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Abstract

The results of recent clinical trials using novel immunotherapy strategies such as immune
checkpoint blockade and adoptive T-cell therapy approaches including CAR T-cell therapy have
clearly established immunotherapy as an important modality for the treatment of cancer besides
the traditional approaches of surgery, radiotherapy, and chemotherapy or targeted therapy.
However, to date immunotherapy has been shown to induce durable clinical benefit in only a
fraction of the patients. The use of combination strategies is likely to increase the number of
patients that might benefit from immunotherapy. Indeed, over the last decade, the characterization
of multiple immune resistance mechanisms used by the tumor to evade the immune system and the
development of agents that target those mechanisms has generated a lot of enthusiasm for cancer
immunotherapy. But a critical issue is to determine how best to combine such agents. This review
will focus on novel immunotherapy agents currently in development and discuss strategies to
develop and personalize combination cancer immunotherapy strategies.
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1. Cancer immunotherapy agents

The potential role of the immune system to prevent or control cancer has been recognized
over 100 years ago. However, cancer immunotherapy has become a reality only within the
last two decades. Two broad strategies are currently in development for cancer
immunotherapy: agents that target the tumor directly and agents that activate immune cells
that in turn target the tumor (Fig. 1).
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i. Immunotherapy agents targeting the tumor

Direct targeting of the tumor has largely focused on development of monoclonal antibodies.
Although Paul Ehrlich first proposed the “magic bullet hypothesis™ in 1897 (Ehrlich, 1906),
the use of antibodies as “magic bullets” became feasible only after the development of the
hybridoma technology by Kohler and Milstein in 1975 (Kohler and Milstein, 1975). The US
Food and Drug Administration (FDA) approved the first monoclonal antibody for the
treatment of cancer, rituximab, in 1997 (McLaughlin et al., 1998). In the ensuing years,
many monoclonal antibodies were approved for the treatment of various cancers including
B-cell malignancies, breast cancer, colon cancer, and others. The “naked” monoclonal
antibodies such as rituximab and trastuzumab induced tumor cell death via both Fc
dependent and independent mechanisms (Weiner et al., 2010). The Fc dependent
mechanisms include antibody-dependent cell-mediated cytotoxicity (ADCC) mediated by
NK cells and macrophages, antibody-dependent cellular phagocytosis (ADCP) mediated by
macrophages, and complement-dependent cytotoxicity (CDC). The Fc independent
mechanisms include induction of direct apoptosis following the binding of the antibody to
its receptor or by blocking receptor-ligand interactions, for example growth factor signaling
mediated via receptors such as HER2 on tumor cells.

The naked monoclonal antibodies whether used alone or in combination with traditional
chemotherapy agents have improved the overall response rates, complete remission rates,
and progression-free and overall survival in multiple cancers including breast cancer, colon
cancer, lymphomas, and others (Cheson and Leonard, 2008; Van Cutsem et al., 2009; Vogel
et al., 2002; Weiner et al., 2010). To further improve their efficacy, monoclonal antibodies
were conjugated to radioisotopes such as lodine-131 or Yttrium-90 to generate
radioimmunotherapy agents (Kraeber-Bodere et al., 2014) or cytotoxic molecules such as
monomethyl auristatin E or emtansine to generate antibody-drug conjugates (Younes et al.,
2010; Zolot et al., 2013). Such conjugated monoclonal antibodies facilitated targeted
delivery of radioisotopes and cytotoxic molecules to the tumor and were shown to be more
effective than the corresponding naked monoclonal antibodies. In addition,
radioimmunotherapy agents could also induce tumor killing of non-targeted cells in the
vicinity via “crossfire” effect. Another strategy to target the tumor is to use immunotoxins
where an immune molecule such as a cytokine is conjugated to a toxin. The cytokine binds
to its receptor on the surface of tumor cell and delivers the toxin into the cell following
receptor-mediated endocytosis. Denileukin diftitox is an immunotoxin that was approved by
the FDA for the treatment of recurrent cutaneous T-cell lymphoma (Olsen et al., 2001). It is
a fusion protein consisting of interleukin-2 conjugated to diphtheria toxin. Interleukin-2
targets its receptor CD25 on the malignant cells and diphtheria toxin inhibits intracellular
protein synthesis and leads to cell death following its delivery into the cell.

