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Oncolytic viruses (OVs) are native or modified viruses that selectively replicate in and lyse
tumor cells. The ability of OVs to selectively lyse tumor cells is attributed to disruption of
both oncogenic cell signaling pathways and anti-viral machinery in cancer cells. In
melanoma, rapidly dividing cells contain excessive pools of nucleotides that can also be
used to enhance replication of attenuated OVs in these cells (1). In addition to the direct
lytic effects, OVs are also thought to initiate innate and adaptive immune responses that
contribute to both a direct and bystander effect that can promote tumor regression at
injected and uninjected sites. The proof-of-concept for OVs in melanoma has recently been
confirmed using Talimogene laherparepvec (Imlygic™; T-VEC), a modified form of
herpes simplex virus-1 (HSV-1). T-VEC was generated from the JS1 staring of HSV-1 in
which the infected cell protein (ICP) 34.5 neurovirulence genes are deleted to limit

neurotoxicity and enhance cancer cell specific replication (2). T-VEC also contains a
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deletion of the herpes ICP47 gene, which otherwise functions to block peptide transport
through the transporter associated with antigen processing (TAP) machinery, which the
virus uses to avoid immune detection. In the absence of ICP47, tumor-derived and viral
peptides should be presented and result in immune recognition. To further enhance anti-
tumor immunity, two copies of the human GM-CSF gene have been encoded in T-VEC to
promote dendritic cell infiltration and maturation at the tumor site and enhance subsequent
tumor-associated antigen presentation to T cells. Therapeutic responses to T-VEC are often
limited and targeted therapies such as BRAF and MEK inhibitors often fail due to
recurrence of disease in melanoma. To date, combination MAPK inhibition and oncolytic
virus therapy has not been clinically tested but this may be an important regimen to
consider given the potential for combining agents acting at different parts of the cancer-
immunity cycle. Thus, we hypothesized that MAPK inhibition would improve oncolytic
virus responses since viral infection could help activate a more robust immune response.
Further, we sought to evaluate this concept in melanoma given the frequency of BRAF
mutations and the availability of approved MAPK inhibitors and an oncolytic virus for
clinical testing. Here, we report a synergistic in vitro and in vivo therapeutic effect for MEK
inhibition administered with T-VEC in both human xenograft and immune competent
melanoma models. Oncolytic activity was not dependent on BRAF mutation status but was
associated with increased viral replication, and the presence of melanoma antigen specific
CD8+ T cells and basic leucine zipper transcription factor ATF-like 3 (Batf3") CD103+ /
CD8+ dendritic cells. In addition, we observed that combination treatment resulted in
increased PD-1 and PD-L1 expression and found that therapeutic activity could be further

expanded when PD-1 blockade was added to the treatment regimen. These data support
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triple combination therapy with MEK inhibition, oncolytic viruses and PD-1/PD-LI
checkpoint blockade for the treatment of melanoma. A better understanding of how T-VEC
can kill melanoma tumor cells might also suggest new targets for combination therapy in
melanoma and potentially other tumors permissive to oncolytic virus infection (3). Thus,
next we sought to explore the molecular factors involved with T-VEC-mediated lysis
melanoma cells and determine which intracellular factors are important for promoting viral
replication and promoting anti-tumor immunity. We hypothesized that T-VEC would
induce lysis through release of defined Damage-associated molecular patterns (DAMPs)
and would promote T cell recruitment to established melanomas through type 1 interferon-
related factors, as well as a pro-inflammatory gene signature profile. In addition, we found
that specific components of the anti-viral machinery, such as STING, were critical for both
T-VEC permissive replication and induction of host anti-tumor immunity. These data
support the role of T-VEC in overcoming STING deficiency in melanoma cells and
confirms how T-VEC mediates melanoma cell death and triggers innate and adaptive anti-
tumor immunity. These data collectively enhance our understanding on how T-VEC can
activate anti-tumor immune responses, further help to design rational clinical trials

combining oncolytic Herpes simplex viruses and other approved agents in melanoma.
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CHAPTER ONE: INTRODUCTION

Melanoma

Melanoma is a metastatic tumor arising from melanocytes located in the stratum
basale of the epidermis, mucosal membranes and middle layer of the uvea. Cutaneous
melanoma is the most common variant and arises in skin and typically undergoes an initial
radial growth phase during which complete surgical excision is often curative (4). If not
treated, melanoma enters a vertical growth phase during which tumor cells may enter
subdermal lymphatics and can metastasize to regional lymph nodes, and eventually to
almost any visceral organ, including the central nervous system (5). Metastatic melanoma
has historically been associated with dismal prognoses but systemic therapy has been
transformed over the past decade, largely by advances in molecular therapy targeting the
RAS-RAF-MEK-ERK mitogen activated protein kinase (MAPK) pathway in patients with
tumors that harbor BRAF V600E/K mutations, and by immunotherapy, most notably with
immune checkpoint blockade targeting cytotoxic T lymphocyte antigen 4 (CTLA4; via
ipilimumab) and programmed cell death 1 (PD-1; via nivolumab or pembrolizumab) (6).
Combination approaches within drug classes have shown improved therapeutic benefit but
treatment is associated with drug resistance and increased toxicity. For example,
combination immune checkpoint blockade with ipilimumab and nivolumab results in
improved progression-free and overall survival compared to ipilimumab alone but was also
associated with a 59% incidence of grade 3 or greater adverse events compared to 21%
with nivolumab alone and 28% with ipilimumab alone (7, 8) New combination strategies

with agents that enhance therapeutic responses while limiting toxicity have become a high



priority for drug development in melanoma. Approximately 40-50% of cutaneous
melanomas harbor mutations in BRAF, which serve as oncogenic drivers of the MAPK
pathway promoting tumor progression. Small molecule inhibitors of BRAF and MEK in
treatment-naive melanoma patients whose tumors harbor V600OE or V600E BRAF
mutations have shown significant improvements in relapse-free and overall survival (9).
Following approval of two single-agent BRAF inhibitors, vemurafenib in 2011 and
dabrafenib in 2013, further follow-up suggested that drug resistance frequently emerged
with most patients relapsing within 7 months of initial treatment response (10). In some
cases, resistance was associated with transcriptional alterations or secondary downstream
driver mutations, such as in the mitogen/extracellular signaling regulated kinase (MEK)
(11). Both of the two MEK isoforms (MEK1 and MEK2) phosphorylate ERK1 and/or
ERK2 downstream of Ras and BRAF and MEK is known to be a critical mediator of
constitutively active MAPK signaling in many types of cancer (12). In melanoma,
inhibition of MEK has demonstrated improved clinical outcomes compared to
chemotherapy in patients with BRAF-mutated melanoma and resulted in FDA approval of
trametinib in 2013 (13). Subsequent studies of combined BRAF and MEK inhibitors
demonstrated improved therapeutic effectiveness with acceptable toxicity profiles and
several regimens (e.g. dabrafenib and trametinib, vemurafenib and cobimetinib) of
combined treatment were approved for treatment-naive, metastatic melanoma patients with
BRAF-mutated melanoma (9, 14, 15). Pre-clinical studies have further suggested improved
therapeutic activity of combination MAPK inhibition and immune checkpoint blockade
(16). Although these findings await further clinical validation, the potential for combining

MAPK inhibition with immunotherapy is particularly appealing since MAPK inhibitors act



directly on mutated tumor cells resulting in release of soluble tumor-associated antigens
while immunotherapy acts on immune cells to promote innate and adaptive immune
responses and/or prevent suppression of host anti-tumor immunity (17). This section is

directly obtained from Bommareddy et al Sci. Translational Medicine 2018 (3).

Oncolytic viruses

Oncolytic viruses (OVs) are a highly versatile platform for the treatment of cancer
by mediating anti-tumor activity through multiple mechanisms of action (2, 18). Viruses
have evolved sophisticated mechanism for evading and interacting with host immune
systems and these features can be used to develop therapeutic agents wherein native anti-
viral immunity can be usurped to induce host anti-tumor immunity. In addition, local
injection of OVs into a single tumor site can induce an abscopal effect, in which distant,
un-infected tumors, may also undergo immune-mediated rejection (19). This occurs
through the multiple actions of therapeutic viruses that begins with direct immunogenic
tumor cell killing, in which soluble tumor-associated antigens are released along with
pathogen-associated molecular pattern (PAMP) factors derived from the virus and intra-
cellular danger-associated molecular pattern (DAMP) factors derived from the tumor cells
(20, 21). The local danger signals will promote rapid recruitment of innate lymphoid cells
and immature dendritic cells (DCs) allowing for early transition of immune deserted or
excluded microenvironments. In addition, local production of type 1 interferons and
chemokines will attract additional lymphoid cells into the tumor microenvironment and
help maintain effector functions of TIL. The presence of antigen-presenting cells along

with soluble antigens derived from lysed tumor cells and interferon-mediated increases in



major histocompatibility complex (MHC) class I and II expression also result in improved
antigen cross presentation and adaptive immunity shaped by individual tumor neoantigens
(22, 23) . Further, the interferon response can induce expression of immune checkpoints,
such as PD-L1, CTLA-4, T-cell immunoglobulin and mucin-domain containing gene 3
(Tim-3) and lymphocyte activation gene 3 (LAG-3), promoting sensitivity to immune
checkpoint blockade (24, 25). In addition, OVs are thought to regulate endothelial cell
function and interaction with lymphoid cells by increasing lymphocyte adhesion molecules
promoting influx of lymphoid cells and may block nutrient and oxygen delivery by tumor
neovasculature (26, 27). Furthermore, OVs can be used to deliver therapeutic genes into
the tumor cell or encode immune modulatory factors that can help promote and shape the
local anti-viral and anti-tumor immune response (28, 29). Thus, OVs are highly flexible
agents that integrate elements of virology, immunology, vascular biology and gene therapy
to provide a critical “on” switch promoting lymphoid infiltration into immune deserted and
excluded tumor microenvironments and can reverse immune suppression within immune-
infiltrated tumor landscapes. The first therapeutic OV based on an attenuated herpes
simplex virus, type 1 (HSV-1) encoding granulocyte-macrophage colony-stimulating
factor (GM-CSF) demonstrated improved durable responses with a tolerable safety profile
in a randomized clinical trial in patients with advanced melanoma leading to FDA approval
in 2015 (30). More recently, early phase clinical trials have supported the combination of
OVs with immune checkpoint inhibitors showing enhanced therapeutic activity with
acceptable toxicity (31-33). This section is directly obtained from Bommareddy et al

Nature reviews immunology 2018(1).



Talimogene laherparepvec

The proof-of-concept for OVs in melanoma has recently been confirmed using
Talimogene laherparepvec (Imlygic™; T-VEC), a modified form of herpes simplex virus-
1 (HSV-1). T-VEC was generated from the JS1 staring of HSV-1 in which the infected cell
protein (ICP) 34.5 neurovirulence genes are deleted to limit neurotoxicity and enhance
cancer cell specific replication. T-VEC also contains a deletion of the herpes ICP47 gene,
which otherwise functions to block peptide transport through the transporter associated
with antigen processing (TAP) machinery, which the virus uses to avoid immune detection
(20). In the absence of ICP47, tumor-derived and viral peptides should be presented and
result in immune recognition. To further enhance anti-tumor immunity, two copies of the
human GM-CSF gene have been encoded in T-VEC to promote dendritic cell infiltration
and maturation at the tumor site and enhance subsequent tumor-associated antigen
presentation to T cells. T-VEC is delivered as a direct injection into melanoma lesions that
can be clinically visualized or palpated, or imaged using bedside ultrasound guidance. The
initial does is 1 x 10° plaque-forming units (PFU) per milliliter (mL) up to a total of 4 mLs
per visit with the actual volume to each tumor based on the largest diameter measured. This
low dose administration allows all seronegative patients to convert and three weeks later
patients are treated with a higher dose of 1 x 108 PFU/mL up to 4 mLs and then repeated
every two weeks until maximal response, unequivocal disease progression or unacceptable
toxicity. In a phase I clinical trial that included patients with a variety of accessible tumors,
T-VEC was associated with an acceptable safety profile that included low grade
constitutional symptoms and local injection site reactions (34). In this trial, the virus was

found exclusively within tumor cells, GM-CSF expression was confirmed, and post-



treatment tumor necrosis was identified in biopsy specimens. Furthermore, all seronegative
patients converted after initial exposure to T-VEC and no correlation between anti-viral
titers and clinical response or toxicity profile was observed. Based on these data, a multi-
institutional phase II clinical trial was developed in which an open-label design was used
to test T-VEC in patients with unresectable stage Illc-IV melanoma (35). The primary
endpoint was response rate as defined by standard RECIST criteria. In the intent-to-treat
population, 74% of the subjects had received prior systemic therapy. Adverse events were
again limited to transient constitutional symptoms, such as fever, chills and fatigue and
local injection site reactions. The objective response rate was 26%, which included 8/50
(16%) complete responses in which all injected and non-injected tumor underwent
complete regression. Ten additional patients (20%) had stable disease and responses
appeared to be durable with 92% of patients maintaining responses for 7-31 months after
treatment. Treatment was associated with an increase in tumor-infiltrating MART-1-
specific CD8+ T cells in injected lesions and a decrease in CD4+FoxP3+ regulatory T cells
and myeloid-derived suppressor cells (36). These data supported a randomized phase III
clinical trial of T-VEC in melanoma (termed the OPTiM [Oncovex®™-SF Pivotal Trial in
Melanoma] trial), which enrolled patients from 2009-2011. In the OPTiM trial, 436
patients with stage IIIB-IV accessible melanoma metastases were treated in a 2:1 fashion
with T-VEC or recombinant GM-CSF (37). The primary endpoint of this trial was durable
response rate (DRR), defined as an objective response based on modified World Health
Organization (WHO) criteria, beginning within one year of treatment and lasting 6 months
or longer. In the trial, T-VEC met the primary study endpoint with a DRR of 16.3%

compared to 2.1% (p<0.001) for patients treated with GM-CSF. In addition, T-VEC was



associated with an improvement in objective response rate (26.4% vs. 5.7%; p<0.001),
median overall survival (23.3. vs. 18.9 months; p=0.051). Subset analyses supported a
particular strong effect for patients with stage IIIB/C disease (response rates 33% vs. 0 for
GM-CSF-treated subjects) and stage IV Mla (16% vs. 2%). A similar trend favoring T-
VEC in the treatment naive setting (24% vs. 0%) was also seen when compared to patients
who received T-VEC after first-line therapy (10% vs. 4%). Treatment was associated with
low-grade constitutional symptoms and injection site reactions with the only grade 3 or
greater event occurring in more than 2% of subjects being a self-limited cellulitis. In a
careful assessment of individual lesion responses, T-VEC administration was associated
with >50% regression in 64% of injected lesions, 34% of un-injected non-visceral lesions
and 15% of un-injected visceral lesions (37). These data resulted in approval of T-VEC for
the treatment of advanced melanoma in the United States and Australia and the treatment
of stage IIIB/C and IV Mla melanoma in Europe. This section is directly obtained from

Bommareddy et al Cancer J. 2017 (38).



CHAPTER TWO: Materials and Methods

Cell Lines

Human melanoma cells SK-MEL-28, SK-MEL-2, and SK-MEL-5 (ATCC) and mouse cell
line CT26 (ATCC) were cultured in monolayers using RPMI supplemented with 10% heat
inactivated bovine serum (Thermo Fisher Scientific), 10mM L-glutamine (Corning), and
0.5% penicillin G-streptomycin sulfate (Corning). Cells were detached using 0.25% trypsin
EDTA (Corning) for passaging The murine melanoma cell line D4AM3A was generated
from Tyr::CreER;Braf!,; Pten'®”°* mice (39) and kindly provided by Dr. David Mullins
(Dartmouth University, Hanover, NH). D4M3A cells were cultured as previously
described (39). All cells were low-passage and confirmed to be mycoplasma-free (LookOut

mycoplasma kit; Sigma).

Viruses

T-VEC is a modified JS1 strain of HSV-1 encoding human GM-CSF and has been
previously reported (18). T-VEC is commercially available and was purchased from the
Rutgers Cancer Institute Pharmacy. For immune competent murine studies, a modified
virus (mT-VEC) in which the human GM-CSF gene was replaced by murine GM-CSF,
was used and generously provided by Dr. Pedro Beltran (Amgen Inc). All human cell lines
and xenograft experiments were performed using T-VEC and all murine cell line and

syngeneic experiments were performed using mT-VEC.



