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Abstract Through vaccination infectious diseases such as smallpox, polio,
measles, and tetanus have either been eradicated or significantly restricted.
However, there remain many diseases for which no effective vaccine exists, and
therefore new vaccine approaches are still needed. Current vaccine approaches that
generate strong immune responses are often based on ill-defined immunogens such
as heat-killed or live-attenuated biological products that suffer from concerns
related to safety, stability, and lengthy or complex manufacturing processes. For
these reasons, there is a strong push toward vaccines that elicit immune responses to
defined structures within the targeted pathogen or tissue, which can be achieved by
injecting defined antigenic proteins or peptides. On their own, proteins or peptides
are generally poorly immunogenic and they must be combined with immune
stimulants known as adjuvants to drive antigen-specific immune responses. Recent
studies have shown that the direct conjugation of adjuvant compounds to protein or
peptide antigens can enhance the magnitude and quality of induced immune
responses. In this chapter, we will discuss the chemical approaches our group has
used to synthesize a new class of vaccines based on conjugation of peptides with
lipid structures that activate innate-like T cells. The stimulatory milieu created by
these structures helps drive potent T cell-mediated immune responses that can
prevent infectious disease, or can act therapeutically in noncommunicable condi-
tions as diverse as cancer and allergy.
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1 Introduction

The control or eradication of infectious disease through vaccination is arguably one
of mankind’s major achievements. Effective prophylactic vaccines have been
developed for many indications including smallpox, polio, and measles. As illus-
trated in Fig. 1, the impact of vaccination can be dramatic when used widely and in
the case of smallpox, the disease was declared eradicated in 1980. However, there
remain a number of situations where current vaccine technologies simply do not
exist or are cumbersome. For example, the Bacillus Calmette-Guérin
(BCG) vaccine for tuberculosis only works in certain groups and there are no
vaccines for malaria or human immunodeficiency virus (HIV). In other situations,
such as influenza, vaccines show limited cross-strain reactivity creating the need for
regular updates which require seasonal, strain-specific vaccines to be manufactured
and administered every year. The situation arises because influenza vaccines gen-
erate antibody immune responses directed at surface protein structures that change
seasonally. In contrast to this, vaccines that generate T cell responses targeted at
conserved epitopes across different strains are expected to show cross-strain reac-
tivity. However, there are currently no precisely defined vaccine technologies that
drive T cell responses.

Furthermore, vaccines that generate T cell responses that can also be used
therapeutically against noncommunicable diseases such as cancer and allergy are
now emerging. In these situations, vaccines that generate humoral (antibody)
immune responses are likely to be less effective. For example, a promising new
vaccine concept for allergy that targets the antigen-presenting cells that drive
allergic responses for destruction exploits T cell-mediated cytotoxicity rather than
antibody-mediated mechanisms [1]. Since allergy is maintained by antibody pro-
duction (IgE), vaccines that generate antibody responses may even exacerbate
disease. Whether it be to treat infectious disease or noncommunicable disease, for
the field to make rapid progress, it desperately needs new precisely defined vaccine
technologies that drive T cell responses.
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Source data Centers for Disease Control and Prevention. Epidemiclogy and Prevention of Viaccine-Preventable
Deseases. Hamborsky J, Kroger A, Wolfe 5, eds. 13th ed, Washington D.C. Public Health Foundation, 2015,
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Through the action of T cells, the immune system can recognize and respond to
fragments of protein antigens, known as peptide epitopes, presented by major
histocompatibility complex (MHC) molecules on the surface of infected or neo-
plastic (cancerous) cells through a process of antigen presentation. In the priming
phase of an immune response, these antigens must first be acquired from the
affected tissues by antigen-presenting cells (APCs), and then peptide epitopes
presented by these cells to T cells in the lymphoid tissues. Peptides presented on
MHC class I molecules are capable of stimulating CD8" T cells, whereas peptides
presented on MHC class II molecules are capable of stimulating CD4* T cells. The
peptide-recognition receptors expressed by T cells, called T cell receptors (TCRs),
are generated through a random somatic recombination process. Within the vast
repertoire of T cells generated, there is a high likelihood that some cells will
recognize a given antigenic peptide structure in the context of MHC molecules. An
adaptive immune response is initiated when these few antigen-specific T cells are
stimulated to undergo clonal differentiation and proliferation into effector T cells
that have the ability to control infection, or eliminate infected or neoplastic tissue
(Fig. 2). A powerful feature of this whole process is that any abnormally expressed
protein can potentially be recognized by T cells, regardless of location, be that
protein derived from a pathogenic agent or resulted from genetic instability in
neoplastic cells.

In contrast to T cells, B cells, the other major component of the adaptive immune
system, are not cellular effectors in themselves, but secrete their antigen receptors in
the form of antibodies. Antibodies can recognize extracellular antigens or com-
ponents expressed on the outer surface of cells; they cannot generally recognize
antigens in intracellular locations, or epitopes that are concealed within larger
structures. To initiate responses to extracellular antigens, recognition is initiated
through surface-expressed B cell receptors (BCRs). Once engaged, antigen-specific
BCRs can trigger antigen internalization and processing resulting in peptide
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Fig. 2 MHC class I presentation and the generation of cytotoxic T lymphocytes
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fragments being presented by MHC class II molecules to CD4" T cells. This
process, known as T cell help, contributes to the further activation and differenti-
ation of B cells into plasma cells—B cells that are able to secrete large quantities of
a soluble form of their BCR, namely antibodies (Fig. 3).

