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Abstract

Hereditary breast and ovarian cancers (HBOC) repres&0e6 of breast and 105% of ovarian

cancer cases. These cancers tend to be aggressive and curative treatment strategies are scarce.
Poly(ADRibose) polymease inhibitors (PARPI), a family of drugs that inhibit DNA repair, are a
promising therapy for canes harbouring mutations in their DNA repair machinery, such as
HBOC. Unfortunately, nearly all patients ultimately become resistant to PARPI, leavied limit
options for definitive treatment.hy O2f @ G A O-1 2 NI AqyCH ¢y OBNNIHzA S& | NB
immunotherapeutic platform capable of selectively targeting cancer cells, leaving healthy tissues
unharmed. Our group has demonstrated that oncolyti@abdoviruses may be used to deliver
therapeutic payloads by encoding targeting sequences to act on genes vimteNérence. In

the present work, | have engineered the oncolytic virus, vesicular stomatitis virus (VSV), to
express a variety of microRNMIRNA sequences that target genes essential for DNA repair,
sensitizing resistant cancer cells to PARPI therAfier initial experiments revealed hurdles
concerning the functionality of artificiahiRNA which specifically target BRCA1 and BRCA2 |
encoced the naturally occurring hsmiR-182 into VSV to knockdown BRCA1 and additional genes
essential for DNA repaidsing a 3D spheroid model, | have demonstrated sensitization of initially
resistant MDAMB-231 breast cancer cells to the PARPI, rucaparitmpBEmentary work
exploring the shuttling omiRNA into small extracellular vesicles,E¥s, has also shown thate

can take advantage of thEVpackaging facilities in infected cells, inducing the packaging of
MiRNA overexpressed by VSEYMIRNA) intb ENs. Future work will address the functionality

of theseEVVMIRNA, testing their ability to knd@lown targetsm uninfected cancer cells.
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Chapter 1General introduction and objectives

Preface
The contents of this thesis contathe work of myPhD studies which have been

completed over the course of three years as a part of the combined MD/PhD program. The large
disruptions due to the GVID19 pandemic have madecdhallengingo completeall the original
objectives for this project and havegalted in some experiments being completed omcan a
limited collection ofcell lines. Fortunately, our group was able to malgnificant contribtions
during lab shutdowns/slowdowns by working to develop a biosensor for testing various COVID
19 treatment and preventionmodalities as well as a rtiitpronged approach to vaccine
development using oncolytic virdmckbonego act as vaccine vectors agat SARE0V2. The
main body of tlis thesis contains the work of my original projedivided into threemain result
chapters,while the appendix contains two additional chapters outlining a concise summary of
the work | contributed to theSARSC0V2 projects in addition to aJournal of Visualizk
Experimentanethods paper | have writtenutlining the neutrdization assay | took the lead on
developing for our grouprhe SARE0V2 projects are highly collaborative and for the most part
are still a work irprogress, | have highlighted aspects for which | was closely involved.

Also of note,Chapter 1(particubrly subsectionsg W¢ dzY 2 dzNJ YA ONB Sy @A NBy
Why O2f & (i and th&GehgdabDEsussisontain direct excerptand figuredrom a review
WA UGSy o6& YeaStT yR Ll2ald R20G2NIt FStt263 51
viruses:EngiSSNAY 3 2LILIR2NIdzyAada G2 GF1S O2yaNRE 27
been adjustedvhere necessarylhe use of this material has beetoated based on the Elsevier

policy on use of published text within a dissertation.



Introduction

1.1 Tumaur microenvironment

Tumoursare now recognized as complex entities comprised not only by tumour cells but
alsqg cancer stem cells (CSC), carassociated fibroblasts (CAFs), endothelial cells (EC), tumour
infiltrating immunecells (T lymphocytes, B lynocytes, natural killer (NK), tumoassociated
macrophages (TAMs), dendritic cells (DCs) etc.), in addition to the extracellular matrix (ECM) that
constitutes the scaffold to create a collaborative, interwoventity known asthe tumour
microenvironment (TME}® ' & | YSYosBdelyg 2F SHRKaAa O8f € ae LS
communication with neighboring cells. Cancer cells interaith won-malignant components
within the TME not only by direatontact between cellbut alsoparacrine signal exchange of
cytokines and growth factordg=(gure 11). It is now recognized that extracellular vesicles (EVs),
30-150 nm heterogenous populationf cellderived membrane vesicles, secreted by tumours
have specialized functions as intercellular communicators. These tuassarciated EVs can
transport nucleic acids, oncogenic proteins and signaling molecules, contribatifgour

progression and mastases.
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Figure 1.1 The tumour microenvironmens a dynamic and constantly adapting entity. The
constant crosstalk among TMEoroponents, not only influences tumorigenesis, tumor
progression and metastasis but also plays a crucial role in the resistance-taaoér therapies.
TheECMprovide structural scaffold and contains growth factors and cytakifer survival and
proliferation of the cancer cellsCAFsare the major contributor to depositing and remodeling
ECM, in addition fostering angiogenesis, tumor progression and metas@S€smreinvolved in
metastases and resistance to therapy and a@amrecurrenceTumor assoiated vasculatureis
required for tumor progression, favor metastases and contribute to tumor evasion of immune
system destructionTumor infiltrating immune cellstimulate the proliferation of cancer cell and
other cells typen the stroma, also contride to remodeling the ECM by the secretion of
proteolytic enzymes. In addition, the immunosuppressive tumor microenvironment which
usually contain immune cells associated with immune suppression or tolerance impose
additional chdkenges to anticancer therags. The understanding of the tumor microenvironment
makes it increasingly evident that successful antitumor cancer therapy must target not only on
tumour cells but also on the other components of the tumor microenvironment. TW&Mour
associated macroplgge, DC: dendritic cell, MDSC: myeloid derived suppressol Tei. figure

has been reproducedfom Jamiesoret al. Cytokineand Growth Factor Regws 56:102114,
2020%



The TME is aynamic, constantly evolving network influenced by the interactions
between its components and the hodthe ECM not only provides a structural scaffold of fibrous
proteins, but also comtins growth factors and cytokines, establishing a permissive nmhe f
survival and proliferation of the cancer céllI€anceiassociated fibroblasts, a heterogeneous cell
population within the TME, contribut the depositing and remodeling of the ECM, and secrete
growth factors and chemokines that may induce the survival and growth of cancer cells, induce
angiogenesisand recruit tumour infiltrating immune cefisTumor infiltrating immune cells can
directly or indirectly provide signals (e.g. FGFNFh = CDCax 9DCUO GKFd &dAYdz
of cancer cells and other cell types within the stroma, and also contribute to remodeling the ECM
by the secretion of proteolytic enzynfe€SG have the capacity for saiénewal and are capable
of seeding new tumours during metastases. These cells tend to be resistant to conventional
therapy and they are often sponsible for cancer relapsé The complexity of the TME as lve
as its critical role in the initiation and development of tumour progression make evident that a
successful anticancer therapy should not only target cancer cells but also multiple components

of the tumour niche particularly the immune microenvironment

1.2 Targeted therapies take advantage of key components of the TME

Systemic ancer therapies have traditionalbeendesignedo indiscriminately kilfapidly
dividing cells, leaving behind a wake of damage to the surrounding tissues and eangeef
side effect8. Asmore targeted therapies, such astibody-drug conjugate3!® tyrosine kinase
inhibitorst* and hormone blocking agerits have entered thelayingfield researchers have also

lookedbeyonddirectly targetingtumour cellsand set their sights obhreakng down the TME as



a whole. For exampléargeting immunosuppressive TAMadmyeloid derived suppress cells
(MDSCpviacolonystimulating factorl (CSFL) andCSFL receptor(CSFLR) inhibition disrupting
the supporting stroma and vasculature of the tumourthygeting fibroblast activation protein
(FAP) expressing CAFs applying antiangiogenic therapies (eganttFAP and arfVEGFA
monoclonal antibodies) and activating the amtumour immune response byproviding
granulocytemacrophage colony stimulatingdtor (GM-CSEP14 While considering the diverse
components of the TMEs therapeutic targetst is important to als&eep in mindhe mutational
signature that has contributed to the development aowekerallbehaviour of the diseas&enetic
changes are the driving force behind the altered phenotypes we see vtithiour cells and the
surroundingTME, meaninghat the development ofargeted therapies also includes those which
aim to take advantage of specific genegiterationswithin the tumour and surrounding cells.
Two2 ¥ (KS Y2aild y20§2NA2dza YOI y BRENANABRZAIBRRast y

CAncer gene 1 and gened®yingto their strong connection with breast and ovarian cartééf.

1.3BRCAL1 and BRCA2

The association @RCAANdBRCAZwith increased risk of breast cancer was established
in 1994516 BRCAllocated on chromosome 17, was originally named by Mzlgjre King after
tracing a large cluster of earbynset breast cancer cases via linkage analysis baBR@AY. It
was later determined that truncating mutations of the BRCAL protein were the c3I|BRCA2
located on chromosome 13; was associatetth increased risk of breast cancer while
investigating famies with a high incidence of male breast cancer witholBRCAInutation

present®1819 Hereditary breast and ovarian canqgfBOChas now been definedsaa genetic

Y|
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tumour syndrome most commonly due to inherited mutationsBRCAIor BRCAZ cancers
caused bymutations in theBRCA/2 genescurrently make up 510% of breast cancer and -10
15% of ovarian cancer case¥.

BRCAZand 2 are tumour suppessor genes that play important roles in DNA damage
repair via homologous recombination (HR)Individuals born with a heterozygous mutation in
either of these genes typitlg undergdoss of the noAmutated (or wildtype) allele at thBRCA1
or BRCAZ2ocus, also known as locspecific loss of heterozygosity (LOH), leading to genomic
instability and tumour growth*24 The lifetime rislof developing breasand ovarian cancers for
individuals who carry a mutation in either gene is extremely high. In the general population, the
risk of developing breast cancer is approximate3yo(about 1 in 8 women) and ovarian cancer
is 1.2%>26 Women who inherit a deleterious mutation in BRCA1 or BRCA2 have a profound
increase in their chances of developing breast and ovarian canc&2%b50f women who inherit
a BRCA1 mutation and 4% whoinherit a BRCA2 mutation develop breast cancer by8@0
years of age, and the risk of ovarian cancer increases-t138for women who inherit a BRCA1
mutation and 1317% for those with a BRCA2 mutaié#®. Additionally, the risk of contralateral
breast cancer increases for women who carry a BRCA1 or 2 mutation wg@92®f women
developing cancer in the opposite breasty€ars after the original malignancy is diagedsnd
40-50% after 20 yeafs The observed variation in penetrance of mutation8 RCADbr BRCA
is relatively high due to the wide range of mutation type and location that may #tcur

BRCA1 mutated breast cancers tend to fall into a distinct pathological group manifesting
common features inclding high grade invasive ductal morphology, usually falling within the

GolBATSéE adomidellS 2F oNBlFad OFYyOSNE gAGK 25



estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factdorecep
2 (HERZY. In contrast, BRCA2 mutated tumours tend to resemble those of noncarrier, or
AL NI RAO GdzY2dzNB> dzadzZl-6BBISFI AtizayELIBAGOKAZYBYHKS
of genes expressed by the luminal breapithelium and those associated with BR*. Ovarian
cancers associated with BRCA1/2 mutation are generally-drighe serous carcinomas, this is
also the most commo subtype overall in the general population, comprising up to 90% of
ovarian cancer cas&s Other ovarian cancer subtypes that have been associated with BRCA1/2
mutations include endometrioid, mucinous and clear cell carcindfnas

The tissue specificity of BRCA1/2 mutated tumours has been a contentious topic for many
years now*3¢ It has been long understood that the most common tissues impacted by inherited
germline mutations are breast and ovarian; however, BRCA1 and BRCAZ2 are both expressed by
nearly all cdltypes without significant differences in the level of expression between different
tissue$’. Plasma estrogen and progesterone levels in BRCA1 mutation carriers have been shown
to be elevated, moreover both estrogen and progesterone receptor signalling have been shown
to be repressed by BRCA1 via transcriptional repression as welltaggsootein interactior?®3°,
This suggests theoreticallyclear path for the development of hormordependant tumours in
BRCAL mutation carriers; however, most breast tumoursragiin this group do not express ER
or PR Anotherprobabletrigger for tumour development may be the high levels of genotoxic
metabolites resulting from estrogemactivating pathways in tissues such as the breast or ovary
leading to elevated rates of DNdamage leading to genetic instabilitypesially in cells lacking
sufficient BRCAL or 2 expressiovft. Other groups have suggested that ER and PR signaling

impact tumorigenesis in BRCA mutation carriers via paracrine mediate mechanisms or that an



over expression of ER and PR are requiceiditiate tumour development, but these are lost at
a certain point in the developmeftt*3. Theseand many other possibilities still require further

exploration to fully elucidate the mechanism of tissue specificity of BRCA mutated tumours.

Hereditary breast and ovarian cancers (HBOCs)
While a majority of HBOCs can be attributed to mutations in BREA%’, a number of

other genes have been shown to contribute tbereditary phenoype when mutated including
ATMH446 BARDY, BRIP¥4S PALBZ*?, RAD51€, RAD51[, and ChkZ*%. The term

W, w/!1ySaaQ KlFa o6SSy dza SsRareihdecuRiSsimdaNtedviith BREA 2 dzNA
mutated tumours, those of whichhay also respond to similar therapeutfiésin short, tumours
which fall into the catgory of BRCAness generally have an HR defect, but dmweta BRCA1/2
germline mutation. The examples listed above are in fact aligemesinvolved inthe HR DNA
repair pathway in addition to other important cellular processes required for maintaining
genomic stability, such as cell cycle checkpéinttempts have been made to identif distinct

third breast cancer susceptibility genBRCA3; to date, it is understood that many different
genes can contributed to the hereditary breast cancer phenotype and no single gene can be
associated with families that have a high incidence otbteancer with ndRCA1/2nutation

identified®’.

Other types of BRCA1/2 mutated cancers
A number of cancer types in addition to breast and eamahave been associated with

BRCAL1 or 2 mutations including melanoma, fallopian tube and endometrial cancers, pancreatic

canceP®, prostate canceéf, and gastric cancét The association of BRCA mutations with certain



familial cancers aside fno those involving reproductive organs has been somewhat under
debate however, multiple largscale studies have confirmed the association of BRCA2 with
familial pancreatic cancer (FPC) with 17% families with three or more cases of pancreatic cancer
among tose relatives (firsand seconetlegreey®®162 Converselythere have beema trends
observed for increased risk of melanoma among BRCA1 mutation carriers and some studies have
even shown a link to melanoma in families which carry BRCA2 mutastisa definitive

association of either gene with increased risk of melanomanba®een concludetf-62

1.4 Mechanisms of DNA repair

Single strand DNA repair
The two nmain pathways of ssDNA repair are nucleotaeision repair (NER) and base

excision repair (BER). NER can repair a wide variety of lesions; treubpathways of NER
include global genome NER (GIGR) and transcripticooupled repair (TCR). @&ER is
responsible for surveying the entire genome for distortion due to disrupted {pasénd*. TCR
takes place at the site of stalled RNA polymerase where the polymerase must be displaced by
TCRspecific factors for subsequent repair to take place and resume transcriptiBER is the
main mechanism for the repair of damageurred by cellulametabolism, including reactive
oxygen species, methylation, deamination and hydroxylation, as well as single stand breaks

caused by Xay$667.



Double strand DNA repair
DSBs may be caused by environmental factors such as ionizing radiation, cell intrinsic

contributions includingmetabolic products, such as reactivaxygen species, and during
replicatiorf®. The repair of DSB is critical for cell survival as these lesions can promote genomic
instability and ulimately lead to cell deafli:’> The mechanisms of DNA double stranddk

(DSB) repair can be broadly ddied into two pathways, nchomologous engoining (NHEJ)

and homologous recombination (HR). DSB are preferentially repaired by NHEJ during G1 phase
of the cell cycle and HR during S and G2 pi&sesn general, due to the availability of intact
homologous sequences during replication, DSBs occurring during replicatiogpared by HR

and those caused kgnizing radiation when DNA is more tightly packed are repaired by®RIHEJ
Importantly, the main difference between NHEJ and HR is the requirefoemécombination
between sister chwmatids during HR resulting in a nearly erfie process"’2

NHEDegins with DNA endinding proteins, Ku70 and Ku80 (also known as XRCC5 and
XRC@® or heterodimer Ku), binding at the break and recruiting the catalytic subunit dDih&
dependant protein kinase (DNRKcsSY¥. This complex then recruits the repair enzyme DNA ligase
IV which completes the repdft Ku70/80has high affinity for blunt DNA ends and those that
possess very short overhangs, while breaks with longer ssDNA ends are less likely to bind the Ku
heterodimer and undergo NHEJOverall, NHEJ represents an efpoone process as DSBs are
repaired via direct ligation without the requirement afhomologous template strand.

HR starts with strand resec@ y = NI & dzf (i AstyaAd (Js)yoveth&@hgsaDNW Brid S
resection is carried out by the MRN (MRERAd56NBS1) complex; MREL11 first nicks the strand
GAGK | FTNBS pQ (S NMawagziiomdhelDIB2andexens egindzi@ase 2 G A RS
activity to estend the nick to the DNA erfél The MRN complex then acts as a DSB@ewhich

10



recruits ataxiaelangiectasia mutated (ATM) todsite of the break’. The ssDNA is then coated

with RPA complex (replication protein A; RPA1, RPA2, RPA3) to prevent binding with another
ssDNA. BRCA2 along with PALB2 then interaits tve sSDNA, RAD51 monomers which
assemble into a filamentand BRCABARDI1, facilitating the displacement of RPAhe

recruitment of RAD51, a DNA straagichange protein, via BRCAL interaction is dependant on
CHK2mediated phosphorylation of BRCA1The BRCABRARD1 complex then ebles RAD51

homology searching and pairiffg Once sufficient pairing is in place, the synapse is stabilized,

and the nonpaired stand of the invaded DNA is displaced to form a displacemeiitloop?®.

¢tKS FNBS 0Q SyR 2F (G(KS Ay@lFRAYy3 5bhlongwith yR {1
RAD51, RAD54 and RPA to extend the invading strand using the paired donor DNA as a

template’®:8°

BRCA1 and BRCAZ2 profgintein interactions and diverse functions
The amino acid sequences of BRCA1 BREA provided some initial insight into the

function of these proteinsoon afer their association with increased risk of breast cancer was
established The BRCAL1 protein is comprised of 1863 amino acids and is present in most
proliferating cell8%. Early investigations demonstrated that BRCA1 localized tansalear foci
during the S and G2 phases of the cell cyclddition to forming complexes with Rad5hogher
protein required for homolgous recombinatioff. BRCA2, the larger of the pair, consists of 3418
amino acids antias also been shown to docalize with BRCA1 and Ra#é%®.

BRCA1 plays a number of wadifined roles in processesanging fromDNArepar, celt

cycle checkpoint control and genome integrity maintenance, chromatin remodetiing

11



ubiquitinatior?”-8¢. The BRCAL protein can be separated into three main regions including a RING
(Really Interesting New @e) domain at its amino terminus, folwed by a relatively
unstructured region encoded by its large centeadon [11], a coiledcoil domain, and finally
tandem BRCA1 carboxgrminal repeats (BRCTS) BRCA1 formdsi complex with BARD1
through interactions with its RING domain and as previously discussed this is essential to the HR
pathway. The BRCAARD1 complex can also interacted with the RING domain of E3 ubiquitin
ligase, mducing either moneor polyubiquitiration®. Additionally, the BRCABARD1 complex
can catalyze the formation of nenanonical lysine finked ubguitin (K6polyUb) chain®. The
coiled-coil domain of BRCAL interacts with PALB2 (partner and localizBRGA2) and is
responsible for bringing BRCAL in close prayimvith BRCA2 and RAD51 during HR. The BRCT
repeat domain recognizes a phosphorylated serine within a specific motif present in Abraxas,
BRIP1 and CtIP; the BRCT domain may only interact wétlofothese proteins at a time with
each complex serving a wpie function’®®. The interaction with Abraxas (BRGALomplex)
targets BRCAto ubiquitin conjugates at DSBs which are needed for-B&hage signaling and
repair, it also binds RAP80 which recognizes ubiquitinylated histones including H2AX to recruit to
the site of DNAdamage. Phosphorylated BRIP1 is recruited by BRCAL to ferBRICAB
complex which acts as helicase to unwind secondary DNA structures during S phase, it is also
required for Sphase checkpoint activatidh BRCAL interacts with CtIP (BRCAdomplex) to
complete DNA end resection alongside the MRN complex durifi§y HR

BRCAL also plays important roles in the response to DNA damage at the initial signaling
step required to initiate cell cycle arrest and the start of DNA repair. In response to DNAaJamag

BRCAL is phosphorylated by ATM or ATR, depending ongbheofystimulf2. In response to IR

12



damage ATM phosphorylates BRCA1 as well as the checkpoint kinase CHK2 which can also
phoghorylate BRCAL; phosphorylation by CHK2atssbeen showrto inhibit the errorprone
pathway of NHEJ and promote ¥IRATR is activatedy UVdamage and hydroxyureiaduced
replication arrest, activating BRCAL during\G the interaction of BRCA1 and ATR has also been
implicated in the response to stalled replication f&¥&. Overall, the phosphorylation of BRCA1
at multiple sites is ssential for its activation and functions in cell cycle control and DNA repair.

While the implications of BRCA2 in HR have been well described there is relatively little
known about the functions of BRCA2 outside the HR pathilv&®8RCA2 hasebn shown to
interact with PALB2 at its WD40 domain forming the BREAZBZBRCAL complex during ¥R
The binding of RAD51 occurs at repeated motifs (BRC repeats) located near the centre of the
BRCA2 protein as well as the carboxyl terminus, binding at these sites has be shown to contribute
to RAD51 filament formatidid®”. BRCA2 also interacts with DNAdaDSS1deleted in spilt
hand/spilt foof) protein at a conserved DN#inding domain that follows the centrally located
BRC repeats, binding of DSS1 has been shown to be essential for maintaining the stability of
BRCAZ°°

Most (approximately 80%) of the known pathologicalitations in BRCAL/2 result in
protein truncations or iframe deletions, as well as mutations resulting in mMRNA d€&&s7.
Interestingly, there have been specific regions identified on BRCAL and BRCA2 which have
0SSy RSTAYSR a4 SAGKSNI aoNBIFad OF yOSNJ Of dza G SN.
conferred risk of triggering the development cd@h type of cancer when truncating mutation
arises within that locatio3. There are also a number ofaghhogenic missense mutations

resulting in unstable, fulength versions of eachrptein; a majority of deleteriousmissense

13



BRCAL1 mutations occur at thet&minal RING domain or the BRCT domavhjle BRCA2
missensemutations tend to occur at the BRC et domains or the ssDNA binding redithA

large propotion of mutations, particularly those of the missense variety, have been clakagfie

variants of unknown significance (VUS) meaning that the implications of the mutation have not

been clinically defined and can therefore be difficult to martég&4

1.5 PARP inhibitors are a perfect nfafor the treatment of BRCA1/2 mutated cancers
The loss oBRCA1/2mpairs the allity of cells to accurately repair DSBs by HR, often
making them initially sensitive to chemotherapeutics that stall the replication &oklead to
DSBs, such as platinwgalts and mitomycin®€1% Unfortunately, & previously mentioned, most
ovarian cancer patients will experience disease progression following initial treatmemihdser
who become resistant to platinurtiherapy, the response rate to further chertin@rapeutics is
only 6:3094%. The appoval of Poly(AD#bose) polymerase inhitots (PARPI) for the treatment
of BRCAl/2nutated cancers haspened the door to enhancing therapeutic outcomes in both
breast and ovarian tumours with pathogenic BRCA1/2 atiohs This treatment modality
represerts atargetedsynthetically lethal approachio specificallyeliminatecancer cellsleficient
in HR
The poly(AD#ibose) polymerase (PARKas first described in 1963 as a Diépendent
polyadenylic acigynthesizinqiuclear enzyme, PARP enzymes now enass@superfamily of
17 different proteinswith PARPANd 2being essential to the base excision repair (BER) process
to repairDNAsinglestrand breaks (SSB¥1%°. PARP1 is the most active member of family; under

normal circumstances PARP1 binds to SSBs where it is activated, then usiragMAIDbstrate,

14



it catalyzes ADHbose polymersRARylation) which mark the site of damage and attd¥RCC1

(Xray repair crosgomplementing protein 1%t XRCC1 then serves as a scaffold foA DN

L2t @ YSNI &S ot-&fSI @[ AER hSHb 10 2f AAPARPL plagar adblithodal G S K
role in HR by activating ataxialangiectasia mutated (ATM) welt!3,

PARPI typically interrupt DNA repaly interacting with the PARP enzyme&d O & 2 NJ |
YAO2UGAY Il YARS I RSNADY) $ thR sagalyziO tiotngiris ofRPARPA aHA Zhe
synthetic lethality ofBRCAnutation combined with PARP inhibition has been demonstiate
previously by Farmer (2005na@ Bryant (200515116 (summarized inFigure 12). Since then,
several groups have demonstrated a similar effect by transient knockdoBRGA1/Zrior to
PARPI treatmendt'1®, The synthetic lethality of PARPi with BRCA1/2 mutation has been
attributed to multiple mecharsms. Initially, it was thougtthat the inhibition of FARP results in
persistent SSBs and stalling of the DNA replication fork, leading to the production fD8Bs
discussed previouslyelts rely on two main mechanisms for the repair of DSB, HRN&tePL
BRCAnutated cells lack the ability to repaDNA breaksisingthe highfidelity process of HR,
rendering them vulnenrale to further mutations, genomic instability, cell éyarrest and even
apoptosis when errors occur during NMEJInterestingly, PARP1 knockdown or knockout
eliminates the cytotoxicity elicited by PARPI, implying that the physical @res of PARP is
required to induce cell death in BRCA mutated cells. b understood that the process of
Wt | wt (0 NIsladbary ishgdrtahtlfrole 8n the efficacy of PARP?4 Essentially, PARP
becomes trapped on the damaged DNA strandalvimot only prevents repair of the DNA, but
also leaddo collapsed replication forks and eventually leads to cell death as double stranded

breaks persist and accumulate in thel&&l The PARPI currently under investigation have been
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ranked acording to their trapping potency with talazoparib corgiout on top, followed by
niraparib, olaparib and rucaparib are virtually tied, and veliparib comes itfdaEhese rankings

are relatively reflective of the cytotoxic potenofeach drugn vitroas welt?3126

PARPI in the clinic
The first PARPi to be approved for use as a single agent was olgpgnparza,

AstraZeneca) in 2014 for the maintenance treatment of advanced ovarian cangaients with
germline BRCA mutation after three or more lines of chemothe®ps? Since then, aumber

of additional PARPi have been approvesith additional applicationsincluding olaparib
(extended use tdRCAnutated breast and ovarian cancer), rucaparib (BR@Aated ovarian
cancer), niraparib (ovarian cancer, regardless of BRCA mutation status), and talazoparib (BRCA
mutated locally advanced/metastatic breast cancegdditional PARPi are currently being
developedat the preclinical and clinicastagesalongside studies exploring the application of
approved PARPI for other types of cancer (eg. prostate and panti&&&}3°Indeed, tvo recent

clinical trials have led to the approval of olaparib and rucaparib for the treatment of prostate
cancer in men with mutations in genes altering DNA repénose diseas@éas metastasized or

become resistant to typical hormone therapiés
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Figure 12 Synthetic lethality of BRCA1/2 mutations and PARW) A cancer cell with wildype

BRCA1 and BRCAZ2 along with fully function PARP is viable. (B) A cancer cell with mutated BRCA1
or BRCAZ2 is still viable if iagintact PARP function. (C) A cancer cell with a mutation in either
BRCAL1 or BRCAZ2 will no longewntable when treated with PARPI (such as olaparib or rucaparib).
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1.6 The problem PARPI resistance

While the approval of PARPI for the treatmefBRCAnutated cancersnitially emerged
with great promiseas the first class of drugs to take advantage of synthetic lethatiginst
cancerin the clinical settingtumour heterogeneity and genomic instability of these tumours has
been shown to promat PARPI resistance when BRCA1/2 functiamtisately restored!4.132
While it is difficult at this time to estimatie frequency of resistance in patients given that PARPI
are relatively new to the clinic, acquired resistance in several preclinical models has been
extensively studietf®. Methods for enhanced screening techniques are currenthgrdmiting to
our understanding of PARPI resistance ovelalt some clinic studies have began to provide
insight33. Currently, four main mechanisms of resistance have been identified: upregulation of
drug efflux proteins, restoran of homologous recombination (often by reversion mutataf
BRCA1/2r other HR genes), partial restoration of PARylation rméwalof stalled replication
fork protectiont3%135,

Upregulation of drug efflux pumpss a common mode of resistance among various
tumour types and is not spdic to PARPI drugs. The over expression-gfyBoprotein(P-gp)
pumps has been associated with PARPI resistance, in fact, cancer cells treated wigjp therfp
inhibitor tariquidar are resensitized to PARPI treatmé#ft3” Unfortunatey, the clinical use of
P-gppump inhibitors has beeassociatedvith toxicity in previous studies, likely due to a lack of
specificity; thus, alternative mechanisms of overcoming resistacagsed byefflux pump
overexpression need further developmérit

Down regulation of PARP1 and PARG exprestading to decreased PARP trapping can

confer resistance to PARPI. A recent study has identified multiple potential PARPi mutations using
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a genomewide CRISRPRas9 screengapproach, several mutatics impacted PARP trapping but
interestingly many also led to distinct sensitivity to chemotherapeutic treatment. This same
groupidentified a specific mutatiorof PARP1 which conferred resistance to PARPI, the mutation

did notimpact the ability of PARPD tbind DNA but was located near the catalytic domain and

gl a GKSNBF2NB y2i0 | 0PBSPARPRgly@E/dréai{MRGE)ISI8deded foré t ! w
the degradation of PAR chains, preventing PAR accumulation, thus the loss of P/AaRGH=En

shown to contribute to PARPI resistance as PARylation can be lyag&ibred in cells lacking

PARGY,

Stalled replication fork protections achieved in part by BRCA1/2, in their absence this
task can be rescued by inhibiting the recruitmheh MRE11, a nuclease whih can accomplish
excessive DNA end resection in the absence of BRCAL/2, by depleting its interacting
partnersg41:142 There exist a number of potential mechanisms to describe how replication fork
stability may exert PARPI resistance, many of which are still under investigation.

