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ABSTRACT

Despitegoodinitial response rates first-line therapieshigh relapse rates and
limited secondary treatment optiomake ovarian cancetiseleading cause of
gynecologic cancerelated deaths in womeworldwide. Thereforedevelopnent of
noveltherapeutics with lontasting outcomeare needed\atural Killer T (NKT) cells
are a rare population of lipickactive Fcells, and their infiltratios implicated to
improve survival outcomes in several human can¢érse, wesoughtto enhance
therapeutidenefits of NKT cell activatiom the D8 model of ovarian cancéry
incorporating it with recombinamnesicular stomatitis virus/SV-g M 5) tonstructs
expressing p1l&#AST protein or I:15. A VSV-qp M 5 donstruct expressing 1.2 was
alsoengineered tenhancdocal NKT cellactivation NKT cell therapy significantly
prolonged survival and increaseanor immune infiltration whereas the combination
therapy with VSVVGFP further ehanced survivaMice that survived initial tumor
challenge exhibited increasegtotoxicity, and proinflammatory F NMmmductionand
remainedumorfreefollowing tumor rechallenge, demonstrating formation of immune
memory.Technical challenges associated with V4 treatmentsncludinga
reduction inits oncolytic potencypreventeccompletetherapeutievaluation Treatments
with VSV-IL-15 and VSVIL-12 did not improve the therapeutic efficacy of standalone
VSV-qp M5, &nd instead resulted into increased episodes oflinmdimpediments
However, roonremainsto optimize therapeutic application of these ageartd ths
study outlines suggestions that might help mitigate this risk potential. Additional studies
are therefore needed before concludimgffectiveness of these recombinant viruses

thelD8 tumor model.
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CHAPTER 1: INTRODUCTION

1.1 Ovarian cancer

Ovarian cancer is the most lethal gynecological malignancy and'teading
cause of canceassociated mortality in women worldwidleEach year, an estimated
300,000 women are diagnosed watharian cancer, and incidence is projected to increase
47% by 2040, especially in developed countti€varian cancer largely manifests as
an asymptomatic disease and is usually diagnosed at advanced stages, when the disease
has already metastasized outside the pelvis and disseminated into the peritoneum
leading to build p of ascites fluid in the abdoménDespite good initial response rates to
first-line therapies, the-$ear survival rate (385%) has remained stablettveen the
periods 19989 and 20144 14, In addition, high relapse rates and limited secondary
treatment options necessitate the development of novel therapeutics witadting
outcomes™>. In recent years, significant attempts have been made to stimulate enhanced
immune responses against cangeimgorporating immunotherapies (targeted antibodies,

adoptive cell transfers, vaccines, etc.) into conventional cancer treatment regjinens

1.1.1 Pathogenesis andhistopathological dassification

Ovarian cancers were initially thought to originate from the ovaries, and that all
tumor subtypes shared a common site of pathogenesis in the araface epithelium
(OSE)*1012 The theory behind this idea asserts that repetitive ovulatory cycles inflict
physical trauma on the exterior of the ovaries, requiring OSE cells to constantly undergo
DNA damage repair processesredisposing OSE cells to transform into iga&nt cells
1113 The theory, however, fails to explain the morphological and genetic differences
observed between various histological subtypes

It is now clear that ovarian tumors are heterogenous in nature with distinct
histological sutypes differing in their pathogenesis, gene expression, disease progression
and overall prognosi¥' 7. Ovarian tumors are primarily classified based on their cellular
origin: epithelial ovarian carcinoma (EOC), ovarian germ cell tumour or sexstanmial
tumour. EOC remains the most lethal form of malignancy and accionr@5% of

ovarian cancet®. Depending on the morphologgdtissue architecture, EOC is further

1



subdivided into 5 weltlefined histoypes: higgrade serous carcinoma (HGSC), low

grade serous carcinoma (LGSC), mucinous, endometroid and clear cell carcinoma; of

these, HGSC tumors are the predominant type andthadewest survival rate$-?
Classification of EOC subtypes based @stdiogical differences alone was

recently replaced by a twmathway model that, in addition to the morphological

differences, also integrates genetic and molecular alteratimoaking the latter more

applicable under clinical settings The dualistic model broadly categorises E&C

Type | and Type Il tumor&-. Type | tumors comprise LGSC, endometroid (G1 and G2),

mucinous and clear cell carcinoma, and usually get diagnosed as benign cystic tumors

that largely remain confined in the ovaries. Genetic mutations in Kirsten murine sarcoma

virus 2 (KRAS)and \\RAF murine sarcoma viral oncogene homoleg BBRAF) are

most often associated with Type | EOC tundrdype Il ovarian tumors constitute

HGSC, endometroid (G3) and carcinosarcoma. These tumors frequently harbor genetic

mutations in tumpoprotein 53 (TP53) and breast cancer gene 1 and 2 (BRCAah®)

rapidly evolve into an aggressive malignadts? Although, the twepathway model

integates the site of tumorigenesis for type | tumors, it does not do the same for type II,

especially HGSC, tumors.

1.1.2 Fallopian tube: origin of pathogenesis andlissemination

Cellular origin and pathogenesis of type Il tumors is not-dedicribed. Recent
findings, however, have suggested an etrarian origin of type Il ovarian tumors; and
that early cancerous lesions such as stromal tubal intraepithelial carcinomas (STIC), are
most notably found in the fimbriae of the distal fallopian ttisé?°. It has been
postul ated that fimbriads close proximity
stressors such as inflammatory cytokines and reactive oxygen species that are known to
induce malignancy in ovaries following ovulatibit?

Fallopian tube epithelium (FTE) is composed of two cell types: segrahd
ciliated cells. In 2004, Piek et. al reported that FTE associated neoplastic cells exhibited a
shift towards secretory phenotype with an increased proliferative capadifgontumor
progression, these malignant cells exfoliate and implant onto ovaries or traverse through

visceral fluid to the peritoneum cavity and rapidly grow into secondary tumor nodules



26.30 Although there are no anatomical barriers in the peritoneum that prevent HGSC
spread, HGSC tumor cells reportedly exhibit particular predilection for the oméhttim
In their study, Neiman et al show that adipocytes in the omentum secrete
immunomodulators such as interleukih) -8 that facilitate homing ahmigration of
tumor cells®L. In addition, adipocytes serve asenergy reservoir for these cancer cells
by inducing fatty acid catabolism in tumor cells and lipolysis in adipoéyt&s

Although these findings improve our understanding of the disease heterogeneity
and pathogenesis, recent studies also identify intratumor heterogeneity as a major cause
of treatment failures and poor prognosis; and have advocated for the development of
beter treatment strategies optimized for the local tumor microenvironment, that are

specific to each wellefined EOC histotyp&+32

1.1.3 Current treatment strategies

Conventional treatment for ovarian cancer includes a combination of
cytoreductive surgery followed by a pteum and taxan®ased chemotherap$.

Maximal surgical resection of tumor has been associatdgarongest determinant in
improving the overall survival in comparison to other available modafi€emoval of
pelvic and paraortal lymph nodes is common during early stages (stagg lla

advanced stage disease additionally requires removal of relevant peritoneafdrgans
Current standard of chemotherapy includes systemic administration of paclitaxel and
carboplatin, and in recent years, addition of the angiogenesis inhibitor bevacizumab, a
monoclonal anbody against vascular growth endothelial factor (VEGF), that has
improved overall prognosis-*”.

High initial response rates (@D%) with complete clinical remission are
prevalent, nevertheless, 75% of advanced E@s&s experience disease relapse within 3
years and present with chemoresistaficRecent introduction of poly ADP ribose
polymerase inhibit@(PARPI), a class of drugs that inhibit DNA repair in neoplastic
cells, improves tumeiree survival and are used as maintenance therapiemirifre
and recurrence settind%4%. However, only women that have BRCA1/2 mutations are

candidates fothis targeted therapy; and amongst these, only 60% respond to PARPI



therapy®®. In addition, prolonged treatment with olaparib, a PARPI, has been associated
with acquired drugesistance and increased incidence for myelodysplastic syndfdme

A significant heterogeneity in resistance mechanisms is reported for both
platinum and PARPibased treatments. While the precise mechanisms remain
multifactorial and elusive, recent studies have identified intratumor heterogeneity as a
major cause of treatment failures and poor progridstst’3? Despite an extensive
heterogeneity aterved in EOC, the standard line of care remains the same for most
patients; and limited secondary options necessitates the development of targeted therapies
that are optimized for the local tumor microenvironment, and that are specific to each
well-defined EOC histotype.

1.2 Cancer andtumor microenvironment

The tumor microenvironment (TME) represents a dynamic crosstalk between
cancer cells, local immune cells and the surrounding stfarithe tumor stroma
represents the nammune components of the TME that enable tumor progression and
evasion.Thesenclude extracellular matrix, fibrohéts and mesenchymal stromal cells
that collectively establisanimmunosuppressive axis. During cancer development,
fibroblasts change their expression profiles to become cancer associated fibroblasts and
secrete dense extracellular matrix andoirmorigenic growth factors in addition to
immune inhibitory and antipoptotic proteing>*4 The immune context withithe TME
conssts of innate and adaptive cells, and a myriad of soluble fastohsgdingcytokines
and chemokine¥. Similar to many solid tumors, ovarian cancersigmunogenic and
elicit varying levels of immune responses depending upon the tumor site and its clonal
heterogeneity?434’. Failure to achieve a favorable immune homeostasis between

activation and suppressi@omponets leads to evasion and tumaiopferation*®,

1.2.1 Cancer immunoediting

Il n 19009, Paul Ehrlich was the first to
that predictedhei mmu n e s Yesntmaimedngrg hrost defence against nascent
tumor cells®®. Subsequent studies were thus aimed towards designing experimental

models that could test this hypothesis; and with the advent of immunodeficient mice



models and discovery of cytokines, interferon (-b J N a-8, the dorfidence in the
theoryreceived critical suppoff. Specifically, it was demonstied that lymphocyte
deficient mice exhibited a significantly higher incidence for developing tumors compared
to wild type mice®.

In 2002, Schreiber et. dater elaborated on the immunosurveillance concept to
develop a unifying framework that also accounts for immune mechanisms that aid cancer
progressiort®. This dynamic interaction between cancer and immune cells is defined as
cancer immunoediting, and depending on the stage of tumor progression, itlisidat
into 3 phases: elimination, equilibriumdescapé'. Theeliminationphase is a
redefined version of the classical immune surveillance concept whereithbatimate
and adaptive components of immune system actively mediate recognition and elimination
of the nascent tumor cells. During thguilibriumphase, the immune system applies a
selective evolutionary pressure mmainingtumor cellsleadingto acqusition of
genomic changes that enable immunogenic sculpting and early development of an
immunosuppressive network. Failure to achieve a favorable immune homeostasis

eventually leads to tumascapeand proliferatiorf®.

1.2.2 Elimination

A robust DNA damage and repair system is central in maintaining genomic
integrity for normal cell survival and reproductierP® Continuous exposure to
exogenous, as well as endogenous, genotoxic stressors can overwhelm the DNA damage
repair machinery resulting in frequent error prone repairs that may or may not induce
cellcyclearrest* Severe DNA damage that is beyond
eventually leads to induction of processes that mediate programmed cell death or
apoptosiS®. Nascent cancer cells, however, are able to circumvent thesetdagic
mechanisms owing to defective DNA repair mechanisms coupled with acquired
resistance to apoptosis; requiring external support from the immune system to prevent
tumor initiation®4,

In the elimination phase, both the cellular (innate and adaptive cells) and soluble
(artibodies, cytokines, chemokines and growth factors) components of the immune

system mount an artiimor response’. Cells of the innate immune system act as first



responders agaihdeveloping tumors, but are usually unable to provide-lasting

protective immunity®. In order to drive an effective tumantigenspecific adaptive

immune response, strongsals of immunogenic cell death (ICD) are required to

activate dendritic cells (DCs), who play a vital role in initiating adaptive immahity
Cancer cells are characterized bgittsurface expression of streaguced

ligands such as MICA/B (human) and RAEmouse), that upon recognition by innate

effectors cells such as, natural killer (NK) and natural killéNKT) cells via germline

encoded recepto(g.g. NKG2D) release porin and granzyme to lyse cancer céfts’.