In summary, naked monoclonal antibodies as well as monoclonal antibodies conjugated to
radioisotopes or cytotoxic molecules and immunotoxins have already been shown to be very
effective in multiple cancers (Fig. 1). Over the last decade, many novel cell surface targets
have been identified in a variety of cancers and development of monoclonal antibodies
against such targets is underway. In addition to targeting novel molecules, refinements in
antibody engineering technology and conjugation to novel radioisotopes and cytotoxic
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molecules are expected to further enhance the therapeutic efficacy of monoclonal antibodies
against cancer in the future.

ii. Agents that activate immune cells

Although strategies that activate immune cells have been developed and tested in parallel
with tumor-targeting monoclonal antibodies, most of the early agents that were tested to
activate immune cells have not shown good efficacy. However, the successful results
reported recently with the use of novel immunotherapies that induce and/or enhance the
activity of tumor-specific T cells have generated renewed enthusiasm for development of
agents that activate immune cells to treat cancer. These approaches include cancer vaccines,
oncolytic viruses, immune checkpoint antagonists, stimulatory agonists, and various forms
of cellular therapies (Fig. 1).

Therapeutic cancer vaccines—The goal of therapeutic cancer vaccines is to induce
antitumor T cells by immunizing patients against tumor-associated or tumor-specific
antigens. Although therapeutic cancer vaccines have been evaluated for over two decades,
the FDA to date has approved only one therapeutic cancer vaccine, sipuleucel-T. Sipuleucel-
T was approved for the treatment of asymptomatic or minimally symptomatic metastatic
castrate resistant prostate cancer. It consists of autologous CD54" leukocytes activated with
a fusion protein of prostatic acid phosphatase conjugated with GM-CSF. In a randomized
phase 3 clinical trial, it improved overall survival of subjects with asymptomatic or
minimally symptomatic castration-resistant prostate cancer by about 4 months compared
with placebo in the control group (Kantoff et al., 2010). Other cancer vaccines that have
shown clinical benefit in randomized phase 3 trials include a melanoma vaccine with gp100
peptide and a lymphoma vaccine with idiotype protein (Schuster et al., 2011;
Schwartzentruber et al., 2011). However, the degree of clinical benefit induced by the
therapeutic vaccines has been modest in all three phase 3 trials. This may be because most
therapeutic cancer vaccines to date have used tumor-associated antigens as antigenic
material. It is likely that vaccination with tumor-associated antigens induces only low to
moderate affinity T cells because of self-tolerance mechanisms. In contrast, tumor-specific
antigens such as mutated proteins or peptides might be recognized as foreign by the immune
system and lead to induction of high affinity T cells and robust antitumor immunity (Cohen
et al., 2015; Gros et al., 2014; Robbins et al., 2013; Tran et al., 2014). With the advent of
next generation sequencing and improvements in bioinformatic algorithms that predict
immunogenicity of the mutated genes, it might be possible to generate personalized cancer
vaccines that are likely to be much more potent than the traditional vaccines that used
tumor-associated antigens. Indeed, this personalized cancer vaccination strategy was shown
to induce robust antitumor immune responses and/or tumor rejection in mice and humans
(Carreno et al., 2015; Gubin et al., 2014).

