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Preface

Recent advances in our understanding of innate immunity have fueled the field of
drug discovery with emphasis on developing better immune potentiators that can
boost the host innate immune system. Targeting the host innate compartment has the
unique advantage of triggering a rapid mobilization of key effector mechanisms to
engender a strong immune response to a vaccine antigen. Several new class of
molecules that target the innate immune system have been recently tested as poten-
tial vaccine adjuvants. These novel adjuvants also require rationally designed
vaccine formulations and delivery systems that can provide maximum potency with
acceptable safety in a prophylactic setting. These delivery systems contribute greatly
on modifying and controlling the level of systemic exposure, avoiding the potential
production of proinflammatory cytokines, improving safety and/or tolerability of
the novel adjuvant.

One of the fascinating aspects of vaccine delivery for several decades now has
been fully exploring the benefits and limitations of mucosal delivery. Exciting new
advents have been made in this regard using gene-based and attenuated oral vac-
cines. Immunization through the skin as the route of delivery of antigens holds great
promise in making vaccines more patient compliant and needle free. Since most
vaccines are complex compositions, new medium and high throughput tools have
now emerged that help screen rapidly for excipients and stabilizers prior to running
expensive preclinical animal studies. Several biophysical tools and assays are now
being adapted to better characterize vaccine formulations.

In this book we have made an effort to cover new vaccine delivery technologies
and discuss some of the next generation immune potentiators that could potentially
be part of licensed products in the future. Detailed description of all leading vaccine
technologies with their limitations should be of great help to researchers and stu-
dents to enhance their understanding of these novel concepts. The book also has
chapters on clinical and non-clinical safety evaluation of vaccine formulations
which should be of great value in moving vaccines from research to clinic.

Manmohan Singh
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Section I
Novel Immune Potentiators and Delivery
Systems for Enhancing Vaccine Potency



Chapter 1
TLR7/8 Agonists as Vaccine Adjuvants

Mark A. Tomai and John P. Vasilakos

1.1 Introduction

Small molecule TLR7/8 agonists have demonstrated great potential as vaccine
adjuvants, since they quantitatively and qualitatively enhance both humoral and
cellular immune responses. However, most small molecule TLR agonists evaluated
thus far as vaccine adjuvants are highly soluble and have a propensity to rapidly
disperse away from the vaccination site, resulting in decreased efficacy and increased
systemic adverse effects. Intense effort and progress has been made to increase their
ability to maintain close proximity to antigen at the administration site. Here, we
will discuss three vaccine approaches utilizing small molecule TLR7/8 agonists as
vaccine adjuvants. These approaches are designed to improve the adjuvanticity and
to reduce the potential for systemic adverse events associated with these small mol-
ecule TLR7/8 agonists when used as vaccine adjuvants. One approach utilizes the
TLR7/8 agonist resiquimod gel as a topically applied adjuvant at the vaccination
site. The other two approaches utilize novel TLR7/8 agonists in a conventional
vaccine format where the adjuvant and antigen are administered together. These
novel TLR7/8 agonists are lipid modified or chemically modified for conjugation
to antigen—all three approaches are designed to promote retention of the TLR7/8
agonists at the administration site in order to maintain their spatial and temporal
proximity to the antigen, resulting in enhanced immune responses and reduced
systemic adverse effects.
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1.2 The Need for New Vaccine Adjuvants

Despite the development of numerous successful vaccines, vaccines do not exist for
many pathogens or cancers. Currently, inactivated pathogens, recombinant proteins,
purified peptides, and DNA vaccines are being explored in order to address adverse
events associated with live vaccines, and in some cases, to address the fact that live
infectious agents do not confer protection. The major problem with most protein, pep-
tide, and DNA vaccines is that they are poorly immunogenic or elicit an inappropriate
immune response, and don’t provide protection against the infectious agent or cancers.
The question isn’t whether an adjuvant is required, but what type of adjuvant or adjuvant
combination will work best with a specific antigen or antigens for a specific disease
indication. In addition, each antigen and adjuvant combination must be formulated to
provide adequate stability and to ensure that the vaccine maximally stimulates the appro-
priate immune response in an acceptably safe and tolerable manner. Hence, the three key
components of a vaccine are the antigen, adjuvant, and formulation. This chapter will
focus on adjuvants, specifically small molecule TLR7/8 agonists.

Currently, there are very few vaccine adjuvants approved for human use. Aluminum
salts (i.e., ALUM) are one of few US Food and Drug Administration approved adjuvants
and is the most widely used adjuvant [1]. Additionally, MF59, an oil-in-water squalene
emulsion, has been approved in some countries [2]. More recently, ASO3 adjuvant (DL-a-
tocopherol, squalene, polysorbate 80) and AS04 adjuvant (ALUM and monophosphoryl
lipid A) have also been approved in some countries [3, 4]. These adjuvants are safe, but
they do not uniformly or sufficiently enhance cell-mediated immune responses that are
required for elimination of many intracellular organisms and cancers. Hence, adjuvants
that drive cellular immunity, both CD4 and CDS responses, are being investigated.

1.3 Toll-Like Receptors and Toll-Like Receptor Agonists

In order to understand how vaccines induce adaptive immune responses, we first must
begin with how the innate immune system recognizes microorganisms. Several recog-
nition strategies have been developed by the innate immune system to deal with the
problem of detecting a broad range of heterogeneous and rapidly evolving pathogens.
Specifically, the innate immune system possesses receptors, broadly classified as pat-
tern recognition receptors (PRR), which specifically recognize conserved microbial
molecular patterns [5, 6]. PRRs are predominantly expressed on or in phagocytic cells,
such as dendrtitic cells, macrophages, neutrophils, monocytes, and to a lesser extent on
other cell types. PRRs are germ-line encoded receptors, and unlike T-cell or B-cell
receptors, don’t undergo somatic mutation and clonal distribution. As such, PRRs
are “hard-wired” to recognize conserved microbial molecular patterns known as
pathogen-associated molecular patterns (PAMPs). PAMPs are classically characterized
as a limited set of conserved molecular patterns unique to the microbial world and
invariant among entire classes of pathogens [7]. Engagement of PRRs with PAMPs
results in antimicrobial and inflammatory responses, including the production of
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Fig. 1.1 Conventional DC express TLR3, 4, 5, and 8, and when ligated with specific agonists,
produce IL-12. Plasmacytoid DC express TLR7 and TLRY, and when ligated with their specific
agonists, produce IFN-o.. Adapted from Coffman et al. [3]

cytokines and chemokines that affect innate and adaptive immune responses. Indeed,
it has become clear that innate immune cells and their PRRs are usually critical for the
induction, magnitude, and quality of adaptive immune responses.

Toll-like receptors (TLRs) are one type of PRRs utilized by the innate immune
system to recognize microbial pathogens. There are ten human TLRs; they are
transmembrane-signaling proteins expressed on surface of the plasma membrane or
endosomes. TLR1, 2, 4, 5, 6, and 10 are cell surface expressed, and TLR3, 7, 8, and
9 are expressed in endosome/lysosome membranes. Although innate immune cells
express TLRs, all innate immune cells do not express the same TLRs. As an example,
the majority of human dendritic cells (DC) can be classified as conventional DC
(cDC) or plasmacytoid DC (pDC). Conventional DC express TLR3, 4, 5, and pDC
express TLR7 and 9. Ligation of cDC TLRs results in the production of numerous
cytokines including IL-12. In contrast, ligation of pDC TLRs results in the production
of interferon alpha. Therefore cell-specific TLR expression results in differences in
cytokine responses induced by various TLR agonists (Fig. 1.1).

Although the schematic in Fig. 1.1 is an oversimplification of the complexities of
TLR expression patterns and cytokine responses resulting from TLR ligand
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stimulation, Fig. 1.1 highlights a critical aspect of differential TLR expression pat-
terns on human innate immune cells and the TLR ligands used to activate them: TLR
agonists influence the cytokine repertoire of the innate immune system, which in turn
influences adaptive immunity. Additionally, most TLR agonists stimulate either cDC
or pDC, except for the small molecule TLR7/8 agonists, such as resiquimod.

1.4 TLR Agonists as Vaccine Adjuvants

Improved understanding of how innate immune responses can be initiated,
specifically through PRRs, has allowed us to understand how innate immunity
affects adaptive B- and T-cell responses. It has been recognized for almost two
decades now that innate immunity impacts adaptive immunity [8]. The discovery of
toll in drosophila and its link to immunity, and the discovery of TLRs in mammals,
along with the elucidation of mammalian TLR expression patterns and signaling
pathways has led us to understand the history of vaccinology and has provided a
guide to rationally develop vaccine adjuvants [8—12].

We have come to recognize that in the 1890s, Coley’s toxin, a mixture of bacterial
cell lysate that exhibited immunostimulatory properties, was able to ameliorate pro-
gression of some cancers [13]. Springing forward to the 1980s, we determined that
bacterial DNA was a critical component within Coley’s toxin that elicited immune
responses, and then later determined that those responses were mediated through
TLRY. Today, numerous papers have demonstrated the vaccine adjuvant ability of
TLRY agonists [14]. Additionally, recent evaluation of some commonly used preven-
tative vaccines, BCG Vaccine “SSI” (live attenuated vaccine, Statens Serum Institut),
Influvac® (inactivated subunit vaccine, Abbott Laboratories), and Typhim Vi® (subunit
vaccine, Sanofi Pasteur SA), has demonstrated that they contain TLR agonists which
optimally induce DC maturation for induction of Th1 adaptive immunity [15]. Finally,
several studies have demonstrated that one of the most effective vaccines available,
the live attenuated yellow fever vaccine 17D (YF-17D), is known to activate multiple
DC subsets (i.e., cDC and pDC) via TLR2, TLR7, TLRS, and TLRO to elicit immune
modulatory cytokines such as IL-12p40, IL-6, and IFN-a [16, 17]. The resulting
adaptive immune responses are characterized by a mixed Thl/Th2 response and
antigen-specific CD8* T cells. Hence we have empirically learned that many vaccines
owe their effectiveness, in part, to TLR agonists.

1.5 Small Molecule TLR7, TLRS, and TLR7/8 Agonists as
Vaccine Adjuvants

Currently, we are purposefully adding defined TLR agonists to vaccine formula-
tions with the intent of improving the effectiveness of the vaccine. The approval
of the toll-like receptor (TLR) 4 agonist monophosphoryl lipid A (MPL), as a
vaccine adjuvant lends credibility to using TLR agonists as vaccine adjuvants,
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from the perspective that TLR agonists can be safe, effective, and manufactured
to commercial scale for human vaccine use. MPL has been approved for human
use with human papilloma virus vaccine (Cervarix™, GlaxoSmithKline,
London, UK); this is the first globally approved vaccine containing a TLR ago-
nist. MPL is also approved with hepatitis B virus vaccine (FENDrix®,
GlaxoSmithKline, London, UK); this was the first approved vaccine containing
aTLR agonist. MPL is also approved with a pollen vaccine (Pollinex®-R Quattro,
Allergy Therapeutics Ltd., London, UK).

As indicated above, TLR7 and TLRS are expressed in the major human den-
dritic cell (DC) subsets, and this is an important reason why TLR7/8 agonists are
of considerable interest as vaccine adjuvants. TLR7 and TLRS can be activated
by certain synthetic TLR7/8 agonists, such as the imidazoquinolines imiquimod
(R-837, TLR7 agonist) and resiquimod (R-848, TLR7/8 agonist) [18-21].
Resiquimod and imiquimod are prototypical imidazoquinoline molecules, typi-
cally 250-500 Da. Initially identified as antiviral molecules, it was later discov-
ered that these molecules directly activate the innate immune system, inducing
production of various cytokines and maturation of dendritic cells, and therefore
have vaccine adjuvant potential. Aldara® Imiquimod 5% cream was the first small
molecule TLR agonist approved for clinical use. It is approved for HPV-mediated
external genital warts, superficial basal cell carcinoma, and actinic keratosis.
Both resiquimod and imiquimod have been evaluated in numerous clinical stud-
ies for chronic viral infection and cancer because of their immune modulatory
activity.

Stimulation of TLR7 and TLRS with these molecules enhances DC activation as
well as cell-mediated immunity [20, 22—-26]. Much of what is known about the vaccine
adjuvant potential of TLR7 and TLRS8 agonists has been discovered using the
imidazoquinoline molecules. These molecules directly activate antigen presenting
cells resulting in the induction of co-stimulatory molecules and numerous cytokines
that modulate adaptive immunity. In short, these molecules have the fingerprint of
vaccine adjuvants. As might be expected, there currently are various organizations
developing similar TLR7 and TLRS8 agonists as vaccine adjuvants. To list a few,
Novartis (Basal, Switzerland) has a platform of TLR7 and TLRS8 agonists in early
stage development. Telormedix (Bioggio, Switzerland) is evaluating a TLR7
agonist as part of a malaria vaccine, and VentiRx (San Diego, CA) is evaluating a
TLR8 agonist VITX-744 as a vaccine adjuvant.

1.6 Resiquimod as a Vaccine Adjuvant

A number of small molecule TLR7/8 agonists have been evaluated as vaccine
adjuvants. Since resiquimod is the most well-studied TLR7/8 agonist, we will
focus on its use as a vaccine adjuvant. First, a number of in vitro studies using
resiquimod have shown that this molecule enhances human dendritic cell
maturation, and cellular and humoral adaptive immunity [22, 27-30]. These in vitro
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studies clearly demonstrate the critical link between innate and adaptive immu-
nity. The predominant evidence that resiquimod and analogs, such as imiqui-
mod, may be effective vaccine adjuvants has come from studies demonstrating
the ability of these molecules to activate antigen presenting cells, induce immune
modulatory cytokines, and activate adaptive immune responses in numerous
species, specifically in mice, rats, guinea pigs, and monkeys. These studies uti-
lized conventional s.c., i.m., or i.n. vaccination and incorporated model anti-
gens, clinically relevant antigens, and DNA vaccines [31-41]. Resiquimod
injected with antigen in an aqueous buffer, ALUM, or Montanide enhanced
Thl-like immunity, humoral immunity, and concomitantly inhibited Th2-like
immunity. Consistent with these findings, resiquimod has been shown in numer-
ous allergic models to inhibit Th2-like allergen-specific adaptive immune
responses [42—44]. Although resiquimod and analogs have been effective vac-
cine adjuvants in many systems, a number of studies did not appear to demon-
strate that these TLR7/8 agonists were strong adjuvants [40, 45-48]. Interestingly,
a number of studies showed that small molecule TLR7 or 8 agonists were not
very effective adjuvants when simply mixed with antigens, but the adjuvanticity
of these small molecules could be substantially improved by appropriate formu-
lation with or conjugation to the antigen [39, 49-51]. These findings imply that
formulation of these small molecule TLR agonists is likely a critically impor-
tant aspect regarding the use of these molecules and that a close spatial relation-
ship between the small molecule TLR7/8 agonist and the antigen is critical for
effective induction of adaptive immunity.

Why do all studies not show resiquimod as a strong vaccine adjuvant? One
reason may be the water soluble nature of resiquimod (molecular weight 314 Da)
which, upon injection, may disperse away from the injection site throughout the
body rather than staying at the site of injection, which is presumably where the
antigen resides (unpublished pharmacokinetic data). The short half-life of resiquimod
at the administration site is likely not optimal for local (at the injection site) activation
of DC, which are critically important for initiating adaptive immune responses.
Also, in standard vaccine formulations like oil-in-water emulsions or alum
emulsions, resiquimod tends to enter into the aqueous phase rather than the oil
phase, and as indicated above, resiquimod may disperse away from the vaccination
site, dissociating itself from the antigen. Additionally, in some systems it appears
that TLR activation by itself is not sufficient to drive certain types of adaptive
responses, such as CD8 T-cells, and therefore, TLR7/8 agonists may need to be
coupled with other stimuli for optimal activity [52-54]. Indeed, accumulating
evidence indicates that combinations of TLR agonists such as resiquimod and
TLR3, TLR4, or TLRY agonists, or resiquimod combined with cytokines can
improve DC maturation and T-cell activation [34, 53—57]. Therefore, it is possible
that for some vaccines, a more complex approach may be necessary, where multiple
immune modulatory molecules will be needed to achieve the adaptive immune
response required for disease resolution.

The ability to keep the antigen and TLR agonist in close physical proximity to
each other at the vaccination site improves vaccine outcome as evidenced by
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Table 1.1 Pros and cons of resiquimod gel as a vaccine adjuvant

Advantages Disadvantages
Enhances localization of the adjuvant effects at Resiquimod is intrinsically soluble, and
administration site therefore some of the active drug can

enter the systemic circulation,
thereby increasing the chance for
systemic adverse effects

Better therapeutic window than
injectable resiquimod but may not be
sufficient in all cases

Compared to injectable resiquimod formulations, Potential for local adverse effects at
resiquimod gel induces less systemic adverse treatment site
effects due to systemic cytokine production

Stable and cost-effective to reproducibly More cumbersome to administer as a
manufacture vaccine adjuvant

Two steps are required: (1) vaccinate and
(2) apply resiquimod gel to vaccina-

tion site
Validated adjuvant activity in nonclinical and Greater opportunity for variability in
clinical proof-of-concept studies results due to operator variation in

topical administration

studies using topical (dermal) application of these small molecule TLR agonists,
including cancer vaccine clinical studies [58]. An additional advantage to dermal
delivery of TLR7/8 agonists is that these molecules can be dosed at effective lev-
els for inducing local immune activation without increasing systemic cytokines
that might lead to systemic side effects. Dermal application of imiquimod or
resiquimod (imiquimod cream or resiquimod gel) in rodents and primates induced
local cytokine and chemokine production, Langerhans cell migration to draining
lymph nodes, and infiltration of various immune cells to the application site [59—
67]. Furthermore, adaptive immune responses to infectious agents have been
enhanced by topical administration of these TLR agonists using protein and DNA
vaccines [25]. Recently, resiquimod gel was shown to be a potent adjuvant for
locally administered subcutaneous vaccines, inducing antitumor CTL responses
following a single application at the time of subcutaneous vaccination [59].
Indeed, resiquimod gel is currently being evaluated in FDA-approved clinical
cancer vaccine trials in conjunction with cancer antigen vaccines (www.clinical-
trials.gov). In these studies, 0.06% or 0.2% resiquimod gel is or will be applied
directly at the vaccination site either prior to or after immunization. The concept
here is that resiquimod gel applied topically at the vaccination site induces activa-
tion of innate immune cells at the site of antigen localization, resulting in cytokine
production, DC maturation, and enhanced DC migration to the draining lymph
nodes. Topical studies with resiquimod gel or imiquimod cream have substanti-
ated this concept. A summary highlighting the advantages and disadvantages of
using topical formulations of resiquimod is shown in Table 1.1.


http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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Fig. 1.2 3M-051 conjugated to a recombinant protein induces a balanced Th1/Th2 response.
Balb/c mice (5/group) were immunized with (1) a recombinant protein that induces a weak cellular
immune response when administered without adjuvants or with (2) a recombinant protein-TLR7/8
agonist conjugate (Ag-3M-051). Mice were immunized s.c. three times, once every 2 weeks, with
the antigen alone or the conjugate at a TLR agonist:protein molar ratio of 10:1. Twenty-one days
after the last immunization, the levels of Ag-specific serum IgG1 and IgG2a were determined by
ELISA. The results are presented as geometric mean IgG titers

1.7 Novel Imidazoquinolines as Vaccine Adjuvants

Physical association between adjuvant and antigen correlate with optimal immune
responses. Interestingly, resiquimod was found to physically associate with keyhole
limpet hemocyanin (KLH) more effectively than to OVA or human serum albumin,
and resiquimod enhanced KLH adaptive immunity more efficiently than the other
two antigens (data not shown). Such results prompted further investigation into
developing systematic strategies to physically associate small molecule TLR
agonists with antigens. Recent studies have evaluated small molecule TLR agonist-
antigen conjugates in mouse and primate systems. In mice, TLR7/8-OVA and
TLR7/8-HIV-1 GAG protein conjugates enhanced antigen-specific Th1 and CTL
responses more effectively than conventional aqueous resiquimod vaccine formula-
tions. Similarly in monkeys, the TLR7/8-antigen conjugate more effectively
enhanced antigen-specific CD4 and CD8 responses than the non-conjugate formu-
lation [39, 40, 49].

Important lessons have been learned using prototype conjugatable small
molecule TLR7/8 agonists; however, the conjugation method of these prototype
small molecules to proteins or peptides was not optimized (i.e., less controlled
conjugation). Hence, the recent development of newer conjugatable TLR7/8 ago-
nists focused on improving the predictability and consistency of conjugation to
many types of antigens and peptides. As such, a new class of molecules has been
developed; an example of this novel class of conjugatable TLR7/8 agonist
molecules is 3M-051. The results in Fig. 1.2 demonstrate the adjuvant activity of
a 3M-051 conjugated to antigen X (Ag). These results show that a weakly
immunogenic recombinant protein conjugated to 3M-051 can induce a robust
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Fig. 1.3 Antigen-sparing effect of HA vaccine adjuvanted with 3M-052 TLR agonist. Balb/c mice
(5/group) were immunized with influenza hemagglutinin (HA) with or without the TLR7/8 agonist
3M-052. Mice were immunized s.c. three times, once every 2 weeks, with 1, 5, or 15 pg/mouse
with or without 0.1 mg/kg 3M-052. Twenty-one days after the last immunization, the levels of
HA-specific serum IgG1 and IgG2a were determined by ELISA. The results are presented as geo-
metric mean IgG titers

humoral immune responses—significantly improving the immunogenicity of this
weak antigen.

In addition to conjugating an antigen to small molecule TLR agonists, another
approach to maintaining close physical and temporal proximity of antigen and
TLR agonist at the vaccination site is to develop TLR agonists with physical—
chemical properties that inhibit their distribution away from the administration
site. Note that resiquimod and other similar TLR7/8 agonists administered paren-
terally quickly distribute throughout the body post injection. TLR 7/8 agonists
that induce local adjuvant effects without inducing systemic cytokines should be
better vaccine adjuvants. Therefore, the novel TLR7/8 agonist 3M-052 was syn-
thesized on the basis of its physical-chemical properties, which allow it to stay at
the vaccination site when injected as part of typical vaccine formulations. Most
recently, formulations of 3M-052 with hemagglutinin demonstrated enhanced
Th1 immunity without induction of systemic cytokines [68]. Similar unpublished
results were seen with other antigens formulated with 3M-052. Figure 1.3 demon-
strates that, consistent with previously published results using resiquimod, vac-
cines formulated with 3M-052 can enhance IgG1 and IgG2a responses. Unlike
resiquimod, 3M-052 did not induce systemic cytokines, even when dosed at 1 mg/
kg, and 3M-052 demonstrated superior antigen-sparing activity. The structures of
resiquimod, 3M-051, and 3M-052 are shown in Table 1.2 along with a brief
description of their preparation as vaccine adjuvants.
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1.8 Conclusion

Since small molecule TLR7/8 agonists can activate appropriate innate immune cells
resulting in the modulation of humoral and cellular immunity, these agonists have
been found to be excellent adjuvant candidates with various antigens, including
recombinant proteins that are poorly immunogenic and tumor antigens. It is appar-
ent that in order for these TLR7/8 agonists to be optimally effective and safe,
immune activation at the application site without systemic activation is important.
Thus far, most of the small molecule imidazoquinolines evaluated as vaccine adju-
vants have demonstrated the propensity to rapidly disperse away from the vaccina-
tion site. Three approaches are being evaluated to solve this issue.

Topical application of resiquimod gel to the dermis along with conventional vac-
cination partially solves the issue of rapid systemic distribution of the TLR agonist.
Such an approach promotes local immune stimulation at the vaccine site while
diminishing systemic immune activation. Additionally, two new classes of TLR7/8
agonists have been developed that promote close association between TLR agonist
and antigen and can be formulated and administered together as a single vaccine
product. One class of molecules, i.e. 3M-051, is designed to be conjugated directly
to antigens, thereby ensuring close association between TLR agonist and antigen.
Another class of molecules, i.e. 3M-052, has been developed that promotes reten-
tion of the TLR agonist at the administration site with the antigen, due to the phys-
ical-chemical properties of this class of TLR agonists.

By promoting close association of TLR agonist and antigen, the probability of
activating the same antigen presenting cells that process and present antigen is
increased, which should more efficiently enhance adaptive immunity and limit sys-
temic adverse effects.
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Chapter 2
Preclinical and Clinical Development

of Synthetic iINKT-Cell Glycolipid Agonists
as Vaccine Adjuvants

Josianne Nitcheu, Sandrine Crabe, Gwyn Davies, and Vincent Serra

2.1 Introduction

NKT cells are a separate lineage of T lymphocytes that co-express receptors for the
T-cell and natural killer (NK) cell lineages. Most NKT cells express a semi-invariant
T-cell receptor (TCR), Val4-Ja18 paired with V8.2, VB7 or VB2 in mice and
Voa24-Jo18/VB11 in human [1-5]. These cells are referred to as iNKT cells type I
NKT cells, or NKT cells, in contrast to type I NKT cells comprising the remaining
NKT cells expressing non-invariant TCR [6]. These cells share phenotypic and
functional characteristics of T and NK cells. The phenotype of NKT cells expresses
a T-cell receptor aff (TCRaf3), the CD4 or the CD8 co-receptor or neither of them
[double-negative (DN) phenotype], the NK1.1 marker, and some Ly49 receptors
[7-10]. Emerging evidence indicates that CD4* and CD4~ iNKT cell subsets are
functionally distinct [11-13]. The distribution of iNKT cells has been well studied
in mice, and less well in human. Murine /INKT cells represent approximately 0.5%
of the T-cell population in the blood and peripheral lymph nodes (LN), and up to
30% of T cells in the liver, and this population appears to be ten times less frequent
in humans. However, high and low expressers are found in humans and mice
[14-17].

NKT cells recognize glycosphingolipids presented by the non-classical major
histocompatibility complex (MHC) molecule CD1d. CD1d proteins are expressed
on the surface of a variety of antigen-presenting cells and many non-hematopoietic
cells. They present cellular self-lipids and exogenous lipids with an a-anomerically
linked sugar, to iINKT cells. In humans, the CD1 family consists of the group I
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(CDl1a, CD1b, CDlc and CDle) and II proteins (CD1d). It has been suggested that
the group I CD1 proteins are not universally present in all species, whereas group II
are, and rodents such as mice and rats only display CD1d molecules.

The glycosphingolipid alpha-galactosyl ceramide (a-GalCer) was the first
activator of iINKT cells to be discovered and has been employed extensively as an
experimental tool to study iINKT cells. a-GalCer is a structurally well- character-
ized compound, containing a phytosphingosine moiety, an amide-linked acyl chain
and an O-linked galactopyranosyl polar head, and its most distinguishing feature is
that the galactose head group is attached to the sphingosine through an a-linkage at
the anomeric carbon. Thus far, a-anomeric D-glycosyl ceramides have not been
detected in mammals, as similar mammalian glycosyl ceramides contains a f3 linked
galactopyranosyl, which changes the relative orientation of the carbohydrate
moiety.

o-GalCer Structure

(o]
H O NH Ho~r~~~~s~n~n~ns  Acyl chain
a-GC HO ZQH
(KRN7000) H OW Sphingosine
OH chain

One of the featuring characteristics of both mouse and human /NKT cells is their
vigorous response to a-GalCer stimulation, associated with a rapid and robust
secretion of both T helperl (Thl)-type (IFN-y) and T helper2 (Th2)-type (IL-4)
cytokines [18-21]. As a result, INKT have the ability to either enhance or suppress
Th1 antigen-specific immune responses.

Administration of high doses of soluble a-GalCer by the i.v. route in mice can
result in the acquisition of an anergic phenotype on repeated exposure to o.-GalCer
[22, 23]. However, this is not observed at doses administered by the i.m. route that
is effective as vaccine adjuvants [24].

