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ABSTRACT

Cancer immunotherapies (re)educate the body’s natural defenses to recognize and attack
malignant cells. The consequent anti-tumor immunity is highly specific, long-lasting, and
often dependent on CD8 T cells, the presence of which in the tumor microenvironment
correlates with a favorable cancer prognosis. CD8 T cell activity requires T cell receptor-
mediated recognition of antigenic peptides (i.e., epitopes) bound to class I major
histocompatibility complex (MHC-I). The sequences of the MHC-I-bound peptides can be
used to study cognate, antigen-specific T cells or design peptide vaccines to develop
immunity against certain epitopes. However, despite recognizing the important role of CD8
T cells in immunotherapies, the identities of the epitopes dictating anti-tumor CD8 T cell
responses have remained largely elusive.

This thesis aims to address this knowledge gap by elucidating the MHC-I-restricted
epitopes in the context of an oncolytic virus (OV)-based cancer immunotherapy. In
addition to their direct tumor-destructive effects, OVs activate anti-tumor CD8 T cells and
overturn tumor-associated immune evasion mechanisms. OV-mediated increase in tumor
MHC-I expression is of particular relevance to this thesis and lays the foundation for our
pursuit of discovering therapy-modulated MHC-I-bound peptides that direct anti-tumor
immunity.

In this work, the latest advances in mass spectrometry were utilized to investigate
the array of tumor MHC-I-bound peptides (i.e., MHC-I peptidome) following oncolytic
reovirus treatment, either as a monotherapy or as a combination therapy with immune
checkpoint blockade. Within the therapy-modulated MHC-I peptidome, immunogenic
epitopes were identified and administered as peptide vaccines to enhance OV efficacy.
Furthermore, an immunoinformatics approach was used to discover MHC-I-restricted
epitopes of reovirus and the corresponding anti-viral CD8 T cells were characterized. These
viral epitopes were then used to antigenically reprogram the tumor MHC-I peptidome,
resulting in viral peptide-presenting cancer cells as targets of anti-viral CD8 T cells, for the
repurposing of anti-viral immunity. Overall, the elucidation of the MHC-I-restricted
epitopes of tumors and reovirus provided an insight on the anti-tumor and anti-viral CD8
T cell responses during reovirus administration, and yielded information that can be

exploited to further potentiate CD8 T cell immunity of OV therapy.
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CHAPTER 1: INTRODUCTION
Certain viruses exhibit a tropism for malignant cells and cause cancer cell lysis, a process
termed oncolysis'. Reports of naturally acquired viral infections leading to tumor
regression date back to the mid 1800s and much progress has been made in the field of
oncolytic virus (OV) therapy over the past century?, culminating in the approval of
talimogene laherparepvec (T-Vec; herpes simplex virus type 1) for the treatment of
melanoma by the U.S. Food and Drug Administration (FDA) in 2015%. OVs can be
naturally tumor selective, owing to defective signaling pathways in tumors that make them
susceptible to viral infections, or engineered to discriminately target cancer cells'*. As
such, the main advantage of OV therapy, compared to conventional cancer treatments like
chemotherapy and radiation, is the assured specificity against tumors with minimal damage
to healthy cells®’. The highly favorable safety profiles of OVs also make them promising
candidates for combination therapies® . Furthermore, mounting preclinical and clinical
evidence support the role of the immune system during OV therapy, with cytotoxic and
immunostimulatory activities of OVs promoting immune-mediated tumor eradication'!"-12,
The modulation of the tumor immune microenvironment by OVs is key to the generation
of anti-tumor immunity which provides a highly specific, long-term protection against
cancer at both local and distant sites. To this end, all three fields of virology, cancer biology,
and immunology in the context of OVs must be studied for the effective application of this
multifaceted therapeutic platform. The following subchapters will provide a
comprehensive overview of these topics, building up to the overarching objective of this
thesis: the identification and characterization of the immunogenic signals of oncolytic

reovirus infection and therapy. Taken together, this work aimed to further our



understanding of both anti-tumor and anti-viral immune responses during oncolytic
reovirus therapy, specifically in terms of class I major histocompatibility complex (MHC-
I)-restricted epitopes for CD8 T cell activity.

1.1  FACTORS TO CONSIDER IN CHOOSING THE OPTIMAL OV THERAPY
Over the past 150 years, numerous viruses have been studied for their oncolytic potential
and the list continues to grow?. Observations of virus-induced cancer remissions led
scientists to postulate that certain viruses can destroy tumors but only under the right
circumstances (i.e., in patients with compromised immune systems) and for a short-lived
remission®. Thus, during the 1950s and 1960s when there were tremendous advances made
in the field of virology, a renewed interest in viruses as oncolytic agents and the pursuit to
find the ideal OV were cultivated®. The most extensively researched OVs include
adenovirus (Ad), herpes simplex virus (HSV), measles virus (MV), vesicular stomatitis
virus (VSV), Newcastle disease virus (NDV), and reovirus, all of which are under various

stages of clinical investigation'!?

. While there is no one perfect OV, the most optimal OV
for a particular therapeutic application must be sought after in a context-dependent manner.
1.1.1 Biosafety of OV Therapy

One of the most important factors to assess during OV administration is safety — to protect
against uncontrolled replication, damage to healthy tissues, and shedding and
transmission®’. Such consideration was lacking in early clinical studies where sera or tissue
extracts from patients with ongoing hepatitis infection were used to treat patients with
Hodgkin’s disease, some of whom succumbed to viral hepatitis>. With more stringent

ethical standards nowadays, typically just mild flu-like symptoms are observed as adverse

events. Severe adverse events have been observed but were fortunately rare occurrences



and not life-threatening®. For instance, oncolytic HSV caused hypotension, tachycardia,

1415 "and Ad caused pleural effusion and liver dysfunction in clinical

and encephalitis
trials'®; but these severe adverse events were managed by withdrawal of OV treatment.
Further measures taken to ensure safety include the use of viruses with no or low
pathogenicity in humans. These can be viruses that have natural hosts in animals other than
humans, such as rat parvovirus'’, or viruses that are attenuated by serial passage in cultured
cells, such as HSV'®. In addition, genetic modifications of OVs can be used to further
attenuate pathogenicity, increasing their oncolytic potential by enhancing their specificity
for tumors. Deletion of virulence genes, such as ICP-34.5 in HSV' or thymidine kinase in
vaccinia virus (VV)?, results in replication-selective viruses that target malignant cells.
Viruses with large genomes are more amenable to genetic manipulation, albeit at the cost
of replication speed, for not only targeting modifications but also the expression of
immunomodulatory factors!, which will be discussed in more detail below.

Biosafety, as well as therapeutic efficacy, will also depend on the dosage of the
virus. Due to their replicative potential, OVs can proliferate upon administration which can
produce variability in effective doses'. Thus, small doses may be sufficient in providing
significant results and avoid dose-limiting toxicity. In fact, high viral doses carry the risk
of viral shedding and transmission. Shedding viruses have been detected in the serum, urine,
and saliva of patients treated with high doses of Ad, HSV, or reovirus®!%?!. Fortunately,
viral shedding was observed in just a few limited cases and with highly attenuated viruses,

so infection control issue was not a cause for concern. Overall, OV therapy is generally

safe with only rare reports of severe adverse events, owing to breakthroughs in recombinant



DNA technology, but there is still much to be investigated before OVs can be widely
applied as an anti-cancer therapeutic.

1.1.2 OV Delivery Platform

Like any standard anti-cancer drug, the pharmacokinetics of OVs must be evaluated for
effective administration in clinics!*. Pharmacokinetics, referring to the movement of the
virus through the body, will greatly depend on the route of infection. The three most
common methods of OV administration are intratumoral, intravenous, and intraperitoneal
deliveries*°. When OVs are directly injected into tumors, the concentration of OVs at the
tumor site can be precisely controlled and less off-target effects will be observed®?.
However, the complex procedure of intratumoral delivery creates challenges for accessing
deep tumors and repeat dosing. For intravenous delivery, OVs are injected into the
peripheral vein and travel to the target site via the circulatory system. This convenient and
rapid administration route is advantageous in targeting tumor metastases?*, and it has even
been recently shown that some intravenously delivered OVs can bypass the blood-brain
barrier and reach central nervous system tumors**. The widespread viral dissemination
following intravenous delivery, however, requires OVs to be highly tumor-selective.
Elimination of OVs by host anti-viral immune responses involving pre-existing
neutralizing antibodies (NAb) or virus-specific memory T cells is another concern with
intravenous administration®® (discussed further in Chapter 1.4). For intraperitoneal
delivery, injection of OVs into the peritoneal cavity will lead to OVs being absorbed by
the veins in the peritoneum to enter the circulatory system, though at a slower rate than
through intravenous injection, or directly target tumors in the abdominal cavity®. Although

it is relatively easy to administer, intraperitoneal delivery is used less frequently in clinics



and is rather limited to animal studies. Ultimately, the choice of delivery route will depend
on the type and location of the tumor.

As suboptimal delivery would reduce therapeutic efficacy, various strategies can
be employed to circumvent barriers to virus dissemination®>?®. These are particularly
important for systemic therapy where naked purified virions in the bloodstream are
vulnerable to host defense mechanisms. One of the simplest methods to achieve better

propagation is repeat dosing®'327. A

single shot of OV is highly unlikely to result in
complete therapeutic efficacy, so a long-term repeat dosing regimen is required, as is the
case with any anti-cancer treatment. While the administration of multiple doses of virus
may trigger a stronger anti-viral immune response, certain viruses have naturally adapted
strategies to evade immune detection, such as through cell carriage by blood cells that
protects against NAb*®%*, Similarly, the same strategy can be exploited in the laboratory
where carrier cells are infected in vitro with OVs and then systemically injected. Cells that
have been used in this “Trojan horse” delivery approach include T cells for MV?’, cytokine-
induced killer cells for VV3!, teratocarcinoma cells for HSV>2, an immortalized monocyte
cell line for MV*, and mesenchymal progenitor cells for Ad*. Of note, immortalized cell
lines must be treated with y-irradiation to ablate tumorigenicity. Furthermore, chemical
modification strategies can be used to shield OVs from neutralizing immunity®>>*. OVs
can be camouflaged from immune surveillance through viral surface modifications with
polyethylene glycol (PEG) or charged polymers, or packaging in nanoparticles or
liposomes, prolonging blood circulation time and increasing cellular uptake by cancer

cells®. The final hurdle that systemically delivered-OVs must overcome to access tumors

is the layer of blood vessel endothelium and extracellular matrix (ECM)!. Virus penetration



can be aided by pre-treatment with vasoactive compounds (e.g., histamine or nitroglycerin)
or proteolytic enzymes (e.g., hyaluronidase or collagenase)**>%. Genetic modification can
also be used to engineer OVs to express ECM-degrading enzymes>’. All in all, therapeutic
efficacy of OVs is highly dependent on efficient delivery, which is contingent on
administration route, dose, and use of carrier cells or sheathing agents.

1.1.3 OV Tumor Cell Entry Mechanisms

OVs exhibit specific cell entry mechanisms and tropism toward cancer cells. The
interaction between cancer cellular receptors and virus surface proteins determines how
different OVs recognize and enter particular cancer cells'***!. For example, VSV G
glycoprotein (VSV-G) binds low-density lipoprotein receptor (LDLR), and then the VSV-
G/LDLR complex gets internalized via clathrin-mediated endocytosis***. An OV can also
have multiple virus-receptor associations that occur over several steps to facilitate entry.
For instance, the lower part of reovirus sigma-1, an outer capsid protein, first binds to cell
surface monosaccharides like sialic acid in a low-affinity interaction; then, the head of
sigma-1 binds to junctional adhesion molecule A (JAM-A) in a high-affinity attachment,
continuing on to clathrin-mediated endocytosis***. HSV glycoprotein gB binds heparan
sulfate proteoglycans and HSV glycoprotein gD binds nectin or herpesvirus entry mediator
(HVEM), ultimately resulting in envelope fusion with host plasma membrane****4’_ For
Ad, the viral fiber knob binds coxsackievirus and adenovirus receptor (CAR) for the initial
attachment, followed by endocytosis of the Ad-CAR complex involving other capsid
proteins and integrins®®. Furthermore, a particular OV can utilize multiple entry
mechanisms depending on host cell type. It was recently determined that reovirus

penetrates neurons via macropinocytosis as opposed to clathrin-dependent endocytosis



required for the infection of non-neuronal cells*. This cell type-specific entry mechanism
emphasizes the need to understand virus entry in order to tailor OVs to better target cancer
cells. It is important to note that the abovementioned cellular receptors are expressed on
not only cancer cells but also normal cells. Normal cells, however, have intact anti-viral
mechanisms that would clear the virus; while aberrant expression of oncogenes and tumor
suppressor genes, as well as defective anti-viral responses, in cancer cells favor OV
replication’*°. The tendency for these receptors to be overexpressed by cancer cells also
drives the selectivity of OVs towards certain tumor types. For example, HVEM and nectin
are highly expressed by melanoma and carcinoma cells, thereby making these tumor types
more suitable for HSV treatment>®>!. Likewise, intercellular adhesion molecule 1 (ICAM-
1) and decay accelerating factor (DAF), used by coxsackievirus for internalization, are
overexpressed by multiple myeloma, melanoma, and breast cancer cells’*>*. In sum, the
interaction between OV surface proteins and tumor cellular receptors mediate virus
attachment and internalization by cancer cells, in a manner which is unique to each OV
and critical in determining tumor-specific tropism.

1.2 MECHANISMS OF OV ACTION

There are at least three major mechanisms through which OVs mediate tumor eradication:
direct oncolysis, vascular collapse, and anti-tumor immunity (Figure 1.1)">%°. Virus
infection of cancer cells with subsequent oncolysis is a direct cytotoxic effect of OVs. On
the other hand, destruction of vascular supply and immune cell recruitment and activation
are indirect anti-tumor activities of OVs. Direct oncolysis was initially thought to be the
only anti-tumor mechanism of OVs but it has become abundantly clear that anti-tumor

immunity is an indispensable aspect of OV therapeutic efficacy, resulting in a paradigm



shift from oncolytic virotherapy to oncolytic virus immunotherapy>®. The multimodal
approach of OVs to target and destroy malignant cells will be reviewed in this subchapter.
1.2.1 Oncolysis

Whether it is a cancer cell or a healthy cell, host cell lysis is a common outcome of viral
infection®’. Once replication and assembly are completed, progeny virions are released
from the host cell through budding or lysis, which are processes that kill the cell by slowly
consuming or bursting the cell membrane, respectively>®. Unlike healthy cells which
possess functional anti-viral mechanisms that clear the virus, cancer cells have aberrant
signaling pathways that fail to prevent virus-induced cell death!. The expression of
oncogenes or loss of tumor suppressor genes that leads to elevated metabolism,
dysregulation of cell cycle and sustained proliferation in cancer cells (classic hallmarks of
cancer”’) creates a niche which is conducive to viral replication and is often intricately
linked to anti-viral mechanisms®*®'. For instance, Ras GTPases, the mutated forms of
which are overexpressed in 20-30% of human cancers®?, support viral protein synthesis by
blocking protein kinase R (PKR), which is a negative regulator of viral gene translation®*%4,
Enhanced replication of oncolytic HSV®, NDV%, VSV®7 Ad%, and reovirus®® has been
attributed to Ras signaling. Moreover, Ras transformation can also lead to defects in anti-
viral cytokine, type I interferon (IFN), production and response’®’!, thereby allowing
efficient viral spread. Activation of the Raf/MEK/ERK signaling cascade, one of the
downstream pathways of Ras, downregulates type I IFN expression via inhibition of a viral
RNA sensor called retinoic acid-inducible gene I (RIG-I)"2. Since IFN and IFN-responsive
genes oppose cancer cell growth — by inhibiting angiogenesis’?, inducing apoptosis’, and

stimulating immune responses’> — it is no surprise that 65-70% of malignant cells have



impaired IFN signaling that renders them more susceptible to OV infection compared to
normal cells®¢!-76,

Following productive viral replication, there are several modes of cancer cell death
that can be induced’”’®. These include apoptosis, necrosis, necroptosis, autophagic cell
death, and pyroptosis’®. Apoptosis is the process of programmed cell death characterized
by membrane blebbing, chromatin condensation, and nuclear fragmentation; and it is
regulated by proteases called caspases in a complex reaction cascade. Necrosis is
accompanied by membrane rupture and leakage of intracellular contents, while necroptosis
is a programmed form of necrosis that occurs in a regulated manner. Autophagy is a
catabolic mechanism that degrades and recycles unnecessary or dysfunctional cellular
components via the lysosomal machinery; elevated levels of autophagy can result in cell
death. Pyroptosis is a caspase-1 dependent inflammatory form of programmed cell death.
Each OV will induce primarily one form of cancer cell death”’. For example, Ad has been
reported to result in autophagic cell death in glioma cells’”’ and HSV-2 causes pyroptosis
in melanoma cells®’. However, some OVs can also instigate multiple modes of cancer cell
death, such as the concurrent induction of apoptosis and autophagy by NDV®!' and
reovirus®?. Specific genes encoded by the virus will dictate the type of cell death induced”’.
For instance, the early region 1A (E1A) protein of Ad type 5 promotes an accumulation of
p53 and thus induces apoptosis®®. Similarly, viruses can be genetically modified to express
death pathway-modulating genes, which has been demonstrated with VV encoding
apoptosis-inducing protein apoptin® or Ad expressing TNF-related apoptosis-inducing
ligand (TRAIL)*. Knowing the mode of OV-induced cancer cell death is useful in

determining which OV would be appropriate to target a particular type of malignancy; for



example, OVs that trigger necroptosis may be better suited to treat apoptosis-resistant
cancers’’. With the ultimate goal of cancer cell death in mind, it is pertinent to understand
the mechanism through which OVs kill malignant cells to develop strategies to potentiate
this effect.

1.2.2 Vascular Collapse

Due to tumor-mediated angiogenesis that ensures blood supply to support tumor
progression and eventually metastasis, targeting the tumor vasculature with OVs has

increasingly become an area of interest®

. OVs can cause anti-vascular effects through three
mechanisms: infection of tumor endothelial cells (ECs), immune response that results in
clot formation, and expression of anti-angiogenic factors®##’. ECs line all blood vessels,
but OVs such as VV and VSV have been shown to specifically infect and lyse tumor ECs
without harming the normal vasculature®®’. While the exact mechanism for this tropism
is unknown, the elevated proliferation rate of tumor ECs may explain the increased support
for viral replication. In addition, viral infection can cause a neutrophil response, triggering
clot formation that leads to ischemic cancer cell death®®°!. This type of vascular disruption
has been demonstrated with VSV where the virus not only directly infected and killed
tumor ECs but also induced intratumoral coagulation via neutrophils, which express
elastase and cathepsin G that promote fibrin deposition®®?2, Lastly, OVs can express anti-
angiogenic factors either naturally or through genetic engineering. Some viral proteins may
cause a downregulation of angiogenic proteins and cytokines; for example, Ad E1A protein
interacts with p300, a transcriptional co-activator of hypoxia-inducible factor 1 alpha, and

inhibits the synthesis of vascular endothelial growth factor (VEGF)”. Genetic

manipulation allows certain OVs to carry and deliver anti-angiogenic factors. Ad
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expressing soluble VEGF receptor (VEGFR)**, as well as VV encoding VEGFR-1-Ig
fusion protein®®, that binds VEGF was effective in decreasing mean vessel density and
tumor volume. Similar results were demonstrated with Ad expressing short hairpin RNA
against interleukin (IL)-8%, a cytokine that promotes EC proliferation and survival, and
HSV encoding endostatin and angiostatin®’, which are angiogenesis inhibitors. Such anti-
vascular agents can also be applied in conjunction with OVs as a combination therapy,
which has been shown with HSV and copper chelator ATN-224% or reovirus and VEGFR
inhibitor sunitinib®. Of note, some viruses express pro-angiogenic factors to support virus
replication and spread, as exemplified by parapoxvirus which encodes a homolog of
VEGF!?. Viral genes that encode or upregulate the expression of angiogenic factors should
be deleted before these viruses are used as oncolytic agents. On the whole, the principles
that govern the advantages of using OVs to target tumors (i.e., specificity, expression of
virus-encoded proteins, induction of immune response) also apply for the tumor
vasculature, and limiting tumor perfusion via OV-mediated anti-vascular effects provides
an effective means to inhibit tumor progression.

1.2.3 Anti-tumor Immunity

From first being proposed in 1909 by Paul Ehrlich, immunologic control of neoplasia has
become a firmly established principle in oncology'®!. According to the cancer
immunoediting hypothesis, the dynamic relationship between the immune system and
tumors involves three phases: elimination, equilibrium, and escape'®!. The immune system
recognizes and eliminates tumor cells; however, some tumor cell variants with low
immunogenicity may evade immune detection, enter a period of latency, and eventually

give rise to an outgrowth of malignant cells that have escaped immunological restraints.
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Thus, it is pertinent to recognize the role of the immune system throughout tumor
development, and accordingly, immune cells are an important component of the tumor
microenvironment (TME)!®2. The TME, which is composed of not only cancer cells and
immune cells but also vascular ECs, cancer-associated fibroblasts, extracellular matrix, and
secreted factors, can be grouped based on immune status as inflamed tumors (presence of
immune cell infiltrate), immune-excluded tumors (immune cells stuck in the surrounding
stroma), and immune deserts (devoid of immune cell infiltrate)!??. Further mutations and
selective pressures drive the emergence of tumor-mediated immunosuppressive
mechanisms such as the secretion of anti-inflammatory cytokines (e.g., IL-10, transforming
growth factor beta [TGFB]) or recruitment of immunosuppressive immune cells (e.g.,
myeloid-derived suppressor cells [MDSCs], tumor-associated macrophages [TAMs],
regulatory T cells [Tregs])!°M191%  OVs overturn this tumor-associated
immunosuppression and mediate a ‘cold-to-hot’ tumor modulation, promoting the
generation of anti-tumor immune responses'?®!%. The specific mechanisms through which
OVs achieve this feat and cancer eradication from the resultant anti-tumor immunity will
be explored in this subchapter.

1.2.3.1 OV-mediated Innate Inmune Responses

The first line of defense against infections is the innate immune system, comprised of
chemical/physical barriers, complement cascade, and inflammatory response mediated by
white blood cells'%1%_ Despite being oncolytic agents, OVs are nonetheless pathogens and
will trigger an innate immune response directed against the virus. Depending on the
kinetics and strength of these responses, innate immunity can be detrimental or beneficial

11,110,111

to the efficacy of OV therapy . Since OVs selectively replicate in tumors, the
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ensuing immune responses alter the cytokine milieu and immune cell composition within
the TME, contributing to the establishment of anti-tumor immunity. Innate immunity is
triggered upon the recognition of pathogen-associated molecular patterns (PAMPs) by
surface or intracellular host pattern recognition receptors (PRRs) of tissue-resident immune
cells, resulting in the induction of cytokine production and the recruitment of innate
immune cells (e.g., neutrophils, granulocytes, natural killer [NK] cells, antigen-presenting
cells [APCs])!'2. One of the key cytokines produced in response to viral infection is type I
IFNs, IFNo. and IFNB, which establish an anti-viral state and limit viral spread!®,
Following type I IFN exposure, NK cells produce and secrete IFNy which inhibits
angiogenesis and induces apoptosis; and dendritic cells (DCs) upregulate the expression of
class I MHC molecules and co-stimulatory molecules for more effective antigen
presentation””. Secretion of other pro-inflammatory cytokines (e.g., IL-1pB, IL-6, IL-12,
tumor necrosis factor alpha [TNFa]) by innate immune cells not only initiates vascular and
cellular reactions of inflammation but also makes the TME less immunosuppressive!%.
The newly recruited innate immune cells also contribute to the reversion of tumor-
associated immunosuppression and carry out direct anti-tumor effects!”’. Neutrophil
infiltration of OV-treated tumors (e.g., VSV-treated colorectal CT26 tumors®®) has been
demonstrated and as mentioned above, leads to neutrophil-mediated tumor vasculature
collapse and subsequent ischemic cancer cell death®®®!. Direct cytolytic activity of
infiltrating neutrophils has also been shown where neutrophils isolated from HSV-2
(FusOn-H2)-treated EC9706 esophageal squamous cell carcinoma killed cancer cells ex
vivo more effectively than neutrophils harvested from untreated tumors®!. Moreover, NK

cells play a prominent role in the elimination of virus-infected cells and cancer cells; and
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are thus, unsurprisingly, crucial for the success of OV therapy' '°. Various studies support

OV-mediated recruitment of NK cells into the TME, such as reovirus-treated prostate
tumors!!', coxsackievirus B3-treated lung adenocarcinomas''®, and MV-treated gliomas'®.
Augmented cytolytic activity of NK cells has also been demonstrated in the context of OV
infection. For instance, higher levels of IFNy and TNFa were produced by NDV-
stimulated NK cells, which then effectively lysed NDV-infected tumor cells''’. Similar
results were observed with H-1 parvovirus and pancreatic ductal adenocarcinoma and
colon carcinoma cells''®!1?_In addition, there is ample evidence of crosstalk between NK
cells and DCs that mediates innate and adaptive anti-tumor immune responses in OV
therapy'!®. The interaction between OV-infected tumor cells, NK cells, and DCs was
shown with reovirus where DCs primed with reovirus-infected melanoma lysates (DC-
MelReo) released type I IFNs and induced NK cell cytotoxicity more efficiently as
compared to NK cells stimulated with reovirus-infected tumor cells!?’. Direct infection of
DCs by OVs (e.g., Maraba virus MG1) can also cause DC maturation and strengthen NK
cell-activating capacity'?!. Furthermore, OV-modulated changes in DC function can have
their own implications. As specialized APCs with notable roles in the initiation and
regulation of innate and adaptive immune responses, DCs are indispensable for the

122

development of OV-mediated anti-tumor immunity OV-driven accumulation,

activation/maturation, and increased co-stimulatory molecule expression of DCs contribute

to enhanced DC function and subsequent anti-tumor immune responses'>>

. Macrophages
are another type of innate immune cells which can be modulated by OVs. Broadly

classified as either classically activated M1 or alternatively activated M2 macrophages that

display pro-inflammatory or suppressive/regulatory phenotypes, respectively,
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macrophages serve a wide range of functions and are one of the most prevalent cell types
in the TME'?. TAMs have an M2 phenotype, but due to the plastic nature of macrophage
polarization, TAMs can adopt an M1 phenotype with tumoricidal functions in response to
changing environmental conditions like viral infections. Such ‘re-education’ of TAMs by
OVs was evident following treatment of mammary carcinomas 4T1 and TSA, as well as
colon carcinoma MC38, with Ad expressing chemokine (C-C motif) ligand (CCL)-16 in
combination with toll-like receptor (TLR)-9 ligand CpG and anti-IL-10 receptor

antibody!**

. OVs can also promote the recruitment of M1 macrophages, the presence of
which in the TME correlates with effective anti-tumor immune responses, that perform
tumoricidal activity via nitric oxide and TNFa. or phagocytosis'?*. Ultimately, through the
action of various innate immune cells, anti-tumor immune responses can be rapidly
initiated at early stages of OV therapy, not only directly eradicating cancer cells but also
setting up the stage for the generation of adaptive anti-tumor immunity.

1.2.3.2 OV-mediated Adaptive Anti-tumor Immune Responses

Following innate immune responses, the second line of defense, adaptive immunity, is
initiated. Adaptive immune responses are carried out by lymphocytes — B cell for humoral
immunity and T cells for cell-mediated immunity — that mount a highly specific response
against ‘non-self” entities'”. Specificity is dictated through antigens that are recognized in
their native forms by B cell receptors (BCR) or as digested peptides presented via MHC
(human leukocyte antigen [HLA] in humans) by T cell receptors (TCR)!?”; antigen
presentation by MHC proteins is discussed more thoroughly in Chapter 1.5. The generation

and action of adaptive anti-tumor immunity occur in several steps: (1) release of tumor

antigens by dying cancer cells, (2) antigen processing and presentation by APCs, (3)
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priming and activation of effector T cells in secondary lymphoid organs, (4) trafficking
and infiltration of T cells into the TME, (5) recognition of cancer cells by T cells via
TCR/peptide-MHC interaction, and (6) T cell-mediated killing of cancer cells'?*!?’. OVs
contribute to this cancer-immunity cycle by promoting the release of tumor antigens
through oncolysis, creating an acute inflamed environment that recruits and activates
immune cells, and restoring antigen presentation by tumor cells to allow T cell
recognition®’. Accordingly, mounting evidence supports the generation and role of OV-
induced anti-tumor immunity which causes regression of treated as well as distant,
untreated tumors, with this abscopal effect being one of the key advantages of OV
therapy®1?%12°_ In addition, immunological memory — the ability of long-lived, memory B
and T cells to rapidly respond to previously encountered antigens'®” — provides continual
protection against cancer recurrence. Cure by OV therapy prevents re-implantation with
the same cancer cell type where this anti-tumor protection is conferred by the immune
system, as demonstrated by adoptive transfer of T cells from cured mice or tumor
rechallenge with immune cell depletion'**'32. Thus, by hindering metastatic spread and
relapse, anti-tumor immune response is increasingly being considered more important than
the direct oncolytic effect of OVs.

With the ability to promote the generation of anti-tumor immune responses and
cause the release of damage-associated molecular patterns (DAMPs), it is then apropos that
OVs are regarded as bona fide inducers of immunogenic cell death (ICD)”’. Cancer cells
undergoing ICD are characterized by the temporospatial expression and emission of
DAMPs that bind to their cognate receptors on immune cells, triggering a sequence of

events that ultimately lead to the activation of anti-tumor T cells'**!**, The four major
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hallmarks of ICD include pre-apoptotic exposure of calreticulin (CALR) on the outer

surface of the plasma membrane'?®, secretion of adenosine triphosphate (ATP)!3¢,

137" and post-apoptotic release of high mobility group box 1

production of type I IFNs
protein (HMGB1)!*. The immunostimulatory and immunomodulatory effects of DAMPs
influence each step along the antigen presentation and T cell activation pathway (i.e., from
DC recruitment [ATP], antigen uptake [CALR] and processing [HMGB1], DC maturation
and cytokine profile for CD8 T cell priming [ATP], to T cell recruitment [type I IFNs]),
culminating in the activation of tumor antigen-specific CD8 T cells. Numerous studies to

date have reported the ICD-inducing capacity of certain OVs. For example, T-Vec induces

the expression of ICD hallmarks in melanoma cell lines'*’, and NDV was established to

14 1

induce ICD in lung cancer'*’, melanoma'#!, and glioma'??. Thus, some OVs are able to
promote the generation of anti-tumor immunity through the induction of tumor ICD; and
regardless of the specific type of cell death pathway triggered, OV-induced cancer cell
death can be broadly classified as ICD with the consequent anti-tumor immune responses
contributing greatly to tumor remission.

