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Abstract

Introduction: Although much progress has been made in the last decade(s) toward development
of effective cancer vaccines, there are still important obstacles to therapeutic successes. New
generations of cancer vaccines will benefit from a combination adjuvant approach that targets
multiple branches of the immune response.

Areas covered: Herein we describe how combinatorial adjuvant strategies can help overcome
important obstacles to cancer vaccine development, including antigen immunogenicity and tumor
immune suppression. Tumor antigens may be both tolerogenic and may utilize active mechanisms
to suppress host immunity, including downregulation of MHC molecules to evade recognition and
upregulation of immune inhibitory receptors, to subvert an effective immune response. The current
cancer vaccine literature was surveyed to identify advancements in the understanding of the
biological mechanisms underlying poor antigen immunogenicity and tumor immune evasion, as
well as adjuvant strategies designed to overcome them.

Expert commentary: Poor immunogenicity of tumor antigens and tumor immune evasion
mechanisms make the design of cancer vaccines challenging. Growing understanding of the tumor
microenvironment and associated immune responses indicate the importance of augmenting not
only the effector response, but also overcoming the endogenous regulatory response and tumor
evasion mechanisms. Therefore, new vaccines will benefit from multi-juvanted approaches that
simultaneously stimulate immunity while preventing inhibition.

1. Introduction

The development of cancer vaccines faces unique obstacles that generally do not impede
development of conventional infectious disease vaccines. For example, our nascent

"Corresponding author: Haval Shirwan, Institute for Cellular Therapeutics, 570 S. Preston St., Donald Baxter Biomedical Bldg.,
iuite 404E, University of Louisville, Louisville, KY, 40202, haval.shirman@Iouisville.edu.
W.S.B. and A.K.S share first authorship

Declaration of interest

H Shirwan is a recipient of grants from NIH as well as CEO of FasCure Therapeutics, LLC that has an option to license SA-4-1BBL

adjuvant cited in this manuscript. The authors have no other relevant affiliations or financial involvement with any organization or

entity with a financial interest in or financial conflict with the subject matter or materials discussed in the manuscript apart from those

disclosed. Peer reviewers on this manuscript have no relevant financial or other relationships to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bowen et al.

Page 2

understanding of the risk factors and early biomarkers of cancer development, as well as the
heterogeneity in tumor types and progression, require targeting primarily of pre-existing
tumors with therapeutic vaccines, rather than the generally more effective use of
prophylactic vaccines. These realities present two fundamental problems; the problem of
tumor immune suppression and the problem of antigenicity.

1.1 Theimmune suppression problem

First and foremost, the immune system of a cancer patient operates in a fundamentally
different environment with many challenges for driving an immune response relative to that
of healthy individuals. In addition to the development of immune tolerance to tumor
antigens discussed below, the immune system of cancer patients is compromised both by
therapy-specific and tumor-specific mechanisms.

Radiation and chemotherapeutic interventions typically target self-replicating immune cells
in the process of destroying rapidly dividing neoplastic cells. In addition, tumors themselves
utilize a variety of mechanisms to subvert and suppress the immune system. The chronic
inflammatory environment associated with tumor progression supports development of an
immunosuppressive tumor microenvironment. This environment is characterized not only by
“exhaustion” of T cell and NK cell responses, but also accumulation of T regulatory cells, T
helper type-2 (Th2) CD4+ T cells, tumor-associated macrophages (TAMSs) and immature
dendritic cells, macrophages and neutrophils (cumulatively referred to as myeloid-derived
suppressor cells (MDSC)), all with suppressive phenotypes (1-3).

The addition of immune modifying vaccine adjuvants to conventional vaccines represents
one of the most promising approaches to circumvent the immunosuppressive impediments to
effective cancer vaccines. Not only can adjuvants jump start an immune system
compromised by therapeutic interventions, but adjuvants can be tailored for specific
immunomodulatory effects to target either suppressed innate or adaptive immune responses
or both.