The recently solved crystal structure of a-GalCer bound to human and mouse
CD1d has allowed rational design of novel iINKT cell ligands. The crystal structures
of both mouse and human CD1d have identified the antigen binding site consisting
of two channels or pockets; the A’ channel that can accommodate an alkyl chain of
up to 26 carbons long (the acyl chain of a-GalCer) and the F' channel that can
accommodate an alkyl chain of up to 18 carbons long (the sphingosine chain of
a-GalCer). These studies have revealed that the lipid chains fit tightly into the CD1d
binding groove, and a-GalCer protrudes from the binding groove with only the
galactose head group for recognition by the iINKT TCR [25-27].

The affinity of TCR binding to the glycolipid/CD1d complex and stability of the
bound glycolipid/CD1d complex are believed to largely influence the immune
response. Indeed the results of structural, kinetic and functional studies have
facilitated the process of rational optimization of iINKT agonists and have led to the
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identification of a series of novel synthetic compounds, with modifications in the
polar head and lipid tails, which can be used to modulate iINKT activity.

The successful induction of both innate and acquired immunity with
co-administration of antigen plus glycolipid antigens such as a-GalCer has been
shown in several prophylactic and therapeutic models. a-GalCer has been tested in
conjunction with peptides, DNA, irradiated tumour cells or loaded onto a variety of
cells including antigen-presenting cells (APC) such as dendritic cells (DC), and
tumours. Here we review different strategies that have been used in preclinical
models for the development of glycolipids as adjuvants for vaccines, as well as
clinical data that have been obtained with these products.

2.2 Preclinical and Clinical Experience with Soluble a-GalCer
as Vaccine Adjuvant

2.2.1 Preclinical Studies with Soluble o-GalCer

Preclinical studies have shown substantial promise for iNKT cell-based treatments
of infections, cancer, autoimmune and inflammatory diseases, using free o-GalCer
as adjuvant.

2.2.1.1 Antitumour Immunity
a-GalCer as Adjuvant with DNA Vaccines

a-GalCer displayed adjuvant effects with DNA vaccines against tumours, when
used for the primary immunization. A DNA vaccine expressing human papilloma-
virus (HPV) type 16 E7 (pcDNA3-CRT/E7) was combined with a-GalCer at the
prime phase, and generated a higher number of E7-specific CD8* T cells in vaccinated
mice through stimulating maturation of DCs. In fact, priming with a DNA vaccine
in the presence of a-GalCer and boosting with E7-pulsed DC vaccine led to a
significant enhancement of E7-specific CD8* effector and memory T cells. The
antitumour immunity significantly improved therapeutic and preventive effects
against an E7-expressing tumour model (TC-1) in vaccinated mice suggesting that
the potency of the DNA vaccine combined with a-GalCer could be further enhanced
by boosting with an antigen expressing DC-based vaccine [28].

a-GalCer as Adjuvant with Irradiated Tumour Cells as Antigens

a-GalCer has been shown to represent an important adjuvant for improving the
efficacy of tumour cell-based vaccines to treat ovarian cancer. Using a transplantable



22 J. Nitcheu et al.

mouse ovarian surface epithelial carcinoma (MOSEC) model as well as a murine
Miillerian inhibiting substance type II receptor T antigen (TgMISIIR-TAg)
transgenic mouse model that is capable of developing ovarian cancer spontane-
ously, it was shown that administration of irradiated MOSEC tumour cells with
adjuvant o-GalCer generated significant protective and therapeutic antitumour
effects against MOSEC tumours in vaccinated mice. a-GalCer treatment led to an
increase in the IFN-y serum levels in the presence or absence of irradiated MOSEC
tumour cells, demonstrating activation of /INKT cells. In addition, i.p. vaccination
with irradiated MOSEC tumour cells together with a-GalCer was capable of generating
a significant number of cytotoxic T lymphocytes against MOSEC tumour cells
compared to vaccination with either irradiated MOSEC tumour cells or a-GalCer
alone. Furthermore, treatment of the TgMISIIR-TAg transgenic mice with ovarian
tumour cell-based vaccines combined with adjuvant a-GalCer led to prolonged
survival as well as increased numbers of tumour-specific CD8* T cells [29].

a-GalCer as Adjuvant Combined to Nontoxic B Subunit of Shiga
Toxin-Based Vaccines

Another study reported synergy between a-GalCer and STxB (nontoxic B subunit
of Shiga toxin, a nontoxic homopentameric protein responsible for toxin binding
and internalization into target cells) based vaccine leading to potent CD8* T-cell
response with the use of very low dose of antigen (50 ng) through enhanced cross-
presentation mediated by a a-GalCer. When mice were immunized twice with the
STxB-OVA conjugate (50 pg) alone, an induction of anti-OVA,_, .. CD8* T cells
corresponding to 0.4% of CD8* T cells was demonstrated. After two immunizations
with STxB-OVA and a-GalCer via the i.p. route, 4.6% of CD8" T cells stained
positively with OVA, . /K" tetramer directly ex vivo without any in vitro restimulation
step. In addition, in mice immunized twice with STxB coupled to a polypeptide
derived from the HPV16-E7 protein (STxB-E7 , ..) at a low dose (1 pg), a marked
induction of anti-E7 CTL was detected ex vivo by the E7,, /D" tetramer (1.12% of
CD8* T cells) while only low levels of E7-specific CTL (0.12% of CD8* T cells)
were detected after immunization with STxB-E7 , . alone. In addition, using a
transgenic mouse model that expresses OVA on the surface of all cells, it was shown
that a-GalCer could break tolerance against self-antigens. Vaccination of mice with
STxB-OVA and a-GalCer conferred potent protection against recombinant vaccinia
virus encoding OVA (rVV-OVA), with virus titres in the ovaries reduced by 5 log
compared with those of mice treated with PBS, while mice immunized with OVA
and a-GalCer exhibited a slight reduction of infectious virus titres corresponding to
less than 1 log reduction of virus titres. This study demonstrates that STxB-based
vaccines combined with a-GalCer resulted in improvement of the STxB Ag delivery
system as assessed by the more powerful CD8* T-cell response observed even at
very low doses of immunogen. This vaccine formulation was also efficient to break
tolerance against a self-antigen and to induce viral immunity. The potential
mechanisms underlying the synergy between STxB-OVA and o-GalCer were
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enhanced cross-presentation of STxB-OVA by a-GalCer and o-GalCer-mediated
increased STxB uptake by DCs [30].

2.2.1.2 Anti-infectious Immunity
a-GalCer as Adjuvant for HIV Vaccines

The first study to show that a-GalCer can enhance the immunogenicity of DNA
vaccines investigated the adjuvant activity of a-GalCer on HIV-1 DNA vaccines.

To investigate whether the immunogenicity of DNA vaccination could be
enhanced by a-GalCer, BALB/c mice were co-administered i.m. with 2 ug of
o-GalCer with a DNA vaccine, encoding HIV-1 env and gag. Compared to mice
vaccinated with DNA only, co-administration of a-GalCer with suboptimal doses of
DNA vaccines greatly enhanced antigen-specific CD4* T-cell and CD8* T-cell
responses. The adjuvant effect of a-GalCer was dependent on CD1d and IFN-y.
Even at the lowest dose tested (0.25 pg), a-GalCer still displayed adjuvant activity
on DNA vaccination. In contrast to other vaccines, o-GalCer was also able to
enhance an HIV-specific antibody response tenfold; however, the adjuvant activ-
ity of a-GalCer was most profound when co-administered at the priming, but not
at the boosting phase and concomitant delivery of a-GalCer with DNA vaccine
provided optimal adjuvant activity. In order to explore the mechanisms underlying
the adjuvant activity of a-GalCer displayed only during the priming phase, the lev-
els of IFN-y, IL-4 and IL-12 cytokines were tested, in mice receiving a single dose
of a-GalCer versus a repeated dose of a-GalCer. The mice that received a single
dose of a-GalCer produced significant levels of all three cytokines, whereas the
levels of cytokine production were strongly diminished in a second group of mice
receiving a repeated dose of the same amount of a-GalCer [31].

a-GalCer as Adjuvant for Malaria Vaccines

a-GalCer has been used as an adjuvant to modulate and/or augment protective
immune responses elicited by malaria vaccines. BALB/c mice were immunized i.v.
with irradiated Plasmodium yoelii sporozoites together with a-GalCer, and the levels
of protective anti-malaria immunity was measured by determining the amount of
parasite-specific rRNA in the liver following challenge with live P. yoelii sporozoites.
It was shown that administration of o-GalCer significantly enhanced, in a dose-
dependent manner, the level of protective immunity as the parasite load in the livers
of immunized mice administered with 2 pg of a-GalCer with irradiated P. yoelii
sporozoites was ten times smaller than that in the livers of mice immunized with
irradiated sporozoites alone. However, o-GalCer treatment did not affect the
antimalarial humoral response as the antibody titres were identical among the
groups of immunized mice regardless of whether or not they received
a-GalCer. Strikingly a-GalCer treatment increased the number of IFN-y-secreting
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circumsporozoite protein (CS)-specific CD4* T and CD8" T cells. Subcutaneous
(s.c.) immunization of a-GalCer with recombinant adenovirus expressing the whole
P. yoelii CS protein or recombinant sindbis virus expressing the CD8* T-cell epitope
of the CS protein, significantly enhances the protective immune response induced
by the two different recombinant viruses suggesting that the enhancement of the
cellular immune response by treatment with a-GalCer is independent of the antigen
delivery system (attenuated pathogen or recombinant virus) and the epitope.
a-GalCer treatment failed to increase the number of CS-specific CD8+ T cells
induced by irradiated P. yoelii sporozoites immunization in CD1d-deficient mice
and the number of CS-specific IFN-y-secreting CD8+ and CD4+ T cells in the
irradiated sporozoite-immunized knockout mice lacking the IFN-y receptor (IFN-y
R—/-) demonstrating that the adjuvant activity of a-GalCer was dependent on both
CD1d molecules and on IFN-y production [32].

a-GalCer as Adjuvant for Bacillus anthracis Vaccine

The potency of a-GalCer to augment the efficacy of the current Bacillus anthracis vac-
cine has been investigated. This vaccine consists largely of protective antigen (PA), the
protein of anthrax toxin that mediates entry of edema factor (EF) or lethal factor (LF)
into cells. PA interacts with LF and EF to form lethal toxin (LT) and edema toxin (ET),
which together are referred to as anthrax toxin. PA induces protective antibody-medi-
ated immunity against B. anthracis but has limited efficacy and duration.

C57BL/6, CD1d™~, and Jo.187~ mice were immunized with PA or PA plus
o-GalCer and later boosted with PA alone before determining anti-PA endpoint
titres in serum. PA alone stimulated a strong antibody response in C57BL/6 mice
that was further enhanced three to fourfold by the inclusion of a-GalCer during the
primary immunization and consistent with the lack of CD1d and NKT cells,
a-GalCer had no effect on the antibody titres in the knockout mice. Sera from the
immunized mice were then tested for the ability to neutralize LT in vitro and it was
shown that type I NKT activation with a-GalCer led to an enhanced neutralization
capacity while sera from CD1d” mice immunized with PA plus a-GalCer had a
poor neutralization capacity. While there was some resistance among PA-immunized
C57BL/6 and CD1d™”" mice challenged with a single dose of LT, a second dose of
LT revealed better protection in PA/a-GC-immunized C57BL/6 mice. Using
multiple doses toxin challenge, PA-immunized mice succumbed rapidly to LT,
while PA/a-GalCer-immunized mice were resistant over a period of several months,
demonstrating that NKT activation led to a sustained protective antibody response.
This may be particularly important for the current anthrax vaccine, for which mul-
tiple boosters are required to maintain protection [33].

a-GalCer as Adjuvant for Genital Herpes Vaccine

The efficacy of a-GalCer as a mucosal adjuvant for induction of protective immunity
against genital herpes has been assessed. Intranasal immunization with HSV-2
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glycoprotein D (gD) in combination with o-GalCer elicited strong systemic
gD-specific IgG Ab responses as well as lymphoproliferative responses with a
mixed Th1/Th2 cytokine profile in the spleen, mediastinal lymph nodes, and genital
lymph nodes. Importantly, such an immunization scheme conferred complete
protection against an otherwise lethal vaginal HSV-2 challenge. Similarly, intrav-
aginal immunization with gD plus a-GalCer generated potent gD-specific lym-
phoproliferative and IFN-y responses in the genital lymph nodes and spleen.
Furthermore, the vaginally immunized mice developed a strong systemic and
mucosal IgG antibody response and protection against vaginal HSV-2 challenge. To
ascertain whether the adjuvant effect of a-GalCer was mediated via the CD1d mol-
ecule, C57BL/6 and CD1d”~ mice were immunized i.n. with gD plus a-GalCer
three times. Contrary to the immunized CD1d”~ mice, the immunized C57BL/6
mice showed high gD-specific IgG Ab titres, had no or low viral replication and no
or only mild symptoms of disease with 100% survival demonstrating that the adju-
vant effect of a-GalCer in induction of antibody response and protection against
genital herpes was dependent on the usage of the CD1d molecule [34].

a-GalCer as Adjuvant for Influenza Vaccines

a-GalCer as a Mucosal Adjuvant

The efficacy a-GalCer combined with peptides as a mucosal adjuvant was exam-
ined in several studies; the study by Young et al. showed for the first time that a
single nasal immunization of inactivated virus and o-GalCer is a safe and effective
means of preventing influenza infection. To examine the effect of a single co-admin-
istration with a-GalCer in the early phases of immune responses, BALB/c mice
were immunized with inactivated PR8 alone (1, 10 or 50 pg) or together with 0.5 pg
of a-GalCer via the intranasal route, and challenged with 20 LD50 of live PR8 virus
2 weeks later. Three days after infection, the virus titres in the lung washes from all
mice immunized with inactivated PR8 alone were lower than those in mice immu-
nized with the vehicle or a-GalCer alone, and the reductions were dose dependent.
Mice immunized with a medium dose (10 pg) of inactivated PR8 and a-GalCer
were completely protected against the infection, while those receiving inactivated
PR8 alone were not. When inactivated PR8 was administered alone, a high dose
(50 pg) was required to achieve complete clearance of the live virus. These results
indicate that the single co-administration of o-GalCer as a nasal vaccine adjuvant
can induce protective immune responses against live virus infection in mice even
with reduced dose of inactivated PR8. To assess the PR8-specific humoral immune
responses induced by a-GalCer, the mice were sacrificed 2 weeks after the immu-
nization and serum and lung washes were collected. The levels of PR8-specific IgG
antibodies in serum were significantly higher in the mice immunized with inacti-
vated PR8 alone or together with a-GalCer than in those receiving the vehicle or
o-GalCer alone, and they were increased in a dose-dependent manner.
Co-administration of a-GalCer and 10 pg (but not 50 ug) of inactivated PR8
increased IgG levels significantly, and in a small dose (1 pg) inactivated PR8 regime,
the small amount of antigen did not elicit a sufficient specific antibody response and
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so the adjuvanticity of o-GalCer was not clearly observed. However, mice
co-immunized with 10 pg or 50 pg of inactivated PR8 together with a-GalCer
produced significantly higher levels of IgA Abs in lung washes than did those
immunized with the same dose of inactivated PR8 alone. The levels of IgG1 were
remarkably higher in the mice co-immunized with inactivated PR8 and a-GalCer
than in those with 1 and 10 pg of inactivated PRS8 alone indicating that a single
intranasal immunization with inactivated PR8 and o-GalCer induced both mucosal
and systemic Ab responses that were slightly biased toward Th2-type responses by
some of the dose regimens. The levels of PR8-specific IgG Abs in serum were
higher at 3 months post-immunization than at 2 weeks and mice co-immunized with
a-GalCer had significantly higher levels of IgA antibodies in lung washes than did
those immunized with inactivated PR8 alone 3 months after a single nasal adminis-
tration. In addition, IL-4 and IL-5 cytokine productions by lymphocyte-derived
spleen and cervical lymph were significantly higher in the group of mice co-immu-
nized with o-GalCer than in those receiving inactivated PR8 alone for all doses,
while, IFN-y production was significantly lower in mice given nasal inactivated PR8
and a-GalCer than in mice given nasal inactivated PR8 alone. Consistent with the
ratio of serum IgG subtypes, these cytokine profiles demonstrated that the immune
responses against inactivated PR8 were biased toward Th2-type responses by the
a-GalCer vaccine adjuvant. Interestingly, spleen cells from the mice immunized
with inactivated PR8 and a-GalCer elicited distinct CTL responses against virally
infected cells, while those receiving inactivated PR8 alone did not, indicating that
the mice co-immunized with inactivated PR8 and a-GalCer induced cell-mediated
responses against inactivated PRS8. Altogether, this study demonstrated that
a-GalCer is a safe and appropriate mucosal adjuvant that not only potentiated the
immunogenicity of inactivated virus vaccine, but also had positive effects on the
mortality of immunized mice against lethal viral infection [35].

In the study by Miller et al., a-GalCer was combined with peptides designed
across the highly conserved influenza precursor haemagglutinin [HA(0)] cleavage
loop, as a vaccine. Peptides designed across the HA(0O) of influenza A/H3N2
viruses, delivered to mice via the intranasal route with a-GalCer as an adjuvant,
provided 100% protection following H3N2 virus challenge. Similarly, i.n. inocula-
tion of peptides across the HA(0) of influenza A/H5N1 with a-GalCer com-
pletely protected mice against heterotypic challenge with H3N2 virus. Results of
these studies demonstrated that HA(O) peptides adjuvanted with o.-GalCer have the
potential to form the basis of a synthetic, i.n. influenza vaccine [36].

The efficacy of nasal vaccination with o-GalCer as a mucosal adjuvant for the
induction of protective immunity against nontypeable Haemophilus influenzae
(NTHi), a major pathogen of otitis media and other upper respiratory tract diseases
was investigated in the study of Noda et al. Mice were immunized i.n. on days 0,
7, and 14 with the P6 outer membrane protein of NTHi, and 2 pg of a-GalCer. On
day 21, the number of CD11c+ DCs and NKT cells was investigated; CD11c+ DCs
and the number of a-GalCer-CDI1d tetramer-positive NKT cells significantly
increased in the nasal-associated lymphoid tissue (NALT) of the P6+ oa-GalCer
treated mice. The level of IgA antibodies in nasal washes and IgG antibodies in the
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serum was also significantly elevated as well as P6-specific IgA-producing cells.
IFEN-y-, IL-4-, and IL-6-producing cells were investigated, and the increase of these
cytokine-producing cells was shown in nasal passages and spleens of the P6 + a.-Gal-
Cer group. Following i.n. challenge of mice with live NTHi, enhanced NTHi clear-
ance was observed in the groups of P6 and P6 a-GalCer treated mice, as indicated
by reduced numbers of live NTHi in nasal washes, but the effect of nasal immuni-
zation was most potent in the P6+ a-GalCer group. This study demonstrated that
a-GalCer was an effective mucosal adjuvant and that co-administration with 2 g
of a-GalCer might be an optimized dose for the induction of P6-specific protective
immunity [37].

a-GalCer Adjuvant in Subcutaneous Immunization

The adjuvant effect of a-GalCer administered subcutaneously to enhance protective
efficacy of inactivated (i) influenza A virus (IAV) has also been investigated. Mice
were injected s.c. with iIAV together with 1 pg of a-GalCer or PBS and sampled
7 days later to measure virus-specific CTL responses directly ex vivo. The primary
response to the nucleoprotein (NP) peptide DbNP366 was clearly dominant in both
spleen and draining lymph nodes (LN). Surprisingly, mice that were vaccinated
with {IAV and a-GalCer together displayed significantly reduced percentages of
DbNP366 compared with those given ilAV. Repeated immunization of i/IAV + a-Gal-
Cer one to three times at 2-week intervals did not boost DbNP366-specific CD8+ T
cell numbers 7 days after the last vaccination, and in fact, the CTL response was
diminished by the a-GalCer treatment. However, in contrast to the early (day 7)
time point, a significant increase in the proportion and number of DbNP366-specific
memory CTLs was observed in mice given i[AV +a-GalCer 6 weeks following
vaccination. Interestingly, the diminished effector magnitude at the acute time point
correlated with an increased ratio of CD62Lhi to CD62L1o DbNP366-specific T
cells, but there was no difference in this CD62Lhi to CD62Llo ratio at the memory
time point. As such, a-GalCer +iIAV apparently favours the generation of the “cen-
tral memory” cells (TCM) set early after vaccination, contributing to an increased
pool of memory T cells. The extent of NKT cell activation following o-GalCer
administration was also evaluated using a-GalCer-loaded CD1d tetramer, and a
week after the a-GalCer treatment, both the percentage and absolute numbers of
NKT cells were significantly increased. To determine if the a-GalCer effect was
mediated via NKT cell activation, NKT-deficient CD1d—/— or wild-type CD1d+/+
mice were vaccinated with i/IAV + a-GalCer. The DbNP366-specific CTL response
was then analyzed at acute (d7) and memory (d42) time points, and, as expected,
there was a diminished CTL response in wild-type mice after iIAV +a-GalCer
administration compared with /[AV alone, while effector DbNP366—speciﬁc CTL
responses were significantly greater in the CD1d~- mice irrespective of a-GalCer
treatment, suggesting that a-GalCer-induced NKT cell activation impairs the devel-
opment of acute, i[AV-induced CTL responses in normal mice. To investigate
whether a-GalCer augmentation of CTL memory enhances recovery following
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heterologous IAV infection, mice were primed with ;IAV PR8 (HIN1) + a-GalCer
and challenged i.n. with H3N2 TAV at least 6 weeks later. Secondary i.n. challenge
with A/H3N2 of iPR8 IAV-primed mice resulted in a large recall response 8 days
after infection and the DbNP366-specific recall response was significantly greater
in both the mediastinal lymph node (MLN) and the respiratory tract airways
(isolated by bronchoalveolar lavage) of mice vaccinated with iPR8+ a-GalCer
compared with mice primed with iPR8 alone. This result suggested that a.-GalCer
co-administration with iIAV augments the recall CTL response to heterologous IAV
challenge, presumably as a consequence of the increased numbers of CTL memory
precursors. In addition, mice that received iPR8+a-GalCer showed evidence of
significantly enhanced virus clearance on days 5 and 6 following i.n. challenge with
the H3N2 TAV 6 weeks after vaccination. Mechanistically, it was shown that the
decrease in the acute IAV-specific CTL responses in iIAV +a-GalCer-immunized
mice was not reflecting impaired DC function as a-GalCer induced up-regulation of
costimulatory molecules on DC of the immunized mice, but rather reflected
increased Indoleamine 2,3-dioxygenase (IDO) expression. NKT cell-derived IFN-y
induced increased IDO expression, which in turn inhibited the full expansion and
maturation of the acute CTL effector response after iIAV + a-GalCer priming. It was
suggested that a-GalCer-induced inhibition of acute CTL effector generation and
a-GalCer-increased memory CTL cells may reflect independent mechanisms. In
fact, the o-GalCer treatment was associated with increased bcl-2 expression in
CD44+CD8+ CTLs (memory phenotype) compared with the same population from
mice that received i[AV alone. This a-GalCer-dependent increase in bcl-2 levels
was observed in both the spleen and the draining LN supporting the notion that
a-GalCer promotes CTL survival and development into long-lived memory by
inducing the expression of survival genes [38].

2.2.2 Clinical Experience with Free o-GalCer as a Drug

Three studies have evaluated the efficacy of free a-GalCer over a wide variety of
ranges as a monotherapy against cancer and infectious diseases, but not in the adjuvant
setting. However, these studies give indications on the safety and iNKT activation
following administration of free a-GalCer in the clinic.

2.2.2.1 Patients with Refractory Solid Tumours

A dose escalation of KRN7000 (c-GalCer) was studied in advanced cancer. Patients
with refractory solid tumours received i.v. KRN7000 (50—4,800 pg/m?) on days 1,
8, and 15 of a 4-weekly cycle. Patients with solid tumours were given one cycle and,
in the absence of dose-limiting toxicity or progression, treatment was continued.
The major end point of this study was to identify the maximum tolerated dose
(MTD) and the optimal biologically active dose (OBAD) of KRN7000. No serious
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drug-related adverse events occurred during this study. One patient on dose level 1
developed grade 3 fever (temperature up to 40.1 °C and prophylactic paracetamol
was used thereafter). One patient on dose level 6 experienced transient flush imme-
diately after injection, which occurred after each administration. On dose level 7,
one patient experienced sneezing during each drug administration. Importantly,
although KRN7000 can induce liver toxicity in mice, no signs of KRN7000-induced
liver toxicity were found; however, the MTD could not be identified. It was shown
that the number of circulating NKT cells in cancer patients was significantly lower
than that of healthy volunteers. The NKT cells in the peripheral blood (PB) in the
NKT-high group decreased to undetectable levels within 24 h after the first admin-
istration of KRN7000 at all dose levels, and recovery to the preadministration levels
was not observed within a week. Here, only one patient (patient 3 on the first cohort),
who had a relatively high pretreatment NKT cell count, showed a faint but detect-
able increase in serum of IFN-y at 6 h after the first KRN7000 administration and an
increase in serum IL-12 peaking 8 h after KRN7000 administration while these
cytokines were never observed in the NKT-low group. In the NKT-high group, five
of ten patients showed an increase in both GM-CSF and/or TNF-a levels, peaking
4-6 h after KRN7000 injection and amongst of these, patient 3, who experienced
severe fever after the first administration of KRN7000, also developed the highest
levels of GM-CSF and TNF-a. In contrast, in the NKT-low group, only slight
fluctuations of GM-CSF and TNF-a serum levels were seen after KRN7000 admin-
istration. Two patients were not evaluable for the antitumour response: one received
only one cycle, and the general conditions deteriorated, preventing treatment con-
tinuation and tumour evaluation; in the other patient, the tumour could not be prop-
erly assessed. No partial or complete responses were observed; 7 stabilizations for
a median of 123 days (range, 83-216 days) and 15 tumour progressions were
recorded. In conclusion, this phase I study of KRN7000 did not reach the MTD and
did not record substantial toxicities across a broad range of doses. Moreover, no
OBAD was defined, despite a very intensive immunological monitoring in all of the
patients included in the study [39]. Results of this study strongly suggested other
therapeutic strategies aiming at reconstitution of the deficient NKT cell population
in cancer patients.

2.2.2.2 Patients with Chronic Hepatitis B Infection

In a dose-escalating phase I/II trial aiming at investigating the safety, tolerability
and the antiviral effect of a-GalCer as a novel class of treatment of patients with
chronic hepatitis B infection, patients were randomly assigned to 0.1 pg/kg (n=8),
1 pg/kg (n=06) or 10 pg/kg (n=06) a-GalCer or placebo (n=7) treatment. This phase
I/TI dose-escalation trial was performed in a randomized, double-blind and placebo-
controlled manner. After completion of 8 weeks of treatment, with injections at 0,
4, and 8 weeks, patients were monitored without further therapy for an additional
16 weeks.
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At baseline, the number of circulating NKT (CD3* Va24* VB11* or a-GalCer
CD1d-tetramer staining) did not significantly differ between the groups. The first
administration of a-GalCer induced a rapid decrease in circulating NKTs in all
dose levels, which was followed by a recovery of NKT numbers. Although
less pronounced, this decrease in NKT numbers was also observed after the sec-
ond and third administration of a-GalCer. Furthermore, albeit not significantly
different, the number of NKTs was still decreased at the end of treatment (EOT,
day 84) and approached baseline levels at the end of follow-up (EFU, day 168).
The NKT numbers in patients receiving placebo did not significantly differ during
the study. Of note, all patients exhibiting high baseline NKT levels who received
>1 pg/kg a-GalCer developed fever and severe rigours 1 h to 2 days after drug
administration. NKT subset analysis in these patients revealed that after the first
administration of a.-GalCer, the proportion of CD4* NKTs decreased and the pro-
portion of CD8* NKTs increased. a-GalCer treatment significantly changed the
number of NK cells 2 days post-injection; in patients receiving 0.1 or 1 pg/kg
a-GalCer, NK cell numbers significantly decreased whereas the highest dosage
induced an increase in NK cells. Activated NK cells, defined as CD69* cells, were
observed in all treated patient groups, but the most pronounced increase in CD69-
expressing NK cells was observed in patients with high NKT numbers at baseline.
Significant differences in circulating T-cells and DCs were not observed. Cytokine
levels remained undetectable in the patient group with low NKT numbers; how-
ever, in five of nine patients with high NKT levels, a transient increase in TNF-a
was observed. The patient exhibiting the highest TNF-a level (35 pg/ml) experi-
enced severe fever shortly after a-GalCer administration. In addition, the patients
exhibiting a period of fever shortly after a-GalCer administration demonstrated
an increase in IL-6 from 2+3 pg/ml at baseline to 719 +906 pg/ml 4 h after drug
administration that returned to baseline levels at day 2. No detectable levels of
IFN-y, IL-1B, IL-10, IL-5 and GM-CSF were observed in serum of those patients.
No significant decreases in HBV DNA following the first administration of a-Gal-
Cer were observed in any of the three dosages groups. There were also no clear
and significant differences in the alanine aminotransferase (ALT) values over time
in the three different dose levels of a-GalCer-treated patients compared with pla-
cebo. Four a-GalCer-treated patients discontinued therapy early because of an
episode of fever shortly after drug administration. All these episodes resolved
spontaneously. These side effects limited further development of treatment with
a-GalCer in chronic hepatitis B patients [40]. Results from this trial suggested
that higher dosage of a-GalCer might be more effective, but will be probably
limited by its side effects.