Much of the efforts to understand anti-tumor immune responses are focused on
CDS8 T cells, as will be the case in this thesis. CD8 T cells, also referred to as cytotoxic T
lymphocytes (CTLs), are the ultimate effector cells that inhibit and kill malignant cells,
and the correlation between tumor progression control and infiltration of CTLs in tumors
is well established for various cancer types'** 143, Upon tumor antigen recognition by
cognate TCRs, CDS8 T cells release pre-formed effector molecules, perforin and granzymes,

that activate the apoptotic pathway in the target cancer cells. Other mechanisms through

which CTLs act include secretion of cytokines IFNy and TNFa., and induction of apoptosis
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following the ligation of Fas ligand on the surface of activated CD8 T cells with Fas on
target cells!®’. These anti-tumor effects of CD8 T cells have been shown to be enhanced
following OV therapy. Numerous studies have reported increased CD8 T cell infiltration
of tumors due to OV administration, such as Ad in an immunocompetent mouse model of

CMT-93 rectum carcinoma'*®; VSV in triple-negative breast cancer (TNBC)'¥’; VV in 4T1

8 149

mammary carcinoma'®® and MC38 colon adenocarcinoma'¥’; and alphavirus M1 in
B16F10 melanoma, RM-1 prostate cancer, and GL261 glioma?®’, attributing to elevated
levels of T cell-recruiting chemokines CCL3 and CCLS5, and chemokines (C-X-C motif)
ligand (CXCL) family chemokines such as CXCL9, CXCL10, and CXCL11%!2%6111,
Similar effects were observed in patient biopsies after T-Vec treatment>!*%!3!, More
importantly, these newly recruited CD8 T cells exhibit activation signatures that can
overcome the immunosuppression of the TME. For instance, alphavirus M1-recruited CDS8
T cells expressed high levels of activation markers CD69 and CD44%, indicating newly
activated T cells with intact functional capacity. Thus, CD8 T cells are the main mediators
of anti-tumor immunity, and there is ample evidence to support that OVs are able to
quantitatively and qualitatively improve anti-tumor CD8 T cell responses®!!1:131:132,152.153
1.3 COMBINING OVS WITH CANCER IMMUNOTHERAPIES

Like most cancer therapeutics, it has become clear that OV therapy alone is insufficient to
achieve clinical success. Due to the genetic and phenotypic heterogeneity of tumors, it is
improbable that an OV can kill all cancer cells within a tumor mass or in widespread
disseminated malignancies®!%°%!3* Thus, combining multiple therapies is becoming a
routine strategy to enhance treatment efficacy. While OVs have been used in combination

5

with conventional cancer treatments like chemotherapy'>® or radiation'*®, the greatest
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therapeutic gains are obtained when OVs are used as the foundation of combination
therapies with other immunotherapeutic agents'®’. OV contribution to the cancer-immunity
cycle — from efficient priming against tumor antigens, increased trafficking and infiltration
of CD8 T cells into the TME, to circumventing tumor-mediated immunosuppression —
addresses some of the challenges faced by other cancer immunotherapies as stand-alone
treatments®’. The interplay between an OV, the TME, and the immune system also
provides multiple points of interaction to be targeted by combinatorial approaches for
optimal manipulation of the immune response to attack cancer!®. This subchapter will
provide an overview of the various strategies in which OVs are administered in cis- or
trans-combination as a single therapeutic with OVs encoding transgenes or a separate
therapeutic in (a)synchronous administrations with other cancer immunotherapeutic agents,
respectively. Ultimately, OVs act as a potent immunological adjuvant in the context of a
multimodal treatment regimen to ensure the generation of robust and durable anti-tumor
immune responses.

1.3.1 Cytokines and Chemokines

The TME is a highly immunosuppressive milieu due to factors secreted by cancer cells,
stromal cells, and immune cells that support tumor growth!%>-197:158 By turning tumors ‘hot’
and shifting the cytokine balance from immunosuppressive to immunostimulatory, OVs
can tilt the immune system in favor of a pro-inflammatory anti-tumor profile!°*!>°. To best
achieve this, OVs are genetically modified to express transgenes encoding cytokines. Such
cis-combination of OVs and cytokines has been reported for several interleukins,
interferons, chemokines, and growth factors'®®. As a case in point, IL-2, which is important

in the proliferation and cytolytic activity of effector T cells, has been incorporated in the
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VV backbone (VV-IL-2) for the treatment of MC38 murine colon cancer'®!. The IL-2
construct in this particular study was modified to remain membrane-bound, via a
glycosylphosphatidylinositol (GPI) anchor with a rigid peptide linker, thereby avoiding the
severe side effects and toxicity associated with systemic IL-2. Similarly, Wang et al. re-
designed IL-12, which not only improves NK and T cell priming and activation but also
has direct anti-tumor activity of promoting anti-angiogenesis, where Ad expressing non-
secreting IL-12 was curative against Syrian hamster models of pancreatic cancer without
systemic toxicity!®%. IL-12 has also been incorporated in oncolytic Maraba MGl virus, in
the context of an infected cell vaccine model, and shown to recruit activated NK cells,
leading to prolonged survival of B16F10 peritoneal tumor-bearing mice'®*. IL-15, which
has many overlapping functions (e.g., NK and T cell activating) as IL-2 but is less toxic,
has been inserted into several OV vectors, including but not limited to NDV'®* Ad!6> and
VSV Notably, Kowalsky et al. demonstrated that VV encoding a superagonist IL-15, a
fusion protein of IL-15 and IL-15 receptor alpha (IL-15/IL-15Ra), improved survival in
MC38 colon and ID8 ovarian cancer models'®’. The therapeutic potency of this OV was
attributed to increased tumor infiltration of activated CD8 T cells, which conferred
protection against tumor rechallenge.

Interferons, naturally produced and secreted by host cells as a defensive response
to viruses'®®, have also been combined with OVs. While the idea of coupling an anti-viral
cytokine with an OV is paradoxical, [FNs are highly immunostimulatory cytokines that
will enhance OV-mediated indirect induction of anti-tumor immunity despite the cost of
impairing direct oncolysis’>. For instance, therapeutic effects of Ad engineered to express

IFNa have been demonstrated in both subcutaneous and peritoneal carcinomatosis models
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of pancreatic cancer in Syrian hamsters'®. Increased treatment efficacy against
mesotheliomas using IFNB-encoding MV has also been reported, where the administration
of this novel oncolytic MV augmented innate immune cell tumor infiltration and anti-
angiogenesis'®. Similarly, VSV-IFNB has exhibited success in the treatment of
mesothelioma!”® and non-small cell lung cancer'’!. VSV armed with IFNy has also been
shown to enhance anti-tumor immune responses in 4T1 mammary adenocarcinoma and
CT26 colon carcinoma, resulting in delayed tumor growth, reduced lung metastases, and
prolonged survival'’?. Efficacy was T cell-dependent and mediated by increased secretion
of other pro-inflammatory cytokines (e.g., IL-6, TNFa, monocyte chemoattractant protein-
1 [MCP-1]), activation of DCs, and recruitment of T cells to tumors.

Tumor infiltration of not only T cells but also other immune cells can be driven by
chemokine-armed OVs. As previously mentioned (see Chapter 1.2.3.2), OV administration
(e.g., VVI¥I® M1 Ad¥) stimulates high expression of CXCL9, CXCL10, and
CXCLI11 in infected tumors, prompting greater accumulation of intratumoral T cells. As
such, VV has been genetically engineered to express CXCL11, which increased
intratumoral trafficking of endogenous, as well as adoptively transferred, T cells'”. If,
however, OV infection alone drives high intratumoral levels of chemokines, then no added
benefits from the cis-combination of OV and chemokine may be observed, as was the case
for CXCL9-encoding VSV!". For the recruitment of DCs and NK cells, CCL5 is another
chemokine whose chemotactic activity has been coupled with OVs. The administration of
CCL5-expressing Ad in JC mammary adenocarcinoma and EL4 lymphoma was shown to
enhance the intratumoral recruitment of DCs, as well as macrophages, NK cells, and CDS8

T cells, and the tumor-infiltrating DCs displayed a higher maturation profile (e.g., higher
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levels of IFNy and IL-12 secretion)!”. In addition, Li et al. presented elevated levels of
NK cells in tumors treated with CCL5-expressing VV'7®. Of note, this study was performed
in immunodeficient mice implanted with HCT-116 colon cancer using NK cells engineered
to overexpress CCRS, the receptor for CCLS5, due to endogenously low levels of CCRS that
would not respond to the virus-delivered CCLS5. Regardless of this enforced CCR5-CCL5
interaction, the principle of combining OVs and chemokines to direct immune trafficking
into the TME remains strongly supported.

A discussion on OV-based cytokine expression cannot leave out granulocyte-
macrophage colony-stimulating factor (GM-CSF). T-Vec, the only OV approved by the
U.S. FDA, is HSV type 1 genetically engineered to express GM-CSF>!°!, thus bringing
notable attention to this cytokine. GM-CSF serves important functions in granulocyte
differentiation, monocyte migration, and APC maturation for enhanced antigen
presentation!””. Incorporation of GM-CSF in not only T-Vec but also other OV vectors
(e.g., Pexa-Vec) has resulted in elevated DC recruitment and maturation, boosted CD8 T
cell priming, and reduction in immunosuppressive cells such as MDSCs and Tregs!"®17,
Notably, GM-CSF has also been administered in trans-combination with OVs. Samson et
al. described improved survival in glioma-bearing mice due to intravenous administration
of reovirus and GM-CSF, along with another immunotherapy, immune checkpoint
blockade®*. As is also the case for the other cytokines/chemokines outlined above, the
expression of GM-CSF by OVs is highly effective in trafficking immune cells and
improving immune effector function in the TME, and the combined effect of these two
immunomodulatory modalities establishes an ‘inflamed’ tumor.

1.3.2 Co-stimulatory Molecules
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Co-stimulatory molecules provide one of the crucial signals in the activation of
lymphocytes, influencing T cell fate and differentiation'®’. They are especially important
for the differentiation of naive T cells into effector cells, where antigen stimulation in the
absence of a co-stimulatory signal can induce T cell anergy!®’. Agonistic antibodies
targeting co-stimulatory molecules have shown potential to enhance immunity'®! and thus,
combining OVs with these agonists may augment therapeutic efficacy. As a case in point,
the combination of anti-4-1BB antibody and VV has been studied in mouse models of
breast and colon cancer!®?. 4-1BB signaling increases the cytotoxic activity and survival of
activated CD8 T cells. Following this trans-combination therapy, reduced tumor growth
and elevated tumor trafficking of CD8 T cells, NK cells, and neutrophils were observed.
Higher levels of CD11b+ and CD11c+ myeloid cells in the tumor-draining lymph nodes
were detected as well. Another example of a trans-combination of an OV and a co-
stimulatory agonist involves OX40, which not only promotes the expansion, survival, and
generation of memory T cells but also inhibits Tregs'®*. As described by Scherwitzl et al.,
IL-12-expressing Sindbis virus vector administered in CT26 colon cancer or MyC-CaP
prostate cancer upregulated OX40 expression on CD4 T cells, providing the rationale for
including an OX40 agonist'®*. The triple combination therapy of VV, cytokine, and anti-
0X40 antibody resulted in enhanced tumor infiltration and effector function of T cells
displaying an altered transcriptomic and metabolic profile.

Furthermore, OVs and co-stimulatory agonists can be combined in cis, where
transgenes encoding the ligands for the co-stimulatory molecules are incorporated in the
OV vector, ensuring the expression of the agonist within the tumor. To illustrate, Rivera-

Molina et al. engineered Ad encoding the ligand for glucocorticoid-induced TNFR family-
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related gene (GITR), showed the expression of the ligand on the surface of human and
murine glioma cells post infection, and documented increased therapeutic efficacy in
murine glioma models'®. Prolonged survival of glioma-bearing mice, elevated levels of
central memory CD8 T cells, and protection against tumor rechallenge were reported.
Inducible co-stimulator (ICOS) has also been exploited for immunotherapeutic
intervention. After first noting the upregulation of ICOS in NDV-treated B16F10
melanoma, Zamarin et al. generated ICOS ligand-expressing NDV (NDV-ICOSL) to target
ICOS directly within tumors'®®. Administration of NDV-ICOSL in a bilateral flank
B16F10 tumor model resulted in intratumoral expansion of activated CD8 T cells and
tumor regression in both the virus-injected and the distant, untreated tumors. Therapeutic
efficacy was further enhanced by the addition of immune checkpoint blockade therapy.
This study, as well as the aforementioned work by Scherwitzl et al., highlights the main
advantage of combining OVs and co-stimulatory agonists: upregulated expression of co-
stimulatory molecules induced by OV infection. The ensured presentation of agonist
targets allows maximal utilization of the co-stimulatory axes for optimal differentiation
and function of anti-tumor T cells during OV therapy.

1.3.3 Tumor Antigens

As the signal that dictates the specificity of immune responses, tumor antigens are vital to

anti-tumor immunity'®

and stimulating their cognate T cells by peptide vaccines is another
immunotherapeutic avenue in which OVs can be integrated. OVs can be utilized for not
only effective delivery and expression of tumor antigens but also as adjuvants to arouse

9,10,186

otherwise immunosuppressed tumor antigen-specific T cells . Such oncolytic

vaccines (i.e., OVs engineered to express tumor antigens) have been reported for VSV
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encoding E7 (human papillomavirus [HPV] type 16 E7 protein)'®’, DCT (dopachrome

)188

tautomerase)'®®, OVA (ovalbumin as a surrogate tumor antigen)!®, and gpl100

(glycoprotein 100)'; as well as VV encoding CEA (an oncofetal glycoprotein called
carcinoembryonic antigen)'®!, 5T4 (another oncofetal glycoprotein)!®?, and HER2/neu
(human epidermal growth factor receptor 2)!*?. To illustrate in more detail the effective use
of oncolytic vaccines, Kottke et al. and Pulido et al. described the anti-tumor efficacy of a
virally expressed epitope library, where the expression of a cDNA library derived from
normal prostate tissues or melanoma cell lines covered a broad range of tumor

194195 These VSV-expressed ¢cDNA libraries resulted in the rejection of

antigens
established prostate and melanoma tumors, attributed to an induction of Th17 CD4 T cell
response. The ability to target multiple tumor antigens makes virally expressed epitope
libraries an attractive therapeutic strategy that is applicable against various cancer types.
Another novel oncolytic vaccine platform involves coating viruses with tumor-
specific peptides for efficient tumor antigen delivery. This technology was developed using
Ad where tumor peptides are adsorbed onto the negatively-charged viral capsid, thus
negating the need to genetically modify the virus!®®. This peptide-coated conditionally
replicating adenovirus (PeptiCRAd), loaded with either OV A, tyrosinase-related protein 2
(TRP-2) and gp100, or melanoma-associated antigen A1 (MAGE-A1), was demonstrated
to promote the expansion of antigen-specific CD8 T cells and mature, antigen-presenting
DCs, as well as eradicate established tumors'*®. Multivalent PeptiCRAd, expressing both
TRP-2 and gp100, exhibited the greatest anti-tumor efficacy, even displaying an abscopal

response in a bilateral flank B16F10 tumor model'*®.
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Most vaccines require multiple doses for optimal efficacy and production of long-
lasting immunity. This poses a challenge for oncolytic vaccines since the more intense anti-
viral immune responses against the viral vector, which can prematurely clear the virus, may
overpower the tumor antigen-specific immune response!®®!*7. The balance between the
immune response against the virus versus the immune response against the tumor antigen

197 Here, two viral

can be skewed towards the latter by a heterologous prime-boost strategy
vectors encoding the same tumor antigen are administered one after the other to prime then
boost a stronger memory immune response against the tumor antigen; the second viral
vector, on the other hand, will trigger a relatively weaker primary immune response. In one
example, gpl00-expressing Ad was used to prime and gpl00-expressing lymphocytic
choriomeningitis virus (LCMV) was used to boost gp100-specific CD8 T cell responses in
both a prophylactic and therapeutic setting (i.e., protect against BI6F10 challenge and
reduce the growth of established tumors, respectively)'*®. Many different combinations of
recombinant OVs are possible (e.g., Ad-DCT to prime and Maraba-DCT to boost, VSV-
DCT to prime and Ad-DCT to boost, Sindbis-E7 to prime and VV-E7 to boost) for the

generation of potent tumor antigen-specific immunity'®’

. Ultimately, the use of oncolytic
vaccines to establish immune responses against tumor antigens highlights the important
role OVs can play in the development of the next-generation of cancer peptide vaccines.
1.3.4 Bispecific T-cell Engagers (BiTEs)

Immunological synapse — the interface between a target cell and a lymphocyte — can be
forced using bispecific T-cell engagers (BiTEs)!>”!1*°. A BiTE is an artificial fusion protein

consisting of two single-chain variable fragments (scFv), one that binds CD3 on T cells

and another that binds an antigen on tumor cells'””. By forming a link between a T cell and
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a cancer cell, the BiTE-induced synapse allows T cells to exert cytolytic activity on tumors
irrespective of TCR/peptide-MHC interaction. BiTE therapy, however, may be limited by
the short circulating half-life of BiTEs, on-target/off-tumor toxicity if target antigen is also
expressed on normal cells, and the reliance on the intratumoral presence of functional T
cells'>’. Arming OVs with BiTEs can address these obstacles. As shown by Fajardo et al.,
Ad encoding an epidermal growth factor receptor (EGFR)-specific BiTE (Ad-EGFR-BiTE)
was capable of producing BiTEs that enhanced T cell function and bystander killing effect
in an in vitro co-culture assay with human cancer cells and peripheral blood mononuclear
cells (PBMCs)*®. They also demonstrated increased T cell tumor infiltration and anti-
tumor efficacy in two human tumor xenograft models following intratumoral or
intravenous administration of Ad-EGFR-BITE, along with a systemic administration of
human PBMCs. Similar improvements in bystander effect and anti-tumor efficacy were
observed in response to VV armed with ephrin-A2-targeting BiTE*! and Ad encoding
BiTE specific for epithelial cell adhesion molecule EpCAM?%?. Overall, combining BiTEs
and OVs by genetic engineering supports the sustained production and expression of BiTEs
within the TME. The reversal of tumor-associated immunosuppression by OVs can also
aid in the enhanced T cell activity upon BiTE-mediated cancer cell-T cell ligation.

1.3.5 Adoptive Cell Therapy (ACT)

Adoptive cell therapy (ACT) involves the transfer of immune cells into patients to enhance
anti-tumor immune responses>?. There are three types of ACTs engaging T cells: [1]
tumor-infiltrating lymphocyte (TIL) therapy where naturally occurring anti-tumor T cells
are harvested from a patient, activated and expanded ex vivo, and infused back into the

patient; [2] engineered TCR therapy where T cells isolated from a patient are engineered
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to express a tumor antigen-specific TCR and then activated and expanded prior to
reinfusion; and [3] chimeric antigen receptor (CAR)-T cell therapy where T cells are
engineered to express a recombinant antigen receptor composed of a scFv specific against
an antigen on the surface of cancer cells and co-stimulatory signaling domains that sustain

203 The main

the activation and proliferation of the engineered T cells following reinfusion
advantage of CAR-T cells is that they recognize and kill cancer cells independently of
peptide processing and presentation by tumor MHC?*?,

The success of ACTs depends on T cell trafficking to and survival in the TME.
Thus, it would be advantageous to combine OV therapy with ACT due to OV-mediated
events that improve T cell recruitment and effector function, as well as extended anti-tumor
T cell priming by tumor antigens released by oncolysis”!’. Indeed, Nishio et al. utilized a
trans-combination of CCLS5 and IL-15-expressing Ad and neuroblastoma antigen GD2-
specific CAR-T cells to show the increased migration, proliferation, and function of CAR-
T cells in a neuroblastoma TME, resulting in reduced tumor growth and improved survival
in the tumor-bearing mice***. Similar findings have been reported in numerous preclinical
studies combining various OVs and CAR-T cells specific for HER2/neu, EGFR, and
mesothelin!®132157_ Furthermore, OVs can also enhance the function of endogenous T cells
to augment ACT efficacy. As described by Walsh et al., VSV oncolytic vaccine
(engineered to express a peptide derived from a mutated ERK2 protein) combined with
ACT of transgenic CD8 T cells specific against the same ERK2 peptide resulted in

complete and durable tumor regression of CMS5 fibrosarcoma?®®. This anti-tumor efficacy

was attributed to rapid destruction of tumor mass by the transferred T cells and long-term
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protective memory response by endogenous T cells. Thus, the full potential of the immune
system can be exploited by the combination therapy of OV and ACT.

1.3.6 Immune Checkpoint Blockade (ICB)

Immune responses are maintained under control by inhibitory immune checkpoint
molecules'®. The interaction between an inhibitory immune checkpoint, expressed on
APCs and cancer cells, and its cognate receptor, expressed on lymphocytes, is similar to
that of co-stimulation except the result in this case is immunosuppression. This immune
checkpoint signaling is essential to maintain self-tolerance (i.e., prevent autoimmunity) and
moderate immune responses during infection (i.e., prevent excessive inflammatory tissue
damage)'®°. Cancer cells, however, utilize immune checkpoints as one of the main
strategies of tumor immune evasion!®!3!. Thus, immune checkpoint blockade (ICB)
therapies, where antibodies specific for immune checkpoints (i.e., immune checkpoint
inhibitors [ICIs]) inhibit receptor-ligand interactions thereby allowing T cell activation, are
being recognized for their capacity to reinvigorate anti-tumor immune responses and have

shown promise in clinical settings!8!206:207

. The most extensively studied immune
checkpoints are cytotoxic T-lymphocyte associated protein 4 (CTLA-4), programmed cell
death protein 1 (PD-1), and programmed death-ligand 1 (PD-L1). CTLA-4 is expressed on
T cells — constitutively on Tregs or upregulated on effector T cells upon activation — and
competes with the co-stimulatory molecule CD28 to bind CD80 and CD86 on APCs, where
receptor-ligand engagement inhibits T cell expansion'®’. PD-1 is found on the surface of
activated T cells, as well as Tregs, B cells, NK cells, and myeloid cells, and binding its

ligand PD-L1 (or PD-L2) inhibits T cell proliferation and function and induces T cell

apoptosis'®®.  Other immune checkpoints under investigation include T cell
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immunoglobulin and mucin-domain containing-3 (TIM3), lymphocyte activation gene-3
(LAG-3), T cell immunoglobulin and ITIM domain (TIGIT), and V-domain Ig suppressor
of T cell activation (VISTA)'*°,

As with most cancer therapies, ICB is not without its challenges. There are some
patients in whom ICB fails to achieve successful therapeutic outcomes, particularly if the
tumors exhibit a low mutational burden or lack TILs??*2!°. The incorporation of OVs to
ICB therapeutic regimen can address the shortcomings and thus numerous OV-ICB
combinations are underway in preclinical and clinical studies®!!. By turning tumors ‘hot’
and driving the infiltration of T cells into tumors, OVs increase the sensitivity of TILs to
ICIs!92! T ikewise, OV-mediated upregulation of immune checkpoint molecules on
cancer cells also provides the target for ICB therapy!'®?!!. As exemplified by Zamarin et
al. using a bilateral flank B16F10 tumor model, combination therapy of NDV and anti-
CTLA-4 antibody increased the recruitment of activated CD4 and CDS8 T cells into distant,
untreated tumors, resulting in complete regression and protection against rechallenge'?®.
Similar findings were observed following the administration of NDV and anti-PD-1 or anti-
PD-L1, where the PD-1/PD-L1 axis was targeted in this case after noting NDV-induced
PD-L1 upregulation in treated and untreated, distant tumors®'>2. Enhanced anti-tumor
efficacy can also be obtained by targeting multiple immune checkpoint signaling pathways
in a triple combination therapy of an OV and two ICIs (e.g., IL-12-expressing HSV
combined with anti-CTLA-4 antibody and anti-PD-1 antibody in glioblastoma?'?).
Furthermore, PD-1 blockade can affect other immune cells besides T cells to potentiate
therapeutic efficacy. Combination therapy of reovirus and PD-1 blockade not only

prolonged survival in B16 melanoma-bearing mice but also improved NK cell-mediated
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killing of reovirus-infected cancer cells and reduced Treg-mediated suppression of CD8 T
cell anti-tumor activity*'4. On the whole, OV-mediated enhanced sensitization to ICB is
best illustrated by Bourgeois-Daigneault et al. using Maraba rhabdovirus as a neoadjuvant
(i.e., therapy delivered before the main treatment)?!>. In this study, animals in which the
primary TNBC tumors were treated with Maraba prior to surgical resection responded well
(60-90% complete response) to anti-PD-1 blockade therapy of the secondary, rechallenge
tumor; on the other hand, ICB was ineffective against tumor rechallenge in animals that
did not receive neoadjuvant Maraba therapy before primary tumor resection. This
therapeutic model exemplifies the course of treatment in real clinical settings (from
primary tumor, OV therapy, tumor resection, secondary tumor, to ICB) and highlights how
the OV-ICB combination can be harnessed for maximum therapeutic efficacy.

As opposed to the trans-combination of OV and ICB described thus far, cis-
combination (i.e., OVs genetically modified to express ICIs) is also possible and provides
an additional benefit of the efficient delivery of ICIs to the TME. This enhanced tumor
localization of ICIs will minimize one of the major side-effects of ICB — off-target toxicity
resulting in immune-related adverse events (irAEs) such as colitis, hepatitis, type 1 diabetes,
and myocarditis'®!*!°, VV co-expressing GM-CSF and a PD-L1 inhibitor (VV-iPDL1/GM)
was generated by Wang et al. and shown to be capable of producing high levels of
functional PD-L1 inhibitor (iPDL1; soluble PD-1 extracellular domain fused with
immunoglobulin G1 Fc fragment) that bound to PD-L1 of treated and distant BI6F10 or
MC38 tumors, as well as tumor-infiltrating immune cells'*!. Enhanced anti-tumor activities
against the primary and distant, untreated tumors were due to VV-iPDL1/GM-mediated

increase in tumor infiltration of CD8 T cells showing higher activation capacity (i.e.,

31



express higher levels of IFNy, TNFa, and CD107a upon stimulation) and decrease in the
level of immunosuppressive cells in the TME. Most important of all, VV-iPDL1/GM
activated CD8 T cell responses against neoepitopes (i.e., peptides derived from tumor-
specific mutant antigens) identified in MC38 cancer cells, thus emphasizing the role of
CDS8 T cells in anti-tumor immunity. Another form of ICI encoded by OVs is anti-CTLA-
4 scFv that blocks CTLA-4 signaling?!’. Recombinant NDV or influenza A virus
expressing this CTLA-4 inhibitor was effective against BI6F10 melanoma in reducing the
growth of established tumors and increasing overall survival, as well as contributing to an
abscopal effect?!®21?. Collectively, whether it is through OV-induced upregulation of
immune checkpoints on cancer cells, enhanced tumor immune infiltration or targeted
delivery of ICIs to the TME, OV and ICB combination forms an ideal complementary
partnership for cancer immunotherapy.

14 THE ROLE OF ANTI-VIRAL IMMUNITY DURING OV THERAPY

Upon virus detection, a series of immunological events involving soluble mediators and
immune cells of both innate and adaptive immunity will be triggered to restrict viral

replication and spread!!108:109.111

. Chapter 1.2.3.1 described how some of the initial
immune responses (i.e., innate immunity) to OV recognition can contribute to the
development of anti-tumor immunity. The current subchapter will focus on immune
responses directed towards the virus and present the detrimental, as well as fortuitously
beneficial, outcomes of this anti-viral immunity. There is mounting evidence that OV
therapeutic efficacy is hindered by the presence of pre-existing anti-viral immunity due to

prior exposure (e.g., previous immunizations, natural infections by viruses found

ubiquitously in the environment) or repeat administration of OV therapy??°. Even if pre-
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existing immunity is absent, the immune system will eventually facilitate viral clearance,
generally keeping the therapeutic window during which an OV can exert its anti-tumor
effects to the first 1-2 weeks after administration!!. Thus, anti-viral immunity is one of the
biggest obstacles faced by OV therapy, especially for systemic delivery, that can adversely
impact treatment outcome at several stages: prior to cell entry by humoral immunity (i.e.,
neutralizing antibodies, complement proteins); and upon cell infection by interferons that
inhibit viral replication or by immune cells that destroy virus-infected cells.

1.4.1 Neutralizing Antibodies

Neutralizing antibodies (nAbs) are secreted by activated B cells and as the name implies,
they act to subdue the offending pathogen and render them non-infectious??!???, By
blocking the virus-host cell interaction, nAbs prevent OV entry into cancer cells and thus
negate therapeutic effects’>!'!. As a case in point, Chen et al. demonstrated decreased anti-
tumor activity of Ad against LNCaP prostate cancer xenograft model in the presence of Ad
nAbs, for which >85% of the human population is seropositive’***?*, Similarly, nAbs cause
a challenge for OVs like MV in previously vaccinated patients (the MMR [measles-
mumps-rubella] vaccine is widely used around the world to immunize children??®) or T-
Vec (>90% of adults in the U.S. are estimated to have been exposed to HSV-12%),
Antibody responses against ubiquitous viruses can be acquired during early childhood and
increase with age, as exemplified by the prevalence of reovirus-specific antibodies in a
cohort of young children in Nashville, Tennessee®?’. Levels of pre-existing nAbs can
further increase after clinical exposure to OVs. Accordingly, numerous strategies have
been employed to circumvent nAbs in OV therapy?*??°. In addition to the use of cell

carriers or liposomes described in Chapter 1.1.2 to shield OVs from nAbs, another
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approach is to switch serotypes, which are variations of a virus that differ in their surface
antigens and thus trigger different antibodies'. With more than 50 distinct serotypes, Ad is
particularly amenable to serotype switching!. Most OV research on Ad is based on serotype
5, but Hemminki et al. generated a serotype 3 oncolytic Ad (Ad3-hTERT-E1A; rendered
oncolytic by placing its replication under the control of a tumor specific promoter) and
showed its anti-tumor efficacy even in the presence of nAbs against Ad serotype 5%%%.
Serotype switching, however, is not a feasible approach for monotypic viruses such as MV.
Rather, a proof-of-concept study by Xu et al. demonstrated that UV-inactivated MV can
act as a decoy virus to sequester pre-existing anti-MV antibodies prior to the addition of
active oncolytic MV?%, Alternatively, modifications to the viral coat proteins can deter
neutralization. For instance, surface deglycosylation of VV to block TLR-2 activation was
shown to decrease anti-VV nAb production®®’. Escaping humoral immunity was also
achieved by replacing the envelope glycoprotein of VSV with the non-neurotropic
envelope glycoprotein of LCMV for the treatment of brain cancer; while this
“pseudotyping” was intended to inhibit neurotropism, it also resulted in an abrogation of
nAb response and thus allowed a multi-dosing regimen of this recombinant OV?3!"233_ Of
note, non-neutralizing antibodies (i.e., binding antibodies) against viruses are also
produced upon infection, which instead of affecting infectivity will hinder virus activity by
triggering an immune response against the pathogen-antibody complex?*2,

1.4.2 Complement System

The complement system consists of soluble proteins circulating in the blood and other body
fluids that act as PRRs or effector molecules for the detection or destruction of

microorganisms'®?**, Even in the absence of anti-viral antibodies, the complement
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cascade can facilitate viral clearance by directly causing virolysis; other modes of
complement-mediated viral inactivation are aggregation and phagocytosis®>>. As such,
inhibition of the complement system has been coupled with OV therapy to augment
systemic delivery of OVs2>?6220 Using cobra venom factor pre-treatment to deplete
complement protein levels, Wakimoto et al. presented increased infection of glioma

236 The authors also

xenografts by oncolytic HSV-1 following intravascular administration
highlighted how HSV infection can activate different complement pathways in a species-
specific manner, which is highly relevant to the translation of OV therapy from preclinical
rodent models to human clinical trials. Monoclonal antibodies against complement
components have also been used to inhibit complement activity; specifically, inhibition of
complement C5 significantly enhanced in vitro infection and oncolysis of MC38 cancer
cells by VV?¥. In addition, certain viruses have naturally acquired complement subversion
mechanisms such as the expression or secretion of immune-modulating molecules. For
example, glycoprotein C of HSV-1 binds complement protein C3b which prevents C5
activation®*%; and vaccinia virus complement control protein is a virulence factor secreted
by VV that binds and inactivates complement components C4b and C3b*?%°, VV is also
unique in producing two distinct infectious virions, intracellular mature virus and
extracellular enveloped virus, during its replication cycle; and it has been documented that
the extracellular enveloped virus form is resistant to neutralization by complement factors
due to the incorporation of host proteins within its membrane®. While some of these
findings were reported in viral infection models rather than in OV therapy models, they

still provide a valuable insight on the role of the complement system that are applicable to

OV systemic delivery.
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1.4.3 Anti-viral Cytokines

If a virus has somehow managed to bypass the obstacles of systemic delivery and gain
entry into its target cell, it will face another roadblock of interferons that will limit viral
replication and spread-®?*!. While the type I IFN pathway is defective in about 65-70% of
cancer cell lines, making them more permissive to OV infection, the degree of impairment
can vary and still affect OVs’®. Also, the remaining 30% of cancer cell lines have intact
IFN response pathways and IFNs can be produced by other cell types in the TME. Thus,
IFNs pose a major impediment to OV therapy, and the correlation between upregulated
levels of IFN signaling and resistance to OV therapy supports the use of IFN modulators
in combination with OVs?*!. To illustrate, JAK/STAT inhibition with ruxolitinib was
shown to increase the oncolytic efficacy of IFNB-expressing VSV in a murine lung cancer
model'”1**2. Another group demonstrated that ruxolitinib pre-treatment increased the
susceptibility of malignant peripheral nerve sheath tumors to HSV infection due to reduced
interferon-stimulated gene (ISG) expression, resulting in augmented viral replication and
HSV-mediated anti-tumor CD8 T cell responses®®. Other pharmacological inhibitors
targeting different parts of the IFN pathway that have been used to potentiate various OV
therapies include histone deacetylase inhibitors (prevent ISG transcription)***, dimethyl
fumarate (block nuclear translocation of NF-kB)**, and microtubule-destabilizing agents
(disrupt IFN mRNA translation and reduce protein secretion)**®. Moreover, the BI8R gene
of VV, which encodes a type I IFN-binding protein, has been incorporated into the HSV-1
genome, culminating in the secretion of IFN-binding decoy receptors that allowed the
recombinant virus to retain its oncolytic activity in the presence of high IFN levels in vitro

and exhibit greater therapeutic effects in Hepal-6 tumors in vivo**’. Altogether, as the
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success of OV therapy is dependent on dysfunctional IFN signaling in cancer cells,
therapeutic approaches to dampen IFN-induced anti-viral state in the TME 1is essential to
overcome IFN-mediated tumor resistance to OV therapy.