Cytotoxicity and Viral Plaque Assays

Human and murine melanoma cells (7.5 x 10%) were seeded on 96-well plates, treated with
vehicle or MEKi (trametinib) (10 nM for SK-MEL-28, 5 nM for SK-MEL:5, 1.25 nM for
SK-MEL-2, and 5 nM for D4M3A). Six to eight hours later, cells were treated with T-VEC
at the indicated MOI. After 5 days (SK-MEL-28, SKMEL:5, SK-MEL-2) or 3 days
(D4M3A) of incubation, MTS assay was performed following manufacturer’s instruction
(Promega). For plaque assays, cells were plated and treated with T-VEC alone or T-VEC
and trametinib as above. Cells were treated with trametinib 6-8 h before T-VEC infection.
For T-VEC infection, the virus was diluted using RPMI and seeded over a cell monolayer
at the indicated MOI for 2 hours (plates were gently rocked every 15 min to ensure even
spread of virus). Whole cell lysates were collected at indicated times and viral titers
obtained by plaque assay on a monolayer of Vero cells. Each experimental condition was

performed in triplicate and all experiments were conducted three times.

Drugs

The MEK inhibitor trametinib (GSK1120212) and BRAF inhibitor vemurafenib were
purchased from MedChem Express (Monmouth Junction, NJ). Both drugs were dissolved
in DMSO to make a 10 mM stock solution for in vitro studies. The highest DMSO
concentration (0.001% DMSO) used for in vitro studies was non-toxic to the cells. For in
vivo studies, trametinib powder (0.5 mg/kg) was dissolved in 0.5% hydroxypropyl
methylcellulose and 0.2% Tween-80 (Sigma Aldrich) to make a homogenous suspension

and was administered by oral gavage.
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Immunoblotting

Total cell lysates were obtained from human and murine melanoma cells and 40 pg of
lysate was loaded onto an SDS-PAGE gel, electrophoresed, and transferred to a PVDF
membrane. Antibodies against HSV-1 glycoprotein D (gD) (1:50) (Genetex), cleaved
PARP (1:50), total ERK1/2 (1:100), phospho ERK1/2 (1:100), Protein Kinase R (PKR)
(1:500), Stimulator of Interferon genes (STING) (1:1000), Cyclic GMP-AMP synthase
cGAS (1: 500), Vinculin (1:1000) and GAPDH (1:1000) (Cell Signaling Technologies)

were used.

Danger Associated Molecular Pattern (DAMP) Factor Analysis

SK-MEL-28 cells (5 x 10°) were mock infected or treated with 1 MOI T-VEC and cell
supernatants collected at 24 and 48 hrs. Cell culture supernatants were collected and passed
through 40 pm filters, further centrifuged at 5000 rpm for 10 min at 4°C. High mobility
group box 1 (HMGBI) in cell supernatants were detected using an Enzyme linked
immunosorbent assay (ELISA) kit according to the manufacturers (Chondrex) instructions.
Adenosine triphosphate (ATP) levels in cell supernatants at indicated times were detected
using a standard ATP determination kit according to the manufacturers (ThermoFisher)
instructions. For surface calreticulin expression SK-MEL-28 cells (1 x 10°) were plated in
a 6 well chamber slide and treated the next day with phosphate buffer saline (mock) or 1
MOI of T-VEC and stained with anti-calreticulin (CALR) antibody (1:100) and incubated
at 4°C overnight, then washed twice with PBS. FITC-anti-Rb antibody was used as a

secondary antibody (1:200), incubated for 2 hours at room temperature. Finally, cells are
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cover slipped using nuclear reactive dye and images were taken using Olympus fluorescent

microscope.

shRNA and CRISPR Studies

For shRNA studies, LOX-IMVI cells (3 x 10°) were plated in a 6 well plate and 12 — 16
hrs. later cells were infected with 10 MOI of either PKR or STING shRNA from Santa
Cruz biotechnology. After 36 — 48 hrs., cells were washed with PBS and replaced with
normal media containing 0.5 pg/ml of puromycin and selected for 5 days. Western blot
analysis was performed on cells that passed puromycin selection to confirm the knock
down of targeted gene(s). CRISPR studies were performed using Santa Cruz CRISPR-
HDR system according to the manufacturers guidelines. In short, LOX-IMVI cells (3 x
105) were plated in a 6 well plate and 12 — 16 hr. later cells are transfected with the CRISPR
plasmid and HDR plasmid using Lipofectamine 300. After 8-12 hrs., cells were replaced
with normal media and grown to 50 - 60% confluence. Cell selection was performed in 0.5
pg/ml of puromycin for 5 days and single cell clones were isolated using fluorescence-

activated cell sorting (FACS).

Lumacyte Analysis

SK-MEL-28 cells were seeded into 24-well plates at a density of 500,000 cells/mL and
infected with T-VEC or treated with trametinib or both as described above. Atthe specified
time points, cells were detached from the wells using TrypLE (Thermo Fisher Scientific),
resuspended in culture medium and then analyzed using a Radiance instrument

(LumaCyte). The threshold velocity (which in this case defines the infection metric), was
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calculated based on the velocity at which approximately 5% of the control cells have a
velocity above the infection metric. This is a similar to gating for fluorescence in flow
cytometry. A principal component analysis (PCA) was performed using XLStat. Input data
included the infection metric, average velocity, and average size of each sample. This
combination resulted in components (F1 and F2) that represented the largest possible

variance in the data.

Murine treatment studies

All animal experiments were approved by Rutgers Institutional Animal Care and Usage
Committee. For survival experiments mice were monitored for tumor-growth and
euthanized before tumors reached 400 mm?. Kaplan-Meier curves were used to calculate
survival. Mice were weighed twice a week and no weight loss was observed during the
treatment. For xenograft melanoma models, SK-MEL-28 cells (8 x 10°) were injected into
the right flank of NSG mice in 100 pl PBS. Mice were treated with either mT-VEC (1 x
10° pfu) or sterile water via intratumoral injection on days 35, 40, and 45. Trametinib
(MEKi; 0.5 mg/kg) or vehicle control was given on days 35-43 via oral gavage. Mice in
the combination treatment group received both mT-VEC and MEKi at the above doses and
schedule. The vehicle control consisted of a mixture of 0.2% Tween 80 and 0.5%
hydroxypropyl methylcellulose (HPMC). For syngeneic melanoma tumor studies,
C57BL/6J mice (n = 9/group) were implanted s.c. with 3 x 10° D4M3A murine melanoma
cells in the right flank on day 0 and treated with mT-VEC (1 x 10 pfu) or sterile water via
i.t. injection on days 15, 19, 22, 26, 29 and 33, and MEK:i (0.5 mg/kg) or vehicle (0.2%

Tween 80 and 0.5% HPMC was gavaged from days 15-27. For tumor re-challenge studies
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in mT-VEC and MEK:i studies, cured mice (n = 7 from 2 independent experiments) from
the combination (mT-VEC + MEKi) group were re-challenged on day 96 with a two-fold
increased number of D4M3A cells (6 x 10°) in the contralateral (left) flank. Age matched
(21 to 22-week-old) naive mice were implanted as controls (n = 7). For flow cytometry
analysis of tumors from T-VEC and MEKi combination therapy, C57BL/6J mice
implanted s.c. with 3 x 10° D4M3A cells on day 0, treated with T-VEC (1 x 10® pfu) or
sterile water on days 15, 19 and 22 and MEKi (trametinib; 0.5 mg/kg) or vehicle gavaged
orally once daily from days 15-19 (n = 5/group), and euthanized on day 24. Tumors were
harvested and FACS was performed as described in the flow cytometry analysis section of
methods. Mice that had completely regressed primary tumors and survived long-term were
re-challenged with an increased number of D4M3A cells (6 x 10°) in the contralateral flank
(left) at day 96. For Batf3”- mouse studies Batf3”- or C57BL/6J mice were implanted with
(3 x 10°) D4M3A cells on day 0 and treated with mT-VEC or sterile water via i.t. injection
and/or trametinib or vehicle control via oral gavage. For triple combination studies using
mT-VEC + MEKi + oPD-1 antibody, C57BL/6J mice (n = 7/group) were implanted
subcutaneously in the right flank with 3 x 10° D4M3A murine melanoma cells on day 0
and treated with mT-VEC (1 x 106 pfu) or sterile water via intratumoral injection on days
15, 19, 22, 26, 29 and 33, MEKi (0.5 mg/kg) or vehicle control on days 15-27 via oral
gavage and oPD-1 antibody (clone: RMP1-14, 10 mg/kg) via intra-peritoneal (i.p.)
injection on days 15, 19, 22, and 26. In addition, groups received doublet combination
treatment with mT-VEC and MEKi (and rat IgG isotype control) or triplet therapy with m-
TVEC, MEKi and oPD-1 antibody. For re-challenge experiments during triple

combination, cured mice (n = 10 from 2 independent experiments) from mT-VEC + MEKi
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+ aPD-1 therapy was re-challenged on day 130 with a two-fold increased number of
D4M3A cells (6 x 10°) in the contralateral (left) flank. Age matched (26 to 28-week-old)
naive mice were implanted as controls (n = 5). For flow cytometry studies during triple
combination, B6 mice (n=6 per group) were implanted subcutaneously in the right flank
with D4M3A cells (3 x 105) on day 0 and treated with mT-VEC (1x10° pfu) or sterile water
via intratumoral injection on days 15, 19 and 22, MEKIi (0.5 mg/kg) or vehicle control on
days 15-19 via oral gavage and aPD-1 antibody (clone: RMP1-14, 10 mg/kg) via i.p.
injection on days 15, 19 and 22. In addition, groups received double combination treatment
with mT-VEC and MEKi (and rat IgG isotype control) or triple. Tumors were collected on
day 24 and flow cytometry analysis of tumor infiltrating lymphocytes was performed as
described in supplemental methods. For triple combination studies in CT26 tumor model,
BALB/c mice (n=10 per group) were implanted s.c. in the right flank with CT-26 cells (2
x 10%) on day 0 and treated with mT-VEC (5x10° pfu) or sterile water via i.t. injection on
days 8, 12, 15, 19 and 22, MEKIi (0.5 mg/kg) or vehicle control on days 8-20 via oral
gavage and aPD-1 antibody (clone: RMP1-14, 7.5 mg/kg) via i.p.. injection on days 8§, 12,
15 and 19. In addition, groups received double treatment with mT-VEC + aPD-1, MEKi +
aPD-1, mT-VEC + MEKi and rat IgG isotype control or triple therapy with m-TVEC,

MEKIi and aPD-1 antibody.

Immune Cell Depletion Studies
For depletion studies, C57BL/6J mice (n = 5/group) were implanted s.c. with 3 x 10°
D4M3A murine melanoma cells in the right flank on day 0 and treated with T-VEC (1 x

10% pfu) or sterile water via i.t. injection on days 15, 19, 22, 26, 29 and 33 and MEKi
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(trametinib; 0.5 mg/kg) or vehicle (0.2% Tween 80 and 0.5% HPMC) gavaged from days
15-27. For depletion of immune cell populations, mice administered via intraperitoneal
(i.p.) injection anti-mouse CD8a (clone 2.43; 10 mg/kg), anti-mouse CD4 (clone GK1.5;
10 mg/kg), or clodronate liposomes (first injection 50 mg/kg, followed by 25 mg/kg) on
days 12, 15, 18, 21, 25, 28, and 32. Mock group received sterile water (i.t.) + vehicle (0.2%
Tween 80 and 0.5% HPMC) + control rat IgG (i.p.) + empty liposomes (i.p.). Isotype group
received T-VEC (i.t.) + MEKi (i.p.) + control rat IgG (i.p.) + empty liposomes (i.p.) as
above. Anti-CD4 or anti-CD8 group received T-VEC + MEKIi + anti-CD4 or anti-CD8 +
empty liposomes, whereas Clodronate group received T-VEC + MEKi + control rat IgG +
clodronate liposomes. For flow cytometry analysis in depletion studies C57BL/6J mice
implanted s.c. with 3 x 10° D4M3A murine melanoma cells in the right flank on day 0,
treated with mT-VEC (1x10° pfu) or sterile water administered via i.t. injection on days 15,
19, and 22 and MEKi (trametinib; 0.5 mg/kg) or vehicle was gavaged from days 15-19.
For depletion of immune cell populations, mice were injected i.p. with anti-mouse CD8a
(clone 2.43; 10 mg/kg), anti-mouse CD4 (clone GK1.5; 10 mg/kg), or clodronate liposomes
(first injection 50 mg/kg, followed by 25 mg/kg) on days 12, 15, 18, and 21. Tumors were
harvested on day 24 and flow cytometry was performed as described in flow cytometry

section of methods.

Immunohistochemistry

Tumors were harvested at indicated time points and sections were deparaffinized using

Xylene twice for 10 min each, followed by gradual rehydration using 100%, 90% and 70%
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ethanol treatment (5 min each). Sections were left in distilled water for 10 min, followed
by dipping sections in a hematoxylin container for 1 min, washing in tap water for 5 min,
dipping in Eosin Y (1% alcoholic) for 30 s. This was followed by gradual dehydration
using 95% ethanol (twice 5 min each) and 100% ethanol (twice 5 min each), treating with
Xylene twice for 10 min each, and mounting in Xylene-based media (Cytoseal XYL;
Thermo Scientific). To examine proliferation (Ki67 and pERK1/2), apoptosis (cleaved
caspase 3), and T-VEC prevalence (HSV-1 gB) in the SK-MEL-28 xenograft model, NSG
mice (n=5) were implanted with human melanoma SK-MEL-28 cells (8 x 10%) on day 0
and treated with either T-VEC (5 x 10 pfu) or sterile water via i.t. injection on days 30 and
34 or trametinib (0.5 mg/kg) or vehicle control on days 30-34 via oral gavage. Mice in the
combination group received both T-VEC and trametinib. Animals were euthanized on day
36 and tumors were removed and fixed in 10% formalin for 24-36 h, embedded in paraffin,
and 5 um-sections subjected to immunohistochemistry with indicated antibodies (Key
Resources Table, IHC), followed by incubation with appropriate secondary antibodies
(Vector Laboratories). To examine the presence of CD8+ T cells in syngeneic C57BL/6J
mice treated with combination (mT-VEC + trametinib) therapy, C57BL/6J mice were
implanted with 3 x 10° D4M3A cells and treated with mT-VEC (10° pfu i.t.) for 3 doses
on days 15, 19 and 22 and/or trametinib (0.5 mg/kg) orally once daily on days 15-19. Mice
were euthanized on day 24 and tumors were removed and fixed in 10% formalin for 24-36
h, embedded in paraffin, and 5 pm-sections subjected to immunohistochemistry with
indicated antibodies (Key Resources Table, IHC), followed by incubation with appropriate
secondary antibodies (Vector Laboratories) as described above. For positive cell counting,

annotated whole tumor regions were subjected to unsupervised quantification using Visio
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Pharm quantitative digital pathology software. Positive cell density was computed
as positive cell count / mm? tissue area for cleaved caspase 3, Ki67, pERK1/2 and
CDS8. HSV-1 staining was quantified as an average brown staining intensity of HSV-1

glycoprotein (gB) over the tumor area.

Flow Cytometry Analysis

Annexin-V expression was detected on SK-MEL-28 cells after culture for 24 h with or
without T-VEC at the indicated MOI and/or trametinib at 5 nM. Cells were centrifuged,
counted, re-suspended in FACS buffer (2% inactivated fetal calf serum in PBS), incubated
with 7-AAD (BD Biosciences) and FITC-conjugated antibody for 30 min, washed, fixed
in 4% paraformaldehyde, washed, re-suspended in FACS buffer, and analyzed using an

LSRII flow cytometer (BD Biosciences) and FlowJo software (v.10.4; Tree Star).

For multi-color flow cytometry analyses, flank tumors from treated groups were harvested,
mechanically dissociated using a gentleMacs Octo Dissociator (Miltenyi), incubated with
collagenase (1 mg/ml, Sigma Aldrich) and DNase I (10 U/ml; Promega) for 30 minutes
with rocking at 37°C, mechanically dissociated again, passed through a 40 pm screen, re-
suspended in FACS buffer, and stained with fluorochrome-conjugated anti-mouse
antibodies, as well as appropriate isotype control antibodies. Fixable live/dead viability Kit
(Invitrogen) was used to stain dead cells. We followed a ‘no-wash' sequential staining
protocol (BioLegend) to stain dead cells and for surface staining. Intracellular FoxP3
staining was performed following the FoxP3 intracellular staining protocol (BioLegend).

