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Abstract

Oncolytic viruses (OVs) are emerging as a potent therapeutic platform for the treatment of
malignant disease. The tumor cells inability to induce antiviral defences in response to a small
cytokine known as interferon (IFN) is a common defect @igdl by OVsHeterogeneity in IFN
signalling acrosstumors is therefora pillar element of resistance to these therapies. | have
generated a mathematical model and simulation platform to study the impact of IFN on OV
dynamics in normal and cancerous uiss. In the first part of my thesis, | used this model to
identify novel OV engineering strategies which could be implemented to ovelédnieased
resistance in tumor tissues. From these simulations, it appears that a positive feedback loop,
established pvirusmediated expression of an interfefoimding decoy receptor, could increase
tumor cytotoxicity without compromising normal cells. The predidiset forth by this model

have been validated both qualitatively and quantitatively iwitho and invivo models using

two independent OV strains. This model has subsequently bssmh to investigate OV
attenuation mechanisnike impact of tumocell heterogeneityas well as dru@V interactions.
Following these results, it became apparent that selgcstiould equally be obsexd when
overwhelming the celvith a non replicating virus. While normal tissues will clear this pseudo
infection rapidly, owing to their high baseline in antiviral produatshe onset of infectign
tumor cells with defective ati-viral pathwaysshouldnot havereadily availablebiomachinery
requiredto degrade this prapoptotic signalRecapitulated by the mathematical model, -non
replicating virusderived particlegeneated by means of UV irradiatioselectively kill tumor

cells in cultured cell lines and patient samples, ilgado long term cures in murine models.
Taken together, this thesis uses a novel mathematical model and simulation platform to

understand, design & improve oncolytic viogsedherapeutics.
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Chapter |. General Introduction

1.1 The Process of Tumorigenesis

Cancer is a malignant disease resulting from unregulated & perpetuabmliat a
defective host cell. If left untreated, these cells will undergo clonal expansion and evolve to
eventuallyoverwhelm the population within the affected organs. As the tissue accumulates these
defective cells, the organ will gradually lose its ftioc and drive the pathology of the disease.

To become cancerous, the malignancy must acquire several key characteristics commonly
referred to as the hallmarks of can€er2). These defects allofor the cancer cells to not only
sustain perpetual growtlbut evade destruction by the ensuing immune respaga@st the

tumor.

In cancer, chronic proliferation requires the rewiring of processes involved in the
regulation of cell number homeostaé®. Under normal conditions, cell abundance is defined
by a plethora of growth factors and adhesion molecules which allow for the organ to relay
system level information regarding cell number requirements to cekk @atrol(4). These
pathways, critical tftoughout development, allofer the organism to replenish aging cells and
repair tissue following injury4). Several of thdactors involvedarein fact oncogenes whose
dysfunction has theqtential to cause cancethronicactivation ofthesepathwaysensurs that
the cell proliferation signalling axis is persistent®N" in tumors. This is achieved by up
regulating the secretio of these samarowth factorsinvolved in regulating cell number
homeostasi¢e.g. Transforming Growth Factbr(5) & Vascular Endothelial Growth Fact(®g)),

and by enabling constitutive activation of their downstream target receptors (e.g. Human
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Epidermal Growth Factor Receptof8) & Platelet Derived Growth Factor Receptdf) or
kinases (e.g. BRapidly Accelerated Fibrosarcoménase (9) & Thymidine Kinase(10)). To
ensure that continuous proliferation remains unresolved, the cell must equally ieatimar
suppressors which would otherwisesolve the situatignin part by induang growth arrest.
Perhaps theestdescribed mutations growth suppressoiavolve those repressg the function
of the tumor suppressor p%&ich, when functionalwould otherwiseinducecell cycle arrest

following the accumulation of DNA damag#l).

As the tumor evolves, cancer cells must compensate for the increetabolic and
energetic demand required for continuous proliferation. THiglisved tan partbeachieved by
undergoing a glycolytic switch. Also known as the Warburg effect, cancer cells femetgy
production along the glycolysis axi®llowed by lactic acid fenentation,rather than through
Krebs cycle in the mitochondria(2, 12) Although its role in cancerremans enigmatic, an
emergingline of thoughtis that thisglycolytic switch increasesié abundance of key precursors
required for the biosynthesis of nucleotides and amino adnile at the same timensuringa
continuoussupply ofenergy(12). For example, severaimino acidssuch as Serin&ysteine,
Glycine, Tyrosine, Phenylalanine, and Alanine, have precursors generated by glyd®ysis
Furthermore, glucosé-phosphateroduced during this first step of glycolysigy be diverted
to the pentos phophate pathway to promote nuctte biosynthesig13). Indeedglucose6-
phosphatdransformationto nucleotidessia the pentose phosphate pathvieg key processn
cell division which is actively repressed bghe tumor suppressop53 (14, 15) The Warburg
effect, in conjunction with the activation gqfarallel metabolicprocessessuch as increased

glutamine uptake andp-regulated folate metabolisransurs thatcancer cellsiot onlymeet the
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energy requirements for cell divisignbut equally accumulatesthe biomaterial precursors
necessary to sustain continuous cell proliferation. Without this effect, perpetual cell divisions
would eventually resulh cell death owing to a lack of sufficient metaboli&s).

Although thehallmarks of cancecan be bestowed by epigenet{d¥) resulting from
chronic activation ofvound healing and developmentasignalling pathway$18), these defects
have the potential to be fixed within the population through gene mutation. This factor, typically
viewed as the pillar elementvolved in the onset of cancer, favouredby positive selection
throughout tumorigenesid.9). This will ensure that the trait is fixed within the cells following
loss of the epigenetic cy@0). However, novel antigens produced by gene mutatiofusion
have the potential to be recognized by the immune system, resintidgstructionof the
associatedancer cell (21, 22) As such,mutation accumulation requirevasion of anttumor

immune responses throughout tumorigengxls 22)

Upon the presentation of foreign antigens, the immune response recognizes the
abnornality and destroys the cell with the associated defect. Classically viewed as a response to
recognize and remove foreign pathogens, this prqdags an important role in regulating tumor
cell turnover(21). Cancer cls substantially remodel both innate and adaptive immune responses
in the local tumor microenvironmetd evade destruction by immussurveillance mechanisms
(23). This is achieved by accumulating mutatievithin antigen presentation pathwait, 25)
as well as by secretingimunosuppressiveytokines to dampen thadaptiveimmune response

(26-28), and eventually generatelerance against these foreign turagsociate@ntigeng29).

Immunoediting is the term used to describe the process by which tumoracelise

these éfects(21, 22) During theinitial phase of elimination, mutations atia resultingcellular
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stress activat innate immuneprocessesn tumor cels. These mechanisntsigger tumor cell
deaththough boththe activation ofintrinsic apoptotic pathways as well as the recruitment of
innate immune cells such &ktural Killer Cells, gamma delta T cells, and natural killeelis.

In addition to directpromotingapoptosis, cytokines releasbg these cellsallows for antigen
presenting cells, most commondiendritic cells to uptakethe resulting apoptotic debrisand
presentumorassociate@ntigers. Presentatiomf novelimmunoreactive mtigers resulting from
gene mutationwill allow for naive TFcells to differentiateinto antigen specificytotoxic T-cells
(CTLs). Following epitope presentation on tumor cells, CTdsstroy the malignancyy
secreting FasL, perforins, granzymes and granuly8@)s Duringthes early stages, cells which
acquire mutations resulting inmmunoreactiveepitopespresented at the cell surface via the
major histocompatibility complex | (MHQ) arerecognized andemoved within the population.
The subsebf tumor cellswhich havesurvived this onslauglgitherdo notposesmmunoreactive
antigens have evolved mechanisms to evade apoptotic responses, or have acquired subtle defects
which enable partial immune evasioks this population ofcancer cellsexpandsit gradually
acquies additionaldefects within itantigen presentation pathway upregulatedigands which
activate CTL inhibitory receptorsto further decrease the ability a€TLs to recognize tumor
cellsand its associated antiger&his process, referred to as tunescape, allows for a greater
plasticity in the level of immunoreactvepitopeq21, 22) As such, there is a distinct positive
feedback mechanism present between the fixation of gene mutatiotieamdsion of immuno

surveillance machinery

The level of heterogeneity in these mutations is another critical element of tumorigenesis

(19, 20, 31) Duringthe clonal expansiomprocessthe cancer cell lineage will be defined by the
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selective pressures occurred throughtautlevelopmen The sequence df) gene mutations?)
environmental pressurés.g.chemotherapiespand3) anti-tumor immune responsesill define
shapethe mutatioral landscapavithin the tumor Given that most mutations are stochastic, the
process of clonal expansion ensures that downstream lineages, which may have resulted from the
same initial everst are extensively different from one anotHelHowing several rounds of
selection(19, 31) Not only is this heterogeneity observed between tumor types, but even within
the same tumor sample. Indeed, the differences in gross chromosomahaliires are so
profound, that the cell can acquire differential morphologies withirséimetumor €.g.(32)),

and define the probability of success for the prescribed treatment re@@8)en

1.2 Impact of the Tumor Microenvironment

The emergence of heterogeneity, and the probability of treatment success, is defined by
the local tumor microenvironment. During tumorigenesis, cancer cetlatinuously
communicate with the sumading tissue to foster the development ok#tellmarks of cancer
(2). This is achieved bynduadng chronic activation of developmental pathwawpsadjacent
healthy tissugparticularly those involved in wound rapaDescribed as a wound that cannot
heal (34-36), tumors mimic the environment of a wound by secreting the same signalling
molecules, leading to the recruitment of similar ¢gbles.Consisting of up to 80% of the tumor
mass (37), the tumor stroma is composed of several cell types including casseciated
fibroblasts(35), tumorinfiltrating leukocyes(38), endothelial cell§39) and pericyte$40). Cell-

to-cell communication between these compartmelniges bothimmunosuppression andp-
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regulatedmetabolsm intumors(2). Tumor stoma plays a defining role in the tumors response to
cancer therapie@ll), the emergence of resistan@®), as well as th@rognosis of cance@3

47).

Cancer Associated Fibroblast or CAFepresent a preponderant cell typeariast tumors
including pancreati¢37), breast(48) and ovarian(49). CAFs play a vital role in tumor biology
by regulating metstasis, immunosuppression amanor cell proliferation(35). Under normal
conditions, fibroblasts are theell-type responsible forregulating the structural framework
supportingtissuesalsoknown as the extracellat matrix (ECM). ECM homeostasis is regulated
in response to various cues, such sheer stress & cytokines, which will allow for the "activation”
of these fibroblasts tanduce their proliferation andheir synthesis of ECM structural
components(50). The functional role of these "activated fibroblasts" is particularly evident
during wound repair where fibroblasts provide the scaffold for incoming tissues. To ensure
efficient wound closure activatedfibroblasts equally produce cytokines which regulate cell
proliferation,vascularisatiorand angiogenesi®1, 52)as well as immunosuppression at the site
of injury (53, 54) Interestingly the cytokinesproduced bythesefibroblasts as well as those
involved in fibroblast activation, are well documented oncogeiggly associated with the
hallmarks of cancer. Classical examplesf cytokines "activating” fibroblasts include
Transforming Growth Factdr ( ¥ G35-57) andplateletderived growth factor (PDGKpBS).
Notable examples of oncogenic cytokines secretediivgblasts includeChemokine (€X-C
motif) ligand 12 (CXCL12)(59), Hepatocyte Growth Factq60) and Vascular Endothelial
Growth Factor(51, 61) By activatingthe surrounding fibroblasts through the release of small

molecules such as PDGF and TGFcancer cefl generate not onlyhe matrix necessary to
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support tumor structure, but equally promote wascularisationand evasion of immune

response§35, 62)

Tumor Infiltrating Leukocytes or TiLare an equally important ogonent of the tumor
microenvironment. Although many TILs are simply inhibitedthin tumors, notably by the
cytokines produced by CAFs and cancer celld,s can equallydrive several aspects of
tumorigenesis. This includes cancer initiati@8), proliferation (64), and angiogenesig5).
However, the predominant impact of TILs on the tumor microenvironnmaay involve the
suppression oénticancer immune responses by decreasing antigen recognition & presentation
(66, 67) To prevent tumor antigen recognition, the tumor microenvironraetively recruits
TILs such as regulatgrT-cells (68) and Myeloid Derived Suppressor Celé9) which suppress
innate and adaptive immune responses. These cell types not only have the ability to modulate
tumor antigen presentatiqi@O, 71) but equally have the ability to provide inhibitory signals to
natural killer cells(72, 73)and cytotoxic Fcells (74, 75)which are responsible for destroying
antigenexpressing tumor cksl Alternative TILs associated withe hallmarks of cancer include
infiltrating neutrophileg63) and M2 macrophage$76) which provide the inflammatory signals
responsibldor the generation and recruitment of the@senunosuppressiv&IlLs (77). Similar to
CAFs, under normal contexispmunosuppressivEILs are involved in wound repair. Decreased
antigen presentation is a surprising gatical component of woundlosure(78), putatively to
prevent systemic shock upon injufy9, 80) TILs with defined function irblockingimmune
responsesduring waund repair include neutrophile$81), regulatory Tcells (82), M2
macrophage$83, 84)and Myeloid DerivedSuppressor Cellg85). To achieve this effect, both

cancer cells and CAFs within the tumor microenvironn{86) secrete small molecules such as
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TGFb (73, 87)and Hypoxialnducible Factor 1J (87), which promote the recruitment of these

immunosuppressiveubtypeg87) or by promoting TILs differentiation into these ceBs8).

1.3 Oncaenicviruses are a Factor Involved in the Onset of Tumorigenesis

A historical line of thought is that chronic inflammation, resultingrh continuous
wounding, is a critical driving element of cand®992). Although cancer is promoted by
chronic inflammation induced by a variety of dietarylahemical agents, such as alcohol and
tobacco, several pathogens have been equally demonstraast cance®3). Approximately
15-20% of cancers have an etiology directly relating to infectious orgar{f&B)sThese agents
include parasiticinfections (e.g. Schistosoma haematobi(®4, 95) and liver flukes(96)),

chronic Iacterial infections (e.g. Helicobacter pyld87)) and several viral agents (human

papillomavirus (98), EpsteirBarr virus (99), Kaposi's sarcoma herpesus (100), hepatitis
viruses(101), Human TFcell leukemia virusl (102) and Merkel cell polyomaviru§l03, 104).
Interestingly, all ofthese "oncgenic viruses" are associated with chronic infection. This
observation fosters the notion that chronic immunosuppression is critical in tumorigenesis. Not
only do thee oncgenic viruseslikely promote cancer by establishing anmunosuppressive

hub in which tumor antigens can freely evolve, but several of their virulence factors have the
ability to inducecancercell transformation. Classical examples of transfornsiggnts produced

by viruses include largé antigen(105) or human papillomavirus protein EH406), which
inactivatep53functionality in the cellln the life cycle of the virus, these evasion factors ensure

that growth remains perpetual and unresolv@den the relationship between cancer and
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chronic oncgenicvirus infection, it is not surprising that most cancers have acquired defects in
antiviral pathways. Although beneficial to tumor immune evagii) 107) it is interesting to
theorize that perhaps certain of these mutatewmdved as a result of loss sélective pressures

following the expression of viravasion fact@duringpresent or prior clanic infections.

1.4 The Role of Typd Interferons (IFNs) in Cancer Progression

The typel IFN responseis critical to both antviral (108) and antitumor immune
response$21). Type | or ‘viral' IFNs ara family of ubiquitously expressetytokines which are
produced irresponse to infection. Upon secretion, typENSs allow for the activation of varicu
antrviral deferces(109-111)including MHCG-driven antigen presentati¢al2, 113) Uponviral
infection, a variety of signalling molecules, such as-tiké receptors (TLR), detect the presence
of virus by recognizingstructural components of the virus and its genome sucbsRBBIA
(TLR7/TLR8), dsRNA (TLR3), CpG DNA (TLR9) and envelope glycoproteins (TLRRF)L
(114). Recognition by these receptors leads to downstream activation of a subset of transcription
factors known as interferon regulatory factors (IRWB)ch trigger transcription of &rst wave
of antiviral ddences, including the production aftype-l IFN known asl F NXHL5). Following
translation and release into the extracellular environmeift,Nofnds to itstarget receptor and
activates Janus Kinase (JAK). This kinase in turn phosphorylates and activates downstream
transcription factors such as Signal Tsdurcer Activators of Transcription (StatshdalRFs
which trigger the second wave of antiviral defes, also known as the Interferon Stimulated

Genes (ISGs)ISGs including several isoforms ofFNU, further propagatehe signain adjacent
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cells,andactivelyseek to activate processes which will blunt infec{ion, 116) ISGsdecrease
virus replication in infected celhroughseveraldistinct processesargetingevery stage of viral
replication cycle. This notably includes preventing viral genome duplication by actively
degradng theit via Ribonuclease (RNAsel) (117), blocking viral genome translation through
a globalinhibition of protein synthesis mitigated by protein kinase R (PKRY), crosslinking
budding virugparticlesto the cell membrane via the BeBgromal Cell Antigeri (BST-2) (118),

as well as bynterfering with viral complex assembly via Myxovirus resistance 1 (M1P).
Although IFN is primarily viewed as a mechanisms which modulates the transcription of ISGs in
adjacent cells to blunt/delay infection, typéFNs equally activate various immune cells in
response to infectioL16). Notably, typel IFN release can promote: dendritic cell activation
and antigen croggresentation, Nkcell activation, as well as CTL expansion and differentiation

(120-124)

Given its multimodal role in both celutonomousand humoral immune responses, it is
well documented that the interferon signalling pathway undergoes substamtiahoediting
throughout tumorigenesi@1, 107) Both the expression level and deletion statud)ofFN
((125) and (126) respectfully), 2) its upstream signalling moleculeg127) and (128)
respectfully), as well a8) downstream signalling targetél29) and (130) respectfully) #ect
cancer prognosis. In cancer, mutations within this pathway confer aflidgsction’ phenotype
which renders the IFN signalling cascade dysfunctigha6, 128, 130)It is though thathiese
mutations allow the tumor to evade the priming ofi-uninor T-cell responsesnd recognition
by innate immune cell§131) However, one can hypuo¢size that perhapsiany of these

mutations are the result of the loss of selective pressures doprasgnt or priorchronic
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infectiors. Indeed the IFN response is a key target of evasion factors isolates from strains of
virus and bacteria which are invel in both chronic infection and can¢&B2-135). Over time,
defects in upstream transcriptional regulators lead to a lower baseline level of IFN expression
(125), or downstream signalling componerii7, 129) which areboth associated with poor
cancer prognosis. Therefolaterferon alph 2b, or known ints recombinant marketed version

as Intron A, has been used as a direct treatment for cancer. As revie{@&b6)nFN based
treatmentshave been approved for several cancers including Renal Cell Carcinoma, Chronic
Myelogenous Leukemia (CML), Hairy Cell Leukemia, Multiplslyeloma Follicular
Lymphoma, as well as Kaposi Sarcoma malignant disease with an etiologiyectly resulting

from chronic infection wi Kaposi Sarcoma Herpes Virus.

1.5 A Brief History of Chematherapies and the Emergence of Virusebased

Therapies

During the first half of the 21st century, the majority of chemotherapies developed sought
to actively target the rapid growth kinetics of cancer celishallmark common to all tumors.
Throughthe use of DNA damaging agen{437), microtubule destabilizing agen($38) and
antkmetaboliteg(139), these drugs disrupt processessociated with distinct phases of the cell
cycle to kill dividing ells. Although highly effectivavith many still usd in the clinic up to this
day (137-139) there areseveralcomplications with the use of these ageltile thesedrugs
may initially have profound tumoricidal effects, there is eventual emergence of drug resistance
during the selection proces$his is achievedoy expanding the population afells which
actively promotingdrug efflux, acquire mutationghat prevent the target from interacting with

the drug upregulate presurvival pathways, increase DNA repair, and activate-gudptotic
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mechanisms récently reviewed in(140)). Furthermore, by targeting actively divdj cells,
virtually all of thetherapiesn this categoryesult inimmunosuppressio his effect is observed
asbonemarrow renewal of blood cells is a continuous proceisis billions of cells produed
every day. Not only doesimmunosuppressiompen the door tapportunisticinfections in
patients but equdy has a negative impactnotheragutic outcomegiven that it removes

immunoreactivemmune cells which are responsible for maintaining the tumor at bay.

With our better understanding of the molecular detaglisindcancer, the recent focus of
antrcancer drug development haselm targeted therapiefl4l) In contrast with the
conventional approach, targeted therapies seek to gestnzer by targeting specifinolecules
essential in tumorigenesiand mayallow the body to maintaifunctionalimmune responses
Perhaps the quintessential drug bfstcategory is Imatinib a selective Tyrosine Kinase
Inhibitor (TKI) used for the treatment of CMI142). First approved in 200043, 144)this TKI
sekectively targets a driving mutation in CML known as the BE&BRL gene fusion(145) With
this mutation associated witt5% of CML caseg142) it is not surprising that thidrug has
revolutionized the treatmentf € ML. Under imatinib treatment regimens, tléeyear survival
rate is now approximatel®8% (143). Although targeted therapies have been quite successful in
the clinic, with drgs such as Gefitinil§146), Erlotinib (147) Bortezomib (148, 149) and
Tamoxifen(150) replacing conventional therapiésr alternative malignancies, thesuccess to
date desnot approach thatbserved with Imatinil§141). This result isn partattributed to the
high specifcity of these drugsgainst thedrug target Since the drug is highly specifignly
when theprotein targets essential to tumor development/survivald the drug can maintain

strongactivity upon target ntation can the targeted thgma achieve its desired effecBerhaps
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better results could be achieved by utilizentargetedplatform which affect numerous parallel

targets essentiah tumor development & survival, yet leaves the immune response unharmed.

A therapythathas recety been revisited is the use of viruses to treat cancer. Although
viruses have been known to selectively kill cancer for almost a century, this field of research was
largely abandoned in fauo of developing chemotherapeutics which actively targeted thie ra
growth kinetics of dividing cell§¢151) This focus on small moleculesay be attributed to our
understanding of cancer during the first half of th& 28ntury as well as our manufacturing
capabilities at the timeAccording to our current understanding of the molecular processes
involved in cancer, it is interesting to note not only the parallels between virus infection and
cancer, but how the hallmarks of cancer may be beneficial for virus replicatiaudByening
cellular energetics, tumor cells are essentiignsformed intoa "soup” of nucleotides and
amino acids readily available for virus replicatibomdeed ahough the Warburg effegtas first
described in tumors, it is an essential compoménmhany viral strains. Indeed, this process is
actively targeted by thevasion factors of numerous wies noticeablythough the stabilization
of HIF-1a(152-155). Enhanced replication in the tumor microenvironmeifaiigheraccentuated
by impaired immune responsesthin the tumor microenvironmenBy having defects in key
antiviral pathways, such as the IFN respongds 107, 125128, 130) tumor cells lack the
appropriate machinery to overcome viral infection. FurthermommunosuppressiveélLs, sud
as M2 Macrophagesallow the cancercell to sustain viral replication and improdessemination

within the tumor(156).

Another benefit to the use of viruses is that they offer a multimodal approach to Kkill

cancer cds. Our bodyhasevolved numerous pathwagsd mechanisms to overcome infection.
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Although directapoptotic processeseinduced bythe virusat the onset of infectiol57, 158)
the eventual indction of immune responses furtherprovesthe tumoricidal effectassociated
with these viruses. Upon infection bwirus, the immune responsef the local tumor
microenvironmenican be "reset” such théte presentation of tumor antigenrestored. This
property further enhance tumor killif@58, 159) Overwhelming viral loads iertaintumors
canequally activate TILs, such agmor infiltrating neutrophilesvhich allow the virus to induce
vasculature shutdown witn the tumor(158, 160) Taken together,irusesoffer amulti-pronged
approachwhich exploitsvarioushallmarksof cancerto induceboth innate and adaptive immune

respnsesvhich ultimatelyresult in tumor destruction

1.5 The Development of Oncolytic Viruses (OVs) as Antancer Platforms

Although certain isolates of virus are naturally targeted against the tumor
microenvironment(161, 162) off-target replication was perhaps the greatastdle in the
development ofiruses as an antiancer therapywith the advent of modern technologies, viral
strainshavebeen engineered to selectively replicate withilre tumor microenvironmer{iL63).

This is achieved by removing virus evasion factors whose function is redundant with processes
whosedysfunctionoccursduring tumorigenesis. By deleting virus evasion factors inved in
up-regulating host cell metabolisifil64) or evading IFN signalling165-167), the virus is
engineered to selectivelyplkcate andspread inmicroenvironmerd where these processes are
naturally defective However, when the virus enters normal healthy tissue where these evasion

factas would otherwise beequired to establisinfection fod, virus replication is abortetb
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preventoff targetreplication Over the past 25 years, over 90 clinical trials have been initiated

using these oncolytic virus strai(is58).

Talimogene LaherParepvec (TLB) the first OV toprovide successfuinterim overall
survival data for ghase lll clinical trials in the United Staté@PTiM). Derived from Herpes
Simplex Virus (HSV), thidnfectious agenharbours several genetic alterations which target it
against the tumor microenvironment, and arm it to inqaatent anttumor immune responses.
This virus is attenuated through the deletion of two key virulence fadtwss.and foremost,
ICPA47 is deleted in TLPL67). This evasion factor blocks cytotoxic T cell recognitadnnfected
cells by inhibiting the transporter associated with antigen presentation (I82) Given that
TAP is typically defective in cancfl70-173), this deletion allows for the virus to be targeted
against tumor cells where antigen presentation is defectivempmve specificity, this virus
equally harbours a deletiom the neurovirulence factdCP34.5(167) This evasion factor is
involved in blocking PKRmediated shutdown of host cell protein synthesis by preventing PKR
mediated inhibition of Eukaryotic translation initiation factor 2A (EIFZAj4). Given that PKR
is stimulated by IFN175), and EIF2A is involved in global translational control, this mutation
allows for the virus to exploit both impaired IFN/PKR responses thecheightened EIRZ
signalling statusobserved in many cance{$76-178). Given the pivotal role of ICP34i5 the
life cycle of the virusthe consequence of this mutation deaeake potency of this platform.
This effectis partially relieved byaugmenting virugnediated expression US1167), a virus
evasion factor with partially redundant function on RER2A signalling(179). To "arm" the
virus, granulocyte macrophage Colony Stimulating Factor {(G8F), was equally cloned into

the geneticbackbong167) When this cytokine isecretedrom infected cellsit allowsfor the
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production and maturation of antigen presenting cells to enhance uptake and recognition of
tumor associatedantigens andhereforeinduce adaptiveimmune responsesgainst the tumor

(180)

JX-594is an advanced biotherapeutic that was derived from the Wyeth vaccineo$train
Vaccinia Virus(158). Similar to TLP, this virus is both attenuateda&ned for killing within the
tumor microenvironment, although the extent of its genetic alteraganach less extensive. To
target this nofpathogenic strain of vaccinia virus against the tumor microenvironment, it
harboursa single deletion of an evaa factor encoding virus Thymidine Kinase (VTK).
Thymidine kinase (TK)plays a central role in cancey upregulating nucleotide biosynthesis
(181), where it is even routinely used as a diagnostipositron engsion tomography scans
(PET-Scans)(181). By ablating vTK functionthis virus only replicatein metabolically active
cells typically associatedith elevated TK level§182) Similar to TLP, this viruss engineered
to encodefor GM-CSFto improve the induction of adaptive atimor immune responseghe
nextgenerationof vaccinia virusOV platforms isknown asJX-929 or vaccinia virus double
deleted (vwDD)(164) By using a more pathogenic strain of vaccinia virus, terWedtern
Reservethe heightenetbxicity of this virus requiresan additional deletion in a gene known as
vaccinia growth factofvGF). This evasion factas responsible for activation of EGHRAS
singling to support genome replicati¢h83). As such, by deleting both vTK and vGF, tmere
pathogenicvirus only infect tumor cells with defects in TK and EGRRS singlirg, both

common defets in cancer

Oncolytic Rhabdovirusesuch as VSY¥b1 (165) and MGL1 (166), are an emerging

therapeutic platforms which have been derived from the Vesi@itanattis Virus (VSV) and
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the Maraba Yfus strains While X594 and TLP are complex DNA viruses, encoding >@331)
and ~70 genes respectfully85), these rhabdoviruseare simplaegativessRNA viruses which
encode a total of 5 genes; allwhich are structural components of the virlieese five genes
are produced in a gradient with the abundance of nucleoproteir (Mjosphoprotein (P»
matrix protein (M)> glycoprotein (G) > large protein (I(186, 187) This gradient is net result
of thestartstop nature of th&anscription of the VSV genomehere stalling at integenic region
may preventhe transcription of latter gen€$88). Interference with the expression leveltoe
ratio of these gene produatanseverallyattenuate the viral straina strategywhich has been

successfullytilized to engineersafety into these oncolytic virus€s39)

Rather than producing evasion factors with a unique function, rhabdogvasion of host
defences is ensured piysical interactions with itve structuralcomponents. For example, the
virus matix protein (M-protein) blocls the function ofa ruclear pore complex protein (N§8)

(190, 191) which mitigates nucleasytoplasmic mMRNA transport anti-viral deferces raised
against the vira (192) An alternative mechanism which can be utilized attenuate these
rhabdoviruses, and ensure selextreplication incancer cellsjs to engineer loss of function
mutations in these proteins ablatetheirimmunosuppressive function. While Methionine 51 of

the MPr ot ei n i s del e habdursivem amh® acig Substitutidh©@42Rand
L123W) which alter the function of theudace glycoprotein(G-protein) and Mprotein
respectfully. Both strategies result in viruses with an attenuated capacity to replicate in normal

cells, as they become hypersensitive to the effects o168, 166§166, 180)(166, 1865 1&°
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Perhaps one of the greatest attributes of the Rhabdovirus family of oncolytic viruses is
thattheydo not rely on receptor mediated endocytosis to enter the cell. In contrast with several
alternative OV strains, thdhabdovirusamily of viruses appear to rather rely on enthadpyen
proteirtlipid interactionsfor viral entry (193). After forming electrostatic interactions withe
cell membrang the virussubsequentlyenters the cell through clathrmediated endocytosis
(194) Given that this process is critical for norneall functionand essentidior all cell types
(195) it does not appear that these viruses are restricted to a subset of tumors which express the
appropriate viral receptoia contras with alternative OV platform (196, 197) Furthermore, it
would be unexpected that tumors can gain resistance to this therapg basis ofestricting

entry into the host cell.

