Citation: Molecular Therapy — Oncolytics (2014) 1, 14004; doi:10.1038/mt0.2014.4
© 2014 The American Society of Gene & Cell Therapy  All rights reserved 2372-7705/14

www.nature.com/mto

REVIEW

Potentiation of immunomodulatory antibody therapy with
oncolytic viruses for treatment of cancer

Dmitriy Zamarin'*** and Jedd D Wolchok'*#>

Identification of the immune suppressive mechanisms active within the tumor microenvironment led to development of immuno-
therapeutic strategies aiming to reverse the immunosuppression and to enhance the function of tumor-infiltrating lymphocytes.
Of those, cancer therapy with antibodies targeting the immune costimulatory and coinhibitory receptors has demonstrated signifi-
cant promise in the recent years, with multiple antibodies entering clinical testing. The responses to these agents, however, have
not been universal and have not been observed in all cancer types, calling for identification of appropriate predictive biomarkers
and development of combinatorial strategies. Pre-existing immune infiltration in tumors has been demonstrated to have a strong
association with response to immunotherapies, with the type | interferon (IFN) pathway emerging as a key player in tumor innate
immune recognition and activation of adaptive immunity. These findings provide a rationale for evaluation of strategies target-
ing the type | IFN pathway as a means to enhance tumor immune recognition and infiltration, which could potentially make them
susceptible to therapeutics targeting the cosignaling receptors. To this end in particular, oncolytic viruses (OVs) have been demon-
strated to enhance tumor recognition by the immune system through multiple mechanisms, which include upregulation of major
histocompatibility complex and costimulatory molecules on cancer cells, immunogenic cell death and antigen release, and activa-
tion of the type | IFN pathway. Evidence is now emerging that combination therapies using OVs and agents targeting immune
cosignaling receptors such as 4-1BB, PD-1, and CTLA-4 may work in concert to enhance antitumor immunity and therapeutic
efficacy. Our evolving understanding of the interplay between OVs and the immune system demonstrates that the virus-induced
antitumor immune responses can be harnessed to drive the efficacy of the agents targeting cosignaling receptors and provides a

strong rationale for integration of such therapies in clinic.
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INTRODUCTION

The immune system is a key player in elimination and control of
early tumor growth and evasion of the immune response by tumors
has been recognized to constitute an emerging hallmark of can-
cer.! The immune response against tumors constitutes a multistep
process, which consists of multiple components involving both
the innate and adaptive arms of the immune system. Recognition
of cancer cells by the immune system typically begins at the tumor
site, where professional antigen-presenting cells (APCs) such as
dendritic cells (DCs) take up fragments of dying tumor cells and
process them to display the peptides from tumor-associated anti-
gens (TAAs) and other proteins within the context of class | and Il
major histocompatibility complex (MHC) molecules.>>The DCs then
migrate to tumor-draining lymph nodes where priming of T cells
occurs, though priming of T cells can also take place within tumor-
associated tertiary lymphoid structures.®® Following chemoattrac-
tive signals, activated T cells then migrate to the tumors through
the systemic vasculature.®'® Entry of T cells into the tumors requires
the T-cell arrest and extravasation through the tumor vasculature,
which is facilitated by the expression of adhesion molecules on

the tumor endothelium." Finally, lysis of the tumor cells proceeds
through recognition of cognate MHC-peptide complexes present
on the tumor cell surface.

Successful escape from recognition and/or destruction by the
immune system is dependent on a myriad of mechanisms devel-
oped by the tumors aiming to prevent and/or suppress the multiple
steps in the antitumor immune response.’? Recognition of these
mechanisms provides the basis for the development of various
immunotherapeutic approaches targeting each step in the immu-
nosuppressive pathways.” In particular, targeting of the costimu-
latory and coinhibitory receptors regulating T-cell activation has
shown significant promise over the last decade, with durable
clinical benefit and even cures seen in patients with metastatic
cancers.'?' The observed clinical efficacy, however, has not been
universal, highlighting the marked immunosuppressive nature of
these tumors and calling for development of appropriate predictive
biomarkers and combinatorial strategies. This presents an oppor-
tunity for numerous combinatorial approaches, which most com-
monly involve combinations of immune checkpoint blocking anti-
bodies with strategies thought to promote presentation of tumor
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antigens, either through exogenous vaccination or by induction of
“in situ” vaccination through therapies thought to induce immuno-
genic cell death (ICD) and antigen release such as radiation therapy
and chemotherapy.?%