Immune checkpoint antagonists—As opposed to therapeutic cancer vaccines that
induce new antitumor T cells following immunization, immune checkpoint antagonists act
by enhancing the function of preexisting antitumor T cells (Fig. 2). Immune checkpoint
blockade is based on the notion that antitumor T cells are naturally generated against tumor
antigens in most cancers. Indeed, recent studies show that such T cells are induced against
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mutated neo-antigens and are likely to be high affinity T cells (Cohen et al., 2015; Gros et
al., 2014; Robbins et al., 2013; Tran et al., 2014). However, they may be rendered
ineffective in the tumor microenvironment due to a number of immune resistance
mechanisms collectively referred to as immune checkpoints that lead to immune escape by
the tumor (Pardoll, 2012; Sledziriska, 2015). These checkpoints may arise from either
physiologic mechanisms that have been co-opted by the tumor or alternatively may be the
result of genetic aberrations within the tumor. Blocking the immune checkpoints enhances
the function of antitumor T cells and skews the balance in the tumor microenvironment from
immune resistance to immune destruction of the tumor.

Following activation, T cells upregulate a number of coinhibitory receptors on their cell
surface that regulate their function to prevent uncontrolled immune responses that might
lead to immune mediated damage of normal tissues. Over the last few years, many such
receptors have been identified including CTLA-4, PD-1, TIM-3, BTLA, LAG-3, and others.
Once the antigen has been eliminated as might happen in acute infections, the T cells down-
regulate these inhibitory receptors and a subset of the T cells persist as memory T cells.
However, in cancer and chronic infections, due to chronic antigenic stimulation these
inhibitory receptors may be overexpressed and remain upregulated on T cells and lead to
impaired T cell function or even state of T cell exhaustion (Blackburn et al., 2009; Day et
al., 2006; Wherry, 2011). Blocking interactions between such receptors and their ligands can
enhance and/or restore the function of exhausted T cells. This approach to treat cancer was
first shown in a mouse model by Jim Allison and colleagues using a monoclonal antibody
against CTLA-4 (Leach et al., 1996). Subsequently, ipilimumab, the monoclonal antibody
against human CTLA-4 was developed and was shown to induce durable clinical remissions
in about a fifth of patients with metastatic melanoma (Hodi et al., 2010). Targeting CTLA-4
has been shown to augment function effector T cells and may also lead to depletion of
immunosuppressive regulatory T cells (Tregs) in the tumor microenvironment (Peggs et al.,
2009; Quezada et al., 2006; Simpson et al., 2013). More recently, monoclonal antibodies
against PD-1 (nivolumab and pembrolizumab) or their ligand PD-L1 were similarly shown
to enhance function of antitumor T cells and induce durable clinical remissions in many
cancers including melanoma, lung cancer, renal cell cancer, colon cancer, lymphomas,
bladder cancer, etc (Ansell et al., 2015; Brahmer et al., 2012; Hamid et al., 2013; Lesokhin
AM, 2014; Topalian et al., 2012). Additional agents targeting other coinhibitory receptors
are currently in various stages of preclinical and clinical development.

Stimulatory agonists—Another strategy to enhance the function of T cells is to provide
activating signals to costimulatory receptors that are also induced upon T cell activation.
These include 4-1BB (CD137), OX-40 (CD134), GITR (CD357), CD27, and others (Fig. 2)
(Mellman et al., 2011). Mouse studies show that agonistic monoclonal antibodies targeting
these molecules could enhance the function of effector T cells (Teffs) and lead to tumor
eradication. In addition, targeting OX-40 and GITR has also been shown to impair function
and/or deplete the immunosuppressive Tregs (Bulliard et al., 2013; Houot and Levy, 2009;
Marabelle et al., 2013; Voo et al., 2013). Agents targeting myeloid cells such as
macrophages, myeloid derived suppressor cells (MDSC), and dendritic cells may also be
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used to promote effector T cell activation (Fig. 2). Several of these agents are currently
being evaluated in clinical trials.