Restoration of haenologous recombinationis arrently the most widely accepted
mechanism of resistané& 13%and will therefore be the focus of this project. Several studies have
mapped secondary BRCA reversion mutations in tumours after developing resistance to DNA
damaging agents including PARRd platinumbased chemdterapies*3. Moreover, reversion
mutations of other proteins involved in HR have been shown follgvpiatinumbased
therapy'#4 Both genetic and epépetic alterations can be attributed to the restorationtéR and
PARPI resistance with lossSBRCApromotor methylation also restoring BRCA1 function, leading

to sufficient HR to overcome PARPI treatméhtHR can also be restored with the loss of BBB
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(p53-binding protein 1), loss of 53BP1 protein promotes Adépendant processing of damaged
DNA, in turn permitting HR to take place in the absence of BRCA1

Additional mechanisms of resistanare also being explored including disruption of cell
cycle control, alteratioa of mIRNA expression patterns and changes to cell sigmall
pathwayd43°. Overexpression of proteirsssociated with cell cycle regulation including CDK12
and WEE1 have been shown to promote PARPI resistance while inhibition can in fact confer
sensitivity to PARPY. Altered miRNA expression has been reported in several studies
investigating PARPI resistance, for example miBRA has been shown to enhance the HR
pathway by directly inhibiting the expressiohKu70/80 which are essential to NHEMultiple
signaling pathwaysdve been shown to contribute to PARPI resistance as a@ilding MET,
PISK/AKT, and ATM/ATR by promoting activation of PARP1, upregulating growth/proliferation

and actively recruiting DNA repair factors, respectit/éiip-,

1.7 Proposed solutionOncolytic viruses

A large proportion of tumourbave acommon charactastic, aside from specific genetic
alterationswhich may make them more susceptible to certain drug thergpiascer cells tend
to share arinherentsusceptibility toviral infectiort®?. Viruses are obligate parasites, they invade
living cells to replicate their viral genome and sprdaak. their part, cells have developed several
mechanisms to detect andght the invaders. Host cells sense viruses and initiate the antiviral
program by means of a group of surface and intracellular proteatiectively known as pattern
recognition recepdrs (PRRs). These receptors detect conserved pathsgenific molecule

termed as pathogen associated molecular patterns (PAMPs). The host antiviral response is
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versatile and results in the induction of type | interferons, chemokines and proinflammatory
cytokines, vhich activate andecruit innate immune cells to the site affection and promote
adaptive immunity®3,

Oncolytic virotheapy exploits the inherent propensity of cancer cells to be infected by
viruses$®2  During malignant trasformation, normal cells progressively undergo genetic
transformations acquiring biological capabilities that distinguish them from healthy cells, these
ONR GAOFE OKL y 3 $ha halimdiks oRGErRCE. MBqaidhgthede Zanaer inherent
characteristics including increased angiogendsisensitivity to antigrowth signals, sustained
proliferative signals, evasion of apopi®savoiding immune cell destruction and attenuated host
antiviral response, make cancer calsncidentally more susceptible to viral infectiéh>>

Canceskilling or oncolytic viruses (OVs) are viruses that occur eitherraldy or have
been genetically engineered to infect, replicateand kill cancer cells wieileaving normal cells
unharmed. These anftumour agents have promising safety profiles in patiétfsvith the first
OV product Talimogene laherparepveedc, Imlygic®), approved by the U.S. FDA in 2015 for
the treatment of advaned melanom#?’. Initially designed as cancer killers, OVs are now
recognized as a promising mutitiechanistic therapy for the treatment of cancedVs can
reshape the tumour microenvironmeh%9 activate the immune system to induce a robust
long-lasting antitumour immunity*>°, and can express and deliver therapeutic payloads in the
TMESX163  |n addition, these agents are theem candidates to synergize with other
immunotherapies such as immune checkpoint inhibittfs-63

Despite advanceghe efficacy of OV therapy is still limited by the variability of the

immune response observed in patients, tumour heterogeneity as well as physical barriers (e.g.
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fibrotic tumours) and immunosuppressive milieu imposed by the PR’ Several strategies
have been developed to improve OV specificity and therapeutic efficacy. Examples include but
are not limited to improving OV safety profiles bydieecting OVs towards recepts that are
preferentially expressed in cancer cells (cancerinelliced tropism). Multiple strategies have

also been developed to improve OV efficacy including encodingpar associated antigens
(TAAs) or immunomodulatory cytokingsg.granulocytemacrophage colomgtimulating factor
GM-CSF)to overcome tumourimmune suppression and finallyincreasing penetration and
diffusion through the tumour by targetingupportive components within the TMBwvhich

contribute to the difficult to penetrate stromégsummarized ifFigure 1.3168.169
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Figure 13 Summary of recently developed therapies redirecting oncolytic viruses (OVs) to the
diverse components of the tumour ngroenvironment (A) Expression of miRNA binding sites

for miRNAs highly expressed in healthy cells reducesaggét infection. (B) Expression of
alternate tumour specific receptor binding proteins directs viral entry to tumulis as well as
endothelid cells of the tumour vasculature. (C) Expression of bispecific T cell engagers (BiTES)
targeted to antigens expressed by canessociated fibroblasts (CAFs) direct T cell mediated
killing to CAFs. (D) Hyaluronic acid (HA) esqerd from OV's breaks dowmet extracellular matrix

(ECM). (E) Designed ankyrin repeat proteins (DARPIns) expressed from the virus simultaneously
target tumour cells and cancer stem cells (CSCs). (F) BiTEs expressed by OVs specifically engage T
cells withantigens on CSCs. (G) Eeélaular vesicles (EVs) produced by infected cells promote a
pro-virus niche, enhancing infection of neighbouring cells. (H) OVs expressing tumour associated
antigens (TAAs) enhance TAA presentation by dendritic cells:IKeymarticles (VLPS) exprasgi

similar antigens can boost the asttimour immune response. (l) Immune checkpoint blockade
antibodies (antPD1 and antPDL1) act synergistically with OVs when expressed from the virus

or administeredexogenously to overcom late-stagedisease. (J) Cytokines expressed from OVs
activate and expand cells of the innate and adaptive immune systems including dendritic cells, T
cells, and natural killer cellgThis figure has been reproduced from Jamiesbal. Cytokineand

Growth Factor Relews56:102114, 2020¥
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1.8 Vesicular stomatitis virus

The wildtype and oncolytic versions of vesicular stomatitis virus
Vesicular stomatitis virus (VSV)assmall @veloped, non-segmentednegative sense

singlestranded RNA virubelonging to the family Rhabdoviridd® VSV has proven to be a
promising OV candidate due to its unbiased tissue tropism, capacity to be genetically
manipulated, and its ability to induce interferon signalingonpinfection’%173172. The 11kb
genome of VSV comprises 5 genes which encode nucleocapsid protein (N), phosphoprotein (P),
matrix protein (M), glycoprotein{G), and large polymerase {15) The major VSV serotypes
Indiana (IN) and New Jersey (Ndje endemic tosome parts of the United States and
Central/$uth America with the natural hoss of VSV incluiehg cattle, pigs, horses, as well as
insectd’3. Seroprevance in the human population is very low, adding to VSVs potential as an
OV74 VSV G mtein is necessary for viral attachmemntthe host cellndits broad tissue tropism

can be attributed tothe relatively ubiquitously expresdecell surfacelow density lipoprotein
receptor(LDLRserving as the primary receptor for viral enftf§

The attenuation of VSV farevent viral replication imormal tissues, leaving cancer cells
susceptible, was based on the notion that many types of cancer have impairments within their
interferon signaling pathway®1’” The gravth of VSV is severely inhibited bytdrferon,
consequentlythis virus hasleveloped methods to block interferon production during infection
(described belowy® Thus, anattenuated VNE A 2y 2 F (0 K Swhighhildibess a0 + { + K |
heightened interferon respondeas been developetb protect healthy cellS°. + { + kcgntains
I Ydzi GA2y 6AGKAY GKS YI GNRAE 6 a OtohdekdEinteBekoff = NB Y+

production in infected cells. The M protein is required to carry severalviral functions
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including budding and virion assembly, aswell AYKAOAGA2Yy 2F Kz2ad 3ISyS
on host gene expression has beascribed to the M proteins ability to inhibit the nuclear
transport of host proteins and mRNAs into and out of the host nuéfe& Stojdl et al.
demonstrated that cells possessing intact interferon signaling are protected ftom+ kK p m
replication,while those that do not mounan effective antiviraresponse are susceptibtiie to

VS¥p m @si ofability to blodk host cell transcription of antiviral genés!’® [All experiments
performed and proposedhroughout this thesisutilii S+ { + k p wfteh he Refersedl fof

simply as V§V

VSV replication
Following attachment, VSV enters the cell via endocytosis, a drop in endosomal pH occurs

and VSV G catalyzes the fusion of the viral membrane with the cell membrane, releasimglthe v
ribonucleoprotein into the cell cytoplasift. Viral genes are then transcribed by the RNA
dependant RNAvolymerase complex, made up of the nucleoprotein, phosphoprotein, and large
polymerase proteitf2 The transcription of VSV occusthin the cell cytoplasnin a stopstart
fashion with the polymerse entering the genome at a single sated stuttering at each intergenic
region during the polyadenylation of the transcriptanscription of downstream genes depends
on the termination of transcription of the upstream gefi&¢ The RNAlependant RNA
polymerase plays double duty, facilitaig transcription of MRNA necessary for puation of viral
particles and also producing fudingth copies of the genonte complete the replication cycté’.

N, P, M, and L proteins are translated by free cytoplasmic ribosomkese G proteins are

translated by ribosomes bound to the endoplasmidaelum'®. As G proteins are synthesized
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they move through the ecretory pathway where they are glycosylated, eventually associating
with the M proteins and nucleocapsid at the host membrane where the assembled viral progeny

are released bpudding.

VS\s ready for the clinic
One of the mosimportant characteristis when introducing a new therapeutic to the

clinic is safety. Following sevenalivostudies, investigating both safety and efficacy 8Mythis

virus has enteed clinical trialsVSVL C #NIS (Voyaget m yah attenuated recombinantersion

of IN strain VSV, expragaghuman interferoni (IFN @nd the sodiurAodide symporter (NIS)

gl a RSOSt2LISR o0& 5N wdzaasStfQa U0SHMsedrvestal KS all
protec normal tissuedrom viral replication (as this virudoes not possess the M mutation
LINBa Sy i iviyfle alsé stikuytating the crogziming of T cks during infection while NIS
permits noninvasive tracking of viral infection byclear imaging ofL23)}Hodine distributiori®&

188 The potency of this recombinant VSV has been demonstrated in one study which highlighted
AlGAa G Odzbkadl A BB &y &EA linfvivomalel bfymefom2yEarly dose escalation
trials have established a tolerable and safe dose in adults with late stage endometrial*®®ancer
VSWL CiNIS is currently in multiple phase I/1l clinical trials as a single therapy or in combination
with immune checkpoint inhibitionand other chemotherapeuticen endometrial cancer, non

small cell lung cancer (NSCLC) and head and neck squamousrciatbroa (HNSCE). OVs
represent a powerful delivery agent capable of sending therapeutic cargotigite the site of

the tumour, this cargo may include proteins as described above or Réienence machinery

such as microRNAs.
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1.9 MicroRNAs

The first microRNAWiRNA, lin4 in Caenorhabditis elegansvas discovered in 1998/
Dr. Ambrosand colleague’s? There are nowmore than 2000miRN/A estimated to bepresent
in the human genom¥3194 MicroRNAsare small (usually ~283 nucleotides) noitoding RNAs
that play a crucial role in postanscriptional gene expressiétt1°¢ miRNA modulate potein
synthesisby pairing with complementary sequences dirget mMRNAsg A G KAy qi KSA NJ
untranslated region (UTRnNIRNAsnayrepresstranslation or indue degradation of the mRNA,
a small selection ahiRNA has also been reported to activate translati&®. These small RNAs
are located throughout the genomeften within noncodingareas they may also be located
within introns or untanslated regions (UTRs) of protein coding gé¥esThe unifying
characteristic of almiRNA is a stemoop precursor RNA structuremiRNAs may be present as
AYRAGARdIzFf 3ASySa 2N 2NHIYyAT SR a Ofdzaié&NR 27
and/or function, they are generally transcribed by RNA polymeras®ri either their own
promotor or the promotor of their host gert€®. PrimarymiRNA (prmiRNA)precursors contain
I @O LJ 61 aDLLiIwyA)tafR I oQ

CanonicalmiRNAprocessingoccurs as a stepwise process in which Drosha (RNase |l
enzyme associates with the RNA binding protein DGIR8eorge syndrome critical region gene
8) to cleave the primary hairpifpri-miRNA sequence this releases the stedoop precursor
structure from the prmiRNAtranscript, the premiRNAis then exported oubf the nucleus by
Exportin3°%. The next step occurs in the cytosol witheavage of the preiRNAby the
endonucleaseDicer (RNase Il enzymejieldinga doublestranded miIRNAmMIRNA duplex

(miIRNA = passenger strané?°t One stand wil preferentially complex with an Argonaet
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(Ago) protein(Agot4), a member of the RNA induced silencing complex (Ris@)ing it to
target mRNA transcript&. For somemiRNA it is known that both strands will associate with
RISC at high frequenciesuththere is not a clear gie strand versus passenger strand in these
cases®,

Non-canonical pathwayr miRNAprocessing alsoxest for specific types ohiRNA, the
most common being theniRron class omMiRNA. The processing of mirons is unique due to
their locationwithin introns at theexan junction sitemeaning theinitial cleavage step does not
require Droshainsteadthey are processed during splicé{§?°4 The subsequent cleavage of the
pre-miRronsremains dependant on Dicein alternatve Dicer independent pathway also exists
with the most described DicerindependentmiRNAbeingmiR-4512°L, Following cleavage of the
pri-miRNAsequence by DroshamiR451 binds directly to Ago2 which cleaves the passenger

strand and trims the steAbop, yielding the matureniR451.

1.10 Extracellular vesictas therapeutic delivery agents
Small extracellular vesicles (EVs), whichugielexosomesind some microgsicles are

(30-150nm in diameter), membrandound, vesicles that are released from a wide variety of cell
types, including tumour cef%2%6, EVscan carry a wide variety of cargo including protein, nucleic
acids and lipids depending on their cell of origin serving as deligemntabetween cells to assist
in communication and maintaining homeost&°2%® EVshave also been shown to play an
important role in the development and spread oihcar when produced by cancer cells; cancer
derived EVsare able to reglate gene expression within recipient cells to create their own

customized metastatic niche via protein interactions, receptor transfer and horizontal transfer of
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genetic informatiod®, WhileEVscan carry functional mRNA, the majority of RNA carrieB\dy
is of the noncoding variety, intdingmiRNA°. The presence of both prand maturemiRNA
within EVshas leen reported, in fact, a number ahiRNA isolated fromEVshave been
associated with specific disease states and in certain cases can even contribute to estimates of
prognosid!. We have chosen to take advantage of this naturatmfoof celito-cell
communication, as cancer cells have been shown to produce higher numidevstbtin normal
cells. In factthere have even been reports of enrichment miRNA in cancederived EVs

compared to normal cels?
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Thesis rationale

Aiming to take down the most clinicallglevant cause of PARPI resistanttes project
centres on overcoming the restoration of HR due to BRCA1/2 reversion mutations {typeld
this mechanism has strong po#inical and clinical evidence with multiple reports of PARPI
resistant clones ememgg due to either a reversion mutation or demethylation in the case of
BRCA®“ Polyclonalityhas also been demonstrated among circulating-freé tumour DNA
indicating multiple reversion mutations within one patié#t reinforcing the need fora
treatment protocol to eradicateiniqueresistant clonesasthey ariseover time Our group has
recently demonstrated the ability of oncolytic virus VSV to deliver artificial miRNAs (amiRNAS)
developed vialibrary screen of random miRNA sequenicegitro andin vivg these miRNAs can
successfully knock down pretied targets at the level of the mRNA and protddy.usingOVs as
a deliveryagent this work aims to overcome current limitations of miRNA therapeufieging
the technology one step furthewe now know that miRNAs are a common passenger Withé)
thus the project described heraims to take advantage of this cell to cell trafficking system by

strategically selecting miRNA&sexpress from VSV which areore likely to be loaded int&\é.

Objectives
1. Design and engineer VSV expressing microRNAsadiddte their ability to knock down
known and predicted targets.
2. Determine f microRNAs expressed from VSV are loadedEwo
3. Assess the synthetic lethality of infection with VSV expressingceoRNAcapable of

knockng downBRCA or2 in combination wh PARPI.
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Chapter2: Material andmethods

2.1Cell lines and tissue culture

All cell lines were previously purchased frorthe American Type Culture CollectigATCC

Manassas, VAgxcept thelD8 and ID8 p53 cell lines(gift from Dr. lain McNeish,aBts Cancer

Institute, Queen Mary University of London, WJK47D (gift from Dr. Christine Pratt, University

of Ottawa, ON) and-w S E283 cells wer@urchasedrom Invitrogen Vero, MiaPaCa2, 293,

w S E283 7860, and W2 OS cells were maintained buf 6 SO02 Qa YAYAYLFt S&aa:
(DMEM:; Corning) containing 10% fetal bovine serum (FBS; Hyclomes E223cells were also
maintained in5 ug/mL blasticidin and 300g/mL zeocin(Thermo Fisher Scientifit) preserve

inducible expression of VSV G piliote SKOV3, 4T1, ZB and MDAMD-231 cells were
maintained in RPM1640 medium containing 10% FBS. ID8 andp®®- were maintained in

DMEM supplemented with 5% FBS dfi@6 p >3k Y[ AyadzZ Ay> p >3IkY[
sodium selenite Gibcg. T47D cells were maintained in RPMKO medium supplemented with

10% FBS and>g/mL insulin (Insulin human recombinant; Thermo Fisher Scienafig)ell lines

were cultured unér 5% C@at 37°C and were routinely tested for mycoplasmantamination

usingthe e-Myco VALID Myco PCR detection kit (FroggaBibxell lines have tested negative

for mycoplasmaontamination prior to their use the experiments described here.

2.2VS\loning and rescues

To insert miRNA sequences into the VSV backbone, single stranded oligonucleotides for each

miRNA were designed with flanking Xhol and Nhel restriction enzyme cut sites and ordered from
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IDT (Integrated DNA Technologies). Sisgiendel oligos were annealed by reconstituting each

to a final concentration of 0.5 3k >[ A Y Y f2@bdSombEingg AZoNBefse btrand0

> antisense strand with XL (5X) annealing buffer (500mM potassium acetate, 150mM HEPES

KOH pH 7.4, antlOmM manesium acetate; Fisher Scientific). This mixture was then placed in a
thermocycler at 95C for 5 minutes, 8@ for 10 minutes, and ramped down t8C1£0.5°C every

2.5 minutes). Single and double B2 hairpins were ordered from Genscript in theC57

plasmid vector with flanking Xhol and Nhel restriction enzyme cut sites. All miRNA insert
sequences may be found in Supplementaaple 1VSW51-GFP vector (containing GFP between

G and L) was digested using Xhol and Nhel restriction enzygnresnove GFRNew England

Biolabs) and gel extracteddkara NucleoSpin Gel Extraction and PCR Clean)Ugd<ih miRNA

was ligated into the VRB1 backlone (with the full G sequence or an interrupted G version) by
O2YO0AYAy3d pn >3 @GSOG2N) ¢6AGK pn >3 |yySIfSR )
temperature Thermo Scientific Rapid DNA Ligation.kKdbnstructs were then transformedtin

NEB10 competentE.cold b S¢ 9y It yR . A2fl06av F2ff2Ay3a GKS
2y [ . LXIGSE 06AGK mnann >3kY[ | YL Gihdefcdlofiess | y R
were picked andgrown overnight at 39 Ay [ . 0 NRGK 0 did)ard plasmisn >3k Y

DNA was isolated3{o Basics Inc EID Spin Column Plasmid DNA Miniprep3. Kit

VS\¥51rescue and propagation protocols have been previously describegriefly, 293T cells
(~1E6 cells per well) weplated in 6 wells, incubated overnight and infected with Vaccinia virus
expressing the T7 promotor for 1.5 hours at a multiplicity of infection (MOI) of 0.5 in 0.5 mL

serum free DMEM per well at 3Z. After removing the inoculum, cells were transfectathva
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mixture of T7 RNApolymerasedriven expression plasmiad®ntaining essential VSV genes N (1
>g), P (1.2%q), and L (0.25g) and 23 >g of the recombinan¥SW%51 backbone to be rescued

in 500>L OpttMEM media with 2> [Lipofectamine 2000 (Thermo Fisheiehtific) per well and
incubated at 37C for at least 4 hours (or overnight). Wells were topped up with 1.5 mL DMEM
(containing 10% FBS) and after 48 hours transfection supernatants were transferred to vero cells
in 6-well plates for 24 hours. Supernatavere spun down at 500 xg to remove cell debris and
filtered using 0.22>M (Millex-GV, low binding filtersMillipore Sigma}yringe filteronto fresh

vero cells in @vells. After 24 hours incubation (or until suffictesytopathic effect was evident)

at 37°C, cell debris was removed similarly to the previous step and resoueses were aliquoted

and stored at80°C. Gless versions of each virus were rescued using a similar protocol with the
following exceptions: afiteps were completed usifgw S E283(VSV G expression was induced
prior to each step using * 3 k ¥oxycydhe (SigmaAldrich)), supernatants were filtered a
second time after 24 to 48 hours and transferred to new cells, and the final rescue oftenegquir
an additional 24 to 48 hours on freshly plated cells requiring an additional supernatant transfer

(this final step is variable depending on the virus being rescued).

2.3VSYV purification

Vero cells were seeded in roller bottles (1908chCtreated roller bottles; Ultident) at 4E7 cells
per bottle (for 3 days) or 8E7 cells per bottle (for two days incubatio 220 mL DMEM
(supplemented with 10% FBS and 25mM HEPES) and incubaté€Cati#Yout CQin a rotating
incubata. Cells were infeed at MOI 0.05 for approximately 36 hours (until significant cytopathic
effect was evident and ~50% cell detachmentkll Gupernatants were preleared by
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centrifugation at 1500 rpm for 10 minutes atG@ Beckman Coulter, Allegra2dRbenchtop
centrifuged ® { dzLISNY I GFyd @l & OF NEBFdzZ t& RSOFYyUGUSR 2y
filter system; EMD Millipore) followk o0& n®dHH >a 0200t S G2L3 FA
polyethersulfone (PES) filter system; EMD Millipore). Virus was pelleted by centrifugafin

500 rpm for 1.5 hours at°€ (JLA 16.250 rotdBeckman Coulter Avanti déntrifuge). Media was

removed by aspiration and pellets were pooled (if necessary) in cold PBS and centrifuged at 13,

500 rpm for 1.5 hours at°€ (JA 25.5 rotoBeckman Qalter Avanti JEentrifuge). Supernatant

was removed by aspirating and virus pellets were resuspended in 500 tel.76@ 2 f dRutiol {

/ ®.15M NacCl, 10mM EDTA, 50mM HiSl pH 7.3 Viruses were passed through a syringe

multiple times to homogenize thviral particles using needles starting at ~22 gauge up to 30

gauge. Virus stocks were aliquoted for single usestarked at-80°C.

2.4Titer by plague assay

Viral titers were determined by serial dilution plaque assays. Vero cells (6E5 cells parenell)
plated in 6well plates and incubated overnight at 7. A 1€fold serial dilution for each virus
was completd either in 1.5 mL microfuge tubes or deell plates byaddingvirus stock to
serum free DMEM in a total volume of 1 mL giution. Dilutions 16to 10°were typically
added to each well in 500 uL after removing media from each well. After 45 msimtabation

at 37°C (with rocking every 15 minutes), inoculum was removed by aspirating and replaced with
a 1:1 mixture of 6%arboxymethyl cellulose (CMC; SigmAMEM (2X concentrated with 20%
FBS) overlay. After 48 hours incubation at@G7overlay wa removed, monolayer was washed

gently with PBS and plates were stained with crystal vi@let% crystal violet i8B0% MeOHn
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H-0) for approximately 20 minutes followed by two washes with PBS and left to dry overnight.
Similar to the viral rescue prototdzless versions of each virus were titered using S 283
celsiNBI G§SR 6AGK M >3kY[ R2 EndudiBleddxprasston afINBV2ANI (i 2
(replenished after 24 hours). Viral titers were calculated using the following equation using

plaguecounts from wells containing 10 to 100 plaques:

pfu/mL = # plaques

dilution factor x volume (mL)

2.5PCRpolymease chain reaction)

The primiR150 sequence was amplified via PCR fromAtddgene plasmigpcDNA3.2/V5 hsa
mir-150 (Addgene plamid #26310 following the Phusion DNA polymerase master mix protocol
(Phusion Higiridelity DNA Polymerase; New England Biolabs) with 10 ng of plasmid DNA and 10
uM of forward and reverse primerXhol and Nhel cudites for cloning into th& S\k51 backbone

were added during this amplification step (primers listed in Supplgary Table 3. PCR
products were amplified using thBiowl R ¢ mnnun ¢ KuSingdthe recomedded NJ

settings for Phusion master mix.