1.4.4 Cell-mediated Responses

Non-specific uptake of viruses by the reticuloendothelial system significantly reduces the
systemic availability of OVs?®, with reports of as high as 90% of Ad being sequestered
from the blood by Kupffer cells (i.e., macrophages in the liver)**®. In addition to
phagocytosis of viral particles, macrophage-mediated suppression of viral replication or
destruction of infected cells further contributes to premature viral clearance?. Thus,
systemic delivery of OVs can benefit from macrophage depletion, which can be achieved
by an intravenous administration of liposomes containing clodronate (dichloromethylene-
diphosphonate; only phagocytic cells take up liposomes and succumb to apoptosis
following intracellular clodronate exposure)?®!!11:24%250  This clodronate-liposome was
shown to deplete over 80% of peripheral macrophages (in spleen and blood) of rats
harboring syngeneic gliomas, resulting in a 5-fold increase in intratumoral oncolytic HSV-

1 titers®!

. As the liposomes cannot cross the blood-brain barrier, microglia (i.e., brain-
resident macrophages) remained unaffected; the selective depletion of peripheral
macrophages is favorable as intratumoral macrophages can play an essential role in the
anti-tumor effects of OVs. Moreover, combining macrophage depletion and anti-coagulant
treatment with warfarin was reported to potentiate Ad oncolytic activity in a mouse model

252 Macrophage depletion in this particular study was

of human hepatocellular carcinoma
established by Ad pre-dosing, where a high dose of Ad was first administered to cause

rapid necrosis of Kupffer cells prior to the delivery of a second therapeutic Ad dose; and
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warfarin treatment was included to prevent blood factor-mediated Ad transduction of
hepatocytes (off-target toxicity). In addition to increased intratumoral spread and
persistence of Ad, reduced tumor growth and prolonged survival in tumor-bearing mice
were attained by “de-targeting” Ad from Kupffer cells and hepatocytes.

NK cells are another class of innate immune cells that play a prominent role in host
defense against viral infections. The rapid recruitment and activation of NK cells in
response to viruses, either infectious or therapeutic, are well documented; and NK cells
destroy virally infected cells through the production of IFNY, secretion of cytolytic granules,
or expression of death receptor ligands?>*?**. However, given their capacity to also
facilitate tumor clearance, NK cells in the context of OV therapy may be detrimental (anti-
viral) or supportive (anti-tumor) of OV efficacy, which could depend on the stage of

treatment®?°

. As suggested by Alvarez-Breckenridge et al., NK cell depletion in the early
phase of therapy can benefit virus replication and intratumoral spread while NK cell
activation at later stages can support anti-tumor immunity?>>. The same authors showed
that oncolytic HSV induced NK cell infiltration of gliomas which resulted in reduced
intratumoral viral titers and therapeutic efficacy; depletion of NK cells using NK antigen-
specific antibodies reversed these effects’>>®. Another study used the immunosuppressive
cytokine TGFP to suppress NK cells during oncolytic HSV therapy of glioblastoma?’.
TGFp pre-treatment was shown to temporarily inhibit NK cells, as well as macrophages,
leading to decreased intracranial infiltration of these innate immune cells, increased viral
titers, and improved therapeutic responses. Oncolytic HSV has also been genetically

modified to express E-cadherin, a ligand for an NK inhibitory receptor called KLRGI, to

block cytolytic NK cell activity during anti-glioblastoma therapy®>®. In addition to NK
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inhibition, E-cadherin also facilitated cell-to-cell infection and thus potentiated viral spread.
Consequently, this recombinant OV-mediated inhibition of NK cells and increased viral
infectivity prolonged survival in glioma-bearing mice.

Cells of adaptive immunity can also contribute to rapid anti-viral responses,
specifically in the form of memory B cell and memory T cells during secondary viral
challenge!?®221>° Following an infection, lymphocytes proliferate and differentiate into
effectors cells that eliminate the pathogen through their effector functions (e.g., antibody
secretion by B cells, cytotoxic activity by CD8 T cells)*?!2%2¢1_ When the pathogen is
cleared, most effector cells die during the contraction phase, leaving about 10% that persist
long-term!'%-260-262 These memory cells differentiate back into effector cells for a prompt
and efficient response to reinfection by the same pathogen. Memory B cells are critical to
the nAb-mediated responses to viruses; since the half-life of antibodies in serum is short
(hours to days), memory B cells need to maintain and/or rapidly produce nAbs?®*. Equally
important are virus-specific memory CD8 T cells that facilitate viral clearance by
eliminating virus-infected cells via their cytotoxic mechanisms?6°2%! (see Chapter 1.2.3.2).
In relevance to OV therapy, virus-specific memory T cells have been shown to be a part of
TILs*%*2%, Simoni et al. determined that human colorectal and lung tumors were infiltrated
by a heterogenous population of CD8 T cells, some specific for putative neoepitopes and
others specific for common virus epitopes (e.g., Epstein-Barr virus, cytomegalovirus,

)264

influenza virus)="". Another group analyzed the intratumoral TCR repertoire in ovarian and

colorectal cancer and demonstrated tumor infiltration by “bystander” virus-specific T

265

cells=*”. With the potential to expand rapidly upon detection of OVs in tumors, these virus-

specific memory T cells and their role in OV therapy require further elucidation. Overall,
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the coordinated efforts of innate and adaptive immunity mount a robust anti-viral response
that will impede OV therapy, and thus a better understanding of the OV-immune system
interaction is required to strategize maximal OV delivery and therapeutic effect.

1.4.5 Potential Benefits of Anti-viral Imnmunity

Contrary to existing dogma, anti-viral immunity may provide unforeseen benefits for OV
therapy. We and others have postulated such anti-tumor benefits of anti-OV immunity
(Figure 1.2) and evidence continues to emerge in support of this paradigm shift!!%-266-26%,
Namely, the strong cytokine and cellular responses triggered by OVs overturn tumor-
associated immunosuppression and promote the influx of immune cells into the TME,
ultimately contributing to the generation of anti-tumor immunity!?!*°, In addition, the
selective nature of OVs indicates that a virally infected cell is a virally infected cancer cell,
which is then subjected to anti-viral immune responses. The outcome of anti-viral
immunity may then depend on temporospatial dynamics, much like the aforementioned
dual role of NK cells in OV therapy: detrimental if directed at OVs in systemic circulation
leading to premature viral clearance, but beneficial if initiated in the TME. To skew
towards the latter, immunomodulatory interventions aimed at anti-viral immunity should
be implemented when appropriate. In one example, a bispecific adaptor protein that binds
both Ad-specific nAbs and polysialic acid on tumor cells was included in Ad therapy of
MC38 colon cancer?’’. This molecular retargeting of nAb-coated Ad to tumor cell surface
significantly delayed tumor growth and prolonged survival in tumor-bearing mice only in
the presence of pre-existing anti-viral immunity. Even without intervention, nAbs may help
OVs?"17273 " As described by Berkeley et al., nAb-coated reovirus was amenable to cell

272

carriage by monocytes”’“. nAb-OV complexes were internalized by monocytes, which
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delivered functional, replicative reovirus to melanoma cells in an in vitro assay, resulting
in oncolysis. In another study investigating the cell carriage potential of CD11b+ cells for
reovirus systemic delivery, cytokine conditioning with GM-CSF to improve carrier
function was most effective when pre-existing nAbs were present>’!.

Pre-existing anti-viral adaptive immunity, specifically CD8 T cell-mediated
response, has also been reported to potentiate OV therapy?¢’*’427®, First, it has been
observed that there is a correlation between anti-viral and anti-tumor T cell induction in
Ad-treated cancer patients, where anti-tumor T cells (i.e., anti-survivin T cells) were absent
in the absence of anti-viral T cells'”. The authors suggested that the generation of anti-
tumor T cells was dependent on Ad providing the necessary danger signal strong enough
to break tumor-associated immunologic tolerance and on Ad-mediated oncolysis
promoting epitope spreading. Moreover, Ricca et al. showed that anti-viral immunity may
actually be a driving force behind OV therapeutic efficacy®®’. Despite the fact that
intratumoral spread of NDV was attenuated by pre-existing anti-viral immunity, OV
therapeutic efficacy (i.e., tumor clearance, abscopal effect, survival) was augmented in
mice that were immunized with NDV prior to B16F10 tumor inoculation and intratumoral
NDV administration. When the splenic CD8 T cells from these NDV-immunized, tumor-
bearing mice were co-cultured with either non-treated BI16F10 cells (to examine anti-tumor
response) or NDV-treated MB49 cells (to examine anti-viral response), greater level of
IFNy production was observed due to B16F10 stimulation, thus confirming the
establishment of potent anti-tumor immunity. Furthermore, in a different study
investigating the contribution of anti-viral and anti-tumor CDS8 T cell responses during

oncolytic HSV therapy, it was determined that the former was enough to cause a significant

41



tumor growth reduction in the absence of the latter (administration of HSV in a tolerized
tumor-associated antigen model of breast cancer allowed such an analysis)*”’. It was
hypothesized that the presentation of OV-derived peptides by tumor MHC molecules was
sufficient for tumor cell lysis by anti-viral CD8 T cells, which would not be subjected to
immunologic tolerance mechanisms or exhaustion due to chronic stimulation like the anti-
tumor counterparts®>’®. The feasibility of redirecting anti-viral immunity towards cancer
cells has been corroborated by multiple groups using various strategies to deliver viral
peptides to tumors for the activation of anti-viral T cells (e.g., intratumoral injection of
peptides, antibody-peptide epitope conjugates, PeptiCRAd platform)?’427®. As such, rather
than regarding anti-viral immunity as an impediment to OV therapy, strategies to harness
the immunologic potential should be considered.

1.5 ANTIGEN PROCESSING AND PRESENTATION IN CANCER
IMMUNOTHERAPY

All the discussion thus far on immunity requires a certain level of understanding of antigen
presentation. Otherwise, how can one distinguish anti-tumor versus anti-viral immune
responses or specifically target the former using immunomodulatory interventions? The
specificity of an immune response is dictated by an antigen, which simply put is a substance
that is capable of stimulating lymphocytes; an epitope (also known as the antigenic
determinant) refers to the distinct part of the antigen that is being recognized!®-*"*2%° In T
cell immunology, an antigen must be in the form of peptides bound to major
histocompatibility complex (MHC); peptides are derived from endogenous proteins for
class I MHC presentation to activate CD8 cytotoxic T cells (Figure 1.3) or exogenous

proteins for class Il MHC presentation to activate CD4 helper T cells?’”*28!. For the purpose
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of this thesis with my focus on CD8 T cell immune responses during OV infection and
therapy, only MHC-I antigen presentation pathway will be discussed here.

The general interest of cancer immunotherapies on stimulating anti-tumor CD8 T
cell responses necessitates the identification of tumor-associated antigens (TAAs) or
tumor-specific antigens (TSAs)?*2%% TAAs are self-antigens that are expressed at
elevated levels on cancer cells; examples include Her2/neu, MAGE-A1, mesothelin, and
survivin?®*. On the other hand, TSAs are expressed only on cancer cells and can be
organized into several categories, including but not limited to oncofetal (expressed by

)285,286

cancer cells and fetal tissues , cancer-testis (expressed by cancer cells and adult

)287,288 )2897

reproductive tissues , oncoviral (encoded by cancer-causing viruses such as HPV

21" or neoantigen (arise from genetic mutations [e.g., single nucleotide variations,
insertions/deletions, transcript splice variants] which generate novel peptide sequences)®*>
2% Importantly, the knowledge of antigen identity can be exploited to manipulate the
cognate CD8 T cell responses during cancer immunotherapies. The following subchapters
will describe how an antigen is processed and presented through the MHC-I pathway, as
well as recent advances in the field of epitope discovery.

1.5.1 Class I MHC (MHC-I) Pathway

The MHC-I pathway is an elaborate, multi-step process that occurs in a few intracellular
compartments, culminating in the surface expression of stable peptide-MHC complexes to
be recognized by cognate TCRs (Figure 1.4)*”-28!, MHC-I molecules are expressed on the
surface of all nucleated cells. As they present peptide fragments of cytosolic proteins,

MHC-I molecules report on the intracellular state of cells to CD8 T cells?®’. Under

physiological conditions, MHC-I-bound self-antigens do not activate CD8 T cells.
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However, during pathological conditions, MHC-I-bound non-self, foreign antigens that
arise from viral infections or cellular transformations serve as antigenic determinants and
stimulate CD8 T cells?®®®. Thus, the array of MHC-I-bound peptides (or ligands),
collectively termed the MHC-I peptidome (or ligandome), is vital for CD8 T cells to
distinguish either self or non-self entities and react once the latter is detected?*?.

1.5.1.1 MHC-I Structure and Polymorphism

MHC-I molecules are heterodimers comprised of two non-covalently linked polypeptide
chains, a polymorphic heavy o chain and a constant > microglobulin (B2M)?*13%, The a.;
and o domains fold to form the peptide-binding groove, while the transmembrane o3
domain interacts with the CD8 co-receptor on T cells. Within the peptide-binding groove,
a peptide is sandwiched between two a helices lying on a B-pleated sheet. The coupling of

the a chain and B2M occurs in the endoplasmic reticulum (ER) with the aid of chaperone

301

proteins®'. MHC-I is unstable without a bound peptide, so an empty MHC-I will dissociate

and be degraded by the ER-associated protein degradation (ERAD) pathway>%*3%,
MHC-I is polygenic, meaning that the o chain locus contains several genes®®!,
Specifically, there are HLA-A, HLA-B, and HLA-C genes in humans, and H2-K, H2-L,

and H2-D genes in mice*”

. MHC-I is also highly polymorphic, which means that multiple
variants (i.e., alleles) of each gene exists within the population®®!. With over 200 alleles
identified for the HLA-A gene, 500 for HLA-B, and 100 for HLA-C, the HLA system
displays the highest level of polymorphism known3%%-3%4305 " Ag a result of this polygeny
and polymorphism, each person has their own set of HLA alleles (i.e., HLA haplotype)

with the corresponding distinct set of HLA-bound peptides; variations arising from

polymorphism particularly affect the amino acid residues in the peptide-binding groove
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and thus dictate the binding specificity of each MHC allotype®?®*?’. Furthermore, the
identity of MHC alleles is just as important as the sequence of the bound peptides in
mediating antigen recognition by T cells®®®. That is, a T cell that recognizes an antigen
bound to a specific MHC allotype will not react against the same antigen bound to another
MHC allotype®®!. This process of MHC restriction is due to not only the polymorphic
amino acid residues in the peptide-binding groove but also the unique conformation of the
bound peptide in different MHC molecules, both of which will influence the interaction of
the peptide-MHC complex with the TCR3%.

1.5.1.2 Antigen Processing

MHC-I antigen presentation requires cytosolic proteins to be broken down into short
peptide fragments, usually 8-11 amino acids in length?”’. Protein turnover (i.e., degradation
of older proteins and replacement with newly synthesized proteins) is a continuous process
mediated by the proteasome and it is well established that this multi-catalytic proteinase
complex produces peptides for MHC-I molecules®®-*!°. Of note, it is not just older proteins
from which peptides originate as defective ribosomal products (DRiPs) also give rise to
MHC-I peptides®!!. DRiPs are prematurely terminated or misfolded polypeptides resulting
from defective transcription or translation, and make up about 30% of newly synthesized
proteins®'!. Proteins are marked for degradation by ubiquitylation, and the attached
ubiquitin is recognized by the 19S cap subunit of the proteasome, which deubiquitinates
and unfolds the proteins®®!*%. Proteins then enter the 20S core barrel with the catalytic
subunits B1, B2, and B5 that have distinct proteolytic activities, and are broken down into
3-15mer oligopeptides that are released back into the cytosol’!%. In response to pro-

inflammatory cytokines during viral infections, IFNy-inducible variants of the 3 subunits
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called LMP2 (PSMB9), LMP7 (PSMBS8), and MECL-1, as well as an 11S cap that replaces
the 198 cap, make up a modified form of the proteasome termed the immunoproteasome?'?-
317 Compared to the constitutive proteasome, the immunoproteasome not only has different
cleavage site specificity due to the different proteolytic subunits but also has a more
efficient proteolytic capacity, allowing the cell to handle the increased level of misfolded
proteins that result from immune stress or IFNy exposure?’®-313:214316.318

1.5.1.3 Peptide Loading on MHC-1

The cleaved peptides leaving the (immuno)proteasome are then transported from the
cytosol into the ER via transporters associated with antigen processing (TAP)1 and
TAP23". TAP1/2 complex is a part of the larger multi-subunit peptide-loading complex
(PLC) that coordinates peptide translocation, editing, and loading onto MHC-I
molecules®®32°. TAP1/2 heterodimer forms a channel in the ER membrane through which
peptides pass and exerts a certain level of selectivity; that is, TAP1/2 preferentially
translocates 9-16mer peptides that have aromatic, hydrophobic or positively charged C-
terminal residues®?!3?*, Next, ER aminopeptidase (ERAP)1 and ERAP2 trim the N-
terminal residues to create 8-11mer peptides that fit in the peptide-binding groove®?>32¢,
Other components of the PLC, meanwhile, stabilize the empty MHC-I molecule awaiting
its ligand*!. A newly synthesized MHC-I o chain is first associated with calnexin until
B2M binds**’. Then the partially folded MHC-I molecule, which is stabilized by chaperone
proteins calreticulin®?® and ERp57°2>*%, binds tapasin that interacts with the TAP1/2
complex®*1*32, Once a peptide bind, the PLC dissociates from the stable peptide-MHC
complex which is transported to the cell surface via the Golgi apparatus®®!*3. Eventually,

peptide-MHC complexes are internalized via clathrin-independent endocytosis®**33¢,
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much like the other plasma membrane proteins that are constitutively recycled by
endocytosis as a part of protein turnover>*’.

Binding of a peptide is dependent on its sequence. Anchor residues, usually at
positions 2 and 9, secure the peptide through a series of hydrogen bonds and ionic
interactions with the residues of the peptide-binding groove®**34!. Typically, polymorphic
amino acids line the pockets of the peptide-binding groove into which the amino acid side
chains of the bound peptide are inserted***>#. As a consequence, the anchor residues of
all peptides that bind the same MHC allele are similar**34’. To allow a broad range of
peptides to bind a specific MHC allele, other secondary anchor residues also contribute to
binding**¥. Based on the amino acid sequence, peptides exhibit different degrees of MHC-
I binding affinity (further described in Chapter 1.5.2.1), which may serve as an indicator
of peptide-MHC complex stability and immunogenicity®>*>>. Low affinity peptides may
be replaced for ones with higher affinity due to the peptide editing function of the PLC,
ensuring that optimal peptide-MHC complexes reach the cell surface’*3%. Moreover,
while peptides are typically linear epitopes (i.e., sequential amino acids), longer
conformational epitopes (i.e., non-sequential amino acids) are possible by folding the
antigen®®133¥ Conformational epitopes not only explain why longer MHC-I peptides are
observed but also may yield epitopes with increased antigenic potency due to enhanced
stabilization of the peptide-MHC complex via secondary anchor residues®®!.
1.5.1.4 Cross Presentation
Cross presentation is a special instance where exogenous proteins are presented by MHC-
I molecules instead of class Il MHC?!3%°, Performed with particular efficiency by APCs,

360,361

especially DCs , cross presentation explains how anti-viral or anti-tumor cytotoxic
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CD8 T cells become primed?*®>*%3. That is, intracellular pathogens that do not infect DCs
or antigens released from dying cancer cells must be presented via MHC-I molecules of
DCs to prime CD8 T cells. After DCs acquire extracellular antigens via micropinocytosis,
endocytosis, or phagocytosis, antigen processing is proposed to occur through either a
cytosolic pathway or a vacuolar pathway>°*3®!. In the cytosolic pathway, antigens are
released from endocytic compartments into the cytosol and broken down by the proteasome,
as per the usual MHC-I antigen processing pathway>®*. The cleaved peptides either enter
the ER or re-enter the phagosome to be loaded on MHC-I molecules®***%>. On the other
hand, in the vacuolar pathway, antigens remain in the endocytic compartments and are
degraded by lysosomal enzymes, thereby possibly generating epitopes with different
cleavage specificities, before being loaded on MHC-I molecules in the phagosome3¢¢-368,
In both pathways, how MHC-I molecules and the PLC end up in the endocytic
compartments is unclear; it could be MHC-I being recycled from the cell surface®** 33 or
newly synthesized MHC-I being recruited by CD74°®. Though there are still many
questions left to be answered, cross presentation by DCs is without a doubt an integral part
of anti-viral and anti-tumor CD8 T cell priming that sheds further light on the role of
antigens in immune responses.

1.5.1.5 Defects in Tumor MHC-I Pathway

Given the critical role of CD8 T cells in anti-tumor immunity, cancer cells exhibit
aberrations in the MHC-I antigen presentation pathway to evade immune detection!%>370371,
Since MHC-I molecules without bound peptides are unstable and thus not expressed on the
cell surface’®, defects in any component of the antigen processing pathway (e.g.,

proteasome subunits, TAP1/2, chaperone proteins) have detrimental effects2%-33%-336.370.372-
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374 The most extensively studied antigen presentation dysfunction is regarding the MHC-
I molecule. Aberrant expression of MHC-I, a. chain and/or B2M, has been reported in many
different cancer types>>**7%375. Downregulation can occur at varying degrees, such as
different expression levels within the heterogenous tumor mass or between primary and
secondary tumors, all of which can change over time as the cancer progresses®’¢7%,
Defects in MHC-I expression can be due to a mutation or deletion of MHC-I genes, as well
as transcriptional regulation (e.g., epigenetic silencing) or post-transcriptional regulation
(e.g., microRNAs that inhibit translation)*”=% . Clinical implications of reduced tumor
MHC-I expression include decreased TILs, resistance to cancer immunotherapies, and poor
prognosis**®3%! Thus, elucidating the underlying mechanisms through which cancers
circumvent antigen presentation will aid in the design of immunomodulatory interventions
to restore MHC-I expression and improve therapeutic outcome.

1.5.2 Methods of Epitope Identification

High-throughput prediction and identification of MHC-I peptides are possible due to
advances in bioinformatics and proteomics technologies®*. The knowledge generated from
such comprehensive analyses on CD8 T cell epitopes can be applied to generate
personalized anti-tumor or anti-viral vaccines, as well as lead to the discovery of novel
biomarkers®**3%. Another highly useful and informative application of T cell epitopes is
the synthesis of peptide-MHC multimers (e.g., tetramer, pentamer, dextramer) for the
detection and enumeration of antigen-specific T cells by flow cytometry*®’. Two possible
ways to identify MHC-I peptides are (1) in silico analyses to predict T cell epitopes and (2)

immuno-precipitation (IP) and mass spectrometry methods to isolate and identify MHC-

bound peptides. In both cases, a final validation step to confirm the immunogenicity of the
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MHC-I peptides is necessary as not all predicted or identified peptides stimulate cognate
CD8 T cells*®. The specific techniques, along with the advantages and disadvantages, of
each approach will be discussed in this subchapter.

1.5.2.1 In Silico Prediction Algorithms

Computational strategies can be applied to generate epitope prediction algorithms —
specifically, to predict MHC-I binding affinities of peptides**®. MHC-I allele-specific
peptides identified using these bioinformatics tools are candidate CD8 T cell epitopes that
are likely to be immunogenic; as such, this procedure has been termed reverse
immunology**?. The most useful application of this strategy is in vaccine formulation
where viral genomes can be analyzed to discover virus-specific T cell epitopes?®® 402,
MHC-I ligands can be predicted using methods based on peptide binding motifs. Peptides
that bind a specific MHC allotype share anchor residues with similar properties (see
Chapter 1.5.1.3) and thus a particular peptide sequence pattern (i.e., motif) can be
determined for each MHC allele**4%34% Iy silico tools, such as SYFPEITHI which is a
database of over 7000 class I and I MHC binding peptides amassed from published

works*®

, scan the whole protein sequence to find peptides which fit these motifs.
Quantitative matrices then assign an arbitrary value to the amino acids at each position,
based on the frequency at which the residue is found at anchor positions or in other MHC-
bound peptides in the database**®. The total value represents the score for the epitope, with
higher scores indicating better MHC binding affinities. Similarly, artificial neural networks
(ANNSs; e.g., NetMHC) can be trained to predict peptide-MHC binding**’ %, These

machine learning algorithms build complex, non-linear models that analyze the

interactions among amino acids, based on multiple properties such as hydrophobicity and
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charge, to classify peptides as binders or non-binders of MHC molecules*’. High-accuracy
predictions resulting from the new generation of epitope discovery platforms produce
better vaccines and precision medicine in an efficient and high-throughput manner.
1.5.2.2 Isolation of Naturally Processed MHC-I Peptides

The field of MHC-I peptidomics represents a dynamic new frontier in immunotherapy and
vaccine development. In this approach, peptides are eluted from MHC complexes and
subjected to MS3*741% The elucidation of naturally processed and presented MHC-I
peptides, as opposed to predicted peptides, narrows the search space to find immunogenic
epitopes. The two main principles of this approach are MHC-I peptide isolation and
identification. Peptide-MHC complexes can be isolated by mild acid elution (MAE) or
immuno-affinity chromatography (IAC)**7#!!. As initially described by Sugawara et al. in
1987, MAE involves the treatment of cells with citric acid (pH 3.0)*'?. The acid treatment
causes B2M to dissociate from MHC-I, reducing the peptide binding capacity of the
complex and thus releasing the associated peptide. The outcome of MAE is specifically
MHC-I peptides since MAE does not affect class II MHC molecules*!. One of the main
advantages of MAE is that cells remain viable after acid treatment so multiple processing
of the sample with continuous regeneration of peptide-MHC complexes can result in high
MHC-I peptide yields*'*. The low number of purification steps and the absence of

415 However, a huge pitfall of

detergents to lyse cells also make this approach favorable
MAE is the excessive level of contaminant peptides that are not directly eluted from MHC-
I molecules. According to Fortier et al., only about 40% of peptides resulting from MAE

are true MHC-I peptides whereas the rest are other cell surface peptides*!!**!6. Thus, a more

specific approach to isolating MHC-I peptides such as IAC may be preferred.
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The fundamental principles of affinity chromatography as used in biochemistry can
also be utilized for the separation and purification of MHC-I peptides (Figure 1.5)*'7. In
this pull-down assay, peptide-MHC complexes are isolated using anti-MHC antibodies
immobilized on beads (hence, this technique is also referred to as immuno-precipitation
[IP])*!°. Following a purification step to get rid of other unbound proteins (i.e., washing
the column), peptide-MHC complexes are dissociated and then eluted peptides are
separated and analyzed by MS*!°. Due to the specificity of the anti-MHC antibodies, only
true MHC-I peptides are isolated*'®#*, In addition, a variety of sample types are supported
by this method, such as cell line lysates, homogenized tissues, biological fluid samples,
and frozen samples, making IAC the most commonly used method in MHC-I

peptidomics®’

. However, IAC is not without its drawbacks. It is a highly labor intensive
and time-consuming process that occurs over multiple days. Modified protocols to
streamline the method have been demonstrated (e.g., automated 96-well format)*?! but they
are not yet widely used. There are so many other parameters that must be taken into
consideration as well depending on the specific needs of each experiment; for example,
variations in the detergent for lysate preparation, antibody immobilization technique,
purification protocol, and MS data identification method have been reported®’.
Furthermore, the high amount of starting material (usually between 10® and 10'° cells) and
anti-MHC antibodies (specific for different MHC alleles and in-house hybridoma needed
for production) required also deter many researchers from pursuing MHC-I peptidomics***
424 Nevertheless, high rewards offset the high costs. The elucidation of MHC-I peptidome

means the discovery of CD8 T cell targets. This information is especially invaluable in

vaccine development, aimed to generate potent immune responses against specific tumor
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or pathogenic antigens. Additionally, MHC-I peptidome provides an insight on the
underlying mechanism of therapeutic efficacy (i.e., antigens that stimulate anti-tumor T
cells in response to immunotherapy).

1.6 RATIONALE AND OBJECTIVES

It is well established that oncolytic reovirus triggers a robust anti-tumor, as well as anti-
viral, immunity. Yet the underlying antigenic signals that drive these immune responses
have remained elusive even though such information has invaluable use towards the
manipulation of CD8 T cell activity to enhance therapeutic efficacy. Thus, the objectives
of this thesis were to identify the MHC-I-restricted epitopes of reovirus and reovirus-
treated cancer cells and elucidate the corresponding anti-viral and anti-tumor CD8 T cell
responses, respectively. The work reported herein is the first to characterize therapy-
induced changes to the tumor MHC-I peptidome in response to reovirus — either as a
monotherapy (Chapter 3) or a combination therapy with immune checkpoint blockade
(Chapter 4) — and to conduct a genome-wide epitope mapping of reovirus (Chapter 5). To
achieve this feat, a multidisciplinary approach combining immunology, bioinformatics,

and proteomics was designed and utilized.
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Figure 1.1. Anti-cancer mechanisms of oncolytic viruses.

Oncolytic viruses (OVs) cause tumor destruction through a multi-pronged approach
involving direct oncolysis, vascular collapse, and anti-tumor immunity. OVs preferentially
infect and replicate in cancer cells, leading to cancer cell lysis (i.e., oncolysis) and release
of viral progeny particles that spread to infect neighboring cancer cells. OVs attack the
endothelial cells lining the tumor vasculature and promote neutrophil-dependent blood clot
formation that triggers vascular collapse. OVs also promote the recruitment and activation
of innate and adaptive immune cells in the tumor microenvironment, resulting in the
generation of highly specific and durable anti-tumor immunity. Figure adapted from Lee

and Gujar, Nat. Rev. Urol. 2018, 15, 4, 235-250%%.
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Figure 1.2. Anti-tumor benefits of anti-viral immunity during OV cancer therapy.
(A) Anti-viral pro-inflammatory responses activate innate immune cells (e.g., dendritic
cells [DC], natural killer cells [NK], and NK T cells). (B) OVs overturn tumor-associated
immune evasion mechanisms, specifically restoring antigen processing and presentation
and inducing the expression of co-stimulatory molecules. (C) Anti-viral pro-inflammatory
responses promote the recruitment of immune cells into tumors. (D) Anti-viral CD4 T cells
can aid the activation of anti-tumor CD4 and CD8 T cells. (E) OV-mediated oncolysis
releases damage-associated molecular patterns (DAMPs) that recruit and activate DCs,
promoting the generation of anti-tumor immunity. (F) Anti-viral CD8 T cell responses can
directly target virus-infected cancer cells. Figure from Gujar and Pol, et al., Trends

Immunol. 2018, 39, 3, 209-221'°,
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Figure 1.3. Three signals required for CD8 T cell activation.

CDS8 T cell activation requires three signals from antigen-presenting cells (APCs): [1] an
antigenic peptide bound to a class I major histocompatibility complex (MHC) molecule
which is recognized by the T cell receptor (TCR), [2] co-stimulation (ligation of CD28 on
T cells with CD80 or CD86 on APCs), and [3] pro-inflammatory cytokines. MHC-I ligands

define the specificity of CD8 T cell responses.
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CD&8+ T cell

Figure 1.4. Antigen processing and presentation through the MHC-I pathway.

Proteins of cytoplasmic origin are degraded by the proteasome into short peptide fragments
(3-15 amino acids in length). Peptides are translocated by transporters associated with
antigen processing (TAP) into the endoplasmic reticulum (ER), where they are further
trimmed (8-11mer peptides) and then loaded into the peptide-binding groove of MHC-I
molecules with the help of chaperone proteins. Stable peptide-MHC complexes then
migrate to the cell surface via the Golgi apparatus and are presented for recognition by

CDS8 T cells via the T cell receptor (TCR).
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Figure 1.5. MHC-I peptide isolation by immuno-affinity chromatography.