1.6 The Mechanisms of resistance to O\hérapies.

Although OVs have showgreatpromise in the clinic, tumors can acquire resistance to
these therapiesVhile it is presumed that resistance can be bestowed by a lack of receptors for
the specific Oncolytic virus straif(l96, 197) it is presumed that the mechanism of resistance
equallyreflects the nature of the genetic alteration used to develop the OV plaltfictine. case
of the above examples, the induction of immune resgoagainst the virus, specificallype-|
IFN signalling, is a pillar mechanism of resistari&88200). This is clearly exemplified by the
oncolyticrhabavirusesvVSVagbl and MG1, which have been specifically developed to ténget
tumors defect in IFNbathway(165, 166, 201)While tumor cell lines expressingN have well
documented resistance to these platforfh85, 166, 19800), cell lines whichare responsive,

but do not express/actate IFN pathways hvitro can acquire resistan¢krough production of

18|Page



IFN by adjacent cells or infiltrating immune populatiof202) Mounting immune responses
against the virus equally allow for the eventual producof neutralizing antibo@s. These
componentsheutralize the virus upon subsequent intravenous administration, and may prevent
the release and spread of the virus to distant metastatic $itdsed, in regards to oncolytic
rhabdovirusespreclinical studies indicate that neutralizing antibodies are detected in animals as

early as day 5 post administrat{@03).

Although the platforms devé203)ped usig Vaccinia and HSV encode for multiple
immuneevasion factors, resistance is nonetheless associated with inductiorFe tiesponse.
Similar to VSWb1 and MG1, TLP harboueletiors in genes which repress downstretl
signalling elementg204) This effect is attributed to the role of ICP34.5 in blocking PKR
mediated inhibition of virus protein synthesis, a well known ISG pro(E&S) By activating
PKR in response to IFN, theell can inactivate EIF2Anediated protein synthesis, thereby
blocking viral protein synthesis and replicati(@®5). Further TAP, which is targeted by ICP47
in wildtype HSV, is a downstream element of IFN signall{g§6)While this process may not
solely account for resistance to this therapy, antibody synthesis, in part etesbgrthe ICP47
deletion in the OV backbone, allows for the eventual neutralization of this platform, particularly
by activation of the complement cascadech destroys the virus in a cell independent manner

(207, 207, 208)

JX594 is equally affected by both IF{L82) and complement fixatior{209). Both
attributes may be the result of strain selectiéor example, the Wyeth strain used to construct
the platform has a truncated version of B1@R0), a soluble IFN decoy receptor. Thisfele,

among others, may icontribute to the low pathogenicity of this virdX594 is equally sensitive
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to complement fixatiomnd destructiori211) Given that the Wyeth strain was used extensively
during the small pox vaccination program, it is well documentedthistvirus induces potent
neutalizing antibody responses. Indeed in the phase Il clinical trial of JX594, neutralizing
antibodies were detectable at baseline in 50% of patients and all subjects had detectable
neutralizing antibodyiters by day 29211) Although the impact of antibodies may have only
marginal effects when the virus is administered intratumo(alyl), virus neutralization should

in principal occurwhen administereehtravenously or when the OV tes to spread to distant

metastatic sites, thereby limiting the efficacy of this therapeutic platform.

1.7 Overcoming resistance to OV therapies

Several strategies have been devisedvercome resistance agairstcolytic virugs
These can be divatiinto two categories: overcoming immune barriers or enhancing cytotoxicity
induced by the virus. @overcome resistance resulting fremmune responsesgainst the virus,
it is possible to usdirectchemical antagonisof IFN. Although it is noted that sh drug have a
strong impact on OV replication and cytotoxicity in tumor cell lif288), normal cell lines
shouldinevitably be sensitized to the same degree, and compromise the safety of this approach.
Although several drugaffecting different elements of th&N signalling pathwayhave been
demonstrated to selectively enhance replication within cancer (2112214) the exact
mechanism of tumor selectivity remains enigmatic. It is hypothesized that such antagonists target
genes and/or processes with a redundant partners in norma2dad)sAs such, by blocking a

pathway with a@dundant partner whose function is defective in cancer, the drug will selectively
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enhance replication in the tumor microenvironmgi3) Another mechanism which can be
utilized to overcome immune mediated resistance to these therapies is tonbldcilizing
antibodies raised agest the oncolytic virus straifThis canbe achieved througthe use carrier
cells(215), chemical conjugates to the viry216) as well asinhibitors of the complement

cascad€208, 217)

It is equally possible to combine OV fflarms with one another tovercome immune
mediated resistance, and enhance replication within the tumor microenviro(@h8ntGiven
that both viruses are engineered to target the tumaroemvironment using distct
mechanisms it is possible that the evasion factors secreted by one OV platforms can
complement and rescue the other. Although higigmisingresults have been observgi8),
it is difficult to imagine how reglatory agencies would react faced with the combination of two

complementary viruses, given the potential for recombination between these two platforms.

An alternative meas to improve the efficacy @V regimers, is to combine O¥ with
chemotherapeutics that will propagate the cytotoxicity induced by the virus. One such strategy is
the development of gerdirected enzyme prdrug therapies (GDEPTR19). By allowing the
virus to express an enz@rwhich converts a prodrug into its active from, it is possible to
enhance killing from the initial infection fodi220) Without reengineering the virus, it is
equallypossible to use prdrugs which are activated nresponse to the tykines released upon
infection (221). This includes the use of second mitochondeaved activator of caspases
(SMAC) mimetics in combination with OM221). By blocking the inhibitors of apoptosis (IAP)
with SMAC mimetics, the region surrounding the infection foci becomes highly sensitized to the

pro-apoptotic cytokines released upon OV infect{@Bl) Perhaps a better undéanding of
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these systems, and the dynamics involved, may allow us to devise novel strategies to overcome

resistance.

1.8 Modelling OV dynamics

Perhaps some of the greatest work involving the mathematical moedatighaviour of
biological systemsvas performed by Hodgk & Huxley. This workawarded them the Nobel
Prizein 1963. Over the course of 3 papers published tatlack in 1952, this research group
presented their work involving the instrumentations (vokelgenp) used to measure membrane
conductanc€222), the first desription of the role of ions channels in action potenf22l3), as
well as the quantitative mathematical modelling of this sygg). According to data retrieved
from Sceus on January 30th 2014, for both Hodgkin & Huxkigir most cited paper remains
the quantitative mathematical modelling of this syst€f4) with over 5000 citationsBy
observing the biology, and understandhmyv these components drive the observation through
mathematical modeling, Hodgkin & Huxley provided the first insight into the role of ion
channelan action potential Since this pillar discovery, the modeling of biological systems has
gained much interé$rom the scientific community. Not only does it substantiate the biological
observations, but can provide additional insight into system dynamics to be validated by future

experimentsand drive the development of novel therapeutic platforms

To undestand the emergence of resistance to OV therapies, and develop better
pharmaceuticals, it is essential that we model the interplay between viral infection and the

activation of antviral responses. To date, several models have been devised to describe OV
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dynamics(225229) most of which stem from the work of Nowak & Bangh&230, 231). In
their original work, the authors modified the Lofkdolterra system of differential equations,
also known the predatg@rey model, to explain the interaction of "free virus" with an uninfected
cell and its transition towards an infected cealfutatg230, 231) These models were originally
developed to investigate tiheplicationdynamics of pathogens, such as HIV and Hepatitis B. To
better aéscribe drug treatment regimens this madetéamended tincludethe impact of various
inhibitors on virus replicatio232), the induction of CTL respons€&25), and the emergence of
drug resistanc€33). Thesemodels have been subsequeattyended tanvestigate various OV
dynamics. This includethe roleof CTL responses OV therapieg226) the impact of tumor
growth and the laws of virus spredd28) the level of synergy between OVs aradliotherapy

(227), as well aghe role of the cell cycla virus replication229).

While the models developed to date have been utilized to understand the fundamental
biology of OVs in tumors, little effort has been placed on understanding the differential in
kinetics between normal and tumor cells to guide pipetievelopmentBy utilizing general
assumptions about the behaviour in these distinct cell types, and incorporating elements of
resistance attributed t&N anti-viral responses, it may be possible to deeelop a model which
canguide the engineering press The topic of my thesis will focus on using a systems biology
approach, defined as 1) Conceptualization, 2) Design, 3) Modeling, 4) Simulation, 5)
Construction, 6) Probing and 7) Measuring the biological syste8d), to identify novel
strategies which can enhance OV cytotoxicity in the tumor compartment without compromising

normal cells.
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1.8 Hypothesis

1. By modeling OV replication dynamics in hormal and tumor tissue, under the assumption
that resistanttumor cells are associated with a greater rate of virus replication/protein
expression yet overcome infection dueattdivation ofIFN signalling, it may possible to
identify IFN evasion strategies which will selectively enhance cytotoxicity in tumas. cell
This model ould be utilized to identify novelengineering strategies attenuation
mechanisms, the impact of tumor heterogeneity as well as the consequence-O¥drug

interactions.

2. Given that preapoptotc responses are induced upon recognitiorhefviral backbone
and that the tumor microenvironmentstacquired defects in degrading the vithsough
gene mutation or crogalk with immunosuppressive cel]lfumors may have a heightened
sensitivity to virusmediated cell dehtin the absence of riggation, a process which may

berecapitulated by mynodd.
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1.9 Objectives

1. Develop a mathematical model, and simulation platform, to describe OV dynamics in

tumor and normal tissues.

2. Implement this model to identify IFN evasion strategies whiithselectively enhance

cytotoxicity in tumor cells.
3. Utilize this model to explore the impactdrigson oncolytic virus dynamics.

4. Characterize the impact of crastk between CAFs and cancer cdbg microarray

analysis andiral growth measurenms

5. Amend the model according to the observation in objective 4 to describe the impact of
tumor heterogeneity on OV dynamics, specifically hoasistant cancer cellare

influenced bythe presence afarioustumor infiltrates.

6. Model the impact of irhibiting IFN signalling on thesensitivity tavards a non

replicating rhabdovirus.

7. Explore the use ofNon-Replicating Rhabdoviruderived Particles (NRRPs) for the

treatment of haematological diseases.
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Chapter Synopsis

In the article entitledVlodelbased rational design of an oncolytic virus with improved
therapeutic potentiall developed a mathematical model and simulation platform to describe OV
dynamicswhich | have used anéurther developé throughout my thesis. This model was
derived by amending the original tvetate model developed to described human
immunodeficiency virus or hepatitis replicati¢a30, 231)to incorporate the elements of IFN

secretion & responsiveness as well as the ensuing antiviral response in tumor and normal tissue.

In this article, the parameters of the resulting four state model were adapted to describe
three distint cell types: normal cells, resistant IFN responsive tumor cells and sensitive IFN
nontresponsive tumor cellsF{gure 2.1). Relative to normal cells, both tumor types were
associated with an increased rate of virus replication & wnradiated protein pragttion due to
increased biosynthetic machinery availability and repression of cell autonomous innate immune
responseat the onset of infectiorBensitive tumor cells have further defects in the IFN pathway,
thereby preventing thpotentinduction of antiwal responses. In contrast, resistant tumor cells
are nad associated with these defeadsd eventually overcome infection by activating IFN

signalling pathways.

This model was simulatl using a Monte Carlo stratetyy identify a method by which
OVs coull consistentlyevade the IFN response to increase cytotoxicity in resistant tumor cells
without compromising normal cells. After testing several evasion mechanEmsd 2.2),
using parameters derived from literature or biological observations for nialslonfection

(Appendix Table 1), I arrived to the conclusion that a positive feedbadp, generate by virds
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mediated expression of an IFN decoy receptor, would lead to ispeaific sensitization

towards the OV. According to the simulations, expa@s®f the decoy receptor did not further
sensitize normal cells, even at high doses of the ykppendix Figure 1). After the B19R IFN

decoy receptor from vaccinia vVvirus was i sol
backbones (MG1 D E &-IDEpfespectfully), | performed microarray analysis to confirm the
phenotype of this virus. While the resistant renal cell adenocarcinoma cell lin@)(A@&unted

a potent antviral response against the MG1 backbone, the majority of this response was lost
following expression of the decoy receptAppendix Figure 2). To confirm the tumor specific
cytopathic effects associated with this engineering strategy, and quantitatively validate my
model, | integrated the iwitro dose response curves with my simulasiofrigure 2.3d,

Appendix Figure 3). Not only are tumors hypersensitive to this agent, even at extremely low
doses of the oncolytic virus, but excellent quantitative agreement was observed between the
model and the biological datasets. Thelseovations déctively validatethe model parameters

and assumptions. Not only could this model be applieddémtify methods which would

improve OV platforms, but could equally be applied to investigate alternative attenuation
mechanisms, such as a negative feedtbacko p wher e wi | dt y pAppeNd&V expr

Figure 4).
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Abstract

Oncolytic viruses are complex biological agents that interact at multiple levels with both tumour
and normal tissues. Antiviral pathways induced by interferon are known to haveal opitcin
determining tumour cell sensitivity and normal cell resistance to infection with oncolytic viruses.
Here we pursue a synthetic biology approach to identify methods that enhantamaoti
activity of oncolytic viruses through suppression okifgron signalling. On the basis of the
mathematical analysis of multiple strategies, we hypothesize that a positive feedback loop,
established by virumediated expression of a soluble interfebdmding decoy receptor,
increases tumour cytotoxicity withb compromising normal cells. Oncolytic rhabdoviruses
engineered to express a secreted interferon antagonist have improved oncolytic potential in
cellular cancer models, and display improved therapeutic potential in tebeating mice. Our
results demonstte the potential of this methodology in evaluating potential caveats of viral

immuneevasion strategies and improving the design oncolytic viruses.
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Introduction

Oncolytic viruses (OVs) are promising anticancer therapeutics engineered or selectedtto inf
and multiply specifically in tumour cells while having attenuated replication capacity in normal
tissueq235, 236) The attenuation of OV growth in normal tissues is often due to the inatfility
OVs to antagonize normal cellular, interferon (IFNgdiated antiviral responses. Many tumour
cells have acquired defects in their IFN response during their malignant evolution, and are
correspondingly excellent hosts for OV grotb7, 165, 201, 237, 238 owever, the extent of

the IFN response deficit in cancers is highly variable and can impair the efficacy of OVébkerapi
(235). This has led to intensive efforts aiming at suppressing IFN signalling in tumour cells
without compromising the antiviral programmes in normal tisgR&8, 239) Although previous
mathematical models have been developed to describenttck of OV replicatiorn(226, 240

242) the field of OV engineerm has yet to adopt approaches from Synthetic Biology, where
mathematical models are often used to guide the development of biological systems. To
demonstrate the potential of modesed rational design of OVs, we combined mathematical
modelling and virabenome engineering to design and test strategies that might allow evasion of

the IFN response in the tumour microenvironment, while maintaining safety in normal tissues.

Whether a patient receiveserapeutic virus intravenous{243) or throughdirect intratumoural
injection (244), the quantity of virus that reaches the tumour bed is vastly outnumbered by the
number of targetells found in the malignandg45) Successful OV therapies thus rely upon the
ability of a relatively small number of virus particles to initiate an infection and spread within a
population of cancer cells. Viruses are strictly dependent upon the biosymtteethinery of the

infected host cell to produce progeny particles. Correspondingly, cancer cells that are rapidly
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dividing and have established robust biosynthetic machinery inherently produce larger numbers
of virus particles when compared with cellsnarmal tissue, which are quiescent and have a
restricted ability to synthesize nemucleic acids and proteind64, 182) In cancer cells, this

effect is exasperated by defects in immune regmmnsghich further enhance viral replication.

In a simple model of virus infection, the distinction between viral replication kinetics in healthy
and tumour tissue is characterized by differences in available biosynthetic machinery and innate
immune responses (Fi@.1). When virus is delivered to noal tissue, it infects a limited
number of cells creating a subpopulation, producing both virus progeny and IFN. As the
infection proceeds, slow virus replication enables the-ik@dliated defence response to outpace
virus particle production and restrictféction. Viruses that can prevent the production of IFN
from infected cells, or stimulate host cell metabolism, are correspondingly expected to have an
increased capacity to spread within normal tissues. Indeed pathogenic viruses incorporate both
these ghatgyies into their life cycl€246, 247) In tumours nosresponsive to the antiviral effects

of IFN, invading virus will ceopt the biosynthetic machinery of the cancer cell producing large
numbers of virus particles. In this setting, the virus will rapidly spread and destroy the
malignancy. In tumours responsive to IFN, virus spread will be favoured by the high metabolic
rate of the cancer, but at the same time limited by the ability of beiging cells to mount an
innate immune antiviral response. In this setting, it is the balance between virus production and
the extent of initiation of antiviral responses that will ultimately determine the therapeutic

outcome.
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Figure 2.1 Modeldevelopment.

Comparison of virus replication dynamics in three tissue types: normal cells, IFi¢smonsive
tumours and IFNesponsive tumours. Processes enhanced relative to normal cells are illustrated
in green, whereas those impaired are illustrate@d.
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Results

Model simulations of different IFNevading strategies

To simulate virus infection and spread within tumour and normal tissue, we developed a
phenomenological model describing the varied ability of different cell types to support virus
proliferation. I n this model, ctrrsitioss inbiah hi n a
6infected populationdéd (I P) wupon viral infecti
over time, as virus is produced and spreads to neighbouring cells. Production of IFN from IP
cells allows these cells to transition intoa 6 acti vated populationdé (A
slow virus release and further enhance IFN production. Over time, this population will gradually
become a o6protected popul ationdéd (PP) of <cells

antiviral defence programme248-250).

We used this phenomenological model as the basis for simulating the outcome of
different IFN-evasion strategies on three types of cells: normal cells, IFNesponsive tumour
cells and IFNresponsive tumour cells. We assumed that these cell types rdidiefy in their
ability to facilitate virus replication and t
post infection in each of these three cell types, the simulations seek to explore how the
relationship between virus replication, actieati of IFN-mediated defence responses and
cytotoxicity induced across the population might be exploited to design improved therapeutic
strategies. Because of the heterogeneity of tumour and healthy cells, and the corresponding
uncertainty associated withretic parameter estimates, we further employed a Monte Carlo

sampling method to simulate 1E4 different combinations of kinetic parameters randomly
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sampled within one order of magnitude from values reported in the literature. The caitfome
this unbiased ®thod are probability distributions describing the susceptibility of each of the

three simulated types of cells towards viral infection.

We first asked if the model could recapitulate the effects associated with an attenuating

mutation in the natural wildype (WT) isolate of vesicular stomatitis virus (VSV), (wild type

(WT)), which renders the virus sensitive to IFN siglai ng, her e (168)flneviSV ed t o
WT, functional Matirx-protein blocks IFN productiomo enable viral evasion of the immune
responsg192) As expected, VSV WT is highly efficient in infecting and killing both normal

and tumour populations (Fig. 2.2a). In agreement with experimental observationariatg of

tumour models(165, 251, 252) owur si mul at i on stterpateel dirug will t hat
eradicate IFN nomesponsive tumours, whereas normal populations ofré&dorsive tumours

will be largely resistant (Fig. 2.2c).

We next tested two scenarios to determine whether chemical manipulation of the IFN
responses of virus nf ect ed cel | coul d e nhrasponsive tunmoers, act i v
while maintaining a low imp a c t i n nor mal popul ati ons. Si mul
presence of a chemical inhibitor that blocks IFN signalling (for example, a JAK inhibitor (JAKIi))
predicts a toxicity profile reminiscent of infection with VSV WT (Fig. 2.2e). Although the
inhibition of IFN signalling increases virus effectiveness against tumours, it also causes the
normal population to become highly susceptible to infection. This outcome is also predicted to
occur in simulations where the population is exposed to a biologgeait that prevents IFN

interaction with its cognate receptor (for example, a soluble IFN receptor antagonist; Fig. 2.29).
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We then tested the idea of coupling the production and secretion of the decoy receptor
(DR) to virus r epl iisceadneeced to syhtmesize & soklbiBinbmding | , 5 1
DR only when viral gene expression is initiated, thereby creating a positive feedback loop.
Positive feedback sharpens dose responses and enabtasnaille switchingin cellular
signalling pathway$253), and might thus drive specificity towards the tumour environment. The
results obtained by simulating the cytotoxici
expressing (pk)vere highly enaumging @i9. 2.2i). Specifically, the simulated
efficacy towards tumours was significantly 1in
without posing additional risk of damage to the normal population even at high doses of the virus

(Appendix Figue 1).
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Figure 2.2. Simulation of IFN-evasion strategies on rhabdovirusnduced cytotoxicity.

The phenomenological model was amended to describe treatmena8\( WT, €) 81, (
51 in the praegsemzsk ol tahead AKIFY and §) c egniadiateda DR f
expression of pd.Ceourlcédvdg HYRights grbcksses impaired (dashed) or
gained (blue) relative to m51. Each of the ab
generate the probability distribution of pogtibn viability following treatment withk) VSV

WT, (d) PH1L, pH 1 +h) AKigp51 H)dedHfyor( 72 h i n nor mal C
tumours with norresponsive (tumour IFNIR; centre) or responsive (tumour IHY right) IFN

signalling pathways. Colowoding, quantified in pie charts, describes the probability that each

of the three cell types has a viability <10% (red), @%b (grey) or >90% (green) at the end of

the simulation.
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Experimental testing of simulation predictions in vitro

To test themodel predictions, we performed experiments to compare the efficacy and
specificity of @51 un-dvasion @rategias. Wefpreviosty identifiecu | at e
the renal carcinoma cell line 7&6as having a partially intact IFN response and besfigictory
to kil |l i(203y21&) €orregspohdingly, experiments were performed by theeaiment
of IFN-responsive tumour cells (786) and nor mal fibrobl a@P ( MRC?E
virus in the presence of the JAKi or exogenously addedméinant B19Ksoluble IFN DR
(210, 254257). In agreement with the tzome predicted by our simulations, the presence of the
chemical I n hi bmediated killing of 78®ausneud celtp,Jout equally resulted in
a loss of specificity as MRC5 normal cells became susceptible to infection (Fig. 2.3a). Similar
resultswere obtained when the two cell types were cultured in the presence of the DR protein

before @51 treatment (Fi%). 2.3a and Suppl emen

To test the prediction that virus performance can be improved by incorporating an IFN
suppressing posity f eedback | oop, we incorporated the
and a second IFNensitive attenuated OV derived from the Maraba virus termed MG1
(Supplementary Fig. §$§) This second rhabdovirus was used to evaluate the generality of the
strategy, and because MGL1 is a more aggressive rhabdovirus with more potent oncolytic activity
as compar €66) Wa refdr to thésé IDE virusess gpard MGlpg, respectively.

After confirming the expression and activity of the DR produced from these viruses
(Supplementary Fig. $%), we performed a microarray analysis of differential genoriue
transcription upon infection. This analysisnfioned that IFN decoy expression following viral

infection leads to a significant repression of the type | IFN response irpiédicing cells
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(Appendix Figure2 and Appendix Tablel and Supplementary Dat& and 2). As predicted by

our simulations, bothgp5,3 and MGIlpe viruses were associated with tumeaalective
cytotoxicity. In the 788 tumour cell line, both strains were associated with a greater cytopathic
effect than their attenuated parental virus strains. However, neither of the IDE virused ca
significant damage to MRC5 normal cell (Fig. 2.3b). We next examined the effect of varying
initial virus concentrations on cell viability using both our computer model and cell culture
experimentation. Remarkably, we were able to achieve excellentigtize agreement between
the model simulations and experimental data in the above cell lines (Fig&a)3 or in

alternative modelsAppendix Figure 3
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Figure 2.3. Validation of model predictions in vitro.

(a) Infection of resistant tumours witlinctional IFN defenes (7860) and normal (MRC5) cells

wit h-GepB1lat a multiplicity of infection of 0.
J AKi or Oof theBEOBD RNl TNMi cr oscopy i mages were take
bar, 2emgrt h.n (Ib) Cyt op adabobservedfy begliteld micookcopy h e 5
24 h post infection. Scale bar, 5@8@sobservedn | en
by crystal violet staiameframplZddlphapest (REBnbdectid
(d) Experimental and simulated relationship between multiplicity of infection and cellular
viability 72 h post infection. Error bars re
Trends represent the simulation, whigsbdescribes the experimental results.
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To establish whether spreading between the cancerous and normal cell compartments
compromises safety, we performed a series efutture experiments. To first assess if IDE
viruses have increased spreading ahilte deposited virions in the centre of a monolayer of
7860 cell s and examined cell death caused by \
Bot h pe@ddIMGIlpe viruses were superior to their parental counterparts in terms of their
ability to rapidly spread through a 78 monolayer. Quantification of the surface area affected
revealed that virus penet rpaandfeurfolddfs MGl (Fig.e a s e d
2.4b). Similar results were obtained using alternative tumour cell limek rmethods
(Supplementary Fig. §%$) In contrast, IDE viruses had no detectable spread in normal GM38
cells. We next performed our -@ulture spreading assay by adding-priected 78€0 cells onto
a monolayer of normal fibroblasts, and monitored vigbyi 72 h post i nfectior
staining. Parental WT viruses (VSV WT or Maraba) spread from the infected tumour cells into
surrounding normal cell culture causing widespreaetafjet killing (Fig. 2.4c). On the other
hand, 5 1/ MG Zd omlg toethe toeak tumour cnticroenvironment and had their
spreading rapidly blunted by tpaandMGlg:mases cel |
were indistinguishable from their attenuated parental counterparts, and lacked the ability to
spread mto a normal cell monolayer, suggesting that the engineereguppressing positive

feedback loop does not compromise normal tissue (Fig. 2.4c).
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Figure 2.4. Viral spreading.

(a) Comparison of virus spreading by crystal violet staining in-G&@lls.Sc al e bar , 2 n
length. p) Quantification of virus spreading surface. Error bars represent the s.d. from triplicate
technical replicates.c] Coverslip spreading assay. The fB&ells were plated in a dish
containing round coverslip and infected amau | t i pl i ci ty of i nfection
round coverslip was transferred on a monolayer of naive MRC5 cells and an agarose overlay was

added on the top. Five days later, cells were fixed and stained with Coomassie brilliant blue.
Images are from sixw e | | plates (3.5 c¢cm diameter).
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Efficacy and specificity of IDE viruses in vivo

To test the in vivo activity of the IDE viruses, we established subcutaneous tumours in
BALB/c mice using an IFNesponsive variant of the murine CT26 colon tumourloedl In our
initial studies, animals were treated with OVs intravenously and were killed at various times to
guantitate the level of virus replication in normal and tumour tissues (Fig. 2.5a). Consistent with
earlier studies6, virus was cleared from nalrmrgans whether or not it expressed an IFN decoy
by day 4. H aqpwand MGlse virusksepersgsted longer and grew to higher titres in

the tumour tissue than in their parental counterparts.

We also tested the efficacy of M@d in a number ofumour settings after confirming
that the maximuntolerated dose was minimally affected by addition of the DR (Fig. 2.5b). In a
human xenograft model using the HT29 cell line, Mfstlearly outperformed its parental MG1
strain, effecting longerm cures inD50% of the animals (Fig. 2.5¢c and Supplementary Fig.
S7*9. We next established CT@6acZ colon tumours in the lungs of BALB/c mice by
intravenous (i.v.) infusion to assess the impact of IDE on metastatic tumour clearance (Fig.
2.5d). Mice were injectedith CT26Lac Z i . v. and 3 days | ater wi
(pfu) of virus. Mice were killed 13 days after cell injection. CT26 metastases were counted and
results clearly show an increase in efficacy associated with thevilDE This result coual be
further improved in a liver metastasis model in immunocompetent mice where 100% of the mice
treated with MGibe were liver tumour free (Fi@2.5e). Taken together, these results indicate that
IDE rhabdoviruses improve the therapeutic potential of @iteout compromising toxicity in

normal tissue.
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Figure 2.5. Safety and efficiency of a decegxpressing virus in vivo.

(a) Biodistribution in CT26 tumodo e ar i ng BALB/ c mi c e i njected
maximum tolerated dose in tumenaive BALB/c mce. (c) Survival study of immunodeficient

mi ce bearing an HT29 subcutaneous tumour treas
tumour <cel l metastasis to the lung in BALB/c
(n=7). Box plot illustragés the sample maximum and minimum (error bars), Q1 and Q3 (box),

and the median of the population (central bar). () CT26 tumour metastasis to the liver in
BALB/ c mi c e foll owing treat ment wi t h 1E8 pf
*Statistical diffeence between groups (om&ay analysis of variance, P<0.0001; tradled
heteroscedastictest, P<0.05).
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Discussion

OVs are advancing through lgpase randomized clinical trials, and it seems likely that
one or more products will be approved in tiear futurg258262). Despite encouraging clinical
data, it is clear that the genetic heterogeneity of tumours will make it necessaeat® novel

OVs to maximize their potential as anticancer agents.

Here, we evaluated whether modbalsed rational design could be used to design OVs.
After implementing the model to characterize various prevalidated attenuating strategies, such as
t h &1 ngptation(165) or engineering VSV WT to express IFRdpendix Figure %(263), we
sought to predict novel methods that would increase tumour Killing irréSNonsive tumours
without compromising normal tissues. Our model simulations demonstrated that an indirect
positive feedback loop, generated through vimeddiated expression of a DR, should selectively
enhance virusnediated cytotoxicity within the tumour microenvironmenexcellent agreement

with subsequent experimental observations.