Our understanding of precisely what type of immune response will be most
effective in certain disease situations is still rudimentary, but nonetheless it is clear
that responses have to be tailored in each case; an inappropriate response can be
ineffective, or even detrimental. There is therefore a corresponding need to generate
new vaccines that induce specifically tailored immune responses. Modifying
immune responses to whole cell, live-attenuated or vaccines that contain complex
ill-defined components, is challenging and somewhat empirical. In addition to this,
concerns around safety and lengthy manufacturing processes are driving a strong
push toward vaccines that comprise well-defined components such as antigenic
proteins, or peptides that encompass specific epitopes.

Due to their ease of manufacture and relatively simple characterization, peptide
vaccines are particularly attractive vaccine candidates from a chemical manufac-
turing perspective [2]. However, and in contrast to whole microorganisms, a major
disadvantage of peptide vaccines is their lack immunogenicity [3]. The intrinsic
immunogenicity of vaccines based on microorganisms is due largely to the presence
of immunostimulatory molecules that trigger pattern recognition receptors (PRRs).
Expression of PRRs is largely confined to cells of the innate arm of the immune
response, including most APCs. These receptors have evolved to recognize a
variety conserved chemical structures that are features of microorganisms, or var-
ious tissue-derived structures associated with damage or inflammation. Examples
include toll-like receptor 2 (TLR-2), which binds lipopeptide structures typically
found in bacterial cell walls, and TLR-9, which binds unmethylated CpG structures
typically seen in prokaryotic DNA. Once engaged, PRRs such as the TLRs activate
intracellular signaling cascades that trigger immediate effector functions, such as
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respiratory burst or cytokine release, or that can orchestrate downstream adaptive
immune responses. Importantly, APCs positioned in infected or perturbed tissue, or
in the lymphoid tissues associated with these sites, can efficiently acquire antigens
in addition to receiving stimulation via their PRRs. This pattern recognition is
significant in that it triggers dendritic cells (DCs), a specialized APC subpopulation,
to release soluble factors such as pro-inflammatory cytokines and chemokines, and
upregulates surface expression of costimulatory and antigen presentation molecules
that enable effective stimulation of T cells (Fig. 4). In order to accomplish this,
changes in the surface expression of adhesion molecules facilitate migration to T
cell areas of the secondary lymphoid organs (e.g., draining lymph nodes or spleen)
where they present antigen. Responding T cells can differentiate into effector cells
that recirculate into the affected tissues, or can provide help to B cells to make
antibodies.

Because the triggering of PRR pathways (i.e., the TLRs) leads to increased
antigen-specific immune responses, compounds that engage these pathways can be
used as vaccine adjuvants. However, despite the huge potential that vaccine adju-
vants of this type have to modify and shape vaccine response, there are very few
products currently licensed for use in humans. Examples include the TLR-4 agonist
monophosphoryl lipid A (MPL), which is incorporated into GSK’s Engerix-B
vaccine, Dynavax’s CpG-rich motifs that are included in various products, including
their vaccine for Hepatitis B (i.e., HEPLISAV-B), and the Pam;CSK, series of
compounds recognized via TLR-2 that were originally derived from N-terminally
lipidated proteins isolated from the cell wall of mycobacterial species (Fig. 5).

Importantly, the addition of TLR agonists (along with other PRR agonists)
serves to increase the immunogenicity of poorly immunogenic peptide vaccines [4].
Furthermore, it has recently been shown that this effect can be further enhanced by
chemically conjugating adjuvant compounds directly to peptide antigens. This
observation can be explained, at least in part, by the requirement of APCs to not
only present peptide antigens to T cells but also be appropriately activated at the
same time. For example, appropriate activation results in the provision of costim-
ulatory molecules (e.g., CD86) providing additional T cell signals that result in its
differentiation of CD8" T cells into cytotoxic T lymphocytes (CTLs) that have the
capacity to kill target loaded cells (Fig. 2).

DC activation
through PRR

Fig. 4 Pattern recognition receptor signaling leading to DC activation (represented by cell surface
CD86 upregulation)
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In an exciting body of work, TLR ligands covalently bound to peptide antigens
have been shown to increase the magnitude of either T (cellular) [5] or B (humoral
or antibody) cell [6] responses. For example, conjugation has been reported to
increase cellular responses through improved antigen targeting to DCs—APCs that
are highly specialized in stimulating T cell responses. Conjugated compounds
ultimately require cleavage within APCs, a processing step that effectively leads to
the buildup of an intracellular antigen depot that supports prolonged antigen pre-
sentation and improves immune response [5, 7]. Many of these observations were
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described for conjugates that utilize Pam3CSK, as a TLR-2 agonist, and however
conjugate vaccines have also been prepared based on a number of alternative TLR
agonists such as a monoacyl TLR-2 ligand [8], the TLR-9 ligand CpG [9], and
others [10-13].

