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Abstract

Rational selection of individual adjuvants can often be made based on innate molecular
interactions of the foreign molecules with pattern recognition receptors such as Toll-like receptors.
For example, monophosphoryl lipid A, a family of endotoxic TLR4 agonist molecules from
bacteria, has recently been formulated with liposomes, oil emulsions, or aluminum salts for
several vaccines. Combinations of antigens and adjuvants with particulate lipid or oil components
may reveal unique properties of immune potency or efficacy, but these can sometimes be
exhibited differently in rodents when compared to nonhuman primates or humans. New adjuvants,
formulations, microinjection devices, and skin delivery techniques for transcutaneous
immunization demonstrate that adjuvant systems can include combinations of strategies and
delivery mechanisms for uniquely formulated antigens and adjuvants.

Introduction

Because of complex interactions between multiple large systems, immunology is all about
complexity and control. However, vaccine development is all about controlled leverage of
complexity. Modern vaccine development strives to render complexity into simplicity, and
practical realization of immunological leverage for optimal vaccine development can often
be influenced by vaccine adjuvants. A malaria vaccine (known as RTS,S) utilizing an
adjuvant system comprising liposomes having a proprietary form of detoxified
monophosphoryl lipid A (known as MPL®) and a detoxified saponin derivative (QS-21) as
an adjuvant formulation, when mixed with a particle that displays both recombinant hepatitis
B surface antigen and the circumsporozite antigen of Plasmodium falciparum, appears to
represent a possible window to introduction of a successful pediatric vaccine to falciparum
malaria [1-3]. If successful, this liposome-based vaccine would represent not only an
important advance against one of the great scourges of mankind, but also a possible path to
dealing with one of the most complex problems in modern vaccinology, the creation of a
vaccine to a difficult and resilient parasitic disease. The emergence of novel potent and safe
commercial adjuvants may herald an important advance that might lead to the creation of
vaccines to other difficult chronic diseases such as HIV-1, tuberculosis, and cancer [4, 5].
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Adjuvants may be molecules, compounds, or macromolecular complexes that boost the
potency, quality, or longevity of specific immune responses to antigens, but which should
cause minimal toxicity. In general, adjuvants can be classified as immune modulators or
delivery vehicles, with some components sharing both properties. Adjuvants target antigen
presenting cells (APC), central in both innate and adaptive immunity.

Recent advances in our understanding of innate immunity and antigen presentation now
permit a rational approach to designing and selecting compounds with adjuvant activity
based on molecular interactions. The immune system has evolved to respond to foreign
molecules, including viral, bacterial, fungal, or parasitic molecules, including cell wall
components, lipoproteins, proteins, lipopolysaccharides, DNA and RNA. Such molecules
are able to stimulate innate immune responses via pattern recognition receptors, including
the toll-like receptors (TLR). TLR agonists have been reviewed extensively during the past
few years [6, 7]. Of the TLR 1-10, agonists of which were derived originally from bacterial
or viral components, agonists of TLR 3, 4, 5, 7, 8, and 9 have been most widely studied and
advanced to clinical development. Agonists of TLR3, an endosomal receptor, are based on
viral double-stranded RNA, and include poly (I:C) which has been used extensively in
clinical trials, particularly for cancer . TLR4, expressed on the plasma membrane of human
macrophages and dendritic cells, as well as on other cell types in lower mammalian species,
is engaged by bacterial lipopolysaccharide, monophosphoryl lipid A (MPLA), and synthetic
derivatives. MPLA is the only TLR agonist in approved human vaccines and therapeutics, to
be discussed later in this review. Agonists of TLR5 (bacterial flagellin), TLR7, 8 (single
stranded RNA), and TLR9 (CpG oligonucleotides, ISS immunostimulatory sequences) have
all been developed into products, and have been reviewed elsewhere [8, 9].

Formulations

The beneficial effects of adjuvant formulations (also known as adjuvant systems) have been
described for many individual clinical vaccines [10-15], but important chemical and
structural features of individual oil and lipid components can often be complex [16].
Adjuvant molecules must be appropriately formulated for both maximum effect and
stability. Criteria involved in selecting the formulation for a given vaccine include: the
nature of the antigenic components (soluble, particulate, charge etc.), the type of immune
response desired, the anticipated route of delivery, the avoidance of side effects, and the
stability of the vaccine. The optimally formulated adjuvant will be safe, stable prior to
administration, readily biodegraded and eliminated, able to promote an antigen-specific
immune response, inexpensive to produce, and easy to use. Examples of formulation
components that are used alone or in combination with TLR agonists include alum,
virosomes, and oil in water (O/W) emulsions.