In addition, cancer cells also express calreticulin that serve as phagocytic signal for

macrophage¥. This results in release of damage associated molecular patters (DAMPS)

tumor associated antigens (TAAs) and tumor specific antigensdjTB#t are captured

by DCs, leading to amplified production of cytokines and chemokines that recruit more

immune cells$®. Activated DCs migrate to secondary/tertiary lymphoid organs wherein

naive Fcells are primed and activatet] At this stage, the nature of immune response is

determined since naivecells could either mature into-dffector or Fregulatory

lineage, the former being associated with strongtantor immunity, while the latter are

knownfor their immunosuppressive effects In the TME, CD8 T-effector cells

recognizeT SAspresented via major histocompatibility comple®HC-1) on tumor

cells through their Tcell receptors (TCRs) and exert cytotoxic activity by releasing

perforin and granzym&°°. Subsequent tumor lysis results in increased release of tumour

antigens, and further arifies ICD in a cyclic series of events as explained alSave

1.2.3 Natural Killer Cells

NK cells are innate members of the lymphoid lineage and are involved in
recognition and eliminain of virusinfected and nascent tumor céff2. Human NK
cells are broadly classified according to surface expression of CD56 and CD16 antigens:
CD56'MCD16" and CD58""CD16 NK cells sub populations, with the former
expressing higher levels of cytolytic molecules, while the latter are associated with
secretion of pranflammatory cytokine$§? Mice NK cells are classifiebased orsurface
expression of CD2&sCD27" and CD2P and are functionally analogous to human

CD56"9" andCD56"™ subses respectivel§®. In humans andhice, NK cell activation



and effector functions are lalgaletermined by net integration of signals from activating
and inhibitory receptors, in addition to other factors including: prior sensitization,
maturation and cytokine stimulatidn®4 8,

Cancer ells upregulate stresgands that mediate enhanced immune recognition
and ICD®. Many cancer cells also downregulate MHHEXpression in order to evade
from T-cell mediated immune respong@<*. Cytolytic NK cells exploit this easive
mechanism of MH@ negative tumors, since they are equipped with germline encoded
inhibitory receptors that are able to sense loss of MH(@lowing them to mount an anti
tumor responsé- %" Activated NK cells exhibit lytic function via degranulation of
granzyme and perforins, or alternatively, through binding of tumor necrosis-édgohar
related apoptosisducing ligand (TRAIL) or Fas Ligand (FasL) to their cognate
receptors on cancer cells.\@eal studies have attempted to harnessmidiated tumor
cytotoxicity 8%7° Sun et. al’® show enhanced NK cytotoxicitg-vitro when cecultured
with cancer cells derived from ovarian cancer patients. Similarly, adaptive transfer of
expanded NK cells from ovarian cancer patients generateiicagn cytotoxicity against
autologous tumors in patiederived xenograft mouse modél.

In the context of ovarian cancers, NK cell infiltration into the TME is associated
with improved survivéf’*"® Some studies have associated improved prognosis with
increased canfiltration of cytotoxic TFcells, suggesting that NK activation in TME may
play a crucial role in sustaining lofgsting adaptive respon$e®® Additionally,
immunosuppressive cytokines and+argiogenic factors in ovarian tumors lead to
dampened NK respons&&®’. For instance, overexpressiof macrophage inhibiting
factor has been associated with poor clinical outcomes due to its ability to downregulate
activating receptor NKG2D on NK ceft& Higher NK cell concentrations have been
reported in ascitic fluids than peripheral blood, but reprogramming of stromal cells to

overproduce TGeta consequently leads to NK cell suppres&ion
1.2.4 CD8+T cells

1.2.4.1Priming and activation

CD8+ T-lymphocytes play a central role in eliminating intracellular infections and

malignant cel 8. Principally, TCRs on CD8+ T cells recognize peptide epitopes
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(antigens) bound to MHCmolecules on target cells and mediate their effector functions
either by killing cancer cells directly with lytic granules or by producing pro

inflammatory cytoknes (TNF,IFNo ) t hat enhance I mmune surve
activation of naive CD8+ T cells is primarily regulated by activated DCs, and it occurs in
three successive stagésin phase |, activated DCs crgssesent tumour associated

ligands through MH@ to TCRs on naive CD## CD62L" CD8+ T cells in the regional
lymph nodes. Dgending upon the TCR affinity to the peptides, this phase could last
anywhere between-& hours and is characterized by surface expression of the early
activation markers CD69, and upregulation of CD44 on naive CD8+ T°¢&ls

Complete activation, however, is dependent upon other costimulatory signals and their
absence may induce T cell death, anergy, or conversion to regulatory phenotypdl Phas
lasts for 824 hours after original DC stimulation, during which stable TCR

peptide/MHGI conjugation takes placé. At this stage, CD28nd CD4Q on activated

CD8+ T cells bind to CD80/86 and CD#§ands, respectivelygn mature DCs that

promote differentiation and expansion of CD8%# The CD28mediatecto-

stimulation of activated T cellsads tdL -2 secretiorby T celks and results in surface
expression oflL-2 receptor CD25,and other cestimulatory molecules includingD40L,
ICOS, 41BB, andX40 %% Bindingof these receptors to their complementary ligands
on DCs enhances CD8+ T proliferati?°. Rapid division, however, is observed during
phase lll. Phase Il begins 24 hourspantigen exposure, and here, dividing CD8+ T
cells differentiate into CD44effector cytotoxic T lymphocytes (CTLs) or lotiged

memory subpopulations. Effector CTLs shed CD62L adhesion molecules which prevents
re-entry into lymph node¥*

Upon antigen recognan, CTLs form an immunological synapse with the target
cell and release cytolytic molecules like perforins and granzymes, resulting into direct
cell lysis®”% Perforins form pores in the target cells, for the entry of granzymes, which
subsequently initiates caspase mediated cell apoStosidditionally, CTLs could also
induce apoptosis upon binding of its FASo FAS on the target cell§°.

Following pathogen clearance,-96% of expanded T cells undergo apoptosis,
with the renaining cells becoming memory T cells that are identified by increased

expression of FOXO1 transcription fact8t1°2 FOXO1 represseSTL associated



effector functions bylownregulating a master transcription factelét, necessary for
Thl development andFN-0  p r o d% In tontmst, FOXO1 induces upregulation of
EOMES transcription factor that has been shown to promote developmeatdry
phenotype!®,

Memory cells are mainly categorised into central memory cedlg)(@r effector
memory cells (Ew). Tem cells (CD44 CD62LM) primarily reside in the lymph nodasd
provide long term memorwhereas #u cells (CD44' CD6L") areeffector cellfound in
peripheral circulation and tissu¥. In recent years, another major CD8+ T cell memory
subsefl memory stem cells gEwm), have also been identified for its enhanced self
renewal and longerm effector functions, and are actively studied as immunotherapeutic
targets'®¥1%, These cells present with naive like CI9%£D62L" phenotype and
express memory marksincludinginterleukin2 r eceptor (1 L2R) b and
CXCR3 together with stem cell antigein(Scal) °¢,

1.2.4.2lmmunosuppressive axis and CD8+ Tcells

Accumulation of cytotoxic CD8+ tumor infiltrating lymphocytes in the TME
mediates tumor clearance and has been associated with improved prognosis in several
cancers, including EOC, but the antimor effectsare often neutralized by a complex
immunosuppressive network that limitsc&ll priming and homing to the tumor core
7980.107113 Cancer cells inhibit CTinfiltration in several ways. First, activation of
oncogeni-cateiddiAd/KRBAS signaling leads to production of
immunosuppressive factors such as VEGF, TGind Indoleamine 2;8ioxygenase
(IDO) that collectively media development of aberrant vasculature surrounding the
tumor islet*412L |n particular, VEGF decreases expression of VGAKN stromal
endothelial cells, an adhesion molecule necessary for CTL trafficking, which results into
reduced CTL infiltration into the tumor cot¥ 1?2 Second, insufficient blood supply and
increased vascular permeability in the tumor bed results in a hypoxic Nz 24,

Hypoxia triggers activation of HHE, a key transcription factor that induces recruitment
of immunosuppressive cells including MDSCs, Tregs, tumor associated macrophages
(TAMSs), and limits CTL infiltration'?412% Third, stromal reprogramming of fibroblasts

by cancer cells to produce a dense extracellular matrix surrounding the tumor islet, which



together with tumor vasculature serves as a nest for msuppressive cells while
restricting CTLs from reaching the tumor bg81?%. Such TME are histologically
character i zed cdsudfeidioh folra mantbéend6* dlan t umor s
inflamed tumors have been associated with melanoma, colon cancer and pancreatic ductal
adenocarcinom&9 132

Il n contr asitnf Ifaimefdiol torratfieidnf | amed/ hot 0 t u
relatively lower levels of stromal barriers and higher Gifiiltration in the tumor bed
129 However, chronic antigen stimulation polarizes CTLs to increase expression of
certain inhibitory receptors (RIYCTLA-4/LAG-3/TIM-3) that upon binding to their
corresponding ligands dhe tumor cells promotes an exhausted phendtifgé’
Exhausted or hyporesponsivecé&lls often lose their effector functions and contribute
towards immune evasion. In recent years, therapeutic blockade of CTL exhaustion
pathways has significantly improved survival outcomes in several cancers, and the
concept is termed immune checkpditackade (ICB)*412%135 |n recent yearsarious
therapeutic strategies including ICBs, both alone and in combinatibroter ICBs,
andin combination withsoluble mediators such as-Bhavebeen shown to reinvigorate

exhausted Tcells136:137

1.2.5 Natural Killer T cells

NKT cells are a distinct subset oflfmphocytes that cexpress a lipideactive
TCR and markers associated with NK cells (NK1.1, Ly49, CB¥6Y°. Unlike
conventional Tcells that recognizes peptide antigens on MHC class | or 1l molecules,
NKT TCRs are restricted to lipid and glycolipid antigens that are presented MHE
class ilike molecule CD1d®®°. Type I or invariant NKT (iNKT) cells express a restricted
TCR U chaimentedgwilldmgd18 in mice or VU24JU1
stimulated by gl yc®dliapdtdo sayntCalepdiid? Toge c(hU a s
Il NKT cells exhibit a more diverse TCReper t oi r e t haGalCdrdutnot r e
recognize dierent lipid antigens (e.g. sulfatide$§ 14°. Additionally, these 2 NKT cell
subtype distinctively modulate immune responses and aregslate each othéf®147
In the TME, type | NKTs promote antumor immunity whereas type Il NKTs generally

facilitate immune suppressidff4’ Due to our interest in exploring atitimor potential
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of NKT cells, the thesis will focus exclusively on type | INKT cells; hereafter referred as
NKT cells.

