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ABSTRACT

Cancer i mmunotherapies (re)educate the bod

malignant cells. The consequent amtinor immunity is highly specific, lonrtasting, and

often dependent on CD8 T cells, the presence of which in the tumor microenvironment
correlates witrafavorable cancer prognosis. CD8 T cell activity requires T cell receptor
mediated recognition of antigenic peptides (i.e., epitopes) bound to class | major
histocompatibility complex (MH@). The sequences of the MHEbound peptides can be
used to study cognate, antiggpecific T cells or design peptide vaccines to develop
immunity against certain epitopes. However, despite recognizing the important rol8 of CD
T cells in immunotherapies, the ider@gof the epitopes dictating arttimor CD8 T cell
responses have remained largely elusive.

This thesis aims to address this knowledge gap by elucidating thelMé&Dricted
epitopes in the context of an oncolytirus (OV)}based cancer immunotherapy. In
addition to their direct tumedestructive effects, OVs activate antmor CD8 T cells and
overturn tumotassociated immune evasion mechanisms:n@diated increase in tumor
MHC-I expression is of particular relence to this thesis and lays the foundation for our
pursuit of discovering therapyodulated MHGI-bound peptides that direct atdimor
immunity.

In this work,the latest advances in mass spectrometry were utilized to investigate
the array of tumor MH@&-bound peptides (i.e., MHCpeptidome) following oncolytic
reovirus treatment, either as a monotherapy or as a combination therapy with immune
checkpoint blockade. Within the therapydulated MHGI peptidome, immunogenic
epitopes were identified and adrnstered as peptide vaccines to enhance OV efficacy.
Furthermore, an immunoinformatics approach was used to discover-IMegfricted
epitopes of reovirus and the correspondingamndil CD8 T cells were characterized. These
viral epitopes were then uséd antigenically reprogram the tumor MHGeptidome,
resulting in viral peptidgresenting cancer cells as targets of-ainéil CD8 T cells, fothe
repurposing of amviral immunity. Overall, the elucidation of the MHI@estricted
epitopes of tumorsral reovirus provided an insight on the amtinor and antviral CD8
T cell responses during reovirus administration, and yielded information that can be

exploited to further potentiate CD8 T cell immunity of OV therapy.

Xi
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CHAPTER 1: INTRODUCTION
Certainviruses exhibit a tropism for malignant cells and cause cancer cell lysis, a process
termed oncolysfs Reports of naturally acquiredviral infections leading to tumor
regression date back to th@d 1800s and much progress has been made in the field of
oncolytic virus (OV) therapy over the past centurgulminating in the approval of
talimogene laherparepved-{ec; herpes simplex virus type 1) for the treatment of
melanoma by the 13. Food and Drug AdministratiogFDA) in 201%. OVs can be
naturally tumor selective, owing to defective signaling pathways in tumors that make them
susceptible to val infections, or engineered thscriminatelytarget cancer cefi$® As
such, the main advantage of OV therapy, compared to conventional cancer treatments like
chemotherapy and radiation, is the assured speciéig@ynstumors with minimal damage
to healthy cell§’. The highly favorable safety profiles of OVs also make them promising
candidates for combination thera/ié$ Furthermore, mounting preclinical and clinical
evidence support the role of the immune system during OV therapy, with cytotoxic and
immunostimulatory activities of OVs promoting immumediated tumor eradicatibh!2
The modulation of the tumor immune microenvironment by OVs is key to the generation
of arti-tumor immunity which providesa highly specific, longerm protection against
cancer at both local antistantsites.To this endall three fields of virology, cancer biology,
and immunology in the context of OVs must be studied for the effectivecappii of this
multifaceted therapeutic platformThe following subchapter will provide a
comprehensive overviewf these topicsbuilding up b the overarching objective of this
thesis: the identification and characterization of the immunogenic sighalscolytic

reovirus infection and therapyTaken together,this work aimed to further our



understanding oboth antitumor and antiviral immune responses duringncolytic
reovirus therapy, specifically in terms of class | major histocompatibility confplebC-
I)-restricted epitopes faED8 T cell activity.

1.1 FACTORS TO CONSIDER IN CHOOSING THE OPTIMAL OV THERAPY

Over thepast 150years,numerous viruses have been studied for their oncolytic potential
and the list continues to gréwObservations of virugduced cancer remissions led
scientists to postulate that certain viruses can destroy tumors but omy thedright
circumstances (i.e., in patients with compromised immune systems) and for-hvsidort
remissioR. Thus, during the 950s and 1960s when there were tremendous advances made
in the field of virology,a renewednterest in virusessoncolytic agents and thmursuit to

find the ideal OV wre cultivated. The most extensively researched OVs include
adenovirugAd), herpes simplex virugHSV), measles virugMV), vesicular stomatitis

virus (VSV), Newcastle disease vir@dDV), and reovirus, all of whichre under various
stages of clinical investigatiof®. While there is no one perfect OV, the most optimal OV
for a particular therapeutic applicatimust be sought after in a contelegpendent manner.
1.1.1 Biosafety of OVTherapy

One of the most important factorsassessluringOV administration is safeflyto protect
against uncontrolled replication, damage to healthy tissues, and shedding and
transmissiof’. Such consideration was lacking @rly clinicalstudiesvheresera or tissue
extracts from patients with ongoing hepatitis infection were used to treat patients with
Hodgkinds disease, stw vinad hepatitid. Withomore stiingeatu mb e d
ethical standasinowadaystypically just mild flulike symptoms are observed as adverse

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



and not lifethreatenin§ For instance, oncolytic HSV caused hypotension, tachycardia,
and encephalitt'®> and Ad caused pleural effusion and liver dysfunction in clinical
trials'®; but these severe adverse events were managed by withdrawal of OV treatment.
Further measuretaken to ensure safety include the usevibfises with no or low
pathogenicity in human3hese can be viruses that have natural hosts in animals other than
humans, such aat parvovirug’, or viruses thaareattenuated by serial passage in cultured
cells, such a$iSV*8, In addition, genetic modifications of OVs can be used to further
attenuate pathogenigj increasing their oncolytic potential by enhancing their specificity
for tumors Deletion of virulence genes, such as {885 in HSV® or thymidine kinase in
vaccinia virus (VV5°, results inreplicationselective viruses that targetalignantcells.
Viruses with large genomese more amenable to genetic manipulation, albeit at the cost
of replication speed, for not only targeting modifications but atsoexpression of
immunomodulatory factotswhich 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 administratiorhvelain
produce variability in effective doseshus, small doses may be sufficient in providing
significant results and avoid debmiting toxicity. In fact, hgh 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 reévfrtisFortunately,
viral shedding was observed in just a few limited cases and with highly attenuated viruses,
so infection control issue/as nd a cause for concerQverall, 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 antiance therapeutic.

1.12 OV DeliveryPlatform

Like any standard antiancer drug, the pharmacokinetics of OVs must be evaluated for
effective administration in clinié$. Pharmacokineticsreferring to the movement of the
virus through the body, will greatly depend on the route of infecfidme three most
common methodef OV administration are intratumoral, intravenous, and intraperitoneal
deliverie$®. When OVsare directly injected into tumorthe concentration of OVs at the
tumor site can be precisely controlled and lesstasfiet effects will be observetf.
However, the complex procedure of intratumoral delivery creates challenges for accessing
deep tumors and repeat dosing. For intravenous delivery, OV@janted into the
peripheral vein and travel to the target site via the circulatory sy$temconvenient and
rapid administration routis advantageous in targetitigmor metastasé$ and it has even
been recently shown that some intravenously delivered OVs can bypass théraiood
barrier andreachcentral nervous system tum#tsThe widespread viral dissemination
following intravenousdelivery, however, requires OVs to Imghly tumorselective.
Elimination of OVs by host antiiral immune responses involving pegisting
neutralizing antibodie$NADb) or virusspecific memory T cells is another concern with
intravenous administratién (discussed further irChapter 1.4). For intraperitoneal
delivery, njection of OVs into the peritoneal cavity will lead to OVs being absorbed by
the veins in the peritoneum to enter the circulatory system, thoughatex sate than
throughintravenous injection, or directly target tumors in the abdominal Caxityrough

it is relatively easy to administer, intraperitoneal delivery is used less frequrenliyics



andis rather limited to animal studies. Ultimately, the choicdadiveryroutewill depend
on the type and location of the tumor.

As suboptimal delivery would reduce therapeutic efficacy, various strategies can
be employed tacircumvent barriers to virus disseminaioff. These are particularly
important for systemic therapy where naked purified virions in the bloodstream are
vulnerable to host defense mechanis@ee of the simplest methods to achieve better
propagation is repeat dosfiig?’ A single shot of OV is highly unlikely to result in
complete therapeutic efficacy, so a lelegm repeat dosing regen is required, as is the
case with any anttancer treatment. While the administration of multiple doses of virus
may trigger a stronger antiral immune response, certain viruses have naturally adapted
strategies to evade immune detection, such amghr cell carriage by blood cells that
protects against NE€&2° Similarly, the same strategy can be exploited in the laboratory
where arrier cells are infecteid vitro with OVs and then systemically injected. Cells that
have been used in this fATrojan hYayteskm® del i v
induced killer cells for VV*, teratocarcinoma cells for HS¥ an immortalized monocyte
cell line for MV, and mesenchymal progenitorlsdbr Ad®*. Of note, immortalized cell
lines must be treated wittpirradiation to ablate tmorigenicity. Furthermore, chemical
modification strategies can be used to shield @¥s neutralizing immunit§?3% OVs
can be camouflaged from immune surveillance through viral surface modifications with
polyethylene glycol (PEG) or charged polymers, or packaging in nanoparticles or
liposones, prolonging blood circulation time and increasing cellular uptake by cancer
cells®. The final hurdle that systemically deliver@¥/s must overcome to access tumors

is the layeof blood vessel endothelium and extracellular matrix (ECMiyus penetration



can be aided by piteeatment with vasoactive compounds (e.g., histaminéraiglycerin)

or proteolytic enzymes (e.g., hyaluronidase or collagetfa¥elGenetic modification can
also be used to engineer OVs to express Eelrading enzymé$ All in all, therapeutic
efficacy of OVs is highly dependent on efficient delivery, which is cgeim 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 vintface proteins determines how
different OVs recognize and enter particular cancer *@8if¢ For example, VSV G
glycoprotein (VSVG) binds lowdensity lipoprotein receptor (LDLR), and then the VSV
G/LDLR complex gets internalized via clathiimediated endocyto$s*3 An OV can also
have multiple virugeceptor associations that occur over several steps to facilitate entry.
For instance, the lower part of reovirus siginan outer capsid proteifirst binds to cell
surface monosaccharides like sialic acid in a-&finity interaction; then, the head of
sigmal binds to junctional adhesion molecule A (JANin a highaffinity attachment,
continuing on to clathrimediated endocytosfs® HSV glycoprotein gBoindsheparan
sulfate proteoglycans amtSV glycoprotein gD bindeectin or herpesvirus entry mediator
(HVEM), ultimately resulting in envelope fusion with host plasma membBtah& For

Ad, the viral fiber knob binds coaskievirus and adenovirus receptor (CAR) for the initial
attachment, followed by endocytosis of the-B4AR complex involving other capsid
proteins and integrif® 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 clddipemdent endocytosis



required fortheinfection of noaneuronal celt¥. This cell typespecific 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 intacirainti
mechanisms that would clear the virus; while aberrant expression of oncogenes and tumor
suppressor genes, as well as defective-\ardl responses, in cancer cells favor OV
replicatiort*®. 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
moresuitable for HSV treatmet®L 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 canc&t *elis sum, the
interaction between OV surface proteins and tumor cellular receptors mediate virus
attachment and internalization by cancer ¢éfisa manner which is unique to each OV

and critical in determiningumorspecific 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 -amthor immunity (Figure 1.1)*>% Virus
infection of cancer cells with subsequent oncolysis is a disgotoxic effect of OVs. On

the other hand, destruction of vascular supply and immune cell recruitment and activation
are indirect anttumor activities of OVs. Direct oncolysis was initially thought to be the
only antitumor mechanism of OVs but it hasdome abundantly clear that attmor

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



shift from oncolytic virotherapy to oncolytigirus immunotheraptf. The multimodal
approach of OVs to target and destroy malignant cells wiltbiewed in thisubchapter
1.2.1 Oncolysis

Whether it is acancercell ora healthy cell, host cell lysis is a common outcome of viral
infectior?’. Once replicatiorand assembly are completed, progeny virions are released
from the host cell through buddimg lysis, which are processes that kill the cell by slowly
consuming or bursting the cell membrane, respecfifelynlike healthy cells which
possess functional antiral mechanisms that clear the \sfucancer cells have aberrant
signaling pathways that fail to prevent viingluced cell deafh The expression of
oncogenes or loss of tumauppressor genes that Ieatb elevated metabolism,
dysregulation of cell cyclandsustainegroliferation in cancer cellglassic hallmarks of
cancet®) creates a niche which is conducive to Virgplicationandis often intricately
linked to antiviral mechanisnf8®% For instance, Ras GTPases, the mutated forms of
which are overexpressed20-30% of human cancé¥ssupportviral protein synthesiby
blocking protein kinase R (PKRyhich isa negative regulator efral gene translatict®*
Enhanced replication afncolytic HSV®>, NDV®¢, VSV’ Ad®8 and reoviru® has been
attributedto Ras signalingMoreover,Ras transformationanalso lead to defects enti
viral cytoking type | interferon (IFN) production and respon¥€? therebyallowing
efficient viral spreadActivation of the Raf/MEK/ERKsignaling cascae, one of the
downstreanpathway of Ras downregulates type | IFN expression via inhibition of a viral
RNA sensor calledetinoic acidinducible gene | (R1G) 2 SincelFN andIFN-responsive
genesopposecancercell growthi by inhibiting angiogeesiss, indudng apoptosi&, and

stimulatingimmuneresponsées i it is no surprise that 630% of malignant cells have



impairedIFN signalingthat rendes them more susceptible to OV infection compared to
normal cell§°%.76

Following productiveviral redication, there are several modes of cancer cell death
that can be inducéd’® These include apoptosis, necrosis, necroptosis, autophagic cell
death, and pyroptogfs Apoptosis is the process of programmed cell death characterized
by membrane blebbing, chromatin condensation, and nuclear fragmentation;isnd
regulated by proteases called caspases in a comphetion cascadeNecrosis is
accompanied by membrane rupture and leakage of intracellular contents, while necroptosis
is a programmed form of necrosis thlatcurs in a regulated mannekutophagy isa
caabolic mechanism that degrades and recycles unnecessary or dysfunctional cellular
components via the lysosomal machinery; elevated levels of autophagy camreslilt
death. Pyroptosis is a caspdsdependent inflammatory form of programmed cell death
Each OV will induce gmarily one form of cancer cell dedthFor example, Ad has been
reported to result in autophagic cell death in glioma CedisdHSV-2 causes pyroptosis
in melanoma celfS. However,someOVs can alsdnstigatemultiple modes of cancer cell
death, such as the concurrent induction of apoptosis and autophagy b3t Bl
reoviru$?. Specific genes encoded by the virus will dictate the type of cell death ifduced
For instance, the early region 1A (E1A) protein of Ad type 5 promotes an accumulation of
p53 and thus induces apopt83iSimilarly, viruses can be genetically modified to express
death pathwaynodulating genes, which has been demonstrated with VV encoding
apoptosisnducing protein apoptift or Ad expressing TNffelated apoptosisducing
ligand (TRAIL)®. Knowing the mode ofOV-induced cancer cell death is useful in

determining which OV would be appropriate to target a particular type of maligrfancy



example OVs that trigger necrptosismay be bettesuited to treat apoptosissistant
cancer§’. With the ultimategoal of cancer cell death in mind, it is pertinent to understand
the mechanism through which OVs kill malignant cells to develop strategieseotiate

this effect.

1.2.2 VascularCollapse

Due to tumommediated angiogenesidat ensure blood supply @ support tumor
progression and eventually metastasis, targeting the tumor vasculature with OVs has
increasingly become an area of intetf2€Vs can cause antiascular effects through three
mechanisms: infection of tumor endothelial cells (ECs), immune response that results in
clot formation, and expression of aatigiogenidactor$:8¢8” ECs line all blood vessels,
but OVs such as VV and VSV have been shown to ipalty infect and lyse tumor ECs
without harmingthe normal vasculatufé&®® While the exact mehanism for this tropism

is unknown, the elevated proliferation rate of tumor ECs may explain the inceegugemt

for viral replication.In addition viral infection can causeneutrophilresponsgtriggering

clot formation thateads to ischemic canceell deatfi®°% This type of vascular disruption
has been demonstrated with VS¥here the virus not only directly infected and killed
tumor ECs but also induced intratumlo@agulation vianeutrophils, which express
elestase and cathepsin G that promote fibrin depo$ftitinLastly, OVs can express anti
angiogenic factors either naturally or through genetic engineering. Smhgreteins may
causeadownregulation of angiogenic proteins and cytokines; for example, Ad E1A protein
interacts with p300, a transcriptional-aotivator of hypoxianducible factor 1 alpha, and
inhibits the synthesis of vascular endothelial growth facteEQF)S. Genetic

manipulation allowscertain OVs to carry and deliver aaimgiogenic factorsAd
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expressing soluble VEGF receptor (VEGERRs well as VV encoding VEGFRIg
fusion proteif®®, that binds VEGF was effective in decreasing mean vessel density and
tumor volume. Similar results were demonstrated with Ad expressing short hairpin RN
against interleukin (I128%, a cytokine that promotes EC proliferation and survival, and
HSV encoding endostatendangiostatifl’, which areangiogeesis inhibitorsSuch anti
vascular agents can also be applied in conjunction with OVs as a combination therapy,
which has been shown with HSV and copper chelator /P4 or reovirus and VEGFR
inhibitor sunitinit®. Of note,some viruses express paagiogenic factors to support virus
replication and spreadys exemplified by parapoxvirus which encodes a homolog of
VEGF, Viral genes that encode apregulate the expression of angiogenic factors should
be deletedeforethese viruseareused as oncolytic agentdn the wholethe principles

that governthe advantages of using OVs to target tumors (i.e., specificity, expression of
virus-encoded prans, induction of immune response) also apply tioe tumor
vasculature, and limitintumor perfusion via Ounediated antvascular effects provides

an effective measto inhibit tumor progression.