The conjugation of larger sequences that include T-helper peptide epitopes can
drive increased antibody production [6]. For example, a fully synthetic
three-component vaccine containing the TLR-2 agonist Pam;CSK,, a T-helper
epitope from polio virus and a B cell epitope derived from mucin was able to drive
increased IgG antibody responses (Fig. 6). All three components were required to
be conjugated together to induce the maximal response, and a liposomal delivery
vehicle was needed.

Compared to pattern recognition receptor (PRR) agonists such as the TLR
agonists, a less-explored approach to activating APCs is the use of ancillary cells
that provide stimulatory signals to the APC. The most studied cells of this type are a
sub-class of innate-like T cell known as type I natural killer T (NKT) cells, which
are defined on the basis of a largely invariant TCR structure, expression of surface
molecules in common with classic innate cells like Natural Killer (NK) cells, and a
semi-activated phenotype that enables them to respond rapidly to antigen recog-
nition [14]. Compared to classical T cells that are very rare, NKT cells are in
relative abundance in many mammalian species, including humans and mice, and
their TCRs structures are conserved between individuals (and across species)
making the antigens they recognize attractive adjuvants for vaccine development.
Whereas classical T cells recognize MHC-restricted peptide antigens (as discussed
above), NKT cells respond to lipid antigens presented by the non-classical MHC
class I molecule CD1d. The CD1d molecule contains a hydrophobic binding groove
that sits between two o-helixes and above an antiparallel B-sheet that can accom-
modate lipids. Associated polar groups such as sugars or phosphates are situated at

TLR-2 ligand T-helper epitope B-cell epitope
I o | | |

O/\i/\s/\H‘\SKKKK-GC-KLFAVWKITYKDT-GC-TSAPDT(a—D-GaINAc)RPAP

Fig. 6 The chemical structure of a TLR-2 self-adjuvanting lipopeptide vaccine (see text for
details)
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the surface for interaction with the TCR. A number of synthetic and natural antigens
have been reported that consist of a lipid backbone and polar head group [15]. The
prototypical antigen is o-galactosylceramide (o-GalCer) (Fig. 7), a synthetic gly-
colipid compound that was derived from structure—activity relationship studies on a
class of marine sponge-derived glycolipids; it remains the most studied of all the
reported compounds [16]. Its lipid chains sit deep in the CD1d hydrophobic binding
pockets, whereas its polar head group forms a number of hydrogen bonds with
CD1d and the TCR [17].

Lipid antigens, such as a-GalCer, presented in this fashion by APCs serve to
activate NKT cells (Fig. 8). Activated NKT cells have been implicated in a variety
of biological activities including antitumor and antimicrobial activities. The anti-
tumor activity has been attributed to several activities, including NKT-mediated
cytotoxicity toward CD1d* tumor cells, trans-activation of NK cells, and release of
antiangiogenic cytokines like IFN-y. In addition to this (and of direct relevance to
this review), NKT cells are able to activate APCs through the provision of CD40L
and soluble factors leading to the enhancement of T and B cell responses [18].
Therefore, in this context, lipid antigens such as a-GalCer can also be considered
vaccine adjuvants since when added to vaccines they can drive increased
antigen-specific immune responses.
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Fig. 7 a-GalCer chemical structure
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2 Transforming a-GalCer into a Proadjuvant

At the heart of the vaccine technology to be described, herein is the utilization of
NKT cells as “cellular adjuvants” through provision of glycolipid antigens com-
bined with the concept that conjugation of vaccine adjuvants through covalent
linkages to antigens can lead to increased adaptive immune responses and efficacy
in disease challenge models. We favored the idea of utilizing NKT cells over the
direct stimulation of APCs through PRRs because highly potent responses can be
achieved in animal models; there was some reported adjuvant activity in in vitro
cultures of human leucocytes, and evidence that this mode of APC activation can be
complementary to TLR ligation, suggesting opportunities to combine with other
adjuvants to maximize impact [18].

Although there are a number of highly potent NKT cell agonists (examples
include 7-DW8-5 [19] and ABX196 [20]) that can drive adjuvant activity, we
choose to use the original compound a-GalCer (KRN7000) because this compound
has already been shown to be safe when administered in humans [21]. However,
using o-GalCer as the NKT cell ligand, we required a suitable attachment site that
was readily accessible and would allow the formation of stable adjuvant—antigen
conjugates. Due to their high reactivity, free amines have been widely exploited as a
convenient functionality for conjugation to suitably activated coupling partners;
however, the only nitrogen of a-GalCer is present as an amide and is not available
for functionalization. As others have done successfully, we considered exchanging
the 6-hydroxyl group to an amine [22, 23] or modifying with a reactive appended
group [24]; however, these approaches would not release an adjuvant compound
that was known to be safe. Other potential sites for antigen conjugation to o-GalCer
are the four hydroxyl groups of the galactosyl moiety which we did not consider
attractive conjugations sites as they are not readily accessed in a selective manner
and are less reactive than amines.