1.2 The antigen problem

Unlike infectious pathogens, tumors do not express well-defined foreign antigens that can
easily be targeted, although some novel antigens or neo-antigens may arise as a result of
tumor-specific mutations. In fact, two of the most widely used “cancer” vaccines today do
not actually target tumor antigens, but prevent infection by the oncogenic human
papillomavirus or Hepatitis B virus, the agents that cause the malignant transformations
associated with cervical cancer and liver cancer respectively. However, most human cancers
have not been linked to specific infectious agents with easily targeted foreign antigens, but
they arise from transformations due to environmental, genetic, or lifestyle factors, thus
limiting the potential for this approach.

Targeting established tumors with therapeutic vaccines is notoriously challenging.
Commonly, tumors are targeted based on antigens that are over-expressed in tumor relative
to normal tissue, that are typically ignored by the body as immune-privileged such as cancer-
testis antigens, that are generally temporally expressed during development such as
oncofetal antigens, or that arise as mutations, either oncogenic or stochastic, during tumor
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development (4). Such antigens may be difficult targets for reasons discussed below, or they
may not be oncogenic drivers. For instance, the immune response to self-antigens may be
subject to varying degrees of preexisting immunological tolerance, and mutated antigens
may be patient-specific and difficult to identify for targeting. Tumor antigens may also be a
variable target. Especially if not an oncogenic driver, a targeted antigen may be subject to
rapid selection during tumor development, leading to antigen escape loss variants that may
reduce antigen-targeted vaccine efficacy. However, these so-called tumor neo-antigens that
arise naturally from selection may also be a source of new antigenic targets for strategically
designed and formulated therapeutic vaccines (5;6).

2. Antigen uptake and APC activation

2.1 Antigen uptake

Three ways that adjuvants can boost tumor antigen recognition and, therefore, vaccine
efficacy, are by increasing antigen uptake, cross-presentation, and determinant spreading.
The first step in mounting an immune response is sampling and presentation of antigen via
antigen-presenting cells (APCs) of the innate immune system (Fig. 1). Professional APCs
include neutrophils, macrophages, B cells and dendritic cells (DCs). APCs sample soluble
antigen through fluid phase pinocytosis or particulate antigen through receptor-mediated
endocytosis. Delivery of antigen through receptor-based endocytosis offers many advantages
over pinocytosis for stimulation of effective immune responses, including greater sensitivity
(7) and greater selectivity of cell targets and signaling pathways (8;9) than to guide nascent
innate immunity.

Activation of the innate immune response is a vital early step in development of effective
anti-tumor responses. Such activation relies upon activation of germ-line encoded pathogen
recognition receptors (PRRs), including Toll-like receptors (TLRs), nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs), retinoic acid-inducible gene-1 (RIG)-
like receptors (RLRs) and C-type lectin receptors (CLRS) by epithelial cells, neutrophils,
macrophages or dendritic cells (DCs) (Fig. 1). These receptors bind pathogen-associated
molecular patterns (PAMPs) from bacteria, viruses or fungi, or endogenous danger-
associated molecular patterns (DAMPS), including heat-shock proteins and high mobility
group box-1 (HMGB1) that are released by cells after tissue injury and bind PRRs on innate
immune cells. PRR activation culminates in the release of inflammatory cytokines and
chemokines, in the recruitment of innate and adaptive immune cells, and in the stimulation
of antigen-presenting cells (APCs), including macrophages and DCs to phagocytose, process
and present antigen to drive the adaptive immune response (10).

The DC is the primary APC to initiate antigen presentation and activation of T cells. Not
surprisingly, suppression of DC maturation and activation is one of the primary mechanism
for tumor immunosuppression, and tumor progression is associated with decreases in DC
number, maturity and activation (11-13). Hence, effective cancer vaccine formulations
couple delivery of appropriate cancer-specific antigens with immunostimulatory adjuvants
that activate APC to overcome tolerance and prevent under-stimulated, abortive T cell
responses.