For antigen-specific CD8+ T cell determination, tumor samples were stained for 45 min at
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4°C with fluorochrome-conjugated MHC-I dextramers (Immudex) for HSV-1 gB, murine
gp100 or murine TRP2 prior to extra-cellular staining and all other steps were followed
according to manufacturer’s guidelines. For single-color compensation controls, spleens
from naive C57BL/6J mice were treated with ACK Lysis Buffer (Sigma Aldrich) to lyse
red blood cells, and single cells were stained with each of ten fluorescent-conjugated
antibodies according to manufacturer’s instructions. All samples were analyzed using a BD
LSRII flow cytometer. Data were analyzed with FlowJo software (v.10.4; Tree Star).

Technicians acquiring and analyzing the data were blinded to the treatments.

Gene Signature Profiles

C57BL/6J mice implanted with D4M3A cells (3 x 10°) were treated with mT-VEC (10°
pfu) via i.t. injection for 3 doses on days 15, 19 and 22 and/or trametinib (0.5 mg/kg) orally
once daily on days 15-19. Tumors were harvested on day 24 and total RNA was isolated
using a Qiagen RNAeasy kit. Gene expression analysis was performed using the
NanoString PanCancer Immune panel. Per sample, 50 ng of total RNA in a final volume
of 5 ul was mixed with a 3’ biotinylated capture probe and a 5’ reporter probe tagged with
a fluorescent barcode from the custom gene expression code set. Probes and target
transcripts were hybridized at 65°C for 12-16 h. Hybridized samples were run on the
NanoString nCounter preparation station using the recommended manufacturer protocol,
in which excess capture and reporter probes were removed and transcript-specific ternary
complexes were immobilized on a streptavidin-coated cartridge. The samples were scanned

at maximum scan resolution on the nCounter Digital Analyzer. Data were processed using
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nSolver Analysis Software and the nCounter Advanced Analysis module. For gene
expression analysis data were normalized using the geometric mean of housekeeping genes

selected by the GeNorm algorithm.
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CHAPTER THREE: RESULTS Section:1

MEK inhibition enhances oncolytic virus immunotherapy through
increased tumor cell killing and T cell activation

MEK inhibition augments T-VEC-mediated cell lysis in vitro and increases viral
replication

We sought to investigate whether combining T-VEC and MAPK inhibition can
augment tumor cell killing in melanoma. T-VEC was able to replicate in and kill melanoma
cell lines harboring BRAF V600E mutations and wild-type N-Ras (SK-MEL-28 and SK-
MEL-5; Fig. 1A-B) and those cells with wild-type BRAF, but an NRAS Q61R mutation
(SK-MEL-2; Fig. 1C). Infected cells exhibited dose-dependent cytotoxicity following viral
infection at doses starting at 0.003 multiplicity of infection (MOI) (Fig. 1A-C). In addition,
the BRAF-mutated murine D4M3A cell line (39) was susceptible to T-VEC at high doses
(MOI > 1; Fig. 1D). Cytotoxicity was increased in all cell lines when they were pre-treated
with trametinib, a selective MEK inhibitor (MEKi; Fig. 2A-D, left panel). Independent
assays with vemurafenib, a selective BRAF inhibitor, enhanced T-VEC-mediated
cytotoxicity in BRAF V600E mutated SK-MEL-28 and SK-MEL 5 cell lines, but not in
BRAF wild-type SK-MEL-2 line (Fig. 1E-G). Increased viral replication was confirmed
by plaque assay (Fig. 2A-D right panels) and Western blot showing increased amounts of
HSV-1 glycoprotein D during combination treatment in the SKMEL-28 cell line (Fig. 2E).
In order to confirm viral replication within infected cells we utilized single-cell laser
radiance-based quantitative technology (40) that allows detection of viral infection at a

single cell level (Fig. 3A).
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Figure 1. BRAF inhibitors enhance T-VEC cell killing in BRAF mutant melanoma
cell lines

Cytotoxic effects of T-VEC in human (A) SK-MEL-28, (B) SK-MEL-5, (C) SK-MEL-2
and mouse (D) D4M3A melanoma cell lines. Cells (7.5 x 10°) were seeded on 96-well
plates and treated with T-VEC at the indicated MOI or control (sterile water). After 5 days
(SK-MEL-28, SK-MEL-5, SK-MEL-2) or 3 days (D4M3A) of incubation, an MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
assay was performed to measure cell viability. (E-G) Cytotoxic effects of T-VEC and
vemurafenib (BRAF inhibitor, BRAFi) in human (E) SK-MEL-28 , (F) SK-MEL-5 and
(G) SK-MEL-2. Cells (7.5 x 10°) were seeded on 96-well plates and treated with vehicle
or BRAFi (0.5 uM) six to eight hours later, cells were treated with T-VEC at the indicated
MOI. After 5 days of incubation, an MTS assay was performed to measure cell viability.
This experiment was conducted at least twice with similar results. Data are presented as
mean = SEM and statistical differences between groups were measured by two-tailed
student ¢ test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Only significant values
are indicated.
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Figure 2. MEK inhibition augments T-VEC-mediated cell lysis in vitro and increases
viral replication.

Cell viability determined by MTS assay. Cells were treated with either T-VEC alone or
trametinib or combination T-VEC and trametinib (A-D, left panels). The right panels (A-
D) show HSV-1 titers as measured by plaque assay from cells treated with either T-VEC
alone (blue bar) or T-VEC and trametinib (purple bar). (E) Western blot of cell lysate
collected at 24 hours after mT-VEC (0.1 MOI) infection of SK-MEL-28, mock infected,
MEK:Ii (10 nM) or combination treatment. (F) Infection metric analysis by Lumacyte (left
panel) of SK-MEL-28 cells (mock), treated with 10 nM trametinib (MEKi), 1 MOI T-VEC
or trametinib and T-VEC. The right panel shows a time course for untreated cells (black
line), or those treated with 0.1 MOI of T-VEC (dotted blue line) or 1 MOI of T-VEC (solid
blue line). (G) Principle component analysis (PCA) of the infection metric. Each
experiment was conducted at least twice with similar results. Data are presented as mean
+ SEM and statistical differences between groups was measured by using two-tailed
student ¢ test. *p < 0.05, **p < 0.01, ***p <0.001, ****p < 0.0001.
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Figure 3. Lumacyte laser flow cytology analysis

SK-MEL-28 cells were infected with T-VEC at 0.1 MOI and subjected to single cell laser
flow cytometry.(A) Photomicrograph showing that a virus-infected cell is larger and has a
corresponding lower velocity through single cell capillary chamber (787 mm/s; upper
panel) compared to un-infected cells that are smaller and have higher velocity (1028 mm/s;
lower panel). SK-MEL-28 cells were infected with 1 MOI T-VEC, 0.1 MOI T-VEC or
uninfected, and subjected to velocity measurement in single cell capillary chamber. (B)
Standard velocity histograms generated at 12 h. (top), 24 h. (middle) and 36 hrs. (bottom)
for uninfected cells (black bars) or 1 MOI T-VEC (red bars). (C) Standard velocity
histograms show indicated time points same as (B) for uninfected cells (black bars) and 0.1
MOI T-VEC-infected cells (grey bars). These data are calculated using an infection metric
as described in the Materials and Methods. This experiment was conducted twice, similar
results were obtained.
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As shown in Figure 2F, the infection metric was increased at 18 hours for virally infected
cells with the highest value seen in cells treated with T-VEC and MEK:i (Fig. 2F, left). A
time-course analysis on cells infected with T-VEC at low (0.01) or high (1.0) MOI or
uninfected control cells showed the expected rapid increase in infection metric for cells
infected with 1 MOI, while cells infected with 0.01 MOI demonstrated a delayed increase
in infection metric at 36 hours when more virus had replicated (Fig. 2F, right). Principal
component analysis (PCA) based on cell size (F1) and radiance (F2) was able to

differentiate each of the treated cell populations (Fig. 2G).

T-VEC and MEK Inhibition Inhibits Tumor Growth in Melanoma Xenograft Model.

Next, we sought to determine if T-VEC and MEK inhibition had therapeutic
activity in vivo. We utilized a murine xenograft model using the human SK-MEL-28 cell
line (Fig. 4A). Delayed tumor growth was observed with MEK inhibition alone and T-VEC
alone, but combination treatment was associated with a significant decrease in tumor
growth and tumor regression compared to mock or monotherapy treatments (p <0.001; Fig.
4B). Previously, MEK inhibition was shown to induce tumor cell apoptosis (41), therefore,
we sought to determine how cells were killed in this model. We found combination of T-
VEC and MEKi is associated fewer proliferating cells, based on Ki-67 immunostaining,
compared to either treatment alone (Fig. 4C). HSV-1 in tumors was detected by
immunostaining for the HSV-1 glycoprotein D, which was seen in the T-VEC alone-treated
tumors and significantly increased in tumors of mice treated with T-VEC and MEKi (Fig.

4D). We also observed decreased levels of phosphorylated (p)ERK in tumor cells treated
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with MEKi, as well as tumors treated with T-VEC alone, which was further decreased in
tumors treated with the combination (Fig. 4E). Finally, while T-VEC treatment alone
resulted in significant increase in caspase 3 cleavage compared to mock treatment,
combination therapy resulted in higher tumor cell apoptosis in vivo (Fig. 4F). To confirm
melanoma cell apoptosis, we treated SK-MEL-28 cells in vitro and found an increase in
Annexin-V staining in cells treated with the combination compared to monotherapy or
mock treatment (Fig. 5A-B), and this effect was partially blocked by a pan-caspase
inhibitor (Z-VAD), (Fig. 5C). Further, there was increased cleaved PARP in tumor cells
treated with both T-VEC and trametinib (Fig 5D). Collectively, these data demonstrate that

combination T-VEC and MEK inhibition can delay melanoma xenograft growth in vivo
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Figure 4. MEK inhibition enhances T-VEC-induced inhibition of human melanoma
xenograft growth in vivo and promotes tumor cell apoptosis.

(A) NSG mice (n = 5/group) were implanted subcutaneously (s.c.) with human melanoma
SK-MEL-28 cells (8 x 10%) on day 0, treated via intratumoral (i.t.) injection with sterile
water or T-VEC (1 x 10° pfu) on days 35, 40 and 45, and MEKi (trametinib; 0.5 mg/kg) or
vehicle (0.2% Tween 80 and 0.5% hydroxypropyl methyl cellulose (HPMC) was given
from days 35-43 via oral gavage. Red arrows indicate days when T-VEC was injected and

top blue bar indicates days of trametinib (MEKi) treatment. (B) Mean tumor area. (C)
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Representative images obtained from immunohistochemical staining of tumors for Ki67 at
day 36; (D) HSV-1 gD; (E) pERK1/2; and (F) cleaved caspase 3. Right panels indicate
quantification of positive cells. Scale bars are as indicated Each experiment was repeated
at least twice with similar results. Data are presented as mean + SEM and statistical
differences between groups was measured by using one-way ANOVA. *p < 0.05, **p <

0.01, ***p <0.001, ****p <0.0001. Only significant differences are indicated.
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Figure 5. T-VEC and MEK inhibitor induced apoptosis

(A) Flow cytometry analysis of Annexin V staining in SK-MEL-28 cells treated with either
T-VEC or MEKi or both. SK-MEL-28 cells were treated with vehicle or MEKi (trametinib;
10 nM) for 6-8 hours. Afterwards, PBS or T-VEC (MOI 1) was added to cells and cells
were cultured for 24 h, stained for Annexin V (apoptosis), and analyzed by flow cytometry.
(B) Quantitative analysis of A. (C) Annexin-V staining of cells SKMEL-28 cells treated
with T-VEC and MEKi or T-VEC, MEKIi and Z-VAD (pan caspase inhibitor). Annexin-
V staining could be blocked by treatment with Z-VAD FMK (20 uM). (D) Western blot
analysis of cleaved PARP. SK-MEL-28 Cells (3.5 x 10°) were seeded in 6-well plate,
treated with vehicle or MEKi (trametinib; 10 nM) as in A. six to eight hours later cells were
inoculated with T-VEC (MOI 1). 24 h post-viral infection, total cell lysates were harvested
and cleaved PARP level is detected by immunoblotting. This experiment was conducted
twice, similar results were obtained. Data are presented as mean + SEM and statistical
differences between groups were measured by one-way ANOVA. *p < 0.05, **p < 0.01,
*H%p <0.001, #***p <(0.0001. Only significant differences are shown.
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T-VEC and MEK Inhibition Enhances Therapeutic Effectiveness and Improves

Survival in the Immune-competent D4M3A Murine Melanoma model

To determine the effects of combination T-VEC and trametinib (MEKi) in an
immune-competent D4M3A BRAFV600E melanoma model, we used a modified T-VEC
encoding murine GM-CSF (mT-VEC), as described in the Materials and Methods. D4AM3 A
cells are susceptible to T-VEC infection and killing (Fig. 6A) and exhibit upregulation of
pERK, characteristic of BRAFV600E mutated cells (Fig. 6B). In DAM3A tumor-bearing
mice, mT-VEC alone exhibited no significant delays in tumor growth (Fig 7B-C) while
MEKIi alone showed significant delays in tumor growth (Fig. 7B-C). Combination
treatment, however, was associated with significant tumor growth inhibition and improved
survival with complete tumor eradication in 4 of 9 (44%) mice (Fig. 7C). Mice with
complete tumor regression remained tumor free (Fig. 7C) and were re-challenged with
twice the number of D4AM3A cells implanted in the opposite flank (left). In this experiment,
70% (5/7) of mice completely rejected re-challenged tumor (Fig. 7D). We further observed
a significant increase in tumor infiltrating CD8" T cells in mice treated with combination
therapy (Fig. 7E). CD8" T cells exhibited increased levels of interferon-y, Granzyme B and
Ki-67 (Fig. 7E), indicative of an activated cytotoxic phenotype (Fig. 7E). The increased
number of CD8" T cells was further confirmed by immunohistochemistry (Fig. 7F-G).
Both mT-VEC and MEKi demonstrated an increase in CD8" T cells following treatment,
which were further increased by combination therapy (Fig. 7F-G). There was no significant
change in the total number of CD3"CD4" T cells (Fig. 7H), but there was a decrease in

CD4"FoxP3" regulatory T cells (Tregs) in mice treated with mT-VEC alone or in
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combination with MEKi (Fig. 7H). This resulted in a significant increase in the CD8"/Treg

ratio in mice treated with mT-VEC alone and in combination with MEKi (Fig. 7H).
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Figure 6. Characterization of murine D4M3A cells

(A) MTS assay measuring cell viability of B16-F10 (red) B16-F10-Nectin-1 (blue) and

D4AM3A (yellow) at 3 days post T-VEC treatment. (B) Immunoblot measuring the levels
of phosphorylated ERK1/2.
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Figure 7. MEK inhibition enhances T-VEC-induced tumor regression in an immune

competent murine melanoma model, promotes recruitment of CD8+ T cells and
establishes long-term memory

(A)Treatment schema: red arrows indicate days of mT-VEC treatment and top blue bar
indicates trametinib (MEKi) treatment. (B) Mean tumor area of mice from treated groups
at day 45. (C) Survival of mice. (D) Re-challenge of mice cured in 3C. (E-F) Flow
cytometry analysis of tumors at day 24. (E) Bar graphs (n=6) indicating the percent positive
CDS8 T cells, CD8+IFN-y, CD8+GranzymeB, and CD8+Ki67 T cells respectively. (F)
Immunohistochemical staining of CD8+ T cells in the tumor. Scale bar as indicted. (G)
Quantification of CDS8 positive cells. (H) Bar graph indicating CD4" and CD4'FoxP3
(Tregs) and ratio of CD8+ T cells to Tregs. Each experiment was conducted at least twice
with similar results. Data are presented as mean + SEM and statistical differences between
groups was measured by using one-way ANOVA. *p <0.05, **p < 0.01, ***p < 0.001,
*#%%p < 0.0001. Only significant differences are indicated.
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T-VEC and MEKi Combination Therapy is CD8" T cell-dependent

To determine which immune cells are involved in the anti-tumor activity, we
repeated the in vivo tumor experiments using depletion antibodies against CD4" and CD8*
T cells, and liposomal clodronate to deplete macrophages. All cell depletions were
confirmed by FACS analysis of splenocytes (Fig. 8A-B). Mice bearing D4M3A tumors
were treated as described in the survival experiments in Fig. 7 and depletion antibodies
were injected as shown in (Fig. 9A) and described in Materials and Methods. Neither
macrophage depletion nor CD4" T cell depletion significantly impacted anti-tumor activity,
but CD8" cell depletion completely abrogated the anti-tumor activity and survival benefit
(Fig. 9B-C). FACS analysis confirmed the loss of CD4" and CD8" T cells in tumors
collected from mice treated with immune cell depleting antibodies (Fig 9D, E). A
compensatory increase in CD4" T cells in the tumor microenvironment of mice depleted of
CD8" cells (Fig. 9D) and increased CD8* T cells in tumors of mice depleted of CD4" cells

(Fig 9E) was seen.
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Figure 8. Validation of immune cell depletion

In vivo effects of depletion antibodies (aCD4 and aCD8) on CD4" and CD8" cell
populations (A), and clodronate liposomes on macrophage (CD11b+F4/80+) populations
(B) in splenocytes from treated mice. B6 mice were injected with either anti-mouse CD8a
(clone 2.43; 10 mg/kg), or anti-mouse CD4 (clone GK1.5; 10 mg/kg), control liposomes
or clodronate liposomes (first dose 50 mg/kg followed by 25 mg/kg) were given by intra-
peritoneal (i.p.) injection every 72 hours for 3 doses. Mice were sacrificed 24 h. after the
last dose, splenocytes isolated, and stained with or without anti-mouse CD4 (clone 129.19)
and CD8a (clone 53-6.7) antibodies, or anti-mouse CD11b and F4/80 antibodies, and
analyzed by flow cytometry.
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Figure 9. Depletion of CD8" T cells abrogates the effects of T-VEC and MEKi

combination therapy.

