vaccines were stimulated to sero-protective levels of immunity following vac-
cination with MPL-adjuvanted vaccines [70]. TLR4 and TLRY agonists evalu-
ated in clinical trials with allergy vaccines were shown to bias antigen-specific
responses toward a protective Thl type of immunity [74,77]. As discussed
previously, the complementary activity induced by MPL and QS21 has led to
the most effective malaria vaccine candidate developed to date. In summary,
the discovery of TLRs has greatly increased our understanding of how adju-
vants function and has opened up exciting new possibilities, leading us to
believe that TLR4-active adjuvants can improve on the already impressive
results of vaccines.
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