1.2.5.1INKT cell activation and anti-tumor effector functions

NKT cells mediate tuior clearance via both TCBependent andiCR-
independent mechanisii& 141148 |n contrast to conventional peptidestricted T cells
that completaelevelopmenbefore exiting the thymusnostNKT cells leave thymus
partially maturecandcomplete mauration in the peripheryvhere they upregulate NK1.1
and cytokine production cap#gcit*®. Theyexhibita memory phenotype (ie. CD¥gand
preformed cytokine transcripts that enable theraxert their innatéike effector
functions rapidly upon stimulatiol?®®1 NKT cells recognize tumeassociated and
stressinduced glycolipid antigens presented via CD1d molecdtes® and mediate
direct tumor lysis by release of perforin/granzyBier through TRAIL and FasL surface
receptors™. Additionally, activated NKT cells produce immunomodulatory cytokines
(e.g. TNF, IFNo $°>1%6that mediate in@ased infiltration and activation of neutrophils
157 159, macrophage%ﬁo' 164’ NK 154,1651671 T 165,166,168,163n4 B cellsl 70171 Specifically,
CD40:CDA40L interaction between NKT and DC leads to DC maturation and indrease
production of 112”168 This IL-12, subsequently stimulatBk andNKT cells to
producemore IFfd f or acti vat i oncels¥ /TNKicel actvatiorc NK ar
enables clearance of MH@gative turor cells, whereas DC maturation and1lR
production provides stimulus for sustaine@dll immunity'4::1%8 Cancer cellganevade
NKT cell mediated immune surveillance by downregulating CD1d moletmbasoid
glycolipid antigen presentatidf®’3 However, NKT cells can also target CDiegative
tumors by transactivating NK and CD8+ T cellsvnstream of exogenous glycolipid
stimulation!”3. As a result, NKT celhctivationserves as an effective therapeutic tool for

targeting heterogeneous tuméfs

1.2.5.2NKT cell development and dstribution

Invariant NKT cells originate from CD4+418+ double positive precursor
thymocytes that are positively selected for invariant TCR expre$dibit These NKT

precursors are selected by dadfd antigens that are presented via CD1d molecules on
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otherdouble positive thymocyte$>X. NKT cells were initially thought to undergo a
linear model of development in which NKT precursors transition through 4 stages of
development fronthe most immature SO to final S3 stdgk!’> In this model, NKT cell
development is defined to progress in stages: SO ((DR44°NK1.1°), S1
(CD24°CD44°NK1.1°), S2 (CD2#CD44"NK1.1°) to S3 (CD24CD44"NK1.1")
151175 Immature NKT cells from SO lose CD24 expression to enter S1, followed by CD44
upregulation in S2 and finally differentiate into S3 with NK1.1 expres$ioli> Recent
studies, however, have challenged this model as it fails to explain early maturation of
certain NKT subsets, NK2 and NKF17, that express Gata3 and R@R respectively
at stage 2. Some NKT precursors are nhow thought to undergo maturation ame bec
thymic resident NKT cells, while the remaining ones migrate to periphery and complete
maturationt>>1’> Depending upon the nature of antige@R signal (strength and
duration) and type of cytokine stimulation, iratare NKT cells can differentiate into:
NKT-1, NKT-2, NKT-10 and NKT17 effector subtypes that mirror cytokine profiles of
Thi, Th2, Th10, Th17 subsets of conventionalells respectively®l1’%177 For instance,
increased CR signaling intensity has been associated with increased differentiation into
NKT-2 and NKF17 subset$’®. Additionally, cytokinessch as 1115, IL-25 and 11-7
have also been implicated in survival and differentiation of NKINKT-2 and NKTF17,
respectively>L,

After thymic or peripheral development, mature NKT subpopulations are broadly
divided into CD4 and CD4+ subseté®* In humans, CB+ NKT cells generally
express Th2 and Th1l cytokines, whereas Cidsets (CDLD8+ and CD4ACD8)
exhibita cytotoxic phenotype and predominantly secrete-fiddted cytokine$®-182
Thl-like NKT cells predominantly reside withvier (1230% of lymphocytes) and spleen
(1-3%), and feature greater atwimor potential>*182184 Th2like NKT populationsare
enrichedn thelungs (510%) and intestine (0.68.6%), although lungs also contain-Th
17 producing NKTg51182

1.2.5.3NKT cell agonists

NKT cell maturation and activation is facilitated by endogenous and exogenous

lipid antigens that each have the potential to skew NKT cell cytokine respéhdgss
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unique ability of NKT cells also predisposes them as promising therapenggts, and in

this area of research, various efforts have been directed towards either screening for novel
NKT cell ligands or development of synthetic NKT cell stimulators for desired

therapeutic manipulatiot®®®  One such -GMKHTacltiogsayridc et ami de |
was originally extracted from a maringasmigeAgelas mauritianusluring a screening for

novel anticancer therapeutics, and has been extensively studied for inducing potent anti

tumor response'$>166.186188 - _Gg|Cer is essentially a sphingolipid composed of a

galactose moiety that is covalentigked to sphingosine and fatty acyl chains (Figt®2)

Its synthetic analog, KRN7000, is a commonly used NKT cell stimulator that induces

rapid production of Th1l and Th2 cytokines and downstream transactivation of other

immune cells in mice, rats, humans, and macatfi$é® UGal Cer admi ni st r .
been found to prevent metastasis and prolong survival iolipieal tumor models, but

clinical translation ofthisc o0 mp o u n-tua@ effecacy in humans, as noted from over

30 clinical trials, has yielded suboptimal restft&"1°> Some of the major challenges

include: secretion of both regulatory and antiammatory cytokines, induction of

anergy, and immune suppression by TI&

Ho ,OH
Acyl chain
© OW G
HO
Galactose 1O II\IH (I)H
g.;;;';"::z:;;?v'\l/\/\/\/v\/\%
Sphingosine chain

OH

Figure 1 Chemical structure of U-GalCer. (2S,3S,4R)1-O-( {dgalactosybN-
hexacosanoy?-aminc1,3,40 c t a d e ¢ aGael t O eiGalOerscottains galactose
head moiety linked to a sphingosine ceramide lipid chain. The lipid portion is further
attached to fatty acyl chain which interacts with aintigerbinding groove of CD1d, and
gal act ose mahai@ ofyhe ibvariard ECR tofdNKTU

U-GalCer treatment polarizes NKT cells to secretd Mvithin first 2 hours of
injection, followed by delayed release of AN, | eadi ng mumeeffecta f | i ct i n
194196197 Consequent | y, -Guaardeoru ss udcehr-CamatCeeCGH oafn dU |
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have been designed by making modifications to the glycoside linkages that alter NKT
cell signaling®®®.  For i-@GalCarimduesdNKDcell activation predominantly
drives Thl responses and provides superioftantimor pr ot ecti on i n con
GalCer'™. | n c ont r-@aCer,anald@with a trantateld sphingosine chain,
skews NKT cell activatiotowarda Th2 biag%. C20:2 and PB5 are other such Th2
biased analogues that have been implicated in ctingr@utoimmune diseasé%+2%2
In addition to these exogenous ligands, a variety oflipaif antigens such as
isoglobotrihexosylceramide 3 (iGb3F, -gH uc osy | €GeCedMi d& ( b
glycosylceramide$, lysophosphatidylethanolamine (pLPE) and lysophosphatidic acid
(eLPA)?°¢ have also been identified, but are generally unable to overcome activation
threshold necessargifeliciting strong NKT cell activation in the absence of other
inflammatory stimulators such as-II2 or I1L-18 13 Based on tixse observations, an
affinity threshold model had been proposed that predicted that high affinityCIRUR!
interactions induce durable | FNo productio
polarization towards Th2 respor8&2°” However, some studies have argued against
establishing TCR affinitypbased threshold model as the principle mechanism for driving
selective NKT stimlation®®  For i nst an-€6alCerchasavaaker TCRu gh U
interaction than OCH, it exhibits longer hiéfe interaction withCD1d complexand
induces Th1 respong&2% Thus, precise mechanisms by which structural variants of
UGal Cer could be altered for ywupderstgod® ¢ i NKT
A singl e dGal€ear treatent prowdes sliperior antnor protection
than multiple dose&®. The latter has been associated with anergy induction in NKT cells
wherein constant glycolipid stimulus disrupts normal DC maturatiad leads to
accumul ation of tolerogenic-resproagulvaetnersy 0
NKT cells in an 1-10 dependent mann&®?1% An alternate strategy to overcome NKT
cel | aner g3GalCesloated DCFthis Hasbeereshdwn to elicit stronger and
moredurable NKTcell responsst h a n -GalCer éjedtionsvhile avoiding anergy
induction?'¥23  UGal Cer pr eDEshad baen shown tobnpibitdRdl n

secretion from NKT cells, and indueeergy or a’h2 responsé®*214
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1.2.6 Dendritic cells

DCs constitute a uniquely potent subset of antigen presenting cells (APCs) that
play a central role in bridging innate and adaptive immu#ttymmature DCs constitute
the majority ofthe peripheral DC population and exhibit high endocytic and antigen
processing capacitt®?!’ Danger signals such BAMPs and pathogeassociated
molecular patterns serve as maturation signals for®{Cklature DCs downregulate
endocytic activity, migrate to secondary lymphoid organs and upregulate surface
expression of MHC (class | and class Il) molecules, costimulatory molecules (CD80,
CD86, CD40) and proinflammatonytokines®®. These 3 stimuli are essential for
optimal T cell activation, and hence, DCs are also termed as professionat?ABizs
are unique among APCs in their abilityamsspresenextracellular antigens on MHC
which is generally reserved for endogenous antigens, and stimulate CD8+T cells. This
ability to crosspresent antigens by DCs make them central in primimigtumourT-cell
immunity. Processed antigens are loaded onto Mid@d MHG Il molecules, and
presented to CD8+ and CD4+ T cells respectivElyThese antigespecific T cells
migrate to TME and target MH@ositive tumor cells. Mature DCs produce chemokines
including CXCL9 and CXCL10 which promote inféition of CD8+T cells, NK and
NKT cells?*®,

1.2.7 Myeloid derived suppressor ells

In ovarian cancers, myelcigderived suppressor cells (MDSCs) are associated
with increased tumor proliferation, vascularization, immune suppression and an overall
poor prognosig?¥ 2?6, The TME is enriched with cytokines and growth factors such as
tumor necrosis factor (TNB) , ma ¢ r o pstinaugting factord (MOSE),
granulocyte colomgtimulating factor (8CSF), granulocyte monocyte coleny
stimulating factor (GMCSF), VEGF, prostaglandin E2 (PGE2), and interleukinsl(lh ,
IL-10, IL-18, and L-6) that collectively disrupt thdifferentiation of myeloid precursors
T leading into accumulation of a heterogenous population of immature myeloid cells that
have immunosuppressive functioit$??”. MDSCs areCD11b+ and, and can be classified
into monocytic (Ly69"L y 6 G1 ) and gr &hyéG+psubpdpulationgih y 6 C

mice 227228 There are no specific markers for MDS@sd they have to be defined by
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functional suppressive activities. In ovarian cancer patients, monocytic MDSCs are more
prevalent than granulocytic MDSCandarealso suggested to be a reliable prognostic
biomarker221'226'229231.

MDSCs exert their imnmunosuppressigffects by several mechanisms. MDSCs
produce arginasé (Arg-1) and Indoleamine 28ioxygenase (IDO), that cause
downstream depletion of amino acidsatginine, L-tryptophan, and {cysteine, vital for
T-cell proliferation and activatioff? 224, Reactive oxygen species and nitric oxide
released by MDSCstimulate apoptosis in T cells, in addition to diminishing their
proliferation and effector functions cef&23>23% Recently, MDS@erivednitric oxide
has also been shown to inhibit the function of Fc receptors on NK cells, to inhibit tumor
clearance via antibodgependant cellular cytotoxicif/*. MDSCs mediate tumor
angiogenesis and metastasis by upregulating expression of VEGF and matrix
metalloproteinase (MMP9 23723 MDSCs alsosupport tumoimmuneevasion by
upregulating molecules that induce tolerance-irells (e.g. prgrammed death ligartl
(PD-L1)) 2%

1.3Immune checkpoint bdockade

In past 5 years, therapeutic blockade afdl exhaustion pathways has
significantly improved survival outcomes in several cancers, and has become current
standard of care for the treatments of metastatic melanoma arstnatkcell lung
carcinoma*®24¢, Exhausted Tells exhibit impaired secretion of piaflammatory
cytokines, sucas Il-2and IFNo, t hat a rcell polifetation, aytotoXicyr T
andrecruitment28135247.248 Checkpoint blockade uses antagonistic antibodies to
reinvigorate and rescue exhaustedells by blocking gnalling of T-cell inhibitory
receptors such as aftD-1 (Pembrolizumab and Nivolumab) and abiiLA-4
(Ipilimumab)?#’.