Oncolytic viruses (OVs) represent another class of emerging can-
cer therapeutics, which for the past 60 years have been evaluated in
a variety of cancer types.> While promising activity of OVs has been
demonstrated in a variety of animal models (primarily with intratu-
moral injection), the clinical results have not been as impressive. The
major limitation of OVs is their poor delivery to metastatic cancer
sites with systemic administration and the rapid development of
neutralizing antibodies by the host, which limits the utility of fur-
ther systemic administration.”® However, in the few patients that
did achieve response to oncolytic virotherapy, the observed clini-
cal benefit was often durable even after completion of therapy, an
effect reminiscent of the responses seen with immunotherapeutic
approaches.”? Indeed, it has become increasingly recognized that
modification of tumor cells by OVs may promote their recognition by
the immune system, with activation of adaptive immune responses
specific not only for viral, but also for tumor antigens.® Recently, evi-
dence has emerged from both preclinical and clinical studies dem-
onstrating the immune therapeutic potential of OVs, marking a new
era in the development of these agents and suggesting a tantaliz-
ing possibility that the immunostimulatory properties of OVs can
be steered to improve the efficacy of immunomodulatory agents.*’
Here, we highlight the mechanisms of tumor immune recognition
and resistance, briefly review immunotherapies targeting immune
costimulatory and coinhibitory receptors, and discuss the available
evidence and rationale behind the use of combinations of OVs with
systemic agents targeting the pathways of immune costimulation
and coinhibition.

MECHANISMS OF IMMUNE SUPPRESSION BY TUMORS
Starting with the process of antigen presentation, tumors have
evolved multiple mechanisms to avoid recognition by the immune
system (Figure 1).'? A key component in generation of an activating
rather than tolerogenic antitumor immune response involves the
presence of specific factors that are required for DC maturation.**
Tumors can have inhibitory effect on the function of the profes-
sional APC’s by preventing effective DC maturation. The resulting
immature or incompletely matured DCs fail to activate T cells and
may actually induce immune tolerance.® In addition to blocking
antigen presentation, inhibition of DC maturation has a profoundly
negative effect on the production of appropriate T-cell-attracting
chemokines such as CCL2, CCL3, CCL5, CXCL9, and CXCL10, which
play a major rule in recruitment of T cells to the tumor site.”'°

In addition to the effect on the immune cells within the tumor
microenvironment, tumors have profound effect on the vascular
endothelium (Figure 1). Through production of factors such as vas-
cular endothelial growth factor, tumors can inhibit the expression
of appropriate adhesion molecules required for T-cell adhesion to
endothelium,” and induce the expression of the immune inhibitory
or cytotoxic molecules such as PD-L1, B7-H3, and TRAIL on endothe-
lial cells.®3-3¢ Furthermore, for the T cells that do manage to cross the
endothelial barrier, the immunosuppressive cell populations within
the tumor microenvironment such as Tregs and myeloid-derived
suppressor cells act to inhibit T-cell function, induce T-cell exhaus-
tion, or directly kill the T cells.?”38

Finally, tumor cells themselves have developed endogenous
mechanisms to avoid recognition and killing by T cells (Figure 1).3°
Some tumors have evolved to downregulate or completely lose the
expression of MHC, which prevents their recognition by T cells.*
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Other tumors may express molecules that can directly kill T cells,
such as FasL and TRAIL, or proteins that inhibit T-cell function, such
as IDO, PD-L1, B7-H3, and B7-H4.34% Tumors may also secrete
soluble inhibitory mediators such as transforming growth factor §,
interleukin-10, and adenosine, and deplete essential metabolites by
overexpression of enzymes such as IDO and arginase.**?

To orchestrate effective escape from the host immune response,
most tumors use multiple concurrent inhibitory strategies,'> with
some tumors being more immunosuppressive than others. Analysis
of different tumor types consistently demonstrates that tumor
infiltration with T cells is a good prognostic marker in a variety of
tumor types.*=>> Presumably, the T-cell-infiltrated tumors are a
marker of an ongoing spontaneous antitumor immune response,
which results in better tumor control and leads to more favorable
clinical outcomes. Interestingly, the prognostic value of this pheno-
type has been shown to be more powerful than traditional staging
in colorectal cancer,*® and studies are currently underway to vali-
date this marker prospectively.”” Evidence of pre-existing immune
infiltration in tumors and presence of tumor-reactive lymphocytes
suggest that the immune avoidance mechanisms active in such
tumors do not entirely prevent activation of the antitumor immune
response. Rather, lack of immune-mediated killing of cancer cells in
such tumors attests to the dysfunction of the tumor-infiltrating lym-
phocytes. The tumor-infiltrating lymphocytes (TILs) are thus kept in
check by the immunosuppressive mechanisms active within such
tumors, as evidenced by poor functionality of TILs directly isolated
from the tumors.>® Expansion of such cells can restore their function-
ality in vitro, which serves as a basis for success seen with adoptive
T-cell therapies.>® Alternatively, direct targeting of the appropriate
immunosuppressive mechanisms in the tumor microenvironment
with therapeutic antibodies can directly restore the functionality of
T cells in vivo, and lead to therapeutic responses in many of these
tumors. This is best exemplified by the recent clinical success of anti-
bodies targeting the molecules involved in T-cell costimulation and
coinhibition, which will be the major focus of the current review.