(A) C57BL/6J mice (n = 5/group) were implanted with D4M3A murine melanoma cells
and mice were treated as indicated, described in methods. Red arrows indicate days of mT-
VEC treatment, top blue bar indicated days of trametinib (MEKi) treatment, and black
arrows indicating days where depletion antibodies against CD4, CDS8 and clodronate were
injected. (B) Mean tumor area of mice treated from different groups as indicated at day 40.
(C) Survival of mice. (D-E) Flow cytometric analysis of tumor infiltrating T cells on day
24. (D) Bar graphs show the percentage CD45"CD3"CD4+and (E) CD45"CD3*CD8+ cells.
Each experiment was repeated at least twice with similar results. Data are presented as
mean + SEM and statistical differences between groups was measured by using one-way
ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Only significant
differences are indicated.
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Combination treatment with T-VEC and MEKi augments melanoma antigen-specific

T cell responses

We sought to further characterize the antigen specificity of the CD8" T cell
responses in mice treated with mT-VEC/MEKi combination therapy. Initially, flow
cytometry using MHC-I dextramers for two defined melanoma antigens, gp100 and TRP2
and one viral antigen, HSV-1 gB, was used to determine antigen specificity of tumor
infiltrating CD8" T cells during T-VEC treatment alone in a time course study (Fig. 10).
We saw an initial increase of HSV-1 gB-specific CD8" T cells at day 19 which plateaued
by day 24 (Fig. 10). Gp100- and TRP2-specific CD8" T cells emerged between days 19-
24 (Fig. 10). mT-VEC treatment induced HSV-1 gB-specific CD8" T cells (Fig. 11A) and
combination mT-VEC and MEKi resulted in a significant increase in the relative frequency
of tumor-infiltrating HSV-1 gB-specific CD8" T cells (Fig. 11A). We also observed an
increase in gp100- and TRP2-specific CD8* T cells during combination treatment (Fig.
11B-C). Although the increase in melanoma-specific CD8" T cells was especially high
within the tumor-infiltrating lymphocyte population, we did not detect HSV-1-specific
CD8" T cells in the spleen of treated animals but did observe a minimal, but significant,
increase in both gp100- and TRP2-specific CD8* T cells in the spleen (Fig. 12). These data

suggest that T-VEC and MEKI can induce antigen spreading.
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Figure 10. Time course analysis of tumor infiltrating CD8" T cells during mT-VEC
treatment

Day 19: Mice bearing D4M3A tumors were treated with 1 x 10° pfu of mT-VEC on days
15 and 18 and tumors collected on day 19. Bar graph indicating the % CDS8" antigen
specific T cells as indicated.
Day 24: Mice bearing D4M3A tumors were treated with 1 x 10° pfu of mT-VEC on days
15, 18, 21 and 23 and tumors harvested on day 24. Bar graph indicating the % CD8" antigen
specific T cells as indicated.
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Figure 11. Combination T-VEC and MEK inhibition induces viral-specific CD8+ T
cells and increases melanoma antigen-specific CD8+ T cell responses.

C57BL/6J mice implanted s.c. in the right flank with 3 x 10° D4M3A cells and treated with
mT-VEC (1 x 10° pfu) or sterile water i.t. for 3 doses on days 15, 19 and 22 and or
trametinib (0.5 mg/kg) or vehicle (0.2% Tween 80 and 0.5% Hydroxypropyl methyl
cellulose) orally once daily on days 15-19. Tumors were harvested on day 24, cells
dissociated and analyzed by flow cytometry. Percentages of live CD45+ cells, CD3+ cells,
and CD3+ sorted CD4+ and CD8+ subsets from the Mock, T-VEC monotherapy, MEKi
monotherapy, and T-VEC + MEKi combination groups were analyzed and compared.
Tumor-infiltrating CD8+ T cells were analyzed with (A) HSV-1-specific H-2K>-HSV-1¢gB
dextramer, (B) melanoma antigen specific H-2D’-gp100 dextramer, (C) H-2K*-TRP2
dextramers. Quantitative analysis is shown in the bar graphs on the right. These
experiments were conducted at least twice with similar results. Data are presented as mean
+ SEM and statistical differences between groups was measured by using one-way
ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Only significant
differences are indicated.
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Figure 12. Analysis of CD8" T cells from spleen during mT-VEC + MEKi treatment

C57BL/6J mice implanted s.c. in the right flank with 3 x 10° D4M3A cells and treated with
mT-VEC (1 x 10° pfu) or sterile water i.t. for 3 doses on days 15, 19 and 22 and or
trametinib (0.5 mg/kg) or vehicle (0.2% Tween 80 and 0.5% Hydroxypropyl methyl
cellulose) orally once daily on days 15-19. Spleens were harvested on day 24 and flow
cytometry was performed. Cells were gates on live, CD45*, CD3", CD8" and further
analyzed for antigen specificity.

(A) Representative plots and bar graph showing quantification of HSV-1-specific H-2Kb-
HSV-1gB dextramer positive CD8 T cells from spleen. (B) Representative plots and bar
graph showing quantification of melanoma antigen specific H-2Db-gp100 dextramer
positive CD8 T cells from spleen. (C) Representative plots and bar graph showing
quantification of melanoma antigen specific H-2Kb-TRP2 dextramer positive CD8 T cells
from spleen. Data presented as mean + SEM and the statistical differences between groups
was measured by one-way ANOVA. *p <0.05, **p <0.01, ***p <0.001, ****p <(0.0001.
Only significant values are indicated.
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Combination treatment with T-VEC and MEKIi is Dependent on Batf3+ Dendritic
Cells.

To determine the role of CD8*CD103" DCs in mediating anti-tumor immunity (42,
43)., we implanted D4M3A tumors into Batf3” mice. The lack of CD8*CD103" DCs in
Batf3” mice did not alter the ability to establish D4AM3A tumors (Fig. 13A-B). Tumors
from Batf3"- mice had significantly reduced frequency of CD45"MHCII*CD11¢*CD103"*
cells, as well as CD45"MHCIT'CD11¢"CD8" cells after combination therapy (Fig. 13C).
To determine the effects of Batf3" DCs on combination therapy, D4M3A tumors were
implanted in C57BL/6] and Batf3”" mice and treated as described in Fig. 7. Although
combination treatment resulted in delayed tumor growth in C57BL/6J mice, as previously
seen (Fig. 7C), this effect was significantly diminished in Batf3”- mice (Fig. 14A-B).
Treated Batf3”~ mice demonstrated a significant decrease in the percent and number of
CD8" T cells compared to C57BL/6J (B6) (Fig. 14C). There was also a significant decrease
in the percent of CD8" T cells expressing IFN-y and Granzyme B (Fig. 14D) and
proliferating (Ki67") CD8" T cells (Fig. 14D) and increased Tregs, (Fig. 14E) seen after
combination treatment. We also observed a significant decrease in gB-specific CD8" T
cells and gp100- and TRP2-specific CD8" T cells in Batf3” mice compared to wild-type

mice treated with combination therapy (Fig. 14F).
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Figure 13. Characterization of D4M3A tumor cells in Batf3 knockout mice

In order to test growth kinetics of D4AM3A cells in Batf3”~ mouse mode compared to
C57BL/6J mice, age-matched C57BL/6J and Batf3”- mice were implanted subcutaneously
in the right flank with 3 x 10° D4M3A murine melanoma cells on day 0. (A) Tumor growth
and (B) Survival were monitored (C) C57BL/6J (n = 5) mice and Batf3”- mice (n = 5) were
treated as in Fig. 6C and mice were euthanized on day 24. Tumors were harvested,
dissociated cells stained with fluorochrome-conjugated anti-mouse antibodies, and
multicolor flow cytometry performed. (C) Bar graph indicating frequency of live CD45*
MHC II" CD11b- CD11¢" CDS cells (left panel) and CD45" MHC II" CD11b- CDI11c*
CD103 (right panel) cell subsets from B6 and Batf3”- mice. Data are presented as mean +
SEM and the statistical differences between groups was measured by two-tailed student ¢
test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. Only significant differences are
indicated
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Figure 14. Batf3+ dendritic cells play a role in the anti-tumor activity and antigen
spreading associated with combination T-VEC and MEK inhibition treatment.

C57BL/6] mice (B6, n = 7) and Batf3”~mice (n = 7) were implanted with D4M3A murine
melanoma cells and either mock treated or treated with T-VEC and trametinib as described
in Materials and Methods. (A) Mean tumor area at day 45. (B) Survival of mice. (C-F)
Flow cytometry analysis of tumors obtained from B6 and Batf3”- mice on day 24. (C) Bar
graph indicating the percentage, number, of tumor-infiltrating total CD8+ T cells and the
frequency of CD8+IFN-y+ and CD8+GranzymeB+ T cells respectively. (D) CD8+Ki67+
T cells. (E) CD4+FoxP3+ Tregs. (F) Percentage of HSV 1-gB+, murine gp100+ and TRP2+
CDS8+ T cells respectively. These experiments were repeated at least twice with similar
results. Data presented as mean +£ SEM and the statistical differences between groups was
measured by two-tailed student # test. *p <0.05, **p <0.01, ***p < 0.001, ****p <(0.0001.
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Combination T-VEC and MEK Inhibition Induces an Inflammatory Gene Signature

and Increases PD-L1 Expression in the Tumor Microenvironment

Previous studies have identified an inflammatory gene signature in patients
responding to PD-1 checkpoint blockade (44). Since T-VEC is associated with type 1
interferon release and CD8" T cell recruitment to the tumor microenvironment, we
evaluated the established D4M3A tumors on day 24 from mice treated with mT-VEC,
MEK:i or both for inflammatory gene expression profile. Treatment with mT-VEC was
associated with an increased inflammatory signature compared to both mock- and MEKi-
treated tumors, and that this profile was highest in tumors treated with combination mT-
VEC and MEKi (Fig. 15A). We also restricted the gene expression profile to 5 genes
related to T cell activation (interferon-y, CD8a, tumor necrosis factor-a, granzyme B and
perforin 1) and found a correlation between T cell activation gene expression and
therapeutic effects (Fig. 15B; Fig. 16A), as well as categories of genes related to immune
cells and anti-viral immunity (Fig 16B-C). While MEKi inhibited expression of most anti-
viral genes, the combination of mT-VEC and MEK:i resulted in increased gene expression
compared to mT-VEC alone, except for interleukin-34 (1IL34) and NKG2D ligand (UL16
binding protein 1; Ulbp1). While PD-1 and PD-L1 expression was significantly increased
in the inflammatory gene panel in T-VEC and MEK inhibitor-treated animals (Fig. 15C),
this was confirmed by flow cytometry analysis of CD45" cells harvested from the tumor
microenvironment at day 24 as described in Fig. 7D. An increase in both PD-1 and PD-L1
was observed in tumors treated with mT-VEC alone, but they were highest in tumors

treated with the combination (Fig. 15D).
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Figure 15. T-VEC and MEK inhibition reprograms immune silent tumors into
immune inflamed tumors and induces expression of PD-1 and PD-L1.

C57BL/6J mice were implanted s.c. in the right flank with 3 x 10° D4M3A cells and treated
with mT-VEC (1 x 10 pfu) i.t. for 3 doses on days 15, 19 and 22 and or trametinib (0.5
mg/kg) orally once daily on days 15-19. Tumors were harvested on day 24, total RNA was
isolated and gene expression analysis performed using the NanoString PanCancer Immune
panel as described in the Materials and Methods. (A) An inflammatory 16-gene expression
profile was generated from mice (n=3) treated (as described in Fig 3D) with mock control
(black), trametinib alone (MEKi; blue), mT-VEC alone (red), or combination mT-VEC and
MEK:Ii (purple). (B) A selected 5-gene expression signature represented by genes highly
associated with CD8" T cell activation. (C) Gene expression of PD-1 (right panel) and PD-
L1 (left panel). (D) Bar graphs show the mean fluorescence intensity (MFI) of CD45+PD-
1+ (left panel) and CD45-PD-L1+ (right panel). Each experiment was performed at least
twice with similar results. Data are presented as mean + SEM and the statistical differences
between groups were measured by two-tailed student ¢ test. *p < 0.05, **p < 0.01, ***p <
0.001, ****p <0.0001.
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Figure 16. NanoString gene expression heat maps for all genes profiled and by gene
function.

C57BL/6J (n=3) mice implanted with 3 x 103 D4M3A cells on day 0, treated with sterile
water or mT-VEC (10° pfu) on days 15, 19 and 22 and vehicle or MEKi (trametinib; 0.5
mg/kg) gavage orally once daily from days 15-19 (n = 5/group), and euthanized on day 24.
Tumors were harvested, total RNA was isolated using Qiagen RNAeasy kit and gene
expression analysis was done using the PanCancer Immune panel as described in the
Materials and Methods. N= (3). This experiment was conducted twice with similar results.
(A) Heat map representing normalized gene expression of all genes included in the Nano
String PanCancer Immune panel. (B) Heat map representing the normalized gene
expression signature of genes associated with innate anti-viral immune responses. (C) Heat
map representing the normalized gene expression signature of genes associated with
specific immune cell function.
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Triple Treatment with T-VEC, MEK Inhibition and PD-1 Blockade Further

Enhances Therapeutic Activity.

Although combination therapy using mT-VEC and MEK inhibition reduced tumor burden
and enhanced survival of treated mice (Fig. 7B, C), tumors were completely eradicated in
only 30-40% of mice. Based on the flow cytometry analysis and gene expression profiling
showing an increase in PD-1 and PD-L1 expression in the tumor microenvironment (Fig.
15D), we reasoned the that therapeutic activity might be further expanded by addition of
PD-1 blockade to the combination regimen. To test this, we treated D4M3A tumor-bearing
mice with mT-VEC, MEK{, or both as previously described in Fig. 7C, and with or without
aoPD-1 antibody. There was limited impact of aPD-1 when given with mT-VEC alone or
MEK inhibition alone (Fig 17B, C), as compared to monotherapy (Fig 7B, C). However,
the combination of aPD-1 with both mT-VEC and MEKIi resulted in complete durable
responses in almost all mice (6/7), compared to 2/7 mice with mT-VEC and MEKi (Fig.
17C). All mice who cleared primary tumors with mT-VEC/MEKi/aPD-1 therapy rejected
subsequent tumor re-challenge (Fig. 17D). Flow cytometry analysis performed on tumors
showed a significant decrease in CD45"PD-1* and CD8PD-1" cells in mice treated with
triple therapy compared to mT-VEC and MEK:i (Fig. 17E, Fig. 18). No significant changes
were observed in Tregs or the CD8"/Treg ratio (Fig. 17F). Triple combination elicited an
increase in the percentage of total CD8" T cells (Fig 17G, left panel), as well as granzyme
B and Ki67 expression (Fig 17G). There was no overt toxicity observed in the mice as
evidenced by changes in body weight, feeding habits, stool frequency or coat appearance,

including the absence of vitiligo.
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Finally, to test the efficacy of triple combination in a different model we tested the triple
combination in BALB/c mice bearing established CT26 murine colon cancer tumors. In
the CT26 model, both mT-VEC/MEKi and mT-VEC/aPD-1 antibody dual combinations
elicited significant anti-tumor activity, with regression observed in 5/10 mice (Fig 17H,
Fig. 19). In addition, the triple combination, using mT-VEC/MEKi/aPD-1, caused
regression of all tumors, producing complete responses not observed with double therapy
treatment (Fig 17H, Fig. 19). There were no signs of toxicity or weight loss in any of these

animals.
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Figure 17. Triple combination treatment with T-VEC, MEK inhibition and PD-1
blockade improves therapeutic treatment of melanoma and colon cancer models.