Practical access to the 2'-N atom as a synthetically useful amine was realized by
carefully characterizing a reaction by-product. During an unpublished synthesis of
a-GalCer, we isolated 1 as a minor component during the final deprotection step of
2 which had been accessed by Gervay-Hague’s [25] glycosylation methodology
(Scheme 1).

In this instance, hydrogenation of the alkene and hydrogenolysis of the two
benzyl protecting groups was undertaken using Pearlman’s catalyst under an
atmosphere of H, using a mixed solvent system of chloroform/methanol. Using
these conditions along with silica gel chromatography for purification, a modest
yield of a-GalCer was isolated along with a significant amount of 1 as a low-R;
by-product. We reasoned that the use of chloroform as a co-solvent led to the in situ
formation of HCI and promoted the N — O migration of the C26 acyl
group. Strongly acidic conditions have been reported to promote the
N — O migration of acyl groups; however, as far as we are aware the use of
Pd-catalyzed HCI generation from chloroform had not.
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The discovery that an apparently acid-promoted N — O acyl migration gave an
isolable analogue of a-GalCer with a free amine group immediately raised the
intriguing possibility that 1 could form the basis of novel class of adjuvant-antigen
conjugates applicable in the field of immunotherapy.

To progress this idea, we established conditions which provided ready access to
1 directly from a-GalCer using HCI in dioxane. We were also able to establish that
the free amine of 1 was amenable to further modification by preparing the acet-
amide 2 (Scheme 2).

We had also envisaged that if 1 was released in a biological setting that the
reverse O — N acyl migration would be facile under physiological conditions.
A dilute solution of 1 in 99:1 PBS/DMSO was monitored over time at ambient
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Scheme 1 The discovery of amine 1 during a synthesis of a-GalCer
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Fig. 9 HPLC-MS chromatograms of 1 in 99:1 PBS/DMSO monitored at the indicated time points

temperature by HPLC-MS. The MS was operated in single ion monitoring
(SIM) mode which clearly demonstrated that 1 reverted to o-GalCer over a number
of hours (Fig. 9).

With this insight into the fate of 1 at physiological pH, it was expected that its
biological activity would be similar to o-GalCer and this was shown to be the case
in the context of NKT cell activation in vivo. Compound 1 was able to induce the
NKT cell-mediated maturation of DCs as measured by the upregulation of cell
surface CD86 on DCs (Fig. 10) [26]. However, with compound 2 the O — N acyl
migration is unable to take place and this correlated with an inability for 2 to
activate NKT cells.

Taken together the in vivo data and the O — N acyl migration data suggested
that we had a solution to a key part of the puzzle of how to make a conjugate
vaccine based on a-GalCer. We proposed that capping the nitrogen atom of 1 with a
stable traceless linker provided a proadjuvant which was inactive until enzymati-
cally cleaved allowing for O — N acyl migration and generation of the active
adjuvant o-GalCer. Combining the proadjuvant concept into a conjugate which
comprised an antigen may give a construct which was inactive until enzymatic
processing released 1 and a modified peptide antigen for further enzymatic pro-
cessing to effectively deliver a-GalCer and an antigen to the same site.
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Fig. 11 The design concept for an o-GalCer proadjuvant—antigen conjugate

3 Vaccine Conjugate—Concept and Enablement

To prepare a practical proadjuvant—antigen conjugate, we need to consider a
number of aspects of the overall linking strategy which would allow an antigenic
peptide to be coupled to 1. A summary of our design concept is described dia-
grammatically in Fig. 11.

The first aspect of the design is that the linker attached directly to the N atom
must be traceless. So enzymatic processing must either release a free amine directly
or reveal an unstable moiety which in turn self-immolates under physiological
conditions and collapses to reveal the free amine. Second, the linker needs to have a
suitable site for conjugating an antigenic peptide of choice. For this purpose, there
is a large body of work in the field of bioorthogonal chemistry where the reactive
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chemical moieties couple together under benign conditions and do not react with
those functional groups commonly found in biological systems that typically
include peptides and proteins [27]. The third aspect we considered was a peptide
cleavage sequence appended to the peptide antigen of interest which would
encourage peptide release from residual linker components enabling further pro-
cessing so that peptide epitopes of interest may be released and presented by MHC
molecules.

3.1 Esterase Cleavable Linker—Acyloxymethyl Carbamate

Our first family of conjugate vaccines was based on the acyloxymethyl carbamate
moiety which has precedent as a self-immolative linker system for amines that can
be triggered by enzymatic activity [28]. The general mode of collapse in the context
of our vaccine design is described in Fig. 12.

The acyloxymethyl carbamate contains an ester which was expected to be suscep-
tible to enzymatic cleavage where indicated. This releases the hydroxymethyl carbamate
moiety which is known to collapse to release formaldehyde and carbon dioxide, and in
this case reveal the free amine 1. To be most effective, we envisage intracellular
cleavage will be required for efficacy, however, when administered in vivo this
approach may allow for some extracellular cleavage to also occur. Other drugs have
demonstrated successful intracellular, esterase-dependent, and linker collapse [29].