Expert Rev Vaccines. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bowen et al. Page 4

2.2 Antigen cross-presentation

Preeminent for an effective T cells response is the ability to activate a cytotoxic CD8+ T
lymphocyte response against endogenous tumor antigens (14-16). However downregulation
of surface expression of major histocompatibility complex-1 (MHC-I), the primary receptor
for presentation of endogenous antigens, prevents recognition of endogenous tumor antigens
and activation of anti-tumor effector CD8+ T cell responses. Specialized DC subsets can
internalize, process and present endogenous antigens from tumor and present them to
antigen-specific CD8+ T cells in a process referred to as cross-presentation. Therefore,
adjuvants that stimulate DC for effective cross-presentation of tumor antigens are excellent
vaccine candidates. The FDA-approved vaccine adjuvant alum have been shown to stimulate
cross-presentation of tumor associated antigens (TAAS) (17), as well as several adjuvants
currently in clinical development, including the TLR3 ligand I:C (18) and the saponin-based
particulate adjuvant, ISCOMATRIX® (19).

3. Antigen transport

T cells recognition requires the presentation of processed peptides in association with MHC
class I and class Il molecules. MHC class | molecules are expressed by all cells and presents
peptides derived from endogenously expressed self-proteins or intracellular pathogens.
Tumor cells presents the tumor-associated epitopes (TAE) on their surface in association
with MHC molecules which are further on recognized by CTLs. Numerous self-protein
derived TAE have been identified which are either selectively expressed on malignant cells
(20;21) or carry point mutations within the CTL epitope regions, such as p53, CDK4, B-
catenin and MUM-1/L33-B (22). However, although TAE are promising targets for CTL-
based immunotherapy, very few self-TAE have shown success as anti-tumor vaccines for the
treatment of human cancers (23).

4. Antigen determinant spreading

Immunization with TAAs induces humoral and cellular responses. The T cell responses are
epitope determinant for the TAAs. In antigen-based determinant spreading, T cells responses
initiated by a single antigenic epitope evolve into multi-epitopic responses. Adjuvants may
promote this process in the context of tumor antigens, but with some potential risk. For
instance, administration of a blocking monoclonal antibody against CTLA-4 often used in
cancer adjuvant therapy has been shown to promote antigen determinant spreading, but can
accelerate the autoimmune diseases in other contexts (24). ISCOMATRIX™, a
multicomponent adjuvant “immune stimulating complex” consisting of cage-like structures
of phospholipid, saponin and cholesterol, has been shown to effectively promote epitope
spreading and antibody affinity maturation when included in an influenza vaccine (25) and
has been used previously as an adjuvant component in cancer vaccines (26). As
ISCOMATRIX™ has also been shown to promote cross-presentation of tumor antigens (27),
similar adjuvant strategies may provide promise for increasing the effectiveness of vaccines
based on single epitopes. However, study of the role in adjuvants in this phenomenon and
the importance of determinant spreading in tumor regression are still in their infancy.
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5. T cell priming, activation, effector phase and cross-priming

As noted, APCs play a critical role in initiation of appropriate T cell responses by providing
T cells with classical activation signals that are obligatory for proper T cell education. At
least two signals are essential for the activation of naive and central memory T cells. First,
naive T cells must recognize peptide antigen bound to MHC class | or class Il on DCs. This
antigen recognition by T cell receptors provides an activation signal, Signal 1 (Figure 1).
The Signal 1 is not sufficient for full activation, and can instead lead to T cell anergy or
induction of Treg cells (28). In order for full activation to Kick in, the T cell must receive a
Signal 2, so-called costimulatory signals through the interaction of various costimulatory
molecules (CD28, 4-1BB, 0X-40, CD27) on T cells with their ligands on the surface of
DCs (29). We now have considerable evidence that CD8+ T cells also requires Signal 3,
cytokine signals, and that the presence or absence of Signal 3 determines whether effective
activation or tolerance induction occurs in response to antigen and costimulation (30).
Vaccine adjuvants are mainly designed and classified based on their functional ability to
target these three critical signals of the T cell immune response. However, such
classifications should be may be somewhat ambiguous, as many adjuvants, TLR4 agonists
for instance, may provide more than one signal by inducing upregulation of costimulatory
molecules (Signal 2) and production of production of cytokines (Signal 3).