These simulations provide the theoretical framework describing the advantages of
incorporating a DR into the backbone of OVs. By allowing a DR to be encoded by the virus, the
functional impact of the repressor on virus kinetics is delayed, as its expression requires the
establishment of a productive viral infection. Repressediated enhancement of viral
replication can only occur in the environment surrounding cells predisposed towesalds
infection and replication. When virus particles enter adjacent normal tissue where viral
replication is slow or aborted, levels of the DR should be gradually lost, thereby preventing the

systematic spread of the virus in normal tissue.
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By using a sythetic biology approach to rationally designed OVs, we have established a
methodology that allows the potential caveats of various immwasion strategies to be
evaluated. This method has allowed us to identify those with the greatest probabilityesfssucc

and has resulted in the development of two novel oncolytic candidates.

Methods

Biological materials and reagents

Vesicular stomatitis viruses arefa<o | | o WE65), oqeffBFIP, VSV WT and @5
Maraba Sparsh doublemutant virus MG1 and MGJe were both generated by Stojdl and
colleagueq166) The following cell lines used were obtained from the American Type Culture
Collection (Manassas, VA): African Green Monkey kidney (Vero), human renal cancer cells
(786-0), murine colon cancer cells (CT26), human colon cancer cells (HT29), mouse melanoma
cancer cells (B16), human glioma cancer cells (U251), primary human fibroblast cells (GM38)
and human (MRC5). All cells were grown in DMEM (Hyclone Laboratories Inc.) with 10% FBS
(Invitrogen, Burlington, ON, Canada). Recombinant B19R (VACWRZ200) utilizatiighstudy
was obtained from eBioscience, Inc. (San Diego, CA), and the JAKi was purchased from EMD

Millipore.
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Construct validation

For the cloning, mMRNA expression of the [HDR expression from new rhabdoviruses
constructs was verified by PCR. For mdrs used, see Supplementary Tabl&Sr the
mi croarray analysi s, RNA extr act-0cels. Duplicete per f o
samples were pooled and hybridized on Affymetrix human gene 1.0 ST arrays according to
manufacturer instructian Data analysisvas performed using AltAnalyz€264) Briefly,
probeset filtering implemented a DABG threshold of 70 with P<0.05 and utilized constitutively
expressed exons. Genes differentially expressed were idénigiag a combination of a >1.5
fold change in expressi on a n-test)&SupplengmaryfData an c e
1%%. Gene ontology enrichmentwere performed using GOrille265) (Supplementary Data
2%%  |dentification of genes induced by type | IFNs was performusihg the interferome
databas€266). For both cloning and microarray analysis, RNA was collected using an RNeasy

kit (Qiagen, Toronto, Ontario, Cared

In vitro analysis

For in vitro cell death and cytopathic effects assays, cell lines were platedwell12
plates at 3E6 cells per well. Tweriyur hours later, cells were treated with each of the five
different regimens. Seventwo hours post infetion, crystal violet (0.1%) staining was
performed to visualize live cells. Brigfield images were taken with a Zeiss Axiovert S100

Inverted Microscope.
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For the Alamar Blue Assay, 5E4 cells were plated inva6 | | pl at es. After
were infectedvith each virus. Forse i ght hours post infection, 10
(Invitrogen) was added to each well. Reading was done using the Labsystems Fluoroskan Il

Fluorescent Microplate Reader wusing the Em/ EX

For spreadingssays, cells were plated in sixe | | pl ates at 8E5 cell s
the cells were covered with a 0.7% agarose overlay containing antibiotics (Penicillin and
Streptomycin) in which a smal/l hol e wwaiss made
was injected. After 86 days incubation, crystal violet staining or VSV immunostaining assessed
virus spread. VSV antibodies (polyclonal antibodies from immunized mouse) targeting whole
virus were utilized at a dilution of 1/800 and left fora duratn of 30 min before

off with water.

For coverslip spreading assays, MRC5 cells were plated into-ad@ell dish until
100% confluence was 0 bOtcells were plaied ih a sixelRplated . The
containing a sterile coverslpt a density to reach 100&lsconf |
were then infected at an multiplicity of infe
placed on the dish containing MRC5 cells and were covered by a 0.5% agarose/2 x DMEM

overlay.Five days later, virus spreading was assayed by crystal violet staining.

Animal experiments

All animal experiments were performed in accordance with institutional guidelines

review board for animal care (John C Bell and University of Ottawa ethozatl).
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For safety study, biodistribution assay was performed by injecting 3E5i1Ca&5 cells
subcutaneously on the right side of a BALB/c mouse. Seven days later, tumours were
admini stered 1e8 pfu of each vi Heated O.R,At4r7a v enou
and 9 days post infection include the brain, lungs, ovaries, spleen, liver, kidneys, heart and

tumour.

The maximum tolerated dose assay was performed using a dose escalation of Maraba,
MGl and MG1lI DE bet ween &k, aral monitosng the dode kee@nd mi n i

100% of mice alive.

For efficacy testing in the HT29 model, 3E6 cells were injected subcutaneously in nude
mice. Seven days post tumour embedding, mice were treated with PBS, MG1 or MG1IDE at

1E8 pfu administered i

In the CT26LacZ model, 1E5 CT28.acZ cells were injected via the tail vein into
BALB/ c mice. Mi ce were treated with MG1 and M
post tumour implantation, mice were killed and the lungs were excised andlstaitheX-gal

solution before counting.

In the liver metastases model, 1E6 CiT&cZ cells were administered intrasplenic into
BALB/ c¢c mice using intrasplenic/portal i njecti
i.v. as treatment. Fourteen dagféer tumour cell injection, mice were killed and the spleen/liver

were collected and stained withGal before counting.
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Modelling

Our model degthing OV replication dynamicg represented by a subset of 8 ordinary
differential equations. The firébur equations describe the transition between the UP, IP, AP and

PP depending on the concentration of virus and IFN in the environment. These equations are:

— 0 © YD — 0 YO 0O 00
— 0 ® YD — 0 00 1 (o]
— — b o0 0 060 00
—_ — YO U 60 U 00

The parameters used in the above equations represent the infectiok,rpténé rate of IFN
signaling activation(( ), the rate of IFN signalling inactivatio ( ), the EC50 of IFN

(EC50), the rate of cell death |, and the rate viral clearance ().

The next subset of equation describe the concentration of virus (V), interferon (IFN), decoy

receptor (DR) and decoy recept&iN complex (DRIFN) in the media. These equations are:

— 0 0 0 g 60 0O 4 00 7 0060 0Y 000 U OY 00)

49|Page



— o o0 0o 80 1 OY O OY 00606 OY '00p

— 0 oY 000 v 0'Y 000

The parameters described in the above equations represent the rate of virus budding from IP and
AP (U ando , respectfully), the infection rat&y;), the rate of viruslegradation/( ),

the rate of IFN production from IP, APand RP ( ,0 g and0 g respectfully), the rate

of IFN degradation’( ), the rate of decoy receptor production from IP andiPP (ando

respectfully, the rate of decoy degradation (), the forward rate of IFNDecoy complex
formation ( ), and the reverse rate of complex formation)( IFN responsive tumors were
simulated by decreasing and 0 10 fold relative to normakells. IFN non
responsive tumors were simulated by equally randomly decreasing atetthated processes

(W ,0 g U gL andv ) 2 to 20 fold. The Monte Carlo simulation was

generated by varying the parameters smabove model within a 1 log window.

Model parameter identification was performed using a simulated annékéngpethod
were all parameters are identical in a given cell line other than the capacity to produce IDE. All
simulations were generated in Nédt using the ODE solver odel5s under default parameters
imposing a non@egativity constraint. A full list of model amendments to describe each IFN
evasion strategy, as well as a list of parameter values utilized in our simulations, are available in

Appendix Table 2 & Appendix Table 3 respectfully.
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Chapter Synopsis

To further substantiate the mald in the article entitledMicrotubule Destabilizers
Disrupt Interferon Production and Sensitize to Rhabdovirus Bystander Killingadapted the

model to describe the impact of colchicine on virus kinetics. In the current study, we observe that

microtubule destabilizing agents, such as colchicieehance both the cytotoxicity and

replication of OVsn tumor cells

After | performedmicroarray analysis of the response against OVs in the presence of
colchicine, | concluded that while this drug did appear to block the "second wave" of antiviral
defences induced by type | IFN signallifgigure 3.2 a&b.), it had little to no impact orhe
induction of IFN mRNA in response to virus infectidfigure 3.2 c). Latter studies performed
by Dr. Arulanandam concluded that it is not downstream IFN signalling, nor the mRNA export
of IFNs, which appears to be affectbdt rather the rate of IFN piein secretion owing to a lag

in IFN mRNA translation.

When we investigated gene processes preferentially induced by virus exclusively upon
colchicine treatment, we observed a strong enrichment for genes involving the inflammatory and
wound healing respses Appendix Figure 5). Interestingly, many of the cytokines released
upon virus infection induce the activation of mell death pathways, specifically mitotic
catastrophe, exclusively in the presence of colchicine. Indeed, colchicine enhanced the

cytatoxicity of both replicating and nereplicating rhabdovirus particles.

To betterunderstandhe relationship between both mechanisms, | adapted the model to

simulate the relationship between the lag in IFN secretion, and the induction of noeellpro
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death pathways triggered by cytokines released from infected Eajisré 3.6 a). From these
simulations, induction of the preell death pathways appears to be the key driving factor in
tumor specific cytotoxicity Kigure 3.5 c-d). Although increasing #hlag in IFN secretion did
sensitize tumor tissue, this response was-spatific and lead to the sensitization of normal
tissue. This observation is analogous with my previous conclusion regarding chemical inhibitors
of IFN signalling or exogenous additiaf an IFN decoy receptor in chapter Figures 2.2 &

2.3). In regards to virus replication, while the cytokimediated cell death pathway generally
decreased the amount of virus particles released, a short lag in IFN responses had the potential to
selectively enhance replication in tumor tiss@Eigure 3.5 b). Taken together, the data in
chapters Il illustrate that the model can be adapted to describe and understand the impact of

viral sensitizing drugs on OV kinetics.
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Abstract

Oncolytic rhabdoviruses are being evaluated clinically for the treatment of cancer but are
known to face a roadblock in tumors that retain the capacity to engage antiviral defences through
the type | interferon (IFN) response. In this study, we show teaeral microtubule
destabilizing agents that have been used for decades to treat a myriad of human diseases also
sensitize cancer cells to oncolytic rhabdoviruses and improve therapeutic outcomes in resistant
mouse cancer models. Druigduced microtubule estabilization leads to superior viral spread in
cancer cells by disrupting Type | IFN production, through a decrease in pohassoeated
MRNASs, IFN protein expression and secretion. Furthermore, cancer cells are specifically
sensitized to a subset diabdovirusnduced cytokines following treatment with microtubule
destabilizing drugs, increasing viral bystander effects. Overall, this study brings new insight in
rhabdovirus biology and uncovers a novel role for microtubules in coordinating the innate
cellular antiviral response, opening new avenues to improve oncolytic rhabdovirus therapeutic

efficacy.
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Introduction

Oncolytic viruses (OV) are se#mplifying cancer biotherapeutics that destroy
malignancies without harming normal tissues. Derived feowariety of viral species, OVs are
often engineered to exploit wethown hallmarks of cancer. This includes deregulated
metabolism and proliferation, evasion of cell death, aradficient antiviral signaling(267).

Within the tumor, these agents destroy the malignancy by inducing direct oncolysis, stimulating
antrtumor immune responses and promoting tuwasculature shutdown (reviewed (h68)).

While promising early andate phase clinical trials employing OVs to treat cancers continue to
generate great enthusiasm, heterogeneity in the clinical response remains a c{igng#1,

243). To this end, it has been long recognized that improvements to therapeutic efficacy either
through viral engineering or through combination therapies will be critical to the success of these

platforms(168, 268)

Rhabdoviruses such as vesicular stomatitis virus (VSV) have been usduhiogdly as a
backbone to generate OVs for over a decddib, 201, 269and are now beginning clinical
evaluation (e.g. NCT01628640). While wilgbe rhabdoviruses such as VSV (wtVSV)
preferentially replicate in cancer cells, their tumsetectivity can be greatly improved through
genetic engineering, for example by capitalizion the frequently defective capacity of tumors
to engage antivirgbrograms(165, 201, 269)One of the first characterized and widely studied
oncolytic strains of VSV (V8g5)lharboursa deletion at methionine 51 in the matrix (M)
protein hindering on its ability to interact with alear pore proteins and to block the export of

cellular antiviral mMRNAs from tle nucleus to the cytoplas(h91) This stablaleletion severely
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attenuates VS§ 5 ih normal cells that have fully functional antiviral systems but permits robust

replication in tumor cells that have lost the ability to mount an effective antiviral response.

Capitalizing oncancerspecific defects in cellular immunity makes for remarkably safe
and selective therapeutics; however, this can come at a significant cost in terms of efficacy.
While VSV 5 &an cure animals of some tumors incapable of producing or responding to IFN,
nearly a third of cancer cell lines are essentially normal in this capacity, severely limiting viral
spread and oncolys{(201) Several genetic approaches have been explored and can be effective
to overcome this raiblock. This includes using more potent viral backbonggs (@araba MGL
(166), wtVSV-I F NZ69) or expressing therapeutic transgenes to impair the IFN response (e.g.
V SV pBbE) (270) However, the success of this strategy requires astutely navigating the

delicate balance between efficacy and safety.

Alternately, pharmacological approaches to enhance OVs have also been explored and
provide alditional therapeutic control due to the inherently transient and tunable action of drugs.
For example our group has shown that treatment of resistant tumor cells with HDAC inhibitors
(HDIs) that dowm-regulate IFNresponsive geng271), leads to increased oncolysis by P8 1
(212). More recently, we screened a small molecule library to discover novel enhancers of
VSV 5-fnediated oncolysis. This led to the discovery of V®€ital Sensitizer 1), a novel
synthetic antagonist of the cellular antiviral response that inhibits Type {inéed gene
trarscription, analogously to HDIE13). VSel was but one of fifteen viral sensitizer &S
compounds exhibiting VS§ 5-&nhancing activity identified. In the present study, we further
characterize a subgroup of these fifteen compounds that interestingly share a common yet

unexpected target. We report here that several VSe compounds are Imierdastabilizing
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agents (MDA), and set the framework for explaining how they selectively enhance oncolytic

rhabdovirus activity in tumors.

Results

Microtubule-destabilizing agents enhance V&Y5-thediated oncolysis in a cancapecific

fashion

Literature mining performed on our published hithroughput screening datag2i3)
revealed that seven of fifteen VSe compounds enhancinggdsthediated oncolysisare
approved drugs that have microtubdiestabilizing activity. The compounds, their drug class,
and structures are listed in Supplemental Tabfe® along with their associated VSe
nomenclature as previously publish@d3). To validate their activity, we selectegpresentative
colchicinoids (colchicine), vinka alkaloids (vinorelbine) and benzimidazoles (albendazole and
parbendazole). These MDAs were tested across a range of concentrations gprb \&a/stant
786-0 human renal carcinoma cell5d. 3.1a). Viability assays using alamar blue metabolic dye
revealed that all MDAs tested enhanced cell killing elicited by a low multiplicity of infection of
VSVgp5 MOI = 0.01, Fig3.1a). Similar results were obtained WSV 5-fiesistant mouse
cance cell lines (4T1 and CT26, Fi§lab). Treatment of cancer cells with colchicine, a drug
used for autoimmune diseases such as gouty arthritis and one of the most potent MDAs tested,
led to synergistic killing in combination witboth VS\Wp5 And wtvVSV (Fig. S1¥% and
robustly enhanced the activity of Maraba MGFig. S18*. In contrast, MDAs did not enhance

VSV 5-fnediated oncolysis in normal human fibroblasts (GM38,3H4).
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Given MDAs and VS 5 dan independently hawwytotoxic effects, we considered that
the visible synergy between drug and rhabdoviruses could result from improved rhabdoviral
spread/oncolysis, increased sensitivity to MDAs, or both. Microtubule destabilization using
colchicine and other MDAs robustlypgreased VS¥5 4pread and viral titers in several human
and mouse cancer cell lines but not in normal fibrobldgts 8.1c-d*** and S1&**%) consistent
with a cancesspecific enhancement of viral growth. In cancerous-0&ut not normal GM38
cells, cdchicine increased VSy 5-GFP spread (Fi@.1d, h) and viral protein expression (Fig
3.1e), even though the drug effectively depolymerized microtubules in both cell lines at the dose
used (100 nM, Fi@.1f). Comparing multstep and singkstep viralgrowth profiles suggest that
in cancer cells, microtubule destabilization impacts Y®6ls abi | ity to spread
replication rate (Fig.19). In contrast, a slightly negative effect of the drug on viral propagation
was observed using wHtype VSV (wtVSV, Fig3.1le, h, g). Parallel quantification of virally
expressed GFP and propidium iodine (PI) staining of dead/dying cells by flow cytometry
however confirmed that while wtVSV propagation is hampered by colchicine treatment, cell
death is nonékeless increased in comparison to virus or drug alorge3[Eh) consistent with
results fom synergy assays (Fig S1d). The combination of §&®Vvand colchicine also led to
substantially more PI positive cells than either treatment alone, although thece@spanied
by substantially increased Gig®sitive infected cells in sharp contrast with wtVSV (Bigh).
Altogether, these data suggest that microtubule destabilization augments rhaboedrated
oncolysis by promoting cell death following infectiamd also promotes spread in the case of

IFN-sensitive rhabdovirus mutants such as 48%/. 1
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Figure 3. 1. Mi crotubul e destabilizers enhance
cells.

ab) 7860 cancer (a) and GM8 normal (b) cells wer@retreatal for 4h with microtubule
destabilizing agents at concentrations indicatedanxi s t hen chall enged wi't
0.01. 48h later, metabolic activity was assessed using alamar blue as a measure of cell viability.
Error bars are standard error (SEpnfr three separate triplicate experiments. ¢) Cancerous
human 7860, U251, and mouse 4T1 cells as well as normal humanr3&Mells were pre

treated 4h with colchicine at the dosed indicated-mxi s and treated with V
for 48h at which time quernatants were collected and titered by standard plaque assay. Error

bars represent SE from three independent experimgp)s7860 and GM38 cells were treated

with 100nM colchicine or vehi c-GEP afMOI0,02.At pri or
48h post infection, fluorescence pictures were taken (c), and cells were lysed and probed using
polyclonal antiVSV and aniGAPDH antibodies by Western blot, where VSV G, N, P, M

proteins are indicated by arrows (d). f) 7@&ells were pretreated with colchicine 100 nM or
vehicle and i nfGP M@Id.0lwar #8n at WRIcK qirielcells were collected

and stained with pmmdium iodine (PI). Cells were sorted by flow cytometry according to GFP

and PIl. Numbers represent the average percent cells gated = standard deviation from three
experiments. In g), 786 cells were préreated with 100nM colchicine for 4h and infectedhwi

MOI 0.01 (multistep) or MOI 3(singles t e p) of VSVp51 or wtVSV, a
collected at various times indicated on thexts and titered by standard plaque assay. In h)
cancerous 786 and normal GM38 fibroblasts were treated with 100nMlddcine for 24h and

cells were fixed and stained using anti BB&pi and tubulin antibody and imaged using
fluorescence microscopy under oil immersion under 63X objective. The white arrow highlights

an example of cellular polynucleation induced by migboie destabilization.
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Microtubule-destabilizing agents enhance oncolytic rhabdovirus efficacy in highly resistant

syngeneic and transgenic mouse tumor models

Given that colchicine, vinorelbine, and other MDAs enhanced oncolytic rhabdovirus
efficacy invitro, we performed a series of murine tumor model studies to determine whether
these could also provide therapeutic benefit in vivo. We focused on thepBJifatform given
that MDAs enhanced both viral spread and cancer cell killing for this strairfirstVexplored
this in a highly aggressive syngeneic model of tripdgative breast cancer. Subcutaneous 4T1
breast tumors were implanted in syngeneic Balb/C mice and mice were treated intraperitoneally
(i.p) with either PBS or colchicine (2mg/kg i.p.)caan intratumorally (i.t) with either VS@5 1
(1E8 PFU) or PBS. We found that two oneseekly treatment cycles led to delayed tumor
progression and significantly prolonged survival in mice receiving both colchicine angp8SV
compared to either monotheraggfig. S2&*9. Vinorelbine (8 mg/kg) was also effective,
significantly prolonging survival of 4Fiumour bearing mice in combination with V&5 1
(Fig. S2&8*). A similar impact on tumor growth was observed using oncolytic Marabal MG
(Fig. SZﬁ“) and in asyngeneic subcutaneous CT26 colon cancer model$Bg). As expected
from in vitro evidence Kig. 31 ah), these effects of colchicine were associated with tumor
specific increases in VY5 g@rowth. Using a firefly luciferase expressing V@% and an in
vivo imaging system (IVIS), we observed that 24h pofsction (i.t), 4Tlgrafted animals
treated with colchicine exhibited increased luminescence specifically in tufigrs3@a). In
line with this, a significant increase in V&5 tlters wa observed in colchicireated animals

(Fig. 32b). In contrast, assessment of viral titers in normal organs including spleen, heart, liver,

6l|Page



lungs, kidney, and brain by standard plaque assay revealed no detectalpeb\IBny organ

at any time point iloth PBS and colchicirgeated mice.

The efficacy of combined rhabdovirus/MDA treatment was subsequently evaluated in a
highly treatmentesistant MISIIRTag transgenic ovarian cancer mouse model. These mice
express SV40 Large-antigen specifically irthe ovaries and develop visible tumors at110
weeks(272) In these experiments, we used UBY &xpressingGM-CSFto further increase
antrtumor activity. Fig3.2c shows that weekly treatment cycles of \(B¥-GM-CSF and
colchicine both delivered i.p., led to significantly prolonged survival of MISIIRTag mice as
compared to either monotherapy. Overall, these data suggest that combined oncolytic
rhabdovirus and MDA treatment can elicit significant antitumor efficgcglonging survival

even in highly treatmesesistant spontaneously arising tumors.
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Figure 3. 2. Col chicine i ncreases VSV@p51 spr
syngeneic and transgenic tumor models.

a) 4T1 tumors were implanted in right hind flanks of syngeneic Balb/C mice and injected with
1E8 PFU oducif&re8e/apBBIS intratumorally (i.t) , and 2mg/kg colchicine or vehicle
intraperitoneally (i.p), 7 days after tumor implantation. Luminescencemastored by IVIS

after 24h.b) 4T1 tumors were implanted and treated as in a) and tumors and other organs were
harvested after 24, 48, and 72h. Tissues were subsequently homogenized and titered by plaque
assay. Error bars indicate standard error fronagrage of 5 tumors. * denotes a significant
difference between PBS and colchicine treated tumors (p<6t€&t)t N.D denotes not detected.

Virus was also undetectable in all other organs (brain, lung, liver, kidney, spleen, heart) at all
time points.c) MISSIIRTag transgenic mice were treated starting at 10 weeks of age with a
weekly i.p. GCMECBF (1&8 PFV, :i¥a) 5PBS (n=7) colchicine (1.5 mg/kg,
n=11) o r -GM/CBW (k8L PFU) and colchicine (1.5mg/kg, n=10). Survival was
monitored over the (days, »axis) and animals exhibiting critical abdominal extension were
euthanized according to IRB guidelines. Log Rank test indicate the combined treatment is
significantly prolonged oveGM-CESRp=@d)07calome ( p=0.
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Microtubule destabilization interferes with TyplelEN -induced gene programs

While combined MDA and oncolytic rhabdovirus treatment provided therapeutic benefit
in several models, the contrasting enhancing effects on spread ap ¥avid wtVSVprompted
further investigation. We used gene expression microarrays to gain perspective on the
mechanisms involved. Cellular RNA was extracted 24h following infection of078#Is with a
low MOI (0.01) of VS\Wp5 Tor mock) in presence of 100 nM colchieiror vehicle and
hybridized on Affymetrix human Gene 1.0 ST microarrays. Analysis of this dataset is
summarized in Figur8.3a and shows for each treatment condition the expression of a subset of
248 genes found uniquely upr downregulated (>Zold, p<Q05) VSMp5 ibfection in absence
of drug. Importantly, gene enrichment analyses usimgGOirilla gene set databasé?65)
revealed significant enrichments in Gene Ontology (GO) terms only within the 158 genes
induced byWSV@ 5 ut dampened by colchicine-t@atment (genes represented in green in the
top half of the heat map iRig. 33 a). Significant enrichments highlighted a multitude of
biological processes involved in the immune response to virus/biologicals, tel§imanverging
on the Type | interferon response (Fig&8b). Indeed, 26 of the 158 genesnaegulated by
VSVp5 that were not similarly induced upon-treatment with colchicine are known direct
downstream targets of Type | IFN (RBda, right inset)Removing the 26 IFN target genes from
the dataset led to the loss of all significant-€&@n enrichments. Altogether, this suggests that
microtubule destabilization alters the genetic response of cancer cells tp ¥ @fection and

most prominently dampes virusinduced Type | IFN gene programs.
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Figure 3.3. Microtubule destabilization hinders the response to Type | IFN stimulated

nduced

genes | by

a) 7860 cells were pretreated for 4h with 100nM colchicine or vehicle and infected with

VSVp51 at MOI O0.01 or

VSV@p51.

mock infected.

24nh

experiments were hybridized on Affymetrix human Gene ST 1.0 microarragsvnSare the
heat maps of all genes found to be significantly increased (green) or decreased-{odd)ir-2

VSV@pS51

conditions. Inset shows a group of 26 Type | IFN stimulated genes that-ezgulated in V but

not V + C conditions. b) Summary of gene ontology relationships for significantly enriched gene
sets from analysis of micraay data presented in a). ¢) Microarray expression data for subset of

Interferon isoforms and stilgpes obtained from a).
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Microtubule destabilization does not interfere with VSV or IFidduced antiviral signaling

The type | IFN response is thoughtgmceed in three waves. First, activation of pattern
recognition receptors such a®llFlike receptor 7(TLR7) and Retinoic ackihduced gene |
(RIG-I), through signaligs vi a Tank bindUngki [WBKLKKE and / | &
transcription factointerferon regulatory factor 3 (IRE ) |l eads to iIinchreased
transcription, translation, and secretion. Second, autocrine/paracrine signaling through IFN
receptor /Janus kinase (JAK) / STAT (Signal Transducer and Activator of Transcrijeiatd
to formation of Interferon Stimulated Gene Factor 3 (ISGF3), leading to tmegufation of
interferon stimulated genes (ISGs) including{RF and i s e ¢ o-disdofonwms. Therd, | F N
additional 1ISGs are up regulated due to the combination oispeErs IFN sigaling and IRF7

up-regulation(165, 273)

Microarray data suggested that microtubule destabilization inhibits the transcriptional
response of direct Type | IFN targets in tuntext of VSMp5 ibfection. However, we did note
that while some virutnduced second wave IfNisoforms were dampened similarly to other
ISGs after treatment with colchicine, first wave B-MMRNA induction following infection
remained similar (Figure.3c). This suggested a possible blockage in between the first and
second wave of IFN production. Supporting this, colchicine treatment did not altemMRNA
expression in either nuclear or cytoplasmic compartments, nof3IRF STAT-1 nuclear
shuttling andphosphorylation status shortly following V&5 ihfection at high MOI (3). This
suggests that signaling upstream of bFNranscription is unaffected by microtubule
destabilization Fig. 34ab). Similarly, colchicine treatment did not inhibit STAT

phosghorylation or alter nuclear/cytoplasmic distribution of the transcription factor following
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treatment with exogenous IEN(Fig. 34c), indicating fully functional IFN response through
JAK/STAT. In line with this, colchicine could not overcome the antivafécts of Type | IFNs

in either 7860 or U251 cells (Fig S3*9), in sharp contrast with suberoyl anilide hyroxamic
acid (SAHA), an HDAC inhibitor known to effectively dampen the antiviral effects of type |
IFNs (212) (Fig. S4&%9. Overall, this suggests that MDAs do not modulate antiviral response
pathways upstream of IFNMRNA transcription and cytoplasmic shuttling nor alter Type I-IFN

induced JAK/STAT signaling and its antiviral effects.
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Figure 3.4. Microtubule destabilization leads to a decrease in Type | IFN translation and
secretion.

a) 7860 cells were pretreated for 4h with 100nM colchicine or vehicle and infected with
VSVp51 at MOI 0.01 or mock infected. 16h | ate
and cytoplasmic fractions, from which RNA was extracted and conveste®NA. gPCR for

| F Nalmd GAPDH were then performed. Data reported represents the fold chahge khb

relative to uninfected control. Error bars represent standard error from an average of three
replicate experiments. b) 7&cells were pretreated for 4hith 100nM colchicine or vehicle

and infected with VSV@5 8Bhlaer, cydd@dsmic3andonucleanocett k i n
fractions were collected, run on polyacrylamide gels and subject to western bBltitsywere

cut into strips for was used to j® for STATF1, phospho STATL (Tyrosine 701) , IRB,
phosphelRF-3 (serine 396), alphtubulin, and betactin. ¢) 7860 cells were pretreated for 4h

with 100nM colchicine or vehicle and treated with 500UF Ndsr mock. One hour later,
cytoplasmic and nuehr cell fractions were collected and run on a polyacrylamide gel. Western
blotting was used to probe for STAI, phospho STATL ( Tyr os4 mé u¥? 0-aickin. add b
d) 7860 cells were treated with 100nM colchicine or vehicle for 4h prior to infectidh

V SV p&HAP at MOI 0.01. 24h later, supernatants were collected aadiMas quantified by