Esterase-mediated

HO cleavage HO
- CH,0
B9 AN o
DY (AR
HO )y O/\O%L%R HO ™ >
O\/'j\\\\OH - O\/:j\OH
i C14H29 /CL Cq4H29
C25H51 0 CosHs 1 O
HO  on HO  oH o
O O
HO HO J]\
HO HO CosHs1
OH —> O\/'j:OH
C14H29 HO™ "Cq4H29

CosHsi™ 2O ¢ a-GalCer

Fig. 12 The mode of collapse of the acyloxymethyl carbamate linker and the generation of
a-GalCer proceeding via 1
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The specific acyloxymethyl carbamate derivative of 1 that we decided to make
first was 3 where the linker is derived from levulinic acid (Scheme 3) [26].

As was the case for migrated a-GalCer compound 1 intravenous administration
of 3 to C57BL/6 mice demonstrated the ability of 3 to induce DC maturation to a
similar extent as o-GalCer (Fig. 13). The activity of 3 or a-GalCer was not sig-
nificantly different to the PBS control when administered to CD1d knockout mice
confirming the activity was dependent upon NKT cells since CD1d knockout mice
do not have any NKT cells.

To test whether enzymatic processing was required to achieve this activity, an
in vitro experiment was conducted whereby plate-bound CD1d was treated with 3
and tested for the ability of any potential CD1d-3 complex to activate NKT cells
(Fig. 14) [26]. Using a-GalCer as a positive control, this experiment demonstrated
that 3 was not a good activator of NKT cells in the vitro experiment.

OH OH OH OH
HO O, J\ J\/\ﬂ/ Q
HO NH, ';l JJ\/\H/
O. A_ .OH S __wOH %
Py, NEts
CosHsi~ 0" CiaHag (53%) CosHgi~ 07 CigHzg
T T

Fig. 13 Compound 3 activates DCs in a CD1d-dependent manner
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Fig. 14 Compound 3 is an inactive CD1d ligand in vitro

The observation that 3 cannot activate NKT cells in vitro whereas it is observed
in whole animal studies that the injection of 3 elicits a strong NKT cell-dependent
response is a good demonstration of 3 acting as a proadjuvant.

3.2 Conjugation of the Peptide Antigen—Oxime Chemistry

To complete the construction of the conjugate vaccine, we prepared the peptide
antigen flanked by a peptide cleavage site which was in turn capped at the N-
terminus with an aminooxy group as the bioorthogonal functionality (5). The
reaction of aminooxy groups and ketones or aldehydes to form oximes is widely
reported due to the reliability of the chemistry and the stability of the oxime moiety.
Although oximes do hydrolyze slowly at physiological pH (half-life is measured in
the order of weeks), they are well suited for bioconjugation of peptides or proteins
to synthetic components free of ketones and aldehydes other than at the site of
conjugation. Oxime formation is actually so efficient that solvents of high purity
must be used to avoid the scavenging of the hydroxylamine component by low
levels of carbonyl impurities common in many solvents [30].

The immunodominant CD8 epitope from ovalbumin, Ser-Ile-Ile-Asn-Phe-Glu-
Lys-Leu (SIINFEKL) (OVA,s;), was selected as the peptide antigen. This was
appended at the N-terminus with the sequence Phe-Phe-Arg-Lys (FFRK) which has
been shown to promote antigen presentation of CDS8 epitopes via MHC class |
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Scheme 4 The conjugation of ketone 3 and oxime 5 to give the vaccine 6

molecules. The oxime-capped peptide S was prepared using Fmoc solid-phase
peptide synthesis and reacted with ketone 3 to give the conjugate vaccine 6
(Scheme 4).

A number of features of this conjugation meant that significant optimization of
the reaction conditions was required. The degree of difference in the solubilities of
the glycolipid and the peptide meant that the reaction had to be carried out at a
moderately high dilution (1.6 mM) which required the use of aniline as a catalyst to
achieve complete reaction after 48 h. Oxime formations are also generally under-
taken at mildly acidic pH to enhance the rate of reaction. In this case, we found that
it was necessary to use aqueous aniline which had been buffered to pH 4. At the
higher pH of 4.5-5, loss of peptide to its unreactive formaldehyde adduct was
observed by LCMS which we attributed to collapse of the linker component of 3
and generation of formaldehyde in situ. With these conditions optimized, however,
the reaction was monitored for loss of 3 by HPLC and purified by semi-preparative
HPLC to give 6 in an isolated yield of 33%.

The biological activity of 6 was studied extensively in mice which established
that it was effective as a vaccine. Proliferation of a transgenic population of
peptide-specific CD8" T cells was observed by cell flow cytometry analysis of
blood 7 days after injection with 6 (Fig. 15). The increase as a percentage of total
CD8" T cells was a significant enhancement in the population treated with 6
compared to that treated with an admixture of a-GalCer and OV A,s; peptide (i.e.,
approx. 3.5 vs. 0.5%). In addition to the proliferation of transgenic CD8" T cells,
vaccination with 6 produces endogenous T cell population with a markedly
enhanced cell-killing ability over the co-administration of a-GalCer and various
peptide derivatives [26].
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Fig. 15 Administration of conjugate vaccine 6 induces greater proliferation of antigen-specific
CD8" T cells compared to admixed controls

The combined data showed a clear advantage that vaccination with a conjugated
adjuvant—antigen constructs provided as compared to co-administration of the
components. Intracellular processing of peptide can enhance the efficiency of MHC
class I presentation through a cross-presentation mechanism; however, the advan-
tage of the conjugate is also seen for the modified peptides which demonstrate that
the effect is not simply due to modification of the peptide.