1.2.3 Anti-tumor Immunity

From first beingoroposed in 1909 by Paul Hich, immunologic control of neoplasia has
become a firmly established principle in oncol8gy According to the cancer
immunoediting hypothesis, the dynamic relasioip between the immune system and
tumors involves three phases: elimination, equilibrium, and e¥€apke immune system
recognizes and eliminategsimor cells; however, some tumor cell variamigh low
immunogenicity may evade immune detection, enter a period of latency, and eventually

give rise to an outgrowth ahalignantcellsthat have escaped immunological restraints.
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Thus, it is pertinent to recognize the role of the immune system trooudbmor
development, and accordingly, immune cells are an important component of the tumor
microenvironment (TMEJ2 The TME, which is composed of not only cancer cells and
immune cells but also vasculB€s cancerassociated fibroblasts, extracellular matrix, and
secreted factors, can geoupedbased on immune status as inflamed tunfrssence of
immune cell infiltratg¢, immuneexcluded tumorgimmune cells stuck ithe surrounding
stroma) and immune desertdevoid of immune cell infiltratéy%. Further mutatios and
selective pressures drive the emergence of tuneatiated immunosuppressive
mechanismsuch ashesecretion ointrinflammatorycytokines (e.g., IE10, transforming
growth factor beta [TGB]) or recruitmat of immunosuppressive immune cells (e.g.,
myeloid-derived suppressor cells [MDSCs], turassociated macrophages [TAMs],
regulatory T cells [Tregs|j+1031%  QOvs overturn this tumeassociated
immunosuppression and mediage ¢cold-to-hotd tumor modulation, prowting the
generation of antiumor immune respons@&1%’ The specific mechanisms through which
OVs achieve this feat and cancer eradication from thetaeswntitumor immunity will

be exploredin this sulehapter

1.2.3.10V-mediatednnate Immune Response

The first line of defense against infections is the innate immune system, comprised of
chemical/physical barriers, complement cascadejrdlanmatory response mediated by
white blood cell§’81%° Despite being oncolytic agents, OVs are nonetheless pathogens and
will trigger an innate immune response directed against the Virapending on the
kinetics and strength of thesesponses, innate immunity can be detrimental or beneficial

to the efficacy of OV theragy!'®!!! 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, contributingto theestablisiment ofant-tumor immunity.Innate immunity is
triggered upon the recognition of pathogessociated molecular patterns (PAMPS) by
surface or intracellular host pattern recognition receptors (PRRs) oftessident immune
cells, resultng in the induction of cytokine production atfie recruitment of innate
immune cells (e.g., neutrophilgranulocytesnatural killer [NK] cells, antigefpresenting
cells [APCs]}*2 One of the key cytokines produced in response to viral infection is type |
IFNs, IFNa and IFNb, which establish an antiral stateand limit viral spreatf®
Following type | IFN exposure, NK cells produce and secretegliich inhibits
angiogenesis and induapoptosisanddendritic cells DCs) upregulate the expression of
class I MHC molecules and -simulatory moleculesfor more effective antigen
presentatiof?. Secretion of other primflammatory cytokines (e.g., Hb, IL-6, IL-12,
tumor necrosis factor alpha [TIdF by innate immune cells not only initiates vascalad
cellular reactions of inflammiain but alsomakes the TME less immunosupprestite

The newly recruited innate immune cellso contribute to the reversion of turnor
associated immunosuppression and carry out directtuantir effect®”. Neutrophil
infiltration of OV-treated tumors (e.g., VSW¥eated colorectal CT26 tumé&fshas been
demonstrated and as mentioned above, leads to neutnopthiated tumor vasculature
collapse and subsequent ischemic caremdl deatf®°L Direct cytolytic activity of
infiltrating neutrophils has alsoebn shown where neutrophils isoladefrom HSV-2
(FusOnH2)-treated EC9706 esophageal squamous cell carcinoma killed cancesxcells
vivo more effectively thameutrophils harvested from untreated turtbrigloreover,NK

cells play a prominent role in the elimination of viingected cells and canceells and
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are thus, unsurprisingly, crucial for the success of OV thétapyarious studies support
OV-mediated recruitment of NK cells into the TME, such as reoinested prostate
tumors? coxsackievirus Bdreated lung adenocarcinorisand MV-treated gliomas®,
Augmenteccytolytic activity of NK cellshas also been demonstrated in the context of OV
infection. For instance, higher levels of I§Mnd TN were produced by NDV
stimulated NK cells, which then effectively lysed NBwected tumor celfd’. Similar
results wereobserved with HL parvovirus and pancreatic ductal adenocarcinoma and
colon carcinoma cet&119 In addition, there is ample evidence of crosstalk between NK
cells and DCs that mediates innate and adaptivetanbr immune responses in OV
therapy'®. The interaction between Gifected tunor cells, NK cells, and DCwas
shown with reovirus where DCs primed with reovimfected melanoma lysates (BC
MelReo) released type | IFNs and induced NK cell cytotoxicity more efficiessly
compared to NK cells stimulated witkovirusinfected tumorcells'?®. Direct infection of
DCs by OVs(e.g., Maraba virus MG19an also cause DC maturation aticengthen NK
cell-activating capacityf’. Furthermore©QV-modulated changes in DC function can have
their own implications. As specialized APCs with notable roles in the initiation and
regulation of innate and adaptivenmune responses, DCs are indispensdbiethe
development of OMnediated anttumor immunity?2 OV-driven accumulation,
activation/maturation, andcreasedo-stimulatory molecule expression of D&@mtribute

to enhanced DC function and subsequenttantior immune respons€é Macrophages
are another type of innate immune celNbich can be modulated by OVBroadly
classified as either classically activated M1 or alternatively activated M2 niacrepthat

display preinflammatory 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>2. TAMs havean M2 phenotype, but du® the plastic nature of macrophage
polarization,TAMs can adopt@aM1 phenotype with tumoricidal functions in response to
changing environmental conditions like viral infectioBsu ¢ he duecat i ondé of T/#
OVs was evident followingreatment of mammary carcinomas 4T1 and TSA, as well as
colon carcinoma MC38, witAd expressing chemokingC-C motif) ligand (CCL)16 in
combination with toHlike receptor (TLRY ligand CpG and antL-10 receptor
antibody?*. OVs can also promote the recruitment of M1 macrophages, the presence of
which in the TME correlates with effective afiimor immune responses, that perform
tumoricidal activity via nitric oxide and TNFor phagocytosi€®. Ultimately, through the
action of various innate immune cells, attmor immune responses can be rapidly
initiated at early stages of OV therapwt only directly eradicating cancer cells but also
setting up the stage for the generation of adaptivet@midr immunity.
1.2.3.20V-mediatedAdaptive Antitumor Immune Response

Following innate immune responses, the second line of defadaptive immnity, is
initiated. Adaptive immune responses are carried out by lymphoe¢yBesell for humoral
immunity andT cells forcell-mediated immunity that mount a highly specific response
agai nstel ¢ dSpacificityiis @istatedhroughantigens that are recognizied

their native formsy B cell receptors (BCR) @as digested peptides peesed via MHC
(human leukocyte antigen [HLA] in humanby T cell receptors (TCRJ% antigen
presentation by MHC proteifmsdiscusseanore thoroughlyn Chapterl.5. The generation

and action of adaptive arttimor immunity occuin several steps: (1) release of tumor

antigens by dying cancer cells, (@htigen processing and presematiby 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/peptideMHC interaction, and (6) T cethediated killing & cancer cell¥®'?”. Ovs
contribute to this cancemmunity cycle ly promoting the release of tumor antigens
through oncolysis, creating an acute inflamed environment that recruits and activates
immune cells, and restoring antigen presentatoyn tumor cells to allowT cell
recognitiod®. Accordingly, mounting evidence suppsrthe generation and role of QV
induced anttumor immunity which causesegression of treated as well as distant,
untreated tumorswith this abscopal effecbeing one of the key advantages of OV
therapy*?212% In addition, immunological memoiiythe ability of longlived, memory B

and T cells taapidly respond to previously encountered antig&tis providescontinual
protection against cancer recurrenCerre by OV therapy prevents-iraplantation with

the same cancer cell type where this-&unor protection is conferred by the immune
system, as demonsteal by adoptive transfer of T cells from cured maretumor
rechallenge with immune cell depletiéh32. Thus by hindering metastatic spreadd
relapse, arttumor immune response is increasingly being considered more important than
the direct oncolytic effect of OVs.

With the ability to promote the generation of attinor immune responses and
causehe release of damagessociated moleculaatterns (DAMPS), it is then apropos that
OVs are regarded as bona fide inducers of immunogenic cell death’(IC@ncer cells
undergoing ICD are characterized by tteenporospatialexpression 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 dmtor T cell$*3134 The four major
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hallmarks of ICD include prapoptotic exposure of calreticulin (CALR) on the outer
surface of the plasma membréite secretion of adenosine thipsphate (ATPYS,
production of type | IFN'S’, and postpoptotic release of high mobility group box 1
protein (HMGB1¥% The immunostimulatory and immunomodulatory effects of DAMPs
influence each step along the antigen presentatidm aell activation pathway (i.e., from
DC recruitment [ATP], antigen uptake [CALR] and processing [HMGB1], DC maturation
and cytokine profile foCD8 T cell priming [ATP], to T cell recruitment [type | IFNSs]),
culminating in the activation of tumor antigspecificCD8 T cells. Numerous studies to
date have reportetie ICD-inducing capacity of certain OVs. For examgle/ec induces
the expression of ICD hallmarks melanoma cell liné$®, and NDV was established to
induce ICD inlung cancef® melanom&", and gliom&®. Thus,someOVs are able to
promote the gneration of arttumor immunity through the induction of tumor ICD; and
regardless of the specific type of cell death pathway trigg€@¥&dinduced cancer cell
death can be broadly classified as I@ih the consequent arttimor immune responses
contributing greatly to tumor remission

Much of the efforts to understand ahtmor immune responsese focused on
CDS8T cellsg as will be the case in this thesBD8T cells, also referred to as cybatc 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 establishedor various cancer typ&8 145 Upon tumor antigen recognition by
cognate TCRED8T cells release prrmed effector molecules, perforin and granzymes,
that activate the apoptotic pathway ir tfarget cancer cellOther mechanisms through

which CTLs act include secretion of cytokines tfdTNFa, and induction of apoptosis
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following theligation of Fas ligand on the surface of activa@d8 T cells with Fas on
target cell&®®. These anttumor effects oCD8 T cells have been shown to be enhanced
following OV therapy Numerous studies haveported increase@D8 T cell infiltration

of tumors due to OV administration, such as Adimmmunocompetent mouse model of
CMT-93 rectum carcinom&’; VSV in triple-negative breast cancer (TNB&) vV in 4T1
mammary carcinomt&® and MC38 colon adenocarcinotfia and alphavirus M1 in
B16F10 melanoma, RM prostate cancer, and GL261 glichaattributing to &evated
levels of T celrecruitingchemokines CCL3 and CCL5, and chemokines<¢(C motif)
ligand (CXCL) family chemokines such as CXCL9, CXCL10, and CXT[}1°6:11
Similar effects were observed in patient biopsies aftafe® treatmerit'>%'>! More
importantly, these newly recruite@D8 T cells exhibit activation signatures that can
overcome the immunosuppression of the TI&. instance, alphavirus MEcruitedCD8

T cells expressed high levels of activation markers CD69 and €Dadicatingnewly
activated T cellsvith intact functional capacitythus,CD8T cells are the main mediators
of antrtumor immunity, and there is ample evidence to support that OVs are able to
quantitatively andjualitatively improve antiumorCD8 T cell responség!1:131:132,152,153

1.3 COMBINING OVSWITH CANCER IMMUNOTHERAP IES

Like most cancer therapeuticshds become clear that OV therapy alone is insufficient to
achieve clinical success. Due to the genetic and phenotypic heterogeneity of tuimors,
improbable that an OV can Kkill all cancer cells within a tumor mass or in widespread
disseminated malignaies' 1056154 Thus, combining multiple therapies becominga
routine strategy to enhantteatment efficacyWvhile OVs have been used in combination

with conventional cancer treatments like chemothéfipy radation'*® the greatest
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therapeutic gains are obtained when OVs are used as the foundation of combination
therapies with other immunotherapeutic ageit©V contribution to the caecimmunity

cyclei from efficient priming against tumor antigenscreased trafficking and infiltration

of CD8 T cells into the TMEto circumventing tumemediated immunosuppressidon
addresses some of the challenges faced by other cancer immunoghasagiandlone
treatment$®. The interplay between an OV, the TME, and the immune system also
provides multiple points of interactiadio be targeted by combinatorial approaches for
optimal manipulation of the immune response to attack cahcehis subchaptemill
provide an overview of the various strategies in which OVs are administepest or
trans-combination as a single therapeutic with OVs encoding transgereeseparate
therapeutic in (a)synchronous administrations witleotancer immunotherapeutic agents,
respectively. Ultimately, OVs act as a potent immunological adjuvant in the context of a
multimodal treatment regimen nsurethe generation ofobust and durable arttimor
immune responses.

1.3.1 Cytokines andChemokines

The TME is a highly immunosuppressive milieu due to factors secreted by cancer cells,
stromal cells, and immune cellsatsupport tumor growt>10715% By t ur ni ng t um
and shifting the cytokine balance from immunosuppressive to immunostimulatory, OVs
can tilt the immune system in favor of a pnflammatory antitumor profile®*%° To best
achieve this, OVs are genetically modified to express transgenes encoding cy®kaies
cisscombination of OVs and cytokines has been reported for several interleukins,
interferonschemokines, angrowth factors®®. As a case in point, 2, which is imprtant

in the proliferation and cytolytic activity of effector T cells, has been incorporated in the
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VV backbone (VVIL-2) for the treatment of MC38 murine col@ancet®’. The IL-2
construct in this particulastudy was modified to remain membramesund, via a
glycosylphosphatidylinositol (GPI) anchor with a rigid peptide linker, theagbidingthe
severe side effects and toxicity associated with systemi 8imilarly, Wang et al. re
designed IE12, which not only improves NK and T cell priming and activation but also
has direct anttumor activity of promotingantiangiogenesis, where Ad expressing-non
secreting 112 was curative against Syrian hamster models of pancreatic cancer without
systemic toxicity®? IL-12 has also been incorporated in oncolytic Maraba MG1 virus, in
the context of an infected cell vaccine model, ahdwnto recruit activated NK cells,
leading toprolonged survival of B16F10 peritoneal turbmaring mic&3. IL-15, which

has many overlapping functions (e.g., NK andell activating) asL -2 but is less toxic,
has been inserted inseveralOV vectors including but not limited ttNDV1%4 Ad'®5, and
VSV Notably, Kowalsky et al. demonstrated thd/ encoding a superagonist-15, a
fusion protein of 115 and IL-15 receptor alpha (HL5/IL-15Ra), improved survival in
MC38 colon and ID8 ovarian cancer mod&isThe therapeutic potency of this OV was
attributed to increasetumor infiltration of activatedCD8 T cells which conferred
protection against tumor rechallenge.

Interferons naturally produced and secreted by host cells as a defensive response
to virused®® have also been combined with OVs. While the idea oplag anantiviral
cytokine withan OVis paradoxicglIFNs are highly immunostimulatory cytokines that
will enhance OVmediated indirectnduction of anttumor immunity despite the cost of
impairing direct oncolysi8. 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 hamstsIncreased treatment efficacy against
mesotheliomas using IFNencoding MVhas #so been reportedvhere the administration
of this novel oncolytic MV augmented innate immune cell tumor infiltration and anti
angiogenest§®. Similarly, VSV-IFNb has exhibited success in the treatment of
mesotheliom&® and norsmall cell lung cancéfl. VSV armed withIFNg has also been
shownto enhance antiumor immune responses in 4T1 mammary adenocarcinoma and
CT26 cobn carcinoma, resulting in delayed tumor growth, reduced lung metastases, and
prolonged survival? Efficacy was T celtlependenandmediate byincreased secretion
of other preinflammatory cytokines (e.g., #6, TNFa, monocyte chemoattractant protein
1 [MCP-1]), activation of DCs, ancecruitmentof T cellsto tumors.

Tumor infiltration of not only T cells budlsoother immune cells can lagiven by
chemokinearmedOVs. As previously mentioned (s&hapterl.2.3.9, OV administration
(e.g., VA1 V123 Ad49 stimulates high expression of CXCL9, CXCL10, and
CXCL11 in infected tumors, promptingreater accumulatioof intratumoralT cells. As
such, VV has been genetically engineered to express CXClvhich increased
intratumoral trafficking ofendogenous, as well asloptively transferredT cells'’. If,
however OV infection alone drivekigh intratumoral levels of @mokines, then no added
benefits from theis-combination of OV and chemokine may be observed, as was the case
for CXCL9-encoding VSV4 For the recruitment of DCs and NK cells, CCis5another
chemokine whose chemotactic atinhas beercoupled withOVs. 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 CD8

T cells, and the tumanfiltrating DCs displayed a higher maturation profile (e.g., higher
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levels of IFNo and IL-12 secretiorff®. In addition,Li et al. presentedlevated levels of

NK cells in tumors treated with CCLé&xpressing VV'®. Of note, this study was performed

in immunodeficient mice implanted with HCT16 colon cancer usingK cells engineered

to overexpress CCR5, the receptor for CCL5, due to endogenously low levels of CCR5 that
would not respond to the virgelivered CCL5Regardless of this enforced CCRELS
interaction, the principle of combining Gvand chemokines to direct immune trafficking

into the TME remains strongly supported.

A discussion on O\based cytokine expression cannot leave granulocyte
macrophage colongtimulating factor (GMCSF). TVec, the only OV approved by the
U.S.FDA, is HSV type 1 genetically engineered to express-G3F1°% thus bringing
notable attention to this cytokin&M-CSF serves important functions in granulocyte
differentiation, monocyte migration, and APC maturation for enhanced antigen
presentatiot’’. Incorporation of GMCSFin not only T-Vec but also other OV vectors
(e.g., PexaVec) hasresulted inelevated DC recruitment and maturation, boo 188 T
cell priming, and reduction in immunosuppressive cells such as MDSCs and’%tégs
Notably, GMCSF has also been administeredrams-combination with O\é. Samson et
al. described improved survival in gliorb@aring mice dué intravenous administration
of reovirus and GMCSF, along with another immunotherapgynmune checkpoint
blockadé*. As is also the case for the other cytokines/chemokines outlined above, the
expression of GMCSF by OVs is highly effective in trafficking immune cells and
improving immune effector function in ¢hTME, and the combined effect of these two
immunomodulatory modalities establishesGaflamedtumor.

1.3.2 Co-stimulatoryMolecules
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Co-stimulatory molecules provide one of the crucial signals in the activation of
lymphocytesinfluencing T cellfate and differentiatiol§®. They are especially important
for the differentiation of naive T cells into effector cells, where antigen stimulation in the
absence ofa co-stimulatory signal can induce T cell anef¥jy Agonistic antibodies
targeting cestimulatory molecules have shown potential to enhance imnigfratyd thus,
combining OVs with these agonists maygment therapeutic efficacy. As a case in point,
the combination of antd-1BB antibody and VV has been studied in mouse models of
breast and colon cané&t 4-1BB signaling increases tluytotoxic activity and survival of
activatedCD8 T cells. Following thistrans-combination therapy, reduced tumor growth
and elevated tumor trafficking @D8 T cells, NK cells, and neutrophils were observed.
Higher levels of CD11b+ and CD11c+ myeloidiseh the tumorraining lymph nodes
were detected as welAnother example of transcombination of an OV anad co
stimulatory agonist involves OX40, which not only promotes the expansion, survival, and
generation of memory T cells but aisthibits Tregs®. As described by Scherwitzl et al.,
IL-12-expressing Sindbis virus vectadministered in CT26 cotocancer or My&aP
prostate cancer upregulated OX40 expressio@BA T cells, providing the rationale for
including an OX40 agoni¥E. The triple combination therapy of VV, cytokine, and anti
OX40 antibodyresulted in enhanced tumor infiltration and effector function of T cells
displayingan altered transcriptomic and metabolic profile.

Furthermore, OVs and estimulabry agonists can be combined drs, where
transgenes encoding the ligands for thestbmulatory molecules are incorporated in the
OV vector, ensuring the expression of the agonist within the tufmillustrate, Rivera

Molina et al.engineered Ad encad the ligand for glucocorticoithduced TNFR family
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related gene (GITRshowedthe expression of the ligand on the surface of human and
murine glioma cells post infection, and documenitecteased therapeutic efficacy in
murine glioma model8* Prolonged swival of gliomabearing mice, elevated levels of
central memoryCD8 T cells, and protection against tumor rechallenge were reported.
Inducible cestimulator (ICOS) has also been exploited for immunotherapeutic
intervention. After first noting the upreguteon of ICOS in ND\treated B16F10
melanoma, Zamarin et al. generated ICOS ligaxressing NDV (NDMICOSL) to target
ICOS directly within tumor$®. Administration of NDVICOSL in a bilateral flank
B16F10tumor modelresulted in intratumoral expansion of activateB8 T cells and
tumor regression in both the virirgected and the distant, untreated tumors. Therapeutic
efficacy was further enhanced by the addition of immune checkpoint blotkedmy

This study, as well as the aforementioned work by Scherwitzl,dtighlights the main
advantage otombining OVs and cetimulatory agonistsupregulatecexpression of co
stimulatory moleculesnduced byOV infection. The ensured presentation of agonist
targetsallows maximal utilization othe co-stimulatory axes fooptimal differentiation
and function of anttumor T cells during OV therapy.