2.2.2.3 Patients with Chronic Hepatitis C Infection
The safety and the antiviral activity of a-GalCer as a novel class of treatment of

chronic hepatitis C patients was investigated. Forty patients were randomly assigned
toadose of 0.1 pg/kg (n=9), 1 ng/kg (n=9), 10 pg/kg (n=11) or to placebo (n=11).
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Small decreases in HCV RNA directly following the first administration of a.-GalCer
was frequently observed but not in the placebo group. At the end of treatment and
at the end of follow-up no statistically significant changes in HCV RNA were
observed in either group. Among patients with high baseline iNKT cell levels (NKT
cells >1,000 NKT cells/10° T cells) of whom six received a-GalCer no statistically
significant changes in HCV RNA were found.

There were no significant changes in mean ALT levels among treated patients
compared to the placebo group. At the end of follow-up, one patient in dose level
1 and one patient in the placebo group had normal ALT levels. There was no
significant effect of a-GalCer on IFN-a- and IL-5 levels, and no statistically
significant changes in serum levels of IFN-y were observed in any of the treatment
groups analyzed as a whole. Similarly, no statistically significant changes in serum
levels of TNF-a were observed in dose levels 1, 2 and the placebo group. In dose
level 3 there was a small overall increase in serum TNF-a levels after 4 h that
returned to baseline levels at day 2. a-GalCer induced a reproducible increase in
IFN-y and TNF-a levels in several individual patients and the maximum increase
in serum TNF-o occurred in the patient with the highest baseline iNKT cell count
(6,885 INKT cells/10° T-cells). This patient showed a marked decrease in HCV
RNA compared to baseline after the first administration of o-GalCer that was
accompanied by a rise in serum ALT levels, suggestive of an immune response to
HCV-infected hepatocytes. However, although the second administration of
a-GalCer also led to high serum levels of both TNF-a and IFN-y in this patient,
no reduction in HCV RNA load was observed after the second administration, and
only a minor reduction in HCV RNA load was observed after the third
administration.

Concerning iNKT cells, NK and T cells, the first administration of a-GalCer
resulted in a rapid and significant decrease in circulating iINKT cells (staining
with monoclonal antibodies against TCR Va24 and VP11 chains or a-GalCer
CDl1d-tetramer) in all dose levels which was followed by a recovery of iNKT cell
numbers, but not in the placebo group. While the proportion of CD4+ iNKT cells
was not significantly altered, the proportion of DN iNKT was significantly
decreased and the proportion of CD8* iNKT cells significantly increased. The
second and third administration of a-GalCer did not result in any significant
changes in the contribution of each iNKT cell subset to the total iINKT cell pool.
Both the first and second administration of a-GalCer, but not placebo, resulted in
a significant decrease in the number of circulating T cells that was caused by a
decrease in both CD4* and CD8"* T cells and no statistically significant changes
were found in the expression of CD69 on T cells.

All reported adverse events in this study were scored grade I. None of the
patients discontinued treatment because of adverse events and no serious
adverse events related to the study drug occurred. In addition, there were
no significant changes in mean ALT levels among treated patients compared to
the placebo group. In conclusion, a-GalCer used as monotherapy in doses of
0.1-10 pg/kg in this study was safe and it exerts moderate immunomodulatory
effects [41].
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2.3 Preclinical and Clinical Experience with Glycolipid-Loaded
or Transduced Cells

2.3.1 Preclinical Experience with o-GalCer-Loaded
and oa-GalCer-Transduced Cells

2.3.1.1 o-GalCer-Loaded Tumour Cells

Some studies have indicated that tumour cells are capable of presenting a-GalCer
on CD1d molecules and elicit combined NKT and NK responses. Even though the
tumour cells lacked expression of CD40, CD80, and CD86 costimulatory molecules,
the i.v. injection of tumour cells loaded with a-GalCer (tumour/Gal) resulted in
IFN-y secretion by NKT and NK cells that was comparable to or better than
a-GalCer-loaded DCs (DC/Gal). Tumour cells that expressed low levels of endog-
enous CD1d, or were transduced to express higher levels of CD1d in a stable fashion
when loaded with a-GalCer, failed to establish tumour upon i.v. injection, and the
resistance against tumour cells was independent of CD4* and CD8* T cells but
dependent upon NKT and NK cells [42]. However, mice injected s.c. with B16/Gal
and with tumour cells that had been transfected to express high levels of CD1d and
loaded with a-GalCer (CD1d"-B16/Gal) and mice given DC/Gal i.v. were not
protected against B16 challenge s.c. Unexpectedly when mice were injected with
transfected CD1d"-B16/Gal i.v. and then challenged s.c. 2 weeks later with B16
tumour cells, all the mice became resistant to B16 tumour, and several tumours
induce resistance when exposed to a.-GalCer and injected i.v. This resistance proved
to be T-cell mediated as CD47~ and CD8~ mice did not develop resistance to a
subsequent s.c. challenge with B16 tumour cells. In addition, vaccination with
CD1d"-B16/Gal tumour cells i.v. induced CD8* T cells specific for defined mela-
noma differentiation antigens such as peptides from the gp100, tyrosinase-related,
and dopachrome tautomerase (DCT)/tyrosinase-related protein 2 (TRP-2) antigens,
in relatively low doses into mice. a-GalCer-loaded tumour cells were superior
inducers of T-cell immunity than DCs, as DCs coated with peptide with or without
a-GalCer were poorly immunogenic when given by the i.v. as well as the s.c. route,
while EL4(OVA) tumour cells induced stronger immunity if the cells were loaded
with a-GalCer and injected i.v. but not when given s.c. The response to tumour/Gal
was entirely dependent on the presence of Va14* NKT cells as indicated with the
appropriate knockout mice. Mechanistically, it was demonstrated that tumour/Gal
induced adaptive immunity through the capture and cross-presentation of glycolipid
by DCs in vivo. The ensuing presentation of glycolipid by DCs to NKT cells induce
DC differentiation or maturation, and the maturing DCs will then be able to trigger
the adaptive T-cell immunity, resulting in long-term T-cell resistance to the tumour.
[43]. Shimizu et al. also demonstrated that a-GalCer-loaded human leukemic cell
lines and primary leukemic cells as well as human dendritic cells (DCs) loaded with
a-GalCer (hDC/Gal) injected into C57BL/6 mice have the capacity to stimulate
murine NKT cells in vivo [44].
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2.3.1.2 «a-GalCer-Loaded Myeloid-Derived Suppressor Cells

A study has investigated whether myeloid-derived suppressor cells (MDSCs) or
even monocytes can enhance immunity with the help of activated NKT cells.
Immature myeloid cells (also called MDSC), macrophages, granulocytes, immature
dendritic cells, monocytes, and other myeloid cells in early differential stages
(which are known to be accumulated in the blood, spleen, and bone marrow of
tumour-bearing mice and cancer patients) were tested as APCs for a cellular
vaccine. These cells have phenotypical similarity with inflammatory monocytes and
may be differentiated from the same precursors as monocytes. Immunization of
mice with a-GalCer-loaded monocytes presenting Her-2/neu, ., peptide (Mo/
hP63/aGC), but not with a-GalCer-unloaded monocytes presenting Her-2/neu, .,
peptide (designated Mo/hP63), induced significant levels of CTL responses against
the Her-2/neu, ., peptide, as did bone marrow-derived DC (BmDC). To test the
antitumour effect elicited by the manipulated monocyte vaccine, BALB/c mice were
injected i.v. with 2 x 105 cells of Her-2/CT26 tumour on day 0, followed by vaccination
onday 1. Although both Mo/aGC and Mo/hP63/0.GC induced significant antitumour
activity, Mo/hP63/aGC led to a significant extension in mean survival time of
tumour-challenged mice as compared to Mo/aGC-treated mice. To assess whether
a monocyte-based vaccine expressing whole tumour Ag instead of peptide could
also induce antitumour immunity, mice were immunized with an adenovirus
(AdHM) expressing Her-2/neu tumour antigen on the cell surface of monocytes.
Mo/AdHM/aGC-immunized group showed a significant increase in survival over
the group immunized with Mo/AdHM or Mo/aGC demonstrating that vaccination
of mice with a-GalCer-loaded monocytes presenting a tumour Ag induced strong
Ag-specific CTL responses and successful antitumour immunity against circulating
metastatic tumour cells. In addition, MDSCs loaded with Ag peptide and aGalCer
(MDSC/hP63/a.GC) induced significantly higher hP63-specific cytolysis than that
observed in MDSC/hP63-immunized mice, and increased protection against the
development of Her-2/CT26 metastases. Vaccination with MDSC/hP63/aGC led to
a significant extension in survival time, one that was comparable to the antitumour
effect of bone marrow-derived DCs loaded with hP63 and a-GalCer (BmDC/
hP63/aGC) and while BmDC/hP63 vaccination induced strong CTL activity in
itself, MDSC-based vaccine required a.-GalCer loading to generate successful CTL
activity in vivo. Mice vaccinated with MDSC/AdHM/aGC showed significantly
higher resistance to tumour challenge than those immunized with MDSC/AdHM,
and depletion of Treg cells significantly increased the antitumour effects of the
MDSC vaccine. It was shown that a-GalCer loading did not increase the CTL activity
of the MDSC/OVA peptide,, ,, (designated MDSC/pep) vaccine in CD1d™”" mice
as it had done in C57BL/6 wild-type mice suggesting that a-GalCer-loaded MDSCs
induced NKT cell activation even in tumour-bearing mice and that activated NKT
cells augmented Ag-specific CTL responses induced by MDSC immunization.
Depletion experiments showed that both CD8* T cells and NK cells are necessary
for the induction of antitumour effects by the a-GalCer-loaded MDSC vaccine and
that NKT cell activation by a-GalCer in MDSC-based vaccine can compensate the
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helper function of CD4* T cells for the generation of successful antitumour CTL
activity in the absence of CD4* T cells. The characteristics of transformed MDSC
after activation by NKT cells were checked by assessing the phenotypes and
maturation of MDSC in vivo. a-GalCer-loaded MDSCs increased the expression of
CDS86, demonstrating the shift of MDSCs into activated APCs after stimulation by
activated NKT cells. The influence of MDSC vaccine on CTL responses was
investigated in an established tumour-suppressive environment and results demon-
strated that MDSC/pep/aGC treatment significantly enhanced the Ag-specific IFN-y
secretion even in tumour-bearing mice. This study suggested that MDSC vaccines
induced Ag-specific CTLs when loaded with a.-GalCer rather than suppressing CTL
function and that a-GalCer-loaded MDSC vaccine could be immunogenic for CD4*
T cells rather than increasing regulatory T cells [45].

2.3.1.3 o-GalCer-Loaded B Cells

Although resting B cells are known for being poorly immunogenic and for inducing
T-cell tolerance, studies have attempted to test the efficiency of a-GalCer-loaded,
peptide-pulsed B cells in generating cytotoxic immunity and antitumour activity. In
vitro, a-GalCer-loaded B cells (B/a-GalCer) efficiently stimulated NKT hybridoma
(DN32.D3) cells to produce interleukin (IL)-2, equalling the rate of the DC group of
IL-2 production when at higher ratios to the hybridoma. In vivo, i.v. injection of B/a-
GalCer into syngenic mice stimulated NKT to produce IFN-y whereas B/vehicle did
not. The characteristics of B cells after injection were checked and high levels of
CD86 but not CD80 expression were induced within 24 h on B/aGalCer. The B-cell-
based vaccine approach induced long-lasting memory cytotoxic immunity as only the
B/o-GalCer/peptide (ovalbumin,,, . )-treated group completely lysed peptide-pulsed
targets even 5 weeks after a single vaccination and showed a significant increase in the
number of IFN-y-producing CD8* T cells against the peptide compared to C57BL/6
mice vaccinated with B alone, B/a-GalCer, or B/peptide. It was shown that B/a-
GalCer/peptide was as efficient as DC/a-GalCer/peptide in generating cytotoxicity
and that the CTL immunity required both CD8+ T and NKT cells but not CD4+ T or
NK cells. This study also demonstrated that B cells act as real APCs rather than pep-
tide reservoir, and the loading of a-GalCer and peptide on the same B cell was required
for CTL generation, as i.v. vaccinated C57BL/6 mice with B/a-GalCer plus B/pep
failed to generate in vivo cytotoxicity contrary to i.v. injected mice with B/a-GalCer/
peptide. Vaccination with B/a-GalCer/peptide also generated antitumour immunity in
both prophylactic and therapeutic settings. Indeed, following vaccination before s.c.
transplantation of ovalbumin-transfected B16 melanoma (MO-5), a slightly delayed
pattern of tumour growth was observed in mice vaccinated with B/a-GalCer, although
all mice finally developed tumours while, no mice receiving B/a-GalCer/peptide, DC/
peptide, or DC/a-GalCer/peptide developed tumour growth.

To examine whether these mice established long-term antitumour activity, the
surviving mice were re-challenged s.c. with MO-5 tumours 70 days after the first
tumour inoculation. Tumour growth was not observed in those mice, showing that
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vaccination with B/a-GalCer/peptide established memory immunity against the
tumour. In the therapeutic model, mice were vaccinated (a) 1 or (b) 9 days after s.c.
transplant when tumours had become palpable. In the 1-day model, vaccination
with DC/peptide, DC/aGalCer/peptide or B/aGalCer/peptide almost completely
suppressed tumour growth. In the 9-day model, none of these vaccinations
completely destroyed the growing tumour due to the aggressive nature of the B16
melanoma. However, in mice vaccinated with B/aGalCer/pep, tumour growth was
less pronounced than in “B alone” group of mice and resembled that observed in the
DC/pep-vaccinated or DC/aGalCer/pep-vaccinated group. This B-cell-based
vaccine regimen was then applied to HER-2/neu tumour antigen. Again, a significant
level of HER-2/neu-specific cytotoxicity in vivo was observed in mice given a-Gal-
Cer-loaded HER-2/neu, . -pulsed B cells. After i.v. or s.c. tumour inoculation with
HER-2/neu-expressing colon carcinoma (CT26-HER-2/neu), all mice vaccinated
with B/a-GalCer/peptide (HER-2/neu, . -pulsed B/a-GalCer) survived the dura-
tion of the experiment, showing that a B-cell-based vaccine regimen proved to be as
effective as DC-based vaccines in generating both prophylactic and therapeutic
antitumour immunity [46].

2.3.1.4 o-GalCer-Loaded Antigen-Transduced B Cells

To extend the B-cell vaccine approach to the whole antigen, and to overcome the
MHC restriction, a non-replicating adenovirus was used to transduce B cells with an
antigenic gene. Primary B cells transduced with an adenovirus-encoding truncated
Her-2/neu (AdHM) efficiently expressed Her-2/neu. Compared with the moderate
antitumour activity induced by vaccination with adenovirus-transduced B cells (B/
AdHM), vaccination with a-GalCer-loaded B/AdHM (B/AdHM/o-GalCer) induced
significantly stronger antitumour immunity, especially in the tumour-bearing mice.
The depletion study showed that CD4+, CD8+, and NK cells were all necessary for
the therapeutic immunity. Confirming the results of the depletion study, B/AdHM/a.-
GalCer vaccination induced cytotoxic NK cell responses but B/AdHM did not.
Vaccination with B/AdHM/o-GalCer generated Her-2/neu-specific antibodies more
efficiently than B/AdHM immunization, and B/AdHM/a-GalCer could prime
Her-2/neu-specific cytotoxic T cells more efficiently and durably than B/AdHM.
CD4+ T cells appeared to be necessary for the induction of antibody and CTL
responses. This study demonstrated that with the help of NKT cells, antigen-trans-
duced B cells efficiently induce innate immunity as well as a wide range of adaptive
immune responses against the tumour, suggesting that they could be used to develop
a novel cellular vaccine [47].

2.3.1.5 Allogeneic Fibroblasts Transfected with Antigen-Encoding mRNA,
Loaded with a-GalCer

In this study, allogeneic fibroblasts transfected with mRNA encoding tumour anti-
gen were used as a source of antigen, an approach that could be clinically useful in
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situations where access to autologous tumour is limited or where response to a
specific tumour antigen is desired. In these experiments NIH3T3 fibroblasts were
selected as expression of OVA protein by OVA mRNA-transfected NIH3T3 was
similar to that of the parental B16 transfectants. Parental B16 melanoma cells and
NIH3T3 cells expressed lower levels of CD1d than bone marrow-derived DCs, and
stable variants that had been transduced with a retrovirus expressing high levels of
murine CD1d were established as previously (CD1d"-NIH3T3).

To monitor the in vivo antigen-presenting capacity of transfectant fibroblasts,
OVA mRNA transfectants were loaded with or without o.-GalCer and given to mice
that had received an injection of OT-I cells. Mice given a-GalCer-loaded, OVA
mRNA-transfected CD1d"-NIH3T3 (CD1d"-NIH3T3/Gal-OVA) showed greater
OT-I cell proliferation than mice given OVA mRNA-transfected CD1d"-NIH3T3
(CD1d"-NIH3T3-OVA). Thus, CD1d"-NIH3T3/Gal-OVA were able to generate
OT-I cellular proliferation in vivo, suggesting cross-presentation by endogenous
DCs in the allogeneic hosts.

The capacity of allogeneic cells with or without a-GalCer to stimulate the innate
immune system in vivo was measured. NK cell responses were analyzed by flow
cytometry for the expression of CD69 and IFN-y 16 h after immunization. NK cells
up-regulated CD69 and secreted IFN-y in mice given CD1dhi-NIH3T3/Gal and
only a weak allogeneic response was seen in NK cells from mice injected with
NIH3T3- or CDI1dhi-NIH3T3. NKT-cell activation was analyzed in an IFN-y
ELISPOT assay following restimulation of spleen cells with or without a-GalCer.
The number of IFN-y-producing spots in NIH3T3/Gal- or CD1dhi-NIH3T3/
Gal-injected mice was similar to B16/Gal or CD1dhi-B16/Gal indicating that
CD1dhi-NIH3T3/Gal as well as CD1dhi-B16/Gal act as antigen-presenting cells for
innate iINKT-cell and NK cell responses in vivo.

To assess antitumour effects, a B16 melanoma lung metastasis model was used
in which resistance to the establishment of lung metastases mainly depends on NK
and iINKT cells. Mice given allogeneic fibroblasts without a-GalCer 3 h following
challenge readily developed lung metastases while this did not occur in mice given
NIH3T3/Gal or CD1d"-NIH3T3/Gal. Jo.18~~ mice, which do not have iNKT cells,
did not demonstrate this resistance to tumour metastases, indicating that the activation
of innate lymphocytes by NIH3T3/Gal or CD1d"-NIH3T3/Gal in vivo was sufficient
to block the establishment of lung metastases.

DCs from mice immunized with NTH3T3/Gal or CD1d"-NIH3T3/Gal i.v. showed
changes consistent with DC maturation, but not DCs from animals immunized with
NIH3T3 cells or CD1d"-NIH3T3. The indications of DC maturation were ablated
in Jo18-deficient mice indicating /INKT cells were necessary for DC maturation.
These results suggested that DCs began to mature soon after injection of allogeneic
fibroblasts loaded with a-GalCer. The glycolipid loaded on fibroblasts activated
iNKT cells (directly and indirectly after capture by host DCs), which in turn matured
the DCs.

To study the importance of iINKT-cell activation and CD1d-expressing fibroblasts
in the induction of OVA-specific T-cell responses, mice were immunized with variations
of parental or CD1d"-NIH3T3 cells transfected with OVA mRNA: NIH3T3-OVA,
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NIH3T3/Gal-OVA, CD1d"-NIH3T3-OVA, and CD1d"-NIH3T3/Gal-OVA. The number
of OVA-tetramer-positive cells increased in mice given NIH3T3/Gal-OVA or CD1d"-
NIH3T3/Gal-OVA, but not in mice given NIH3T3-OVA or CD1d"-NIH3T3-OVA,
and this did not occur when Jou18-deficient mice were used as recipients. Mice immu-
nized with CD1d"-NIH3T3/Gal-OVA generated higher number of OVA,_, ., peptide-
specific T cells than mice given NIH3T3/Gal-OVA. When comparing the magnitude
of T-cell responses after priming with the NKT-cell ligand a-GalCer versus ligands of
NK cells, a-GalCer-loaded, antigen-carrying fibroblasts led to a stronger immune
response by linking innate and adaptive immunity in naive mice.

To evaluate whether the T-cell response in mice immunized with CD1d"-NIH3T3/
Gal-OVA can lead to antitumour immunity, mice were challenged s.c. with EL4 thy-
moma or OVA-expressing EL4 (EG7) 2 weeks after i.v. immunization with NIH3T3-
OVA, CDIdM-NIH3T3-OVA, NIH3T3/Gal-OVA, or CDI1d"-NIH3T3/Gal-OVA.
Protection against tumour development after s.c. inoculation requires CD4* and CD8*
T-cell responses. Antitumour effects in mice given CD1d"-NIH3T3/Gal-OVA were
shown against EG7, but not EL4, indicating tumour-specific immune response, and
the vaccination failed to provide the protective effect in mice immunized with NIH3T3/
Gal-OVA, NIH3T3, CD1d"-NIH3T3-OVA, or CD1d"-NIH3T3/Gal.

This concept was then applied to real tumour models by immunizing mice with
CD1d"-NIH3T3/Gal cells transduced with mRNA encoding the melanocyte differ-
entiation antigen, tyrosinase-relating protein 2 (trp2). Adaptive antitumour responses
to injected trp2-encoding mRNA-transfected CD1d"-NIH3T3/Gal were assessed.
When the mice were given s.c. challenge of B16 melanoma cells 2 weeks later to
assess antitumour protection, growth of B16 tumour cells was inhibited in mice that
received i.v. immunization of CD1d"-NIH3T3/Gal-trp2 but not CD1d"-NIH3T3-
trp2 or CD1d"-NIH3T3/Gal, and none of the immunized mice demonstrated any
antitumour immunity against EL4 thymoma cells. The effect of immunization with
trp2-encoding mRNA-transfected CD1d"-NIH3T3/Gal on established s.c. B16
tumours was assessed. Mice were injected with B16 cells s.c. then i.v. with CD1dhi-
NIH3T3/Gal-trp2 cells on days 5 and 12, and tumour size was evaluated. Inhibition
of tumour growth was seen in immunized mice until day 20, although no mouse
demonstrated complete rejection of the tumour. Thus, glycolipid-loaded, mRNA-
transfected allogeneic fibroblasts act as cellular vectors to provide iNKT-cell activation,
leading to DC maturation and T-cell immunity [48]

2.3.1.6 o-GalCer Transduced in Live Vectors

The adjuvant effect of a-GalCer transduced in live vectors has been also evaluated.
An approach for stably incorporating a-GalCer and its analogue o-C-GalCer into
live BCG organisms was developed, and the impact of this on the stimulation of
T-cell responses and protective immunity evaluated. For the initial assessment of the
biological activity of iINKT cell-activating glycolipids incorporated into live BCG,
a standard iNKT cell hybridoma stimulation assay was used. The DCs infected with
glycolipid-modified BCG preparations strongly stimulated IL-2 production by
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iNKT cell hybridoma cells in comparison with DCs infected with unmodified BCG,
indicating that the incorporated glycolipids could be presented by CD1d molecules.
The activity of a-GalCer/BCG or a-C-GalCer/BCG for stimulation of a human
iNKT cell clone in culture with infected monocyte-derived human DCs was also
tested and results demonstrated that a-GalCer/BCG was strongly stimulatory toward
human iNKT cells and activated their secretion of IFN-y, TNF-a, and IL-13 at relative
levels comparable to those obtained with addition of free a-GalCer. To determine
the in vivo activity of the glycolipids incorporated stably into live BCG, serum
cytokine levels were measured at various time points after i.p. injection of
a-GalCer/BCG into C57BL/6 mice. a-GalCer/BCG was clearly active in vivo and
induced low but detectable serum levels of IFN-y, IL-12, and IL-4 within 6-12 h.
Injection of unmodified BCG induced low levels of serum IL-12p70 and no detect-
able IFN-y or IL-4 over a 48-h period, and a single injection of free a-GalCer rap-
idly induced all three cytokines. Since a-GalCer and a-C-GalCer have been reported
to induce differentiation and maturation of DCs, the expression of MHC class II and
costimulatory molecules on the CD11c+ cells in the spleens and livers of C57BL/6
mice that were injected i.p. with a-GalCer/BCG or a-C-GalCer/BCG was also
assessed. In the spleen, neither unmodified nor glycolipid-modified BCG had a
significant effect on the surface levels of MHC class II molecules. However, the
costimulatory molecules CD80, CD86, and CD70, while only slightly increased on
CDl11c+ cells by unmodified BCG, showed pronounced induction with a-GalCer/
BCG and also to a lesser extent with a.-C-GalCer/BCG. In the liver, marked increases
of MHC class II were observed with both a-GalCer/BCG and a-C-GalCer/BCG, as
well as increases in CD80, CD86, and CD70. In all cases, these effects were greater
than those observed with unmodified BCG. These effects depended on iNKT cell
activation, since they did not occur in parallel experiments conducted in CD1D—/-
knockout mice which lack iINKT cells, suggesting that the enhancement of DC
maturation was an important consequence resulting from incorporation of iINKT
cell agonist glycolipids into BCG.

