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ABSTRACT

The optimal route for clinical delivery of oncolytic viruses (OVs) is thought to be
intravenous(lV) injection; however, the immune system is armed with several highly
efficient mechanisms to remove pathogens from the circulatory system. To overcome the
challenges in trying to deliver OUY¥, cell carries have been investigated to determine their
suitahlity as delivery vehicles for systemic administration of OVs. Here we demonstrate the
utility of a Drosophilamelanogastecell platform for the production and vivo delivery of
multi-gene biotherapeutic systems. We show that cultnedophila S2 cell carriers can
stably propagatéV therapeutics that are highly cytotoxic for mammalian cancer cells
without adverse effects on insect cell viability aallular gene expressiorrosophilacell
carriers administered systemically to immunocompetent anitrafiicked to tumars to
deliver multiple biotherapeutics with little apparent-taffget tissue homing or toxicity,
resulting in a therapeutic effe@2 cells provide a genetically tractable platform supporting
the integration of complex, mulgiene bioherapies while avoiding many of the barriers to
systemic administration of mammalian cell carriers.

Once OVs are delivered to tunmobeds, theyinitiate replicationin tumaur cels,
which often possess defects in antiviral pathsvagd are thus susceptibte infection.
However, not all tumars have defects in their antiviral defenses and thus virus replication in
these tumaors is rather limited. Identifying and modulating host factors that regulate virus
replication in OVresistant cancer cells, but nabrmal cells, could lead to increased
replication in these tumws and potentially improvéherapeutic outcomes. We therefore
conducted an RNAnterferencescreen using idbis virus (SINV) in order to identify host
factors that modulate OV replication timmoaur cells. Specifically, serial passage of a SINV

artificial microRNA (amiRNA) library in a tumar cell line followed by deep sequencing of



the selected virus populations led to the identification of sewndRNA sequences that

were enrichedFurthernore, the identified amiRNA sequences increased the replication of

variousOVs bothin vitro andin vivo, ultimatelyresulting inan enhanced therapeutic effect.
Overall, the workpresentedhere highlights strategies in whichboth the systemic

delivery andumourspecific replication of OVs can be improved.
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CHAPTER 1
1. INTRODUCTION

1.1 Cancer

Cancer isa groupof diseases characterized by the uncontrolled proliferation of cells
resulting in their dissemination and invasioimto other organs othe body Despite the
compl ex and heterogeneous nature of cancer,
andWeinberg thatare common to most types of carlceThesefeaturesincludeachieving
selfsustained growthjgnoring antiproliferative signals,resisting cell deathgnabling
replicative immortality, inducing angiogenesis, activating cell migration and metastasis, as
well as evading immunmediated eliminationThe acquisition of these traits is a product of
dysregulationin normal gene expressipa process that igoverned byheredity as well as
both genetic and epigenetic change&or example individuals who inherit germline
mutations in thdBRCAgenes, which play a role in DNA repaae at an increased risk of
developingbreast and ovarianancet*. Also, activation and overexpression of oncogenes
and the loss ofumour suppressors can occur as a result of somatic mutations and gene
amplifications/deletiorts Alternatively, aberrangene expressiocan arise as a consequence
of epigenetic modifications. Indeed, methylation of promoters results in gene silencing and
cancer cells are often hypomethylatad @ genomavide scale, with hypermethylation of
specific site€i.e tumoursuppressor genés)

Tumouss do not exist as isolated entities but rather within the confines of the tissue in
which they originate The interactions betweecancercells andnormal cells within the
tumour microenvionmentcan have both positive and negative impactgusmour growth.

For example, the immune system has the ability to recogmdesliminatemalignant cells



from the body; howevertumous also develop mechanisms to escape this immune
surveillancé . Macrophagesnd fibroblastwithin the tumour microenvironment are also
able to controktumour growth, but are ofterfi r e p r o0 g hyatumow celds to promote
tumour growth by stimulatingangiogenesis, inducing immune suppression, and increasing
tumourinvasion and metasta&fs->.

Evolution of cancer cells is governed by Darwinian selection in a dynamic and
changing microenvironmenthis leads tdoth linear andbranched evolution oveime,
thereby leading tolonal heterogeneityvithin tumouss'®. This complicates treatmeof the
disease as therapies may only Kill a subset of cells withimaur. Conventional
interventions includéumourresection, radiation therapy, and chemotherapy. In the last two
decades targeted therapies and immunotherapies have also been developed, and often are
used in conjunction with conventional treatmeAiscording to the National Cancer Institute
and the Caadian Cancer Society, survival rates for some cancers, such-atodghkin
lymphoma, leukemia and multiple myeloma, have increased over the last few decades;
however, for some cancers like bladder and uterine cancer, survival rates have remained
stagnant Wwh no improvements over time. Thus, there is still the need for better treatment

options.
1.2 Oncolytic Virotherapy

1.2.1A tbrief history ofvirotherapy of ancer

OVs are viruses that have the ability to infect and kithour cells without causing
significant damage to normal tissiésAs early as he late180Gs, there hadbeen case
reports oftumour regression coinciding witmaturalviral infection'®® In a widely cited

example, a patient with myelogenolesikemiawent into remission following an apparent



influenza infectioh’. However, it wasnot until themid-190Gs thatpre-clinical andclinical
testingof cancer therapy witlOVs was initiated largely due to thelevelopmenbf tissue
culture systems and rodent cancer modéat allowed for such experiments to be
conducted®?. In 1949, Hoster et al reporteda seninal study in humansvhere, after
observing two cases of remissidallowing natural hepatitis infectionn patients with

H o d g kdiseades an additional 21 patients were ¢ekatith hepatitis virugrom various
sources including sera and tissue extfacOf these 13 developed viral hepatitis and seven
demonstrated signs of improvement in various aspects of their diseasevédpdeaths
attributed to virus infection weralso reported in some instances. Over the next 20 years,
hundreds of cancer patients were treated with a wide range dtteouatedsiruses with
tumour regressions, as well as virusated complications and even deaths, occasionally
reported®. The 19Ds and 1980s witnessed a decline in the number of clinical studies using
OVs, perhaps due to the unfavorable safety profile of the virasaitableat the timeThus,

the field was in search of safer and mefeectiveOVs.

1.2.2Tumourselectivity ofOVs

The modern era of oncolytigirotherapy, madted by the engineering diimour
selective viruses, began 991 with the development of a thymidine king$&)-deleted
Herpes Simplex Virus (HSWvhich demonstrated attenuated neurovirulegeg was still
effective in a murine glioblastoma motfel The molecular biology revolutionwhich
allowed cancer researchers to gain bettederstanding of the disease at thelecular and
genetic level and also enall virologists to genetically manipulate viruséad to the

discovery of several candidate OVs with improved safety proffigecifc targeting of



tumour cells by OVs can be achieved using varigiiategies each one capitalizing on
inherent differences between normal cells and cancer cells.

Transductional targeting allows farmourspecificity by capitalizing on theresence
of cell-surfaceproteins that are ovexpressed or unique tamourcells. For example, both
measles virus anithe adenoviru€oloAd1 bind and enter cells vidD46™ #’, which is often
overexpressed im variety oftumous®. Similarly, poliovirus and SINVbind CD15%*° and
laminin receptot®, respectively, and these are also highly esged m solid tumous®2
Another strategyto achievetumourspecific transductions to reprogram OVs to bindot
specific surface antigens on tumour cells through the digiiasinglechain antibodies or
tumoursurface receptebinding ligands. Indeedinglechain antibodiesargetingepidermal
growth factor receptofEGFRY?, CD2G*, and CD38&® havesuccessfullypeen displayed on
measles virus to increatgmourspecificity.

Another aspect of the viral life cycle that can be engine&ennprove tumour
selectivityis viral gene transcription. There are sevéuahourspecificpromoters thahave
been identified and exploited to achiehés goaf®>3® Hypoxia®’ and telomere mintenanc®
are common to several cancers and thumnoters of genesvolved in regulatingthese
processessuch ashypoxiainduced factof’ and human telomerase revetsnscriptas®,
can be harnessed to drittenourspecific replication of OVd.ikewise, he prostatespecific
antigenpromoter, which is oveexpressed in prostate caritethas been engineered into
oncolytic adenovird$ and HSV® to achieve tissue specific expressitinis important to
note that this approach only works with viruses that replicate in the nucleus and rely on the
host transcription machinery to drive viral gene expression.

A different strategy to achiew@mourspecific virus replication is to take advantage

of microRNAs (miRNAs) that are differentially expressed taomour cells. Specifically,



MiRNAs that are present in normal tissues but absemniouss can be utilized to d@arget
virus replicationin normal cells by incorporating the target sequence of the miRNA in viral
gene critical for successful replicatith This approach has been implemented into several
OVs including vesicular stomatitis virus (VS¥Y*® measles virdé, HSV*®, vaccinia virus
(VV)* and adenovirus.

Importantly, the tumour selectivity of OVs hasalso been attributed to various
molecular featwrs unique taumourcell biology. One of the more prominent hypotheses is
that tumourspecific defects in the interferon (IFNJathway underlietumourselective
replication of OVslIndeed, it has been demonstrated that roughly 708nadur cell lines in
the NCI60 panel have defects irheé IFN responsé Although the drivers of tumour
evolution leading to the loss of IFN responsiveness are not completely understisod, it
believed that the physiological processelved in theantiviral responsere incompatible
with efficient tumour growth. For instance, IFN is known toao¢-angiogenic?, as well as
an inducer of apoptosts cell growth arresf and immunestimulatiort, all of which are
phenomena that cancer cells strive to etddewever a recent study has found that lossf
PTEN, which isone of the most commonly mutatéaimour suppressor gesen human
cancer?’, results in reduced IFMduced antiviral immunity, thus shedding some light as to
how tumourcells canacquire defects in the IFN respon$bese defects in the N-pathway
in tumour cells createa window of opportunity for naturally occurring orgeneered IFN
sensitive OVssuch adNewcastle disease virus (NDV) reovirus®®, SINV®°, measles virf8
and VSV,

Additional examples of rational design of OVs to incre@asaourspecificity include
the deletion ofTK gene from HS¥* and VV**, which allows forselectivereplicationin

tumour cells which often havelevated nucleotide poolSimilarly, VV encodes wccinia



growth factor (VGF), asecreted protein that binds EGFR gn@nessurrounding cells for
subsequent viral infectiGh®® Given thatEGFR is often constitutively activatéd several
cancer®’, such tumours are rendered hypersensitivénfection by VV lacking VGE
whereas normal cells are protected from infeéfiobastly, tumour specific agnoviruses

have been engineered by partial deletion of the E1A°gemhich interacts with theumour
suppressor gene retinoblastoma (Rb) in order to release the breaks on cell cycle progression
and promote virus replication. Since Rb fuantis often disrupted in cancer c&|san E1A

deleked adenovirus is renderetmourspecific. Overall, identification of molecular and
genetic differences between normal @amehourcells, coupled with an understanding of how
viruses interact with these altered pathways, has led to the generation gpanehsif safer,

tumoutrselective OVs.

1.2.30Vsare multrmechanistic antcancer agents

As the name implies, OVs replication tmmourcells ultimately leads to cell death
and lysis.Indeed, the cellular antiviral response results in the inductioseweéral pre
apoptotic genes that, in an altruistic fashion, serve to limit the spread Sf vitosiever, the
anticanceractivity of OVs is notonly limited to virus-induced apoptosis déimourcells. It
has been demonstrated in both mutimeaour models and in human patients tl@¥s can
infect and disruptumour vasculaturesubgquently leading to a loss of blood flow to the
tumourandcorsequery tumournecrosi€® °. Specific infection otumourendothelium was
shown to be mediateloly vascular endothelial growth factor (VEGRHucedexpression of
PRDXBF1/Blimpl, a transcriptional repressor that targets genes involved in the IFN
respons€- In addition to directnfection of tumourvasculatureQV therapy induces pro-

inflammatory responsthat leads to theexpression of the chemokines CXCL1 and CXCL5



within the tumour microenvironment. These serve riecruit neutrophils,which, through an
unknown mechanismseverely compromise blood flow to themour thereby leading to
tumournecrosié’.

Another facet of OV tarapy that is increasinghgcognized as being critical for anti
tumouractivity is the potent immunstimulating properties of viruses. The immune system
plays an important role in cancer prevention and tumowst acquire mechanisms to avoid
immune destruction in order to thrive Moreover, the role of IFNs in arttimourimmunity
is well establishetf®** In addition to being potent inducers of IFNs, OVs also indbee t
up-regulation of major hismompaitbility complex (MHC) molecules as well athe
production ofchemokines and cytokines thacuit and activate immune cellsll of which
favor enhanced antumour immune responsés’? . Furthermore, infection and lysis of
tumour cells can lead to immunogenic cell death and atsdéhe production of pathogen
asso@ted molecular patternand dangeasso@ted molecular patternghus leading to
increased activity of antigen presentindlcand improvedadaptive immuneesponse§ 8.
Clinical evidencethat OVs can triger effective antrtumourimmune responses comes from
the finding that m patients with nomesectable melanomd&T injection of virus in some
lesions | to reponses in nofinjected lesions' &2,

In addition to being selfeplicating therapeutic agents, Oysssess the ability to
function asgene expression etors Several apmacheshave been explored to improve the
potency of OVs through transgene expresslanreasedumourkilling has been achieved
through virusmediated expression of papoptotic gendd and pralrug converting
enzyme&"®* specifically within thetumour microenvironmentArming OVs with matnk

metalloproteinaseswhich are enzymes that can degramemponents ofthe extensive

network of macromolecules that make up eheracellular matrix (ECM), improvesvirus



spread within tumous®™?®. Similarly, viruses engineered to express immuaeasion
moleculeghatblunt the IFN respon&&®®andlimit the recruitment of innate immune cells to
thetumouf® have beent®wnto replicate to higher titers, leading to an increased therapeutic
effect. Given that the induction of aitimourimmune responses is amportant mechanism
of OV therapy, encoding immune stimulating cytokines, such as granuioegephage
colony-stimulating factor (GMCSF) IFN-2 or interleukin (IL)}12, is another strategy that
hasbeendemonstratedo improvetumour controf 3% |n fact, -VEC, an HSV-based
OV that is the first and onlyOV approved by the United States Food and Drug
Administration for use in patientas well aPexa-Vec, a VV-based OV currently in clinical
testing, encode GNCSF. Lastly, expression aiumourassociated antigerf$3AAs) by OVs
has resulted irthe induction ofantirtumour immune responsedar more effective than

vaccination with TAAs alorié 6.

1.30ncolytic rhabdoviruses

VSV is a member of thdRhabdoviridaefamily of viruses belonging to the genus
Vesiculovirus VSV is a bullet-shaped,enveloped,negativesense RNA virus with an
unsegmented1-kilobase(kb) genome that consists of fivgenesencodingthe five major
viral proteins nucleoprotein(N), phosphoprotein (P)natrix (M), glycoprotein G), and
large polymerasél). VSV, with its trimeric G proteinbinds to and enters cells via the low
density lipoprotein receptor (LDLR) leading to clathrimmediated endocytosisf the virus
particle®®® Once in the endocytic pathway, acidification of endosomes triggers
conformational changes in the G protein that drive fusion of the viral afidlac
membrane®?, resulting in the release of thianucleoproteircore into the cytoplasnThe

polymerase complex, which consists of L, P andddted genomic RNA, initiates primary



transcription ofviral messengeRNAs (MRNAs)% 1% Because the viral polymerase stutters
at each intergenic region during polyadenylatiand reinitiation does not always occur,
there is a gradient in the amounts of each viralegesing produced, with N being more
abundant than P, which is more abundant than M, and'8d @nce these are translated, the
resulting viral proteins imiate replication of the negathsense genome through positive
sense intermediat¥s. After a secondary round of transcriptiothe vial proteins and
genoms are assembled at tisell membrane, from which new virions bud.

The M protein of VSV plays a major role inhibiting host gene expression at
multiples levels, therebgromoting translation of¥iral gene productand alscantagonizing
the host antiviral respons@he M protein is able t@otently inhibit host transcription
directly*®® It also inhibits the nuclear to cytoplasmic transport of host mRNAs, thereby
preventing the translatioof important antiviral factors such as IENtsdoes so by forming a
complex with Nup98 a nucleoporinand Raela poly{A) binding export factqrboth of
which play a rolein the nuclear export of mMRNA¥% |t is also believed that M protein
mediated inhibition of host gene expression is in large part responsible for the cytopathic
effects induced by VSV,

As discussed above, tliemourspecificity of VSV as an OV arises from the fact that
it is exquisitely sensitive to the antiviral action of IFNs, coupled with the finding that
tumous often have defects in their IFN respdnS& Indeed, wildtype (WT) strains of
VSV can replicate and kill severadmour cell lines, but virus replication is attenuated in
normal cells, especially in the presence of fENOur group and others have capitalized on
these findings to further increase the safety profile of VSV. Stejdhl. have isolated
naturally occurring VS\attenuated variants (AYAV1 and AV2, that have lost the ability

to block host mMRNA export to the cytoplasiueto mutations in the M genk The net effect



is that, unlike WT strains of VSV, these mutants do not block the production of IFN in
normal cells and thus are highly attenuated in normal cells. However, tasmoeair cells
often do not produce or respond to B! these mutants retain their capacity to infect and
kill tumourcells. In order to ensure that the mutatdsnotrevert back to WT, a recombinant
strain of VSV was generated, V&5 1, dh methiohime at position 51 of the M protein

is deleted’. An alternate strategy that has been investigated is to eticedtleN-b gene in
WT-VSV*2 Following the same principles, this virus displays an attenuatedapype in
normal cells but retains its oncolytic activitytumouss.