1.3.3 Tumor Antigens

As the signal that dictates the specificity of immune responses, tumor aratigerntal to
antirtumor immunity®and stimulating their cognate T cells by peptide vaccines is another
immunotherapeutic avenue in which OVs can be integrated. OVs canibeduftor not
only effective delivery and expression of tumor antigens butadsadjuvants tarouse
otherwise immunosuppressed tumor antiggpecific T cell&1%18 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 prot&npPCT (dopachrome
tautomeraséj®, OVA (ovalbumin as a surrogate tumamtigen®®®, and gp100
(glycoprotein 100%% as well as VV encoding CEA (an oncofetal glycoprotein called
carcinoembyonic antigen}®’, 5T4 @nother oncofetal glycoprotgif?, and HER2/neu
(human epidermal growth factor recepto2)To illustrate in more detaihe effective use
of oncolytic vaccines, Kottke et al. and Pulido et@gscribé the antitumor efficacy of a
virally expressed epitope library, where the expression of a cDNA library derived from
normal prostate tissgeor melanoma cell lines cowst a broad range of tumor
antigen$®*1% These VSV-expressed cDNA libraries resulted in the rejection of
establishegbrostate ananelanomaumors attributedto an induction of Th1TCDA4T cell
response. The ability to target multiple tumor antigerakes virally expressed epitope
libraries an attractive therapeutic strategy that is applicable against various cancer types.
Another novel oncolytic vaccine platformvolves coating viruses withumnor
specific peptides for efficient tumor antigen delivery. This technology was developed using
Ad where tumor peptides are adsorbed onto the negatihelsged viral capsid, thus
negating the neetb geneti@lly modify the virus®. This peptidecoated conditionally
replicating adenovirus (PeptiCRAdpaded with eithe©VA, tyrosinaserelated protein 2
(TRP-2) andgp10Q or melanomaassociated antigen A1 (MAGKL), was demonstrated
to promote the expansion of antiggpecificCD8 T cells and mature, antiggresenting
DCs, as well as eradicate estabéd tumorS®. Multivalent PeptiCRAd, expressgirboth
TRP-2 and gp100, exhibited the greatest-a&imnor efficacy even displaying an abscopal

response in a bilateral flank B16F10 tumor m&el
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Most vaccines require multiple doses for optimal efficag production of long
lasting immunity. This poses a challenge for oncolytic vacame® the more intense anti
viral immune responses against the viral vector, which can prematurely clear the virus, may
overpower the tumor antigespecific immune resmsé®®1°’ The balance between the
immune response against theugiversus the immune response against the tumor antigen
can be skewetbwardsthe lattetby aheterologous priméoost strategt®’. Here, two viral
vectors encoding the same tumor antigen are administered one after the other to prime then
boosta stronger memory immune response against the tumor antigen; the second viral
vector, on the other hand, will trigger a relativelgaker primary immune responseone
example, gplO@xpressing Ad was used to prime and gp&fPressing lymphocytic
choriomeningitis virus (LCMV) was used to boost gpHEpecificCD8T cell responses in
both a prophylactic and therapeutic setting ,(ipgotect against B16F10 challenge and
reduce the growth of established tumors, respectiv&lyflany different combinations of
recombinant OVare mssible(e.g., AADCT to prime and MarabRCT to boost, VSV
DCT to prime and AeDCT to boost, Sindbi&7 to prime and VME7 to boost) for the
generation of potertimor antigerspecificimmunity*®’. Ultimately, the use of oncolytic
vaccines tcestablishimmune responsesgainsttumor antigensighlights the important
role OVs can play in the development of the rgameration of cancer peptide vaccines.
1.3.4 Bispecific T-cell Engagers(BiTES)
Immunological synapse the interface between a target cell and a lymphoicydan be
forcedusing bispecific Tcell engagers (BiTES) 1% A BiTE is an artificial fusion protein
consisting of two singlehain variable fragment{scFv) one that binds CD3 on T cells

and another that binds antigen on tumor celf. By forming a link between a T cell and
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a cancer celtheBIiTE-induced synapse allows T cellsexert cytolytic activity ontumors
irrespective of TCR/peptid®IHC interaction BiTE therapy howevermay be limited by
theshort circulating haffife of BiTEs, ontarget/offtumor toxicity if target antigen is also
expressed on normal cells, and thearete on the intratumoral presence of functional T
cells®’. Arming OVs with BiTEs can address these obstadleshown by Fajardo et al.,
Ad encoding an epidermal growth factor receptor (EG§p&@ific BITE (Ad-EGFRBITE)
was capable of producing BiBEhat enhanced T cell functi@nd bystander killing effect

in anin vitro co-culture assay with human cancer cells and peripheral blood mononuclear
cells (PBMCs3J®. They also demonstratencreased T celtumor infiltration and anti
tumor efficacy in two human tumor xenograft models following intratumoral or
intravenous administration of ABGFRBITE, along witha systemic adminisation of
human PBMCsSimilar improvements in bystander effect and -tunthor efficacy were
observed in response to VV armed with eptiiitargeting BiTE®! and Ad encoding
BIiTE specific for epithelial cell adhesion molecule EpCA%Overall, combining BTEs

and OVs by genetic engineering suppthtssustained production and expressibBIiTES
within the TME The reversal of tumeaissociatedmmunosuppression by OVs can also
aid in theenhanced T cell activity upon BiFediated cancer cell cell ligation.

1.3.5 AdoptiveCell Therapy(ACT)

Adoptive cell therapy (ACT) involves the transfer of immune cells into patients to enhance
antrtumor immune responsé€d There are three types of ACEsgaging T cells: [1]
tumorinfiltrating lymphocyte (TIL) therapy where naturally occurring gntnor T cells

are harvested from a patient, activated and expaexladvq and infused back into the

patient; [2] engineered TCR therapy where T cells isdl&t@m a patient are engineered
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to express a tumor antigepecific TCR and then activated and expanded prior to
reinfusion; and [3] chimeric antigen receptor (CARXell therapywhere T cells are
engineered to express a recombinant antigen receptor sethpbascFvspecific against
an antigen on the surface of cancer cells andtooulatory signaling domairthat sustain
the activation and proliferation of the engineered Tsdellowing reinfusiorf®. The main
advantageof CAR-T cells is that they recognize and kill cancer cells independently of
peptide processing and presentation by tumor KRIC

The success of ACTs depends on T cell trafficking to and survival in the TME.
Thus, it would beadvantageous to combine OV therapy with ACT due tertadiated
events that improve T cell recruitment and effector function, as well as extendadvaonti
T cell priming by tumor antigens released by oncofy/Sfsindeed, Nishio et al. utilized a
trans-combination of CCL5 and Hl15-expressing Adand neuroblastoma antigerD&
specific CART cells to show the increased migration, proliferation, and function of-CAR
T cells in a neuroblastoma TMEesulting in reduced tumor growth and improved survival
in the tumotbearing micé. Similar findings have been reported in numerous preclinical
studies combining various OVs and CARcells specific for HER2/nelGFR and
mesothelit®%2157 Furthermore, O¥ can also enhance the function of endogenous T cells
to augment ACT efficacy. As described by Walsh et al.,, V@&«olytic vaccine
(engineered to express a peptide derived from a mutated ERK2 protein) combined with
ACT of transgenicCD8 T cells specific aginst the same ERK2 peptidesulted in
complete and durable tumor regression of CMS5 fibrosartBnais antitumor efficacy

was attributed toapid destruction of tumor mass by the transferred T cells anetéony
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protective memory response by endogenous T ddilss, the full potential of the immune
system can be exploited by the combination therapy of OV and ACT.

1.3.6 Immune Checkpoint Blockad€ICB)

Immune responses are maintained under control by inhibitory immune checkpoint
molecule$®®. 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 cestimulation except the result in this caseénsnunosuppressiorhis immune
checkpoint signaling is essential to maintain-sakérance (i.e., prevent autoimmunity) and
moderatammune responses during infection (i.e., prevent excessive inflammatory tissue
damagelf®. Cancer cells, however, utilize immune checkpoints as one of the main
strategies of tumor immune evasiti® Thus, immune checkpoint blockade (ICB)
therapes where antibodiespecific forimmune checkpointgi.e., immune checkpoint
inhibitors [ICIs])inhibit receptotligand interactionshereby dowing T cell activation, are
being recognized for their capacity to reinvigorate-amtior immune responses and have
shown promise in clinical settin§$2°¢2°7 The most extensively studied immune
checkpoints are cytotoxic-lymphocyte associated protein 4 (CT44h, programmed cell
death proteid (PD-1), and programmed dealigand 1 (PBL1). CTLA-4 is expressed on

T cellsi constitutively on Tregs or upregulated on effedtarells upon activatioin and
competes with the estimulatory molecule CD28 to bind CD80 and CD86 on APCs, where
receptorligand engagemerinhibits T cell expansiotf®. 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 PDL1 (or PDL2) inhibits T cell proliferationand function and induseTl cell

apoptosi&’. Other immune checkpoints under investigation include T cell
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immunoglobulin and muckdomain containingd (TIM3), lymphocyte activation gerg
(LAG-3), T cell immunoglobulin and M domain (TIGIT), and Ydomain Ig suppressor
of T cell activation (VISTA).

As with most cancer therapies, ICB is not without its challengesteTare some
patients in wbm ICB fails to achieve successful therapeutic outcqrpagticularly if the
tumors exhibit a low mutational burden or ladkLs?°821°. The incorporation of OVs to
ICB therapeutic regimen can address the shortcomamgsthus numerousOV-ICB
combinationsare underway ipreclinical and clinicastudies'™. By turning tumorshotd
and driving the infiltration of T cells into tumors, OVs increase the sensitivitylaf b
ICIs0821L | jkewise, OV mediatedupregulationof immune checkpoint molecules on
cancer cellslsoprovides thearget for ICB therapy®?' As exemplified by Zamarin et
al. usinga bilateral flank BL6F10 tumor model, combination therapy of NDV and anti
CTLA-4 antibodyincreased the recruitment of activa@b4andCDS8T cellsinto distant,
untreated tumors, resulting complete regression and protection against rechaftéhge
Similar findings were observed following the administration of NDV andRDtL or antt
PD-L1, where the PEL/PD-L1 axis was targeted in this case after noting ND¥uced
PD-L1 upregulation in treated and untreated, distant tuffforEnhanced antiumor
efficacy can also be obtained by targeting multiple immune checkpoint sigpatimgays
in a triple combination therapy of an OV and twols (e.g., IL-12-expressing HSV
combined with antCTLA-4 antibody and ant®D-1 antibody in glioblastont&).
Furthermoe, PD1 blockade can affect other immune cells besides T cells to potentiate
therapeutic efficacyCombination therapy of reovirus and HADblockade not only

prolonged survivaln B16 melanomdearing mice but also improved NK cellediated
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killing of reovirus-infected cancer cells and reddceegmediated suppression GD8 T
cell antitumor activity?'4 On the whole, OWnediated enhanced sensitization to 1iGB
best illustrated by BourgeeBaigneault et al. using Maraba rhabdoviassa neoadjuvant
(i.e., therapy dérered before the main treatmeiit) In this studyanimals in which the
primary TNBC tumors were treated with Maraba prior to surgical resectisponded well
(60-90% complete responsk) antitPD-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 resetta.
therapeutic model exempkfs the course of treatment in real clinical settings (from
primary tumor, OV therapy, tumor resection, secondary tumor, to ICB)ighlights how
the OV-ICB combinaion can be harnessed for maximum therapeutic efficacy

As opposed to théranscombinationof OV and ICB described thus fatjs-
combination(i.e., OVs genetically modified to express ICIs also possible and provides
an additional benefit athe efficient delivery ofICls to the TME.This enhanced tumor
localization of ICIs will minimizeone of the major sideffects of ICBI off-target toxicity
resulting inmmunerelated adverse events (irAEs) such as colitis, hepatitis, type 1 diabetes,
and myocarditi€?1¢ VV co-expressing GMCSF and a PR.1 inhibitor (VV-iPDL1/GM)
was generated by Wang et al. and shown to be capable of producing high levels of
functional PDL1 inhibitor (iPDL1; soluble PEL extracellular domain fused with
immunoglolulin G1 Fc fragment) that bound to R of treated and distant B16F10 or
MC38 tumors, as well as tuminfiltrating immune cell$. Enhanced antumor activities
against the primary and distant, untreated tumors were due 4 DMN1/GM-mediated

increase in tumor infiltration o€D8 T cells showing higher activation capacifye.,
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express higher levebf IFNg, TNFa, and CD107a upon stimulatioaipd decrease in the
level of immunosuppressive cells in the TMBEost important of all, VMPDL1/GM
activatel CD8 T cell responses against neoepés (i.e., peptides derived from tumor
specific mutant antigens) identified in MC38 cancer ¢¢lss emphasizing the role of
CDS8T cells in anttumor immunity.Another form of ICI encoded by OVsantiCTLA-

4 scFv hat blocks CTLA-4 signaling'’. Recombinant NDV or influenza A virus
expressing this CTLA4 inhibitor was effective against B16F10 melanomeeducing the
growth of established tumors and increasing overall survival, as well as contributing to an
abscopal effeét®2!® Collectively, whether it is through GWduced upregulation of
immune checkpoints onancer cellsenhanced tumor immune infiltration or targeted
delivery of IClIs to the TME, OV and ICB combination forms an ideal complementary
partnership for cancer immunotherapy.

1.4 THE ROLE OF ANTI -VIRAL IMMUNITY DURING OV THERAPY

Uponvirus detection,a series ofmmunological events involving soluble mediators and
immune cells of both innate and adaptive immunity will be triggered to restrict viral
replication and spreat®®10911! Chapter 1.2.3.1 described how some of the initial
immune responses (i.e., innatenmmity) to OV recognition can contribute to the
development of antumor immunity. The currentubchapterwill focus on immune
responses directed towards the virus and present the detrimental, as farlitsisly
beneficial, outcomes of this antiral immunity. There is mounting evidence that OV
therapeutic efficacy is hindered by the presence eépiging antiviral immunity due to
prior exposure (e.g., previous immunizations, natural infections by viruses found

ubiquitously in the environment) oepeat administration of OV therady Even if pre
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existing immunity is absent, the immune system will eventually facilitaté eiearance,
generally keepinghe therapeutic windowduring which an OV can exert its agimor
effectsto the first 12 weeks after administratibn Thus, antiviral immunity is one of the
biggest obstacles faced by OV therapy, especially for systiatinery, that can adversely
impact treatment outcome at several stages: prior to cell entry by humoral immunity (i.e.,
neutralizing antibodies, complement proteir@)dupon cell infection by interferons that
inhibit viral replication oy immune cells that destroy virirsfected cés.

1.4.1 Neutralizing Antibodies

Neutralizing antibodiegnAbs) are secreted by activated B cells and as the name implies,
they act to subdue the offending pathogen and render thernfegtious?!??2 By
blocking thevirus-host cell interaction, nAbs prevent OV entry into cancer cells and thus
negate therapeutic effe@$'® As a case in point, Chen et @émonstrated decreasediant
tumor activity of Ad against LNCaP prostate cancer xenograft model in the preséuate of
nAbs, for which >85% of the human population is seropogii#é* Similarly, nAbscause

a challenge for OVs like MV in previously vaccinatpdtients (the MMR [measles
mumpsrubella] vaccine is widely used around the world to immunize chitéeor T-

Vec (90% of adults in the U.S. are estited to have been exposed to HEY).
Antibody responseagainst ubiquitous viruse€san be acquired during early childhcand
increase with ageasexemplifiedby the prevalence of reovirtspecific antibodies in a
cohort of young children in Nashvill@ennessed’. Levels of preexisting nAbscan
further increasafter clinical exposuréo OVs Accordingly, numerousstrategies have
been employed to circumvent nAbs in OV therdgsP. In addition to the use of cell

carriers or liposomeslescribed inChapter 1.1.2 to shield OVs from nAbs, another
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approachs to switch serotypes, whidre variations of a virus thdltffer in their surface
antigens and thus trigger different antibodi&gith more than 50 distinserotypes, Ad is
particularly amenable to serotype switcHirldost OV research on Ad is based on serotype
5, but Hemminki et al. generated a serotypm®&olyic Ad (Ad3-hTERT-E1A; rendered
oncolytic byplacing its replication under the control of a tumor specific promated)
showed its anttumor efficacy even in the presence of nAbs against Ad serofffe 5
Serotypeswitching, however, is not a feasible approach for monotypic viruses such as MV.
Rather, a proebf-concept study by Xu et al. demonstrated thatibattivated MV can
act as a decoy virus to sequestergxisting aniMV antibodies prior to the additiorf o
active oncolytic M\#?°. Alternatively, modifications to the viral coat proteins can deter
neutralizationFor instance, surface deglycosylation of VV to block T2Rctivationwas
shown todecrease anWV nAb productiorf®’. Escaping humoral immunity was also
achievedby replacing the envelope glycoprotein of VSV with the npaurotropic
envelope glycoprotein of LCMV for the treatment of brain cancewxhile this
Apseudot yimendedjodnhibitaneurotropism, itlsoresulted inanabrogation of
nAb response and thus allowed a mdlising regimen of this recombinant &¥233 Of
note, nonneutralizing antibodieqi.e., binding antibodieskhgainst viruses are also
produced upon infectigmvhich instead of affecting infectivity will hinder virus activity by
triggering an immune response against the pathagtbody comple3é?.

1.4.2 ComplementSystem

The complement system consists of bt#iproteins circulating in the blo@hdother body
fluids that act as PRRs or effector molecules for the detection or destruction of

microorganism¥°23* Even in the absence of amtfal antibodies, thecomplement
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cascade can facilitate viral clearance by directly causinglysis; other modes of
complemenimediated viral inactivation are aggregation aithgocytosis®. As such,
inhibition of the complement system has been coupled with OV therapy to augment
systemic delivery of OV&826220 Using cobra venom factor pteeatment to deplete
complement protein levels, Wakimoto et al. presented increased infection of glioma
xenograftdy oncolytic HS\A1 following intravascular administratié#f. The authors also
highlighted how HSV infection can actite different complement pathways in a species
specific manner, which is highly relevanttt@ translation of OV therapy from preclinical
rodent models to human clinical trials. Monoclonal antibodies against complement
components have also been used Iibih complement activity; specifically, inhibition of
complement CSsignificantly enhanceth vitro infection and oncolysis of MC38 cancer
cells by V¥, In addition, certain viruses have naturally acquired complement subversion
mechanisms such dke expression osecretion ofimmunemodulating moleculeg-or
example, glycoprotein C of HSY binds complement protein C3b which prevents C5
activatiorf*® and vaccinia virus complement control piotis a virulence factor secreted

by VV that binds and inactivates complement components C4b arfd®€8bvV is also
unique in producing two distinct infectious virions, intracellular mature virus and
extracellular enveloped virus, during its replication cycle; ahdstbeen documented that
theextracellular enveloped virderm is resistant to neutralization by complement factors
due to the incorporation of host proteins within its memiFfan&hile some of these
findings were reported in viral infection models rather than in OV therapy models, they
still provideavaluable insighon the role of the complement system that are applicable to

QV systemic delivery.
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1.4.3 Anti-viral Cytokines

If avirus has somehow managed to bypass the obstacles of systemic datideygin
entry intoits targetcell, it will face another roadblock of interferons that will limit viral
replication and spread?*% While the type | IFN pathway is defective in aboutB®B% of
cancer cell lines, makintpem more permissive to OV infection, the degree of impairment
can varyand still affect OV&. Also, the remaining 30% ofancer cell lines have intact
IFN response pathways and IFNs can be produced by other cell typesSTMEME hus,
IFNs pose a major impediment to OV therapgdthe correlation between upregulated
levels of IFN signaling and resistance to OV therapymrts the use of IFN modulators
in combination with OV&, To illustrate, JAK/STAT inhibition with ruxolitinib \as
shown to increase the oncolytic efficacy of -Bxpressing VSV in a murine lung cancer
model’1242 Another group demonstrated that ruxolitinib -ieatmentincreased the
susceptibility of malignant peripheral nerve sheath tumors to HSV infection due to reduced
interferonstimulated gene (ISG) expression, resulting in agrged viral replication and
HSV-mediated anttumor CD8 T cell responsé4®. Other pharmacological inhibitors
targeting different parts of the IFN pathwidnat have been uséd potentiate various OV
therapies inclde histone deacetylase inhibitors (prevent ISG transcrigfforimethy!
fumarate (block nuclear translocation of KB)?%°, and microtubulelestabilizing agents
(disrupt IFN mRNA translation and reduce protein secrett@loreover the B18R gene
of VV, which encodes a type | IFNinding protein, has been incorporated into the HSV
genome, culminating in the setion of IFN-binding decoy receptors that allowed the
recombinant virus to retain its oncolytic activity in the presence of high IFN leveiso

and exhibit greater therapeutic effects in Hepatimorsin vive®*’. Altogether,as the
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success of OV therapis dependent on dysfunctional IFN signaling in cancer cells,
therapeutic approaches to dampen-Rtuced antviral state in the TME is essential to
overcome IFNmediated tumor resistance to OV therapy.