In marked contrast to CD4+ T-cell differentiation that proceeded similarly in mice
immunized with unmodified and glycolipid-modified BCG, evaluation of Ag-specific
CD8+ T-cell priming and recall responses revealed a dramatic effect of the glyco-
lipid incorporation. To analyze recall responses of endogenous CD8+ T cells,
C57BL/6 mice were vaccinated with unmodified or glycolipid-modified BCG-OVA
and analyzed after 3 or 8 weeks for SIINFEKL-responsive CD8+ T cells in the spleen
by IFN-y ELISPOT. This revealed significantly enhanced responses to the SIINFEKL
peptide in mice that had received a-GalCer/BCG-OVA or a-C-GalCer/BCG-OVA
compared with BCG-OVA without glycolipid incorporation. IFN-y ELISPOT
responses to an H-2Kd presented epitope (GYAGTLQSL) shared by the endogenous
mycobacterial Ags TB10.3 and TB10.4 (TB10.3/10.4) confirmed this finding as
responses to this peptide were also significantly enhanced in BALB/c mice vacci-
nated 2 weeks previously with aGalCer/BCG compared with unmodified BCG.
Taken together, these results provided strong evidence that mycobacterial Ag-specific
CDS8+ T-cell responses were significantly accelerated and enhanced by incorporation
of a-GalCer or a-C-GalCer into live BCG. Experiments conducted to address the
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question of whether the effect of a-GalCer or a-C-GalCer on enhancing CD8+ T-cell
responses required the physical association of the glycolipids with the immunizing
bacteria revealed that only direct physical incorporation of the glycolipids into live
BCG organisms was able to induce significantly improved CD8+ T-cell priming
against an H-2Kb presented TB10.3/10.4 epitope (QIMYNPAM). Immunization and
challenge studies were performed to determine whether the enhanced CD8+ T-cell
priming associated with a-GalCer/BCG or o-C-GalCer/BCG could improve protec-
tive immunity induced by BCG vaccination. C57BL/6 mice that were either naive or
immunized 2 months earlier by intradermal inoculation with live BCG, aGalCer/
BCG, or a-C-GalCer/BCG were challenged by low-dose aerosol infection with viru-
lent Mycobacterium tuberculosis H37Rv, and CFU counts in tissues were determined
at 3 and 6 weeks after challenge. In naive mice, substantial growth in the lungs and
dissemination to spleens were detected at 3 and 6 weeks after challenge. However,
vaccination with BCG, a-GalCer/BCG, or a.-C-GalCer/BCG considerably reduced
M. tuberculosis bacterial loads in both lungs and spleens of aerosol-challenged mice
compared with naive controls. Interestingly o-C-GalCer/BCG vaccination protected
significantly better than BCG, at the 3 weeks time point, in both lungs and spleen.
Immunization with o-C-GalCer/BCG also showed a more prolonged effect on con-
trol of M. tuberculosis infection compared with BCG immunization, with reductions
in CFU in both organs at 6 weeks after challenge. Similar trends toward enhanced
protection were observed with o-GalCer/BCG immunization, although this was
clearly less pronounced than with o-C-GalCer/BCG and achieved statistical
significance only at the 6-week time point in the lungs. These results provide the
basis for a simple modification of BCG that could overcome the CD8+ T-cell prim-
ing defect inherent in this vaccine and potentially lead to a more effective vaccine for
prevention and control of M. tuberculosis infections [49].

2.3.1.7 Glycolipid-Loaded DC
a-GalCer-Loaded Cells Derived from Mouse Embryonic Stem Cells

The capacity of a-GalCer-loaded dendritic cells derived from mouse embryonic
stem cells (ES-DC) to stimulate NKT cells was evaluated both in vitro and in vivo,
in comparison with that of bone marrow-derived dendritic cells (BM-DC). DC
genetically engineered to express a model antigen, OVA, along with SLC/CCL21
or monokine induced by IFN-y/CXCL9, were generated using a method based on
in vitro differentiation of DC from mouse ES cells. ES-DC or BM-DC preincu-
bated with a-GalCer similarly activated iINKT cells both in vitro and in vivo as
demonstrated by a significant cytotoxity against YAC-1 cells in comparison with
ES-DC loaded with vehicle alone. Treatment with i.p. injection of ES-DC loaded
with a-GalCer did not show any therapeutic effect in mice following s.c. injection
of MO4 tumour cells originating from NK-sensitive B16 melanoma cells, but elic-
ited a significant but limited protective effect against the i.p. disseminated tumour
cells. However, i.p. injection of ES-DC expressing OVA (ES-DC-OVA) loaded



40 J. Nitcheu et al.

with a-GalCer elicited a significant antitumour effect in mice following s.c. injec-
tion of MO4 cells expressing OVA, but the loading of a-GalCer to ES-DC-OVA
did not improve the effect. In contrast, the treatment with ES-DC-OVA loaded
with a-GalCer elicited a potent effect to prolong the survival time of the mice
using the i.p. disseminated tumour cells indicating that the NKT cells activated by
a-GalCer presented by ES-DC together with OVA and specific CTL primed by
OVA antigen presented by the same ES-DC acted synergistically to protect the
mice. In addition, a-GalCer-loaded ES-DC-OVA simultaneously expressing the
chemokine SLC (ES-DC-OVA/SLC) exhibited a far more potent protective effect
than a-GalCer ES-DC-OVA, and it was shown that the SLC produced by ES-DC
dominantly enhanced the activation of antigen-specific CTL rather than NKT or
NK cells [50].

On the basis of the previously established methods to generate DC from mouse
embryonic stem cells (ES-DC), four kinds of genetically modified ES-DC, which
expressed the melanoma-associated antigens, glypican-3, secreted protein acidic
and rich in cysteine, tyrosinase-related protein-2, or gplO0 were generated.
Anticancer effects elicited by immunization with the ES-DC were assessed in pre-
ventive and also therapeutic settings in the models of peritoneal dissemination and
spontaneous metastasis to lymph node and lung. The in vivo transfer of a mixture of
three kinds of tumour associated antigens (TAA)-expressing ES-DC protected the
recipient mice from melanoma cells more effectively than the transfer of ES-DC
expressing single TAA, and loading ES-DC with a-GalCer further enhanced the
anticancer effects, suggesting that excellent synergic effects of TAA-specific cyto-
toxic T lymphocytes and natural killer T cells against metastatic melanoma can be
achieved by using genetically modified ES-DC [51].

a-GalCer-Loaded DC

When comparing the ability of a-GalCer-charged DCs and the free drug to manipu-
late NKT numbers and function systemically in mice, Fujii et al. have shown that
DCs elicited NKT responses distinct from those seen with the drug alone. The
response to DC a-GalCer, as assessed by the number of IFN-y-secreting NKT cells
after a-GalCer challenge, was much stronger and more prolonged. To evaluate
protection against the development of B16 melanoma metastases that could be
induced by free a-GalCer versus o-GalCer-charged DC, the tumour cells and
a-GalCer were both administered via the i.v. route and metastases to the lungs were
evaluated 2 weeks later. Immunization with DCs pulsed with glycolipid markedly
reduced lung metastases and provided more effective resistance to B16 melanoma
metastases, independent of NK cells. DCs from mice given free a-GalCer were
fully capable of inducing prolonged NKT cell responses upon adoptive transfer to
naive animals, but not in the recipients given free drug showing that mice develop a
stronger, more prolonged and effector type of NKT response, when o-GalCer is
selectively targeted to DCs, but that this response can be blocked by the induction
of anergy after presentation of a-GalCer on other cells [52].
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Nagaraj et al. confirmed that an increase of IFN-y-producing splenocytes cells is
detectable after immunization of mice with a-GalCer-pulsed DCs as compared to
mice immunized with free o-GalCer or unpulsed DCs. To assess the antitumour
activity of a-GalCer, mice were pre-vaccinated s.c. on day 0 with PBS only or with
a-GalCer-pulsed DCs, and challenged on day +7 by injecting 1 x 10° PancO2 cells,
a murine pancreatic ductal adenocarcinoma, highly resistant to antitumour agent,
which has been shown to produce rapidly growing local tumours following s.c.
inoculation. On days +21 and +28, mice were post-vaccinated (PBS only or DCs
pulsed with a-GalCer, respectively). Immunization of mice with DCs pulsed with
a-GalCer prevented tumour growth until week 4 and strongly decreased tumour
growth in comparison with the control group as demonstrated by a decrease in
tumour volume and increase in the percentage of tumour-free mice. In addition,
survival time was prolonged by the use of a-GalCer-pulsed DCs [53].

In another study, immunization with DCs pulsed with CTL epitope peptide
together with a-GalCer at priming phase, but not at boosting phase elicited a specific
CTL activity and protective immunity against infection of intracellular bacteria.
The effect of immunization with dendritic cells (DCs) pulsed with a-GalCer and
listeriolysin O (LLO) 91-99 peptide, a dominant cytotoxic T lymphocyte (CTL)
epitope of Listeria monocytogenes was evaluated by observing the responses of
specific CD8+ T cells and in vivo CTL activity. Immunization with DCs pulsed with
a-GalCer and LLO91-99 at priming phase and with DCs pulsed with LLO91-99
alone at boosting phase induced stronger in vivo CTL activity, reduced the bacterial
load in spleens of Listeria-challenged mice and augmented CD62L+ CD8+ central
memory T cells compared with other immunization protocols. The blockade of
IFN-y at boosting phase reversed the induction of CD8+ central memory T cells and
reduced the bacterial load in spleens of Listeria-challenged mice immunized with
DCs pulsed with a-GalCer and LLO91-99 at both phases, suggesting that o.-GalCer
at boosting phase has deleterious effects through IFN-y production [54].

Shimizu et al. compared a-GalCer-pulsed and non-pulsed DC to induce long-
term NK- and NKT-cell activation at the single cell level and demonstrated that DC
therapy in mice induces long-lasting innate NK- and NKT-cell activation through a
pathway that requires host DC and CD4* T cells and that the continued generation
of active NK cells resists the establishment of metastases in vivo. Mice immunized
with DC and DC/a-GalCer were protected against an i.v. challenge of live B16
tumour cells and fewer metastases developed in mice given DC/a-GalCer versus
DC only, but the protection induced by both lasted 12 months even though the mice
had not been immunized with B16 melanoma. NK depletion and also the use of
IFN-y”~ mice ablated the protection that had been induced by vaccination with
either DC or DC/Gal. Sixteen to 24 hours after B16 tumour challenge, CD69 mark-
ers of NK and NKT activation were optimally detected and DC, but not B16 mela-
noma itself, could induce this heightened responsiveness of NK cells to B16
challenge. In addition, NK and NKT cells in DC/Gal-immunized mice responded
to syngeneic (B16, EL4 and YAC-1) and allogeneic J558 tumour cells, and pro-
duced IFN-y 16 h later, demonstrating the heightened reactivity of these cells to
several tumours in the spleens of DC-vaccinated mice. The authors also showed
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that the priming of NKT and NK cells with DC/Gal was longer lasting than with
DC, and that mice receiving DC or DC/a-GalCer several months earlier have height-
ened NKT and NK reactivity long term and systemically to challenge with various
tumours. In contrast to DC, tumour cells and B blasts did not induce tumour-reac-
tive NK cells, but cells that would produce IFN-y after challenge with B16 mela-
noma. Using appropriate knockout mouse models and depletion experiments, it was
shown that the function of both DC and CD4*, but not CD25* or CD8* T cells in the
recipient mice is required for heightened NKT and NK reactivity to develop.
Finally, the long-term NK activation in DC-vaccinated mice does not reflect true
memory but rather continuous reactivation for many months in mice that are immu-
nized with DC or DC/a-GalCer [55].

2.3.2 Clinical Experience with Glycolipid-Loaded DC

2.3.2.1 a-GalCer-Pulsed Immature Monocyte-Derived DC

In a phase I dose escalation study, patients with advanced non-small cell lung cancer
or recurrent lung cancer received i.v. injections of a-GalCer-pulsed DC (level 1:
5x107/m?; level 2: 2.5 x 108/m?; and level 3: 1 x 10°/m?) to test the safety, feasibility,
and clinical response. Patients were given four i.v. injections on days 1 and 8 in a
two-course treatment protocol. The phenotypes of APC containing DC prepared for
each administration were analyzed by flow cytometry for each administration and in
all preparations the DC-rich population showed an immature monocyte-derived DC
phenotype expressing HLA-DR, CD11c, CD80, and CD86. The administered cells
contained substantial numbers of CD3* cells in addition to CD3" cells. No major
(above grade 2) toxicity or severe side effects were observed in any patient. The
frequency of peripheral blood NKT cells in all patients was measured by FACS
analysis, and one patient in the level 3 group showed dramatic increase in the
circulating NKT cell number after the first and second a-GalCer-pulsed DC
administration. In this patient, the absolute numbers of Va24 NKT cells decreased
transiently to a nadir around 1-2 days after the a-GalCer-pulsed DC injection, and
subsequently increased >20-fold 3 days after second a-GalCer-pulsed DC injection.
The increased levels were sustained for at least 1 week. This sharp fluctuation,
however, could not be detected after the third and fourth a-GalCer-pulsed DC
injection. The number of peripheral blood NKT cells from the other two patients in
the level 3 group increased only after the first a-GalCer-pulsed DC administration,
and in the remaining six cases in the level 1 and level 2 groups, no clear relationship
was found between the number of circulating NKT cells and a-GalCer-pulsed DC
administration. In addition, IFN-y production in Va24 NKT cells increased following
the administration of a-GalCer-pulsed DC in the one case in which the number of
circulating NKT cells changed strikingly, but after the third and fourth administra-
tion of aGalCer-pulsed DCs, no obvious elevation in the level of IFN-y production
was detected. There were no cases of complete response or partial response, five



2 Preclinical and Clinical Development of Synthetic iINKT-Cell... 43

cases of no change, and four cases of disease progression. Three patients receiving
dose level 3 were followed up for 23-26 weeks after the clinical trial period and all
were classified as no change. This clinical trial demonstrated a-GalCer-pulsed DC
administration was well tolerated and was safe even in patients with advanced
disease [56].

2.3.2.2 a-GalCer Loaded Monocyte-Derived Mature DC

Chang et al. have investigated i.v. injection of monocyte-derived mature DC that
were loaded with a-GalCer in five patients who had advanced cancer. All patients
received an initial i.v. injection of five million unpulsed monocyte-derived mature
DC, followed at monthly intervals by two additional injections of mature DC that
were pulsed with a-GalCer. None of the patients had detectable circulating NKT
cells at baseline, probably due to extensive therapy of the underlying malignancy.
The injection of unpulsed DC did not lead to an increase in NKT cells in any
patient at any time point. In contrast, the injection of a-GalCer-pulsed DC led to
>100-fold increase in circulating NKT cells in all patients. The numbers of NKT
cells stayed above baseline for >84 days in all patients, and were elevated above
baseline for >6 months in two patients with longer follow-up. In one patient who
had myeloma, sustained expansion (for >3 months after vaccination) of invariant
NKT cells was found in the marrow tumour bed before and after DC vaccination.
Thus, injection of a-GalCer-loaded DC led to a sustained increase in NKT cells
in blood and the tumour bed. To assess changes in antigen-specific T cells, viral
antigen-specific T cells against influenza matrix protein and CMVpp65 were
monitored by Elispot and MHC tetramers. An increase in CMVpp65-specific, but
not influenza matrix peptide (Flu-MP)-specific IFN-y producers in fresh periph-
eral blood mononuclear cells (PBMCs) was observed in three of four patients
who were tested following the injection of a-GalCer-pulsed, but not unpulsed DC
and was associated with a significant increase in CM V-specific memory T cells—
but not Flu-MP-specific T cells—in all three individuals. One of the patients
received an inactivated influenza vaccine as a part of routine care, shortly after the
injection of a-GalCer-loaded DCs, and there was significant expansion of Flu-
MP-specific, IFN-y-producing, and memory T cells in this patient which was con-
sistent with enhancement of vaccine-induced immune response with
a-GalCer-pulsed DCs [57].

2.3.2.3 a-GalCer-Pulsed IL-2/GM-CSF-Cultured PBMCs Containing DCs

A phase I-II study of a-GalCer-pulsed IL-2/GM-CSF-cultured PBMC adminis-
tration in patients with advanced non-small cell lung cancer (NSCLC) was con-
ducted to evaluate the safety, immunological responses, and clinical outcomes.
A substantial number of CD3* T cells and CD3~ cells in the IL-2/GM-CSF-
cultured PBMCs expressed HLA-DR, CD11c, and CD86. For the 17 patients
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who completed the study, the treatment was well tolerated; all abnormality of
laboratory findings data were within the criteria of grade I, and no cases needed
an additional treatment. Immunological assays were performed for 17 patients
who completed the course of four i.v. aGalCer a.-GalCer-pulsed IL-2/GM-CSF-
cultured PBMC injections. The frequency of peripheral blood Va24*VB11*NKT
cells and CD3*CD56*NK cells was measured by flow cytometry analysis and
six patients showed a dramatic increase (twofold or greater) in the circulating
NKT cell number after the first, second, and third a-GalCer-pulsed IL-2/
GM-CSF-cultured PBMC administration. In the remaining 11 cases, no obvious
increase was found in the number of circulating NKT cells and high values of
baseline NKT cell number did not always correlate with the augmentation of
peripheral blood NKT cell numbers. The absolute number of Va24 NKT cells
increased at various ranges, up to 21.1-fold and in three cases that showed
expanded NKT cell number, the proportion of CD4*NKT cells appears to be
reduced in vivo after stimulation with a-GalCer-pulsed IL-2/GM-CSF-cultured
PBMC while in one case the percentage of CD8*NKT cells were increased. The
number of IFN-y producing cells in PBMC was assessed in vitro by an ELISPOT
assay after restimulation with a-GalCer. In ten patients, the number of cells
with IFN-y production increased more than twofold after the administration of
a-GalCer-pulsed IL-2/GM-CSF-cultured PBMC (good responders) and in the
remaining seven patients, a minimal alteration of IFN-y producing capacity was
observed (poor responders). IFN-y production in the patient PBMC in the
ELISPOT system was due to both CD56*CD3~ NK cells and CD3*CD56*NKT
cells. After the injection of a-GalCer-pulsed IL-2/GM-CSF cultured PBMC,
the estimated median survival time (MST) of the 17 cases was 18.6 months
(range, 3.8-36.3 months). Ten patients who displayed increased IFN-y produc-
ing cells (= twofold) showed prolonged MST (31.9 months; range, 14.5—
36.3 months) as compared with poor-responder patients (n =7) MST (9.7 months;
range, 3.8-25.0 months) [58].

2.3.2.4 da-GalCer-Pulsed Antigen-Presenting Cells

A phase I study evaluated the safety and feasibility a-GalCer-pulsed antigen-pre-
senting cells (APC) treatment administered in the nasal submucosa of patients with
head and neck cancer. Nine patients with unresectable or recurrent head and neck
cancer received two treatments 1 week apart, of 1x 10 of a-GalCer-pulsed autolo-
gous APC into the nasal submucosa. During the clinical study period, no serious
adverse events (Common Terminology Criteria for Adverse Events version 3.0
greater than grade 3) were observed. After the first and the second administration of
a-GalCer-pulsed APC, an increased number of NKT cells was observed in four
patients and enhanced natural killer activity was detected in the peripheral blood of
eight patients. The administration of a-GalCer-pulsed APC into the nasal submu-
cosa was found to be safe and induce antitumour activity in some patients [59].



2 Preclinical and Clinical Development of Synthetic iINKT-Cell... 45

2.4 Combination Therapies with Glycolipids
and Other Adjuvants

2.4.1 oGalCer and TLR Ligands

Some studies have highlighted the potential for manipulating the interactions
between TLR ligands and /NKT cell activation in the design of effective vaccine
adjuvants.

When wild-type mice were administered OVA protein together with a-GalCer
and MPL, this combination acted synergistically to induce expansion of OVA . -
specific CD8* T-cell responses measured in the blood using MHC class I/peptide
tetramers. DC maturation was examined in the spleens of animals treated i.v. with
the two compounds and correlated with significant increased expression of the
costimulatory molecules CD80 and CD86, and MHC molecules showing that
microbial signals and /INKT cell-mediated signals can be coordinated to modulate
DC-induced T-cell immunity [60].

In another study of Hermans et al., the combination of a-GalCer and MPL exam-
ined had a synergistic effect on the induction of CD8* T-cell responses to OVA in
wild-type animals, as measured in the blood using H-2K°/OVA _, ., tetramers. The
OVA-specific CD4* T-cell responses and OVA-specific I[gG were also strongest with
the combination of a-GalCer and MPL. DC isolated from animals treated with the
combination of a-GalCer and MPL provided the strongest stimulus to T cells.
Antigen-specific CD8* T-cell responses induced in the presence of the MPL and
a-GalCer showed faster proliferation kinetics and increased effector function than
those induced with either ligand alone. Whereas the primary CD8* T-cell responses
induced in the presence of a-GalCer and MPL was shorter lived than those induced
with either ligand alone, the combination treatment did not impair the capacity of
these responses to be restimulated. In addition, when human DC and human iNKT
cells were combined in vitro, the levels of costimulatory molecules were dramati-
cally enhanced in the presence of both a-GalCer and MPL compared with either
stimulus alone, suggesting that cooperative action of TLR ligands and iNKT cells
on DC function applies across species [61].

2.4.2 orGalCer and Quil A

Using the HCV soluble E2 envelope glycoprotein (sE2), a major target for HCV
neutralizing antibodies, it was shown that combinations of QuilA and o-GalCer
adjuvants can act antagonistically. In BALB/c mice immunized with purified sE2
alone or in combination with various adjuvants that act through distinct molecular
mechanisms, sE2 combined with MPL or CpG ODN elicited statistically higher
levels of IgGs than the protein alone, whereas adjuvanting with a-GalCer did not
significantly boost antibody titres. Immunization with sE2/QuilA +CpG ODN
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significantly enhanced overall antibody titres compared to sE2/QuilA, but the
combination of sE2, QuilA and a-GalCer resulted in a significant decrease of total
and E2-specific IgG levels when compared to sE2/QuilA indicating that combina-
tions of QuilA and o-GalCer adjuvants act antagonistically. In an experiment ana-
lyzing the ability of sera from mice immunized with sE2 and a combination of
QuilA and CpG ODN, or QuilA and a-GalCer to neutralize HCV pseudoparticles
(HCVpp) entry, the combination of E2, QuilA and CpG ODN elicited significantly
higher mean half-maximal neutralizing titres (NT50) while no differences in neu-
tralization ability were observed between sera derived from sE2/QuilA and sE2/
QuilA + a-GalCer immunized mice, and the overall NT50 values were lower in
this set of immunizations [62].

2.4.3 Combination of DC Immunization with o-GalCer

The combination of DC immunization with /INKT cell activation to enhance
antitumour CD8* T-cell responses induced by immunization with antigen-loaded
dendritic cells (DCs) was assessed in animals treated with anti-CD25 antibody to
inactivate regulatory T cells (Treg) that might be triggered by cytokines released by
iNKT cells. Combining DC immunization with iINKT cell activation was found to
significantly enhance antitumour activity that was associated with a prolonged pro-
liferative burst of responding CD8* T cells, suggesting that inactivating regulatory
T cells and eliciting iINKT cell activation can improve antitumour immunization
with antigen-loaded DCs [63].

2.5 o0-GalCer Bound to Soluble CD1d

Stirneman et al. have reported a noninvasive strategy to induce a sustained activa-
tion of iINKT cells and to promote their activation at the tumour site using o.-Gal-
Cer-loaded recombinant mouse soluble CD1d molecules (sCD1d) (a-GalCer/
sCD1d) or fused to an antitumour antibody (anti-HER?2) to confer tumour local-
ization properties to the a-GalCer/sCD1d. The sCD1d—anti-HER?2 fusion protein
specifically bound to HER2-expressing tumour cell lines, such as the murine B16
melanoma cell line stably transfected with the human HER2 antigen and the natu-
rally HER2-expressing human breast carcinoma cell line SK-BR-3. The model of
experimental lung metastasis induced by the i.v. injection of the B16 melanoma
cell line was used to test the antitumour activity of the recombinant CD1d com-
plexes. As a first approach, B16 melanoma cells, wild type or stably transfected
with the human HER?2 antigen were preincubated with equimolar amounts of
either a-GalCer alone or the a-GalCer/sCD1d—anti-HER2 fusion or the intact
anti-HER2 mAb, before being injected i.v. into naive mice. Co-injection of
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o-GalCer with the tumour cells completely inhibited tumour development,
whether or not the tumour cells expressed the HER2 antigen. In contrast, the
a-GalCer/sCD1d-anti-HER2 fusion inhibited tumour growth only when HER2
was expressed on the tumour cells and the intact anti-HER2 mAb did not inhibit
lung metastases of B16-HER2 tumour cells, indicating that the antitumour effect
of the bound fusion protein was iINKT cell mediated. In these preincubation set-
tings, the antitumour activity of the sCD1d-anti-HER2 protein was not superior
to the already optimal effect of free a-GalCer coinjected with tumour cells.
However, the selective effect on HER2-expressing tumour cells provided evi-
dence that the sCD1d—anti-HER2 fusion protein targeted on HER2-expressing
cancer cells can redirect INKT cells to the tumour site. In systemic treatments
started at different time points after the injection of B16-HER2 melanoma cells,
the mice were injected five times i.v. every 3—4 days. Free a-GalCer, if injected 2
or 6 days after tumour graft, had no significant antitumour effect on the develop-
ment of lung metastasis while systemic treatment with equimolar amounts of the
a-GalCer/sCD1d-anti-HER2 fusion protein, when started 2 days after tumour
graft, had a potent antitumour effect against lung metastasis and established s.c.
tumours even when treatment was delayed until 6 days after injection of the
tumour cells. Importantly, the a-GalCer/sCD1d-anti-HER2 fusion protein was
unable to block tumour growth in CD1d™~ mice, demonstrating the essential role
of iINKT cells in mediating this antitumour effect.

2.6 Oral and Intranasal Administration of a-GalCer

The effectiveness of co-administering a.-GalCer as an adjuvant with a CTL-inducing
HIV envelope peptide, via either the oral or intranasal route, to prime antigen-
specific immune responses in multiple systemic and mucosal compartments has
been analyzed. Mice were immunized by the intranasal or oral route one to three
times at 5-day intervals, with a combination of the CTL inducing R15K peptide at
100 pg/mouse/dose and the synthetic glycolipid a-GalCer at 2 pg/mouse/dose.
Both intranasal and oral immunization of peptide antigens ad-mixed with a.-GalCer
induced antigen-specific CTL responses systemically and antigen-specific IFN-y
producing cells both systemically and in various mucosal compartments including
the gut lymph nodes. Delivering a third dose of adjuvant—antigen mixture by the i.n.
route induced strong peptide-specific CTL response in the spleen, at comparable
levels to that seen after the two-dose immunization scheme. Additionally, peptide-
specific IFN-y producing cells were observed in the spleen as well as MLN demon-
strating that administration of up to three doses of free a-GalCer via the i.n. or oral
routes does not hinder the induction of antigen-specific T-cell responses, and mul-
tiple doses were in fact beneficiary to induce antigen-specific T-cell responses in the
various mucosal tissues [64].
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2.7 Analogues of a-GalCer with C Glycosidic Linkage

Candidate derivatives of a-GalCer with selectivity towards either Th1 or Th2 cytok-
ines have been extensively explored. The C-glycoside analogue a-GalCer with a
C-glycosidic bond between galactosyl moiety and ceramide (replacement of the
glycosidic O with C) remained highly active.

A synthetic a-C-galactosylceramide (a-C-GalCer) has been shown to act as a
natural killer T-cell ligand in vivo, and stimulated an enhanced Th1-type response
in mice. In two disease models requiring Th1-type responses for control, namely
malaria and melanoma metastases, o.-C-GalCer exhibited a 1,000-fold more potent
antimalarial activity and a 100-fold more potent antimetastatic activity than a-Gal-
Cer. Moreover, a-C-GalCer consistently stimulated prolonged production of the
Th1 cytokines interferon-y and interleukin (IL)-12, and decreased production of the
Th2 cytokine IL-4 compared with a-GalCer [65, 66].

2.7.1 orC-GalCer as Adjuvant for Malaria and Tumour Vaccines

In wild-type (WT) and IL-12-deficient mice treated with equal doses of glycolipid
3 days before challenge with sporozoites, a-C-GalCer suppressed liver stage devel-
opment to a much greater degree than a-GalCer; in IL-12-deficient mice the anti-
malarial activity of both glycolipids was totally abolished showing that IL-12 is a
key factor not only driving a-C-GalCer’s superior antimalarial effect, but also medi-
ating the antiplasmodial effect of both glycolipids. However, the ability of a-C-
GalCer to better inhibit liver stages was the same in WT mice and in IL-4- and
IL-10-deficient mice, indicating that a-C-GalCer’s superior antimalarial activity
does not involve IL-4 and IL-10 production.