TARGETING T-CELL COSTIMULATORY AND COINHIBITORY
RECEPTORS FOR CANCER THERAPY
Activation of T cells requires the recognition by the T-cell receptor
of cognate antigenic peptides presented by MHC molecules and is
regulated by a repertoire of coinhibitory or costimulatory receptors
expressed on the T-cell surface.° These receptors integrate a com-
plex signaling network of ligands present within the tissue microen-
vironment, and play a crucial role in regulation of T-cell activation,
differentiation, survival, and effector function. Most of the receptors
belong to the immunoglobulin superfamily and the tumor necro-
sis factor receptor superfamily. The immunoglobulin superfamily
includes costimulatory receptors such as CD28 and ICOS, as well as
the coinhibitory receptors such as CTLA-4, PD-1, LAG3, TIM3, BTLA,
VISTA, and CD160. The tumor necrosis factor receptor superfamily
includes costimulatory members such as GITR, OX40, CD30, CD40,
and 4-1BB, as well as several other members, which either have
not been identified to have a specific function or may act in either
costimulatory or coinhibitory function depending on differential
interaction with different ligands through multiple interfaces.®®
Identification of the multiple cellular receptors governing the
activation status of T cells led to development of agents targeting
these receptors in an effort to reverse tumor-induced immunosup-
pression. This strategy was pioneered by James Allison and col-
leagues, who were the first to demonstrate that targeting of the
inhibitory receptor CTLA-4 with an antibody can result in tumor
regressions in animal tumor models.’’ Since then, therapeutic
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Figure1 Barriers to effective adaptive antitumor immune response. Tumors have developed multiple mechanisms to effectively inhibit the antitumor
immune response. Starting with tumor immune recognition, lack of appropriate maturation signals leads to generation of tolerogenic DC’s, which
prevents effective antigen presentation and generation of tumor-reactive T cells. Inhibition of production of appropriate attractive chemokines fails to
recruit T cells to the tumor site. Tumor vasculature establishes a further barrier to tumor-reactive T cells. Tumor effects on vascular endothelial cells lead
to downregulation of the adhesion molecules necessary for T-cell arrest and transmigration, as well as to expression of immunosuppressive ligands that
act to inhibit T-cell function or even to kill T cells. The T cells that manage to transmigrate into the tumor stroma further encounter additional inhibitory
barriers, which include suppression by MDSCs and Tregs through different mechanisms, leading to upregulation of inhibitory receptors, apoptosis,
anergy, or exhaustion. Finally, the encounter with tumor cells may not lead to efficient lysis due to downregulation of MHC or specific TAAs on tumor
cells, and increased expression of immunosuppressive proteins by the tumor cells that act to inhibit T-cell function. DC, dendritic cell; MDSC, myeloid-
derived suppressor cell; MHC, major histocompatibility complex; TAA, tumor-associated antigen.
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antibodies to CTLA-4 (ipilimumab and tremelimumab) have been
evaluated in multiple clinical trials, with durable clinical benefit and
even unprecedented cures seen in patients with metastatic disease.
In a pivotal phase 3 trial in metastatic melanoma, ipilimumab dem-
onstrated improvement in overall survival, which led to its approval
by US Food and Drug Administration in 2011 for treatment of meta-
static melanoma.’® Both ipilimumab and tremelimumab are cur-
rently being evaluated in phase 2 and 3 trials in patients with vari-
ous other advanced cancers.

The identification of another coinhibitory receptor, PD-1, and its
ligands (PD-L1 and PD-L2), prompted their evaluation as therapeu-
tic targets in cancer.52%® Several therapeutic antibodies to PD-1 and
PD-L1 have entered clinical testing over the past few years, with
significant activity seen in patients with metastatic melanoma, lung
cancer, and renal cell carcinoma, as well as some other cancers,
including hematologic malignancies.’>?%-% Antibodies targeting
additional immune checkpoints such as LAG3 and TIM3 are also
entering clinical testing.

In addition to targeting the immune coinhibitory receptors, sev-
eral clinical trials are ongoing or have been completed with ago-
nistic antibodies targeting the immune activating receptors of the
tumor necrosis factor receptor superfamily, such as GITR, 4-1BB,
0X40, and CD40, with evidence of immune activation and clinical
activity seen with these agents in a variety of malignancies.’s'%”

TUMORS WITHOUT PRE-EXISTING IMMUNE INFILTRATION
RESPOND POORLY TO IMMUNOTHERAPY

Despite the durable therapeutic efficacy seen with antibodies tar-
geting the immune costimulatory and coinhibitory receptors, the
responses have not been universal and have not been present in
all cancer types. This calls for identification of predictive biomark-
ers and the development of rational combination strategies, which
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would make such therapeutic approaches applicable to a larger
number of patients and a broader range of tumors. Studies of pre-
treatment tumor samples in patients with metastatic melanoma
have demonstrated that patients with evidence of pre-existing
tumor immune infiltration are more likely to respond to immu-
notherapies with vaccines or immune checkpoint blockade.*”-#°
Furthermore, gene expression profiling demonstrated that patients
with high baseline tumor expression levels of genes related to both
innate and adaptive immune response were more likely to favorably
respond to immunotherapy.-4%8