3.3 NKT Cell Conjugate Vaccine and Asthma

Allergic asthma is characterized by shortness of breath, wheezing, coughing, and
airway hyperresponsiveness affecting large numbers of people—particularly in
developed countries. Common treatments for the disease such as steroids target the
symptoms of the disease, not the underlying cause. At a cellular level,
allergen-specific CD4" T cells that produce type 2 cytokines (i.e., interleukins 4, 5,
and 13), known as Ty2 cells, have an essential role in driving and maintaining
allergic responses. This includes the recruitment of eosinophils and activation of B
cells to secrete allergen-specific IgE antibody which in turn leads to mast cell acti-
vation [31]. It has been reported that by acquiring and presenting allergen to Ty2
cells, DCs are required in the effector phase of the inflammatory response [1]. It has
also been reported that adoptively transferred allergen-specific CD8" T cells can
reduce inflammation by mechanisms that potentially include CTL elimination of
allergen-specific DCs [32]. For these reasons, we hypothesized that the increased T
cell responses generated by our conjugated peptide vaccines might be able to sup-
press allergic inflammation. As reported [26], we showed our conjugate vaccine
could completely suppress eosinophil infiltration, whereas admixed controls
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(i.e., a-GalCer and peptide) were ineffective. Further studies are still required to
determine if DC killing is the primary mechanism but the finding has opened up an
exciting area of ongoing research and development.

3.4 Protease-Cleavable Linker—Valine-Citrulline-p-
Aminobenzyl Carbamates

The use of esterase cleavable linkers to covalently attach a-GalCer as an adjuvant
with a peptide antigen enabled us to demonstrate a clear advantage over
co-administration. We decided an improved vaccine that may be able to be prepared
by incorporating a traceless linker which was more directed toward intracellular
enzymolysis. Valine-citrulline p-aminobenzyl (VC-PAB) carbamates are suscepti-
ble to enzymolysis by cathepsin B which is an abundant lysosomal enzyme in
antigen-presenting cells. The VC-PAB linkage has been shown to have good
plasma stability and has found application in the clinic in the field of antibody—drug
conjugates [33].

The VC-PAB linkage undergoes proteolytic cleavage to reveal the amine of the
PAB carbamate which in turn is self-immolative under physiological conditions to
give carbon dioxide and azaquinone methide. The collapse cascade in the context of
1 is shown in Fig. 16.

To prepare a conjugate vaccine comprising the VC-PAB linker, we started with
the known VC-PAB precursor 7 and capped this at the N-terminus with the active
ester of levulinic acid 8 and subsequent formation of the activated carbonate gave 9.
This was coupled to 1 which was followed by oxime formation in a manner
analogous to 6 to provide 10 as a second conjugate vaccine (Scheme 5) [34].
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Fig. 16 The mode of collapse of the valine-citrulline-p-aminobenzyl carbamate linker
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Fig. 17 Comparison of the ability of vaccination with conjugate compared to admixed controls to
generate an endogenous antigen-specific cytotoxic response

The biological activity of 10 was found to be very similar to 6 in a side-by-side
comparison in a cell lysis assay. The ability of 6 and 10 to elicit an endogenous
antigen-specific cytolytic activity against splenocytes which had been pulsed with
different concentrations of OV A,s; peptide was measured which established a clear
advantage of the conjugate vaccines over admix vaccination with a-GalCer and
peptide (Fig. 17).
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3.5 Alternative Linkage to the Peptide—Cu(I)-Mediated
Azide—Alkyne Cycloaddition

Conjugates 6 and 10 had validated the concept of preparing a vaccine comprising
covalently bound adjuvant and antigen. A limitation of oxime ligation, however, is
the ease of access to a range of peptide antigens. The extreme reactivity of the
aminooxy group toward adventitious aldehydes and ketones renders the preparation
of aminooxy-capped peptides unreliable, and in our experience, we have found that
this can limit the ability of commercial providers to readily supply them.

Therefore, we investigated the use of the Cu(l)-mediated azide—alkyne
cycloaddition (CuAAC). The CuAAC reaction is one of the most widely used
widely reported ligations in the area of bioconjugation. This is due to a number of
reasons which include essentially complete bioorthogonality which azides and
alkynes have within biological systems, the relative chemical stability of azides and
alkynes, and the ease of preparation of the conjugation partners.

In the context of our vaccine conjugates, we opted to use alkyne-capped peptide
11 (Scheme 6). The glycolipid coupling partners to this were the azides 12 and 14
comprising the esterase- and protease-cleavable linkers, respectively. These were
constructed in a manner analogous to the ketone-containing coupling partners
above, except the linker portion was built up from 6-azidohexanoic acid instead of
levulinic acid.