Antibodies specific against MHC-I molecules (aMHC Ab) immobilized on a solid support
(e.g., beads) are used to isolate peptide-MHC complexes. Unbound, miscellaneous proteins
are removed by a purification step. Peptides are eluted from the MHC-I molecule and then

separated from the mixture using molecular weight cut-off filters or reverse-phase

chromatography.
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CHAPTER 2: MATERIALS AND METHODS

2.1  CELL LINES AND REAGENTS

Mouse ovarian surface epithelial cell line (MOSE, clone ID8) was obtained from Dr. Edith
Lord (University of Rochester, Rochester, NY)**%, mouse MCA205 fibrosarcoma cell line
from Dr. Guido Kroemer (INSERM, Villejuif, France)**’, and mouse EL4 T lymphoma
cell line from Dr. David Hoskin (Dalhousie University, Halifax, NS, Canada). All three
cell lines were grown at 37 °C, 5% CO; in DMEM containing 10% (vol/vol) fetal bovine
serum (FBS), 1X sodium pyruvate, 1X nonessential amino acids, and 1X Antibiotic-
Antimycotic (all obtained from Invitrogen, Carlsbad, CA). Reovirus (serotype 3, Dearing
strain) was available by in-house production — cultured, amplified, and isolated using a
previously established protocol*?®. TMT10plex isobaric label reagent set plus TMT11-
131C label reagent, and Imject Freund’s Complete and Incomplete Adjuvant were
purchased from Thermo Fisher Scientific (San Jose, CA). Recombinant mouse IFNy
(carrier-free) was purchased from BioLegend (San Diego, CA). For validation experiments
of tumor MHC-I ligands (Chapters 3 and 4), peptides were purchased from JPT Peptide
Technologies (Berlin, Germany) and lyophilized peptides were resuspended in phosphate-
buffered saline (PBS; Invitrogen). Peptide vaccination experiment (Chapter 3) utilized
keyhole limpet hemocyanin (KLH)-conjugated peptides*?® from JPT Peptide Technologies.
Reovirus peptides (Chapter 5) were purchased from Prolmmune, Inc. (Sarasota, FL) and
Genscript USA, Inc. (Piscataway, NJ) and resuspended in dimethyl sulfoxide (DMSO).
SIINFEKL peptide from ovalbumin (OVA2s7.264) was purchased from AnaSpec (Fremont,
CA) and resuspended in PBS. Peptide-MHC tetramers (H2-K® S351.25, VCPNYVML, PE-

conjugated) were synthesized and provided by the NIH Tetramer Core Facility at Emory
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University (Stone Mountain, GA). Ficoll-Paque Premium media was purchased from VWR
(Radnor, PA). The following reagents were used for T cell functional assays: concanavalin
A (ConA; Sigma-Aldrich, St. Louis, MO), Brefeldin A (Sigma-Aldrich), Foxp3/
Transcription Factor Staining Buffer Set (eBioscience, San Diego, CA), and anti-mouse
IFNy DuoSet ELISA kit (R&D Systems, Minneapolis, MN). Other reagents used for flow
cytometry include 7-amino-actinomycin D (7AAD) viability staining solution (BioLegend),
Fixable Viability Dye eFluor 780 (eBioscience), and CellTrace Violet Cell Proliferation
Kit (Invitrogen). The antibodies listed in Table 2.1 were all reactive against mouse unless
otherwise specified and used at the concentrations recommended by the manufacturer.

2.2  ANIMAL EXPERIMENTS

2.2.1 Ethics Approval

All in vivo experimental procedures were approved by the University Committee on
Laboratory Animals (UCLA) at Dalhousie University, Halifax, NS, Canada in accordance
with the Canadian Council on Animal Care (CCAC) guidelines. Six to eight weeks old
female wildtype C57BL/6 mice were obtained from Charles River Laboratories (Montreal,
QC, Canada) and kept in group housing.

2.2.2 Reovirus Infection in Non-TB Mice

For the analysis of immune checkpoint expression (Chapter 4) and anti-viral immune
responses (Chapter 5), mice were injected with 5 x 10® plaque forming units (PFU) of
reovirus, intraperitoneal (i.p.). Cells were harvested from the peritoneum (site of injection)
and spleen (lymphoid organ) at 7 days post injection (d.p.i.) unless otherwise stated.

2.2.3 Establishment of Tumor Models and Treatment in TB Mice
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For the ID8 tumor model, mice were injected with 3 x 10% cells in PBS, i.p., and then
injected with reovirus (5 x 10% PFU, i.p.) at day 35 post tumor implantation; tumor nodules
in the peritoneum and spleens were collected at 7 d.p.i. for MHC-I peptidome analysis and
validation (Chapter 3). For the analysis of TILs (Chapter 4), ID8 TB mice were injected
with reovirus (5 x 10® PFU, i.p.) at day 28 post tumor implantation and cells were collected
from the peritoneum and spleen at 7 d.p.i..

For the MCA205 and EL4 tumor models, mice were injected with 5 x 10° cells in
the right hind flank, subcutaneous (s.c.), and injected with reovirus (5 x 10% PFU,
intratumoral [it.]) at 10-14 days post tumor implantation (at tumor volume of
approximately 20 mm?, calculated as length x width x height). For MHC-I peptidome
analysis of MCA205 tumors (Chapter 4), mice were injected as follows with the frequency
of treatment shown in the figure schematics: reovirus (5 x 10® PFU, i.t.), anti-mouse PD-1
antibody (250 pg/mouse, i.p.), rat [gG2a isotype control antibody (250 pg/mouse, i.p.); for
the validation of the MHC-I peptides, spleens were harvested from MCA205 TB mice
following the same treatment regimen as the one used to collect MHC-I IP samples. For
the analysis of anti-viral immune responses (Chapter 5), cells from tumors and spleens
were harvested at 7-10 days post reovirus injection, and lymphocytes were isolated by
Ficoll-Paque density gradient centrifugation (400 xg for 40 min). For the establishment of
EL4 tumors in reovirus-immunized mice (Chapter 5), mice were first injected with reovirus
(5 x 108 PFU, i.p.), implanted with EL4 cells (5 x 10° cells, s.c.) at 7 d.p.i., and tumors and
spleens were harvested at 18 days post tumor implantation. All subcutaneous and

intratumoral injections were performed while mice were anesthetized with isoflurane (3
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L/min, O at 2 L/min). TB mice were euthanized upon reaching set timepoints, ulceration,
>15 mm in one dimension, or other signs of morbidity.

2.2.4 Peptide Vaccination (Chapter 3)

Mice were immunized with a pool of KLH-conjugated peptides (GIIRFLIGF,
INYVVAHV, STLSHVVL, and RSYRFMVM,; total 200 pg/mouse) resuspended in PBS
and emulsified in a 1:1 ratio with complete Freund’s adjuvant, injected subcutaneously in
the right hind flank. A booster of the peptides emulsified in incomplete Freund’s adjuvant
was administered 14 days later. At 21 days post booster, mice were implanted with ID§
cells (3 x 10° cells, i.p.) and then injected with a therapeutic regimen of reovirus (3 doses
of 5 x 10® PFU each) at day 14, 16, and 18 post tumor implantation. ID§ TB mice were
monitored for the onset of ascites development and euthanized when abdominal distension
was equal to that of a near-term female.

2.3  MHC-IISOLATION BY IMMUNO-PRECIPITATION

2.3.1 Cyanogen Bromide-activated Sepharose 4B-based Pulldown Assay (Chapter 3)
MHC-I peptide immuno-precipitation was conducted as previously described*. In brief,
1 x 10% ID8 cells for each treatment group (non-treated, IFN-y treated [100 units/mL], and
reovirus-treated [multiplicity of infection 10] for 24 h), and 1 g of pooled tumor tissue or
spleens for each treatment group (PBS- and reovirus-treated ID8 TB mice tumors and
spleens, PBS- and reovirus-treated naive mice spleens) were harvested, flash frozen, and
stored at -80 °C until processing. Samples were lysed in PBS containing 0.4% CHAPS and
cOmplete, Mini protease Inhibitor Tablets (Roche, Indianapolis, IN). MHC-I proteins were
precipitated from the cell lysates using 2 mg of anti-MHC-I antibody (both H2-D® and H2-

K® for mouse) coupled to 80 mg of cyanogen bromide (CNBr)-activated Sepharose 4B
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resin (Uppsala, Sweden). Following overnight incubation in 10 mL glass tubes at 4 °C,
bound MHC-I proteins and peptides were washed with 40 mL of PBS, then 30 mL of Milli-
Q water, and peptides were eluted from the antibody-resin by acid treatment (8 times with
200 pL of 0.2% trifluoroacetic acid [TFA]). Eluates were purified by ultrafiltration through
3 kDa molecular weight cut-off filters (Millipore, Cork, Ireland), and then the filtrates were
lyophilized and desalted using home-made Stage-tips packed with Empore C18 extraction
material (Sigma-Aldrich) as previously described**!, then lyophilized.

2.3.2 Protein A Sepharose 4B-based Pulldown assay (Chapter 4)

Tumor samples were collected following the treatment regimens shown in the figure
schematics, flash frozen, and stored at -80 °C until processing as previously
described*?!#32 434 For each treatment group, 1 g of tumor tissue was cut in small
fragments and mixed with 10 mL of lysis buffer comprised of 0.25 % sodium deoxycholate
(Sigma-Aldrich), 0.25 mM iodoacetamide (Sigma-Aldrich), 1 mM EDTA (Thermo Fisher
Scientific), 1:200 cOmplete, Mini protease Inhibitor Tablets (Roche), and 1% octyl-f-
glucopyranoside (Sigma-Aldrich) in PBS. The lysates were processed with a tissue
homogenizer (three 20 s intervals, on ice), shaken gently on a rotator for 30 min at 4 °C,
sonicated (three 20 s intervals, on ice), and shaken again for 30 min at 4 °C. Lysates were
cleared by centrifugation at 4 °C, 3300 xg for 50 min, and then pre-cleared of endogenous
antibodies using Protein-A Sepharose 4B (Pro-A) beads (Invitrogen). MHC-I complexes
were immuno-affinity purified from the lysates using the B22.249 and Y3 antibodies (1
mg/g of tissue each), covalently bound to Pro-A beads with dimethyl pimelimidate
dihydrochloride (Sigma-Aldrich) and incubated overnight at 4 °C on a rotator. The samples

were passed through Poly-Prep columns (BioRad Laboratories, Hercules, CA) and the
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bead-bound MHC-I proteins and peptides were washed 4 times with 2 mL of 150 mM NaCl
in 20 mM Tris-HCL, pH 8.0; 4 times with 2 mL of 400 mM NaCl in 20 mM Tris-HCL, pH
8.0; 4 times with 2 mL of 150 mM NacCl in 20 mM Tris-HCL, pH 8.0; and then 2 times
with 2 mL of 20 mM Tris-HCL, pH 8.0 using a vacuum manifold. MHC-I molecules and
their bound peptides were eluted 8 times with 200 pL of 0.2% TFA. The eluates were
purified by solid phase extraction (SPE) with 60 mg Oasis HLB cartridges (Waters, Milford,
MA). Peptides were eluted from SPE with 30% acetonitrile (ACN), lyophilized, and
desalted using home-made Stage-tips packed with Empore C18 extraction material (Sigma-
Aldrich) as previously described*’!, then lyophilized.

2.4  MHC-I ANALYSIS BY MASS SPECTROMETRY

Label-free MHC-I peptides were solubilized in 12 pL of 1% formic acid and analyzed by
LC-MS/MS as previously described*>. For TMT-labeled peptidomics, lyophilized
peptides were first solubilized in 100 pL of 30% ACN in 50 mM HEPES (pH 8.5) and 10
puL of TMT reagents at a final concentration of 20 ug/mL in anhydrous ACN for 1 h at
room temperature (RT), quenched with 0.5% hydroxylamine (Sigma-Aldrich), combined,
and purified by SPE with 10 mg Oasis HLB cartridges (Waters). Lyophilized TMT-labeled
peptides were resuspended in 6 pL of 1% formic acid and analyzed by LC-SPS-MS344,
MHC-I peptides were identified using a previously described targeted search

435 Briefly, MHC-I peptides were predicted from all mouse proteins for the H2-D®

strategy
and H2-K® alleles using NetMHC with a rank cut-off of 2% and these peptides were used
to create a FASTA database. MS data were searched using Sequest with “no cleavage”

enzyme specificity with an MS1 tolerance of 5 ppm and MS2 tolerance of 0.5 Da. False

discovery rates were controlled to 5% using Percolator. Searches were implemented in
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Protein Discoverer (PD) version 2.2 (Thermo Fisher Scientific). Label-free quantitation
was also implemented in PD version 2.2 using the Minora peak alignment algorithm. All
peptides were normalized based on the summed peptide intensity for the entire sample. For
TMT-labeled MHC-I peptides, the summed reporter ion S/N for all spectral matches (PSMs)
for each peptide was used for relative quantitation and normalized within each channel
using the summed S/N for all compared peptides. Averages of the technical duplicates for
each experimental group were used for analysis. Reovirus-induced MHC-I peptides
(Chapter 3) were determined as those with mean log[fold change] > 1, compared to
control, and p values < 0.05 (adjusted using Benjamini-Hochberg multiple hypothesis
correction). Therapy-modulated MHC-I peptides (Chapter 4) were those with mean
logz[fold change] > 1 or < -1, compared to control. Gene ontology (GO) enrichment
analysis for biological processes (BPs) was completed for the source proteins of MHC-I
peptides using the PANTHER Classification System with the Mus musculus reference list.
2.5 QUANTITATIVE PROTEOMICS

2.5.1 Sample Preparation

Reovirus-infected ID8 cells (multiplicity of infection [MOI] 1 or 10) were harvested at five
timepoints over 48 hours. Cells were scraped into 2 mL of lysis buffer containing 2% SDS,
150 mM NacCl, 50 mM Tris (pH 8.5), 5 mM DTT, and 1 tablet of protease inhibitor (Sigma-
Aldrich) per 10 mL of buffer. Samples were homogenized with an Omni homogenizer
(Omni International, Kennesaw, GA) with 3 cycles of 12 s, with cooling on ice between
cycles, plus sonication with probe sonication. Samples were incubated at 56 °C for 30 min,
cooled, then cysteines were alkylated using 14 mM iodoacetamide, and protein was

purified by methanol-chloroform precipitation. Proteins were dried then resolubilized in
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1.5 mL of 8 M urea, 50 mM Tris, pH 8.8 then protein content in the samples was measured
using a BCA assay (Thermo Fisher Scientific). An aliquot of 100 pg of protein was diluted
to 1.5 M urea, digested for 4 h with trypsin (Promega, Madison, WI) then again overnight
(both at a ratio of 1:100 trypsin:protein) at 37 °C. The pH of the digest was adjusted to <3
using formic acid and peptides were desalted using 60 mg solid phase Oasis HLB
extraction cartridges (Waters) then lyophilized. Peptides were resuspended in 100 uL of
100 mM HEPES, 30% ACN and 10 pL of TMT10 reagents (Thermo Fisher Scientific) pre-
aliquoted at a concentration of 20 pg/mL in anhydrous ACN. The reaction was quenched
with 0.5% hydroxylamine (Sigma-Aldrich), mixed equally, desalted using a 60 mg solid
phase Oasis HLB extraction cartridge (Waters), and lyophilized.

2.5.2 Data Acquisition and Analysis

Peptides were fractionated using an Onyx monolithic 100 x 4.6 mm CI8 column
(Phenomenex, Torrance, CA) using a flow rate of 800 uL/min, with a gradient of 5—40%
ACN (10 mM ammonium formate, pH 8) applied over 60 min using an Agilent 1100 pump
(Agilent Technologies, Santa Clara, CA). Twelve fractions were collected and desalted
using home-made Stage-tips packed with Empore C18 extraction material (Sigma-Aldrich)
as previously described*!, then lyophilized and subjected to LC-SPS-MS3 as described

previously*®

. Mass spectrometry data files were converted to mzXML using a modified
version of ReadW.exe. MS2 spectra were searched against the mouse Uniprot database
(downloaded August, 2011) using Sequest (Ver28)*’ concatenated with a reovirus protein
sequence database. TMT was set as a fixed modification (229.162932) on lysine residues

and peptide N-termini, and carbamidomethylation (15.99492) as a fixed modification on

cysteine. The allowable precursor mass tolerance was 10 ppm and product ion mass
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tolerance was 1 Da. False positive rates were controlled using the target-decoy approach**®
with a concatenated reversed database employing linear discriminant analysis to
distinguish correct and incorrect peptide identifications based on XCorr, ACN, peptide
length, and charge state. Peptides were grouped into proteins and their multiplied linear
discriminant analysis probabilities were used to sort proteins and filter to a 1% maximum
false discovery rate. The sum of all reporter ion summed signal to noise (S/N) values for
peptides matching each protein was used for protein quantitation.

2.6 EXPERIMENTAL DESIGN AND SAMPLE PROCESSING

MHC-I IP were performed in technical duplicates and/or analyzed by MS in technical
triplicates. All in vitro experiments for flow cytometry analysis were completed in
technical triplicates in at least three independent experiments (mean = SD shown for bar
graphs and representative data from one experiment shown for histograms, unless
otherwise stated). T cell activation assays to validate the immunogenicity of MHC-I
peptides were performed using splenocytes pooled from 2-3 biological replicates.
Validation screens in Chapters 3 and 4 were performed for the individual peptides without
replicates due to the limited amount of synthetic peptide available. For the comparison of
ID8 and MCAZ205 cancer cells (Chapter 4), cells were infected with reovirus at MOI of 0,
10, 100, 1000, and 10000 for 24 or 48 h in vitro. Stimulation with mouse IFNy at 100
units/mL (U/mL) was included as a positive control. Cells were collected for antibody
staining (flow cytometry analysis) by trypsinization. For peptide-pulsing of cancer cells
(Chapter 5), cancer cells were incubated with the peptides at the concentrations indicated
in the figures for 4 h at 37 °C. For co-culture assays, the supernatant of peptide-pulsed

cancer cells was removed and splenocytes were added for 24 h in fresh media. Cancer cells
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were stained with 0.5 uM CellTrace Violet (CTV) in PBS for 20 min at 37 °C prior to
peptide-pulsing. To assess the activation of antigen-specific T cells following co-culture,
the effector (splenocytes) to target (cancer cells) ratio was 10:1; to assess cytotoxicity
against peptide-pulsed cancer cells, it was 40:1.

For immune cell analysis following in vivo experiments, cells were collected and
analyzed for each mouse independently. Cells were harvested via a flush of the peritoneum
with PBS-EDTA (1% vol/vol), and spleens were mechanically disrupted using the end of
a syringe plunger. Harvested cells were filtered through a 40 um cell strainer, treated with
red blood cell-lysing ammonium-chloride-potassium (ACK) buffer (Thermo Fisher
Scientific) and then washed in flow cytometry running buffer (PBS-EDTA with 1% FBS;
FACS buffer). For TB mice, tumor and spleen samples were subjected to Ficoll-Paque
density gradient centrifugation instead of the ACK step.

2.7 T CELL FUNCTIONAL ASSAY

For splenocytes containing CD8 T lymphocytes and antigen-presenting cells, spleens were

harvested from mice and mechanically disrupted using the end of a syringe plunger. Cells

were filtered through a 40 um cell strainer and treated with red blood cell-lysing ACK

buffer (Thermo Fisher Scientific). The resulting single-cell suspension of splenocytes was

cultured in RPMI 1640 containing 1% (vol/vol) Glutamax, 10% FBS, 1X sodium pyruvate,

1 X nonessential amino acids, and 1X Antibiotic-Antimycotic (all obtained from Invitrogen)
for ex vivo stimulation with peptides. Splenocytes (1 x 10° cells/well in a 96-well plate)

were cultured in the presence of peptide (10 pg/mL) and purified anti-mouse CD28

antibody (1 pg/mL) for 24 h (48 h if samples were used for ELISA). For intracellular IFNy

staining for flow cytometry analysis, cells were treated with Brefeldin A (2 pg/mL) at 18
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h post peptide stimulation and incubated for an additional 6 hours. Control groups included
splenocytes cultured with no peptide, splenocytes cultured with anti-mouse CD28 antibody
only, and splenocytes cultured with 2 pg/mL of ConA.

2.8 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

Supernatants were collected from T cell functional assays to be assessed for the
concentration of secreted IFNy using the IFNy ELISA kit (R&D Systems) following the
manufacturer’s instructions. In brief, Nunc Maxisorp Immuno Plate (Thermo Fisher
Scientific) were coated with the rat anti-mouse IFNy capture antibody diluted in PBS to
the recommended concentration and incubated overnight at 4 °C. Plates were washed 3
times with a wash buffer (0.05% [vol/vol] Tween 20 in PBS) and blocked with 1% BSA in
PBS for 90 min at RT. After washing the plates 3 times with wash buffer, samples and
serial dilutions of recombinant mouse IFNy in reagent diluent (0.1% BSA and 0.05%
Tween 20 in Tris-buffered saline) were added and incubated overnight at 4 °C. Plates were
washed with wash buffer and then biotinylated goat anti-mouse IFNy detection antibody
diluted in reagent diluent were added for 2 h at RT. Plates were washed, streptavidin-HRP
was added for 20 min at RT in the dark, plates were washed again, and substrate solution
(tetramethylbenzidine, Thermo Fisher Scientific) was added for 20 min at RT in the dark.
Stop solution (2N H>SO4) was added and the absorbance was measured at 450 nm using a
microplate reader. IFNy concentrations were quantified in relation to the standard curve
and the cut-off formula used was (mean + 3 x standard deviation) of the negative controls**’.
2.9 ANTIBODY STAINING FOR FLOW CYTOMETRY

2.9.1 Extracellular Surface Marker Staining
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All antibody staining were done in FACS buffer for 25 min at 4 °C in the dark unless
otherwise stated, washed with FACS buffer and pelleted by centrifugation (500 xg for 5
min at 4 °C) between each step, fixed with 1% paraformaldehyde (PFA) for 15 min at RT,
and resuspended in FACS buffer prior to analysis. Immune cell samples were blocked with
anti-CD16/32 antibody prior to extracellular surface marker staining. All flow cytometry
data were collected using FACS Canto II and LSR Fortessa flow cytometers (BD
Bioscience), and analysis was conducted using FACSDiva (BD Bioscience) and FCS
Express V6 software (DeNovo Software).

2.9.2 Intracellular Staining

To measure intracellular reovirus for assessing infectivity (Chapter 4), cells were fixed
with 1% PFA and then permeabilized in 1% Triton X-100 (Sigma-Aldrich; vol/vol in PBS)
for 15 min at RT. Cells were incubated with rat anti-reovirus polyclonal primary antibody
(1:500) in 0.1% Triton X-100 for 25 min at 4 °C, followed by goat anti-rat secondary
antibody (1:500) in 0.1% Triton X-100 for 25 min at 4 °C. Intracellular cytokine staining
(IFNy or granzyme B; Chapters 4 and 5) was performed after the extracellular surface
marker staining step. The Foxp3/transcription factor staining buffer set was used following
the manufacturer’s instructions. Briefly, cells were fixed and permeabilized (fix/perm
buffer), washed with permeabilization buffer, and then incubated with the intracellular
protein-binding antibody in permeabilization buffer.

2.9.3 Viability Staining

To measure cell death for assessing oncolysis (Chapter 4), cells were washed with PBS
and then stained with Annexin V in Annexin V binding buffer (10 mM HEPES, 150 mM

NaCl, 2.5 mM CaCl; in PBS) for 5 min at RT. Without a wash step, 7AAD in Annexin V
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binding buffer was added and incubated for an additional 15 min at RT. Data for these live
samples were acquired using the flow cytometer. To assess cytotoxicity against peptide-
pulsed cancer cells (Chapter 5), cells were stained with the Fixable Viability Dye eFluor
780 in PBS for 15 min at RT and then fixed with 1% PFA.

2.9.4 Tetramer Staining

PE-conjugated peptide-MHC tetramers were used to stain virus-specific T cells. A 1:10
working stock in PBS was prepared and used for up to 3 months at a time. Peptide-MHC
tetramers were used at a final dilution of 1:1000 in FACS buffer. After cells were blocked
with anti-CD16/32 antibody, cells were incubated with MHC tetramers for 20 min at RT.
Samples were then stained for extracellular surface markers and then fixed, with minimal
vortexing at all stages once MHC tetramers were added.

2.10 REAL-TIME QUANTITATIVE POLYMERASE CHAIN REACTION (RT-
QPCR)

RNA extractions were performed using standard TRIzol methodology and Purelink RNA
Mini Kit (Invitrogen) following the manufacturer’s instructions. Purified RNA was
quantified and diluted to 2 pg for the synthesis of complementary DNA (cDNA) using
Superscript II (Invitrogen). cDNA was amplified and quantified using the CFX96 touch
RT-PCR instrument (BioRad Laboratories) and murine gene-specific primers listed in
Table 2.2 (primer sequences were obtained from our previous publications and all primers
were purchased from Invitrogen). qPCR data were collected and analyzed using the Livak
and Schmittgen’s 224°T method*, where fold change was calculated by first normalizing
the cycle threshold (Cr) of the indicated gene against the Gapdh reference gene, followed

by a comparison against the respective controls.
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211 IN SILICO EPITOPE PREDICTION AND PEPTIDE-MHC BINDING
VALIDATION (CHAPTER 5)

Through the Class I Proimmune REVEAL & ProVE Rapid Epitope Discovery System**!,
an overlapping (offset by 1 amino acid) PEPscreen® peptide library was generated. It was
comprised of reovirus-derived 8mer and 9mer peptides restricted to H2-K® and H2-DP
MHC-I alleles, respectively, predicted using the SYFPEITHI epitope prediction
algorithm®® on the whole reovirus genome. Peptides with SYFPEITHI score > 20 for H2-
K® and > 21 for H2-D® were synthesized and screened by Prolmmune REVEAL® MHC-
peptide binding assay. MHC-binding score for each peptide is calculated in comparison to
a positive control peptide with a high binding affinity, and peptides with a score > 45% of
the positive control are considered good binders.

2.12 STATISTICAL ANALYSIS

Statistical analyses of all MHC-I and proteomic data in Chapter 3 were performed in R. F-
tests were performed on the quantitative MHC-I and proteome data using the genefilter
package. Histogram ridge plots were generated using ggridges, position-specific frequency
matrices (PSFM) were calculated using peptools, sequence logos were generated using
ggseqlogo, and heatmaps were generated using pheatmap R packages.

All other statistical analyses were done in GraphPad Prism 6.0 software (GraphPad
Software Inc). All results were expressed as the mean + standard deviation (SD) unless
otherwise stated. The number of animals used in each experiment is indicated in the figure
legends. One-way analysis of variance (ANOV A) with Bonferroni post-test or a two-tailed
Student’s #-test with 95% confidence interval was used for statistical analysis where

indicated. p values were corrected for multiple hypothesis (adjusted p-values) using
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Benjamini Hochberg for MHC-I peptide analysis in Chapter 3. Data for Kaplan-Meier
survival curves were analyzed by log-rank (Mantel-Cox) test*4>##_ Statistical significance

is represented as follows: ns = p > 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001.
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Table 2.1. Antibodies used for flow cytometry, MHC-I IP, and ICB therapy.

Target Clone t('ljlt::)li:fl;::'f)(llne Company

Annexin V FITC BioLegend (San Diego, CA)
CD16/32 2.4G2 Non-conjugated [Bio X Cell (Lebanon, NH)
CD19 1D3 BV510 BD Biosciences (San Jose, CA)
CD19 1D3 APC BD Biosciences (San Jose, CA)
CD28 37.51 Non-conjugated |BioLegend (San Diego, CA)
CD3 17A2 PE-Cy7 BioLegend (San Diego, CA)
CD3 17A2 FITC BioLegend (San Diego, CA)
CD3e 145-2C11 PE BioLegend (San Diego, CA)
CD4 RM4-5 FITC BioLegend (San Diego, CA)
CD44 M7 FITC BioLegend (San Diego, CA)
CD62L MEL-14 BV650 BD Biosciences (San Jose, CA)
CD62L MEL-14 APC BioLegend (San Diego, CA)
CD8a 53-6.7 PerCP-Cy5.5 BioLegend (San Diego, CA)
CTLA-4 UCI10-4F10-11 APC-R700 BD Biosciences (San Jose, CA)
F(ab*)2-goat

anti-rat [gG FITC eBioscience (San Diego, CA)
(H+L)

Granzyme B GB11 FITC BioLegend (San Diego, CA)
H2-D" B22.249 Non-conjugated |In-house

H2-D° 28-14-8 FITC eBioscience (San Diego, CA)
H2-K® Y3 Non-conjugated  |In-house

H2-K" AF6-88-5 APC BioLegend (San Diego, CA)
H2-K" bound to

SIINFEKL 25-D1.16 PE BioLegend (San Diego, CA)
(MHC-ova)

IFNy XMGI1.2 APC eBioscience (San Diego, CA)
PD-1 29F.1A12 Non-conjugated |Bio X Cell (Lebanon, NH)
PD-1 29F.1A12 PE-Cy7 BioLegend (San Diego, CA)
PD-L1 10F.9G2 PE BioLegend (San Diego, CA)
Eittylﬁgfgnml 2A3 Non-conjugated  |Bio X Cell (Lebanon, NH)
Reovirus (Rat) (Polyclonal Non-conjugated  |In-house

TIGIT 1G9 BV650 BD Biosciences (San Jose, CA)
TIM3 RMT3-23 APC BioLegend (San Diego, CA)
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Table 2.2. Sequences of mouse gene-specific primers used for RT-qPCR.

Gene Forward sequence (5' to 3") Reverse sequence (5' to 3")

Gapdh TGGCAAAGTGGAGATTGTTG AAGATGGTGATGGGCTTCCC
Cxcll0 GTTGAGATCATTGCCACGATGAAA CTGCTGTCCATCCATCGCA

Ddx58 AGACGGTTCACCGCATACAG AAGCGTCTCCAAGGACAGTG
Ifnb CCCTATGGAGATGACGGAGA ACTTGAGGTGGTCGTCTGTC
1l1b GCCCATCCTCTGTGACTCAT AGGCCACAGGTATTTTGTCG
Tlr3 TCCTGCTGGAAAACTGGATGG AGCCTGAAAGTGAAACTCGCT
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CHAPTER 3: THERAPY-INDUCED MHC-I LIGANDS SHAPE NEO ANTI-
TUMOR CD8 T CELL RESPONSES DURING ONCOLYTIC VIRUS-BASED

CANCER IMMUNOTHERAPY

Parts of this work appear in the following publication:

Murphy JP, Kim Y (co-first author), Clements DR, Konda P, Schuster H, Kowalewski DJ,
Paulo JA, Cohen AM, Stevanovic S, Gygi SP, Gujar S. 2019. Therapy-induced MHC I
ligands shape neo-antitumor CD8 T cell responses during oncolytic virus-based cancer

immunotherapy. Journal of Proteome Research. 18 (6): 2666-2675.

Reprinted (adapted) with permission from J. Proteome Res. 2019, 18, 6, 2666-2675.

Copyright © 2019 American Chemical Society.
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3.2 ABSTRACT

Oncolytic viruses (OVs), known for their cancer-killing characteristics, also overturn
tumor-associated defects in antigen presentation through the class I MHC pathway and
induce protective neo anti-tumor CD8 T cell responses. Nonetheless, whether OVs shape
the tumor MHC-I ligandome remains unknown. Here, we investigated if an OV induces
the presentation of novel MHC-I-bound tumor antigens (termed tumor MHC-I ligands).
Using comparative mass spectrometry (MS)-based MHC-I ligandomics, we determined
differential tumor MHC-I ligand expression following treatment with oncolytic reovirus in
a murine ovarian cancer model. /n vitro, we found that reovirus changes the tumor
ligandome of cancer cells. Concurrent multiplexed quantitative proteomics revealed that
the reovirus-induced changes in tumor MHC-I ligand presentation were mostly
independent of their source proteins. In an in vivo model, tumor MHC-I ligands induced
by reovirus were detectable not only in tumor tissues but also the spleens (a source of
antigen-presenting cells) of tumor-bearing mice. Most importantly, therapy-induced MHC-
I'ligands stimulated antigen-specific IFNy responses in anti-tumor CD8 T cells from tumor-
bearing mice treated with reovirus. These data show that therapy-induced MHC-I ligands
may shape the underlying neo anti-tumor CD8 T cell responses. As such, they should be
considered in strategies promoting the efficacy of OV-based cancer immunotherapies.