ELISA. Error bars represent standard error from three replicate experiments and statistical
significance was assessed by ANOVA. e) -I86ells were treated withOOnM colchicine or
vehicle for 4h pri or-GFP &MOIi00F. Aftet 20 aytoplasmic land V S V ot
nuclear cell fractions were collected and run on polyacrylamide gel. Western blotting for was
used to probe for STAT, phospho STATL (Tyrosine 701)Jt u b u | i +actin. & A880 b

cells were treated as in &fter 24h, whole cell extracts were collected an& Nekpression was

assessed through Western blotting. GAPDH was used as a loading control-:Qgt&1&6were

treated as in d) and after 24thole cell lysates were collected and run on a50%
sedimentation gradient. Absorbance at 254nM (RNA) was then measured over each fraction
(sampling interval of 0.1 seconds). In h) RNA was subsequently extracted from each fraction and
used to generate &DA . The abundance of-Mjn edctFfhtlion wasF Nb  a
assessed by semuantitative PCR. Cycle numbers were adjusted to minimize saturation and
compensate for different input gene expression levels.
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Microtubule destabilization decreases type IFN secretion in part by reducing mRNA

translation efficiency

Altogether, our data suggested that microtubule destabilization decouples first and second
wave IFN without inhibiting the JAK/STAT signaling axis. Offering a potential explanation for
this plenomenon, studies dating prior to the purification and identification of Type | IFNs
reported an effect of microtubule -g&bilizers such as colchicine and vinblastine on antiviral
Ainterferonod @% 2% Waaldressed thisspodgsibility directly using ELISA
(enzymelinked immunosorbent assay). Figdeld shows that even though mRNA levels and
subcellular distribution was unaltered (F&3c, 3.4a) treatment with colchicine caused a
significant decrease in secreted B-fllowing a 24h infection with a low MOI of VS 5.1A
time-course revealed that treatment with colchicine effectively delayed the ondetwHith
eventually appeared over 48h in infected cell culture supernatagtSaa>. Expectedly, IFN
U was equally deteced at lower concentrations tham control conditionsin the absence of
colchicine(Fig. S45%), in line with microarray mRNA expression daféig, 3.3c). Consistent
with the observed decrease in Type | IB&tretion, we found that colchicine treatment reduced
phosphorylation of STATL in these conditions (Fig.4e). Suggesting the effect was not unique
to colchicine or 78® cells, other MDAs also decreased bB-becretion 24h posghfection with
VSV 5 (Fig S4c) and a similar impact of microtubule destabilization onblEEcretion was
observed in U251 cancer cells (Fig. 8 However, colchicine treatment also decreaseIFN
secretion in normal MR fetal lung fibroblasts (Fig. S#t), suggesting this fiect is not
restricted to cancer cells and that additional mechanisms may contribute to thespaactfer

enhancement in VS¥5 dpread observed in vitro and in vivo.
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Given that microtubules are known to play a role in vesicular transport and that
microtubule destabilizers such as colchicine have been shown to impact the secretion of various
proteins(276-280), we considered the pability that microtubule destabilization may simply
impact the ability of cells to secrete cytokines. To assess this, we looked at the impact of
microtubule destabilization on overall protein secretion using S35 -falisding following
challenge with either VS 5,1G-less VS\Up5 fwhich can infect but cannot exit the cell) or
treatment with the TLR agonist poly I:C. Looking at visible bands obtained by autoradiogram,
we observed a variety of responses to colchicine treatmiéowiiog viral stimulation. Whereas
the secretion of some proteins was increased by all three stimuli but reduced following treatment
with colchicine (analogously to wha was obser ved dngb), Bthhet @ofeind or | F
were not impacted by any viratimulus nor affected by colchicine (Fig §i% This argues
against a systematic negative impact of microtubule destabilization on protein secretion. To
further address this, we quantified-&L secretion in cell supernatants following V$% 1
infection inpresence and absence of colchicine, given that similarly té®,IfNs cytokine was
robustly upregulated by VS5 ihfection at the mRNA level based on microarray analyses
(Fig. 33c). In sharp contrast with what was observed for Type | IFNs, these reepési
revealed no significant decrease in vimduced Il-:6 secretion following treatment with
colchicine (Fig. S§I$$). Further arguing against systematic inhibition of protein secretion
following microtubule destabilization, the secretion of mouskI-CSF encoded by the
VSV 5-GM-CSF virus used in mouse experiments shown in Fig®&c increased
proportionally to viral titers following treatment of V&¥5-GM-CSFinfected 7860 cells with

colchicine (Fig. S46n®*).
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We therefore considered the possibilihat microtubule disruption leads to decreased
secretion of Type | IFNs indirectly by reducing translation of their encoding mRNAs. Supporting
this idea, Western blots on whole cell extracts of infected0786élls revealed that intracellular
IFND proteinexpression levels decrease in parallel with a reduction with protein seciégon (
3.4f). To measure translation efficiency, we looked at RNA distribution in Anifm@somes and
poly-ribosomes using gradient sedimentation. F#4p shows that colchicineeatment of 78®
cells, irrespective of infection, led to a shift in mRNA distribution from polysome (highly
translated) to monosome (poorly translated) fractions albeit to a lesser extent than PP242, an
mTOR (mammalian target of rapamycin) translatinhibitor (see Fig. S3%). Assessment of
mRNA abundance by serguantitative PCR further showed that both UFdhd IFNb were less
abundant in the highest density polysomes of colchiteeted cells Kig. 34h). In contrast,
looking at VSV M revealed a slight opposite shift in abundance from monosomes te lower
density polysomesHg. 34h). Overall, this suggests that microtubule destabilization reduces
MRNA translation efficiency of cellular genes such gty IFNs, whilst nonetheless allowing
translation of viral genes. However, arguing against a role of mTOR-&P4ia mediating the
observed effects of MDAs on Type | IFN mRNA translation efficiency, we failed to observe any
alterations in the expressiar phosphorylation of either mTOR targets S6 or 4EBP37)

following treatment of 78® cells with colchicine (Fig. S%‘B).
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Multiple secreted proteins induced by VSV infection increase microtubule destabilimirced

mitotic catastrophe and death.

While these experiments shed light on the mechanisms leading to the enhancement of
VSV 5 4pread in cancer cells, it remained unclear why MDAs could also increase rhabdovirus
infection-associated death, even with wtVSdF which spread was paradoxically reduced by
microtubule destabilization (Fig.1e,g,h). We therefore assessed whether viral triggers could be
sufficient to elicit cytotoxic effects upon microtubule destabilization. To this end, we challenged
colchicine @ vehicletreated 78@® cells with a UVinactivated wtVSV. As expected, UV
inactivated wtVSV did not affect 78® viability in control conditions, even at a very high MOI
(200). However, UMnactivated virus was capable of effectively killing 78&ells teated with
colchicine (starting at MOI 50Fig. 35a). This was also observed in mouse 4T1 cells, albeit

starting at a higher MOI of UV inactivated virus (Fig. $8a

MDAs lead to cytotoxicity by inducing mitotic catastrophe and polynucleatiorells
that divide rapidly and have lost key cell cycle checkpoints, key hallmarks of cancgfd88)s
To gain a better understanding of the mechanisms leading to increased death {tnelstied
cells challengedvith rhabdovirus, we looked at the frequency of polynuclear cells in the context
of infection. We treated 788 cells with colchicine or vehicle and infected them with \¢3%-1
GFP at low MOI (0.01). Twentfour hours posinfection, cells were fixed andashed with a
nuclear dye (Dapi) and an afitubulin antibody. Fluorescence microscopy was then used to
visualize and count GFpositive infected cells and those exhibiting characteristic polynucleation
(seeFig. 3.1f white arrow for an example at higheragnification). As expected, colchicine

treatment led to increased polynuclear cells whereas infection witltpE&BBFP alone did not.
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Importantly, 7860 cells exhibited a robust increase in viassociated GFP and a near doubling
in the number of polynuekted cells compared to colchicitieated cells upon eweatment with
VSV 5-GFP and colchicineFg. 35b-c). In contrast, polynucleation remained low in normal

GM-38 cells under these conditiorad. 3.5c).

Looking at the proportion of polynuclear t=in infected (GFP+) and uninfected (GIFP
cells further revealed that these were equally frequent in both populak@ns36d). This
distribution suggested the likely involvement of a secreted factor in promoting polynucleation in
the colchicinetreated infected cancer cell population. To explore this idea, we used supernatants
from cancer cells infected with-l&8ss VS\Up5-GFP. As described previously;l€ss VS\Up5-1
GFP can infect and replicate but cannot bud from theptagmic membran€81) We treated
786-0 cells with Gless VS\p5-GFP at high MOI (10) onot and collected supernatants 24h
postinfection. These supernatants were applied to \naise 78€0 cells treated with colchicine
or vehicle and cellulapolynucleation was quantified. In line with the involvement of a secreted
factor, supernatants from -lB8ss VS\Wp5-ihfected but not mock treated cells increased
polynucleation and cell death in viragive 78€0 cells treated with colchicind=ig. 35 e, f).

However, this did not occur when using normal GM38 célig. (3 5f).

Interestingly, the polynucleatieinducing activity of Gless VS\p 5-ihfected 7860 cell
supernatants was abrogated following filtration using a 10 but not 50 or 100 kDa melecular
weight cutoff filter. This pointed to the involvement of one or more secreted factors between 50
kDa and 10 kDa (Fi@.5e). To generate a list of candidates, we queried the microarray data. We
deemed that relevant candidates should be between 10 and Zh&Daduced by VS5 ih

both vehicle and colchicineeated conditions. The short list of these candidates is shown in
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supplemental Table®*% In addition to Type | IFNs, this included several groywtbmoting
cytokines (e.g. Rantes, {0, CXCL11, IL-8 and IL-6) as well as death inducing cytokines (e.g.
TNF-Uand other TNFelated proteins). Type Il IFNs (IL28a, IL28b, and 1L.29) also figured on
this list. While it is likely that many of these factors work in concert to recapitulate the synergy
observedbetween virus infection and colchicine treatment observed i) Wa nevertheless
evaluated the impact of a subset of cytokines on the frequency of polynuclear cellic&l&6

in presence of colchicine. Interestingly, we found that some cytokimésasull-6, IL-8, IP-10

and IL-29 significantly increased the frequency of polynuclear cells in colchictated 786

cells (Fig. 35g). In addition, colchicine treatment inased cell death induced by TNFn 786-

0 but not GM38 cells Fig. 35h). Owerall, this infection with rhabdoviruses in the presence of
colchicine leads to cancspecific increases in bystander polynucleation and cell death, likely

through the action of multiple secreted factors and death inducing cytokines.
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Figure 3.5. VSV-induced cell death is increased by microtubule destabilizer treatment
through infection-induced secreted factors that lead to cell polynucleation and death
specifically in cancer cells.

a) 7860 cells were prdreated for 4hours with colchicine or BISO and then treated were
treated with described amount of A@plicating VSVwt at the described MOI. Viability was
measured by alamar blue after 48h. Error bars represent standard error * denote p<0.05 based on
ANOVA. b-c) Infection of 786:0 cancer celland GM38 normal cells were piteeated with
100nM col chicine or vehi cl-&FPf(gpeen) & an MOhofi0.0L n f e c t
(or mock). 24h, cells were fixed and stained with Ddbiie) and an antietatubulin antibody

(red). Fluorescence mmscopy pictures were taken and scored for number of GFP positive and
polynuclear cells. a) Representative pictures obtained from0784#ls. Polynuclear cells are
indicated with the yellow arrows) guantification of polynuclear cells reported as petagatof

total cells. Error bars represent standard error of the average of three experiments. # ##,* **
denote a significant (p<0.05, ANOVA) differences between groups. # ) TBRL vs. 7860
Colchicinetreated; ## = 786 colchicinetreated vs. GM38 colgcinetreated; * = 786
colchicinetreated vs. combined colchicteSVp5 1 treated; **VSV@bdbi ne
treated 788 vs. combined @chicineV SV @51 t r e a) MW&0 paywigl8ation data

from b) looking at the percentage of virudected (GFRpositive) and uninfected (GFP
negative) cells exhibiting polynucleation. NS means not statistically different (p>0.05, ANOVA).

e) 7860 cells were infected with d&ss VSMUp5-GFP at MOI 10 and supernatants were
collected 24h podnfection. Supernatds were then either applied directly to vinaive 7860

cells treated with 200nM colchicine or vehicle, and passed through 100, 50, 10 and 3 kDa cutoff
filters prior to application. 24h later, cells were fixed and stained with Dapi anduieti#n and
polynuclear cells were counted. Error bars represent standard error of the mean of triplicates. A
significant reduction in polynucleation was observed going from a 50 kDa to 10 kDa molecular
cutoff filter (p<0.05, ANOVA). f) 786-0 and GM38 cells were prreated for 4hours with
colchicine or DMSO and then treated with uninfected (mock) desS VSV infected cell
supernatants (obtained from 78@®r GM38 and rapplied to each respective cell line). 4860

cells were pretreated with colchicine theratexl with recombinant cytokines (indicated on the
X-axis) at 5, 20 or 500 ng/ml. 24h later, polynuclear cells were counted. Fold increase in
polynuclear cells relative to colchicine treatment alone is reported (average of triplicate) on the
y-axis. h) 7860 and GM38 cellswere pretreated for 4hours with colchicine or DMSO and

then treated were treated with TNF or control. Viability was measured by alamar blue after 48h.
Error bars represent standard error *,** denote p<0.05 based on ANOVA.
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A mathematcal model recapitulates the canceselective enhancement of VY5 tncolysis

by microtubule destabilization through the combined effect of interferon secretion and

increased bystander killing

Overall, our results suggest that in the case of-$ENsitive VSV 5, Imicrotubule
destabilization elicits a decrease in IFN secretion and an increasestianuler cytopathic effects
simultaneously. To describe the interplay between these mwohanismswe adapted a
mathematical model recently developed to inveségthe impact of OV dynamics on tumor
selectivity (270). All equation parameters for this model are derived from literature or
experimental observations and are identical between resistant cancer and normaheelisant
the rate of virus replication, which is set higher in tumor q@f9). In Figure3.6a, we describe
how this model was adapted from its original form by accounting for IFN secretion and the
activation of armarbitrary cytokineinduced cell death pathway. In our simulations, we gradually
decreased the rate of IFN secretiornsdKred dahsed), and increased sensitivity towards the
cytokine (EDBpo ¢y, green), as to mimic the effects of MDAs. We then quantifiedatmount of
infectious virus particles and viability at the 72h time point across all parameter pairings in
tumor and normal tissues. We applied a Monte Carlo sampling method, varying the parameter
estimates within a 10X window, to ensure that the restultonclusions represent a general
phenomenon. All parameters, and the ranges used indineskations, are available in Appendix

TablelV.

Within this framework, simulations reveal that while decreasing IFN secretion drives
more robust increases in virlers in cancer cells to a limit, the bystander cytokine effect is

highly tumorselective and emerges as a main contributor to the overall cancer selective
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cytopathic response whdioth effects are combined (Fig5b-d). Nonetheless, the simulations

alo suggest that increased bystander killing comes at the cost of reduced viral growth.
Importantly, these data indicate that within a reasonable range of parameter estimates (dotted
square region) it is possible to combine both effects to increase vikathgemd elicit robust

killing of cancer cells while keeping normal cells relatively unscathed
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Figure 3.6. Simulation impact of decreased IFN secretion and induced cytokimaediated
polynucleation on OV dynamics.

a) Phenomenol ogical mraitcb eldrived ffom th&wbork 6f1eB&eufreteat 1 ¢ s
2013 11. This model describes the transition between the uninfected population (UP), infected
population (IP)FN activated population (AP), the protected popaiat(PP) and dead cells)(

as a function of IFN, virus, and production of cytotoxic cytokines. Relative to the model
developed by LeBoeuf et al., this model incorporates cytotoxic cytokine production from
infected cells, and the transition between intlata and extracellular IFN to recapitulate the
effects of MDAs. b)Heatmap summarizing the median viability 72h post infection in normal or
tumor cells as a function of decreasing the rate of IFN release (downward in the checkerboard)
and increasing thED50 of cytotoxic cytokines (rightward in the checkerboard) induced by virus

as a result of microtubule destabilization. Data illustrated represents the median value obtained
over 5000 Monte Carlo simulations varying all kinetics parameter within a 1ildpw. The
difference between tumor and normal cells is the rate of virus replication which is set to 1 log
higher in cancer cells as done in LeBoeuf et al. 2@)3Heatmap summarizing the mean
difference in viability between the normal or tumor comparttsied) Heatmap summarizing the
median number of arbitrary free virus patrticles in the environment 72h post infection in normal
or tumor cells.
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Discussion

In this study, we report that MDAs synergize with oncolytic rhabdoviruses by leading to
decreased aiviral Type | IFN production and increased virusluced bystander killing. In the
case of the IFd ensi ti ve mutant VSVp51, this | eads
cancer cellsKig. 3.1). The fact that the opposite is observed fég.(3.1h) brings forth new
considerations with respect to rhabdovirus biology. While rhabdovirus proteins have been
reported to interact with the microtubular netw@282), our data taken together suggests that
intact microtulnles are not essential for the life cycle of rhabdoviruses. Even though wtVSV
spread is indeed hampered by MDASg 3.1e,9,h) in agreement with previous repd@82),
our results and simulation&if. 36d) rather ague a role for increased viral bystander killing in

this phenomenon.

While rhabdoviruses may not require the microtubular network, many viruses such as
vaccinia for example are well known to hijack the host cytoskesststem in order to travel
within the cytoplasm and to infect other cd&83). Suggesting MDAs may have virspecific
effects; we and others have observed that microtubule destabilizers robustly inhibit vaccinia
growth ((284), data not shown). However, other viruses have been reported to grow at least
equivalently in cells with destabilized microtubules. For example, while the mechanism was not
addressed, low dose vilalstine increased the oncolytic activity of HSV without affecting viral
titersin vitro (285). It is likely that other IFNinducing viruses could be enhanced by MDAs by
taking advantage of delayed type | IFN secretiblowever, our data suggest that given this

advantage is only transient (see Fig. ¥%arapidly growing viruses such as VSV are more
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likely to benefit. Ultimately, this may offer additional selectivity to the approach, reducing the

possibility of oppotunistic infections that could ensue from hindering the type | IFN system.

Interestingly, somewhat controversial reports dating prior to the purification and
sequencing of Type | IFNs in the late seven{({286) dended the impact of drugs such as
colchicine and vinblastine on the expression
other proteing276-280). Here we show for the first time direct evidence that several MDAs
inhibit Type | IFN secretion, and provide data supporting the involvement of protein translation
in this phenomenon. Our results also suggest that the incorpor&tiyp®e | IFN mRNASs in
high-density polysomal structures is compromised following disruption of microtubules.
Interestingly, protein expression/secretion was clearly only partially inhibited following MDA
treatment as determined by putdease experimentdlonetheless, a subset of secreted proteins
responded analogously to type | IFNs (Fig.%ﬁeThis suggests the possibility that the efficient
translation/secretion of other mMRNAs may also depend on microtubules. Supporting this idea, it
has been previolysreported that microtubule disruption leads to loss of fibronectin mMRNAs in
high-density polysomes in smooth muscle c€#87) Given these observations, it is tempting to
speculate that microtubules coordinate thgaaization of higher density polysomal structures,

which may be preferentially associated with a subset of mMRNAs.

One counterintuitive observation is that MDA treatment, while decreasing Type | IFN
production in both cancer and normal cells (B4d and S5d) , only increa
and oncolysis in the former. While simulations from our mathematical model suggest that
decreasing IFN secretion leads to more robust increases in viral titers in cancer cells up to a

certain extent, they also realethat a significant contributing factor to the experimentally
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observed canceselective effects of MDAs may be the parallel increase in bystander kifigg (
3.5). This is interesting given it provides an explanation for why other drugs such as HDAC
inhibitors that have been shown to reduce IFN responsiveness while simultaneously increasing

virus-induced cell death also lead to carselective enhancement in OV sprgadi2)

Overall, our study show that MDAcan provide a significant therapeutic benefit when
combined with oncolytic r habdovl evensneothervdsac h as
treatmentrefractory transgenic mouse models of ovarian caf(2é?) (seeFig. 32c). While
MDAs have been used for decades to treat a number of human ailments including autoimmune
disorders, helminthes and canddi38, 288, 289) one common characteristic is the narrow
therapeutic window associated to these agents. In the casanoérc this has led to the
development of more selective biological therapies including therapeutic antibodies and
oncolytic viruses. Therefore, one downside of using classical MDAs in this context is their
associated systemic toxicities. Notably, as atsgy to avoid overt toxicity of MDAs, these have
been linked to monoclonal antibodies such as Herceptin, which retarget effects towards cancer
cells (290). It will be interesting to test oncolytic rhabdoviruses in coration with novel and
recently approved antiboeMDA conjugates for the treatment of cancer in order to take full

advantage of the vastly superior selectivity of these therapeutics.
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Methods

Cell lines and culture conditions

4T1 (breast), CT26 (coloni;T26LacZ (colon), B16 (melanoma) mouse cancer cells;
786-0 (renal); U251 (glioma) human cancer cells; Vero monkey kidney cells;-B1Bad GM
38 normal human fibroblasts, were obtained from the American Type Culture Collection
(Manassas, VA). Cells wereltwred in HyQ highg |l ucose Dul beccods modi fi
(Hyclone, Waltham, MA) supplemented with 10 or 20% (3B) fetal calf serum (CanSera,
Etobicoke, Ontario, Canada). All cell lines were incubated at 37 °C in a 5%h@@idified

incubator.

Viruses, purification and guantification

The I ndiana serotype of VSV (VSV@m51 or wil
was propagat ed i rexpMsingoGFR, érefly lsciferaseSor ppli@dM-CSF
are recombinant der i wapteviousty$1650291) MaBadapdAL asd e s Cc r i
described in(166) was obtained from Dr. David Stojdl. All viruses were propagated on Vero
cells and purified on 0% Optiprep (Sigma, St Louis, MO) gradient and all virus titer were
guantified by standard plaque agsan Vero cells as described {292) For experiments
described inFig. 34a and Supplemental Fig. 8% wtvSV was first inactivated by UV

crosslinking with a total of 36DmJ/cnf.
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Drugs and cytokines

Colchicine, Vinorelbine, Nocodazole, Albendazole, Parbendazole, were obtained from
SigmaAldrich (St Louis, MO) and dissolved in DMSO. IFN(Intron A) was obtained from
ScheringPlough (Kenilworth, NJ). IFM was obtained from PBL Interferon Source
(Piscdaway, NJ). 16, IL-8, ITAC, IP-10, IL-29, IL-28a, and TNFa were obtained from

ProSpec Bio (East Brunswick, NJ).

In vitro treatment of cells with MDAs and rhabdoviruses

Confluent monolayers of cells were greated for 24 hours with drugs, followed by
infection with rhabdoviruses at indicated MOIs and incubation at 37 degrees Celcius in a
humidified 5% CQ incubator for the indicated times. Fluorescent images to detect virus
replication were obtained using the Axiovert S100 Fluorescence microscopeZ€a Ltd,
Toronto, ON). Cell viability was assessed using an alamarBlue assay (AbD Serotec) according to
manufacturers intructions by measuring fluorescence (530 nm excitation and 590 nm emission)
on a Fluoroskan Ascent Microplate Fluorometer (Thermierific, Hudson, NH). Virus titers

were determined from cell supernatants by standard plaque assay on Ve202glls

Flow cytometry

786-0 cells were plated in 3&ell dishes, pretreated with DMSO or 100 nM d¢otine
for 4 hours, followed by mo kP orwtVS¥GHRPiatdi®l o r
0.01.48hours later, cells were collected, washed and resuspended in HBSS with 10% FBS and

0.01% Sodium AzideSingle cell suspensions were labeled with or without 50 pg/ml propidium
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iodide (Sigma, St Louis, MO) and subjected to flow cytometry on a Beckman Coulter FC500 and

data analyzed with Kaluza v1.1 software.

Rodent tumor models

Six-weekold female Balb/c mice obtained from Charles River Laboratories
(Wilmington, MA) were given subcutaneous tumors by injecting 3 x>sifigeneic 4T1 (or
CT26L ac Z) cells suspended i n 10 dmplartatio? BuBiors At t |
were injected with 1x10pfu (in 50pl PBS) of the indicated virus. Four hours later, colchicine or
vinorelbine was administered i.p at the indicated dose. This was repeated a week later for a total
of two treatment cycles. Tumor sizes were measured every other day using an electranic calip
Tumor volume was calculated as = (length x wigith For survival studies, mice were culled
when tumors had reached 1600 Piffor in vivo imaging, an In Vivo Imaging System (IVIS,
Perkin Elmer, Waltham, MA) was used as described previdadl§). For viral quantification
described in Figur8.2b, tumors were dissected at the indicated times and homogenized using a
tissue homogenizer in PBS prior to quantification by standard plaque assay as des¢2é2y in
For the ovarian cancer model iFig. 32c, T-antigenpositive MISIIRTag transgenic mice
(described previously272) approximately 1@veeks of age were treated with weekly i.p
injections of 1 x 1P FU V S-GEpESIF and colchicine 1.5 mg/kg until endpoint as
determined by animal care guidelines. Doses were adjusted to body weights of individual mice to
account for weight gain over time. All experiments were performed in accordance with

institutional guidelines for amal care.
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Microarrays and analysis

786-0 cells were plated at a density of 4E5 cells iwedl flat bottom plate (Costar).
Following overnight growth, cells were treated with 100 nM colchicine or vehicle. Following a
4-hour pretreatment, PBS ov S V gebah MOI of 0.0lwas addedo cell cultures. Twentjour
hours posinfection, RNA was collected using an RNAasy kit (Quiagen). Biological triplicates
were subsequently pooled and hybridized to Affymetrix human gene 1.0 ST arrays. RNA quality
was measuck using Agilent 2100 Bioanalyzer (Agilent Technologies) prior to hybridization.

Microarray data were processed using AltAnalyze v2.0 under default paraf@é#yA
detection above background score >70, and a pV<0.€& wsed to filter probe sets. By
subsequently evaluating gene expression using constitutive probe sets shared across splice
variants, our analysis focused on changes in gene transcription rates rather than alternative
splicing mechanisms. Gene enrichmertalyses were subsequently focused on 248 genes
induced or repressed twoo | d by VSV@p51 rel at i vest pgO®d5, al |
BenjaminiHochberg correction). G@&rm enrichments were evaluated using GOr{65)
following correction for multiple hypothesis testing (Bonferonni). Pathway enrichments were
evaluated using David following correction for multiple hypothesis testing (Benjamini
Hochberg). Raw and processed microarray data has been deposited in thExpresy

database.

Cell lysis and Western blotting

Whole cell extracts were obtained by lysing inrB® Hepes, pH 7.4, 156M NaCl,
10mM EDTA, 10mM NaP,0;, 100mM NaF, 2mM NaVO,, protease inhibitor cocktail
(Roche, ) and 1% Triton-400 as describe@93) Following protein determination by Bradford
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assay (BioRad Protein Assay Solution, Mississauga, Ontaried0d@ of clarified cell extract
were electrophoresed using the NUPAGE SEXS5E Gel system (Invitrogen)nd transferred
onto a nitrocellulose membrane (BRad).Blots were blocked with 5% nonfat milk and probed
with rabbit polyclonal antibodies specific for VSV (a gift from Earl Brown), or BFN
(OAAB05131, Aviva Systems Biology, San Diego, CA), GAPDH (Abcaambridge, UK) as a
loading control, followed by horseradipieroxidase conjugated rabbit or mouse secondary
antibodies, respectively (The Jackson Laboratory, Bar Harbor, Mda@ds were visualized
using Supersignal West Pico Chemiluminescent substidtermoScientific Pierce, Rockford

IL).

Nuclear / cytoplasmic fractionation and Western blotting

Cell fractionation experiments were performed as previously desc(28) Briefly,
cells were washed with ice coldBB, swelled in Hypotonic buffer (0.5 M Hepes pH 7.9, 0.1 M
EGTA, 0.1 M EDTA with protease and phosphatase inhibitors), lysed with 0.19%40N#hd
cytoplasmic fractions collected by low speed centrifugatibiuclear proteins were then
extracted with hypertoa buffer (0.5 M HEPES pH 7.9, 25 M NaCl, 0.1 M EGTA, 0.1 M
EDTA, 30% glycerol, 20 mM NaF, 1 mM KO,, 1 mM NaP,O,, 1 mM DTT, and protease
inhibitor cocktail) and clarified.Nuclear and cytoplasmic fractions were resolved by gel
electrophoresis as above and membranes blocked with 5% BSA, cut into strips and probed for
the tyrosine701 phosphorylated (i.e. activated) form of Statl, total Statl, sB@Be
phosphorylated IRF3 dotal IRF3 (Cell Signalling/NEB, Whitby, Ontario). Antibodies against
Utubulin (SanteCr u z , Dal | a s-actinT{@eH &ignpllingh weate ubed as loading

controls.
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Quantitative realtime PCR

786-0 cells were pretreated for 4h with 0.1uM colchicineDiSO, and infected with
VSV@p51 at MO I 0.01 or mock. 16h | ater, cell s
cytoplasmic fractions (Norgen Biotek Corp., ON, CanaB&A extraction was performed using
Qiagen QiaShredder columns and the Qiagen RNk#&g@iagen, Valencia, CA, USARug
RNA was converted to cDNA with Superscript Il Reverse Transcriptase (Invitrogen). Real time
PCR reactions were performed with the QuantiTect SYBR Green PCR kit (Qiagen) on-a Rotor
gene RG300 (Corbett Research, Ausiggl Optimal threshold and reaction efficiency were
determined using the Rotgene software. Melt curves for each primer exhibited a single peak,
indicating specific amplification, which was also confirmed by agarose gel. Ct values were
determined usinghe Rotofgene software at the optimal threshold previously determined for
each gene. Gene expression relative to GAPDH was calculated using the method described by
Pfaffl et al(294) Fold induction was calculated relative to the DMSO treated control for each

gene. Primers were designed using Primer ®\{gequences available upon request).

ELISA

Cells were plated in 1ell dishes, pretreated with DMSO or 100 nM colchicine for 4
hour s, foll owed by mock i n@FePct(ioorn GRSOBEHENLf e ct i ¢
indicated MOI.Cell supernatants wemllected at different times pestfection, centrifuged to
remove cellular debris, and protease inhibitor cocktail adB&tSA was performed with the
Verikine Human or Mouse Interferon alpha and beta or m@GeCSFkits as appropriate (PBL

Interferon Sar c e ) by foll owi ng t h&bsarbanteivialaes at #s30eM 6 s |
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were measured on a Multiskan Ascent Microplate Reader (MXT Lab Systems, Vienna,

Virginia).