VSV has several advantages as a therapeutic virus. It repliegiesy and to high
titers, and is highly lytic inumourcells. It has broad tissue tropism given the expression of
its entry receptorl.DLR, on severaktell and tissue typed/SV also has a farable safety
profile. Even WTFVSV causes relatively mild disease in animals and humans, and the virus
has been furthheattenuated for use as a cancer therapeutic. Since it replicates exclusively in
the cytoplasm and does not produce any DNA intermediates, there is virtually no risk of
integration into the host genome. Sirecenajorityof the human populatigrat least irNorth
America,has not previously been exposed to the virus, there is pexgng immunitythat
could hamper its use. It is also very immunogenic and therefore can prometiemamir
immune responsé&st™® Finally, there exists the means to engineer recombinant viruses in
order increase the safety or therapeutic activity of the V&,

In an effort toidentify more potent oncolytichebdoviuses, Bruret al. performed a
screen witha variety of WTviruses against a panel aimour cell lines and identified
Maraba virus as the most potent brieSimilar toVSVop5 two mutations that blunted the
ability of the virus to antagonize cellulantiviral defensedut maintaired robust replication

in tumourcells were engineered into the virushich was named MG1"*8 Interestingly,
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for reasons not yet understodte two mutationscreateda virus that was safer than WT
Marabain normal cellsyet hypervirulent in cancer cellsmportantly, MG1 expressing the
tumour antigen MAGEAS is currently undergoing clinical testing both as a si@ode
therapy and also in a pririm®ost settingn combination with adenovirualso expressing

MAGE-A3 (NCT02285816)

1.40Oncolytic VV

VV is the prototypic virus of the genudrthopoxvirus which belongs to the
Poxviridae family. VV is a large, brick-shaped, enveloped virubat has linear double
stranded DNA genomthat isapproximately 190kb in length and encodes over 200 genes.
Structurally, the virions contain ov&0 virally-encodedproteing 30 of which are foundn
the surfaceof the virion***?® The mechanism of rery of the virus into cells is not
completely understood. It is believed that VV can enter cells via direct fusion with the
plasma membrane and also through endocytasisocess that involves 12 viral protéftis
Once VV enters its host cell, it initiates tteplication cycle, which occurs exclusively in the
cytoplasmAmongst the 80 proteins that make the virionis a complete early transcription
systemthat enableghe synthesis otarly viral mMRNAs soon after infectionThe early
MRNAs encode enzymesd factors needed for synthesis of viral DNA and fardcagion
of the intermediate genes, whi@ncode enzymes andcfars for late gene expression.
Finally, the products of the late genes include the early transcription factors, which are
packaged wih RNA polymerase and other enzymemiprogeny virion??*% vV exists in
two infectious forms. The more abundant and basic infectious ®kndwn as the mature
virion (MV) andis formed intracellularly. The other form, known as the enveloped virion

(EV), has an additional membraaad exists extracellularly. The MV is involved in et
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cell spread whereas the EV is important for virusatissation through the hdét. Given its
large genome and numerous open reading frames (ORFS), it is not surgresing\t
encodes a wide array of genes that modulate host antiviral immunity, both innate and
adaptive. These include antagonists of grattrecognition receptgrénhibitors of the IFN,
nuclear factoe B(NF-a B )and tumour necrosis factor TNF) pathways, cytokine and
chemokine binding proteins, complement regulatory proteins, apoptosis inhibitors, and
modulators of antigen presentatioit?®

VV has several attributes that make it suitable as an OV. Importantly, it has a
favorable stety profile as demonstrated by its successful use as a smallpox vaccine. In
addition, VV possesses the ability to infect a wide spectrum of cell types and it can be
genetically engineered to express large banks of transggimes its large genome.
Oncolytic versions of VV have been generated for use as cancer therapeutics. Similar to
VSV, miRNA-detargeting® and engineering of IFiensitive varian§’ are strategies that
have been explored to increase thenour specifcity. Another approachthat has been
investigateds the deletion of TK from V¥*?8 Building from these initial findings, McCart
et al have further attenuated VV replication in normal cells by deletitiy Bi§ and VGE.

Clinical experience with VV expressing GBISF has yielded promising resullais
far. The virusis well tolerated and somteimour responses have been demonstrated’
Importantly, delivery of the virus ttumouss following IV administration habeen showpas

well as evidence dfimourspecificviral replicatiort>".
1.5Systemic eelivery of OVs

1.5.10bstacles tauccessfuDV therapy

OVs, along with all the strategies employed to increase their safety and potency, are
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of limited utility if they cannot be delivered tamous. Although direct intreumaural (IT)
injection is likely the mostefficient route of deliverythere are several advantages\{o
administration. Firstly, not allumous are amenable to direlX injection since they may
consist of several small nodules spread out over a large area, or are in an anatomical location
thatis inaccessible by direct injection. Systemic delivery has a greater chance of reaching
disseminated metastases as well as the printamngour Although not thoroughly
investigated, the ability of some OVs to stimulate -tummour immune responses may be
greater when administered systemically

Although there is aneed for efficient systemic delivery of OVs, there exist several
barriers to efficient systemic delivery of O\(Fig. 1.1). The immune system has evolved
several mechanisms to prevent the systemic spread of microorganisms and does not
discriminate between pathogens and therapeutic QVs.delivery exposes OVs to
circulating factors such as antibodies, whieltherbind to and neutralize virus directly or
mark them for destruction by wmplement andvarious immune celtd® Virus is also
neutralized by nowspecific binding to serum proteins and circulating cells present in the
bloodstreartt?. Organs such as the lung, spleen, and especially the liver,pkgoa
significant role in clearing virus from the bloodstream as these tissues contain resident
macrophageslike Kupffer cells, whose role is to scavenge the blood for circulating
pathogenS? These mechasms are present in virusive individuals asagst of the innate
immune system. e neutralization of OVs is even greatepriévious exposure has occurred,
since adaptive immunity is able to mount a significantly more paeadtspecifiammune
responsecompared to its innate counterparthi represents an additional and significant
hurdle to an efficacious repeat dosing regimen using OVs. Indeed, a significant proportion of

the human population has already been exposed to and thus has developed igicalinolo
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Figure 1.1: Virus neutralization during systemic delivery.

A) Circulating antibodies anB) complement bind to virus and neutralize them, as well as
marking them for demiiction by immune effectocells C) IV administered virus also
interacts with circulating blood cellsgdding to virus sequestratidn) Liver macrophages,
which are part of the reticilendothelial systenfjlter viruses from the bloodE) Viruses
that do reach theimourencounter extensiviemourextracellular matrix and high interstitial
fluid pressurewhich limit their extravasation into themour.
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memory to many of the OVs currently undergoing clinical development and testing,
including reoviru§*, VV*?°, and measles virld§. Apart from neutralization of virus in the
bloodstream, physical barriers sucht@®ourECM, as well as limited extravasation of OVs
into thetumourbed due to high interstitial fluid pressure within themour, can also result in
fewer virions being delivered tamourcells~®.

Despite all of these existing barriers to systemic delivery of OVs, recent clinical trials
suggest thatV administered virus can reach thanour and replicate if administered at
sufficiently high dos€$™*” presumably saturating the neutralizing mechanisms present
within the humarbody. Although this was a milestone achievement in the field, there is still
much room for improvement as several preclifi€df® and clinicat®****’data demonstrate
that preexisting, virusspecific neutralizing antibodies dramatically reduce the amount of

infectious virus that can be delivered to thmour:

1.5.2Cell carriers: playing virus hide ancegk

To overcome some of the challenges presented in delivering OVs systemically,
several strategiehave been exploredncluding polymer shielding**? depleton of
neutralizing serum factos"'* blockinguptakeby liver macrophageé>'“¢ and usingcdls
as delivery vehicldd’**® This approach mimics what some viruses have evolved to do in
order to spread systemically or gain access to various tissues within their host. For example,
human immunodeficiency virudH({V) is known to bind to circulating dendritic celand
macrophagesvhich then naturally migrate to lymph nodes and pass on the vinsstanget
cell population, CDAT cells***° The utility of cells as delivery vehicles for OVs has
therefore been investigated feeveral OVs using a variety of cell carrier types and different

tumour models in numerous preclinical studies. Notably, in recent clinical ,tri¥ls
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administered virus was found to bind several types of circulatingtefiéand in the case of
reovirus, the celbound virus was still infectious and could deliver virugumourcellsin
vitro despite the presence of neutralizing antibodies in patfénts

In theory, the idealcell carrier would not only protect its viral cargo from
neutralization ad direct it specifically tahe tumour, thus limiting toxicity to normal tissues,
but would also have antiimouractivity of its own Additional properties such as a favorable
safety proile and ease of isolation amdopagatiormhanufacturing are important features to
consider when deciding what carrier cell type is most suitable for clinical applicatiere
are several prelinical studies demonstrating that carrier cells can deliver a variety of OVs to
tumous. Indeed, successfdkliveryin vivo hasbeen achieved with several OV platforms
using a wide range of carrier cell typ&s40:147148.15171 (Tapje 11). Clearly this approach is
not limited to a single virus platform or to a single carrier cell type. In choosing a suitable
cell carrier for the delivery of OVs, one must consider the susceptibility of the cell to the
virus, the kinetics of viral replicatiomd release, as well as the kinetics of trafficking of the
cell carrier from the site of injection to themourlocation. All of these parameters must be
optimized to ensure that virus remains unseen by the immune system and therefore protected
from neutrdization. After a virus enters a cell, there is a period of time before progeny
virions are released from the infected cell. Ideally, the cell carrier should reatthntber
during this stage of virus replication. For some rapidly replicating viruses,asu¢SV, this
eclipse phase can be as short as an'ffolif whereas for slower repkting viruses, such as
VV, this period of time is much longé&#"3

Although using a cell carrier thagupports virus replication has its advantages,
delivery of OVs can occur in the absence of any appreciable replicattbe carrier celllt

was demonstrated that V&V, reovirug®, HSV*°, NDV*** and retroviru§” particles could
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Table1.1: Cdll carriersused to ddliver virusvectors

Transformed cells
Adenovirusis2
Vesicular stomatitis virus148
Measles virus#
Herpes simplex virus®>3
Vaccinia™
Parvovirust’t
Newcastle disease virus>®

T cells/cytokine-induced killer cells
Reovirus140
Retrovirussé
Measles virust®’.158
Vesicular stomatitis virust?
Herpes simplex virus!®
V accinial4®
Newcastle disease virus!>®

Dendritic cells
Reovirus!4
Measles virus!6?

Macrophages
Adenovirusiés
Measles virusi?
Newcastle disease virus!>

Peripheral blood mononuclear cells
Reovirus'®

Myel oid-derived suppressor cells
Vesicular stomatitis virus!®

Mesenchymal stem cells
Adenovirus6é
Measles virusi¢’
Myxoma168

Neural progenitor cells
Adenovirus’®
Herpes simplex virus6?

Endothelial E)rogenitor cells
Retrovirus’t
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0 hi t cdnhhe lsweféce of the T celend could be delivered to tumour cells through
various mechanisms, either passively or involving cellular synapses between the carrier cell
and the tumour cell. With retrovirus particles, it was found that the virus was handed off
either passively or viantracellular perforircontaining cytotoxic granules released from
activated T cells when they engaged their target'¢&lisnportantly, surface adsorbed virus
was protected from neutralizing antibodies. With V®¥dingof T cells™® it was observed

that at a high multiplicity of infection (MOI), the T cells could not deliver virusitoouss in
passively immunized mice but that this could be achieved if loaded at a low MOI. This
suggests that at g MOIs, surface bound virus was still accessible to neutralizing
antibodies, thus emphasizing the importance of optimizing infection conditions when

preparing cell carriers.

1.5.3Cell carrier types

Based on the prelinical studies that have beeompleted so far, most of the cell
types that have been studied as delivery vehicles for OVs fall under one of the following
three categories: trarmsimed cells, immune cells progenitor cells. Each of these cell types
has its unique advantages and ptiééulisadvantages

Transformed cells were amongst the first cell carriers tested for OV delivery to
tumouss™?'’® They are relatively easy to grow to sufficiently large numbers and are more
readily infected with OVs thanormal cells, thus capable of delivering large payloads of
virus to tumous. The use of cell carriers that supports viral replication is an attractive
approach as it has the added advantagenofoutedose amplification as the cell carrier
produces viruas it makes its way to thtemour. Given that for some viruses, the current

doses used in clinical trials are at their maximum due to limits in ptioducf the clinical
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gradestocks, a cell carrier with the capacity to produce hundoed$housandf virus

particles per cell can dramatically increase the total amount of therapeutic virus that is
delivered to thetumour and thus increasethe likeliness of overcoming neutralizing
mechanismsTumour cells canalso traffic, or home, to specific orgaras is seen with

metastatic diseaséhis ability can be exploited to achieve targeted delivery to metastatic
tumourbeds. For example, myeloma cells, which have been used as cell carriers for delivery

of oncolytic measles virus, express high levels of CAGRd thus often metastasize to the

bone marrow®1’” Therefore, it has been proposed that myeloma cells themselves can be
used to achieve deery of measles virus to metastattamour beds in the bone
marrow®*8A1 t hough the possshieblifldi tcyelolf caanr réioefrf itsh
transformed cel | s, tumbuecells & eell cafriersafor PWAdeliverynis 6 s o
also attractive from an immungizal standpoint since infectddmour cell vaccines have

been demonstrated to enhanantitumour immune response® murine model&113132
Finally, even though transformed celisve been used in clinical tridf§ proper safety
measures must beomsidered when using any transformed cell line as a cell carrier.
However,it has been demonstrated that irradiation of the cell before administration can halt
its ability to grow, and thus itdumouigenic potential, while still maintaining virus

infectivity*">1"8

Several immune cell types, including T c&lfs**1%>18180¢cyiokine induced killer
(CIK) cells*®**® monocytes/macrophadés'®? and myeloiederived suppressor cells
(MDSCs)® have been inestigated as carrier cells since they can circulate systemically, they
have the ability to specifically recognizemouss or tumourassociated features, anthy

also possess arttimour activity on their own, therefore delivering a eweo punch to the

tumour. Adoptive transfer oftumour antigenspecific T cells has been extensively
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investigated as a cancer immunotherapy in botkclmecal and clinical settings. Since this

cell type has direct antancer effector functions and can also protect and delWs, it
seems like an ideal combination. In jmtaical studies using OL T cells specific for
ovalbumin (OVA), it was found that 4% of adoptively transferred T cells migrated to
B16-OVA tumous, which is quite remarkaBdf&. However in thistumourmodel, alltumour

cells, and onlytumour cells, express the highly immunogenic ovalbumin antigen and this
does not mirror what is seen in human patients where tamhour specific and highly
immunogenidumourantigens are rare. Adapely transferred T cells that do not migrate to
thetumourare often found in the spleen and lymph nodes, thus having the potential to target
any metastatic disease in these locations or conversely, leadingtawgeff toxicities One
advantage of combing adoptively transferred T cells loaded wilvs is that the highly
pro-inflammatory nature of a virus infection in themourmilieu can help to prevent T cell
silencing and inactivation as a consequence of the immune suppressive microenvironment of
the tumour, which is often seen with adoptive T cell therdyDespite the attractiveness of

this approach, its clinical application is challengimgl xpensive and thus limits iserall
feasbility .

CIK cells, which area population of CD3+, CD56+ NKke T cells obtained from
human peripheral blood or mouse splenocytes aftevivoexpansion withIFN-2, CD3
specific antibody, andlL -2, are another type of cell carrier that possess directcanter
functions®'# However, unliketumour antigenspecific T cells, they are not restricted to
one single antigen. Rather, they recognize NKG2D ligands, which are ofteguipted on
tumour cells as a result of stré8§ thus increasing the chances of targeting a larger
percentage ofumourcells within thetumour massas compared to T cell¥hese cells are

also easier to obtain from patients and expaxd/ivoas compeed to antigerspecific T
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cells, thus clinical application of this strategy may be a simpler alternative tharour
antigenspecific T cells.