1.4.4 Cell-mediatedResponses

Non-specific uptake virusesby the reticuloendothelial systesignificantly reduceshe
systemic availability of OV&, with reports of as high as 90% of Ad being sequestered
from the blood by Kupffer cells (i.e., macrophages in the K#r)in addition to
phagocytosis of viral particles, macrophagediated suppression of viral replication or
destruction of infected cells further contribsite premature viral clearan®e Thus,
systemic delivery of OVs can benefit from macrophage depletvhich can be achieved

by anintravenous administration of liposomes containing clodronate (dichloromethylene
diphosphonate only phagocytic cells take up liposomes and succumb to apoptosis
following intracellular clodronate exposyt®!l:249.2%0 This clodronatdiposome was
shown to deplete over 80% of peripdlemacrophages (in spleen and bload)rats
harboring syngeneic gliomagsulting ina 5fold increase inntratumoral oncolytic HSV

1 titerg>% As the liposomes cannot cross the blkbodin barrier,microglia (i.e., brain
resident macrophagesiemained undécted the selective depletion of peripheral
macrophages is favorable as intratumoral macrophages can play an essential role in the
anti-tumor effects of OVaMoreover, combining macrophage depletamuanticoagulant
treatment with warfarin wagportedto potentiate Ad oncolytic activity in a mouse model
of human hepatocellular carcinoffa Macrophage depletion in this particular study was
established by Ad prdosing, where a high dose of Awbs first administered to cause

rapid necrosis of Kupffer cells prior to the deliveryasfecond therapeutic Ad dose; and
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warfarin treatment was included to prevent blood faotediated Ad transduction of
hepatocytes (offarget toxicity). In addition to ncreased intratumoral spread and
persistence of Ad, reduced tumor growth and prolonged sunvitaimorbearing mice
wereattained by dtear get i ngo Ad from Kupffer cell s &
NK cells are another class of innate immune cells that play a peotriole in host
defense against viral infectionghe rapid recruitment and activation of NK ceils
response to viruses, either infectious or therapeutic, aredeelimentedand NK cells
destroy virally infected cells through the production of giFdécretion of cytolytic granules,
or expression of death receptor ligafi@$®* However, given their capacity talso
facilitate tumor clearance, NK cslinthe context of OV therapy may betimental (anti
viral) or supportive (antiumor) of OV efficacy which could depend othe stage of
treatment?®. As suggested by MhrezBreckenridge et all\K cell depletion in the early
phase of therapy can benefit virus replication and intratumoral sprliéel NK cell
activation at later stages caopportanti-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 efféétanother study used the immunosuppressive
cytokine TG to suppress NK callduring oncolytic HSV therapy of glioblastoia
TGFb pretreatment was shown to temporatihibit NK cells, as well as macrophages,
leading to decrased intracranial infiltration of these innate immune cells, increased viral
titers, andimproved therapeutic responsé&dncolytic HSV has also been genetically
modified to expresg-cadherina ligand for arNK inhibitory receptoicalled KLRG1 to

block g/tolytic NK cell activity during antiglioblastoma theragy®. In addition to NK
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inhibition, E-cadherin also facilitated ceib-cell infection and thus potentiated viral spread
Consequently, this recombinanV@nediatedinhibition of NK cells and increased viral
infectivity prolonged survivain gliomabearing mice

Cells of adaptive immunity can also contribute repid antiviral responses
gpecifically in the form of memory B cell and memory T cetlsring secondary viral
challengé®®2212%? Following an infection, lymphocytes proliferate and differentiate into
effectors cellghat eliminate the pathogen through their effector functions (e.g., antibody
secreton by B cells, cytotoxic activitpy CD8 T cellsf?1260261 \When the pathogen is
clearedmost effector cells die during the contraction phasejrigaabout 10% that persist
long-term'9°-269262. These memory cells differentiate back into effector detls prompt
and efficient responde reinfection by the same pathogéfemory B cells are critical to
the nAbmediated responses to virusasce the halflife of antibodies in serum is short
(hours to days)memory B cells need to maintain and/or rapidly produce #AtEqually
important are vrus-specific memoryCD8 T cells that facilitate viral clearance by
eliminating virusinfected cells via their cytotoxic mechanigii$®!(seeChapter1.2.3.2.
In relevance to OV therapy, virspecific memory T cells have been shown to be a part of
TILs?642%5 Simoni et al. determinedahhumarcolorectal and luntumors were infiltrated
by a heterogenous population@D8 T cells, some specific fgutativeneoepitopes and
others specific for common virus epitopes (e.g., Epddaim virus, cytomegalovirus,
influenza virusj®4 Another group analyzed the intratumoral TCR repertoire iniavand
colorectal canceandd e monstr ated tumor i nf-spedfic &t i on
cells’®>, With the potential to expand rapidly upon detection of OVs in tumors, these virus

specific memory T dés and their role in OV therapy require further elucidation. Overall,
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the coordinated efforts of innate and adaptive immunibynt a robust antiiral response
that will impede OV therapy, and thus a better understanditige@V-immune system
interacton is required to strategizeaximal OV delivery antherapeutieffect.

1.4.5 PotentialBenefits of Anttviral Immunity

Contrary to existing dogma, amniral immunity may provide unforeseen benefits for OV
therapy.We and others have postulatedch antitumor benefits of arHOV immunity
(Figure1.2) and evidence continues to emerge in support of this paradigrit %13z,
Namely, he stong cytokine and cellular responses triggered by OVs overturn tumor
associated immunosuppressiand promote the influx of immune cells into the TME,
ultimately contribuing to the generation of aatimor immunity®’'>° In addition, the
selective nature of OVs indicates that a virally infected cell is a virally infected caficer ce
which is then subjected to amiral immune responsesihe outcome of antiral
immunity maythendepend on temporospatial dynamics, much like the aforementioned
dual role of NK cells in OV therapy: detrimental if directed at OVs in systemic ciimulat
leading to premature viral clearance, but benefifiahitiated in the TME. To skew
towards the latteimmunomodulatory interventions aimed at aritel immunity should

be implemented when appropriate. In one exangplgspecific adaptor protein that binds
both Ad-specific nAbs and polysialic acid on tumor cells waduded inAd therapy of
MC38 colon cancéf®. This molecular retargeting ofAb-coated Ad tdaumor cell surface
signfficantly delayed tumor growth and prolonged survimalumorbearing mice only in

the presence of prexisting antiviral immunity.Even without interventiomAbsmay help
0OVvs?'1273 As described by Berkeley et ahAb-coated reovirus waamenable to cell

carriage by monocyté%. nAb-OV complexes were ternalized by monocytes, which
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delivered functional, replicativieeovirus to melanoma cells in an vitro assay, resulting
in oncolysis. In another study investigatitng cell carriage potential of CD11b+ ceftsr
reovirus systemic deliverycytokine caoditioning with GMCSF to improve carrier
function was most effective when pegisting nAbs were presént

Preexisting antiviral adaptive immunity specifically CD8 T cell-mediated
response, has also been reported to potentiate OV tR&r&Py’C. First, it las been
observed that there is a correlation betweemargl and antitumor T cellinductionin
Ad-treated cancer patients, whargitumor T cells (i.e., anurvivin T cells) were absent
in the absence of antiral T cells’®. The authors suggestéiuat the generation of anti
tumor T cells was dependent on Ad providing the necessary danger signal strong enough
to break tumoiassociated immunologic tolerance and on-medided oncolysis
promoting epitope spreadiniloreover, Ricca et al. showed that arital immunity may
actually be a driving force behind OV therapeutic effiédtyDespite thefact that
intratumoral spread of NDV was attenuated by-gxisting antiviral 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 atrdtimmoral
NDV administrationWhen the spleni€D8 T cells from these NDMmmunized, tumor
bearing mice were eoultured with either notreated B16F10 cells (to examine atotmor
response) or NDMreated MB49 cells (to examine amtral response), gréar level of
IFNg production was observed due to B16F10 stimulatidmus confirming the
establishmentof potent anttumor immunity. Furthermore, n a different study
investigating the contribution of antiral and anttumor CD8 T cell responsesduring

oncolytic HSV therapy, it was determined that the forwas enougho causeasignificant
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tumor growth reduction in the absencetlué latter(administration of HSV in a tolerized
tumorassociated antigen model of breast cancer allowed suanalysi3?’’. It was
hypothesized that the presentation of-@&fived peptides by tumor MHC molecules was
sufficient for tumor cell lysis by antiiral CD8 T cells, which would not be subjected to
immunologic tolerance mechanisms or exhaustion due toichsttimulation like the anti
tumor counterpart€®. The feasibility of redirecting antiiral immunity towards cancer
cells has been corroborated by multiple groups using various strategies to deliver viral
peptides to tumors for the activation of awitial T cells (e.g., intratumoral jection of
peptides, antibodpeptide epitope conjugates, PeptiCRAd platféffteye. As such, rather
than regarding antriral immunity as an impediment to OV therapyagtgies to harness
the immunologic potential should be considered.

1.5 ANTIGEN PROCESSING AND PRESENTATION IN CANCER
IMMUNOTHERAPY

All the discussion thus far ammunity requires a certain level of understandinguatigen
presentation. Otherwise, howrc@ne distinguish antumor versus arwviral immune
responses or specifically target the former using immunomodulatory interventibas?
specificity of an immune response is dictated by an antigen, which simply put is a substance
that is capable of stiofating lymphocytesan epitope (also known as the antigenic
determinant) refers to the distinct part of the antigen that is being reco§hfZzé&in T
cell immunology, an antigemust be in the form of peptides bound toajor
histocompatibility complexNIHC); peptides aralerived from endogenous proteins for
class | MHC presentation to activaD8 cytotoxic T cells (Figure 1.3) or exogenous

proteins for class Il MHC presentation to activ@®@4 helperT cell$"®28 For the purpose
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of this thesis with my focus o8D8 T cell immune responses during OV infection and
therapy, only MHGI antigen presentatigmathway will be dsicussed here.

The general interest of cancer immunotherapiestiomulatinganti-tumor CD8 T
cell responses necessitates the identificationuoforassociated antigens (TARA or
tumorspecific antigens (TS#282284 TAAs are selfantigens that are expressed at
elevated levels on cancer cells; exapspinclude Her2/neu, MAGEL, mesothelin, and
survivir’®®, On the other hand, TSAs are expressed only on canceratellsan be
organized into several categories, including but not limitedrntcofetal (expressed by
cancer cells and fetal tissu#8y®¢ cancettestis (expressed by cancer cells and adult
reproductive tissue$y 228 oncoviral(encoded by cancaausingviruses such as HP#f
291 or neoantigen drise from genetic mutations [e.g., single nucleotide Jations,
insertions/deletions, transcript splice varijmtbich generate novel peptide sequent®¥s
2% |mportantly, he knowledgeof antigen identity can be exploited to manipulate the
cognateCD8T cell responses during cancer immunotherafiks.following sibchapters
will describehow an antigen is processed and presented through the INdEiBway as
well as recent advances in the field of epitope discovery.
1.5.1 Class | MHC(MHC-I) Pathway
The MHC| pathway is an elaborate, muftiep process that occurs in a few intracellular
compartments, culminating in the surface expression of stable p&ffi@ecomplexs to
be recognized by cognate TCEsgure1.4)?’¥281, MHC-I molecules are expressed bt
surface of all nucleated cell&s they present peptide fragments of cytosolic proteins,
MHC-I moleculesreport on the intracellular state of cells @8 T cell$®”. Under

physiological conditions, MH@-bound seHantigens do not activatCD8 T cells.
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However, during pathological conditions, MH&ound nomrself, foreignantigens that
arise from viral infections or cellular transformations serve as antigenic determinants and
stimulate CD8 T cell®® Thus, the array of MHQ-bound peptidesor ligands)
collectively termed theviHC-1 peptidome(or ligandome) is vital for CD8 T cells to
distinguisheithe self or non-self entities and react once the latter is detét&é?
1.5.1.1MHC-I Structure and Polymorphism
MHC-I molecules are heterodimers comprised of two-cawvakntly linked polypeptide
chains, a polymorphic heaaychain and a constaht microglobulin 82M)?13% Thea;
and a> domains fold to form the peptidegnding groove, while the transmembraage
domain interacts with the CD8 ¢eceptor on T celldNithin the peptidebinding grooe,
apeptide is sandwiched between tavbeliceslying on ab-pleated sheeT hecouplingof
thea chain andB2M occurs in the endoplasmic reticulum (BRjh the aid ofchaperone
proteins®’, MHC-I is unstablavithouta bound peptidesoanempty MHGI will dissociate
and be degraded by the BRsociated protein degradation (ERAD) pathif3rs

MHC-I is polygenic, meaning that the chain locus contains several gefiés
Specifically,there areHLA-A, HLA-B, and HLAC genes in humans, and 2 H2-L,
and H2D genes in mic&% MHC-I is also highly polymorphiowhich means that multiple
variants {e., alleles)of each gene exists within the populatf@nwith over200 alleles
identified for the HLAA gene, 500 for HLAB, and 100 for HLAC, the HLA system
displays the highest level of polymorphism knd¥ri%3% As a result of this polygeny
and polymorphismeach person hadkeir own set of HLA alleles (i.e., HLA haplotype)
with the correspondinglistinct set of HLA-bound peptidesvariations arising from

polymorphism particularly affect the amino acid residues in the pepiding groove
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and thus dictate the binding specificity each MHC allotyp&®3°7 Furthermore, tie
identity of MHC alleles is just as important as the seque&fdbe bound peptidein
mediating antigen recognition by T cé¥ That is, aT cell that recognizes an antigen
bound to a specific MHC allotype will not react against the same antigen bound to another
MHC allotype®L. This process of MHC restriction is due to mofly the polymorphic
amino acid residues in the peptidieding groove but alsthe unique conformation of the
bound peptide in different MHC moleculdmoth of which willinfluence the interaction of

the peptideMHC complex with the TCP8

1.5.1.2Antigen Processing

MHC-I antigen presentation requires cytosolic proteins to be broken down into short
peptide fragments, usuallyl8l amino acids in lengtf?. Protein turnover (i.e., degradation

of older proteingnd replacement with newly synthesized proteins) is a continuous process
mediated bythe proteasomend it is well established th#his multi-catalytic proteinase
complexproduces peptides for MHOmoleculeg®®319 Of note, it is not just older proteins
from which peptides originate as defective ribosomal products (DRiPs) also give rise to
MHC-I peptides!’. DRIiPs are prematurely terminatedmisfolded polypeptides resulting
from defective trascription or translation, and make up about 30% of newly synthesized
proteins!’, Proteins are marked for degradation uyiquitylation, and the attached
ubiquitin is recognized by the 19S cap wsoib of the proteasomeavhich deubiquitinates

and unfolds the proteiff8:2%° Proteins then enter the 20S core barrel with trsalytic
subunitsbl, b2, andb5 that have distinct proteolytic activitieand are broken down into
3-15mer oligopeptides that are released back into the cytbsimi response to pro

inflammatory cytokinesluring viral infectiors, IFNg-inducible variants of thé subunits
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called LMP2 (PSMB9), LMP7 (PSMB8), aMECL-1, as well aan11S @pthat replaces
the 19S capnake up modified form of the proteasortermedthe immunoproteasorié

317 Compared to the constitutive proteasome, the immunoproteasdimely has different
cleavage site specificity due to the diffiergoroteolytic subunits but alseas a more
efficient proteolytic capacityallowing the cell to handle the increased level of misfolded
proteins that result from immune stress or gfeXposuré’®313:314.316,318
1.5.1.3PeptideLoading on MHGI

The cleaved peptides leaving the (immuno)proteasome are then transported from the
cytosol into the ER via transporters associated with antigen processing (BA&)1
TAP231®. TAP1/2complex is a part of the larger mustilbunit peptidéoading complex
(PLC) that coordinates peptide translocation, editing, and loading onto -IMHC
molecule$®32° TAP1/2heterodimeforms a channel in the ER membrane through which
peptides pass and exer certain level of selectivity; that is, TAP1/2 preferentially
translocates 4 6mer peptides that have aromatic, hydrophobic or positively charged C
terminal residue¥?3?* Next, ER aminopeptidase (ERAP)1 aBRAP2 trim the N
terminalresidues to create-BLmer peptides that fit in the peptilinding groové?*32
Other conponents of the PLC, meanwhile, stabilize the empty Mhi@lecule awaiting

its ligand®.. A newly synthesizedHC-1 a chan is first associated witbalnexin until
B2M binds?’. Then the partially folded MHCmolecule, which is stabilized by chaperone
proteins calreticuliff® and ERp5%°3% binds tapasin that interacts with the TAP1/2
complexX1332 Once a peptide bind, the PLC dissociates fromsthaélepeptideMHC
complexwhich is transported to the cell surface via the Golgi appafafiid Eventually,

peptideMHC complexes are internalized via clathimmiependent endocyto&ié 3¢
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much like the other plasma membrane proteins that are constitutively redycled
endocytosis as a part of protein turndver

Binding of a peptide is dependent on its sequeAoehor residus, usually at
positions 2 and 9, secure the peptide through a series of hydrogen bonds and ionic
interactions with the residues of the pepiidieding groové 341, Typically, polymorphic
amino acids line the pockets of the pepideding groove into which the amino acid side
chains of the bound peptide are insetté&“. As a consequence, the anchor residues of
all peptides thabind the same MHC allele are simi&3*’. To allowa broad range of
peptides to bind a specific MHC allele, other secondary anchor residues also contribute to
binding*8. Based on the amino acid sequence, peptides exhibit different degrees of MHC
| binding affinity (further described i€@hapter1.5.2.), which may serve as an indicator
of peptideMHC complex stability and immunogenicity 23, Low affinity peptides may
be replaced for ones with higher affinity due to the peptide editing functitre &fLC,
ensuring that optimal peptiddHC complexes reach the cell surf&¥%®’. Moreover,
while peptides are typically linear epitopes (i.e., sequential amino acids), longer
conformational epitopes (i.e., n@equential amino acids) are possible folding the
antigert®--258 Conformational epitopes not only explain why longer MHg@eptides are
observed but also may yield epitopes with increased antigenic potency due to enhanced
stabilization of the peptid®HC complex via secondary anchor residdes
1.5.1.4CrossPresentation
Cross presentation is a special instance where exogenous proteins are presented by MHC
| molecules instead of class 1| ME&3%° Performedvith particular efficiency by APCs,

especially DC¥361 cross presentation explains how arital or antitumor cytotoxic
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CD8T cells become priméff-362 That is intracellular pathogens that do not infect DCs
or antigens released from dying cancer cells must be presented vial Mid@cules of
DCsto primeCD8T cells.After DCs acquire extracellular antigens via micropinocytosis,
endocytosis, or phagocytosis, antigen processing is proposed to occur througla eithe
cytosolic pathway or a vacuolar pathw@?®! In the cytosolic pathway, antigens are
released from endocytic compartments into the cytosol and broken down by the proteasome,
as per the usual MHCantigenprocessing pathwd$f. The cleaved peptides either enter
the ER or reenter the phagosome to be loaded on MHfolecule$®4%5 On the other
hand, inthe vacuolar pathwagntigens remain in the endocytic compartments and are
degraded by lysosomal enzymes, thereby possibly generating epwitpedifferent
cleavage specificities, before being loaded on MHfblecules in the phagosofi&3¢e,

In both pathways how MHGI moleculesand the PLC end up in the endocytic
compartmentss unclear;it could be MHGI being recycled from the cell surfaé&33¢ or
newly synthesized MHGC being recruited by CD7#° Though there are still many
guestions left to be answered, cross presentation by DCs is without a doubt an integral part
of antiviral and antitumor CD8 T cell priming that sheds further light on the role of
antigens in immune responses.