Adjuvants facilitate Signal 1:

Adjuvants facilitating Signal 1 mainly improve antigen stability, delivery, processing and
presentation to T cells. In some cases, these adjuvants also protect the antigen from
degradation. Some of the examples of these adjuvants are nanoparticles, gold particles,
alum, oil/water-based formulations, lipid-based vesicles and bacterial ghosts (31-33).
Mineral oil-based emulsions such as Montanides (34) or nanoparticles (35) are also used to
develop antigen delivery system which increases the antigen uptake, processing and
presentation, thereby potentiate the Signal 1. In general, Signal 1 facilitating adjuvants are of
non-microbial origin, in contrast to many Signal 2 facilitators, and for most of them, no
receptor has been identified as yet. Some heat shock proteins also act as Signal 1 facilitating
adjuvant and induce innate immune responses (36). HSP has also been shown to induce the
maturation of APC and result in specific triggering of the acquired immune response (37).

Adjuvants facilitate Signal 2:

On the other hand, molecules and formulations that facilitate Signal 2 of the immune
response represent a diverse group of adjuvants, consisting of a group of physically and
chemically unrelated molecules, e.g., saponins, muramyl dipeptide, highly immunogenic
immune stimulating complex (ISCOM) etc. Signal 2 adjuvants generally do not directly
affect the concentration and distribution of antigen; rather these are activating ligands for
specific immune receptors. A novel class of Signal 2 facilitators also includes ligands or
agonistic antibodies targeting members of TNF receptors on T cell for the induction of
activation, expansion, effector function and survival (38). Among this family, costimulatory
4-1BBL has shown great potential as a vaccine adjuvant due to its pleiotropic effects on the
cells of innate, adaptive, and regulatory immunity. In extensive studies, SA-4-1BBL was
shown to play a critical role in the generation and maintenance of CD8+ T cell responses,
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while having a negative impact on the frequency and suppressor function of
CD4+CD25+FoxP3+ T regulatory cells that are important culprits of tumor immune evasion
(39-42). As an adjuvant component of TAA-based subunit vaccines, SA-4— 1BBL showed
robust therapeutic efficacy in various preclinical tumor models (43-47), establishing this
molecule as an important new class of adjuvant. In a preclinical cervical cancer animal
model, Sharma et al. demonstrated that HPV E7-expressing TC-1 cells can effectively be
engineered to co-display an SA-chimeric form of the costimulatory molecule LIGHT
(homologous to lymphotoxins, inducible expression, competes with herpesvirus
glycoprotein D entry mediator, a receptor expresses on T lymphocytes) on their surface and
serve as an effective vaccine with both preventive and therapeutic efficacies (48). Other
Signal 2-triggering adjuvants include TLR agonists such as bacterial lipopolysaccharide
(LPS) or its derivative monophosphoryl lipid-A (MPL), as well as microbial RNA or DNA
or variant synthetic CpG sequence motifs (49). These agonists have been demonstrated to
generate anti-tumor immunity in preclinical studies in mice by enhancing innate immunity
through the activation of DCs, NK cells, monocytes, and macrophages and induction of
cytokines with both direct and indirect anti-tumor activity (48).