2.6 RNA extraction ar@uantitative Real Timé&CR

Total RNA was extracted from cells a@&dsusing NucleoZOL reagent (Macheféggel). Cells
were lysed and homogenized in NucleoZOL reagent and RNA was isolated following the
YI ydzF I OG dZNBEND& LINRPG202f @ wih hutehds frde Sateand REABL NEB a
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concentration was determined usingl Y2 5 N2 LIt hy S &/is Sped@répBofonetes | +
(Thermo Fisher Scientific). RNA was converted to cDNA Esin@ NA& LJG x O5 b(Bio { @ y (i K ¢
Rad) for knockdown studies using>3 2 T SupebSriptr + L[ hun O5b! { @8y iK
(Invitrogen) for premiRNA amplification experiments andl I lj a | Y u aA ONR wbh ! w
Transcription Ki{Thermo Fisher Scientific) for mature miRNA amplification using 20 ng of RNA.
Primers for knockdown studies are listed inpBlementary Table 2and probes for pre
miRNA/mature miRNA were ordered as flesigned probes for each miRNApplied

. A 2ae adiiSliyalny 1 a A ON& wmhtdre miRNAd ahdagMan@Gene Expression

Assaydor preemiRNAS)A schematic depiction of matureiRNAquantification using the TagMan

system is shown below, highlighting the requirement for a fully processed strgleded

product due to the use of a stetoop primer during Step & reverse transcriptionKigure 2.}

Gene knockdown samples were arfiplil usingQuantiTect SYBR Green PCR@i#&gen) and

miRNA samples were amplifiedusingJLJt A SR . A238aGSYyaun ¢tljalyn Ct
(Fisher Scientific) following the recommended protocols. All samples were analyzed using the

I LILJX A SR . B@03ast RerBinesPZR Systeand gPCR measurements were normalized

to 18S or Rplp0 genes for knockdown experiments and adéor miRNA expression experiments.

Relative expression was determined using the delta delt2€6 [k K] /equation.
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RT primer

Step 1:
Stem-loop RT

cDNA

Step 2:
Real-time PCR

Forward primer

e TagMan @ Reverse

probe primer

Figure 2.1 Schematic representation of TagMan miRNA assay for mature miRNA detelgtion.

Step 1,stemloop primersd A YR (GKS 0Q SyR 2F GKS -losppsimbers Y2 SC
are requiredor each individual miRNAndmiRNA molecules areverse trascribedviareverse
transcriptaseto cDNA In Step 2, the RT product is quantified by TagMan PCR using a-miRNA
specific forvard primer, a reverse primer which binds the stémp sequence anfluorescent

dyelabelled TagMan probesRT = revese transcription;,cDNA =complementary DNAQ =

quencher; F = fluorescent dy@dapted from Cheet al. 20053
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2.7Wesern blotanalysis

Cells were lysed for 10 minutes on ice using RIB& huffer(t A S NBIp& Buffer; Thermo
Scientific)with protease/phosphatase inhibitor cocktgiThermo Fisher Scientificjvhole cell
lysates were centrifuged at 13, 000 rpm for 15ates at 2Cto remove cell debris and stored

at -20°Cuntil time of use. Protein concentrations were determined using Bétein assay kit

t ASNOSu . /! t Theri®SciSnkififand ad aguad quantity of protein was prepared
foreach gel (2@ 30>3 LISNJ &1 YLX S0 6 A (i Kloadirgy buifér;\BigRadadS o6 p E
boiled for 5 minutes at 10@. Proteins were loaded onto-#2% gradient Bi3ris gels (NuPAGE;
Thermo Fisher Scientific) and run for approximately 1.5 hours at 100 volts in 1X M®ii#fg ru
buffer (20X running buffer; 50 mM M@P50 mM Tris Base, 0.1%SS mM EDTA, pH 7.7),
followed by transfer to nitrocellulose membrane for 1.5 hours at 100 mA (transfer buffer; 25 mM
Tris, 192 mM glycine, 20% methanol). Membranes were Ponceau st@tikigdore Sigma) prior

to blocking in 59%milk (in TBS) (Thermo Figer skim milk power; 50 mM T#3I pH 7.5, 150 mM
NaCl, 1% TweeR0) for 30 minutes at room temperature. Membranes were incubated with
primary antibodies overnight at°Cwith gentle ro&ing diluted in 5% milk (in TB3. Primary
antibodies were applied athe following concentrations: BRCA1 (abcam ab191042; 1:500),
BRCA2 (abcam ab27976; 1:500), Chk2 (abcam ab109413; 1:1000), vinculin (Cell Signaling 4650S;
1:1000), and betaubulin (CellSignaling 4970L; 1:1000). After removingmary antibodies,
membranes were washed three times with TBS5 minutes each) and secondary antibodies
were added in 1:3000 dilutions in 5% milk (in -Mp%or 1 hour at room temperature with gentle
rocking (gat antrmouse IgG antibody HRP catalogue24®40 and goat artiabbitIgG antibody

HRP catalogue #31490; Thermo Fisher Scientific). Membranes were washed three time$ in TBS
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(5 minutes each) and imaged following incubation with ECL substratel{ N 8t&mECE S
Substrate BioRad). Membranes we exposed using-Ky film exposure and development
(quantified using ImageJ software) Bio-Rad ChemiDornaging system (quantified using Bio
Rad Image Lab software). (Chemicals used in the buffers listed aleogg@urchased from Fisher

Scientific)

2.8 Colony forming assays

Cdlswere transfected with BRCA1, BRCA2 or controtaogeting siRNA by reverse transfection

by combining 20M siRNA in 256L OptiMEM mediumOptia 9 an wSRdzOSR { S NHzY &
GlutaMAX { dzLJLX TBevh® Yisher Scientific) Wie50>L OptitMEM medium containing 5

SL[ ALRFSOGF YAYSu wb! A a (Thermd Rishgt Bdiestida). REA compieked S v
were added to each wellral 5E5 cells per well were added in a volume of 1.5 mL i-R&40

medium (supplemented with 10% FBGglls were incubated for 24 hours3i°G then counted

and replated at equal cell densities for colony formation on@ll plates in RPM1640 media
(supplemented with 10% FBS) containligM of each PARRrucaparibAG014699 olaparib
AZD228]1SelleckChem) or DMSO contmirgethyl SulfoxideSigma). 4T1 and Z# cells were

seeded at 500 cells per well and grown fet@days and 146 days respectivelLell media was

changed (with frest?tARPi added) wesklOnce visible colonies containingledst 50 cells were

present, wells werevashed gently with PBS and stained with crystal vi@lé&bbo crystal violet in

80% MeOHn HO) for approximately 30 minutes followed by two washes with PB& laft to

dry ovenight. Colonies were imaged usidgrayScan VTI HG$hermo Fisher Scientific) and

counted using ImageJ softwai&ee Appendix Alfor full counting script developed for ImageJ)
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2.9Spheroid models

Celbwereplatedat 1E4 cells pewell in Ubottom cell repellent plateCELLSTAR, eedpellent
96-well; greiner bicone) in RPMIsupplemented withib% FBS, 0.12% methyl cellulqddtered

with 0.22>M syringe filte). Soheroidswere incubated without disruption for 48 hours at %7
prior to treatment. All treatmentswere added ina volume dfc>[ OAYy wt alL0 Ay Of dz
wells (0> 5a{h 2N YS RMBI3I1 teflstvgfSplated iacbld mediawith 2.5%
Matrigel (Corning® Matrigel® Growth Factor Reduced (GFR) Basement Membrang &hal
centrifugedat 1000xg for 5 mins at 4C before incubatingdT1 Spheroids were infected at MOI

1 with each virus and MDMB-231 spheroids were infected at MQD5, after 24 hours infection,

p >a 2F SI OK (rutaparibAGoa4639olap&IAIBR281SelleckChem) or DMSO
control (Sigma). PARPi was repléeis every two days for the duration of each experimezells
were imaged using the EVOS cell imgggstem (Thermo Fisher Scientific) at 5X magnification
and diameters were calculatedsing ImageJ software (relative diameter based on scale bar)

and/or evaluated by alamar blue viability assay.

2.10Cell viability assgglamar blueand crystal violgt

Cell viability(metabolism)was assessed using the Alamar blue assay with the REQOator

NBalT dNAY o6{A3YIl | fRNX OK U ol Bi@fy2Redazughq2.5(md) was y dzF |
added in a 1:10 dilutionspheroidswvere incubated with resazurifor approximately 48 houts
Fluorescence was measured (excitation 530 nm, emissiomB9usingthe. A 2 ¢ S1 { @y SNH &

Microplate Reader
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Cytotoxicity wa assessed using a crystal violet asbégdia was removedrom wells andcells
were washed once wit PBSthen 0.5% crystal violet80% MeOH in watgrwas added teeach
well. Plates werencubated at room temperature on a shaker for 20 minutes, theystal violet
solution wasremoved, and fixed cells wemgashed three times with waterHates were leftto
air dry overnight. Once dry, plates were scanned and were then subjected to oridédllift
(with 100l of methanol per well for 86 well plae). Plates were incubated at room temperature

on a shaker for 45 minutes, then the OD570 was read ubmdylultiskan Ascent plate reader.

2.11Immunofluorescence staining

Cells were growron glass coverslips and infected for one hour in serum free DIREMI,
inoculum was removed by aspiration and replaced with FBS containing media for up to 72 hours
at the listed MOI for each experiment. Cells were washed twice with PBS containing 1 mM Mg
and 0.5 mM Ca (PBSM) and fixed in 4% paraformaldehy(@FA; Theno Fisher Scientifidpr

20 minutes at 4C, then quenched with 50 mM NH4CI (in PBS) for 5 minutesat temperature.

Cells were permeabilized using 0.2% triteh00 (Sigma Aldrichpr 4 min at room temperature,

then washed twice with PBSM for 5 mimites each. Coverslips were blocked using 1% BSA (in
PBSCM) for 20 minutes at room temperature prior tp@lying primary antibodies in 1% BSA (in
PBSCM) for one hour at room temperature or emnight at #C Primary antibodies were used at

the following cacentrations:BRCAL (abcam catalogue #ab191042; 1:250)v8M¥N (Kerafast
catalogue #EB0009; 1:50@o\erslips were washed three times with 0.1% BSA (in@®85for

10 minutes each then intated with secondanantibodies for 1 hour at room temperature
before washing again with PE3M three times and once with PBS. Secondary antibodies were
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used at the folbbwing concentrationsDonkey anti Mouse IgG Secondary Antibédgxa Fluor
568 (Invitrogen catalogue #10037 1:1000) andGoat antiRabbit IgG (H+L) diily Cross
Adsorbed Secondary Antibodyexa Fluor 48@8nvitrogen catalogue&11034 1:500) Coverslips
were mounted using Y A GNP ISy un t NB[ 2y 3Iun D2 @vittoged)dnd RS a z

allowed to dry overnight.

2.12Extracellulawvesicle EV) purification

SmallEVs(SEVs)ere collected using differential centrifugation obnditioned mediafrom

infected cell monolayers. Cells (MiaPaCa2) were seeded on 15 cm tissue culture plates at
appraximately 3E6 cells per plate, after incubation 8odays at 37C cells were infected at MOI

3 with Gless (norspreading VS¥Y51 expressing various miRNAs. Medias replaced after 2

hours incubation with DMEM supplemented witfeV depleted FBS (prepared by
ultracentrifugation at 120, 000xg &°C overnigh). Media containingeVswas collected after
incubating 48 hours and celetris was removed by centrifugatiat 2000xg for 20 minutes at

4°C (Beckman Coulter, Allegral4R centrifuge Cells were harvested at this time for RNA
extraction. Supernatants were then centrifuged at 12, 000xg for 45 minutd8GyBeckman

Coulter Aanti JEcentrifuge) and filtered tt@ dzZ3 K | ndHH >a 2 KFGYFYy FAfL(
EVswere then pelletedby ultracentrifugation at 120, 000xg for 1.5 hours48€C, media was
carefully removed by aspiratioEVss SNBE NB a dza LISYRSR Ay storedd@t-2 ™mnAan
80°C This protocd has been previosly described and validated bgur group (Wedge et al

Nature Cacer, under revisions)A summary othe SEVidentification stepsis shown below

(Figure 2.2.
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Figure 2.2 Small extracellular vesical isolation addntification. (A) Schematic dpiction ofthe
small extracellular vesicalSEV)isolation method using differdral centrifugation. (B)
Immunoblotting analysisof SEV markers (Al CD9, and TSGl0d¢monstratesincreasel
expression in multiple cell lindsllowing rhabdovirus infection(MRB =Maraba vrus)at MOI 1.

(C)Nanopatrticle tracking analysis (NTA) representing size distribution and quantification of SEVs

isolated from uninfected (mock) or MRB-infected 7860 cells at MOI 5 for 24 hourgD)
Immunobloting analyss for ALIXSEV marker) and calreticulice(ras®ciatedmarker)in SE¥
purified rom Mel888 human melaoma cek andwhole cell lysatemfected withMREcGat MOI
1. (E) Representative electron micsgopy image of SEVs calted from Mel888 cellsinfeded
with MREG at MOI 1(scalebar = 100nm)(This figure has been apted from Wedgeet al.
Nature Canceminder revisions)
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2.13DualFluorescent reporter (LSBKate)

293T cells were plated in blagkalled, cleatbottom 96-well tissue cultue plates at 4E4 cells per

well and incubated 24 hours at 2 Each well wagansfected br 6 hours with 200 ng of each
LSBmKate plasmid( unless otherwise notednd 0.5>[ 2F [ A LR FSOGF YAYS wnan
{ OASY G AT A OO-MEMymedianQptiza[@ a h LIWS RdzOSR { SNXzY aSRAdzy
Supplement Thermo Fisher Scientificel were inécted at MOI 0.1 by adding virus in a volume

2F pn >[ 5 a9 aFludreéscei®é Wd6 mensSufell Multiple timepoints (mKate

excitation B8nm, emissior635nm; BBFP2 excitation 383 nm, emission 448 nsing theBioTek

{8y SNH& n atcReaddr ONER LIt

2.14Animalstudiesand tumour models

All animal studies complied with ethical regulations and were approved by the Institutional
Animal Care Committee of the Unigéay of Ottawa and carried out in accordance with guidelines
of the Nationallnstitutes d Health and the Canadian Council on Animal Care. Animals were
blindly randomized to treatment groups upon arrival. For the orthotopic 4T1 model, 2E5 cells
were injec¢ed into the fatpad of6-week oldfemaleBalb/C mice (Charles River Laboras) and
tumours were treatedstartingon day 7 or 10 with 1Eglaque forming unitsRFW$)of+ { £ A p ™
mR. w/ !'m @SNRERdzaz O2y UGNRBf x{zxnppm 2N I yci1Slprdzt t @2
alternating days for a total of 6 injections. Combination groups received eitleer 5L mg/kg
rucaparib (AG01469%elleckChelrin DMSO (ituted in 30% PEG with 2¥veen80) or an equal
volume of vehicle controlFor the ID8 p53 intraperitonealmodel 5E6 cellper animalwere
injected IP in6-week old femaleC57BL/Gmice (Jackson Labatory). To compare the survival
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NI idSa 2F YAOS (véidns RBS froly, 3EB RFUs yetenirgested IP on days 7

and 1416 (or an guivalent volume oPB$. Mice were euthanized at humane endpoint once

severe ascites wapresent. For the flow cytoretry experiment,MC38 cells were injected
subcutaneously iB-week old femée C57BL/6 micé€Jackson Laboratory). After 14 days tumours

were injected with 3E8FUs oft { + pnpRAS0O S NE dza O2y G NBf +{+tppm 2 NJ

PBSnce daily for 3 days. Siays after the last injection mice were sacrificed for tissue collection.

2.15Flow cytometry analysis

Tumours and spleens were collected in RRBH0 media (withotiserum) and placed on ice.

Spleens were placed in-\gell plates in RPM1640 (supplementé with 10% FBS and 1%
penicillin/streptomycin) and dissociated using the back of a sterile syringe. Trsnvoere

collected inMiltenyi Biotec Gentlemacé¥ C Tubes anRA 342 OA SR dzaAy 3 aAf
Tumour Dissociation kit (Miltenyi Biotec) following iy dz¥ I OG0 dzZNE NR A& LINRP (G2 02¢ T
tumour infiltrating lymphocyte preservation. Tumour and splesamples were filtered through

- vn >Y &S NRishe® sciortific)t afted diltidg Avigh® MdL mediawash thecells

from the tubes/plates. Cells were pelleted by centrifuging at 500xg for 5 minutes"@tahd

media was removed. Red blood Isaelvere lysed using 2 mL Ammonia Chloride Potassium{ACK)

lysis buffer (Thermo Fisher Scientific) for 5 minutes at room temperature, 5 mL PBS was added

and cells were pelletedy centrifuging at 500xg for 5 minutes atG Media was carefully

removed andsplenocytes were resuspended in 4 mL RPMI (with 10% FBS) and tumour cells were
resuspended in 1 mL RPMI (serum free). Cells were counted and appreirhB6é splenocytes

per well and 2E6 tumour cells per well weretpld in \fbottom 96-well tissue cultureplates
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(Corning® 98vell Clear MBottom TCGtreated Microplate). Cells were pelleted by centrifuging

at 500xg for 5 minutes, then washed using FBdter (0.5% BSA in PBS). Fc block (Mouse BD Fc
BlocKM; BD Biosciences) was diluted 1:200 in FACS laufteadded in a volume of 50 to each

well for 30 minutes (incubated at room temperature protected from light). Antibodies were
prepared in FACs buffearftibody information may be found in Supplementargble 3 and 50

>l was addedo each well in addion to fluorescence minus oneontrols (FMOs). Plates were
incubated for 1 hour a#°C (protected from light), followed by one wash with FACs buffer, one

wash with PBS and fixing in 1% PFA (Sigma). Plates were std¢t€aernight. All samples were
transferred to 1.1 mL tall micrdzd S& 6 ¢ KSNXY2 { OASYGATFTAOu aArAONRi
System) prior to running oBD LSR Fortessa flow cytometer. Compensation beads (UltraComp
S.SIRaun /2YLISyaliAzy . SIFIRaAaT ¢KSN)Y2 >Chfedts NI { OA
antibody to one drop of bead for single colour controls. Data was analyzed using FlowJo v10

(FlowJo, LLC, Ashland, QdRiting strategy is outlined supplementaFigure S2.1

2.16Statistical analysis

Statisti@al analysswere performed usng GraphPad Pris®0 software (San Dieg@A) Unless
otherwise indicated, data is presented as the mean of at leastt8chnical replicates (and
additional biological replicates where noted). Error bars represent the standard error of the
mean. Statigtal significance was evaluated using unpaired-taited Student's test unless

otherwise noted andP-values less than 0.05 were deemed significant.
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Chapter3:+ { +k pm SELINB&aAYI | NIATFAEIA I f
to establish sensitiation of resistant cancer cells to PARP inhibitor
therapy

3.1Introduction

Patients with BRCA1/2 mutated breast and ovarian cancers need more options

Breast cancer is themost common type of cancer impacting women in Canada (excluding
non-melanoma skin canceétf. Ovarian cancer renias the deadliest form of gynecological
cancer worldwide and the'leading cause of cancer death among women in Om&rdS A
common attribute among inherited forms of these two cancer types is germline mutation in
either BRCADbr BRCA2The treatmen of hereditary breast and ovarian cancet$BOCkstends
to be difficult as manyBRCAmutated breast cancers are resistant to conventional hormone
therapeutics (specificallBRCAJLand ovarian cancer cases tend to present in the late stafjes o
diseasé’?18

To date, the most effective gikreduction grategies to prevent breast and ovarian
cancers in BRCA1/2 mutation carriers is prophylactic mastectomy and satmpgorectomy
(removal of the ovaries and fallopian tub&$) While there is some evidence supporting the use
of chemoprevention in these groups including estrogen receptor modulators (tamoxifen and
raloxifene) and aromtase inhibitors, theras asignificant risk of side effects associated with
these therapie¥°. Bilateral mastectomy can reduce the risk of breast cancer by at least 90% and
salpingeoophorectomy can reduce the risk ovarian cancer by98%2. Dueto the recent

understanding that ovarian cancer often arises from the fallopian tube rather than the ovary
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itself, salpingectomy (remove of fallopian tubes) alone is also under consideration. Current
recommendatiors state that salpingepophorectomy shoulde offered to BRCA1/2 mutation
carriers, usually after childbearing; however, tubal ligation and salpingectomy have been shown
to reduce ovarian cancer risk in the general population by 30% ant¥%@respectively and are
therefore corsidered feasible pneention strategie¥?

The wsual course of treament for HGSOC starts with surgical debulking, the goal being
total resection at the macroscopic level. Unlike igrade subtypes of ovarian cancer, nearly all
patients will be offered adjuvant chemotherapy following surgical resectiegardless of a
suaessful initial resectiof3®. While an estimated 70% of patients with ovarian cancer initially
respond to phtinum-based chemothrapy, a staggering 80% or more eventually experience
disease progressiir. Currenty, the 5 year surval rate for ovarian cancer in Canada is only
4592, Overall, the 5ear survival of patients with ovarian cancer has remained nearly
unchanged since an initial improvement with the introduction of platinum based therapy as
ailr yRIENR 27T 8% uBicakinfervémshSisomainpinms €ha first line of treatment for
breast cancer management, including those with pathogenic BRCA1/2 mutations; however, the
extent of surgical intervention remains an area of deB#teBreast conserving surgery (BCS) is
the preferred route for early stage disease in patients with sporadic breast cancer and while the
risk of both ipsilateral and cordlateral breast cacer in BRCA1/2 mutation carriers is higher than
non-carriers multiple studies have shown that risk of recurrence is in fact higher with BCS there
was no difference in overall survi¢&l Phtinum based chemotrapy is generally offered in the
adjuvant/neoadjuvant setting for advanced casemly(ADFibose) polymeraseinhibitors

(PARRBi are the preferred nonplatinum chemotherapy options in advanced/metastatic cases,
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however, there is yet to be sufficient datathered to recommend the use of PARPI for

nonmetastatic disease®.

MicroRNAs are naturally expressed froemtainviruses

Virally encodedniRNA play a complex role in viratfiection by acting on both host and
viral gene expressié®. The funcibns of viral mMiRNAs range from regulation of the latiyic
cycle (for certain viruses), encouraging viral replication by torg host cell survivaland
modulating the host immune systeii?. The first viral miRNAs were discovered in the Epstein
. NNJ @A Nitwmipesvifus, in 204, EBVis now known to encode at least 44 viral miRNAs;
more than 250 viral miRNAs have been itifeed overall with a majority being found within the
herpesvirus famik?L. Shortly after the identification of miRNAs within the EBV genome other
YS Yo SNE-KSWNLISKASS A NHza T | -iA R-RdrpdsyirusksRvBrd shdwa tg exfiréss h
viral miRNAs as weélt. Virally expressed miRNAs have also been identified within the genomes
of a number of other DNA vises including human papillomavirus, hepatitis B virus, adenovirus
and polyomaviru®L.

Viral miRNAs have also been implicated imnsmediated tumorigenesig-or example
bovine leukemia virus (BLVa$been associated withdll tumorigenesis in in cattle. One group
has successfully identified a clustemaiRNAs within the BLV genome containing-BliRNAB4
which in fact shares common targets with miRR# of which overexpression has been
associate with Bcell neoplasnm®&223% Y | LJ2 &4 A-@sociafet INIPESKTlis has also been
AYLX AOFGSR Ay (GKS RS@St2LIYSyid 2F YILRAAQA
maintain viral latesy, specifically the TGF LJ- #3K g | &
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MicroRNAs have a histoof pairingwith oncolytic viruses

The relationship between OVs and Nilss is well established, but nottime context we
are explorindor the project described here. Rather, the OV field has taken advantage of miRNAs
to gain control of viral infection to finrune the tropism of virusesoiward specific tissueas a
method d avoidng off-target toxicities. Tts strategy was initially used to prevent -odirget
infection of lentiviral based transgene delivery and has since been incorporated into many OV
vectorg3523¢ Bytaking advantage of the unique miRNA expression landscape of tumour tissues
compared to surrounding healthy tissues, miRi¢&ognitionsequencedor miRNAs primarily
expressed in normaissueshave been incorporated inta number of OV genomes to control
their replication by impairing the translation of important viral geffédmportantly, this metiod
Oty AYONBI &S GKS GKSNI LSdziaAO AYyRSE 2F hz+a o@
cells can access rather than traditional metkaxf viral attenuation which camead to safer
viruses, but often sacrife potency®®. This strategy has also been usedpecificallyinhibit the

expression of potentially toxic transgesm@ normal tissues

A collectionof microRNAs are sel@atly exported intextracellular vesicleAKA- B\
YAwb! aQo

miRNAs are commonly transported from cell to cell within extracellular vegigls)e,
The importance bextracellular miRNAs has recently come to light with extracellular miRNAs
emerging as prognostic markers for diseasegh asancer in addition to their proven aitty
to modulate gene expression in recipient c&fg4L. Multiple studies havelso shown that the

mMiRNA content found withinEVsdoes not necessarily reflect cellulaxpression levels,
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alternatively, specific miRNAs appear to be selectively shuttled inté&*3%% While the exact
mechanism by whicBVmiRNAs ee selected and packaged in/gs not known, a comparative

study which combined datadm multiple cell lines has shown that there is in fact a small group

of miRNAs which are preferentially exported into EVs by comparing the ratio of expression in EVs
versus cel¥8 The most notable miRNA present in EVs is48iR this study alsdemonstrated

that miRNA loading into EVs could d&rghancedvia overexpression othe specific miRNA.

3.2Rationale and hypothesis

Strategically designingartificial miRNA for export into EVsusing the miRNA51a
cassette

For the initial viral constructdescribed hergel have strategically utilized the hsaRNA
451a cassette to encourage packagingharapeuticartificial miRNAgamiRNAkinto EVswith
the goal of eliting a bystander effect toward uninfected cells. It is well understood that the
mechanism of OV killing goes far beyotite basiccell lysis due to infection, it has been
demonstrated that many cells within a tumour will in fact never be infected by thes'$’. We
must therefore rely on various secondary mechanisms to take down the entire tumoudimglu
cells that remain clear of infection.