Macrophages are another class of immune cells that have been associated with
tumours andtumourstroma, exhibiting the ability to either enhance or inhiloihourgrowth
depending on their cytokine expression profflemourcells often secret€CL2, M-CSF,
and VEGF, which promote migration of monocytes tottiraour, where they differentiate
into tumourassociated macrophages and localize to hypoxic regions withiturtingur>
Because of the natural homing of macrophagésrmuis and the ease of clinical translation
of this approach, the delivery of oncolytic measféand adenovirt§? has been explored in
preclinical studies with promising results. Interestingly, using a similar approach, a
relatively recentstudy has investigated the use of MDSCs as cell carriers for VSV
delivery’®®> MDSCs are a heterogeous population of immature myeloid ceflst play a
critical role in the development ofumourinduced immune tolerant® However, it was
found that VSV infection of this cell population promoted their conversion from a M2
immune suppresive phenotype to an Mike tumourkilling phenotypé®.

Progenitor cells that have been utlizto deliver OVs include mesenchymal stem
cells (MSCs), neural stem cells (NSCs), and vascular progenitor cells, with MSCs being the
most extensively studied progenitor cell type. MSCs are multipotent stromal celsathat
differentiae into a variety otell types, including adipocytes, chondrocytes and osteoblasts
They are readily obtainable from various tissues including bone marrow, adipose tissue,
umbilical cord, and peripheral blood and they proliferate fairly rapidly in culture making it
possibleto expand to sufficiently large numbers for clinical applicdfbriMSCs naturally
home to areas of inflammation, stress, and tissue injury and thustutheur

microenvironment, whichs often viewed as a wound thaever heals, also provides the
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necessary signals to direct MStodraffic to their location. Apart from the ability to migrate

to tumouss, factors released by MSCs are known to havetantourproperties, reducing the
proliferation of glioma, melanoma, lung cancer, and breast cancéf c@ISCs are another
progenitor cell type that has been investigated specifically for-anénaial delivery of OVs

to brain tumouss'®®1918 Their ability to migrate tctumouss resembles that of MSCs,
however, it is quite difficult to obtain sufficient numbers of these cells for clinical studies.
Advancements in the isolation, propagation, or generation of these cells will immensely

benefit future studies.

1.6 Rationale

Despite the preclinical validationf cellmediated delivery of OV/sthere remain
significant obstacles to using any mammalian cell type for systemic delivery in the clinical
setting. Adherent solidumour cells andMSCs are unable to traverse capillary beds and
generally arrest within theessels of the first organ they encoulitet®® while leukocyte
based carriers are able todieculate but still exhibit receptanediated homing to lymphoid
organs and bone mam®®*81% Thys interactions between mammalian carrier cells and
off-target host tissues interfere with systemimourtargeting. Secondly, primary cell types
are often cumbersome to isolate and culture, while systemic administration of permanent cell
lines carries the risk of tumdgenicity. Finally, OV infection is by @sign cytotoxic to
mammalian host cells. This precludes the opportunity to genetically modify-lades
carriers and complicates clinical delivery.

In order to move beyond the limitations of mammalian cells, we have investigated the
potential of Diptera insect cells as novel vehicles for systemic biotherapeutic delivery.

Given that VSV establishes a persistent, roytolytic infection in insect celf§***2 we
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believethat this might simplify delivery and also enable further manipulation ofcétie

carriers to improve delivery and therapeutic activity.

1.7 Objectives

1) Characterize VS¥Vhfectionof DrosophilaS2 cells

2) Assess the ability b2 cell carriers to deliver VSV tamourcellsin vitro andin vivo.

3) Devise a strategy to expré3¥ therapyenhancing genes from S2 cell carriers.

4) Determine if insect cell carriers giect OVs from immunenediated recognition and
neutralization.

5) Evaluate the therapeutmotential of insect cell carriers in mouse models of cancer.
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2. MATERIALS AND METHOD S

Cells

Human (HT29colorectal adenocarcinoma, U2@Steosarcoma, 780-renal cell
adenocarcinoma, Hekeervical adenocarcinoma, SF2&strocytoma, A549ung carcinoma,
MCF-7-mammary adenocarcinom&CT 116colorectal carcinoma murine (CT26WT-
colon carcinoma, CT2&cZ-colon carcinoma, 4TFmmammary carcinoma, L1210
lymphocytic leukemia, A2@B-cell lymphoma), BHK21 (baby hamster kidney fibroblast)
and Vero (African green monkey kidney epithelial cells) cell lines were cultured
Dul beccods modified eagle medi um ( Doevni, Hy c |
serun (FBS) (Hyclone). All mammalian cells were cultured at 37°C under 5%. CO
Drosophila melanogasteiSchneider line 2 (S2) cells were cultured in SF900II sefrem
medium (Invitrogen) at 25°C undaprmalatmosphericonditions Establishment of murine
L1210 leukemia cells expressing an integrated firefly luciferase transgene {ELB&Phas
been described previousfy. All cell lines were obtained from the American Type Culture
Collection (ATCC). S2VSVD51YFP, S2VSVD51-mRFP, and S¥SVD51-FLuc represent
Drosophila S2 cells persistentlyinfected with the following viruses: VIN61-YFP,
VSVD51-mRFP, VS\D51-FLuc, respectivel{YFP: yellow fluorescent proteinGFP: green
fluorescent proteirmRFP: monomeric red fluorescent protein; FLuc: Firefly lucifereSe)
VVdd-mCherry represents S2 celinfected with vaccinia virus VvdohCherry and S2
VSVD51-YFP/VVdd-mCherry represents persistently infected -\&/D51YFP cells
superinfected with VVdenCherry. S2SINV-GFP represents S2 cells persistently infected
with SINV-GFP and S&EINV-GFP/VVddmCherry represents S3INV-GFP cells

superinfected with VVdanCherry.
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Viruses

Construction of r ecombi n aRbucorsRAPeportes o f
transgenes (referr-Edud oa rmde-mRRPXrgsiektively) Havep5 1
been described previdys''*’. Additional recombinaistharboring a'FP reporter or miR30
hairpins were generately subcloning the YFP coding regicor the miR30 cassette
between the Xhol and Nhel sitescated between the G and L gemdéshe pXN vector™
and rescuing recombinant viessas described previoush''® MG1-GFP has been
described previously’. All VSV and MG1 stocks were propagated on Vero cells. For
animal studies, VSV stocks were furthemified from cell culture supernatants by filtration
through a 0.22m Steritop filter (Millipore) and centrifugation at 30,000 x g before
resuspension in phosphdiaffered saline (PBS) (Hyclone). Vaccinia (V\AddCherry) was
made by insertiomf mCherryDNA into the TK gene locus of VVdda Western Reserve
strain of VV that has both TK and VGF deléte@uccesful recombinants were selected by
mCherry expression and plagperified. VV stocks were propagated in U20S cells and cell
associated virus was collected by repeat (3) fréfeae cycles. Further purification of viral
stocks was done by centrifugation24,700 x g through a 36% sucrose cushion (in 1mM
Tris) before resuspension in 1mM Tris, pHSINV expressing GFP, referred to as SNV
GFP, was propagated in BHKL cells.The SINV miR30-based amiRNA library, composed
of approximately 16,000 unique clondsasbeen described previousi§*** Cloning and
rescue of recombinant SINV clones expressing GFP or amiRNAs has been described
elsewher&3192
Infection and preparation of insect cell carriers

DrosophilaS2 cells were initially nf ect ed wi nhKWOIYAWVRPBO/dell at a

(PFU: plaque forming units). Cultures were passaged continually at a density betfeen 10
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10" cells/mL to mintain logphase growth. Doublinfected carriers were generated by
superinfecting S2V SV o5 1  owithr WddenCkerry at a MOI of 10 for 24h. For
delivery totumourcells, insect cells were washed three times in 10mL SF&@&lium, and
resuspended iRBS before inoculation onto cell monolayers or injection into animals.
Cell viability assay

Tumourcells were infected witlthe indicated viruses arall viability was assessed
by al amarBlue (Life Technologies) assay accc
Western blot

Cell lysates were collected MP-40 lysis buffef run on a NUPAGE Bi3ris 4-12%
polyacrylamide gel, transferred to a PVDF membrane, and probed with polyclorsiRati
serum from hyperimmune rabbits. An attbulin (clone YL1/2) antibody (Novus
Biologicals) was used as a loading control.
Analysis of cultured insect cells

Cell suspensios were counted on an automated cell viability analyzer (Beckman
Coulter), which determined the total cell concentration, viability by trypan blue exclusion,
and average cell diameter.
Preparation of insect cell conditioned medium

DrosophilaS2 cells wee either mock infected anfected with VvVddmCherry at an
MOI of 10 for 24h, harvested and then pelleted by centrifugation. Supernatants were
collected and passed through a @r2Xilter twice to eliminate celfree VV virions. To test
for factors enhancing VSV infectivityumourcell monolayers were piteeated for 2h with
conditioned insect cell supernatant diluted into an equal volume OENDMO0% FES.

Tumourcells were then infected with VSV in the presence of conditioneaium.
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Neutralizing antibody assay

Twof ol d dilutions of mouse serum -YWBre mi >
and incubated for 1h before inoculation of Vero cells with the mixture. 72krpmstlation
cells were analyzed for the presence of vindical cytopathic effect. Samples were
assayed in triplicate anthe neutralizing titer was taken as the highest dilution factor of
serum that prevented the appearance of cytopathic effects. For experiments comparing
infection of U20S cells in the presence aftiavV L1R neutralizing antibody® (b.e.i.
Resources), 1,0082 cells infected with VVvat an MOI of 10 for 24h or 1,000 PFU of
purified VV were incubated with various concentrations of neutralizing antibody for 1h then
overlayed onto confluent monolayers of U20S cells. After a 2h incubation, a liquid overlay
was placed over the cells andjgs were stained 72h pastection to visualize and count
virus plaquesFor in vivo experiments, mice were immunized with 5%¥FU VSup5-1
YFP administeredV. 2 weeks later, CT26 lung tumours were establisheldy bgjection of
1x1C@ cells. 10 days aér tumourseeding, mice were treated with 53 BFU of V S V p5 1
YFP or 1x10 S2V S V BFP cell carriers.Lungswere collected 24h posteatment and
virus was quantified.
Flow cytometry

Mice were sacrificed and the spleens were collected at the indicated time points. The
entire experiment was performed on ice. @ | eens wer e mascblled t hr
strainers (Fisher) in FACS buffer (PBS+3%FBRed blood cells were then lysed with ACK
lysis buffer. Upon resuspension in FACS buffer, the splenocytes were incubated for 30
minutes with combinations of the following antibodies: amtiuse CD12FITC, CD69PE,
CD3-PECY7, CD11eAPC and CDS8&ITC (BD Biosience). Cells were washed,

resuspendediFACS buffer and analyzed on a Cyan ADP 9 (Beckman Coulter).
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Mice and tumour models

CT26tumouss were established by subcutaneous injection of®lodl@ into the hind
or front flank of female 8to 10-week old balb/c mice (Charles River Laboratori€s)pable
tumouss were treated after approximately-149 days. HT29 (3x10cells) tumous were
established subcutaneously in CD1 female nude mice (Charles River). Pdlpables
were treated approxintely 1421 days after injectianlV injections werepeiformedin the
tail vein. SINV and VSV were administered at doses of fxitd 5x16 PFU, respectively.
The formula used to calculatemour volume is length x width2. For the lungumour
model, CT26 lungumours were established bl injection of 3x18 cells and were treated
IV daily for 5 days, starting on day 3 aftemourseeding Mice were euthanized 16 days
posttumour seeding and the lungs were collected aedusedwith India ink. Briefly, a
solution of 50% India ink/PBS was injected in thactrea of mice and lungs were
subsequently fixed in Feketebds solution. Al |
institutional guidelines review board for animal care (University of Offawa
Bioluminescent andin vivoimaging

Mice were injected with d-luciferin (Mol ecul ar | magi nlg Pr oc
intraperitoneally at 10mg/mL in PBS) féiLuc imaging. Mice were anesthetized under 3%
isoflurane (Baxter Corp.) and imaged with fimevivo imaging system (IVIS) 200 Series
(Xenogen Corp.). Data acquisn and analysis was performed using Living Image v2.5
software. Foin vitro imaging, cek were assayed in black multilvplates (SigmaAldrich).
d-Luciferin substrate was diluted directly into the tissue culture medium and then imaged
using the IVIS PO. Bioluminescence signal from each well was quantified digitally with the

Living Image 2.5 software.
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Quantitation of infection in cultured cells, tumours and organs

Tumous were excised from euthanized mice and homogenized iruBB& a tissue
homogenizerHomogenates were serially diluted and plated onto Vero cells for 24h for VSV
and MGlplaque assays, UZDcells for 72h foVV plaque assays, and Vero cells for 48h
for SINV plaque assays.
Fluorescent imaging of cell infectionin vitro

Fluorescent images of infected cell cultures were acquired using the Axiet6@ S
(Carl Zeiss, Inc.) microscope equipped with an Axiocam camera (Carl Zeiss, Inc.).
Axiovision 3.1 software (Carl Zeiss, Inc.) was used for digital image acquisition and Image J
was used for posicquisition image manipulation in order to creatr overlays.
Fluorescent imaging oftumour infection in vivo

Mice were euthanized and dissectedekposeumouss. Brightfield and fluorescent
images were acquired using the MZBA dissecting microscope/imaging system (Leica
Microsystems Inc.). The associated LAS FA6000 software was used for all image acquisition
and posimaging manipulations.
Live cell imaging

Time-lapse livecell imaging was performed on an Axiovert 200M microscope. Cells
were maintained at 37°C and 5% £@roughout.
Analysis of circulatory half-life of carrier cells

Mice were injectedV with 10" carrier cellsexpressing luderase and blood samples
were collected by cardiac puncture from live mice under ketamine anesthesia. Pelleted total
blood cells were directly resuspended in the lysis buffer supplied with the Luciferase Assay

Kit (Stratagene) and firefly luciferase agtit y wa's assayed as per
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protocol. Samples were imaged in a blackn@8l plate (SigmaAldrich) using the IVIS 200
(Xenogen) and the total signal from each well was digitally quantified using the Living
Image 2.5 software.
Virus biodistrib ution

Mice bearing CT26 subcutanedusnous were injectedV with 5x1¢ S2VSVD51-
YFP/VVdd-mCherry cells andumous and the indicated organs (spleen, heart, lung, liver,
brain) were collected 24h, 48h, 72h, and 120h -pestment. Both VSV an&/V were
guantifiedby plague assags described above.
SINV library passaging

5x10 CT26WT cells were infected at an MOI of 0.1 with the SHMIRNA library.
This MOI ensured that all clones were sufficiently sampled. Supernatants were collected 48h
postinfection. The output from CT26WT cells was amplified on BBIKcells between each
passage in order to achieve an input MOI offérthe next passage
Sequencing ofSINV library

Monitoring of viral populations has been described previdtsiBriefly, random
hexamerswere used with Superscript Il (Invitrogen) to generate cDNA, and then specific
primers with barcoded Illumina linkers were used to amplify the amiRNA hairpin region.
Samples were analyzed on the lllumina HiSeq 2000 platform. The amiRNA backbone was
then timmed and distinct sequences were identified. Alignments were used tolygblyp
simlars equences into Afamilieso to control fo
Coomassie Blue staining

Cells were fixed with a 3:1 mixture of ethanol:acetic acid for 30 minutes.iXate/é

was washed ofwith tap water and cells were stained with a 0.1% solution of Coomassie
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Blue for 30 minutes. The stain was rinsed off with tap water and plates were allowed to dry
before imaging.
siRNA transfection

Cel | s wer e t r an siRMAC usemg Lipofectarhine RRAMAX s
transfection reagent (I'nvitrogen), accordir
infected with the indicated viruses 48h ptriainsfection.
Dual-luciferase reporter assay

Lipofectamine2000 (Invitrogen) was used to transfect BHKs with 500ng psiCHECK
2 plasmid containing the i ndi cuattaesidtedtregionget s |
(UTR) of Renilla luciferas€”. 2h prior to transfection, BH#1 cells were infected wit

VSV®pP51 expressing an ami RNA matching the teé

VSVp51 expressing an unmatched ami RNA- ( MOI
infection and the duduciferase reporter assay (Promega) was performed accordihg to
manufactureros protocol. R e n iFLut laveldand®ithé er as e
unmatched amiRNA virus control.
Virus competition assay

amiRNA-expressing virus was mixed with control virus at a ratio of approximately
1:100 and used to infect CT26WT cells at an MOl of 0.1Sar NV and 0. 001 f or
Supernatants were collected 48h po$tction. For SINV, the output from CT26WT cells
was ampfied on BHK-21 cells between each passage in order to achieve an input MOI of
0.1. This was repeated for a total of 4 passafjter passage 4100 isolatedviral plaques
were randomly selectednd the number of GFFRpositive plaques was determindxy

fluorescence microscopy.
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Quantitative PCR

Samples were collected 16h pasfection for RNA extraction, which was germed
using the RNeasy kit (@gen). ©NA was generated using random primers and SuperScript
Reverse Tanscriptase Il (Invitrogen) . QuantitatieCR (QPCR) was performed with
SYBR Select master mix (Applied Biosystems) on RotorGene RG3000A
instrumentCorbett Researchizene expression levels were normalized to GAPB#mer
sequences can be foundTiable 21.
ELISA

Samples for the IFM ELISA were generated by infecting CT26WT cells that had
been transfected with the indicated siRNAs f
YFP at an MOI of 0.01. Culture supernatants were collected 24hinfestion. ELISA
(R&D Systemswas performed according to the manuf a
Microarray

Cell s wer e transfected wi t h 50eM si RNA
transfection reagent (I'nvitrogen)Cells wececor di r
infected with the indicated viruses 48h ptriainsfection. Samples were collected 16h post
infection for RNA extraction, which was performed using the RNeasy kit (Qiagen). Samples
were analyzed witlthe GeneChip Mouse Gene 2.0 ST Arrdyffymetrix) and data was

processed with the Transcriptome Analysis Software (Affymetrix)
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Table 2.1: List of primersused for gPCR analysis.