To assess the role of NK cells in a-GalCer- and a-C-GalCer-mediated protection
against malaria, mice were depleted of NK. In nondepleted control mice, a-C-Gal-
Cer exhibited better antimalarial activity than did o-GalCer, as expected, while
a-C-GalCer’s superior antimalarial activity in mice depleted of NK cells was abro-
gated. Hence, a-C-GalCer’s enhances IL-12 production, which then triggers NK
cells to produce more IFN-y needed to suppress malarial liver stage development.
Given the importance of DCs in the in vivo physiological response to INKT ligands,
the ability of a-GalCer and a-C-GalCer to induce maturation of DCs was investi-
gated. The first marker to show up-regulation on CD11c+ DCs splenocytes after
injection of either glycolipid was MHC class II. a-GalCer-treated mice showed
increased expression of this marker 2 h after injection, while a-C-GalCer-treated
mice showed increased expression 6 h after injection, and by 24 h post-treatment,
a-GalCer and a-C-GalCer-treated mice expressed the highest MHC class II expres-
sion on CD11c+ DCs. In a-GalCer-treated mice, CD86 expression first increased at
6 h post-injection; whereas in a-C-GalCer-treated mice this marker did not show
increased expression until 24 h post-injection. The highest expression of CD86 was
found at 24 h after injection, and a-GalCer-treated mice expressed more marker
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than o-C-GalCer-treated mice. In both a-GalCer- and a-C-GalCer-injected mice,
increased expression of CD40 was only observed 24 h after treatment, at similar
levels for both glycolipds, in contrast to MHC class II and CD86. Overall, the up-
regulation data indicated that a.-GalCer induces a faster maturation of CD11c+ DCs
than does a-C-GalCer, which appears to induce a more prolonged maturation of this
cell type.

When analyzing proliferation of NKT cells, Vau14i NKT cells from a-GalCer-
treated mice rapidly downregulated their TCRs, becoming undetectable in both
spleen and liver by 5 h, and remaining so at 24 h. At 48 h, Va.14i NKT cells from
o-GalCer-treated mice become detectable again in both spleen and liver, and
returned to levels comparable to that detected prior to injection until 168 h post-
injection. In contrast, Va.14i NKT cells from mice treated with a-C-GalCer exhib-
ited a slower and shorter TCR downregulation, with small percentages of cells still
present at 5 h in both spleen and liver. At 24 h the cells were almost completely
undetectable, but started reappearing at 48 h, although at lower levels than that
detected prior to injection. a-C-GalCer stimulated a far greater expansion of Vol4i
NKT cells in both spleen and liver than did a-GalCer and the difference was most
striking at 72 h; in the spleen, the percentage of cells was approximately ten times
higher than that observed at the start; similarly, in the liver the percentage was about
three times higher. At 120 h, the levels of Vai14i NKT cells started to come down in
both the spleen and liver, but still remained higher than that observed prior to injec-
tion. By 168 h, the percentages continued to come down, approaching baseline in
the liver, but remaining high in the spleen. Overall, this data indicated that despite
its poor ability to stimulate cytokine production by NKT cell, a-C-GalCer was a
better in vivo stimulus for Vaul4i NKT cell proliferation than a-GalCer, and the
TCRp usage did not affect in vivo Val4i NKT cell activation stimulated by
a-GalCer or a-C-GalCer [65, 66].

2.7.2 orC-GalCer Loaded DCs for Antitumour Therapy

a-C-GalCer was shown to be a more active inducer of the innate production of
cytokines than the prototype a-GalCer, and the innate response was qualitatively
different. Graded doses of a-GalCer or a-C-GalCer were administered i.v. and the
innate response was monitored in terms of elevations of serum cytokines. For induc-
tion of IFN-y, the response to a-GalCer began to decrease at 20 ng per mouse,
whereas for a-C-GalCer, 2 ng was the limiting dose. Another distinction was that
a-C-GalCer induced more prolonged production of IFN-y and higher levels of IL-12
but did not induce IL-4 or TNF-a. It was also shown that IL-12 and IFN-y were
produced by distinct CD11c+ cells in spleen, the former by costimulatory DCs and
the latter by NK cells activated by the DC-NKT interaction.

In addition, a-C-GalCer proved to be more potent than o.-GalCer, either as a free
drug or pulsed onto DCs, as in vivo primed NKT cells with either free glycolipid or
glycolipid-loaded DCs secreted more IFN-y or IL-4 as measured 2 days following iv
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administration. o-C-GalCer loading onto DCs required just 2 h contrary to a-GalCer
which required 12 h, and expanded NKT cells much greater than a-GalCer as
measured 5 days following i.v. administration into mice, indicating that binding of
a-C-GalCer to DCs was more stable than binding of a-GalCer.

A standard assay in which the establishment of metastases of MHC-class I low B16
melanoma cells is retarded was used to test the in vivo efficacy of the innate response.
Lung metastases were evaluated 2 weeks after i.v. co-administration of DCs loaded
with either glycolipid together with B16 melanoma cells. The a-C-GalCer-loaded DCs
were more effective than a-GalCer-loaded DCs in reducing the size and the number of
lung metastases, and depletion experiments indicated that both NKT and NK cells were
contributing to the resistance induced by a-C-GalCer-loaded DCs.

Furthermore, 20 ng of a-C-GalCer was more potent adjuvant than a-GalCer for
the presentation of cell-associated antigens in mice and adaptive resistance to
tumour cells. Mice that were given irradiated J558 tumour cells and either 20 ng of
a-C-GalCer or 2 pg of a-GalCer, but not 20 ng of a-GalCer, developed resistance
to challenge with MHC class I positive J558 tumour cells. Only o-C-GalCer up-
regulates CD40L expression on NKT cells even though both glycolipids induced
high levels of CD86 costimulatory molecules on DCs, demonstrating that improved
adjuvant function correlated with CD40L up-regulation on the NKT cells and
presentation of cell-associated antigens, but not on up-regulation of CD86 [67].

2.7.3 orC-GalCer as Adjuvant for a Live Attenuated
Influenza Virus

The adjuvant activity of o-C-GalCer was tested with a live attenuated influenza
virus vaccine containing an NS1 protein truncation (rINS1 1-73 virus). To determine
whether the adjuvant increases protection of the vaccine, BALB/c mice were vac-
cinated with either 102, 10%, or 10* PFU of the rNS1 1-73 virus with 0, 1, 2, or 4 ug
of the a-C-GalCer. While all of the mice vaccinated with 10? PFU of the INS1 1-73
virus without adjuvant died after challenge, 80% of mice vaccinated with 10> PFU
of the rNS1 1-73 virus with 1 pg adjuvant survived, indicating that the adjuvant can
increase the protection of the vaccine and reduce mortality due to influenza virus
challenge. Increasing the amount of adjuvant did not further increase the protection
of the vaccine. Most of the mice vaccinated with 10> PFU of the rNS1 1-73 virus
with adjuvant had more of both subtypes of IgG, IgG1 and IgG2a antibodies. The
adjuvant increased the number of influenza virus-specific CD8* T cells that recog-
nize influenza virus peptides in mice vaccinated with both the 10 and 10° PFU of
the rNS1 1-73 viruses. In addition, CD1d” mice vaccinated with the virus and
adjuvant did not have detectable levels of IFN-y in their sera, consistent with the
lack of NKT cells in these animals. Moreover survival after challenge was similar
in CD1d”~ mice vaccinated with and without adjuvant indicating that the adjuvant
increases immunogenicity and enhances protection of the live attenuated influenza
virus vaccine only in wild-type mice in which NKT cells can be stimulated [68].
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However, a-C-GalCer was found to be a rather weak ligand against human iINKT
cells in vitro. Therefore, several C-glycoside analogues have been synthesized and
some studies have identified a-C-GalCer analogues that display a strong stimulatory
activity not only in mice but also in human /NKT cells, providing new therapeutic
tools that can be used as vaccine adjuvants in humans [69]. The adjuvant activity of
these a-C-GalCer analogues has yet to be evaluated in preclinical models.

2.8 Analogues of a-GalCer with Non Glycosidic Linkages

Some studies described chemical synthesis and immunological characterization of a
number of nonglycosidic a-GalCer analogues in which galactose, the focal point of
iNKT TCR recognition, is substituted with nonglycosidic variants. The synthetized
compounds were functional and induced lower levels of cytokines than did a-GalCer,
induced selective expansion and activation of iINKT cells, allowing the identification
of analogues with clinically more desirable features than o-GalCer. The CDI1d-
binding, lipid-comprising ceramide, ether linked to sugar alcohols with four carbons
(threitolceramide, referred to as ThrCer), activated both human and mouse iINKT cells
as defined by the maturation of human and mouse DCs, the expansion of human iNKT
cells in vitro, and in vivo secretion of IFN-y and IL-4. Activation of human iNKT cells
by ThrCer-pulsed DCs, while inducing DC maturation as defined by IL-12 production
and IFN-y secretion, ensured a greater proportion of live DCs as compared with the
DC survival after the activation of human iNKT cells by a-GalCer. Immune responses
in mice injected i.v. with 1 pg ThrCer and 400 pg OVA were comparable to those seen
with a-GalCer, and OVA-specific T cells in mice injected with OVA and ThrCer
rejected E.G7-OVA tumour cells compared to control groups. In contrast to iINKT
cells stimulated in vivo with a-GalCer, iINKT cells stimulated with ThrCer in vivo
were initially refractory to a subsequent challenge with a-GalCer in vitro, but recov-
ered the ability to produce IFN-y after 14 days. These results indicated that the unre-
sponsiveness of iINKT cells after their in vivo stimulation with ThrCer was shorter
lived than iNKT cell unresponsiveness caused by in vivo stimulation with a-GalCer,
a property that may have advantages for the use of ThrCer in vaccination strategies.
This compound is now in development for clinical evaluation as adjuvant in vaccines
against cancer and infectious diseases [70, 71].

2.9 Analogues of a-GalCer with Phytosphingosine and Fatty
Acid Chains of Varying Length and Saturation

2.9.1 orGalCer Analogues with Branched Acyl Chains

Two a-GalCer analogues, KBC-007 and KBC-009, that have different branched chain
lengths were prepared and evaluated for their efficacy as nasal influenza vaccine
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adjuvants. These analogues displayed improved solubility over a.-GalCer and potently
stimulated NKT cells in both murine and in vitro human systems. Examination of
serum cytokines in vivo revealed that these analogues elicited different cytokine
release profiles compared to a-GalCer. KBC-009 induced both Th1/Th2 cytokines,
whereas KBC-007 induced a more Th2-polarized cytokine response with diminished
IFN-y production. The adjuvant efficacy of these a-GalCer analogues were evaluated
with a nasal influenza vaccine. BALB/c mice were immunized i.n. with inactivated A/
PRS (1 pg) alone or with 0.5 pg of either a-GalCer or a-GalCer analogues, then anti-
PR8 IgG and anti-PR8 IgA titres were measured in the serum, lung and nasal washes
after immunization. Co-immunization with a-GalCer or analogues resulted in
increased IgG1/IgG2aratios (>1) relative to immunization with inactivated PR8 alone
(0.63), indicating induction of Th2-polarized antibody responses. To investigate anti-
body responses in the mucosal compartment, PR8-specific IgG and IgA were mea-
sured in lung and nasal washes. Immunization with KBC-009 induced significantly
stronger PR8-specific IgA and IgG responses in lung washes and IgG responses in
nasal washes than those observed in mice immunized with A/PR8 alone. The ability
of KBC-009 to stimulate mucosal immune responses was comparable to that of
a-GalCer. Analysis of cellular immune responses showed that mononuclear cells
(MNC) from spleens and mediastinal (MdLNSs) of all mice co-immunized with a-Gal-
Cer analogues exhibited much more pronounced proliferative responses to antigen
restimulation compared to MNCs from mice immunized with PRS alone. Consistent
with the increased antigenicity, just as immunization with o-GalCer caused complete
protection from live virus infection, adjuvantation with KBC-009 also completely
protected mice from infection. In contrast, KBC-007 did not improve virus clearance
over treatment with inactivated PR8 alone, indicating that co-administration of the
a-GalCer analogue KBC-009 with intranasal vaccination can generate significant
protective immune responses against live virus infection. These results indicated that
a-GalCer analogues, especially KBC-009, significantly increase cell-mediated immu-
nity as measured by Ag-specific lymphocyte proliferation, cytokine production and
CTL activity against virus-infected cells. Taken together, the data showed that
branched chain-containing o-GalCer analogues exhibit strong stimulatory activity on
human iNKT cells and potential for clinical application [72].

2.9.2 o-GalCer Analogues with Modification of the Fatty Acyl
or Phytosphingosine Chain

In studies by Li et al. [73, 74], a library of 25 synthetic analogues of a-GalCer was
generated with analogues in group A having a modification of the fatty acyl chain,
whereas analogues in group B have a terminal benzene ring on the phytosphin-
gosine chain. These analogues were then screened to identify glycolipids that can
potently activate iINKT cells and dendritic cells (DC) and thus display robust adjuvant
activity. Based on the level of IFN-y produced by the glycolipids, nine analogues
Cl11, C18, C22, C23, C24, 6DW116C9, TDW8-4, 7TDW8-5, and 7DW8-6 were
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selected as initial candidates for further assessment of their biological activities.
Co-cultures of human iNKT cells and autologous DCs secreted IFN-y, 1L-4,
GM-CSF, and IL-12 in the presence of all of the selected analogues. In particular,
C18, C22, C23, 7DW8-5, and 7TDW8-6 were shown to induce a significantly higher
level of all of the Th1-related cytokines, IFN-y, IL-12, and GM-CSF, than the paren-
tal compound, a.-GalCer. Based on the results from this set of assays, five analogues
were selected which include C18, C22, C23, 7DWS8-5, and 7DW8-6 for further
assessment of their biological activities. 7DW8-5 was identified as the lead com-
pound for further adjuvant testing in HIV and malaria diseases.

After selecting 7DWS8-5, its adjuvant effect was compared to that of a-GalCer
against various HIV vaccine platforms, namely AdS5-p24 and DNA-p24. For this pur-
pose, different doses of each adjuvant were co-administered intramuscularly with a
suboptimal dose of either Ad5-p24 or DNA-p24. Two weeks after a single immunizing
dose of Ad5-p24 co-administered with each glycolipid, 7DW8-5 was shown to enhance
the most the level of p24-specific CD8+, as well as CD4+ T-cell responses that secrete
IFN-y, as determined by ELISpot assay. Similarly, when mice were primed with a
DNA-p24 vaccine plus either 7DW8-5 or a-GalCer, and then boosted with the DNA-
p24 vaccine alone, 7DW8-5 displayed a stronger adjuvant effect than o-GalCer, elicit-
ing significantly higher p24-specific CD8+ T-cell and humoral responses. To confirm
that the adjuvant effect of 7DW8-5 on HIV Ad5-p24 and DNA-p24 vaccines was medi-
ated by CD1d molecule, CD1d-deficient mice were immunized with HIV vaccines
co-administered with 7DWS8-5 or a-GalCer, and as expected, 7DW8-5 failed to display
any adjuvant effect in CD1d-deficient mice immunized with DNA-p24 or Ad-p24.

The adjuvant effect of 7DW8-5 on the efficacy of a malaria vaccine was investi-
gated. For this purpose, mice were immunized with a suboptimal dose of a recom-
binant adenovirus expressing a P. yoelii CS protein, AdPyCS, together with 1 pg of
glycolipid, then the level of PyCS-specific CD8* T-cell response, anti-PyCS anti-
body response as well as liver parasite burden following challenge with P. yoelii
sporozoites were determined. 7DW8-5 enhanced the malaria-specific CD8" T-cell
response significantly more than a-GalCer and also enhanced the malaria-specific
humoral response equally, or slightly stronger than a.-GalCer. Importantly, 7DW8-5
was able to display a significantly stronger adjuvant effect than a-GalCer in enhanc-
ing protective efficacy of AdPyCS after a single immunizing dose. In addition
TDWS8-5 displayed a dramatic dose sparing effect since co-administration of 1 ng of
TDWS8-5 elicited a similar level of PyCS-specific CD8* T-cell response compared
with that induced by 100 ng of a-GalCer. The adjuvant effect of 7DW8-5 is to be
evaluated in clinical trial with malaria vaccines [74].

2.9.3 Wittycell iNKT Agonists with Modification in the Polar
Head and Acyl Chains

Wittycell (WTC) has developed screens for the identification of INKT agonists and
created a library of synthetic ligands, with modifications in the polar head and fatty
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acyl. Compounds 1-4 were selected as initial candidates for further assessment of
their biological activities and adjuvant capacities.

To test the capacity of WTC glycolipids to stimulate iINKT cells, C57BL/6 mice
were injected via the i.v. route with 1 pg of the glycolipids, and the behaviour of
iNKT cell was monitored in the spleen by CD1d WTC glycolipid-loaded-tetramer
staining [75]. iINKT cells represented approximately 2% of the total spleen cells
prior to glycolipid administration. iINKT cell percentage showed significant decrease
in groups of mice treated with the prototype ligand aGalCer and WTC compounds.
Mice from the group treated with compound 3 (Fig. 2.1) did not show any differ-
ence in INKT percentages in spleen compared to vehicle-treated control animals,
indicating that not all the glycolipids are potent stimulators of iINKT cells. In agree-
ment with previous studies [76-79], iINKT cells virtually disappeared from the
spleen within 24 h following compounds 1 and 2 administration, indicating that they
vigorously expanded.

The ability of the compounds to induce cytokine release was also assessed
in vivo. Examination of serum cytokines revealed that these compounds elicitated
different cytokine release profile compared to o-GalCer. Compounds 2 and 4
induced both Th1 and Th2 cytokines, whereas compound 1 gave a more Th1 polar-
ized cytokine response with increased IFN-y production (Fig. 2.2a, b).

The effect of the glycolipids on DC maturation was investigated by analyzing the
expression of CD40, CD80, and CD86 costimulatory molecules on the main subsets
of myeloid CD8a* or CD8~ CD11c* splenic DC, 24 h following i.v. injection of 1 ng
WTC glycolipids. A typical experiment showing DC maturation following glycolipid
administration via the i.v. route is presented in Fig. 2.3a, b; this experiment shows that
injection of 1 pg of compound induced up-regulation of CD40, CD80 and CD86
costimulatory molecules on DC subsets, demonstrating that WTC glycolipids activate
iNKT cells that provide essential signals to APC to induce adaptive immunity.
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Fig. 2.2 Kinetics of cytokine release into serum following in vivo administration of Wittycell glyco-
lipids iINKT agonists. C57BL/6 mice were injected i.v. with 1 pg of WTC glycolipids (n=3). Sera
were collected at indicated times for analysis of IFN-y (a) and interleukin-4 (IL-4) (b) by CBA

The adjuvant capacity of WTC glycolipids was assessed with OVA as a model anti-
gen. MHC class I/peptide pentamers were used to determine the overall generation of
SINFEKL-specific CTL, following i.m. immunization of C57BL/6 mice with WTC
compounds and OVA full-length protein. As indicated in Fig. 2.4, responses primed in
the presence of WTC glycolipids were significantly higher, yielding an unprecedented
up to 25% pentamer positive cells with compound 4 fourteen days following prime.

The adjuvant effect of WTC glycolipids on adaptive antitumour immunotherapy
was investigated in mouse models of metastatic lung cancer induced by B16 and
B16/OVA tumour cell lines in syngenic immunocompetent C57BL/6 mice.
Figure 2.5a, b shows a representative tumour challenge experiment in a prophylactic
setting, in which mice were vaccinated with OVA protein in the presence of com-
pound 2 and challenged with 5x 10° B16-OVA cells or B16 parental cells, 14 days
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Fig. 2.3 Increased costimulatory molecule expression on CD1lc high splenic dendritic cells
maturing in response to Wittycell glycolipid INKT agonists. C57BL/6 mice were injected i.v. with
1 pg of glycolipids. Spleens were removed 1 day later for antibody staining and flow cytometry
analysis of the expression of CD40, CD80 and CD86 on CD11c dendritic cells. Representatives
FACS profiles of CD11c high (a); CD40, CD80 and CD86 expression on CD11c high CD8a* or
CD11c high CD8a (b)

following i.m. priming. In this metastatic model, tumour metastases develop in the
lungs between 20 and 26 days following challenge. Mice were monitored for clini-
cal signs and body weight and were sacrificed when the weight loss was above 20%
of the initial body mass, then their lungs were assessed for the presence of tumours.
Mice vaccinated with OVA protein and compound 2 developed resistance to
challenge with B16/OVA cell line, indicating that compound 2 was a potent adjuvant
for specific adaptive antitumour responses. In the treatment setting of antitumour
immunotherapy, mice were challenged on day 0 with B16/OVA tumours then
injected with WTC glycolipids in combination with OVA protein 7 or 14 days
following challenge. Figure 2.5¢c, d shows a representative experiment with prolon-
gation of survival of mice i.m. treated with compounds 2 and 4 and OVA protein,
when the treatment was given until 7 days post challenge. Significant prolongation
of survival was also observed with compounds 2 and 4 when the treatment was
administered until 14 days post challenge (not shown).
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Fig. 2.4 Wittycell glycolipid iNKT agonists induce high levels of SIINFEKL/H2Kb pentamer-
specific CD8* T cells following immunization with OVA antigen. Quantitative representation of
percentages of SIINFEKL/H2Kb CD8+ specific cells 7, 14 and 21 days after i.m. vaccination with
mixtures of 50 pg OVA and glycolipids. Values are the means of six mice+SD. The experiments
have been repeated at least twice, yielding similar results. Negative control animals were treated
with placebo (PBS) and yielded pentamers below 0.05% at all times

The adjuvant effect of the WTC compounds were tested in different models and
indications such as influenza, genital herpes, hepatitis B, showing enhanced cel-
lular and humoral responses (unpublished data). Wittycell is preparing a phase I
clinical trial of its lead compound, compound 4, to evaluate the adjuvant effect in
combination with HBsAg, with the primary objective to analyze the safety in
humans. GLP toxicity studies demonstrated that the Wittycell lead compound is
non-mutagenic and nontoxic following repeated intramuscular administrations in
mice and monkeys and there were no histological indications of any systemic
effect, with or without antigen.

2.10 Other Synthetic Glycolipids

2.10.1 orL-Fucosylceramides

Both p- and L-fucose (6-deoxy galactose) are widely found in nature. Of interest,
L-fucose is predominantly found in the a.-configuration in the lipopolysaccharides
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Fig. 2.5 WTC adjuvants induce antitumour immunity following immunization with OVA pro-
teins. Groups of six female C57BL/6 mice were immunized i.m. on day O with a mixture of 50 pg
OVA protein and 1 pg of the WTC adjuvants or 50 pg CPG as a reference adjuvant. The mice were
challenged 2 weeks after vaccination by tail-vein injection of 5x 10° B16 expressing OVA (B16/
OVA) cells or the parental cell line B16. Animals were sacrificed when they began to show signs
of disease (typically 24-28 days following tumour challenge) and when the weight loss was above
20% of the initial body mass (a, b). Groups of six female C57BL/6 mice were challenged on day
0 by tail-vein injection of 5x 10° B16 expressing OVA (B16/OVA) cells or the parental cell line
B16. The mice were immunized 7 days later with a mixture of 50 pg OVA protein and 1 pg of the
WTC adjuvants. Animals were sacrificed when they began to show signs of disease (typically
24-28 days following tumour challenge) and when the weight loss was above 20% of the initial
body mass (c, d)

(LPS) of Gram-negative bacteria and animal glycosphingolipids. With the excep-
tion of the monohexylceramide a-L-fucosylceramide, most fucosphingolipids are
usually ceramide oligosaccharides. Veerapen et al. have developed an efficient
method for the synthesis of a series of a-L-fucosylceramides and compared these
to a-GalCer (KRN7000), in particular in their ability to induce the expansion of
iNKT cells in samples of human PBMC during an eight-day in vitro culture. The
results showed that both the percentages and absolute numbers of iINKT cells in
cultures were increased by stimulation with a-L-fucosylceramides with
C26:0>C18:0 (OH)>C24:0. The a-L-fucosylceramide containing a C26:0 fatty
acid was the most active of the fucosyl series, and stimulated iINKT cell expan-
sions in some donors that approached those seen with the prototype iNKT cell
agonist KRN7000. In contrast, the a-L-fucosylceramide containing the C20:2
fatty acid was found to lack detectable iINKT cell stimulating activity in any of the
donors tested [80]. The adjuvant activity of these compounds is yet to be fully
explored.
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2.10.2 Beta-Linked Glycosylceramides

Thus far, alpha-anomeric D-glycosylceramides have not been detected in mammals.
In view of the lack of a-structured GSLs in mammals and the lack of a profound
effect of alpha-anomeric compounds when tested in humans with cancers, recent
studies have suggested that endogenous B-structured glycosphingolipids may be the
potential endogenous ligands for NKT cells [81]. Far fewer studies have character-
ized beta-linked glycosylceramides. In order to examine the ability of these glyco-
lipids to induce antitumour immunity, BALB/c mice were injected i.v. with syngeneic
colon carcinoma CT26 cells, followed by glycolipid administration. A strong pro-
tection was induced by B mannosylceramide (3-ManCer) at a low dose of 50 pmol
which was similar to protection after treatment with a-GalCer. B-ManCer was
shown to be 100-fold more potent than a-mannosylceramide (o-ManCer) and
a-GalCer, and all protection was lost in Jo./8—/— mice, confirming that iNKT cells
are necessary for 3-ManCer-induced protection.

The lack of detectable cytokine production after in vitro stimulation with
B-ManCer was also confirmed in vivo (-ManCer induces a low level of cytokines
in vitro with only TNF-a detected at concentrations of less than 30 nM), as there
was no substantial increase in IFN-y, IL-4, IL-13, or TNF-a levels after treatment
with 50 pmol -ManCer and only a modest increase in IL-12, which was still lower
than that observed with a-GalCer. While B-ManCer was consistently less potent
than a-GalCer, results showed that f-ManCer stimulates NKT cells with a similar
VB repertoire as o.-GalCer. In addition, simultaneous treatment with f-ManCer and
a-GalCer resulted in a significant 79% reduction of the median number of tumour
nodules, suggesting that o-GalCer and 3-ManCer work synergistically to eliminate/
prevent CT26 lung metastases [82]. The adjuvant activity of these compounds is yet
to be fully explored.

2.10.3 6'-Derivatized o-GalCer Analogues

Aspeslagh et al. generated a series of analogues with aromatic groups connected
via different linkages to the C6’ of the galactose group aiming at generating extra
hydrophobic interactions. Addition of an aromatic moiety at the 6'-position of the
galactose moiety leads to a marked functional Thl polarization in vivo.
Interestingly, the IFN-y response to these glycolipid-pulsed BMDC was markedly
higher compared to o-GalCer, leading to a sustained Thl bias in vivo. When
administered directly at high doses, all of the tested glycolipids prevented tumour
growth and were significantly more potent in preventing tumour growth when
loaded onto BMDC and adoptively transferred. Importantly, INKT cell recogni-
tion by these glycolipids ultimately results in a stronger iNKT cell proliferation
in mice and human [83]. The adjuvant activity of these compounds is yet to be
fully explored.
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2.11 Conclusion

The ability of glycolipids to act as vaccine adjuvants has been well established in
animal models. a-GalCer has been shown to have a strong adjuvant effect in models
of infectious diseases and cancer with various types of vaccines: DNA-based vac-
cines, peptide-based vaccines, cell-based vaccines or live vectors. In addition glyco-
lipids are effective adjuvants via both systemic and mucosal delivery. A large
number of analogues of a-GalCer have been screened by different groups, in an
attempt to improve on its biological and physico-chemical properties. Amongst
these, compounds have been identified with decreased or increased efficacy, and
with modified activity or formulation characteristics. Different analogues have been
shown to bias responses towards either Th1l or Th2 responses in animal models.
Also, combinatorial adjuvant approaches such as a-GalCer and TLR ligands can
provide stronger stimulus to T cells, although not all adjuvant combinations have
proved useful, at least under the conditions tested.

a-GalCer has been tested in several clinical trials, principally in a non-vaccine
setting. Clinical administration of the free drug o-GalCer or a.-GalCer-pulsed APC
was well tolerated. Evidence for iINKT cell activation and innate immune responses
has been obtained in these trials. a.-GalCer induced more potent iINKT cell responses
when loaded on mature DCs compared to immature DCs or when used as a free
drug in the clinic.