(A) Treatment schema: red arrows indicate T-VEC, top blue bar indicates trametinib and
brown arrows indicate aPD-1. (B) Mean tumor area. (C) Survival of mice. (D) Re-
challenge of mice cured from B. (E-F) Flow cytometry of tumors at day 24. Bar graph
indicating percent positive (E) CD45"PD-1" cells (right panel) and CD45"CD8PD-1" cells
(left panel), (F) CD4"FoxP3" (right panel) and ratio of effector T cells to Tregs (left panel
(G) CD8" T cells, granzyme B" CD8 T cells, and Ki67" CD8 T cells respectively. (H)
Evaluation of triple combination in CT26 murine colon carcinoma model. Mice were
treated as described in Materials and Methods. Each experiment was conducted at least
twice with similar results. Data are presented as mean + SEM and statistical differences
between groups were measured by two-tailed student ¢ test. *p < 0.05, **p < 0.01, ***p <
0.001, ****p <0.0001.
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Figure 18. Mean fluorescence intensity (MFI) expression of PD-1 expression and
frequency of PD-1" cells

C57BL/6J mice (n=5 per group) were implanted subcutaneously in the right flank with
D4M3A cells (3 x 10°) on day 0 and treated with T-VEC (1x10° pfu) or sterile water via
intra-tumoral injection on days 15, 19 and 22, trametinib (0.5 mg/kg) or vehicle control on
days 15-19 via oral gavage and aPD-1 antibody (clone: RMP1-14, 10 mg/kg) via i.p.
injection on days 15, 19 and 22. In addition, groups received double combination treatment
with T-VEC and trametinib (and rat IgG isotype control) or triple therapy with m-TVEC,
trametinib, and oPD-1 antibody. (A) Bar graph indicating the mean fluorescence intensity
(MFI) of CD45"PD-1" (right panel) and CD45"CD8PD-1" (left panel). (B) Bar graph
indicating the percent positive CD45"PD-1* (right panel) and percent positive
CDA45"CD8'PD-1" (left panel). Each experiment was repeated at least two times with
similar results. Data are presented as mean + SEM and statistical differences between
groups were measured by using one-way ANOVA *p < 0.05, **p < 0.01, ***p < 0.001,
*x%%p < 0.0001. Only significant differences are indicated.
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Figure 19. Individual tumor growth curves of BALB/c mice bearing CT26 tumors.

Growth curves from two individual experiments. BALB/c mice (n=10 per group) were
implanted subcutaneously in the right flank with CT26 cells (2 x 10°) on day 0 and treated
with T-VEC (5x10° pfu) or sterile water via intratumoral injection on days 8, 12, 15, 19
and 22, MEKi (0.5 mg/kg) or vehicle control on days 8-20 via oral gavage and aPD-1
antibody (clone: RMP1-14, 7.5 mg/kg) via i.p. injection on days 8, 12, 15 and 19. In
addition, groups received equivalent doses of double combination treatment with mT-VEC
and MEK:i (and rat IgG isotype control) or triple therapy with TVEC, MEKi and aPD-1
antibody. Mean tumor area across groups was calculated on day 26 and statistical
differences between groups were measured by one-way ANOVA, *p < 0.05, **p < 0.01,
*H%kp < 0.001, ****p < 0.0001. Only significant differences are shown.
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DISCUSSION

In this study, we demonstrate that the combination of T-VEC and MEK inhibition increases
melanoma tumor cell killing through increased viral replication and apoptosis in-vitro and
enhances melanoma specific adaptive immune responses in-vivo. Previous reports have
described interactions between MAPK pathway inhibition and different OVs (45, 46).
MEK inhibition was found to increase oncolytic adenovirus replication and tumor cell
killing, possibly through upregulation of coxsackievirus and adenovirus receptor (CAR)
(47). In glioma cells, MEKi PD98059 inhibited autophagy and increased cell killing
without increasing oncolytic adenovirus replication (48). Oncolytic reovirus increased
tumor cell killing due to increased endoplasmic reticulum (ER) stress-induced apoptosis
and not increased virus replication (45). The effects of MEK inhibition is more complex
with oncolytic HSV and depend on the particular virus mutation. An internal repeat-
deleted oncolytic HSV-1 inhibited p-MAPK activation in vitro and synergized with
PD98059 in killing triple negative breast cancer (TNBC) cells lines (46). In contrast, the
tumor cell cytotoxicity of ICP34.5-deleted oncolytic HSV-1 (R3616) in vitro correlated
with constitutive MEK activation, due to suppression of PKR, so that MEK inhibition
reduced virus replication by about 15-fold (49). The R3616 virus was also found to be more
effective in vivo against tumors with high MEK activity (50). Compared to R3616, T-VEC
has an additional ICP47 deletion, resulting in early Us11 expression and PKR suppression,
which likely explains the favorable interaction of T-VEC with trametinib. Thus, different

OVs interact with MEK inhibition in different ways that may depend on cancer cell type.
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These data suggest that different OVs may enhance therapeutic responses through a variety

of mechanisms.

Furthermore, it is important to point out that in our model we utilized trametinib which is
a more selective MEK 1/2 inhibitor and has been previously shown to have less side effects
compared to other MEK inhibitors (51). Thus, in the context of combination therapy,
trametinib might provide a paradoxical improvement in therapeutic activity while limiting
toxicity and, hence, promoting a more favorable therapeutic window. Another factor
known to influence the replicative ability of viruses is the status of the anti-viral machinery.
These include intra-cellular factors that detect viral nucleic acids and molecular elements
that promote viral clearance, such as type 1 interferon, and initiate innate immune
responses, such as ¢cGAS-STING., The expression of the anti-viral machinery is typically
defective in tumor cells, which adds to the ability of OVs to preferentially replicate in
tumor cells (52). In our model with trametinib and T-VEC, further interrogation of the
Nanostring data confirmed that MEK inhibition was associated with a decrease in anti-viral
response factors in vivo, including STING (Tmem173) and interferon response factors
(IRFs) 3 and 7. While MEK inhibition alone inhibits expression of these factors it
establishes favorable intra-cellular conditions for increased viral replication. When T-VEC
is added to the treatment regimen, increased viral replication drives interferon production

and ultimately increases innate immune gene expression.

While MEK inhibition in tumor cells may promote apoptosis and drive immunogenic cell

death, MEK inhibition may also block T cell activation (53). Thus, it may be surprising
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that we demonstrated strong anti-viral and anti-tumor CD8+ T cell responses in our model
(Figs 7 and 11). One explanation may have related to a recent finding that MEK inhibition
selectively blocks activation of naive T cells but not antigen-experienced effector T cells
(16). Others have shown that MEK inhibition selectively suppresses alloreactive T cells in
a model of graft-versus-host disease (GVHD), demonstrating that trametinib blocks
GVHD-inducing CD8+ T cells but spares graft-versus-tumor (GVT)-specific CD8+ T cells
in vivo (54). Thus, established tumors may contain antigen experienced T cells and, in this
setting, MEK inhibition would be expected to promote T cell activation, consistent with
the Nanostring data from tumor bearing mice treated with trametinib and mT-VEC. The
increased expression of anti-viral machinery genes, including STING and TLRs, may also
promote recruitment of anti-tumor CD8+ T cells as induction of these innate immune

sensors has been associated with restoration of effective anti-tumor immunity (55).

Another important observation in our study was that BRAF inhibition only enhanced T-
VEC oncolysis in BRAF-mutant tumor cells (Fig. 1G). In contrast, MEK inhibition
improved T-VEC replication and oncolytic activity in both BRAF-mutant and BRAF wild-
type cell lines (Fig. 2C, E). This suggests that MEK inhibition may be better than BRAF
inhibitors in combination with HSV-based OV therapy and might be active regardless of

BRAF mutation status. This will, however, require further clinical validation.

In our studies, therapeutic effectiveness was seen in both human xenograft and immune-
competent melanoma models. While human melanoma cells are highly sensitive to HSV-

1 infection, murine melanoma cells have been generally resistant. To our knowledge, this
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is the first report demonstrating that spontaneous murine D4M3A cells are sensitive to
HSV-1 infection and exhibit high levels of phosphorylated ERK. This also provides a
physiologically relevant model to assess host anti-tumor immunity. We found that
combination T-VEC and MEK inhibition is associated with an increased accumulation of
activated CD8+ T cells, characterized by production of IFN-y and Granzyme B (Fig. 7E),
within the tumor microenvironment as well as a decrease in CD4+FoxP3+ regulatory T
cells. We also confirmed the importance of CD8+ T cells through selective immune cell
depletion studies. This is consistent with prior reports in melanoma patients treated with
single-agent T-VEC in which injected tumors have been found to have higher numbers of
MART-1-specific effector CD8+ T cells and decreased numbers of CD4+ Foxp3+ Tregs
(36). Since HSV-1 can promote IFN production, we also found an increase in PD-1 and
PD-L1 expression within the tumor microenvironment and this is likely related to the
counter-regulatory induction of immune checkpoints in the setting of excessive IFN-y (56).
This comports with recent clinical data showing increased PD-L1 expression in tumors
from melanoma patients treated with T-VEC and pembrolizumab (32) and provides a
biologic rationale for the addition of PD-1 blockade to T-VEC and MEKi treatment, where
we showed over 80% complete tumor eradication and increased survival without overt
signs of toxicity. This triple drug regimen is particularly appealing since all three agents
are currently FDA-approved for the treatment of melanoma, and it is consistent with recent
reports suggesting MAPK pathway inhibition and PD-1/PD-L1 blockade are associated

with improved therapeutic responses in pre-clinical models (16, 57).
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The Batf3+ (CD8+CD103+) DC population was initially identified as critical for priming
anti-viral CD8+ T cells responses (42, 58). These DCs have also recently been identified
as critical for anti-tumor immunity and recruitment of lymphocytes through chemokines,
such as CXCL9 (59). We demonstrated that Batf3+ DCs are also critical for the recruitment
of CD8+ T cells in our melanoma model following treatment with T-VEC and trametinib.
We further observed an increase in CXCL9 as evidenced by NanoString gene expression
profiling. These data support a role for Batf3+ DCs, which likely prime both anti-herpes
and anti-tumor CD8+ T cells. Enhanced CXCL9 expression also helps recruit effector
CD8+ T cells into the tumor microenvironment. The antigen specificity of the CD8+ T
cells has not been previously evaluated, but we found evidence for both viral (HSV gB-
specific) and melanoma (gpl100- and TRP2-specific) CD8+ T cell responses. This is
consistent with initial viral responses and cross presentation of tumor-associated antigens
(60). Antigen spreading has previously been reported as a predictive biomarker of
therapeutic responses for other forms of immunotherapy, including tumor vaccines and

immune checkpoint inhibitors (61, 62).

We applied an IFN-y-regulated gene signature profile that has been associated with
therapeutic responses to PD-1 blockade in patients with melanoma (44) and found a strong
correlation between this gene signature and responses in mice treated with T-VEC and
MEK inhibition, supporting this as a more universal profile for immunotherapy. These
findings also support the ability of T-VEC and MEK inhibition to transform the tumor
microenvironment into a more lymphocyte-predominant state that likely favors immune-

mediated regression with immunotherapy. We were also able to identify a strong
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correlation with a 5-gene T cell activation signature supporting the importance of effector
CD8+ T cell function in the anti-tumor activity of the combination treatment and
highlighting a potential predictive biomarker for further clinical validation in oncolytic
virus trials. The NanoString analysis was also interesting in that minor variations were
observed in selected genes and gene families suggesting potential pathways of drug
resistance, which remain largely undefined for OV treatment. Finally, we added anti-PD-1
therapy to the T-VEC + MEKi combination based on gene expression data and FACS
analysis showing upregulation of PD-1 and PD-L1 during therapy (Fig. 15D), which
produced a superior survival benefit (Fig. 17C). This was associated with increased
granzyme B-positive cytolytic CD8+ T cells and proliferating CD8+ T cells (Fig. 17F) in
the tumors. Our observations support a mechanism where combination of T-VEC + MEKi
can enhance immune cell infiltration and augment antitumor responses but eventually leads
to upregulation of PD-1 and PD-L1, which can suppress anti-tumor immunity. Addition of
PD-1 blockade to T-VEC + MEKIi further augments anti-cancer immunity. We also
observed a similar therapeutic effect for triple combination in the genetically distinct
BALB/c murine CT26 model suggesting that this approach may be broadly applicable for

solid tumors beyond melanoma.

Finally, our data may also have implications for other microbial pathogens being evaluated
as cancer therapeutics. In a patient-derived orthotopic xenograft model, treatment with
Salmonella typhimurium combined with vemurafenib or trametinib resulted in improved
therapeutic responses in a BRAF V600E mutated melanoma (63). In a syngeneic pancreatic

cancer orthotopic murine model, S. #yphimurium was also associated with recruitment of
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CDS8+ T cells into the tumor microenvironment. In addition, S. typhimurium has shown
enhanced therapeutic benefit when combined with cytotoxic chemotherapy (64, 65).
Recent studies using non-oncogenic viruses such as influenza have shown to influence anti-
tumor immune responses (66). Thus, it may be intriguing to test oncolytic viruses, such as
T-VEC with other targeted therapies and cytotoxic chemotherapy to further optimize

therapeutic potential.

In summary, we evaluated the combination of MAPK inhibition and T-VEC in murine and
human melanoma cell lines and found an unexpected synergistic effect between T-VEC
and MEK inhibition regardless of BRAF mutation status. The combination was associated
with therapeutic activity in human xenograft and immune competent murine melanoma
models, as well as in the CT26 colon carcinoma model. Therapeutic responses are
associated with induction of viral- and tumor-specific CD8+ T cells and immunologic
memory. Combination treatment also induced an interferon-y-related inflammatory gene
signature, which resulted in increased expression of PD-L1 so that therapeutic responses
could be further improved by addition of anti-PD-1 therapy. In our studies, we did not
observe overt signs of toxicity in mice supporting a more favorable therapeutic window
even with triple combination therapy, although clinical confirmation is needed.
Collectively, these data provide pre-clinical rationale for triple combination treatment of

T-VEC, MEK inhibition and PD-1 blockade in patients with melanoma.



56

CHAPTER THREE: RESULTS Section:2
Oncolytic virus immunotherapy induces immunogenic cell death and overcomes
STING deficiency in melanoma

RATIONALE:

Tumor immunotherapy has changed the therapeutic landscape for an increasing number
of patients with cancer (1). Yet, many patients do not respond to treatment and the
mechanisms of innate and acquired drug resistance are incompletely understood (2).
Solid tumors are generally characterized by the presence or absence of tumor-infiltrating
lymphocytes (3). Indeed, studies in metastatic melanoma patients treated with
programmed cell death 1 (PD-1) inhibitors revealed an association between T-cell
infiltration and clinical response to immune checkpoint blockade (4). The homeostatic
mechanisms regulating the development of this so-called T cell-inflamed tumor
microenvironment are being elucidated and appear to depend on patterns of intracellular
signaling within tumor cells as well as innate features of the host immune system. The
presence of high tumor cell mutation burden, enriched neoantigen T cell repertoire,
availability of tissue resident basic leucine zipper ATF-like transcription factor 3
(Batf3)+ dendritic cells (DCs) and expression of an interferon-related pro-inflammatory
gene expression profile have correlated with improved therapeutic responses to

immunotherapy (5-9).