Reverse Primer (5'-3')

Gene Name Forward Primer (5'-3")
APLN GTGGATCCTGACATGGTTCTATAC GTCCTTTGGGCTCTGACTTT
DKK?2 GAAGAATGAGGGATGTGGTAAGA CATAACGGAAGCACTGGTAGTA
GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA
IF144 TCCATCCCTTTAGAGTGCTA GCAAGCAGAACTAAGCTCAT
IFIT3 TCTCAGAAGCTCAGGCTTAC ACATTTTTGCTCGTTCATTT
IFN-B GATGACGGAGAAGATGCAGAAG ACCCAGTGCTGGAGAAATTG
MX2 ATCAATGCTTTTAACCAGGA TTTTCGATCTCCTTACTCCA
OASL2 TAAGCTGCTTTTCCAGTTTC AGGACAATGATGTTGTAGGC
OGN AGCCCAAGAGCACCATTT CACCTTCCTCTGAAGCTTAGTT
OMD ATCCAGTACACCATCACCATTT GTGTATACGAGGGAAGCAGAAG
VsV GATAGTACCGGAGGATTGACGACTA TCAAACCATCCGAGCCATTC
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3. RESULTS

3.1 Establishment of continuous Dipteran cel
OV preparations destined for use in research cbnical development are

manufactured in mammalian or avian cell cultures. O\s are propagated in these cell

lines via a cytotoxic replicative cycle, in a batch production format followed by extensive

purification and safety testing before a clinicahdg product can be obtained. In contrast,

insect cells can carrgimilar viruses as persistent infections while suffering little adverse

effects®®. For example, VSYa highly effective oncolytic agent when adnsteired to

mammalian tumour cells$™*** has been reported to infect and persist in cultured

Hemipteran®® or Dipterari® cells without detectable cytopathic effects. We tested whether

cultured Dipteran cells could serve ascr i er s f or the continuou:

Suspensions of thB. melanogasteiS2 cell line were cultured in a minimal, serfiree

medi um formulation and infect ednY®Prepbrterr e c o mt

transgene to monitor viral persistence. @served efficient infection of S2 cells with most

cells expressing viruencoded YFPKig. 3.1A). Flow cytometry analysis of persistently

infected insect cell populations revealed that over 60% of S2 cells had detectable levels of

fluorescent transgenegression Fig. 3.1B). During continued passaging over a period of

months, VSVinfected S2 cell cultures showed similar Jolgase growth kinetics to

uninfected controls(Fig. 3.1C), with only a modest increase in doubling time from

approximately 27h t@9h (Fig. 3.1D). No change in the percentage of viable cells or average

cell diameter was detected when infected S2 cultures were compareihfiected controls

(Fig. 3.1D). We have continued to monitor virus gene expression at the single cell level

during ®ntinued passage of infected cell lines,
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Figure 3.1: Establishment of continuous insect cell lines propagatingnoc ol yt i ¢ VSV ¢

A) Brightfield and corresponding fluorescent image Dobsophila S2 cells persistently

i nfected wYFP.hScad Barapbpiesent Infmt op panel ) and 100
panel) B) Flow cytometry analysis of fluorescent transgene expression by S2 cells
persistentl y i nYFR tndicatdd valied répredé® Yegubnt of cellstipesi

for transgenexpression. £Log-phase growth curves comparing uninfedBrdsophilaS2

cells to two S2 Ilines pe(rsS\sgmRIRPI| pr i -VS&cpb 4
FLuc). D) Summary comparing doubling timey)(tpercentage of viable cells, and average

cell diameter ¢,,) of DrosophilaS2 cultures either left uninfected or persistently infected
with VBRBBP1lor -F8cV @51
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and have found that they maintain a homogeneously high level of infection throughout
hundreds otloubling generationg=(g. 3.1A).

After more than one year of continuous culture and repeated -tleszs, we have
not observed loss of viral persistence or even a detectable decrease in the percentage of
infected Dipteran cells. Furthermore, a recombinant MSMGFP lacking the naturally
encodedG gene also persisted loitigrm in S2 cells (data not shown), indicating that spread
between cultured Dipteran cells is dispensable for the persistence of viral infection. Thus
VSV appears to be maintained as an innasupassenger in cultured Dipteran cells with
continuous propagation of the viral genome in an intracellular form and veréinamission

to daughter cells.

3.2 Persistently infected insect cell carri e
We examined wéther persistently infected Dipteran cell carriers could del®r
leading to infection of mammaliatumour cells in vitro. Carrier cell cultures harboring
V SV pblLuc (S2V SV gpblLlc) were harvested and divided into filtered -¢edle
supernatant and wasd cell pellet fractions. Serial dilutions of either cells or supernatant
were then added to adherent monolayers of CT26 mtumeurcells. After 48h, theumour
cells were assayed for viral luciferase expression by bioluminescent imaging. As shown in
figure 32A (right panel), few infectious particles were released into the culture supernatants
of insect cell carriers. Limiting dilution analysis revealed approximatefy inf@ctious
particles/mL in supernatants harvested from cultures containifigintécted cells/mL.
Therefore the quantity of infectious particles released from Dipteran cells was on the order of
0.01/cell, consistent with earlier repdfs In contrast, the infected carriers themselves

retained the abilitya efficiently deliver VSV directly taumourcells, with as little as a
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Figure 3.2: Persistently infected insect cell carriers deliver OV to tumouradls in vitro.

A) Limiting dilution assay of insect cell carriers. Serial dilutions of S2 cells perdysten

i nfected wkLuchor tes MilgeBed culture supernatants were overlaid onto
monolayers of CT26 murine carcinoma cells. Viral luciferase activity was assgyets at

48h postinfection. B Timel apse i mages of i nsemRFPtc@Tkd s del
murine carcinoma cells, at 5min and 24h gostulation. Composite images show bright

field overlaid with red fluorescence. Scale bars represemh10
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single insect cell able to initiate a productiméection Fig. 32A, left pane). Timelapse
microscopy of this insect cethediated delivery process revealed docking of fluorescently
labeled Dipteran carriers (S2S V qpBRFP) to the surface efimourcells within minutes
of inoculation Fig. 32B). Docking was followed by insect cell deathd loss of visible viral
transgene (MRFPgxpression Kig. 32B). After a short eclipse period, thmour cells
began to show infectieassociated rounding within several hours, followed by visible
accumulation of the virusncoded mRFP transgene, artimately lyds by approximately
24h (Fig. 32B).

We wanted to determine if persistent replication in ¢hseells compromised the
v i r wBilidysto replicate in mammaliatumour cells. We therefore compared virus
produced in insect cells with virus prozed in mammalian cells and found no difference in
the replication and cytotoxicity of insect cell derived V8¥en compared to mammalian
cell-derived VSV Fig. 3.3A,B). We next examined whether insect cell carriers could deliver
OV to tumous growing in immunocompetent animaldrosophila S2 cells carrying
V SV gpblLlc were washed to remove ebklte particles and directly injected into solid
subcutaneous CT26mous grown in syngeneic balb/c micEumourluciferase expression
was followed via longitudinamaging. As showrin figure 3.4A and, robust infection was
observed specifically withinumouss following administration of finsect cell carriers.
Substantial signal was detectable2#\)h postinjection and continually increased throughout
the duraibn of the experimentHig. 3.4A,B), similar to the previously reported replication
kinetics of VSVps51 admi ni stuneour enddel®a Burther a k e d
characterization of thB" doseresponse revealed the minimal threshold number of insect cell
carriers required to initiate a durab®/ infection. Injection of 16 cell carriers lead to a

detectable signal at all timepoinested, whereas injection of 1€ell carriers led to a
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Figure 3.3 Virus derived from persistently infected insect cell carriersis as infectious
and cytolytic in tumour cells as virus produced in mammalian cells.

A) VSV titers obtained by plaque assand B cell viability assay of CT2&acZ cells

infected at an MOI of 0.01 for 24h with either VSV purified from mammalian Vero cells

(V SV p¥FP) or Drosophila S2 cells(S2V S V p¥FP, S2V S V gpblLlc). Data are

presented as meahsstandard error of the@an (SEM) St udent O dailed ttgstai r e d
was performed; NS: nedignificant, **; p<0.001, ***: p<0.0001.
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Figure 3.4: Persistently infected insect cell carriers deliver OV to tumour vivo.

A) Tumourluciferase activity in triplicate mice bearing subcutaneous GQGuUg®uss treated

by IT injection of 1¢ or 1¢f DrosophilaS2 cel | s per si st en-Fluy i nf e
B) The total luciferase signal for eattmourwas digitally quantified at 24h, 48f2h, 96h

and 120h postreatment.
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minimally detectable and sleevolving infection detectable at levels $t1 over background
by day five in two out of thremicetested Fig. 3.4A,B). Thus similar to results of previous
studies with naked viriod¥, a significant threshold dose was requiredot@rcome the

innate restrictions t@V growth within thein vivotumourmicroenvironment.

3.3Insect cells carrying oncolytic VSV can be amed with auxiliary biotherapeutic gene

cargoes

We examined whether insect cells carryin
additional biotherapeutic gene productsot@rcome innate limitations iatratumoural OV
growth. Replication competentV vectors provide a robust platform for biotherapeutic
transgene producti6f) and their growth and cytopathic effects can be targeted specifically to
tumous™. Furthermorgthey encode an array of secreted immunomoduf&forsith the
ability to complement growth deficiencies of heterologous vifi§&8° We reasoned that
insect cell carriers modified to constitutively secrete such immunomodulators should prime
the tumour microenvironment to help promot®V growth. To test this idea, we first
determined whet her | n($2V/ StV geBER) tosldsupport super ng V'S
infection withVVVvdd tagged with thenCherry fluorescent reporter gene. Indeed, infection of
S2V SV @»¥FP carrier cells with VVdenCherry led to readily detectable Vgene
expression within 24h, with over 85% of cells positive for transgene expredsign (
3.5A,B). Insect cells not only maintained VSV gene expression when-gupeted with
VV, but VSV protein levels as well as VSV production were significantly aszé, as
assessed by viral reporter gene imaging.(BifA,B), anttVSV western blot (Fig3.5C),
and VSV growth curves (Fi@.5D). Thus we were able to obtain a homogengmmsilation

of carriers with virtuall-yYFPal | cell s infecte
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Figure 3.5: Arming DrosophilaOV carrier cells with additional biotherapeutic cargoes

A) Persi st ent | YFPicellfcariers wede sip&infeptedlwith VviddCherry

at an MOI of 10 and imaged after42h . Scale bar )Fopcypomamt s 10
anal ysis of fluorescent transgene expfessi ol
YFP and supeinfected with VvVddmCherry. Indicated values represent percent of cells
positive for mCherry (left htsgram) and YFP (right histogram) transgene expression. Mean
fluorescenceralue (MFV) of YFP is also mdicated below the histograms) Expression of

VSV proteins in persistently infected S2 carriers in the presence or absektée &2

V SV p¥FP cell carriers were left uninfected or superinfected with Vvdd for 24h, then
harvested and subjected to immunoblotting with a polyclonal antibody recognizing the VSV
proteins. Tubulinvas used as a loading control) Persistently infected ¥ V qp5/EP cell

carriers were washed three times with culture media and then superinfected with VVvdd
mCherry at a MOI of 10. Culture supernatants were collected at 24h, 48h, 72h, and 96h
postinfection and the amount of VSV produced was quantified by plagssay.
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and VvddmcCherry Fig. 3.5A,B). To demonstratéhat insect cell carriers can be modified to
express transgenes that promO¥é infection oftumourcells, conditioned media from insect
cells, infected only with/V, or from uninfected control S&ells, were collected and passed
through a 0.22m filter to remove freeVV particles. Tumour cell monolayers were
subsequent !l y i ntYER viral dartialas tinhthe \pr@sémpd &f conditioned
medium and the spread of the V@Yicoded YFP transgenedatine production of virus were
foll owed. At the doses e mpYF®poerlg infecredumnduri s e x p
cells primed with control medium from uninfected insect cells, with minimal viral gene
expressiordetected Fig. 3.6A top panél. In contrastfumourcells primed with conditioned
medium from VVddinfected S2 cells showed a robust VSV infection throughout the
monolayer and production of 5 to neasly0-fold greater titers of infectious virus depending
on thetumourcell line testd (Fig. 3.6A bottom panel, Thus, these results suggest that
insect cell carriercan be engineered to express additional transgenes that in@¥ase

replication.

3.4Insectcell carriers deliver multiple integrated biotherapeutics totumour cells

We next examined whether oncolytic VSV and complementing/
immunomodulators could be integrated into insect cell transporters and delivéneaotar
cells as a single therapeutic agent, since bOts have been shown to interact
synergistically when cadmiistered totumour cells®’. These doublarmed cell carriers
(S2V S V p¥FP/VVdd-mCherry) were added to monolayers of mammatianour cells
and infection was followed by fluorescent imaging and plaque assay. Insect cell carriers were
administered at a minimal dose, which resulted in little infectiortuafour cells when

VSVmp51 was del iager (Figdd7A, aop paadl. Howareg, the same number
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Figure 3.6: VV-loaded insect cell carriers prime tumour cells for infection with
VSVa@p51

A) Fluorescent images obtained from infection of 4T1, CT26WT, HT29, andD78&h

V SV p¥FP at a MOI of 0.01, 0.001, 0.0001, arfid0001 PFU/ell, respectively, for 48h

in the presence of conditioned medium from mawkVVdd-infected DrosophilaS2 cdls.

Scale bars represent 1mm. B) Supernatants frpmehe collected at the same timepoint and

titered for VSV production. Data are presented aams® SEM. Student 6s unpai
tailed ttest was performed; *: p<0.05, **: p<0.01, ***: p<0.001.

50



S2 Conditioned

S2-vvdd

471

£

=

ko)

Q

£

£

35

E

[0}

1S

ko)

Q

c

S

E=

c

[}

O

4T1
108 %

.|

[S
3107
L
[a

108
S2  S2vvdd

Conditioned Medium

CT26WT

PFU/mL

CT26WT

107 ok
10% .
10%

S2 S2 Wdd
Conditioned Medium

PFU/mL

1010

10°
108

107

HT29 786-O

HT29 y 786-0
_%
T10°
5 Y4
T10
108
S2  s2vwdd S2  s2vvdd

Conditioned Medium Conditioned Medium

51



Figure 3.7: Insect cell carriers deliver multiple integrated hotherapeutics to tumour
cellsin vitro.

A) Drosophila S22V SV @e8FP or S2V S V gp¥FP/VVdd-mCherry cell carriers were
inoculated onto monolayers diie indicatedtumour cell lines. Composite YFP/mCherry
fluorescent images 48h pesfection are sbwn. Scale bars represent 1mmn). TBimourcell
supernatants frorthe same timepoint were titered for VSV productigyrplague assayata
are presented as meahsSEM. Student 0 staledntiesh was eerfprmed; e
p<0.05, **: p<0.01, ***: p<0.001.
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of doublyarmed S2V S V »¥FP/VVdd-mCherry carriers constitutively secretinyV
immunomodulators could prime tiiemourcell monolayers for infection and consequently a

much more robust VSV@m51 infection was obser:
the tumourcells, but significantly great viral spread was also evident with extensive YFP
expression throughout the monolaydfig 3.7A, bottom panél leading to dramatic

increases (over 1,000 fold in some cases) in the titer of infectious VSV produced by the
tumourcells (Fig 3.7B). An andogousexperiment performed with insect cells persistently
infected with SINV, another virus that has applications in gene théfapgnd can
persistently infect insect ceff§ resulted in similafindings Fig. 3.8A,B). We conducted

similar experiments to determine whether insect cells could deliver this integrated
biotherapeutic system tumous in vivo. In order to rigorously test itactivity within a

restrictive microenvironment, the HT29 human colon carcinoma model was used, which has
previouslybeens hown t o be only par iniviaod® WhensHT29s i t i v e
tumours were grown as xenografts in nude mice and directly injected with insést
carrying VSVp51 as a single agent, littl e i
plaqueassay Fig. 3.9,B). However insect ckd doubly infected withVVand VSV @51 | e
to a profoundOV infection within thetumour Extensive spread of VSV was clear upon
fluorescent imaging and we observed a 1;fid@ increase in infectious virus recovered

from thetumous (Fig. 3.9,B). Additionally, VVdd-mCherry was delivered by the doubly

infected carriers and also went on tdect thetumous (Fig. 3.9A,B). Thus insect cells

carriers can deliver an integrated biotherapeutic systetomouss in order tgpromoteOV

growth within a restrictive microenvironment.
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Figure 3.8 Insect cell carriers constitutively secretingVV immunomodulators prime
tumour cells for infection with SINV.