Adjuvants facilitate Signal 3:

In order for naive CD8 T cells to be activated to undergo clonal expansion and develop
effector function they not only must receive Signal 1 and 2, but also require a Signal 3 that
can be provided by IL-12 or IFN-y (50;51). Adjuvants such as alum and chitosan not only
facilitate the Signal 1, but they also modulate DC activity and enhance vaccine-specific Th2
responses and their associated cytokines, IL-4, IL-5 and IL-13, inducing antibody
production and influencing the quality of the adaptive immune response (Signal 3). The use
of cytokines as a part of vaccine formulations is becoming more prevalent and has shown to
influence both cellular and humoral immune responses, boosting the efficacy of poorly
immunogenic vaccines in both pre-clinical and clinical studies (52).

While selected cytokines such as IL-4, IL-5, IL-6 enhance antibody production, IFN-vy,
IL-10, TGF-B, IL-13 may induce heavy chain isotype class switching of vaccine antigen-
specific antibodies. For IFN-a,, IFN-y, IL-2, IL-12, IL-15, IL-18, IL-21-based adjuvants,
vaccine-induced responses have been observed (53;54). However, major challenges for
successful clinical use of these cytokine-based vaccine adjuvants remain, including
optimization of dosing to retain efficacy by avoiding toxicity and/or immunosuppression, as
well as the addition of substantial cost to traditional formulations.

6. Tumor suppression mechanisms

Apart from muted antitumor activity by the immune system, immune evasion mechanism
such as suppression, escape, and subversion also contribute towards the rapid growth of
tumors. These mechanisms include avoidance of immune surveillance, downregulation of
MHC class | or co-stimulatory molecules, enhancement of inhibitory molecules (CTLA-4,
PD-1), recruitment of regulatory cells (Treg, MDSC, type 2 macrophages) and production of
immunosuppressive cytokines, IL-10 and TGF-B. The choice of the adjuvants for vaccine
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development strategies that not only directly enhance anti-tumor immunity but also block
checkpoints or suppressor networks will have potential to eliminate the tumor.

TLR agonists such as MPL, while acting as potent adjuvants in some cases, also promote
Tregs (55)). Some of the targeted monoclonal antibodies as Signal 2 facilitators block the
co-inhibitory molecules on T cells, which interfere with the signals delivered by
costimulatory molecules, resulting into compromised T cell activation and function. For
example, CTLA-4-induced co-inhibitory signals on activated T cells trigger a natural
inhibitory response which dampens excessive T cell effector functions. However, blockade
of this inhibitory response by monoclonal antibodies, such as ipilimumab or tremelimumab,
prevents this con-inhibitory signal and provides an opportunity for costimulatory molecules
such as CD28, 4-1BB, OX40 etc. to deliver unhindered Signal 2, resulting in a significantly
enhanced T-cell activation and proliferation (56). Blockade of PD-1, another checkpoint
inhibitory pathway for T cells showed similar out come and stimulates immune effector
triggering (57).

7. Combination adjuvants for cancer vaccines

7.1 Rationale

Adjuvants are critical components of many vaccines and enhance the magnitude, breadth,
quality and longevity of the immune response to the antigens. The majority of existing
vaccines with adjuvant components contain only single adjuvants; however, many of these
promising formulations have been sidelined owing to a number of limitations, including
induction of immune responses of low potency or of inappropriate nature (i.e Thy versus Thy
response). Consequently, investigators are exploring many novel adjuvant technologies for
future vaccine candidates, including adjuvant combinations. Vaccinations using adjuvant
combinations can result in complimentary and even synergistic enhancement of immune
responses by stimulating and activating a variety of cells and immune mechanisms,
including dendritic-cell maturation, T-cell expansion and relief of tumor-associated immune
suppression. This approach has shown great potential and presents a unique opportunity for
investigators to tailor immune responses to specific vaccines.