Although Ipilimumab (antiCTLA-4) became the first FDA approved checkpoint
inhibitor for treating advanced melanopaad yielded diseaseee survival in 20% of the
patients, PBL blocking antibody (Nivolumab) exhibited significantly longer recurrence
free survival and improved safety profile in the subsequent sttfdi©8 Since then anti

PD-1/PD-L1 checkpoint inhibitors have expanded to treat several cancers including lung
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carcinoma, head and neck squamous | | car ci noma, Hodgkinos
carcinoma, colorectal cancer, and gastrointestinal cahi¢efg?2452%0

In the context of EOCs, objective response rates range betiv&s¥6n studies
usingsingleagent antiPD-1 or anttCTLA-4 blockades, whereas the candtion
therapywith anttPD-1 and antiCTLA-4 blockadessignificantly improved overall
response rates to 34%°92°1.252 Nevertheless, lack of response to immune checkpoint
blockade remains a major challenge in the majorityatients*>32%4 Tumor
heterogeneity, PIL1 expression, tumor mutational burdand T-cell infiltration levels
are some of the determining factors that have been suggested to predict treatment
outcomes31255:256 |n Jung and urothelial cancers, high D expression on tumor cells
have been positively correlated with better clinical response tgd4&8! In contrast,
Hamanishi et. af*>"-?*®demonstrated poor prognosis in EOC patients with highet PD
expression when treated with ICB, questioning the predictive validity ef PD
expression. In another poéinical murine oarian cancer model, RDL knockdown in
ID8 or HM-1 cancer cell lines increased survival times, suggesting the importance of PD
1/PD-L1 regulatory pathway for immune evasion in ovarian cartéérs

Inflamed tumors with significant-€ell infiltration are consistently associated
with better responses to PDDPD-L1 blockades, whereas infiltratexkcluded or cold
tumors rarely respond to monotherap¥*?® To maximize ICB paintial, several
strategies aimed towards disrupting the stronmaor barrier and boost CTL infiltration
have been exploréd*?®! These approaches include use of immune modulators such as
antiangiogenic therapies, PARP inhibitors, and inducers of immunogenic cell death in
combination with ICBg14:2%0

1.4 0Oncolytic viruses

The relationship between naturally acquired viral infett and cancer were first
reported in mid 1800s, when patients with hematological malignancies exhibited short
term tumor regression upon contracting measles ¥tuSimilar incidents were later
reported in 1904 and 1912 in patients infected with influenza and chicken pox viruses,

respectively?%2263 Although these anecdotaportsmotivated early rgearch in

understanding the virus biology, the oncol
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until the 1950s with the advent of murine cancer models anduélire system$>3264
Complete tumor regression was evident from@hgical tumor studies; however, the
results could not be translated into human clinical trials largely due to uncontrolled
virulence?®®. The advent of recombinant DNA technojagnabled researchers to
genetically engineer wild type viruses with attenuated host pathogenicity and enhanced
cancer specificity and poten&p?. Since then, various DNA and RNA based oncolytic
agents have been studied including herpes simplex virus, vaccinia, adenovirus, reovirus,
measles virusMyxoma virus and vesicular stomatitis virus (VS¥9 In recent years,
oncolytic viruss (OVs) have been modified to express immunomodulatory factors such
as cytokines, chemokines, and antibodies that enable localized delivery of therapeutic
immunomodulatorsvhile reducing systemic toxicitie€”. In 2015, United States

approved talimogene laherparepveeMdc) for aggressive melanoma, a herpes simplex

virus-1 engineered to express the myelopsistimulating cytokine GMCSF®”.

1.4.1 General mechanism of &tion

OVs represent an emerging class of immunotherapeutic agents that preferentially
infect and lyse cancer cells with minimal pathogenicity towards healthy?¢&lls
Oncolytic viruses selectivelgeplicate intumor cellsdue todysregulateanetabolism and
signalingpathways (e.g. IFN or RA®nabling targeted killing by OV&&27, For
examplethe protein kinase R (PKRy an intracellular proteithatrecognizes double
stranded viral RNA. In normal cells, activation of PKR through viral elements impairs
protein synthesitriggeringlFN production andpoptosis, thus reducing viral replicatio
6.271 cancercells areoftendeficient in PKR activity, resulting in increased viral
replication®. OVs mediate their antumor activities through two mechanisydirect
viral lysis of infected tumor celland stimulation o&nt-tumor immuiity that results
from release of tumor antigens and inflammatory recruitment of immune®ells
Following OV infection and replication, tumor cells undergo lysis to release thasisén
virions that infect surrounding cancer cells to mediate tumor kiliagCD 25°2%¢ a
pathway that results in the release of tumor antigensirgl@mmatory cytokines
( TNFU, -1 ahd DAMPsL((HMGB1, ATP, CRT) that promote recruitment,

activation and maturation of DG¥-272275 Mature DCs crospresent tumor antigens to
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T-cells in lymph nodes and stimulate cancer specific adaptive imnfihifydditionally,
viral oncolysis facilitates disruption of physical barriers surrounding TME in several
ways includingcollapse oblood vessels feeding tumoextracellular matrix
degradation, reprogramming of TAMs from a {tuonorigenic M2 phenotype to pro
inflammatory M1 phenotype, decreasing recruitment and differentiation of Tregs, and
upregulation of MH@ on tumor cell$’"27%, These factors collectively alter TME and

regulateintratumoral infiltration of Fcells?78,

1.4.2 Synergy with checkpoint blockade herapy

In response to OV infection, various frnical and clinical studies have reported
upregulated expressioof PD1 and PBL1 on immune and tumor cells respectively
280,281 Combination therapy of arRBD-1 checkpoint blockade andWEC OV has been
shown to induce superior CD8+ifffiltration, and increased IHFd e x pr essi on conm
to individual treatments in patients with advanced melar@ht82 This synergistic
effect is also evident with combination therapy of coxsackievirus andPBriti
blockade, and helps to overcome immunosuppression while simultaneously drivétig T
infiltration into the TME 283.284

1.4.3 Vesicular stomatitis virus (VSV) overview

VSV is a singlestrandechegative sense RNA virus of tRhabdoviridadamily
285,286 WWild type VSVof thelndiana or New Jersey serotg@imarily infects cattle,
horses, sheep, and insect vectors. VSV infections are rarely lethal and cause oral lesions
in livestock?®®, In humans, VSV infections manifest as an acutdikiiiliness, and are
limited to laboratory and agricultural workefé-288

The VSV oncolytic platform is promising for several reas$fgFirst, the small
VSV RNA backbone replicates quickly, efficiently lysing tumor cells with the release of
thousands of virions within 6 hours post infectf&h This is in contrast to large DNA
virus backbones such as adenovirus or vaccinia virus that offer greater room for
engineeredjeneticmaterialbut are slower to replicate and produce low virus yi&lds
Second, the VSV genonieamerable to manipulation, and in recent years various

recombinant VSVs have been genetically engineered for improved potency, and
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transgene expression that synergizes with host immunity or combination therapies for
greater anttumor benefit$® Third, VSV celtreceptors, including the lowensity
lipoprotein (LDL) receptor, sialoglycolipids, heparan sulfate and phosphatidylserine, are
ubiquitously expressed on tumor cells, whereas SON®are dependent on differential
receptor expression profiles, specific to the virus it§&lfFourth, cytosolic replication
ensures no risk of host cell transformatt®h Fifth, lack of preexisting immunity

against VSV irtheglobal human population make an ideal candidate to be translated

for therapeut use in clinical setting®®,

1.4.3.1VSV structure

VSV is a bullet shaped virus and has a relatively shortsegmented genome of
11 kb that encodes 5 viral proteins: glycoprotein (G), matrix (M), nucleocapsid (N),
phosphoprotein (P), and large RNA polymerase?{t.)G and M are involved in viral
assembly and budding dugthe early infection phase and facilitate downregulation of
host antiviral machinery, whereas N, P and L form the ribonucleoprotein core and
regulate virus transcription, replication and amplificatiBigure 2)?°. Briefly, the VSV
RNA is encapsulateby multiple copies of N protein to form a nuclease resistaRNA
complex that serves as a template for mMRNA synthesis and genomic RNA repfi¢étion
This complex is also fused with viral RNéependent RNA polymerase (RdRP), a
complex of L and P proteins, and collectively form a ribonucleoprotein (RNP) core that is
surrounded byheinternal marix protein2%2 In addition to virus budding, the matrix
protein plays an important role wild-type VSV infection bysuppressing transcription
of host cel | 6s? Zhistenablds unhihdereda/sVhréplhicationyin
infected cells. The transmembrane glyaipm binds to members of the LDL receptor
family receptors and mediates viral entry via endocytdéis

1.4.3.2VSV transcription, replication and budding

The VSV life cycle is initiated upon binding of the G protein to LDL cell surface
receptors, causing clathrin mediated endocyi@gure 2)>°12% Internalized VSV is

then transported to endosomal compartments whereiowhpH induces a confirmation
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change in the rotein and triggers fusion of viral envelope with endosomal membrane
leading to release of virion content into the cytopld¥d®

In the cytosol, the RARP complex initiates primary transcription by recognizing a
specific singleentry start site in the leaderseqoem at t he 30 end, and
transcribes the RNA ge NoRrd>Gblb 61 Dracetheo | | o wi n
RdRP complex arrives at the intergenic regions, which contain the sequences for poly
adenylation and transcriptional start/stop sites, the probability of cortgrigatate
disassociation become highéf 2%, This leads to a gradient production of viral proteins
since VSV template transcription is polar, meaning transcription of each successive gene
depends on complete transcription and termination of the gene upstream. Consequently, a
30% reduced expression of each successive mRNA, relative to the gene upstream, is
observed with the N protein being the most abundant, followed by decreasing gradients in
the order given: P, M, G and L protef& Capped and polyadenylated viral mMRNAs are
translated by host ribosomes to produce viral proté&fin§°

Once adequate levels of N and P proteins have been produced, the RARP complex
begins transcribing the VSV negative sense RNaAnstito synthesize positive sense-anti
genomes$923% This antigenome servess template strand for RARP complex, which
acquires replicase function, and generates complementary full length, negative sense
molecules®23% The nascent RNA genome is encapsulated by soluble N and P proteins
to become RNP core and packaged into virions during assébine M protein
facilitates the asembly and packaging of the nascent RNP cores, and strongly binds to
the 6anchor6 regions of transmembrane G pr

particles from the host cell in a process called budtfthg
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Figure 2 VSV structure and life cycle. VSV virion is a bullet shaped Rhabdovirus that
encapsulates a negatigense singlstranded RNA genome in complex with

nucleoprotein (N), phosphoprotein (P) and large polymerase (L); collectoratyfy a
ribonucleoprotein complex. The matrix protein (M) and glycoprotein (G) enable virion
budding. VSV enters host cells via receptoediated endocytosis and are transported to
cytoplasm by endosomes. Release of viral contents including RNA genomeni P
proteins trigger transcription and translation in cytoplasm. M proteins facilitate inhibition
of host translation machinery. VSV RNA genome undergoes polar transcription followed
by translation of polyadenylated mRNAs into viral proteins. VSVicafibn is induced

upon adequate production of N, L and P proteins that upon assembly acquire replicase
function and enable synthesis and encapsulation of nascent negative sense RNA genome.
G and M proteins are targeted to aakmbrane for facilitating vion budding. The

figure was created with BioRender.com.
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1.4.3.3VSV oncoselectivity and IFN sensitivity

VSV is a promising candidate for oncolytic virotherapy due to its natural tropism
towards diverse cancer cell lin&4 This oncoselectivity primarily stems from
diminished type | IFNsignaling in malignant cell¥®? 3% |n contrast, normal cells are
equipped with intact IFMignaling that, upon secretion, activaIstimulated genes
leading to upregulation of antigen processing machinery and downstream activation of
immune cells for viral clearané®®. To evade host antiiral response, VSV encodas
matrix protein that binds to two nuclear pore proteins-Raed Nup98, at the nuclear
membrane and prevents host mRNA export into cyt$df> Additionally, the M
protein also inhibits the host RNA polymseall activity3°®3%7 This technique of
hijacking the host machinery induces translation host shut off, antlallgieads to
apoptosis of malignant, as well as normal c&fisin rodents and nehuman primates,
VSV rapidly replicates in nasal epithelium followed by viral propagation to olfactory
neurons and eventually to brain, where they cause severe neuropaisi§e??3% To
address safety concerns and improve VSV oncoselectivityll tal. generated a
recombinant VSMpM51 carrying a deleted methionine
thus, preventing VS\W induced masking of host antiral responses normal cells’*2
TheVSV@M51 oncol ytic platform has been used
engineered to express molecules that improve viral oncoselectivity or modulate anti

tumor immune responsé¥:313:314
1.4.4 RecombinantVSV-IL -12

1.4.4 . 1Interleukin -12 general ology

IL-12 is a potent prnflammatory cytokine that plays a central role in inducting
T, NK and NKT-cell mediated immune responseés®€ This 70 kDa heterodimeric
protein is composed of two subunits, p35 and p40, that are linked by disulfide bonds to
form thebioactive 1.-12p70 cytokin€’. In response to bacterial and viral infections,
DCs, Bcels, monocytes, macrophages and neutrophils produd@, which exerts its
functions directly on ILE12 receptor expressing immune populations including NK cells,
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NKT cells, T cells and Innate Lymphoid ceff$3'° Upon ligand binding, I£12 induces
transphosphorylation of Janus kinaesnd specific tyrosine residuesthe|L-12
receptor, that serve as docking sitesploosphorylabn anddimerization of STAT-4
molecules’?®321 STAT-4 homodimers translocate to nucleus and mediate transcription of
specific genes that promote increased cytolytic functions and clonal expansion of T and
NK cells 319322 polarization of Thitype immune responsé&-3?*and reprogramming of
immunosuppressive cells to acqua preinflammatory immune profilé?3 327,
Specifically, IL-12 signaling in NK cells, CD4+ and CD8+ T cells induces production of
a major effector cytokinelFN-o , wh i ¢ h orico®rdimating ardiumar tefehse
315,324,32.8