Similar to the development of the oxime ligations, the CuAAC chemistry
required significant optimization in order for the efficient reaction of our coupling
partners. Satisfactory conditions were found which used copper foil and copper
sulfate as the redox couple (to generate the Cu(I)) along with the accelerating ligand
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Fig. 18 Comparison of tumor growth over time of mice vaccinated with conjugate vaccines
versus admixed controls

Tris-[(1-benzyl-1H-1,2,3-triazol-4-yl)methylJamine (TBTA) to give the conjugates
13 and 15. The disparate solubility of the reaction components again dictated the
use of a complex mixture of solvents to minimize heterogeneity. We also kept the
concentration of DMSO at 30% due to the detrimental effect it has on reaction rate
when using TBTA as an accelerating ligand. We were unable to get the reaction to
proceed using the commonly reported CuSO, with sodium ascorbate as the
reductant [35].

The therapeutic activity of all four vaccine conjugates (6, 10, 13 and 15) was
shown to confer significant antitumor activity against the aggressive mouse mela-
noma B16.OVA (Fig. 18) [34]. In this test, a single dose of candidate vaccine was
administered once the tumors had become engrafted and palpable. The effect of
conjugation was demonstrated by the beneficial delay in tumor outgrowth observed
when animals were treated with the conjugates as compared to the co-administration
of a-GalCer and either capped or uncapped OV A,s; peptide.

A reproducible feature of the comparison of these four vaccines (i.e., 6, 10, 13,
and 15) was that conjugate 13 gave a less-pronounced antitumor activity than the
others. This was an interesting demonstration that the combination of the choice of
linker chemistries was altering the quality of the immunological response in vivo.

4 Decoupling

The biological activity presented above demonstrates the clear advantage that the
administration of the conjugated adjuvant and antigen have over the
co-administration of the components. This was shown for the ability of vaccinated
mice to generate a cytotoxic response against antigen-specific cells as well as
vaccination having strong antitumor activity in vivo. In vitro studies have also
demonstrated that constructs 2 and 3 do not induce CD1d-dependent DC activation.
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However, we wanted to check if our vaccine design was releasing the active
components in the way we had designed it to. For this purpose, we used the CD1d
monomer NKT cell hybridoma in vitro assay (see Fig. 14).

Treating CD1d monomer-loaded plate wells with solutions of conjugate and
incubating with NKT hybridoma cells resulted in no appreciable IL-2 release (i.e.,
no NKT cell activation), whereas the positive control, a-GalCer, induced IL-2
release as expected. In contrast, pre-treatment of the conjugate with cathepsin B at
pH 5.5 recovered much of the ‘a-GalCer’ activity. This demonstrates that the
treatment with cathepsin B generates a ligand for CD1d capable of stimulating NKT
cell activity. This is consistent with the expected mode of action, whereby the
cathepsin B-mediated cleavage of the VC-PAB linker generates 1 which in turn
undergoes O — N acyl migration to produce o-GalCer (see Fig. 16).

This change in peptide ligation chemistry also gave vaccines with the ability to
generate CD8" T cells with antigen-specific cell lysis activity comparable to the
oxime-ligated conjugates 6 and 10 (data not shown).

4.1 Early Release of a-GalCer

HPLC-MSMS was used to monitor for early release of a-GalCer which may arise
from hydrolysis of the self-immolative linker. Collapse of the acyloxymethyl car-
bamate or the VC-PAB linker would initially lead to 1 which we had already shown
will give a-GalCer over time in aqueous conditions. Therefore, monitoring solu-
tions of conjugates for the level of o-GalCer over time serves as a proxy for the
susceptibility of the two linkers to nonspecific hydrolysis.

Aqueous samples of vaccines 6, 10, 13, and 15 each buffered to pH 3.0, 5.0, 7.4,
and 9.0 were stored at 20 °C for 8 days and monitored periodically for a-GalCer
level. This study demonstrated that at pH 7.4 and 9.0 that the acyloxymethyl
carbamate conjugates 6 and 13 were both susceptible to nonspecific hydrolysis,
whereas no o-GalCer was detected in the solutions of the VC-PAB conjugates 10
and 15 (Fig. 19) [34].
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Fig. 19 o-GalCer levels monitored over time by HPLC-MSMS in dilute aqueous solutions of the

conjugate vaccines 6, 10, 13, and 15 at pH 7.4 and pH 9.0
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4.2 Conjugates Induce Responses in Human Blood