3.3 INTRODUCTION

Therapy-induced anti-tumor immune responses correlate with better cancer outcomes and
thus are highly desired in clinics*** %6, Immunotherapies, administered either alone or in
combination with conventional therapies, focus on promoting anti-tumor CD8 T cell

responses as the presence of CD8 T cells predicts better clinical outcomes from many of
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145,447

the commonly occurring cancers . Furthermore, immunotherapies like immune

checkpoint blockade with anti-PD-1 and anti-CTLA-4 antibodies promote neo CD8 T cell
expansion, which otherwise remain undetectable in non-treated cancer patients!##44:448,
These therapy-induced CDS8 T cell responses can recognize and target cancer cells and also
establish protection against relapse!*>!4444 As the activation of CD8 T cells is defined by
the epitopes presented in class  MHC molecules (also known as MHC-I ligands), the tumor
MHC-I ligandome shapes anti-tumor CD8 T cell responses. The potential role of therapy-
driven MHC-I ligandome changes is poorly understood.

Reovirus, in its natural form, preferentially replicates in and kills cancer cells and
is thus considered an oncolytic virus (OV) leading to several clinical trials for its use in
cancer treatment. Reovirus also induces potent anti-tumor CD8 T cell immune responses,

in part by overturning several tumor-associated immune evasion mechanisms®-!10:423:428:450-

435 This is manifested by a localized release of cytokines within the tumor
microenvironment, leading to the activation and recruitment of various innate and adaptive
immune cells'>*¢. In addition, antigen-presenting cells that ingest cell debris released
during oncolysis may activate tumor antigen-specific CD8 T cells'**>7. We have previously
demonstrated that reovirus OV therapy enhances the expression of proteins involved in
antigen processing (e.g., TAP1, TAP2) and presentation (e.g., MHC-I, B2 microglobulin)

in tumors of various cancer types'***®

. Furthermore, using cancer cells expressing
ovalbumin as a surrogate tumor-associated antigen, we have demonstrated reovirus-

mediated enhancement of tumor antigen-specific CD8 T cell immunity'*°. This robust OV-

mediated anti-tumor CD8 T cell immunity can be further invigorated by genetically
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engineering OVs to express immunostimulatory transgenes®, adding immune checkpoint

inhibitors>*?!°, or combining with chemotherapeutic drugs**>.

Our laboratory has recently reported MHC-I ligandome changes in response to the

chemotherapeutic drug, doxorubicin®**

. Although both preferential tumor replication and
increased antigen presentation by OVs are well established, whether OVs also change the
tumor MHC-I ligandome has not been explored. Here, we used MHC-I immuno-
precipitation and LC-MS/MS with label-free quantitation to determine oncolytic reovirus-
induced MHC-I ligands. We found that oncolytic reovirus induces new MHC-I ligands in
tumor cells in vitro and in vivo, and in spleens (a source of antigen-presenting cells) of
tumor-bearing animals. Quantitative proteomic analysis of virus-infected cancer cells
revealed that reovirus-induced changes within the tumor MHC-I ligandome occur mostly
independent of their source proteins. Most importantly, IFNy-based T cell activation assays
showed that these therapy-induced tumor MHC-I ligands are immunogenic. Together,
these findings highlight the importance of considering the effect of therapies such as OVs
on the tumor MHC-I ligandome. The data provide rationale for exploiting the OV-induced
tumor MHC-I ligands for cancer immunotherapies due to OV’s preferential replication in
tumors.

3.4  RESULTS AND DISCUSSION

3.4.1 Oncolytic Reovirus Induces the Expression of Otherwise Low-abundant MHC-1
Ligands in Mouse Ovarian Cancer Cells in Vitro

On the basis of our previous findings that reovirus (type 3 Dearing strain) initiates CD8 T

130,458

cell anti-tumor immunity , we first sought to determine whether reovirus infection

differentially modifies MHC-I ligandome constituents in cancer cells grown in vitro.
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Mouse ID8 ovarian cancer cells (C57BL/6 background; H2-D® and H2-K® MHC-I alleles)
were untreated (NT), treated with interferon gamma (IFNy; a known inducer of MHC-I
expression, used as a positive control), or infected with reovirus at a multiplicity of
infection (MOI) of 10 for 24 hours. MHC-I peptides were then isolated by MHC-I immuno-
precipitation (IP), measured by LC-MS/MS, identified using our recently developed

targeted database search approach**’

, and quantified by label-free quantitation (Figure
3.1A). This resulted in a dataset of 1,542 unique H2-DP-specific peptides and 1,346 unique
H2-K"-specific peptides, totalling 2,888 unique MHC-I peptides matching to 3,766 protein
accessions. Of these, we obtained label-free quantitation data for 1,393 (90%) and 1,227
(92%) unique H2-D®- and H2-KP-specific peptides, respectively (Figure 3.1B). The
majority of the MHC-I ligands identified by our method had NetMHC**®4®_predicted
binding affinities <0.5% rank and thus were considered strong binders, confirming the
robustness of our MHC IP and search strategy (Supplementary Figure 3.1A). In a reference
search, not targeted towards MHC-I ligands, we observed 407 unique peptides with
NetMHC % rank >2 and some of these were found at a higher abundance following
reovirus or IFNy treatment. However, these arose from commonly observed proteins by
proteomics (such as AHNAK, TUBB, and S100A11) or derived from reovirus proteins
(Supplementary Figure 3.1B). These peptides are thus likely degradation products or those
with weak MHC-I binding affinity but could be investigated further for immunogenicity.
Quantitative datasets have been made available at Mendeley Data (DOI:
10.17632/t5xb48z959.1).

We observed vast changes in MHC-I ligands in response to both IFNy and reovirus,

many reaching a level of relative quantitation (above noise) that were as great as the MHC-
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I peptides derived directly from virus source proteins (Figure 3.1C). Using IFNy to control
for overall increases in antigen presentation machinery allowed us to determine MHC-I
peptides specifically induced by reovirus infection. As such, we observed 274 virus-
induced (normalized logz>[reovirus/NT] > 1, adjusted p value <0.05) MHC-I ligands which
were not induced by IFNy, representing 8.3% of the total MHC-I peptides identified in the
experiment (Figure 3.1D). As expected, gene ontology (GO) enrichment analysis using the
PANTHER Classification System****! of the source proteins of these specific virus-
induced MHC-I ligands were enriched in viral defense biological processes (BPs), as well
as DNA replication, cell cycle, and proteolysis regulation (Figure 3.1D). These include
proteins such as DDX60, ISG15, and NF-kB and many other proteins involved in the cell
cycle (Figure 3.1D). Interestingly, we identified 400 virus-induced MHC-I ligands that are
also induced by IFNy treatment (Figure 3.1E). PANTHER analysis of source proteins of
these IFNy/reovirus-induced MHC-I ligands revealed enriched GO BP terms such as
telomere maintenance, G1/S transition, and ubiquitin-dependent catabolic process (Figure
3.1E) exemplified by MHC-I peptides from GVIN1, IF147, and OASL2 (Figure 3.1E). The
comparison between virus-induced and IFNy/virus-induced MHC-I ligands indicates that
some changes in the MHC-I ligandome constituents are virus-specific, independent of the
viral enhancement of antigen presentation. Previous studies have reported changes to the

462 However,

self MHC-I peptidome due to virus infections possibly through IFN signaling
the unique changes in the MHC-I repertoire apart from antigen presentation differences we

observed here may offer therapeutic advantages if the preferential targeting of OV in

tumors can be harnessed.
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3.4.2 Virus-induced Alterations in the Tumor MHC-I Ligandome are Largely
Independent of Their Source Proteins

MHC-I peptide presentation is proposed to correspond to source protein abundance*!®. We
therefore next determined whether reovirus-induced alterations in the tumor MHC-I
ligands are due to changes at the proteome level. To explore the MHC-I ligand and
proteome relationship quantitatively, we performed 10-plex tandem mass tag (TMT)-based

463 on virus-infected ID8 cells over a 48-hour time course with two

quantitative proteomics
MOI of reovirus (1 and 10) (Figure 3.2A). In total, we quantified 6,561 proteins and
observed temporally distinct patterns of protein expression following k-means clustering
(Figure 3.2A). GO annotation analysis using PANTHER of Cluster 1, which contained
proteins that increased due to reovirus infection, showed enrichment of proteins involved
in virus response, interferon response, and antigen processing (Figure 3.2B). Similar to the
reovirus proteins that we identified (e.g., Lambdal, Mul; Figure 3.2C), virus response
proteins (e.g., APOL9B, CCLS5, GBP4, OAS1A; Figure 3.2D) and antigen presentation
proteins (e.g., B2M, H2-D1, TAPI1, TAP2; Figure 3.2E) all showed increased relative
intensity over time in response to reovirus. These data confirm the results from our previous
work showing the effect of reovirus on antigen presentation in ID8 cells*®. The remaining
proteins (five of the six clusters, representing most of the dataset) showed only minor
changes, or decreases, in relative intensity over time (Figure 3.2A). Proteomics data have
been submitted to the PRIDE repository, accession #PXD013066.

To match peptides to potential source proteins, we matched MHC-I peptides to all

potential protein accessions from the UniProt database and then determined whether any

of those proteins were in our proteomics dataset (Figure 3.3A). This resulted in 1,022
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(66%) and 912 (68%) H2-DP and H2-K" peptides, respectively, with successful matches to
the proteome dataset (Figure 3.3B). These matches equated to 1,070 and 1,022 peptide-
accession combinations for H2-DP- and H2-K®-specific peptides, respectively. Comparison
of the logx(fold change) in MHC-I peptide abundance against the logx(fold change) in
protein abundance at 48 hours revealed poor correlation between MHC-I peptide
presentation and protein abundance (Figure 3.3C). For example, AALDFKNV from the
protein SMC4 was induced 29-fold but showed no difference at the source protein level
(Figure 3.3D). Although most MHC-I peptides indeed showed no protein-level changes, a
small fraction of the MHC-I peptides did increase both at the MHC-I peptide and source
protein levels (Figure 3.3C). For example, AALTGTHVL from APOL9B was increased
9.2- and 290-fold at the MHC-I peptide and protein levels, respectively (Figure 3.3D).
The general lack of correlation between the MHC-I peptide and source protein
levels in our data somewhat contrasts with previous studies on peptide presentation and
protein abundance. However, our data concern differential measurements rather than
overall abundance, which suggests that external effects on protein abundance, such as those
affected by virus infection, are not represented by the MHC-I ligandome changes. These
data suggest that virus-induced differences in protein cleavage and peptide trimming, as
opposed to the synthesis of new proteins, may play a greater role in MHC-I peptide
generation during viral infections. To investigate this, we analyzed source protein
sequences of reovirus-induced MHC-I peptides compared to unchanged peptides. We
observed only minor differences in the frequency of amino acid residues ten positions
upstream or downstream of these MHC-I peptides, between induced or all other MHC-I

peptides in the dataset (Supplementary Figure 3.2A). There was also no observable
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difference in the distance to the source protein N- or C-terminus between the induced,
unchanging, or repressed MHC-I peptides (Supplementary Figure 3.2B). Altogether, our
data suggest that MHC-I ligand differences from reovirus infection are not caused by
differential protein abundance or peptide cleavage. MHC-I peptide presentation is complex
and factors such as protein synthesis rates, turnover, and proteostasis should be investigated
in further studies to determine how antigen presentation is governed.

3.4.3 In Vivo, Reovirus Induces Tumor MHC-I Ligands That are Exclusive to Tumor-
bearing Mice

Although it has been observed that OVs elicit anti-tumor immunity, whether induced
antigens drive this immune response remains unexplored. Further, a major characteristic
of OVs is their preferential replication in tumors as a result of their ability to hijack the
active replicative machinery of cancer cells®!. Having established that reovirus alters the
MHC-I ligandome in an in vitro setting, we next sought to understand whether the virus
preferentially alters the MHC-I ligandome in tumors and whether this is reflected in MHC-
I ligands of immune cells. To do this, spleens and/or tumors were collected from non-
treated or reovirus-treated mice, either naive or ID8 tumor-bearing (TB), and analysed by
MHC-I IP and LC-MS/MS with label-free quantitation (Figure 3.4A). In this experiment,
we quantified 2,447 and 1,681 H2-DP and H2-K® peptides, respectively, matching to 6,170
protein accessions in the search database (Figure 3.4B). Consistent with recently reported

64 we observed only partial

differences in tissue-specificity of mouse MHC-I ligands
overlap with the in vitro experiment whereby 1,071 (20% of the 5,199 total peptides

between the two experiments) of the in vitro-identified MHC-I peptides were not quantified

in vivo (Supplementary Figure 3.3A). Importantly, preferential tumor replication of
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reovirus was indeed reflected in the MHC-I ligandome. We observed a far greater
differential MHC-I abundance in the TB mice (both in the spleen and the tumor) than in
the naive mice. For example, 2.9- and 7.8-fold more H2-DP peptides were induced by
reovirus in the spleen and tumor, respectively, of TB mice (normalized logz[reovirus/NT]
> 1.0, adjusted p value < 0.05) (Figure 3.4B). H2-K" peptides showed this same effect
whereby 6.4- and 14-fold more peptides were induced in the TB mice by reovirus at the
spleen and tumor, respectively, than in the naive mice (Figure 3.4B). To further illustrate
the preferential reovirus infection in tumors, we directly compared reovirus-induced MHC-
I ligands across the experiment. Of the MHC-I peptides that were significantly induced
(normalized mean logz[reovirus/NT] > 1.0, adjusted p value < 0.05) at the tumor,
approximately 50% were also induced in the spleen of TB mice but very few of these were
induced in the naive mice (Supplementary Figure 3.3B). Representative label-free
quantitation data for several of these MHC-I peptides induced in both the spleen and tumor,
tumor-only, or reovirus-derived are exemplified in Figure 3.4C. These data suggest that
TB mice display a reovirus-induced tumor MHC-I ligandome that is not found in reovirus-
treated naive mice, PBS-treated naive mice, or PBS-treated TB mice.

3.4.4 Reovirus-induced Tumor MHC-I Ligands Contain Biologically Active Anti-
tumor CD8 T Cell Epitopes

Having determined the preferential reovirus-induced MHC-I ligand changes in the IDS8
tumor, we next investigated whether these therapy-induced MHC-I ligands elicit anti-
tumor CD8 T cell responses. To do this, we chose 16 highly virus-induced tumor MHC-I
ligands (normalized logz[reovirus/NT] > 3.0, adjusted p value < 0.05) across a range of

NetMHC % rank (but all < 2% rank) and peptide spectrum matches (PSMs), and excluding
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those that were also induced in the naive spleen (Figure 3.5A). These highly induced
peptides were essentially absent in the untreated tumors and 13 of them were also induced
in the spleen of TB mice (Figure 3.5B). These 16 peptides were synthesized and their
capacity to elicit CD8 T cell responses in splenocytes of untreated and reovirus-treated TB
mice was measured by IFNy ELISA. We observed no IFNy response in splenocytes from
reovirus-treated TB mice in the absence of any of the peptides or with anti-CD28 co-
stimulation alone. In a validation screen, four of these peptides (GIIRFLIGF, INYVVAHV,
STLSHVVL, and RSYRFMVM) produced strong responses (>150 pg/mL) in splenocytes
of reovirus-infected TB mice, nearly equalling IFNy production of the concanavalin A
positive control (Figure 3.5C). Taken together, these data strongly suggest that reovirus-
induced tumor MHC-I ligands can activate CD8 T cells. Although these MHC-I peptides
are non-mutated self peptides, they are absent without infection and thus may be
immunogenic. These results support findings that the breadth of anti-tumor CD8 T cell
immune response is majorly dictated by tumor-associated antigens*¢>4®°, Most importantly,
our data show that OV-induced MHC-I ligands may shape the therapy-induced neo anti-
tumor CD8 T cell responses.

3.4.5 Peptide Vaccination with Reovirus-induced Tumor MHC-I Ligands Increases
OV Therapeutic Efficacy

To demonstrate the therapeutic potential of the immunogenic virus-induced tumor MHC-I
ligands, we used a peptide vaccination approach. We hypothesized that immunization with
the tumor MHC-I ligands will generate anti-tumor T cell responses, which will attack
cancer cells expressing the cognate MHC-I ligands following reovirus administration.

Most peptide-based vaccines to date consist of multiple peptides that result in a more
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effective immune response; thus, we created a vaccine pool of the top four most
immunogenic virus-induced tumor MHC-I peptides (GIIRFLIGF, INYVVAHV,
STLSHVVL, and RSYRFMVM). As per the experiment schematic shown in Figure 3.6A,
we had four treatment groups of ID8 TB mice: [1] untreated (PBS—>PBS), [2] peptide
vaccine alone (PEP>PBS), [3] reovirus alone (PBS>REO), and [4] both peptide vaccine
and reovirus (PEP->REO). The PBS->PBS and PEP->PBS groups succumbed to
peritoneal carcinomatosis by day 40 post tumor inoculation (Figure 3.6B, gray and green
lines). Reovirus treatment alone delayed ascites development as compared to the untreated
group, which supports our previous findings in the ID8 model (Figure 3.6B, red line). Most
importantly, the combination treatment of peptide immunization and reovirus resulted in a
significantly delayed ascites development and prolonged survival in TB mice relative to
the untreated control or either treatment alone (Figure 3.6B, blue line). Thus, immunization
with the reovirus-induced tumor MHC-I ligands was shown to augment reovirus
therapeutic efficacy. As the ID8 model is quite aggressive with a highly
immunosuppressive tumor microenvironment and a sudden onset of ascites, anti-tumor
immune responses may need to be further strengthened by additional boosters of peptide
immunization or inclusion of more immunogenic epitopes in the vaccine regimen.
Nevertheless, our data support that virus-induced MHC-I ligands are the driving force
behind anti-tumor immunity, which can be potentiated by peptide-based vaccines.

3.5 CONCLUSIONS

Similar to the already proposed implications for cancer neoepitopes'++#43

, our data suggest
that another promising strategy to enhance anti-tumor CD8 T cell immunity could be to

exploit the OV therapy-induced tumor MHC-I ligandome. The exclusive identification of

88



virus-induced MHC-I peptides in TB mice demonstrates the potential for therapy-induced
human HLA-ligand-based vaccines to be developed and used in combination with OVs
currently being tested in clinical trials. Finally, induced MHC-I ligands may be valuable
not only for OV-based cancer therapies but other treatments that induce neo anti-tumor
CD8 T cell responses (e.g., doxorubicin, and checkpoint inhibitors such as anti-PD-1 and
anti-CTLA-4 antibodies'**) ultimately leading to next generation cancer immunotherapies.
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Figure 3.1. Delineation of the reovirus-induced tumor MHC-I ligandome in vitro.

(A) Schematic of the experimental setup. ID8 MOSE ovarian carcinoma cells (1 x 10%)
were treated for 24 hours with IFNy, reovirus (MOI 10) or left untreated. MHC-I peptides
were immuno-precipitated with antibodies specific to the H2-K® and H2-D°® C57BL/6
mouse MHC-I alleles and analyzed by mass spectrometry. Spectra were then identified
with SpectMHC and compared across samples by label-free quantitation. (B) Total number
of unique peptides specific to the H2-D® and H2-K® mouse alleles that were quantified

across the experiment. (C) Volcano plots of the IFNy and reovirus quantitative
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comparisons. Shown are the -log(p value) based on F-tests (y-axis) versus the logx(fold
change) of reovirus or IFNy-treated/control (x-axis). Induced (blue dots) or repressed
(green dots) peptides are those with normalized logx(fold change) <-1 or > 1 and p values
< 0.05 (adjusted using Benjamini-Hochberg multiple hypothesis correction). Peptides
derived from reovirus source proteins are shown in red. (D) MHC-I peptides that are
specifically induced by reovirus (mean log[fold change] > 1 and p values < 0.05) and not
by IFNy including several examples and enriched GO terms (biological process) pertaining
to the source proteins. (E) MHC-I peptides that are induced by both reovirus and IFNy
(mean logz[fold change] > 1 and p values < 0.05) including several examples and enriched

GO terms (biological process) pertaining to the source proteins.
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Figure 3.2. Summary of temporal quantitative proteomics of reovirus-infected IDS cells.

(A) ID8 cells were harvested at five timepoints over 48 hours of reovirus infection at MOI
1 or MOI 10 followed by multiplexed, quantitative proteomics using tandem mass tags
(TMT). Shown is a heatmap with six k-means clusters (colored alongside) of the
multiplexed relative temporal proteomics dataset (n=6,561 proteins). (B) Enriched GO
terms (derived using PANTHER) in k-means Cluster 1 (highly upregulated by reovirus)
from A. (C) Temporal relative intensity from the proteomics dataset of reovirus proteins
Lambda 1 and Mu 1 during the 48-hour course of infection (MOI 1 and 10, five time points
each). (D) Temporal relative intensity from the proteomics dataset of representative viral
response proteins (APOLI9B, CCLS5, GBP4, and OAS1A) during the 48-hour course of
infection (MOI 1 and 10, five time points each). (E) Temporal relative intensity from the
proteomics dataset of representative antigen presentation proteins (B2M, H2-D1, TAPI1,

and TAP2) during the 48-hour course of infection (MOI 1 and 10, five time points each).
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Figure 3.3. Matching MHC-I peptide and source proteome quantitation during reovirus
infection in ID8§ cells.

(A) MHC-I peptides were matched to all mouse protein accessions from the UniProt
database and then these accessions were considered source proteins if they appeared in the
proteomics dataset shown in Figure 3.2. Some peptides match multiple source proteins. (B)
Number of MHC-I peptides from the dataset in Figure 3.1, for which protein matches were
found (matched) or not found (unmatched) in the quantitative proteomics dataset (both H2-
DP [Db] and H2-K® [Kb] specific MHC-I peptides). (C) Correlation of logx(fold change)
of Reovirus/Control between MHC-I peptides from the MHC-I ligandome analysis from
Figure 3.1 and their matching source proteins from the proteomics dataset. Data are
compared at 48 hours of reovirus infection. (D) Representative examples of MHC-I
peptides for which logx(fold change) of Reovirus/Control are correlated (APOL9B) and

uncorrelated (SMC4) at the MHC-I peptide and source protein levels.
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Figure 3.4. Discovery of tumor MHC-I ligands in tumor and immune cells in vivo.

(A) Experimental setup for in vivo MHC-I ligandome monitoring. Naive mice or those
harbouring ID8 MOSE tumors were injected with either PBS or reovirus (5x10% plaque
forming units, intraperitoneally). Spleens and tumors (spleens only from naive mice) were
harvested at 7-10 days post injection and MHC-I peptides were compared by immuno-
precipitation and LC-MS/MS with label-free quantitation. (B) Volcano plots for the
number of increased (blue dots) and decreased (green dots) MHC-I peptides (logz[fold
change] < -1 or > 1 and p values < 0.05) in the naive mice spleens, tumor-bearing mouse
spleens, and tumors. The -log(p value) is based on F-tests implemented in the R package

genefilter and adjusted using Benjamini-Hochberg multiple hypothesis correction. (C)
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Representative examples of the MHC-I peptide intensities increased by reovirus across
tumors or spleen of the tumor-bearing mice, but not in naive mice. Shown also are
intensities of example MHC-I peptides derived from reovirus source proteins quantified in

the experiment.
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Figure 3.5. Immunogenicity testing of reovirus-induced tumor MHC-I peptides.

(A) Distribution of mean logy[fold change], number of PSMs identified (as an indication
for MHC-I abundance), and NetMHC % rank for significantly induced peptides at the
tumor from the data in Figure 3.4, showing the MHC-I peptides chosen (randomly) for
validation by IFNy assay. Any MHC-I peptides also induced by reovirus in the naive spleen
(shown in purple) were excluded from being chosen for validation assays. (B) Heatmap of
relative intensity in the tumor and spleen of tumor-bearing mice of MHC-I peptides
selected for validation assays (from the data in Figure 3.4). *=oxidized methionine (C)
MHC-I peptides from B were incubated with splenocytes collected from reovirus-infected
and non-treated tumor-bearing mice. All incubations were done in the presence of CD28
co-stimulation, and concanavalin A (ConA, 2 pg/mL) was used as a positive control. IFNy

production (y-axis) was determined by ELISA.
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Figure 3.6. Vaccination with reovirus-induced MHC-I ligands to potentiate anti-tumor
immune responses.

(A) Schematic diagram of the peptide vaccination and reovirus treatment regimen. A pool
of the top four immunogenic virus-induced MHC-I ligands in complete Freund’s adjuvant
and incomplete Freund’s adjuvant was used to vaccinate and boost mice, respectively.
Following ID8 tumor implantation, mice were treated with a therapeutic regimen of
reovirus and monitored for survival. (B) Survival analysis of the four treatment groups with
Kaplan-Meier curves. Log-rank (Mantel-Cox) test for pairwise comparisons. Dotted lines
represent standard error of the mean and treatment groups had n=3-6 mice each. PEP:
peptide pool, s.c.: subcutaneous, i.p.: intraperitoneal, PFU: plaque forming unit,
PBS—>PBS: untreated, PEP->PBS: peptide vaccine alone, PBS>REO: reovirus alone,

PEP->REO: peptide vaccine combined with reovirus
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Supplementary Figure 3.1. Characteristics of MHC-I peptides in the in vitro MHC-I
ligandome experiment.

(A) Predicted binding affinity of identified peptides (NetMHC 9% rank). Strong binders are
<0.5% rank and weak binders are 0.5% to 2% rank. (B) Differential MHC-I ligand
quantitation for peptides with NetMHC rank greater than 2% resulting from a no-enzyme

mouse-reovirus database search.
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Supplementary Figure 3.2. Characteristics of upstream and downstream sequences of
reovirus-induced MHC-I peptides in vitro.

(A) Heatmaps displaying the difference in frequency (from a position specific frequency
matrix) of the upstream (-10 amino acid residues) and downstream (+10 amino acid
residues) between the reovirus-induced MHC-I peptides compared to all other MHC-I
peptides. (B) Comparison of the frequency of MHC-I peptides at different distances (in
amino acid residues) to the N- or C-terminus compared between reovirus-induced,

repressed, and unchanged MHC-I peptides.
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Supplementary Figure 3.3. Peptide overlap between experiments.

(A) Overlap in the number of peptides quantified between the in vitro experiment and
across naive and tumor-bearing mouse comparisons. (B) MHC-I peptides that were
increased (logy[fold change] < 3 or > 3 and p values < 0.05) at the tumor and their
corresponding mean logy[fold change] across the spleen of the tumor-bearing mice and

naive mice.
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3.7 SUMMARY OF CHAPTER 3 AND TRANSITION TO CHAPTER 4

Our MS-based analysis of MHC-I ligands revealed reovirus-induced changes in the MHC-
I peptide repertoire of ID8 mouse ovarian cancer cells, resulting in the presentation of novel
MHC-I peptides. Similar changes in the MHC-I ligand landscape were observed in tumors
and spleens isolated from reovirus-treated ID8 TB mice. We also demonstrated that some
of these reovirus-induced MHC-I ligands exhibit tumor-specific immunoreactivity,
capable of stimulating T cell responses exclusively in reovirus-treated TB mice; and when
they were administered as peptide vaccines, delayed ascites development was observed due
to enhanced OV efficacy. In the following chapter, we moved on to investigate reovirus-
induced MHC-I ligands of another cancer model to determine the idiosyncrasies of tumor
MHC-I ligandomes. We also adopted a combinatorial therapy approach of reovirus and
immune checkpoint blockade because A) combination therapies are necessary and on the
rise in the immunotherapy field and B) we hypothesized that the complementary actions of
the two treatment strategies will enhance the immunoediting of the tumor MHC-I

ligandome.
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CHAPTER 4: IMMUNE CHECKPOINT BLOCKADE AUGMENTS CHANGES
WITHIN ONCOLYTIC VIRUS-INDUCED CANCER MHC-I PEPTIDOME,

CREATING NOVEL ANTI-TUMOR CD8 T CELL REACTIVITIES

This manuscript is under review at Molecular & Cellular Proteomics, with the following

contributors:

Kim Y, Konda P, Murphy JP, Paulo JA, Gygi, SP, Gujar S
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4.2 ABSTRACT

The combination cancer immunotherapies with oncolytic virus (OV) and immune
checkpoint blockade (ICB) re-instate otherwise dysfunctional anti-tumor CD8 T cell
responses. One major mechanism that aids such re-instatement of anti-tumor CDS8 T cells
involves the availability of new class I major histocompatibility complex (MHC-I)-bound
tumor epitopes following therapeutic intervention. Thus, therapy-induced changes within
the MHC-I peptidome hold the key to understanding the clinical implications for therapy-
re-instated CD8 T cell responses. Here, using mass spectrometry-based immuno-affinity
methods and tumor-bearing animals treated with OV and ICB (alone or in combination),
we captured the therapy-induced alterations within the tumor MHC-I peptidome which
were then tested for their CD8 T cell response-stimulating activity. We found that the
oncolytic reovirus monotherapy drives up- as well as down-expression of tumor MHC-I
peptides in a cancer type and oncolysis susceptibility dependent manner. Interestingly, the
combination of reovirus+ICB results in higher numbers of differentially expressed MHC-
I-associated peptides (DEMHCPs) relative to either monotherapies. Most importantly,
OV+ICB-driven DEMHCPs contain biologically active epitopes that stimulate interferon-
gamma responses in cognate CD8 T cells capable of mediating clinically desired anti-
tumor attack and cancer immunoediting. These findings highlight that the therapy-induced
changes to the MHC-I peptidome contribute towards the re-instated anti-tumor CD8 T cell
attack established following OV+ICB combination cancer immunotherapy.

43 INTRODUCTION

Immunotherapies aim to (re)educate the immune system to recognize and eliminate cancer

cells, and unlike conventional anti-cancer therapies, the resulting anti-tumor immune
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response can provide a highly specific and long-lasting protection'***4*. These cancer
immunotherapy approaches often focus on overturning the immunosuppression mediated
through diverse immune evasion mechanisms within the tumor microenvironment (TME).
In particular, cancer immunotherapy approaches based on the blockade of inhibitory
immune checkpoints, such as PD-1, CTLA-4 and PD-L1, have shown promise in clinical
settings and are being recognized for their capacity to re-instate antigen-specific CD8 T
cell attack on cancers. Such therapy-induced anti-tumor CD8 T cell response is shaped by
a spectrum of tumor antigens (i.e., it is polyclonal), can act on existing cancer cells, and
maintain antigen-specific memory response against tumor challenge or relapse!#? 144443,
Thus, it is not surprising that ‘hot’ tumors — those with a higher density of tumor-infiltrating
cytotoxic CD8 T cells — respond better to immune checkpoint blockade (ICB) and correlate
with better clinical outcomes as compared to ‘cold’ tumors which show low or no immune
cell infiltration in the TME!9%142143.195 Baged on these observations, strategies that can
make tumors ‘hot’ and prime them for ICB therapies are being pursued in an attempt to
design broadly applicable and effective cancer immunotherapies.

One way to make tumors ‘hot” ahead of ICB therapies involves the use of oncolytic
viruses (OVs) which were originally discovered for their capacity to preferentially infect
and kill cancerous cells without causing similar effects on normal cells. In the last decade,
it has become clear that in addition to their direct tumoricidal effects, OVs overturn a
myriad of tumor-associated immune evasion mechanisms and promote the induction of
potent anti-tumor immune responses'*'2467. For instance, the type I interferon-driven
response to viral infection restores the expression of proteins involved in antigen

130,457,458

processing and presentation in various cancer cells . OVs also support the
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recruitment and activation of CD8 tumor-infiltrating lymphocytes (TILs), as well as other
immune cells, via a localized release of cytokines in the TME!>!468:46° This tumor immune
infiltration-driving action of OVs makes them a suitable candidate for making tumors ‘hot’
and supports their use in combination with ICBs. Interestingly, the biological activities of
OV monotherapy-induced anti-tumor CD8 T cell responses are dampened via the actions
of immune checkpoints such as PD-1 and require rescuing via ICB to sustain their anti-
tumor functions. Thus, during OV+ICB combination therapy, OVs and ICBs overcome the
limitation faced by each monotherapy: OVs make tumors ‘hot’ and suitable for ICBs, and
ICBs potentiate OV-induced CD8 T cell responses'##43447 To this end, previous studies
have shown the enhanced efficacy of OVs through (a)synchronous administrations of
ICBs!28:151.214470-473 " and OVs have emerged as a strategically complementary partner for
ICB therapies”'>2.