Several publications have reported mB1 as one of the most common miRNAs present
in E\&38, Moreover, RNAsecuencing analsis perforned previously by our grouphas
demonstrated that the presence of m#®b1 inEVdan fact increases following infection with VSV

(Figure 3.). Furthering our interest in miB51 as the optimal cassette for our aNiRs is the
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non-canonical Diceindependent processing of this miRKMA The unique processing of s 1

fulfills several characteristics that can potentially contribute to an ideal amiRNA delivery system.
To begin, sveral studies have shown a global downregjola of miRNA expression in tumour
cellscompared to normal tissues leading to investigations into the function of miRNA processing
machinery in tumour celf4®. Indeed, the expression of the main miRNA processing proteins
Drosha and Dicerl are decreased in multiple cangeed including ovarian cancer, luognce

and neuroblastoma. Low levels of both proteins have also been associated with advanced tumour
stage and poor prognogt$24. By ®lecting a miRNA that is capable sKipgng one of the
canonical steps of processing, we aim to broaden the scope of this therapy to tumours which
may or may not have alterations in proteins of the miRNA processing pathway as commonly seen
in tumour cells ThespecificAgo2 processing stef miR-451 also means thahiR451 can avoid
compeition with other canonical miRNAs which may be processed by alternative Ago proteins
potentially preventing interference of natural miRNA expression when -expressed
Additionally, Ago2 slicer activityperforms differently from Dicerl in that a statrand or
passengestrand is not produced, reducing the potential for-tdfget effect$°%-248 Finally, while

the previously mentioned study identifying rf81 as the top exported miRNA across multiple
cell Ines did not necessarily separate tpepuation of EVs to distinguish small versus large
vesicles, more recent work as shown MIRL is in fact enrichedpecifically insmall E\&“°.
Evidently, this group has also demonstrated that amiRNAs designed by replacing the mature
sequence of theniR451 with an siRNA targeting a protein of interest aréaict loaded intdeVs
following transiem expression from cells. The functionality of these amiRNAs has also been

established?*®.
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mMiRNA loading into EVs
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Figure 3.1 RNAeaquencingdata representing the top ten microRNAs enriched BVsversus

GK2aS NBGFAYSR Ay OSf f ain®iadaCa2 éellsycampletgdfoss \ailieh 2 Yy &
Eve Wedge and Adrian Pelin). Cells were infected at MOI 1 for 48 hoursmaikEVswere

purified by ultracentrifugation.
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Artificial microRNAs can be argsed from an RNA virus

The expression ohiRNA from RNA viruses haaturallybeen an area of uncertaintpr
several reasons. RNA viruses generally replicate in the cytoplasm of the host cell meaning that
they may not have access to the required miRiM#cessing proteins which are primarily housed
within the nucleus, processing of the pr@RNA from the primary transcript could result in
damage to the viral genome itself, and finally the virally encoded miRNA may target the viral
genome as welPl. Despitethese potential roadblocks, a small collectionn@iRNAs have been
identified from the genomes of RNA viruses (summarizet?%#). Expectedly a majority of
naturally occurringviral miRNAs expressed from RNA viruses have been documented in
retroviruses, likely due tdieir inherent access to miRNA processing machinery during replication
in the nucleu®™. However, a majaty of RNA virusemcluding VSVeplicate in the cytoplasm,
thus multiple groups sought to investigate miRNA processing from cytoplasmic RNA viruses and
have site proven that functional miRNAs can be expressed from these viruses through non
canonical preessing that can take place outside the nuctets$3

To inestigate the processing of mMiRNAs from cytoplasmic RNA virusesipi24 was
inserted into the Sindbis virus genome where it was shown to undergo full pragegsiding a
functional mature miRL24 without hindering replication of the virégks. By demonstrating a
compromised cellular respons® viral infection after deletion of DroshagnOeveret al.
elucidated that infection with several RNA viruses leads to the export of Drosha into the
cytoplasmserving as an antiviral response agent against the RNA based genome. Moreover, this
group hasdemonstrated the ability to express artificial miRNAs from influenza virus A using the

pri-miRNA124 cassetté®.
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Hypothesis
Infection with engineered oncolytic viruses encoding artificial miRNAs targeR@AB and/or
BRCA2 will sensitize resistant breast and ovarian cancer cells to PARP inhdvapyvia EV

deliveryof miRNAs

3.3Results

Engineering unique O\fs8 expresBRCA1/2 targeting artificial miRNAs within the -hsa

mMiRNA451a cassette

Artificial miRNAsequences to target BRCAL and 2 were selected based on commercially
available siRNA target sites. To streamline future experiments and easily compare viruses, |
elected to selectniRNAsequences for each gene that were complementary to both tinedn
and mouse reference mRNA sequences. A BRCAL targeting sequence which was previously
validated against human BRCAL was selected as it shared perfect complementarity with the
mouse sequence as well. Two different BRCA2 sequences were tested priamihg ¢fdo VSV
as there was not one commercially tested sequence which perfectly matched both species;
however, it was predicted that either would knockdown BRCAZ2 based on the notion that the seed
sequence, nucleotides-2, is the most crucial for successfaRNA reognition and knockdown
and this requirement was met by baf§25. Validation oknockdown usingach sequenceas
completed via siRNA transfection in the following cell lines: 293T (transfection control, human
embryonic kidney), U20S (human osteosarcoma), and 4T1 (mouse breast cancer). gPCR analysis

on thesecell lines revealed that the sSiBRCA1 sequence wasabdeitandidate for viral targeting
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in addition to the siBRCA2a sequergieen that thesesiRNA sequences can produce a > 50%
knockdown of BRCA1 and BR@#A2NAIn all cell linestested (Figure 32). Western blot analysis
revealed that knockdown of the BRCp@tein would require either an increased concentration
of the siRNA or a second dodedeed, siccessful knockdown could be achieved following the
application of asecond siRNAreatment. The resul of the western blot confirmed siBRCA1
knockdown and gperior targeting of siBRCA2a over siBRCAZture 3.3); therefore, the

BRCAZ2a sequence was used to engineer the BREZ#&ing VSV construct.
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post transfectionVinculin was used as a loading control.
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Following validation of siRNA knockdown, sequences targeting BRIEA1 and BRCA2
were cloned ito the VS¥51 vector within amiR451 cassettemiRNA were generated by
replacing the maturaniRNAsequence (as annotated byiRNAase.org) with selected siRNA
sequences, singlstranded DNA oligos with restriction enzyme -sites at each end
correspondng to sites within the V351 backbone between the G and L genes were obtained
(Figure 3.4. Oligos were annealed and ligated into the WSY plasmid followed by
transformation into competent. coli Each construct has been sequenced to confirm presence
of the amiRNAof interest and viruses were rescued. The resulting viruses have been named
+{ + KpImiR. w/ ! m | Yy R5IMRBREARZM

To determine if these newlengineered OVs could knockdown BRCA1 and BRCA2, qPCR
an analysis was completed following iaf®n of both human and mouse BRCA wijide breast
cancer cell lines. Following 24 hours dettion at least 50% or more knockdown of each target
transcriptcould be observedKigure3.5 A+B. Western blot also revealed a significant decrease

in BRCALlrad 2 protein levelFigure3.5 C+D).
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SiRNA kndaown of BRCAL1 and/or 2 im8lyetic lethal with PARPI treatment

To ensure the mMRNA target sequence corresponding to each viruseedhe growth of
both human and mouse cancer cell lines when combined with PARPI treatment an initial
validation experimetwas completed. To determiné there was a reduction in clonogenic
capacity of cells following the combination therapy, transigahsfections using siRNA (identical
to the sequences that were cloned into each virus, targeting both mouse and humaonsgeosi
BRCA1/Rwere carriedout in 6well plates for 24 hours and 50000 cells (depending on cell
line) were replated onto 12well plates in media containing8M PARPI (olaparib or rucaparib).
Cells were incubated-3 weeks until colonies containing minimum of 50 cells could be
visualized under a light microscope, after which the media was removed, and colonies were
stained with 0.5% (w/v) crystal violet in Z0methanol. Colony counts were determinei
imaging by the Cellomics Array Scan followgdrbageJ software analygfsll counting protocol
for ImageJd is iMppendix A). A concentration of PARPi was selected based on previously
reported values, in adtion to my own initial screen of human and mouse cell lines which
demonstrated via alamar bé and crystal violetmetabolic activity andviability assays
respectably,that no decrease in viability was observed after 3 days with either olaparib or

rucaparb at a concentration of M (Figure 36).
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Figure 36 PARP inhibitor dose optimization. Each cell line was treated with varying
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rucaparib, and (C) SKOV3 with olaparib and (D) rucaparib. Error bars represent standard error of

mean(n=L, 3 technicateplicates)
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Treatment with both PARPI agents redddie surviving fractio of ZR75 (human breast
cancer) cells slighthadditionally BRCA1/2 knockdo alone resulted in a decrease of surviving
fraction. Overall,a much larger reduction was observed wh&RCA1/2knockdown was
combined with PARPI, redugrthe surviving fractio of colonies to approximately 10 percent
(Figure 37 A). This result confirms that sensitization to PARPI following BRCA1/2 depletion can
occur using themiRNA sequence encoded into my recombinant VSV; however, a lower
concentrationof PARPi may be reqaent depending on the cell line tested. The 4T1 (mousadire
cancer) cell line demonstrated more variability in terms of colony count (likely due to lower
transfection efficiency) and interestingly appeared to be less sensitive pawbathan rucaparib
following BRCA1/2knockdown; nonetheless, the combinatioof both BRCA1 and BRCA2
knockdown with rucaparib producedsaibstantialdrop in the proportion of colony forming cells,

with olaparib performing slightly less effectivelyigure 3.7 B).
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Figure 37 Colony formation assays demonstrate a significant decrease in the clonogenic
capacity of breast cancer cells (human and mouse) following BRCA1 and/or 2 siRNA knock
down and PARPI therapy(A) ZR75 and (B) 4T1 cells were transfected with siRNA targeting
BRCA1/Zor a nontargeting control siRNA; NT@)Jated in PARRiontaining melia after 24 hours

and grown until colonies reached 50 cells or more. Colonies were staine® Wi crystal violet

and imaged using Cellomics ArrayScan at 5X magnification (all images were processed and
guantified using ImageJ software analysis). Persentiving fraction has been calculated relative

to DMSO treated control cell&rror bars repesent standard error omean (n=1, 6 technical
replicates)
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BRCA1/2 knockdown by V&WIiIRNABRCAL1/2 is not sufficient to sensitize BRCA1/2
wildtype cancer celt® PARPI in vitro and in vivo

The 4T1 mouse breast carcinoma model was selected for an initigabpilot experiment
based on the criria that this model is known to be quite resistant to OV treatment aléhéhe
4T1 cell lingepresents a triplenegative phenotype thais BRCAwild-type®>8, these cellsnay
also be grown sukcutaneous or within the fapad in immunocompetent mice to allow for
regular tumour volume monitoring. lave completed twan vivoexperiments using the 4T1
model to date, both yielding similar ressiltl did not observe any significatitferences in tumour
burden or survival for the firsexperiment Figure S.1). Therefore,a few modifications to the
treatment protocol were made including beginning treatment earlier (7 days post tumour
implantationas opposed to 10) as well as intrataaral delivery of the virus (V8¥1-451miR
BRCAL) over a shorter period (five days as opposed to two weeks) combined ghea
concentration of rucaparib (5 mg/kg). The animals tolerated this treatment well with minor
weightloss during virus treatmentrecovering within three daydJnfortunately, the tumours
were quiteaggressivand very little difference in survival wabserved betweemyroups Figure
3.2).

Given the resistant nature of the 4T vivotumour modelagainst VSV infectionopted
to assess the impact of the combtian therapyusinga 3D spheroid model. By using spheroids,
we @uld compare OV treatmentswer a longer period of timas opposed to 2D culture®rior
to optimizing the growth of spheroids,alsoattempted to @rry out colony formation assays

similar tothose described in the above section. Unfortunately, after infection (regardless of using
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a very lowMOI) it was challenging to achieve a high enough number of colonies to make any
reliable comparisons betweendatments.

4T1 cellggrown as spheroidsvere infected atan MOI of 1for 24 hours, followed by
treatment with olaparib or rucaparib dhe previously tested dose of*8Vl. To assess the impact
of the treatment, spheroid diameters were measured daily viarosicopy. While the
combination of olaparib and rucaparib with both viruses did produce spheroids of the smallest
diameter over time (iitial diametermeasurementswvere all quite similarwith no discernable
outliers), there was a rather small decrease imrdeter compared with viral infection alone
(Figure 38). While these decreases are statistically signifi¢aahnically it is uncleawhat the
biological significareof a ~25% loss of diameter would lbeirthermore it was observed that
the diameter of the spheroids did not increase over timeven in hose that were not treated
with either PARPI or virusThus, futureexperiments will an to optimize the growth of these 3D
cultures potentially beginning treatment before they reach theiaximumsizeto further reveal
differences between treatmentsThese results combined with the lack of efficaegrsin vivo
have led me to rehink these artificiamiRNA and rationally design new and improved versions

of these viruses to enhandbe combination effect with PAR treatmentas described below
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Rethinking and redesignirg artificial miRNAs to knockdovBRCA1

While functional validation of each virus was initially coetedl using gPCR and western
blot to demonstrate a downregulation oBRCA1l or BRCA®Illowing infection, it was
unfortunately difficult to replicate this watern blot result in the origindy tested cell line (T47D)
as well as othersSimilar challenges regarding the validatiomoR-451 cassette encoding viruses
have been encountered by others in our group (for viruses encadiRINA targeting a variety
of other genes) with one successfexample of an miRNAwhich mediates PID1 expession.
These issues combined with the lack of combinatorial effect with PARPI treatments have raised
concerns regarding the unique processing pathwaymiR451a and encourage us to re
evaluate the designfaur miRNAencoding viruses. We have hereinvééoped a new strategy to
improve the design ofraiRNA within themiR451 cassette. | have used data summarized in two
publications byLaiet al.in which mutant constructs ahiR451 were systematically enggered
to interrogate their accessibility foromplete processing to their mature/functional form to-re
design a BRCAL targeting vi(Bggure S3.500:20%

Additionally,the previousy mentionedRNAsequencing experiment carriday our group
demonstraked that a numker of miRNA become enriched ifEVsproduced by cancer cells
F2ft26Ay3 £{xtkpm AYyTFSOlA 2sfa) Bigure BB SelettifggRiRNASt A y >
which are highly enriched iB\6, | have designed singi#randed olgonucleotides containing
identical targeting sequences f@RCAIsane as the previously validated sequence) within the
mMiR-143, miR99a, miR150 andmiR331 cassettesin addition to the commonly used mE®

cassetté®. | elected to focus solely on BRCA1 as a target to easily compare these new viruses;

70



taking into consideration that knockdown of BRCA1 or BRCAZ2 alone can sensitize cells to PARPI
treatment?®°,

To mitigate concerns regding the processing of oumiRNA | have also incorporated
gPCR validation step using TagMan technology to specifically fvobdee mature form of each
newly engineered @miRNA® | have completed qPCR analysis to confirm expression and
processing of eacmiRNAon the following cell lines: T47D, ZR, ID8 andE0771 Figure S.4).
As discussed previously, it has been difficto assess the functionalityfdahese miRBRCA1
expressing viruses via western blot in the cell lines tested. Therefore, | have completed gPCR to
evaluate downregulation of BRCA1 mRNA in multiple cell lifggure 39) as well as
immunofluorescent imagig to evaluate BRCAutotein lewels Figure 310). Unfortunately, while
there does appear to be varying levels of downregulation at the mRNA level, evident by qPCR,
these results are not consistent with a decrease in BRCA1 at the proteifddgiion tmepoints
shown inAgures S3 and S36). Thesub-optimal knockdown of BRCAL could be due to a variety
of reasons. As described previously, | chose to use validated siRNA target sequences which target
early exans within BRCA2 for the design of eachmiRNA using commerciallavailable BRNA
sequences. Under natural circumstancesi®@NAG @ LA OF f £ @ GF NBSGa aSldsSy
an mRNA transcript’; of note, the successful examplaentioned aboveof a PBL1 targeting
amiRNAdesigned by our grougid in feO G G | NB S of thé gefe Addiidnallyy while it is
difficult to predict exactly how many copies ofraRNAare necessary to knock down a target,
the expression of the miRNA against BRCA1 may have not been high ghao result in

significant dowmnegulation of BRCA1/2.
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Figure 39 qPCR analysis demonstrating downregulation of BRCA1 mRiNéwing infection
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each virus have been screened and shown here are the results of the plaques which
demonstrated the most promising downregulation. All cell lines were infected at MOIlithl w
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3.4Discussion and future directions

Current state of amiRNBRCA1 expressing VSV and potential pitfalls to address

While the outcome of lis chaptermay not have been ideah terms of therapeutic
impact there are many roads to take from here improve this therapynd learn more about
amiRNA expressing virusesn initial concern when beginning this project was whether the RNA
processing machinemnyould even be able to acceaSRNA expressed from VSXs previously
mentioned, work by tenOeveet al. has shown that processing of miRNAs is in fact possible in
the cytoplasm; while this work was limited to one miRNA @h#R), they have also done more
extensive investigations revealing that Drosha is in fact exported out of the nucleus following
infection with multiple RNA viruses including ¥8M-urther work by this group has proven that
amiRNAs desigileusing miRL24 as a cassette can function when expressed from influenza A,
again this gample only utilizes one miRNA cassette, however a very large library of miRNAs was
successfullexpressedf? An important diffeence to note when comparing VSV with influenza
is the replication of influenza does in fact tapkace in the nucleus, thus, miRNA processing is
likely more efficienfor this virus. Additionally, previous work by Wedgeal. (Nature Cancer, in
revisiong in our group has shown that at least some amiRNAs can be functional when expressed
from VSV, agn, this work utilized a specific miRNA cass€tteR30) which is preessed
differently from miR451.

After reviewing the sulmptimal function of the miRI51 viruses, further review of the
literature revealed that the unique processing of this miRNAsdmsyond simply replacing Dicerl

cleavage with Ago2, there are many specific motifs within the hairpiohwif altered, could lead
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to a significant decreasm processing. Critically important features included the presence of
specific nucleotides withipredictedAgo2binding sites in addition to maintaining strict levels of
G-C content in certain areas.céordingly, | have created a list of stbp-step instuctions to
produce amiRIAsequences using the mi#b1 cassette as a backbo(fEgure S3.B

After adjusting the design of the anhRRs to incorporate several of the important
characteristics describebove in addition to other potential miRNA cassettdseicame evident
that there are likely other obstacles at play. Another potential issue coutidehoice of target
site within the mRNA of interest. Naturally occurring miRNAs almost exclusiveli l{ngt USRQ
of target genes, often taking advantagé multiple repeated miRNA recognition sequences
within the same mRNA. While there have been nARfdrget sites identified within coding
regions, they appear to be far less frequent and may also bealeendable to regulation by
miRNA%3. Several suggestions have been made toarphe propensity for miRNA targeting
and enhanced & A Ol O& ¢lUGR idckding gr&ater conservation of miRNA binding sites
within this region as well as cooperation between RNA binding proveittén close proximity in
theseW3I S 2 INJ LIK fegdrstt% 8 Q a Yl f f

While the processing of aniN&s must have taken place sbmeextent, demonstrated
by the qPCR specifically probing for the mature form of each miRigi&r¢ S31), there may not
have been enough mature RNAs present to produce a measurable knockdown with a
obviousphenotype. Wiile the exact number of miRNA or siRNA copies necessary to produce a
measurable knockdown of any given gene, various studies have shown that anywhere between
300 and 2,000 copiesf a given siRNA are required per &8If%¢ It would be interesting to

determine how many copies of each miRNA are produped cell and determine if
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expression/processing is in fact the culprit leagito suboptimal knockdown of our given targets
given that siRNA treatment could successfully knockdown both BRCA1 and BRi@ARiiial
validation experiments(Figure 33). Fhally, it is important to considethe plethora of
compensatory mechanismsvolved in PARPI resistandncluding upregulation afeveralgenes
involved in DNA repdif>134 compensation by upregulation of gene expresstonild very well
have protected the cell lines tested hecensidering very little, if any, BRCA1/2 knockdown was
evident after infection A number of thesedditionalgenes will be discussed in the following
chapter as | describe the advantages of encoding natyratcurring miRNA sequences into
VSX51. Time limitationsdid not allow forBRCAL gxessionafter infection with eachmiRNA
bearing wus to be explored fher by either repeating thefluorescentmicrascopy analysis
the same or a different cell line or further optimizing the western blot protpboivever, these
additionalexperimentswill be needed to fullyinterpret potential reasons why theniRBRCA
viruses may nohaveknocked down their gpected target Additionally, itis important that the
targeting £quences be coiined by repeating the initial western blot experimernisrelevant
celllines. Taconfirm the corcentration of PARPI usectte significantly infhits PARR/2 activity
enzymatic assaysnay be carried out in addition to the detection of PAR chains by

immunoblottinganalysis oPARPI &ated cell lines

Alternative models foin vitro and in vivo infection
Initial experiments have been carried out in BRCA1/2 sgige cell lines to recapitulate
the resistance that could occur after reversion mutatidhsould be very interesting to compare

treatment outcomes fomaired cell lines before and after resistance to eitipdatinum-based
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therapy or PARPI occurred as there are a number of genetic alterations that may occur in the
background in addition to reversionutations of BRCA1/2reviously estaished cell lines that
could be quite informativeon this frontinclude he PEO1 and PE(&tient derivedcell lines
acquired from the same patient before and after cisplatin resistance developed. These cell lines
were derived from the ascites of a patierwith poorly differentiated ovarian serous
adenocarcinom#’. The patient was a heterozygous carrier @RCAZonsense mutation, he
tumour expressed the same (hemizy) mutation. Prior to cisplatin treatment the patient had
undetectable BRCAZ2 protein expression, but over time became resistant and two new cell lines
with reversion mutations resulting in restaddBRCA2 protein weregerated, PEO4 and PE®6
Differing sensitivities to PARPi have already been established for these cell lines with the
clonogenicity of PEO1 beimgignificantly impairecby low dose treatment of talazopa#t$ in
addition to sigificant cytotoxicity observed afteoW doses of olaparity. PEO4 was unaffected
in both casesWe have recently beemifted the PEO1 and PEO4 cell lines kindly from Dr.
VanderhydenOHR) and they will be incorporated into future experiments following up on this
project

Based on our observation that OV treatntextione hadvery little impactwhen testedin
vivoin the 4T1 model Figure S3 and S32), we have also considered the use of an alternative
model that exhikits at least aminor response to the virus, as viral replication is essential for
propagation of our therapeuticniRNA. | have begn optimization of the ID&varian cancer
model and successfully demonstratedsmall survival benefitwith + { +k pm (GNBIF G YSy
(Figure 3.1}, further optimization will be necessary for the combination of \&VRBRCA1 with

PARPI after a successful viral candidate has been established. Another intecestisgwould
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be to incorporate resection of the prewsly utilized 4T1 model. Previous skevithin our group
has show strong therapeutic potential of oncolytic Maraba virus (MG1), a rhabdovirus similar
to VSV, against triple negative breast tumour models including 4T1, EMT6 and®0rthis
study tumours were initially infected with @1, surgically resected and finally-ir@aplanted. The
anti-tumour immune response could protect agaimstgrowth of these tumour models leauty

to a significant improvement of survival and complete cures in some cases.

78



A 5E6 cells

injected Virus injections (3E8 pfu/mL IP)

Day O 7 8 9 10 11 12 13 14 15 16
B ID8 (p537)

100 —— PBS (control)
— VSVAS1
2
2
=
7
€ 50
3
@

o
0 1 L] T 1
0 20 40 60 80

Days (post tumour implantation)

Figure3.11+ { +k pm AYLINR @Sa a daNIatkageritbnealhiry vivainko8el. (AB y
Treatment was performedsshown above beginning 7 dagsst-tumour implantation, virus was
injected intraperitoneally. (B) Survival was determined when mice reached humapaeniddue
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PARPI and immunotherapy are a dynamic duo in the making
The therapeutic potential for PRPi combined with immunotherapeutic agents including
OVs is currently gaining momentd#%2’2 It has become clear that elevated levels of DNA
damage may provelthe spark needed to rgnite the immune system in treatment resistant
0 dzY 2 dzNBE @0 K NBIFGINR LIEF S5 G YSy G ad NI 6S3e O2YO0AYyAy 3
checkpoint blockade could likely yield greater survival benefit than OVs with PARPI alone.
PARP inhibition has been showmhave a significant impact on the immune system with
olaparib treatment increasing the number of CD4 and CD8 effect®ll3 both intratumorally
and peripherallyn initial studies of a BRCAlkficient ovarian cancen vivo model?’3 The exact
mechanism(s) by kich PARPiprovokesan immune response is still an evolving area of
investigation, but DNA damage is clearly a large contributor. PARPI treatment has predictably
been associated wh increased leels of cytosolic DNA which may be detected by cG@G#ic(
GMPRAMP synthase) eventually leading to the activation GTING(stimulator of interferon
geneg?’42’5 The expression of several gerissmpactedfollowing STINGactivation induding
elevated expression of type 1 interferons andéll recruiting chemokines (CCL5 and CXCL10),
subsequently increasing T cell infiltration at the site of the tumour. A comparison-défitiRent
versus HPRproficient in vivo TNBC treaté with olaparib has shown that activation of the
CGAS/STING pathway anetdll recruitment is enhanced in Hieficient tumours.This same
study demonstrated that CD8-cell depletion could in faateducethe antrtumour efficacy of
PARPireatment, highlghting the critical role the immune system plays in the dathour impact

of PARPi therapyf. PARP1 can also contribute to the rcamonical pathway of STING activation;
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by recruiting ATMo the site of DBS ubiquitin ligase TRAF6 is then activated and translocated
to the cytosol where it interacts with IFI16 and p53 to activate STING

The introduction of immune checkpoint blockade (ICB) by imentheckpoint inHoitors
(ICI) has led to a significant evolution in the field of cancer therapeutics. CTLA4 (cytotoxic T
lymphocyte antigen 4) blockade was the frontrunner, approved in 2011, quickly followed by
antibodies targeting PD1 and RD (programmad cell death 1 asthprogrammed cell death ligand
1¥7°. In short, ICB removes the inhibitory signals-o&Il actiation allowing Tcells to mount an
effective antitumour responsé®. PDM Q& Y I Ay TFdzy QG A2y A &celld By NI 3 dz
interacting with PEL1 in a negative feedback loop to attenuate th&e€ll response in the
periphery LINB @Sy (i (A a&adzS RI Ydol&lSy O SER A NPy djysedth a R BY F
becomes activated against a pathog®nPD1 is expressed on activated T and B lymphocytes,
upon engagement with RD1 anegative cestimulatory signal is emitted to attenuate-dell
activatiort®. Many tumour types have learned to outsmart and evade the immune system by
expressing high levels of RI2 on tumours cells themselves in addition to myeloid cells within
the TME81.22,

Increased expression of R in breast cancer cells treated by olaparib, talazoparib and
rucaparib (as well as PARP1 knockdoimnyitro and in vivohas been reported; interestingly,
increased PIL1 expression could occur regardless of BRCA mutstatuns?®3, This finding has
opened the door to the pientially lethal combination of ICB therapy in the form of &}l or
PDL1 with PARPI. Multiple mechanisms have been proposed to rationalize thesacneEL1
expression following PARPI treatment, including increased binding of transcription Ki€for.

to the PDL1 promotor in response to STING activation and induction eLPDy JAK1/2
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activation due tothe JAK/STAT signaling which occurs dovaastr of cGAS/STING and type 1
interferon?®428% As mentioned previously, prelinical combinations of PARKith ICB have been
quite successful and thus a number of clinical trials are now underway to fully elucidate the
therapeutic potential of this combinatiotherapy using already approved PARPi and ICB
agentg’3274.286 |nterestingly, tumours lacking BRCA1/2 have recently been shovexpress
increased levels of programmed cell death protein 1-{iPBnd programmed cell death ligand 1
(PDL1) even before PARPI treatmenturther confiming ICB may be a suitable addition to
current therapeutic optiong7%28,

Oncolytic virusewhich induce a DNAamage response includirglenovirus AdV) dl922-
947 andoncolytic HSVoHSY have also led to promising outcomes when combined with
PARPF?27L The interplay between viral replication and host antiviral response katangled
infection with the DNA damage response im@amber of ways which may work both for and
against OV efficaé$f?1. While cells may use their DNA damage response pathway as an antiviral
pathway by recognizing viral genomes as damaged DNA, many viruses have evolved to modulate
important proteins in the response pathway often via degradatfdn One group has
demonstrated that oHSV can sensitize GBM steifts (GSCs) to PARPI treatment in a synthetic
lethal manner bothin vitro andin vivq resulting inincreased DNA damage, apoptosis and cell
death overafi’l. THs sensitizationoccurs as aesult of oHSVs ability to mediate proteasomal
degradation of Rad51 and Chkl, both key players in the DNA damage response. Taking the
OV/PARPI combination approach from anotberspective, another group has established that
olaparib can in fact enhance thencolytic activity of oncolytic adenovirus (Ad¥) Initial

investigationsestablished that Ad\d1922-947 could trigger a DNA damage response due to
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replicative stress leading to decreased replication of the ¥itisHence, the addition of PARPI
combined with the DNA damage whioaturally accumulates during AdV infection was able to
produce higher levels dNA damage and cell death. While the results of these initial studies
are promising, the use of OVs with PARPI therapy is relatively wmeggkrritory, leaving much

to bediscovered and boundlespportunity for improved therapeutic outcome#n the fdlowing
chapter we look beyond BRCA1/2 to target additional components of the HR DNA repair pathway

aiming to elicit a more potent synthetiethal combination with PARPI.