Another important consideration in developing an NKT cell-based vaccine tech-
nology is the ability to transfer an effective vaccine response from murine models to
humans. Human and mice NKT cells react to the same glycolipid antigens; how-
ever, humans have fewer NKT cells than mice. NKT cells represent 4% of the
circulating T cell population in mice [36]; however, their abundance in human
blood is typically <0.1% [37]. To test whether our conjugate vaccines were
applicable in a human setting, we assessed the effect of a conjugate comprising a
human-relevant peptide sequence from cytomegalovirus (CMV) pp65 protein [26].
The prevalence of CMV exposure in the local population enabled ready access to
blood from donors which had been exposed to CMV. The peptide sequence chosen
was NLVPMVATYV (NLV) due to its ability to be detected in the peripheral blood
mononuclear cells of HLA-A*02" CMV seropositive donors. With the epitope
chosen, the conjugate 16 (Fig. 20a) was prepared which made use of the more
stable VC-PAB linker in combination with employing CuAAC chemistry to allow
the use of a more readily available peptide coupling partner. The peptide also
contained the FFRK peptide cleavage sequence designed to aid MHC class I pre-
sentation of the NLV epitope.
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Fig. 20 a The chemical structure of the CMV conjugate 16, b Conjugate 16 activates human
NKT cells, ¢ Conjugate 16 enhances peptide-specific CTL in human blood in vitro. (Reproduced
from [26] with permission from the Royal Society of Chemistry)
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It was initially very interesting to determine whether compound 16 was able to
activate human NKT cells. To do this, 16 was incubated with PBMCs from an
HLA-A*02 negative donor in the presence or absence of a CDI1d blocking anti-
body, and the release of interferon-y (IFN-y) was monitored (Fig. 20b). HLA-A*02
negative donors were used for this experiment to ensure the IFN-y was not derived
from antigen-specific T cells responding to the NLV peptide. The results from this
did indeed indicate that the IFN-vy release was CD1d-dependent which supports our
hopes that the conjugate vaccines are active in a human setting. Further assessment
of the ability of 16 to promote the proliferation of NLV antigen-specific CD8* T
cells was determined by the upregulation of CD137 which is used as a marker of T
cell activation. The enhancement in the percentage of antigen-specific T cells was
markedly more pronounced after exposure to the conjugate vaccine 16 as opposed
to a-GalCer, the NLV peptide, or co-administration of a-GalCer and NLV peptide
(Fig. 20c). Importantly, this proliferation of NLV-specific CD8* T cells was
observed in several donors, which is encouraging when considering the low
abundance of NKT cells in humans.

S Summary and Future Directions

In this work, we showed that treating the NKT cell agonist a-GalCer with acid
caused the C26 fatty acid to ‘miss-orientate’ to form an inactive compound with a
reactive amine handle. To stop the facile reformation of o-GalCer in physiological
conditions, the amine was capped with a blocking group that was designed to be
removed in vivo through enzymatic processes. The chemical design of the capping
group also included provision of a chemical reporter group such as a ketone, azide,
or alkyne that facilitated bioorthagonal conjugation to suitably N-terminally mod-
ified peptide antigens. Although both oxime ligation and copper catalyzed
cycloaddition methodologies were equally efficient, the cycloaddition protocol was
preferred due to the ease of synthesis of the alkyne-modified peptides versus the
alkoxyamine-modified peptides. In terms of self-immolative linkers, the
valine-citrulline p-aminobenzyl group was preferred over the acyloxy group due to
increased chemical stability.

It was demonstrated that prodrugs (or proadjuvants) and conjugates were active
in vivo but inactive when tested in plate-bound (CD1d monomer) assays.
Importantly, NKT cell activity could be recovered in the in vitro experiments when
the proteolytic enzyme cathepsin B was added. Upon conjugation with peptide
antigen, increased T cell responses in terms of numbers and functional activity (i.e.,
antigen-specific cellular cytotoxicity) were measured in animal models. Taken
together, these data provided good evidence that the conjugate vaccine activity was,
at least in part, due to the designed mechanism (i.e., co-delivery of adjuvant and
antigen to the same cell). Further studies are required to fully elucidate that the
impact conjugation has with regard to altered biodistribution and how this con-
tributes to biological activity. Increased T cell responses due to conjugation also
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translated into better activity in animal models for allergy and cancer. Using a
synthetic vaccine that induces antigen-specific cellular cytotoxicity to suppress
acute allergic inflammation is a highly novel and interesting concept; however,
further studies into the scope and limitations of this approach are needed.

Although it was pleasing to observe increased antitumor activity in an aggressive
melanoma model, delayed tumor growth is unlikely to translate well into the clinic, so
ongoing research is still needed to find therapies that induce long-term regression. There
are many considerations such as repeated dosing, combination with other vaccine
technologies (such as those that contain TLR agonists), the use of synthetic long
peptides, analysis of T cell populations, and consideration of tumor microenvironment-
induced immunosuppression. Given the stunning success in clinical trials of mono-
clonal antibodies (mAbs) such as nivolumab and ipilimumab [38] that block so-called
checkpoint mechanisms, cancer vaccine technologies can no longer be considered in
isolation. In particular, for metastatic disease cancer, vaccines must now be considered
in the context of checkpoint blockade treatments and how they may enhance these.
Thankfully, because checkpoint blockade treatments work by releasing T cell responses
and vaccines by inducing T cell responses, the approaches are likely to be synergistic.
However, much research and clinical evaluation are still required to validate this
concept and other treatment combinations. Other situations where vaccination may be
appropriate include pre-malignant disease [39]. This setting is attractive because vac-
cines tend to work better in healthier patients with lower disease burden. Furthermore,
due to the potential of checkpoint blockade drugs to cause autoimmunity, these treat-
ments are less suited to pre-malignant conditions. Finally, vaccine therapies may also
work well as an adjunct therapy after tumor reduction surgery. An excellent recent
review discusses these and related points in detail [40].
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