Analogues of a-GalCer have not yet been tested in combination with vaccine
antigens in the clinic. Further clinical trials are in preparation to assess the safety
and efficacy of vaccination strategies targeting INKT with glycolipids in humans.
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Chapter 3
Mucosal Vaccination: Opportunities
and Challenges

Olga Borges and Gerrit Borchard

3.1 Introduction

Mucosal vaccination has been the common generic name attributed to the oral,
intranasal, pulmonary, rectal, and vaginal routes of vaccine administration. Mucosal
surfaces, with a combined surface area of about 400 m? [1], are undoubtedly the
major site of entry for most pathogens. Therefore, these vulnerable surfaces are
associated with a large and highly specialized innate and adaptive mucosal
immune system that protects the surfaces and the body against potential destructive
agents and harmless substances from the environment. In a healthy human adult,
this local immune system contributes almost 80% of all immune cells [2]. These
immune cells accumulate in a particular mucosa or circulate between various
mucosa-associated lymphoid tissues (MALT), which together form the largest
mammalian lymphoid organ system [1]. In theory, mucosal surfaces seem to be
the more accessible lymphoid organ for the induction of an immune response such
as that required for immunization. Nevertheless, one of the more important reasons
for the development of mucosal vaccines is the increasing evidence that local
mucosal immune responses are important for protection against disease, princi-
pally for diseases which start on mucosal surfaces such as the respiratory, gastroin-
testinal, or urogenital mucosae. On the other hand, mucosal immune responses are
most efficiently induced by the administration of vaccines onto mucosal surfaces,
while injected vaccines are generally poor inducers of mucosal immunity and
are therefore less effective against infection at mucosal surfaces. However, even
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with the many attractive features of mucosal vaccination described, it has often
proven difficult in practice to stimulate strong sIgA immune responses and protec-
tion by mucosal antigen administration [2]. As a consequence, no more than half a
dozen mucosal vaccines are currently approved for human use and no subunit
vaccines are listed among those approved.

3.2 Anatomophysiology of the Mucosal Immune System

MALT includes the gut-associated lymphoid tissue (GALT), bronchus-associated
lymphoid tissue (BALT), nasopharynx-associated lymphoid tissue (NALT), the
mammary and salivary glands, and the urogenital organs. The common mucosal
immune system (CMIS) acts as an integrated pathway that establishes communica-
tion between the organized MALT (inductive sites) and the diffuse mucosal tissues
(effector sites). However, there is some evidence supporting the theory that this
CMIS is compartmentalized. For instance, stimulation at one mucosal site in MALT
can induce an immune response at remote mucosal effector sites [3, 4]. However,
the extent of the immune response at the effector sites depends on where the induc-
tion occurred. Holmgrenn and Czerkinsky recently summarized this phenomenon in
this way: “Oral immunization may induce substantial antibody responses in the
small intestine (strongest in the proximal segment), ascending colon and mammary
and salivary glands and it is relatively inefficient at evoking an IgA antibody
response in the distal segments of the large intestines, tonsils or female genital tract
mucosa. Conversely, intranasal immunization in humans results in antibody
responses in the upper airway and cervicovaginal mucosa, and regional secretions
(saliva, nasal secretions) without inducing an immune response in the gut” [2].
Important evidences that may explain, at least in part, the dependence of the mucosal
site where the IgA is generated on the route of antigen administration were recently
summarized by Kiyono [5].

3.2.1 Gut-Associated Lymphoid Tissue

The GALT described elsewhere [1] lines the digestive system and has two organiza-
tional levels to its structure: one with little organization, characterized by loose
clusters of lymphoid cells in the lamina propria of the intestinal villi, and the other
with a high level of organization called Peyer’s patches.

The so-called intraepithelial lymphocytes (IELs) can be found in the outer
mucosal epithelial layer, and the majority of these cells are CD8+ T-lymphocytes.
Due to its localization, it is thought that this population of T cells may function to
encounter antigens that enter through the intestinal mucous epithelium. Under the
epithelial layer is the lamina propria, which contains large numbers of B cells,
plasma cells, activated T, cells, and macrophages in loose clusters. It is interesting
to note that in healthy children, histological sections of the lamina propria have
revealed more than 15,000 lymphoid follicles in total (described in [1]).
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Peyer’s patches, located in the submucosal layer underneath the lamina propria,
contain between 30 and 40 lymphoid follicles organized as macroscopic nodules or
aggregates. In a similar way to what happens with lymphoid follicles in other sites,
those from mature Peyer’s patches can develop into secondary follicles with germinal
centers, supported or connected by follicular dendritic cells.

Parafollicular T-lymphocyte zones located between the large B-cell follicles
present a large number of high endothelium venules, allowing cellular migration
and lymphocytes recirculation.

Between the follicle-associated epithelium (FAE) and the organized lymphoid
follicle aggregates, there is a more diffuse area known as the subepithelial dome
(SED).

The FAE is the name given to the mucous membrane overlying the organized
lymphoid follicles. The FAE is a small region characterized by the presence of
specialized flattened epithelial cells called M-cells. Together, the FAE, lymphoid
follicles, and associated structures form the antigen sampling and inductive sites of
the mucosal immune system [6].

The function and structural characteristics of microfold epithelial cells (M
cells) have been described in several recent reviews [1, 6]. It has been widely
accepted that M cells are probably playing a key role in mucosal infection and
immunity. It is thought that the main role of M-cells is the sampling of antigens to
transport them across mucosal epithelia to the underlying lymphoid tissues where
protective immune responses are generated. In addition, M-cells are a common
route for complex antigens and pathogen invasion, for example, several invasive
Salmonella species, Vibrio cholerae, Yersinia species, Escherichia coli and the
polio virus [6].

M-cells have been identified in the epithelia of a variety of mucosal tissues
and within the FAE of a wide variety of animal species, including laboratory
animals (mice, rats, rabbits), domestic pets, and man. In mice and men, M-cells
reside in about 10% of the FAE in contrast with 50% in the rabbit. In the gut,
M-cells are easily recognized by the lack of surface microvilli and the normal
thick layer of mucus that characterizes the rest of the epithelial cells. Additionally,
M-cells contain a deep invagination similar to a pocket in the basolateral cyto-
plasmic membrane that contains one or more lymphocytes and occasional mac-
rophages [6].

3.2.2 Nasopharynx-Associated Lymphoid Tissue

In rodents, NALT is found on both sides of the nasopharyngeal duct, dorsal to the
cartilaginous soft palate, and it is considered to be analogous to Waldeyer’s ring in
humans (pharyngeal lymphoid tissue that includes adenoid, tubal tonsil, palatine
tonsil, lingual tonsil) [7]. In the rat, lymphoid aggregates are situated at the nasal
entrance to the pharyngeal duct [8]. Detailed reviews of NALT and nasal vaccination
can be found elsewhere [8—10]. NALT is a well-organized structure consisting of
B- and T-cell-enriched areas which are covered by an epithelial layer containing
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M-cells, the so-called FAE. The function of these antigen-sampling M cells seems
to be similar to those found on the FAE of Peyer’s patches [5]. Although NALT and
Peyer’s patches share certain similarities, they two differ markedly in morphology,
lymphoid migration patterns, and the binding properties of the [high] endothelial
venules [7]. Additionally, IELs and antigen-presenting cells including dendritic
cells (DCs) and macrophages can also be found in NALT [11]. Therefore, according
to Kiyono [5], NALT contains all of the lymphoid cells that are required for the
induction and regulation of mucosal immune response to antigens delivered to the
nasal cavity.

3.3 Immune Responses Initiated by MALT

MALT plays an important role in antigen sampling and generation of lymphocytes,
including specific IgA effector B cells, memory B cells and T cells. This involves
active lymphocyte proliferative activity, local production of cytokines, and continuous
cellular trafficking [12]. Antigens from the lumen can be internalized by antigen-
processing dendritic cells which move into the epithelium and then migrate back to
local or distant organized tissues. In the intestinal and airway epithelia, mucosal
epithelial cells are sealed by tight junctions; therefore, most of antigen (predomi-
nantly particulates) transport is carried out by the M cells. Luminal antigens are
endocytosed into vesicles that are transported from the luminal membrane to the
underlying M-cell pocket membrane. Vesicles and the pocket membrane experience
fusion, and the antigens are delivered to the clusters of lymphocytes present within
the pocket. It is not known whether M cells participate in antigen processing and
presentation nor if they express MHC class II molecules [12, 13]. Simultaneously,
it is believed that the intact antigens are processed by professional antigen-presenting
cells (APCs) such as macrophages and dendritic cells, either in the epithelium or in
the underlying dome region immediately below M-cells which is thus ideally located
to sample transported antigens. Moreover, chemokines secreted by the FAE result in
an additional attraction of DCs to the FAE, resulting in a high density of phagocytic
cells at sites of entry of foreign antigens and pathogens [14]. Phenotypically imma-
ture DCs are subsequently moved to the T-cell areas, where they upregulate the
expression of maturation markers and MHC molecules [14].

In the follicle, B cells undergo immunoglobulin class switching from expression
of IgM to IgA under the influence of several local factors, including transforming
growth factor (TGF-p), IL-10 and cellular signals delivered by dendritic cells and T
cells [13]. Furthermore, it is thought that because dendritic cells are migratory cells,
they can transport microbes to the mesenteric lymph nodes and to the spleen for the
induction of systemic responses [15]. Therefore, these cells also possibly transport
antigens, especially those sampled directly from the luminal contents.

The lymphocytes primed in the Peyer’s patches move through the draining
lymphatics to the mesenteric lymph nodes (MLN) where they can reside for an
undefined period for further differentiation before they migrate again to the mucosa.
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Peyer’s patches contain all the cellular and microarchitectural environments (e.g., a
B-cell follicle including germinal centers, a dendritic cell network, and an interfol-
licular T-cell area) needed for the generation of IgA-committed B cells [16].
Therefore, B cells primed in the Peyer’s patches or in NALT and transported to the
MLN migrate again to the diffuse mucosal effector tissues such as the lamina
propria of the upper respiratory and intestinal tract where full maturation is achieved
under the influence of IgA-enhancing cytokines IL-5, IL-6, and IL-10 and are trans-
formed into immunoglobulin-secreting active plasma or blast cells [5, 16].

How the lymphocytes know where to return is an interesting and important aspect
of the mucosal immune response. It seems to be well established already that
following activation in organized mucosal lymphoid tissues, B- and T-cells are able
to upregulate the expression of tissue-specific adhesion molecules and chemokine
receptors that function as “homing receptors” to guide the lymphocytes back to the
mucosa through the recognition of endothelial counter-receptors in the mucosal
vasculature [14, 17, 18].

Although IgA constitutes only 10—15% of the total immunoglobulin in serum, it
is the predominant immunoglobulin class in external secretions such as breast milk,
saliva, tears, and mucus of the bronchial, genitourinary, and digestive tracts [1]. In
humans, more IgA is produced than all other immunoglobulin isotypes combined,
and IgA is concentrated over 1 mg/mL in secretions associated with the mucosal
surfaces [14].

The secretory immunoglobulin A has several functions in mucosal defense as
described elsewhere [2, 5, 14]. So-called immune exclusion is a mechanism that
consists of the entrapment of antigens or microorganisms by the sIgA in mucus,
preventing direct contact of the antigen with the mucosal surface [14, 19].
Additionally, specific sIgA might block or sterically hinder the microbial surface
molecules that mediate epithelial attachment [20].

IgA on the mucosal surface and within the lamina propria is able to complex with
food or environmental antigens. The resulting immune complexes may be destroyed
locally or excreted through the overlying epithelium, thus preventing potentially
antigenic materials from reaching the circulation where they may be able to induce
IgE antibodies with subsequent development of food allergy. Therefore, IgA also
serves as an immunological barrier to environment antigens.

3.4 Challenges in Oral and Nasal Vaccine Design

Vaccines administered through one of the mucosal surfaces encounter the same host
mechanisms as harmless antigens, such as food proteins and commensal bacteria or
the same defense barriers as do microbial pathogens and other foreign macromole-
cules. Therefore, after mucosal administration, vaccines can be diluted in mucosal
secretions, detained in mucus gels, attacked by proteases and nucleases and barred
by epithelial barriers. Therefore, it is estimated that large doses of antigen would be
required. Moreover, soluble non-adherent antigens are taken up at low levels if at
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all, and in the intestine, such antigens can induce immune tolerance [21] or simply
be ignored be the mucosal immune system [22].

3.4.1 Active Components in Gastrointestinal Luminal Fluids

Besides the barrier function of the mucus covering all mucosal surfaces, the gastro-
intestinal system has additional important specificities that constitute a barrier to
vaccine (attenuated or killed bacteria, antigen proteins, peptides) administration, the
gastric and intestinal fluids. The mucosal layer of stomach is an epithelium covered
with tiny gastric pits that are entrances to millions of gastric glands. These glands
contain cells that secrete some of the products needed to digest food. The secretion
of the gastric juice is stimulated by signals from the stretch receptors that are acti-
vated by food entrance into stomach. The most important components of gastric
juice are pepsinogen, the precursor for the digestive enzyme pepsin, hydrochloric
acid (HCl), and lubricanting mucus. It is long known that pepsinogen is converted
to the digestive enzyme pepsin by the highly acid conditions of the stomach. HCI
causes proteins in the digestive contents to unfold, exposing their peptide linkages to
hydrolysis by pepsin. The HCI also kills most of the bacteria that reach the stomach
and stops the action of the salivary amylase. In duodenum, chime or other foreign
compounds (vaccines, proteins, bacteria, virus, etc.) contact with a fluid that result
from the contribution of gastric, pancreatic and liver secretions. Therefore, the lumi-
nal fluids of the first segment of the intestine have high concentrations of pancreatic
enzymes, which include proteases (active forms are trypsin, carboxypeptidase), an
amylase, nucleases, lipases, and bicarbonate ions (HZCO{). The liver contributes
also with HZCOS* and bile (bile salts, cholesterol, and bilirubin) which are important
for the emulsion of the food fats.

Brush-border epithelial cells on the villi of small intestine secrete water and mucus
into the intestinal contents. These cells also produce enzymes (some examples are:
disaccharidases such as lactase, aminopeptidase, nucleases, nucleotidases, nucleosi-
dases) that complete the digestion of carbohydrates (disaccharides), proteins (large
peptides, dipeptides) and nucleic acids (nucleotides). A large amount of other pro-
teases not mentioned in this text are secreted into luminal fluids. All constitute an
enzymatic barrier for peptide and protein antigens GI delivery (reviewed in [23]).

3.4.2 Physical Epithelial Barriers

Mucosal epithelial cells are tightly linked via intracellular junctions that form a
continuous barrier which is resistant to microbial passage, the epithelial tight
junctions.

The other barrier to infection is the cell surface mucin barrier and the
glycocalyx.
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3.4.2.1 Tight Junctions

Tight junctions are a form of cell-cell adhesion in epithelial and endothelial cellular
sheets. They are responsible for intercellular sealing. Therefore they act as a
primary barrier or “gate” to the diffusion of solutes or larger particles, including
pathogens, through the intercellular space. But many physiological situations
require that various materials are selectively transported across cellular sheets, and
this occurs either by transcellular transport through the cell or by paracellular flux
through tight junctions. So, tight junctions are not simply impermeable barriers:
they show ion as well as size selectivity, and vary in tightness depending on the cell
type. In addition to the “barrier function,” tight junctions are thought to function as
a “fence” [24] to prevent diffusion or intermixing of plasma membrane components
between the apical and basolateral domains. It has been demonstrated that some
human pathogens are able to invade the body through epithelial cells. It was demon-
strated that in some cases they interfere with epithelial polarity to enhance binding
to the apical surface, enter into cells, and/or cross the mucosal barrier [25]. On other
cases it was demonstrated that dendritic cells (DCs) open the tight junctions between
epithelial cells, send dendrites outside the epithelium and directly sample bacteria.
In addition, because DCs express tight-junction proteins such as occludin, claudin
1, and zonula occludens 1, the integrity of the epithelial barrier is preserved [26]. On
the other hand, tight junctions can be opened using diverse absorption enhancers.
Among those compounds, chitosan has been intensely studied [27].

3.4.2.2 Extracellular Mucus Barrier

Epithelial layers in the body are protected from pathogens and similar stresses by
mucus. However, successful enteric pathogens have created strategies to circumvent
these barriers. Early investigations of diffusion through mucus gels demonstrated
that small molecules can readily diffuse through mucus whereas mucus is an imper-
meable elastic barrier to bacterium-sized particles. This appears rational, since the
end products of digestion, such as monosaccharides and disaccharides, or small
peptides, could penetrate the mucous layers to reach the enterocytes and to undergo
subsequent absorption. More recent work clearly demonstrates that virus-sized par-
ticles can readily diffuse through mucus gels [28]. Therefore, detailed knowledge of
mucin dynamics is required to understand the interaction of the mucosal barrier
with particulates (bacterial, virus, artificial particulates) and macromolecules. The
topic has been reviewed by several authors (see [29-31]).

The essential, protective role of mucus is perhaps most evident in the physiology
of the lung, which is continuously exposed to airborne pathogens, toxins, and con-
taminants. Many of these foreign particles become trapped in the sticky gel of
mucus lining the lumen of the bronchoalveolar epithelium and are expelled from the
lungs via coughing or cilial motion. In the gastrointestinal tract, the thickness of
mucus ranging from 700 pm in the stomach and large intestine to a diameter between
150 and 300 pm in the small intestine [32]. The secreted mucus forms two layers,
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a thinner inner layer that is sterile and difficult to dislodge and an outer layer that is
not sterile and is more easily removed. Normally, anaerobic commensal microor-
ganisms live in outer mucus layer, leaving the inner mucus layer effectively sterile.

The major components of these barriers are mucin glycoproteins that are
produced by mucus cells (goblet cells). Secreted mucin were described by
McGuckinin as “a secreted glycoprotein with a central domain containing a dense
array of O-linked oligosaccharides and amino- and carboxy-terminal cystein-rich
domains that oligomerize the mucins into a large macromolecular complex, giving
mucus its viscous properties.” However, mucus is also formed by other molecules
involved in host defense against infection like antimicrobial molecules (cationic and
amphipathic peptides or lectins) produced by Paneth cells, or secretory antibodies,
IgA and IgG, which are produced by B cells in lamina propria of the intestine and
are secreted into the mucus by epithelial cells. All mucus components were exhaus-
tively described by McGuckinin (see [29]).

Evidently, pathogens have evolved many ways of evading the mucosal barrier.
Among these mechanisms, some allow efficient penetration of the mucus (presence
of flagella), production of enzymes that degrade the mucus, modulation of pathways
that allow evasion of the barrier (inflammatory and apoptotic), and disruption of the
cells that produce the barrier. Finally, a large number of enteric pathogens have
evolved strategies to infect the host via the normal physiological sampling of bacteria
and particulates that are carried out by M cells that reside in the dome ephithelium.
Goblet cells are not present at dome epithelium, so is not covered by thick mucus
layer, leaving holes in the mucus barrier. This anatomophysiological particularity
has been appointed as an opportunity to the development of mucosal vaccines.

3.4.3 Immunological Tolerance

Epithelial cells are dynamic participants in the mucosal defense. They have been
described as working as sensors detecting danger signals like microbial components
through pattern recognition receptors such as Toll-like receptors (TLRs) [14]. The
epithelial cells respond to the danger signals by producing cytokine and chemokine
signals to underlying mucosal cells, such as dendritic cells (DCs) and macrophages,
to trigger innate, nonspecific defenses and promote adaptive immune responses [14,
33].

In the intestine, the environment is extraordinarily rich in food antigens and
microorganisms that constitute the normal flora. For this reason, there are mecha-
nisms that reduce and modulate the cytokine and chemokine signals to avoid unde-
sirable responses (reviewed in [34—36]) such as mucosal inflammation.

The mucosal surfaces are in a permanent state of alert, but they “adapt” to the
presence of foreign microorganisms. As a consequence, vaccines that produce a
strong immune response if injected in sterile tissues such as muscle could be ignored
when administered through mucosal surfaces [14]. This state of unresponsiveness
or so-called immunological tolerance is dependent on the route of administration
of the vaccine and has been appointed as one of the biggest challenges for mucosal
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vaccine development. Therefore, intended mucosal vaccination strategies should
overcome mucosal tolerance mechanisms, and will require a more detailed under-
standing of the underlying mechanisms behind the phenomenon. Although the phe-
nomenon of oral tolerance has been known for almost a century, the mechanistic
basis is still not fully understood. For instance, the molecular mechanism by which
the innate immune system distinguishes commensal from pathogenic bacteria is a
topic of great interest which is so far not fully understood. Answers to this and
others questions will provide vital information for the development of effective oral
vaccines. Some review articles about the state of the art of this knowledge have been
published recently [13, 21, 22, 37].

Increasing evidence has shown that the induction of mucosal tolerance is related to
the pathway for antigen internalization. One important pathway for tolerance might
involve passing through intestinal epithelial cells, escaping capture by lamina-
propria phagocytes and transport through blood capillaries to the liver [21]. Another
important pathway for the entrance of the antigens from the lumen is via dendritic
cells, which can intercalate between epithelial cells and sample antigens directly from
the intestinal lumen [26]. It was recently demonstrated that the expansion of dendritic-
cell populations mediates the enhancement of oral tolerance [38]. Moreover, these
unprocessed antigens are carried through the lymphatics to the mesenteric lymph
nodes, which have been implicated in oral tolerance [21, 39]. On the contrary, as dem-
onstrated in more recent studies, Peyer’s patches appear not to have an important role
in the induction of tolerance [40—42], while the uptake of antigens via Peyer’s patches
is essential for the induction of an immune response and determines the profile of the
induced immune response when using particles as oral antigen carriers [43].

Another important observation is the induction of immunological tolerance that
can be induced following the administration of a single high dose of the antigen or
a repeated exposure to lower doses. These two forms so-called high- and low-dose
tolerance are mediated by distinct mechanisms described recently [21]. It is thought
that T-cells are the major cell type involved in the induction of mucosal tolerance.
It is generally agreed that the status of oral tolerance can be explained by clonal
anergy, clonal deletion of T-cells or by active suppression by regulatory T-cells
through the secretion of inhibitory cytokines. The most controversial issue is how
and where the antigen-specific T-cells in the MLNs first encounter antigen, and
Mowat [13] has reviewed several studies addressing this question. According to the
same author, however, it seems more probable that presentation of the antigen to
naive T-cells occurs in the MLNs themselves due to unprocessed antigen brought
there by APCs that traffic to the MLNs after being loaded with antigen in the mucosa
or Peyer’s patches [13].

3.5 Mucosal Adjuvants

To circumvent or minimize these barriers, vaccine formulations and delivery strategies
have to be carefully designed in order to efficiently stimulate the innate and adaptive
immune response appropriate for the target pathogen [14, 44]. Following this idea,
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delivery strategies are likely to be most promising when they mimic pathogens.
Therefore, particulate delivery systems that adhere to mucosal surfaces or even
better that would be able to selectively target M-cells are likely to be the most effec-
tive [ 14]. Moreover, to be distinguished from commensal microorganisms, the vaccine
formulations should also carry substances that activate innate signaling pathways in
the epithelial cells and/or in the underlying antigen-presenting cells. These sub-
stances which are included in vaccine formulations with the aim of enhancing its
immunogenicity are termed adjuvants (adjuvare; latin, to help). Presently, there is
no optimal adjuvant classification. Although the complete working mechanism of
many adjuvants is not entirely known at the moment, classification based on their
mode of action has been suggested [45, 46]. Increasing evidence has demonstrated
that most non-particulate mucosal adjuvants act by binding to specific receptors,
and this adjuvant-class is frequently named immunopotentiators. Particulate
adjuvants mainly function to concentrate vaccine components and to target vaccines
towards APCs or carry out a depot action.

3.5.1 Micro- and Nanoparticles as Polymeric Vaccine
Delivery Systems

The category of particulate carriers includes different particles which have been
widely reviewed in the recent scientific literature, including microemulsions (such
as MF59) [46, 47], iscoms [48, 49], liposomes [48], virosomes [50], virus-like
particles, and polymeric microparticles [46, 51-55]. These particles have a common
feature, which is that their size should be similar to the size of a pathogen in order
to be taken up by APCs [56, 57] and subsequently deliver the associated antigen into
these cells. Therefore, the main role of the delivery systems is to concentrate the
antigen in the lymphoid tissues responsible for the induction of the immune response.
However, the potency of these delivery systems can be significantly improved by
the association of an immunopotentiator. This aspect is of particular importance for
recombinant vaccines and other weak antigens. Regarding oral and nasal vaccination,
the entrapment of vaccine antigens in delivery systems has two main purposes. The
first goal is to protect the antigen against degradation on mucosal surfaces, and the
other is the enhancement of their uptake in MALT. The most successful work in
achieving these two goals has been done with nano- and microparticles. The interac-
tion between particulates and the GALT has been a subject of several reviews [58—61]
since a deep understanding of this interaction would be key in the design of successful
nanoparticles. The uptake of inert particles has been shown to take place transcel-
lularly through normal enterocytes and specialized M-cells or to a lesser extent
across paracellular pathways through the tight junctions between cells [59].
Although transport by the paracellular route has been shown, for example, with
polyalkylcyanoacrylate nanocapsules in the jejunal mucosa of the rat [62], the prob-
ability of its incidence does not seem to be high since the opening diameter of the
gap junctions between the cells is between 7 and 20 nm in diameter [59].
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Regarding the transcellular transport, its occurrence via M-cells appears to be a
very natural mechanism since M-cells are specialized for endocytosis and
subsequently transport the particulates to the adjacent lymphoid tissue (Peyer’s
patches in the gut). Therefore, after the particle binds to the M-cell apical mem-
branes, the particulates are rapidly internalized and offered to the continuous
lymphoid tissue. Depending on their size, the particles can be retained within the
lymphoid tissue (>3 pm) [58], or they can be internalized by phagocytic cells and
subsequently transported to another lymphoid tissue through the lymphatic vessels
that innervate the PP dome area. There is a broad consensus that M-cells, associated
with Peyer’s patches are the main target for vaccination purposes. However, several
questions have arisen regarding this issue. One issue is related to the number of
Peyer’s patches in the gut and therefore the total area covered with M-cells. Mice
and rats have between 6 and 10 discrete Peyer’s patches, while a human being has
many hundreds [63]. In this respect, the differences between mice and men mean
that one must take extreme caution when extrapolating from animal models to
humans. On the other hand, these uptake studies have been performed in a small
target area in the animal models. Another question is related to the factors that may
influence the particle uptake across the gastrointestinal tract epithelium. Some
examples reviewed in references [58, 64] are the particle size, ideally it should be
smaller than 10 um for being take up by M-cells of Peyer’s patches in intestine and
hydrophobicity, increasing the surface hydrophobicity of particles, permeability
through mucin also increase whilst decreasing translocation across the cell interior,
which has a more hydrophilic environment. Particle surface charge seems to be also
an important factor; theoretically, positively charged particles are better positioned
to interact with the negatively charged mucin. Additionally, other factors that may
influence uptake studies are particle dose, administration vehicle, animal species
and age, feeding state of the animals, use of penetration enhancers and use of
targeting agents.

3.5.2 Immunopotentiators

Nonmicrobial particles, macromolecules, and protein-subunit antigens generally
induce weak or undetectable adaptive immune responses when applied mucosally.
The encapsulation of the antigen in a particulate delivery system can direct the antigen
to the inductive site, ideally to the Peyer’s patches, but may not be sufficient to
evoke an appropriate immune response, because it may not be recognized as a harmful
particulate. To be distinguished from harmless substances and nutrients, mucosal
vaccines should raise alarms in the mucosa by including substances in the formula-
tions that activate innate signaling pathways [14].

The best-known mucosal immunopotentiators are the secreted enterotoxins of V.
cholerae and E. coli, cholera toxin (CT) and E. coli heat-labile enterotoxin (LT). Both
CT and LT are exceptionally potent oral-mucosal immunogens (their mechanisms
are reviewed in [65]). However, this kind of adjuvants has been shown to be toxic
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for humans. Therefore, several genetically modified forms have been engineered to
reduce or eliminate the toxicity associated with the enzymatic A subunits of these
toxins [66, 67]. In spite of this, some concerns have recently been raised about the
use of CT- or LT-derived adjuvants for use in intranasal vaccines. This was based on
reports from studies in mice that were intranasally administered CT and LT. These
compounds could be localized in the olfactory bulb of the brain, apparently as a
result of retrograde transport via the olfactory nerve [68].