Bispecific antibodies (also called as bi-specific T-cell engagers) have also been used to
stimulate and redirect specificity of T cells. These are synthesized by linking the single-
chain variable fragment (scFv) constructs of two antibodies that bind to different antigens.
One antibody is targeted to a molecule on the tumor and the other triggers an activating
receptor on T cell in the vicinity. Blinatumomab is an FDA approved bispecific antibody for
treatment of relapsed or refractory B-cell acute lymphoblastic leukemia (Przepiorka et al.,
2015). It targets CD19 on surface of tumor cells and activates T cells via CD3 to exert their
cytotoxic activity on the target B cell. Bispecific antibodies targeting other surface receptors
in various cancers including EGFR, HER2, GP100, MET, GPA33, CD123, and others are in
clinical development (Weiner, 2015).

Oncolytic viruses—Oncolytic viruses are natural or genetically altered viruses that
preferentially infect and replicate in tumor cells, and lead to immunogenic tumor cell death.
Following oncolysis, the release of danger signals and tumor antigens results in antigen
uptake and activation of dendritic cells that in turn induce adaptive antitumor immunity.
Thus, oncolytic viruses lead to tumor killing both by targeting the tumor directly but also
indirectly by acting as therapeutic cancer vaccines leading to induction of antitumor T cells
(Bartlett et al., 2013). T-VEC is an oncolytic immunotherapy that is furthest along in clinical
development. It is derived from herpes simplex virus type-1 that has been engineered to
selectively replicate within tumors and to produce GM-CSF to enhance systemic antitumor
immune responses. In a randomized phase 3 clinical trial in subjects with advanced
melanoma, the overall response rate was 26% with T-VEC compared to the ORR of 6%
with GM-CSF in the control group. In addition, there was a trend towards improved overall
survival in the experimental group (Johnson et al., 2015).

Cellular therapies—Various forms of adoptive T cell therapies also look extremely
promising for the treatment of cancer. In vitro expanded tumor-infiltrating lymphocyte (TIL)
therapy induced ORR of >50% and durable responses lasting many years in patients with
metastatic melanoma (Geukes Foppen, 2015; Rosenberg, 2012; Rosenberg et al., 2011).
Redirected T cell therapy where T cells are transduced with a T-cell receptor (TCR) that
specifically recognizes a HLA-peptide complex with the peptide derived from a tumor-
associated antigen such as NY-ESO-1 or MART-1 have also induced durable responses in a
significant proportion of patients with metastatic melanoma and synovial cell sarcoma
(Karpanen, 2015; Morgan et al., 2006; Robbins et al., 2011). Another form of redirected T
cells therapy uses chimeric antigen receptor (CAR) T cells. These T cells are manufactured
by transducing a CAR construct that consists of an extracellular domain, an antibody in the
form of scFV to recognize a cell surface receptor on the tumor cell (e.g. CD19 on tumor B
cells) and an intracellular domain to activate T cells via CD3( and a costimulatory domain
such as CD28 or 4-1BB. CD19 CAR T cell therapies have induced durable remissions in a
high percentage of patients with refractory B-cell lymphomas, chronic lymphocytic
leukemia, and acute lymphoblastic leukemia (Kalos et al., 2011; Kochenderfer et al., 2012;
Kochenderfer et al., 2010; Porter et al., 2011; Whilding, 2015). CAR T cell therapies
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targeting cell surface molecules in various other malignancies are in development (June et
al., 2015).

2. Determinants of immune-responsiveness of tumors

Many factors likely affect the responsiveness of tumors to cancer immunotherapy agents.
These factors may be broadly categorized into either intrinsic or extrinsic to the tumor.