1.5.1.5Defectsin Tumor MHC-I Pathway

Given the critical role ofCD8 T cells in antitumor immunity, cancer cells exhibit
aberrations in the MHCantigen presentation pathway to evade immune deté€igh3"?
Since MHCI molecules without bound peptides are unstable and thus netssepron the

cell surfacé®, defects in ay component of the antigen processing pathway (e.g.,

proteasome subunits, TAP1/2, chaperone protéims} detrimental effects-355:356.370.372

48



374 The most extensively studied antigen presentati@iunction is regarding the MHC

| molecule Aberrant expression of MHG a chain and/or B2M, tebeen reported in many
different cancer typé®37%3"> Downregulation can occur at varying degrees, such as
different expression levels within the heterogenous tumor mass or between primary and
secondary tumors, all of whiccan change over time as the cancer progr&é€sés
Defects in MHCI expression can be due to a mutation or deletion of Mgénes, asvell

as transcriptional regulation (e.g., epigenetic silencing) ortpasscriptional regulation
(e.g., microRNAs that inhibit translatio¥y *®. Clinical implications of reduced tumor
MHC-I expression include decreased TILs, resistance to cancer immunotherapies, and poor
prognosig®® 3%l Thus, elucidating the underlying mechanisms through which cancers
circumvent antigen presentation will aid in the design of immunomodulatory interventions
to restore MHGE expression and improve therapeutic outcome.

1.5.2 Methods ofEpitope Identification

High-throughput prediction and identification of MHCpeptides are possible due to
advances in bioinformatics and proteomics technoléiéghe knowledge generated from
such comprehensive analyses GD8 T cell epitgpes can be applied to generate
personalized antumor or antviral vaccines, as well dsad to thediscovey of novel
biomarkerd® 3%, Another highly useful and informative application of T cell epitopes is
the synthesis of peptiddHC multimers (e.g., tetramer, pentamer, dextramer)tlier
detection an@numeration of antigespecific T cells by flow cytomet?y’. Two possible

ways to identify MHCI peptidesare(1) in silico analy®s to predict T cell epitopes and (2)
immunc-precipitation(IP) and mass spectrometry methods to isolate and identify MHC

bound peptidedn both cases, a final validation step to confirmithenunogenicity of the
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MHC-I peptides is necessary as not all predicted or identified peptides stimulate cognate
CD8T cells®8 The specific techniquesajong withthe advantages and disadvantages, of
each approach will be discussed in thischapter

1.5.2.1In Silico Prediction Algorithms

Computational strategies can be applied to generate epitope predictorithens i
specifically, to predict MHGI binding affinities of peptidé€®. MHC-I allele-specific
peptides identified using these bioinformatics tools are candid8er cell epitopes that

are likely to be immunogenicas 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 -gjpasific T cell epitope§® 402
MHC-I ligandscan be predicted usingethods based on peptide binding motifs. Peptides
that bind a specific MHC allotype share anchor resdwéh similar properties (see
Chapter 1.5.1.3 and thus a particular peptide sequence pattern (i.e., nuatif) be
determined for each MHC alléf§4034%% |n silico tools, such as SYRRTHI which is a
database of over 7000 class | and Il MHC binding peptides amassed from published
works'%, scan the whole proteisequenceto find peptides which fit these motifs.
Quantitative matrices then assign an arbitraalueto the amino acids at each position
based on the frequenciywhich the residue is found at anchor positions or in d¢é€-
bound peptides in the datab¥8eThe total value represents the scorelierdgpitope, with
higher scores indicating better MHC binding affinities. Similarly, artificial neural networks
(ANNs; e.g., NetMHGQ can be trained to predict peptiHC binding®"4%. These
machine learning algorithms build complex, Hdowear models that analyze the

interactions among amino acids, basednuitiple properties such as hydrophobicity and
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chargeto classify peptidessabinders or notvinders of MHC moleculé®. High-accuracy
predictions resulting from the new generation of epitope discovery platforms produce
better vaccingand precision medicine in an efficient and htgloughput manner.
1.5.2.2lIsolation of Naturally ProcessedHC-I Peptides

The field of MHGI peptidomicgepresents a dynamic new frontier in immunotherapy and
vaccine developmentn this approach, peptides are eluted from MHC complexes and
subjected to M¥"41% The elucidation of naturally processed and presented MHC
peptidesas opposed to predicted peptidesrrows the search space to find immunogenic
epitopes.The two main principles of this approaeie MHC-I peptide isolation and
identification PeptideMHC complexes can be isolated by mild acid elution (MAE) or
immuno-affinity chromatographylAC)3°741% As initially described by Sugawara et al. in
1987, MAE involves the treatment of cells with citric acid (pHB80Yhe acid treatment
causes B2M to dissociate from MHCreducing the peptide binding capacity of the
complex and thus releasing the associated peptideodicemeof MAE is specifically
MHC-I peptides since MAE does not affect class Il MHC moleétiie®ne of the main
advantages of MAE is that cells remain viable adidd treatment so multiple procsisg

of the sample with continuous regeneration of peptitC complexes caresult in high
MHC-I peptide yields'%. The low number of purification steps and the absence of
detergents to lyse cells also make this approach favétadhowever, a huge pitfall of
MAE is theexcessive level of contaminant peptides that ardinettly eluted from MHC

| molecules. According to Fortier et abnly about 40% of peptides resulting from MAE
are true MHGI peptides whereas the rest are other cell surface peptitlésrhus, a more

specific approach to isolating MHIQpeptides such d&C 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 MH&ptides(Figure 1.5)*'". In
this pulkdown assay, peptilHC complexes are isolatasing anttMHC antibodies
immobilized on beads (hence, this technique is also referred to as inpragaipitation
[IP])**°. Following a purification step to get rid of other unbound proteins (i.e., washing
the column), peptid®HC complexes are dissociated and thelnted peptides are
separated and analyzed by #SDue to the specificity of the amlHC antibodies, only
true MHG | peptides are isolatétf 42°. In addition, avariety 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 commonl used method in MHC
peptidomicé®’. However,IAC is not withoutits drawbacks. It is a highly labor intensive
and timeconsuming processhat occursover multiple days. Modified protocols to
streamline the method have bemonstrate¢e.g.,automate®6-well formatf?*but they
are not yet widely used. There are so many other parameters that must bmttaken
consideration as well depending on the specific needs of each experiment; for example,
variations inthe detergent for lysate preparation, antibody immobilization technique,
purification protocol, and MS data identification method have besported®’.
Furthermore, the high amount of starting matetiabi@lly betweed0? and10 cells) and
anttMHC antibodies (specific for different MHC alleles anehiouse hybridoma needed
for productionyequiredalso detemany researchers from pursuiMdHC-1 peptidomicé??
424 Nevertheless, high rewards offset the higsts.The elucidation of MH@ peptidome
means the discovery @D8 T cell targets.This information is especially invaluable in

vaccine development, aimeddeneratgotent immune responses against specific tumor
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or pathogenic antigensAdditionally, MHC-I peptidome providesan insight on the
underlying mechanism of therapeutic efficacye.( antigens that stimulate atimor T

cells in response to immunotherapy)

1.6 RATIONALE AND OBJECTIVES

It is well established that oncolytic reovirus triggerobust anttumor, as well as anti
viral, immunity. Yet the underlying antigenic signals that drive these immune responses
have remained elusiveven thoughsuch information hasnvaluable use towards the
manipulation ofCD8 T cell activity to enhance thgrautic efficacy. Thus, thebgectives

of this thesiswere to identify the MHGC-restricted epitopes of reovirus and reowvirus
treated cancer cellBnd elucidate the corresponding artal and antitumorCD8 T cell
responses, respectivelyhe work reporté herein is the first to characterize therapy
induced changes to the tumor MH@eptidome in response to reoviruseither as a
monotherapy Chapter 3 or a combination therapy with immune checkpoint blockade
(Chapter 471 and to conduca genomewide epitope mapping of reoviru€hapter 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 iprdhged approach
involving direct oncolysis, vascular collapse, and-amtior immunity. OVs preferentially
infect and replicate in cancer cglleading 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 vasculatarel promote neutrophidependent blood clot
formation thatriggers 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 antnor immunity.Figure adapted from Lee

and Guar, Nat. Rev. Urol2018, 15, 4, 23250,
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Figure 1.2. Anti-tumor benefits of antriral 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 tumoeassociated
immune &asion mechanisms, specifically restoring antigen processing and presentation
and inducing the expression of-sbmulatory moleculegC) Anti-viral pro-inflammatory
responses promote the recruitment of immune cetisirmors (D) Anti-viral CD4T cells

can aid the activation of artimor CD4 andCD8 T cells. (E) OV-mediated oncolysis
releases damagessociated molecular patterns (DAMPS) that recruit and activate DCs,
promoting the generation of asttimor immunity.(F) Anti-viral CD8T cell responses can
directly target virusnfected cancer cells. Figure from f@u and Pol, et al.Trends

Immunol 2018, 39, 3, 20221110
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Figure 1.3. Three signals required for CD8 T cell activation.

CDS8T cell activation requires three signalserfr antigerpresenting cells (APCs): [1] an
antigenic peptide bound to a class | major histocompatibility complex (MHC) molecule
which is recognized by the T cell receptor (TCR), [2stionulation (ligation of CD28 on

T cells with CD80 or CD86 on APCs),@&(8] pro-inflammatory cytokines. MH@ ligands

define the specificity oED8T cell responses.
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CD&8+ T cell

Figure 1.4. Antigen processing and presentation through the Mip@thway.

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 procssing (TAP) into the endoplasmic reticulum (ERhere they are further
trimmed (811mer peptides) and then loadedo the peptiddinding groove of MHE
molecules with the help of chaperone proteins. Stable peldtitte complexes then
migrate to the celsurface via the Golgi apparatus and are presented for recognition by

CD8T cellsvia the T cell receptor (TCR)
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Figure 1.5. MHC-I peptide isolation by immunraffinity chromatography.

Antibodiesspecific againstMH& mo | ecul es (UMHC Ab) i mmobi l
(e.g., beads) are used to isolate pephiltC complexes. Unbound, miscellaneous proteins

are removed by a purification step. Peptides are eluted from the IMtt@cule andhen

sepaated from the mixture using molecular weight -offt filters or reversephase

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 obtainediroBdith
Lord (University of Rochester, Rochester, K3) mouse MCA205 fibrosarcoma cell line
from Dr. Guido Kroemer (INSERM, Villejuif, Franc®), and mouse EL4 T lymphoma
cell line from Dr. David Hoskin (Dalhousie University, Halifax, NSanada). All three
cell lines were grown at 37 °C, 5% @ 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). Reovirusatsge 3, Dearing
strain) was available by ihouse productioii cultured, amplified, and isolated using a
previously established protoé8l TMT10plex isobaric label reagent set plus TMT11
131C | abel reagent, and | mj ect Freundos
purchased 'm Ther mo Fi sher Scientific (San Jos
(carrierfree) was purchased from BioLegend (San Diego, CA). For validation experiments
of tumor MHGCI ligands Chapters 3 and ¥ peptides were purchased from JPT Peptide
Technologies (Bdin, Germany) and lyophilized peptides were resuspended in phosphate
buffered saline (PBS; Invitrogen). Peptide vaccination experim@magter 3 utilized
keyhole limpet hemocyanin (KLH)onjugated peptidé€from JPT Peptide Technologies.
Reovirus peptidesQhapter § were purchased from Prolmmune, Inc. (Sarasota, FL) and
Genscript USA|nc. (Piscataway, NJ) and resuspended in dimethyl sulfoxide (DMSO).
SIINFEKL peptide from ovalbumin (OVAz.264) was purchased from AnaSpec (Fremont,
CA) and resuspended in PBS. PepfididC tetramers (HXP S31.2s, VCPNYVML, PE

conjugated) were synthestzand provided by the NIH Tetramer Core Facility at Emory
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University (Stone Mountain, GA). FiceRague Premium media was purchased from VWR
(Radnor, PA). The following reagents were used for T cell functional assays: concanavalin
A (ConA; SigmaAldrich, . Louis, MO), Brefeldin A (Sigm&ldrich), Foxp3/
Transcription Factor Staining Buffer Set (eBioscience, San Diego, CA), anthaunsie

| FNo DuoSet ELI SA kit (R&D Systems, Mi nnea
cytometry include /aminoactinomycn D (7AAD) viability staining solution (BioLegend),
Fixable Viability Dye eFluor 780 (eBioscience), and CellTrace Violet Cell Proliferation
Kit (Invitrogen). The antibodies listed ifable2.1 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 apmdvby the University Committee on
Laboratory Animals (UCLA) at Dalhousie University, HalifaxsNCanada in accordance
with the Canadian Council on Animal Care (CCAC) guidelines. Six to eight weeks old
female wildtype C57BL/6 mice were obtained from CraRéver Laboratories (Montreal,
QC, Canadaand kept in group housing

2.2.2 Reovirus Infection in NornTB Mice

For the analysis of immune checkpoint expressiBhapter 4 and antviral immune
responses@hapter J, mice were injected with 5 x §@laqueforming 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 Treatmeimt TB Mice
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For the ID8 tumor model, mice were injected with 3 ¥ @6lls in PBS, i.p., and then
injected with reovirus (5 x fPPFU, i.p.) at day 35 post tumor implantation; tumor nodules
in the peritoneum and spleens were collected at 7 thpMHC-I peptidome analysis and
validation Chapter 3. For the analysis of TILOhapter 4, ID8 TB mice were injected
with reovirus (5 x 1®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>céls in
the right hind flank subcutaneous (s.c.ind injected with reovirus (5 x 1@®FU,
intratumoral [i.t) at 1014 days post tumor implantation (at tumor volume of
approximately 20 m#) calculated as length x width x height). For MiH@eptidome
analysis of MCA205 tumorghapter 4, mice were injected as follows with the frequency
of treatment shown in the figure schematics: reovirus (3*PEW, i.t.), animousePD-1
antibody (250 pg/mouse, i.p.), rat IgG2a isotype control antibody (250 pg/mouse, i.p.); for
the validation of the MH@ peptides, spleens were harvested from MCA205 TB mice
following the same treatment regimen as the one used to collectIMPiG@ampés. For
the analysis of antriral immune response£hapter 3, cells from tumors and spleens
were harvested at-7O days post reovirus injection, and lymphocytes were isolated by
Ficoll-Paque density gradient centrifugation (400 xg for 40 min). Fordfadkshment of
EL4 tumors in reovirudmmunized miceChapter 5, mice were first injected with reovirus
(5 x 1¢ PFU, i.p.), implanted with EL4 cells (5 x3€ells, s.c.) at 7 d.p.i., and tumors and
spleens were harvested at 18 days post tumor imptamtadll subcutaneous and

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

2.2.4 Peptide Vaccination (Chapter 3)

Mice were immunized with a pool of Klidonjugated peptides G{IRFLIGF,
INYVVAHV, STLSHVVL, and RSYRFMVM,; total 200 pg/mouse) resuspended in PBS
and emulsified in a 1:1 rati o bmtandousligio mpl et
the right hind flank. A booster of the pep
was administered 14 days later. At 21 days post booster, mice were implanted with 1D8
cells (3 x 16 cells, i.p.) and then injected with a therapeutigimen of reovirus (3 doses

of 5 x 1¢ PFU each) at day 14, 16, and 18 post tumor implantation. ID8 TB mice were
monitored for the onset of ascites development and euthanized when abdominal distension
was equal to that of a netarm female.

2.3 MHC-I1SOLATION BY IMMUNO -PRECIPITATION

2.3.1 Cyanogen Bromideactivated Sepharose 4Based Pulldown Assay (Chapter 3)

MHC-I peptide immuneprecipitation was conducted as previously descfiSeth brief,

1 x 1¢ ID8 cells for each treatment group (Rweated, IFNgtreated [100 units/mL], and
reovirustreated [multiplicity of infection 10] for 24 h), and 1 g of pooled tumor tissue or
spleens for each treatment gro{RBS and reovirugreated ID8 TB mice tumors and
spleens, PBSand reovirudreated naive mice spleens) were harvested, flash frozen, and
stored at80 °C until processing. Samples were lysed in PBS containing 0.4% CHAPS and
cOmplete, Mini protease Inhtbr Tablet§Roche, Indianapolis, IN). MHCproteins were
precipitated from the cell lysates using 2 mg of-8fitlC-I antibody (both HZD® and H2

K for mouse) coupled to 80 mg of cyanogen bromide (CNBtivated Sepharose 4B
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resin (Uppsala, Sweden). [fawing overnight incubation in 10 mL glass tubes at 4 °C,
bound MHCI proteins and peptides were washed with 40 mL of PBS, then 30 mL of Milli
Q water, and peptides were eluted from the antivedin by acid treatment (8 times with
200 pL of 0.2% triflusoacetic acid [TFA]). Eluates were purified by ultrafiltration through

3 kDa molecular weight ctdff filters (Millipore, Cork, Ireland), and then the filtrates were
lyophilized and desalted using hommade Stagéips packed with Empore C18 extraction
mateial (SigmaAldrich) as previously describ&d, then lyophilized.

2.3.2 Protein A Sepharose 4Bbased Pulldown assay (Chapter 4)

Tumor samples were collected following the treatment regimens shown in the figure
schematics, flash frozen, and stored -8 °C until processing as previously
describetf432434 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
(SigmaAldrich), 0.25 mM iodoacetamide (Siga#ddrich), 1 mM EDTA (Thermo Fisér
Scientific), 1:200 cOmplete, Mini protease Inhibitor Tablets (Roche), and 1%fmctyl
glucopyranoside (Sigmaldrich) in PBS. The lysates were processed with a tissue
homogenizer (three 20 s intervals, on ice), shaken gently on a rotator for 30 nfi@,at 4
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 theolpaged of endogenous
antibodies using ProteiA Sepharose 4B (PA) beads (Invitrogen). MB-I complexes

were immuneaffinity purified from the lysates using the B22.249 and Y3 antibodies (1
mg/g of tissue each), covalently bound to -Rrdeads with dimethyl pimelimidate
dihydrochloride (Sigm&ldrich) and incubated overnight at 4 °C on a rataithe samples

were passed through PeBrep columns (BioRad Laboratories, Hercules, CA) and the
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beadbound MHCI proteins and peptides were washed 4 times with 2 mL of 150 mM NaCl

in 20 mM TrisHCL, pH 8.0; 4 times with 2 mL of 400 mM NaCl in 20 mM FHEL, pH

8.0; 4 times with 2 mL of 150 mM NaCl in 20 mM THHCL, pH 8.0; and then 2 times

with 2 mL of 20 mM TrisHCL, pH 8.0 using a vacuum manifold. MHGnolecules 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 horamade Stagdips packed with Empore C18 extraction material (Sigma

Aldrich) as previously describ&d, then lyophilized.

24 MHC-I ANALYSIS BY MASS SPECTROMETRY

Labelfree MHGIpept i des were solubilized in 12 €L

LCi MS/MS as previously describ®d 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 pg/mL in anhydrous ACN for 1 h at

room temperature (RT), qguenched with 0.5% hydroxylamine (Siglavach), combined,

and purified by SPE with 10 mg Oasis HLB cartridges (Waters). Lyophilized-lEkidled

peg i des were resuspended in 6 &3PSMSB®*1% for n
MHC-I peptides were identified using a previously described targeted search

strategy®®. Briefly, MHC-I peptides were predicted from all mouse proteins for thé®M?2

and H2KP" alleles using NetMHC with a rank eaff of 2% and these peptides were used

to create a FASTA database. MS data were ¢

enzyme specificityvith 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). Labelquantitation

was also implenmged 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 MHCI peptides, the summed reporter ion S/N for all spectral matches (PSMs)
for eachpeptide 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. Reewvidused MHCI peptides
(Chapter3) were determined as those witlean log] f ol d change] o 1,
control, andpval ues O 0. 05 ( a dlochbdargenultiple hypotteesisB e nj a
correction). Therapynodulated MHGI peptides Chapter 4 were those with mean

logsl f ol d ch aogledamp@ed to control. Gene ontology (GO) enrichment
analysis for biological processes (BPs) was completed for the source proteins ef MHC
peptides using the PANTHER Classification Systeith the Mus musculuseference list.