83



Chapter4. Overexpression of miR82 via oncolytic virus deliverarc
sensitize resistant breast cancer cells to PARPI therapy

4.1 Introduction

microRNAs and cancer

microRNAs may be small, but they play a very large role in the develdpameh
progression of multiple cancers and can often contribute to treatment respoas weff’.
Shortly after their éscovery itwas estalishedthat the broad scope of miRNA regulation on the
genome could impactearly all cellular functions whether it be directly or indirectly. The first
evidence of miRNA involvement in human cancer was the case of chronic lympheadktimia
(CLL). Onergup sought to determine which proteins may be expressed from a frequently
deleted area on chromosome 13 only to discover that this deletion does not impact a protein
coding region, rather mi®5a and miRL6 are located in this aré&”. Shortly thereafter, this sae
group mapped all of the documented miRBguencesind found that many were in fact located
in unstable regions of the genome which are commonly deletedrglified in tumour tissues®.
It is now understood that the miRNA expressiandscape between normal tissue and tumours
is often quite distinct, in fact, specific subtypes of disease can even be distinguished in some cases
(eg. basaVversus luminal breast cancél). The dysregulation of miRNA expression in cancer can
occur via seval routes. Initial reports, including the CLL case, demonstrated structural genetic
changes leaitig to miIRNA dysregulation. It is now understoodtthavariety of genetic and

epigenetic factors are at play including hyper or hypomethylation histone ceacetylatiors®’.
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Loss of gpression ofproteins necessary for processing miRNAs, most commonly Dicer and
Drosha, can also play a craicrole in tumorigenesis and prognosis in a number of cancers

including ovariancarcinomas*’. And finally, miRNA dysregulation can also occur along with

alternations in transcriptiofiactor actity?3’.

The inhibition and werexpression of specific mMiRNAs has been explored to improve
responses tacertain therapeutics. For exnple, one of the first studies to take advantage of
MIiRNA expression in tumour tissues demonstrated that inhibition of2diRnd miR200b could
increag sensitivity to gemcitabine in cholangiocarcinoma cell fitfe¥he werexpression of
certain miRNAs has also shown promise with-208B overexpression increasing responsiveness
to tyrosine kinase inbition in some cancef®. To date, an extensive collection of miRNAs have
been associated with resigtae to drug and hormone therapies in breast and ovarian cancers,
some miRMs due to increased expresaiand some due to loss or decreased expression levels

(summarized ir§99:399,

miR-182

While exploring the possibility of using different mNiRcassettedo deliver amiRIAs in
Chapter 3t became evident that it may be even more effective to encode an gadous miRA
capable of targeting multiple genes rather than an aN#vhich targets one specific gene. This
would also mitigate concerns regarding presigg of the pramiRNA structure of amiRNA
sequences Moskwaet al. have shown that BRCAL is a targétnoiR182, with 4 potential
NBEO23ayAlGA2Y &AlSas3lATis diokBhasoaksd demongrated that/edtapic

expression of miR82 can resul in persistent DNA damage following ionizing radiation
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treatment. To bok specifically at the therapeutic potential of rAlR2 overexpression in a
relevant breast cancer model they used MDPUB-231 cells which express low @&wgenous miR

182 and a high levef BRCA1 protein. They first demonstrated that overexpression ofLB2R

led to decreased expression of BRCAL and increased DNA damage via comet assay following
ionizing radiation treatmenin vitro, followed by ann vivocombination of miRL82 expressin

with PARPI treatment which led to slowed tumour growth. Further waykKrishnaret al. has

shown that miRL82-5p not only targets BRCAL, it also downregulates a variety of other genes
involved in DNA repaiand cell cyd, including CDKN1B, CHEK2, SR ATFIhRGS17

TP53BP1FOX03and RAD1BARDY?,

4.2 Rationale andhypothesis

Targeting multiple genes may increase the potential for overcoming PARPI resistance
Shorty after it was determined that deleterious mutations of BRCA1/2 could render cells

sensitive to PARPI a number of additional geresgpiired forsuccessfl DNA damageepair by

HR were shown to contribute to PARPI sensitivity when mutated, teMBRECAnesphenotype
genes (reviewed by Lord & Ashworth 20°P6iniR182 is predicted to downredate a number of
these genes, thuthis miRNASs a prime candidate to overcome PARPI resistadosurprisingly,
mMiR-182 overexpression has the poteritia act as bth a cancer promotor in some settings while
acting to sensitize cells to drug therapyoitiers.miR182has been reported to be tumorigenic

in melanoma, endometrial cancer, prostate cancer, colon cancer and in primary gliomas while it
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acts & a tumour sppressor in lung and gastric cancers (summarize®)ininterestingly,
Krishnanet al. have #&0 determina that miR182 expression is often upregulated in breast
cancers; importantly, expressiorends to be higher in the ERR" subtype whereas triple
negative tumours, the subtype in which BRCA1 tumours tend to fall, are highly véHable
Targeting genes that are required for DNA repair could likely lead to genomic instability,
producing more aggssive tumour phenotypes due to an increased mutational load. When
taking into consideration the poterdl for a pretumour effect of mR-182 expression from VSV,
it iIs important to note is the proposed application of B2 here would always be in
combimation with systemic PARPI treatment with the goal of inducing apoptosis quickly after
MIiRNA expressiois able to take placeConsiderig a clinical contextniRNA expression would
only be present during infection while PARPi treatment is often provided akily oral

medication and has been shown to be tolerated as maintenance therapy for many nkdnths

Hypothesis
Overexpression of mik82 via expression from oncolytic VSV will sensitize resistant, BRCA1/2

wildtype, cancercells to PARPI treatent.
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4.3 Results

mMIiR182 is expressed by VSV and knocks down predicted targets

Two miR182 expressing versionsf VSV have been designed and validated (via
sequencing), the first expresses one FB2 hairpin and the second expresses tneferred to
as VSK51-miR182(x1) and VRB1-miR182(x2)]. Both versions are expressed within the VSV
genome between the G and L proteaquencesmiR182 is predicted to interact with BRCAL at
four potential target sequenceshree of which have been vified via a lucifease reporter assay
previousy®®L, | was also interested in determining if the potency of knockdown could be
enhanced by expressing two hairpins compared to one. The double hairpin virus was designed
following the recommended minimal spacing strategy outlined in a previous publication which
tested the expression of tandem niNRRs expressed froriIVby adding 30 nucleotides to either
side of each hairpi{2.

An aternative option to increase expressiaf the miRNAwould be to change the
location of the miRIAto a position upstream of the G protein, unfortunately our current VSV
plasmid has been optimized for cloning between G and L. After attempting to inseil8gigt
an upstream location | have determined that cloning in alternative locations will refuriteer
optimization. While the expression of mi82 from the two viruses was quite similar with the
double hairpin virus expressing a slightly higher amafriirocessed miR82 Figure4.1), the
ability to knockdown multiple targets at the mRNA level welactenhanced by the presence of
a second copy of miB82 Figure4.2 A). Multiple mRNA targets in addition to BRCAL1 were

substantiallyknocked down folling infection with the double &irpin virusas well Further,
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preliminary western blot analysis revealed enhanced knockdown of BRCA1 w3231 cells
infected with VS¥51-miR-182(x2) compared to V8%1-miR182(x1). This experiment has since
been repeatd (using the double hairpin uis only, revealing that infection at a low MOI using
the replication competent versioof the viruscan effectively knockdown BRCAL1 in iéidd to
the kG fon-spreading version Figure4.2 B, C, D Here, the additional tget CHEK2 has been
included. Wiie the gPCR results were not overly compelling @HEK2this targetwas of
particular interest due to its previously reported implicatsin PARREensitization. Western blot
analysis has revealed that CHEK?2 is in factked down at the protein level as well by bokie
replicating andk G versions of the miR82 double hairpin virugFigure4.2 B, C, I Future
experimentsshould aim to repeat and odirm these important findingsn the interest of time
we moved foward todetermine if these virges could sensitize BRCA1/2 wildtype breast cancer

cells b PARPreatmentand whether miRL82 could be enrchedin EVs
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MDA-MB-231 miR-182 expression

Fold change
(relative to Let-7a)

Figue 4.1 gPCR analysis demonstrates mature B2 expressiorfrom MDAMB-231 cells
infected at MOI 0.1 for 48 hours. Error bars represent standard erroreain(n=1, 3 technical
replicates)
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Figure4.2 gPCR and western blot alysis demonstrates miRR82 target knockdown in MDA
MB-231 cells (A) Cells were infected at MOI 3 withl€ss versions of each virus for 48 hours
prior to RNA extraction and gPQRror bars represent standard error of me@r¥1, 3 technical
replicates) (B) Cells were infected with the replicating version of each virus at MOI 0.001 for
approximately 50 hours and-I8ss virus at MOI 1 for approximated® hours prior to lysis and
western blot analysis. (C + Rglatie intensitywasdeterminedusingdensitanetry analysis on

the Bio-Rad Image Lab software.
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mMiR182is present inEVs~vhen overexpressed by VSV

While miR182 was not necessarily identified anEVVmiRNAIn the previouslydiscussed
RNAsequencingexperiment, additional work by our group (Wedget al. Nature Cancer, in
revisions) has demonstrated that artificial MR expressed by VSV within the commonly used
miR-30 cassette can in fact bedded intoE\&. Therefore, we hypothesized that the sanwild
occur for miRL82when overexpressed from VSInfecting with VSk51-shNTQnon-targeting
control virus)interestingly resulted in an undetectable level of mature #hBR2 inEVsafter 48
hours; however, miR82 could in fact be detected BVsfollowing infection with VSK51-miR
182(x2) Figure4.3 A). Importantly, thetotal amount of RNA present in each reaction was
normalized via nanodrop spectroscopy and the nearly identicalalties of the housekeeping
mMiRNA, Let7a, confirmed this. The results of this experiment have been displayet \zdue
rather than fold expession, due to the lack of expression following KBMShNTC infection.
VS¥K51-miR182(x2)infection alsaresulted in preferentially loadingf the premiR-182 species

into EVgelative to copies retained within the c€Rigure4.3 B).
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mMIiR182 sensitizes MDMB-231 breast canceretls to rucaparib

To determine if VRB1-miR182 wmuld sensitize BRCAA wildtype cells to PARPI
treatment, MDAMB-231 cells were grown as 3D spheroids and infected with eithek YEMiR
182(x1) or VRB1I-mMiR182(x2) and subsequently treated with olaparib or rucaparib. While
significant chages in the diameter of these spheroids wer@ wbserved (likely due to the less
uniform shape this cell line tends to produce when grown in 3D compared to the previously
tested 4T1 model)changes in the viabiligpecifically cellular metabolisrapuldbe determined
via alamar blue. The MDMB-231cell line is quite susceptible to infection, even when grown as
spheroids, thus a relatively low MOI was necessary to distingiianges due to the combination
treatment compared to virus alondnfection of hese spheroids at such a low MOI led to
signficant variability between spheroids; thus, the results of two combined experiments, each
completed in triplicate, are showms high as 50% loss of viabiliould be observed with the
combination ofVSW51-miR-182(x2) with rucapariin some caseso conbination effectwas

observed after olaparib treatmenf{gure4.4).

94



MDA-MB-231 spheroids
(alamar blue - Day 8 post-infection)

150

1 Mock
*

s 1 vsvDs1-NTC
L L
1004 — &l = - T T E vsvD51-miR-182(x1)

CJ vsvD51-miR-182(x2)

% Viability

&
o
1

Drug treatment (5uM)

Figure4.4 Cell viability measured via alamar blue of spheroids infected with \f@iRR-182(x2)

is significantly lower wherreated with PARPi combination therapfyucgparib). Spheroids were
treated with each virus at MOI 0.05 and treated witk»/@ of each PARPI stang one day after
infection, replenished every two days. Alamar blue was added on day eight post infection and
read on day tenError bars represent standard error of the mean (n=6, 3 technical replicates x 2
biological replicates)Unpaired twotailed ttest comparing VS¥iR182(x1) and VSmIR
182(x2) with VS8hNTC was used to evaluate statistical significance (*P<0.05).
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4.4 Discussion and future directions

+ { + knpRA.82 can sensitize cells to PARPI

Demonstrating the fuationality ofamiRs expressed from VSV has proven to be rather
complex, thus, | opted to explore the expressamd functionof the naturally occurringhuman
miR-182. As previously mentioned, multiple versions of #H2 expressing VSV were initially
designed with the olgictive of comparing upstream versus downstream expression in addition
to single versus multiple copies of the miRNAe viral gene order of VSV has been determined
02 NPMGDPpQ BAGK GKS | 0dzy Ry OS acdfron thdprom&d ONBS | a
(N>P>M>G >L) as 30% of polymerase molecules at each intergenic point fail to transcribe the
subsequent gen&43% Thus, we can modify the quantity ekpression fothe transgenevhich
has beennserted based on the location of insertiddnfortunately, while the insertion ofenes
between G and L has been well established within our group, the insertion el8&ift an
upstream location presented logistical challenges which will require further optimization to
overcome. Nevertheless, the expression airggle versus doubleairpin was put to the test and
despite initial concerns regarding potential recombination of the identical hairpins expressed
from a single vector, the knockdown efficacy of the double hairpin was in fact more significant at
the mRNAand protein level compared to a single hairpifFigure4.2). When combined with
rucaparib treatment, the potency of the double hairpin virus was in fact confirmed by a more
significant decrease in the viability of spheroids treated with the combinationathe(Figure
4.4). Interestingly, thesynthetic lethal effecivas only observed when infection was combined

with rucaparib, not olaparib. It is well understood that not all PARPi have been created equal, as
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described previously olaparib and rucaparib bbtwve a similar propesity for PARP trapping
however rucaparib does tend to be a more promiscuous drug in terms of interacting partners.
Olaparib primarily inhibits PARP1 and 2 while rucaparib has been shown to act on PARP3 as well
in addition to exhibiting more potent inhibiton of PARP1 compared to olaparib (summarized
in3%%). Based on preious reports,we could potentially see differenfevels of sensitivityfor
different PARPdepending o the cell line tested as each line tends to exhibit rather unique
susceptibility profile¥®. Thus, future experiments will include the use of multiple cell lines,

specifically expressing various levels of BRCAL.

MicNPwb! & SELINBaadSR FTNRYEVNEAK pIRREVEEEBE b RIT O WI H 8
While previous work by our group and others has shown that-exgression of miRNAs
can lead to packaging intB\s, there is little informatioravailablein this ared38. It is unclear
whether there is a certain threshold of expression needed to induce exportaitorEVsor if
certain miRNAS can be retained within the cell regardlé$iseolevel of expression. Interestingly,
mMiR182-5p has very recently been detectad EVssecreted by GBM cells under hypoxic
conditions®’. This is yet anothereassuringpiece of evidence which leads us to believe that the
content of EVsis often changingand may be modified under altered physiologic conditions
including infectionConsequently, we predicted that mE82 would be loaded into EM$ was
interesting to deermine a higher proportion was of the praiRNA variety compared to the
mature sequence; however, the presence of any copies ofI8iRwhatsoever in EVs was an

encouraging findingHigure 4.3.
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Due to the very low or noexistent presence of mature miE82-5p inEVroduced from
cells infected with VSShNTC, it was ndeasibleto calculate the folechange following infection
with VSVYmIiR 182 compared to a nostargeting miRNAWhile it is clear that the expression of
miR-182 from the virus was able to esurage packaging intg\s, if we would like to gain a better
grasp of exactly how large the difference between treatmenightbe, future experiments
could incorporate the use of a cell line which is known to express higher levels -Gi8@iéhd
would therefore be more likely to have at least trace amounts present inBkeor a standard
curve approach could be applied. Additionally, it should be noted thamtbé-MB-231 cellsare
quite susceptible to VSV infection; therefore, a slightly more robustinelthat can withstand
infection for a longer period of time may be able to produce more of the miRNA leading to
enhanced knockdown of theespectivetargets and increased loading int\s. This proof of
conceot for miRNA loading in to EVs regardlesE€E®miRNA status is encouraging and will be
explored in future experimentasing miRL82 and potentially othercancer theapeutic miRNAs
under irvestgaton.

A clear advantage of expressing miRNAs from an OV is theispetifery to the site of
the tumour, but if we are encouraging the export of therapeutic miRNAsENMshe opportunity
for off-target effectscould increase Previous work has shown th&\s may be specifically
targeted to cancer cells by expresssecific markers on their surfaces, such as an epidermal
growth factor receptor (EGFR) binding ligand, recognized primarily by cancé®®lls group
is currently working todst and optimizeEVtargeting systems for various types of cancer which

could be applied heras wellif needed.
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Can we improve the efficacy of our miRNA expressing oncolytic viruses?

While only a small portion of breast and ovarian cancers harbour trarta in either
BRCAIor BRCAZ2recent studies have demonstrated that nearly 50% of sporadic-tpigte
serous ovarian cancers and 15% of tripegative breast cancers are homologous recomtiima
deficient (HRD), due to mutations in other key genes néefde HR, falling under the umbrella
term BRCANe8%39310 Mutations in an extensive list of HBlated genes have been identified
including ATM*, ATR*, BARD1, BRIP1, CHK1, CHK2, PALB2*, RAD51, FANC* WEE1, RAD51C,
NBSlandPTEN*mutation sensitizes to PARP#}14.132311 The following genes have in fact been
targeted byeither small molecule or siRNA inhibitionresistant or BRGAroficient cell lineand
demonstrated synthetic lethal effect with PARPi thera@DKi!?2, CDK1#3 ATM, ATR',
WEE$'6:317and eMet3!8 The list ofpossiblegenesfor targetingto increase sensitivity to PARPI
continues to grow via genome surveillance studies and siRNA screemémy of which have
known miRNA recogndn sites19320

Indeed additional miRNAs have rahdy been identified which when overexpressed
increase the susceptility of resistant breast cancer cells to olaparib therapy by targeting Rad51,
a protein required for HRL In contrast, other miRNAs have been shown to promote resistance
(summaized irt%:399, Taken altogether it is clear that the miRNA profile of both resistant and
sensitve tumours has the potential to impact the development of targeted therapies through
the modulation of multiple genes. Thus, future work to enhance the potericguo miRNA
expressing OVs could include the expression of multiple miRNAs either from aseowice
infection with single miRNA expressing virusAsmulttmiRNA approach may also be an

interesting method to overcome potential resistance against theNwiRself due to mutations
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regulation by miRNAS.
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combination with PARPI treatment

Now that | have established a functional miRNA which can be expressed from VSV and
sensitize breast cancer cells to rucaparib treatment there areegal experiments to complete
to further elucidate thepotential applicationgor this therapy. First, thecope of this teatment
should be tested on multiple cell lines to determine if MBfR182 is able to sensitize
genotypically and phenotypically fiirent cell lines. Next, it is critical to ensure the newly
engineered virus maintains a similar safety geofo the parental virus, importantlyeplicating
primarily at the site of the tumour. Thus far, our group has not encounteredaodfet toxicity
related to infection with V51, but this should be confirmed for each new virus. Initial safety
experimens comparing the ability of the virus to infect and replicate in normal tissues can be
completedin vitro by measuring dptoxicity with infectionin normal cell lines which should not
be susceptible to infectianFollowup in vivostudies should also inalle biodistributionstudies
wherein normal tissues are excised after infection and processed either for titering or
immunohistochemistry (IHC) stang to determine if the virus is replicating outside the site of
the tumour. Additionally, singland multistep growth curves should be completed to determine
of the addition of the transgene has rendered the new virus unable to replicate and infect, at
similar rate to the parental virus. After initial safety experiments, tumour control and survival
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can bemeasured following treatment. Our group has established a maximally toktvats dose
for intratumoural injection into mice and | have beguntteg multiple doses of PARPI (rucaparib)
to ensure toxicity does not occur with drug treatment alone.

The pdaency of BRCAL knockdown can also be explaredva To assess the degree of
knockdown at the protein level within injected tumours, immunohistemistry (IHC) staining
can be performed on excised tumours 48 to 72 hours post infection. It would alswdoesting
to determine if the degree of BRCA1 knockdown correlates with the location of the virus\or if
delivery of miRL82 from infected cellss in fact enough to knockdown BRCAL in neighbouring
cells. IHC can also be employed to localize the viittsnathe tumour. Additionally, RNAscope
technology can be used to probe tumours for viral RNA while simultaneously probing for multiple
gene targés®?® Looking beyond knockdown of BRCAWe can explore deeper intothe
mechanism of synthetic lethalitybeginningwith methods to meaure DNA damageFor
example, one of the most commonly used methods to quantify double strand breaks is the
detection ofRAD51 and-H2AXfoci via antibody staining and fluorescent microscopy, wherein
decreased Rad51 foci and increaseH2AXwould represat the presenceof persistent DNA
breaks within the nucled$®.

The successful sensittzan of MDAMB-231 cells to PARPI via infection with M8¥R182
represens, to our knowledge, the first example of sensitization to PARPIi therapynb\a
encoded miRNA. While the results of this study have not been fully refined, this novel therapy
has he potential to overcome multiple barriers of currently available treatments by acting
specifically on cancer tissues owing to the specificity of VSV replication, as well as efficiently

delivering therapeutic miRNA directly to the site of the tumour andrimfected cdk within the
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TME viaE\s. In the following chapter we move beyond targeting the cellular DNA repair
machinery to explore additional miRNAs which are preferentially loaded into EVs and may act on

other components of the TME.
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Chapter5: Unlkeashing the p@d y G A I f  F 2 NJ EAIMBEES A yR S
cancer therapy

5.1Introduction

miR-150

While investigating the application of different miRNA cassettes to carry amiRNAs in
Chapter 31 was interested in confirming that the naturally occurrmgRNA sequences could be
fully processedand functional when expressed from V®Wor to incorporating artificial
sequences. While the selection of miRNAs was based solely on their propensitietdE¥'s
following infection, a brief literature review ohe top five miRNAs resulted in one particular
MiRNA standing out as an interesting immunotherapeutic candidate itselfLBORAfter early
experiments (discussed in more detail below) revealeat thiR150 could be carried bigVsat
high levels in both & premiRNA and mature miRNA state | focused follggvexperiments on
this miRNA. As an endogenous miRNA it is unsurprising that B0 able to exert its effect on
multiple genes, interestingltwo main themes emerge when reviewing the genes under1bilR

regulationg cancer and the immune system.

miR150 and cancer
miR-150 has been shown to have direct antmour effects by targeting various pro

growth oncogenes in a number of differenarecer types. Nearly 10 years ago, w0 was
identified asa potential biomarker for the prognosis and therapeutic outcome of colorectal

cancef?”. miRNAs have been shown previously to act as prognostikers for certain cancer
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types and other disease states; accordingly, this study sought to identify miRNAs which
correlated with better survival and response to adjuvant chemotherapy in coldreetacer
patients and found that high miR50 expression waia fact associated with both.

Several more recent studies have further elucidated the role of-18i® in cancer
progression demonstrating direct interactions with previously identified-gaoce pathways.
For examplemiR 150 has been shown to targetehoncogeneNotch3 in ovarian cancer cells
leading to sensitization to paclitaxel ther@dyas wel as vascular epithelial growth factor A
(VEGFA) in colorectal cancer resulting in reduced proliferation and angiogéhdsis miRNA
has also been shown to prevent the forrmat of metastases in lung and ovarian cang&rg?
One study found that mi250 was significantly downregulated in CSCs ofsmallcell lung
cancer (NSCLSyrther investigation revealed thait could inhibit wingless (Wn)-catenin
signaling as well as high mobility group-Wdok 2 (HMAG2), both associated with cancer cell
stemness; ectopic expression resulted in less lung CSC induced tumorigenesis astdsag’’.
Another very recent study has shown that ectopic expression of-I8(R via lentiviral
transduction could inhibit ovarian cancer growth and metastases botftro andin vive?8. This
group found that both insuliike growth factor 1 receptor and insulin receptor strate 1
(IGF1R and IRS1) were direct targets of bt By downregulating IGF1R/IRS1, the downstream
PIBK/AKT/mTOR growth pathway was less active in ovarian cance¥écéfigh miRL50
expression has also been shown to inhibit the growth of melanoma and lung cancer via inhibition
of the transcription factor 4vlyb32°:330

Of note, like other miRNAs which have a strong connection to cancer development, miR

MpnQa AYLI G, ankliBas thedabténtiaftd eRtfibit a prtumour role in some cases.
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Cancer types which have been associated with highIBlRexpression include breast cancer,
cervical cancer and lung cang®&333 Thus, as the field of cancer therapeutics has already
proven, the choice of therapy depends not only on the type of malignancy, it may also depend

on the subtype and mutationalr miRNA expressidandscape of the tumour in question.

miR150 and the immune system
The role of miRL50 in the immune system is also quite complex. The development and

function of several immune cell types are under the control of-&BR, most often due to their
association with transcription factorMyb which plays a critical role in controlling transcription
at multiple stages of lymphocyte developmétt For example, NK and invariant NK T (INKITS
are both impacted by miR®50 expression, but in eontrastingfashion. Deletion of m#50 in
mice impaisthe development of NK cells while ovexpression leads to reduced levels of INKT
cells in the thymus and peripheral lymphoid org&asB cell differentiation has also been
associated with miR50 expression where high levels of RIBD expression can resul a
partial block of B cell developmerit®. One group hasiso shown that increased miE50
expression leads to enhanced levels of terminal effector*dD&:lIs via downregulation of the
transcription factor eMyb®3” while another groupdemonstratedthat T cell differentiation ad
effector function are dependant on miE50 but this was not associated witiMyb expression
level$38, Interestingly, additionalork hasshown thatmiR-150 can increase the level of memory
phenotype CD8T cells via translational repression of FoX81Of note a recent study
connectedmiR150directly to theanti-tumour immune responsshowingincreasing activation

of tumour specificCD8 T cellswith high miR150 expressioffC.
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Taken together, it is clear that the impact of /iBO on the immune system is complex
and likely dependant on a number of confounding fact@rsging from the model being stieti
to the state of the immune system whether it be infected or uninfected, what type of infection,

and finally the presence of malignancy or not.