Polysome profiling

Cells were cultured in 26m dishes until confluencgnd then pretreated with colchicine
(100 nM), or vehicle (DMSO) for 4 hours followed by infection with VSV at 0.1 MOI. Cells
were washed 24 hours post infection with <col
collected, and lysed in a hypotonic lysisffiea [5 mmol/L TrisHCI (pH 7.5), 2.5 mmol/L
MgClIl 2, 1.5 mmol /L KCI, 100 e€g/ mL c y-tOD,@aide x i mi o
0.5% sodium deoxycholate). Lysates were loaded onto 10% to 50% sucrose density gradients [20
mmol/L HEPESKOH (pH 7.6), 100 mmal/L KCI, 5 mmol/L MgCI2] and centrifuged at 36,000
rpm for 2 hours at 4°C. Gradients were fractionated, and the optical density (OD) at 254 nm was
continuously recorded using an ISCO fractionator (Teledyne ISCO). RNA from each fraction
was isolated usingRIzol (Invitrogen) and treated with DNaseTurbo (Ambion) according to the
manufacturer's instructions. Reverse transcription PCRRBR) and sernjuantitative RF
PCR (gRFPCR) reactions were carried out using SuperScript Il H8tsind Synthesis System
(Invitrogen) and SYBR Green Supermix (Qiagen) according to the manufacturer's instructions

using primers for IF, a and VSV M(sequences available upon request)

Immunofluorescence and assessment of Polynuclear cells

Human 7860 renal carcinoma cells arormal human GMS8 lung fibroblasts were
cultured in DMEM/10% FBS and plated in 12 well dishes with glass coverElghlewing a 2

hour 0.1 uM colchicine pretreatment (or vehicle control), wells were infected with oncolytic
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VSV@p51 expr es saem grotenr(@-P)rat afmlultiplcity @fanfection (MOI) of 0.01

(or mock). Alternately, cells were treated with supernatants (see below) or cytokines for
experiments in Figure8.5e,g. Plates were incubated overnight and coverslips were fixed and

incubatedwith primary and secondary antibodieskdubulin (ab21057, Abcam, Cambridge,

UK) and mounted on slides. Coverslips were then photographed at 40X using an inverted
fluorescence microscope and polynuclear/infected cells were counted fqoic®ires pewell

and a minimum of 100 cells total.

Supernatant Transfer and Filter Experiment

7860 cells were cultured and plated as described above but were instead infected with
VSVDM51-DG-GFP at an MOI of 10. This virus can infect cells but cannot exit the cell due to
lack of the viral G protein, thus preventing release of viral particles in the supernatant. After
overnight incubation and verification of initial infection, supernatanteevidtered through a
100, 50, 10, or 3 kDa filters (Millipore, Billerica, MA) or left unfiltered before being transferred
to fresh 7860 plates with or without 100 nM colchicine. Coverslips were fixed, stained and
polynuclear cells counted as described\ah Alternately, an alamar blue viability assay

(described above) was performed.

Mathematical Modeling

The model describing OV replication dynamics in the presence of colchicine was derived
from our previous work®. The first four equations describe the transition betwhe uninfected

population (UP), the infected population (IP), the activated population (AP) and the protected
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population (PP) depending on the concentration of virus [V], cytotoxic cytokine [Cyt] and

extracellular [IFN] in the environment. These equatiare:

— 0 ® Y0 — 0 YO O 00 — T Y0
— 0 & Y0 — 0 00 t 00 — I (o]}
— — 0 00 0 00 | 00 — r 00
— 0 YO 0 60 0 00 r 00

The parameters used in the above equations represent the infectidf,haténé rate of
IFN signaling activation(( ), the rate of IFN signalling inactivatio ( ), the EC50 of
IFN (EGso 1en), the rate of virusnediated cell death (), the EC50 of the cytotoxic cytokine

(EGso cy), the rate of cytokinenediated cell death (- ),and the ate viral clearanced( ).

The next subset of equation describe the concentration of virus, interferon, and cytotoxic

cytokinein the media. These equations are:

= . P . . e

— 0 ‘00 0 00 U w YO T @,
Q000 008 ' 000
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The parameters described in the above equatepresent the rate of virus budding from
IP and AP ¢ and 0 , respectfully), the infection rateK(), the rate of virus
degradation( ), the rate of internal IFN production upon initial infectian (), the rate of
internal IFN production following activation of IFN defensas (), the rate of IFN transfer to
the extracellular compartmenky), the rate of IFN degradationi ( ), the rate of cytotoxic

cytokine productionl{ ) and the rate of cytotoxio/tokine degradatiorf ().

A Monte Carlo simulation was generated by varying the parameters in the above model
within a 1 log window (Supplemental Tablé®*}. These parameters were generated from
literature based evidence as described in our prevétudies. The difference between tumor
an normal cells i and U , which is set to be -100 fold greater in the tumor
microenvironment. The Monte Carlo simulation was performed by simulating the above
equations for a population of 2.5E5 cells in 1ml of media infected at an MOI=0.001, calculating
virus and viability at the 72h time point foradaEG, crando combination, and repeating the
simulation 5000 times with novel model parameters selected within the 1 log window. All
simulations were performed in Matlab using the ODE solver odel5s under default parameters

imposing a hon@egativityconstraint.
Statistics

Unless otherwise noted (see microarray analysis), ANOVA was used to determine
significance between al |l -Hoc tesd).tTimeellogank cestrwdsi t i 0 n ¢

used to determine significant differences in plots for sahgtudies. For all studies, significance
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was considered to mean av@lue below or equal to 0.05. Graphs and Statistics were computed

using Prism 5 and Excel.
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Chapter Synopsis

In the manuscript entitledCrosstalk between cancerells and activated fibroblasts
modulates innate antiviral responses a critical determinant of successful virusased
therapies | characterized the mechanism by which Cancer Assoeidibtoblasts (CAFs)
became sensitized to OV infection. By perforgiin mi cr oarray anal ysis of
CAFs and Normal Fibroblasts (NFs) isolated from the same patient, | determined that it was not
the lack of theCAFsability to induce IFN signalling, but rather that these cells are in a repressed
antrviral stae prior to OV infection Eigure 4.2c). Of the 88 genes repressed in CAFs, 55 were
induced following OV treatment, and represent the fraction of genes targeted by type | IFNs
(Figure 4.24). These results were confirmed by gRTR Eigure 4.2¢€), as well asn a second
patient (Appendix Figure 12). Under the assumption that it is the amtal baseline which
drives resistance, | performed a singtep growth curve in both CAFs and NFs with a wildtype
variant of VSV capable of inhibiting mRNA export. Thigoeximent consists of infecting cells at
a high PFU to cell ratio (MOI=5), and monitoring the amount of virus produced on a per cell
basis. By tracking virumediated gene expression by GHRy(re 4.2f) and viral titers Figure
4.29 over time, this expement demonstrates that a viral strain capable of inhibiting the
induction of antiviralresponsess nonetheless associated with preferential replication in CAFs.
This result confirms that CAFs are in a repressedhanati stateprior to infection. As such
tumor cells are associated wah augmentethteof viral genome replication and expression; the
assumptions used in chapter Il & Ill. This observation opens the door to the use of these anti

viral genes as predictive biomarkers for OV therapies.
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After Dr. llkow determined that CAFs sensitized resistant cancer cells to infection, |
performed simulations to gain further insight into the impact of tumor heterogeoeity
infectivity. At steady state, tumors should have varying ratios CAFs, NFs, ResiatargrCells
(RCC) and Sensitive Cancer Cells (SCEjom our observationgach cell typds associated
with varying degrees of IFN production, IFN responsiveness and virus produzdversity
which should affect the outcomaf OV therapiesUsing the modetlevelopedn chapter I, |
amended the parameters to describe OV replication in each of these populappendix
Table 5). | then modified the mathematicaimodel to examine the effects of homogenously
mixing resistant cancer cells witlarying ratios of these three different steady state populations
(Appendix Figure 6). This was achieved by duplicating the equation Wét, IP, AP and PP
describingthe second populatiomnd addingheir contribution to the total amouat virus and
IFN. | then simulatedthe cytotoxicity in both populations following 72h infection at varying
cell-to-cell ratios. By performing a Mont€arlo simulation similar to Chapter Il/lll, repeating
the simulation 1000 times with different parameter pairings, my geal i investigate the

impact of the cell infiltrate in tumors derived from resistant cancer cells.

From these simulationshe greatest impact on RCCs was when they wereultared
with NFs When NFs were the dominant population (>75% of the populatR@Ls could be
fully protected against infectio@Appendix Figure 7@. RCC could conversely sensitize NFs,
whenrepresenting betweer’5% ofthe populationin contrastCAFshadlittle to noimpact on
the levelcytotoxicity in RCCgAppendix Figure 7b). Although associated with a defect in IFN
defences, thipropertyfailed to further enhance replicationRCCs Increasedytotoxicity, was

only observed Wwen cocultured with SCCswhereincreasing the size of this populatilead to a
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continuousiise in sensitizatiorfor RCCspopulation albeit to a lesser degree than the impact of
NFs (Appendix Figure 7¢). In contrast, RCQailed to transfer resistance to this population.
From these simulations, | concluded that while NFs could contribute to the emergé
resistance in RCCsvhen theywhere the dominant populatioSCCs could sensitiZRCCs even
whenat low proportionsn the populationAs such, the level of cancer cell sensitivity is not only
defined by its transition toreSCC phenotype, throughe plethora ofyrowth factors produced
by CAFs, butequally affected by lowlevel infiltration from cells with variedFN and virus
output. This would suggest that the frequency of each populationlgrediuences treatment
outcome other than CAFs which have little to no impact on the behaviour of iR@t& absence

of cell-to-cell communicatiortonverting them to a SCC phenotype

To better understand the impact thie infiltrate, | varied the rate of virus budding
(Kgud_ip), the mte of IFN production (l&n1) or the degree of IFN responsivenessg(ly), for a
subpopulation of infiltrating cells (5% of population) with all other parameters identical to the
RCC. These simulations indicate that while increasing $€Nsitivity or poduction from the
subpopulation could drive RCC resistance, decreasing these parameters had little to no impact
on cytotoxicity in RCCs Appendix Figure 8). On the other handurther increasinghe rate of
virus budding was the only parameter testedcWhionecould sensitize the predominant RCC
population(Appendix Figure 8). It would therefore appear that sensitive cancer cells sensitize
the local region by releasing large amounts of virus particles, and not inherently by their defect
in IFN productio. This observation explains why CAFs, had little to no impact on RCC

behaviour as their rate of virus production and release was assumed to be equivalent.
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Abstract

Signalling between cancer cells and the normal stromal cells that support them is known
to negatively impact the activity of a variety of chemically basedcartcer therapies. Here we
demonstrate that in the case of oncolytic virus based therapeutics, crosstalk between cancer
associated fibroblasts (CAFahd cancer cells leads to enhanoddctivity. TGFb pr oduced b
tumour cells rgprograms supporting cancer associated fibroblasts dampening their steady state
level of antiviral transcripts and rendering them sensitive to virus infeciidéa.found that in
turn, CAFs produce high levelsf fibroblast growth factor 2 (FGE) initiating a signaling
cascade in cancer cells that leads to a decrease wh &d@ession and impedes the ability of the
malignant cell to sense and respond to an invading virus therapgeyiancreatic cancer patit
explants, the expression of F@Fcorrelated with susceptibility to infection with oncolytic
viruses and resistant patient samples could be sensitized by the addition-2fifr@Eo and in

Vivo.
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Introduction

Tumours are complex ecosystems congpds o f net wor ks of i nter a

malignant cells. It is now recognized that cytokine mediated crosstalk between normal stromal
cells, like cancer associated fibroblasts (CAFs), vascular endothelial cells, immune cells and
cancer cells influenceall aspects of tumor biology including growth, metastasis, angiogenesis,
and local immunosuppressid@295) CAFs represent the most abundant stromal cell type in
many tumors including renal, ovarianghst angancreatic carcinomg296). In many settings,
metabolic coupling and paracrine communication between cancer cells and CAFs can determine

the impact and resistance to a variety of cancer therap¢2@e299)(297299y°"2%°

(42, 297301) We are developing virus based anéincer therapeutiq211, 243)and sought to
determine if CAFs impact the ability of oncolytic viruses (OVs) to infect and destroy cancer cells
within the tumour bé. In the present study, we tested the hypothesis that factors secreted by the
tumor stroma modulate, at least in part, OV replication within the tuserdiscovered that, in
contrastwith primary normal fibroblasts, CAFs support the replication of thewap viruses and

can enhance the sensitivity of tumour cells to OV infection. The increase in virus infectivity

appears to arise from cross talk between the FGF2 and interferon regulated pathways.

Results

Stromal Cell Secreted Factors Sensitize Cancerl€& Oncolytic Virus Infection

To test for interactions between tumour and stromal cells that could influence the

replication ofoncolytic viruses, we compared and contrasted infections in mono-aultcwes.
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Human renal cell carcinoma cells engineax@éxpress the red fluorescent protein (dsRBB-

0) were cultured alone or in the presence of unthggecer associated fibroblasd oncolytic
version of Vesicular Stomatitis Virus encoding green fluorescent protein PFEGFP) was

used to infect eliter the dsREEY86-0 tumour cell line, cancer associated fideds or ce
cultures of the twoAt the indicated times, cultures were examined and the extent of virus
infection and spread determined by the expression of green fluorescent protein (GFP}h&nde
conditions used here, the #86cell line is relatively refractory to VSV infection however pure
CAF cultures, isolated from two distinct lung cancer patients, showed some level of sensitivity to
virus infection. Interestingly in the CAF:78b co-cultures there appeared to be significantly
more GFP expressioffFigure 4.1a)an observation that was substantiated by titering of virus
produced from infected cultures (Figudelb). From these experiments it was difficult to
determine if the increase in us replication in cellular coultures occurred in both the tumour
and CAFs so a more detailed quantitation was carried out using flow cytometric analysis of
individual infected cells (Figre 4.1c,d). This analysis revealed the in-adtures there was
apporoximately a 700% increase in OV infection of f@@ells and up to 500% increase in OV
infection of CAFs compared to infection of either cell alone. Fetal fibroblasts (e3g8Wells)

are known to display many of the markers associated with canceiatsdaoiibroblasty302

305) and also sensitized 7&86cells to infection with VSV Supplemental Figure 1a,5%). We

tested two other humaracer cell lines and found that both a human pancreatic line (MiaPaca
2) and an ovarian cell line (OVCARS8) could be rendered more sensitive to virus infection when
cultured in the presence of CAFs (Supplemehiglires 1d,§$$). Furthermore the effect wa®t
restricted to VSV as the replication of a thymidine kinase deleted vaccinia virus, currently

undergoingclinical developmen(211, 243) also showed enhanced tumour replication in the
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presencef CAFs (Supplementdligures2a,b,c and &%. To determine if virus sensitization was

due to the secretion of paracrine factors or required cell:cell contact, we used transwell cultures
wherein the upper chamber containeither a pancreatic tumour cdihe (MiaPaca?), fetal
fibroblasts (W#38) or CAFs isolated from a human pancreatic tumour (Figute). The
transwell cultures were grown for 72 hours and then the upper chamber removed and the lower
tumor cellculture infected wit an oncolytic VSVGFP strain (kgure4.1e and f) or amncolytic
vacciniaGFP strain (8pplementalFigure 2e and ¥%. From fluorescent imging, bright field
microscopy (Fyure 4.1e) or virus tiering (Fgure 4.1f) it was apparent that MiaPagacells in

the lower chamber were substantially sensitized to oncolytic virus infection when exposed to

conditioned medium from fetal fibroblasts or CAFs.

The transition from a normal fibroblast (NF) state to a caassociated fibroblast is an
epigenetically regulated phenomena known to result from exposure of NFs to tumour secreted
factors like TGFD (35, 302, 306)Ve obtained normaiuman fibroblasts from a néamour site
and cultured them with or without conditioned media obtained from cancer cell cultures to create
genetically identical cultures of normal and cancer associated fibrobldstsphenotype of NFs
and CAFs was confined by immunoblot analysis against alpha smooth muscle a8MA), a
specific marker for activated fibroblag802, 303)(Supplementary Figre 5a). Conditioned
media from NFs is unable to enhance VSV growth in-U8&lls whereas conditioned media
fromTGFb acti vated NFs increased vird4lsg) pakemduct i
together these experiments suggest that a factor specificatlyged by CAF cultures is capable

of sensitizing cancer cells to virus infection.
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Figure 4.1. Paracrine factors secreted by cancer cells and activated fibroblasts enhance
oncolytic virus replication

a, Monotypic cultures or caultures of dSREEY68-0 and CAFs derived from two patients (P1

and P2) wer e i ni{GERadta thultiplicity ¢f infsc8od gvEOD) of 0.01. At 24
hours cells were fixed and nucl eh V%¢%wmel st iat @ar
from mone or cocultures were determined by plaque assay at 24 hoursinfestion. c,
dsRED786-0 cells cultured alone or in combination with WI38 fibroblasts were infected with

V SV gp&HAP (MOI=0.01, 24 h) and processed for flow cytomatralysis. Plots were obtained

from gated dsRED positive celld, WI38 fibroblasts cultured alone or in combination with
dsRED7860 cel |l s wer e infected with VSVm51 expr
processed for flow cytometry analysis. Plots wer&ioled using dSRED negative fibroblasts.

Plots shown are representative of at least three independent experanbhéf?aca cells were

cultured alone or in combination with activated fibroblasts grown on transwell inserts. After 72
hours, inserts weremeo ved and Mi aPaca cel | sGFRv@0ODIle0.00lnf ect e
24 hr). e, Representative GFP and brigigld (BF) images are showrf, Cell associated
supernatants from MiaPaca cells grown and infected, as described in (g), were collected and
virus titers were determined, 786-0 cells were cultured with regular growth medium (GM) or

in conditioned media from normal GM38 fibroblasts (NFCM) or activated fibroblasts (NFACM).
After 72 hour s, cells were infect edinfestioush VSVc
virus particles was assessed by plaque assay. Error bars show + s.e.m. of triplicate infections.
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Cancerassociated fibroblasts are uniquely sensitive to vihased therapy

As demonstrated previous{$82, 213) normal GM38 foreskin fibroblasts are refractory
to infection by oncolytic viruses but when these cultures were passaged continuously in the
presence of cancer cednditioned medium or GFol they eventually becomsensitive to OV
infection (Supplementary Figures 4a¥®and 6a,b,c,d®¥. This model system suggested that
perhaps CAFs isolated from tumours have increased sensitivity to OV infection when compared
to their normal counterpart®/e obtained CAF and NEultures from two lung cancer patisnt
and tested the sensitivity of these cells to OV infection. CAFs are significantly more sensitive
than their NF counterparts to infection with tumour selective virusesG¥?, VS\D51-GFP,
and Maraba MG1 virus (Figuré.2a&b). These data suggested to us that normal stromal cells
growing in the presence of tumour cells havgomegrammed their transcriptional response to
virus infection and render them sensitive to infection compared to their normal counterparts. To
testthis idea, we used microarray analysis to compare and cotiteasellular transcriptional
response following virus infection of NF and CAF cultures isolated from the same platia.
absence of infection, a total of 87 genes are repressed in CAfpaed to genetically identical
NFs (Supplementary Tablé%. GeneOntology (GO) term analysis of these genes revealed that
the primary processes repressed in CAFs in the absence of infection are innate antiviral
responses and Type | interferon (HNsignaling circuits (Figire. 4.2c). Following infection,
63% of these repressed genes (55/87) were induced to levels equivalent to, or greater than, those
observed in NFs. Partitioning of these genes according to their induction status-byskeN
Materiak and Methods) revealed that all of the repressed genes targeted by IFNs were induced

following VSVD51 infection (Figire. 42d & e). Using two pairs of donematched NFs and
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CAFs, we validated these observations by performing quantitativéimeaPCR (gER) of key
antiviral response genes (D38, OAS2L, RSAD2, BST2, and IFI44L). In patient 1, these
genes were repressed 20 to 2000 fold in CAFs, and 3 to 84 fold in patienug (ERf and
Appendix Figure 1P Conversely, all of these genes were indut@d600 fold in both patients
following infection with VS\D51. This is in sharp contrast with NFs, where these genes were
maintained at a high baseline and induced at best 2 fold following infediguaré. 42f and
SupplementaryFigure5b™%. Taken togther, this data indicates that CAFs are in a repressed
antiviral state prior to infection but retain the capacity to produce or responNgolh-contrast,

NFs maintain a higlantiviral stateat baselineand do not require dramatieduction of antivira

genes teslow or block virus infection.

In this view, even a virus that has the capacity to prevent induction of IFN signaling
should nonetheless be associated with a greater burst of replication in CAFs. As such, we
performed singlestep growth curves in patiederived samples using a witgpe isolate of VSV
(VSV-WT) encoding GFP to monitor infection. This natural isolate of VSV maintains a
functional M-protein which blocks mMRNA export of antiral defense gene products, including
IFNs, through direct inhibition of the nucleopoUP98(190, 191) While both CAFs & NFs
are infected by VSWVT (Figure. 42g), virus replication was severely diminished in NFs
compared to CAFs likely due to lagh baseline of expression of amital defense genes in
normal cells Figure. 42 g,h). In sum, these findings provide evidence fareavired anttviral
response program in CARghere an initial burst of virus replication allows the virus to outpace

activation of antiviral defenses.
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Figure 4.2. Cancerassociated fibroblasts, but not normal fibroblasts, are sensitive to virds

based therapy due to rewired anti-viral networks

a, Microscopy images frolNFs and CAFs, derived from the same cancer patient, infected with
VSV @p&AP (MOI=0.1, 24hr) or MG1XGFP (MOI=0.1, 24 hr) or oncolytic VNGFP

(MOI=0.1, 48 hr). Nuclei were stained with DAPI. Scale bar=i0b, NFs and CAFs derived

from two cancer patients were infected as des
and VV were conductke ¢, GO-term analysis of biological processes associated with genes
repressed in CAFs vs. NAFs. Genes selected for analysis are the subset of genes repressed over
threefold in CAFs (n=87/25465). lllustrated G@rms represent all those significantly diént
(hypergeometric test pValue<0.001) after correction for multiple hypothesis testing (Behjamini
Hochberg).d, Fold change in gene expression as a function of previously documented induction

by type | IFNsfor genes repressed in CAFs but induced okiezef ol d by eWBI¥V p5 1.
change in gene expression as a function of previously documented induction by typedrIFNs
genes repressed in CAFs but nfdd). Inductidnbgtgpd | by VS
IFNs was established when one or morieroarray datasets within the interferome database
documented induction by type | IFNs.Quantitative reatime polymerase chain reaction (QRT

PCR) of select genes categorized as repressed in CAFs (>3 fold) and induced (>3fold) by
VSV@p51 acco midroarray analgsis. qRPER was performed on CAFs and NAFs
obtained from cancer Patient 1 ¢, NAFsamdtCArks or n
derived from Patient 1 were infected with VSV wilghe expressing GFP and microscopy

images were taken aft 24 hourspost nf ect i on. S b, &ihgestdp growthlcOr®e € m.
analysis of VSWWT in NFs and CAF<Error bars indicate standard deviation among replicates.
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FGFE-2 enhances virus replication and oncolysis in cancer cells

To identify the secred factor(s) that mediate the sensitization of-@8glls to viral oncolysis,

we tested a defined set of cytokines and growth factors known to be commordgs=gwithin

the tumour milieu35, 59, 296, 30-810). While all of the candidate cytokines tested were able
to activate signaling pathways within 786cells (Supplementary Figure% only FGF2 was

able to significantly enhance VSV replication (Supplementary Fi)7tAs described above,
TGHo1 treatment of normal fibroblasts can sensitize them to oncolytic virus infection however it
has no impact on the ability of 7&6cells to supprt virus growth.VSVD51 multistep growth
curves in 768 cells showed that FGHKZpendent virus sensitization increases the rate of virus
replication and the maximum amount of virus yield per (@llpplementaryFigure8d™®. The

virus sensitizing actity of FGF2 was diminished in a dose dependent fashion with specific
neutralizing antibodies (Supplementdigure8c™). The activity of FGF2 was independent of

the oncolytic virus tested (Figure3ap), occurred in several different cancer cell li€ggure

43c & Supplementarfigure8e$$3§ and was not simply a consequence of an in increase cell
proliferation following growth factor stimulation (Supplementary Figur§$$7.elnterestingly
FGF2 was unable to enhance M4 replication in normal GM38broblasts Figure4.3c) but

did enhance virus replication inGBI8 cel | s t hat had been transfoc
fibroblastl i k e 0 st areatmer (Figufd@¢).0rhe closely related growth factor FGF1,
although able to stimulate phosphiation of ERK in a FGFHeceptor dependent fashion and
increase cell proliferation (Supplementary Figure 7E?B,eloes not lead to sensitization of 786

0 cells to VSV infection (Supplementary Figure 8 a,ﬁ?a).eCoculture systems were analyzed

to detemine if FGF2 was responsible for establishing the-pimal state in cancer cells. In both,
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patentd er i ved CAFs and t-heaiiated transfatniatoa, -GH2 expréssidn b
was higher than in its corresponding NF counterp&itgife. 43d) and wasnaintained upon co
culture with cancer cellsHgure. 43e). To confirm the role of FGF2, we selectively blocked
FGF2 signalling by transfecting specific small interfering RNAs (siRNdisected against the
FGR2 transcript into activated fibroblasts (Supplementgigure10a,5%%. Knockdown of
endogenous FGR2anscriptsin activated fibroblasts led to a significant attenuation of SV
replication in CAFcancer cells caultures Figure. 43f,g and Supplementaryigure10¢™*9).
Co-cultures containing FGF&ilenced fibroblasts produced V®Y1 titers that were
approximately tediold lower than controlKigure. 43g). Similar results were observed when the
impact of CAFcancer cell caulture was analyzed by flow cytometry (Supplementary

Figure10d,&%9).
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Figure 4.3. FGF2 induces replication of various clinically relevant oncolytic viruses in a
panel of cancer cells and activated fibroblasts

a, Representative fluorescent images fr@86-0 cells pretreated with 20 ng/ml of FGF1 or
FGF2 and subsequently infected with various OVs. Scale bamidf) 786-0 cells were treated

and infected as indicated in (a), and virus yields assessed by plaque @Sday indicated
human cancer celines and normal fibroblast were treated with FGF1 or FGF2 priorggSV
infection (MOI=0.01). Means of virus yields from three independent experiments were
calculated and plotted. Error bars are shown as standard devdtidatal cell lysatesdrom
patient derived NFs and CAFs or from GM38 treated with @1GBr vehicle controlwere
collected, a n d i mmunobl ot SKA aFGK2s arsl Tubwin angbodigs were
performed.e, Levels of secreted FGF2 from monotypic cultures ocultures of dSREEY68-0

cells and various fibroblast were assessed by western blot analysis. f and g, Pancreatic fibroblasts
were treated with siRNA scramble control (siSC) or siRNA for FGF2 (siFGF2) for 24 hours, and
then ceincubated with dsSRE&86-0 cells for 60 hours. Mor®r co-cultures were infected with
VSVp51 (MOI=0.01).f, Shown are representative microscopy images 24 hoursrjestion.
Nuclei were stained with DAPI. Scale bar, 100. g, Values represent the meas.e.m. titer of
VSVqgbl from triplicate expements
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FGF-2 modulates antiviral IEN responses by doweaqulating RIG-1 signalling

Since FGR2 enhances the replication of a variety of oncolytic viruses we investigated whether it
was able to dampen normal interferon mediatecharati activity. The rate oiNF-I secretion by
untreated or FGF2treated cells upon V51 infection was monitored. FGF2 specifically
delays the expression of IIlle(SuppIementarFigure.9$$$) in response to virus. In addition, we
found that when challenged with II-FFGF2 treated cells were still significantly more sensitive
to OV replication than mock or FGHieated cells. Specifically, virus yields were almost 100
fold higher in these samples (Supplemeniﬁilgure.10$$$). The ability to recognize cytosolic
viruses, and activate IFN responsesdepends on the RIGlike receptor (RLR) family of
proteins(311-313). One of the bestharacterized RLRs is RK; which detects short double
stranded viral RNA species in the cytosol derted cells and triggers signaling pathways that
induces the expression of IFNs and tBtimulated genes (ISGs). We examined whether FGF2
impacts RIGI expression levels by immunoblot analysis and indirect immunofluorescence.
Results shown in Figuré.4ap revealed a significant reduction on RI@rotein expression in
FGF2treated cells. In parallel, we also observed decreasedl RKpression in cancer cells

cultivated with activated fibroblasts grown in a transwell chamiBigu(e. 44c,d).

RIG-I responses are orchestrated by the mitochondrial antiviral signaling protein, MAVS. Upon
viral infection, MAVS adopts a conformational change in response tel RisEvation, leading
to its oligomerization and subsequent waation of downstream regafiors (314) A direct

consequence of oligomerization is the activation, and nuclear translocation, of transcriptional
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activators including interferon regulatory factor 1 (IRFB15, 316) We observed that
pretreatment of cancer cells with FGF2 not only reduced oligomerization of MAVS upon
VSVD51 infection Figure. 44e), but equally blocked IRF1 nuclear translocatiinguyre.