2.5 QUANTITATIVE PR OTEOMICS

2.5.1 Sample Preparation

Reovirusinfected 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 NaCl, 50 mM Tris (pH 8.5), 5 mM DTT, and 1 tablet of proteaseiitahi(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@f&@a30 min,

cooled, then cysteines were alkylated using 14 mM iodoacetamide, and protein was

purified by methanethloroform 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 smmy@s measured
using a BCA assay (Thermo Fisher Scientific). An aliquot of 100 ug 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 7. The pH 6the 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 pL of
100 mM HEPES, 30% ACN and 10 pL of TMT10 reagents (Tlefsher Scientific) pre
aliquoted at a concentration of 20 ug/mL in anhydrous ACN. The reaction was quenched
with 0.5% hydroxylamine (SigmaAldrich), mixed equally, desalted using a 60 mg solid
phase Oasis HLB extraction cartridge (Waters), and lyopdtilize

2.5.2 Data Acquisition and Analysis

Peptides were fractionated using an Onyx monolithic 100 x 4.6 mm C18 column
(Phenomenex, Torrance, CA) wusing a flow ra
ACN (10 mM ammonium formate, pH 8) applied over 60 ngimg an Agilent 1100 pump
(Agilent Technologies, Santa Clara, CA). Twelve fractions were collected and desalted
using homemade Stag#ips packed with Empore C18 extraction material (Sigkithich)

as previously describé&tt, then lyophilized and subjected to 1SPSMS3 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 (Ver28pncatenated with a reovirus protein
sequence dabase. TMT was set as a fixed modification (229.162932) on lysine residues
and peptide Nermini, 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 wag Da. False positive rates were controlled using the talepy approacdi®

with a concatenated reversed database employing linear discriminant analysis to
di stinguish correct and incorrect pepti de
length, and charge state. Peptides were grouped into proteins anahuhgitied 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 itaizor.

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 leaiiree 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 immunogeoicMHC-I
peptides were performed using spleytes pooled from -3 biological replicates.
Validation screens i€@hapters 3and4 were performed for the individual peptides without
replicates due to the limited amount of synthetic peptide available. For the comérison
ID8 and MCAZ205 cancer cell€hapter 4, cells were infected with reovirus at MOI of 0,

10, 100, 1000, and 10000 for 24 or 4&nhvitro. Stimulation with mot
units/mL (U/mL) was included as a positive control. Cells were collected for antibody
staining (flow cytometry aalysis) by trypsinization. For peptigrilsing 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-colture assays, the supernatant of peppideed

cancer cellsvas 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
peptidepulsing. To assess the activation of antigpecific T cells following ceculture,

the effector (splenocytes) to target (cancer cells) ratio was 10:1; to assess cytotoxicity
against peptid@ulsed cancer cells, it was 40:1.

For immune cell analysis followinigp vivo experiments, cells were collected and
analyzed for each mouse indeperntflerCells were harvested via a flush of the peritoneum
with PBSEDTA (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 cellysing ammoniumchloridepotassium (ACK) buffer (Thermo Fisher
Scientific) and then washed in flow cytometry running buffer (BB A with 1% FBS;

FACS buffer). For TB mice, tumor and spleen samples were subjected toHaqoié
density gradient centrifugationstead of the ACK step.

2.7 T CELL FUNCTIONAL ASSAY

For splenocytes containing CD8 T lymphocytes and arfigesenting cells, spleens were
harvested from mice and mechanically disrupted using the end of a syringe plunger. Cells
were filtered through a 4Am cell strainer and treated with red blood ¢gding ACK

buffer (Thermo Fisher Scientific). The resulting singél suspension of splenocytes was
cultured in RPMI 1640 containing 1% (vol/vol) Glutamax, 1BB&, 1X sodium pyruvate,

1X nonessential aminacids, and 1X Antibioti&ntimycotic (all obtained from Invitrogen)

for ex vivostimulation with peptides. Splenocytesx1LC° cells/well in a 96well plate)

were cultured in the presence of peptide (10 pg/mL) and purifiedranise CD28
antibbody (lpg mL) for 24 h (48 h i f samples were

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 groupsdnclude
splenocytes cultured with no peptide, splenocytes cultured witmemise 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 $essasl for the

concentration of secreted | FN2 using the I
manufacturer6s instructions. In brief, N u
Scientific) were coated withtheratanious e | FNO captdimRBS@nt i b o

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 buéferples and

serial dilutions off e combi nant mouse | FNo in reagent
Tween 20 in Trisbuffered saline) were added and incubated overnight at 4 °C. Plates were
washed with wash buffer and then biotinylated goatmrdgiu s e | Fidhantilbdyt e c t
diluted in reagent diluent were added for 2 h at RT. Plates were washed, strefi®Rdin

was added for 20 min at RT in the dark, plates were washed again, and substrate solution
(tetramethylbenzidine, Thermo Fisher Scientific) was addeddfoni at RT in the dark.

Stop solution (2N E5Qy) was added and the absorbance was measured at 450 nm using a
mi croplate reader. | FNO concentrations wer
and the cubff formula used wagmean + 3 x standard dation) of the negative contrdfs.

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 gdsaformaldehyde (PFA) for 15 min at RT,

and resuspended in FACS buffer prior to analysis. Immune cell samples were blocked with
ant-rCD16/32 antibody prior to extracellular surface marker staining. All flow cytometry
data were collected using FACS Canfoahd 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 infectiiiyapter 4, cells were fixed

with 1% PFA and then permeabilized in 1% TritoriB0 (SigmaAldrich; vol/vol in PBS)

for 15 min at RT Cells were incubated with rat améovirus polyclonal primary antibody
(1:500) in 0.1% Triton XL00 for 25 min at 4 °C followed bygoat antirat secondary
antibody (1:500) in 0.1% Triton-400for 25 min at 4 °Clntracellular cytokine staining

(1 FNo2 or Chaptarg 4 an@bwas;performed after the extracellular surface
marker staining step. The Foxp3/transcription factonistg buffer set was used following
the manufacturerds instructions. Briefly,
buffer), washed with permeabilization buffer, and then incubated with the intracellular
proteinbinding antibody in permeabilizatidouffer.

2.9.3 Viability Staining

To measure cell death for assessing oncoly@mapter 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 CaClin PBS) for 5 min at RT. Without aagh 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 againstpeptide
pulsed cancer cellChapter 5, cells were stairiewith 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 peptid®HC tetramers were used to stain vigpecific T cells. A 1:10
working stock in PBS was prepared and used faooup months at a time. PeptitiéHC
tetramers were used at a final dilution of 1:1006ACS buffer After cells were blocked

with anttCD16/32 antibody, cells were incubated with MHC tetramers for 20 min at RT.
Samples were then stained for extracellslaiface 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 manuf act ur er 6 s i nstruction
guantified and diluted to 2 pg for the synthesis of complementary DNA (cDNA) using
Superscript 1l (Invitrogen). cDNA was amplified and quantified using the CFX96 touch
RT-PCR instrumen (BioRad Laboratories) and murine gespecific primers listed in
Table2.2 (primer sequences were obtained from our previous publications and altgprime
were purchased from Invitrogen). gPCR data were collected and analyzed using the Livak
and Sc hmPRChahedi®where2fold change was calculated by first normalizing
the cycle threshold (€ of the indicated gene against tiapdhreference gene, followed

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

Through the Class | Proimmune REVEAL & ProVE Rapid Epitope Discovery S§Stem

an overlapping (offset by 1 amino acid) PEPscreen® peptide library was generated. It was
comprised of reoviruslerived 8mer and 9mer peptides restricted tek2nd H2DP

MHC-1 alleles, respectively, predicted using the SYFPEITHI epitope prediction
algorithnf®on t he whole reovirus genome. P-eptide
KPand O 2DR°wdreosynthésized and scredrby Prolmmune REVEAL® MHC

peptide binding assay. MHRInding score for each peptide is calculated in comparison to

a positive control peptide with a high bin
the positive control are considered good bisder

2.12 STATISTICAL ANALYSIS

Statistical analyses of all MHCand proteomic data i@hapter 3were performed in R.-F

tests were performed on the quantitative MH&hd proteome data using tigenefilter

package. Histogram ridge plots were generated @gjrigges positionspecific frequency

matrices (PSFM) were calculated usipgptools,sequence logos were generated using
ggseglogoand heatmaps were generated upihgatmagR 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 uréne fig
legends. Onavay analysis of variance (ANOVA) with Bonferroni pdsst or a twetailed
St ud etest with 95% confidence interval was used for statistical aisalybere

indicated. p values were corrected for multiple hypothesis (adjustalpes) using
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Benjamini Hochberg for MH@ peptide analysis ilChapter 3 Data forKaplanMeier
survivalcurveswere analyzed by legank (MantelCox) test*?443 Statistical significance

is represented as follows: n9=0.05,00 0. 6B, 0 *0 1 pOafdoO1*
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Table 2.1. Antibodies used for flow cytometry, MH@P, andICB 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 mougenespecific primers used for RJPCR.

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
Tir3 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 (cefirst author), Clements DR, Konda P, Schuster H, Kowalewski DJ,
Paulo JA, Cohen AM, Stevanovic S, Gygi SP, Gujar S. 2019. Théndpged MHC |
ligands shape neantitumor CDS8T cell responses during oncolytic virbased cancer

immundherapy.Journal of Proteome ResearclB (6): 26662675.

Reprinted (adapted) with permission frain Proteome Res2019, 18, 6, 266&2675.

Copyright © 2019 American Chemical Society.
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32 ABSTRACT

Oncolytic viruses (OVs), known for their candelling characteristics, also overturn
tumorassociated defects in antigen presentation through the class | MHC pathway and
induce protective neo arttimor CD8 T cell responses. Nonetheless, whether OVeshap
the tumor MHCI ligandome remains unknown. Here, we investigated if an OV induces
the presentation of novel MHEbound tumor antigens (termed tumor MHGgands).

Using comparative mass spectrometry (MW&ed MHGCI ligandomics, we determined
differenial tumor MHGC ligand expression following treatment with oncolytic reovirus in

a murine ovarian cancer modéh vitro, we found that reovirus changes the tumor
ligandome of cancer cell€oncurrent multiplexed quantitative proteomics revealed that
the rovirusinduced changes in tumor MHIC ligand presentation were mostly
independent of their source proteins. Inimwivo model, tumor MHG! ligands induced

by reovirus were detectable not only in tumor tissues but also the spleens (a source of
antigenpresenting cells) adumorbearing mice. Most importantly, therapyduced MHG

I ligands stimulated antigeppe ci f i ¢ | F NatunoreCO®pTalsfmmtummen ant i
bearing mice treated with reovirus. These data show that therdpged MHGCI ligands

may shape the underlying neo atiimor CD8 T cell responses. As such, they should be
considered in strategies promoting the efficacy ofl@¢ed cancer immunotherapies.

33 INTRODUCTION

Therapyinduced anttumor immune responses correlate with betteceanutcomes and

thus are highly desired in clinféd 446, Immunotherapies, administered either alone or in
combination with conventional therapies, focus on promotingtamior CD8 T cell

responses as the presence of CD8 T cells predicts better clinical outcomes from many of
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the commonly occurring cancét3**’ Furthermore, immunotherapies like immune
checkpoint blockade with aARD-1 and antiCTLA-4 antibodies promote neo CD8 T cell
expansion, which otherwise remain undetectable intremted cancer patiefté+44448
These therapynduced CD8 T cell responses can recognize and target cancer cells and also
establish protection against relajf$é**44? As the activation of CD8 T cells is defined by
the epitopes presenté class | MHC molecules (also known as MiHIEgands), the tumor
MHC-I ligandome shapes arttimor CD8 T cell responses. The potential role of therapy
driven MHC ligandome changes is poorly understood.

Reovirus, in its natural form, preferentiallyptieates 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 potentamibr CD8 T cell immune responses,
in part by overturning several tumassociated immune evasion mechanfsr{g?2>:428:430
45 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 cell$*%% In addition, antigempresenting cells that ingest cell debris released
during oncolysis may activate tumor antigemecific CD8 T cell$“°” 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.,-MHGnibroglobulin)
in tumors of various cancer tygés*® Furthermore, using cancer cells expressing
ovalbumin as a surrogate turrassociated antigen, we have demonstrated reevirus
mediated enhancement of tumor antigeecific CD8 T cell immunit}?®. This robust OV

mediated anttumor CD8 T cell immunity can be further invigorated by genetically
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engineering OVs to express immunostimulatory transgeaesling immune checkpoint
inhibitors*21% or combining with chemotherapeutic drfrjs

Our laboratory has recently reported Mitgandome changes in response to the
chemotherapeutic drug, doxorubitih Although both preferential tumor replication and
increased antigen presentation by OVs are well established, whether OVs also change the
tumor MHGCI ligandome has not been explored. Here, we used MH@GmMunoc
precipitation and LEMS/MS with labelfree quantitation to determine oncolytic reovirus
induced MHGCI ligands. We found that oncolytic reovirus induces new MHIGands in
tumor cellsin vitro andin vivo, and in spleens (a source of antigeaseting cells) of
tumorbearing animals. Quantitative proteomic analysis of vinfected cancer cells
revealed that reovirdmduced changes within the tumor MHdigandome occur mostly
independent of their s ourbasedTgellactivatidn assays Mo s t
showed that these theramduced tumor MH@ ligands are immunogenic. Together,
these findings highlight the importance of considering the effect of therapies such as OVs
on the tumor MH@ ligandome. The data provide rationale fapliting the O\tinduced
tumor MHGC |l i gands for cancer i mmunotherapies
tumors.
34 RESULTS AND DISCUSSION
34.1 Oncolytic Reovirus Induces the Expression of Otherwise Labundant MHG
Ligands in Mouse Ovarian Carar Cells in Vitro
On the basis of our previous findings that reovirus (type 3 Dearing strain) initiates CD8 T
cell antitumor immunity3%4%8 we first sought to determine whether rieos infection

differentially modifies MHGCI ligandome constituents in cancer cells growunvitro.
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Mouse ID8 ovarian cancer cells (C57BL/6 backgroundi2and H2K" MHC-| alleles)
were untreated (NT), treated wi tohMHCAt er f er
expression, used as a positive control), or infected with reovirus at a multiplicity of
infection (MOI) of 10 for 24 hours. MHCpeptides were then isolated by MH@nmuno
precipitation (IP), measured by EX&S/MS, identified using our recentlgeveloped
targeted database search appré&cland quantified by labdtee quantitation Rigure
3.1A). This resulted i dataset of 1,542 unique H¥-specific peptides and 1,346 unique
H2-KP-specific peptides, totalling 2,888 unique MH@eptides matching to 3,766 protein
accessions. Of these, we obtained ldle# quantitation data for 1,393 (90%) and 1,227
(92%) uniqe H2DP- and H2KP"-specific peptides, respectivelyFigure 3.1B). The
majority of the MHGI ligands identified by our method had NetMf{&**2predicted
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 MHdigands, we observed 407 unique peées with
NetMHC % rank >2 and some of these were found at a higher abundance following
reovirus or Il FN2 treat ment . However, t hese
proteomics (such as AHNAK, TUBB, and S100A11) or derived from reovirus proteins
(SuplementaryFigure 3.1B. These peptides are thus likely degradation products or those
with weak MHGI binding affinity but could be investigated further for immunogenicity.
Quantitative datasets have been made available at Mendeley [ (
10.17632/t5xB88z959.1).

We observed vast changesinMHC | i gands in response to

many reaching a level of relative quantitation (above noise) that were as great as the MHC
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| peptides derived directly from virus source protefigre3.1C) . Using | FNo2 t o
for overall increases in antigen presentation machinery allowed us to determind MHC
peptides specifically inducedybreovirus infection. As such, we observed 274 virus

induced (normalizedlof r e o v i rluasljustedy a lOue O Dligahds whickH C
were not induced by | FNo, -lpeptdesedsnéfiedintmeg 8. 3
experiment Figure3.1D). As expected, gene ontology (GO) enrichment analysis using the
PANTHER Classification Systef#?46! of the source proteins of these specific virus

induced MHGCI ligands were enriched in viral defense biological processes (BPs), as well

as DNA replication, cell cycle, and proteolysis regulatibigre 3.1D). These include

proteins such as DDX60, ISG15,and-BB and many ot her protein:
cycle Figure3.1D). Interestingly, we identified 400 virtimduced MHGCI ligands that are

al so i nduced Hrigure3.FEN PANTHER analysis oftsource proteins of

t hese | FAHhduced Mbi@liligands revealed enriched GO BP terms such as
telomere maintenance, G1/S transition, and ubigdiépendent catabolic processgure

3.1E) exemplified by MHGCI peptides from GVIN1, IFI47, and OASLEigure3.1E). The

comparison between viisn d u ¢ e d a n-idduded~-MHEV ligands imdicates that

some changes in the MHIQigandome constituents are virgpecific, independent of the

viral enhancement of antigen presentation. Previous sthdigsreported changes to the

self MHC-| peptidome due to virus infections possibly through IFN sign&ifnglowever,

the unique changes in the MHQepertoire apd 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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34.2 Virus-induced Alterations in the Tumor MH@ Ligandome are Largely
Independent of Their Sourc®@roteins
MHC-I peptide presentation is proposed to correspond to source protein abdhtsviee
therefore next determined whether reovimsuced alterations in the wor MHC
ligands are due to changes at the proteome level. To explore thel NigEhd and
proteome relationship quantitatively, we performegplex tandem mass tag (TMbased
quantitative proteomié&€® on virusinfected ID8 cells over a 48our time course with two
MOI of reovirus (1 and 10)Hgure 3.2A). In total, we quantiéd 6,561 proteins and
observed temporally distinct patterns of protein expression followimgéns 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, interferonspeonse, and antigen processiRgy(re3.2B). Similar to the
reovirus proteins that we identified (e.g., Lambdal, Mkigjure 3.2C), virus response
proteins (e.g., APOL9B, CCL5, GBP4, OAS1Rigure 3.2D) and antigen presentation
proteins (e.g., B2M, HD1, TAP1, TAP2;Figure 3.2E) all showed increased relative
intensity over time in response to reogirlfhese data confirm the results from our previous
work showing the effect of reovirus on antigen presentation in ID8%l$ie remaining
proteins (five of the six clusters, representing most of the dataset) showed only minor
changes, or decreases, in relative intensity over titigei(e 3.2A). Proteomics data have
been submitted to the PRIDE repository, accesstXz013066.

To match peptides to potential source proteins, we matched-Mid@tides to all
potential protein accessions from the UniProt database and then determined whether any

of those proteins were in our proteomics dataBejufe 3.3A). This resulted in 1,022

83



(66%) and 912 (68%) HRPand H2K" peptides, respectively, with successful matches to
the proteome datasefigure 3.3B). These matches equated to 1,070 and 1,022 peptide
accession combinations for H?- and H2KP-specific peptides, respectively. Comparison
of the log(fold change) in MH@ peptide abundance against the,{émd change) in
protein abundance at 48 hours revealed poor correlation between-| Mid@tide
presentation and protein abundanEgre 3.3C). For example, AALDFKNV from the
protein SMC4 was induced Z6ld but showed no difference at the source protein level
(Figure3.3D). Although most MHG peptides indeed showed no protimel changes, a
small fraction of the MH@ peptides did increase both at the MiH@eptide and source
protein levels Figure 3.3C). For example, AALTGTHVL from APOL9B was increased
9.2- and 296fold at the MHCI peptide and protein levels, respectivafyglure3.3D).