A) DrosophilaS2SINV-GFP or SZSINV-GFP/\Wdd-mCherry cell carriers were inoculated
onto monolayers of indicatedmourcell lines. Composite GFP/mChefityorescent images
48h postinfection are sbwn. Scale bars represent 1mm). TBimourcell supernatants from
the ame timepoint were titered for SINModuction.
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Figure 3.9: Insect cell carriers deliver multiple integrated otherapeuticsto tumours in
Vivo.

A) DrosophilaS2 cel Il s i nfect eYdF Pwiatlho neei tohre rwYNPShV gibSolt
and VVddmCherry were injectetl into human HT29umous grown as xenografts in nude

mice. At 3d posinfection tumous were removed and imaged. Brightfield asamposite
YFP/mCherry fluorescent images are shown. &dars represent 2.5mm) Bhe same

tumours were homogenized and titers of infectious VSV and VV were determined by plaque
assay. Data are presented as meanSEM. Student 0 s-tailedntpest iwase d , t
performed; *: p<0.05.
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3.5 Systemic delivery of insect cells carrying multiple integrated iotherapeutics

The treatment of advanced disseminated cancers requires therapies that can be
delivered systemically. We observed that mammalian carriers derived from leukocytic cell
lineages show mueimproved recirculation in comparison to their counterparts from solid
tissues (ref*’ and Fig. 3.1@&\,C-D). However, these mammalian carriers still express
surface recognition molecules thédcilitate their trafficking to, and accumulation in,
lymphoid organs (ref'*’ and Fig. 3.1() limiting their capacity fortumou-targeted
biotherapeutic delivery. In contrast, insect cells, which lack these homing receptors and are
thereforelikely incapable of interacting with mammalian host tissues, could have a longer
half-life in the circulation and thus be more availablettonourdelivery. To test this idea,
we directly compared the circulatory hiéfe of S22V S V pbLic insect cell carriers to

murine leukemia carriers tagged with luciferase (LtELOC**).

Carrier cells were injected

IV into immunocompetent mice, and the cellular component of recovered blood was assayed
for luciferase activity at various tirqeoints. Consistent with our imagingustes (ref*” and

Fig. 3.1®M), mammalian leukemia cell carriers rapidly ceased to efficiently circulate soon
afterlV administration, with a 90% decrease in their recovery from blood between 1min and
5min postadministration [Fig. 3.1A). In contrast, insect cell carriers did not home to or
extravasate into netumourtissues and circulated at stable levels in the blbozlighout the

30min of monitoring in this experiment. This is also consistent with the bioluminescent
imaging of systemically administered-§&VD51-FLuc cells shown ifigure 3.1@, which
demonstrates that the cells do not lodge in the lungs of the Hogeever, it is unlikely that

the insect cell carriers persist in the body for an extended period of time (days) since these

cellsslowly die off when culturedt 37°C(Fig. 3.11). Importantly, systemically
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Figure 3.10: Circulatory kinetics and distribution of mammalian and insect cell
carriers after IV administration.

A) Circulatory kinetics of Drosophila S2 cell carriers administered systemically to
immunocompetent balb/c mice. Mice were injectédwith either 10 L1210-FLuc murine
leukemia cells or 10S2V S V gbLuc carriers. Blood samples were collected at the
indicated times poshjection, and the cellular fractions were assayed for luciferase activity
in triplicate. Each point repsents the mean of triplicateeasurements SEM. B) Balb/c
mice weae injectedlV with each firefly luciferaseéagged cell line and imaged by IVE&
timepoints as indicatedS2V S V ggblLiic cellsimaged at 0.5h posnjection. Q Solid
tumour cell lines at 0.5h poshjection, HelLa cervical carcinoma (human), A549 lung
cacinoma (human), MCH breast carcinoma (human), CT26 colorectal carcinoma
(murine, SF268 glioblastoma (human).) Murine L1210 leukemia cells imaged at 0.6h,
5.5h, and 144h postjection. Ventral and lefside (revealing spleen) views are shown.
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Figure 3.11 Viability of insect cell carriers cultured at 37°C.

Drosophila S2 cell carriersvere cultured at 37°C and cell viability was assessed at the
indicated timepoints using trypan blue exclusion.
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administerednsect cell carriers could deliver integrated biotherapeutics to distally located
tumour beds. By day 3 followingV administration of douboaded carriers, extensive
spreado f b ot h-YRPSNMIQyYddmCherry was visible itumouss but not in normal
organs Fig. 3.12A,B), and high titers of each virus could be recovered framouss (Fig.
3.12B). We also looked at the biodistribution of batihuses intumourand normal organs at
various timepoints after systemic delivery with insect cell carriers. i§tens with previous
studies performed with naked viflsVSV was detected in the spleen, liver, lungs, and
tumour24h postinjection (Fig 3.12B, left pane). However, by 72h, VSV was undetectable

in normal organs and was only detected inttihmour, with high levelsof virus maintained

for the duration of the experiment (Fig.12B, left pane). Interestingly, we did not detect
any VSV in the liver of nte, which is normally seen when naked virus is delivered
systemically, suggesting that insect cell carriers may bypass the liver tropism that is often
seen with systemic delivery of oncolytm/*322% As forVV, it was also recovered from the
lungs, liver, spleen, heart, atgimour24h postinjection Fig 3.1, right panéel. Similarly

to VSV and previously published repdffs virus in normal organs decreased over time
while tumourreplication was maintained at high levels (Bdl2B, right panél. Therefore,

OVs delivered systemically by insect cell carriers maintain a favorable safety profile similar
to that of naked virus. Notably, systemic injection of up tditfectedinsect cell carriers

did not lead to any detectable toxicity in mice (not shown).

3.61Insect cell @rriers shield virus from immune recaynition and neutralization
We sought to determine if insect cells by themselves induced any adverse immune
reactions since they are foreignsahtdopbgstin

immune sysgm. This is especially relevant in tbentext of natural killer(NK) cellssince
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Figure 3.12Virus biodistribution after systemic delivery of insect cell carriers.

A) Triplicate immunocompetent balb/c mice bearing CT@®ous were treatedV with

5x1¢ DrosophilaS2 cel | s ¢ a-¥APyndV\dddmCBevrgaBirhous and normal
organs were collected 24h, 48h, 72h, and 120h-tpestment. Representative brightfield

and composite YFP/mCherry fluorescent imagesuofourand organs collected 72h post
treatment are shaw Scale bars represent 2.5mm) Bach tumour and organ was
homogeni zed and titers of VSV@p51 and Vvdd
virus biodistribution. Each time point represents the me&BEM obtained from triplicate

mice. The limit of detection (L.O.D) for VSV andV, indicated by the dashed line, is 100
PFU and 50 PFU, respectively. Samples that were not detected were set to half the limit of
detection to facilitate visualization.
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insect cells lackMHC genes and could therefore be targeted for destruction by NK cells. We
therefore looked at the activation status of various immune cellsl¥ftejection of insect

cells in immunocompetent balb/c mice. Surprisindly,injection of uninécted insect cells
resulted in a delayed and minimal activation of dendritic cells (CD11c+), T cells (CD3+) and
NK cells CD122+) 25h posinjection Fig. 3.13A-C). Moreover, systemic administration of
persistently infected insect cells also resulted inimal and delayed activation of immune
cells Fig. 3.1A-C). This is in sharp contrast to free virus particles, witéradministration

of VSV resulted in the rapid and robust activation of all the analyzed immune cell types (Fig.
3.13A-C). These resultsugigest that insect cell carriers, by shielding the virus, minimize
immune recognition of VSV. Consistent with these findings, we assessed the neutralizing
antibody response generated against VSV after immunization with free virus or with
persistently infeted insect cells and found that persistently infected insect cells did not
induce an artVSV antibody response whereas free virus induced high titers of neutralizing
antibodies Fig. 3.13). A major advantage of cell carriers for the deliveryQdfs istheir
ability to protect the virus from immureediated neutralizatiéf?%® We therefore asssed
whether insect cells could deliver virus in the presence of -wieusralizing antibodies. In

the absence of neutralizing antibodies, both ¥&eparticles andvV -infected insect cells
were able to infect U20%umour cells Fig. 3.14A). However, in he presence of VV
neutralizing antibodi€€®, VV-infected insect cells were D times more resistant to
neutralzation than free virus particles at all antibody concentrations telStgd3(14A,B).

We also assessed whether insect cell carceutd deliver VSV tatumouss in the presence

of VSV-specific neutralizing antibodies. Although both naked virus and isdictarriers
could deliver VSV to lundgumouss invirus-naivemice, immunization of these mice prior to

treatment completely ablated the ability of bo#tked virus and insect cell carriers to initiate
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Figure 3.13: Insect cell carriers shield virus fromimmune recognition.

A) Balb/c mice were injecte wi t h a single dose of ei-ther P
VSVp51 cell carriers and sacrificed 5h, 10h,
and splenocytes were collected and the numberaatidation of dendritic cells B) T cells,

and Q NK cells was quantified by flow cytometry. Twwaay ANOVA with Bonferroni post

test was performed; **: p<0.01, ***: p<00d. D) Mice were treated as in)&and 14 days
postinjection, blood was collected byaghenous vein puncture and the amount of VSV
neutralizing antibodies was quantified as described in materials and methodsapne
ANOVA wi t h Tastkwasyeérformedo s t
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Figure 3.14: Insect cell carriers shield VV, but not VSV, fom antibody neutralization.

A) FreeVV particles or insect cells infected witvV at an MOI of 10 for 24h were
incubated with various concentrations of avi L1R neutralizing antibody for 1h and then
titrated on nonolayers of U20S tumour cells) Buantification of theexperiment showmi

C). Naive or VSVVimmunized mice bearing CT26 lung tumours were treated IV with either
naked VSVD51 or with S2VSVD51 cell carriers and lungs were collected 24h post
treatment for virus quantification. N.D. = not detectedta are presged as means SEM
(n=3).
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tumourinfection (Fig. 3.1€). Overall these results suggest that insect cell carriers do not
induce the rapid activation of immune cells and can sM®&ldrom immune recognition and

neutralization.

3.7 Systemic delivery of insect cell carriers reducesimour burden

In order to investigate the therapeutic activity of systemically administered insect
cells, we established CT26 lutgmouss in balb/c nte by IV injectionand treated thertV
daily for five days, starting on day thrpesttumour seedingvith either uninfected S2 cells
or with S2VSVD51-YFP/VVVdd-mCherry cell carriers. The mice were sacrificed when the
first mouse showed signs of respiratory distress, which was an untreatesl coxise and
occurred on day 16 pesimourseeding.Figure 3.15A shows representative images of the
lungs after staining with India ink in order to visualtmenourburden, in which caseimour
nodules appear white in color. While S2 treated mice hadasitumourburden as untreated
mice, systemically administered insect cell carriers were able to reductitangrburden,
when compared to both groups. We also performed an efficacy study in mice bearing
subcutaneous CT2tumouss in order to demonstetthe ability of insect cell carriers to
circulate beyond the lungs and still have a therapeutic effect in a difteraour model.
Therefore, we treated mice with palpahlenouss for 5 consecutive days with either S2 cells
or with S2VSVD51-YFP/VVVdd-mCherry cell carriers deliveret/ and measuretbumours
every second day. Theimours of mice treated with S2 cells grew at the same rate as
untreated control mice, whereas tenouss of mice treated with SYSVD51-YFP/VVdd
mCherry cell carriers grew sigrofntly slower(Fig. 3.18). These findings demonstrate the
ability of systemically administered insect cell carriers to have a therapeutic effect in

immune competent mice.

72



Figure 3.15: Systemic delivery of insect cell carriers reduces tumouipbden.

A) Repesentative images of India kgerfusedungs from mice bearing CT26 lugmouss.
Mice (n=7) were treatetV with 5x1¢ S2 cells or 5x19S2VSVD51-YFP/VVdd-mCherry
cell carriers for 5 days. )BTumour volume measures of mice (n=7) bearing CT26
subcutaeoustumous. Mice were treatedV with 5x1F S2 cells or 5x10 S2VSVD51-
YFP/VVdd-mCherry cell carriers for 5 days. Values represent meagBM. Multiple t-tess
with Holm-Sidak correction was performed comparing PBS teVS¥D51-YFP/VVdd
mCherry; *: p<005.

73



PBS

S2

S2-VSV/IVV

—e— PBS
—o— 32

—o— S2-VSVIW

2

0 LA I L LR B B BRI

0 2 4 6 8 10 12 14 16
Days post-treatment

74



4. DISCUSSION

The current standard of care for cancer, employing conventional chemotherapy
and/or radiation therapy is unable to effect cures in the majority of patients with systemic
disease. There is little doubt that sophisticated new therapeutic approaches need to b
developed ifsignificant success is to be attained in the treatment of metastatic cancers. A
great deal of effort has been put toward the development of biotherapeutics in€lsng
with encouraging recent clinical resdht$****"?%’ To complement and augme@V
therapeuticsthere has been an emerging interest in uke of cell carriers to eahce
systemic deliver>?°® Mammalian carrier cells proposed to date are limited by one @ mo
of the following features: cumbersome isolation and/or manufacturing protocols, limited
viral productivity (in the case of nemmour cells), offtarget tissue homing tropisms, and
safety concerns (in the casetafouigenic cell lines).

To improve the clinical feasibility of the carrier cell approach, we have investigated
whether insect cellpersistently infected with a®V could be exploited for systemic
therapy. We observed that culturBdosophilamelanogastecell populations contired to
proliferate normally while maintafig.i3d)g a ho
Consistent with previous findiny8, these persistently infected Dipteran cell lines released
on the order of only 0.01 infectious paltie per cell into culture supernatants, much less
than the hundreds to thousands typically produced by mammalian cel(Riges.2A)%,
and too little to be of therapeutic use. However, insect cells directly harvestedhese
cultures remainedighly infectious and effectively deliverezhcolytic VSV totumourcells
through direct contac{Fig. 3.2A,B) Thu s, i ndi v-nféated IDipteva8 Cedsd 1
represent potent therapeutic agents in their own right, and importantly, could deliver virus to

tumous in vivo following eitherIT or IV administration(Figs. 3.4 and 3.9)The mechanism
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by which VSV is trasferred from the S2 cells tamourcells most likely requires VSV G
protein as neutralizing antidees blocked the transfer wirus totumourcells (Fig. 3.14C) It

is important to note that although S2 cells remained persistently infected for at yeast a

we used low passage infect8@ cells as to avoid adaptation of VSV to the insect host,
which has been demonstrated negatively impact its fithess in mammalian c¢8i€*.
However, given that VSV exists as a quasispecies, one round of replication in mammalian
cells wasshown to besufficient for mammaliaradapted clones to emerge from the insect
adapted virus populatiotf.

Unlike the mammalian cell lines typically used to propagate VSV, insect cell carriers
remained viable and actively proliferated while infecteith their OV cargo, allowing
further modification to express additional biotherapeutic gene products. lllustrating this
point, we have shown that Dipteran VSV carriers could be armed to constitutively secrete
VV -encoded immunomodulators that not only incrdag8V lewels inthe insect celtarriers
but also successfully primed tlh@mour microenvironment to promot®V infection (Figs.

3.5, 3.6, 3.7 and 3.80ur group has previously demonstrated that the VV gene product
B18R, a soluble decoy IFN receptor, is in largetpesponsible for the increase in VSV
replication seen in mammalian cells since IFN is the principal antiviral factor that inhibits the
virus®. Becausenvertedratesdo not encoddFN genes, the mechanism by VV increases
VSV replication in S2 cells is not known. In the case of antiviral immunity againstifSV
Drosophila RNAi and autophagy have been shown to exert antiviral adi¥itt# Since Vv
encodes VP55, a poly(A) polymeeathat also polyadenylates RNAs and targets them for
destruction in mammalian celtg a similar mechanism may perhdgsat play here.