5.2 Rationale and Hypothesis

Overcoming current clinical hurdles to detimiRNA to the site of the turap

While several studiediave in fact demonstrated the potentibkenefit of overexpressing
specific miRNAs to promote responsiveness to certain therapies, the delivery of miRNAs to the
site of the tumour remains challenging distinct advantage of micrdRRAs over conventional
chemotherapies is the ability to target cancer cells with enhanced specificity based on their
unique miRNA profile. While conventional chemotherapeutics and small molecule therapies do
aim to impact tunour celldargelywhile leavinghormal tissues unharmed, they are almost always
associated with offarget effects including damage to rapidly dividing normal tissues and/or non
specific entry due to shared receptors between cancer cells and some noritst'c&ven
monoclonal antibodies, one of the moskll targeted therapies available, have the potential to
become less effective due to immemscape and/oineffective entry into the tumour itseif?.

A plethoraof strategies hve been developed to increase the efficiency of miRNA delivery
to tumour cells including packaging within liposomes, nanopatrticles, or with compounds such as
polyethylene glycolREGQ, and expression from lentiviral vectorsr adencassocited viruses

(summarized in®#), however, there remain challenges. Themary hurdle for miRNA based

106



therapyinitially, was the very quick clearance afteiministraionT Wy I { SRQ Ydlywb ! &
cleared via degradation or intracellular trapping within minutes or even seconds in the
circulation, methods of protecting miRNAs as listed above have slowed this clearance
significantly4-3*3 Though many nanoparticlestill unfortunately do not reach their intended
target cells as they araken up nonspecifcally by immune ceflt¢’. Physical barriers continue to
exist for miRNA delivery even when the miRNA is protected from degradation by modifications
or coating. Local and topical deliver of miRNAs has reducethroiét effects andenhanced
target gene kockdown at the site of delivery for miRNAs with without the addition of a
carrier*>346 Direct delivery of lentiviral vectors expressing miRNAs have also shown promise. Of
note, while local administratiorhas impraved miRNA uptake would be unlikely tasignificantly
impact metastatic disease. Thusfection by OVs which replicate specifically in cancer cells could
be the necessary bridge to deliver miRNAs to the site of the tumour at high enough levels to
achievesuccessful gene knockdown.

An additional roadblock still stands in our way; it isllwmderstood that only a select
portion of cells within a tumour will actually be infected so we must rely on various additional
mechanisms of OV killing such as theid#miour immune response and disruption of tumour
vasculature to make any clinicalligsificant impact*’34¢ As mentioned earlier, even with this
arsenal of anttumour mechanisms, OVs still have yet to become standard of care due to their
limited efficacy irmost patient367:34% Our group (Wdgeet al., Nature Cancer, in revisions) and
others have shown that virally derived miRNAs can be packaged witldHE\&*%C. We aim to
explore tte findings ofthe previous chapter and thebovementioned manuscriptfurther by

strategically expressing miRNAs which are more prori&foackaging, virtally hijacking th&eV
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trafficking system of infected cells to impact gene expression in neighbouring uninfested c
To this end, | have engineered the top five miRNAs that are exporte@\rdas described in the
previous chapter to determine if theyain fact exported to a higher level when owexpressed

from VSV.

Hypothesis

The expression afaturally occuring miRNAs from VSV which become enricheBVWsfollowing

infection will further boost their packaging int\s.

5.3Results

Naturally occurrindeEVmiRNA sequences can be expressed from VSV

To confirm the presence of eadtMmiRNA in EVsfollowing infection | first completed
gPCR analysis demonstrating that each NARs could be detectedoth in its premiRNAand
mature formsat varying levels before and after infectiosing this methodFigure 5.). Next, |
cloned each of the fiv&VmiRNAs into VSV (both with and without VSV G protein) and rescued
these viruses. To validate their expression and processing when expressed feplicating VSV,
gPCRs using specific probes for the mature form of eachAiliRve been completed, verifying
that eachmiRNAIs in fact expressed and processed in MiaPaCa2 egllar(creatic cancezell
line in which the original RNgeq experiment \&s performed)Figure 52). | have also confirmed
expression and processing from two additional cancer cell lines, ID&gmmarian cancer) and

T47D (human breast cancéBigure S5.1
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Figure 5.1gPCR analysidemonstrating that each EVhiRNA can be detected in EVs before and

after infectionwith VSW51-GFPCt values have been used to represtd raw expression levels
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expression following infectionError bars represent standard error ofiean (n=3 technical
replicates).
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Figure5.2 Relativeexpression ofEVmiRNAs compared to cells infected with a nerargeting

control (VSW51-shNTC) in MiaPaCa2 (human pancreatic cancer) cells. Expression levels shown
here represent the mature form of each microRNA. Cells were infected at MOI of 0.1 for 24 hours
or 0.01 for 48hrs. The relative expression of eBasimiRNAfollowing infectionwith the NTC has

been set to 1. Error bars represent standard error of m@eai, 3 technical replicates)
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PremiRNAs are more readily exported iffgdscompared to maire miRNAS

To determine if miRAs expressed from VSV are loaded into and/or delivdrg&\5, |
FANRBR G Sy-85 #r&S(hdBiRfectioDs unless G is provided transienthersions of each
recombinant virus. A nospreadingversion of the virus is essential as VSV is quite small
(~80nm}®2 in fact, it is similar in size tosmallEV, therefore, it is impossible to separate the two
populations by filtration steps. 4&ss VSV lacks the gene encodthg viral glycoprotein;
therefore, these recombinant viruses are capable of infecting cells, replicating and packaging new
virions however these particles will gnificantly less infectioudue to theirseverely reduced
capacityto bud from the host cetind infect other cell§1:351.352 | have utilized the ®ss versions
of each virus to determine if the relative expression of each miRNA does im¢agase irEVs
when expressed from VSV. Interestingly, the-prature form of each miRNA is present at very
high levels compared to VINTC infection, while the mature foria quite variabldrom miRNA

to miRNA Figure 53).
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Endogenous miRNAs are functional whgpressed from VSV

Chapter 3 reveakd some incongruencies between knockdown at the mRNA and protein
levels following infection witamiRNAs expressed from VSWowever gPCRs a very quick and
simple way to determine if there may be any functionaldythen follow-up with other methods
to interrogate protein expressiorHence,PCR analysis of two or more gemesdicted to be
targeted by eaciEVmIiRNA (TargeScan.org predictionyas used talemonstrate that there is a
significant decrease at the mRNA legéeach geneHigure5.4).

More importantly, it was essential to develop a method to evaluate the functionality of
each miRIAat the protein level. | began working with a commonly used commercially available
dual reporter assay which utiliz&sreflyluciferase as an internal control afknila luciferase as
a reporter by cloning miRAG F NASG &S1jdzSyO0Sa A KehitasedusnSe. o Q
Unfortunately, after many trials | determined that the variability of luciferase expression
following infectionwith VSV would not permit reliablemparisons to be made between viruses.
Thus, | began testing a different vector (referred to asi8BX in accompanying figures) which
encodes two fluorescent proteins, EBFP2 (internal control) and mKate2 (repattemiRNA
NEO23ayAlA2y T™SI|jdzSyO0S i oQ |

As described above, miES0wasof particular interest giverts multifaceted participation
in immune cell differentiation and activation as well as fotential for direct action on cancer
cell growth and spreadAdditionally, the entire prmiR150 was availablein a mammalian
expression vectofrom Addgenethus | was able to quickly PCR amplify the entire sequence,
adding restriction enzyme sites to both enfis cloninginto VSV to compare the efficacy of

knocldown by premiRNAversus pAmiRNAexpressing viruses.
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The LSBniR150 reporter was available thi two different target sequences located at
GKS o0Q ! ¢w 2803p ¥rla nhiRusCE5p lecoghition site. Thus, these vectors could
easily distinguistwhich strand of the processemiR150 wa more active; in this case the 5p
strand is reported tdbe the active guide strand and the 3p acts as the passenger strand. As
expected, a significantly higher knockdown of mKate2 was observed when thES® D target
sequence was transfected whereaslysmall decreases in mKate2 signal were observed for the
miR150-3p target sequence. Quite interestingly, this was only true for the-mie150

expressing virus, not the pmiR150. In fact, VSYri-miR150 did na knock down either target

sequencgFigure 55).
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Figure 5.5 LSBmKate dual-fluorescent reporter demonstrating knockdown of miR50-5p

target sequence by VIB1-pre-miR-150. Cells weretransfected with the reporter plasmid
approximately 6 hours prior to infection at MOI 0.1. (A) The relative expression of mKate/EBFP2
is show for each condibn with VSWhNTC set to 100%. Plates were scanned at 22, 38 and 46
hours post infection. (B)Wdrescent images were captured at 38 hours post infection. Error bars
represent standard error of meaf=10, 5 technical x 2 biological rigakes) Unpairedtwo-

tailed t-test was used to evaluate statistical significance (**P<0.01, ****P<0.0001).
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Unfortunately, due to the inherently repetitive sequences within this backbone many of
the reporters | have attempted to test do not produce a dualorescent signabefore any
infectionhas even taken place. After screening a number of coldoresach reporte, one intact
mMiR-143-3p and 5p pair was identified and | completed a pilot test of the-Wi8/143 Eigure
5.6). To expand our use of thesectors, | have JdzN1J2 a SR 2y S 2F GKS W¥dzy O
an empty vector with a multiple cloning site tasert any miRIAtarget sequence of our choice
gAUKAY (KS oThisWilkbera u&eful tddMad ndtSnly test the function of theivas
mMiRNAs discused here but may now be used as a quick method to screen the ability of any

artificial miRNAto knock down a specific target.
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Figure 5.6 LSBmKate dual-fluorescent reporter demonstrating knockdown of miR43-3p

target squence by VSk51-miR-143 Cells were transfected with the reporter plasmid
approximately 6 hours prior to infection at MOI 0.1. (A) The relative expression of mKate/EBFP2
is shown fo each condition with VSShNTC set tod0% Plates were scanned at 22, 38 and 46
hours post infection. Due to the variability of infection there is a trend towards-tR3p
knockdown at 46 hours post infection, however this is not technically sigmificaa t test
comparing VS¥hNTC to VSMiR143). Error bars represent standard erraf mean (n=5
technical replicates).
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Expression of miR50 from VSV can modulate the tumour immune profile

To begin to asseske functionality of mIRIAS E LINB & & A Y 3 invivasditipgyweA vy G K S
sought to determine ithangedo the tumour immune profilewould be evident followingy/ SV
mMiR-150 infection The MC38 immunocompetent colorectal tumour modeas selectedor a
pilot in vivoexperiment. Thededsion to start with a colorectal cancer model was based on
previous reports of improved survival and response to chemotherapy in colorectal cancer
patients with high miRL50 expression in addition to further work showing decexhsell
proliferation in mutiple colorectal cancer tumour cell lines and human xenograft models
following miR150-5p transfection3?432¢ For this pilot experiment, | infected MC38 tumours
intratumourally(IT)with either contol VSVYshNTC or VSMiIR150 (or PBS contrabncedailyfor
three daysand collected both tumours and spleens six days afterlé@se¢injection. Prior to
beginning his experiment, | have also confirmed robust expression and processing -df5®MiR
expressd from VSV in the MC38 cell line via gPCR probing for the fully processed, mature, miR
150 Figure5.7). Importantly, while the sterdoop sequence of mmmiR 150 (motse) is slightly
shorter than hsamiR150 (human used herg, the mature sequence of the tware identical
(mirbase.org)Based on the previous results V/BM-miR-150 was used in this experiment not

VSVpri-miR150.
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Figure5.7qPCR analysis of mature miE50 expression from MC38 cellsfected at MOI 0.1 for
24 hours. Eor bars represent standard error of meém=1, 3 technical replicates)
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| have assessed T cell activation, as weh #&sw markers for memory versus effector
phenotype by flow cytometryWhile the results of this initial experiment may not haveshe
statistically significant there are a number of biolodgicabtabletrends which have encouraged
us to move forward with further development of this aspect of the projeariguingly, the most
noticeablechangesamong theT cell populations are occurgrwithin the spleersamplesather
than the tumours themselh® (Figure5.8). An interesting outcome given that the virus was
delivered via the IT route. Following infectiamth VSVYmMiR-150 compared to VSShNTC there
is a decrease ithe proportion of CD4 T cellsand an increase in CD¥ cell stainingamong
splenocytesWe also tservean increase in CD44/CD122 single and double positivé TD8
staining representing a trend towards memopyenotype effector(gating strategy for flow

analysis is shown iRigure 3.1).
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Figure 5.8 Flow cytometry analysis of MC38 (mouse colorectal cancer) cells infected with
VS\k51-miR-150. (A) Tumours were injected with PBS (controtVVshNTC (control) or VSRR

150 for three consecutive days and tissues were ésted on day8. Analysis of§) splenocytes
and (O tumour cellsdemonstrateincreased CD8+ T cell staining and a shift towards memory
phenotype. Each point represents oagimal on the splenocyte plots, the tumour samples were
run in triplicate thus eacpoint represents one of three technical repliea for five animals total
(error bars represent standard error of meabnpaired twetailed t-test comparing VS¥hNTC
sampes with VSYMiR-150 did not reveal any significadifferencesbetween samples.
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5.4 Discussion and future directions

The expession of endogenous miRNAs has the potential to target multiple genes

A major advantage of encodingndogenous therapeutiaoniRNAs as opposed to
specifically selected amiRNAs is the ability to knockdownipheittargets using only one miRNA.
While gPCR atysis was performed on only two different genes for a majority of the miRNAs
under investigation here, each was in fact atai&knock down at least two predicted targets and
could likely knockdown several m& To fully elucidate the range of genes whichy be targeted
by each virus, it would be ideal to perform RNA sequencing to compare the RNA profile of cells
infected withthe nontargeting virus compared to each miRNA. A simpler, more cost effect tool
to elucidate the RNA landscape of infected caligld also include microarray analysis.

More importantly, | have established the ability of V@&-miR150 to knockdown

its target sequence at the protein level. The marked difference betweemuR150 ard pri-
miR-150 functionality when expressed frouEV was rather surprising. Prior to infecting cells with
each virus, | completednainitial experiment to determine if the pmiR150 expressed from a
plasmid vector could knockdown the miR0-5p recogniti:m sequence while incurring minimal
impact on themiR150-3p recognition sequence and this was in fact the c&sgufe5.9). Thus,

full processing of the pmiRNA structurevas possible prior to inserting it into the virus.
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LSB-hsa-miR-150 reporter assay
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EBFP2 (control)

Figue 5.9 LSBmKate dual-fluorescent reporter demonstrating knockdown of miR50-5p
target sequence by primiR-150 plasmid(pcDNA3.2) transfection. Cells were transfected with
the reporter plasmid simultaneously with the niR 150 plasmid. (A) The relative@ession of
mKate/EBFP2 is shown for each condition at 48 hours withrh&&te alone set to 100%. (B)
Fluorescent images were also captured at 48 hours post transfectioor Ears represent
standard error of meaifn=L1, 5 technical replicates)

mKate (reporter)
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| originally predicted that the pAimiRNA expressing virus may be more effective than its
pre-miRNA counterpart based on two related studies. The first is a study in which w#?
expressed fom oncolytic adenovirus as a short hairpin RNA (shRNAmR&IA, angri-miRNA.
Interestingly, this group found that mature miRexpression could be detestd at the highest
levels when expressed from the pniRNA, they also validated that processingswamost
completely dependant on Drosha via knockout stuéfieéshe next set of studies by tenOetr
al., also discussed in the preus chaptes, involved the successful expression ofmprR124
from influenza A virus and Sindhisus®>*3% This group has also successfully insertebrarly
of artificial sequences into the miRNAR&4 backbone for expression from the Influenza
backlone®®®. The key difference between adenovirus anfluenza when compared with VSV is
that replication takes place in the nucleus, unlike VSV wieighcates in the cytoplasm, meaning
MiRNAs expressed from these vectors should have full access to nuclear miRNA processing
machinery required for prmiRNAto pre-miRNA cleavage.

As mentioned previously, an additional study by tenOeeéral. has shown that
translocation of Drosha, required for canonicabmiRNA processing, out of the nucleus and into
the cytoplasm can occur as a result of infection withultiple viruses including V&Y.
Accordngly, when this group expressed ariR124-2 from Sindbis virus, also a cytoplasmic®RN
virus, it was determined that miRNA processing could occur in a-Bégendant, Exportird
independent manner, establishing that processing could in fact occur inctheplasm
completely (shown via knockdown of the respective proteitisKnock out of DGCRS8, the RNA
binding protein of the microprocessor which partners with Drosha, revealed that processing

could occur independent of DGCRBDrosha depletion experiments were not explored in this
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study; however, the authors digéport the presence of a heterogeneous mixture of FRl and
WYmwn fA1SQ LINRPRdAzOGA& 2F QOFNBAYy3 fSyadkKa (Kdz
pathway mg be at play. Further work by the same group aimed to decipher whether a negative
senseRNA virus could also produce functional #hilR, to this end they encoded miR4 into
the genome of VSV. While they did demonstrate the ability of cells to pess miRL24
expressed from VSV, the functionality was inferred by showing less industpolypyrimidine
tract-binding protein 1RtbpJ), a known miRL24 target, at the mRNA level compared to infection
with VSV alone which has been shown to induce égh levels oPtbp°’. Regulation at the
protein level was not reported ithis study.

The primiR150 sequence carried by the engineered VSV discussed here is identical to
the sequence expressed from the plasmid used to validate theftii@lescencereporter system
(in fact the primiRNA expressing plasmid was used for PCRifezapon of primiR-150 and the
segmentcloned into VSV was verified by sequencing); therefore, | predict that the main barrier
to VSVpri-miRMp n Q& | 0 A f A ( $targeRconipgied @leRpfegsipn fribr the plasmid
could still be access to efficieprocessing. The fluorescent reporter assay used here required a
relatively high concentration of pmiR150 plasmid to successfully knock down its target;
therefore, the &say itself may not be sensitive enough to detectnare subtle level of
knockdownespecially when cells are infected and dying.

While time constraints did not permit this experiment to be complet®@RkNA processing
could berather easilydetermined usng TagMan gPCR probes which bind specifically to the
mature miRNA versus the praiRNA and prmiRNA to determine the stage at which the

processing may have been stalled. Depletion or knockout of the main miRNA processing proteins
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could also be combined thi the LSBnKate duafluorescent reporter system to determinat
which steps oprocessing delayscould be occurring. Overall, it is difficult to directly compare
the results of only a very small set of miRNAs as there can be significant differencesessmg
between different miRNAdue to a variety of factors

Most importantly from a therapeutic standpoint, being able to quickly determine the
sequence Yyielding the most functional knockdown is crucial and therik&Be duafluorescent
reporter isan ideal system to do so. While VM-miR150 produced a much more efficient
knockdown of its target in this case compared to ¥8MMiR150 this may not be the same
across all miRNAs.

Using the new and improved dufiliorescent reporter system (LSBKate) the remaining
MIiRNA expressing viruses can be screened for functionalitye Moportantly, theability to
quickly modify this vectormeanswe can easily explore the function of amiRNAs to further
elucidate the challenges encountered in the previobhspater. Given the convenient 96ell
format of this assay many amiRNAs may bemggyied and tested after systematically changing
key aspects of the stetwop such as predicted Dicer and Drosha cleavage sites. The dual
fluorescent reporter plasmid may aldme transfected into recipient cells which lack various
components of the miRNA pcessing machinery to gain insight into the processing pathway

being utilized by miRNAs expressed from VSV.

PremiRNAs expressed from VSV are more readily exporteB\fg0

As anticipated, all five miRNAs were loaded iBWsollowing infection. Interestingly, the

level of each miRNA in the preiRNAstate was much higher than mature miRNAgQre5.3).
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Previous work by Gibbingg al., demonstrated similar results for anNRs expressed from the
miR451 cassette as well as miR1 itself*°. When comparing the ammt of matureEVmiRNA
retained within the cells versusVshere, it was determined thain most cases there was more
mature miRNA in the cell rather than theVfraction. Alternatively,there was relatively low
expressionwithin cellsoverall for select MRNAs(miR99 and miR331). Of note, miR150 is
processed preferentially by Ago2 similar to AiRL, although, miR50 is not completely
dependant on Ago®8 The propensity for miR50 to interact with Ago2 is intriguings one
mechanism by which miRNAs are loaded into miRNAs is in fact binding to Ago2 ptatgiris
then shuttled inb EVsthus, the high levéof miR150 inEVsn both mature and premature state
could be due to shuttling of Ago2 asiR150 undergoesprocesing®°. However this does not
necessarily explain why there was a higher proportion of mature-4BiRin the cell fraction
comparedto E\&. Of note, Gibbingst al. also reported a higher presence of mature FiRL
within cells compared withEVsbut it is not completely nderstood why we see this pattetf.
This experiment was completed at only one timeposat,t is difficult to say if at an earlier or
later point in time there may have been more copies of mature miRNth& iBVor not (i.e. are
the EVscarrying miR451 quickly taken back up by the cells or are they truly retain within the cell
with pre-miR451 beingthe primary exported specie®). To fully elucidate the kinetics &V
release following infection it woulthe ideal to perform a time course experimert.ndable
limitation of the described gPRquantification ofmature ard premiRNAshereis the inablity of
the assay to distinguispre-miRNAmolealles thatare withinthe viral gerome in the cellular
fraction versus those thatre partially processed and have been reledseom the gemmme.

Importantly, thisis notthe case for the mature miRNAoleaules as the TagMan mature miRNA
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detectionsystemcanspecidly distinguish mature miRNAs frotheir unprocessed counterparts
(described further ithe methods section)Given that Gess versios of each virusvere uilized
for these infections, welo notexpect any virions to be present in the f&ttion; thus, it should
be noted that theproportion of pre-miRNAs being shiled into EVs could be underestimated as
some copiesletectedin the cells maye within the viral genome tiself.

Overall, e robust loading of miR50 intoEVsin both its mature and prenature form
along with high expressioof the mature miRNAvithin the cells themselves, combined with its
reported ability to act as an anticancer agemdl us to move forward with this mNR\ as a

promising transgene for VSV.

VSVmMIR-150 has the ptential to synergize with other immunotherapies

While miR150plays a part in regulating\ariety of area®fimmune system function and
development, we aned to start witha small subset of cellmarkersfor this pilot experiment
given the centrafole these cells play in the adtimour immune responseCD8T cells are one
of the most important components of the artimour arsenal our immune system hassto
keep transformed cells at bay each day. They have also become a primary target in the
dewelopment of almost all immunotherapies currently in use and under development. Cytotoxic
CDS8T cells survey the body regularly, killing unwanted pathogens aaglastic cells while CD4
T play a critical role in maintaining the CD8&esponse, importaty, preventing exhaustiotf?.

We were interestedn determininghow the T cell population was impacted by FiBO
expression fromVSVcompared to viral infection alon@expressig a nontargeting shRNA)The

initial frameworkand timing of the experiment was based on previous literature demonstrating
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that CD8 T cell population numbers peak by seven days post infection witteria
monocytogenesnd six days with Vaccinia vir@verall, this group found that there were more
CDS8 T cells present iblood collected from miRL50 wild type cells compared with thainiR
1507~ counterparts Within this population there were more memory phenotype cells
(CD44/CD122" and of these thre were a higher proportion of effector phengty cells
(KLRGM)38, Though the results of the MC38 experiment did not reveal any significant change i
the expression of KLRG1, we did see a treneatds increased CD44/CD122 expression in the
splenocyte CDST cell populationKigure5.8). The subtle changes vabservedmay have been
more prominent with optimized timing. This experiment incorporated tipld components that
divergedfrom the previou$y reported work including infection with an RNA viragher than a
DNA virusas well as overexpression of B0 as opposed tacwomparingwildtype expression
with a knockout model. It will be ideal for fut studies to incorporate a time course to
determine the point at which the CD8 cell population reaches its peak. Though unrefined, this
pilot experiment did reveal an increase in thportion of CD8 T celsin splenocytes with VSV
miR-150 infection, a ppmising result with opportunity for further optimization. We also report a
slight decrease ithe proportion of CD4 expression with VMR 150 infection which is to be
expected as miR50 has been shown to be a negative ukegor of CD4 T cellg®L. It will be
informative infuture experiments tancorporatecountingbeads tadeciphera more quantitaive
picture of T cell infiltratiorand activation vthin the tumour and/or spleen.

Future experiments wikhlsoaim to look further into T cell functiogiven thatmiR150
expressiorhas also been shown to impact the production of gnane Bleading tomore potent

killing of targetcellsin vivoandin vitro®3, It will also be crucial to decipher whether the increased
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presence of Tells will act synergistically with the virus @ntribute to the antiviral immune
response, reducing the impact of the virus altogether. This initial experiment was not designed
in such a way that an impact on tumour burden could be discernable as theuits were
allowed to grow far beyond a size th@l infection would have any impact. The strategy for this
experiment was to ensure enough cells could be harvested to obtain robust flow cytometry
readouts. Thus, additional followp experiments will inclde survival and tumour burden
measurements for ta MC38 model as well atherimmunocompetenin vivomodels in addition

to titering experiments to determine if V8WiR150 is able tanfect and replicateat a similar

rate as the parental virus.

Looking forward to how VSMiR 150 could contribute tohe field of immunotherapeutic
treatments currently under development, we can consitlemt responss to ICI therapy have
beentied closely tohigh infiltration of effector memory tumour antigerspecific cytotoxic T
cells$®2 Thus, itwill be interesing to explore if infection with VSmMiR150 can enhancg¢he
potency oflCl thergy by promoting an effector memory phenotype among T cells at the site of
the tumour. The use of a model tumour antigéor future experimentscould also contribute to
determining the proportion of the T cell response that is specific to the tunitself versus the
antiviral response. Another group of new players in the immunotherapy arena are Bispecific T
Cell Engagers (BIiTES). BiTEs consist of two single chain variabénfsagcFv) connected by a
flexible linker, one scFv binds to a T cell specifitesule (generally CD3) and the other binds a
tumour-associated antigen, physically bringing T cells in physical contact with tumodf3cells
There are currently a number @ITEs undergoing clinical trials and therenidact a small

collection of BiTEs that have been incorporated into ®V3he combination of VSWViR150
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which aims to increase CDB cell expansion and differentiah could be a perfect partner for

BIiTE theapy which will enhance the targeting of T cells as the population grows.
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Chapter 6: General discussionfuture directions, and conclding
statemen
Reclaiming control of the EV delivery pipeline to deliver therapeutic cargo

Viruses havdearned to hijack the cellular EV delivery systdor their own selfish
purposes to create a proviral niche which encourages infection and discourages-viral
immune activatiof®>2¢¢ Hidden within the cloak othese membrane bound vesicles, viral
proteinsand genetic materiatan fly under the immune surveillance radaward uninfected
cellsto promote functions which wildssist the virus in a variety of wayor examplehuman
immunodeficiency viruse@l\) is capable of shuttling itswn viral receptors tauninfected cells
that normally do not express them to promote infectimna wider range of cell typé¥-258 Small
viruses, sue as hepatitis C virugHCV), can hide entirely within EVs to avoid detection by
neutralizing antibodie¥°37% Some viruses have even been shown to alter the miRNA profile of
EVs during infectiorzor exampleNewcastle disease virus (NDV) has been showirébegically
alter the expression profile of miRNAsEMs*"L. In fact, a miRNA array analysiseds derived
from NDVinfected HelLa cells has revealed an increase in the loading of at least three miRNAs
(i.e. miR198, miR1184, and miR273f) known to decrease IFN Ywb ! 'y R Y3RR2 d SA Yy f
IFN LX rea I 1Sé& NRtS Ay |OGAQGIGAY3I | yiADANT €
exposed to artificial vesicles (liposomes in this case) bgdhese miRNAs were more sensitive
to infection than naive cells, revealing tHa¥s from infected cells are likely acting to promote a
more provirus niché’1372 By encouraging the loading of specific miRNAs via overexpression
from anQV, the engineered viruses described in this thesastake control ofthe EV delivery

system todestroythe tumour from within.
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Theexpression of miRNAs from V&Wildbecome gersonalized treatmergtrategy

The scope of mMiRNA regulatiomer thehuman genome goes far beyond the knowledge
we currently possess. These seemingly tiny plajieaxean enormous rolen the regulation of
nearly all cdular processs ranging fromcell growth and death pathways, metabolism,
embryonic developmentand manyothers®’%375 Indeed, it has been estined that miRNAs
regulate at least 30% of proteitoding gene¥>376 this number is likely to increase as we learn
more about miRNA processing and functi@onseguently, harnessing the powaf miRNAgo
target an entire network of genes simultaneously has become an attractive development for the
treatment of multiple diseaseincluding cancéf’. By using genetic manipulationia miRNA
expressiol (0 KS R22NJ KI & &SSyzy R NBRiR hiinresedardNdizBave]
0S3AlYy aKAFOIAY3I (KdAzA¢ SENX¥SR22 ¥ ROFZMNBYA (G RS ROS
small molecule development, there are a number of highly dysregulated proteins associated with
cancerdevelopment and prognosis thatill have yet to be targeted by an effective standard of
care treatnent®’°. Notably, one group haslected to take dowrone of the most commonly
mutated oncogens, RAS, using RNA interferenceheology. Kalluriet al. have developed a
novel system to specifically target mutated KRAS in pancreatic cancer cells via siRNA delivered
within E\&*8% Thisvery promising example dEVdelivery of atherapeutic RNA interference
molecule has already reached clinical @l$ and is currently undergoing a phase | trial
(ClinicalTrials.govdentifier: NCT03608631 This exciting novel treatment strategyas re
enforced one of the main objectives of this project, to determine if we could manipidate
packaging to preferentlly load miRNAs overexpressed from V8Y .creating afEVsorting and

packaging facility at the site of the tumowia infection wecan bypass many of the time
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consuming and likely expensive steps required to load and defiverUnlike the previous
exanple, the proposed therapy described in this thedies not requiresx vivoproduction and
loading ofE\&.