Naive CD4+ T cells differentiate to Thphenotype upon stimulation with-I2
and IFNo ,  a n d celsDifferentiate int€TLs 3?4 IL-12-mediated IFN2
production has diveesimmune stimulatory properties including: upregulation of
cytotoxic (perforins, granzyme and Fas Ligand (Fagt®nd chemotactic molecules
(CXCL9 and CXCL10) leading to increased recruitment of NK, NKT, and effector T
cells32%3%0 whereas increased MHC expression on tumor cells facilitate increased cell
mediated tumor lysi&332 Additionally, IL-12 also targettheimmunosuppressive axis
by downregulating secretion of angiogenic factors (MMEEXCL12 and VEGF)
328,330.3333343nd reprogramming anitiflammatory M2 macrophages into atuimor M1
macrophage¥>. For instance, VEGF has been associated with hindering DC maturation,
recuitment of Tregs, and induction ofdll exhaustiod®¥3¥’. Thus,IFN2 i s a centr
mediator of Il-12-induced responses, which in turn actsA®Cs to increase H12

secretion in a positive feedback loop that further maximizes Th1 immiihity

1.4.4.2IL -12 immunotherapy

Therapeutic benefits of HL2 havebeen studied in prelinical mouse cancer
models, but severe doe$imiting toxicities associated with systemic-1l2 administration,
as evidat from numerous clinical trials, has prevented clinical applic&fioif° Besides
toxicity, low immune response rates to intravenoud 2Lireatment is reported in patients
with metastatic renal carcinoma, melanoma, colon carcinoma, recurrent ovarian cancer,

and neck and head carcinof&®3%34! |L-12 is a potent pleiotropic cytokine and its
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systemic admiistration induces rapid release of pndlammatory cytokines (IFM
TNF-U, -6), dven from nostargeted circulating lymphocytes, which leads to rapid
depletion of peripheral leukocyt&&:343 Repeated 12 treatments also evoke
production of 11-:10 and TGFbeta, cytokines that negatively regulatell2. activity and
instead neutralize the asgancer effects of H12 therapy**3*4 In contrast, localized
delivery of IL-12 leads to improved clinical benefits with minimal toxicities in melanoma
and other hematological malignanciés®# In recent years, methods to intratumorally
deliver IL-12 are being actively explored to optimize efficacy and enhance the safety
profile 342 Some of the methods include: adoptive transfer of lymphocytes that are
genetically engineered to expresslP under inducible pronter 347, electroporation of
IL-12 encoding inducible plasmidé®or IL-12 encoding oncolytic viral vectors tha

provide controlled IE12 expression in the TM#8

1.4.4.3VSV-IL -12

Various OVs expressing L2 have been developed and studied ingtirecal
mouse models including herpes simplex virus (HSV), adenoviruses, measles virus,
maraba virus, Newcastle disease virus, Semliki forest virus, and®¥SAfmongst these,
IL-12 expressing HSV strains have been extensively studied byakamdrdemonstrate
improved antitumor efficacies, particularly in preinical glioblastoma and
neuroblastoma tumor modéf$. M032, a secondeneration IE12 expressing HSV
strain, previouslyghown to improve survival outcomes without adverse toxicityoimn
human primatglioblastoma mods] is currently undegoing clinical trials in patients
with recurrent glioblastom#°3% |L-12 expressing adenoviruses have also been shown
to drastically improve survival outcomes in fmlenical models and are clinically
investigated in melanoma, prostate, pantiremnd breast cancet! 24 For instance, 1L
12 encoding adenovirussulted incomplete eradicatioaf pancreatic tumors ihamsters
and elicited significant accumulation of CD8+ T cells in spfeénin the context of this
study, we sought to genetically engineer the oncolyticM®M5 1 pl at form t o e
cytokine L-12, and to examine the afitimor response when this virus is used in

combination with NKT cell immunotherapy in an ovarian cancer mouse model.
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1.4.5 IL-15 immunotherapy

IL-15 is a potent cytokine that is mainly secreted by DCs, monocytes and
macrophages arekhibits numerous immunological functions on innate and adaptive
cells through its broad pleiotropic activit§?3>¢ IL-15 needs to complex with both the
IL-15 specific r-2e6Bpjoantdl thai ho (&etuerii®n chai
biological activity*®. Some of the major H15 induced responses include: increased
proliferation and secretion of immunoglobulins from B cellsd enhancesurvival and
cytotoxic activation of NK, NKT and CD8+-ymphocytes®"3%9, |L-15 has also been
implicated in accumulation and survival of both NKdanemory Fcell populations after
infection clearanc& 360361 Additionally, IL-15 secretion also inhibits differentiation
and proliferation bimmunosuppressive CD4+ Tre#fé. Several preclinical studies have
demonstrated metastasis reduction, tumor regressiomenedsed survival in sold
tumorbearing mice tumor upon L5 treatment®3, Furthermore, some 15 treated
mice continud to remain tumoiree upon rechallenge, and elicit a loAgrm antitumor
immune respons&®3%4 |L-15, thus, presents as an ideal cancer therapeutic agent given

its potential to activate effector immune cells without inducing adverse toxiities

1.4.5.1VSV-IL -15

Targeted delivery of I£15 in TME using viral vectors such as VSV has
previously been shown to enhance dathor activity in the mouse CT26 colon cancer
model®!3 Localized delivery mediates superior antinour effects over systemic-i15
delivery®%¢. Developed by Stephenson et.38, VSV-IL-15 is a potent OV engineered to
expresshuman (h)lL 5 on a V SV qpWViswil be bsad td esamime anti

tumor responsesiian ID8 ovarian cancer mouse model.

1.4.6 VSV-pl4d

The reptilian reovirus p14 is a 375 bp FusAssociated Small Transmembrane
(FAST) protein that enhances lateral viral dissemination through its ability to induce cell
cell fusion®%7:2%8 Several studies have associated FAST prateinced syncytia
formation in tumo cells with increased apoptosis in the fused tumor 8&ll$n an effort

to takeadvantage of syncytia induced tumor cell death, various oncolytic viruses have
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been engineered to express fusogenic proteins including adenovirus and paramyxovirus
369371 Qur laboratory previously showed improved survival in metastatic 4T1 breast and
primaryCT26 col on cancer mous e onegpessingtheyp$di ng
FAST protein*4,

1.5Scope of thesis research

Although conventional treatments for ovarian canicetuding surgical reduction

and chemotherapyprovide good clinical outcomes when diagnosed early, a high relapse

rate and detection during later stages when the cancer has metastasized highlight the need

for the development of novel therapeutic approa¢hds¢KT cell therapy in several pre
clinical tumor models has been shown to elicit-aunthor immune response and prolong
survival 1°3166.167.195However, clinical translation of the therapy has resulted into modest
outcomes and present a need for further optimizatohhypothesize that VSV

constructs expressing{12, IL-15, or p14 administered in combination with NKT cell
immunotherapy and anBD-1 checkpoint blockade will enhance NKT cell recruitment
and antitumor activity, resulting in impred survival outcomes in the ID8 mouse model

of ovarian cancer. The underlying immunological responses elicited by oncolytic VSV

and NKT cell activation therapies were also examined.

1.5.1 Objective 1: To evaluate the impact of VSV expressing GFP, H15 or pl14
FAST constructs in combined oncolytieNKT cell immunotherapy

Our lab has previously demonstrated that NKT cell activation therapy combined
with control VSVAGFP prolongs survival in the ID8 model of ovarian peritoneal
carcinomatosis®. This thesis examined the survivaleaffs of VSV constructs
expressing IE15 or p14 alone and in combination with NKT activation therapy and anti
PD-1 checkpoint blockade. Immune cell infiltration, activation, and proliferation (flow
cytometry) following treatment with VSY14 in combinationtherapy were also
examined. The induction and magnitude of 1§)fcific antitumor activity (cytotoxicity
and cytokine production [IF , -4]) vias also assessed in H3glenocyte ceulture
assaysTherapeutic activation of NKT cells usitigGalCer loadedCsresulted into

improved survival outcomes over control. In addition, the treatment led to a significant
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increase iIMNKT, NK, and T cellpopulationsn ascitesand reduced number dfegsin
the spleenCombination therapy with VS\GFP further prolongedurvival. Technical
challenges, such as reduced oncolytic activity with \f8M, presumably due to
accumulation of defective interfering particles, as we@isodes ohind-limb
impedimentdollowing VSV-IL-15treatmentsmade it difficult to determini these

recombinant viruses could be of therapeutic bemefid8 model

1.5.2 Objective 2: Generate a recombinant VSV construct expressing cytokine H
12

A bioactive and expression ready mouselB_gene construct, with elastin linker
between p40 and p35 subunits (Invitrogen) was clonedhefoVSV-p M 5-AN2 virus
plasmid. Reverse genetic techniques were used to generate functiorgb MSvIL -12-

XN2 viruses. To enhance the magnitude ofll2 production, aotherrecombinant virus
construct was generated with iawternal ribosome entry site sequence preceding the miL
12 geneln our preliminary survival study, VSV.-12 treated mice also developed hind
limb impairmentsandthus had to be sacrificed early during the stMiiile standalone
VSV-IL-12 treatments did not exhibit a superior survival benefit over-G5¥,
combination with NKT cell therapy showed an early survival benefit, however, the mice

eventudly succumbed to hind limb impediments.
CHAPTER 2: MATERIALS AND METHODS

2.1Cell lines

ID8 ovarian cancer cells (generated by Dr. K Roby, University of Arkansas and
obtained from Dr. J. Marshall, Dalhousie University), B3B8 melanoma cells (ATCC),
Lewis lung carcinoma cells (ATCC), 4T1 mammary carcinoma cells (ATCC), Pan02
pancreatic canceells (generated by Dr T.H. Corbett, Wayne State University and
obtained from Dr. J. Bell, University of Ottayy&/ero (African green monkey kidney
epithelial) cells (ATCC) and QM5 (RRID:CVCL_M211) cells were cultured in a
humidified incubator (37 °C; 5%0) in Dulbecco’'s Modified Eagle Medium (DMEM,;
4.5 g/L glucose, tglutamine; Corning Life Sciences) supplemented with 10% fetal

bovine serum (FBS; FishétyClone), penicillin/streptomycin (100 units/m100ug/ml;
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HyClone) and buffered with HEPES (25 mRIBCO). Cells were harvested at 90%
confluency using trypshEDTA (ethylenediamingetraacetic acid; 0.25% Invitrogen)

and resuspended in phosphate buffered saline (PBSihfaiwvo experiments.

2.2 Mice

Wild-type female C57BL/6 mice were purchased fronakes River Laboratories
(SaintConstantQC) and were housed in the Carleton Animal Care Facility at the
Dalhousie University and used in experiments-428veeks of age. Experimental
procedures were approved by the University Committee on Laboratamalsnin

accordance with the guidelines of the Canadian Council on Animal Care.