While these studies indicate that tumors with pre-existing TILs are
more amenable to immunotherapies, they highlight the significant
therapeutic challenge for tumors lacking immune infiltration. It is
reasonable to speculate that strategies inducing an increase in TILs
should be explored as a means to make tumors more susceptible
to immunomodulatory antibodies. At present, it is not fully clear
which mechanisms are responsible for increased immune infiltra-
tion in some tumors, although transcriptional profiling of lympho-
cyte-infiltrated tumors demonstrated that tumors infiltrated with
CD8* T cells also upregulate a type | interferon (IFN) transcriptional
signature, suggesting that activation of type | IFN pathway may play
a role in the innate immune recognition of tumors.® Indeed, type |
IFN receptor-deficient animals showed near complete loss of T-cell
priming in transplantable and carcinogen-induced tumor mod-
els.®#7° This defect was shown to be largely attributed to the loss
of the CD8a* DCs, a major DC subset responsible for tumor antigen
cross-presentation and priming of tumor-specific CD8* T cells.®”°
These findings thus provide a compelling reason to explore agents
targeting the type | IFN pathway as a strategy that can activate
innate immune responses in tumors, potentially promoting tumor
immune infiltration and overcoming the resistance to systemic
agents targeting costimulatory and coinhibitory receptors.
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ACTIVATION OF INNATE IMMUNE RESPONSE AND ICD
The innate immune system has evolved to detect infectious pro-
cesses through recognition of specific pathogen-associated molec-
ular patterns (PAMPs), which are microbial components inherent
to each pathogen.””? Major PAMPs identified to date are nucleic
acids, proteins, and components of pathogen cell membranes. In
addition, innate immune activation involves recognition of endog-
enous danger signals produced by dying eukaryotic cells, collec-
tively known as damage-associated molecular patterns (DAMPs).”
Some of the characterized DAMPs include intracellular proteins
such as high-mobility group box 1 and heat-shock proteins, DNA,
adenosine triphosphate, uric acid, heparin sulfate, and mitochon-
drial components.”* PAMPs and DAMPS in turn are recognized by
several classes of pattern-recognition receptors, which include the
toll-like receptors (TLRs), retinoic acid-inducible gene-1-like recep-
tors, nucleotide oligodimerization domain-like receptors, absent
in melanoma 2, and the receptor for advanced glycation end prod-
ucts.”” Recognition of PAMPs and DAMPs by pattern-recognition
receptors activates intracellular signaling cascades, which involve
several important adaptors including Interferon 3 promoter stim-
ulator-1 and stimulator of interferon genes (STING). An important
converging point for the multiple pathways is phosphorylation and
nuclear translocation of IFN regulatory factor 3, which drives the
production of IFN-B.7

Activation of the innate immune response as well as the dan-
ger signals released from the dying tumor cells lead to secretion of
inflammatory mediators and recruitment of immune cells, a process
that collectively has been termed immunogenic cell death (ICD).”#7¢
To achieve this effect, several strategies targeting the various compo-
nents of innate immunity have been explored in animal models with
promising results, with agents binding TLR being used most com-
monly. TLR agonists can result in rapid activation of innate immune
responses and trigger activation of adaptive immunity. The most
commonly used TLR agonists are cytosine-phosphorothioate-gua-
nine oligonucleotides activating TLR9, and polyinosinic:polycytidylic
acid (poly I:C), which activates TLR3.”” Intratumoral therapy with
TLR agonists has been shown to enhance antitumor immunity
of adoptively transferred T cells,”®”° and of immunomodulatory
antibodies such as anti-CTLA-4, anti-PD-1, and anti-OX40.20%!
An analogous strategy was employed using 5,6-dimethylxan-
thenone-4-acetic acid, an agonist of STING, a DNA-sensing pro-
tein that has been implicated in tumor sensing by the APC’.
Intratumoral or systemic therapy with 5,6-dimethylxanthenone-
4-acetic acid has been demonstrated to activate antitumor immune
response, providing a strong rationale for exploration of combination
therapies of STING agonists with immunomodulatory antibodies.®

Intralesional administration of type | IFNs has also been explored
in several studies, both in animals and patients, with evidence of
local and systemic activity. In addition, one study explored a com-
bination of systemic agonistic antibody to 4-1BB and intralesional
IFN-0..% Combination therapy demonstrated evidence of synergy of
the combination, with antitumor effects seen not only in the IFN-
injected lesions, but also in the lesions implanted at a distant site.®®