CD8 T cells are the main mediators of OV+ICB combination
therapy!?8151214471:472 ' The antigenic targets of CD8 T cells are complexes of peptides
associated with class I major histocompatibility complex (MHC-I) molecules found on the
surface of all nucleated cells*”*?**. These MHC-I-bound peptides are derived from the
proteolysis of intracellular proteins, where those that originate from normal tissue are non-
immunogenic while ones from viral proteins or abnormal tissue (mutated or overexpressed
tumor-associated antigens) are immunogenic?>’*?*. As such, the repertoire of peptides
presented by MHC-I molecules, termed the MHC-I peptidome, reflects the health state of
a cell. The MHC-I peptidome can be analyzed by a mass spectrometry (MS)-based
approach using immuno-affinity (IP)-purified peptide-MHC-I complexes****. Many

cancer types, however, have a defective antigen processing and presentation machinery,
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thereby complicating the elucidation of the tumor MHC-I peptidome landscape*’*. We
have recently shown that oncolytic reovirus can correct tumor-associated antigen
presentation defects and promote the expression of MHC-I peptides on tumors that can
induce new anti-tumor CD8 T cell responses. Currently, whether OV+ICB combination
therapy affects the tumor MHC-I peptidome and subsequently shapes the repertoire of
immunogenic anti-tumor CD8 T cells remain poorly understood.

The current study used MHC-I immuno-precipitation and liquid chromatography
with tandem MS (LC-MS/MS) for label-free or tandem mass tag (TMT)-based multiplexed
quantitation to analyze the tumor MHC-I peptidome following OV+ICB combination
treatment. We found that oncolytic reovirus-mediated changes to the MHC-I peptidome in
vivo are cancer type-specific, where differentially expressed MHC-I-associated peptides
(DEMHCPs) displayed quantitative and qualitative variance in a tumor model-dependent
manner. The addition of ICB to reovirus therapy showed potential therapeutic value since
a greater change to the MHC-I peptidome was observed due to the combination therapy
compared to either monotherapy alone. These DEMHCPs were capable of inducing
antigen-specific CD8 T cell responses in reovirus+ICB-treated tumor-bearing (TB) mice,
but not in non-treated TB mice. Such therapy-induced changes within the MHC-I
peptidome and inherent changes in CD8 T cell activity may improve anti-tumor immunity
and hold biological as well as therapeutic importance*’.

44  RESULTS
4.4.1 Oncolytic Reovirus-induced Alteration of the Tumor MHC-I Peptidome is

Dictated by Cancer Type and Susceptibility to OV
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Based on our previous findings that reovirus induces the presentation of novel MHC-I

peptides in the MOSE ID8 ovarian peritoneal carcinomatosis model***

, we investigated
reovirus-induced changes in the tumor MHC-I peptidome of a solid tumor model of
MCAZ20S5 fibrosarcoma. There are a few reasons why we chose the MCA205 model. Unlike
ID8 cancer cells which express low basal levels of MHC-I molecules that are upregulated
in response to reovirus infection (Figure 4.1A), MCA205 cancer cells express
constitutively high levels of MHC-I molecules that remain unaffected by reovirus infection
(Figure 4.1B). We reasoned that MCA205 provides a good model to examine reovirus-
mediated changes to the MHC-I peptidome without the need to account for changes to the
MHC-I expression as a possible confounding variable. Moreover, MCA205 and IDS§
models show differential susceptibility to reovirus infection in vitro (Figure 4.1C & 4.1D).
Consequently, reovirus infection of MCA205 cells resulted in low level of oncolysis, as
measured by Annexin V+,7AAD+ dead cells (Figure 4.1E), at both 24 and 48 hours post
infection; IDS cells, on the other hand, were previously shown to be highly susceptible to
oncolysis**®. Differences were also observed in mRNA levels of several markers that are
known to be involved in anti-viral responses, where MCA205 cells expressed higher basal
levels of anti-viral response genes and lower basal levels of dSRNA sensor genes (Figure
4.1F). Contrasting response to reovirus infection in the two tumor models were also evident
in vivo. While reovirus alters the TME and drives an increase in the levels of CD3 and CDS8
TILs in both the ID8 and MCA205 models, it did so at a much higher level in the ID§

model (Figure 4.1G & 4.1H) as compared to the MCA205 model (Figure 4.11 & 4.1J).

Thus, MCA205 fibrosarcoma cells additionally allow us to explore if reovirus exposure
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drives changes in the MHC-I peptidome in cancer cells that are relatively resistant to
infection by this OV.

To test this, C57BL/6 mice were implanted with MCA205 cells, and the resultant
tumors were administered with reovirus as shown in Figure 4.2A. Tumors from PBS-
treated (control) or reovirus-treated MCA205 TB mice were collected and processed for
MS-based MHC-I peptidome analysis. In this initial investigation, our label-free
quantitation resulted in a dataset of 1,508 unique H2-D’-specific peptides and 1,314 unique
H2-K"-specific peptides, totalling 2,822 unique MHC-I peptides matching to 2,290 protein
accessions (Figure 4.2B). The majority of the MHC-I peptides we identified displayed
typical amino acid length distributions for MHC-I peptides (Figure 4.2C) and had
NetMHC-predicted binding affinities less than 0.5% rank (Figure 4.2D), thus confirming
the robustness of our MHC-I peptidome precipitation, analysis and detection protocol. Of
these, 213 were DEMHCPs that were upregulated (logz[reovirus/PBS] > 1) in response to
reovirus treatment, representing 7.5% of the total MHC-I peptides quantified in the
experiment (Figure 4.2E). Here, we also investigated the downregulated DEMHCPs
(logz[reovirus/PBS] <-1), which we hypothesized show reduced expression due to possible
immunoediting by cognate CD8 T cells, and identified 168 downregulated DEMHCPs in
response to reovirus treatment, representing 6.0% of the total MHC-I peptides (Figure
4.2F). These data showed that oncolytic reovirus modulates the expression of the MHC-I
peptidome of cancer cells that are relatively resistant to infection and oncolysis.

One noticeable difference between the present study’s MCA205 MHC-I peptidome

t433

dataset and our previously published ID8 MHC-I peptidome dataset™” was the number of

peptides induced by reovirus treatment. Similar numbers of peptides were quantified from
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MHC-IP of MCA205 and ID8 tumors, and we even identified peptides that are common
between the two datasets (Figure 4.2G). However, we observed that out of the 643 H2-D°
and 476 H2-K® overlapping peptides, higher numbers of upregulated and downregulated
DEMHCPs were identified for the ID8 model (Figure 4.2H), suggesting that reovirus-
modulated changes to the MHC-I peptidome is relatively less evident in the MCA205
model. In addition, gene ontology (GO) enrichment analysis using the PANTHER

Classification System®*®

of the source proteins of upregulated DEMHCPs revealed that
MCA205 DEMHCPs were enriched in cellular biosynthetic and metabolic biological
processes (BPs) while ID8 DEMHCPs were enriched in viral defence BPs (Figure 4.21).
For the downregulated DEMHCPs, metabolism-related BPs were enriched in the MCA205
dataset while endocytosis-related BPs were enriched in the ID8 dataset (Figure 4.2J).
Overall, the comparison of the MHC-I peptidome datasets of MCA205 fibrosarcoma and
ID8 ovarian cancer cells identified OV-induced oncolysis and tissue origin as possible
dictators of therapy-induced cancer MHC-I peptidome changes in response to oncolytic
reovirus treatment.

4.4.2 Immune Checkpoint Blockade Further Augments the MHC-I Peptidome
Changes Induced by Oncolytic Reovirus

Given the minimal changes to the MHC-I peptidome observed in the MCA205 tumors
following reovirus treatment, we sought to improve this by adding ICB therapy. We
reasoned that ICB is an ideal candidate for combination treatment with reovirus since virus
infection induces an upregulation of immune checkpoint ligand/receptor expression on

cancer cells and immune cells*’®*”. Here, we chose to perform blocking of programmed

cell death protein 1 (PD-1), the expression of which is upregulated on CD3 and CD8 T
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cells at the site of infection (i.e., peritoneum) and within the lymphoid organ orchestrating
T cell response development (i.e., spleen) in response to reovirus injection (Figure 4.3A &
4.3B). Of note, programmed death-ligand 1 (PD-L1), on the other hand, is not upregulated
on CD3 and CD8 T cells at the site of infection, despite an initial peak at 1 day post
injection, (Figure 4.3C) nor on MCA205 cancer cells in response to reovirus infection in
vitro (Figure 4.3D). Thus, PD-1 rather than PD-L1 was our target of choice for ICB. We
hypothesized that ICB-mediated activation of otherwise suppressed T cells would result in
cancer immunoediting with subsequent alteration of the MHC-I peptidome repertoire. To
examine this, MCA205 TB mice were treated with reovirus and anti-PD-1 antibody as per
the schematic shown in Figure 4.3E, and then tumors were harvested for MS-based MHC-
I analysis. In this experiment, we utilized a TMT-based platform for a multiplexed
quantitative analysis of MHC-I peptides***. We observed 2,288 unique H2-D-specific and
1,945 unique H2-KP-specific peptides, matching to 1,308 protein accessions (Figure 4.3F).
The amino acid length distribution (Figure 4.3G) and NetMHC-predicted binding affinities
(Figure 4.3H) once again support our dataset as bona fide MHC-I peptides. Data are
available via ProteomeXchange with identifier PXD024369.

Next, we compared each treatment group to the PBS-treated control group to
identify MHC-I peptides that are upregulated (logz[fold change] > 1; Figure 4.4A) or
downregulated (logz[fold change] < -1; Figure 4.4B). While there were some overlapping
DEMHCPs in common between treatments, especially when comparing reovirus and
isotype control antibody or anti-PD-1 antibody combination therapy (henceforth referred
to as REO+ISO or REO+ICB, respectively), we focused on DEMHCPs that are unique to

each treatment considering our interest in cancer immunoediting (Figure 4.4C & 4.4D).
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We observed the highest number of DEMHCPs due to REO+ICB combination therapy,
with 172 upregulated (Figure 4.4E) and 118 downregulated (Figure 4.4F), representing
4.1% and 2.8% of the total MHC-I peptides identified, respectively. These REO+ICB
DEMHCPs exhibited a range of fold change levels and number of peptide spectrum
matches (PSMs) (Figure 4.4G & 4.4H). GO enrichment analysis of the source proteins of
the REO+ICB DEMHCPs revealed enriched BPs such as nucleic acid metabolic process,
macromolecular modification, and organelle organization (Figure 4.41 & 4.4J). These are
exemplified by MHC-I peptides from Sf3b3, Pnkp, Gvinl, and Zfp729a (Figure 4.4K).
Altogether, these data show the unique changes to the MCA205 MHC-I peptidome with
the identification of DEMHCPs specific to reovirus and ICB combination treatment. Most
importantly, these results demonstrate that the use of ICB within a combinatorial treatment
can augment therapy-induced MHC-I peptidome changes during oncolytic virus-based
cancer therapies.

4.4.3 Differentially Expressed MHC-I Peptides Observed Following Reovirus+ICB
Combination Therapy Contain Biologically Active Anti-tumor CD8 T Cell Epitopes
Not all MHC-I peptides present in a cell are antigenic and often are involved in homeostatic
immunoregulation. Thus, to realize the role of MHC-I peptides as an antigenic epitope for
CDS8 T cell recognition, their capacity to stimulate antigen-specific CD8 T cells must be
tested (Figure 4.5A). Hence, we next investigated the biological activity of the reovirus
and ICB combination therapy-modulated DEMHCPs. We chose 22 upregulated and 21
downregulated DEMHCPs with number of PSMs greater than or equal to 2 (Table 4.1).
These 43 peptides were synthesized and their capacity to elicit CD8 T cell stimulation in

splenocytes of untreated (PBS control) or REO+ICB-treated TB mice was measured by an
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interferon-gamma (IFNy) ELISA validation screen. Out of the 22 upregulated DEMHCPs,
3 peptides produced a strong IFNy response (greater than the cut-off of [mean + 3 x
standard deviation] of the negative controls) in splenocytes of REO+ICB-treated TB mice
(Figure 4.5B, arrows). Interestingly, 3 out of the 21 downregulated DEMHCPs also
induced a strong response in splenocytes of REO+ICB-treated TB mice (Figure 4.5C,
arrows). We also found a few peptides that elicited a positive IFNy response in splenocytes
of PBS-treated control TB mice; although above the cut-off values, these responses were
very low (Figure 4.5B & 4.5C, chevron-double-down symbol). Furthermore, there was no
correlation between the MHC-I peptide abundance fold change levels and IFNy response
(Figure 4.5D). If anything, the immunogenic peptides tend to have lower fold change
levels. We also confirmed the immunogenicity of the peptides by staining the stimulated
splenocytes for intracellular IFNy to be analyzed by flow cytometry. Comparison of the
ELISA and flow cytometric data from splenocytes of REO+ICB-treated TB mice showed
a slight trend of positive correlation of immunogenicity (Figure 4.5E). Due to the low
percentage of IFNy+ antigen-specific CD8 T cells detected by flow cytometry, ELISA may
be a more reliable measure of an immunogenicity screen. Nevertheless, these data strongly
support that reovirus+ICB therapy-induced DEMHCPs can activate cognate CD8 T cells.
As CDS8 T cells are the main mediators of OV+ICB therapeutic effects, these therapy-
induced DEMHCPs are of importance in the context of anti-tumor immunity and
therapeutic efficacy.

4.5  DISCUSSION

Here, we present the first report on the oncolytic reovirus+ICB combination therapy-

induced changes to the tumor MHC-I peptidome. Using a relatively OV-resistant cancer
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model, we demonstrate that despite the low susceptibility of cancer cells, oncolytic reovirus
changes the MHC-I peptidome of cancers, albeit at a lower magnitude than that in OV-
susceptible ID8 ovarian cancer cells. Next, we found that the reovirus-induced modulation
of MHC-I peptidome in OV-resistant cells can be further augmented via an addition of ICB
agents within the OV therapeutic regimen. From the clinical perspective and in line with
our previous reports on therapy-induced changes to the MHC-I peptidome repertoire**¥434,
here we show that the combination therapy-induced DEMHCPs have therapeutic potential
in activating cognate anti-tumor CD8 T cells. These analyses provide an insight on how
tumors change in response to cancer immunotherapies and highlight immunological
nuances that could be harnessed to overcome the adaptive therapy-resistance of cancers.
In this study, we initially evaluated reovirus-induced changes to the MHC-I
peptidome of a solid tumor model MCA205 fibrosarcoma and observed a low number of
upregulated DEMHCPs, as compared to our previously published dataset on the MOSE
ID8 ovarian cancer model. Further investigation revealed that this disparity was not only
quantitative but also qualitative, and possibly originated due to differential OV-
susceptibility, basal antigen presentation capacity, ‘hot’ or ‘cold’ nature, and tissue of
origin within the cancers studied. Thus, our findings highlight the importance of context-
dependent considerations for MHC-I peptidome analyses where certain tumors may be
more suitable for MHC-I peptidome characterization. This is especially important when
examining therapy-induced changes to the MHC-I peptidome landscape. One should assess
the status of the antigen processing and presentation machinery of the tumors and
determine whether the particular therapy under consideration is able to restore (or at least

influence) the antigen presentation pathway*’®. Baseline expression level of MHC-I
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molecules may also contribute to the overall quantitative changes observed in the MHC-I
peptidome. However, even with the low number of upregulated DEMHCPs identified, the
MCAZ205 model nevertheless showed that reovirus treatment induced changes to the tumor
MHC-I peptide repertoire and provided a rationale for including ICB therapy in hopes of
increasing the number of DEMHCPs.

We also employed a newly optimized TMT-based multiplexing platform for MHC-

I peptidome analysis previously developed by our group***

. Multiplexing not only allows
a comparison of 11 samples in a single experiment but also provides an accurate relative
quantitation of low-abundance peptides*’”®. Consequently, this high-throughput MHC-I
peptidome discovery approach resulted in the identification of the antigenic targets for the
combination therapy-modulated anti-tumor immunity. Contrary to what we expected, the
addition of ICB to reovirus therapy did not significantly increase the number of DEMHCPs
overall; that is, we observed less than 200 upregulated or downregulated DEMHCPs which
is a relatively low number. In any case, the combination therapy resulted in the highest
number of DEMHCPs, especially compared to that of reovirus monotherapy, and
emphasized the potential therapeutic advantage of the reovirus and ICB combination
therapy. Moreover, we also observed a high number of DEMHCPs due to reovirus and
isotype control antibody combination treatment, providing further evidence to support the
role of Fc gamma receptors (FcyR) in the activities of immunomodulatory antibodies as
reviewed by Stewart et al.*°, Previous studies have shown the FcyR-dependent activity of
anti-mouse CTLA4 antibodies in mouse tumor models*' #1482 Thus, the change in the

MHC-I peptidome we observed due to the reovirus and isotype control antibody treatment

may be due to non-specific binding of the isotype control antibody to FcyR. This effect, as

115



well as the one observed due to REO+ICB combination therapy, was detected only in the
presence of reovirus since the pro-inflammatory stimuli was necessary to drive the
expression of FcyR-expressing, or PD-1-expressing, effector cells in the tumor. These
results support the role for OVs as primers ahead of the administration of ICB treatment'%,
and provide an additional rationale for the use of OV+ICB combinations for enhanced anti-
cancer therapeutic efficacy.

Since most MHC-I peptides in cells carry an immune homeostatic function and thus
are not immunogenic, we added an additional step in the MHC-I peptidome discovery
pipeline and validated the immunogenicity of the DEMHCPs found in our study. In the
context of cancer immunotherapies, wherein functionally active anti-tumor CD8 T cells act
as the main mediators of therapeutic effects, discovery of biologically active MHC-I
peptides is highly clinically relevant. Out of the 43 peptides tested in the T cell activation-
based validation screen, we observed 6 that stimulated high IFNy responses in cognate
CDS8 T cells. As expected, many MHC-I peptides identified by the immuno-purification
and MS analysis approach failed to produce IFNy responses, underlining the value in
assessing antigen-specific T cell activity. In addition, our observation of the lack of
correlation between immunogenicity and fold change level as measured by MS-based
MHC-I peptidome analysis suggests that stringent filters should be carefully applied in the
workflow which focuses on the identification of MHC-I peptides that are biologically
active. A wide range of peptides should be represented, not only the highly upregulated or
downregulated peptides, as there are other factors involved in determining immunogenicity
besides MHC-I peptide abundance. Furthermore, our current data emphasize the need to

consider the contribution of the downregulated DEMHCPs to the anti-tumor immune
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response, unlike our previous studies that had investigated only upregulated DEMHCPs.
As we hypothesized, one mechanism through which these DEMHCPs are likely
downregulated is due to selective destruction, by cognate CD8 T cells, of tumor cells that
express it. Thus, biologically active MHC-I peptides within downregulated DEMHCPs
likely contribute towards cancer immunoediting and contain the target candidates for
peptide vaccines. Consequently, biologically active peptides found within upregulated and
downregulated DEMHCPs hold implications for therapy-induced anti-tumor CD8 T cell
responses.

In conclusion, this study further supports biological and therapeutic implications
for therapy-induced changes to the MHC-I peptidome following combinatorial treatment
with two emerging immunotherapies — OV and ICB. The elucidation of such therapy-
driven DEMHCPs provides an insight on the alterations to the TME in response to therapy
as well as identifies immunogenic peptides that can be exploited for the development of
next-generation cancer immunotherapies.
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Figure 4.1. Comparison of reovirus-modulated changes in ID8 and MCA205 models.

MHC-I H2-DP and H2-K" expression levels in (A) ID8 and (B) MCA205 cancer cells in

vitro. Cancer cells were infected with reovirus at various multiplicity of infection (MOI;

10-10,000) for 24 h, and H2-D°+H2-K°+ cells were quantified by flow cytometry.

Stimulation with IFNy (100 units/mL [U/mL]) was included as a positive control. Reovirus

infectivity in (C) ID8 and (D) MCAZ205 cells in vitro. Cancer cells were infected at various
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MOIs for 24 h, and reovirus+ cells were quantified by flow cytometry. Reovirus-mediated
oncolysis in (E) MCA205 cells in vitro. Cancer cells were infected at various MOls for 24
and 48 h, and late apoptotic (Annexin V+,7AAD+) cells were quantified by flow
cytometry. (F) Quantitative PCR analysis of anti-viral gene expression. Untreated ID8 and
MCA205 cells were collected for RNA extraction and cDNA synthesis to measure the
expression of Cxcll0, Ddx58, Ifnb, Il1b, and Tir3 by qRT-PCR using gene-specific
primers. All values were first normalized to Gapdh and compared to ID8 control. Reovirus-
mediated tumor immune cell infiltration in (G & H) ID8 and (I & J) MCA205 models in
vivo. CD3 and CD8 T cell levels were measured by flow cytometry in tumor-bearing mice
at both the site of injection (TME) and lymphoid organ (spleen). Statistical analysis was
performed using a Student’s ¢ test or one-way ANOVA coupled with a Bonferroni post-
test. Data are representative of three independent experiments. Asterisks shown
immediately on top of the bars signify the p values obtained by comparing the respective
data against the control group (non-treated [NT], ID8 or PBS). n.s. =p > 0.05, *p < 0.05,
**p <0.01, ***p <0.001, ***p < 0.0001. i.p.: intraperitoneal; PFU: plaque-forming units;

s.c.: subcutaneous; i.t.: intratumoral.
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Figure 4.2. Label-free quantitation of reovirus-modulated MCA205 MHC-I peptidome.

(A) Experimental setup for MHC-I peptidome analysis of MCA205 tumors following

reovirus treatment. MCA205 tumor-bearing mice were injected with either PBS or
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reovirus, and tumors were harvested for MHC-I peptidome and mass spectrometry analysis
with label-free quantitation. (B) Number of total and unique H2-DP- and H2-K®-specific
peptides quantified in the experiment. (C) Length distribution of the quantified MHC-I
peptides. (D) Predicted binding affinity (NetMHC % rank) of the quantified MHC-I
peptides. Peptides that are <0.5% rank are considered strong binders whereas those that are
0.5-2% rank are weak binders. Relative intensities of H2-DP- and H2-K’-specific peptides
that are specifically (E) upregulated (logz[reovirus/PBS] > 1) or (F) downregulated
(logz[reovirus/PBS] < -1) by reovirus (REO) as compared to PBS-treated tumor-bearing
control mice. (G) Number of distinct and overlapping H2-D" (B22.249 IP) or H2-K® (Y3
IP) peptides from the MCA205 and ID8 datasets. (H) Number of upregulated (UP) or
downregulated (DOWN) MHC-I peptides observed for the MCA205 and ID8 models out
of the overlapping peptides in common between the two datasets. (I) Enriched GO terms
(BPs) in the source proteins of upregulated DEMHCPs. (J) Enriched GO terms (BPs) in
the source proteins of downregulated DEMHCPs. s.c.: subcutaneous; PFU: plaque-forming
units; i.t.: intratumoral; IP: immuno-affinity purification; BPs: biological processes; FDR:

false discovery rate.
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Figure 4.3. TMT-based multiplexing platform analysis of reovirus and ICB combination-
modulated MCA205 MHC-I peptidome.

(A) Schematic of reovirus infection in vivo to analyze immune checkpoint expression. (B)
Flow cytometry analysis of PD-1 expression on CD3 and CD8 T cells from the site of
injection (peritoneum) and lymphoid organ (spleen) of C57BL/6 mice (n = 5) at 7 days
post injection, compared to PBS-treated control mice. A two-tailed Student’s 7 test with
95% confidence interval was performed. (C) PD-L1 expression on CD3 and CD8 T cells
from the site of injection at 1, 3, 5, 7 days post injection were also quantified by flow
cytometry. (D) PD-L1 expression level on MCA205 cancer cells in vitro. Cells were
infected with reovirus at various MOIs for 24 h, and PD-L1+ cells were quantified by flow
cytometry. Stimulation with IFNy (100 U/mL) was included as a positive control. Data are
representative of three independent experiments. One-way ANOVA coupled with a
Bonferroni post-test was performed. (E) Experimental setup for MHC-I peptidome
analysis of MCA205 tumors following reovirus and ICB combination treatment. IP-
purified MHC-I peptides were analyzed by TMT-based multiplexed quantitation. (F)
Number of total and unique H2-DP- and H2-KP°-specific peptides quantified in the
experiment. (G) Length distribution of the quantified MHC-I peptides. (H) Predicted
binding affinity (NetMHC % rank) of the quantified MHC-I peptides. Asterisks shown
immediately on top of the bars signify the p values obtained by comparing the respective
data against the non-treated (PBS or NT) control group. n.s. =p > 0.05, *p < 0.05, **p <
0.01, ***p < 0.001, ***p < 0.0001. i.p.: intraperitoneal; PFU: plaque-forming units; s.c.:

subcutaneous; i.t.: intratumoral; IP: immuno-affinity purification.
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Figure 4.4. Characterization of upregulated and downregulated DEMHCPs of reovirus
and ICB combination therapy.

Number of unique and overlapping (A) upregulated (log>[fold change] > 1) or (B)
downregulated (loga[fold change] < -1) H2-DP- and H2-K"-specific DEMHCPs observed
in the different treatment groups as compared to PBS control. Numbers of unique (C)
upregulated or (D) downregulated DEMHCPs from each treatment group as compared to
PBS control. Relative intensities of MHC-I peptides that are specifically (E) upregulated
or (F) downregulated by reovirus and ICB combination therapy. Number of PSMs and fold
change levels of the combination therapy (G) upregulated and (H) downregulated
DEMHCPs. Enriched GO terms (BPs) in the source proteins of combination therapy (I)
upregulated and (J) downregulated DEMHCPs. (K) Representative examples of MHC-I
peptides that are upregulated or downregulated by combination therapy. DEMHCPs:
differentially expressed MHC-I-associated peptides; PSMs: peptide spectrum matches;
ISO: isotype control antibody; PD-1: anti-mouse PD-1 antibody; REO: reovirus; BPs:

biological processes; FDR: false discovery rate.
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Figure 4.5. Functional validation of reovirus and ICB combination therapy DEMHCPs as
anti-tumor CD8 T cell epitopes.

(A) Schematic diagram of the MHC-I peptidome discovery pipeline, from MHC-I peptide
identification, analysis, to biological validation. Concentration of secreted IFNy as
measured by ELISA following ex vivo stimulation of splenocytes with (B) upregulated
DEMHCPs or (C) downregulated DEMHCPs. Splenocytes from PBS- or reovirus and ICB
(REO+ICB)-treated MCA205 tumor-bearing (TB) mice were cultured with the peptides
for 24 h and then supernatants were collected for ELISA analysis. Arrows and chevron-
double-down symbols indicate peptides that induced IFNy levels greater than the cut-off
value ([mean + 3 x standard deviation] of the negative controls — unstimulated splenocytes;
0 pg/mL for PBS and 17.77 pg/mL for REO+ICB). (D) Level of secreted IFNy measured
by ELISA and the corresponding fold change level measured by MHC-I analysis for each
validated peptide. (E) Level of secreted IFNy measured by ELISA and the corresponding
intracellular IFNy level measured by flow cytometry for each validated peptide.
DEMHCPs: differentially expressed MHC-I-associated peptides; mIFNy: murine

interferon gamma.
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Table 4.1. Reovirus and ICB combination therapy DEMHCPs for immunogenicity

validation.
Sequence Source protein gene | MHCallele | # PSMs log,(REO+ICB/PBS)
MLFLVNQL Pcid2 Kb 4 3.14
IIVSFVNATL Sf3b3 Db 3 1.74
KGIGNKTEI Nsd3 Kb 4 1.54
FILLLREVL Marchfé Kb 3 1.34
AQIVNKHLI Eif2b3 Kb 2 1.34
TIFSKKNFESL Rpn2 Kb 2 1.33
FSKVNIQVL Oasl2 Kb 3 1.32
AALKNLPLI Acsi3 Kb 2 1.29
TQNVNQAKM Maged1 Kb 2 1.24
SAVKNLQQL Npri3 Kb 3 1.22
KSLWYKNL l17rc Db 2 1.22
GALKNTDYF Nt5c3a Kb 2 1.20
SSITNHINKL Semasa Kb 3 1.20
SSPKNVQGL Siglec1 Kb 2 1.20
IYVFYQMV Kifap3 Db 2 1.20
YVVDNIDHL Copl Kb 3 1.19
YSLGNTYTL Gpsm1 Kb 3 1.06
SLPTNLIHL Ubr2 Kb 7 1.04
KSFEWLSQM Dyncihl Db 2 1.03
RTVENVTVF Vatl Kb 2 1.02
MAPQNLSTF Dnajb11 Kb 2 1.02
FAYEGRDYI H2-Q6 Kb 20 1.02
KIVPFFKL Dyncih1 Kb 5 -1.81
KAFHFPSL Zfp729a Kb 2 -1.48
TTPQNQVDM Chmplbl Db 2 -1.47
KNLRYQLL Matr3 Kb 3 -1.44
VSPLFQKL Mars1 Kb 6 -1.38
KGYVFKEL Tir7 Kb 2 -1.37
AMYVHAYTL Psma3 Db 2 -1.33
TIYRFLKL Femlc Kb 7 -1.24
VQQYYRKL Prex1 Kb 2 -1.23
FQFTFKHL Dnaja2 Kb 3 -1.21
IILKYIGM Arleip1 Kb 2 -1.20
SQGMNVTNM Ep300 Db 6 -1.17
NVIMFVGL Srp54c Kb 2 -1.12
KILTFDQL Rpl18 Kb 5 -1.10
KNVLFSHL Prkarlb Kb 2 -1.09
SSPKFSEL Wdr45 Kb 4 -1.08
KTWVFSFL Cilp Kb 4 -1.07
LVYQFKEM Elf4 Kb 4 -1.05
NIFVFKEL Rapgefé Kb 2 -1.03
SGYKFFSL Wipi2 Kb 3 -1.01
QALKYFNL Selll Kb 6 -1.01

MHC: major histocompatibility complex; PSM: peptide spectrum match; REO: reovirus; ICB: immune checkpoint blockade
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4.7 SUMMARY OF CHAPTER 4 AND TRANSITION TO CHAPTER 5

In this chapter, we showed that oncolytic reovirus monotherapy upregulates, as well as
downregulates, the expression of tumor MHC-I peptides in a cancer type and oncolysis
susceptibility dependent manner. The combination of reovirus and ICB resulted in the
highest number of DEMHCPs, among which we identified immunogenic epitopes with
biologically active cognate CD8 T cells. Ultimately, these findings, as well as that of the
previous chapter, highlighted that the therapy-induced changes to the MHC-I peptidome
contribute towards the re-instated anti-tumor CD8 T cell attack established by the
administration of immunotherapies. In the following chapter, we wanted to investigate the
other robust immune response initiated following OV therapy: anti-viral immunity. Given
the high immunogenicity of pathogens, we postulated that anti-viral immunity could make
up the bulk of and/or overpower the immune response in the TME, in which case anti-viral
T cell activity may be manipulated for therapeutic benefit. Thus, we sought to identify the
targets of anti-viral T cells by performing reovirus genome-wide epitope mapping and

study the cognate anti-OV T cell immune responses.
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CHAPTER 5: REDIRECTING ANTI-VIRAL IMMUNITY TOWARDS CANCER

BY ANTIGENIC REPROGRAMMING OF TUMOR MHC PEPTIDOME

This manuscript is in preparation, with the following contributors:

Kim Y, Holay N, Clements D, Konda P, Helson E, Gujar S
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52  ABSTRACT

Overturning existing dogma, pre-existing anti-viral immunity has been reported to benefit
oncolytic virus (OV)-based cancer immunotherapy. On this account, we sought to
repurpose anti-viral immunity to enhance OV therapeutic efficacy by redirecting virus-
specific CD8 T cells to target cancer cells. Our aim was to identify the antigenic
determinants of anti-viral immunity and use this information to antigenically reprogram
cancer cells to present viral peptides on their class I major histocompatibility complex
(MHC-]). In silico prediction followed by biological validation was performed to identify
the immunodominant CD8 T cell epitope of oncolytic reovirus, and MHC tetramers loaded
with this virus epitope was used to analyze the distinct functional phenotype of reovirus-
driven T cells. Reovirus was also shown to promote the ‘cold-to-hot’ transition of the tumor
microenvironment (TME) in a murine tumor model, inducing an influx of CD3 and CD8
T cells which also included virus-specific CD8 T cells. Anti-viral T cells that infiltrated
the TME were shown to maintain their functional phenotype, despite the expression of
inhibitory immune checkpoints. To have this virus-specific T cell response target cancer
cells, we increased the antigenicity of tumors through exogenous loading of synthetic viral
peptides, which resulted in their presentation via tumor MHC-I and sensitized cancer cells
to cytotoxic attack by virus-specific T cells in vitro. Thus, redirecting anti-viral immunity
to target cancers can be achieved by the provision of viral peptides to tumors and represents
a unique approach to potentiate OV therapy.