Adjuvant combinations are especially important for the development of cancer vaccines
where there is a limited choice of clinically approved adjuvants. The rationale for the use of
multi-adjuvanted therapy can be seen in the combination of vaccines and checkpoint
inhibitors due to with complimentary modes of action on immune cells. Perhaps one of the
most promising examples is the use of the GM-CSF-secreting vaccine (GVAX), which
activates immune cells, with ipilimumab, a CTLA-4 blocking antibody designed to increase
T cell activation and function (58). Additionally, the combination of anti-CTLA-4 and anti-
PD-1 antibodies has shown evidence of synergy with cancer vaccines in preclinical (59), and
clinical studies (60).

7.2 Combination strategies

The limitations with single adjuvant vaccines are driving investigators more and more to
explore combination adjuvants. This is especially important as cancer antigens are usually
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self-or modified self-antigens in origin, which means cancer vaccines are required to
overcome immunological tolerance as well. Currently, several combinations of various
classes of adjuvants are being explored to steer the desired vaccine efficacy. For example,
the use of alum adjuvant alone, which was until recently the only adjuvant used clinically in
humans, has shown very modest efficacy in an HPV vaccine. However, when combined with
MPL, a derivative of LPS, these two adjuvants induce a potent immune response (61).
Consistent with this report, a novel TLR4 agonist, CIAQ6, in combination with aluminum
salts, provides similar protection (62). Another example is the use of a combination of Poly
IC and CpG in B16-F10 tumor model. This combination synergistically induced cytokine
responses that resulted in potent anti-tumor efficacy (63). Further, the injection of a mixture
of TLR9 and TLR7/8 agonists directly into established solid tumors in mice led to increased
recruitment of tumor infiltrating CTL and NK cells, reduced the numbers of
immunosuppressive MDSC and significantly reduced the tumor burden while providing
long-term protection against regrowth (Zhao G et al (2014) PMC4075973).

More recently, Srivastava et al. demonstrated the use of a multi-adjuvanted approach by
combining two different classes of adjuvants, SA-4-1BBL and MPL, with their distinct
immune cell targets, signaling pathways, and significant roles as individual agents for the
activation and maintenance of innate and cellular immune responses. This study
demonstrated that combination of these adjuvants targeted the innate, adaptive and
regulatory arms of the immune system, resulting in eradication of tumors in various
preclinical models without detectable toxicity (64). Most importantly, therapeutic efficacy of
the SA4-1BBL/MPL combined adjuvants therapy was associated with significant infiltration
of CD8™ T cells into the tumor and marked reduction of CD4*CD25*FoxP3* T regulatory
cells with a favorable intra-tumoral T effector:T regulatory cell ratio, an indicator of
potential clinical relevance. In another study, the combination of MF59 with the TLR9
agonist CpG demonstrated enhanced prophylactic efficacy by inducing a potent Th1l anti-
tumor response in a preclinical melanoma tumor model (65). Further, a novel mucosal
adjuvant formulation being developed, nanoscale emulsion (NE), improved the Thl
associated immune response, the IL-17 response and the regulatory T cell response
following intranasal immunization with alum adjuvanted Hepatitis B surface antigens (NE-
HBs) (66).

The mechanisms of synergy in vivo between components of adjuvant combinations can be
difficult to tease out. For example, signaling by TLR4 and TLR7/8 adjuvants through
different pathways in the same or disparate innate immune cell types may have synergistic or
antagonistic effects, either through signal amplification (67;68) or through paracrine
signaling (69;70). Alternatively, simultaneously targeting adjuvant receptors on innate
immune cells and costimulatory/inhibitory receptors on adaptive immune cells may
remarkably enhance or suppress effector and memory T cell responses. Therefore, the choice
of the appropriate adjuvant combination will require comprehensive knowledge of both the
signaling pathways and and cell expression patterns of targeted receptors.