4.41,9).
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Figure 4.4. Modulation of anti-viral responses by FGF2

a, 7860 cells were treated with FGF1 or FGF2 (20 ng/ml) for 24 hr prior to indirect
immunofluorescence staining with RliGantibodies.Nuclei were stained with DAPI. Scale bar,

6 0 d&,rMVestern bot analysis for RiGand Tubulin [oading control) in 78® cells treated

with FGF2 (20 ng/ml) for the indicated periods of timeMiaPaca cells were ecultured with
pancreatic fibroblasts in transwellinserts (TW) for 72 hr. Cells were then fixed and processed for
indirectimmunofluorescencstaining using RIG antibodies. Nuclei were stained with DAPI.
Scal e b ad MiaP&ca celts nvere cultured as indicated in c. Levels of-Rytein in

total cell lysates were assayed by immunoblot analysis withIRlé2cific anitbodies. The blot

was reprobed with antibodies for Tubulin as a loading conteoll86-0 cells were treated with
FGF1 and FGF2 (20 ng/ ml) prior to mock or \%
mitochondria were isolated and then crosslinked withbisaleimidohexane (BMH) prior to
analyses by western blot with antibodies specific to MAVS and complex Il (loading cohtrol).

andg,Anal ysis of nuclear translocation of | RF1
12 hr) in MiaPaca cells, eoulturedwith Pancreatic fibroblast (f) or in 78® cells pretreated
with FGFlorFGFZ 20 ng/ ml ) (g) . Scale bar, 60 ¢&m. | me

independent experiments.
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Co-engraftment of fibroblasts with cancer cells significantly enhancesusi replication in

tumors

To investigate the hvivo effect of crosstalk between the CAF and the cancer cell compartments
on OV replication, we generated human pancreatic tumor grafts containing MaRatla
alone (MiaPaca tumors) or in combination wéittivated pancreatic fibroblasts (MiaPaca+PaCF
tumors) in SCID miceDue to the fibrotic nature of pancreatic cancers (PaC) and the important
role of CAFs in resistance to conventional therapyhis diseas€35, 37, 299, 31-819), we
focused our in vivostudies on pancreatic cancer models. Immunohistochemical analysis of
MiaPaca+PaCF tumors showed a high densita-&MA and FGF2 positive cells relative to
control MiaPaca tumors (Supplementaﬁgure12b$$3§. Upon ceengraftment with CAFs,
MiaPaca tumors became highly sensitized to WSY infection. The presence of CAFs
substantially enhanced V®81-Luciferasereplication in the tumor as indicated by higher virus
titers Figure.45a), and increased transgene activiig(re.45b). This was not due to
differential tumor growth between groups since at the time of virus treatment; there was no
significant size diference between both models (Supplemenkigure12a*. Similar to our
in-vitro observations, it appears that this result is attributed to a repressedranstate.
Detailed immunohistochemical analysis using antibodies to visualize viral pra®{ad, and

CAF markers showed that the infection usually occuraré@as of tumor enriched in fibroblasts
and deprived of RIG expressionigure. 45¢ and Supplementat?yigurela’m’). Similar results
were observed when infecting tumor explants/ien (SupplementaryFigure14*%), indicating

that neither improved virus delivery, nor immune recruitment, is the main cause of CAF

dependent OV sensitization of tumorsvino.
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FGF2 induces sensitivity to oncolytic virus therapy in tumor grafts

To determine whéer FGF2 plays a significant role in sensitizing tumors to Mixased therapy,

we monitored VSD51-Luciferase delivery in SCID mice harboring bilateral MiaRadamors
pretreated or not with intratumoral injections of recombinant FGF2 protein (Suppigmen
Figure158®). FGF2 increased Vb 1-Luciferase titers by more than tenfold in MiaPaca
tumors Eigure. 45d), as well as viral luciferase transgene expresgiogure. 45e). Similar

results were observed in OVCAR®d 7860 xenografimodels (Supplementafigure15b,¢®.
Consistent with the notion that FGF2 impairs RI@&sponses, virus infection tocalized in

areas enriched in FGF2 and poor in RI&aining Eigure. 4.5§. Once again, infection of tumor
explants ewivoindicate that FGF2mediated sensitization is not the result of improved virus
delivery, nor immune recruitment, but rather of impaired innate immune responses associated

with RIG-I circuit inhibition (Supplementarfigure17°*9),

Patient samples were next examinedastablish the role FGF2 signalling in OV therapies. After
obtaining pancreatic cancer patiggrived tumor grafts, we selected samples on the criteria of

low (P025, P009, P0O3&nd PO3% or high @013, P019, P023, and P032) FGF2 protein
expression leve(Figure. 45¢g), and infected them exi vo wi t h VSV@p51. Usi n
biomarker for OV infection, we observed that patients with high FGF2 expression were much
more susceptible to infectiofrifure. 45h). To confirm the role of FGF2 in Q%ensitizationin

two patientderived samples, tumors were embedded in N&IDD mice and treated or not with
recombinant FGF2. Similar to our MiaPaZaxenograft model, FGF@retreatment was

markedly efficient in sensitizing these tumors to \IB\X, enhancing replicatioover 1006fold

(Figure. 45i).
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Figure 4.5. Cancer-associated fibroblasts and FGF2induce sensitivity to OV therapy in
xenograft models and in tumor grafts derived from Pancreatic cancer patients

a, VSVD51-luciferase (1E7 pfuwas delivered IV into SCID mice bearing bilateral MiaPaca or
MiaPaca+PaCF tumors. After 72 hours, tumors were homogenized and virus was titrated by
plaque assay. Data are means.e.m. (=7-9 per group)b, Representative bioluminescence
images of (a)c, Tumor tissues from (a) were stained with antibodies specific for VSV and
aSMA. Higher magnifications of the areas outlined are shown. Scale bam. X, VSVD51-
luciferase (1E7 pfu) was delivered IV into SCID mice bearing MiaPaca tumors previously
supplenented with FGF2 (3 ug) or vehicle contrdfter 72 hours, tumors were homogenized
and titrated by plague assay. Data are mearsse.m (=7-9 per group).e, Representative
bioluminescence imagesf (e). f, Immunohistochemicalassessment of FGF2,RIGand
VSVD51 from (e).g, Immunohistochemical assessment of endogenous FGF2 expression in
tumor grafts derived frorPancreatic cancer patients. Tumors were arbitrarily classified based on
a pattern of low or high FGF2 protein exmies. h, Tumor cores from low or high FGF2
expression group were infected with VIBY1 exvivo (1E4 pfu). Supernatants were titrated 48
hours posinfection. i,VSVD51-luciferase (1E8 pfu) was delivered IV into N&ECID mice
bearing bilateral tumors derivdtom Pancreatic cancer patients (PO06 and P008), which were
previously supplemented with FGF2 (3 ug) or vehicle control. After 72 hours, virus titers were
assessed. Data are means.e.m. among replicates=5 per group).

120|Page



Conclusion

In the presenstudy, we showed that communication between cancer cells and CAFs is a
driving factor involved in targeting virdsased therapies against tumors. From our findings, it
appears that cancer cells have the ability to educate surrounding normal fibrobleptegoam
their gene landscape to improve immune evasion. Microarray data from NFs and CAFs derived
from cancer patients revealed that CAFs have markedly lower expression of gene products
involved in defense responses against pathogens, and are strikimglysensitive to OV attack
when compared to their normal counterparts. Although contributions from other soluble factors
within the tumor microenvironment cannot be excluded, our findings imply thabT&Fa key
factor involved in promoting this moleaul switch in fibroblastsConversely,we found that
FGF2 is in part responsible for deregulating -amtal circuits within cancer cells by CAFs, and
together create a hub for optimal virus replication. Indeed, providing FGF2 to the tumor milieu
was suffieent to dampen RI& protein expression levels and augment OV replication across
several tumor models. In this regard, it is perhaps not surprising that many viruses have evolved
virulence factors that are orthologous to FGF2 (e.g. Baculovir(8%322) or that induce

production of FGF2 (e.g. Rhinovirusg23)).

The key question that arises from our findings is why do these pagdetors promote
a global previral state within the tumor milieu? Interestingly, both factors are secreted during
wound healing(324328), a process that is becoming recognized as adkeing factor of
tumorigenesisieal (34-36). In regards to immunity, wound healing activatesmunosuppressive
processes tactivate antinflammatory pathways and prevent systemic inflammagio®80)

which are likely rewired to be persistent in the tumor microenvironment. As tumors evolve to

121|Page



full-blown malignancy they likely eliminate/inactivate the function of certain ieterf gene

products, but by doing so compromise their innate cellularvanali responses to varying
degrees. Schreiberdéds group showed that one of
it transitions to a stealth phenotype is the loss of exessi genes in the interferon pathway

(21, 107) This key characteristic may not only be used for designing targeted therapies, but may
equally serve aa predictive marker for stratifying patierits their responses to OV light of

our preclinical data in pancreatic cancer patagrived tumor grafts and human xenograft
models, we argue that FGF2 could have a potential prognostic value for virotherapy in PCa

tumors.
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Methods

Reagents

The following reagents were purchased from the respective suppliers: General laboratory
chemicals from Sigma Chemical Co. (St. Louis, MO); Media, horse serum and fetal bovine
serum (FBS) for celtulture from Life Technologiekvitrogen, Inc (Carlsbad, CA). MiaPa€a
OVCARS, 7860, Vero, U20S, L929, and WI38 cells from the American Type Culture
Collection (Manassas, VA). Human normal GMO00038 foreskin fibroblasts (abbreviated as
GM38) and human tal pancreatic fibroblasts (PaCF) were obtained from the Coriell Cell
Repositories(Camden, NJ) and Vitro Biopharma&dlden, CO), respectively. Normal and

cancerassociated fibroblasts (CAFs) derived from lung carcinoma patients

Cell culture and viruses

786-0 , OVCARS, uz20sS, Ver o, PaCF, WI 38 and CAFs
essential medium (DMEM) containing 10% fetal bovine serum (FBS), and 1 mM HEPES.

MiaPaca2 cells were cultured in DMEM supplemented with 10% FBS and 2% horse serum.
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GM38 fibroblasts and patiertterived normal fibroblasts (NFs) were cultured in DMEM
containing 2% FBS, and 1 mM HEPES. Cells were incubated at 37°C in a humidified
atmosphere with 5% G@nd 80% humidityEngineering and rescuing of the interferon sensitive
versionof VSV, termed VS\D51, has been described befdfigé5) The oncolytic version of
Maraba virus, nameG1, was previously describgd66) HSV-1 N212 expressing GH329,

330) was a gift from Dr. Karen Mossman lab (McMaster University, Canala)oncolytic
version of Vaccinia virus encodinGFP was previously describ€®31). Reovirus was a gift of

Dr. Patrick Lee Dalhousie University, Halifax, Canaddjll virus stocks were diluted with cell
culture media and then added to cells that had been washed with phdsgfeatd saline
(PBS). Cells were incubated with the viragculum for 23 hours at 37°C after which time the
inoculum was replaced with normal growth media. Infected cultures were kept at 37°C until

experimental analysis.

Cancer cell and fibroblast coultures

For direct invitro co-culture, cancer cells werplated with fibroblasts at a ratio 1 to 3
respectively in reduceserum medium (2% FBS). The cultures were incubated for 3 days after
which cells were infected with the indicated OV for 24 hours (Rabdoviruses) or 48 hours (VV,
HSV-1, and Reovirus). For imect coculture, cancer cells were seeded in the bottom dish and
activated fibroblasts were grown in cell culture transwellinserts (0.4 um pore, BD Falcon, San
Jose, CA). Similarly for conditioned media transferring experiments, cancer cells or fitsoblast

were grown in reduceserum medium (2% FBS) for 3 days. The supernatants were then
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collected, filtered and applied immediately to the indicated cancer cells or fibroblasts and grown

for 2 days before infection or viable cell counting by Trypan blueistgin

Cell treatment with various growth factors and cytokines

786-:0, OVCARS8, MiaPac& or WI38 cells were grown until 80% confluent in DMEM
containing 2%FBS and treated with FGF1 (20 ng/ml), or FGF2 (20 ng/ml) or EGF (50 ng/ml) or
TGH1 (10 ng/ml) or TGB2 (10 ng/ml), SDF1 (50 ng/ml), IL6 (50 ng/ml), or IL8 (50 ng/ml).

All growth factors and cytokines were obtained from R&D systadiarfeapolis, MN. Twenty

hours postreatment, cells were infected with indicated oncolytic virus for 24 hours

(Rhabdoviruss) or 48 hours (VV, HSM and Reovirus).

FGF1 and FGF2 signaling was abrogated by pretreating cells with a FGF receptor 1 inhibitor,
PD173074 (25 uM, Sigmaldrich). Similarly, FGF2 activity was diminished by adding a
specific aniFGF2 neutralizing antddy at the final concentration of 2 ug/ml to 50 pg/ml (R&D

systemsMinneapolis, MN.

Analysis of cell proliferation and cell death

Cell viability was calculated by trypan blue exclusion assay using a ViCell automated viable cell
analyzer (Beckman CoulteFullerton, CA).Cell death was measured witlRyotoxicity assay

measuringactate dehydrogenasgDH) releaseca s per t he manufactureods
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Madison, WI). All experimental conditions included three biological replicates and all

experimentsvere independently repeated at least three times and reported by mean values.

Enzymelinked immunosorbent assay (ELISA)

786-0 cells were pretreated with FGF2 (20 ng/ml) or vehicle control (PBS) 24 hours before
infection with VS\VD51 (MOI=0.01).Supernatants were collected at indicated time points and
secreted IFNb quantified using aVerikine human IFNo ELI SA ki t as per ma

instruction (PBL Interferon Source, Piscataway, NJ).

siRNA transfections

For FGF2specific silencing, WI38 or Pareatic fibroblasts were transfected with small
interfering RNAs (10 puM)against FGF2 (sSiIGENOME Smart pool for human FGF2 siRNA,
Thermo Scientific) or with nottargeting SiRNA (SiGENOME netargeting control, Thermo

Scientific). Transfections were carried u o according t o manuf ac
(Lipofectamindl RNAIMAX, Life Technologies). Interference of target gene expression was

confirmed by immunoblot analysis using FGF2 antibodies as described below.

Plague assays

For Rhabdoviruses, vero cells (5%1@lls) were infected with serial dilutions of virus containing
samples in 35 mm dishes for 1 hour. Cells were then washed and overlaid with warm 0.5% (w/v)
agarose in culture medium and incubated for 1 day. Viral plagues were visualized by staining

with 0.05% (w/v) crystal violet in 17% (v/v) methanol for 2 hours at room temperature.
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For Vaccinia virus, U20S cells (7.5xX)0vere infected with serial dilutions of virus containing
samples in 35 mm dishes for 2 hour. Cells were then washed and overlavdawiihl.2% (w/v)
methylcellulose in culture medium and incubated for 3 days. Viral plaques were visualized by

staining with 0.05% (w/v) crystal violet in 17% (v/v) methanol for 2 hours at room temperature.

For Reovirus, L929 cells (1x0were infected wh serial dilutions of virusontaining samples
in 35 mm dishes for 3 hours. Cells were then washed and overlaid with warm 1% (w/v) agar
(Sigma) in culture medium and incubated for 3 days. Viral plaques were visualized by adding

neutral red to 0.01% (w/v)rfal concentration.

For oncolytic HSV1, samples containing HSV1 were serially diluted and titered on U20S cells

as previously describg@30).

Measurement of virus infection by flow cytometry

Monotypic or ceculture of dsSRED 786and fibroblasts were incubated for 3 daysand then
infected with VS\D51-GFP (MOI=0.01, 24 h) or VAGFP (MOI=0.01, 48 h) before analysis by

flow cytometry Cyan ADP 9 Beckman CoulterFullerton, CA). For each samplelaast 10,000

events were acquired. dsRED fluorescence was detected through2hehBhnel equipped with

a 585nm filter and eGFP fluorescence was measured using tHe diannel equipped with a
489nm filter. Data was analyzed using Kaluza Flow Cytoménalysis software (Beckman
Coulter). The percentage of infected cancer cellswas equated to the percentage of dsRED
positive cells that were also Gi@sitive. On the contrary, the number of V34-GFP or V\+

GFP positive fibroblasts was equated to the gretage of negative dsRED cells that were

positive for GFP. Results are representative of three independent experiments.
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Indirect immunofluorescence microscopy

Cells cultured on glass coverslips were infected with W5V (MOI=0.01) or MG1 (MOI=0.01)

or onmlytic VV (MOI=0.01) or oncolytic HSV¥1 (MOI=0.01) or Reovirus (MOI=1). After 24 or

48 hours posinfection, cells were fixed in 4% paraformaldehyde for 20 min, followed by
guenching with PBS containing 50 mM ammonium chloride. Cell membranes were
permealized with PBS containing 0.2% TritexX-100 for 5 min before incubation with primary
and secondary antibodies. All the washes were done in PBS containing 0.1 mM&iCImM

VSV and MG1 proteins were detected with rabbit-&8V (BreitbachiMolTher. 2011). Reovirus

was detected using a rabbit aReovirus T3 antibodygift from Dr. Earl Brown, University of
Ottawa, CanadalRF1 and RIGwere detected using a mouse &RIG-I (ENZO Life Sciences)

and a specific mouse monoclonal antibody for IRFbg#m) respectively. Primary antibodies
were detected with Alexa Fluor 594 chicken anbuse, Alexa Fluor 488 donkey amdibbit,

and/or Alexa Fluor 488 donkey ammiouse, or Alexa 594 goat améibbit (Molecular Probes,
Invitrogen, Carlsbad, CA). Covergl were mounted onto microscope slides using ProLong Gold
antifade reagent with 4-Diamidino-2-phenylindole (Molecular probes, Invitrogen). Samples
were then examined using a Zeiss Imager.M1 microscope or a Zeiss Axioskop2 microscope

equipped with anAxi@amHRmM digital camera (Zeiss, Germany).

Immunohistochemistry

Formalinfixed paraffinrembedded tumors were sectioned (8 pm) for immunohistochemistry.

After rehydration, sections were treated with sodium citrate (pH: 6.0) for 17.5 min in a pressured
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cooker ad cooled for 30 min for antigen retrieval. Sections were then blocked with 10% goat
serum for 1 hour at room temperature and then incubated with rabbit antibodies to human FGF2
(Santa Cruz Biotechnology, Dallas, TX), to VSV (BreitbslciTher. 201]), to apha smooth
muscle actin (Abcam, Cambridge, MA) or to RIGENZO Life SciencesFarmingdale, NY
overnight at 4°C. Dilution and specificity of each antibody were confirmed by omission of the
primary antibody. The secondary antibodies used were biotinytgiatlantibody to rabbit or
mouse IgG (Vector Laboratories, Burlingame, CA). Sections were briefly counter stained with

Hematoxylin.

Immunoblot analysis

Cells (2x10) in 35 mm culture dishes were infected with the indicated OV and/or treated with
indicated cytokine and then incubated for 24 hours % Prior to lysis. Cells were lysed in 1%
NP-40, 150 mMNaCl, 2 mM EDTA, 50 mMTris, pH 7.4 containing ComplétEDTA-free
protease inhibitors (Roche). Cell lysates were clarified by centrifugatia0,800 x g for 10
minutes at 4C. Secreted FGF2 was recovered from conditioned media using StrataClean Resin
(Agilent Technologies, Santa Clara, CA). Briefly, conditioned media was incubated for 2 hours
with beads (10 % v/v) and then pelleted by centrifisgaat 500 x g for 2 min at €. Bound
proteins were eluted by heating at @5for 5 minutes in sample buffer. Proteins were then
separated by SDBAGE and transferred tgolyvinylidene fluoride (PVDF) membranes
(Immobilon-P Millipore, Bedford, MA) Memlranes were incubated for 1 hour at room
temperature with the following antibodies and dilutions: 1:3000 rabbitVe8¥,1:1000 goat
antrtubulin (Abcam), 1:1000 rabbit arBAPDH (Abcam), 1:1000 rabbit arERK (Santa

Cruz), or 1:1000 mouse awthospho ERK(Santa Cruz), or 1:1000 mouse aRGF2 (Santa

129|Page



Cruz) or 1:1000 mouse afifiGF2 (Millipore, Temecula, CA). After three washes with Tris
Buffered SalineTween (TBST), the membranes were incubated with goat-eaiibit, goat anti

mouse or bovine angoat torseradish peroxidasmnjugated IgG (Jackson ImmunoResearch
Laboratories, Inc.) for 1 hour. Membranes were washed four times with-TTB&d
immunoreactive proteins were detected using Supersignal West Pico chemiluminescent substrate
(Pierce BiotechnologyRockford, IL) followed by exposure to-Ky film (Fuji Photo Film Co,

LTD, Tokyo, Japan).

Mitochondria isolation and crosslinking

7860 cells (1x16 cells)treated with growth factor control (FGF1, 20 ng/ml) or with FGF2 (20

ng/ml) were cultured for 12 hosi followed by VS\D51 infection (MOI=1) for 12 hours. Cells

were then homogenized in iceld mitochondria isolation buffer containing 200 mMmannitol,

70 mM sucrose, 10 mMHepes, and 1 mM EGTA (pH: 7.5) using a dounce homogenizer with a
loose fitting pes#. Unbroken cells and nuclei were pelleted by centrifugation at §30rx1L0

mi n at 4¢C. The supernatantgs owerd tmhen acde tterCi
crude mitochondrial pellets that were criisked with 10 mMbis(maleimido)hexane (BMH,;

Thermo Fisher Scientific, Wilmington, DE) for 30 min at room temperature. Samples then were
separated on -42% polyacrylamide gels (BioRad, Hercules, CA) and processed for
immunoblotting with rabbit polyclonal antibodies to MAVS (Abcam, Cahipgi MA) and

Complex Il Subunit 30 KD@MitoSciences, Eugene, OR).

Affymetrix microarrays analysis and quantitative real time PCR

130|Page



NFs or CAFs (1x1Dcells) were seeded in a 6 well dish to allow adherence overnight. The
following day, cells were treatednit VSV @51 at an MOI =0.01 or | eft
following treatment, total RNA was extracted using an RNAeasykit (Qiagen Inc., Valencia, CA)
according t o t he manufactureods protocol anec
hybridization. Samplejuality was verified on abioanalyzer (Agilent Technologies), processed

and hybridized to a GeneChip Human Gene 1.0 ST Array according to manufacturer
instructions. Data was processed usitAnalyze (264Junder defaultparameters. Probeset

filtering implemented a DABG threshold of 70 wif/<0.05. Only constitutively expressed

exons for a given locus were utilized to quantify gene expression. Gene ontology enrichments
were performed using Gorill@65)and identification of genes induced by Tyjogerferons was

performed using data obtained from the interferome dataf@&& All microarray data are

deposited in the NCBI Gene Expression Omnibus (GEO) 4R was performed on the non

pooled triplicate samples. Following conversion to cDNA by Superscript RT 1l (Invitrogen,
Carlsbal, CA), qRT-PCR was carried out using Sybergreen (Invitrogen) according to the
manufacturerds instructi ons.-GecAenREBOPHermachineer e p
(Corbett Research) according to the manufact
gpecific for various gene products used in our experiments are listed in Supplementary Table

13%% gRT-PCR measurements were normalized to @&PDH gene using thé>faffi methal

(294).

Animal and xenograft studies

All animal studies were approved by the institutional animal care and committee of the

University of Ottawa and carried out in accordance with guidelines of the National Institutes of
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Health and the Canadian Council on animal care. SCID and-SOID mice vere purchased
from Charles River Laboratorie®\fimington, MA). For assessments of the acute effect of
activated fibroblasts in virdsased therapy, human pancreatic cancer xenograft models were
established in SCID mice by subcutaneously injecting MiaRacells alone (1x10cells) or
MiaPaca cells (5x10cells) in combination with human activated pancreatic fibroblasts f5x10
cells). Tumor growth was assessed weekly using calipers. When tumor sizes reachéccih2

in diameter, mice received V®31 encaling Luciferace at a dose of 1E6 pfu by I.V. injection.
Luminescence imaging of mice was performed 48 and 72 hours/ipastdelivery using the

IVIS imaging System Series 200enogen Corporation). Data acquisition and analysis was
performed using Livingrhage v2.5 softwareMice were sacrificed 72 hours after virus treatment

and tumors were removed for histological analysis and virus quantification by plague assay.

To determine the effect of recombinant FGF2 on virus replication within the tumor, Mi@Paca
(1x10 cells), Ovcar8 (7.5x10cells) or 7860 (1x1d cells) bilateral tumors were generated in
SCID mice. Tumor growth was assessed weekly using calipers. When tumor sizes reached 1.2
1.4 cm in diameter, mice received a single intratumoral injectioaa@mbinant FGF2 (3 ug) or
vehicle control (PBS). Twentfour hours later, a dose of 1E7 pfu VBAI1-Luciferace was
delivered by 1.V. injection. At 48 and 72 hours pesus delivery the mice were injected
intraperitoneally with Bluciferin (Molecular Imagng Products Companynd imaged using the

IVIS imaging System Series 20Bénogen Corporation)rhe mice were sacrificed after the last
IVIS imaging and tumors were removed for histological analysis and virus quantification by

plaque assay.
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Establishmen of Patientderived Pancreatic tumor grafts

All tissue samples were collected with informed consent from individuals being
treated/diagnosed at the Ottawa Hospital General Campus under a protocol approved by the
Institutional Ethics Board. Fresh or frozémmor samples were subcutaneously implanted in
NOD-SCID mice with 100vof CultrexN high protein concentration basement membrane extract
(TrevigenGaithersburg, M2 Tumor growth was measured weekly. When tumors reaciiesl 1

cm®, animals were sacrificednd tumors were excised for-gio infection or for histological
analysis. For exivo infection, tumors were cut into 2 by 2 mm cores and infected withD53V

(1E4 pfu) for 48 hours. Subsequently, the secreted infectious particles were titered by plaque
assay. Foin-vivo experiments, when tumors reached.2 cn?, VSVD51 (1E7 pfu/mouse) was
injectedl.V. Fortyeight hours later the animals were euthanized and tassmciated infectious

virus particles were quantified by plaque assay.

Statistical analyse

Analyses of microarray studies are described abowarm studies of cell viability and cell
proliferation were performed at least twice and data is reported as mean vabkigs, kExvivo

and invivo infections were carried out a minimum of threeds and data is reported ase.m.

Statistical analysis was performed on raw data bywoaey anal ysi s of vari anc:

(two-tailed).p-values< 0.05 was considered significant.
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Chapter Synopsis

In the article entitledNon-replicating rhabdovirusderived particles (NRRPSs) eradicate
acute leukemia by direct cytolysis and induction of antitumor immunitystudied the use of
NRRPs as a treatment strategy in acute leukemia's. According to the datpiar Ill, tumor
specific cell death induced by colchicine treatment was driven by cytokines produced upon
infection even in the absence of viral replication. Similarly, data produced by Dr. David Conrad
indicated that tumor cells infected with rogplicating virus particles could be used as a
"vaccine" to generate potent aimfimune responsed-igure 5.53. The hypothesis that nen
replicating viruses could be used to preferentially kill cancer cells is justified by the biological
observations in chaptéV where cells within the tumor microenvironment had a lower baseline
of antiviral defences prior to viral insult. This data, in conjunction with the observation that
many cancer cell lines fatlb activate antviral defences upon infectio(il65), suggests that
tumors should be associated with a greater probability of inducingmiegsated preapoptotic

pathways when the cells are overwhelmed with NNRPs.

To illustrate this phenomenon, | amended the model degdlm Chapter Il by removing
virus replicaton dynamics Figure 5.33. Simulations with this model indicate that as the cell
undergoes tumorigenesis, and loses its capacity to clear the virus template, the cell remains in an
infected state for a longer ped of time, and is inherently associated withraaterprobability
of dying in response tBlRRPs Figure 5.30). | then generated NRRPs by means of-tinge
UV irradiation, and demonstrated this agent is associated with selective toxicity against
transformed cellsRigure 5.1). Given the noftontiguous nature of leukemia, whinkgateghe

spreathg advantage of a live OV platform, NRRPs may offer an alternative approach for the
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treatment of haematological malignancies which through controllechglosould improve

therapeutic efficacy.

Similar to transformed cells, acutee u k ewere dypearsensitive to NRRPs relative to
normal cells Figure 5.2). This phenotype was equally observed in fresh samples obtained from
patients suffering from multidgui resistant Chronic Myelogenous Leukemkg(re 5.4). To
highlight the proposed mechanism of actibpre-treated normal cells, or IFN naesponsive
leukemic cells, with IFN to raise the baseline in antiviral defences. While normal cells were
further potected following addition of IFN, leukemic cells failed to benefit from this cytokine
(Figure 5.3. When integrated with our mathematical model, using the same strategy as
described in Chapter IF{gure 2.3d), the differential impact of NRRPs across turand normal
tissues could be accurately recapitulated by our motelder the assumption that particle loss
occurs throughout the irradiation procedure, the differential sensitivity to NRRPs between tumor
and normal cells could be accurately recapitutiby my model when tumor cells have acquired
defect in IFN signalling(Appendix Figure 9). Work later performed by Dr. David Conrad
further elucidated the mivo mechanism of action. He demonstrated that NRRPs induced potent
antrtumoral immune responseand increased the release of immustinulatory cytokines
(Figure 5.5). Although cytokine supernatant transfer did not confer the apoptotic phenotype in
leukemic cellsin-vitro, it is anticipated that these cytokines play an important role in inducing
antrtumor immune responses. Taken together, this platform offers a unique approach to treat
hematological malignancies, where irradiated viruses function as an evolutionary refined, stable,
soluble, multipronged TLRgonist which induces direct cytolysis apdtently activates anti

tumoral immune responses.
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Abstract

Rhabdoviruses (RVs) are currently being pursued as anticancer therapeutics for various tumor
types, notably leukemia. However, modest virion production and limited spread betamen
contiguouscirculating leukemic cells requires higlose administration of RVs, which exceeds

the maximum tolerable dose of the live virus. Furthermore, in severely immunosuppressed
leukemic patients, the potential for uncontrolled live virus spread may comprdmaisafety of

a live virus approach. We hypothesized that the barriers to oncolytic virotherapy in liquid tumors
may be overcome by administration of hidgbse norreplicating RVs. We have developed a
method to produce unique higiter bioactive yet nomeplicating rhabdoviruslerived particles
(NRRPs). This novel biopharmaceutical is multimodal possessing direct cytolytic and
immunomodulatory activity against acute leukemia. We demonstrate that NRRP resistance in
normal cells is mediated by intact antiVidefenses including interferon (IFN). This data was
substantiated using murine models of blast crisis. The translational promise of NRRPs was
demonstrated in clinical samples obtained from patients with-thugtlen multidrugresistant

acute myeloid leukera. This is the first successful attempt to eradicate disseminated cancer
using a norreplicating virusderived agent, representing a paradigm shift in our understanding

of oncolytic virusbased therapies and their application toward the treatment ofleckésnia.
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Introduction

Rhabdoviruses (RVSs), such as vesicular stomatitis virus (VSV) and Maraba, are currently
being explored as anticancer therapeutl&s, 166, 332, 333 hrough cell lysis and activation
of antitumor immune respons€k57, 334) live RVs are multitasking sedmplifying cytolytic
agents. In tumors, viral propagationeisabled by disrupted metabolic activitid$4, 335)and
impaired antiviral programg§l68, 235) Typically, oncolytic viruses are genetically altered to
reduce virus replication in healthy tissue, constraining viral spread to the tumor
microenvironment. Although live RVs are being pursued to treat a wide variety of tumor types,
their application in Bmatopoietic malignancies is complicated by several factors. Limited virion
production and reduced spread between leukemic cells requiresidsghviral therapy to
overcome these inefficiencies. However, uncontrolled live virus spread atetgdt effets in
normal tissue compromise the safety of this approach, particulanynunosuppressed patients

(336).