Remarkably the oncolyticVV vector consisting of some 200 genes was also

delivered totumouss in vivo (Fig.3.9) The mechanism by which this occurs is not fully
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understood. Previous studies have found that S2 cells afpemonissive to infection byV

and the block occurs at the level \8¥ genome replicaticii®. However,VV early genes,

many of which acode immunenodulatory proteirfs® are still transcribed* and therefore

allow priming of tumour cells for sibsequentVSV infection. Delivery of replication
competentVV to tumourcells may occur by unnt er nal i zed virions fft
surface of the insect cells, similar to what is seen with T cell camgeliated delivery of a
retrovirug®. Notably, virus hitchhiking of VSV on T cells also conferred resistance to
neutralization, similar to what we observed wkY -infected insect cell carrieréFig.
3.14A,B) Whether similar mechanisms are at play warrants further investigétsofor

VSV, virus was not delivered tomouss in virusimmune mice after systemic administration

of infected insect cell carrier(Fig. 3.14C) This likely occurs as a result of theral
glycoprotein being present ohet cell surface of the S2 cells, thus making it accessible for
antibody binding. This is also true for mammalian cell carriers; however, these have been
able to bypass humor al i mmu n i d@rhaps simply hbg r by
saturating the antibody response. Indeed, the transformed cell carriers that have delivered
VSV in the presence of neutralizing antibodies typically make thousands of virus particles
per cell whereas S2 cells barely release any virus pyodéis being said, pseudotyping
strategies to evade antibodies which work for naked 3tusan also bepplied to insect

cell carriers.One important finding that warrants further investigation is the observation that
we did not detect any VSV in the liver 24h after systemic administratioinsect cell
carriers(Fig. 3.12B) Although we did not directly compare this to naked VSV in this study,
previous work from our lab suggests that naked virus is sequestered in the liver follddwing
administration with 10° virus particles detected at 24h and particles still detected@2h

postinjection’®. This suggests that insect cell carrier delivery of \&&¢ms tdypass liver
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uptake, amajor problem that is common to several Oafsd can lead to toxicity”. Overall,
our findings indicate that the insect cell platform has the capacity to simultaneansty
many integrated biotherapeutic genes anases taumours upon systemic administration.

Al t hough we have focused primarily on
principleo for this cell carrier platform,
cell lines expressing immune stimulating factors, monoclonal antibodies, gnagine
products,tumour antigens, suicide genes @odtargeting molecules along with viruses to
create a sophisticated mytitonged cancer therapiterestingly, a few reports suggest that
S2 cells engineered to express MHss| molecules can be load with exogenous
peptides and function as antigen presenting cells to generate aspiggfic CD8 T cells”

219 Similarly, Drosophila S2 cells expressing CD40 ligand have been shown to enhance
antigen presentation throngengagement of B cefl€??® Combining these strategiesth

S2 cell carrier mediated delivery of OVs could further promote-tantour immune
responses given that the presence of the virus would provide additional costimulatory signals
to the T cells.An important consideration when trying to express exogenous proteins in
insect cells is the postanslational modifications in those peots. Since insect cells do not
have the same machinery as mammalian cells, sometraostational modificationsn
proteinsdo not occur and this could impact protein stability, solubility, andltieff*2>2

Importantly, we find that Dipteran cell carriessiccessfully transported multiple
biotherapeutic payloads totumour beds following systemic administration in
immunocompetent animals, resulting in a therapeutfecef(Figs. 3.9 and 3.15)The
minimal and delayed immune activation observed upon systemic administration of
persistently infected insect cells is somewhat surpri@ing 3.13) However, in the case of

NK cells, S2 cells lack ligands to engage NK activating receptors and thus minimally
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activate NK cells on #ir own, consistent with previous findifgs Perhaps because
Drosophilacells are not pathogenic, there is no selective pressure on the immune system to
evolve mechanisms to detect these cells. the context of OV therapy, the low
immunogenicity of insect cell carriers along with their ability to minimize the recognition of
the virus and subsequent immune activatiway allow more time for the virus to replicate

and spread throughout tiemour before an antiviral response is mounted and the virus is
clearedlt is important to note that we only looked at a subset of immuiseatea relatively

early time point so this does not exclude the possibility that the immune cells do elicit an
immune response. For example, some studies suggest that DNA rdigabgdg S2 cells

can activate B celf$"?** and that human complement rapidly kills S2 é&&lldn light of

this, expressing of complement regulatory molecules such as CD46, CD55 and CD59 may
minimize complemenmediated lys of S2 cell&>.

The delivery of insect cll to tumourbeds in our experiments is likely to be non
specificdue to the trapping of carrier cells tinsmourvasculature, which is known to have
intermittent and slow rates of blood perfusiSninterestingly, Drosophila hemocytesare
capable of recognizing the disrupted basement membrane efiyrtitmours and mounting
a response against th&7?® Since S2 cells are described as hemeli#é®, it would be
worth investigating if they can recognize features of mammaéliarous. NonethelessOVs
delivered by insect cell carriers still maintained thtaimour specificity, as evident in the
biodistribution study(Fig. 3.12) One major advantage o2Xells that we observed was the
ability of S2 cells to circulate at consistent levels for at least 30 minutes, unlike the
mammalian leukemia cell carriers where there numbers in the circulation dropped within 5
minutes after administratiofirig. 3.10) Further characterization of the circulatory kinetics,

biodistribution and halfife of insect cell carriersill certainly prove to be informativeThe
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lack of tissue targeting or homing of the insect cells provides a significant area for future
developmat of this platform. Strategies such as the incorporation of targeting molecules,
such as artificial ligands that bind tomourvasculature®®?*, could substantially increase
the ability of these cells to deér biological therapeutics tmmourbeds. Magnetic targeting
of cells is another applicable strategy that has been successful in preclinical studies using
various cell platfornfs® %3¢

Insect cell lines capable of continuously propaga@{s and other biotherapeutics
therefore represent an attractive delivery platform with both immedietieal utility and
long-term potential for continued development. Insect cells stably propagating oncolytic
virotherapeutics would be ideally suited to lasgale manufacturifg’, and could be
systemically administered to patients without the drawbacks d@aajét tissue homingna
tumouigenicity that limits the safety of mammalian cell linéss a standardized clinical
vehicle, a continuous insect cell line could serve as a universal chassis for the assembly of
any number of different gene products inteogeerative systems, thus introducing a novel

class of programmable cell biotherapiesdancer.
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CHAPTER 2
5. INTRODUCTION

5.1RNA interference

RNA interference (RNAI) is a caerved blogical response to doubfranded
RNA molecules which can result in pasinscriptional, sequenapecific inhibition of gene
expressioft>?* In mammalian cells, miRNAs are the most studied mediators of RNAi, with
hundreds, and perhaps even thousands of miRNAs regulating 30% to 60% of human protein
coding gened??* miRNAs are encoded in the genome and are transcribed to vyield a
primary miRNA (primiRNA) transcript**, which is cleaved by thaicroprocessor complex

consisting of Drosha and DCG&&32%

, to yield a short precursor miRNA (preiRNA) of
approximately 70 nucleotides in length. {pnéRNAs, which form a hairpin structure
containing a loop and a digx stem with interspersed mismatches, are bound byGJdh
and exported from the nucleus to the cytoplasm by Expoffitt8 where they are further
processed bya complex that contains the endonuclease Dicer and TAR -BiAng
proteirf>1?>2 This creates miRNAguide strand) miRNA* (passenger strand) duplexes

approximately 22 nucleotides in length. The duplex assocwtbsArgonaute2 (AGO2)

within the RNAinduced silencing complex (RIS€J. The strand within the duplex that has

the |l ess stable 56 end is wusually chosen
removed or degradf>*** The mature RISC containing the guide strand is then directed to
target mMRNAs for AGO2nediated postranscrigional gene silencing (PTGE}*°
Determination of mi RNA targets is | argel
by nucleotides B a t the 56 end of the guide strand,
target MRNA°"?*® However,s equences i n tetions onmidNAS @an asa d 3 6
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influence target specificity®?®2 miRNA target sites often reside ireth -3TaRs of mMRNASs,
al though t hey -dTRsand eding senuerices oftmMREASEF PTGS
occurs either by translational repression or via reduction in target mRNA2f&\é&ts

Our understanding of RNAnediated silencing pathways has facilitated the
development of severtdols to modulate gene expression, includimgks interfering RNAs
(siRNAs) and short hairpin RNAs (shRNAS)RNAs consist of two RNA strands that form
a duplex 19 to 25 base pairs in length with 3' dinucleotide overffAnggon delivery into
the cell, they are loaded directly into the RISC where guide strand selection occurs followed
by mRNA binding to mediate gene silencing. As for shRNAs, they are structurally similar to
premiRNAs and must therefore be processed by Dicer before loading into the?®RISC

Cellular expression of shRNA is usually achieved using plasmids or viral V&¢t6ts

5.2RNAi screens toidentify antiviral factors

The ability of viruses to efficiently replicate within their host depends in part on their
capacity to exploit various celar pathways and to suppress and evade the cellular antiviral
response. In mammalian cells, the antiviral response is initiated upon detection of molecular
and structural components of the virus that emesideredforeign 2’°. Cellular pattern
recognition receptors such as TFiikle receptors(TLRs) and RG-I-like receptors detect
these seaalled pathogefassociated molecular patterns and coordinate the activation of
antiviral transription factors, including Nf®B and IFN regulatory factorsIRFs), thereby
leading b the expression dFN®’%2"2 Binding of IFN to the typé IFN receptor activates
the expression of hundreds of FHimulated genegISGs) that serve to limit virus
replicatiorf’¥2’°, Although IFN is a major player in the antiviral response, other cellular

pathways also play a role in virus infection. For example, expressiMGéf results in
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activation of cell proliferationwhich promotesvV replication®®. Metabolic pathways that
regulate lipid metabolism and nucleotide biosynthesis can also influence virus repliaation,
these biomolecules are needed in sufficient quantities to make virus prégéhyin
summary, the reliance of viruses on their hosts facessful replication involves several
cellular pathways, many of which can in turn modulate virus replication.

Capitalizing on the power of these tooRINAi-based screens have uncovered the
functions of several antiviral geré%?’#?"> Such screens have identified genes that regulate
various aspects of virus infection including entry, uncoating, replication, and budding for a
wide-range of viruses such as VSV, H/\denguevirus, hepattis C virus HCV), and
influenza virud’®?®2, Traditional saeens have relied on the ability of SiRNAs or sShRNAs to
reduce the expression of genes involved in antiviral pathways prior to virus infection.
However, Varbleet al. recently used a novel approach in igth amiRNA-mediated
knockdown was coupled with viruseplicatiot®® Rather than silencing genes by
conventional methids, a genomavide library of approximately 16,000 individu&8INV
clones was constructed, with each virus encoding a distmd&NA. This screening strategy
relies on the expression of functional amiRNAs from SINV, a posgeresse RNA virus that
replicags in the cytoplasff. While canonical miRNA biogenesis by Drosharmally
occurs in the nucleus, processing of the venosoded amiRNA is thought to occur via
cytoplasmic translocation of Drosha as a consequence of inféétidh Overall, the
screening platform has the ability to identify host restriction factors in the context of virus

infection by relying on virus competition and selection.
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5.3 Rationale

Although RNAI screens have been utilized to discover antiviral factors in normal
cells, the technique has not been extensively used to screen for geémaaythragulate OV
infection intumourcells, with only a few studies reporf&4*®” This is especially relevant
given that resistance to OV infection has been encountered both in preclinical studies as well
as in clinical trial&®??®°. Given thatumourcells committed to the malignant phenotype have
already differentiated themselves from thearmal counterparts with respect to their ability
to resist virus replication, they may be uniquely sensitized to OVs by the knockdown of
particular antiviral or other gene products. Therefore, screening the-&MNRNA library
ontumourcells could revdaantiviral gene products that are redundant in normal tissues but

indispensible in malignant cells.

5.4 Objectives

1) Passage the SIN&mMIRNA library in tumour celland perform deep sequencing to look
for enrichment of specific aiRINAs.

2) Validate the ability of the enriched amiRNAs to enha&iéV replication.

3) Determine ifthe identified amiRNAs increase the replication of OVs.

4) Investigatehe mechanisis) by which the amiRNAs increase virus replication

5) Evaluate the therapeutictavity of amiRNA-expressing viruses.
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6. RESULTS

6.1 In vitro passage of SINVamiRNA library on tumour cells selects for specific
amiRNAs

The mammalian antiviral response involves the coordination of extensive signaling
networks that result in the production of hundreds of antiviral genes. Since viruses are
capable of mediating RNAased postranscriptional gene silencing, we sought tofqren
a genomavide RNAi-based screen in which amiRNA is coupled to virus replication with the
notion that viruses expressing an amiRNA that targets host antiviral factors will have a
growth advantage. Therefore, serial passage of a library of virusegxgaelssing a unique
amiRNA should result in the enrichment of specific amiRNAs that increase virus replication.
To this end, we passaged a r8Bbased wholggenome targeting SIN\miRNA library on
CT26WT murine colon carcinoma cells a total of 4 roundd amquenced the virus
population to look for amiRNAs that were enriched. We observed that virus output from the
tumour cells increased from passage 1 to passage 4, suggesting that perhaps there was
enrichment of amiRNAexpressing virus clones widnhancedeplication Fig. 6.1A). Deep
sequencing of passage 4 revealed that several amiRNA sequences were indeed enriched
when comparedot the unpassaged libraryigk 6.1B,C and Table €l). Importantly, some
sequences appeared at frequencies greater than 1&gerthman one replicate, indicating that
the enrichment of those particular amiRMApressing virus clones was likely mediated by
the amiRNA and not due to unrelated mutations in the virus backbone thapostreely
selected for (Fig. .&C and Table €l). In orderto confirmthe sequencing results, we also
picked 20 plaques at random and performed a PCR screen for the 2 most enriched amiRNA

sequences and found that of the 20 plaques picked, 4 plaques (20%) corresponded to
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Figure 6.1: Enrichment of speciic amiRNA sequences after serial passage thfe SINV
library in tumour cells

A) SINV titers obtained after 1 passage and 4 serial passages in CTiRéw(rcells. Data

are presented as mean§SEM. Student's unpaired, ottailed ttest was performed; **: p <

0.01. B) Stacked area plot tfe frequency of each amiRNA in the SINMNMIRNA library

before passaging (PO) and after 4 rounds of serial passaging (P4) in CT26WT cells.
Cumulative percent fregucies of all 5 replicates are shown for P4. C) Heat map showing
the percent frequency of reads of the 10 most enriched amiRNAs in egdifate before
passaging (P0and after passage 4 (P4).

86



amRNAID 1 2 3 4 5

Relative Proportion

6

PO

7

8 9 10 11 12

Passage Number

13 14 15 16 17 18 19 20 21 22

23 24 25 26 27 28

o
o

P4: replicates

P4

50%
40%
30%
20%
10%

0%

87



Table 6.1: Frequency of reads of the top ten most enriched amiRNAsin each replicate after four

rounds of serial passagein CT26WT cdlls.

Frequency of Reads (%)

amiRNA ID Sequence PO P4-R1 P4-R2 P4-R3 P4-R4 P4-R5
1 GTGGGAGAGGAGACATGTTGGC 0.0343 26.1698 34.9893 28.8833 58.5099 36.5393
2 ATGTTGTTGGAGAATAAGACAA N.D. 39.8990 40.1095 4.2531 7.2182 4.4809
S ATGCAGTATGACACTCTCTGCA N.D. 2.4948 4.5950 8.2516 12.0567 9.3752
4 TTAACGTGACAGACATGGCGGC N.D. 0.0058 0.2513 26.6349 0.0433 N.D.
) AGGCACAGACAGGTGTCTTCCA N.D. N.D. 9.1190 1.7738 1.6772 4.5425
6 ATGAGCAAGAGAGATGGATGTC N.D. 0.7116 1.2709 N.D. 1.4508 7.8865
7 ATTCCTTGGCTTCATTTGTGCT N.D. 6.4415 0.3972 0.2905 3.9819 N.D.
8 GTTTCCACCTATGGCCACTGGT N.D. 0.9696 0.9448 4.3227 1.2053 0.4803
9 TATTGAATGGAGGTCCTAAGGG N.D. N.D. N.D. N.D. 1.9710 5.7629
10 TTCGATGAACATGGATTCTGCA N.D. 0.0238 N.D. 3.6999 0.0024 3.7873
11 TAAATGGGTCTGACACTTAGAA N.D. N.D. N.D. N.D. 0.0075 6.1047
12 TTGGTGTGGGTTCTGGTCAGCA N.D. 0.2364 2.4662 N.D. 1.0219 2.2367
13 TTTCGGCTTCAGTTCACTCCGG N.D. 0.9158 0.1483 0.1926 0.4143 3.2441
14 TGGCATTCTGAATGGACCTGCC N.D. 4.5921 N.D. N.D. N.D. N.D.
15 TGTGAACAGCATGGTTTGGCAC N.D. 4.3619 N.D. N.D. N.D. N.D.
16 TTTGACTCTGGCTATTAGTCCG N.D. N.D. N.D. N.D. 4.3512 N.D.
17 TTTCCTGAGGATATTATTGGGG N.D. N.D. N.D. N.D. N.D. 4.2352
18 TACTGTAAAGATTTCAAGACCC 0.0250 1.5417 N.D. 1.8560 N.D. N.D.
19 TTCTGCAGGAATGAGATCACCA N.D. N.D. N.D. 3.2761 N.D. N.D.
20 GTGGTGACGGAGAGGTAGGGCC N.D. N.D. N.D. 2.6890 N.D. N.D.
21 TTTGGCACTGAAGTCATGTCCA N.D. 2.4590 N.D. N.D. N.D. N.D.
22 GATTCATGTGGAACACCAACAC N.D. N.D. N.D. 2.2136 N.D. N.D.
23 TGTTGGATGCCTCTTCAGGCCC N.D. N.D. N.D. 2.0613 N.D. N.D.
24 ATGCAGTTGGATTGACTTGCCT N.D. N.D. 1.9530 N.D. N.D. N.D.
25 TTGCTCAATCGAGTTCAGGGCC N.D. 1.7812 N.D. N.D. N.D. N.D.
26 TTGGAAGTTGGATACCATGGAG N.D. N.D. N.D. N.D. 1.4934 N.D.
27 CAGCTCATACTGGAAATCTGGC N.D. N.D. 0.4907 0.0092 N.D. N.D.
28 TTGCAGCAGCATGGGAGTGCCC N.D. N.D. 0.4452 N.D. N.D. N.D.