i. Tumor intrinsic factors

Emerging evidence indicates that the antitumor immune response that is spontaneously
induced is targeted against mutated neo-antigens (Cohen et al., 2015; Gros et al., 2014;
Robbins et al., 2013; Tran et al., 2014). This endogenous antitumor immune response is
probably triggered when the resident dendritic cells (DC) take up the mutated proteins
released upon tumor cell death. The DCs then present the processed antigens to prime and
activate naive T cells in the draining lymph nodes. The activated T cells traffic back to the
tumor and mediate tumor eradication (Chen and Mellman, 2013). A critical element
necessary for induction of these antitumor immune responses is the presence of
immunogenic neo-antigens in the tumor. An analysis of nonsynonymous mutations in
melanoma and lung cancer tumors indicated that only a minute fraction of the mutated
proteins induce immune responses and might serve as neo-antigens. For example, in one
study of approximately 400 candidate neo-epitopes, only two peptides induced antigen-
specific T cells as detected by MHC tetramer positive populations among tumor-infiltrating
lymphocytes (van Rooij et al., 2013). Similar results were found in other studies
(Linnemann et al., 2015; Rizvi et al., 2015; Robbins et al., 2013; Snyder et al., 2014). While
the mutation load generally increases the chance of immunogenic neo-antigens in a tumor, it
appears that mutation load alone is not enough. But rather the neoepitope as defined by the
pattern of a four-amino acid sequence spanning each point mutation might be important to
determine immunogenicity of the neo-antigen. Interestingly, necepitopes that were
homologous to epitopes from microbial antigens were found to be more likely to be
immunogenic (Snyder et al., 2014). Furthermore, presence of such neoepitopes was
associated with long-term clinical benefit after immune checkpoint blockade therapy. Thus,
the mutational landscape in each tumor is an important determinant of endogenous
antitumor immune response and responsiveness to immune checkpoint inhibitor therapy.

Mutations in the tumor could also lead to immune escape by the tumor. For example,
inactivating mutations of f2-microglobulin may lead to aberrant loss of MHC class |
expression and impaired recognition of tumor by CD8 effector T cells (Challa-Malladi et al.,
2011). Inactivating mutations of costimulatory molecules such as CD58 may lead to
impaired killing by NK cells (Challa-Malladi et al., 2011). Genetic aberrations may also lead
to overexpression of inhibitory ligands such as PD-L1 and PD-L2 as seen in Hodgkin
lymphoma and primary mediastinal large B-cell lymphoma (Ansell et al., 2015; Greaves and
Gribben, 2013). Other factors such as defects in antigen processing have also been
described. Thus, factors intrinsic to the tumor largely driven by mutations or other genetic
aberrations could affect the natural immunogenicity as well as responsiveness to therapies
that enhance T and/or NK cell effector functions.
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ii. Tumor extrinsic factors

The composition and spatial organization of the stromal cells in the tumor
microenvironment may also have major impact on response to cancer immunotherapy
agents. While effector T cells mediate antitumor function, other cells in the tumor
microenvironment including tumor-associated macrophages, MDSC, Tregs, cancer-
associated fibroblasts, tolerogenic dendritic cells, and mesenchymal stromal cells promote
tumor growth either directly by providing growth and survival signals or indirectly by
promoting immune escape via suppression of effector T cells (Zou, 2005). The number and
composition of these stromal cells varies significantly between various cancers and also
between individuals with the same cancer. This variation may be driven by cross talk
between the tumor and stromal cells as well as by mutations or other genetic aberrations in
each tumor.