Furthermore, many live attenuated mucosal vaccine vectors, including poliovirus,
adenovirus, and enteric bacteria are currently under development and have been exten-
sively reviewed [69, 70]. A practical advantage of these live antigen delivery systems
is that it avoids the effort and cost associated with antigen purification. Although the
superiority of these live attenuated pathogens as mucosal vaccine vectors is due in
part to their ability to target the antigen to the appropriate tissue, enhance its uptake to
yield a more robust immune response and activate multiple innate immune responses,
some safety (virulence reversion) and ethic issues associated with genetic manipulation
will delay their use in humans. Therefore, the same safety concerns observed for the
live attenuated vaccines already in the market for more than forty years.

Meanwhile, with the recent progress in this area, a number of immunopotentia-
tors have become available for inclusion in vaccines, which have been extensively
reviewed elsewhere [46, 71, 72]. Moreover, in more recent years, new information
about the functions of immunomodulatory cytokines and the discovery of TLRs has
provided promising new alternatives. It has also been demonstrated that the verte-
brate innate immune system uses pattern recognition receptors, including TLRs,
specifically to detect pathogen-associated molecular patterns (PAMPs) present in
infectious agents [73]. To date, at least ten different human TLRs have been
identified, as well as a number of naturally occurring TLR ligands. For example,
various TLR ligands including CpG-containing oligonucleotides [73], flagellin [74],
and bacterial porins [75] have shown adjuvant activity when administered mucosally
together with antigens. Synthetic TLR ligands have also been identified, including
imidazoquinoline compounds such as imiquimod and resiquimod (R-848), which
activate human TLR7 and TLRS [73] as well.

3.6 Final Remarks

Most pathogens gain access to their hosts through mucosal surfaces. The induction
of helpful specific antigen mucosal antibodies is feasible only when the antigen is
administered by one of the mucosal routes. On the other hand, a number of obstacles
must be overcome in order to efficiently stimulate innate immune responses and
evoke adaptive immune responses without disturbing mucosal homeostasis or
inducing tolerance. Tolerance mechanism is maybe the most important obstacle.
Pathogenic bacteria and virus normally surpass this barrier and therefore theoretically
attenuated virus or bacteria are the ideal antigen producers and vectors. Inspired
by these vectors, polymeric carriers can be designed in order to have similar
sizes as the pathogens, and may be loaded with antigens and immunopotentiators
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molecules that will activate innate immune response. Therefore, the investigation of
novel nontoxic adjuvants, like delivery systems and immunopotentiators, which
should be efficacious on mucosal surfaces is urgently required and is as important
as the investigation of new antigens for the development of new vaccines.
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Chapter 4
Oral Vaccination: Attenuated and Gene-Based

Wendy Peters, Ciaran D. Scallan, and Sean N. Tucker

4.1 Introduction

The ability to deliver vaccines by a pill, capsule, chewable candy, or even as a liquid
slurry represents a delivery improvement over injected vaccines. Besides the pain of
watching our young children return from the pediatrician with multiple band-aids
on their legs and tears in the eyes, vaccines that can be administered in the absence
of needles have several advantages. Distribution and manufacturing are greatly
simplified. A pill can be handed out by anyone, not necessarily by qualified medical
support. No sterile filling of syringes or vials is necessary because the stomach and
intestinal track handle non-sterile food all the time. Unwanted needle sticks and
sharps disposal are avoided. From a performance improvement standpoint, deliver-
ing a vaccine mucosally could improve the immune responses mucosally since 90%
of pathogens invade by this route and parenteral delivery is not particularly adept at
inducing immunity at a mucosal surface. Several approved oral vaccines have been
developed, and several oral platform approaches are under investigation that might
expand the available pool of vaccines. This chapter reviews the history of oral vac-
cines, both approved vaccines and those in early stages of development.

4.2 Attenuated Pathogens Given Orally to Prevent Infection

This section describes the use of classical oral vaccines and the infections they
prevent. All of these vaccines (Polio, Rotavirus, Typhoid, and Cholera) rely on
attenuating pathogens that use the oral route as their natural route of infection.
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All of these vaccines are efficacious and were in widespread use, although the polio
vaccine has been generally replaced with an injected form because of the issue of
vaccine shedding and reversion to virulent forms.

4.2.1 Poliomyelitis and Polio Vaccines

Poliovirus is an extremely infectious enteric virus caused by three polio serotypes
(types 1-3) [1]. It is mainly spread via the fecal-oral route although oral-oral
transmission can also occur. It enters the body through the mouth and replicates in
the intestine and shed in the feces. Before the introduction of vaccines, virtually all
children under the age of 5 were infected with polio [2]. The vast majority of
infections do not cause serious disease, but in about 1% of cases the virus does enter
the central nervous system damaging motor neurons and causing paralysis that is
sometimes permanent [2, 3]. Of those people that are paralyzed, a fatality rate of
2-20% exists but is higher if bulbar polio develops [2].

In the early 1950s before vaccination began there were 20,000 cases of paralytic
poliomyelitis in the USA per year (CDC, reported morbidity and mortality in the
USA 1981). Vaccination began in 1955 using an inactivated vaccine (IPV) administered
intramuscularly (i.m.) and developed by Jonas Salk. By 1960 the number of cases
had fallen to 3,000. Oral polio vaccination (OPV) developed by Albert Sabin was
introduced in 1961, and by 1979 there were only ten reported cases of poliomyelitis
per year (CDC; Polio Vaccine Information Statement). OPV soon became the
vaccine of choice because of a number of factors, including its ease of administra-
tion, its lower cost, and better mucosal immunity that prevent person-to-person
transmission.

Initially poliomyelitis was thought to be a disease of the developed world but it
was later recognized as a scourge of the developing world as well. The Global Polio
Eradication Initiative (TGPEI) was launched in 1988. Its goal was to eradicate polio
virus worldwide using OPV by the year 2000. While that goal has not been entirely
met, in 2005 the annual number of cases worldwide had dropped by 99% [3]. Wild-
type virus still circulates in four countries (Afghanistan, Pakistan, Nigeria, and
India) [4]. In the case of Afghanistan, Pakistan and Nigeria a simple cause of inad-
equate vaccination is to blame for the continued circulation of wild-type virus [5].
But in India it appears to be vaccine failure that has prevented eradication. The
problems lie in just two Indian regions, Uttar Pradesh and Bihar. Although reasons
for vaccine failure are not fully understood, the regions are swamped with infectious
enteric diseases, and it is possible that the competition in the gut flora leads to
inadequate vaccine take [6].

While OPV has been responsible for great gains made in polio eradication, it is
not without its risks. In some cases the vaccine can cause vaccine-associated
paralytic poliomyelitis (VAPP) when the vaccine strains revert to more neuroviru-
lent, wild-type like strains. In addition the vaccine strains can become circulating
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vaccine-derived polioviruses (cVDPV), which are biologically equivalent to
wild-type strains [7]. Because of these issues, vaccination with OPV eventually
needs to be halted and replaced by the enhanced-potency IPV (eIPV was developed
in 1978 to be more antigenic than the original IPV. It was licensed in 1984 and is
also given by i. m. injection). To this end the USA stopped immunization with
OPV in 2000 and replaced it with eIPV. The switch to eIPV is the ultimate goal
of TGPEL

To highlight the eventual need to halt global OPV vaccination and switch to e[PV
is a case that occurred in 2005 in Minnesota. A 5-month-old Amish baby was
hospitalized for vomiting, persistent fever, and bloody stools. Type 1 vaccine-
derived polio virus (VDPV) was isolated from her stool. Fortunately paralysis did
not occur but subsequently VDVP of the same serotype was isolated from stools of
eight other Amish children in the community (who were not sick). It was estimated
that the VDPV had been circulating in the community for 2 months prior to the baby
becoming sick. It was later found that the baby suffered from severe combined
immune deficiency. VDPV are shed by OPV vaccines, and since the USA had
ceased vaccination with OPV in 2000 the original source was thought to be an OPV
receiver in the developing world [8]. This example highlights the risks from VDPV
in under-vaccinated communities and underscores the some of the issues with the
OPYV, and why switching to e[PV has been carried out in the USA.

Today there are four types of OPV all produced by either Sanofi Pasteur or
Panacea in India; OPV is a trivalent vaccine that confers protection to all three polio
strains (PV1, PV2 and PV3). It was developed in 1961 by Sabin and consists of a
mixture of three live attenuated viruses. Because there is competition by each of the
three strains to induce immunity, OPV confers the best protection to PV2. Therefore
monovalent vaccines consisting of live attenuated PV1 (mOPV1) or PV3 (mOPV3)
and a bivalent vaccine (bOPV) consisting of PV1 and PV3 have been developed.
These monovalent and bivalent vaccines are being used tactically in the last polio
endemic countries to match the circulating strains within each country [6].

4.2.2 Rotavirus and Rotavirus Vaccines

Rotavirus is a dsRNA virus that has 11 genes. Several species of Rotavirus have
been identified (A—E), although humans are most commonly infected with Rotavirus
species A. Of species A, several serotypes have been identified and classified based
upon two surface structural proteins, the glycoprotein VP7 which defines G-types
and the protease-sensitive protein VP4 which defines P-types. Strains are usually
designated by their G serotypes, for example G1-G4 and G9, and the P-type is
indicated by a number followed by a letter and a number in square brackets for the
P-genotype. A study examining the global distribution of Rotavirus serotypes found
that four common G serotypes G1-G4 in conjunction with P[8] or P[6] represented
over 88% of worldwide strains [9].
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Worldwide Rotaviruses are the leading cause of severe diarrheal disease and
dehydration in infants and children under 5 years old [10]. In 2004 an estimated
527,000 children died from Rotavirus infection with 85% of those deaths occurring
in South Asia and sub-Saharan Africa[11]. In addition in 2009 the Global Surveillance
Network reported that 36% of children under 5 who were hospitalized with diarrhea
tested positive for Rotavirus (data was collected from 43 countries) [12].

In 2009 after rigorous clinical trial testing for safety and efficacy in the America’s,
Europe, Asia, and Africa, the World Health Organizations recommended the use of
Rotavirus vaccines in all national immunization programs [13]. The effectiveness of
Rotavirus vaccines is being closely watched and already positive trends have started
to emerge. For example in El Salvador that introduced routine vaccination in 2006
there has been a 69-81% decline in Rotavirus-specific hospitalizations during
2008-2009 compared to years without vaccination [14]. In the USA from 2006 to
2009 there was a 58-86% reduction in rotavirus hospitalizations [15]. In Mexico
from 2007 to 2009 there was a 40% decline in diarrhea-related hospitalizations after
a rotavirus vaccination program was introduced [16]. And in Queensland Australia
from 2007 to 2009 there was an 89-94% reduction in rotavirus-related hospitaliza-
tions in children under 5 years old [17].

The first Rotavirus vaccine licensed in the USA was a tetravalent rhesus-human
reassortant rotavirus vaccine (RRV-TV). It was initially developed at the NIH and
was licensed in 1998 as “Rotashield” by Wyeth-Lederle. It was made by combining
the rhesus parent strain RRV (serotype G3) with three human-rhesus reassortant
strains of G serotypes 1, 2, and 4. However despite extensive testing that showed
48-68% protection against RV disease and 64-91% protection against severe
disease [18-21] it was pulled from the market in 1999 due to an association with
intussusception (IS) [22]. The increased risk of (IS) had been reported as 1 in 10,000
to 1 in 32,000 children [23].

After the withdrawal of Rotashield, two new oral live attenuated vaccines were
rapidly brought to market. Because of the prior association of IS, vigorous safety
testing was performed. Both these vaccines were developed with different immune
concepts in mind. A pentavalent vaccine was developed on the premise that serotype-
specific neutralizing antibodies are the major determinants of protection (homotypic
immunity). Whereas the other vaccine made of a single serotype was developed
with the knowledge that repeated infections even if they are of different serotypes
do not lead to broadening of the humoral immune response (heterotypic
immunity).

RotaTeq (RV5) produced by Merck Research Co. was licensed in 2006. RV5
is a pentavalent live bovine-human reassortant vaccine. The parent strains were
isolated from both human and bovine hosts. Four of the reassortant viruses con-
tain outer capsid proteins G1-G4 from the human parent strain and the attach-
ment protein (P7[5]) from the bovine parent strain. Whereas the fifth reassortant
virus contains the attachment protein (P1A[8]) from the human parent strain and
the outer capsid protein G6 from the bovine parent strain. RotaTeq is marketed
as a three-dose regime with vaccinations recommended at 2, 4, and 6 months
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of age. Due to the problems associated with Rotashield, a large safety and efficacy
trial was carried out on more than 70,000 infants in the USA and Finland. The
vaccine was found to have a 74% efficacy protection against G1-G4 rotavirus
gastroenteritis and an extremely good safety profile with only three cases of IS in
100,000 infants [24]. RotaTeq Phase III trials in the developing world are still
ongoing.

The second oral Rotavirus vaccine “Rotarix” was licensed in 2008 by
GlaxoSmithKline. Rotarix is a monovalent live attenuated vaccine. The strain
G1P[8] was initially isolated from a 15-month-old sick patient in the USA. It was
attenuated by multiple passages in cell culture, plaque purified and again passaged
in Vero cells. Rotarix is marketed as a two-dose regime administered as early as 6
weeks of age followed by a second dose given before 16 weeks of age with at least
4 weeks in between each dose. Like RotaTeq, Rotarix has gone through extensive
efficacy and safety testing and showed a 70—-85% protective efficacy against severe
disease caused by serotypes G1P[8], G2P[4], G3P[8], G4P[8], and GIP[8] [25, 26].
These clinical trials were carried out in Europe, Central and South America.
However, while the pre-licensure trials showed no increased risk for IS [27], ongo-
ing post-license surveillance has revealed a slight increase of IS [28]. In 2010 the
global advisory committee on vaccine safety (GACVS) reviewed this post-license
data which lead the FDA to approve a labeling change to Rotarix stating the increased
IS risk.

The completion of trials in South Africa and Malawi showed an overall protec-
tive efficacy of 61% which although lower than that in the developed world is con-
sidered promising in the face of high maternal neutralizing antibodies and competing
gut flora in children in these developing countries [29].

Another Rotavirus vaccine (LLR) is a lamb-derived monovalent live attenuated
vaccine made by Lanzhou Biologicals and is licensed only in China. It is reported
to produce neutralizing antibodies in 60% of vaccines; however, LLR was not tested
against a placebo so its precise efficacy is unknown [30].

4.2.3 Cholera and Cholera Vaccines

Cholera is an acute diarrheal disease caused by ingestion of Vibrio cholerae sero-
types O1 and O139. The majority of cases are caused by V. cholerae O1 organisms,
which are further defined as classical and El Tor biotypes. Cholera is transmitted by
ingestion of contaminated food and water and is mainly a problem in areas of the
world that have poor sanitation. It is estimated that 5—7 million cases occur world-
wide resulting in greater than 100,000 deaths, although the exact number is thought
to be much higher due to under reporting [31]. In the USA an average of ten cases a
year were reported from 1995 to 2000 [32] and all were associated with persons that
had traveled to an endemic region [32]. Oral rehydration therapy has dramatically
improved the fatality rates.
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In 2006 Cholera reemerged as a serious health threat after the number of cases
reported to the WHO rose by 79% from the previous year [33]. While improvements
to sanitation and the clean water provisions are the best measures in preventing chol-
era this requires long-term substantial investment. While in the short term access to
safe and efficacious vaccines are likely to reap immediate positive effects.

Parenteral V. cholerae vaccines had poor immunogenicity and high reactogenicity.
Because of this and the mucosal nature of the infection, oral V. cholerae vaccines
began to be developed in the 1980s. There are three licensed cholera vaccines on the
market today. Dukoral (WC/rBS) produced by Crucell and distributed by Sanofi
Pasteur is an oral killed whole cell V. cholerae O1 containing purified recombinant
B-subunit of cholera toxoid (WC/rBS). The second vaccine ORC-VAX is a variant
of WC/rBS and contains no B-subunit. It is licensed and produced by VaBiotech in
Vietnam. A third vaccine Orochol (also distributed under the name Mutachol) is
also licensed by Crucell, but is no longer manufactured. Orochol was an oral live
attenuated vaccine (CVD 103HgR) derived from the classical Inaba 569b strain.
Currently there are no licensed Cholera vaccines on the US market.

Dukoral stimulates both antibacterial and antitoxic immunity. The vaccine is
given in two doses 1 week apart to children over 6 years of age and adults. To children
2-6 years of age three doses are given. Clinical trials in Bangladesh [34] and Peru
[35] have shown that the vaccine is safe and has a protective efficacy of 85-90%
during the initial 6 months after vaccination. One year following vaccination a pro-
tective efficacy of 62% was seen. After 3 years the protective efficacy had dropped
to 50% [36]. Interestingly protective efficacy varied according to age range with the
lowest efficacy 26% seen with children aged 2-5 years but this increased with age
to 62% with children and adults >5 years old [36].

4.2.4 Typhoid Fever and Typhoid Vaccines

Typhoid fever (TF) is a systemic disease that is transmitted via the fecal—oral route
and is generally associated with poor hygiene and a lack of adequate sanitation.
Clinical symptoms follow a 10- to 14-day incubation period and are described as
malaise, anorexia, myalgia, and fever. Abdominal discomfort sometimes occurs as
does constipation and diarrhea. In 25% of Caucasian patients exanthem or rose
spots develop on the chest abdomen and back, and in about 1% of cases intestinal
perforation and hemorrhage occur. TF has more or less disappeared from the devel-
oped world but in nonindustrialized countries there are 16 million cases each year
resulting in 600,000 deaths worldwide. The worst affected areas are parts of South
and East Asia, Africa, South America, and several Asian nations [37]. Although
antibiotics are the therapy of choice, increasing antibiotic resistance makes prophy-
lactic vaccines a valuable public health tool.

A live attenuated S. typhi strain TY21a is the oral vaccine of choice to prevent
typhoid fever. It was developed in the 1970s by chemical mutagenesis [38]. The vaccine
strain has a mutation in the galE gene which results in the inactivation of the enzyme
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uridine diphosphate (UDP) galactose-4-epimerase preventing the interconversion of
UDP-galactose and UDP-glucose. However the gene deletion also results in a
decrease in growth rate and the absence of the Vi antigen. The vaccine was first
produced as a liquid formulation but is now marketed as enteric-coated capsules
under the name Vivotef. The vaccine is produced by Crucell and is licensed in over
30 countries including the USA.

TY21a has an excellent safety record. The first field trials were conducted from
1978 to 1980 in Alexandria, Egypt with approximately 32,000 school children from
the ages of 6-7 years. The children were given three doses of a reconstituted lyo-
philized formulation and were given a sodium bicarbonate capsule before hand to
neutralize the stomach acid. An impressive 96% protective efficacy was seen with
this trial 3 years after vaccination [39]. The next four field trials were carried out in
Chile which has a higher endemicity rate than Egypt. The first contained 140,000
children and compared a gelatin capsule formulation with sodium bicarbonate to
enteric-coated capsules and compared whether three doses administered 2 days apart
or three doses given 21 days apart was more efficacious. The best regime was found
to be enteric-coated capsules given 2 days apart this resulted in a 62% protective
efficacy up to 7 years after vaccination [40]. The lower efficacy found in Chile com-
pared to Egypt was thought to be due to the method of transmission. In Egypt S. typhi
is thought to be water borne and thus smaller inocula whereas in Chile transmission
is thought to be food borne which generally results in a higher inocula [40].The next
trial was carried out between 1982 and 1986 and involved 92,356 school children.
This trial investigated whether one dose or two doses of the vaccine were more
efficacious. Two doses of the vaccine provided a 52—71% protection for 2 years, then
dropped to 22% in the third year whereas the one dose gave only low levels of protec-
tion for 2 years and showed no protection in the third year. Thus more than two doses
are required to provide adequate protection [41]. The third trial carried out from 1984
to 1987 involved 190,000 children and compared 2, 3, and 4 doses given within an
8-day period [42]. The incidence of TF was found to be considerably lower with the
group given the four doses. Two other trials were carried out to compare liquid for-
mulation versus enteric capsules. One was carried out in Chile and the other in
Indonesia where S. typhi has an extremely high transmission rate. Both trials resulted
in the liquid formulation having a slightly better efficacy. However protective efficacy
was lower in Indonesia (53%) [43] compared to Chile (76%) [44]. This difference is
thought to be due to the higher attack rate in Indonesia [40].

4.3 Gene-Based Oral Vaccines

Classical oral vaccines to prevent disease were successful and easy to distribute.
The next section discusses the use of oral vectors to deliver antigen genes to a het-
erotypic pathogen to induce protection. At this point in time, all of these approaches
are experimental and not approved in a marketed product.
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4.3.1 Adenoviral Vectors

Early work in the 1960s and 1970s with the military oral Ad4 and Ad7 adenoviral
vaccines led to the development of methods to dry and place adenovirus into enter-
ic-coated capsules and pills. The military vaccine was very successful (greater than
95% efficacious in a boot camp setting) and safe, and the vaccine format had
significant advantages over injected vaccines (reviewed in [45]). The idea that the
format could be used for development of adenoviral (Ad) vectors to deliver het-
erologous antigens for protection against other illnesses was tried in the early
1980s. The advantage is that the delivery had already been worked out—there was
plenty of experience drying and placing adenoviruses in enteric-coated dosage
forms. The problem with the approach was that the replicating vectors induced bet-
ter immune responses against adenoviral rather than the heterologous antigen. In
studies by Lubeck et al., the immune responses to hepatitis B surface antigen in
their Ad4 and Ad7 vectors were rather modest in monkeys, even after administrat-
ing booster titers of 8¢9 pfu of the replicating Ad vector [46]. Experiments almost
20 years later with replicating Ad type 5 vectors were also disappointing in that the
ability to elicit immune responses to the heterologous antigens was difficult with the
oral route alone [47]. Anti-vector immunity induced by immunization is a significant
concern if the approach is to be used repeatedly. A clinical trial was started in
November 2009 with a replicating Ad4 vaccine to prevent influenza (clinicaltrials.
gov NCT01006798). No results have been posted as of mid-2011, but an expanded
phase I trial with higher dose levels (up to lel1 particles) has recently been added.
The prior results with replicating Ad vectors suggest other approaches were needed
to develop a platform that could be used over and over again.

4.3.2 Non-replicating Oral Adenoviral Vectors

Several vectors and formats have been tested by investigators over the last 20 years.
One significant advantage of using non-replicating vectors is that neutralizing anti-
vector immunity does not appear to be induced compared with either injected
adenovirus or replicating virus [46, 48]. Results show that these approaches could
induce meaningful antibody titers in mice, but the results were still modest
compared to an i.m. injection. In a paper by Sharpe et al., antibody titers to measles
NP were obtained after administrating 5e8 pfu adenovirus expressing measles virus
NP [49]. In studies by Xiang et al., 2e7 pfu of rAd5 expressing rabies virus glyco-
protein (rGP) was able to induce significant antibody titers to GP in C57BL6 and
ICR mice. Antibody titers to rGP appear to be an order of magnitude less for oral
immunization than for i.m. injection, but oral immunization was able to induce
neutralizing antibody titers to rabies [48].

Some investigators have attempted to improve immune responses to payload
antigens by the addition of adjuvants to the adenoviral vector. As an example,
investigators have recently used a TLR agonist of the Eimeria tenella (rEA) antigen
to improve the immune responses to payload antigen [50]. rEA antigen signals
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through an MD88 pathway and may signal through TLR11 [51]. Ad expressing the
rEA antigen induced improved cellular immune responses after i.m. injection.
Surprisingly, the immune responses were still modest when given orally even though
rEA antigen was selected based on inducing high levels of IL-12 in bovine intestine
[50]. Another similar approach by Vaxart has recently entered clinical trials (May
2011). This approach is using an adenoviral vector with a TLR3 agonist to improve
immune responses to antigen. (Clinical trials.gov no. NCT01335347.) Preclinical
data suggests that the adjuvant can improve immune responses to antigen when the
vector is given orally (Tucker, US Patent 7,879,602).

Ko and colleagues at the Vaccine Research Center proposed using enteric adeno-
viral vectors as a way to improve immune responses following oral delivery. Enteric
adenoviruses naturally infect the intestinal space, and may be more resist to acidic
environments of the stomach. In the study by Ko et al., an E1-deleted Ad41 vector
was used to deliver the antigen (HIV envelope gp140) [52]. The vector was compared
to Ad5 and not found to significantly improve the immune responses to gp140. The
immune responses without i.m. boosting were extremely modest, even after substan-
tial adenoviral doses [52]. The authors did suggest that oral priming followed by i.m.
boosting may be beneficial because of the lack of induction of neutralizing antibodies
to adenovirus by the oral route compared to i.m. injection [52], which presumably
would afford better overall immune induction than multiple i.m. injections.

4.3.3 Other Oral Viral Vectors

Several investigators have evaluated the use of vaccinia as an oral vaccine vector.
Vaccinia is a potent vector when injected, and there was the possibility that it could
be given orally. An early study suggested that intranasal administration of modified
vaccinia Ankara (MVA) could circumvent preexisting immunity to vaccinia [53].
A study with MVA covalently linked to cationic liposomes shows a similar observa-
tion [54]. However, the use of MVA where oral was the only route of delivery was
not particularly successful [55]. In a study with prime-boost administration, oral
priming with a Vesicular Stomatitis Virus (VSV) vector expressing the SIV
gene plus i.m. injection of an MVA appeared to improve the quality of the immune
response versus i.m. alone [56]. In the same study, VSV-SIV given orally alone
induced no significant immune response. Two investigators showed in early 2000
studies that Adeno-Associated Virus could deliver Abeta protein and protect mice
against experimental Alzheimer’s disease [57, 58].

4.4 PLGA and Chitosan Microparticles

Another approach that has been attempted is to use microcarriers of approximately
1 um in size to deliver DNA itself. In terms of oral delivery, the theory is that small
microparticles can protect the DNA in the harsh environment of the stomach, but are
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the correct size to be endocytosed by dendritic cells or by M cells, allowing the DNA
to pass through the epithelial cell layer of the intestine. Certainly, particles less than
10 um were able to pass through M cells and induce immune responses [59]. Several
investigators have published on this approach, but the immune responses have been
rather modest. In published studies by Jones et al., mucosal and systemic antibody
responses to luciferase could be induced when mice were given PLGA microspheres
by oral gavage [60]. Kaneko et al. used the PLGA microsphere’s to elicit T-cell
responses to gpl60 [61]. Antibody responses to gpl60 were extremely modest,
either systemically or mucosally. In contrast to the rather modest results following
oral delivery, injection of DNA coated on microspheres or contained within micro-
spheres were able to induce substantial immune responses when injected [62].

The results of these studies suggest that immune responses could be elicited, but
they were lacking in magnitude compared to injected approaches. The safety of
these approaches is likely better than injected vaccines, but immune responses need
to be improved for gene-based oral vaccination to work in clinical studies.