Recently, the cyclic guanosine monophosphate (GMP)—adenosine monophosphate (AMP)
synthase (cGAS) and stimulatory of interferon genes (STING) complex has been

implicated as a key intracellular regulator of host T cell recruitment to the tumor
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microenvironment in melanoma (10). cGAS is a DNA sensor that responds to genotoxic
cell stress by binding to abnormal DNA in neoplastic cells and activating STING, which
serves as an adaptor protein that triggers innate immunity through type I interferon gene
expression, release of chemokines CXCL9 and CXCL10, and ultimately recruitment of T
cells (10, 11). While cGAS-STING signaling explains the presence of tumor-infiltrating T
cells, this pathway also enhances expression of several counter-regulatory immune
parameters, including expression of PD-1 ligand 1 (PD-L1), accumulation of CD4+FoxP3+
regulatory T cells and production of indoleamine 2,3-dioxygenase (IDO), all factors that
inhibit host anti-tumor immunity (6, 12). Thus, effective immunotherapy requires both T
cell recruitment to the tumor microenvironment and suppression of the homeostatic
counter-regulatory pathways. This explains why the presence of T cells, per se, is
insufficient to mediate tumor regression in the absence of immune checkpoint inhibition.
In addition, re-establishing cGAS-STING activation in tumors with deficient type 1
interferon responses has been suggested as an important strategy for converting lymphoid-
deficient tumors (i.e., “cold” tumors) into T cell-inflamed tumors (i.e., “hot” tumors)(13,

14).

Oncolytic viruses are viral vectors that preferentially replicate in tumor cells, inducing
immunogenic cell death (ICD) and promoting host anti-tumor immune responses (13). The
preferential replication in tumor cells is based on several features, including deficiencies
in tumor cell anti-viral machinery elements and defective type 1 interferon signaling as
compared to normal, non-neoplastic cells (15). Additionally, oncolytic viruses are thought

to enhance ICD through release of danger-associated molecular pattern (DAMP) factors
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and soluble tumor-associated antigens that cooperate to induce innate and adaptive immune
responses, although this has not been confirmed for most oncolytic viruses (13). The ability
of oncolytic viruses to recruit T cells to the tumor microenvironment and promote ICD
with release of tumor-associated antigens suggests that oncolytic immunotherapy is
especially well suited for converting lymphoid-deficient tumors into T cell-inflamed tumor

microenvironments, which should further enhance systemic immunotherapy (16).

Thus, in this set of experiments we sought to explore the molecular factors involved with
T-VEC-mediated ICD in melanoma cells and determine which intracellular factors are
important for promoting viral replication and promoting anti-tumor immunity. We
hypothesized that T-VEC would induce ICD through release of defined DAMPs and would
promote T cell recruitment to established melanomas through type 1 interferon-related
factors, including CXCL9 and CXCL10, as well as a pro-inflammatory gene signature
profile. In addition, we found that specific components of the anti-viral machinery, such as
STING, were critical for both T-VEC permissive replication and induction of host anti-
tumor immunity. Tumors which have low levels of STING show minimal response to anti-
PD-1 therapy but respond to T-VEC treatment. Further, T-VEC treatment induced a
systemic anti-tumor specific CD8" T cell response and increased immune inflammatory
gene signature both in injected and contralateral tumors, leading to regression of un-
injected tumors. These data support the role of T-VEC in overcoming STING deficiency
in melanoma cells and confirms how T-VEC mediates melanoma ICD and triggers innate

and adaptive anti-tumor immunity.
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Human melanoma cell lines are permissive to T-VEC infection and oncolysis

We first sought to investigate the ability of T-VEC to kill a panel of melanoma cell lines
included in the NCI60 cell line list. Melanoma cell lines were seeded in 96-well plates and
treated with T-VEC at the indicated multiplicity of infection (MOI) and an MTS assay was
performed on infected SK-MEL-2, SK-MEL-5, SK-MEL-28, M14 and LOX-IMVI cells 5
days after T-VEC infection to measure cell viability (Fig. 20A-E). The SK-MEL-5 cell line
(Fig. 20B) exhibited the highest sensitivity to T-VEC induced death, while LOX-IMVI
cells (Fig. 20E) were the least sensitive. The sensitivity of LOX-IMVI, M14, and SK-MEL
cell lines to T-VEC infection was significantly different at low doses (0.03 MOI) (Fig. 20F).
Thus, we confirmed that melanoma cells exhibited differential sensitivity to T-VEC killing,
the LOX-IMVI cell line was relatively resistant to T-VEC-mediated killing. We next
investigated the expression levels of several distinct entry receptors, including gD-binding
herpes virus entry mediator (HVEM) and nectin-1, and low affinity nectin-2. While most
cell lines seem to express one or more of the entry receptors (Fig. 21). However, the level
of expression of individual receptors was variable in different cell line, with highly
sensitive SK-MEL-5 cells (Fig. 21) expressing the highest levels of HVEM and nectin-1
and LOX-IMVI cell expressing relatively lower levels of major entry receptors. These data
show that there is variable expression of HSV-1 cell surface receptor expression across

several melanoma cell lines.
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Figure 20. Human melanoma cell lines exhibit differential sensitivity to T-VEC-
mediated lysis in vitro.

Cells (5 x 10%) were seeded on 96-well plates and treated with T-VEC at the indicated
multiplicity of infection (MOI) and MTS assay performed on day 5 post T-VEC infection
to measure cell viability of (A) SK-MEL-2 (B) SK-MEL-5 (C) SK-MEL-28 (D) M14 and
(E) LOX-IMVI at 5 days post T-VEC treatment. (F) Cell viability at 5 days post 0.3 MOI
T-VEC treatment for selected cell lines. Each experiment was performed two or more times
and similar results were obtained. * denotes statistical significance as per Methods
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Figure 21. Human melanoma cell lines exhibit differential expression of HSV-1 cell
entry receptors.

Cells (1 x 10°) were collected from cultures and stained using antibodies against Herpes
Virus Entry Mediator (HVEM), Nectin-1 and Nectin-2. Histograms show mean
fluorescence intensity (MFI) levels of receptor expression on (A) SK-MEL-2 (B) SK-
MEL-5 (C) SK-MEL-28 (D) M14 and (E) LOXIMVI. This experiment was performed two
or more times and similar results were obtained.
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T-VEC infection induces immunogenic cell death and DAMP release from melanoma
cell lines

The induction of immunogenic cell death is associated with release of damage-associated
molecular patterns (DAMPs). Although generally accepted that oncolytic viruses induce
DAMP release, we sought to test whether T-VEC promoted DAMP release following
infection. To test this, we selected the moderately sensitive SK-MEL-28 cell line for
analysis, and infected cell monolayers with T-VEC at MOI of 1 (or mock infected) and
collected cell supernatants at 24 and 48 hours after infection. First, the levels of the high
mobility group box 1 (HMGBI1) was assessed by ELISA and was significantly increased
at 24 hours compared to mock infected cells and increased even further at 48 hours (Fig.
22A). Next, the levels of adenosine triphosphate (ATP) were assessed in cell supernatants
and found to be significantly elevated at 24 hours compared to mock infected cells and
levels increased further at 48 hours (Fig. 22B). Finally, the presence of ecto-calreticulin
was evaluated at 24 hours and presence of ecto-calreticulin was noted by immunostaining
with an antibody against calreticulin (CALR; green) and a nuclear stain (DAPI; blue) as
shown in Fig. 22C. These data confirm that T-VEC induces immunogenic cell death and

release of DAMPs during lysis of melanoma tumor cells.
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Figure 22. T-VEC induces immunogenic cell death and release of DAMPs.

(A-B) SK-MEL-28 cells (5 x 10°) were mock infected or treated with 1 MOI T-VEC and
cell supernatants collected at 24 and 48 hrs. post infection. (A) Bar graph indicating levels
of high mobility group box 1 (HMGBI1) in cell supernatants at indicated times. (B) Bar
graph indicating the level of adenosine triphosphate (ATP) in cell supernatants at indicated
times. (C) SK-MEL-28 cells (1 x 10°) were plated in a 6 well chamber slide and treated the
next day with phosphate buffer saline (mock; left panel) or 1 MOI of T-VEC (right panel)
and stained with anti-calreticulin (CALR) antibody (green) and nuclear stain (DAPI; blue)
24 hrs. post T-VEC treatment. Each experiment was performed two or more times with
similar results. Data are presented as mean + SEM and statistical differences between
groups was measured by student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001.
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Anti-viral machinery elements are deficient in some melanoma cell lines

The preferential replication of oncolytic viruses in tumor cells occurs, in part, because of
deficiencies in anti-viral machinery in tumor cells. The characterization of the anti-viral
machinery in melanoma cells, however, has not been extensively evaluated. We
hypothesized that alterations in anti-viral machinery proteins were necessary for T-VEC
replication in melanoma cell lines. HSV-1 is detected in host cells by two major anti-viral
pathways, the Protein Kinase R (PKR) and cGAS / STING pathways (24). The levels of
PKR and cGAS/STING expression in the various melanoma cell lines was determined and
compared to T-VEC cytolytic activity. Using Western blot analysis, we observed that the
SK-MEL-5 cell line exhibited undetectable expression of PKR, STING and cGAS proteins
(Fig 23A-B), whereas the LOX-IMVI cells exhibited the highest protein levels of PKR and
STING. The undetectable PKR and cGAS/STING in the SK-MEL-5 cell line and low
levels of STING in SK-MEL-2 was associated with increased sensitivity to T-VEC-
mediated lysis (Fig 20). In contrast, the PKR and cGAS/STING high LOX-IMVI cells were
relatively resistant to T-VEC-mediated lysis and required MOI of 1 or greater for activity

(Fig 20E).
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Figure 23. Melanoma cell lines display variable levels of anti-viral machinery
elements.

(A-B) Total cell lysates were collected from the indicated cell lines (2 x 10°) and 40 ug of
lysate was loaded onto an SDS-PAGE gel and transferred to a PVDF membrane.
Antibodies against protein kinase R (PKR), cyclic-GMP-AMP synthase (cGAS) and
stimulator of interferon genes (STING) were used in immunoblotting assay as described in

Methods. Immunoblots of PKR (A), cGAS and STING (B). GAPDH is loading control.
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STING contributes to T-VEC resistance

In order to confirm which anti-viral machinery factor elements was responsible for
resistance to T-VEC-mediated lysis, the LOX-IMVI cell line was used to generate a series
of gene knockout clones. First, a LOX-IMVI-shPKR cell line was generated and clones
exhibited low levels of PKR expression compared to LOX-IMVI-shScr (Fig 24A-left
panel). However, no significant differences in T-VEC sensitivity were observed between
LOX-IMVI shSCr and LOX-IMVI-shPKR cells (Fig 24A-right panel). To test the role of
STING in mediating resistance to T-VEC sensitivity, we generated LOXIMVI-shSTING
and CRISPR knock-out cell lines. ShSTING reduced STING protein levels by over 50%
(Fig 24B-left panel) and had only a modest effect on T-VEC cytotoxicity compared to the
scrambled control (Fig 24B-right panel). Using CRISPR-Cas9 technology we generated 3
clones of LOX-IMVI cells, with clonel and clone3 exhibiting a complete knock out of
STING protein (Fig 24C). Both these clones, but not clone2 or scrambled control, were
now sensitive to T-VEC at higher MOIs (Fig 24D). Cytosolic and viral DNA is detected
by cGAS and other synthases which eventually leads to STING activation (25). Thus, to
determine if cGAS is involved in T-VEC resistance in the LOX-IMVI cell line, we
generated 3 clones of LOX-IMVI cells with cGAS knockout using CRISPR-Cas9, with
complete knockout in all the three clones (Fig 24E). However, all 3 clones retained
resistance to T-VEC (Fig 24F). These data collectively suggest that STING, and not cGAS
or PKR, contributes to resistance to T-VEC-mediated killing in LOX-IMVI melanoma

cells.
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Figure 24. STING contributes to resistance to T-VEC-mediated lysis in melanoma
cells.

(A) Immunoblot showing PKR protein levels from LOXIMVI-scr and LOXIMVI-shPKR
cell lysates (left panel) and cell viability 5 days post T-VEC treatment (right panel). (B)
Immunoblot showing STING protein levels from LOXIMVI-scr and LOXIMVI-shSTING
cell lysates (left panel) and cell viability 5 days post T-VEC treatment (right panel). (C)
Immunoblot showing STING protein levels from LOXIMVI-CRISPR-scr and LOXIMVI-
CRISPR-STING clones 1, 2 and 3 cell lysates. (D) MTS assay measuring cell viability of
LOXIMVI-CRISPR-scr and LOXIMVI-CRISPR-STING clones 1, 2 and 3 cell lines at 5
days post T-VEC treatment. (E) Immunoblot showing cGAS protein levels from
LOXIMVI-CRISPR-scr and LOXIMVI-CRISPR-cGAS clones 1, 2 and 3 cell lysates.
Vinculin is loading control. (F) MTS assay measuring cell viability of LOXIMVI-
CRISPR-scr and LOXIMVI-CRISPR-cGAS clones 1, 2 and 3 cell lines at 5 days post T-
VEC treatment. Each experiment was performed two or more times with similar results.
Data are presented as mean = SEM and statistical differences between groups was
measured by student’s t test. **p < 0.01, ***p < 0.001, ****p < (0.0001.
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STING deficiency alters cytokine release induced by T-VEC infection

We demonstrated that loss of STING can increase sensitivity to T-VEC in LOX-IMVI cells.
Since activation of STING leads to the release of several cytokines, including type 1
interferons and tumor necrosis factor alpha (TNFa) secretion that mediate anti-viral
responses (26), we tested the hypothesis that STING expression was required for cytokine
release in the LOX-IMVI cell line following T-VEC infection. To observe the changes in
cytokine profile, we treated LOX-IMVI CRISPR-scr and LOXIMVI-CRISPR-STING-
clonel cells with T-VEC (MOI 1) and collected supernatants 24 hours later. We utilized a
multiplex human anti-viral immune response array to determine the cytokine profile. There
was a significant increase in levels of GM-CSF during T-VEC treatment in LOXIMVI-
CRISPR-STING-clone 1 (Fig 25A), due to expression of GM-CSF by the virus and
indicative of better viral replication. T-VEC also induced TNFa, which was reduced to
mock-infection levels in STING knockout cells (Fig 25B). Finally, we saw a significant
increase in levels of interleukin 1 beta (IL-1p) after T-VEC, which was further increased
in the knockout cells (Fig 25C). STING expression appears to be required for production
of cytokines associated with inflammation and induction of innate immunity following T-

VEC infection of melanoma cell lines.
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Figure 25. STING deficiency alters cytokine profiles following T-VEC treatment.

LOXIMVI-CRISPR-scr and LOXIMVI-CRISPR-cGAS clone 1 cells (5 x 10°) were plated
in a six well plates and infected with 1 MOI of T-VEC or mock. After 24 hrs., cell
supernatants were collected and measured for cytokine release as described in Methods.
Bar graphs show the levels of GM-CSF (A), TNFa (B) and IL-1 (C). Each experiment
was performed two or more times with similar results. Data are presented as mean + SEM

and statistical differences between groups was measured by student’s t test. **p < 0.01,
*¥%p < 0.001, ¥***p < 0.0001.
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T-VEC treatment induces tumor regression in a STING-deficient murine melanoma

model

STING has been previously implicated as a critical mediator of anti-tumor immunity in
melanoma by recruiting T cells to the tumor microenvironment (10). Since T-VEC was
shown to replicate more efficiently in STING-deficient cells, we sought to determine if T-
VEC could overcome STING deficiency and enhance anti-tumor immunity in vivo
compared to checkpoint blockade. To test this, we implanted STING™ expressing BRAF
V600E mutant D4AM3A melanoma tumors in C57/BL6J mice (Fig. 26). Once tumors were
palpable, mice were mock-treated, treated with T-VEC or treated with murine aPD-1
antibody as described in Methods. STING'® D4M3A melanoma tumors did not respond to
PD-1 blockade as no significant differences were observed between mock treated mice (Fig.
27A) and mice treated with PD-1 blockade (Fig. 27B). This was consistent with previous
reports showing D4M3A cell line does not respond to PD-1 blockade (27). We did,
however, observe significant tumor growth reduction in T-VEC treated mice (Fig. 27C).
T-VEC treatment completely eliminated tumors in 1/5 treated mice, while treatment with
aPD-1 antibody had no effect. To determine if T-VEC treatment was associated with
systemic anti-tumor activity, we implanted D4M3A tumors in both the right and left flanks
of C57/BL6J mice. T-VEC was injected in the right flank palpable tumors according to the
study schema shown in Fig. 28 A. T-VEC treatment significantly reduced tumor volume in
both injected and un-injected contralateral tumors compared to mock treated mice (Fig
28B-C). T-VEC was associated with complete regression in 3/9 injected tumors and 1/9

un-injected tumors. T-VEC treatment also significantly enhanced survival of mice
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compared to mock treatment (Fig 28C). These data indicate that T-VEC induced anti-tumor

activity in vivo in STING! melanoma tumors that are resistant to PD-1 blockade.
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Figure 26. D4M3A cells exhibit low levels of STING protein expression and are

susceptible to T-VEC infection.
(A) Immunoblot showing the levels of STING expression in D4M3A cell line. (B) MTS
assay measuring cell viability of D4M3A cells at 74 hrs. post T-VEC treatment. Each

experiment was performed at least twice.