2.3U-GalCer reconstitution

A stock concent rGatCer¢KRN7000; Diagn@Cineig.C)mas U
prepared in sterile 1X PBS containing 0.5% tw&8rvehicle. The solution wa®nicated
for 4 hours in a 60°C water bath, aliquoted and store204C. Prior to use, aliquots

were thawed and sonicated for another 20 minutes in a 60°C water bath.
2.4 Cloning of viruses

2.4.1 Generation ofa VSV M 5-IL -12 plasmid constructcontaining a glycine-

serine linker sequence

| designed ain-silico gene construct encoding the k19 singlechain murine Ik
12 expression ready cassette (pGiIB-(G4S)-p35 Addgeneplasmid #108665)in
whichthep40 and p35 IE12 subunitsarelinked by a glycineserinesequenceThe
sequence of the parent plasmid was engineered to eliminate an ihieehalit site and
be repositi one-ti2gene. T dondrictwas sgnthesizdud,eandisubcloned
into PspOMlandEcoRIsites of the pUC57 vector by Bio Basil to generate a
pUC57-p40p35 donor plasmid. The transgene was then PCR amplified (Table 1), and
subcloned intXholandNhels i t es o f t-KNbagkborgVismiyl Quick
Ligati onE Kit ( NEB)-XNE®(6:8)apB5(referedmdS V oM5 1
Figure3). The resulting sequence was validated by PCR, and Sanger seqUeiited

2). An attempt to rescuél virus was made, however, it was unsuccessful.
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2.4.2 Generation ofaV S V qoMHk& 412 plasmid constructcontaining an elastin

linker sequence

A murine IL-12 transgengbearing p40 and p35 subunits linked(W{PGVG),
elastin linkerwas PCR amplified (Table 1) from pORRBO-(VPGVG)-p35(InvivoGen)
AaXhol5 6 r e st wasaddedofacilitate it @doning intaXholandNhelsites of
t he pV SXN\gbitkhbne. Assembly and orientation of thel® transgene in
p VSV M8l backbongreferred as/2; Figure 3) was validated by PCR and Sanger
sequencingTable 2) An attempt to rescubep V S V g MKBI-p40-(VPGVG)-p35
virus was mae, however, it was unsuccessful. In particular, no cytopathic effect was
observed upon infecting Vero cells with the supernatant obtained after clearing MVA

Virus.

2.4.3 Generation ofaV S V oMk 412 plasmid constructcontaining anIRES

sequence

An in-silico gene construct was designeidh a X%hoFRES sequencmserted
in frame witha 1.6-kb singlechain murine 112 expression ready cassette (pQido-
(VPGVGE-p35(1 nvi vo Gen) NHelaite. Thelcanstriucewhs syndhesized,
and subclonedy Bio Basic Inc into XholandApal sites of the pcDNA3 mammalian
expression vector (Invitrogen) to generate a pcDNRBS-p40-(VPGVG)-p35donor
plasmid. The transgene was then PCR amplii@dg amplification primerglable 1),
and subcloned int¥holandNhels i t es o f t-KNbagkborg\Visiplyi&nin
Fusi onE HD Cloning Kit (TakatXN-IRESpEG USA) t
(VPGVG)-p35(referred to a¥3, VSV-IRESmIL-12 or simply VSVIL-12; Figure3).
The resulting consensus sequence was validat®CR; and Sanger sequencing (Table
1, 2.
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Figure 3 VSV plasmid constructs.Schematic diagram showing the genome
organisation with inserted transgenes of the recombinant VSV plasmid cong¥agts
Theconstructencodeshe p40 and p35 mIl2 subunits linked by glycine serine linker.
(V2) ThelL-12 subunits are linked by elastin linker. (Vid)econstruct encodes IRES
sequence in frame with singbdain 1L-12 subunits linked bginelastin linkerN i
nucleocapsid, P phosph@rotein, Mi matrix protein, G glycoprotein, Li large
polymerase protein{GsSk i glycine-serine linker(VPGVG) i elastin linker, IRES
internalribosome entry site

Table 1: List of primers used to amplify gene constructs

Gene of Primer Restriction Primer Sequence
Interest | Orientation | Site Added
AGATATCACGCTCGAGACTATCCCCTCTCCC
Forward Xhol
IRES TCCCC
mlL-12 GAAGAATCTGGCTAGCTTTAGGCGGAGCTC
Reverse Nhel
AGATAGCC
TAAGCACTCGAGATGTGTCCTCAGAAGCTA
Forward Xhol
ACCAT
miL-12
Reverse Nhel TAAGCATCTGGCCAGCTAGCTTTAGGC
Forward Xhol ATCACGCTCGAGACTATCATGGG
p40p35
Reverse Nhel GCAATCTGGCTAGCCTAAATTCAGGC
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Table 2: List of primers used for Sanger sequencing

Gene of Primer Primersequences used for Sanger sequencin
Interest | Orientation q 9 q 9
1. CTGCAAAGGCGGCACAAC
Forward 2. GCAGTAGCAGTTCCCCTGAC
IRES- 3. TCATACCGGTCTCTGGACCT
miL-12 1. CCCCTTGTTGAATACGCTTG
Reverse 2. CCTGGCAGGACACTGAATACT
3. CATCTGTGGTCTTCAGCAGG
Forward 1. GCAGTAGCAGTTCCCCTGAC
miL-12 2. TCATACCGGTCTCTGGACCT
Reverse 1. CCTGGCAGGACACTGAATACT
2. CATCTGTGGTCTTCAGCAGG
Forward 1. GCAGTAGCAGTTCCCCTGAC
40035 2. GCCCTCCTAAACCACCTCAG
patp everse 1. CCTGGCAGGACACTGAATACT
2. CATCTGTGGTCTTCAGCAGG

2.4.3.1Rescue of ecombinant VS\-mIL -12

Recombinant VSMnIL-12 was rescued as described previo8&yOnly theV3
construct could be successfully rescugdefly, QM5 cells were infected with the
modified vaccinia virus Ankara strain encoding T7 RNAymerase (MVAT7). Two
hours post infection, MVAT7 was removed and QM5 cells were transfected W&h
genome plasmid along with the helper plasmids-pBBSP, and pBS. at a ratio of
2:2:1.25:0.25 €9, respective)lThetransfeatiaong Li po
mix was replaced by fresh medium 6 hours post incubation. Two days later, the cell
culture supernatant was harvested and filtered through 0.22 pm filter to obtairTMVA
free supernatant containing the rescued MBES-mIL-12 virus. Ths supernatant was
then passaged on Vero cells, amplified and plaque purified thrice to obtain recombinant
VSV patrticles.

To confirm the recovery of VSVNRESmIL-12, viral plaques were propagated on
Vero cells and 24 hours post infection cell culture sogant was analysed for mil2
by ELISA (Invitrogen). Vero cells were harvested for RNA extraction using RNeasy Plus

Mi ni kit (Qiagen). One €g of total RNA was
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cDNA synthesis kit (Wisent Bio). Primers complimentary #® itisert were used to

generate cDNA amplicons by PCR, and were later Sanger sequ&abés 2)

2.5 PCR Conditions

PCR reactions were performed using Phusion Hot Start 1| DNA Polymerase
(Thermo Scientifc) as per manodudsaereir er 6 s
analysed using DNA agarose gel (1% agarose; 1X TAE buffer; 90 V; 45 min; RedSafe
DNA dye (ABM)). Experiments involving extractions of amplified DNA products from
gel followed similar conditions, except a 0.8% agarose gel was used, and amplified
products were visualized using a UV transilluminator. DNA bands were excised using a
scalpel blade and extractions were performed using NucleoSpin® Gel and PCRJGlean
gel extraction kit (Takara Bio, USA).

2.6  Production of VSV-GFP, VSV-p14, VSV-IL -15, VSV-IL -12 and MVA-T7

Vero cells were grown to 90% confluenoen T-175 flasksand infected with
VSV viruses at a multiplicity of infection (MOI) of 1. Two days later, the supernatant
containing amplified VSV virus was harvested and centrifugedxd® minutes, 4 °C)
to pellet cell debris. Infected cells were scrapped, resuspended in sterile PBS, lysed with
3 cycles of freez¢haw cycles and pelleted (54§) 10 minutes, 4 °C) to obtain virus
supernatant. Cleared supernatant and virus suspension wereedniittered through
0.22 pm filter and layered onto 20% sucrose solution in sterile PBS. The virus was then
pelleted by ultracentrifugation (36,000 rpm, 1.5 hrs, 4 °C) and resuspended in 15%
glucose, aliquoted and stored-&0°C.

Amplification and puification of MVA-T7 viruses was similar to the VSV
production system, as described above, with certain differences accounted below. Firstly,
MVA -T7 viruses were propagated in QM5 cells. Secondly, virus suspension was layered
onto a 36% sucrose solutionRBS. Thirdly, pelleted virus was resuspended in sterile
1mM Tris pH9.0 buffer.

2.7 Plaque assay

In a 12well cell culture plate, 2xT0vero cells were seeded per well and cultured
into confluent monolayers. Next day,-fidld serial dilutions (18 to 10%) of the virus
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stockincoldserusi r ee DMEM were prepared and 200 €L

infect Vero cells for 2 hours in duplicates with gentle shaking every 15 minutes. Post
infection, virus was removed, and cells were overlayed with 1mL cdd&sose solution
(3.75 mL of 4% agarose in DMEM, 750 eL of
overlayed plate was inverted upon agarose solidification and incubated undisturbed for 2
days. To fix the cells, 1 mL of 10% formaldehyde was added to each wel.1Aitzur,

agar plugs were gently removed, and cells were stained with 1% crystal violet (Sigma
Aldrich). Viral titer determined by multiplying the average number of plaques at a given

dilution with the inverse of total dilution factor using the below fdamu

Virus Titer (PFU/mL) =

2.8 Bone marrow derived dendritic cells

Wild type C57BL/6 mice were anesthetized usinA8f2 inhaled isoflurane and
euthanized by cervical dislocation. Under sterile conditions, femur and tibia were
harvested after stripping off the skin and muscle tissue. A 30 mL syringe containing DC
medium (R®I 1640 supplemented with 10% FBSn#rcaptoethanol (20 uM), sodium
pyruvate (1 mM; Gibco), MEM noemssential amino acids (1x; Corning Life Sciences)
and penicillin/streptomycin (100 units/mL00ug/ml; HyClone)) and a 3auge needle
was used to flushdme marrow through a 4@icron nylon cell strainer to collect cell
suspension in a 50 mL conical tube. The cell suspension was then pelleted by
centrifugation (300 x g, 8 minutes, room temperature) and resuspended in 5 mL of cold
ammonium chloride buffeiof 30 seconds to lyse the red blood cells, followed by
neutralization with 5 mL of DC medium. The cell suspension was again pelleted and
resuspended in 15 mL DC medium supplemented with@3# (40 ng/mL; PeproTech)
and IL-4 (10 ng/mL; PeproTech). The cslispension was then evenly distributed into 3
wells of a 6well cell culture plate and incubated in a humidified incubator (37 °C; 5%
CQ,) for 3 days. On day 3, fresh DC medium (5 ml) supplemented withOSH (40
ng/mL) and 114 (10 ng/mL) was added to dawell. On day 5, noadherent cells were
harvested, resuspended into 15 mL-D&dium supplemented with 20 ng/m| GOBF

and cultured into new wells. On day 6, an additional 1 mL of DC medium supplemented
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with DCs 20 ng/ml GMCSF were added to the cells. @ay 7, DCs were loaded
over ni g-BaCem0.4up/miDiagnoCine LLGQ and harvested the following day

for in-vivo NKT activation experiments.

2.9 ID8 tumor model

C57BL/6 mice were inoculated (i.p.) with 328 ovarian cancer cells at day 0,
and at dys 9, 11, and 13, mice were injected (i.p.) with VGNP, VSV¢pl14, VSVAIL -
15 or VSVHIRESmIL-12 (5x1@ PFU/mouse). On day 14, mice received 610 . -p . )
GalCerl oaded DCs for NKT cell acti v-BDlioon;
isotype IgG(300 pg) on days 17, 24 and 30. Ascites development was monitored for
survival experiments. For immune phenotyping experiments, ascitic and spleen tissues

were harvested and analysed 7 days post NKT cell activation.

2.10 Immune phenotyping

C57BL/6 mice wererioculated ip. with 3x10D8 cells and treated with either
NKT activation therapy alone or in combination with VV@FP or VSV¥p14.Twenty
onedays post implantation, ascites ahsaggregatedpleencellswere harvested and
resuspended in cold RBC lysis buffer (150 mM NHA4CI; Sighkidrich) for 5 minutes,
neutralized with equal volume of FACS (2% FBS in PBS) buffer and pelleted by

centrifugation (300xg, 10 minutes, 4 °C). Ascitic and splenic cells werspesded into

0.5 mL and 5 mL of the FACS buffer, respectively, and counted using a hemocytometer.

Cells were processed ftlow cytometry.