P: passage ; R: replicate ; N.D.: not detected
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amiRNA#1 and 1 plaque (5%) corresponded to amiRNA#RB|ch is consistent with the

deep sequenaindata (not shown).

6.2 Enriched amiRNA sequences increase SINV replication itumour cells

We chose to focus on the two most enriched sequences as these were highly enriched
relative to the other sequences ineaist 3biological replicate¢Fig. 6.1C and Tables.1). To
confirm that the amiRNA sequences we identified as enriched after serial passaging in
tumour cells did in fact increase SINV replication, we transfected CT26WT cells with
siRNAs corresponding tthe identified hitsand subsequently infected them with SHGFP.
Increased virugeplication and spread within thamour cells was evident as assessed by
fluorescence imaging of GFP reporter expression by the \#igsg.2A). Quantification of
virus by plague assay revealed that replication was increased more tkafd 10 cells
transfected with the identified siRNAs compared to a control siRNA targeting luciferase
(Fig. 6.2B). This increase in SINV replication also resulted in greatsrour cell killing
(Fig. 6.2C). Although the finding that siRNA transfection of the identified sequences can
increase virus replication anhimour cell killing, this experimental approach results in
knockdown of thearget genes before virus infection whereas gene klowek occurs after
virus replication is initiated with the SINWbrary screening approach. We therefore sought
to determine if SINVmediated amiRNA expression could also increase virus replication. To
answer this question, we cloniek identified amiRNAdack into the parental SINV virus in
order to prevent any mutations in the virus backbone that have appeared during passaging
from confounding our analysis and examined if the amiRMpressing viruses could
outperform the parental virus in a competitiossay. Despite initially being present at

frequencies of only 2% and 5%, after 4 serial passages in CT26WT cells;a®NRNA#1
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Figure 6.2: Validation of enriched amiRNA sequences with SINV.

A) Fluorescent images and B) virus titers from CT26WT cells transfected with siRNAs
corresponding to the identified hits and subsequently infected with - &RV at an MOI of

0.1. Images were taken and supernatants were collected 48fnfposon for virus
guantification by plagque assay=4). Data are presented as mean$SEM. Student's
unpaired, ondailed ttest was performed; ***: p < 0.001. C) Virisduced cytotoxicity
revealed by Coomassie Blue stain of CT26WT cells transfected with siRNAs cowlespo

to the identified hits and subsequently infected with SIBIFP. Cells were fixed and stained
72h postinfection.

90



control siRNA SiRNA #1 SiRNA #2

C

106__ *k%k

control SIRNA ~ siRNA #1 SIRNA #2

10°4

PFU/mL

E o ]

104 T
control SiRNA#1 siRNA#2

91



and SINVamiRNA#2 had increased tfrequencies of 30% and 76%, respectively,
suggesting that they do indeed confer a growth advaritagke virus(Fig. 6.3A). We
performed a similar experiment in HCIIL6 cells which are human colorectal carcinoma
cells,and consistent with the competition experiment in CT26WT cells, amiBXphessing
viruses increased in frequency after 4 roundsarhpetition Fig. 6.3B). Overall, these

results validate the findings we obtained from our screen.

6.3 1dentified amiRNAs enhance replication andumour cell killing of various OVs

Although it has been demonstrated that SINV has oncolytic propertiesamtedmo
determine if the amiRNAs we identified in our SINNMrary screen could also increase the
replication of other OVs®*2912%2 \We therefore performed similar experiments with
VSVp51, MY tid, As avas deen with SINV, transfection of siRNAs corresponding
to the identified amiRNA spiences followed by infection with virled to increases in virus
replication as assessed by reporter geraging (Fig 6.4A). Quantification of virus output
reveal ed that VSV@p51 r epl i-foldforibotmsRMA#kane nhanc
SiRNA#2 (Fig. 6.4A bottomright pane] B), while SRNA#1 and dRNA#2 increased MG1
replication 15fold and 8fold, respectively Fig 6.4A middleright pane] B). Interestingly,
VVdd replication was enhanced approximatelold by sRNA#1, whereas BINA#2 had
no efect (Fig. 6.4A top-right panel B) . The increase in VSVmp51 I
greatertumour cell killing (Fig. 6.4C). To confirm the positive impact that virasediated
amiRNA expression has on replication we c¢l oned t he aAitthoBRgNAS i nt
has previously been demonstrated that VSV®
whet her , I n o unediatechexptessjon of @rRIMAsTresulted in the production

of functional amiRNAs. Using a luciferase reporter assay, we weregabbavincingly
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Figure 6.3: SINV amiRNA-expressing viruses replicate better than the parental virus

Enrichment of amiRNAexpressingSINV from competition experiments against parental
virus SINV-GFP. The percentage of each virus is shown before compdgi®) and after 4
rounds of competition (P4) in CT26WT cells (n=8)d B) HCT 116 cells (n=2Data are
presented as meansSEM. Student's unpaired, onailed ttest was performed; **: p < 0.01.
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Figure 6.4: Identified amiRNAsi ncr ease replication of oncol
VVdd viruses.

A) Fluorescent images an) virus titers from CT26WT cells transfected with SiRNAs
corresponding to the identified hits and subsequently infected with ¥vdiderry (n=5),

MG1-GFP (n=3), orV SV p¥FP (n=6). Images were taken and supernatants were
collectedfor virus quantification by plague assdg8h post nf ect i on f or VSV®5
and 72h for VVdd. Data are presented as meaBEM. Student's unpaired, oftailed ttest

was performed;**:p < 0.01, ***: p < 0.001. ¢ Virus-induced cytotoxicity as measured by
AlamarBlue viability assay of CT26WT cells transfected with siRNAs corresponding to the
identified hits and s ub-¥R.qQeleuwabilityywasi medseredt e d w
72h postinfection (n=3). Data are presented as mea8&M. Student's unpaired, onailed

t-test was performed; *: p < 0.05, **: p < 0.01.
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show that ami RNAs expressed by VSVmp51 were
whereas control virus expressing anmatched amiRNA couldhot (Fig. 6.5). We next
performed a virus compet iimedated amfKRNlaexpresson det e
could confer a growth advantage over the parental-&¥essing virus. Before serial
passage,anviSRINgS#L1 a naniRNAS2/vepke present at frequencies3%

and 8%, respectively. After 4 serial passages in CT26WT cells, the arréRpl&ssing

viruses had increased to frequencies of 72% and 79%, indigatmghey confer a clear

growth advantage to thérus (Fig. 6.6). Thus, amiRNAsdentified by the SINVamiRNA

library screening approach are capable of increasing the replication of other OVs.

6.4 1dentified amiRNAs do not affect the ability to produce or respond to IFN

In order to understand how the identified amiRN¥ere enhancing virus replication,
we first |l ooked at the ability of the <cell
expected, CT26WT cells transfected with control siRNA and subsequently infected with
VSVp51 were abl e to i +hJatuboththd hRNA ad pratedeges | on o
(Fig. 6.7A,B). Interestingly, when CT26W1Tumourcells were transfected with sSIRNA#1 or
si RNA#2 and infected with VSWNFWb, adlbeitdthgher t oo
levels than the controF{g. 6.7A,B). The elnancedFN-b production is likely due to the fact
t hat these cells are i nf ecEig 647), asiwe morméllyV qp5 1
observe a positive correlation b(EBig.oBWwa VSVm!
next assessed whether the cells had functional IFN signaling by looking at their ability to
induce the expression of several known ISGs. CT26WT cells transfected with control SiRNA
and infected with -kgMtegthdexpressioe of #Gd testedRig. u p

6.7C). Importantly, CT26WT cells transfected with SiRNA#1 or sSiRNA#2 were able to
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Figure 6.5: VSV-expression of amiRNAs results in the production of functional small
RNAs.

Duaktluciferase reporter assayBHK cells were transfected with the indicated reporter

pl asmids possessing target sites for the er
luciferase reporter and subsequently infected with the indicated viruses. Luciferase activity

was measured 24hogtinfection. Renilla luciferase activity was normalized to Firefly
luciferase activity then subsequently normalized to the unmatched amiRNA expressing
control virus (n=3).A pcDNA plasmid expressing the amiRNAs was used as a positive
control. Data are prsented as means SEM. Student's unpaired, ofnailed ttest was

performed; **: p < 0.01, ***: p < 0.001.
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Figure 6.6: VSV amiRNA-expressing viruses replicate better than the parental virus.

A) Enrichment of amiRNAe x pr essing of VSV@p51 from compe
parent al wvYFP.U'se pafcentagrebol each virus is shown before competition (PO)

and after 4 rounds of competition (P4) in CT26WT cells (n=3). Data are presented as means

+ SEM. Student's mpaired, ondailed ttest was performed; ***: p < 0.001.
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Figure 6.7: Identified amiRNAs do not target the IFN pathway.

A)IFN-bl evel s in CT26WT <cells transfected with
MOI of 0.001 for 24h, as measured by gP@R2) and B) ELISA (n=2). Data are presented

as means SEM. Student's unpaired, omneailed ttest was performed; *: p < 0.05, **: p <

0.01. C) mRNA levels of various ISGs after siRNA transfection and infection of CT26WT
cell s with VSV®51foa24h, asmeab@t byaPCR(Qn=%).0Data are
presented as meansSEM. Student's unpaired, ottailed ttest was performed; *: p < 0.05,

**: p <0.01.
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Figure 6.8: Dose response of IFNbpr oducti on after infection wi

CT26WTcellswere nf ect ed with the indicidteeedinthenount s
supernatants 24h peistfection were measured by ELISA.
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induceall ISGs tested at even higher levels than control siRNA, consistent with the increased
levels ofIFN-b produced by tase cells. Thus, the amiRNAs do not seemegativelaffect
the ability of cells to produce or respond to IFN.

In an effort to identify which genes or pathways are being affected [sjRINAS#1
and #2, we performed microarray analysis of gene expression in CT26WT cells transfected
with control si RNA, Si RNA#1 or s i(RgN6OA)2 wi t h
Remarkably there is significant overlap p < 0. 0001, Fin hbh gene3s e x a
differentially expressed (>fld) in siRNA#1 and siRNA#2treated cells(Fig. 6.9A,B).
gPCR analysi®f select genesonfirmed the differences observad the microarray(Fig.
6.10). We focused our attention to tlgenes that were the modbwnregulated in both
siRNA#1 and siRNA#2 treated cellsiRNA knockdown experiments revealed that
downregulation of ASPN and OGN increased VSV replicationfold ard 7-fold,
respectively, whilesiRNA knockdown of WID or RANBP3L had no impact on VSV
replication(Fig 6.11). Theseresults suggest that ASPN and OGN gither direct or indirect
targets of the identified amiRNAs and that they are involved in regulating VSV repligation

CT26WT cells

6.5 amiRNA-expressing viruses demonstrate enhanceth vivo replication within
tumours

We next determined if thia vivo replication of amiRNAexpressing viruses was also
enhanced in CT26WTiumourbearing mice. We initially looked at SIN&MiRNA
replication in subcutaneouamouss afterIT injection of virus as well as in the spleen in
order to assess if virusediated amiRNA expression also impacted virus replication in

normal tissues. In line with what we observed iniauwitro studies, the amiRNA&xpressing
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Figure 6.9: Microarray anal ysis of gene expression changes induced by amiRNA #1 and
amiRNA#2 reveals marked overlap of target genes.

A) Microarray analysis of changes in gene expression d6ht e r VSVpoIL infe
CT26WT treated with sSIRNA#1 or siRNA#2. Heat map shows genesvirat differentially

expressed at least 3féld as compared to cells treated with control siRNA and infeetdd
VSV@p5.B) Venn diagram showing the numiok) of g
in VSV 5-ihfected, siRNA#L or siRNA#2 treated celéss compared to cells treated with

control siRNA and infected with VS@5.1
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Figure 6.10: gPCR validation of microarray results.

gPCR of select genes identified as downregulated by microarray analysis of-gi&dtd
CT26WT cells (n=3). qPCR of VS¥5 Benomes was also performed to confirm the
increase in VS5 deplication as a result of SIRNA#1 and siRNA#&ta are presented as
means + SEM
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Figure 6.11: Knockdown of the SLRPs ASPN and OGN promotes VSV replication in
CT26WT cells.

CT26WT cells wee transfected with the indicated siRNAs and 48h -frastsfection were
infected with V S V qp5Supernatants were collected 48h gofction and virus was
guantified(n=3). Data are presented as means + SEM. Student's unpairetiledettest

wasperformed* *: p < 0001.
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viruses replicated to titers at le&§ttimes that of the control virus within 48h after injection
(Fig, 6.12A, left panel). Surprisingly, we did not find any differences in virus titers in the
spleens of the mice (Figh.12A, right panel). We performed similar experiments with
VSVp51 aexprddding viruses but withh delivery of the virus instead. We looked at
virus titers in theumous 48h after injection and found that the amiRBMpressing viruses
replicated to tites 50 times higher than control virus (Fi§.12B, left panel). Once again, we
looked at virus titers in the spleen and observed no significant differences between the
control virus and the amiRNAxpressing viruses (Fi§.12B, left panel).

Finally, we assessed whether the increase in replication we observe translates to an
enhanced therapeutic effect. To test this, we established subcutaneous CII26AME in
mice and treated thei daily for five days with the different viruses and moratumour
gr owt h. Al t hYFB gvhs ableStd gqpdnttotumour growth compared to no
treatment, the delay imumourpr ogr essi on was even mo-re pro
amiRNA#1 Fig. 6.13). These data demonstrate that the enhanced replication conferred by

amiRNA expression translate into beti@mourcontrol.
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Figure 6.122 amiRNA-expressing viruses show enhanced vivo replication in tumours.

A) Quantification of SINV intumous (n=6) and spleens (n=2) 48h pbEttreatment of
CT26WT tumour bearing mice with 1xfOPFU. Data are presented as meanSEM.
Student's unpaired, otailed ttest was performed; *: p < 0.05. B) Quantification of
V SV 5 tumaum (n=14) and spleen®=3) 48h postV treatment of CT26WTtumour
bearing mice with 5x10PFU. Data are presented as mear8EM. Student's unpaired, one
tailed ttest was performed; *: p < 0.05.
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Figure 6.13: V S VapBRNA#1 virus controls tumour growth better than the
parental virus.

Tumour volume of mice (n=7) bearing CT26 subcutanetursouss treated T daily with

5x1¢ PFU for 5 days. Values represent meanSEM. A twoway ANOVA test was
performed; *: p < 0.05, ***: p < 0.001.
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7. DISCUSSION

Here we show thascreening of a replicatiecompetent SINVamiRNA library
results in the selection of amiRNA sequences that increase virus replication specifically in
tumour cells. After as little as 4 passagestumour cells, amiRNAs that were initially
presentat frequacies below 0.04%n the initial populatiorwere enriched to frequencies as
high as 58% (Fig6.1B,C and Table6.1). This enrichmenis a combination of positive
selection for amiRNAs that enhance SINV replication as well as negative selection against
amiRNAs that are detrimental to virus replication. Even amiRNAs that have no impact on
virus replication are selected against as-tetjeing could occur in these virus clorf8%
Notably, secreted antiviral factors such as IFN may also not be positively selected for since
knockdown of such genes would benefit the entire virus population as opposed torgenefi
an individual clone and would potentially not be uncovered by our screening appgktsach.
given that SINV is able to antagonize antiviral responses by shutting off host transttiption
2% some genes may already be sufficiently repressed that further knockdown would lead to
no benefitlt is also important to note that the kinetics of amiRNA expression is governed by
SINVés |ife cycle. This certainly impacts
screen, as amiRNAs that target genes encoding proteins withldenkdhger tan the virus
life cycle will not be enriched. Similarly, amiRNAs that target genes involved in regulating
virus entry or uncoating would not be selected for as these events precede viral gene
transcription. This is not the case with classic SIRNA or shitidged screens where
knockdown of genes occurs before virus infection is initiated and thus genes regulating virus
entry have been uncoveréd

We chose to focus on the two mesirichedamiRNAsas these weralsofound in all

five biologicalreplicateqFig. 6.1C and Table5.1). Some of th@amiRNAs were enriched but
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in only one or two of the replicate¥his may be dué¢o unrelated mutations in the virus
backbone that were positively selected #nother possibility is thatdespite our efforts to

ensure that all SIN\AamiRNA clones were suffiently sampledsome of the clones are at

such low frequencies in the initial inoculum that the probability that they actually infect a
cell is low and a stochastic proce#isis also important to note that soroéthe clones at

very low frequencies ithe initial pool may not have a chance to infect and replicate to high
enough numbers to be carried forward to the subsequent passage even if they do provide a
growth advantage to the virus.