An example of the importance of formulation can be illustrated with MPL®, the first TLR
ligand and biological adjuvant approved for human use (Hepatitis B vaccine, Fendrix®,
GSK, European approval 2005). Unformulated MPLA is insoluble and prone to aggregation,
which adversely affects its bio-availability. Formulations that enhance its solubility enhance
its efficacy and reliability; including an O/W emulsion (MPL-SE) (Figure 1) or combining
MPL® with aluminum salts (AS04). Furthermore, MPLA in aqueous formulation enhances
antibody responses, while MPLA in oil formulation stimulates T cell responses. Moreover,
formulations that generate defined structures, such as liposomal ASO1B (or ASO1E), induce
more potent CTL responses than formulations with similar components with smaller particle
size, such as AS02A.
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Formulations as Adjuvants

Liposomes

Virosomes

Saponins

Emulsions

ASO1E (or ASO1B), the adjuvant system(s) used for the RTS,S malaria vaccine “comprises
3D-MPL and QS21 in a quenched form with cholesterol” and the liposomes “comprise
dioleoyl phosphatidyl choline, cholesterol and 3D MPL” [17]. Cholesterol is included in the
liposomes mainly to bind to and detoxify (i.e., quench) QS21 which, like other saponins, can
exert toxicity by specifically binding to cholesterol and punching holes in the lipid bilayer
membranes of cells such as erythrocytes. In essence, cholesterol in the liposomes blocks the
toxic properties of QS21 by allowing holes to be punched in the liposomes rather than in
cells, and this also allows simple mixing of the QS21 with preformed liposomes containing
cholesterol and 3-deoxy MPLA. The inherent toxicity of MPLA itself is also known to be
completely eliminated by incorporation into liposomes [18]. In the final vaccine
formulation, the RTS,S antigen, which is a relatively hydrophobic protein, might
spontaneously interact with hydrophobic sites revealed in the liposomes that contain holes
punched by the QS21, thus allowing self-assembly and simplified manufacture of a
complete detoxified adjuvant system containing associated antigen.

The ease of use of an adjuvant formulation can be an important factor to consider,
particularly if the adjuvant formulation can be simply mixed with the antigen. In the RTS,S/
ASOLE (or AS01B) malaria vaccine, the ASO1E (or AS01B) is simply mixed with the
antigen during the manufacturing process. In another example, liposomes containing both
MPLA and encapsulated recombinant anthrax protective antigen [L(MPLA + PA)] were
compared with liposomes containing MPLA that were simply mixed with unencapsulated
protective antigen [L(MPLA) + PA] for the ability to induce binding and neutralizing
antibodies in nonhuman primates [19]. A stronger immune response was observed simply by
mixing with liposomes compared to encapsulation.

Virosomes are unilamellar structures comprised of membrane lipids and viral membrane
proteins. These empty enveloped particles are physically associated with vaccine antigen
which results in enhanced immunogenicity. Virosome technology has been most advanced
in influenza, in association with protein or peptides, but it is rapidly being applied to other
antigens as well [20]. A potential advantage or application of this technology is to take
advantage of the physical properties of virosomes, in terms of uptake by antigen presenting
cells (APC), as well as the chemical composition, and compatibility with adjuvant molecules
derived from lipid A.

Saponin, a natural product derived from tree bark, was used to make ISCOMSs, which are
immunostimulatory complexes incorporating protein antigen into saponin. This technology
has led to the development of ISCOMATRIX™, which can be combined with a variety of
antigens, and has been reported to induce CD8 responses via the MyD88 pathway [21].
Association of saponin with cholesterol to form ISCOMATRIX™, reduces reactogenicity
[22], and enhances its adjuvant effects possibly by improving bio-availability. As noted
above, this approach is also used by GSK to detoxify the QS21 saponin in AS01B, or with
AS02A where the QS21 interacts with squalene, a cholesterol-like molecule, reducing
reactogenicity, enhancing stability, and improving adjuvant effect.