2.11 Flow cytometry

Prior to staining, cells were piecubated with artCD16/32 for 20 minutes to
block nonspecific bnding, followed by a 20 min incubation with Brilliant Viold21
(BV) conjugatedfixable viability dye (FVD; Clone HMN4112; eBioscience) to
distinguish live from dead cells. The following antibodies were purchased from
eBioscience (San Diego, CA), BioLegk(San Diego, CA), or BD Biosciences
(Mississauga, ON BV510-ant-CD45.2 (Clone 3@11); BV605ant-CD8 U ( Cl one
6.7); BV785anti-PD-1 (Clone 29F.1A12); Fluorescein isothiocyanate (FITC)
conjugateeNK1.1 (Clone 29F.1A12); phycoerythrin (REQnjugatedCD44 (Clone
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IM7); Peridinin chlorophyll proteirCyanine5.5 (PerGEy5.5) conjugated CRb ( Cl one
H57-597); Alexa Fluor 700 (AF700) conjugated CD4 (Clone RP#; APCGeFluor780

ant-CD69; FITGantiLy-6C (Clone Al-21); PEanttCD86 (Clone GL1); PerCP
Cy5.5anttCD19 (Clone 1D3); PhycoerythA@yanine7 (PECy7) conjugatedCD11b

(Clone M1/70); Allophycocyanin (APC) conjugatégt-6G (Clone RB63C5); AF700

anttMHC-II (Clone M5/114.15.2); APCE&luor780Gant-CD11c (Clone N418); PerCP
Cy5.5ant-CD25 (Clone 3C7)BV650-antil F NGloneXMG1.2); PEantiFoxp3

(Clone FJK16s); APCGant-CD62L (Clone MEL=14); BV785anti-CD44 (IM7); FITG

anttT CRb ( CI-591).eNKTHcBIIE were identified using APC conjugated CD1d
tetramer | o-GaCerdanalsg RBE5Nationd Indtitute of Allergy and

Infectious Disease Tetramer facility, Emory University Vaccine Centre at Yerkes,

Atlanta, GA). Intracellular stainingof IFd and Foxp3 mol ecul es was
the Cytofix/Cytoperm Plus kit (eBioscience, San Diego CA)wHgtometry data

acquisition was performed using a 3 laser BD FACS Celesta with BD FACSDiva

software. Flow cytometry data was analyzed using FlowJo V10 software.

2.12 Immune function assays

To evaluate whether VSGFP treatment alone and in combination witkTN
cells activation could induce a loftgrm adaptive response, mice werelhallenged
with 1D8 cells and monitored for tumor growth. Fifty days later, mice were euthanized
andsplenocyte$arvested as described above. pcific cytolytic activity was
examined by ceulturing 1.5x10 splenocytes in a 1:1 ratio with CellTrace Violet
(Invitrogen}labelled ID8 cells in a complete RPMI medium for 18 hours. Following
incubation, cells were stained with AF®nexin V and 7amincactinomycin D (¥
AAD; Invitrogen) and immediately analyzed using flow cytometry to determine apopto
ID8 cells.
To further characterize immune activation associated with the above splenocyte
ID8 co-culture assaycytokinelevels weraneasuredy an enzymelinked
immunosorbentassy ( ELI SA) using mur i rddlnvirdgéh) ( e Bi 0 ¢
kits as per the manufacturer6s instruction

experiment were coultured in a 1:1 ratio with ID8 cells in a complete RPMI medium.
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Supernatants wercollected at 12 24, 36- and 48hours, centrifuged (36@, 10
minutes) to remove cell debris. Cleared supernatants were aliquoted, st&@Caand
| ater anal ys eddytdkimedevelsF No and | L

2.13 Murine IL -12 detection

To determine the producticand concentration of milL2 secretion after infecting
Vero and ID8 cells with VSMRES-mIL-12, a murine 1E12 ELISA kit (Invitrogen) was

used as per the manufacturero6s instruction

2.14 Apoptosis assay

ID8, B16, LLC, 4T1 and Pan02 cancer cells were se@et cells/100uL
medium/well) in 96well plates and incubated overnight. Next day, cells were infected
with 100pL of virus at an MOI for 1 for 24 hours. Cells were stained with A&Dexin
V and ZAAD (Invitrogen) and immediately analyzed using flovtayetry.

2.15 Cell viability assay

To evaluate the cytolytic effects of VSV variants on different cancer cell lines,
MTT assays (Life Technologies) were performed. MTT compound consists of
tetrazolium rings that are cleaved by mitochondrial dehydrogenaseiabie cells
resulting in the formation of purple formazan crystals, that could be quantified
photometrically. ID8, B16, LLC, 4T1 and Pan02 cancer cells were seeded (5x10
cells/100uL medium/well) in 96well plates and incubated overnight. Next day,scell
were infected with 10QL of virus at varying MOI for 24 and 48 hours. Two hours prior
to the endpoint, 20 eL of MTT solution (5
incubation, cells were pelleted by centrifugation (1400xg, 5 minutes, 4 °C) and
supernalmt was di scarded. Formazan crystals wel
DMSO to each well and left on the orbital shaker for 10 minutes. Formazan concentration
was determined at an optical density of 570 nm using an Epoch microplate
spectrophotometdBioTek). Assays were performed in triplicate wells for each
condition and the mean of the control was standardised to 100% cell viability. Cell
viability was calculated using the equation below.
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Viable cells (%) = pTIT

2.16 Statistical analysis

Data in this body of work is expressed as mean + standard error of theungean
statistical significance was set at p < 0.8&rvival data was analyzed by {cank
(Mantel Cox) test. A norparanetric twotailed ManaWhitney U test was used to
compare between two data groups. Comparisons between more than two data groups
were made using a Kruskéfallisnonp ar amet ri ¢ ANOVAteswi t h

Statistical analyses were carried out using Gragh®ism 8.
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CHAPTER 3:RESULTS

3.1Combining VSV-p14 or VSV-GFP with NKT cell activation therapy to target

ID8 ovarian carcinoma

Our laboratory has previously established that NKT cell activation and &Y
oncolytic virotherapy as standalone treatments improve survival outcomes in the mouse
model of ID8 ovarian cancet®®. Combination of these two treatments further enhanced
survival®, In this study, | sought to investigate whetkie® V ae Mdéndineered to
express the pl4 FAST protein from reptilian reovirus could provide superior tumor
protection either as a standalone treatment, or in combination with the NKT cell
activation therapy and arfiD-1 checkpoint blockade.

In-vitro infection of Vero cells with VSW14 has been previously shown to
increase viraspreacand induce superior cytolytic activity than VS38P34 In
addition, our laboratory has also reported improved survival outcongegnary
metastatic 4T1 breast and CT26 colon cancer mouse models usingMS¥. We
hypothesized that VSY14 would also elicit increased survival efficacy over VSFP
in the murine ID8 ovarian cancer model.

In our preliminary study, monotherapy treatments with VS&P, VS\ip 1 4-, U
GalCer-loaded DCs or ant?D-1 significantly increased the overall survival of the mice
compared with untreated mice (Figure 4A, B). Although &M performed slightly
better than the VS\GFP as a standalone treatment, survival outcomes significantly
improvedin mice treated using VSY14 in combination with NKT cell activation
therapy. Additional treatments with aitD-1 blockade in mice previously treated with
the VS\tp14 and NKT activation combination therapy further enhanced overall survival.
Interestingy, VSV-GFP treated mice did not reach the survival threshold as established
in ID8 tumor model in our previous repgoirt which at least 50% of the mice survived
until day 508, Additionally, survival outcomes obtained for NKT cell therapy treated
mice remained similar to the combined VSV T cell therapy, indicating reduced
efficacy of VSVAGFP. To address this inconsistency, V6G¥P and VSW14 viral
stocks used for this study were examined by plaque assays and titer loss was observed

with longterm storage of viruses (>2 years). Recaltad viral titers of VSVWGFP and
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VSV-p14 delivered were found to be suboptimal 1.PABU and 3x10PFU,
respectively. Interestingly, even at suboptimal doses-¥®¥ yielded superior survival
protection over VSVWGFP. It is possible that increased reflima kinetics of VSVp14
may have compensated for reduced vdos.

A c57BL/6 Days 9/11/13 Day 14 Days 17/24/30
ID8 cells VSV-GFP or VSV-pl4 a-GalCer-loaded DCs anti-PD-1
i.p. 3x108 i.p. 5x108 PFU i.p. 6x10° i.p. 300 pg
B —a
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- l"_ == DC * *
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Figure 4 Targeting ovarian cancer with combined NKT cell activation therapy and

VSV-pl4or VSV-GFP oncolytic virotherapy. (A) Schematic of treatmentielivered in

ID8 ovarian cancer mice model. Mice were intraperitoneally (i.p.) inoculated with 8 x 10

| D8 ovarian carcinoma cells. MicEPorecei ved
VSVMmppla(5x16pf u) on days 9, 11 -Galdedloadled. A si n
DCo6s (dcllsx.p.)Wwas delivered on day 14 for NKT eatitivation. Three doses of

anttPD-1 treat ments was gi ven o0.¢B)ahd (LCeeflett7 , 24 a
independent survival studidsatwereperformed using differeriatche of viruses.
Kaplan Meier curves were generated to assess survival curve uskngrilogMantel
Cox) test f ol |l ovGal@eg otardeead rRBbtadenecwrint th U
combinati on F®Ph oV S Vg MMEp5)ins = nosignificant,
*P<0.05, **P<0.01.
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To address above inaccuracies in our preliminary study, a similar survival
experiment was conducted using the new viral stocks (Figure 4A, C). Survival outcomes
obtained for mice treated with asRD-1 or NKT activation monotherapies meefound to
be consistent with our previous observation (Figure 4B, C). However; &S¥
individual treatments and in combination with NKT immunotherapy were found to
perform better than VS¥14 (Figure 4C). These observations were surprising given that
VSV-pl4 has been shown to be effective against many types of tumors. At this point,
therapeutic efficacy of VS¥14 in ID8 model yet remained elusive, and we suspected
that the virus might have lost its oncolytic potency over repeated patikatyedue to
presence of an evolved VW14 serotype with suboptimal fitness.

In addition to discrepancies observed with /B4 treatments, survival
out comes o {Gal@er lvaded DG treatmebts were also founhty in these
studies (Figure 4B, C). In treecondsurvivalstudy (Figure 4C)~25% ofmice treated
with standalone NKT cell activatiogxhibitedlongersurvivalthan thefirst study, where
similar treatments resulted mortality around day 40k is speculated that differences in
culture conditios (e.g. variability in GMCSF or 1-4 potency) might have influenced
development of bone marrow derived DCs in either of these cases, leadifigriog
survival outcomes when used therapeutically for NKT cell activation. Additiortail,
CSFcould drivedifferentiation of nouse bone marrowonocytes intaendritic cells
(DCs)or macrophagesand while DCs in suspension could easily be isolated from
adherent macrophage populatiéagtors such asge of mouseserum, and experimental
time setup for the D@eneratiorcould also influence purity and maturation of &,

In order to ensure equivalency across repeated BMDC culflows;ytometric
immunophenotypingan be used to quantify the purity and maturation statgeredrated
DCs.

3.2VSV-IL -15 did not improve survival outcomes in the ID8 ovarian cancer
model

Given that the targeted delivery of k15 usinganoncolytic VSV vector enhances
VSV efficacy in the @26 lung metastases modél we tested whether VSW.-15

improves VSV therapy in the ID8 ovarian carcinoma model either as a monotherapy, or
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in combination wih the NKT cell immunotherapy and aftD-1 checkpoint blockade
(Figure 5A, B).

Monotherapy treatments with VS8FP, VSVL-1 5 ;GalCerloaded DCs or
anti-PD-1 significantly increased the overall survival compared to the control (Figure
5B). Approximately70% of the mice treated with VSN.-15 either as individual
treatments or in combination with the NKT cell immunotherapy andRibl
checkpoint blockades had to be sacrificed around day 50 due to increased incidences of
hind limb paralysis, suggestinige possibility of virus induced neurotoxicity. However,
these mice did not exhibit ascites buildup at sacrificed. These observations were
surprising since VSVL-15 was engineered to expressfill5 on a VSVopM51 pl
that is specifically designed to etiuate VSV induced host neuropathogenesis and
required further investigation.