In the RV field, all oncolytic platforms developed to date utilize a replicat@mnpetent
virus that spreadsetween tumor cellgl65, 166, 332, 333)The dogma pillar to these therapies
is that virus replication is a pexuisite for treatment efficac{337-339). Indeed, reports
describing the use of live replication/expresstmmpetent RV as a direct virotherapy for cancer,
typically compare efficacy with neexpressg virus controls where no measurable efficacy is
observed(165, 340) In these studies, the control virus is treated with a substantial dose of
ultraviolet (UV) irradiation to intentionally gergte an inert bioparticle. We posited that if one

could devise a method to generate -neplicating particles, which maintain both oncolytic and
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immunogenic properties, many of the above barriers in the treatment of hematopoietic

malignancies may be oveme.

Results

Generation of hightiter NRRPs

We theorized that UV photonic damage of RVs could be used to generate- a non
replicating particle that retained bioactivity. In the past, fughe UV irradiation has been used
to ablate the RV genome renderindpialogically inert virus(165, 340) We hypothesized that
when applied at moderated doses, UV irradiation could be used to generate a quasiparticle where
replication is lost yet biological actiyiis maintained. To investigate this possibility, samples of
purified VSV-expressing green fluorescence protein (GFP) were exposed to a wide range of UV
irradiation intensities and the biological effects of this treatment were examined. When irradiated
at a low dose (250mJ/cm2), VS&GFP lost its expression capabilities, yet maintained potent
cytotoxicity against our immortalized production cell line (Vero; Figures 5.1a and b). Titering
for virus following UV treatment confirmed that the resulting parickere unable to replicate
in these cells in sharp contrast with live virus infection (Figure 5.1c). This effect was equally

observed when using other members of the RV family including Maraba (Supplementary Figure

1989)

Doséd response curves provide attee understanding of the relationship between
cytotoxicity and the irradiation procedure. In these experiments, we observed that only a narrow

window of UV fluence allows for the NRRP to maintain cytotoxicity against immortalized cells
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(Figureb.1d), andthat this effect requires a particle to cell ratio >10 (Figure 5.1e). By comparing
and contrasting with normal neonatal human dermal fibroblats (Figures 5.1d and e), it appears
that cytotoxicity is tumor specific. Indeed, normal cells appear to requileast a 10 times

higher dose to become sensitive to NRRE&diated cytotoxicity.
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Figure 5.1. NRRRmediated cytotoxicity in immortalized cells.

(a) Fluorescent and brightfielstnages of Vero cells treated with PBS, live VV®FP and
NRRPs taken at 24 and 72 h after exposure, respectively. The multiplicity of infection (MOI)
used in these experiments was set at 100 particles per cell. (b) Resazurin quantification of
viability in Vero cells treated with PBS, live VS8FP or NRRPs 72 h after exposure. The MOI
used in these experiments was set at 100 particles per cell. (c) Viral titers produced from the
above experiments. NAN is defined as not a number, as no virions were def@ctaghact of

UV dosage on NRRimediated cytotoxicity. All doses illustrated had no detectable GFP signal
following UV-induced NRRP generation. This experiment used 100 particles per cell. Viability
was quantified using the resazurin assay 72 h aftentesut () Impact of particle to cell ratio

on the cytotoxicity induced by NRRPs in Vero and HDFN cells. The UV dosage of this
experiment was set at 250 mJ/cm2. Viability was quantified using the resazurin assay 72 h after
treatment. Error bars represerg thd. between technical triplicate replicates.
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NRRPs are an efficient treatment against leukemic cells in vitro

We next examined whether acute leukemic cells were equally associated with an
increased sensitivity to NRRPs. In these experiments, wednspared the cytotoxicity induced
in the acute lymphoblastic L1210 cell line with that observed in normal human dermal fibroblast
cells. Whereas the normal cell line was resistant to NRRPs, L1210 cells were eradicated by
NRRP treatment (Figure 5.2a). Thiassic apoptotic phenotype was observed in leukemic cells
characterized by a reduced cell diameter, a shrivelled appearance with numerous apoptotic
bodies and fragmented nuclear content. To validate the cell death mechanism, we quantified the
level of apoposis in L1210 cells by flow cytometry. In these experiments, we observed potent
apoptosis in NRRRreated samples 30 h after treatment, whg8d% of population was in an
early or latestage apoptosis (Figure 5.2b). Cytotoxicity was next quantified @sistgndard
resazurin assay in a panel of human and murine cell lines representative of hematological
malignancies and normal tissue. In these experiments, acute leukemias were highly susceptible to
NRRP-mediated cell death while preserving the viability wormal cells (Figure 5.2c,

Supplementary Figure®®).

1l42|Page



b PBS NRRPs

10’ Late Apoptosis Late Apoptosis
4% - 35% g

Q

< Viable rly Apoptosis, {Viable Earl/ Apoptosis
< 10'{89% [7% 116%  [49%

~ ¢

o

10° 10" 10° 10*10" 10° 10' 10° 10°
AnnexinV-APC

€ 120 -
100 -
80
60 -
40 -
20

[m PBS ® NRRPs

Viability (%)

A20* L1210*A301 JURKAT HL60 HDF GM38
Leukemia Normal

Figure 5.2. NRRRmediated cytotoxicity in leukemic cells.

(a) Brightfieldimages of L1210 and human dermal fibroblast (HDF) cells treated with PBS or
NRRPs (particle to cell ratio=100), 72 h after treatment. (b) Flow cytometry analysis of Annexin
V-APC and 7AAD staining in L1210 cells treated with PBS or NRRPs for 30 h. (caRain
guantification of viability in leukemic and normal cell lines. Murine cell lines are denoted by *.
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Modeling depicting NRRPs' antitumor specificity

To investigate the mechanism by which specificity against tumor cells is achieved, we
simulated tlke cytotoxicity induced by NRRPs in normal and tumor cells. Recently, we have
developed a populatidmased model describing the relationship between cytotoxicity and live
oncolytic virus replication dynaits in normal and tumor celi270). According to this model
(Figure 5.3a), an infection cycle begins as the uninfected population of cells (UP) encounters
virions. This allows the population to become infected, where in the context of live virus, virions
and the cytokie known adFN are released into the environment. As IFN gradually increases,
the population of cells activates antiviral signaling (AP), which over time allows this population
to clear the viral infection and become protected against further insultT®@RByapt this model
to NRRPs, we removed virus replication dynamics from the model, and simulated the
relationship between NRRMediated cytotoxicity and the extent of defects in 4tiyhaling
pathways, a process known to occubDiB0% of cancer§165) These defects were simulated by
decreasing the rate of IFN production, the rate of activation of IFN signaling and the rate of
NRRP clearance between tumor and normal cells. To ensure that this observation igtgystem
Monte Carlo simulation platform was utilized. Here, all kinetic parameters were varied within a
1 log window surrounding estimates derived from literature or experimental evidence (Appendix
Table6) (270) Following simulation across 1000 random parameter pairings (Figure 5.3b), we
observed that as the cancer cells lose their ability to signal or respond to IFN, these cells become
more sensitive to NRRRediated cytotoxicity. To validate this observation, weestigated the
impact of IFN on NRRFnediated cytotoxicity in normal (human dermal fibroblast) and

leukemic (L1210) cells. Interestingly, although Intron A (recombinant IFN) could further
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increase normal cell protection against NRRP insult (Figure 5t3wddino detectable impact on

leukemic cells (Figure 5.3d).
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Figure 5.3. NRRPs specifically target tumor cells with defects in antiviral signaling
pathways.

(a) Phenomenological moddeveloped by Le Boeuf et £70) amended to simulate NRRPs
cytotoxicity in normal cells and tumors with defects in antiviral signaling pathways. Kinetics
removed from the Le Boeuhodel to describe NRRP dynamics are marked in red. Hashed lines
describe the IFN defects associated with tumor cells. (b) Simulated relationship between defects
in the antiviral signaling pathways and viability 72 h after treatment with NRRPs. Trend
represents the median value obtained over 1000 Monte Carlo simulations (see Materials and
Methods). Defects in IFMignaling pathways were simulated by decreasing the rate of IFN
production, the rate of activation of IFN signaling and the rate of NRRP cledrancel00 to

1% of their original value in normal cells. (c) In vitro relationship between particle to cell ratio
and viability 72 h after treatment with NRRPs in normal human dermal fibroblast (HDF) cells in
the presence or absence of IFN. (d) In vitrtattienship between particle to cell ratio and
viability 72 h after treatment with NRRPs in leukemic L1210 cells in the presence or absence of
IFN.
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NRRP activity in AML blast crisis

The translational potential of the NRRP platform was investigated in human clinical
samples. Peripheral blood mononuclear cells were obtained from two patients withurdgh
acute blast crisis. The patients had circulating blasts with a CD33+ phen@&gtie.had
previously received extensive treatment for chronic myeloid leukemia and developed multidrug
resistance. Similar to our observation in L1210 blast cells, patient samples cultured to enrich for
the CD33+ fraction developed obvious NRREuced apptosis with classic morphology
(Figure 5.4a). Indeed, the leukemic CD33+ cells within this population avidly bound the
apoptotic marker Annexi (Figure 5.4b). Use of the nerultured patient samples was used to
evaluate the specificity of this respons$e.both patients, the preponderant leukemic CD33+
population was ablated following NRRP treatment, leaving normal cells to dominate the sample
(Figure 5.4c). To ensure that NRRPs do not affect normal white blood cells, the bone marrow
mononuclear cells isated from a healthy donor were treated with phospbattered saline
(PBS) or NRRPs. At both early (18 h) and late (65 h) time points, NRRPs did not appear to

induce apoptosis within these samples (Figures 5.4d and e).
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Figure 5.4. Treatment of chronc myeloid leukemia (CML)-blast crisis patient samples with
NRRPs.

(a) Brightfield microscopy images of two CMilast crisis patient samples treated with PBS or
NRRPs. (b) Representative flow cytometry diagram of Ann&kiand CD33 staining in two
CML-blad crisis patient samples treated with PBS or NRRPs (particle to cell ratio=100) 48 h
after treatment. The CD33+ blast population was enriched bytengculture of these cells. (c)
Flow cytometry of CD33 staining in two namriched CMLblast crisis paént samples treated
with PBS or NRRPs. (d) Brightfield microscopy images of a healthy bone marrow sample

treated with PBS or NRRPs for 18 h. (e) Quantification of Ann&xistaining in the healthy
bone marrow sample treated with PBS or NRRPs for 65 h.
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NRRPs antileukemic activity in vivo

A murine model of leukemic blast crisis was used to evaluate the potential of NRRPs as a
therapeutic agent. In brief, on day 1, DBA/2 mice were challenged with £ dos@ of L1210
blast cells. The following day, mice began a regimen of 3 % NBRRPs administered
intravenously for 3 consecutive days, and survival was monitored. In parallel, separate cohorts of
mice were treated with live VSV at the MTD of 2 x°4@ruses per injectiorf341)or PBS under
the same treatment schedule. NRiRFated mice achieved 80% survival up to day 40,
representing a significant advantage versus
( POO0). ddedd, mice treated with PBS or live virus, all succumbed to overwhelming
leukemia (Figure 5.5a). NRRPs were well tolerated and administered at the maximal feasible
dose for this particular experiment, which represented a 1500 times higher dose thidiDtlof
live virus. Given that acute leukemia frequently disseminates to the central nervous system, and
that wildtype VSV is highly neurotoxic, intracranial injections of NRRPs and live virus were
performed. Although mice could tolerate the maximum potidn dose for intracranial

injections of 1 x 1®NRRPs, all mice rapidly succumbed to a 1 £ dése of live virus.

Prompted by the superlative efficacy and differential MTD afforded by the NRRP
therapy, we wondered whether the recipient's immune syseactivated following NRRP
administration. To answer this, the peripheral blood serum was collected from L1210 tumor
bearing mice 20 h after treatment with PBS or NRRPs (Figure 5.5b). In this analysis, we
observed that multiple cytokines typically knowmrecruit and differentiate T cells are induced
and circulating following NRRP treatment. Examples of such immunomodulatory cytokines

(342-344) significantly inducedby NRRP treatment include leukemia inhibitory factor,
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interleukin2, interleukind, monocyte chemotactic proteln regulated on activation normal T

cell expressed and secreted (RANTES), and macrophage inflammatory{irdiein( Fi gur e 5. !

To confirm imnmune system stimulation, in particularcell activation, we adopted a
vaccine strategy as previously describg®1) Experimentally, this platform consists of
injecting apoptotic cells into immunocompetent animalsl aneasuring protective adaptive
immunity against subsequent tumor challenge. We adopted this classical experimental approach
to explore whether NRRPs trigger immunogenic apopt@!s) Two cohorts of DBA/2 mice
(syngeneic to L1210) received three weekly intravenous doses of 4oxirtadiated L1210 cells
pret r eat ed with NRRPs. Anot her -radiatedrLi210rcells.ei v e d
One week following this regimen, a L1210 leukemic challenge (1°x¢dls) was administered
via tail vein, and survival was recorded. The cohort receiving NR&Red L1210 cells had
80% protection after the leukemic challenge, which was otherwise uniformly lethal in the
untreated [L210treated cohorts (Figure ®p Surviving mice were kept for >150 days to ensure
long-lasting protection. These results are consistent with the notion that WB&Ed acute

leukemic cells undergo immunogenic apoptosis.
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Figure 5.5. NRRPs eradicate acute leukemia by inducing immunegic apoptosis.

(a) Survival in a murine model of immunogenic apoptosis. Before L1210 challenge on day 1,
mi ce received t h-iradatedwE2éOkcelly pradnoubated or adt with NRRPs.
(b) Luminexbased quantification of cytokines induced MRRPs in L121tbearing mice. All
cytokines illustrated are induced over twofold by NRRPs and are statistically significant (non
paired ttest pV<0.05). pV has been corrected to account for multiple hypothesis testing
(Benjamini and Hochberg method). (c) r@wal in a murineblast crisis treatment model.

Following L1210 challenge on day 1, mice received three daily doses of NRRPs (3 x 109) or
PBS.
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Discussion

This is the first successful attempt to eradicate disseminated cancer usirgplcating
virus-derived particles, and represents a paradigm shift in the field of oncolyticbhasesl
therapeutics. Through in silico and in vitro testing, we demonstrate that NRRPs, analogous to
live virus, are tumor selective, given that they exploit defects intenimamune pathways
common to most tumors. However, this platform is unencumbered by the principle safety
concern associated with live virus replication, that is, the potential for uncontrolled viral spread
in immunocompromised patients. Indeed, the supesadety margin afforded by the NRRP
platform was exemplified by the observation that Hitgr intracranial NRRP administration

was well tolerated by murine recipients.

The outcome for the majority of adult patients suffering from acute lymphoblastic or
acute myeloid leukemia remains dism@46, 347) For a minority of patients, allogeneic
hematopoietic stem cell transplantation (HSCT) after myeloablative conditioning is potentially
curative; howeer, this procedure is associated with frequent adverse events and significant
treatmentrelated mortality(346). For many patients with chronthase CML, targeted tyrosine
kinase inhibitor therapy offers excellesisease contrg|348). However, when progression into
acute blast crisis occurs, very limited therapeutic options exist owing to development of
multidrug resistance and the rapid kinetics of foisn of recalcitranieukemia(349). Clearly,

new and innovative therapeutic approaches are urgently required.

Here we establish that NRRPs exhibit both direct cytolytic and potent immunogenic

properties in multiple acute leukemia maelA peculiar form of programmed cell death
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involves the induction of adaptive immune responses against the dying cell. This process,
commonly referred to as immunogenic apoptosis, is essential to the efficacy of several current
chemotherapeutics24 andreqquired for hostlefenceagainst viral infectior{350)including live

RVs (351) Our in vivo results indicate that a similar process is induced by NRRPs and is a

driving factor br treatment efficacy.

More relevant are the observations that multieresjstant primary myeloblasts from
patients with CML in acute blast crisis are forced into apoptosis and finally eradicated by NRRP
treatment. In addition, neleukemic white cells cured from healthy bone marrow were not
adversely affected. This observation suggests that despite the potent tumoricidal activity of
NRRPs, the leukopenia commonly observed after standard induction and consolidation
chemotherapy could be avoided by gsMRRRbased regimens. This would likely significantly
decrease treatmenglated adverse events. Further, given the preservation of normal white blood
cells during leukemic cytoreduction by NRRPs, the simultaneous induction of an effective
antileukemic inmune response may be attainable for the majority of patients who are not
candidates for highlose radiochemotherapy and HSCT. With the induction of immunogenic
apoptosis by NRRPs, a broad array of immunomodulatory cytokines are released by the
recipient'sintact immune system, and this likely contributes to development of the effective
adaptive antitumor immune activitya critical component to achieving durable curative

responses.

This work demonstrates a feasible biotechnology that producegitegiNRRP an
essential requirement for wigeale clinical advancement. We are currently validating the MTD

of NRRPs in several animal models, and are developing good laboratory practice safety
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measures to ensure stringent confirmation of the-rephcating natee of these bioactive
particles. We expect that the pathway to approval should be less onerous than current live RV
platforms under development by our laboratory and others. This promising multimodal

therapeutic platform is poised for eagfase clinicatrials.

Methods

Cells

L1210, A20, A301, Jurkat, HL6O cell lines were from American Type Culture Collection
(Manassas, VA, USA), and maintained in suspension culture, Dulbecco's modified Eagle's
mediunthigh glucose (HyClone, Logan, UT, USA), with 10% fetalf serum (CanSera,
Etobicoke, ON, Canada), at 37°C and 5% CO2. Cells in culture were maintained at a
concentration between 0.5 and 1.0%t@lls/ml. Vero cells (kidney epithelial cells extracted
from an African green monkey), GM38 (normal human fibreblzell line) and human dermal
fibroblastadherent cells were from American Type Culture Collection and propagated in same
culture media used for the suspension cell lines. Normal bone marrow cells acquired from
STEMCELL Technologies Inc. (Vancouver, BC,atada) were obtained from a healthy
volunteer and consented to an approved institutional review board protocol. Acquisition of
human leukemic patient samples was approved by the institutional review board of the Ottawa
Hospital Research Ethics Board. Allatents provided written informed consent for the

collection of samples and subsequent analysis.
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Virus

The Indiana serotype of VSV and witgpe Maraba used throughout this study were propagated

in Vero cells, as previously describ€d01) VSV titration was performed using serial dilutions

in Dulbecco's modified Eagle's medium. Hundred microlitres of each dilution was applied to a
confluent monolayer of Vero cells for 45 min. Subsequently, the plates were ovetlaid 506
agarose in Dulbecco's modified Eagle's medium with 10% fetal bovine serum, and the plaques
were grown for 24 h. Carnoy's fixative (methanol:acetic acid in a 3:1 ratio) was then applied
directly on top of the overlay for 5 min. The overlay was reedoand the fixed monolayer was

stained with 0.5% crystal violet for 5 min, after which the plagues were counted.

Viability assays

Viability assays were done in a-9&ll plate format. Cells were plated at specific density and
treated with live VSV viruor nonreplicating rhabdoviruslerived particles (NRRPS). After 72
h, cytotoxicity was assessed by adding 25 ¢l

USA).

Modeling

The model used to describe NRRPs specificity against cells with defecttivimahisignaling
pathways was adapted from our previous work described in Le Boeu{2t0ain brief, this

model is represented by a subset of six ordinary differential equations describing the transition
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betweerthe cell populations (UP, IP, AP and PP) depending on the concentration of NRRPs (N)

and interferon (IFN) in the environment. These equations are:

— 0 6 YO — 0¥ YO 0 00
— 0 6 YO — 0¥ o0 T 04
— 0 00 U 60 T 0
— 0 YO 0 60 0 0 0.

The paramters used in the above equations represent the internalization gajetfi€ rate of
IFN-signaling activation (knon), the rate of IFNsignaling inactivation (kn of), the EC50 of

IFN(EGo) , t he r at g amlthe rate NRRP deararigg). ( o

The next subset of equation describes the dynamics of NRRPs (N) and IFN whereby:

The parameters described in the above equatiepesent the rate of NRRP internalization

(Knp) NRRP d ey IFM predtctioa from (IP) AP and PP f:, Kienz.: and Kenz.z,

respectively) amwd I FN degradation (2
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The Monte Carlo simulation was performed by randomly varying the above garamethin a

1 log window (see Appendix TablB) surrounding physiological parameter derived from
literature and experimental evidend@270) Simulations were performed in Matlabsing
ODE15s imposing a nenegativity constraint. Trends described in Figbt8b represent the
median value over 1000 simulations. The number of cells used in these simulations was 2.5E5,
the media volume was set at 1 ml and the particle to cell rasi® set at 100. In these
simulations, defects in IFNignaling pathways were simulated by decreasing KIFN1, KIFN2.1,

KIFN2.2, KVC and KIFN on from 100 to 1% of their original value.

Flow cytometry

Anti-CD33-PerCP Cy5.5 and ArtD33-PC5 antibodies obtaindtbm eBioscience (San Diego,

CA, USA) were used. Annexi and #AAD viability dye were obtained from eBioscience and
performed according to manufacturer's instructions. Flow cytometry was acquired using a CyAn
ADP (Beckman Coulter, Brea, CA, USA). Analysvas performed using the Kaluza software

version 1.1 (Beckman Coulter).

Cytokine array

Bio-Plex Pro mouse luminexased multiplex cytokine assay (Brad, Hercules, CA, USA) was
performed on mouse serum 20 h after NRRP treatment. The assay was pedocoreihg to

the manufacturer's instructions.
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Murine experiments

For the L1210 vaccination strategy, cohorts of DBA/2 mice (Charles River, Wilmington, MA,
USA) received three weekly intravenous doses of 1%o4@adiated L1210 cellpre-treated, or

not, with NRRPs. One week following this regimen, a L1210 leukemic challenge (1 x 106 cells)
was administered via tail vein, and survival was followed. Mice were euthanized upon
development of predetermined signs of advanced leukemia end pointeeHAdr210 treatment
strategy, DBA/2 mice were challenged with 1 »® #dse of L1210 blast cells. The following
day, mice began a regimen of 3R MRRPs administered intravenously for 3 consecutive days,
or treated with live VSV at the maximum tolerable el¢MTD) of 2x16 viruses per injection,

and survival was followed. Institutional guidelines and review board for animal care (The
Animal Care and Veterinary Service of the University of Ottawa) approved the above animal

studies.
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5. General Discussion

Throughout my thesis, | have worked on several projects, continuously incorporating new
elements to further model development. Similar to the original work performed by the group of
Dr. Nowak, my research lead me to amend the model to describe a wideohmdferent
scenarios. In his research, Dr. Nowak expanded his original model to ddyaltsgnative viral
strains(230), 2) antiviral drug therapie$232), 3) the emegence of antviral drugresistance
(233) as well ast) the incorporation of CTL responsgx?5). In the context of OVs, | amended
my model to describe the impact bfIFN antagamists Figure 2.2 eh), 2) nextgeneration OV
engineering strategies sudhdure 2.2 ), 3) attenuation mechanisms such as negative feedback
and NRRPgAppendix Figure 4 and Figure 5.3, 4) virus sensitizes (Figure 3.5), as well a®d)
tumor heterogeneityAppendix Figure 7 & 8). Taken together, this model has allowed me to

gain insight into a number of different aspects of OV dynamics.

5.11Insight from modeling the mechanism of action of virus sensitizers

First and foremost, thenodel and biological observations suggest thatuthee ofdirect
IFN antagonists is not a valid means to improve cytolysis mediated by oncolytic rhabdoviruses.
Although others have reported that drugs such as JAK inhibitors inc&@éseplication in
caner cells(352) it is noted that they do not compare the impact to normal tissue nor do they
demonstrate efficacy #ivo. According to mymodel & simulatiors, decreasing the potency or
the bioavailability of FN does not selectively enhance RV cytolysis in the tumor

microenvironmentAlthough tumor cell preferentially increase RV releaseth@ potency of IFN
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is lost, normal cells become highly sensitized to R&fdication, and severely compromises the
safetyof this approactasISGs serveas the key defence mechanism against these pathogens in
normal cells. Experiments using an IFN decoy receptor as well as a JAK inigibgare 2.49

confirmed that the impact of directly inhibiting IFN signaling is notcgjpeto tumor cells.

This observation opens up the question: how do asamsitizing drug specifically
enhance killing within the tumor microenvironment? To date, several drugs including Vorinostat
(212), =wnitinib (214) and 3,4-dichloro-5-phenyt2,5dihydrofuran2-one (213), have been
demonstrated to selectively enhance-@¥diated cytotoxicity and replication in tumor cells. In
the article by DrDiallo (213) it is postulated that virus sensitizergaynarget a pathway or
process with redundant function in normal cells. Indeed, the mechanism of action of certain virus
sensitizers has been demonstrated to be associated with this effect. For example, the impact of
sunitinib on OV therapies has been dent@isd to be the result of inhibited PKR/RNAse L
signalling (214, 353) By targeting these two downstream elements of IFN signa(llig),
sunitinib treatmentead to improved OMnediated cytotoxicity in the tumor microenvironment
(214). As normal cells can potentially overcome infection through pardt@instream IFN
targets such as BST2L18)and MX1(119), tumor cells which overcome infection PKR, but

have defects in thegmrallel pathwaysanay be further sensitized to OV infection.

5.2Positivefeedback- a key process to achievimor selective cytotoxicity

The mechanism which is perhaps one of the more specific according to my sinsugation

the engineering of positive feedback loops in OVs. In my thesis, | showed that attenuated RV
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strains are greatly enhanced when engineeoegrbduce a decoy receptor for IFNhis
observation reflestthe general biophysical principal where positive feedback can be used as a
commitment strategy which drastically sharpens dose response (262sThe mechanism of

action is directly attributed tpositive feedback between virus replication and inhibition of IFN
responsesGiven the heightened rate of virus replication and genome expression in tumor cells,
the decoy receptor is expressed in morés@eid to a higher degree. This in turn feeds back onto

the system to further enhance the spread and stability of OV genome expression. However, once
the virus enters adjacent tissue where genome expression is decreased, the decoy receptor is
expressed ta lesser degree, and thereby allows the normal cells to shutdown the positive

feedback loopKigure 2.4).

One may wonder why we have not simplygenerated wildype virus by allowing the
attenuated virus to encode for the decoy receptor. The role of B1@R I&N scavenger is
functionally analogous to the role of the wildtype M protein, whiels been engeered to be
defective in VS\{p5 1 a n 165MIB4) While functionally homologous, the M protein and
the B19R positivdeedback mechanisms differ on key points. Following uncoating of the virus
within the cell, the Mproten directly inhibits nuclear export of cellular mMRNAs and blocks the
IFN response against rhabdovirus infect{@@0). In contrast, B19R is a soluble factor that acts
as a scavenger for IFBixtracellularly, and is only expressed following replication of virus in
infected cells. As such, the primary difference between the two mechanisms is the temporal
delay associated with each evasion strategy. By cloning the IFN decoy receptor betweé&h genes
and L, which are expressed to lesser degrees in latent phases of the virus life cycle, we ensure

that the virus must establish a productive infection prior to inhibiting IFN signalling.
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Consequently, the attenuation resulting fromthe /1 or MGhelsadk the fir
keepero control for safety and only when the
decoy be expressed. A further delay is incorporated by using a factor which is secreted in the
extracellular environment. Dilution ithe extracellular environment provides an additional
roadblock in the delay in B19R functionality relative to intracellulaPMtein which functions

in a smaller volume, and inherently hasraager probability of interactg with, and inhibiting,

its target.

The notion that the decoy receptor is secreted into the extracellular environment is a
critical element of the success of this therapeutic platform. Not only does it further delay
commitment to the positive feedback loop, but use of secreted daallow for the positive
feedback signal to be relayed to adjacent cells. This effectively allows the virus to communicate
information to surrounding cells, which are potentially resistant to the OV therapy. As such, this
construct exploits sensitive camceells within the tumor to establisinterferon suppression
"hubs" which produce the decoy receptor, and imprdeévery throughot the tumor. In
contrast, ifintracellular antagonists of the IFN pathway had been used, such as ICPO which
promotes TLR degdation(354)or E3L which block IRF activatio355), we would not expect
to have the same extent of information relay. Furthermcegpect more of a pleiotropieffect
in different tumor microenvironments with B19R since IFMisentral pathway essential to the

activation of antiviral defences with little to no redundaniycontrast with ICPO or E3L
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5.3 Sensitization of stroma within the tumor microenvironment.