In ourin vitro experiments, SiIRNA knockdowresulted in largemcreases in virus
replication compared to virumediated amiRNA expression (F®2A vs Fig.6.3; Fig.6.4A
bottom panels vs Fig.6). This is most likely because siRNAs delivered prior to infection
allow for more efficient knockdown of the relevantget geneslin vivo, virusmediated
amiRNA expression resulted in larger increases in virus replicationirthaimo (Fig. 6.3 vs
Fig. 6.12A left panel; Fig.6.6 vs Fig,6.12B left panel) most likely due to the fact that
selective pressure against the virus is greatetvo and thusincreases in viral fitness are
more pronounced. Nonetheless, the potential tecpnelition thetumourfor viral infection

with in vivo delivery of tumourtargeted siRNAS"2%°

is an approach worth investigating
that may result in even more dramatic increases in virus replicasiamompared to virds
mediated amiRNA expressiomhis is particularly relevant forV for which virus-mediated
expression of amNAs is not a viable strategy to increase replication sthee virus
expressesa protein, VP55, which is known to polyadenylateisias RNA species including
miRNAs, resulting in their degradatidfi Another strategy worth investigating with VSV

amiRNA expressiofs to clone the amiRNA upstream of its current positidoetween the G

and L gene$ in the viral genome. Due to the discontinuous transcription of VSV genes an
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the resulting gradient of mRNAs that is created where WBYanscripts are the most
abundant and VSV transcripts are the least abund&htmoving the miRNA upstream of
its current position would result in increased expression levels. Since there is an
approximately 30% reduction across each gene junction, m@vipgtream can result in a
two to fourfold increase in amiRNA level The only position imvhich it cannot be placed is
between the VSMW and VSVP genes as disruption of the ratio of these two genes
dramatically attenuates the vifd$

Although the screen wagerformed with SINV, a positiveense RNA virus, the
identified amiRNAs were also able to increase the replicatidn oncol yti ¢ VSVog
MG1, which are negativeense RNA virused={g. 6.4A). These findings suggest that the
amiRNAs target antiviral factors that antagonize both viruses. This is not surprising given
that both viruses are IFBensitive and that several ISGs can act on a wide range of
viruse$’>30:302 |nterestigly, the replication ofVVdd, a doublestranded DNA virus that
encodes a vast array of immum®dulatory proteins, was also increased but only with
SsiRNA#1, suggesting that a subset of target genesRifIA#1 are different than those of
SiRNA#2 (Fig. 6.4A top panels). Importantly, the amiRN&xpressing SINVs alsdisplayed
enhanced replicatiomm HCT 116 cells Fig. 6.3B), suggesting that the relevant mRNA
targets are also expressed in hurhanourcells and that thamiRNA targetsequences are
conservedbetween speciedlNe also conducted similaiSINV-amiRNA library screens in
various cell lines, including 786 (human renal cell carcinomaMia PaCa (human
pancreatic cancer)PancO02(murine pancreatic cancegnd PANG1 (human pancreatic
cancer) andound amiRNA#1 and amiRNA#2 to be enrichddrther supporting the notion

that thefindings are not specific only to mouse or human colon catfdata not shown).
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The mechanisms by which the amiRN&® increasing virus replication remain to be
determined. We focused our initiatalysis onthe IFN pathway and actualbbserved more
IFN-b mRNA and protein production with siRNA knockdown itumour cells a
phenomenon that we attribute to the incraasdéral replication(Figs.6.7A,B and6.8). We
also looked at the expression IFGsin order to assess the IFN responsiveness of the cells
and found that these were also higher with siRNA knockd{ig. 6.7C). These results
strongly suggest that the IFdathway is not targeted by the amiRNAs, but does not rule out
the possibility that other pertinent ISGs may be affecaprisngly, microarray analysis
revealed a marked overlap the genes differentially expressed by sSiRNA#1 and #2
suggesting thahese siRNAs may function similarly to increase virus replicataheast in
the case of VSV(Fig. 6.9). Notably, 4 of the 17 membersf the small leucinerich
proteoglycan $LRP) gene family (OMD, OGN, ASPN, BGNwere found to be
downregulatedby both siRNA#1 and siRNA#ZFigs. 6.9A and 6.10). This suggests that
these genes allave target sites in their mMRNAS, although miRNA/siRNA target prediction
programs did not support this notiar, that they are regulated laycommontranscription
facta that is also a target of sSiRNA#1 and siRNA#3aowever, mly knockdown of ASPN
and OGNresulted in increasedSV replication(Fig. 6.11). It is still unclear as to how these
genesdirectly or indirectly regulate virusreplication, as SLRPs are involved in many
biological processescluding development, regeneration, cell proliferation, inflammation,
and immunity°® *°®. These proteins reside mostly in the extracellular spaceamithteract
with collagenand other conponents of th&CM, secreted factors and cell surface receptors
to modulate a variety of cellular proces$&&*3% |mportantly, t has been demonstrated
that ASPN BGN and decorin, another SLREan bind to TLR2 and TLR4to induce an

inflammatory responsén macrophage®® 3, thereforeknockdown of these genes may
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promote virus infection by reducing the expression ofNB t ar get genes, ma
are involved in the antiviral resporiSe Interestingly, OGN has an IFstimulated response
element in its promot&**' thus hinting that it may have a still undiscovered role in the
IFN responseHowever, our microarray did not detect any upregulation of OGN as a result
of virus infection. Another postility is that virus replication is increased through
modulation of extracellular collagen levebss it has been demonstrated that collagen and
other ECM components negatively impact OV spfedtf'®> Thus, the impact of the
identified amiRNAs on collagen levels should be investigated in future experirosetzll,
our findings suggest downregulation of OGN and ASPN increases virus replication but there
may be other target genes that we dididentify or investigate that may also contribute to
the increased virus replicatiatserved

It is important to nee that there are limitations to siRNA transfection followed by
microarray analysis when trying to identify target genéside from the fact that
transfections may introduce supraphysiological amounts of siRRish can lead to off
target effecte®31317 microarray analysis may not give a complete picture of the cellular
changes that occur as a result of the siRNAs since they may also be regulating the translation
of target changes as opposed to inducing their downregf&tidinus polysome profiling
may be a complimentary technique thvabuld reveal genes whose translation is affected by
the siRNAs. Another strategy would be to perform a immunoprecipitation of the RISC
complex followed by sequencing of the mRNAs that are associated with the complex, thus
providing an insight as to whicmRNAs are targeted by the siRNA%*° The major
advantage of this strategy is that it has the potential to identify relevant targets independent

of the mechanism of action of the siRNAs.
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Our in vivo studies revealed that amiRNAediated increases in virus replication
weretumourspecific(Fig. 6.12) Thetumourspecific increases in virus replication are likely
a consequence of an already favorable cellular state for virus replication present in cancer
cells. This environment enablesbust virus replication and therefore high levels of anARN
expression. In normal cells, virus replication is limited and thus the levels of amiRNA
expression are not high enough to impact virus replication. A similar scenario has been
mathematically modeled to explain thienmourspecificity of oncolyticv S V g5 dressng a
soluble IFNbinding decoy receptt

In summary, we have demonstrated the utility of our screening approach in
generatingmore effective OVs. The ease at which this screening strategy can be performed
opens the potential to generate reémuse OVs tailored to a specifitimourtype or
perhgps evenper sonal i zed f otumoua Altgough eve utilzedtSIN® riot 6 s
conduct our initial screen, this strategy can easily be translated to any single stranded
positive sense RNA virus as the rescue of these viruses is quite efficient which is an
important requirement when generating large libraries of unique cldimesinformation
obtained from these screens may also be applied to manufacturing of large quantities of

viruses, such as the production of OVs for clinical use or vaccines.
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CONCLUDING REMARKS

The work describeth chapter Jexplored the use of insect cells as delivery vehicles
for the systemic administration of OMBrevious studies with various cell carriers revealed
thatthey were limited by their inabilitio circulate efficiently, their offarget tisse tropisms
and the cytotoxic nature of virus on these cell types. We have shown that insect cells can be
engineered to express additional therapeutic transgenes that complement oncolytic
virotherapy, that thy circulate better than their mammalian counterparts, and that they lack
any obvious tissue tropisrn chapter 2we highlight how a RNAi-based screening
approach can be utilized to disco@niRNAs that, when expressed by OVs, can
substantially increasthevirus replicationwithin tumourcells.

As is the case with the development of any new treatment strategy for caneend the
goal is todiscover a therapeutic that will dramatically improve patient outcomes. Given that
the field of modern oncolytizvirotherapy is still in its infangywith clinical trials just
beginning to provide evidence of therapeutic activity, it is difficult to predict what strategies
will be needed to further improve OVs. The initial focus wafscourse on ensuring that
OVswere safe, and this is still a major concern when attempting to treat potentially immune
compromised cancer patients with live replicating virustsyvever, at least in prelinical
murinetumourmodels, it is evident that O\#ten cannoture animal®n their own and so
there was a push to make OVs more potent either by engineering them or by combining them
with other existing treatment modalities. It was also recognizedsysaémicdelivery of
OVsis very inefficient In the last few years, thetes been a paradigm shift in the field of
oncolytic virotherapywith the realization that their immune stimulating properties are a
critical agpect oftheir mechanisms ofcéion. Current preelinical studies are therefore aimed

at understanding and impriag this important aspect of OV therapy.
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Despite all these advances at the-gdnaical level, it is my opinion thathe results of
ongoing clinical trials with firsgeneration OVswill be instrumental in guidingthe
development of future strategidsor example,if doselimiting toxicities areobsewved with
first-generation OVs undergoing clinical testirthe regulatory bodies may not approve
strategies aimed at increasing the replication of QAssde from regulatory hurdles, there
are also some importabiological questions that remain to be answetdd.rot clear at this
time as to how much virus replication withtomouss is sufficient toresult in tumour
debulking and tagenerate antiumourimmune responses. Along these lines, is systemic
delivery of OVs really necessary if local treatment can generate systemic responses
Relevant to the work described in this thesis, clinical trials wattiouscell carriers are just
beginningand so the results of these studies will hopefully serve to validate this approach
and perhaps identifyspects in needf improvementDespite these unknowns, trepid and
exciting developments in the field that have occurred in the last 15 yearsiden@y that
there are no shortages of potential strategies that can applied or combin€Y/wiémd that

the next phase of pidinical and clinical testingromises tde as exciting.
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Abstract

The preclinical optimization and validation of novel treatments for cancer therapy requires the use of laboratory animals.
Although in vitro experiments using tumor cell lines and ex vivo treatment of patient tumor samples provide a remarkable first-
line tool for the initial study of tumoricidal potential, tumor-bearing animals remain the primary option to study delivery,
efficacy, and safety of therapies in the context of a complete tumor microenvironment and functional immune system. In this
review, we will describe the use of murine tumor models for oncolytic virotherapy using vesicular stomatitis virus. We will
discuss studies using immunocompetent and immunodeficient models with respect to toxicity and therapeutic treatments, as
well as the various techniques and tools available to study cancer therapy with Rhabdoviruses.

Key words: biotherapeutic; cancer; efficacy; murine model; oncolytic virus; treatment; tumor; vesicular stomatitis virus (VSV)

BaCkground destroy cancer cells (Zeyaullah et al. 2012). Although there are

The lack of options available for patients with chemotherapy-
resistant, advanced, aggressive, or systemic disease is pushing
the field of cancer therapy to progress rapidly, with novel strate-
gies being developed. Of the many promising approaches that
recently emerged, oncolytic viruses (OVs) have the potential of
treating disseminated diseases, targeting various tumor types,
and inducing durable systemic antitumor immune responses
with minimal side effects compared with current therapies
(Singh et al. 2012). OVs are selected or designed to specifically

many different OVs currently being investigated around the
world, the focus of this review is on the Rhabdovirus family
member vesicular stomatitis virus (VSV). VSV is a single-strand-
ed, negative-sense RNA virus that can infect both insects and
mammals (Kuzmin et al. 2009). These viruses are highly sensitive
to the antiviral activity of interferon (IFN), and thus in normal
cells, infection is controlled through the induction of the IFN
response (Stojdl, Lichty, et al. 2000). However, several tumor cell
lines (SK-MEL3, LNCAP, LC80, and OVCA 420), unlike normal cells
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ARTICLE

Oncolytic vesicular stomatitis virus expressing interferon-y has

enhanced therapeutic activity

Marie-Claude Bourgeois-Daigneault'?, Dominic Guy Roy'? Theresa Falls', Kwame Twumasi-Boateng?, Lauren Elizabeth St-Germain',
Monique Marguerie'?, Vanessa Garcia'?, Mohammed Selman'?, Victoria Ann Jennings', Jessica Pettigrew?, Sally Amos?, Jean-Simon Diallo’,

Brad Nelson*~ and John Cameron Bell'?

Oncolytic viruses are known to stimulate the antitumor immune response by specifically replicating in tumor cells. This is believed
to be an important aspect of the durable responses observed in some patients and the field is rapidly moving toward immuno-
therapy. As a further means to engage the immune system, we engineered a virus, vesicular stomatitis virus (VSV), to encode the
proinflammatory cytokine interferon-y. We used the 4T1 mammary adenocarcinoma as well as other murine tumor models to
characterize immune responses in tumor-bearing animals generated by treatment with our viruses. The interferon-y-encoding virus
demonstrated greater activation of dendritic cells and drove a more profound secretion of proinflammatory cytokines compared

to the parental virus. From a therapeutic point of view, the interferon-y virus slowed tumor growth, minimized lung tumors, and
prolonged survival in several murine tumor models. The improved efficacy was lost in immunocompromized animals; hence the
mechanism appears to be T-cell-mediated. Taken together, these results demonstrate the ability of oncolytic viruses to act as
immune stimulators to drive antitumor immunity as well as their potential for targeted gene therapy.

Molecular Therapy — Oncolytics (2016) 3, 16001; doi:10.1038/mt0.2016.1; published online 17 February 2016

INTRODUCTION

The capability to evade the immune system is essential for tumor
establishment and has been identified as a hallmark of cancer.!
Conversely, an effective antitumor immune response against
tumor-associated antigens is believed to prevent relapse of the
disease.? Various proinflammatory cytokines stimulate immunity
and their exogenous administration has been used for the treat-
ment of many cancers.?> Among these, interferon-y (IFNy), has a
myriad of roles in both arms of immunity.* It is mainly produced by
T cells, natural killer (NK) cells, and macrophages and has effects on
all nucleated cells of the body.® It is a powerful immune modulator
that has antiproliferative, proapoptotic, and antiangiogenic func-
tions.*¢ It also induces adaptive immunity through increased anti-
gen presentation and T-cell activation.” The pivotal role of IFNy in
tumor immunosurveillance is exemplified by the observation that
mice deficient for the IFNy receptor develop tumors more rapidly
and at a higher frequency.® Many observations show that the pres-
ence of IFNy might be beneficial in the treatment of various can-
cers. For examples, in human breast cancer samples, the expression
of IFNy and its receptor were reported to be increased in benign
lesions compared to malignant lesions.® Because of these observa-
tions, along with its many protective functions against cancer and

its immune-stimulating properties, IFNy has long been considered
a promising candidate for the treatment of various malignancies.® It
was demonstrated using the 4T1 murine breast cancer model that
intratumoral (IT) administration of IFNy reduces metastases to the
lungs and liver.”® In the clinic, it has been shown that that local injec-
tion of IFNy in skin lesions of breast cancer patients resulted in par-
tial regression."" Also, recombinant human IFNy-1b has successfully
been used to delay progression of microbial infections in chronic
granulomatous disease,'? but its use in human cancer treatment
has given mixed results.”"'* One of the reasons for the limited effi-
cacy was attributed to the very short half-life of IFNy in serum and
therefore, local expression is a more promising approach.'” One suc-
cessful strategy to deliver genes to the tumor site is to use viruses.
Indeed, the direct IT injection of virus expressing IFNydemonstrated
efficacy in two different xenograft models.'® Tumor-specific onco-
lytic viruses (OV) encoding transgenes have also been shown to be
an efficient tool to drive sustained local transgene expression.'>®
OVs like the vesicular stomatitis virus (VSV) were selected to
specifically destroy tumor cells while leaving normal tissues unaf-
fected.? While normal cells are protected by type I IFNs, cancer cells
frequently acquire defects in this pathway. Thus, normal, but not
tumor cells, will be protected against VSV.2 To further attenuate VSV,
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