OVs CAUSE ICD AND ACTIVATE INNATE IMMUNE RESPONSES
INTUMORS

OVs represent another class of promising emerging cancer thera-
peutics, with viruses from several families currently being evaluated
in clinical trials.>2°# The initial therapeutic appeal of OVs arose from
the finding of the inherent ability of such viruses to replicate in can-
cer cells, while sparing normal tissues. Multiple studies have been
performed evaluating the therapeutic potential of OVs over the
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past 60 years, with defined mechanisms of virus-mediated oncolysis
and specificity for cancer cells. In the majority of the cases, the selec-
tivity of OVs for tumor cells exploits the cellular defects that gov-
ern oncogenesis, namely, resistance to apoptosis and translational
suppression, and avoidance of both innate and adaptive immune
responses, which are the same mechanisms that are normally
needed to successfully clear virus infection.”® Specifically, defects
in activation of the type | IFN pathway have been shown to play a
major role in the oncolytic specificity of some OVs, such as vesicular
stomatitis virus (VSV) and newcastle disease virus (NDV).%®

Approximately 50 years ago, investigators working with influenza
virus noted that infection of tumor cells with the virus increased
immune responses directed toward tumor cell antigens.® Since
then, multiple studies have demonstrated that in addition to tumor
lysis, through release of PAMPs and DAMPs OVs can potently acti-
vate innate immune responses in both tumor cells and tumor-infil-
trating APCs, characterized by upregulation of MHC and costimu-
latory molecules as well as secretion of inflammatory mediators,
which aid in recruitment of the adaptive immune cells.®® Our evolv-
ing understanding of mechanisms of antitumor activity exerted by
OVs has led to their increasing exploration as immune therapeutics
and as vectors delivering immunotherapeutic transgenes or anti-
gens for vaccination.

The concept of virus rendering tumor cells immunogenic has
been explored in multiple clinical trials evaluating virus-modified
tumor cells as a vaccination strategy. Perhaps the best studied
virus in this setting is NDV.¥” The initial studies were performed by
Cassel et al. in the 1970’s utilizing vaccination with NDV-infected
autologous or allogeneic melanoma cells in the adjuvant setting.
These studies saw unprecedented 60% 10-year recurrence-free
survival in these patients.®*° Analogous studies were performed
by Schirrmacher and colleagues, utilizing whole-cell autologous
irradiated tumor vaccines modified by infection with attenuated
NDV. While most of the studies were uncontrolled, evidence of clini-
cal benefit was seen in patients with colorectal, breast, ovarian, and
kidney cancer, as well as glioblastoma.®”*!

Taken together, activation of the innate immune response by
OVs involves several mechanisms, which all likely act in concert
to generate antitumor immunity (Figure 2). First, direct infec-
tion of tumor cells renders them immunogenic through activa-
tion of innate immune response in tumor cells, which includes
secretion of inflammatory mediators such as IFN-B, and upregu-
lation of MHC, cell adhesion proteins, and costimulatory mol-
ecules, potentially reversing the immune inhibition of inflam-
mation in the tumor microenvironment. Indeed, ex vivo studies
of TILs isolated from freshly resected melanomas revealed that
while the lymphocytes were nonproliferative when stimulated
with autologous melanoma cells, proliferation was restored
when they were stimulated with autologous melanoma cells
infected with NDV.”® Second, OVs kill tumor cells through several
mechanisms, including immunogenic apoptosis, necrosis, and
autophagy, all of which have been described to be associated
with ICD.#¢ As a result, tumor cell lysis results in release of TAAs
and DAMPs, which promote activation of tumor-infiltrating pro-
fessional APC's.®® Finally, the inflammatory mediators secreted
by the infected tumor cells as well as direct infection of tumor-
infiltrating DC’s further promote DC activation and maturation.®?

EXPLORATION OF OV PROPERTIES FOR STIMULATION OF
ADAPTIVE ANTITUMOR IMMUNITY

The inflammatory changes in tumors induced by OV infection in
essence act as a vaccination event, where in the setting of tumor
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cell lysis and APC activation, can overcome the immunosuppres-
sive tumor microenvironment and create optimal conditions nec-
essary for effective T-cell priming and activation (Figure 3). Studies
also suggest that these changes have a negative effect on suppres-
sive immune populations within the tumors, with reduction of Tregs
and myeloid-derived suppressor cells in the infected tumors. -
With advent of genetic engineering, multiple studies have explored
whether expression of immunostimulatory ligands or cytokines by
the OVs can result in stronger adaptive immune response. Most of
these vectors have been used for direct intratumoral administration.
Expression of OX40 ligand (OX40L) or GITR ligand (GITRL) by adenovi-
rus vectors administered intratumorally led to suppression of growth
of the treated tumors in several tumor models.””*® Similarly, expres-
sion of 4-1BBL by oncolytic vaccinia virus has been demonstrated

Potentiation of immunomodulatory antibody therapy
Zamarin and Wolchok

to enhance tumor regression in the B16 melanoma model, an effect
that was markedly enhanced when used in combination with non-
myeloablative lymphodepletion.*