Clinical studies have begun to evaluate the impact of therapeutic vaccines against various
cancers have strategically focused on multi-adjuvanted vaccines. PROSTVAC®-VF (also
called PSA-TRICOM), a combination vaccine comprising T-lymphocyte activation antigen
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CD80 (B7), intracellular adhesion molecule 1 (ICAM-1), and lymphocyte function
associated antigen 3 (LFA-3), has showed great potential in clinical studies. PROSTVAC-VF
immunotherapy showed 44% reduction in the death rate and an 8.5-month improvement in
median overall survival in men with metastatic prostate cancer (71). In addition, an
improved clinical response was observed in a phase 11 clinical study with a formulation
containing gp100:209-217 peptide plus incomplete Freund’s adjuvant (Montanide ISA-51)
in combination with IL-2 in patients with locally- advanced stage |11 and stage IV melanoma
(72), while a combination of PD-1/PD-L1-blocking mAbs and ipilimumab has also
exhibited promising clinical response (73).

7.3 Combination of adjuvants and immununomodulatory antibodies

The rationale for the use of multi-adjuvanted therapy can also be seen in the combination of
vaccines that combine adjuvants that target and immununomodulatory antibodies targeting
lymphocytes due to their complimentary modes of action on immune cells. An interesting
example of this strategy is the use of the cell-based, GM-CSF-secreting vaccine (GVAX),
which activates immune cells, combined with ipilimumab, an antibody that blocks the
inhibitory receptor CTLA-4 on T cells, activation and function (58). When combined with a
low-dose chemotherapy regimen, this combination induced a significant increase in
infiltrating CD8 T cells with increased tumor cell lysis activity and increased survival in a
metastatic prostate cancer model. Additionally, the combination of anti-CTLA-4 and anti-
PD-1 antibodies has shown evidence of synergy with cancer vaccines in clinical melanoma
studies (60).

Beside CTLA-4 and PD-1 inhibitors, additional immune checkpoint inhibitors, including
inhibitors of T cell immunoglobulin-3 (TIM-3), lymphocyte activation gene-3 (LAG-3) and
T cell immunoglobulin and ITIM domain (TIGIT), have shown promising efficacy when
used in combination cancer immunotherapy strategies. TIM-3, a specific marker for fully
differentiated, IFN-producing CD4 T cells that is also highly expressed on tumor infiltrating
dendritic cells, binds HMGBL1 and weakens the innate immune response to the tumor tissue
(70). Blockade with a combination of antibodies against TIM-3 and PD-1 prolonged survival
in acute myelogenous leukemia mouse, and the combination is in early phase clinical trial
(71). LAG-3 and PD-1 were found to be co-expressed on the tumor-infiltrating lymphocytes
(TILs) of ovarian cancer patients, and combined anti-LAG-3/anti PD-1 treatment was
successful in a mouse model of fibrosarcoma and adenocarcinoma tumors (72). TIGIT, an
inhibitory receptor of the IgG superfamily, suppresses anti-tumor immunity by Treg cells
and, in combination with anti-PDL-1, showed complete tumor protection in colorectal
carcinoma mouse model (73).

Although formulating antigen with combinations of adjuvants or combinations of adjuvants
with immunomodulators such as immune checkpoint blockers may seem to be a virtual
panacea for development of effective cancer vaccines, this approach should be utilized with
some caution. Initial strategies should continue to focus on combinations of adjuvants or
immunomodulators with well-defined mechanisms of action, including the cell types and
signaling pathways targeted. In addition, close attention should be paid to data for adjuvants
previously used in combination in vaccine settings. In this way, developers have a better
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chance of avoiding combinations that may have antagonistic, rather than additive or
synergistic effects on immune responses (74). Similarly, the possible effects of combinations
that synergistically induce remarkably high levels of inflammatory mediators in preclinical
models, such as TNFa, IL-IB, IL-12 and IFN-y (75;76), and may pose a potential risk for
local and/or systemic inflammation.

8. Expert commentary

Recent advancements have allowed researchers to have better understanding of tumor
microenvironment and its associated immune response that mediate and regulate antitumor
immunity, thereby provided a foundation for the rational design of vaccines. This is
especially critical in the case of cancer vaccines, where multifaceted evasion strategies set in
place by malignant cells can limit the efficacy of the vaccines. While vaccines that target the
effector arm of the immune system generate some promising antitumor responses, many of
them fail to block the regulatory responses associated with the tumor. Conversely, vaccines
that are designed to globally suppress regulatory immunity increase the risks for the patient
of developing autoimmune diseases.