Oil-in-water (O/W) emulsions have been used successfully with influenza vaccines,
primarily those produced in eggs. Inclusion of emulsion has enabled dose sparing and
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broadening of the immune response. Pandemic influenza vaccines with O/W emulsion
adjuvants have been prioritized because of antigen dose-sparing and enhancing cross-
reactive antibody titers which could be critical in the event of a pandemic. Examples include
Focetria®, an H5N1 pandemic influenza vaccine which contains MF59, Prepandrix® and
Pandemrix®, adjuvanted with AS03. Both of these emulsions contain 2% squalene; AS03
has a-d tocopherol (vitamin E) in addition to squalene. Molecular effects of MF59 have
been described in the mouse model, following injection into the muscle [23], demonstrating
recruitment of APC and up-regulation of multiple inflammatory cytokines, chemokines, and
receptors. In addition, antigen presenting cells were recruited in response to MF59 and genes
responsible for antigen processing and presentation were up-regulated. Recent effort has
gone into developing TLR agonists that are more compatible with emulsions, including
lipid-associated imidazoquinoline [24], leading to local adjuvant effects with decreased
systemic immune activation.

Differential cytokine responses are observed following administration of different adjuvants.
In general, when used with pure proteins, O/W emulsions up-regulate Th2 responses;
addition of TLR agonists to the emulsions skews the response to Th1 [25]. Much of this
work has been done with TLR4 agonists, including MPL®, E6020, and GLA O/W
formulations [25,26]. GLA (a formulation containing PHAD, a synthetic MPLA from
Avanti Polar Lipids, Alabaster, AL) has been characterized in this context, and dramatic
reductions of Th2 responses normally induced by emulsion alone were observed, in which
the addition of a small amount of TLR4 agonist completely blocked Th2 responses in mice.

Animal models for down-selection of adjuvants

Down-selection of an optimal adjuvant system for a human vaccine antigen by using an
animal model is one of the most difficult problems in the adjuvant field [27]. Allometric
scaling principles between species that are often used for calculating doses for parenteral
drug delivery may not be relevant for predicting adjuvant effects and cannot explain that
some novel adjuvants give similar levels of enhancement between species while others do
not [28] For example, temporal or spatial separation of a CpG adjuvant and hepatitis B
surface antigen was said to have no effect in mice as long as drainage to the same lymph
nodes was retained, but slight spatial separation of the adjuvant and antigen, even in the
same muscle, attenuated the adjuvant effect in pigs [28]. Recent evidence has strengthened
the intuitive concept that NHPs may be consistently better as models than smaller animals in
their ability to predict comparative efficacies of adjuvants for many human vaccines [19].
Even though liposomal MPLA is a potent formulation for inducing antibodies to co-
encapsulated antigen in mice, rabbits, and humans [18, 29, 30], when liposomes lacking
antigen but containing MPLA, or liposomal MPLA and saponin, are simply mixed with
various soluble antigens, or with unadjuvanted liposomes containing antigen, they usually
fail to stimulate significantly higher levels of antibodies than antigen alone in rodents [17,
31, 32]. However, in nonhuman primates mixing of recombinant protective antigen (PA)
with liposomal MPLA lacking encapsulated antigen induced higher titers of binding or
neutralizing antibodies than those induced by liposomes containing both MPLA and
encapsulated PA [19].

Dramatic discrepancies in both innate and adaptive immunity between the immune systems
of mice and humans have been previously summarized [33]. These differences thus
highlight a substantial theoretical limitation in the use of animal models for adjuvant
selection. Because of this it has been argued that although animal models may be poorly
predictive of adjuvant effects for humans, NHPs are more similar than mice with regard to
DC subsets and pathogen recognition receptors and are therefore likely to be more useful
[7]. Thus, although NHPs may be a useful bridge between rodents and humans for adjuvant
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selection, comparative phase | clinical trials in which different adjuvants are compared using
a single antigen is still the most reliable, and often the most cost-effective, prediction
strategy for down-selection of vaccine adjuvants [27].