Several of these vectors have been evaluated in clinic.
Recombinant vaccinia virus expressing B7.1 was evaluated for
intralesional therapy in patients with advanced melanoma with
accessible lesions. Evidence of clinical benefit and development
of tumor-specific CD8* cells was observed in several patients.'®
A replication-competent adenovirus encoding CD40L was evalu-
ated for intralesional therapy in patients with various advanced
tumors, with evidence of disease control and induction of tumor-
specific immune responses.’”” A CD40L-expressing vaccinia virus
was similarly found to result in enhanced tumor growth inhibition,
and recruitment of APC’s and lymphocytes to the tumor site.’®

(| ECto-CRT e
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innate and adaptive immune

Tumors I
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1. DC maturation

1.1MHC, m 2.DAMPS 2. MHC
2.1 Costimulatory N 3. M Costimulatory ligands
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and ecto-CRT
4.1 Type | IFN
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Figure2 Immunogenic cell death and inflammation induced by OVs. Infection of tumor cells by OVs leads to production of PAMPs, which activate cellular
stress and innate immune responses resulting in production of type | IFN and upregulation of surface MHC, costimulatory ligands, and danger signals
such as calreticulin (ecto-CRT) and HSPs. Lysis of the infected cells leads to release of TAAs and DAMPs, which aid in activation of professional APCs. Direct
infection of APCs by some OVs further aids APC maturation and antigen presentation, ultimately leading to activation and recruitment of additional innate
and adaptive immune effectors. APC, antigen-presenting cell; DAMP, damage-associated molecular pattern; HSPs, heat-shock proteins; IFN, interferon;
MHC, major histocompatibility complex; OV, oncolytic virus; PAMP, pathogen-associated molecular pattern; TAA, tumor-associated antigen.
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Figure3  Using OVs to restore systemic antitumor immunity. The immune response activated in the tumor microenvironment by OVs can be harnessed
to drive therapeutic efficacy of the agents targeting T-cell activation. Infection of tumors with OVs leads to ICD, enhanced antigen presentation,
APC maturation, and recruitment and activation of T cells, with changes in the microenvironment favoring the expansion of the effector rather than
suppressive cell populations. Combination of OV with agents targeting costimulatory (e.g., 4-1BB, OX40, GITR) and/or coinhibitory receptors on T
cells (e.g., CTLA-4, PD-1) results in more effective systemic antitumor immunity, which is active at the sites not directly accessible to OV infection. APC,
antigen-presenting cell; ICD, immunogenic cell death; OV, oncolytic virus.

© 2014 The American Society of Gene & Cell Therapy Molecular Therapy — Oncolytics (2014) 14004

(%]



&

Potentiation of immunomodulatory antibody therapy
Zamarin and Wolchok

6

Most of the studies demonstrated that such viruses could induce
stronger infiltration of immune cells into the microenvironment
of the infected tumors, leading to improved therapeutic efficacy.
The question remains as to whether such local changes can induce
strong antitumor immune responses, which would be effective not
just at the site of viral infection, but also at distant metastatic sites.
The latter is favored by several studies, which have demonstrated
that tumor lysis by virus is followed by generation of both innate
and adaptive immune responses. The best clinical example of this
is demonstrated by the studies of talimogene laherparepvec, an
oncolytic herpes simplex virus encoding granulocyte-macrophage
colony-stimulating factor. Intralesional administration of the virus to
patients with advanced melanoma led to tumor immune infiltration
and regression not only of the injected lesions, but also at distant
sites.?8% In a similar study, intratumoral injection of another OV, cox-
sackievirus A21, in patients with melanoma similarly demonstrated
responses not only in the injected, but also in distant lesions.'®
Analogous to these findings, we have recently demonstrated that in
mouse models bearing bilateral tumors, administration of oncolytic
NDV to single tumor led to lymphocytic infiltration into the virus-
injected and distant tumors.*

OVs AS POTENTIATORS OF THERAPIES TARGETING
COSTIMULATORY AND COINHIBITORY RECEPTORS

With emerging knowledge of the importance of the type | IFN
pathway in the induction of adaptive antitumor immune responses
through activation of CD8a* DC’s as discussed above,%7° the ques-
tion re-emerges as to whether OVs could be used to“inflame”tumors
and thus drive response to immunotherapies targeting T-cell activa-
tion.To date, there have been very few studies evaluating the effects
of combining OVs with antibodies targeting immune costimulatory
and coinhibitory receptors. Combination of adenovirus encoding
interleukin-12 with systemic agonistic antibodies targeting OX40
and 4-1BB demonstrated enhanced development of antitumor
cytotoxic T lymphocyte responses and led to tumor rejection in an
experimental colorectal cancer model with liver metastases.'® A
replication-competent VSV targeted to Her2/neu has been tested
in a mouse mammary tumor cell line stably transfected to express
human Her2/neu protein.’® Intratumoral treatment with the virus
by itself was able to suppress growth of the treated tumors, but
resulted in no cures. Combination of this approach with systemic
CTLA-4 blockade resulted in cures in the majority of animals, and
the effect that was dependent on CD4* and CD8* T cells.® A com-
bination of intratumoral oncolytic vaccinia virus with systemic ago-
nistic antibody to 4-1BB resulted in significant reduction in growth
of established subcutaneous MC38 and AT-3 tumors and increased
tumor immune infiltration.'® Therapeutic vaccination with replica-
tion deficient adenovirus expressing a model antigen in combina-
tion with agonistic anti-CD40 antibody and CTLA-4 blockade was
demonstrated to delay growth of B16-F10 melanomas expressing
the same antigen, resulting in complete tumor regression in some
animals.'”