Therefore, it is critical to know which type and strength of immune responses are required
when designing a vaccine against cancer. In this context, single adjuvanted vaccines are
unlikely to result in clinically relevant anti-tumor responses due to the inability to induce
potent and appropriate and/or relevant immune responses. As such, designing multi-
adjuvanted vaccines that not only activate the effector antitumor response that target tumor
but also block inhibitory pathways in the immunosuppressive tumor microenvironment,
although challenging, may be the way forward. Recent clinical response of the combination
of FDA approved checkpoint inhibitors, anti-CTLA-4 (ipilimumab) and anti-PD-1
(pembrolizumab) against metastatic melanoma has established the advantages of multi-
adjuvanted therapy. Information gathered from these and ongoing clinical studies, together
with a more comprehensive understanding of adjuvant mechanisms, may provide great
opportunities to further accelerate the development new class of multi-adjuvated vaccines
with more effective and less-toxic outcomes.

9. Five-year view

One of the major obstacles to effective cancer vaccine development is targeting of tumor
antigens that may have low immunogenicity in the tumor environment or may mutate to
evade the immune response. Combination adjuvant approaches are currently being
developed and will be optimized as a promising means toward overcoming self-tolerance
and tumor evasion mechanisms to induce a potent anti-tumor response. Simultaneously,
emerging techniques in automated epitope prediction and massively parallel sequencing
(MPS) of individual tumors are enabling efficient identification of dominant antigenic
epitopes and neo-antigens for specific patients (77). In the coming years, the potential to
couple potent immunostimulatory adjuvant combinations with identification of effective
antigenic targets for individual patients may well provide a revolution in development of
more effective, “personalized” therapeutic cancer vaccines. Similarly new developments in
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adjuvant discovery as well as identification of dominant neo-antigens for a given tumor type
may allow the development of effective preventative vaccines for high risk individuals.
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Key issues:

The cancer patient’s immune response is compromised not only by existing
tolerance to tumor antigens, but also by therapy-specific and tumor-specific
suppression.

Adjuvants can boost tumor antigen recognition and; therefore, vaccine
efficacy, by augmenting antigen uptake, cross-presentation, and determinant
spreading through stimulation of APC

The effect of adjuvants on T cell responses depend on their effects on
priming, activation, effector phase and cross-priming through Signals 1-3.

Tumor suppression mechanism often include expression of inhibitory
receptors that suppress or subvert recruited immune cells. Such suppression
mechanisms may be prevented with the use of antibodies to both stimulate
costimulatory receptors and block inhibitory receptor engagement.

The use of novel adjuvant combinations can induce complimentary and even
synergistic enhancement of immune responses by stimulating and activating a
variety of cells and immune mechanisms

Although adjuvant combinations show great promise for development of
effective vaccines, strategies should continue to focus on combinations of
adjuvants or immunomodulators with well-defined mechanisms of action and
synergies to reduce the risks of unexpected clinical complications.
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Figure 1: Adjuvant stimulation in cancer immunology.
Adjuvants may work in concert with antigen (signal 1) to stimulate signals 2 and 3 for an

effective immune response against tumor cells. T cell adjuvants such as soluble or
engineered costimulatory molecules (4-1BBL, B7.1/2) or antibodies that block ligand
interactions with inhibitory receptors (PD-1, CTLA-4) may interact with T cells as part of
signal 2. Innate immune receptors such as the pathogen recognition receptors (TLRs, NLRs,
RLRs, CLRs) stimulate APCs as part of signal 3, inducing inflammatory cytokine
production and upregulation of costimulatory molecules (B7.1/2, 4- 1BBL).
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