Tumors may produce chemokines such as CCL17 and CCL22 that preferentially mediate
recruitment of immunosuppressive Tregs via CCR4 (Curiel et al., 2004; Rawal et al., 2013;
Yang et al., 2006b). In contrast, an inflammatory phenotype of the tumor and presence of
CXCL9 and CXCL10, which engage CXCR3 on effector T cells was associated with
increased numbers of CD8+ T cells (Dengel et al., 2010; Harlin et al., 2009). Tumors may
also express cytokines or other molecules that skew polarization of naive T cells into Tregs
(YYang et al., 2006a; Zou, 2005, 2006). Mutations in CREBBP were associated with
decreased MHC class 11 expression and decreased infiltration of CD4+ T cells (Green et al.,
2015). Macrophages may exhibit pro or antitumor effects depending on whether they are M2
or M1 phenotypes, respectively (Biswas and Mantovani, 2010). Tumor-associated
macrophages generally tend to be of M2 phenotype likely due to polarization by IL-4, IL-10,
IL-13, and/or M-CSF in the tumor microenvironment. M2 macrophages promote formation
of denser stroma and lead to poor T cell infiltration. In addition, M2 macrophages cause an
immunosuppressive milieu by promoting recruitment of Tregs through production of CCL22
(Biswas and Mantovani, 2010; Zou, 2005, 2006). Myeloid-derived suppressor cells are
immature myeloid-lineage cells that can also be immunosuppressive in the tumor
microenvironment and can suppress effector T cell function and induce differentiation of
Tregs (Gabrilovich et al., 2012; Marvel and Gabrilovich, 2015). MDSC mediate suppression
of effector T cells by modulating L-arginine metabolism through arginase and also by
nitrosylation of surface proteins on infiltrating T cells, including the T-cell receptor
(Gabrilovich et al., 2012; Marvel and Gabrilovich, 2015).

The composition of the tumor microenvironment has been shown to impact clinical outcome
in a variety of cancers. In most cancers, infiltration with CD8+ T cells has been shown to
positively correlate with survival as illustrated in colorectal and breast cancer (Galon et al.,
2006; Mahmoud et al., 2011; Tosolini et al., 2011). A high ratio of CD8+ T cells to Tregs in
the ovarian cancer tumor microenvironment has been associated with a better response rates
and outcome (Curiel et al., 2004; Zhang et al., 2003). In contrast, infiltration with
macrophages and Tregs is generally associated with inferior outcome (Biswas and
Mantovani, 2010; Curiel et al., 2004; Farinha et al., 2005; Sanchez-Espiridion et al., 2012).
In addition to stromal cells in the tumor microenvironment, host factors such as
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polymorphisms of immune regulatory genes may also affect clinical outcome after therapy
with immunomodulatory agents.

3. Developing personalized and combinatorial cancer immunotherapy
strategies

As described above, many cancer immunotherapy agents have recently been shown to
induce durable clinical remissions in a variety of cancers. But, only a fraction of the patients
appear to respond when these agents are used as monotherapy. Early results from use of
combination immunotherapy strategies blocking multiple immune resistance mechanisms
show that a greater proportion of patients may benefit with combination therapies. For
example, combination therapy with nivolumab and ipilimumab induced responses in over
half the patients with relapsed melanoma as compared with 10-30% with single agents
although combination therapy was associated with higher incidence of immune-related
adverse events (Wolchok et al., 2013). Emerging data from preclinical studies also suggest
that combination strategies are likely to significantly improve responses and possibly cures
in many cancers (Curran et al., 2010; Houot et al., 2009; Houot and Levy, 2009; Kohrt et al.,
2011; Kohrt et al., 2014; Marabelle et al., 2013). Combinations of agents that enhance
effector T cell function with agents that suppress immunosuppressive elements such as
MDSC, Tregs, and macrophages in the tumor microenvironment may be complementary and
possibly synergistic (Fig. 2).

Immunomodulatory agents may also be combined with traditional therapies such as
chemotherapy and radiation therapy. Certain chemotherapy agents such as
cyclophosphamide, doxorubicin, and oxaliplatin have been shown to induce immunogenic
cell death and activate antitumor T cell immune responses (Kroemer et al., 2013; Michaud et
al., 2011; Sistigu et al., 2014). Combination therapy with low doses of such chemotherapy
agents with immune checkpoint inhibitors or other immunomodulatory agents could
improve clinical efficacy. The abscopal effect induced by radiotherapy, where irradiation to
a local tumor induces regression of metastatic cancer presumably via activation of immune
system, may also be enhanced by combination with immunomodulatory agents such as
immune checkpoint inhibitors (Postow et al., 2012) or toll-like receptor ligands to activate
dendritic cells (Brody et al., 2010; Kim et al., 2012). In a recent study, Kolstad and
colleagues showed that combining radiotherapy with intranodal injection of low-dose
rituximab, immature dendritic cells, and GM-CSF induces systemic CD8+ T cell immunity
and regression of disseminated follicular lymphoma (Kolstad et al., 2015). Together, these
studies demonstrate that immunotherapeutioc agents can be combined with conventional
chemotherapeutic agents and radiation therapy to enhance antitumor immunity and improve
clinical outcome.