While these studies demonstrated evidence of enhanced anti-
tumor activity in the virus-injected tumors when used in combi-
nation with costimulatory agonists or coinhibitory antagonists,
very few studies have explored whether such strategies would be
active against distant tumors, a question of highest therapeutic
relevance for patients with metastatic disease. To formally evaluate
whether OVs given intratumorally can generate adaptive antitu-
mor immune response that can concurrently be active on the sys-
temic level, we have recently performed a study using NDV, which
we selected for it's known ability to enhance immunogenicity of
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tumor cells and it’s capacity to induce robust type | IFN response
and DC maturation.'® Interestingly, prior clinical studies with
NDV demonstrated evidence of durable benefit, reminiscent of
responses seen with immunotherapeutic approaches.” In a chal-
lenging bilateral flank B16-F10 melanoma model, intratumoral
injection of the virus led to immune infiltration in distant tumors,
not directly affected by viral infection, with predominant increase
in the numbers of the CD4* and CD8* effector but not regula-
tory T cells.®* Combination of intratumoral NDV with systemic
CTLA-4 blockade led to rejection of contralateral tumors, with
long-term survival in the majority of animals, an effect that was
highly dependent on natural killer cells, CD8 cells, and type | and
Il IFNs.>* Importantly, the success of therapy was seen in several
tumor models, independent of tumor cell line sensitivity to NDV-
mediated lysis, highlighting the importance of the virus-induced
antitumor immunity rather than direct oncolysis in the observed
therapeutic efficacy. Consistent with these findings, intratumoral
injection of NDV also induced tumor infiltration with adoptively
transferred tumor-specific lymphocytes, highlighting the ability
of the virus to reverse the inhibitory effects of tumor microenvi-
ronment that allowed for entry and expansion of these cells in
tumors.®® In a similar approach, Aida et al., used systemic agonistic
anti-GITR antibody together with intratumoral administration of
adenovirus expressing IFN-o, which also resulted in synergistic
inhibition of the virus-injected and distant tumors.’®

Clinical validation of these findings was recently presented at the
2014 ASCO annual meeting, where the initial data from the phase
1 study of combination of intralesional talimogene laherparepvec
in combination with systemic ipilimumab in advanced melanoma
were discussed.' In this report, of 18 patients who received the
combination therapy, an objective response rate of 41%, including
24% complete responses were observed. Although this is a prelimi-
nary report from a noncontrolled study, the response rate is higher
than that expected with ipilimumab alone.

Several studies have also targeted the costimulatory and coin-
hibitory receptors as a means to augment an immune response
to virus-encoded vaccines. Additive or synergistic efficacy with
CTLA-4 blockade was reported with modified vaccinia Ankara pox-
virus encoding mutated p53 protein."" Similarly, stimulation of
4-1BB and OX40 with agonistic antibodies has been demonstrated
to enhance the immune response to another poxvirus-based vac-
cing,""? while immunization with adenovirus vector expressing
Her-2/neu antigen in combination with agonistic antibody to GITR
was able to break self-tolerance and induce cytotoxic T lymphocyte
responses to the Her-2/neu in a tolerogenic mouse tumor model.'"
Combination of lentivirus-encoded tumor antigen vaccine with
PD-1 or PD-L1 blocking antibodies has similarly been demon-
strated to result in enhanced vaccination efficacy and improved
tumor control."™* Expression of 4-1BB ligand (4-1BBL) by vaccinia
virus has been shown to enhance the efficacy of vaccination of
another vaccinia vector carrying the genes for CEA, B7.1, ICAM-1,
and LFA-3 (rV-CEA-TRICOM)." Similarly, combination of the recom-
binant vaccinia and fowlpox-based CEA-TRICOM vaccines with
systemic CTLA-4 blockade led to enhanced antitumor immunity.''®
Interestingly, this effect was dependent on scheduling of vaccine
and CTLA-4 blockade, with the highest activity seen when the vac-
cine and anti-CTLA-4 antibody were administered concurrently.