72

Mock
aPD-1 *lt
T-VEC
A Mock 0/5 B aPD-1 0/5 c T-VEC 1/5
200+ 100m=
. 150- T 751
E =
X 100+ 8 50
] (%]
o] o]
g 50 g 25+
[ [
[ — 0
0 5 10 15 20 25 0 5 10 15 20 25
Days post-implantation Days post-implantation Days post-implantation

Figure 27. D4AM3A cells do not respond to PD-1 blockade but are sensitive to T-VEC
treatment.

(A-C) B6 mice (n = 5/group) were implanted subcutaneously in the right flank with 3 x
10° D4M3 A murine melanoma cells on day 0 and treated either with 6 x 106 plaque forming
units of T-VEC or mock at days 8, 10, 12, and 14. aPD-1 group received 15 mg/kg of aPD-
1 antibody (clone: RMP1-14, 7.5 mg/kg) or Mock group received rat IgG2a isotype control
via subcutaneous (s.c.) injection at days 8, 10, 12, and 14. (A) Individual tumor growth
curves of mock treated mice. (B) Individual tumor growth curves of aPD-1 antibody treated
mice. (C) Individual tumor growth curves of T-VEC treated mice. Each experiment is
performed two or more times with similar results. statistical differences between groups
was measured at day 23 by one-way ANOVA. *p < 0.05, **p < 0.01. Only significant

differences are indicated.
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Figure 28. T-VEC has therapeutic activity in STING deficient melanoma in vivo.

(A) Schema of treatment studies in vivo. (B) Individual tumor growth curves of injected
tumors of mice treated with mock (top panel; black curves) or T-VEC (bottom panel; red
curves). (C) Individual tumor growth curves of contralateral tumors of mock-treated (top
panel; brown curves) or T-VEC treated mice (bottom panel; purple curves). Mean tumor
area of Mock injected (169.4 mm?) was compared to mean tumor are of Mock un-injected
(144 mm?), mean tumor are of T-VEC-injected (15.33 mm?) and mean tumor area of T-
VEC-un-injected (47 mm?) at day 21 (D) Kaplan-Meier survival curves from animals. Each
experiment was performed twice with similar results.
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T-VEC induces anti-viral and systemic anti-tumor immunity in STING deficient
melanoma

We investigated whether T-VEC treatment of STING'" melanoma cells induced viral or
tumor-associated antigen-specific CD8+ T cell responses. We implanted D4M3A
melanoma tumors in C57BL/6J mice and were treated as described in Methods. Tumors
were harvested on day 29 and flow cytometry analysis revealed significant increases in the
frequency of CD3" and CD8* T cells in both injected (Fig 29A) and contralateral (un-
injected) tumors (Fig 29B) following T-VEC treatment. We also observed a significant
increase in levels of melanoma antigen gpl00- and TRP2-specific, and HSV-1
glycoprotein-B (gB)-specific CD8" T cells in injected (Fig 29C) and contralateral tumors
(Fig 29D). We next compared the levels of antigen specific CD8* T cells in the injected vs.
contralateral tumors of individual mice and observed that melanoma antigen specific CD8*
T cells were present in relatively higher numbers in injected lesions compared to
contralateral tumors while the levels of HSV-1 gB-specific CD8" T were similar (Fig 29E).
The level of PD-L1 expression on tumor cells and percent CD45" cells expressing PD-1
was significantly higher in injected compared to un-injected tumors (Fig 29F). These data
suggest that T-VEC treatment induces both melanoma-specific and HSV-1-specific CD8+

T cells in injected and contralateral STING! melanoma tumors.
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Figure 29. T-VEC treatment induces host immunity in STING-deficient melanoma
model.

Mice (n = 5/group) were implanted subcutaneously in the right flank with 3 x 10° D4M3A
cells on day 0 and treated with 6 x 10° pfu T-VEC or mock injection on days 17, 20, 23, 25
and 27. Tumors were harvested on day 29 and flow cytometry was performed using
fluorochrome-conjugated antibodies as described in Methods. (A) Bar graph indicating
percentage CD45°CD3" T cells and CD3"CDS8"* T cells from T-VEC and mock injected
tumors and (B) contralateral tumors. (C) Bar graph indicating the percentage of CD8" T
cells specific for murine gpl00 or TRP2 and HSV-1 glycoprotein B (HSV-1 gB),
respectively, from T-VEC and mock injected tumors and (D) contralateral tumors. (E)
Line graphs indicating percent CD8" T cells specific for indicated antigens from either T-
VEC injected or contralateral tumors. (F) PD-L1 expression of CD45" cells (left panel) and
percent of CD45"PD-1" cells (right panel) from T-VEC injected and contralateral tumors.
Each experiment was performed two or more times with similar results. Data are presented

as mean + SEM and statistical differences between groups was measured by student’s t test.
*¥%p < 0.001, ¥***p < 0.0001.
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To further evaluate T-VEC induced systemic pro-inflammatory responses in STING"
melanoma, gene expression analysis was performed on RNA derived from tumors treated
with T-VEC. The Nanostring Pan Cancer immune gene expression panel was applied to
tumors derived from both injected and contralateral tumor sites (Fig. 30). Gene expression
analysis revealed upregulation of genes involved in: antigen presentation (H2-DMb-2, H2-
Abl), costimulation (CD80, ICOS), chemokines (Cxcl10, Cxcl9), and genes involved with
CD8" T cell activation (CD8a, GZMa, GZMb, and Pdcdl) in both injected (Fig 31A) and
un-injected contralateral tumors (Fig 31B). We also analyzed gene expression changes in
commonly involved immune response pathways and found that T-VEC treatment caused
pronounced upregulation of these genes in injected lesions (Fig 31C), with a smaller
increase in the contralateral tumors (Fig 31D). Together, these data support the ability of
T-VEC to induce systemic inflammation and induce the recruitment of viral-specific and
melanoma-associated antigen specific T cells to melanoma cells even when intracellular

STING is low.
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Figure 30. Global gene expression of injected and contralateral tumors during T-VEC
treatment.

(A-B) C57BL/6J mice (n = 3/group) were implanted subcutaneously in the right flank with
3 x 10° D4M3A murine melanoma cells on day 0 and treated either with 6 x 10° plaque
forming units of T-VEC or mock at days 17, 20, 23, 25 and 27. Tumors were harvested on
day 29 and total RNA was isolated using a Qiagen RNAeasy kit. Gene expression analysis
was performed using the NanoString PanCancer Immune panel. (A) Heat map indicating
the global gene expression profile changes in T-VEC injected tumors and (B) contralateral

tumors.
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Figure 31. T-VEC treatment induces a systemic pro-inflammatory gene signature in
STING-deficient tumors in vivo.

Mice (n = 3/group) were treated as outlined in Fig 28. Tumors were harvested on day 29
and total RNA was isolated and Nano string analysis performed using the pan cancer
immune gene profiling kit as described in Methods. (A) Heatmap showing gene expression
levels of genes involved in Immune response signature in the injected tumors and (B)
contralateral tumors. (C) Heatmap showing Immune function Pathway score signature in
the injected tumors and (D) contralateral tumors.
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DISCUSSION

Oncolytic viruses are emerging as a new class of immunotherapeutic agents for cancer
treatment. Clinical proof-of-concept has been provided in patients with advanced
melanoma who demonstrated improved objective and durable response rates when treated
with talimogene laherparepvec (T-VEC), an oncolytic HSV-1 encoding GM-CSF (17). In
addition, there is emerging evidence that combination of T-VEC and immune checkpoint
blockade may be beneficial with improved therapeutic responses without increased toxicity
(28) (16) While these clinical data have been encouraging, the basic mechanisms by which
T-VEC, and other oncolytic viruses, mediate anti-tumor activity is incompletely
understood. We have previously reported that T-VEC also induces tumor cell apoptosis,
following infection (21). In this report, we sought to further investigate which intracellular
factors might influence T-VEC permissiveness in melanoma cells, and whether T-VEC can
induce antitumor immune responses in tumors with low expression of STING, which

usually correlates to lack of response to immunotherapies(10).

Pre-clinical studies have suggested a multi-modal mechanism of action in which oncolytic
viruses promote tumor regression through direct cell lysis and secondary induction of host
anti-tumor immunity (13). Our data confirms that T-VEC does induce Immunogenic cell
death (ICD) with corresponding release of danger associated molecular pattern (DAMP)
factors, including HMGBI1, ATP and ecto-calreticulin. While traditional ICD has focused
on DAMP release, we also demonstrated that T-VEC could induce an immune response in

vitro and in vivo. This included evidence of TNF-a production (29), as well as infiltration
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of CD8+ T cells and increased pro-inflammatory gene expression in both injected and un-
injected tumors in mice. We also demonstrated an increase in PD-1 expression following
in vivo treatment with T-VEC, highlighting the natural counter-regulatory mechanism
wherein viral-induced type 1 interferons inhibit T cells through engagement of the PD-
1/PD-L1 pathway. While this may limit therapeutic activity of oncolytic viruses, it also
provides strong biologic rational for combining T-VEC with PD-1/PD-L1 blockade. While
these data are important for understanding how T-VEC contributes to the anti-tumor
response, other oncolytic viruses may mediate host anti-tumor immunity through other
mechanisms. For example, in a recent report of an oncolytic Newcastle disease virus (NDV)
in lung cancer cell lines, NDV induced DAMP release as seen with T-VEC but autophagy
also played an important role in mediating cell death (30). As the field develops, it will be
critical to confirm how tumor cells die with each oncolytic virus to better identify relevant
clinical indications and optimize combination approaches. We also explored the levels of
various HSV-1 cell surface entry receptors. The expression of viral entry receptors across
cancer cells and the relative contribution of receptor levels to therapeutic effectiveness of
T-VEC is not well known. In screening a panel of melanoma cell lines with differential
sensitivity to T-VEC-mediated killing, we found variable expression of the major HSV-1
entry receptors, HVEM and nectin-1, but expression of at least one receptor on all cell lines,
except possibly LOXIMVI. Although further confirmation of cell entry receptors on fresh
melanoma specimens would be helpful, it does not appear that lack of cell entry receptor

expression appreciably inhibits T-VEC infection.
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The initial response to HSV-1 infection occurs when viral DNA is “sensed” by elements
of the anti-viral machinery(31). Indeed, one of the reasons for selective tumor cell
replication for many DNA-based oncolytic viruses is due to deficiencies in anti-viral
machinery elements (32, 33). Using a panel of human melanoma cell lines with variable
sensitivity to T-VEC infection, we observed an inverse correlation between STING
expression and T-VEC permissiveness. We did not find any impact of PKR or cGAS on
T-VEC-mediated killing suggesting that STING may be particularly important. Recent
studies have also identified STING expression as an integral intracellular factor in
promoting lymphocyte recruitment to tumors and supporting sensitivity to
immunotherapy(10). Intumor cells, STING may be triggered by aberrant tumor cell DNA,
which then activates cytokines that coordinate with extrinsic STING to induce antigen
presentation and trigger host anti-tumor immunity. This pathway has been targeted by
STING agonists as a strategy for restoring local T cell recruitment and immunotherapy
sensitivity, although clinical trials are still in early development (14). The improved
replication of T-VEC in cells with STING deficiency, however, suggests that an alternative
approach may be to use oncolytic DNA viruses, which exhibit preferential replication in
tumor cells and may be able to overcome STING deficiency to restore innate and adaptive

host anti-tumor immunity.

To further confirm the central role of STING in mediating T-VEC-related ICD we
developed a STING knockout LOX-IMVI cell line became more permissive to T-VEC
infection in the absence of STING. Interestingly, while T-VEC was able to induce TNFa,

loss of STING was associated with less TNFa production but significantly increased IL-
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1B release. Although the basis for this is not clear, TNFa has been shown to increase PD-
L1 expression in murine tumor-associated macrophages (34), and increased IL-1[3
production might be due to increased inflammatory effects due to enhanced cell killing. In
addition to STING, it is also possible that additional intracellular factors may be involved
in mediating initial cytokine release induced by T-VEC. Further studies are needed to better
understand the implications of altered cytokine release in promoting anti-tumor immunity

and immunotherapy.

In order to examine immune responses in an immune-competent melanoma model, we used
the D43M cell line which has very low STING expression and is resistant to treatment with
anti-PD-1 immune checkpoint inhibitor. In this model employing a bilateral tumor design,
T-VEC was able to induce a strong anenestic response with regression of injected and un-
injected tumors with improved survival. In addition, we demonstrated the accumulation of
viral- and tumor antigen-specific T cells within injected and un-injected lesions. In addition,
increased pro-inflammatory gene expression was detected in all tumors suggesting a
systemic anti-tumor immune response had been generated. This included numerous genes
associated with multiple aspects of immune cell function, including antigen presentation,
innate immunity, and T cell activation and recruitment. This supports the concept that T-
VEC could overcome innate STING deficiency within the melanoma cells to promote ICD
and anti-tumor immunity. It is important to note that while T-VEC exhibited immune
infiltration to both injected and non-injected lesions, these responses can even be
augmented by using mT-VEC and other combinations as previously described (21). These

data are also supported by results of a recent phase I trial of T-VEC and pembrolizumab,
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which demonstrated 62% objective response rate in melanoma patients treated with the
combination (16). In this small trial, patients harboring tumors without PD-L1 expression
responded. While PD-L1 expression has not completely correlated with therapeutic
activity to checkpoint blockade in melanoma, this may be significant when considering
other cancers where PD-L1 expression may be important for clinical activity with

checkpoint blockade.