5.3 INTRODUCTION

By harnessing the innate properties of our own immune system to target tumors, cancer

immunotherapies have galvanized oncology***. The efficacy of immunotherapies depends

132



on the generation and activation of anti-tumor CD8 T cells that recognize specific tumor
peptides (i.e., antigens or epitopes) presented via class I major histocompatibility complex
(MHC-I) molecules on the surface of cancer cells'**!*. The presence of the resultant
tumor-infiltrating lymphocytes (TILs), specifically the CD8 cytotoxic T lymphocytes
(CTLs), correlates with better patient outcomes'%14%143_ Despite recent advances in cancer
immunotherapies, however, only a minority of patients show objective response to current
immunotherapy regimens. Major impediments to therapeutic success include the lack of
TILs and the immunosuppressive tumor microenvironment (TME), culminating in T cell
exhaustion if there are any TILs. In addition, cancer cells display a low density of presented
antigens due to defects in the antigen processing and presentation machinery, as well as
reduced surface MHC-I expression. Difficulties in identifying immunogenic neoepitopes
have also hindered the development of effective tumor-specific T cell therapy.

Oncolytic viruses (OVs) have emerged as a formidable cancer immunotherapeutic

2

agent that can address these challenges"!?. Originally discovered for their tumor

destructive effects, OVs are a highly immunostimulatory modality that promotes the

1412467 We have previously

induction of potent anti-tumor immune responses
demonstrated this generation of anti-tumor immunity and subsequent long-term immune
protection against tumor recurrence mediated by mammalian orthoreovirus type 3 Dearing
strain (henceforth referred to as reovirus) in various murine tumor models!*%43%4%° The
establishment of anti-tumor immunity was attributed to the ability of reovirus to overturn

13048 Qpecifically, the inflaimmatory response

tumor-induced immunosuppression
following reovirus administration restored the expression of MHC-I on cancer cells, thus

allowing the presentation of otherwise obscure tumor-specific antigens. We recently
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utilized a mass spectrometry-based approach to elucidate the reovirus-induced tumor
MHC-I peptidome**?, which is the array of MHC-I bound peptides that define anti-tumor
CD8 T cell responses.

While promoting the development of beneficial anti-tumor immunity, OVs as
pathogens also trigger the host immune system to mount a detrimental anti-viral immune
response. Neutralizing antibodies against OVs can prematurely clear the virus and prevent
infection of tumor tissues. This poses as a significant hurdle for systemic administration of
OVs, repeated therapeutic dosing, and treatment of patients with pre-existing immunity to
OVs. Fortunately, contrary to this dogma, anti-viral immunity has been reported to actually
potentiate OV therapy. Ricca et al. described enhanced therapeutic efficacy of Newcastle
disease virus (NDV) in B16F10 melanoma tumor-bearing (TB) mice with pre-existing
immunity against this OV, as compared to NDV-naive TB mice*®’. Evidence of virus-
specific memory CD8 T cells in human tumors has also been presented, highlighting the
heterogeneity of TILs*¢*2%°, Multiple studies have used this fact to exploit pre-existing anti-
viral immunity to target cancers by re-activating virus-specific memory T cells?74 276483,

Here, we aimed to enhance the efficacy of reovirus-based cancer immunotherapy
by repurposing anti-viral immunity to target cancer cells through reprogramming tumor
antigenicity. We first performed a multidisciplinary analysis to catalog the repertoire of
MHC-I-restricted reovirus-specific T cell epitopes and to characterize the phenotype and
functionality of virus-specific CD8 T cells, in the presence and absence of the TME. We
also demonstrated increased antigenicity of cancer cells through exogenous loading of viral

peptides onto their MHC-I molecules, thereby rendering them susceptible to recognition
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by anti-viral CD8 T cells. Thus, redirecting anti-viral immunity to tumors is possible
through the manipulation of the tumor MHC peptidome to express virus epitopes.

5.4  RESULTS

5.4.1 Reovirus Genome-wide Epitope Mapping Reveals an Immunodominant H2-K"-
restricted T Cell Epitope

To repurpose anti-viral immunity for OV therapy, our first aim was to identify the
immunogenic determinants of anti-viral immunity by in silico epitope prediction followed
by immunogenicity assessment (Figure 5.1A). Specifically, an immunoinformatics (i.e.,
computational immunology) approach based on the SYFPEITHI epitope prediction

algorithm*®

was utilized to analyze the 10 double-stranded RNA segments of the reovirus
genome. Epitope mapping was completed for H2-K® (8 amino acid long linear epitopes)
and H2-DP (9 amino acid long linear epitopes) MHC-I alleles for the C57BL/6 mouse
background, generating an overlapping peptide library of 1,546 epitopes (= SYFPEITHI
score of 15) spanning long stretches of sequence within each protein. Limiting our analysis
to epitopes with SYFPEITHI scores > 20 resulted in the identification of 43 H2-K"- and 75
H2-DP-restricted epitopes, where 11 out of 12 reovirus proteins were represented (Figure
5.1B). These 118 CD8 T cell epitopes covered a wide range of SYFPEITHI scores from
20 to 29, with higher SYFPEITHI scores indicating greater predicted immunogenicity
(Figure 5.1C).

In order to validate the immunogenicity of these predicted T cell epitopes, the
abovementioned 118 reovirus epitopes were synthesized. First, the MHC binding affinity

was analyzed by Prolmmune REVEAL® MHC-peptide binding assay wherein binding

scores greater than 45% represent high-affinity binders. Irrespective of SYFPEITHI scores,
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42 out of 43 H2-K® and 47 out of 75 H2-DP epitopes were strong binders (Figure 5.1D).
Subsequent analyses considered the REVEAL assay scores as the indicator of
immunogenicity as opposed to the predicted SYFPEITHI scores. Next, the biological
activity of these peptides was evaluated by a T cell activation assay. Following the ex vivo
stimulation of splenocytes with peptides, interferon gamma (IFNy) production by CD8 T
cells was measured by flow cytometry (Figure 5.1E). Immunodominance hierarchy of
reovirus epitopes was observed as shown for the top 15 most immunogenic peptides in
Figure 5.1F (see Table 5.1 for the list of all 118 peptides). Interestingly, the level of IFNy
production by CD8 T cells was not dependent on the MHC binding affinity of the peptides.
For example, a strong binder M13s3.396 (peptide sequence TGFINRHTI; MHC binding
affinity of 103.4%) and a weak binder S263-271 (peptide sequence IRPGNRSLF; MHC
binding affinity of 21.6%) both resulted in the activation of approximately 3.6% of
IFNy+,CD8+ T cells. These findings indicate that MHC binding affinity is not the sole
criterion for immunogenicity. More importantly, we identified an immunodominant
reovirus CD8 T cell epitope. S321.28 (peptide sequence VCPNY VML) is derived from the
non-structural protein oNS, is a strong binder restricted to H2-K® and stimulates
approximately 8% of IFNy+,CD8+ T cells. With a two-fold higher IFNy response
compared to the next peptide in the immunodominance hierarchy, S321.2¢ serves as an ideal
epitope to study anti-viral immune responses specific against reovirus.

5.4.2 Reovirus-specific CD8 T Cells Exhibit an Effector Memory Phenotype and
Functional Activity, Despite Immune Checkpoint Receptor Expression

We used the immunodominant reovirus epitope (S321-28) as a representative to characterize

the overall anti-viral CD8 T cell response. MHC-I tetramers loaded with the
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immunodominant viral peptide (pMHC tetramers) were utilized to detect virus-specific
CD8 T cells, specified as CD3+,CD19-,CD8+,Tetramer+, by flow cytometry (Figure
5.2A). First, we conducted a temporospatial analysis of reovirus-specific CD8 T cells from
cells isolated from the peritoneum (site of injection) and spleen of C57BL/6 mice at 1, 3,
5, 7, and 10 days post infection (d.p.i.). Expansion of virus-specific CD8 T cells was
observed as early as 5 d.p.i. in the spleen and 7 d.p.i. in the peritoneum (Figure 5.2B). The
decrease in virus-specific CD8 T cells in the spleen after 5 d.p.i. is likely due to the
migration of these cells to the site of infection, corresponding to the increased frequency
of these cells in the peritoneum at this timepoint. The percentage of Tetramer+ cells in the
peritoneum was highest at 10 d.p.i.; however, the absolute number of cells in the
peritoneum was highest at 7 d.p.i., making analyses easier (i.e., many events must be
acquired on the flow cytometer to visualize cells of low frequency). Thus, subsequent
analyses of virus-specific CD8 T cells were performed at 7 d.p.1i..

Next, we wanted to further delineate the phenotype of these virus-specific CD8 T
cells by costaining for memory subset markers, distinguishing differentiation status. Upon
antigen recognition, naive T cells undergo differentiation into an effector state,
characterized by a high proliferative and cytotoxic capacity**® %2, The differentiation status
of T cells can be based on the expression of CD44 (hyaluronic acid receptor) and CD62L
(L-selection), with four defined subsets: naive (Tn; CD44-,CD62L+), central memory
(Tcm; CD44+,CD62L+), effector memory (Tem; CD44+,CD62L-), and CD44-,CD62L-. In
line with previous reports on acute viral infections?*®2614% total CD8 T cells of the
peritoneum (Figure 5.2C) and spleen differentiated into Tem cells in response to reovirus

at 7 d.p.i. (Figure 5.2D). At this timepoint, the frequency of Tewm cells of total CD8 T cells
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was higher in the peritoneum than in the spleen. Moreover, virus-specific CD8 T cells of
the peritoneum and spleen displayed an effector memory phenotype, in a more
homogenous manner as compared to the total CD8 T cell population; that is, almost all
Tetramer+ cells were Tem (Figure 5.2D). Secondly, we also costained for inhibitory
checkpoint receptors to further phenotypically characterize virus-specific CD8 T cells. We
examined the expression of immune checkpoint receptors PD-1 (programmed cell death
protein 1) and TIM3 (T cell immunoglobulin and mucin-domain containing-3), which play
an important role in regulating autoimmunity and T cell exhaustion, respectively*47:48548
We observed that CD8 T cells upregulate the expression of PD-1 and TIM3 in response to
reovirus at 7 d.p.i. (Figure 5.2E). The induced expression of these molecules on CD8 T
cells was greater in the peritoneum than in the spleen (Figure 5.2F). Furthermore, while
virus-specific CD8 T cells in the peritoneum and spleen were all PD-1+, approximately
half of this Tetramer+ population was TIM3+. Other immune checkpoint receptors such as
CTLA-4 and TIGIT were not expressed by CD8 T cells during reovirus infection
(Supplementary Figures 5.1A & 5.1B).

We next wanted to analyze the functional capacity of these cells. Typically, the
expression of inhibitory immune checkpoint receptors is strongly correlated with T cell
exhaustion**#%6, To examine whether the reovirus-driven T cell population is functionally
active, we measured the expression of the cytotoxic molecule granzyme B (GzmB), a serine
protease secreted along with perforin by CD8 T cells to induce apoptosis in the target cells.
At 7 days post reovirus infection, approximately 50% of CD8 T cells and about 65% of
virus-specific CD8 T cells in the peritoneum expressed GzmB (Figure 5.2G). Similar

results were observed in the spleen but at a frequency less than that of the cells in the
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peritoneum (Figure 5.2H). Therefore, despite the expression of inhibitory immune
checkpoint receptors, reovirus-driven CD8 and virus-specific CD8 T cells displayed an
effector memory phenotype and were functionally active, expressing cytotoxic molecule
GzmB. Overall, reovirus infection induced a dramatic change in the phenotypes of the total
CD8 T cell population, and more importantly, this change was greatly pronounced in virus-
specific CD8 T cells.
5.4.3 Virus-specific CD8 T Cells Infiltrate Tumor Microenvironments
Our next aim was to determine the presence of anti-viral immunity in tumors and
investigate whether the immunosuppressive TME can alter the phenotype and function of
anti-viral CD8 T cells. We examined anti-viral immunity in the context of two syngeneic
mouse models, EL4 T cell lymphoma and MCA205 fibrosarcoma. Upon injection of
reovirus into established tumors (Figure 5.3A), we noted a difference in the level of TILs
in the two tumor types. CD3 and CD8 TILs were already at relatively high levels in non-
treated (PBS control) EL4 tumors, as compared to MCA205 tumors, and were unaffected
by reovirus treatment (Figure 5.3B). On the other hand, both CD3 and CDS8 TIL levels
significantly increased in reovirus-treated MCA205 tumors, as compared to the levels
observed in PBS-treated tumors (Figure 5.3C). More importantly, we detected virus-
specific CD8 T cells in both the EL4 (Figure 5.3D) and MCA205 (Figure 5.3E) tumors,
with generally a higher percentage observed in the latter compared to the former.

In terms of memory markers, we first recognized that intratumoral CD8 T cells in
the absence of reovirus displayed a Tem phenotype (Figure 5.3F), which contrasts with the
CDS8 T cells observed in non-TB, non-treated mice. Following reovirus exposure, total

CDS8 and virus-specific CD8 T cells in both tumor types maintain the Tem phenotype
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(Figure 5.3G & 5.3H). Similarly, CD8 T cells in non-treated tumors had a unique profile
of immune checkpoint expression, already displaying high levels of PD-1 and TIM3
(Figure 5.3I). There was a slight difference between CD8 TILs of EL4 (Figure 5.3)) and
MCA205 (Figure 5.3K) tumors. In reovirus-treated EL4 tumors, CD8 T cells shifted from
PD-1+,TIM3+ to PD-1+,TIM3- phenotype, which was more pronounced in virus-specific
CD8 T cells (Figure 5.3J). In contrast, CD8 TILs of reovirus-treated MCA205 tumors
shifted from PD-1+,TIM3+ to PD-1-,TIM3+ cells; virus-specific CD8 T cells remained
mostly PD-1 and TIM3 double-positive (Figure 5.3K). Overall, TIM3 expression, either
alone or co-expressed with PD-1, was more apparent on MCA205 CD8 TILs. With respect
to the functional capacity of these cells (Figure 5.3L), GzmB was expressed in CD8 TILs
of non-treated EL4 (Figure 5.3M) and MCA205 (Figure 5.3N) tumors, with a higher basal
level expression in the latter. Reovirus treatment resulted in increased GzmB expression in
CDS8 TILs of both tumor types but at a significantly higher level in the MCA205 than in
the EL4 CD8 T cells (75% versus 20%); virus-specific CD8 T cells of both tumors were
equally high in GzmB. In sum, despite being in an immunosuppressive TME, virus-specific
CDS8 T cells maintained an effector memory phenotype and functional activity, even with
the expression of PD-1 and TIM3.

Furthermore, we also examined the immune cells in the secondary lymphoid
organs, specifically the spleens, of these TB mice (Supplementary Figure 5.2A). Here,
intratumoral injection of reovirus significantly increased the levels of CD3 and CDS8
splenic T cells in both tumor models (Supplementary Figures 5.2B & 5.2C). Virus-specific
CDS8 T cells were also detected in these TB mice spleens (Supplementary Figures 5.2D &

5.2E). The trends observed in the TB mice spleens regarding memory marker
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(Supplementary Figures 5.2F & 5.2G), immune checkpoint (Supplementary Figures 5.2H
& 5.21), and GzmB (Supplementary Figures 5.2J & 5.2K) expression on CD8 and virus-
specific CD8 T cells were comparable to those observed in spleens of non-TB mice. This
suggests that there was no apparent effect of the TME in altering the phenotype or function
of CD8 T cells at these peripheral sites.

Thus far, our emphasis was on how acute viral infection can reprogram the tumor
immune microenvironment towards one that is more virus-directed. Given that previous

reports on anti-viral immune cells in tumors focused on memory immunity?’# 276,

we
wanted to see if we can also detect reovirus-specific CD8 T cells in tumors without direct
infection of tumors. Mice were immunized with reovirus (i.e., REO-IMM mice) prior to
tumor implantation and pMHC tetramer quantification was performed once tumors
developed (Supplementary Figure 5.3A). Even at 25 days post reovirus immunization and
most importantly without intratumoral reovirus injection, virus-specific CD8 T cells were
detected in non-treated EL4 tumors of REO-IMM mice (Supplementary Figure 5.3B). The
level of Tetramer+ cells was comparable to that observed in reovirus-treated tumors at 7
d.p.i. (5.5% in REO-IMM versus 7% in REO). Thus, whether it was newly activated or
pre-existing anti-viral immunity, reovirus-specific CD8 T cells infiltrated the TME.

5.4.4 Reprogramming the Antigenicity of Tumor Cells Renders Them Susceptible to
Virus-specific CTL Activity in Vitro

Having shown the presence of virus-specific CD8 T cells in the TME, we next wanted to
have these immune cells target cancer cells. To achieve this, we aimed to antigenically

reprogram the tumor MHC-I peptidome landscape, resulting in the presentation of virus-

specific peptides by cancer cells for subsequent recognition by anti-viral CD8 T cells. We
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first showed that exogenously provided synthetic peptides are indeed taken up and
presented by cancer cells. Here, we used the SIINFEKL-based system to measure MHC-I
antigen presentation; MHC-I presentation of ovalbumin-derived SIINFEKL peptide
(hereon referred to as Ova peptide) can be detected using anti-mouse H2-K® bound to
SIINFEKL (MHC-ova) antibody*®’. Pulsing EL4 (Figure 5.4A) and MCA205 (Figure
5.4B) cells with Ova peptide resulted in a concentration-dependent increase in MHC-ova
expression. The mean fluorescence intensity (MFI) of MHC-ova was much higher in the
EL4 cells relative to the MFI observed in MCA205 cells. Next, we demonstrated that the
immunodominant reovirus epitope S32128 (hereon referred to as Reo peptide) can be
presented by EL4 (Figure 5.4C) and MCA205 (Figure 5.4D) cells, as indicated by the
increased H2-K® expression following peptide-pulsing. Since an antibody that detects H2-
K® bound to Reo peptide does not exist, we used H2-K® expression as a surrogate measure
of peptide-MHC presentation; Ova peptide, serving as a positive control, supported this
assumption. Of note, we observed a significantly higher level of H2-K® following Ova
peptide-pulsing as compared to Reo peptide-pulsing in both cell lines. According to
NetMHC*%®4%_ Ova peptide is a stronger MHC binder than Reo peptide — H2-K® % rank
0.06 versus 0.4, respectively; thus, NetMHC-predicted binding affinity of the peptides can
influence their MHC-I presentation following exogenous provision.

We then examined whether antigenically reprogrammed cancer cells were
sensitized to recognition by anti-viral CD8 T cells using a cancer cells:splenocytes co-
culture assay. Firstly, to confirm the presentation of Reo peptide-MHC complexes, we
measured the activation (i.e., intracellular IFNy expression) of virus-specific CD8 T cells

within the co-cultured splenocytes (Figure 5.5A). Activated CD8 T cells were observed
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when splenocytes from reovirus-treated mice were co-cultured with Reo peptide-pulsed
EL4 (Figure 5.5B) or MCA205 (Figure 5.5C); CD8 T cells did not express IFNy in
response to the no peptide or Ova peptide-pulsed cancer cells. We did note that Reo
peptide-pulsed EL4 cells resulted in higher percentage of IFNy+,CD8+ cells compared to
the levels observed with MCA205 cells. Secondly, we wanted to show that these newly
activated virus-specific CD8 T cells attack the virus peptide-presenting cancer cells. The
co-culture assay was modified where cancer cells were labeled with a fluorescent dye
called CellTrace Violet (CTV) and the viability of the cancer cells was measured (Figure
5.5D); CTV labeling was necessary to distinguish cancer cells from immune cells. We
observed a significant level of cell death in Reo peptide-pulsed EL4 cells compared to the
control cells (Figure 5.5E). Ova peptide-pulsed EL4 cells showed a small increase in cell
death level as well. The viability of Reo peptide-pulsed MCA205 cells, on the other hand,
was unaffected by the co-culture assay (Figure 5.5F). Overall, better Reo peptide
presentation, capacity to activate antigen-specific T cells, and susceptibility to cytotoxic
attack by said T cells was demonstrated with the EL4 cell line. This suggests that certain
cell lines are more suited to be targets of redirected anti-viral T cells. Ultimately, we
showed that antigenic reprogramming is feasible, resulting in cancer cells that present viral
peptide-MHC complexes which leaves them vulnerable to attack by virus-specific T cells.
5.5 DISCUSSION

Herein, we presented a T cell epitope mapping analysis of reovirus with the subsequent
application of the immunodominant epitope to characterize and manipulate anti-viral
immunity in the context of OV therapy. A multidisciplinary approach combining

bioinformatics and immunology allowed us to identify the immunodominant reovirus-
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specific epitope, which was used as a representative measure of anti-viral immunity via
pMHC tetramer-based analyses. We showed that the total CD8 and virus-specific CD8 T
cell populations display a unique profile of differentiation state, immune checkpoint
receptors, and functional capacity in response to reovirus administration in vivo. Using two
syngeneic tumor models, we demonstrated that virus-specific CD8 T cells infiltrate tumors
and maintain the same phenotypes as those observed in naive mice, despite being in an
immunosuppressive TME. We then examined the feasibility of redirecting anti-viral
immunity towards cancer cells by demonstrating that cancer cells can take up and present
exogenous peptides via their MHC-I molecules and in doing so, can activate cognate virus-
specific T cells and be subjected to the cytotoxic effect of these cells.

The elucidation of MHC-I epitopes has many useful benefits. The immunogenic
MHC-I peptides identified can be used as peptide vaccines against pathogens or cancers®>
395400402 T cell receptor (TCR)-transgenic mouse models can be developed*s®*°. The
corresponding CD8 T cell responses can be characterized using pMHC tetramers®”’, as was
the case in this study. Utilizing in silico prediction algorithms enabled us to perform
reovirus genome-wide T cell epitope mapping, which would have been difficult to achieve
without computational analyses. However, there were some disadvantages to this
approach. The 118 reovirus-specific peptides we selected (43 H2-K®- and 75 H2-DP-
restricted epitopes) were those above an arbitrary SYFPEITHI score cut-off value of 20; if
we had set this cut-off value to 15, it would have been 1,546 epitopes to validate. As
confirmed by the Prolmmune REVEAL® MHC binding assay, almost all 118 epitopes
were strong MHC binders, with no distinction according to the SYFPEITHI scores. Thus,

we may have limited ourselves to investigating only high MHC-binding epitopes. Binding
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affinity predictions tell us about the interaction between a peptide and an MHC molecule
and whether a stable enough complex will form and be presented on the cell surface®*4%;
it does not provide any information on the status of cognate TCRs. Peptides with low
predicted binding affinities can still be presented and be immunogenic, which is supported
by our data demonstrating that immunogenicity (i.e., IFNy response) was not dependent on
MHC binding affinity. If time and money allow, more epitopes covering a broader range
of SYFPEITHI scores should be investigated. Nevertheless, our validation experiment
established the immunodominance hierarchy of reovirus epitopes with the identification of
the top immunogenic epitope S32128 (peptide sequence VCPNYVML). An
immunodominant virus epitope, if highly immunogenic enough, is advantageous to
representatively measure the immune response against the whole pathogen®’* %2,

The use of pPMHC tetramers permits the study of T cells specific for a single epitope
and when combined with multiparameter flow cytometry, we can analyze these cells for

various physical characteristics®?"#41:493

. Specifically, we chose to investigate the
differentiation status, immune checkpoint receptors, and functional capacity, all of which
have implications for the activation status of T cells during viral infection. We observed a
rapid expansion of virus-specific CD8 T cells, reaching as high as 15% of the total CD8 T
cell population. As these cells are specific for one epitope, this percentage was an
impressively high number, especially since a T cell specific for any given antigen is
estimated to occur at a frequency of ~1/10° T cells within the naive CD8 T cell
population?®®#**, Distinguishing the differentiation status of T cells was important as it

allowed us to understand the differences observed between the T cells in the peritoneum

and the spleen. That is, different T cell subsets — naive versus antigen-experienced — are
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found at different locations?¢0-262:493

and thus it could be that the other phenotypic markers
are reflective of the differentiation state of the cells, rather than an environmental influence.
In terms of immune checkpoint expression, our data were consistent with previous reports
of PD-1 or TIM3 expression on CD8 T cells during acute viral infection where the
expression of immune checkpoint receptors is induced during clonal expansion and is
therefore associated with recent antigen exposure and activation, not exhaustion*’6:477:4%-
49 This is also supported by the fact that reovirus-driven CD8 and virus-specific CD8 T
cells were functionally active, expressing GzmB. Thus, it is important to discern the role
of immune checkpoints in a context-dependent manner (i.e., acute versus chronic
conditions) and not assume that the expression of these molecules will always negatively
affect T cell function*’®434°  Moreover, only a couple of the numerous immune
checkpoints investigated were expressed on CD8 T cells in response to reovirus infection.
The mechanism behind why certain immune checkpoints but not others are induced by
reovirus can be an area for future research (e.g., different timepoints post infection, dose-
dependent). Interestingly, we noted a heterogeneous expression of immune checkpoints
and GzmB in what is supposed to be a homogenous Tetramer+ population. It remains to
be determined whether this is due to TCR clonotype heterogeneity and what the
implications are of having a diverse TCR repertoire for a particular virus epitope>*®>%,
As reovirus is an oncolytic agent, it is important to study it in a cancer setting. First,
we showed that intratumoral injection of reovirus can promote a ‘cold-to-hot’ transition of
the tumor immune microenvironment. This effect was more greatly induced in the

MCA205 tumors compared to the EL4 tumors, possibly because the latter is already

immune-inflamed as indicated by two-fold higher levels of CD3 and CDS8 T cells compared
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to the former. Second and more importantly, we determined that virus-specific CD8 T cells
can be detected in reovirus-treated tumors, as well as in non-treated tumors of reovirus-
immunized mice. Our data support the work by Simoni et al. highlighting that TILs
constitute a heterogenous population of cells that are not only specific for tumor antigens
but also include cells that are specific for virus epitopes®**. In addition to the difference in
the level of TILs in the two tumor types, we also noticed that the percentage of Tetramer+
cells was higher in MCA205 tumors compared to that observed in EL4 tumors. Further
investigation is necessary to determine if this discrepancy is related to the susceptibility to
infection and oncolysis of the two tumors. Regardless, whether T cells were already present
in the tumors (EL4) or newly recruited (MCA205), the effect of reovirus on tumor immune
landscape was evident, especially for immune checkpoint and GzmB expression. CD8 T
cells in non-treated tumors already expressed high levels of both PD-1 and TIM3, as
expected for exhausted and functionally impaired TILs. Following reovirus administration,
there was a shift towards PD-1+,TIM3- in CD8 TILs of EL4 tumors and PD-1-,TIM3+ in
CDS8 TILs of MCA205 tumors. It would be interesting to examine if this difference in
expression is on the existing population of TILs (e.g., PD-1+,TIM3+ cells losing TIM3
expression) or due to an influx of anti-viral CD8 T cells with higher PD-1 expression.
Moreover, the Tetramer+ population exhibiting two different phenotypes (PD-1+,TIM3+
and PD-1+,TIM3- in EL4 tumors while mostly PD-1+TIM3+ in MCA205 tumors)
suggests that the environment and/or susceptibility to reovirus infection can influence
immune checkpoint expression on virus-specific T cells. As the basal levels of immune
checkpoint receptors and GzmB of CD8 T cells differed between EL4 and MCA205

tumors, it is possible that these tumors harbor different mechanisms of immunosuppression
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and thus contain distinct environmental factors that will affect anti-viral immunity.
Therefore, our investigation of reovirus-specific CD8 T cells in two tumor models
highlights the importance of studying anti-OV immunity in various tumor contexts.

After identifying the immunodominant reovirus epitope and characterizing the
cognate CDS8 T cells, we then sought to manipulate anti-viral immunity for OV benefit. We
reasoned that targeting anti-viral immunity has several advantages over anti-tumor
immunity. Anti-tumor T cells in the immunosuppressive TME are likely exhausted and
dysfunctional®®~%, In contrast, anti-viral T cells newly activated by viral infection will
mount a robust immune response, which would be directed against non-self antigens and
thus avoid the risk of autoimmunity; tumor antigens, on the other hand, are self antigens
unless specified as neoantigens®’®. Thus, our aim was to repurpose anti-viral immunity and
redirect it to attack cancer cells expressing the necessary target (i.e., virus epitope).

We first showed that cancer cells can present exogenously provided peptides via
their MHC-I molecules. While the exact mechanism behind this effect is unknown (e.g.,
cross presentation as performed by professional antigen-presenting cells or peptide
exchange where high MHC binding peptides replace low binders in MHC-I already at the
cell surface)***3%35%7 we nevertheless demonstrated that the presentation of virus peptides
by cancer cells leaves them vulnerable to attack by virus-specific T cells. Comparison
between EL4 and MCA205 data suggests that the basal expression level of MHC-I
molecules is an important factor to consider in this antigenic reprogramming. EL4 cells,
which express higher basal level of MHC-I relative to MCA205 cells, exhibited higher
levels of virus peptide-MHC presentation and susceptibility to anti-viral CTL-mediated

cytotoxicity. It would be useful to delineate if the expression of other proteins (e.g.,
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immune checkpoints) on EL4 and MCA205 cells contribute to the differences observed in
cell death following the co-culture with splenocytes. Furthermore, the co-culture
experimental setup employed in this study could benefit from using negatively isolated
CD8 T cells instead of splenocytes to ensure that other immune cells within the splenocyte
population do not have a confounding effect’®>!°, However, since we were pulsing the
cancer cells with MHC-I-restricted peptides, which were removed from the supernatant
before splenocytes were added, the results we observed should be unique to MHC-I-
specific CD8 T cells. We also undoubtedly established that EL4 cells with reprogrammed
antigenicity (i.e., expression of virus epitopes) are susceptible to anti-viral immune attack.
To further enhance this effect and hopefully achieve 100% cell death, multiple virus
epitopes should be utilized instead of targeting just the immunodominant epitope’!!-13,
Lastly, the feasibility and efficacy of redirecting reovirus-specific T cells to target tumors
should be examined in vivo. The therapeutic success of restimulating anti-viral memory T
cell in tumors using virus epitopes has been demonstrated for Epstein-Barr virus,
cytomegalovirus, and influenza?’* 276483 This should also be possible for reovirus since it
is ubiquitously found in the environment and thus almost all adults have pre-existing anti-
reovirus immunity??’. Even in the absence of anti-viral memory T cells, newly activated
OV-specific T cells can still be exploited through antigenic reprogramming of the tumor
MHC-I peptide repertoire. Ultimately, we believe that anti-viral immunity, generally
thought to be detrimental to OV therapy, can be repurposed to target tumors and to
accomplish this feat, a good understanding of the viral antigenic determinants and the
cognate virus-specific T cells is necessary.
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Figure 5.1. Identification of an immunodominant H2-K"-restricted reovirus T cell epitope.
(A) A schematic representation of the identification and validation of reovirus-specific
CDS8 T cell epitopes via in silico prediction and T cell assays, respectively. (B) Reovirus

peptides (43 H2-K°- and 75 H2-DP-specific epitopes) predicted using the SYFPEITHI

151



algorithm, represented across 11 reovirus proteins. (C) The distribution of SYFPEITHI
scores of the 43 H2-K®- and 75 H2-DP-specific epitopes selected for validation. (D) MHC
binding affinities of the selected epitopes determined by the Prolmmune REVEAL® MHC
binding assay. REVEAL scores greater than 45% were considered strong MHC binders.
(E) Representative dot plots for IFNy+,CD8+ T cell activation in response to ex vivo
peptide stimulation followed by intracellular cytokine staining for flow cytometry. (F) Bar
graph indicates the percentage of CD8 T cells that were positive for intracellular IFNy, and
the respective peptide sequence, protein structure and position, MHC allele, and MHC
binding affinity are shown in the table for the top 15 immunogenic peptides. Reovirus
proteins: Lambda 3 (L1), Lambda 2 (L2), Lambda 1 (L3), Mu 2 (M1), Mu 1 (M2), Mu NS

(M3), Sigma 1 (S1), Sigma 1s (S1(2)), Sigma 2 (S2), Sigma NS (S3), Sigma 3 (S4)
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Figure 5.2. Characterization of virus-specific CD8 T cell phenotype and function using
PMHC tetramer.