4.5 Bacterial Vectors

Over the last two decades there has been significant interest in using bacteria as
vaccine vectors particularly for oral delivery. There are many reasons for the interest
in oral bacterial vaccine vectors though these vectors are not without their
challenges (summarized in Table 4.1): (1) bacteria are adept at surviving through
the gastric environment of the stomach and intestine and propagating on and within
mucosal surfaces where they can replicate to huge numbers [63]; (2) intestinal
delivered bacteria can infect at mucosal surfaces and induce both mucosal and
systemic immunity which can be exploited by bacterial vectors to provide protec-
tion at mucosal surfaces which are often the sites of pathogen entry; (3) many bacterial
components (LPS, Flagelin, CpG DNA) can be recognized through pattern recogni-
tion receptors (PRRs) including Toll-like receptors (TLRs) and stimulate the innate
immune system enhancing inductive immunity to delivered antigens. Many of these
PRRs have being exploited as research and clinical adjuvants [64]; (4) they can be
produced at industrial scales and lyophilized to aid room temperature storage and to
facilitate delivery (Dietrich, Guido, Collioud, A and Rothen, SA, 2008,
BiopharmInternational.com/http://biopharminternational.findpharma.com/biop-
harm/article/articleDetail.jsp?id=557306&sk=&date=&pageID=5). (5) Bacteria
can be utilized either as homologous vaccines to elicit immunity to their own
antigen(s) [65] or as heterologous vaccine vectors to deliver non-self antigen(s)
[66]. These heterologous vaccines can be one of either two types; bacteria that
deliver bacterial expressed antigen(s) (antigen vaccines) [67] or those that deliver
DNA (DNA vaccines) [68, 69] coding for vaccine antigen(s) under the control of
promoters (i.e., the CMV promoter) that permit expression in the host cell. (6)
Different bacterial strains have different properties, which can be utilized to induce
different types of immunity and to minimize pathogenicity.


http://BiopharmInternational.com
http://biopharminternational.findpharma.com/biopharm/article/articleDetail.jsp?id=557306&sk=&date=&pageID=5
http://biopharminternational.findpharma.com/biopharm/article/articleDetail.jsp?id=557306&sk=&date=&pageID=5

4 Oral Vaccination: Attenuated and Gene-Based

91

Table 4.1 Summary of advantages and disadvantages of bacterial vaccine vectors

Advantages

Disadvantages

Bacterial production well characterized and
routine

Ability to survive and propagate in the intestine

Capable of eliciting both local and distal
mucosal and systemic immune responses

Choice of bacteria can dictate type of immune
response. Cellular vs humoral, TH1 vs TH2

Can deliver large or multiple antigens or DNA
from which antigens are expressed

Bacteria act as adjuvants themselves i.e.
Flagellin, LPS etc.

Many bacteria such as Lactic acid bacteria
regarded as GRAS and have probiotic,

Pathogenicity

Environmental containment

Antibiotic selection genes carried on
plasmids might be picked up by other
bacteria in the gut

Problems of immunity directed to the vector
rather than the vaccine antigen

Bacterial glycosylation patterns might limit
vaccine use for nonbacterial antigens

Efficacy of bacteria vaccines maybe affected
by other gut microflora

Limited clinical success despite years of
research

pro-immune qualities

The first oral bacterial vaccines were homologous vaccines and were developed
as attenuated strains to provide protection against the parent pathogenic bacteria
from which they were derived. They were attenuated to reduce their virulence and
disease affects. There are now two commercial live oral bacterial vaccines in clinical
use; a typhoid vaccine using Salmonella enterica typhi serovar Ty21A and a cholera
vaccine that utilizes a V. cholerae strain CVD 103-HgR [70] (see also sections 4.23 &
4.24). Both have been used successfully to reduce the incidences of these diseases
and they demonstrate the utility of oral bacterial vaccines at least to themselves
(homologous vaccines). Many heterologous vaccines exploited these same bacterial
strains as vaccine vectors. S. enterica serovar typhi is probably the most published
vaccine vector. There is now a wealth of publications in which oral bacteria vectors
have been used as vectors for heterologous antigens ranging from vaccines for
pathogenic organisms such as Streptococcus pneumoniae [71], Helicobacter pylori
[67], Influenza [72], and for anticancer vaccines [69] and antimalaria treatment
[73]. Some of these approaches have been tested in the clinic [74] but as yet there
are no commercial heterologous oral bacterial vaccines for human or veterinary
purposes. In this section we will discuss some of the challenges to the use of bacte-
rial vaccine vectors and approaches to addressing these issues.

4.5.1 Bacterial Containment and Pathogenicity

There are a number of limitations to live bacterial vectors and one of the major issues
is bacterial containment. This includes individual, environmental, and genetic con-
tainment. Lack of individual and environmental containment can lead to increased
pathogenicity depending on the characteristics of the bacterial vector in question.
A desirable vaccine vector will deliver the transgene to the desired intestinal region,
preferably to immune inductive cells, and elicit a vaccine-specific immune response
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with minimum reactogenicity to the vector. The vector ideally would not be long
lasting, would be noninvasive, and would not be shed into the environment or be
transmitted to contacts of the original recipient. It should not transmit plasmid DNA
bearing transgenes or selective markers into the environment. Traditionally contain-
ment has been achieved through the use of attenuated vectors, which typically have
deletions in genes necessary for virulence, regulatory or metabolic pathways.

4.5.2 Virulence and Auxotrophic Mutations for Containment

Virulence mutations must balance decreased virulence with maximal immunoge-
nicity. An example of virulence attenuated bacterial vectors is Salmonella strains
that contain deletions in the phosphate sensing genes PhoP and/or PhoQ [65].
Mutations in these genes result in Salmonellae that are attenuated in mice and afford
partial protection against S. enterica serovar typhi challenge. Similarly mutations in
the ATP-dependent protease ClpXP and Lon results in loss of virulence in mice but
protects against oral challenge with S. typhimurium challenge [75]. V. cholerae
attenuated vaccine strains utilize deletions in a number of toxic genes including
cholera toxin A [76].

Another class of attenuated vectors are auxotrophic mutants that require an
essential metabolite for survival, thus when bacteria deleted in these genes are
administered as a vaccine these bacteria have a limited capacity for survival and
will be cleared quickly. Sometimes these mutations can be complemented with a
plasmid expressing the gene for the missing metabolite. The same metabolite
expressing plasmid can also be used as a vector for the vaccine transgene, and the
dependency on this expressed metabolite for survival provides a means of selec-
tion of the transgene DNA. Deletions in the aromatic amino acid (aroA) biosyn-
thetic pathway have been utilized for attenuation in several bacterial strains
(Salmonella, Shigella, and Listeria) [70]. Epaulard et al. used a Pseudomonas vac-
cine vector against ovalubumin and demonstrated that an aroA mutated strain was
a 100-fold less toxic than that of the non-mutated parenteral strain [37]. Combination
of aroA with a quorum sensing-deficient strain resulted in maximum efficiency in
protection in a prophylactic melanoma mouse model. Similarly, deletion of aspar-
tate-semialdehyde dehydrogenase (asdA) gene in Salmonella means an obligate
requirement for diaminopimelic acid (DAP), which is an important component of
the gram-negative bacterial cell wall constituent Peptidioglycan. DAP can be sup-
plied in vitro for bacterial production but in vivo its absence will lead to loss of the
bacteria [77]. In asdA chromosomal mutants plasmid complementation with this
gene permits survival in vivo where this metabolite is normally absent. Eventually
the plasmid will be lost during replication and the cells will die thus this “balanced
lethal” system limits the capability of the bacteria to survive. Furthermore the asdA
deleted mutation has been combined with a regulated delayed lysis system using
the murA gene (enzyme involved in muramic acid another essential cell wall



4 Oral Vaccination: Attenuated and Gene-Based 93

component) to confer attenuation and biological containment [71] and has been
exploited in a oral Salmonella-vectored vaccine to deliver influenza nucleoprotein
and provide protection to mice against lethal challenge [78]. Immunity is also
enhanced when antigens are secreted outside the cell as opposed to being retained
in the cytoplasm [79]. Other auxotrophic mutants include Alanine racemase in
Lactic acid bacteria [80] and thymidylate synthetase (thyA) whose absence leads to
cell death in Lactobacillus lactis [81]. If the essential gene is replaced with a trans-
gene of interest on the bacterial backbone, this can dispense with the requirement
for plasmids and selective biomarkers such as antibiotic resistance. An added
advantage is if reversion to the original wild-type genotype did occur, then the
transgene would be lost. Reversion to wild-type genotype can be reduced by mul-
tiple gene mutations.

One way to limit fear of bacterial spread is to use bacteria as DNA vectors rather
than for antigen delivery from expressed bacterial genes [69]. Using this approach,
vector success is not based on bacteria replicating but on the bacteria remaining
viable for sufficient time that they can express the antigen in vivo. Bacteria can
either be programmed for dell death i.e. as described above based on obligate
metabolite requirement (asdA, murA mutants) or potentially bacteria could be
treated with antibiotics [82]. However use of antibiotics can lead to bacterial
resistance and an alteration of the natural flora of the gut. S. typhimurium has been
used as a DNA vaccine with efficacy in a beta-galactosidase expressing fibrosarcoma
model [69]. In this study Paglia et al. demonstrated that in the fibrosarcoma model
S. typhimurium targets antigen presenting cells (APCs) and that expression in sple-
nocytes was observed with a eukaryotic promoter but not with a prokaryotic pro-
moter. Bacteria as DNA delivery vectors offer advantages over direct DNA
approaches as bacteria act as natural adjuvants being potent inducers of TNFalpha,
IFN-gamma, and IL-12. In addition the bacteria themselves can act as DNA carriers
providing protection against the hostile environment of the intestine and allow for
specific uptake by APCs or other target cells that allow antigen expression and pre-
sentation. There is the potential that DNA carried on bacterial plasmids can be taken
up by other bacteria resulting in horizontal transmission. This is of particular con-
cern where the plasmid may contain antibiotic resistance markers. A number of
groups have developed antibiotic-free plasmid selection systems such as the earlier
discussed balanced lethal plasmid system based on the asd gene [83]. An additional
method to limit bacterial survival and also to facilitate DNA release from Listeria
monocytogenes bacteria is the expression of a phage lysin [84]. After the bacteria
are internalized they escape from the vacuole into the cytoplasm where they express
a phage-specific lysin gene from a cytoplasmic-specific promoter ActA. Expression
of lysine leads to destruction of the bacteria and release of DNA into the cell’s cyto-
plasm and eventual uptake into the nucleus. In a macrophage cell line this was
demonstrated to lead to cell genome integration at a rate of 1077 [84].
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4.5.3 Bacterial Ghosts for Containment

Another system that has been evaluated to avoid bacterial spread is the use of non-
living bacteria as a delivery system. This technology has been coined bacterial ghost
technology. The bacterial ghosts are empty envelopes of gram-negative bacteria
such as Escherichia coli which are produced by controlled expression of the lysis
gene E of bacteriphage lamda PhiX174 [85]. Expression results in a transmembrane-
specific tunnel structure which, due to the high internal osmotic pressure within the
bacterial cell, causes expulsion of the cytoplasmic content through the tunnel and
out of the cell. This results in the formation of an empty bacterial envelope that can
be used as a vaccine against the cell wall contents of the same bacteria or as vaccine
vectors. Bacterial ghosts can be used as homologous vaccines as described for S.
entiridis [86] and for V. cholerae [87] and enterohemorrhagic E. coli [88] or they
can be used to transfer antigen mixed with the ghosts or antigens expressed within
the ghosts exported to the periplasmic spaces or anchored in the membranes. They
can also be used to package DNA, drugs, and other compounds [89]. Packaging of
antigens or DNA can be exploited for vaccine delivery. An elegant technology for
immobilization of DNA to the inner membrane of bacterial ghosts was described by
Mayrhofer et al. [90]. In this system, a plasmid DNA carries a tandem repeat of a
modified lactose operator, which is recognized by a fusion protein consisting of a
lactose operon repressor fused to a hydrophobic sequence MS2 that can anchor the
fusion protein in the cytoplasmic membrane of E. coli. The Lac repressor recog-
nizes the tandem repeat of the lactose operator thus linking the DNA to the bacterial
membrane. During the E-gene-specific lysis process most of the cell contents are
expelled from the cell; however, the anchored DNA is retained and is available for
delivery. Despite their promise as vaccine vectors, there are only a few examples of
bacterial ghost technology for heterologous antigen delivery described in publica-
tions [91, 92], and there are few examples of their use as DNA vaccines. One prom-
ising study demonstrated that bacterial ghosts carrying plasmid DNAs are efficiently
taken up by APCs. They also demonstrated that BGs are more efficient at inducing
immune responses than naked DNA by intradermal and i.m. routes of administra-
tion and are capable of modulating immune responses from a mixed Th1/Th2
response to a more dominant Th2 response. This data suggests that in addition to
DNA targeting bacterial ghosts act as natural adjuvants.

4.6 Immunological Properties of Different Bacterial Vectors:
Salmonella-, Shigella-, Vibrio-Based Vaccines

Different bacterial species and strains have unique characteristics that make them
appealing as vaccine vectors. Pathogenic strains such as Salmonella, V. cholerae,
and Shigella strains tend to aggressively colonize the gut and can elicit potent
immune responses. The downside is that these vectors can induce disease symptoms
and these side effects are undesirable in a vaccine vector. Reduction of pathogenic
symptoms necessitates attenuated vectors as discussed in the previous section.
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Alternatively commensal/symbiotic strains such as lactic acid bacteria are not patho-
genic and readily colonize the gut. However, these may not be as potent at eliciting
immune responses as the pathogenic strains. The challenge with using these various
strains is to balance undesired reactogenic responses with immunogenic responses.

4.6.1 Salmonella

Salmonella are adept at intestinal infection. They can invade through the M cells of
Peyer’s patches (PP), infecting the intestinal epithelium and subsequently colonize
deeper tissue such as the liver and spleen. Bacteria can be found within the mesen-
teric lymph nodes and blood within hours of infection [93]. In addition to infecting
PP, Salmonella can infect solitary intestinal lymphoid tissue [94]. Once taken up by
phagocytosis, the bacteria remain in vacuoles called “Salmonella containing vacu-
oles.” Some of the bacteria are killed and then processed by the endosomal pathway
and are presented by MHC class II molecules stimulating a CD4* response. They
can also elicit CD8* responses [73] though they are less efficient at doing so against
heterologous antigens [95]. To enhance CD8" responses some researchers have uti-
lized the gram-negative type III secretion system (TTSS). Fusion of antigens to type
IIT secretion signals allows bacteria to secrete bacterial proteins directly into the
cytosol of infected cells. Delivery in this way can result in antigen presentation by
MHC class I molecules and induction of CD8* response [95, 96]. As proteins need
to be unfolded prior to secretion by this pathway, this system does not work for all
proteins and modifications to the antigen maybe necessary [96]. Another system to
enhance delivery of antigens into the cytosol utilizes a SifA"gene whose deletion
permits escape of Salmonella from vacuoles into the cytoplasm [97]. An oral
Salmonella-vectored influenza vaccine combining the Sif A~ mutation with a delayed
lysis bacterial phenotype elicited a Th1 response against NP as shown by a skewed
IgG2A/1gG1 levels in mice. This was sufficient to provide protection after lethal
challenge. Other methods to induce protective CD8* responses with Salmonella-based
vectors include the expression of secreted protective proteins such as L. monocyto-
genes listeriolysin which induced efficient CD8" responses sufficient to protect mice
from Listeriosis [98]. Alternatively expression of E. coli hemolysin by Salmonella
permitted bacterial escape from phagosomes and enhanced delivery of recombinant
DNA constructs to the cytosol of macrophages [99].

4.6.2 Shigella-, Listeria-, and Vibrio-Based Vaccines

Shigella and Listeria both have the ability to escape the endosome and to move and
reproduce in the host cells cytosol, which means that it can directly access the MHC
class I molecules not normally available to intra-vacuolar bacteria such as Salmonella
and Mycobacteria. In addition the tropism of these organisms for intestinal mucosa
has generated interest in them as bacterial vectors. There are few animal models
(Guinea Pig and primates) which makes preclinical studies with Shigella vaccine
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vectors difficult [69]. Given that Shigella only infects the GI tract of a limited host
set means that much of the work with Shigella has involved intranasal delivery
where its efficacy for antigens and DNA delivery has been demonstrated [100].
In addition Shigella is highly virulent even despite attenuation.

Listeria, though a common food-borne pathogen, is less virulent and is normally
only associated with disease in the immunocompromised. L. monocytogenes has
been used in a number of vaccine vectors including a vaccine against HIV gag
which induces CD8* Gag-specific immunity [101] and as a vaccine capable of elic-
iting CD4* and CD8* T-cell responses against human papilloma virus 16 sufficient
to reduce viral titers upon challenge [102].

V. cholerae has also been researched as a heterologous vaccine vector [103]. V. chol-
erae is attractive as a vector as infections are noninvasive being restricted to the intesti-
nal tissue. The bacterium adheres to M cells and presents antigens to the associated
lymphoid tissue [104]. In addition there is significant clinical experience with attenuated
V. cholerae as a homologous vaccine against cholera but despite this experience there
are no published clinical studies with Vibrio as a heterologous vaccine vector.

4.6.3 Lactic Acid Bacteria

In addition to the pathogenic strains discussed to date, there has been significant
interest in Lactic acid vector vaccines. These bacteria include lactobacilli, lactococ-
cus, and streptococci. Many of these organisms are nonpathogenic common bacte-
ria of the GI tract and are found in high levels in the small intestine. A number of
lactobacilli species are found in milk-derived products and in dietary supplements
where they are consumed in large quantities 10’—10® organisms/g. Their probiotic
qualities, their safety record (regarded as GRAS) plus their ability to colonize the
intestine make them attractive oral vaccine vector candidates. Many immune studies
have demonstrated that LAB can successfully elicit immune responses in man.
Examples of Lactobacillus vaccines include Lactobacillus planturum which has
been used as an oral vaccine vector to protect mice against tick borne lyme disease
[105]. Lactobacillus casei vaccine vector expressing entertoxigenic E. coli fimbrial
protein protected mice against challenge [106]. Some novel approaches to enhance
immunity include expression of fusion antigens with dendritic cell homing proteins
and has been exploited to protect mice from an anthrax challenge using an oral
Lactobacillus acidophilus bacterial vector [107].

4.7 Bacterial Vectors in Clinical Trials

Successful preclinical vaccine studies in animal models have been translated into a
number of clinical studies using different bacterial vaccine vectors for heterologous
vaccines.

The data to date indicate that these vectors are in general well tolerated though
the immune response to the heterologous antigen tends to be weak and generally
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lower than that of the vector. This was demonstrated in an oral Salmonella typhi
vaccine vector for hepatitis B where most of the patients developed anti-Salmonella
antibodies but none developed anti-hepatitis B antibodies though the vaccine was
well tolerated [73]. Similarly oral delivered Salmonella expressing H. pylori urease
has been used as a H. pylori vaccine and while most individuals seroconverted to
Salmonella vector (10/12), no humoral response and a weak T-cell response was
seen in a couple of patients (3/12) to the target antigen [108]. A follow-up study
with the same vaccine vector in patients failed to provide protection against
Helicobacter challenge [109]. While most clinical studies have utilized Salmonella
typhi vaccines based on the original attenuated strain other potential oral bacterial
attenuated vectors including L. monocytogenes have been utilized and deemed safe
[110]. In addition despite being highly attenuated the vaccines can have reactogenic
properties. A recent study using L. monocytogenes expressing influenza nucleopro-
tein resulted in mild asymptomatic elevation of serum transaminase in 4 out of 12
patients, 100% mucosal immune response to Listeria but no immune response to the
influenza nucleoprotein [111].

To date despite the encouraging preclinical data there exists no effective bacteria
vector expressing a heterologous transgene that elicits significant immunity in
human subjects. As discussed one of the major challenges is to balance vector
reactogenicity with transgene immunogenicity. While much has been learned and
vectors have been improved further improvements in bacterial vectors and expression
systems will need to be developed and advancements made in understanding of
bacterial-human interactions and on host cell immunity before commercial
heterologous oral bacterial vaccine vectors become a reality.

4.8 Summary

Oral vaccines are marketed products and in clinical development. The ability to
simplify vaccine delivery and development, and potentially improve vaccine perfor-
mance will drive more products to be made on an oral basis. There are technical
challenges left to solve for some of the platform approaches using bacterial or viral
vectors, but the advantages of the format will push developers to make technologi-
cal improvements to overcome these obstacles.
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Chapter 5

Development of Biophysical Assays to Better
Understand Adjuvanted Vaccine Formulation
Potency and Stability

James Chesko, Thomas Vedvick, and Steve Reed

5.1 Introduction

The essential requirements that a vaccine be safe and efficacious can be restated as
a formulation that it is made with the appropriate potency that persists over the dura-
tion of conditions until it is administered to the patient [1-3]. When a vaccine elicits
an immune response of sufficient valence and strength to induce protection against
a pathogenic threat without unacceptable adverse effects and the critical biomolecu-
lar factors contributing to that response are well defined and characterized, the for-
mulation can be reliably given with a strong assurance of both safety and efficacy.
Historically such tests for potency have been functional assays such as infectivity
titers and in vivo induction of antibodies [4-8], though these tests are generally time
and resource intensive; more importantly, they are “black box,” empirical verification
that whatever was tested either worked or didn’t, offering little insight into why the
system behaved as it did, and how it could be improved if desired. When a rapid
response is needed such as production and distribution to combat an emerging pan-
demic, such tests are often unfeasible or untimely, as the case of the recent HIN1 flu
pandemic demonstrated [9, 10], when several batches of influenza vaccine were
produced, shipped, and administered to patients before it was determined the vac-
cine potency had dropped below specified levels. There is considerable effort and
potential reward in both time and cost savings to develop in vitro tests that show
correlation to in vivo potency [11-19]. With increased experimental understanding
of structural immunology, it may become possible to establish a set of specifications
that establish vaccine performance based upon higher order structures, i.e. biophysi-
cal critical quality attributes as described in ICH Q6b [20, 21].
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5.2 Biomimetic Hypothesis

Figure 5.1 shows an example of representative vaccine formulations that are now
being developed and approved for both viral (influenza) and bacterial pathogens.
What are very distinct about these systems are the phase separated nature of the com-
ponents and the organization of the surfaces, interfaces, and internal structures. Such
morphologies are telltale signs of viruses and bacteria that the immune systems have
evolved over millennium to sense, recognize, and mount protective responses against.
From a practical point of view this means that classical vaccine formulations with
adjuvants such as alum should interact strongly enough with other biomolecular com-
ponents through processes such as surface physisorption and chemisorption and maintain
structural stability for the shelf life of the product. The biophysical properties confer
a microenvironmental context that molecular patterns often described in isolation may
rely upon to inherit the properties of adjuvancy, such as the immunological requirements
of co-stimulation. In the case of alum, for example, if the interaction induces
significant changes in antigen structure or does not allow the release of the protein
properly into the processing and presentation pathways the adjuvant effect may be
lost and antigenicity reduced. The interaction between delivery vehicle and antigen
must be properly tuned through preformulation or screening methods, as will be
discussed later in this chapter.

5.3 Historical Perspective

Scientific research describing connections between biophysical properties and
vaccine potency stretches back over 65 years, when it was reported that centrifuga-
tion could be used to enrich high molecular weight components in a Japanese
encephalitis vaccine and double its potency [22]. More recently, the link between
immunogenicity and oligomeric forms of monoclonal antibodies has been fueling
renewed interest and investigation, since recombinant proteins such as growth fac-
tors and monoclonal antibodies comprise the majority of biological products. As
incidence of unwanted immunogenicity became apparent, a concerted effort was
taken to examine factors causing such adverse events. Although the role of chemical
amino acid sequence, glycosylation, and pegylation was considered along with
chemical decomposition like oxidation, physical degradation through aggregation
pathways was singled out as an especially relevant attribute [23, 24].

The connection between protein aggregates and adverse antibody-mediated
events had been shown earlier for intravenous immune globulin [25, 26] and
recombinant growth hormone [27]. Other studies have gone on to identify both
the complexity and heterogeneity of associated protein species, noting physico-
chemical differences in aggregates created by mechanical stress, chemical oxi-
dation, and thermal degradation [28-30]. The immunogenic behavior of the
resulting protein lots subjected to different stresses showed considerable varia-
tion in transgenic mice and more uniform, increased immunogenicity in outbred
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Pathogen Biomimetic Formulation

SEM picture of N. meningitidis courtesy of Xavier | Protein Antigen Adsorbed on biopolymer
microparticles (SEM

Nassif , Nature 404, 451-452(30 Mar 2000)

TEM of Influenza A (avian flu) virus, CDC | TEM Oil in water emulsion, used in
Public Health Image Library #11214, C.S. | adjuvanted flu vaccines
Goldsmith

¥ P =5, T R

e .

Virion (A/HongKong/1968 influenza,) | TEM of Virus Like Particles (VLPs)
http://'www.nebi.nlm.nih.gov/ICTVdb/Images/Murp
hv/ F. A. Murphy, UC Davis.

Fig. 5.1 Biomimetic (biochemical and morphological mimicry) of vaccine formulations and the
pathogenic infection they represent. Properties such as spatial dimension and chemical composi-
tion, temporal persistence and local concentration (depot effect), the presence of pathogen associ-
ated molecular patterns, epitopes and co-stimulatory molecules are present in both constructs and
thought to be important biophysical aspects conferring potency and influencing stability
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mice [31]. It has been hypothesized that B- and T-cell epitopes may possess
overlap with sequences that have a propensity for aggregation [32]. Given the
variation possible in protein degradation and association products, it is perhaps
not surprising that some aggregated forms do not seem to show enhanced immu-
nogenicity, as studies with recombinant factor VIII have suggested [33]. Using
phase contrast microscopy to assess the extent of aggregation of DTP and Hib
adsorbed on alum, large aggregated structures resulting from freeze—thaw
showed a decrease in potency [34], suggesting that aggregation can sometimes
result in loss in activity. Biophysical test methods capable of discerning differ-
ences in association that correlate with immunogenic variance are necessary for
elucidating these connections.

5.4 Experimental Methods

Classical analytical techniques often involve disruption of the component organi-
zation, removing interactions that define the chemical microenvironments that
give the vaccine formulation many of its essential properties [35]. Commonly
utilized methods such as high performance size-exclusion chromatography may
not be sensitive enough to detect fractions of aggregates that can have significant
biological activity [36, 37], presumably due to secondary interactions and binding
to the solid phase [38]; thus, there is a need for complementary biophysical meth-
ods. Analytical ultracentrifugation-sedimentation velocity (AUC-SV) [38-40] is
the gold standard for measuring molecular weight distributions, though it is a
time-consuming technique requiring sophisticated, expensive equipment.
Asymmetric flow field flow filtration (aF4) combined with light scattering can
separate and detect particulate forms of formulation components if suitable mem-
brane materials, solvents, and running conditions can be found [41, 42]. Microflow
imaging [43, 44] allows individual structures that show optical contrast to be digi-
tized and analyzed, permitting some classification and discrimination between
various scattering species such as solid protein particles, silicone oil droplets, and
glass fragments [45]. Dynamic light scattering is more rapidly and easily per-
formed, but tends to overestimate cluster sizes and does not distinguish between
populations of similar sized scatterers that differ by approximately threefold size,
when not overwhelmed by the contributions of the largest species present in the
mixture [46—48]. Nano-tracker follows trajectories of individual particles and can
measure heterogeneity more readily, though it possesses limits on both the small-
est and largest particles that are either too dim or too large and bright for the
detector to localize [49, 50]. Fluorescence single particle tracking (fSPT) uses a
similar principle to the nano-tracker, with the difference of using fluorescence
emission rather than elastic scattering to measure the particle position and extract
particle radius through Brownian motion analysis using the Stokes—Einstein rela-
tion [51]. Taylor dispersion analysis [52, 53] utilizes changes in diffusivity due to
shear forces in fluids that can depend on channel geometries. The extent to which
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even small amounts of particulate forms can alter formulation immunogenicity is
so dramatic that this property has been labeled a critical quality attribute [54].

Underlying the higher order (i.e., quaternary) structure of such proteins [55,
56] are the lower order conformations and interactions which lead to association
and assembly, properties that are best characterized by classical spectroscopic
methods such as circular dichroism [57, 58], fluorescence [59, 60], Fourier-
transform infrared spectroscopy [61, 62], Raman spectroscopy [63, 64], deriva-
tive ultraviolet absorbance [59, 65], NMR [66, 67], and diffraction methods [68,
69]. Microscopic methods that show particulate morphology and organization
such as electron microscopy are valuable for nanodispersions including virus-
like particles [70, 71], oil-in-water emulsions [72, 73], alum [74], and other
biomimetic complexes [75]. Correlations between immunological activity and
protein conformation and association can suggest structure—activity relation-
ships that guide specifications for stability and discrimination between antigenic
forms that have differing degrees of potency.

5.5 Applications

5.5.1 Protein Antigens

An example of protein structure that shows distinct correlation with activity is hepa-
titis B surface antigen (HbSAg)