CONSIDERATIONS

Taken together, these studies thus provide a strong rationale for
further evaluation of OVs as potentiators of immunotherapy with
agents targeting immune costimulatory or coinhibitory receptors.
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At present, it is not completely clear whether the immunomodula-
tory antibody needs to be administered systemically, or whether
locoregional administration of the antibody to the tumor site
may be sufficient. Data from Levy et al. provides a compelling
argument for the latter, where intratumoral administration of sig-
nificantly lower doses of immunomodulatory antibodies such as
anti-CTLA-4 and anti-OX40 was equally effective to systemic treat-
ment, with antitumor efficacy seen at distant sites."”” These find-
ings would argue that expression of immunomodulatory antibody
at the tumor site by a genetically engineered OV may prove to be
most effective in generation of antitumor immunity. To this end, an
adenovirus expressing human anti-CTLA-4 antibody was demon-
strated to express significantly higher concentrations of the anti-
body in the tumor, as compared to plasma.'® While the study did
not specifically look at the efficacy of such a virus in animal tumor
models, it highlights a possibility that such a strategy may miti-
gate some of the immunologic adverse effects seen with systemic
administration of such antibodies.

While evaluating OVs as immunotherapeutic agents, it is impor-
tant to balance with words of caution. Despite the hundreds of
reports demonstrating the beneficial effects of OVs on antitumor
immunity, there is an obvious publication bias toward the agents
that appear to be active, and one must wonder how many addi-
tional therapies have been ineffective or even detrimental. When
designing combinatorial therapies with OVs as well as developing
recombinant viruses expressing costimulatory molecules, a strong
consideration needs to be given to the potential to worsen the
antitumor immunity by skewing the immune response to predomi-
nantly target the virus. This is best exemplified by the studies of
recombinant VSV as an oncolytic vaccine vector expressing human
dopachrome tautomerase (hDCT), a TAA expressed by murine B16
melanoma.'® While VSV was previously demonstrated as a very
effective oncolytic agent in a variety of tumor models, in this study
the authors demonstrated that therapy with VSV-hDCT induced a
predominantly anti-VSV immune response, which prevented the
establishment of antitumor immunity and was not therapeutically
effective in the model of intracranial B16 melanoma. In the same
study, when VSV-hDCT was used as a boosting agent in the animals
that were initially primed with adenovirus-hDCT vaccine, there
was a dramatic enhancement of immunity to hDCT with signifi-
cant improvement in survival.'”® In another study, in an attempt to
enhance VSV-generated antitumor immunity, a VSV vector express-
ing CD40 ligand (VSV-CD40L) was generated.'® Surprisingly, this
vector did not demonstrate any enhancement in antitumor effi-
cacy. The authors went on to demonstrate that VSV-CD40L induced
high levels of activated T cells without any specificity for TAAs,
suggesting that VSV-associated immune activation distracted the
immune system from priming and activation of tumor-specific T
cells.”® In contrast, a replication-defective adenovirus expressing
CDA40L in this system was able to efficiently prime T cells directed
against TAAs.' While these studies utilized oncolytic VSV, it is likely
that other OVs may also exhibit similar effects.

A strong consideration must also be given to the route of OV
administration. For example, while NDV seems to strongly induce
DC maturation and effective antitumor immune response with
direct intratumoral administration,*'® intratumoral VSV has been
shown to reduce viability of tumor-associated DC’s and thus inter-
feres with priming of tumor-specific CD8 T-cell responses.'?' In
contrast, VSV-based vaccine was very effective when given intrave-
nously, an effect that is dependent on the virus vector delivery by
the follicular B cells to DCs in spleen and lymph nodes.’? These find-
ings highlight that the immune therapeutic effect of different OVs
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likely proceeds through different mechanisms, and suggest that
one should exercise caution when developing OV-based immu-
notherapies, as findings with one virus might not be generalizable
to others. The success of such therapeutics may highly depend on
the choice of the viral vector and costimulatory ligands, route of
administration, sequencing and scheduling of agents that are used
in combination, and the choice of the tumor models.

CONCLUSIONS

Despite the significant promise of OVs and their extensive evalua-
tion as tumor lytic agents over the past 60 years, their therapeutic
efficacy in patients has so far been limited. We are now starting
to understand the importance of OV-induced antitumor immune
response as one of the primary drivers of efficacy, with signifi-
cant enhancement in clinical benefit in recent trials utilizing OV's
designed to amplify the antitumor immune response. Concurrently,
the major breakthroughs in the field of cancer immunotherapy
with agents targeting the immune costimulatory and coinhibi-
tory receptors have provided a strong rationale for integration of
these approaches. There is emerging evidence that such combina-
tion strategies can indeed lead to enhanced antitumor immunity
and may translate into therapeutic benefit where either therapy
is ineffective alone. Our improved understanding of the interplay
between the viral oncolysis and the development of antiviral and
antitumor immunity will be crucial for the rational design of engi-
neered OVs and the development of appropriate combinatorial
strategies with other immune therapeutics.
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