(A) Gating strategy for flow cytometric analysis of CD3+,CD19-,CD8+,Tetramer+ cells.
pMHC tetramer was loaded with the immunodominant reovirus epitope S321-28 (peptide
24; VCPNYVML). (B) Temporospatial quantification of virus-specific (Tetramer+,CD8+)

cells from the peritoneum and spleen of REO-infected mice during acute infection (n=2
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mice at each timepoint). (C) Representative dot plots showing the differentiation status of
CD8 and virus-specific T cells from the peritoneum of non-treated or REO-infected mice
at 7 d.p.i.. (D) Bar graphs indicate the percentage of naive (Tn: CD44-,CD62L+), central
memory (Tem: CD44+,CD62L+), effector memory (Tem: CD44+,CD62L-), and CD44-
,CD62L- T cell subsets within the total CD8 T cells and Tetramer+ cells of the peritoneum
and spleen (n=12 mice each group). (E) Representative dot plots showing the immune
checkpoint receptor expression of CD8 and virus-specific T cells from the peritoneum. (F)
Bar graphs indicate the percentage of PD-1- and/or TIM3-expressing cells within the total
CDS8 T cells and Tetramer+ cells of the peritoneum and spleen (n=6 mice each group). (G)
Representative dot plots showing the functional status (as indicated by GzmB expression)
of CD8 and virus-specific T cells from the peritoneum. (H) Bar graphs indicate the
percentage of GzmB+,CD8+ cells within the total CD8 and Tetramer+ cells of the
peritoneum and spleen. One-way ANOVA with Bonferroni post-test was performed and p
values < 0.05 were considered significant. PBS: non-treated, REO: reovirus, Tet: tetramer,

GzmB: granzyme B
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Figure 5.3. Infiltration of the tumor microenvironment by virus-specific CD8 T cells.

(A) A schematic diagram for establishing syngeneic tumor models with reovirus treatment.

Levels of CD3 and CD8 TILs in non-treated or REO-treated (B) EL4 and (C) MCA205

tumors. Percentage of Tetramer+,CD8+ T cells in non-treated or REO-treated (D) EL4 and

(E) MCA205 tumors. (F) Representative dot plots showing the differentiation status of

CDS8 and virus-specific T cells from non-treated or REO-treated EL4 tumors. Bar graphs
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indicate the percentage of naive (Tn: CD44-,CD62L+), central memory (Tcwm:
CD44+,CD62L+), effector memory (Tem: CD44+,CD62L-), and CD44-,CD62L- T cell
subsets within the total CD8 T cells and Tetramer+ cells of non-treated or REO-treated (G)
EL4 (n=5 mice each group) and (H) MCA205 (n=4 mice each group) tumors. (I)
Representative dot plots showing the immune checkpoint receptor expression of CD8 and
virus-specific T cells from non-treated or REO-treated EL4 tumors. Bar graphs indicate the
percentage of PD-1- and/or TIM3-expressing cells within the total CD8 T cells and
Tetramer+ cells of non-treated or REO-treated (J) EL4 (n=5 mice each group) and (K)
MCA205 (n=7 mice each group) tumors. (L) Representative dot plots showing the
functional status (as indicated by GzmB expression) of CD8 and virus-specific T cells from
non-treated or REO-treated EL4 tumors. Bar graphs indicate the percentage of
GzmB+,CD8+ cells within the total CD8 and Tetramer+ cells of non-treated or REO-
treated (M) EL4 and (N) MCA205 tumors. Two-tailed Student’s ¢ test with 95% confidence
interval or one-way ANOVA with Bonferroni post-test was performed, and p values < 0.05
were considered significant. s.c.: subcutaneous, i.t.: intratumoral, PFU: plaque-forming

unit, PBS: non-treated, REO: reovirus, GzmB: granzyme B
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Figure 5.4. Antigenic reprogramming of cancer cells to induce the expression of virus

peptide-MHC complex in vitro.

Exogenous peptide presentation by MHC-I molecules on (A) EL4 and (B) MCA205 cells

pulsed with various concentrations of Ova peptide for 4 hours. Bar graphs show the MFI

of MHC-ova expression with representative histograms displayed alongside. Presentation

of exogenously provided reovirus-specific peptide by MHC-I on (C) EL4 and (D)

MCA205 cells. Ova peptide-pulsing (at the same peptide concentration) was included as

control. Bar graphs show the MFI of MHC-I (H2-K®) expression with representative

histograms displayed alongside. Ova: SIINFEKL peptide from ovalbumin protein, MFI:

mean fluorescence intensity, NT: non-treated (No pep), Reo: immunodominant reovirus

epitope (S321-28, peptide 24; VCPNYVML)
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Figure 5.5. Anti-viral CTL activity against virus peptide-presenting cancer cells.

(A) A schematic diagram for the co-culture assay to assess the activation of cognate CD8

T cells by virus peptide-loaded cancer cells. Level of CD8 T cell activation (IFNy response)

following co-culture with virus peptide-loaded (B) EL4 and (C) MCA205 cancer cells. (D)

A schematic diagram for the co-culture assay to assess cytotoxic immune activity against

virus peptide-loaded cancer cells. Percentage of cell death in virus peptide-loaded (E) EL4

and (F) MCA205 cancer cell co-cultured with splenocytes from reovirus-treated mice.

Ova: SIINFEKL peptide from ovalbumin protein, Reo: immunodominant reovirus epitope

(S321.28, peptide 24; VCPNYVML), 1.p.: intraperitoneal, h: hour, d: day, IFNy: interferon

gamma, [CS: intracellular cytokine stain, CTV: CellTrace Violet
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Supplementary Figure 5.1. Lack of certain immune checkpoint receptor expression by
virus-specific CD8 T cells.

Flow cytometric analysis of total CD8 and Tetramer+ T cells in the peritoneum and spleen
of non-treated (PBS) or reovirus-treated (REO) mice at 7 d.p.i. showed that these cells do

not express (A) CTLA-4 and (B) TIGIT.
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Supplementary Figure 5.2. Characterization of virus-specific CD8 T cell phenotype and
function in secondary lymphoid organs of tumor-bearing mice.

(A) A schematic diagram for establishing syngeneic tumor models with reovirus treatment.
Levels of CD3 and CD8 T cells in spleens of non-treated or REO-treated (B) EL4 and (C)
MCA205 TB mice. Percentage of Tetramer+,CD8+ T cells in spleens of non-treated or
REO-treated (D) EL4 and (E) MCA205 TB mice. Bar graphs indicate the percentage of
naive (Tn: CD44-,CD62L+), central memory (Tcm: CD44+,CD62L+), effector memory
(Tem: CD44+,CD62L-), and CD44-,CD62L- T cell subsets within the total CD8 T cells
and Tetramer+ cells in spleens of non-treated or REO-treated (F) EL4 (n=5 mice each

group) and (G) MCA205 (n=4 mice each group) TB mice. Bar graphs indicate the
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percentage of PD-1- and/or TIM3-expressing cells within the total CD8 T cells and
Tetramer+ cells in spleens of non-treated or REO-treated (H) EL4 (n=5 mice each group)
and (I) MCA205 (n=7 mice each group) TB mice. Bar graphs indicate the percentage of
GzmB+,CD8+ cells within the total CD8 and Tetramer+ cells in spleens of non-treated or
REO-treated (J) EL4 and (K) MCA205 TB mice. Two-tailed Student’s ¢ test with 95%
confidence interval or one-way ANOVA with Bonferroni post-test was performed, and p
values < 0.05 were considered significant. s.c.: subcutaneous, i.t.: intratumoral, PFU:
plaque-forming unit, PBS: non-treated, REO: reovirus, TB: tumor-bearing, GzmB:

granzyme B
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Supplementary Figure 5.3. Presence of virus-specific memory T cells within tumors

established in reovirus-immunized mice.

(A) A schematic diagram for establishing EL4 tumors in mice previously immunized with
reovirus. (B) Level of Tetramer+ cells in non-treated or reovirus-treated (7 d.p.i., included
as control) EL4 tumors established in naive mice, along with the level of Tetramer+ cells
in non-treated EL4 tumors of REO-IMM mice (n=2 mice each group). i.p.: intraperitoneal,
PFU: plaque-forming unit, s.c.: subcutaneous, PBS: non-treated, REO: reovirus, REO-

IMM: reovirus-immunized
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Table 5.1. List of 118 peptides derived from reovirus proteins, as predicted by SYFPEITHL
SYFPEITHI prediction for H2-K® and H2-D® MHC alleles. MHC binding affinity was
determined by the Prolmmune REVEAL® MHC binding assay. % IFNy+,CD8+ was
determined by intracellular cytokine staining for flow cytometry analysis (average of 3
independent experiments shown). Reovirus proteins: Lambda 3 (L1), Lambda 2 (L2),
Lambda 1 (L3), Mu 2 (M1), Mu 1 (M2), Mu NS (M3), Sigma 1 (S1), Sigma 1s (S1(2)),
Sigma 2 (S2), Sigma NS (S3), Sigma 3 (S4).

Peptide Sequence Protein | Position MHC |SYFPEITHI|MHC binding| %IFNy+,
index allele score affinity CD8+

24 VCPNYVML S3 21 Kb 21 108.42 8.09
76 SDMINRKRL M1 255 Db 23 121.25 3.94
61 ATVVNYVQL M2 422 Db 27 79.27 3.63
72 TGFINRHTI M1 388 Db 25 103.39 3.58
69 IRPGNRSLF S2 263 Db 23 21.58 3.55
65 VRIFNPKGI M2 583 Db 23 41.84 3.15
10 TVVNYVQL M2 423 Kb 21 91.48 3.08
68 VTLLNLTGF S2 150 Db 25 147.46 2.86
9 VSPKYSDL M2 133 Kb 24 102.57 2.53
66 SDKNNWIAL M2 620 Db 21 33.59 2.28
11 GDIRFLRL S2 78 Kb 22 97.50 2.08
74 QYLINPSSM Ml 369 Db 24 83.49 1.97
7 MVYDYSEL S4 221 Kb 28 101.85 1.73
17 LTDWFLLL M1 347 Kb 21 98.74 1.68
18 LFQAFLPL M1 495 Kb 21 62.77 1.51
26 IADDYTHI S1 343 Kb 20 42.67 1.43
28 LMYKYMPI L2 1011 Kb 24 109.53 1.40
12 DCDDYPFL S2 126 Kb 21 60.22 1.34
13 KHRVYQQL S2 140 Kb 21 97.55 1.30
22 ICVGFDPL M3 385 Kb 21 104.67 1.23
8 DTIKFGDL S4 345 Kb 22 96.59 1.21
21 ADQSYFTL M3 250 Kb 22 61.75 1.20
63 PADYNVRTL M2 319 Db 24 22.94 1.17
100 WQIANPDKF L2 1163 Db 23 70.02 1.11
15 KDDEYNQL M1 114 Kb 22 57.08 1.10
4 NLWDFFIL L3 625 Kb 21 48.61 1.07
2 NIHLFKQL L3 331 Kb 22 73.66 1.03

1 SAVLFSPL L3 187 Kb 23 100.41 0.99
6 PVERYNIL L3 1228 Kb 21 64.61 0.97
16 ISDVYAPL Ml 127 Kb 22 109.75 0.94
54 RCFMNIQLI L3 686 Db 21 76.64 0.93
92 MMQTNESSL | S1(2) 35 Db 25 141.69 0.89
23 TGGFFSCL S3 47 Kb 22 90.77 0.88
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Table 5.1 continued

Peptide Sequence Protein | Position MHC |SYFPEITHI|MHC binding | %IFNy+,
index allele score affinity CD8+

14 IPNEFIKL Ml 26 Kb 24 85.86 0.87
25 PNYRFRQS S1 311 Kb 20 104.15 0.86

5 PVKAFMTL L3 645 Kb 21 89.45 0.85
20 LSQGYTSL M3 442 Kb 23 97.48 0.85
56 NHEYNLFGI L3 1032 Db 21 40.74 0.82
29 RVLKYEVL L2 91 Kb 23 106.19 0.80
70 QAHPNSTMF S2 384 Db 22 46.91 0.79
115 EHTANNSTM L1 690 Db 21 41.65 0.79
30 AVQLFRPL L2 56 Kb 22 109.55 0.77
103 SSVTGIETI L2 701 Db 21 110.93 0.76
44 TGINNANEL L3 125 Db 28 113.88 0.76
78 HSRFNVGTF M1 199 Db 21 30.31 0.75
19 NANYFGHL M1 536 Kb 21 68.19 0.75
109 ASIVNDESV L1 624 Db 27 90.95 0.74
51 MGTPNVSKI L3 411 Db 22 86.52 0.74
52 STEYNDRSL L3 1201 Db 22 31.86 0.73
53 PPTENNIHL L3 326 Db 21 25.71 0.73
105 KESGNTICI L2 1241 Db 21 79.45 0.73
98 LLIINDTMI L2 135 Db 23 80.05 0.73
95 LQLLNTITL L2 1214 Db 25 110.92 0.71
27 HFYRYETL L2 677 Kb 29 89.87 0.70
102 FVTNNVELF L2 644 Db 21 39.18 0.70
77 YWKSNPSAI M1 86 Db 21 26.96 0.69
45 KQLLNTETL L3 336 Db 28 83.76 0.69
47 TEGANLRSL L3 386 Db 25 23.27 0.68
106 ICILNSQGF L2 1247 Db 21 118.29 0.68
99 TEDVNAAMI L2 1065 Db 23 22 .44 0.66
73 SELLNANYF Ml 532 Db 25 83.16 0.65
89 SISNNRMTM S1 178 Db 23 108.90 0.65
104 ASIRIAELM L2 1004 Db 21 58.84 0.65
118 SALLRLRTL L1 1126 Db 21 44.74 0.63
85 AADVNDARL S3 351 Db 28 49.60 0.62
43 WSFVYWGL L1 868 Kb 21 102.53 0.61
83 DLYANTQVI M3 349 Db 21 99.38 0.61
41 LHSMYESL L1 282 Kb 22 67.06 0.61
62 ALEFNREFL M2 117 Db 24 48.42 0.60
49 EGGSNQKPM L3 142 Db 23 106.38 0.57
87 LTGDNGTSL S1 16 Db 25 62.43 0.57
57 RQYANAWNL L3 1154 Db 21 114.08 0.57
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Table 5.1 continued

Peptide Sequence Protein | Position MHC [SYFPEITHI|MHC binding | %IFNy+,
index allele score affinity CDS8+

46 TSLENLWDF L3 621 Db 27 51.64 0.54
96 PFVTNNVEL L2 643 Db 24 44.17 0.54
116 HTANNSTMM L1 691 Db 21 135.30 0.54

3 DTEVESNL L3 911 Kb 22 74.56 0.53
108 SDLVNLAIL L1 231 Db 27 112.88 0.53
82 DGIVNRKNV M3 374 Db 22 49.36 0.53
81 LSTHNGVSL M3 394 Db 23 108.87 0.52
34 LHDFYSDL L2 27 Kb 22 70.61 0.52
58 FGDLNYPVM S4 349 Db 24 59.69 0.52
79 AGVDSLDDL Ml 468 Db 21 33.29 0.52
55 YQQYNGRTF L3 1001 Db 21 109.30 0.51
94 TLPTNEDLF L2 1221 Db 26 85.73 0.51
64 LVPYNDEPL M2 92 Db 24 76.40 0.49
42 GTAEYLKL L1 777 Kb 22 71.89 0.49
71 KWVLNSDLI Ml 478 Db 26 43.54 0.48
101 LLATNGYQL L2 306 Db 21 25.80 0.48
91 TLSGNNLAI S1 193 Db 21 67.78 0.46
107 AGKVNSETI L1 745 Db 29 113.89 0.46
86 DLAHNAAEL S3 268 Db 23 18.63 0.46
59 SHAFNGVKL S4 189 Db 23 44.11 0.45
112 LQDVNTVQL L1 1164 Db 24 71.45 0.45
97 GSNANPVSL L2 1106 Db 24 115.42 0.45
60 TRVVNLDQI M2 365 Db 29 108.23 0.45
35 TSGVYFFL L2 667 Kb 21 100.35 0.44
80 VTRQNFDVI M3 154 Db 24 118.07 0.44
88 TAERNIGSL S1 132 Db 25 90.06 0.43
48 RMNINPTEI L3 471 Db 25 77.25 0.43
111 ETIQNDLEL L1 751 Db 24 52.31 0.43
113 IDPLNSDPF L1 1081 Db 23 50.87 0.42
114 GIIHNPPSL L1 1001 Db 22 21.04 0.42
110 GYCPNLEWL L1 292 Db 24 37.90 0.42
37 SDYKFMYM L1 304 Kb 24 78.64 0.42
31 SNQAFYDL L2 125 Kb 22 85.92 0.41
50 NIGNNATVI L3 524 Db 23 120.56 0.41
93 SDGVNETPL L2 336 Db 27 39.52 0.40
117 AAIATREEL L1 1023 Db 21 31.12 0.39
84 LGQRNLERI S3 69 Db 28 153.54 0.39
32 YSDTYEVL L2 200 Kb 22 68.39 0.39
38 SLPDFKGL L1 476 Kb 23 109.19 0.38
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Table 5.1 continued

Peptide Sequence Protein | Position MHC |SYFPEITHI|MHC binding | %IFNy+,

index allele score affinity CDS8+
67 SGDVNQLLM S2 172 Db 27 56.06 0.37
39 SYSSFSKL L1 1045 Kb 23 90.34 0.37
33 SRLRYLPL L2 767 Kb 22 94.77 0.37
75 IQNLNRGEI M1 145 Db 23 89.13 0.35
90 QIVNNNLTL S1 226 Db 23 58.94 0.35
40 RSDVYKAL L1 39 Kb 22 103.70 0.34
36 FDAAFQQL L2 903 Kb 21 97.82 0.31
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CHAPTER 6: DISCUSSION

6.1 SUMMARY OF CENTRAL FINDINGS
A new frontier in oncology is approaching due to breakthroughs in cancer
immunotherapies and with a particularly immunostimulatory therapeutic agent like
oncolytic reovirus, the outcome seems promising. To fully appreciate the efficacy of OV-
mediated anti-tumor immune responses, we need a better understanding of how CDS8 T cell
immunity is generated and maintained. MHC-I peptidomics analysis provides such
knowledge since the identification of MHC-I-bound peptides means the identification of
CDS8 T cell targets. We can then use this information for immunological modulation of
CDS8 T cell responses and potentiate anti-tumor efficacy. However, despite the huge
benefits to be gained, MHC-I peptidomics is not yet a widely used approach as the focus
is more on whether TILs are present and functional, rather than the antigenic determinants
driving TIL activity. Technological limitations have also hindered advances in the field of
tumor MHC-I peptidomics.

To address the current knowledge gap, this thesis presents an elucidation of MHC-
I peptides, the expression of which are driven specifically by OV therapy. That is, the
amassed MHC-I peptides represent those that are OV-induced on cancer cells or OV-
specific, derived from viral proteins. Cutting-edge proteomics technologies were used to
discover the reovirus therapy- (Chapter 3) and reovirus and ICB combination therapy-
(Chapter 4) induced changes to the tumor MHC-I peptidome. This provided an insight on
how tumors change in response to immunotherapy, as well as an explanation as to how
tumors are recognized by therapy-educated CD8 T cells. In addition, an

immunoinformatics approach was utilized to determine the MHC-I-restricted epitopes of
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reovirus that stimulate anti-viral immunity (Chapter 5). Epitope mapping of the whole
reovirus genome combined with gold standard immunological assays resulted in the
identification and characterization of an immunodominant reovirus epitope and the cognate
CD8 T cell responses, respectively. All instances of MHC-I peptide discovery were
followed by validation assays to assess immunogenicity. Thus, within the huge datasets of
tumor and viral MHC-I peptides identified, the immunogenic epitopes associated with
biologically active CD8 T cells were distinguished. We emphasized the importance of
identifying immunogenic MHC-I peptides since they serve as the best candidates to study
and manipulate CD8 T cell responses (e.g., prime anti-tumor immunity via peptide
vaccines or repurpose anti-viral immunity).

6.2 MY CONTRIBUTIONS TO THE LITERATURE

6.2.1 Publicly Available MHC-I Peptidome Datasets

From four MHC-I pull-down assays and one in silico prediction study, we have identified
the sequences of 13,672 MHC-I peptides related to oncolytic reovirus therapy. While there
are some overlapping peptides between the multiple datasets, it is nonetheless an
impressively high number of T cell epitopes that are unique to these studies in terms of the
specific tumor models and treatment regimens including this particular OV. By making our
data publicly available, we hope to contribute to the ever-expanding field of MHC-I
peptidomics. It is through such scientific practice that epitope prediction and analysis tools
(e.g., SYFPEITHI*®, NetMHC*%4%  Immune Epitope Database [IEDB]’!#) have been
developed and improved. In addition, since not all laboratories are set up to perform the
arduous MHC-I peptide IPs, other researchers can take these public datasets, do additional

validations, and find novel scientific directions to pursue (e.g., compare MHC-I datasets of
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different tumor types and find common epitopes to develop a vaccine targeting multiple
cancers). Furthermore, our unique approach of investigating therapy-modulated MHC-I
ligands opened up a whole new realm of MHC-I peptidome to explore. That is, even if the
MHC-I ligandome of untreated ID8 tumors had already been elucidated, the examination
of MHC-I ligands of reovirus-treated ID8 tumors yielded novel epitopes due to the cellular
changes that occur in response to OV infection. Also, our demonstration of augmented
changes to the tumor MHC-I peptidome mediated by combination immunotherapies
suggests that the variety of other combinations yet unexplored means there are still many
MHC-I peptides left to be discovered. Our datasets are further strengthened by the use of
in vivo samples in our MHC-I peptide IP analyses. As shown by the comparison of the
MHC-I ligandomes of in vitro reovirus-infected ID8 cells and in vivo reovirus-treated ID8
tumors in Chapter 3, distinct MHC-I ligands were observed in the different contexts. Thus,
we highlight the importance of studying MHC-I peptidomes in the presence of a functional
immune system. Lastly, T cell epitope mapping of reovirus serotype 3 Dearing has not
been previously reported so the huge undertaking of this project has produced an equally
big and exclusive dataset of reovirus-specific CD8 T cell epitopes. Overall, as with most
‘-omics’ studies, the amount of MHC-I peptidomics data generated in this work is truly
vast and it is important to follow through with the necessary analyses to do the data justice.
6.2.2 Establishment of an Optimized MHC-I Peptidome Discovery Platform

While the methods for MHC-I immuno-affinity chromatography have existed for decades,
a lot of optimizations was still necessary to establish our version of the MHC-I peptidome
discovery platform. Two different techniques of MHC-I peptide IP (for the ID8 model in

Chapter 3 and the MCA205 model in Chapter 4) were utilized in this thesis since we
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updated our protocols to keep up with the latest advances in the field. To address some of
the limitations of the previous approach, we changed many parameters, such as different
solid supports for anti-MHC antibody immobilization (cyanogen bromide-activated
Sepharose 4B versus Protein A Sepharose 4B), detergents for cell lysis (CHAPS-based
versus sodium deoxycholate-based), and separation techniques for MHC-I-eluted peptides
(molecular weight cut-off filter versus reverse-phase chromatography). Moreover, one of
the greatest contributions our laboratory has made to the MHC-I peptidomics field is the
multiplexed analysis approach of MHC-I peptidomes. The method reported by Murphy et
al.¥** for TMT-based multiplexed quantitation of MHC-I peptidome was further modified
into the improved version utilized here for the MCA205 model in Chapter 4. As
demonstrated by the analysis of REO+ICB-modulated MHC-I peptidome involving
multiple treatment groups (six in total with replicates: PBS, REO, ISO, ICB, REO+ISO,
REO+ICB), a multiplexed analysis was necessary and highly advantageous for accurate
quantitation. The incorporation of the recently introduced TMTpro 16-plex label reagents
will additionally increase the power of future MHC-I peptidome studies. Lastly, our MHC-
I discovery pipeline includes a validation step, which is often omitted from other MHC-I
peptidomics studies. Integration of this invaluable stage to sift out the immunogenic
epitopes from thousands of MHC-I peptides is possible due to in-house expertise and
infrastructure facilitating immunological testing studies. As emphasized above, knowledge
of immunogenic epitopes is essential for the subsequent therapeutic manipulation of
cognate CD8 T cell responses.

6.2.3 A Paradigm Shift in the Role of Anti-OV Immunity
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Using the knowledge gained from T cell epitope mapping of reovirus, we sought to enhance
anti-viral immunity during OV therapy. This paradoxical approach, along with our findings,
will instigate others to also reconsider the role of anti-OV immune responses. In certain
cases, anti-viral immunity is indeed detrimental to OV therapeutic efficacy and much of
the research in this area has focused on selective immune inhibition. In fact, that was the
original objective of this project, using reovirus peptide-loaded killer DCs>' to selectively
kill reovirus-specific T cells; but as more evidence came to light in support of anti-tumor
benefits of anti-viral immunity, we took a different stance. We proposed that if anti-OV
immunity cannot be avoided, then it should be repurposed. To achieve this and have virus-
specific T cells target tumors, antigenic reprogramming of the tumor MHC-I peptidome
was implemented and the identification of reovirus-specific epitopes was an integral part
of this process. Usually, epitope mapping of viruses is done for vaccine development —
immunize to generate anti-viral memory immunity and prevent future
infections*00:401.490513 Ty the case of repurposing anti-viral immunity, viral peptide vaccines
will be administered directly in tumors, essentially treating cancer cells with virus peptides;
a knowledge of the role of virus-specific T cells will be necessary to understand the
mechanism of action. The use of viral epitopes is advantageous because they stimulate T
cells that are not dampened by central tolerance mechanisms and do not display
exhausted/dysfunctional phenotypes in the TME, both of which are typical characteristics
of anti-tumor T cells?’33%3% Thus, as highlighted by our studies, it is equally important
to analyze the cognate, virus-specific CD8 T cells following epitope map generation. In

doing so, we showed that anti-viral T cells are present in the TME and functionally
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competent, thereby strengthening our reason for exploiting them to benefit oncolytic
reovirus.

While the therapeutic efficacy of intratumoral reovirus peptide administration
remains to be investigated, other studies have demonstrated the feasibility of repurposing
virus-specific T cells of different viruses?’*27¢%3, The fact that this is an active area of
research gives merit to the idea of repurposing anti-viral immunity and especially in an OV
context, there are tremendous benefits to be gained therewith. Exploiting anti-viral
immunity will also be relatively easier than targeting anti-tumor immunity. Unlike tumor
epitopes that need to be identified by MHC-I peptidome analysis of individual tumors, OV
epitopes can be predicted in advance for the most common HLA haplotypes across
populations and be utilized for any tumor type (i.e., HLA-restricted but not tumor type-
restricted). Hence, we advocate for T cell epitope mapping of OVs, along with the
necessary immunogenicity assessment and cognate T cell analysis, so that an arsenal of
viral peptides is on-hand to repurpose anti-viral immunity during OV therapy.

6.3 FUTURE DIRECTIONS
6.3.1 Integration of Other ‘-omics’ Strategies
For a more comprehensive understanding of MHC-I peptidomes, future studies should

3

incorporate other ‘-omics’ technologies in the experimental design. We did investigate
reovirus-induced changes in the proteome when examining the ID§ MHC-I ligandome
(Chapter 3), but there are many other ‘-omes’ (e.g., genome, transcriptome, epigenome)
that we have not explored. For the identification of tumor MHC-I peptides, it would be

especially useful to also include whole exome sequencing (WES) which can identify

genetic variants within the protein-coding regions of genes®'®*!7. Combining WES and
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MHC-I peptidomics will result in the discovery of tumor-specific antigens (i.e.,
neoepitopes), which are more likely to be immunogenic as immunologic tolerance would
not apply to their cognate T cells®'®. Of note, the number of immunogenic neoepitopes
identified through this method may be low since more selection criteria are being included.
As shown by Yadav et al., MHC-I peptidomics analysis of MC38 tumors resulted in 6,239
peptides which was dwindled down to 3 immunogenic neoepitopes after incorporating
WES and transcriptome sequencing analyses®'®. Nevertheless, these 3 immunogenic
neoepitopes were enough to generate therapeutic T cell responses, underlining the
importance of the quality, not quantity, of tumor epitopes. Moreover, single-cell analysis
(e.g., single-cell RNA sequencing) is highly advantageous in studying a heterogeneous

520

group of cells such as a tumor’~”. Coupling single-cell analysis with MHC-I peptidomics

will be technically challenging but not impossible, as recently demonstrated by Demmers

et al. using single-cell derived tumor organoids®?!

. With our interest in examining therapy-
modulated MHC-I peptidomes, taking tumor clonal diversity into consideration will
provide valuable information about new CD8 T cell targets on therapy-resistant clones.
Furthermore, the analyses of anti-tumor and anti-viral T cells can benefit from TCR
sequencing. Like MHC genes, polymorphisms in TCR genes exist and along with the
random rearrangement of V(D)J gene segments, the resulting TCR repertoire is vast, which
is important for T cell function®*>?*, Having focused our attention on elucidating the
peptide-MHC complexes, we should also address the other end of the immunological
synapse and characterize the corresponding TCRs to gain a greater understanding of
antigen specificity. TCR profiling can also help us understand the evolution of a specific T

cell pool, which can display varying TCR affinities and clonotype heterogeneity**>>%°-
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502525 Whether this translates to functional heterogeneity would be of interest to know for
the therapeutic modulation of anti-tumor and anti-viral T cells. Overall, we should take an
advantage of the many ‘-omics’ tools available now (and currently being developed) and
use a more integrative approach to delve deeper into MHC-I peptidomes and cognate
immune repertoire.

6.3.2 Preclinical to Clinical Translation

The use of mouse models for in vivo analyses of tumor MHC-I peptidomes and immune
responses was one of the main strengths of the studies reported here. While this was
important for demonstrating proof of concept, we need to move forward and show the
feasibility of the approaches in clinical settings. This can be achieved using human
biological samples (e.g., tumors, PBMCs) and an anti-human pan-HLA antibody>2¢, which
we already have in-house and have used for HLA peptidomics analysis of human cancer
cell lines. Reovirus genome can also be reanalyzed for HLA-restricted epitope mapping.
The study of human tumor samples and immune system may reveal novel results that
would otherwise not be observed in mice because inbred strains of mice fail to capture the
effects of genetic and environmental variability in humans. For example, there are
contrasting reports on whether gene expression patterns in mice mimic human
inflammatory diseases>*’>%%; so even though mouse models have significantly advanced
our understanding of the immune system, findings may not successfully translate to human
immunity***~*°, Thus, going forward, we should investigate the tumor MHC-I peptidome
and immune responses using human biological samples and determine the implications of
the results on anti-tumor and anti-viral immunity.

6.4 CONCLUDING REMARKS
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Altogether, we elucidated the MHC-I-restricted epitopes of tumors and reovirus and
characterized the cognate anti-tumor and anti-viral immune responses during oncolytic
reovirus therapy. We addressed the knowledge gap on the identity of the antigenic
determinants dictating these immune responses, the activity of which was well established
by previous reports. We showed that the therapy-altered tumor MHC-I peptidomes contain
immunogenic epitopes, explaining the mechanism of action of therapy-educated anti-tumor
immunity. We also identified an immunodominant epitope of reovirus and used it to
establish viral peptide-presenting cancer cells for the repurposing of anti-viral immunity.
Ultimately, it was through the identification of MHC-I epitopes that the manipulation of

the corresponding CD8 T cells was attainable to enhance OV efficacy.
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