The general lack of correlation between the MH@eptide and source protein
levels in our data somewhat contrasts with previous studies on peptide presentation and
protein abundance. Hower, 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 MHgandome changes. These
data suggest thairus-induced differences in protein cleavage and peptide trimming, as
opposed to the synthesis of new proteins, may play a greater role inlNde@ide
generation during viral infections. To investigate this, we analyzed source protein
sequences of reous-induced MHGCI peptides compared to unchanged peptides. We
observed only minor differences in the frequency of amino acid residues ten positions
upstream or downstream of these MiH@eptides, between induced or all other MHHC

peptides in the dataséBupplementaryFigure 3.2A. There was also no observable
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difference in the distance to the source proteiroNC-terminus between the induced,
unchanging, or repressed MH®eptides (Supplementafjigure 3.2B. Altogether, our
data suggest that MHCligand differences from reovirus infection are not caused by
differential protein abundance or peptide cleavage. Mid€ptide presentation is complex
and factors such as protein synthesis rates, turnover, and proteostasis should be investigated
in further $udies to determine how antigen presentation is governed.

34.3 In Vivo, Reovirus Induces Tumor MH@ Ligands That are Exclusive to Tumer
bearing Mice

Although it has been observed that OVs elicit -umthor immunity, whether induced
antigens drive thissimune 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 c&lisHaving established that reovirus alters the
MHC-I ligandome in arin vitro setting, we next sought to derstand whether the virus
preferentially alters the MHCligandome in tumors and whether this is reflected in MHC

| ligands of immune cells. To do this, spleens and/or tumors were collected from non
treated or reovirutreated mice, either naive or ID&orbearing (TB), and analysed by
MHC-I IP and LCMS/MS with labelfree quantitationKigure3.4A). In this experiment,

we quantified 2,447 and 1,6812HDP and H2K" peptides, respectively, matching to 6,170
protein accessions in the search datab@isgi(e3.4B). Consistent with recently reported
differences in tissuspecificity of mouse MH@ ligand$®, we observed only partial
overlap with thein vitro experiment whereby 1,071 (20% of the 5,199 total peptides
between the two experiments) of thevitro-identified MHG I peptides wereat quantified

in vivo (SupplementaryFigure 3.3A. Importantly, preferential tumor replication of
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reovirus was indeed reflected in the MHdigandome. We observed a far greater
differential MHG| abundance in the TB mice (both in the spleen and the tutimenm)in
the naive mice. For example, 28nd 7.8fold more H2DP peptides were induced by
reovirus in the spleen and tumor, respectively, of TB mice (normalizefddogirus/NT]
01.0, adjustecp v a | u0e5) Gigure 3.4B). H2-KP peptides showed this same effect
whereby 6.4 and 14fold more peptides were induced in the TB mice by reovirus at the
spleen and tuor, respectively, than in the naive migegure3.4B). To further illustrate
the preferential reovirus infection in tumors, we directly compared reswviduced MHC

| ligands across the experiment. Of the MHH@eptides that were significantly induced
(normalized mean lofj r e o v i r u.8,/atjistedp Wa | u@05) &t the tumor,
approximately 50% were also induced in the spleen of TB mice but venf fivse were
induced in the naive mice (Supplementdfigure 3.3B. Representative labélee
guantitation data for several of these MiHfeptides induced in both the spleen and tumor,
tumoronly, or reovirusderived are exemplified ifigure 3.4C. These data suggest that
TB mice display a reovirumduced tumor MH@A ligandome that is not found in reovirus
treated naive mice, PBieated naive mice, or PB&ated TB mice.

34.4 Reovirusinduced Tumor MHCI Ligands Contain Biologically Active Art
tumor CD8 T Cell Epitopes

Having determined the preferential reoviinduced MHCI ligand changes in the 1D8
tumor, we next investigated whether these theragyced MHGCI ligands elicit ant
tumor CD8 T cell responses. To do this, we choshkidbly virus-induced tumor MHE
ligands (normalized la§j r e o v i r 305 adNsStefpv @ | WOD5) &rross a range of

Net MHC % r a 8% rank)andpeptdé dpecttum matches (PSMs), and excluding
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those that were also induced in the naive spléajule 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 miceF{gure 3.5B). These 16 peptides were synthesized and their
capacity to elicit CD8 T cell responses in splenocytes of untreated and reovates TB

mce was measured by | FNo ELI SA. We observe
reovirustreatedTB mice in the absence of any of the peptides or with-@D28 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 reovirusi nf ect ed TB mi c e, prodectgon ofyhe eongcanavaliniAng | F
positive control Figure 3.5C). Taken together, these data strongly suggest that reovirus
induced tumor MH@ ligands can activate CD8 T cells. Although these MH&ptides

are noamutated self peptides, they are absent without infection and tlays ba
immunogenic. These results support findings that the breadth efuardr CD8 T cell
immune response is majorly dictated by turassociated antigetf$4%¢ Most importantly,

our data show that Oihduced MHCI ligands may shape the theraipgluced neo anti

tumor CD8 T cell responses.

34.5 Peptide Vaccination with Reovirugiduced Tumor MHGCI Ligands Increases

OV Therapeutic Efficacy

To demonstrate the therapeutic potential of the immunogenicividused tumor MHGA

ligands, we used a peptide vaccination approach. We hypothesized that immunization with
the tumor MHCI ligands will generate antumor T cell responses, which will atta

cancer cells expressing the cognate MHIgands following reovirus administration.

Most peptidebased 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 virusnduced tumor MHA peptides (GIIRFLIGF, INYVVAHYV,
STLSHVVL, and RSYRFMVM). As per the experiment schematic shoviigare3.6A,

we hadfour treatment groups of ID8 TB mice: [1] untreated (REEBS), [2] peptide
vaccine alone (PE®PBS), [3] reovirus alone (PBSREO), and [4] both peptide vaccine

and reovirus (PER REO). The PB& PBS and PERPBS groups succumbed to
peritoneal carcinomatosis lojay 40 post tumor inoculatiofrigure3.6B, gray and green
lines). Reovirus treatment alone delayed ascites development as compared to the untreated
group, which supports our previous findings in the ID8 moHegre3.6B, red line). Most
importantly, the combination treatment of peptide immunizati@whraovirus resulted in a
significantly delayed ascites development and prolonged suimivieB mice relative to

the untreated control or either treatment alérigure3.6B, blue line). Thus, immunization

with the reoviruanduced tumor MH@ ligands was shown to augment reovirus
therapeutic efficacy. As the ID8 model is quite aggressive with a highly
immunosuppessive tumor microenvironment and a sudden onset of asciteg)ranti
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, oudata support that virdeduced MHCI ligands are the driving force
behind anttumor immunity, which can be potentiated by peptidsed vaccines.

35 CONCLUSIONS

Similar to the already proposed implications for cancer neoepit&sour data suggest

that another promising strategy to enhance-tamtior CD8 T cell immunity could be to

exploit the OV therapynduced tumor MH@ ligandome. The exclusive identification of
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virus-inducedMHC-I1 peptides in TB mice demonstrates the potential for theiraghyced
human HLAligand-based vaccines to be developed and used in combination with OVs
currently being tested in clinical trials. Finally, induced MHIyands may be valuable

not only fa OV-based cancer therapies but other treatments that induce néonaorti

CD8 T cell responses (e.g., doxorubicin, and checkpoint inhibitors such -#ahtand
ant-CTLA-4 antibodie¥*) ultimately leading to next generatiomear immunotherapies.
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Figure 3.1. Delineation of the reovirutduced tumor MH@ ligandome in vitro.

(A) Schematic of the experimental setup. ID8 MOSE ovarian carcinoma cells ¢ x 10
were treated for 24 hours with |-Fpeptidesr eovi
were immuneprecipitated with antibodies specific to the 42 and H2D" C57BL/6
mouseMHC-I alleles and analyzed by mass spectrometry. Spectra were then identified
with SpectMHC and compared across samples by-fabelquantitation(B) Total number

of unique peptidespecific to the HDP and H2KP mouse alleles that were quantified

across the experimen{C) Vol cano pl ot s of t he I FNo an
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comparisons. Shown are tHeg(p value) based on-tests (yaxis) versus the le¢fold

change) ofr e o v i r u streated/contrdF pazis). Induced (blue dots) or repressed
(green dots) peptides are those with normalizeg{ldgo | d ch aolguepvald@s

O 0.05 (adj ust -#lachberg muitige hippetimepisa aorreation). Peptides
derived from reovirus source proteins are shown in (BJ. MHC-I peptides that are
specifically induced by reovirus (meanpgf ol d cltardpweel]ueds O 0. 05)
by lifdeldding several examples and enriched GO terms (biological process) pgrtainin

to the source proteinge) MHC-I peptides that are induced
(meanlog] f ol d cliarmpvgael Ju @A) inbluding 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 reovinfiscted 1D8 cells.

(A) ID8 cells were harvested at five timepoints over 48 hours of reovirus infection at MOI
1 or MOI 10 followed bymultiplexed, quantitative proteomics using tandem mass tags
(TMT). Shown is a bBatmap with six kneans clusters (colored alongside) of the
multiplexed relative temporal proteomics dataset (n=6,561 protéB)s)nriched GO
terms (derived using PANTHER) krmeans Cluster 1 (highly upregulated by reovirus)
from A. (C) Temporalrelativeintensity from the proteomics dataset of reovirus proteins
Lambda 1 and Mu 1 during the-4®ur course of infection (MOI 1 and 10, five time points
each).(D) Temporalrelative intensity from the proteomics dataset of representative viral
response proteins (APOL9B, CCL5, GBP4, and OAS1A) during thieod8 course of
infection (MOI 1 and 10, five time points eacfit) Temporalrelativeintensity from the
proteomics dataset oépresentative antigen presentation proteins (B2MPH2TAP1,

and TAP2) during the 4Bour course of infection (MOI 1 and 10, five time points each).
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Figure 3.3. Matching MHGCI peptide and source proteome quantitation during reovirus
infection in 1D8 cells.

(A) MHC-I peptides were matched to all mouse protein accessions from the UniProt
database and then these accessions were considered source proteinspegey ap the
proteomics dataset shown in Figure 3.2. Some peptides match multiple source gBjteins.
Number of MHGCI peptides from the dataset in Figure 3.1, for which protein matches were
found (matched) or not found (unmatched) in the quantitative@macs dataset (both H2

D" [Db] and H2K" [Kb] specific MHCG| peptides)(C) Correlation of log(fold change)

of Reovirus/Control between MHCpeptides from the MH@ ligandome analysis from
Figure 3.1 and their matching source proteins from the protsodataset. Data are
compared at 48 hours of reovirus infectigd) Representative examples of MHC
peptides for which logffold change) of Reovirus/Control are correlated (APOL9B) and

uncorrelated (SMC4) at the MHIQpeptide and source protein levels.
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Figure 3.4. Discovery of tumor MH@ ligands in tumor and immune cells in vivo.

(A) Experimental setup fan vivo MHC-I ligandome monitoring. Naive mice or those
harbouring ID8 MOSE tumors were injected with either PBS or reovirus §5taque
forming units, intraperitoneally). Spleens and tumors (spleens only from naive mice) were
harvested at-10 days post injein and MHGCI peptides were compared by immuno
precipitation and LEMS/MS with labelfree quantitation.(B) Volcano plots for the
number of increased (blue dots) and decreased (green dots)l Mejilides (logfold

c hangleo]r 1@dpv al u e s in@e taivedntice spleens, turdmearing mouse
spleens, and tumors. THeg(p value) is based on-tests implemented in the R package

genefilter and adjusted using BenjarAiochberg multiple hypothesis correctioi€)
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Representative examples of thBHC-1 peptide intensities increased by reovirus across
tumors or spleen of the tumbearing mice, but not in naive mice. Shown also are

intensities of example MHCpeptides derived from reovirus source proteins quantified in

the experiment.

95



A

Peptides Significantly Induced in the Tumor

Selected Peptides for IFNy Assay

NetMHC | [ BN GIIRFLIGF
NHEKEK 9% Rank B | WM VIODRFSPT 05
g BN | W SFK WAFL
FOWKFYSY ® 05 BB | EW KSYLM*NRL =
VIQDRFSPT @ 10 [T ] N STLSHWL 04 &
104 NNYYAGL @ | M (SVVFRLL =
8 BB BN SFLOVRNL 0z B
2 @20 N B KsYLMNRL 5
2 RSYREMVM Y ] B VHLRFPHL o
E EE BN FOYkFYsy 02 3
g Up in Tumor [ [ | B RSYRFMVM ZF
= | ) [ [ ] BN VNHEYKEKL
g 7 psolpin BN EE KAVDFTTY 0.1
] Naive Spleen =... == INYVVAHV
® Selected SNYVFVFL
for IFNyassay ==== == \TH[‘;}‘Q’QGL
KSYLMAMRL  SNYVFVFL ) e
04 Reovirus - + - +
TB Spleen  Tumor
0 50 100 150
Total PSMs
C Splenic T cell IFNy Assay
800
I Non-treated
Il Reovirus
_ 600
—
=
=
o 400
>
£
= 2004
0 -
X N N
& C e (‘vs\“‘”@.\‘:ﬁ(’#& QQ s \'@é‘z{{‘%ﬁ\gﬁi‘v
& Q .\\, RSN
® S E TS

Figure 3.5. Immunogenicity testing of reoviriisduced tumor MH@ peptides.

(A) Distribution of mean logfold change], number of PSMs identified (as an indication
for MHC-I abundance), and NetMHC % rank fagrficantly induced peptides at the
tumor from the data in Figure 3.4, showing the MH@eptides chosen (randomly) for
validation by I|-Héptdesassirayced byAreoyirudvbHhe naive spleen
(shown in purple) were excluded from being@sén for validation assay®) Heatmap of
relative intensity in the tumor and spleen of turhearing mice of MHA peptides
selected for validation assays (from the data in Figure 3.4). *=oxidized methi@)ine
MHC-I peptides from B were incubated wiplenocytes collected from reovirugected

and nonrtreated tumoebearing mice. All incubations were done in the presence of CD28
and concanavalin A (ConA,

costi mul ati on,

production (yaxis) was determined [yLISA.
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Figure 3.6. Vaccination with reovirusnduced MHCI ligands to potentiate artumor

immune responses.

(A) Schematic diagram of the peptide vaccination and reovirus treatment regimen. A pool

of the top four immunogenic virieduced MHCGI | i gands i n compl et e
and incomplete Freundbdébs adjuvant was wused
Following ID8 tumor implantation, mice were treated with a therapeutic regimen of
reovirus and monitored for survivéB) Survival analysis of the four treatment groups with
KaplanMeier curves. Logank (MantelCox) test for pairwise comparisons. Dottauks

represent standard error of the mean and treatment groups h&mic® each. PEP:

peptide pool, s.c.: subcutaneous, i.p.: intraperitoneal, PFU: plagque forming unit,
PBSA PBS: untreated, PEPPBS: peptide vaccine alone, PBREO: reovirus alone,

PERA REO: peptide vaccine combined with reovirus
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Supplementary Figure 3.1. Characteristics of MH& peptides in the in vitro MHC
ligandome experiment.

(A) Predicted binding affinity of identified peptides (NetMHC % rank). Strong binders are
<0.5% rank and weak binders are 0.5% to 2% rd&Bk.Differential MHC-I ligand
guantitation for peptides with NetMHC rank greater than 2% resulting frorremznome

mous-reovirus database search.
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Supplementary Figure 3.2. Characteristics of upstream and downstream sequences of
reovirusinduced MHGCI 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 (ahfino acid
residues) between the reovismsluced MHCI peptides compared to all other MHC
peptides(B) Comparison of the frequency of MHIQoeptides at different distances (in
amino acid residues) to the-MNr Cterminus compared between reovidnoduced,

repressed, and unchanged MiH@eptides.
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(compared across experiments)
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Supplementary Figure3.3. Peptide overlap between experiments.

(A) Overlap in the number of peptides quantified betweenirthetro experiment and
across naive and tumbearing mouse comgaons. (B) MHC-I peptides that were
increased (log f ol d chaofBalpvial ues O 0.05) at
corresponding mean lgdpld change] across the spleen of the twinearing mice and

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

Our MSbased analysis of MHCligands revealed reovirtiaduced changes in the MHC

| peptide repertoire of ID8 mouse ovarian cancer cells, resulting in the presentation of novel
MHC-I peptides. Similar changes in the MHGgand landscape were observed in tumors

and spleens isolated from reovitisated ID8 TB mice. We also demonstrated that some

of these reovirutnduced MHCI ligands exhibit tumospecific immunoreactivity,
capable of stimulating T cell responses exclusivehgavirustreated 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 MHGI ligands of another cancer modeldetermine 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 httpesized that the complementary actions of

the two treatment strategies will enhance the immunoediting of the tumor-IMHC

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

CREATING NOVEL ANTI -TUMOR CD8 T CELL REACTIVITIES

This manuscript is under review Mblecular & Cellular Proteomicswith the following

contributors:

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

The ®mbination cancer immunotherapies with oncolytic virus (OV) and immune
checkpoint blockade (ICB) #imstate otherwise dysfunctional atdimor CD8 T cell
responses. One major mechanism that aids suicistatement of antumor CD8 T cells
involves the aailability of new class | major histocompatibility complex (MHEbound

tumor epitopes following therapeutic intervention. Thus, theragyced changes within

the MHG I peptidome hold the key to understanding the clinical implications for therapy
re-instated CD8 T cell responses. Here, using mass spectrobated immunaffinity
methods and tumedrearing animals treated with OV and ICB (alone or in combination),
we captured the therapgduced alterations within the tumor MHQpeptidome which

were thentested for their CD8 T cell responsémulating activity. We found that the
oncolytic reovirus monotherapy drives-ugs well as dowsexpression of tumor MHC
peptides in a cancer type and oncolysis susceptibility dependent manner. Interestingly, the
combination of reovirus+ICB results in higher numbers of differentially expressed-MHC
l-associated peptides (DEMHCPS) relative to either monotherapies. Most importantly,
OV+ICB-driven DEMHCPs contain biologically active epitopes that stimulate inteferon
gamma responses in cognate CD8 T cells capable of mediating clinically desired anti
tumor attack and cancer immunoediting. These findings highlight that the thedamgd
changes to the MHCpeptidome contribute towards theinstated anttumor CD8 T cdl

attack established following OV+ICB combination cancer immunotherapy.

4.3 INTRODUCTION

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

cells, and unlike conventional am@ncer therapies, the resulting amtnor immune
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response can provide a highly specific and #asging protectiotf>#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 blodkat@bdory
immune checkpoints, such as BRDCTLA-4 and PBL1, have shown promise in clinical
settings and are being recognized for their capacity-tostate antigerspecific CD8 T
cell attack on cancers. Such therapguced anttumor CD8 T cell rgsonse is shaped by
a spectrum of tumor antigens (i.e., it is polyclonal), can act on existing cancer cells, and
maintain antigerspecific memory response against tumor challenge or réfdp&t+>
Thus, it is not siuhogewiths higher densityeottumantit@tingg t u mor
cytotoxic CD8 T cell§ respond better to immune checkpoint blockade (ICB) and correlate
with better clinical ourswhiclmsheylowsrncimmupear ed
cell infiltration in the TME?6:142143.145 Based on these observations, strategies that can
make tumors Ohotd and prime them for | CB t
design broadly applicable and effective cancer immunotherapies.