While the contents of the thesis focus mainly on thebjective of overconing PARPI
resistanceas a therapeuticthere are endless other opporturas for miRNA therapto play a
partin the development ofersonalized medicir@Theadventof immunotherapeutic treatment
hasbegunii 2 aGSSNJ OF yOSNJ 6KSNI LIASa G261 NR Y2NB
CAR T therapy, etc. However, in apatlworld we would be able to specifically target genes,
pathways, or proteins which have b@oe dysregulated according to each unique tumour. This
is of course duge undertakingand the healthcare system is far from sequencing every single
tumour. Alternatively, if we can follow mutational trendsuch aghose used to predict PARPI
treatment regponseand deploy miRNAs to mirror each condition we will be one step cldaser
personalized medicine

By encoding endogenous miRNAs into VSY¥, wiork described m this thesishas
demonstrated the ability to target multiple genes by o@¥ whilempartingdrug sensitizing and
immunomodulatory effectsThere exist a number of tools to assist in the prediction of miRNA
target geneqeg. TargetScan, MicroRNA TarBetdiction Database, et¢)however due to the
complex nature of miRNAnteractionsit is essentl to validate any predicted target®
determine their biological significan@ the mRNA and proteinVel. As previously mentioned,
an important next step wilbe to determine additional targets that could be impacted by our
newly engineered virusesavyRNA sequencing or RNA microarray anasysisfurther validation

via western blot or reporter such as the ddhlorescent reporter used hereBy fully elucidahg
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the targets of each virus we might further expand the scope of their application to the treatment

of diverse models aio overcomedifferent types of drug resistance.

Are the miRNAs that are package&Wsunctional and where do they go

One of he nost critical future directions for this work is to determine whether the
mMiRNAs which are loadediYdrom infected cells can in fact knockdown their respective targets
in neighbouring uninfected cells. Several previous studies have proven thechityi of EV
derivedmiRNA and mRNA in recipient cells and hiawglicated these extracellular RNAs a
variety of disease states including carfée#®® In fact, as previously discussed, our group
currently has one manuscript in revisions wherein we demonstrate the abilign artificial
MiRNA to enterEVsand exert its effect on neighbouring uninfected cells (Weeégeal., in
revisiong. One of the goals for this project wasitoprove uponthe current workby specifically
selecting miRNAs which are preferentially loadetb EVs. Time constraints did not permit
optimization of these experiments, but ideally the previously discussedftiiabscent reporter
system will be used to measure knockdown of targguences within uninfected cells following
the transfer of EVsfrom VSWmIRNA infected cells. The results presented Ghapter 4 are
howeverquite promising wherein we cardetect ~40% knockdown of BRCA1 and CHEK2 using
Gless virus at an MOI of 1; preus work by our group has shown thatly ~30% of cells or less
can be expected to be infected at this MOI, thus there are likadyacellularmiRNAs acting to
knockdown targets in uninfected cells.

EVdelivery of miRNAs represents a huge advantage otleer miRNA delivery systems.

Not only are the miRNAs well protect from degradation in these vesiclds\s are far less
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immunogenic and exhibit less toxicitythan other carriers such as liposonse and
nanoparticle$®”-382 And of coursepne ofthe largest advantagefor this proposed therapis the
natural productiorof miRNA loaded EV¥t®m infected cellsThus far, our groupas not observed
off-target effects of miRNA containig)/sduringin vivostudies of previously developed miRNA
expressing viruse&\shave already been shown to setarely enter specific cells, in faat, vitro
tracking ofE\sin co-cultured cellpopulationshasrevealedthat these vesicles are more likely to
enter the cell type from which they originaté&d, thus, we expecEVsderived from virally
infected cancer cells tprimarily enter the surrounding cancer cells or those at distant sites by
entering the circulatory systenwWhile we do not anticipate systemic toxicity to occur assutt

of EVspreadbased on previous experimentempletad by our groupthere are methals wecan

use to track the spread &Vsin addition to incorporating specific targeting systems on E\és
themselvedf necessaryFor examplein vivoimaging systems have been developedllow for
norrinvasive tracking of markedEVsvia bioluminescen imaging as well as fluoresocem
detection’®*. There are also exist methods for isolatiBysfrom tissues and plasma which may
be used to investigate if the IRNAs are travelling to distant sites or remaining within the
tumour38:386 [f off-target EVtrafficking becomes an issue, there are several tools which have
been developed to &l EVson a targeted trajectory. For example, our group and others have
taken advantage of th&Vsurface protein lysosomassociated membrane protein 2b (Lamp2b)
to display various ligands on the outsideEdfso promote their uptake into specific ceifpes?”.
Specific targeting moieties can also be fused to tragisioraneprotein tetraspanins including
CD9 and CD63, which are considegmheralmarkers ofE\6 due to their nearly ubiquitous

expression across EV populaticis
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Combination therapy istandard practice fahe treatment of cancer

The use of two or more therapeutiés nowa mainstay for the treatment of nearly all
types of cancerThis typically includes any or all therapeutic modalities including chemotherapy,
radiation, surgery and most recently immunotheragihe expression of a miRNA from VSV
represents a interesting combination on its own, especially in the case of the
immunomodulatory miRL50. Looking forward there could be opportunities to explore VSV
miRNAinfection in collaboration with a number of other therapeutics. One of the simplest
options will ke determiningif there is any limit to the quantity aniRNAswve can express from
VSVI have demonstrated the ability &fSV to successfully express two +#h82 hairpins, with
the double hairpin virus achieving a more potent knockdown of multiple targetsrefore, it is
likely that multiple tandem miRNAs could be expressed from the same virus to target several
genes simultaneouslyore interestingly, both VS¥iR182 and-miR 150 have the potential to
synergize with additional immunotherapeutissch & ICbr BITESPARPiI mediated DNA damage
has previously been shown to increaselPDexpression on cancer célfs OVs themselves have
also been shown to enhance the efficacy of ICI treatment by essentially turning a immunologically
GO2f RE Gdzy2dzNJ aK2(G¢ 0@ Ay QaBnFaTakgrtogdthéryalmple Ay F A
therapy including VSmWMiR-182, ICI, and PARPi could act synergistically to decrease tumour
burden and increase survivdihe ability of BITEs to synergize with OVs has been demonstrated
as well, in fact, the expression BITEgrom OVshemselvess a current area of investigatiéif.
The ability oVSVYmIiR 150 to activate the adaptive immune system via8CDcell differentiation
and activation coulde just appetizing enough for the immune system to take a BITE aat of

tumour (increasing efficacy of BiTE treatment)
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Concluding statement

The work @scribedm this thesis hademonstrated the ability of oncolytic VSV to express
several uniqueniRNAs which are functional within the infected cell and are also readily packaged
within E\&. While the expressioand processingf amiRNAs from VSV remaklssive the use
of naturally occurringgndogenousmiRNA sequences has opened the dootai@eting multiple
genes of interessimultaneously usingnly a singlemiRNAThe expression of miR32 from VSV
not only has the potential to overcome resistanceaalateline therapy in tumours which have
developed resistance to PARPi and/ptatinumbased chemotherapyit could also be
investigated for usen tumours which are initially BRCA1/2 witgipe as a targeted first line
therapeutig as demonstrated heréinally, the expression of mi250 from VSWas thepotential
to work synergisticallyith additional immunemodulating therapiesin fact, the combination
miR-150 with miR182 and PARPI could be the trijflteeat therapy needed to induce cell death
specifically n cancer cells while engaging the immune system to prevent recurrend¢éR
deficient cancersThe expression of miRNAs which may be deliverda\ts/has the potential to
impact protein expression across a variety of daltgether with thetumour itself and the TME
as a whole. There are several miRNAs which have been proposed as modulators of the TME, some
are currently under investigatioas potential therapeutics Indeed, a collection of miRNAs which
are known to be preferentially carried by EVs haverbenplicated as cancer suppressors as well.
Thus, our current working model proposes the use of diverse miRNAs expressed from VSV which
may be ued alone or in combination with other complementary therapies, such as PARPI
described here, to target the tuour and its supportive surrounding nicffummarized ifrigure

6.1).

139



«\o‘“ o by
Ay
N\ g o N (\a\\\‘\g and g, fMCS ste
d\e’c‘\_ S Uy G % ¢y, | o
N 5O G//’bp (/"’77 ¥
c?\ Q(O { » ‘95/50 @’){
F ]
& miR-15a/16 o)
\OQ miR-26 miR-17/20 %, o‘.&,
T og miR-34a miR-126 2 ©
PP miR-133a/b miR-141 %
¢ &3 : %% %
Y LS miR-143 miR-378 ¢ 2
N 59 Q miR-145 ot 3
E c & % e o:'
v go£ miR-150 2% 2
g &8 miR-149-3p miR-182 (with PARPi) 3 2. 8,
3 g g miR-181a miR-34a (with doxorubicin) ~* Z = w*
E QE miR-223 miR-34a (with radiationtherapy)% g
> miR-101-5p (with trastuzumab Q. {a
E and lapatinib) ®
Sy
Z % _ miR-29b - 5 (]
g g ﬂ:g::u miR-126 Eo&t ,S
- e} =, ! miR-218 [ 59
c r_;\% miR-205 @ miR-638 ¢ n
AN miR-206 miR-939 - £33
2 2% N 355 §
c 2% o miR-150 SE &
= C 72 miR-124 - o5 A
o % % ! miR-28 § < Y
& % miR-125a/b miR-299b =0 ¥
0, %% 1., miR155 miR-5119 %“Qés? o
P % 9% o o - miR-448 (with anti-PD-1 of -PD-L1) NS
() %) p -~ miR-511-5p @L‘}o '&9
Dh. A ’
/?’ () /‘?‘I O:) ' @ &{.‘ og 5’\,0 <
. A%
e,: s azf””’hq @ @ 6\(\3\\0 e‘a@‘
. (4 (o4 b
4 Wty Wity P, O e Y
’b'b G g, don o;esswe O‘e“‘\a '\ﬁ‘m\) (.o‘o
unq‘/ e an e
') a . Ons e“h “e‘a
"’Vat' uno
on imm

Figure 6.1 Summary of potentigherapeutic anttOl Yy OSNJ YAwb! & F2NJ SELINB A
and delivery to TME by EV3umour cells: miR5a/16%%, miR26%°2, miR34a*%3 miR133a/b*%,
miR143%% miR145%4 CSCs and metastases: hiRR20 cluste?®®, miR126>7, miR1413% miR
378 Drug combinations: miB4a (with doxorubicir?f®, miR34a (with radiation therapy}§®°,
miR101-5p (with trastuzumab and lapatini¥}. Tumour vasculature: mMiEOK*2 MiR126'3,
miR218"%4 miR638'°, miR93%%. Immune activation: miR24*°7 miR12508 miR125k%°°,
miR155'9 miR448"%, miR511-3p**2 Immunotherapy combinations: mi8 (with antiPD1 or
PDL1f3 miR200b (with antiPB1 or PBL1'4 miR5119 (with antiPD1 or PBL1}*° Tumour
stroma: miR1416, miR206*'6, miR205*7, miR124"8. (Abbreviations: NFnormal fibroblast; CAF
¢ cancer associated fibroblag®D-1 ¢ programmed cell death protein 1, A - programmed

death¢ ligand 1; MS@ mesenchymal stem cell; C§Cancer stem celljartwork created using
Adobe lllustratorICS$
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Appendices

Al:Chapter2 supplemental information

SupplementalTable 1. miRNA oligonucleotide sequences

microRNA

{SyaS aSAdSyOS opQ

Antid Sy 48 & S8AdSy OS o6pQ

shNTC
(miR30
cassette)

TCGAGAAGGTATATTGCTGTTGACAGTG
AGCGAACTGGTTTACATGTCGACTAATA
GTGAAGCCACAGATGTATTAGTCGACAT
GTAAACCAGTGTGCCTACTGCCTCGG

CTAGCCGAGGCAGTAGGCACACTGGT
TTACATGTCGACTAATACATCTGTGGCT
TCACTATTAGTCGACATGTAAACCAGTT
CGCTGATGTCAACAGCAATATACCTTC

451miR
BRCA1l

TCGACTTGGGAATGGCAAGGCACAAAG
TGTGACCACATATTTATGTGGTCACACT
TTGTATCTTGCTATACCCAGAAAGCTAG(

CTAGGCTAGCTTTCTGGGTATAGCAAGA
TACAAAGTGTGACCACATAAATATGTGG
TCACACTTTGTGCCTTGCCATTCCCAAG

451miR
BRCAZ2

TCGACTTGGGAATGGCAAGEIBAT
ATGCGAATTAAGAATAATTCGCATATCCT
GTCTCTTGCTATACCCAGAAA

CTAGTTTCTGGGTATAGCAAGAGACAG
GATATGCGAATTATTCTTAATTCGCATA
TCCTGTACCTTGCCATTCCCAAG

451miR
BRCA1
(new-

human)

TCGACTTGGGAATGGCAAGGTTGAATGT
TCCTCAAAGTTTTCCCTTTGAGGAACGTT
CACTCTTGCTATACCCAGAAA

CTAGTOTGGEATAGCAAGAGTGAA
CGTTCCTCAAAGGGAAAACTTTGAGGA
ACATTCAACCTTGCCATTCCCAAG

451miR
BRCA1
(new-

mouse)

TCGACTTGGGAATGGCAAGGTCACCTT(Q
CCAAAGCTAGTATGAGCTTTGGTGAGGG
GCTCTTGCTATACCCAGAAA

CTAGTTTCTGGGTATAGCAAGAGCACCC
TCACCAAAGCTCATACTAGCTTTGGTGA4
GGTGACCTTGCG2ITAAG

30miR
BRCA1l

TCGAGAAGGTATATTGCTGTTGACAGTG
AGCGAACAAAGTGTGACCACATATTTTA
GTGAAGCCACAGATGTAAAATATGTGGT
CACACTTTGTGTGCCTACTGCCTCGG

CTAGCCGAGGCAGTAGGCACACAAAG
TGTGACCACATATTTTACATCTGTGGCT
TCACTAAAATATGTGGTCACACTTTGTT
CGCTCACTGTCAACAGCAATATACCTTC

150mR-
BRCA

TCGACTCCCCATGGCCCTGAAATATGTG
TCACACTTTGTGCTGGGCTCAGACCCAA
GTGGACGCCATATTTCAGGGACCTGGG(

CTAGGTCCCCAGGTCCCTGAAATATGGC
TCCACTTTGGGTCTGAGCCCAGCACAAA
TGTGACCACATATTTCAGGGCCATGGGG

99miR
BRCA1l

TCGACCCATTGGCATAAAATATGTGGTC
ACTTTGTGGTGAAGTGGARBCBAARTG
TCTCCACGTATTCTGTGTCAGTGTG

CTAGCACACTGACACAGAATACGTGGAG
CAATTTGTGCGGTCCACTTCACCACAAAC
GTGACCACATATTTTATGCCAATGGG
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143miR
BRCA1l

TCGAGCGCAGCGCCCTGTCTCCCAGCC
ATAGTGTGACCGCATATTAGGTCAGTTG
AGTCAAATATGTGGTCACACTTTGTAGG/
GAGAGAAGTTGTTCTGCAGC

CTAGGCTGAGAACAACTTCTCTCTTCCTA
CAAAGTGTGACCACATATTTGACTCCCA¢/
TGACCTAATATGCGGTCACACTATGTAG(
TGGGAGACAGGGCGCTGCGC

331miR
BRCA1l

TCGAGAGTTTGGTTTTGTTTGGGTTTGAG
AGTTGTGATCACATATCGCCCAGATCAA
AGAAATATGTGGTCACACTTTGTCCAAC(
AGCTC

CTAGGAGCTTAGGTTGGACAAABTGTG
ACATATTTCTGGTTTGATCTGGGCGATAT!
GATCACAACTTTGTCAAACCCAAACAAAA
AAACTC

hsamiR
451a

TCGACTTGGGAATGGCAAGGAAACCGT
CATTACTGAGTTTAGTAATGGTAATGGT
CTTGCTATACCCAGA

CTAGTCTGGGTATAGCAAGAGAACCATT:
CATTACTAAACTCAGTAATGGTAACGGTT
CTTGCCATTCCCAAG

hsamiR
150

TCGACTCCCCATGGCCCTGTCTCCCAAC
TTGTACCAGTGCTGGGCTCAGACCCTG(
ACAGGCCTGGGGGACAGGCEBIEIAC

CTAGGTCCCCAGGTCCCTGTCCCCCAGC
GTACCAGGGTCTGAGCCCAGCACTGGTH#
AGGGTTGGGAGACAGGGCCATGGGGAG

hsamiR
331

TCGAGAGTTTGGTTTTGTTTGGGTTTGTT
CTAGGTATGGTCCCAGGGATEBTCAG
AAACCAGGCCCCTGGGCCTATCCTAGAA
CCAACCTAAGCTC

CTAGGAGCTTAGGTTGGTTCTAGGATAG
CCAGGGGCCTGGTTTGATCTGGGATCCC
GGACCATACCTAGAACAAACCCAAACAA
CCAAACTC

hsamiR
99a

TCGACCCATTGGCATAAACCCGTAGATC
GATCTTGTGGTGAAGTGGACCGCACAACQ
CTCGCTTCTATGGGTCTGTGTCAGTGTG

CTAGACAGACACAGACCCATAGAAGCG
AGCTTGTGCGGTCCACTTCACCACAAGA
GATCTACGGGTTTATGCCAATGGG

hsamiR
143

TCGAGCGCAGCGCCCTGTCTCCCAGCC
AGGTGCAGTGCTGCATCTCTGGTCAGTT
GGAGTCTGAGATGAAGCACTGTAGCTCA
GAAGAGAGAAGTTGTTCTGCAGC

CTAGGCTGCAGAACAACTTCTCTCTTCC1
GCTACAGTGCHTCTAGACTCCCAACTG
ACCAGAGATGCAGCACTGCACCTCAGGC(C
GGAGACAGGGCGCTGCGC

hsamiR
182 (x1)

CTCGAGACAGACCGAGGCCTCCCCAGCTCCTGGGGGGAGCTGCTTGLCCTCCCCCC
TAGAACTCACACTGGTGAGGTAACAGGATCCGGTGGTTCTAGACTTGCCAACTATGC
GCCGGCACCCTGTGCACAGCCABIMBMEGECGGGCGATCGCGCTAGC

hsamiR
182 (x2)

CTCGAGGGCGCGCCACAGACCGAGGCCTCCCCAGCTCCTGGGGGGAGCTGCTTGC
GGCAATGGTAGAACTCACACTGGTGAGGTAACAGGATCCGGTGGTTCTAGACTTGC(
GAGGACTCAGCCGGCACCCTGTGCACAGCCAGCGAGGGAAGGGCCGGACAGACCC
CTCA3GGGGAGCTGCTTGCCTCCCCCCGTTTTTGGCAATGGABBBAGGTGAGGTAAC
GATCCGGTGGTTCTAGACTTGCCAACTATGGGGCGAGGACTCAGCCGGCACCCTGT

AGGGAAGGGCCGGGCGATCGCGCTAGC
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Supplemental Table ZCR and qPCR primers

Gene

C2NB I NR adRdizSy oS

Reverse sequence (@ Q 0

18S (human/mouse)
RPIPO (human)
VSV insert sequencing (G
pri-miR-150 insert
hRGS17 (human)
hFOXO3 (human)
hCHEK2 (human)
hSMARCD3 (human)
CDKN1B (human)
BRCAL (human)
BRCAL (mouse)
BRCA2 (human)
BRCA2 (mouse)
KRAS (human)
FOSLZhuman)
ABL2(human)
MSI2(human)
ASAP3Zhuman)
HK2(human)
DNMT3Ahuman)
MIF (human)

MDM4 (human)
TGFBR({human)
PSMB&human)

Myb (human)
ERBBZhuman)
BAZ2Ahuman)
FGFR3human)

CTCAACACGGGAAACCTCAC
TTAAACCCTGCGTGGCAATCC
CAGTAGTTGGAAAAGCTCTATTGC(
TATACTCGAGGGAGTGGGTGTGCA
GGAGAGTATCCAGGTCCTAGAG
TCTACGAGTGGATGGTGCGTTG
GACCAAGAACCTGAGGAGCCTA
CAGGAGATCAGTGCTCTGGACA
ATAAGGAAGCGACCTGCAACCG
CTTAGAGTGTCCCATCTGTCTGG
CTTAGAGTGTCCGATCTGTTTGG
GAAGAACCTTTAGATTTAATTACAA
CGTCAGTTTAACAAAGATTTAATGT]
CAGTAGACACAAAACAGGCTCAG
CAGCCAGCTTGTTCCTCT
CGGACACTGAAGAAACAGGTGG
GCAGACCTCACCAGATAGCCTT
TTCATAGTCCTTCCATGCCTTC
GAGTTTGACCTGGATGTGGTTGC
CCTGCTTTATGGAGTTTGACCT
AGAALCGCTCCTACAGCAAGCT
GTATCAGAGCAGTTAGGTGTTGG
GCCAGTCCTAAGTCTGCAAT
GGGACTGGAAGAATTCTGTGG
GGGAACAGATGGGCAGIKZG
GGAAGTACACGATGCGGAGACT
GTGTGAGATACAGTAGATAAGCCA

TCCATCTCCTGGCTGAAGAACG

CGCTCCACCAACTAAGAACG
TTAAACCCTGCGTGGCAATCC

TATAGCTAGCACTTTGCGXMATAGLG
CACTGTATTCTGTTCGGAGGAAC
CTCTTGCCAGTTCCCTCATTCTG
GGATCAGATGACAGCAGGAGTTC
GAGCAGGTCTTGGARRICT
TTCTTGGGCGTCTGCTCCACAG
CAGCATGCAAAATTTGCAAAATATG
CAGCATACAAAATTTGCAAAATATG
GTATACAGCTERTGBAACACG
GTATATATAGAGCTGCTTAGGAGAA
TGTCGGATCTCCCTCACCAATG
GATCAAGACCATTGGCACCA
GTCTCTTTGCTTTCGAGGHG
AAGCCTCTGGAGCGTTTCGTAG
CTGCGCTCTTCAAGAACCT
CCTCCATGTAGCAGGCATTGCT
GTAACCTTCCCGGTATGAACAG
GGAGTTGTTCCAGCCCACATTG
GACTTAGAGTCCTCCAGGTCATC
GGTCTTGCCCATCTTCACA
GCTCCTGGCTGACTTCTAGT
GCTGGCTTTTGAAGACTCCTGC
ACCTTCCTCAGCTCCGTCTCTT
ACTGAAACCCTCTCCTTCCT
TGTTCTCCACGACGCAGGTGTA
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Supplemental Table 3Antibodies used foldéw cytometry analysis.