In summary, we have shown that T-VEC induces immunogenic cell death, DAMP release,
cytokine production and induction of inflammatory gene expression. STING also emerged
as a critical factor in mediating melanoma cell sensitivity to T-VEC infection, killing, and
immune activation. This observation might also support STING expression as a predictive
biomarker of T-VEC response, although this requires clinical validation. Previous studies
have shown that oncolytic HSV-1 can mediate regression of STING-low tumor cells (32).
It is possible that T-VEC may mediate anti-tumor responses through different pathways in
STING expressing and STING deficient tumors. A better understanding of how T-VEC
kills melanoma cells and promotes systemic anti-tumor immunity should promote more
rational combination studies and could help identify patients with tumors most likely to

respond to treatment with oncolytic viruses.
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CHAPTER FOUR

SUMMARY AND CONCLUSION

In my studies, we sought to address two major hypotheses. First, we investigated the
hypothesis that MAPK inhibition can enhance T-VEC mediated cell killing in-vitro and
how the combination can improve anti-tumor immunity in-vivo. Indeed, we confirmed an
additive cell killing effect when human melanoma cell lines are treated using a
combination of T-VEC and MEK inhibitor regardless of BRAF mutation status. We also
demonstrated increased viral replication and tumor cell apoptosis in cells treated with
combination therapy. The combination was associated with therapeutic activity in human
xenograft and immune competent murine melanoma models, as well as in the CT26 colon
carcinoma model. Therapeutic responses are associated with the induction of viral- and
tumor-specific CD8+ T cells and immunologic memory. Combination treatment also
induced interferon-y related inflammatory gene signature, which resulted in increased
expression of PD-1 and PD-L1. This led us to test triple combination therapy using T-
VEC, MEKIi and PD-1 blocker. The triple combination further improved therapeutic
responses both in melanoma and colon cancer mouse models. In our studies, we did not
observe overt signs of toxicity in mice supporting a more favorable therapeutic window
even with triple combination therapy, although clinical confirmation is needed.
Collectively, these data provide a pre-clinical rationale for triple combination treatment

of T-VEC, MEK inhibition and PD-1 blockade in patients with melanoma.
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Next, we hypothesized that host intracellular factors contribute to the resistance of T-
VEC mediated killing, and also sought to confirm if T-VEC treatment induces
immunogenic cell death (ICD) as previously shown with other oncolytic viruses. Initially,
we treated a panel of melanoma cell lines with T-VEC and observed that melanoma cells
exhibit differential sensitivity to T-VEC treatment. Using a moderately sensitive cell line,
we confirmed that T-VEC treatment caused ICD and led to the release of HMGB1, ATP
and also upregulated ecto-calreticulin expression, confirming that T-VEC induces ICD.
Next, we examined the protein levels of defined host anti-viral DNA and RNA sensors in
these cell lines and identified high levels of STING protein expression as being
associated with melanoma cell resistance to T-VEC replication. To confirm that STING
contributes to T-VEC resistance, using CRISPR-CAS9 we generated cell lines that lack
different components of the STING pathway. In our studies, only STING but not PKR or
cGAS loss resulted in enhanced T-VEC-mediated lysis. Previously, STING has been
shown to play a crucial role in mediating anti-tumor immunity and responses to immune
checkpoint inhibition. Several preclinical studies have shown a direct correlation between
STING expression and response to immune checkpoint inhibitors. Thus, we further aim
to test if T-VEC can activate anti-tumor immune responses in STING' melanoma model
that is resistant to immune checkpoint inhibition. Using a STING"°-PD-1 resistant
melanoma model we showed that T-VEC can rescue STING deficiency and can lead to
anti-tumor immunity. Using Nanostring gene expression analysis, we also confirmed that
T-VEC treatment leads to an increased immune inflammatory gene signature in both

injected and contralateral tumors. These data collectively support the hypothesis that
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STING expression contributes to T-VEC mediated cell killing in-vitro and further that T-

VEC overcomes STING deficiency in-vivo resulting in systemic anti-tumor immunity.

FUTURE DIRECTIONS

Our study supports the proof of concept for therapeutic activity of T-VEC in combination
with trametinib (MEKi), and PD-1 blockade. Therapeutic responses were shown in BRAF
V600E mutant D4M3A H-2K® mouse melanoma model and also in H-2K¢ murine CT26
colon carcinoma models. Next, it is essential to evaluate the systemic anti-tumor benefits
of the triple combination therapy. These studies can be performed by treating mice
harboring tumors on both the right and left flanks. Using gene expression profiling and
flow cytometry we can identify molecular signatures and key components which can either
augment or subside the effects of the triple combination. Recognizing the critical molecular
elements that mediate the therapeutic benefit can help us better understand the mechanisms
of action by which all these three drugs work together. Finally, as all the three agents are
currently approved for the treatment of melanoma, a clinical trial comprising two arms,
one arm with T-VEC alone and other arm using a combination of T-VEC, MEKi, PD-1
inhibitor should be tested in the clinic to evaluate the translation of the study to melanoma
patients. Next, this combination should be tested in other solid tumors which can be
accessible for intratumoral injection of T-VEC. Currently, treatment of melanoma using a
combination of PD-1 and CTLA4 immune checkpoint inhibitors have achieved favorable
responses, but most often associated with increased side effects. In my experiments, we

showed that triple combination has not only achieved favorable therapeutic responses in
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mice but exhibited no visible side effects. Mice treated with the triple combination did not

lose weight or showed no symptoms of distress in comparison with mock-treated mice.

Next, we investigated the components of host innate anti-viral machinery that can mediate
resistance to T-VEC mediated melanoma killing. We observed that host DNA sensing
factor STING could contribute to resistance to T-VEC. While our study showcases the role
of STING in T-VEC mediated killing in melanoma cell lines, further studies are needed to
expand the hypothesis to other tumor cell lines. It is necessary to validate our finding using
a more extensive cell array, which includes at least a handful of cell lines from each tumor
type. Another essential take-home point is that, while the loss of STING enhanced the
ability of T-VEC to kill particular tumor cell lines, this effect was predominant with the
higher multiplicity of infections of T-VEC treatment. This can infer the importance of other
host anti-viral factors which might act in conjunction with STING pathway. A CRISPR
array targeting a broader set of relevant genes can be performed to identify the contribution
of other host factors that might mediate resistance to T-VEC treatment. Further, it is also
essential to evaluate the effects of other host anti-viral factors in mediating anti-tumor
responses in-vivo. We generate preliminary data suggesting that IRF-3 and IRF-7 may also
be critical factors in mediating T-VEC replication. It will be particularly interesting to
pursue additional experiments on the role of these factors in mediating T-VEC-induced
ICD and inducing host anti-viral and anti-tumor immunity. We expect T-VEC might be
able to achieve anti-tumor responses in tumors with both high as well as low levels of host
anti-viral factor expression but might exhibit different mechanisms of actions based on

expression levels of host anti-viral machinery, and these could be potential predictive
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biomarkers although clinical validation is needed. Understanding the mechanisms of action
of T-VEC in tumor models with differential expression of host anti-viral factors might help

us to develop rational combinatorial treatment strategies.

CONCLUDING REMARKS

Finally, I want to conclude by stating that we are in a new, exciting and rapidly evolving
phase of cancer treatment. Utilizing our body’s immune system to fight cancer has been
proven to be successful. During the last decade, we have experienced an exponential
increase in the number of clinical trials being conducted using immunotherapy. Currently,
there are almost 10,000 clinical trials registered on ClinicalTrials.gov that aim to evaluate
the efficacy of either single agent or combination approaches utilizing immunotherapy for
cancer treatment. While this is exciting, many trails have already failed to show therapeutic
benefit. I it is now essential for the National Cancer Institute to increase funding for basic
research, which can help scientists to further dissect the mechanisms of action of these
individual agents as a monotherapy and in combinational approaches. Novel strategies for
identification of biomarkers have to be implemented to not only access the studies which
have succeeded but also to evaluate the therapies which have failed during clinical
development. Our research findings make significant contributions to the field by
identifying fundamental pre-clinical mechanisms of action of each agent and by evaluating
a rational combinatorial approach using these agents which are currently approved for the

treatment of melanoma and provide a biologic rationale for clinical translation.
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APPENDIX

APPENDIX A. ABBREVIATIONS USED

ANOVA: analysis of variance

ATCC: American Type Culture Collection ATG: start codon for methionine

ATP: adenosine triphosphate

BRAF: b-raf serine/threonine kinase

CDS: (cluster of differentiation 8) is a transmembrane glycoprotein that serves
asa co-receptor for the T cell receptor (TCR)

cGAS: Cyclic GMP-AMP synthase

COMBO: combination

CRISPR: clustered regularly interspaced short palindromic repeats

DAMP: Damage associated molecular patterns

DMEM: Dulbecco’s Modified Eagle Medium

DMSO: dimethyl sulfoxide

DNA: deoxyribonucleic acid

EDTA: ethylenediaminetetraacetic acid

ERK: extracellular signal-regulated kinase

FFPE: formalin-fixed, paraffin-embedded

GMCSF: Granulocyte-macrophage colony-stimulating factor

HSV-1: Herpes simplex virus type 1

H&E: hematoxylin & eosin

HMGBI1: High mobility group box 1

ICP: Infected cellular protein
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IFN-y: Interferon-gamma

IgG: immunoglobulin G

IHC: immunohistochemistry

IC-50: half maximal inhibitory concentration

ICD: Immunogenic cell death

IL: interleukin

Ki-67: proliferation marker protein Ki-67

MAPK: mitogen-activated protein kinase

MEK: mitogen activated protein kinase

MTS: [3-(4,5-dimethylthiazol-2-yl)-5-(3- carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium]

NSG: NOD, non-obese diabetic /SCID, severe combined immunodeficiency/ GAMMA,

interleukin 2 receptor y null

PARP: poly (ADP-ribose) polymerase

PDX: patient-derived xenograft

PD-1: Programmed cell death protein 1

PD-L1: Programmed death-ligand 1

RAS: RAS proto-oncogene, GTPase

shRNA: short hairpin ribonucleic acid

STING: Stimulator of interferon genes

TNFa: Tumor necrosis factor alpha

T-VEC: Talimogene laherparepvec. T-VEC first oncolytic herpes simplex virus type -1

therapy approved by the U.S. FDA for patients with advanced melanoma
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APPENDIX B. SUPPLEMENTARY TABLES

Table S1. Antibodies

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FITC anti-mouse CD4 BioLegend Cat#100406, RRID:AB 312713

PE anti-mouse CD3 BioLegend Cat#100206, RRID:AB 312663
Pacific Blue™ anti-human/mouse Granzyme B | BioLegend Cat#515408, RRID:AB 2562195
Brilliant Violet™ 605 anti-mouse PD-L1 BioLegend Cat#124321, RRID:AB 2563635
Brilliant Violet 650™ anti-mouse CD45 BioLegend Cat#103151, RRID:AB 2565884
Brilliant Violet 711™ anti-mouse IFN-y BioLegend Cat#505836, RRID:AB 11219588
Brilliant Violet 785™ anti-mouse CD8a BioLegend Cat#100750, RRID:AB 2562610
APC anti-mouse FOXP3 Thermo Fischer | Cat#17-5773-82, RRID:AB 469457
Alexa Fluor® 700 anti-mouse Ki-67 BioLegend Cat# 652420, RRID:AB 2564285
APC/Cy7 anti-mouse I-A/I-E (MHCII) BioLegend Cat#107628, RRID:AB 2069377
APC anti-mouse F4/80 BioLegend Cat#123115; RRID: AB 893493
PerCP/Cy5.5 anti-mouse CD3 BioLegend Cat#100218, RRID:AB 893318
PE/Cy7 anti-mouse CD11c¢c BioLegend Cat#117318, RRID:AB 493568
Brilliant Violet 421™ anti-mouse Ly-6G/Ly-6C | BioLegend Cat#108434, RRID:AB 2562219
(Gr-1)

Brilliant Violet™ 605 anti-mouse PD-1 BioLegend Cat#135220, RRID:AB 2562616
Brilliant Violet 650™ anti-mouse CD44 BioLegend Cat#103049, RRID:AB 2562600
Brilliant Violet 711™ anti-mouse CD11b BioLegend Cat#101242, RRID:AB 2563310
Brilliant Violet 785™ anti-mouse CD8a BioLegend Cat#100750, RRID:AB 2562610
Alexa Fluor® 700 anti-mouse CD45 BioLegend Cat#103128, RRID:AB 493715
APC/Cy7 anti-mouse CD4 BioLegend Cat#100414, RRID:AB 312699
FITC anti-mouse CD103 BioLegend Cat#121420, RRID:AB 10714791
APC/Cy7 anti-mouse PD-L1 Thermo Fischer | Cat#46-598282,RRID:AB 2573819
PerCP/Cy5.5 anti-mouse CD4 BioLegend Cat#100434, RRID:AB 893324
Brilliant Violet 605™ anti-mouse F4/80 BioLegend Cat#123133, RRID:AB 2562305
Anti-mouse PD-1 BioXCell Cat#BE0146; RRID: AB 10949053
Anti-mouse CD4 BioXCell Cat#BE0003-1; RRID:AB_ 1107636
Anti-mouse CDS8 BioXCell Cat#BE0061; RRID: AB 1125541
InVivoMAD Rat IgG2b BioXCell Cat#BE0090; RRID: AB 1107780
InVivoMAD Syrian Hamster IgG BioXCell Cat#BE0087; RRID: AB 1107782

Anti-mouse CD8a

Thermo Fischer

Cat#14-0808-80;
RRID:AB_ 2572860

Cleaved caspase-3 (Asp175) antibody

Cell Signaling

Cat#9661; RRID: AB 2341188

Phospho-p44/42 MAPK (Erk1/2)

Cell Signaling

Cat#4376; RRID: AB_ 331772

Anti-Ki67 Abcam Cat#ab16667; RRID: AB 302459
HRP anti-rat IG Vector Lab Cat#MP-7444-15; RRID:
AB 2336530
Calreticulin (D3E6) XP® Rabbit mAb Cell Signaling Cat#12238S
STING (D2P2F) Rabbit mAb Cell Signaling Cat#13647S
PKR (D7F7) Rabbit mAb Cell Signaling Cat#12297S
cGAS (D1D3G) Rabbit mAb Cell Signaling Cat#15102S




Table S2. Chemicals

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals
RPMI 1640 Medium Thermo Fischer Scientific | Cat#11875093
DMEM (Dulbecco's Modified Eagle Medium) | Thermo Fischer Scientific | Cat#11965118
DMEM/F-12 Thermo Fischer Scientific | Cat#10565018
Trypsin-EDTA (0.25%) Thermo Fischer Scientific | Cat#25200056
Penicillin-Streptomycin-Glutamine Thermo Fischer Scientific | Cat#10378016
TRIzol Thermo Fischer Scientific | Cat#15596018
Fetal Bovine Serum Sigma Aldrich Cat#12306C
TWEEN 80 Sigma Aldrich Cat#SKU-P4780
(Hydroxypropyl)methyl cellulose Sigma Aldrich Cat#SKU-H7509
Phenazine methosulfate (PMS) Sigma Aldrich Cat#SKU-P9625
CellTiter 96® AQueous MTS Reagent Powder | Promega Cat#Gl1111
Standard macrophage depletion kit Encapsula nanoscience Cat#SKU-8901
DAB+ substrate chromogen system Dako Cat#K3468
Hematoxylin 2 Thermo Fischer Scientific | Cat#7231
Eosin Y 1% alcoholic solution Fisher Scientific Cat#245-658
10% Formalin W/V Fisher Chemical Cat#SF98-4
Cytoseal XYL Thermo Fischer Scientific | Cat#8312-16E
Trametinib (GSK1120212) Selleck Chemicals Cat#S2673
Vemurafenib (PLX4032, RG7204) Selleck Chemicals Cat#S1267
Z-VAD-FMK Selleck Chemicals Cat#S7023
FITC TRP2 Dextramer Immudex Cat# JD2199
PE GP-100 Dextramer Immudex Cat# JA3570
APC HSV-1 gB Dextramer Immudex Cat#]D2670
PKR shRNA (h) Lentiviral Particles SantaCruz Biotechnoloy | Cat#SC-36263-V
TMEM173 shRNA (h) Lentiviral Particles SantaCruz Biotechnoloy | Cat#SC-92042-V
TMEM173 CRISPR/Cas9 KO Plasmid (h) SantaCruz Biotechnoloy | Cat#SC-403148
TMEM173 HDR Plasmid (h) SantaCruz Biotechnoloy | Cat#SC-403148-HDR
UltraCruz® Transfection Reagent SantaCruz Biotechnoloy | Cat#SC-395739
Puromycin dihydrochloride, 25 mg SantaCruz Biotechnoloy | Cat#SC-108071
Table S3. Commercial Assays
REAGENT or RESOURCE SOURCE IDENTIFIER
Commercial Assays
LookOut Mycoplasma PCR kit Sigma Cat#MP0035
Mouse Pan-cancer immune gene panel | NanoString Technologies | XT PGX MmV]1 Cancerlmm
Apoptosis Detection Kit BioLegend Cat#640914
RNeasy plus mini kit Qiagen Cat#74134
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Table S4. Experimental cell lines.

REAGENT or RESOURCE | SOURCE IDENTIFIER
Experimental cell lines
Human: SK-MEL-28 ATCC HTB-72
Human: SK-MEL-2 ATCC HTB-68
Human: SK-MEL-5 ATCC HTB-70
Mouse: B16-F10 ATCC CRL-6475
Mouse: B16-F10-Nectin Amgen N/A
Mouse: D4AM3A (Jenkins et al., 2014) (Ref 39) | N/A
Mouse: CT26 ATCC CRL-2639
ATCC - American Type Culture Collection
Table S5. Experimental Models
REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental Models: Organisms/strains
Mouse: C57BL/6J Jackson Labs | Stock#000664
Mouse: NOD.Cg-Prkdc*® [12rg™"/SzJ | Jackson Labs | Stock#005557
Mouse: B6.129S(C)-Batf3™Kmm/ Jackson Labs | Stock#013755
Mouse: BALB/c Jackson Labs | Stock#000651
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