However, a key question is to determine which patients need combination strategies and
what combinations are best in any given patient. Studies in metastatic melanoma showed
that approximately a fifth of the patients may be cured with four infusions of ipilimumab
monotherapy and similar trend has been observed with nivolumab and pembrolizumab
monotherapy (Hamid et al., 2013; Hodi et al., 2010; Topalian et al., 2012). These results
suggest that some patients achieve durable benefit with monotherapy and may not need
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combination immunotherapy. There is an urgent need to develop biomarkers to identify such
patients to preselect them for monotherapy in order to avoid the toxicities associated with
combination immunotherapy. It is also important to develop biomarkers to determine the
optimal combination therapies appropriate for patients that do need combination therapy.
Identification of such predictive biomarkers could lead to personalized cancer
immunotherapy strategies that in turn can improve efficacy, reduce toxicity, and reduce
costs of therapy.

Expression of PD-L1 on tumor or stromal cells has been suggested as a potential predictive
biomarker for therapy with anti-PD-1 antibody therapy (Pardoll, 2012; Taube et al., 2012;
Topalian et al., 2012). This is based on the notion that PD-L1 is expressed as an adaptive
resistance mechanism in response to an antitumor immune response mediated by effector T
cells. In other words, PD-L1 expression probably identified patients that have a preexisting
antitumor immune response and therefore are likely to respond to immune checkpoint
inhibitor therapy. Consistent with this, melanoma and lung cancer patients with PD-L1
expression in their tumors at baseline had a significantly higher response rate than patients
without PD-L1 expression after therapy with anti-PD-1 antibody (Brahmer et al., 2012;
Garon et al., 2015; Topalian et al., 2012). Another alternative to identify such patients is to
measure the baseline endogenous antitumor T cell response. This may be accomplished by
counting effector T cells by immunohistochemistry (Tumeh et al., 2014) or by determining
the magnitude of the antitumor T cell response by gene signature score of effector T cells
(Westin et al., 2014). Both of these biomarkers have also been associated with improved
clinical outcome after anti-PD-1 antibody therapy.

While determining PD-L1 expression or measuring effector T cell content might indicate
what tumors are immunogenic and will respond to anti-PD-1 antibody therapy, they do not
provide any insights into what combination immunotherapies might be appropriate for the
vast majority of patients that are not likely to respond. Identification of additional
biomarkers that can measure both tumor intrinsic and extrinsic factors described above and
determine the dominant immune resistance mechanisms in each tumor are needed to develop
rational and individualized combination immunotherapy strategies. The “immunoscore”
immunohistochemical analysis described by Galon et al (Angell and Galon, 2013) and novel
bioinformatic analyses of gene expression profiling data such as “CIBERSORT” (Newman
et al., 2015) to enumerate immune and stromal cell subsets in the tumor microenvironment
might be helpful in this respect.