Transcutaneous immunization: the roles of carriers and adjuvants

The skin is the largest organ in the body and contains a rich assortment of immunologically
important cells, including major innate and adaptive immune systems that monitor and react
to environmental threats that breach the permeability barrier of the stratum corneum.
Transcutaneous immunization (TCI) is defined as “antigen delivery into the epidermis and/
or dermis through intact or pre-treated skin” [34]. The ability to perform TCI was originally
enabled by the discovery that the co-application of a potent adjuvant that was simply mixed
with an antigen on unbroken hydrated skin could allow TCI to occur in mice with a variety
of antigens [34, 35]. The range of antibodies induced by TCI includes specificities against a
wide variety of antigens [34]. Cytotoxic T cells (CTLs) are also induced by TCI [36-38],
and the induction of CTLs as a cancer immunotherapeutic apparently can be achieved in the
absence of exogenous adjuvant in humans simply by stringent removal of the stratum
corneum [39]. In addition to parenteral immunity, it was discovered that TCI also induces
mucosal immunity, and phase | and phase 11 human TCI vaccine trials have been conducted
against diarrhea caused by Escherichia coli [40]. The emergence of TCl has led to a
burgeoning number of proposed vaccines to bacterial and viral diseases, even including a
preventative and therapeutic vaccine to otitis media caused by Haemophilus influenzae [41],
and tumor vaccines [38].

The mechanisms by which antigens and adjuvants manage to traverse intact stratum
corneum are still not completely understood, but this problem can often overcome by a
variety of adjuvants, particularly cholera toxin, heat-labile enterotoxin from Escherichia coli,
CpG oligodeoxynucleotides, and Imiquimod [34, 42] (Figure 2). Because of this, there is
considerable interest in the creation of novel adjuvants, devices, and strategies for expanding
the repertoire of skin-breaching modalities for TCI [34, 42]. These have included a variety
of types of microneedles, skin abrasion, ultrasound, electroporation, thermo-ablation, jet
immunization [34], and even ultraviolet pre-exposure for enabling cell-mediated immunity
[43]. The objective of such studies is generally to bypass or disrupt the permeability barrier
of the stratum corneum in a safe manner to allow access to the underlying immune
environment. An interesting observation was also made that direct intradermal injection of
an established HPV vaccine with a microneedle patch caused dose-sparing of the vaccine in
mice when compared to intramuscular injection [44]. In many instances a pre-treatment of
the skin to remove some of the outer layers of the stratum corneum is employed [34], and
sometimes ultra-short microneedles allow direct access by nanoparticles such as cationic
liposomes, with or without associated adjuvants [45]. However, certain types of lipid
particles, including highly flexible liposomes (Transfersomes ) can be used [34].

In summary, adjuvants may be used to improve vaccines in several different ways,
including;

1. Enabling development of T cell vaccines. A good example is tuberculosis, in which
formulated TLR agonists have led to excellent protection in animal models [38].

2. Antigen Dose Sparing. Important for use with vaccine antigens that are difficult to
manufacture and/or which much be prepared on short notice, as in pandemic
influenza or bio-defense priorities

3. Vaccine Dosage Sparing. Adjuvants can greatly accelerate the development of a
protective immune response, resulting in protection with a single dose.

Curr Opin Immunol. Author manuscript; available in PMC 2013 June 01.
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4. Immune Response Broadening. This has been demonstrated in egg-based influenza
vaccines [14] as well as with recombinant proteins, in which incorporation of a
TLR 4 agonist in an O/W emulsion greatly increased B cell sequence diversity
[48].

5. Overcoming Immune Senescence. Certain adjuvants, particularly TLR ligands have
been shown to increase immune responses in elderly populations [12].

Future directions

e The science of formulations continues to advance in ways beneficial to adjuvant
development. In the case of emulsions, evolution from high oil content (e.g.
Freund's adjuvants) to low oil emulsions, led to the approval and wide use of the
latter in influenza vaccines. Although alum has been used for decades, recent
studies are now defining the mechanism(s) of action, and alum is being combined
with other adjuvant components, such as MPL (AS04, GSK) to improve responses
obtained with alum alone. Finally, although molecules that engage TLR have
advanced furthest as adjuvant components, other PAMPs, including those that
stimulate the RIG-1 pathway [47] are in development.
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Figure 1.

Schematic representation of O/W emulsion containing a TLR 4 Agonist (lipid A or
derivatives). This type of adjuvant, referred to as MPL-SE (stable emulsion) or GLA-SE,
has been used in vaccine trials against leishmaniasis, influenza, and other indications [6].
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Figure2.

Strategies for transcutaneous immunization. Although TCI was enabled by the use of the
antigen together with an adjuvant applied with an aqueous patch to unbroken skin, numerous
alternative strategies and methods have been proposed and developed for using adjuvants,
particles, microneedles, and other devices for achieving delivery of antigen through the

stratum corneum. See [34, 42] for details.
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