One way to mabeahemdr sf6hCB therapies i
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 becomelear that in addition to their direct tumoricidal effects, OVs overturn a
myriad of tumorassociated immune evasion mechanisms and promote the induction of
potent anttumor immune responsest?4¢7 For instance, the type | interferoiniven
response toviral infection restores the expression of proteins involved in antigen

processing and presentation in various cancer &1 OVs also support the
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recruitment and activation of CD8 turnioffiltrating lymphocytes (TIL}, as well as other
immune cells, via a localized release of cytokines in the €549 This tumor immune
infiltration-d r i vi ng action of OVs makes themba sui
and supports their use in combination with ICBs. Interestingly, the biological activities of
OV monotherapynduced anttumor CD8 T cell responses are dampened via the actions
of immune checkpoints such as RDand require rescuing via ICB to sustdieit antt
tumor functions. Thus, during OV+ICB combination therapy, OVs and ICBs overcome the
' imitation faced by each monotherapy: OVs
ICBs potentiate OMnduced CD8 T cell responsé$*4°447 To this end, previous studies
have shown the enhanced efficacy of OVs through (a)synchronous administrations of
|ICBs!28:151.21447%473 and OVs have emerged as a strategically complementary partner for
ICB therapie$*2

CD8 T cells are the main mediators oDV+ICB combination
therapy?8151.214471472The antigenic targets of CD8 T cells are complexes of peptides
associated with class | majoistocompatibility complex (MH&) molecules found on the
surface of all nucleated cell$?83 These MHGI-bound peptides are derived froime
proteolysis of intracellular proteins, where those that originate from normal tissu@nare
immunogenic while ones from viral proteins or abnormal tissue (mutated or overexpressed
tumorassociated antigens) are immunog€fit3 As such, the repertoire of peptides
presented by MH@ molecules, termed the MHCpeptidome, reflects the health state of
a cell. The MHCI peptidome can be analyzed by a mass spectrometry-ijist&d
approach using immungaffinity (IP)-purified peptideMHC-I complexe$*?4%* Many

cancer types, however, have a defective antigen processing and presentation machinery,
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thereby complicating the elucidation of the tumor MH@eptidome landscap€&. We
have recently shown that oncolytic reovirus can correct twamsociated antigen
presentation defects and promtie expression of MHEC peptides on tumors that can
induce new artiumor CD8 T cell responses. Currently, whether OV+ICB combination
therapy affects the tumor MHCpeptidome and subsequently shapes the repertoire of
immunogenic anttumor CD8 T cells nmain poorly understood.

The current study used MHKOmmuno-precipitation and liquid chromatography
with tandem MS (L&VS/MS) for labelfree or tandem mass tag (TMbased multiplexed
guantitation to analyze the tumor MHGpeptidome following OV+ICB colmination
treatment. We found that oncolytic reovimrediated changes to the MH@eptidomen
vivo are cancer typspecific, where differentially expressed MH@ssociated peptides
(DEMHCPs) displayed quantitative and qualitative variance in a tumoelrdegendent
manner. The addition of ICB to reovirus therapy showed potential therapeutic value since
a greater change to the MH®eptidome was observed due to the combination therapy
compared to either monotherapy alone. These DEMHCPs were capablduoingn
antigenspecific CD8 T cell responses in reovirus+HgBated tumebearing (TB) mice,
but not in nortreated TB mice. Such therapyduced changes within the MHIC
peptidome and inherent changes in CD8 T cell activity may improwéusmndr immuniy
and hold biological as well as therapeutic importafice
44  RESULTS
44.1 Oncolytic Reovirusanduced Alteration of tle Tumor MHGCI 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
peptides in the MOSE ID8 ovarian peritoneal carcinomatosis iiddek investigated
reovirusinduced changes in the tumor MH(peptidome of a solid mor model of
MCAZ205 fibrosarcoma. There are a few reasons why we chose the MCA205 model. Unlike
ID8 cancer cells which express low basal levels of MHlecules that are upregulated

in response to reovirus infectionFigure 4.1A), MCA205 cancer cells express
constitutively high levels of MHE& 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 MH@eptidome without the need to account foaeges to the
MHC-| expression as a possible confounding variable. Moreover, MCA205 and ID8
models show differential susceptibility to reovirus infeciionitro (Figure4.1C & 4.1D).
Consequently, reovirus infection of MCA205 cells resulted in low level of oncolysis, as
measured by Annexin V+,7AAD+ dead celldure4.1E), at both 24 and 48 hours post
infection; ID8 cells, on the other hand, were previously shown to be highly susceptible to
oncolysig®® Differences were also observedntRNA levels of several markers that are
known tobe involved in antviral responses, where MCA205 cells expressed higher basal
levels of antiviral response genes and lower basal levels of dsSRNA sensor §enee (
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 CD8
TILs in both the ID8 and MCA205 models, it did so at acmtigher level in the ID8
model Figure4.1G & 4.1H) as compared to the MCA205 modeiglre 4.11 & 4.1J).

Thus, MCAZ205 fibrosarcoma cells additionally allow us to explore if reovirus exposure
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drives changes in the MHCpeptidome 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 showirigure 4.2A. Tumors fromPBS
treated (control) or reovirdseated MCA205 TB mice were collected and processed for
MS-based MHGI peptidome analysis. In this initial investigation, our lalveé
quantitation resulted in a dataset of 1,508 uniquéP8pecific peptides ani314 unique
H2-KP-specific peptides, totalling 2,822 unique MH@eptides matching to 2,290 protein
accessionsHigure 4.2B). The majority of the MH@ peptides we identified displayed
typical amino acid length distributions for MHICpeptides Figure 4.2C) and had
NetMHC-predicted binding affinities &s than 0.5% rank={gure4.2D), thus confirming
the robustness of our MHOpeptidome precipitation, analysis and detection protocol. Of
these, 213 wer DEMHCPs that were upregulated gog eovi rus/ PBS] O 1)
reovirus treatment, representing 7.5% of the total MH&&ptides quantified in the
experiment Figure 4.2E). Here, we also investigated the downregulated DEMHCPs
(logz[ r e o v i r wl)swhienBvs 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-Mi¢@tides(Figure
4.2F). These data showed that oncolytic reovirus modulates the expression of the MHC
peptidome of cancer cells that are relatively resistant to infection and oncolysis.

Onenoticeabl e difference bet welpeptiddmee pr e:
dataset and our previously published ID8 MH@eptidome datas®t 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 peptithat are common
between the two datasefidure4.2G). However, we observed that out of the 6432

and 476 HZK" overlapping peptides, higher numbef upregulated and downregulated
DEMHCPs were identified for the ID8 moddFigure 4.2H), suggesting that reovirus
modulated changes to tihHC-I peptidome is relatively less evident in the MCA205
model. In addition, gene ontology (GO) enrichment analysis using the PANTHER
Classification Systeffi® 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 defenceMired4.2l).

For the downregulated DEMHCPs, metabolisgtated BPs were enriched in the MCA205
dataset while endocytosislated BPs were enriched in the ID8 dataseégure 4.2J).
Overall, the comparison of the MHI(peptidome datasets of MCA205 fibrosarcoma and
ID8 ovarian cancer cells identified G¥duced oncolysis and tissue origin as possible
dictators of therapynduced cancer MHQ peptidome changes in resporteeoncolytic
reovirus treatment.

44.2 Immune Checkpoint Blockade Further Augments the MHIC Peptidome
Changes Induced by Oncolytic Reovirus

Given the minimal changes to the MHMeptidome observed in the MCA205 tumors
following reovirus treatment, weoaght 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 cél8*’” Here, we chose to perform blocking of programmed

cell death protein 1 (PD), the exprssion of which is upregulated on CD3 and CD8 T

110



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 injéogored.3A &
4.3B). Of note, programmed dedipand 1 (PDL1), on the other hand, is not upregulated
on CD3 and CD8 T cells at the site of infection, despite an initial peak at poday
injection, Figure4.3C) nor onMCA205 cancer cells in response to reovirus infection
vitro (Figure4.3D). Thus, PD1 rather than PIL1 was our target of choice for ICB. We
hypothesized that ICiBnediated activation of otherwise suppressed T cells would result in
cancer immunoediting with subseaqi alteration of the MHQ peptidome repertoire. To
examine this, MCA205 TB mice were treated with reovirus andRIML antibody as per

the schematic shown Figure4.3E, and then tumors were harvested for-Me&sed MHC

| analysis. In this experiment, we utilized a TNd&sed platform for a multiplexed
quantitative analysis of MHCpeptide43*. Weobserved 2,288 unique H2°-specific and
1,945 unique H&K " -specific peptides, matching to 1,308 protein accesskigarg4.3F).

The amino acid lengttiistribution Figure4.3G) and NetMHCpredicted binding affinities
(Figure 4.3H) once again support our dataset as bona fide Nig€ptides. Data are
available via ProteomeXchange with identifier PXD024369.

Next, we compared each treatment group to the-#&8ed control group to
identify MHC-I peptides that are upregulated (gf o | d ¢ h Rigug 4.4A) 0® 1 ;
downregulated (loff f o | d c-h BEigurg44B). While there were some overlappi
DEMHCPs in common between treatments, especially when comparing reovirus and
isotype control antibody or ariD-1 antibody combination therapy (henceforth referred
to as REO+ISO or REO+ICB, respectively), we focused on DEMHCPSs that are unique to

each teatment considering our interest in cancer immunoeditigu(e 4.4C & 4.4D).
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We observed the highest number of DEMHCPs due to REO+ICB combinati@apyhe

with 172 upregulatedRigure 4.4E) and 118 downregulatedrigure 4.4F), representing
4.1% and 2.8% of the total MHCpeptides identified, respectively. These REO+ICB
DEMHCPs exhibited a range of fold change levels and number of peptide spectrum
matches (PSMs){gure4.4G & 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 organizatiigure4.4l & 4.4J). These are
exemplified by MHCI peptides fromSf3b3 Pnkp Gvinl, andZfp729a(Figure 4.4K).
Altogether, these data show the unique changes to the MCA205 IMidftidome with

the identification of DEMHCPs specific to reovirus d@#B combination treatment. Most
importantly, these results demonstrate that the use of ICB within a combinatorial treatment
can augment theraggpduced MHGCI peptidome changes during oncolytic vifoased
cancer therapies.

4.4.3 Differentially Expressed MHGI Peptides Observed Following Reovirus+ICB
Combination Therapy Contain Biologically Active Antumor CD8 T Cell Epitopes

Not all MHC-I peptides present in a cell are antigenic and often are involved in homeostatic
immunoreguléion. Thus, to realize the role of MHIpeptides as an antigenic epitope for
CD8 T cell recognition, their capacity to stimulate antigpecific CD8 T cells must be
tested Figure4.5A). Hence, we next investigated the biological activity of the reovirus
and ICB combination therapyodulated DEMHCPs. We chose 22 upregulated and 21
downregulated DEMHCPs with number of PSMs greater than or equalTabke@.1).

These 43 peptides were synthesized and their capacity to elicit CD8 T cell stimulation in

splenocytes of untreated (PBS control) or REO+I&ted TB mice was measured by an
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interferongamma (|1 FNo2) ELI SA validation screen.
3 peptides produced a strongffoffmdam + 8rspons
standard deviation] of the negative controls) in spletescgf REO+ICBtreated TB mice

(Figure 4.5B, arrows). Interestingly, 3 out of the 21 downregulated DEMHCPs also
induced a strong response in splenocyteKREO+ICBtreated TB mice Kigure 4.5C,
arrows). We also found a few peptides that
of PBStreated control TB mice; although above theaffitvalues, these responses were

very low (Figure4.5B & 4.5C, chevrordoubledown symbol). Furtherore, there was no
correlation betweenthe MHC pepti de abundance fold chang
(Figure 4.5D). If anything, the immunogenic pepdisl tend to have lower fold change

levels. We also confirmed the immunogenicity of the peptides by staining the stimulated
splenocytes for intracellular | FN2 to be a
ELISA and flow cytometric data from splenocyt#sREO+ICB-treated TB mice showed

a slight trend of positive correlation of immunogeniciBigure 4.5E). Due to the low
percent age odpeciicEDTEelladetectediby thow cytometry, ELISA may

be a more reliable measure of an immunogenicity screen. Nevertheless, these data strongly
support that reovirus+ICB therajiyduced DEMHCPSs can activate cognate CD8 T cells.

As CD8 T cells are the nmamediators of OV+ICB therapeutic effects, these therapy
induced DEMHCPs are of importance in the context of-tmtior immunity and
therapeutic efficacy.

45 DISCUSSION

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

induced changes to the tumor MH@eptidome. Using a relatively Qkésistant cancer
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model, we demonstrate that despite the low susceptibility of cancer cells, oncolytic reovirus
changes the MHQ peptidome of cancers, albeit at a lower magnitude thanrth@w-
susceptible ID8 ovarian cancer cells. Next, we found that the reamatused modulation

of MHC-I peptidome in OVresistant cells can be further augmented via an addition of ICB
agents within the OV therapeutic regimen. From the clinical perspexitvén line with

our previous reports on therapduced changes to the MH@eptidome repertoifé*34

here we show that the combination theramyuced DEMHCPs have therapeutic potential

in activating cognate antumor CD8 T cells. These analyses providareight on how
tumors change in response to cancer immunotherapies and highlight immunological
nuances that could be harnessed to overcome the adaptive tresigpgnce of cancers.

In this study, we initially evaluated reovirusduced changes to the NOH
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
guantitative but also qualitative, and possibly originated due to differentiadl OV
susceptibility, basal antigen presentation
origin within the cancers studied. Thus, our findings highlight the importanoentdxt
dependent considerations for MHMeptidome analyses where certain tumors may be
more suitable for MH@ peptidome characterization. This is especially important when
examining therapynduced changes to the MH@eptidome landscape. One showddess
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 path#f&yBaseline expression level of MHC
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molecules may also contribute to the overall quantitative changes observed in thk MHC
peptidome. However, even with the low number of upregulated DEMHCPs identified, the
MCA205 model nevertheless showed that ram/iireatment 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 TMbAsed multiplexing platform for MHC
| peptidome angkis previously developed by our grdéfp Multiplexing not only allows
a comparison of 11 samples in a single experiment but also provides an accurate relative
quantitation of lowabundance peptid¥s. Consequently, this higtihroughput MHGI
peptidome discovery approach resulted in the identification of the antigenic targets for the
combination therapynodulated anttumor immunity. Contrary to what we expected, the
addition of ICB to reovirus therapy did not significantly inceettee 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 resvimonotherapy, 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 ecelémsupport the
role of Fc gamma receptors (FcoR) in the &
reviewed by Stewart et &, Previous st udi elepentieat\activitysoh o wn t
antrmouse CTLA4 antibodies in mouse tumor mottét§1-482 Thus, the change in the
MHC-I peptidomewe observed due to the reovirus and isotype control antibody treatment

may beduetonee peci fi ¢ binding of the i1 sotype cor
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well as the one observed due to REO+ICB combination therapy, was detected only in the
presege of reovirus since the pinflammatory stimuli was necessary to drive the
expr es s i eexpressing, df P-dXpressing, effector cells in the tumor. These
results support the role for OVs as primers ahead of the administration of ICB trétment
and provide an additional rationale for the use of OV+ICB combinations for enhanced anti
cancer therapeutic efficacy.

Since mosMHC-I peptides in cells carry an immune homeostatic function and thus
are not immunogenic, we added an additional step in the MMpkptidome discovery
pipeline and validated the immunogenicity of the DEMHCPs found in our study. In the
context of cancammunotherapies, wherein functionally active anthor CD8 T cells act
as the main mediators of therapeutic effects, discovery of biologically active-IMHC
peptides is highly clinically relevant. Out of the 43 peptides tested in the T cell activation
basel validation screen, we observed 6 that
CD8 T cells. As expected, many MH®eptides identified by the immurmurification
and MS analysis approach failed to produc
assessg antigerspecific T cell activity. In addition, our observation of the lack of
correlation between immunogenicity and fold change level as measured {nadd8
MHC-I peptidome analysis suggests that stringent filters should be carefully applied in the
workflow which focuses on the identification of MHQpeptides 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 iganiaity
besides MH@ peptide abundance. Furthermore, our current data emphasize the need to

consider the contribution of the downregulated DEMHCPs to thetwanbr immune
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response, unlike our previous studies that had investigated only upregulated BPEMHC
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 MHICpeptides 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 therapguced anttumor CD8 T cell
respmses.

In conclusion, this study further supports biological and therapeutic implications
for therapyinduced changes to the MHGeptidome following combinatorial treatment
with two emerging immunotherapiésOV 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
nextgeneration cancer immunotherapies.
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Figure 4.1. Comparison of reovirusnodulated changes in ID8 and MCA205 models.

MHC-1 H2-D® and H2K" expression levels ifA) ID8 and(B) MCA205 cancer cellin

vitro. Cancer cells were infected with reovirus at various multiplicity of infection (MOI;
10-10,000) for24 h, and HD + H2-KP+ cells were quantified by flow cytometry.
Stimulation with I FN> (100 wunits/ mL [ U/ mL]

infectivity in (C) ID8 and(D) MCA205 cellsin vitro. Cancer cells were infected at various
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MOiIs for 24 h, and reovirus+ cells were quantified by flow cytometry. Reoviradiated
oncolysis in(E) MCA205 cellsin 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 airal gene expression. Untreated ID8 and
MCAZ205 cells were collected for RNA extraction and cDNA synthesis to measure the
expression ofCxcl10, Ddx58, Ifnb, lllband TIr3 by qRT-PCR using genspecific
primers. All values were first normalized@apdhand compared to ID8 control. Reovirus
mediated tumor immune cell infiltration {& & H) ID8 and(l & J) MCA205 modelsn

vivo. CD3 and CD8 T cell levels were measured bwftytometry in tumoebearing mice

at both the site of injection (TME) and lymphoid organ (spleen). Statistical analysis was
performed using a Studénttest or onavay ANOVA coupled with a Bonferroni post

test. Data are representative of three indep@ndsxperiments. Asterisks shown
immediately on top of the bars signify thevalues obtained by comparing the respective
data against the control group (fbmr eat ed [ NT] , | D8 or PBS) .
**p O 0.01, **=*p O. idtrag@icheal; PFY: plagde®ming unitsd 0 1 .

s.c.: subcutaneous; i.t.: intratumoral.
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Figure 4.2. Labelfree quantitation of reovirusnodulated MCA205 MHC peptidome.

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

reovirus treatment. MCA205 tumdwearing mice were injected with either PBS or
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reovirus and tumors were harvested for MH@eptidome and mass spectrometry analysis
with labelfree quantitation.(B) Number of total and unique HR2°- and H2KP-specific
peptides quantified in the experime(€) Length distribution of the quantified MHC
peptides.(D) Predicted binding affinity (NetMHC % rank) of the quantified MHC
peptides. Peptik that are <0.5% rank are considered strong binders whereas those that are
0.5-2% rank are weak binders. Relative intensities oflM2and H2K-specific peptides

that are specificall(E) upregulated (lof r e ov i r us / R S8dwnreQulatid) or
(logzre o v i r u s-1) ByBr&yirusQREO) as compared to PB&ted tumobearing

control mice(G) Number of distinct and overlapping H?® (B22.249 IP) or HX" (Y3

IP) peptides from the MCA205 and ID8 datas€k) Number of upregulated (UP) or
downregulatd (DOWN) MHGC| peptides observed for the MCA205 and ID8 models out

of the overlapping peptides in common between the two dat@3dinriched GO terms

(BPs) in the source proteins of upregulated DEMHQ®PsEnriched GO terms (BPS) in

the source proteiref downregulated DEMHCPSs. s.c.: subcutaneous; PFU: piagomeng

units; i.t.; intratumoral; IP: immunaffinity 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 peptidome.

(A) Schematic of reovirus infectian vivoto analyze immune checkpoint expressi@).

Flow cytometry analysis dPD-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 PB&ated control mice. A twtailed Studerii §test with

95% confidence interval vgaperformed(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 cahsvitro. Cells were

infected with reovirus atarious MOls for 24 h, and RD1+ cells were quantified by flow
cytometry. Stimulation with I FNo> (100 U/ mL
representative of three independent experiments.-viziye ANOVA coupled with a
Bonferroni postest was prformed. (E) Experimental setup for MHC peptidome

analysis of MCA205 tumors following reovirus and ICB combination treatment. IP
purified MHC-1 peptides were analyzed by TMY¥ased multiplexed gquantitatioE)

Number of total and unique HR- and H2KP-specific peptides quantified in the
experiment.(G) Length distribution of the quantified MHCpeptides.(H) Predicted

binding affinity (NetMHC % rank) of the quantified MHCpeptides. Asterisks shown
immediately on top of the bars signify thevalues obtained by comparing the respective

data against the netneated (PBS or NT) control group. n.s.=p>00H% O 0. 05, *Ox
0.01, ***p O 0.001, ***p O O-fonh@units;sic.. p. : i

subcutaneous; i.t.: intratumoral; IP: immuaifdinity purification.
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