From my work regarding the cross talk between cancer cells and CAFs, | conclude that
within the tumor microenvironmenCAFs are in a repressed antiviral state at the onset of
infection, but do not lack the capacity to activate-aimal defences faébwing infection. The net
result of this lower baseline in aniiral defences is a "burst” in viral activity at the onset of
infection prior to the activation of immune responses. This mechanism supports the assumptions
of my model in chapters Il & Ill, Wwere tumor cells are associated with a greater rate of virus
expression and genome expression at the onset of infection. While | derived the model under the
assumption that metabolic defects enhance OV replication and genome expression, it is noted
that adecreased level of antiral defences at the onset of infection will achieve the same effect
The rate of virus replication and protein release is defined by both the rate of genome replication
and its degradationWhen | quantifiedvirus replication andexpressionusing a single step
growth curve Appendix Figure 6), both rate were enhanced i€@AFs The general mantra for
the OV field is that sensitive cancer cells failaictivateanti-viral defences in response to virus
(165). In contrast, this data suggettat the baseline level of activity in this pathway determines
the level of sensitivity to OV therapies. This observation is of particular interest since the
baseline status of IFN signalling components otgdifrom patient biopsies may serve as a

predictive biomarker marker of OV responses.

To understand the implications of usitigeseanti-viral genes as a predictive biomarker,
it is essential that we determine the impact of tumor infiltration by theseuseacell typesFrom
my simulations Appendix Figure 7), it appears thanfiltration by normal fibroblast§NFs)can

enhance protection of resistant cancer cg€Cs), but only when they are the preponderant
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population within the regiorAlthough unlkely in mostregionsof the tumor giverthatcrosstalk
between RCC and NE®nverts NFs to CA%; it is conceivable thatascentegions of the tumor,
such as the rim, gain resistartbeoughthese effectsSensitive cancecells (SCCs)on the other
hand couldnfluence the behaviour of resistant cancer cell evkanat low proportions within
the populationCAFs on the other hantad little to no impact on the behaviourRECsin the

absence of cross talBy analyzing the impact of ketic parameters describing virus and IFN

production, it became clear how a low level cell infiltrate could influence the behaviour of RCCs
(Appendix Figure 8). While cells with an increased rate of IFN production or responsiveness
could exclusively driveresistance, cells with amcreasedrate of viral releaseould drive
sensitization. This result was not interchangeable. Cells with a decreased rate of IFN production
or responsivenessould notdrive sensitization, and cells with decreased rate of vireelease
could notdrive resistancevhen the cell type waat low proportions within the population.
Indeed, according to the simulations, NWwhich are assumed to only be associated with a
decreased rate of virugleasecould not influence the behavioof RCCswhen presenat low
proportionwithin the population. Furthermor€AFswhich are associatedith a defect inFN
production relative to RCChad no impact on the behaviour of this populatiBrom these
simulations| conclude thait is the balane between SCCs and NFs in the tumor which will
ultimately determine therapeutguccesslf the region ha$SCCs, the tumowill be sensitizedo

OVs if there is not the presence of a low level infiltration by an IFN producing subtype, such
normal fibroblats orevenplasmacytoid dendritic cells which ane fact the major cell type
responsible for typé IFN production (356) Of course, if theSCC has acquired defects
rendering it normresponsive tdFN it can still serve as a virus production hutherefore |

conclude that it is not the global level of expression of theseb&d¢d biomarkers which will
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likely determine treatment success, but rather the extent of contact between sensitive and

resistant ced.

An element whichwas not incorporated into my modefet highly releent to this
subject involves spatial organization. Although | assumed homogenous mixmgr these
simulations this assumptionis perhaps a bit contrived iivo in the sense thaa tumor is
composed ofa number of different relativeljlomogenous regions resulting frotne clonal
expansiorprocessin my model, the effects of spatial compartmentalization could be generated
by varying the rate of virus and IFN diffusion between tbmpartments proportionally to the
amount of cell contact. While this is conceptually an interesting phenomenon, thisigffect
critical in the use of these cell types dsomarkers forthesetherapies. Specifically, when
obtaining patient biopsies for bi@rker analysis, wemust consider not only thegeneral
frequencyof each cell typebut eqally incorporate spatial elementEhis may be evaluated
usingimmunohistochemistry taletermine the number of sensitive regions/sites in the patient

and developin@n appropriate scoring scheme

5.4 NRRPs- an alternative to conventional OV therapies

According to the model and biological observatiomgh colchicine tumors are
exquisitely sensitive to viruses, evienthe absence of replicationelct in tumor cellsesult in
a lower baseline in antiiral defences, and can even prevent their induction in response to IFN
or OVs(165) According to the model, by decreasing the rate at whichvamati proceses are

activated, the cell remains in a "psetidtected” cellular state for a greater period of tirBg.

164|Page



lacking the appropriate defence machinery at the onset of infection, tumor cells persisahanti
apoptotic signals for a greater period of tiiis allows cancer cells to lexquisitely sensitive

to the apoptotic signals induced in response to NRRPs as cancer cells cannot overcome the
pseudeinfection. To validate thigproposednechanism of action,dre-treated normahnd tumor

cells with IFN to &ativate antiviral defences prior to infectiorwith NRRPs In these
experiments, | observed that normal fibroblasts could be further prdi@gainst NRRRnsult

(Figure 5.30. In contrastthe effect of NRRPs otumor cells vasnot affected by the preses

or absence of IFNHjgure 5.30d). This affect is most likely due to mutations in this cell line

which are well known to affect IFN signallifg857)

NRRPs generated by means of UV irradiation are well knownaiotain partial genome
replicatiorexpression358). Given the starstop replication cycle of VS\188), western blot
indicates that early proteins arellsexpressed in infected cellghile the latter genes fail to
transcribe and accumulate in infectoalysissimilar to previous studie@58) When the cell
cannot mount an appropriate defense to overcomeptesdeinfection, NRRPs will trigger
intrinsic apoptotic pathways induced throupbR-ligation (359) and functioml wildtype matrix
production(360, 361)- a response which may be further potentiated by cytokines released in
response to this pseudtfection (362). Although we typically viewwSV as primarily inducing
apoptosis, when | followed the cellular resperto NRRP infection by time lapse microscopy, |
was quite surprised to note the number of cell death mechanisms induced by this agent
(Appendix Figure 10. Over the 48h time course, | observent onlythe release of apoptotic

bodies Appendix Figure 108 andapoptosis Appendix Figure 10b but equallycytokinesis
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failure (Appendix Figure 109 as well as necrosiAppendix Figure 10d) following NRRP

treatment.

In-vivo, the preferential induction of tumor cell death is further accentuated by inducing
immunogenic responses raised against the tufigufe 5.5¢) This response is most likely the
result of priming cytotoxic ICell responses following DC uptake of apoptotic bodies, and the
subsequentecognition of tumor antigenkdeed, UVinactivated V¥ is well known to activate
CTL responses against tumor ce{B63), presumably as recognition of viral pathogens up
regulate antigen presentatiqdl2) Cytokines naturallyreleased in response to virus will
potentiate this effect. In this regard, NRRPs may equally offer several advantages over live OV
platforms. In contrast with complex OV therapies, such as those derived from HSV and vaccinia,
NRRPs do not encode for a pieta of immune evasion factors. | would therefore presume that
the process of generating ahimor immune responses is much more potent for this platform.
Not only do the tumor cells have the ability to activate several immunogenic processes, but even
the apoptotic bodies released upon NRRP infection should be more potent. Given the lack of
replication, apoptotic bodies resulting from NRRP infection should not harbour excessive
amounts of viral epitopes. After DCs uptake and present the contents of plopsetia bodies,

CTLs should have a greater probability of reacting with, and generating immune responses

against, tumor antigens.

An alternative mechanism of cell death whielas investigatedis the impact of pro
apoptotic cytokines secreted upon infectwith NRRPs. While many cytokinegerereleased in
response to NRRHB-vivo, it is conceivabldghat the invitro cytotoxicity waspartially attributed

to this effect. As such, | would have had to amend my model by allowing infected cells to
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produce a wytotoxic cytokine, similar to the impact of colchicine in chapter Ill. However, when |
explored this mechanism, it did not appear that cytokines were responsible for the lethality in
vitro. When | transferred supernatants from NRRP infected cells, filteitaca 100 KD filter to
remove any virus particle, | was unable to transfer lethality to a population of healthy cells.
Given that most cytokines are small proteins (100KD or less), | concluded that direct apoptosis
appears to be the primary mechanisneaf death, and did not include cytokiogtotoxicity in

my model. Perhaps lethality may be transdrthrough celto-cell contactor releaseapoptotic

bodies containng virus antigens and streassociated ligangdsan interesting topic to be

investigatel in future studies.

The primary advantage ®fRRPsover conventional OV therapias associated witthe
absencef replication and is of particular importance in haematological malignankidsiood
cancersthe capacity oDV spread between canceglls is severely compromised by the non
contiguous nature of the disease and poor replication in these cells. As such, to ensure that the
majority of cells encounter a live OV patrticle, the virus must be administered at high doses. In
such treatment regiems, the MTD of a live replicating OV platform is limited by adverse effects
resulting from uncontrolled replication in normal and tumor tissue. For RVs, high dose
administration or tumor dissemination to vitalmmunocompromisesrgans,may potentially
induceneuropathy(364, 365) hypercytokinemig366) and tumor lysis syndromg65). Given
that cancer patients are warious immuno compromised states, and have varying levels of
disease burden, the MTD is determined by ltwation andextent of virus replication, which
varies immensely from one patient to the néxtleed haematologicaimalignancy infiltrate into

the brain greatly reduces the MTD for live RV platforf866). In contrast, we observed that
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NRRPs could be safely administered at high doses intracrarBgllphysically controlling the
total dose administered to a jeait, we offer an additional layer of control in regulating adverse
effects. As such, we can administer higher doses of the therapy to improve treatment efficacy

(Figure 5.59.

Although NRRPs are associated with several advantages in haemataiogiigalancies,
they are nonetheless associated with well known disadvantages. The first and foremost relates to
the amount of particle required. Currently,vitro experiments were performed with high
dosing of NRRPs. Efficacy #mitro was often achieved a PFU to cell ratio greater than 50. In
contrast, an attenuated VSV platform is typically in the range of ~0.2 PFU pgi@®)l The
amount of NRRPs required to treat a patient would be unparalleled. This vadwadiy generate
roadblocks from a production standpoint, but would equally raise regulatory concerns,
particularly in the amount of contaminating foreign DNA following NRRP manufacturing. Yet
upon administration of NRRPs in mice bearing acute leukemisgade was successfully
eradicated at doses translatable to the human scale. The total dose administered to the mice was
3 3E9 NRRP, which is only 3 fold greater than the5E8live MG1 dose usedy our groupin
previous studie$166) This resultreflects the fact that ivo, the majority of the antiumor
response is generated by immunologic responses, and may not require the same amount of

NRRPstimulus.

Furthermore, | anticipate that | will be able to improve NR®&ds by reducing the
amount of particle loss which occurs during the irradiation procedure. To have good agreement
between the mathematical model and biological datasgizefndix Figure 9), | had to assume

substantial particle loss. If not, the EC50tumor cells was typically in the range of &5
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Indeed, during the initial optimization procedure, reducing the turbidity and sample volume
allowed for reduced UV doses to be utilizélderebyreduced ED5®f NRRPs It is therefore
conclude that under e current irradiation procedure, nhost likely obtain a poisotike
distribution of NRRP activity in the resulting particles where the majority of particles are
dysfunctionalto ensure thafLL do not replicateTo mitigate this effect, | am investigatitige

use of GMP approved irradiatorwhich through fluid mechanicsnsure consistent particle

irradiation, theeby minimizing the amount of UV dosing required.

The othe concern with the use of NRRIBstheir application in solid malignancies since
NRRPscannot spread between contiguous cells in contrast with live OV platforms. As such, by
only reaching the cells surrounding tleaky vasculature upon IV deliveryr the area at the
injection site upon IT deliveryiew tumor cells will be irphysicalconiact with the NRRP. While
| do agree that this issue is problematic, interesting results have dibesemvedin solid
malignanciedreated withNRRPs. Upon both IV and IT administration to subcutaneous CT26
LacZ murine colon tumors in immunocompetent Ballmice, NRRPelivered a measureable
degree of efficacyAppendix Figure 11). Theseresults were even comparable to its live OV
counterpar{ V S V gagcbriling to our historical studi€291) Given that this model isgphaps
a bit contrived, in the sense that CTi2&cZ is a highly immunogenic homogenous tumor
thorough LacZ expressiphwasnonethelesguite surprisd to see results comparable to live
OV counterpar{291), andnot only the wildtype strain from which the NRRP was derivids
result would strongly suggest that the ability to induce-tamtior immunity, resulting in the
induction of CTL and vascular shutdown responses, are quintessential elements of treatment

outcome in solid malignancies. While live OV platforms inevitably will infect a greater bulk of
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the population, and perhaps have more heterogonous immune responses, | beliewarihat

optimizeour dosing strategy to achieving similar results.

5.5Model assumptions & limitations.

The model developed in my thesis, although simple, accurae$gribes irvitro
cytotoxicity, and is highly amenable to describe new phenontémaever there are nonetheless
certain disadvantages intricate to its simplicityniar to the work of Nowak and othe(g25,

225, 228, 230, 231, 242he viral term in my equations does notarately represent the total
amount of infectious virus particle present in the media, but ratlkeeartiount of “free virus"
which areavailable to infect an adjacent cell. During the infection cycle, virus particles released
by a cell will preferentiallyinfect surrounding cells. As such, the site of infection expands
radially to form infection plaques. There is substantial particle "loss" owingeti@rentialco-
infection by two or more patrticles in adjacent celtgl particle retention at the cell sacé The

rate of overall infection is limited by the diffusion coefficient of the virus particle. To mitigate
this effect, | had to use a rate of virus reled@e ( QQ ) which was much smaller than

the actual rate of particle releasénefefore, Free Virus << Real Virus obtained from biological

datasets.

While it may be possible to design a partial differential equation which encompasses both
virus diffusion and time elements, there would nonetheless still be issues with describéng vir
replication dynamics as virus budding is a time delay exponential process. In other word, it takes

a certain period of time for the cell to accumulate sufficient viral material to enable particle
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replication & release, which once attained, is an expiadeprocess. To describe the virus
according to these dynamicsdaaccurately estimate the amount of virus particles in the media, |
believe that it is essential thatepresent the infection cycle as a stochastic process, where each
cell is associatedith a unique set of parameters, and the solution evolves discretely over time.
Not only would this model allow us to encompass diffusion elements, but allow hesttey

de<ribe the spatial effects of heterogeneous populations.

Another pitfall of mycurrentplatform is the absence of a neero steady state following
infection. While the solution is quasteady by the 72ime point the lack of cell division
ensures that the solution reaches 0 at infinity. Although previous models encompass oatl divisi
kinetics to compute the steady state parameters, | do not believe that growth kinetics occur
within the short time frameased in my simulations. While thell deatheventswill eventually
need to be repopulated, the cells most likelge relievedrom growth arrest and repopulate the
available area are those most likely dying from virus infectioarem a growth inhibited state
due to the effects of IFN in a shdanine frame modelAs an alternative to reach a steady state
solution, | could haveremoved the parameter describing inactivation of antiviral defences
(b ). However, | believed that removal of this element would not accurately recapitulate
the biology of our system. The negative feedback loop, generated by suppressdokioe cy
signalling, is an essential element of virus dynamics, which | believe contributes to the
p o p ul aé¢cisienrtoduscumb to infectionGiven that thgparametersised in my simulations
are derived from biologically relevant estimates, the platimas derived to accurately describe
shortterm kinetics such as cytotoxicity at the 7ne point and cannot be used to describe

long term kinetics such a tumor relapse or memamgllt responses. Once again, if a stochastic
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model was utilized, | could a allowed for adjacent cells without active IFN defences to
undergo cell divisiorand repopulate the area following infectidiis is perhaps the best model

development for the foreseeable future.
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Appendix Figure 1.Si mul at ed di ff er encleEabvaryig®®innagp51 and

population of normal cells.

Histogram illustrates the distribution of simulated viability after a 72 hour at the described MOI.
Results were obtained over 1E3 Monte Carlo randomizationgr €obing, quantified in pie
charts, describes the probability that the normal cell population has a viability <10% (red), 10
90% (grey) or >90% (green) at the end of the simulation.
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Appendix Figure 2. Microarray validation of IDE expressing rhabdoviruses.

A) Box plot illustrating the log of the fold change in gene expression induced by MG1 infection
for loci subclassified as induced or repressed by IDE expression. Genes repressed by MG1
relative to MGL1, are typically induced upon MG1 infection (A\N3OE027, Wilcoxon signed

rank test) and those induced by Mgglare typically repressed upon MG1 infection (pV<1.89E

6; Wilcoxon signedank test). Box plot illustrates the sample maximum and minimum (error
bars), Q1 and Q3 (box), the median of the papoih (red bar) and samples outliers (B).
Geneontology enrichments for genes stibssified as induced by the MG1 and repressed by
IDE. Schematic illustrates a summary of the processes identified at a pValue threshold of 0.0001
following correction formultiple hypothesis testing (Bonferronit) Heatmap illustrating the

fold change in gene expression for genes induced by the MGL1 virus relative to control and
repressed by subsequent treatment with the decoy expressing virus which-aigssified as
induced by type interferon's.
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Appendix Figure 3. Experimental and simulated relationship between MOI and cellular
viability 72 hours postinfection in CT26 murine colon cancer cells.

The experimental dose response curve was generated by inf2&ttfy cells at increasing MOI

and assessing cellular viability 72 hours pa$tction through an AlamarBlue assay. Viability is
defined as the strength in signal intensity relative to control. Error bars represent the standard
deviation obtained over thipate experiments. Trends represent the simulation which best
describes the experimental results. In these simulations, all parameters are identical between viral
strains in a given cell lineage except for the capacity to produce the decoy receptor
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Appendi x Figure 4. Si mul ated i mpact of a wild

A) Development of the model to describe the infection cycle of ¥VSWN b . According
model all parameters are identical to the VSV model other than the capacitgdtomoe | FNb by
VSV (vl FNb) , which was assumed to be equival

production. B) Histograms illustrate the distribution of viability across a population of 1E5
normal (left) and IFN responsive tumor (right) cells follagi72 hour infection. Results were
obtained over 1E4 Monte Carlo randomizations. Color coding, quantified in pie charts, describes
the probability that the described cell population has a viability <10% (reeDQ%0(grey) or

>90% (green) at the end ofetlsimulation.
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Appendix Table I. Summary describing the overlap between genes induced by MG1
and repressed by DE and vicerersa.pValues describe the likelihood of significant overlap

(Wilcoxon signeerank test)

Induced by Maraba  Repressed by Maraba

and and
Repressed by IDE Induced by IDE

Total Genes n=25084
Maraba Induced Repressed
vs Untreated (n=1463) (n=2862)
IDE vs Repressed Induced
Maraba (n=358) (n=175)
OQverlap n=149 n=49
Enrichment 7.14 2.45
pValue 1.66E-88 1.46E-09
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Appendix Table Il. Amendments performed to recapture differences between viral

genotypes.
Genotype Modification Explanation
P51 U T Removed decoy receptor kinetic:
V] Tt
VSV 0 ™ pP U Wildtype M-protein impairs IFN
L g T pp U g signhaling and defense mechanisr
3 "@n PPV by blocking mRNA export in
o T[ infected cell{165). Equally
removed decoy receptor kinetics
p51+Jakl v ™ pP L The Jak inhibitor prevents
v n activation of IFN signaling by
v n inhibiting IFN signaling
Equally removed decoy receptol
kinetics.
p51+Deco 0 s Removed decoy receptor
V] Tt

P Spk

Initial Decoy=1-10pM

None

production to substitute for a pre
determined concentration of the
decoy receptor.

None
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Appendix Table Il I. List of parameters estimates for Chapter II.

Parameter Estimate Range Utilized
0 See below * 7.5E5 to7.5E4 (V'h?)
O m 1.5pM(367) 0.25e12 to 2.5e12 (M)
0 <In(2)/1h(368) In(2)/(0.2 to 2.0Xh™)
0 In(2)/(5 to 50)(h™)

In(2)/20h(369)369)(3695°°

r In(2)/8-10h (370) In(2)/(2.5 to 25\h™)
0 In(2)/(2-5h) (371) In(2)/(1 to 10)(h™)
0 See below ** 0.5to0 5 (V/h)
0 See below ** 0 'OX0.1to 1% (V/h)
0 See below ***** 0  x10to 100% (M/h)
0 g0 8 2.5E17 M/cell/h*** 8.3e18 to 8.3el7 (M/cell/h)
(i.e. 15000 molecules/cell/h) (i.e. 500050000 molecules/cell/h)
r In(2)/(5.3 h)in vivo(372) In(2)/(5 to 50)(h™)
0 1E7 M's*(367) 1 e10 to 10e10 (Mh')
(i.e.4E10 (M*h™)
0 0 =13.5 pM(246) O 0 x0 N
where) =2.5E12 to 25E12 (M)
VI See below **r*** 0  x4.15E16 to 4.15E15 (M)
0 See below**r**+ N ()
i In(2)/(14.8 h)in vivo (373) In(2)/(5 to 50)(h™)
r IN(2)/20 hin PBS****** In(2)/(2.5 to 25\h™)

"Adjusted such that upon infection of 2.5E5 cells at an MOI=1, 99% of the viral particles have infecttatdbeir
cell within 0.55 hours. A result recapturirexperimental observatiof8v4).

” Adjusted such that infection at an MOI of 0.05 over a 72 hour period leads to death of ~95% (+5% standard
deviation) of the tumor cell within the population in the absence of IFN signaling. A result similar to our
experimental evidence (data not shown).

™ Derived from experimental evidence measuring IFN production over time (data not shown).

" Except for VSV wildtype.

***** Unknownvalue, based on notion that IFN signalingy @aduce a positive feedbgdk 5) and inherently must be
slower than or equivalent to the maximal rate of IFN production once positive feedback is induced.

****** This valueis based on the assumption that decoy production is proportionaPt@t&n production by the
virus. Each functional viron contains ~120%olectules of viral Gprotein (187) and x 500 due todefective
interfering paricle lossessThis value was in turn converted to mol/l.

******* Derived from experimental measurements measuring VSV titer in PBS at 370C (data not shown).
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a) b) CCL3 - chemokine (c-c motif) ligand 3
CCL3L3 - chemokine (c-c motif) ligand 3-like 3
CCL20 - chemokine (c-¢c motif) ligand 20
CCRL2 - chemokine (c-c motif) receptor-like 2,

l CHUK - conserved helix-loop-helix ubiquitous kinase,

CSF1R - colony stimulating factor 1 receptor

Biological
Process

II8 - interleukin 8
IRAKZ2 - interleukin-1 receptor-associated kinase 2

- PRKCZ - protein kinase c, zeta
l PTGS2 - prostaglandin-endoperoxide synthase 2
TNFAIP3 - tumor necrosis factor, alpha-induced protein 3
- TNFAIP6 - tumor necrosis factor, alpha-induced protein 6
TNIP3 - tnfaip3 interacting protein 3

Appendix Figure 5. Geneontology (GO) enrichments for genes induced exclusively by VSV

in the presence of colchicine.

a) GOprocesses enriched within the dataset of 167 genes induced by VSV exclusively in the
presence of colchicine.

b) Genes induced by VSV exclusively in the presence of colchicine associated with both the
inflammatory response and response to wounding getotogy's
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Appendix Table IV. List of parameters estimates for Chapter Ill.

Parameter Range Utilized
Ki* 1E-4to 1E3
0 * In(2)/0.25h to In(2)/2.5h
0 z In(2)/10h to In(2)/100h
[z In(2)/5h to In(2)/ 50h
ECso i 2.5E13 to 2.5E12
ECso ¢ 22 Varied from 1E9 to 1E13**
rozzz In(2)/5h to In(2)/50h
v z In(2)/0.5h toln(2)/5h
0 z 0.05 to 0.5 virus/cell/h inormalcells
or 0.5 to 5 virus/cell/h in tumor cells
0 z 0.1%t01% 0
[z In(2)/5h to In(2)/50h
0 z 10to 100% U
0 z 5000 to 50000nolecules per cell per hour
or 8.3E17 M/cell/h to 8.3EL8 M/cell/h
K2z Varied from In(2)/0.05h to In(2)/50h**
rz In(2)/5h to In(2)/50h
o zzz In(2)/5h to In(2)/50h
0 22z 5000 to 50000 molecules per cell per hour

or 8.3E17 M/cell/hto 8.3E18 M/cell/h

* Range set from estimate described in LeBoeuf et al, 2013

** Parameters used in the simulation, varied within a larger range to mimic the effects of colchicine
*** Derived from biological observation.

*+x Unknown cytokine parameter set to the value utilized for IFN kinetics
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Appendix Figure 6. Modelling tumor heterogeneity.

a)The phenomenological model was amended to describe the interaction between a b) resistant
cancer cell (RCC) population, and an infiltrating populationarhposed of ¢) normal fibroblasts
(NFs), d) canceassociatedibroblasts (CAFs) or e) sensitive cancer cells (SCRed lines

indicate processes impaired relative to ROGi®en line indicate processes enhanced relative to
RCCs.The histograms of f) RC@) NF h) CAF and i) SCC viability at the 78me pointin the
absence of coulture highlights the impact of these parameter alterations. These distributions

summarize the results obtained over 1000 Monte Carlo simulat@esappendix tablé/Ifor
details.
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Appendix Figure 7. The impact of tumor heterogeneity on the viability of resistant tumor
cells.

a) Distribution of cell viability of RCC and NEpon ceculture. Graph represents the median
viability obtained over 1000 Mont€arlo simulatiom as a function of the RC@r NF fraction
within the population. b) Distribution of cell viability of RCC and CApon ceculture. Graph
represents the median vility obtained over 1000 Mont€arlo simulation as a function of the
RCC or_CAF fraction withn the population. c) Distribution of cell viability of RCC and SCC
upon ceculture. Graph represents the median viability obtained over 1000 MNanke
simulation as a function of the RQEZ SCC fraction within the population.
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Appendix Table V. List of parameters estimates for Chapter IV. Table describes values for
resistant tumor cells.

Parameter Range Utilized
0 1E-4 to 10E4 (V''h)
OW 0.25e12 to 2.5€12 (M)
0 In(2)/(0.2 to 2.0Xh™)
0 In(2)/(10 to 90Xh™)
r In(2)/(2.5 to 22.5Yh™)
0 In(2)/(1 to 10)(h™)
0 * 0.5t0 5 (V/h)
0 2z 0 Ok 0.1to 1% (V/h)
O e 0  x10to 100% (M/h)

0 glo g 8.3e18 to 8.3el7 (M/cell/h)
(i.e. 500050000 molecules/cell/h)
r In(2)/(5 to 50)(h™)
I In(2)/(5 to 50)(h™)

* Range islOx lower for normal fibroblastand 2.5x higher fosensitive cancer cells

**Range is10x lower for normal fibroblasts and cancer associated fibroblasts

*** Range is :10x lowerfor cancer associated fibroblasts and1DOx lower for sensitive cancer cells
**** Range is 1-10xlower for cancer associated fibroblasts and10Dx lower for sensitive cancer cells
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Appendix Figure 8. The impact of tumor cell infiltrate parameters on the viability of
resistant tumor cells.

Simulations were performed by varying the parameter of virus buddigg (# the rate of IFN
production (Keni) or the degree of IFN responsivenessgls,) in the tumor cell infiltate at a

fixed rate relative to the resistant cancer cells. In these simulations, the ratio of infiltrate to
resistant cancer cells was set at 1:20. Resistant cancer cell viability at the 72h time point. A
Monte Carlo simulation (n=1000) was performed using the range of parameters described in
Appendix Tablev used to describe resistant cancer cells.
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Appendix Figure 9. Experimental and simulated relationship between NRRP concentration

and cellular viability 72 hours postinfection in normal (HDFN) and acute leukemic
(L1210) cells.

The experimental dose response curve was generated by infecting 2.5E5 cells at increasing MOI
and assessing cellular viability 72 hours gogtction through an AlamarBlue assay. Midp is

defined as the strength in signal intensity relative to control. Error bars represent the standard
deviation obtained over triplicate experiments. Trends represent the simulation which best
describes the experimental results. Model parameterifidation was performed using the
simulated annealintike method described in chapter Il. In these simulations, all parameters are
identical between the two cell lineagether than the capacity to produce IFN
Kien2.1&K En2.2), the rate of NRRP ebrance (Kc) and the rate of activation of antiviral defence
(Kienon)- In these simulations, the ratio of functional to dysfunctional NRRP particles was varied
from 1:0 to 1:1000.
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Appendix Figure 10. Time microscopy of death events following NRRP tréament.

For all experiments, the murine multiple myeloma cell line (MEAg was treated with NRRR$

a PFU to cell ratio of 100ollowing incubation for 1h, and centrifugation to pellet the cells at
the bottom of the well, thabove experiments ave monitoredover a 48h hour period. Time
indicated in top left hand corner indicates the time following the onset of infedti@ayes
acquired
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Appendix Table VI. List of parameters estimates for Chapter V.

Parameter Range Utilized
0 7.5E5t07.5E4 (V*'h?)
O m 0.25e12 to 2.5e12 (M)
0 In(2)/(0.2 to 2.0Xh™)
0 In(2)/(5 to 50)(h™)
r In(2)/(2.5 to 25Xh™)
0 In(2)/(0.25 to 2.5Yh™)
0 O  x 10 to 100% (M/h)
0 &0 g 8.3e18 to 8.3e17 (M/cell/h)
(i.e.5000:50000 molecules/cell/h)
r In(2)/(5 to 50)(h™)
I In(2)/(2.5 to 25Xh™)
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Appendix Figure 11. Survival in a CT26LacZ murine subcutaneous colon cancemodel
following NRRP treatment.

On day 1,15 mice were injected with 3.1E5 CT-2&cZ cells on the right flank. On days 16, 18
and 21, mice received a 2E9 dose of NRRPs administered IV or IT or a PBS control.
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Appendix Figure 12. Quantitative real-time polymerase chain reaction (QRTPCR) of IFN
targets in the second patient identified by gqRTPCR.
gRT-PCR was performed on a subeéselect genes categorized as repressed in CAFs (>3 fold)

and induced (>3f ol djherhigroarvapanapsid gRECRcwas di ng t o
performed on CAFs and NAFs obtained from cancer P&igrfectedor not wi t h VSV @&
18hours and normalized to GAPDH levels using the Faffel method
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