Eventually, with the appropriate biomarkers it might be possible to categorize tumors based
on their immunogenicity score for treatment planning (Fig. 3). Tumors that are “highly
immunogenic” may be treated with single cancer immunotherapy agents such as immune
checkpoint inhibitors or neo-antigen vaccines whereas at the other end of the spectrum
tumors may be “immunologically inert” and may need to be primarily treated with targeted
therapies, monoclonal antibodies, antibody-drug conjugates, or re-directed T-cell therapies
such as CAR T cell therapy or bi-specific antibodies. However, most tumors are likely to be
of “intermediate immunogenicity” and such tumors may need to be treated with combination
immunotherapy strategies based on the dominant immune resistance mechanisms that might
be mediating immune escape.
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4. Conclusions and future directions

In summary, the demonstration of durable clinical remissions with a variety of
immunotherapy agents has clearly established immunotherapy as an important treatment
modality for most cancers. Many more immunomodulatory agents targeting novel molecules
and cell types are in development and entering clinical trials. In addition, recent data
suggests that many novel targeted therapies may also have immunomodulatory effects. In
the future, further improvements in clinical outcomes and cures are expected with the use of
combination immunotherapy strategies with or without targeted therapies analogous to
combination chemotherapy strategies that have been shown to be more effective than
therapy with single agents in many cancers. However, identification of robust predictive
biomarkers that can accurately measure determinants of immune-responsiveness of tumors
are needed to guide development and personalization of combination immunotherapy
strategies. It is anticipated that personalized cancer immunotherapy strategies will improve
efficacy, reduce toxicity, and reduce costs of therapy.
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Highlights
e Many immunotherapy agents are in development for the treatment of cancer.

e Immune checkpoint inhibitors and adoptive T-cell therapies have already been
shown to induce durable clinical remissions in a variety of cancers.

e Combination strategies are likely to further improve efficacy of cancer
immunotherapy.

» ldentification of biomarkers may lead to development of rational combination
strategies and personalized cancer immunotherapy approaches.
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Figure 1. Categories of cancer immunotherapy agents

Cancer immunotherapy agents may be broadly categorized into those that target the tumor
and those that activate immune cells. Sub-classes of agents within each group are shown.
Ab, antibody.
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Figure 2. Combination immunotherapy strategies to enhance function of effector T cells (Teffs)
Examples of agents targeting tumor or immune cells in the tumor microenvironment that

may be used in combinations to enhance function of antitumor Teffs are shown. Certain
chemotherapeutic agents such as doxorubicin and radiation therapy may cause immunogenic
tumor cell death and cause release of tumor neo-antigens in an inflammatory
microenvironment and promote Teff activation. Monoclonal antibodies and targeted
therapies against the tumor may also induce a ‘vaccine-like” effect by inducing
immunogenic tumor cell death. Agonistic antibodies targeting co-stimulatory molecules or
antagonistic antibodies targeting co-inhibitory molecules on Teffs could be used alone or in
combination to augment Teff function. Agents targeting regulatory T cells (Tregs) may
either inhibit their immunosuppressive function or cause depletion of Tregs from the tumor
microenvironment. Agents targeting myeloid cells including macrophages (M®), myeloid
derived suppressor cells (MDSC), and dendritic cells (DC) may either skew their
polarization to inflammatory state that promotes Teff activation or cause their depletion
from the tumor microenvironment. Combination therapies with these agents are expected to
be complementary and/or synergistic and may significantly improve clinical efficacy and
outcome of cancer immunotherapy in the future.
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Figure 3. Strategy for personalized cancer immunotherapy

A potential strategy for development of personalized cancer immunotherapy is to establish
the baseline ‘immunogenicity score’ of each tumor using a panel of biomarkers that assess
both the tumor intrinsic and tumor extrinsic factors that affect antitumor immunity. Tumors
with *high score’ may be highly immunogenic and may be treated with monotherapy with
one of the cancer immunotherapy agents. Tumors that have ‘low score’ may be
immunologically inert and may need to be primarily treated with targeted therapies,
monoclonal antibodies, or re-directed T cell therapies such as CAR T cell therapy or b-
specific antibodies. Tumors with ‘intermediate immunogenicity score” may need to be
treated with combination immunotherapy strategies and the precise combination approach
may be determined by the dominant immune resistance mechanism elucidated by the
biomarker analysis.
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