Although the combined VS\GFP and NKT cell activation therapies improved
overall survival than the standalone treatments, the addition ePBritidid not provide
superior tumo protection (Figure 5B). Since only two mice received this triple
combination therapy, additional experiments examining the therapeutic benefit of anti

PD-1 in combination therapies are needed.
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Figure 5 Targeting ovarian cancer with combined NKT cell activation therapy and

VSV-IL -15 or VSV-GFP oncolytic virotherapy. (A) Schematic of treatments delivered

in ID8 ovarian cancer mice model. Mice were intraperitoneally (i.p.) inoculated with 3
x1PID8ovarim carci noma cel | s, Mi ce rec&FRred 1 .p
or VSV-MpBGBGx16pfu) on days 9, 11-GalGed 13. A s
| oaded DCdlsi.pwasxdeliered on day 14 for NKT cealttivation. Three
dosesPDaft beat ments was given on days 17, 2
Meier curve was generated to assess survival curve usingabéig MantelCox) test

foll owing t rGa@er-Imeand esd WP Tredoridoor in combination with
VSVM®pGRP or V-BIMM@5=110). ns = nossignificant, *P<0.05,

**P<0.01, **P<0.001.

3.3VSV-GFP and NKT cell activation increasen-vitroIFN-0 s ecr #hdre-on i n

challenged mice

To examinevhether VSVVGFP treatment alone and in combination with NKT
cells activation could induce durable antmor immunity, 2 mice (1 per treatment
group) that survived the first ID8 tumor inoculation from Figure 5B wexhedlenged

with ID8 cells (Figure 6A)Compared to the control,-ohallenged mice did not develop
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ascites and remained tumioee, suggesting development of immune memory against the
ID8 cells (Figure 6B).

Fifty days post reehallenge, mice were euthanized, and spleens were harvested
(Figure 6A). Splenocytes were cocultured with CellTrace Vilaleelled ID8 cells at a
1:1 ratio for 18 hours to assess {B@ecific cytolytic activity. Apoptotic and dead ID8
cells were characterized by examining surface expression of Annexin VAAD 7
uptake using flow cytometry (Figure 6C). Splenocytes obtained from the mouse that
received VSVGFP monotherapy prior to ID8-@hallenge increased 7AAD and Annexin
V staining ofID8 cells compared to the naive mousedicating presence of ID8pecific
anti-tumor immunity. Furthermore, splenocytes obtained from tlehadlenged survivor
mouse that had received the V®FP and NKT cell activation combination therapy
exhibited sperior killing of ID8 cells (Figure 6C). These findings indicate that both
VSV-GFP and NKT cell activation therapy synergize to provide-tengn antitumor
immune memory.

The findings above were also found to agree with-$pBnocytes caultures
examin ng | FNd @pmaddudti on (Figure 6D). A signi
production was observed in-coltures containing VS\GFP treated survivor mouse
splenocytes compared to those from a naive mouse. Splenocytes from the mouse that
receive combination her apy el i cited a further increas
the contrary, I1L4 levels were highest in naive mouse 48 hours post incubation. The
measur ed Hiekts waendar theldetection limits of the ELISA kits and
therefore are subgt to further validation.

Taken together, th@-vitro results obtained from our tumor-challenge study
has been met with limitations including small sample size (n=1/group) and low levels of
det ect abl e4dplordvgonlg imdedevidenceao confirm VSV-GFP or NKT

cell mediated development of ID8 immunity.
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3.4Immune infiltration in ID8 ovarian cancer

| previously demonstrate that VSSFP oncolytic virotherapy when used alone
and in combination with NKT cell activation therapy prolonged sunavalthe
untreated control (Figure 4C); and while the therapeutic benefit ofyI8Vas observed
in apreliminary experimentthiscould not replicated in successive experiment, | further
sought to characterize the differential immune modulatory activities of@BN and
VSV-pl4viral stocks previously used for survival studig®ne and in combination with
NKT cell activation. Activation, expansion, and infiltration of NK'1INK cells, CD1d
tef TCR-b" NKT cells, CD4 and CD8 T-cells, CD4CD25Foxp3 Tregs, CD11b
CD11¢MHC-II* DCs, Ly6C" monocytes and L$G' granulocytes in ascites and spleen

tissues were examined using flow cytometry.

3.4.1 NKT cell activation expands NKT cells in spleen and ascites

Our laboratory has previously demonstrated that NKT cell activation therapy
significantly increased survival in 4Thammary and ID8 ovarian cancer mouse models
166 To obtain insight into the immune response elicited by NKT cell activation in the ID8
model, the number and activation status of NKT cell populations were determined
(Figure T7A, B) .-GadWeroaded DCanbnotheeapyekhibitedla U
significant increase in NKT cell counts in spleen and ascites compared to the untreated
mice, whereas VSAGFP and VSW14 individual treatments did not elicit NKT cell
expansion. Interestingly, while the VS¥FP and NKT cell activation combination
therapy dd not lead to NKT expansion, VSp14 and NKT cell combination treatments
did exhibit NKT cell expansi orGalCelgaged ns e
DC monotherapy.

NKT cells were further characterised based on surface expression 6A@DAD8"
(Figure7 C). CD4 NKT cells secrete both Thl and Th2 cytokines, whereasCID8!

NKT cells predominantly produce Thilated anttumor cytokines®*8 While splenic
NKT cells did exhibit an increase in CDMKT subpopulation in mice treated with
GalCerloaded DC, a corresponding reduction in DN subtype was not statistically
significant. Thus, CD4NKT cells constitute a significant gportion of expanded NKT

cells in the spleen following NKT stimulation.
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Figure 7 U-GalCer-loaded DCs induce NKT cell expansion in spleen and ascites.

Mice received i.p. i-GFRcdr owplM@op®pfu)bner VSV
days 9, 11 and 13 f oGdloGerd Iboya hecklsmE)d £ ([dd s>
on day 14 for NKT celactivation. Spleen and ascites were harvested 7 days post
treatment and (A) Tot al ‘i Dluteteamelawdre NKT cel |
examined in spleen and ascites using flow cytometry. (C) The frequency 6fa@d4

DN (CD4CD8) NKT subsets in spleen and ascites were also obtained-5npe2group,

*P<0.05.

3.4.2 NKT Cell activation upregulates PD-1 expression in ascites

PD-1 deficient mice have been shown to resist development of NKT cell anergy
i n r espo nAGl€ert’ do dvaluate wheéthétGalCerloaded DCs elicid
exhaustion of NKT cells, P12 cell surface expression was analyzedscites and spleen
(Figure 8). Mice that received NKT cell activationsamonotherapy or in combination
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with VSV-GFP exhibited upregulation of PDon asciés NKT cells Although VS\¢p14
and NKT cell combination therapy also resulted into similar outctimeedidnot reach
statistical significance. In spleen, a modest increase # BXpression was also
observed in mice that received NKT cell activation otberapy; the results, however,
were not statisticallgignificant when compared to untreated mice.
OQur | aboratory has previously reported
GalCerloaded DCs in tumeiree mice exhibit PEL expression levels similéo that of
naive mice in spleen and liver NKTcelll, These dat aGalCeslpddéedc at e t |
DCs do not directly induce RD upregulation, which is in line with other studies
sho wi n g -GalBea Ibaddd DCs prevent anergy inductiohThe results from this
study, however, show significant increase inPBxp essi on on NKT cel |l s
GalCerloaded DCs stimulation. It is possible that chronic antigen stimulation of NKT
cells by endogenous ligands, for example, in the ascitic tumor microenvironment may

have led to PEL upregulation.
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Figure 8 U-GalCer-loaded DCs induce PBL upregulation on NKT cells in ascites.

(A) Frequencyof PD-I*NKT cel |l s (TCRb+CD1d astitesanda mer +)
spleen7 days post sGalCardeatied DGs ¢i.p. 6x40) usirty flow

cytometry. Histograms depict upregulated surface expression-afdnpared to

untreated mice and isotype control (FMO). n-5 ger group, *P<0.05.

3.4.3 NKT cell activation increasessplenic dendritic cells

In order to evaluate the composition of major atigresenting cells, total cell
counts of CD118VHC-11* dendritic cells were determined in spleen and ascites (Figure
9A, B). NKT cell activation led to significant expansion of the splenic DC population
whereas this was not observed with the combined-WBY cell therapies. A similar
trend was also observed in ascites; except in mice that received combination therapy
exhibited the least number of DCs in ascifedivated DCs have a lifespan of a few days
to weeks*’®, thus, it is possible that some of the accumulated B&ected in spleen and

ascites are indeattGalCer-loaded DCs, used for activation of NKT cells
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Figure 9 NKT cell activation induce DC expansion in spleenMice were treated as

outlined in Figure 7(A) Total cell counts oDCs (CD11EMHC-I1"CD19CD11b) in

spleen and ascites was assessed. (B) Frequency of mature DC were characterized using
CD86 activation marken = 2-5 per group, **P<0.01.

3.4.4 NKT cell activation expands splenic NK cells

To determine the extent of NK celtoliferation in response to NKT cell
activation treatment alone or in combination with \&¥P or VS\{p14 virotherapy,
NK cells from spleen and ascitic fluid were stained for NK&Lirface marker.
Following treatment witH)}GalCerloaded DG, NK cells accumulated in spleen and
ascites (Figure 10A). Interestingly, the ascitic NK cell counts in mice that received the
combinati on t her-SaGerloaded C tréatmere alond. This suggests
that the VSV treatments impeded NK expansion in asaites used in conjunction with
U-GalCetrloaded DCs.

In spleen, the combined VS8FRNKT cell activationtreatmentlsoinduced
NK cell accumulation, but at levels similar to the NK cell counts obtained for mice
treated with NKT cell activation alone. Thisrdonstrates that the observed spike in NK
cel l count w-&alCetloadedDCy, ardl that the BV teatments did not
impact splenic NK cells count. Additionally, mice treated with only VSKP or VSV
pl4 viral treatments exhibited NK cell couetguivalentuntreatedumor-bearingmice.
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We next assessed NK cell exhaustion usinglPdDrface marker, but no
significant trends were observed for either treatment type in spleen (Figure 10B). In
ascites, the combined NKT cell therapy with V&FP or VSV{p14 did result into
lowest levels of exhasted NK cells, but the data did not reach significance.
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Figure 10 NKT cell activation induces NK cells expansion in spleeiMice were
treated as outlined in Figure 7. Totall counts of (A) NKL..1" NK cells were determined
in spleen and ascites and were gated to assess (B) surface expressidn w=PEb per
group, ns = nosignificant, *P<0.05, **P<0.01.

3.4.5 NKT activation induces T cells recruitment in ascites

To better understand the immunep@asse elicited by T cells, we started by
examiningtotal TCFb+ T cel |l s i n ascites and spleen (
oftotalasci tic T cell s wer e -GdiCeHpadedeDL oriVBY mi ce t
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GFP monotherapies, compared to the @& control. While VS\p14 also induced a
modest Fcell accumulation in ascites, albeit statistically insignificantaitumulation
was much lower than-€ell counts obtained for mice treated with V&®FP. The
combined VSVYGFP and NKTactivation therapyesulted in maximal accumulation of T
cells. From the data obtained, it is difficult to ascertain whether the combined therapy
elicited synergistic or additive effects orcé&ll proliferation in ascites. No significant
difference in splenic -Eell countsvere observed across the treatment groups.

We next assessed the total number of Catl CD8 T lymphocytes in the
spleen and ascites, and then determined the proportions of each type expressing CD44
memory and PEL activation/exhaustion markers (FiguteB-E). Compared to the
control, all the treated mice, irrespective of the treatment type, exhibited similar levels of
CD8+ T cell counts in ascites. However, only NKT cell activation and &5 therapy
led to increase in CD4+ T cell counts in asciteer€lwere no significant differences in
spleen.

We next determined the activation status -@f€ll subtypes in spleen and ascites.
Uniform frequencies of the CD44 memory marker were obtained for both CD4+ and
CD8+ T cell subtypes across all the treatedamtdeated groups in spleen and ascites.
The indicated levels are similar to those observaahtreated tumebearing miceand
thus CD44+ expression remained unmodulated regardless of the treatment type. In
contrast to uniform CD44 expression acrosg akll subtyps or tissue origin, PEL
expression was fountd varyin ascitic Fcells. While elevated P2 expression levels
were observed for CD8+ T cells in VSSFP treated mice, addition of NKT cell

activation did not enhance nor limit PDexpression.
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Figure 11 Characterization of TCRb* T cellsin ID8 ovarian cancer.Mice were
treated as outlined in Figure 7. Totall counts of (A) TCR" T cells were determined in
spleen and ascites and TRER cells were gated to obtain (B) CDdnd (C) CD8T cell
counts. (BE) Surface expression of CD44 and-Rlbn CD4+ and CD8+ T cells was
also assessed.= 25 per group, ns = nesignificant, *P<0.05, **P<0.01.

53



































































