Antibody Fluorophore  |Channel Concentration Catalogue number
S.A2a0ASyO0Sxn CleFluor780 APGCy7 1:1000 65-086514

CD4 V500 AmCyan 1:300 560783

CD8 PeCy7 PeCy7 1:300 100722

CD3 PerCp Cy5.5 |PerCp Cy5.51:100 100218

CD45 AF700 AF700 1:300 103218

CD25 BV650 Qdot655 1:100 564021

KLRG1 PEDazzle 594 |PETexas Re(1:100 138424

CDh44 FITC FITC 1:100 103022

CD122 PE PE 1:100 105906

All flow antibodies were purchased from BD Bioscience except viability dye (0 lrestar

Scientific).
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Colony formingmacro for ImageJ analysis

(The following protocol begins by stitching together images acquired ésnagScan VTI HOS
images are acquired by other methods these initial steps may be skipped)

//Get starting time
getDateAndTime(year,month,dayOfWeek,dayOfMonth,hour,minute,seégnoiflisecond);
HO=hour;

MO=minute;

S0=second;

run("Set Measurements...", "shape redirect=None decimal=0");

/ISets up directories
dirl=getDirectory("Choose images directory");
dir2=gdDirectory("Choose results directory");

setBatchMode(false);

/ICreatefield array
Fields=newArray(143,142,141,140,139,138,137,136,135,134,133,132,100,99,98,97,96,95,94,93,92,91,90
,131,101,64,63,62,61,60,59,58,57,56,89,130,102,65,36,35,34,33,32,33,8,129,103,66,37,16,15,14,
13,12,29,54,87,128,104,67,38,17,"04","03","(1',28,53,86,127,105,68,39,18,"05","00","01",10,27,52,
85,126,106,69,40,19,"06","07","08","09",26,51,84,125,109,70,41,20,21,22,23,24,25,50,83,124,108,71,4
2,43,44,45,46,47,48,49,823,10®,72,73,74,75,76,77,78,79,80,81,122,110,111,112,113,114,115,116,11
7,118119,120,121);

/ICreates items list
list=getFileList(dirl);

/ICreate an Array for all the wells
Wells=newArray(list.length/144);

/[Create an Array for all the Plates
Plates=newrray(ist.length/144);

/ICreate an Array for the colonies
ColoniesnewArray(list.length/144);

/IProcess each well one at a time
for(i=0; i < list.length/144; i++)
{

showProgress(i+1, list.length);
/[create well name

name=list[i*144];
name=substrinhame,0,36);
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/Iprocessing the well
for(j=0; j < 144; j++)

{
open(dirl+name+Fields[j]+"dO.tiff");
run("Subtract Background...", "rolling=50 light");
run("Flip Vertically");

}

run("lmages to Stack", "name=Stack title=[] use");

run("Make Montage.", "columns=12 rows=12 scale=1");

run("Properties...", "channels=1 slices=1 frames=1 unit=pixel pixel_width=1 pixel_height=1
voxel_depth=1.0000000");

run("Duplicate...", "title=temp");

setAutoThreshold("Triangle");

run("Threshold...");

run("Convertto Mas");

run("Options...", "iterations2 count=1 do=Erode");
run("Options...", "iterations=10 count=1 do=Dilate");
run("Fill Holes";

run("Options...", "iterations=5 count=1 do=Erode");
run("Options...", "iterations=10 count=1 do=Dilate");

run("Andyze Rrticles...", "size=3000finity clear add");
Count=roiManager("count");
for(j=0; j < Count; j++)

{
roiManager("Select", Cour(j+1));
roiManager("Measure");
Ratio=getResult("AR", 0);
if (Ratio>3)
{
roiManager("Delete");
}
run("Clea Results");
}

roiManager("Selecall");
roiManager("Combine");
setBackgroundColor(0, 0, 0);
run("Clear Outside");
run("Invert");
roiManager("Show None");
roiManager("Show All");
roiManager("Show None");
run("Invert");

run("Fill Holes");
run("Sale...", "x=.5 y=.terpolation=None create");
selectWindow("'temp");
close();

rename("temp");
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run("Options...", "iterations=10 count=4 do=Dilate");
run("Watershed");

run("Scale...", "x=2 y=2 interpolation=None create");
selectWindow("temp™)

close();

roiManager("Skect All");

roiManager("Delete");

run("Analyze Particles...", "size=30008inity clear add");
close();

roiManager("Show All");

//Save the image after Flattening it
run("Flatten");
name=substring(hame, 20,36);
plate=sulstringlname, 0,11);
well=aubstring(name, 12, 15);
saveAs("Jpeg", dir2+name+".jpg");

/ISave the colony counts
Count=roiManager("count");
if (Count>=1)

roiManager("Select All");
roiManager("Delete");

Colonies][i]=Count;
Plates[i]=plate;
Wells[i=well,

while (himages>0)
{
selectimage(nimages);
close();
}
}

/ICreate table using the Colonies array and save it as an excel file
run("Clear Results");
for(i=0; i < list.length/144; i++)

{
setResult("Plate", i, Plates]i]);
setResult("Well', i, Wells][i]);
setResult("Colonies", i, Colonies]i]);
}

saveAs("Results", dir2+"April24_T47D_1.csv");

//Get finishing time
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getDateAndTime(year,monttiayOfWeek,dayOfMonth,hour,minute,second, millisecond);
H1=hour;

M1=minute;

Sl1=second;

H=H21HO;

M=M1-MO;

S=S1S0;

showMessage("All done!", "Time elapsed: "+H+" hours, "+M+" minutes and "+S+" seconds");
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A2: Chapter 3 supplemental information

A
2E5 cell
injecctids rucaparib injections (1mg/kg IP)
Day 0 10 11 12 13 14 15 16 17 18 19 20 21 22 23
IV virus Virus injections (1E8 pfu/mL IP)
B 4T1 (#1) - Tumour volume
2500+
. Vehicle control
“E 2000- rucaparib
£ VSVAS51
£ 1500- VSVA51-451miR-BRCA1
=
g 1000 VSVA51 + rucaparib
3 VSVA51-451miR-BRCA1 +
§ 500 rucaparib
}7
0
Days (post tumour implantation)
4T1 (#1) - Survival
C
100 Vehicle control
_ —— rucaparib
(V]
Z —— VSVA51
§ VSVA51-451miR-BRCAT
= 504 — VSVAS51 + rucaparib
% . VSVA51-451miR-BRCA1 +
o —] rucaparib
0 T T T L] 1
0 5 10 15 20 25

Days (post treatment start)

Figure S3 + { £ k4pImIRBRCAL infection combined with rucaparib (1mg/kg) does not
control tumour growth or increase survival in the 4T1 wivo model (A) Treatment was
performed as shown above beginning 10 days fostour implantation. (B Tumour
measurements wex completed threeiimes per week and (C) survival was determined when
mice reached engboint either due to large tumour burderr{5x15mmn) or respiratory distress.
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2E5 cells rucaparib injections (5mg/kg IP)
injected

! R

Day O 7 10 11 12 13 14 15 16 17 18 19 20
IVVIrUS vjirus injections (1E8 pfu/mL IT)
B
4T1 (#2) - Tumour volume
2500 .
. Vehicle control
“E 2000- rucaparib
£ VSVAS
§ 1500+ VSVA51-451miR-BRCA1
g 1000 - VSVA51 + rucaparib
3 VSVA51-451miR-BRCA1 +
g 5004 rucaparib
‘_
0-
Days (post tumour implantation)
¢ 4T1 (#2) - Survival
100 - Vehicle control
_ H —— rucaparib
% ‘ ‘ —— VSVAS51
7 | ) VSVA51-451miR-BRCA1
E 504 - VSVA51 + rucaparib
8 _ V8VA51-451miR-BRCA1 +
o rucaparib
0 T T T T 1

0 10 20 30 40 50
Days (post tumour implantation)

Figure S2 = { = kK4pIMIRBRCAL infectiortombined with rucaparib mg/kg) has a small
impact on tumour burden but does not impact overall survival the 4T1 in vivo modgl)
Treatment was performed as shown above beginning 7 days-tpostur implantation. (B)
Tumour measurements were completedrée-times per week and (Gurvival was determined
when mice reached enpoint either due to large tumour burdern>{5x15mn) or respiratory
distress.
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mi 51 cassette design strategy

1. Sequence seé¢arcehomor a 17nt sequenfce (revel
MRNA targeth s$ihtee) owil owing characteristics
http:// www. geneinfinity.org/ sms/ sms_DNApat:

a) Positidmaly belT replaced with A €Y needed
b) Position 10(may bt repCaced with G if n

c) Posoint iMn1l7 must ponho-@83mé&imasy i ncrease to a
maxi mum of 4)

Note: The ter minal | oop seqguence does not
2. Extend sequence 5nt ¢guwi de osdturceend he 22nt 56
3. Trim 4nt and reverse complieergérteotpaonduce
4. Repl aciet ipopne n2 3t he pass$emgerexsemandg the gui

ln(ttry to use a sequence that will create &
5, Create a mpasgnatt ic{dtnoatl3rseat e a bul ge)

20 21
X X
19 X X 22
18 X-X 23
17 X-Y 24
16  X-Y 25
15 X=Y 26 2-3 G-C pairs
14 X=Y 27 maximum
13 X-Y 28
12 X-Y 29
11 C-G 30
10 C-G 31
9 X-Y 32
8 X-Y 33
7 X-Y 34
6 X-X 35
5 X-Y 36
4  X-Y 37
3 X-=Y 38 x _ X =mismatch
2 X-=Y 39 X —Y = canonical pair
1 T-C 40

Figure S3.8niR-451 deggn strategy The approdt described herevas formulated based on two
previous publications which aimed to reveal characterssti@tical for optimal miRNA processing
of miR451200.201
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(EQ771 ovarian cancer cell line)
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Figure S31 gPCR analysis demonstrating expressidrtloe mature BRCA1 amNRAs expressed
FNRY +{+tkpm AY K@EYang mohisk fiP85andEg7R1) &ell lines. Cells were
infected at MOI 0.1 for 24 hours prior to RNA isolatirror bars represent standard error of

mean (n=3 technical replicates).
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24 hours

Mock NTC 30miR-BRCA1 99miR-BRCA1 143miR-BRCA1 150miR-BRCA1 331miR-BRCA1 451miR-BRCA1

BRCA1
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o
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72 hours

30miR-BRCA1 99miR-BRCA1 143miR-BRCA1 150miR-BRCA1 331miR-BRCA1  451miR-BRCA1

2
o
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BRCA1
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Merge

VSV-N

Figure S& Immunofluorescence demonstrating no change in BRCAL protein expression
following infection with Gf S a & miRBR@AL virusedD8 cells were infected at MOI 1
for 24 and 72 hours. V8V staininghas been includetiere to ensure there was fficient
infection using the nowmeplicating versions of eachrus.
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24 hours

Mock 30miR-BRCA1 99miR-BRCA1 143miR-BRCA1 150miR-BRCA1  331miR-BRCA1  451miR-BRCA1

48 hours
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Merge

Mock 30miR-BRCA1 99miR-BRCA1 143miR-BRCA1 150miR-BRCA1 331miR-BRCA1  451miR-BRCA1
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DAPI
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Figure S3& Immunofluorescence demonstrating no change in BRCAL1 protein expression
F2ftt26Ay3 Ay TFSOGA 2 ymRBRAAK virdsBEDE call©Wedi infettad atMOt k p ™
0.1 for 24 and 48 hours.
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A3: Chapter5 supplemental information

ID8
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50+
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Figure 8.1 Relative expression oEVVmiRNAs (mature form) from additional cell linesgo
demonstrate the versatility othese viruses to produce IRNAs across varying cell types
Expression is relative to the naargeting control (ShNTC) in ID8 and T47D cells. Cells were
infected at MOI of 0.1 for 24 hours. The relative expression of E&&hiRNAfollowing infection

with the NTC has been set to Brror bars represent standard error of meém=1, 3 technical
replicates)
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Ad: Engineering and characterization of aelmomplementary nanolucifase based
biosensor for the rapid screening of SARS2 therapeutics

Preface

The contents of this appendix contain a concise collection of results which have been previously
publisted (listed below) Each manuscript was vegollaborative; thus, | hayv specifically
highlightedexperiments which | was closely involved with.

1. Emily E. F. BrownReza RezdeiTaylor R. JamiesénJaahnavi DaveNikolas T. Martin,
Mathieu J.F. Crup§tephen Boulton, Sarah Tucker, Jessie Dudognna Poutou, Adrian
Pdin, Hamed Yasaveiharahi, Zaid Taha, Rozanne Arulanandam, Abera Sureiiren,
Ghahremani,Chantal Matar, JeaBimon Diallo, Ragunath Singaravelu, John C., Bell
Carolina S. llkow, and Taha Az@Haracterization of CriticdDeterminants of ACERBD
Interaction. International Journal of Molecular Scienc2®(5), 2268 (2021)(*equal
authorship contribution)

Note: This is an open access article distributed undier €reative Commons Attribution
License which permits unrestricteuse, distribution, and groduction in any medium,
provided the original work is properly cited

2. Taha Azad, Ragunath Singaravelu, Zaid Taagor R. JamiesqnStephen Boulton,
Mathieu J.F. Crupi, Nikolas T. Martin, Joanna Poutou, Mina Ghahremarain Audiin,
Kazem Nouri, Chatopher Boyd Marshall, Rozanne Arulanandam, Emily E.F. Brown, Nouf
Allugmani, Reuben Samson, ArRGRude Gingra, Bill Cameron, PeteGeeer, Carolina
S. llkow, Jeaimon Diallo, John C. BeNanoluciferase complementatioibased
biosensor reveals the iportance of Nlinked glycosylation of SARSo\f2 Spike for viral
entry. Molecular therapy21 (2021).

Note: Figures have been reproded with permission from thédmerican Society of Gene
and Cell Therapy
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Introduction

In December 2019, a novel aoravirus was identified which we now know as SARS
2, the causative agent of coronavirus disease 2019 (et8jd SARE0V2 belongs to the large
family of viruseCoronaviridae These enveloped viruses comprise a large pasgtense RNA
genome and & responsible for respiratory and intestinal infections in both humans and
animalg. As ofMay 26, 2021there havebeen more tharl68million reported cases of cowitid
globally and more thaB.4 million deaths. Currently there are more tharb00 different covid
19 therapeuticdrugsunder development and more than 400 undergoing clinical ttigsrapid
method for sceening the efficacy of therapeutics which aim to disrupt the hosdl interaction
is clearly needed.

We haveusedthe recentlydevelopedNanoluciferase (oNanoLug Binary Technology
(NanoBIT) to create a biosensor assay to investigate the\ni@tinteractions of SARG0V2.
Entry of the SARS0\2 virus into mammalian cells occurs through binding of the @pike (S)
protein to the Agiotensin Converting Enzyme 2 (ACE2) host receptor, via the receptor binding
domain (RBD) of the S protéimThe NaoBiT system features a split Ndncprotein separated
into a large fragment (LgBiT) and a smaller fragment (Bn&ch bound to proteirsf interese.
In our case, RBD has been bound to LgBIiT and ACE2 has been bound to SmBIT, both with a glycine
serinelinker between the NanoBit and its respective protein to allow for enhanced flexibility
(Figure A4.) Importanty, SmBIT and LgBIiT possesserently low affinity for bindingone
anotherand rely on the interaction of thefused partner proteingéo cometogether. Thus, the
SAREC0V2-NanoBIT biosensor described henay be used t@valuate changes in the ability o

the RBD to bind ACE2 thigh changes in luminescenadth addition of the NanoLuc substrate
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Membrane (M) protein
Spike (S) protein

SARS-CoV-2
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rwm}%fh
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LgBIT SmBIT

Furlmazine

ACE2

Figure A4.1 NanoLuBinary Technology (NanoBiT) biosensor desihgBiT has been linked to
the SARE0V2 spike protein RBD and SmBIT has beskedl to the ACE2 receptorWhen
successful interaction of the two sulnits occurs, luminescence will be detectable with the

addtion of furimazine (NanoLuc substrate).

182



Methodology

Celllines
HEK293T (ATCC®-BR16) human embryonic kidney cellsneabtained from ATCC. Gelere

YFEAYUOGlFAYSR Ay 5dzZ 6S002Qa a2z2RAFTASR 91 3t SQa
supplemented with 10% FBS (VWR, Mississauga, ON, Canada) and 1% penicillin/streptomycin
(Invitrogen, Grand Island, NY, USA). Cells were atedkin a humidified 3%C hcubator at 5%
CQ. Cells are routinely tested for mycoplasma by PCR testing and useg fo 20 passages

after thawing.

Plasmid construction
Inserts outlined in Table S1 (Supplemental information available online for atided above

https://www.cell.com/moleculartherapy-family/moleculartherapy/fulltext/S1525

0016(21)00074%#supplemetaryMaterial) were orderel from GenScript. Bioreporter subunits

were cloned into the BamHI/Notl sites of pcDNA3dl generate mammalian expression
constructs. SARSoV2 RBBTMD WT and mutant constructs were cloned into the BamHI/Notl

sites of pcDNA3.1rdhe Xhol/Nhel sites of Wabackbone plasmid.

In vitroNanoLuc assay
293T cells (3E5 cells) were plated #awell plates in triplicate 24 dursbefore transfection. Five

hundred nanograms of the bioreporter constructs was transfected using PolyJefeittion
reagent (SignaGerahoratories). After 48 burs, supernatant or cell lysates were collected. Cells

were lysed using passive lysis buffer (Promega). NanoLuc luciferase assays were performed using
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one of two substrates: FMZ (Nai@lo cell reagent, Bmega) or native CTZ (3.33M final
concentration; Nanolight Technologi®solume, Pinetop, AZ, USA). A sgyemicroplate reader
(BioTek, Winooski, VT, USA) was used to measure luminescence. Results are presented as RLU

normalized to control. The data mented are the mean of theeindependent experiments.

Bioreporterbased neutralization assay
For the neutrakation assay with monoclonal antibodies and patient serag%f RBELgBIT

containing cell lysates was incubated a@7or 25 min with candidatantibodies or serum.

Then 50 >g of SmBITACEZransfected cell lysate was added and then incubated for an
additional 5 min at room temperature. The amount of mentioned protein was determined using

a bicinchoninic acid (BCA) assay, and it refers to fotatkin. Subsequently, aitiferase assay

was performed. The following monoclonal RBD antibodies were tested in the biorefbased
neutralization assay: 1A9 (GeneTex, GTX632604); 2414 (Active Motif, 91349), 1414 (Active Motif,
91361), 273074 (Abcam, 2B3074), 40592 (Sino Biologl, D592MM57), 9ACA (GenScript,
5B7D7), 11D11F2 (GenScript), 10G6H5 (Genscript), HC2001 (GenScript), and L00847 (Genscript

Biotech).

Virusrescue
To rescue the recombinant VSV viruses expressing-SARERBD or RBDMD, HEK293T cells

were infected vith vaccinia virus expressing T7 RNA polymerase (MOI = 0.5) for 2 h. Inoculum
was removed and cells were transfected with the viral backbone plasmitgakith T7 RNA

polymerasedriven expression plasmids for VSV N, L, and P sgdpertyeight hours post
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transfection, the recombinant virus was collected, filtered @12 and plaque purified in Vero

cells.

In vivovaccination studies
Female éwnveek-old BALB/C mice (Charles River Laboratories, Malvern, PA, USA) were vaccinated

intravenously with 1E7 plagie 2 NY Ay 3 dzy A (i & -expresSihgORBEMD WA {or: n p m
mutants (NB31A or N343A). Sera were collected from mice using saphenous vein bleeds at days
7 and14 postinoculation using sera collection tubes. Blood was incubated oroicgdfmin and

then centrifuged to separate sera.

VSVS neutralization assay
VSV pseudotygd with SARE0V2 spike (VS¥) was a kind gift from Dr. Sean Whelan

(Washington Uniwesity, St. Louis, MO, USA). Vero E6 cells were seededwelBflates such
that 4E5 cells were in each well at the time of infection. Serial dilutions of mouse seza we

performed and then cencubated with an equal volume of V&V(2,000 PFU per wellhc

incubated for 1 h at 37°C. After 1 h, media on the cell were replaceccwith >[ 2 F (K B A N.

and incubated for 1 h at 37°C. Wells were then topped up withmanmethylcellulose (CMC) in
DMEM supplemented with 10% FBS for a final concentrati@¥©CMC and incubated 24 h at

34°C. GFP foci were imaged and counted usingllamics ArrayScan VTI HCS reader.

SDSPAGE electrophoresis and immunoblotting
Whole-cell lysates were obtained by lysing cells in radioimmunoprecipitation assay (RIPA) buffer

(pH 7.4; 25 mM TrisICl, 150 mM NaCl, 1% Nonide#® [NR40], 0.5% sodium degxholate,
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SDS) and 1x protease inhibitor cocktail (Roche) on ice. Protein concentration was measured by a

t ASNOS . /! aale& o6¢KSN¥Y2 { OA SoiniodDFha®randibuffesf R mn
and boiled for 5 min. Samples were resolved usirgg MluPAGE SBP\GE system (Invitrogen)

and transferred to a nitrocellulose membrane. Blots were probed with primary antibodies,
including antiFLAG (1:1,000, MilliporeSigma, F3[1&mtH -actin (1:10,000, Sigma, A5441), anti
hemagglutinin (HA) (1:1,000,g8a, H6908), ardRBD (1:1,000, RayBiotech, 1BW/59), and

anti-S (1:1,000, GeneTex, 1A9), and then washed and probed with the appropriate secondary
antibodies, including aminouse, antirabbit (MilliporeSigma, A9169) or amgoat (Abcam,
Cambridge, UKgb97110). Blots were imaged using the ChemiDoc MP imaging systefRa@io
Laboratories, Mississauga, ON, Canada). Clarity western enhanced chemiluminescence (ECL)

substrate (BieRad) was used to visualize the blot.

Statistical analysis
All graphs and stattical analyses were generated using Excel or GraphPad Prism v.8. Means of

two groups were compared usingatviol A f SR dzy LI ANBR { GdzZRSydQa G
groups vere compared byong I @ | bh+! gAGOK | Suldgle/cBriopar@ean 2 NJ ¢
correction. Alpha levels for all tests were 0.05, with a 95% confidence interval. Error was
calculated as the standard deviation (SD). Measurements were taken from distinctesampit

all analysesip < 0.057 p <0.017 zpz< 0.001z z p < 0.0001; n.snot significant. Data were

reproduced by two different operators.
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Results andliscussion

Design and validation of a nanoluciferase complementdtamed biosensor for the rapid
screening of cdd-19 therapeutic strategies

Using pblished sequencesmd structural homology analysis, we designed a SBR&
RBD sequence spanning residues 331 to 524 of the S protein for one component of the biosensor,
fused to LgBIiT. The other component, SmBIT§ fuged to the soluble ectodomain &ICE2
(residues 1 t@40) as this has been shown to be adequate to interact with’ RBious secretion
signals were tested in addition to a series of codon optimizations to ensure enough of each
interacting component @uld be produced and secreted to produce robust lumimescsignal.
We have shown that both cell lysates and supernatdrdm cells cetransfected with RBD and
ACE2 NanoBIT constructs produce strong luminescdrigeré A4.2). The orientation of the
fusion to LgBIiT and SmBIT for each component was alsazédadifter comparing each version
head to head with the best sighaoming from the combination of SmMBACE2 and RByBIT.
Additionally, preincubation of each NanoBIiT component with recombinant enot
(recombinant ACE2 prior to adding RBBIT or recotvinant RBD prior to adding SmBACE?2)
resulted in a reduction irsignal demonstrating that our biosensor could be used to identify

molecules with interrupt the hostiral interaction of ACERBD Figire A42B ¢ demonstrates

addition of recombinant RBD).
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Figure A4.2 Biosensor validation assayeasuring luminescence from both cell lysates and
supernatants. (A) 293T cells were either transfected individually with ACE2/RBD- or co
transfected withboth and luciferase activity was measured 48 hoursrla@mly the combination

of ACE2/RBD resulted isignificant luminescence signal, with the RBIBIT orientation
outperforming LgBFRBD.(B) Luciferase assay following piecubation of SmBFACE2 wh
recombinant RBD demonstrating competitive inhibitiona dosedependant manner of the
NanoBiT ACE2BD interaction.

188



SAR&0V2 biosensor can identify critical residues for ARBD interaction
We usedpreviously reported mutational analysis d¢fe ACE2 catalytic domaia guide

our interrogation of BRSCoVf2 hostviral interaction by incorporatig mutations shown to
disrupt the ACERBD interaction for SAR®\1. Additionally,using previouslydentified critical
residuesof SAREoVV1 RBD we tested homologous residuesf SARE0V2 RBDusing our
biosensof®. All the ACE2 mutations resulted in substantial loss of signal when testéé in
biosensor assayr{gure A43). All the mutations of RBD also resulted in a loss of signal with four
of the mutations resulting in more than 80% loss of lumineseg highligting their importance

for binding ACEZFigure A44). Overall these mutational analyses demonstrate that this

biosensor can serve as a useful method for analyzing the-SAR&S hostviral interaction.
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Figure A4.3 Luciferasassaynvestigating critical residues of ACE293T cells were transfected

with each individual ACE2 mutant with the wildtype RBD and harvested after 48 hours. (A) A loss
of luminescence signal wasbserved for all mutations (B) despite robust expressbreach
construct shown by western blot analysis.
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Figure A4.4 Luciferase assay investigating critical residues of. RBBI cells were transfected

with each individual RBD mutant withetwildtype ACE2 and harvested after 48 hours. (A) A loss
of luminescence signal was observed for all mutations (B) despite robust expression of each
construct shown by western blot analysis.
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SAR&0V2 biosensor is inhibited by neutralizationiantlies
Monoclonal antibodies are currently undenvedigation as a potential SARRV2

therapeutid®. We have screened thirteen different commercially availaibt®noclonal
antibodiesagainst RBIbr their ability to inhibit the SARS0VY2 biosensor andound that many
of them (9/13) could significantiseduce the ACERBD interaction with a number able to also

inhibit interaction of SARS0V1 RBD with ACEFigure A45).

Emerging RBD mutations around the globe impact AREERinteraction
Sequencingf the SARE0V2 genome has revealed multiple enggmgmutations of RBD:

V367F (France and Hong Kong/China), N354D (China), A435S (Finland), F342L (England), K458R
and V483R (United States). The SERB2 biosensor has shown that these mutations result i

variable binding to ACE2 with V367F resulting-fald enhancement in ACE2 binding and F342L
resulting in less interactiorRecognizing that these mutations may be present in patients treated

with monoclonal antibodies we tested the ability of two difet previously tested neutralizing
antibodies to blak the interaction of the mutated versions of RBD with ACE2, revealing that the

mutated RBD proteins could still be recognizEdy(re A46).
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Figure A4.5 Luciferase assay representing thdigbof commercial antibodies againsBARS
Co\f2 to inhibit RBD/ACE2 interactionRBBLgBIT containing cell lysates from 293T cells were
incubated with antibodies for 25 minutes at %®7 prior to combination with SmBACE?2 cell
lysates, then incubated amadditional 5 minutes at room temperatar prior to measung
luminescence.

193



= China, HongKong, VI&TF
g
/ v
\ \é] ) ( R ?}\%:’\& ~
|

) Yaib
/) n/ \
( e vy N \ 9
A s ®

B 1.5x10"= C
SARS-CoV-2-NanoBiT
g % 23§ Sk 8
- 9 o w -]
0x10% o
E o g E$2 222 % 0
8 —110
i SMBIT-ACE2-HA - D e ==
é 5 O 10 S5
=
B-actin | === ——— — — — ——
- d = e
SARS-CoV-2-NanoBIT (RBD mutants)
§ g
5 -]
8 100 g
% B 100
; s
£ so £
g g ¥
E g e e P www =%
= o ]
2 . fo) " i | 2 ﬂ .ﬂ ﬂ ‘ﬂ .
G + + + + + -+ [ R B e T I S S
Nm?gm.+ D T e T T NowralizingAb - + - % - + - % - 4+ - * - * - %
o - “ - (1414) 5 -
e a -] - 4 @ = g e
: § ¢ & § i § 3 i 8 0§ 0§ § & &8 i
3 a = > B E a 3 z g E
SARS-CoV-2-NanoBIiT SARS-CoV-2-NanoBiT

Figure A4.6 Emerging global mutant strains of R@result in (B) varying levels of interaction
with ACE2, (C) despite similar expression of each construct shpwuediern blot analysis. (D)

Neutralizng antibodies cagble of disrupting the SARS\2 RBD interaction with ACE2 are still
effective after introducing emerging mutations.
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Additional mutations of both RBD and ACE2 impact thevmadinteraction
Many therapeutics currently undedevelopment target the RBDf the SARE0V2 S

protein, meaning that mutations in this domain could render potential therapeutics ineffective.
Importantly, studies correlating mutations in RBD with infectivity have revealet dbdain
mutations lead to mre infectious strains ofhie virug!. Building on the sensitivity of our
biosensor to identify changes in AGEBD interaction for previously reported mutations we
probed deeper into the ACE2BD structure and identified 22es in the ACEQequence that are
predicted to interactdirectly with RBD and 25 sites in RBD that are predicted to interact with
ACE2. To test the impact of each ACE2 mutation we investigated their interactions with both
SARE0V2 RBD and SAR®V2 S1We included thdull S1 sequence as a binding partneréne
considering that the RBD lscated within this subunit of the S protein and binding may be
impacted wherexpresseavithin the full subunit. Additionally, we included the SARS/1 RBD

as many reislues are conseed between the two viruses. There wasignificant alteration of
interaction for 12 of the 22 ACE2 mutants when combined with S2&R& RBD and 13 when
combined with SARSoV2 S1(12 of which overlappedvith RBDexpressed alone Therewere

14 mutations which resulted in a significaabange in interaction with ACE2 for the SAR&V1
mutations (10 overlapping with SARS®V2 RBD)Kigure A47). We have also determined that

21 of the 25 SARS0VV2 RBD mutants significantly reduced bmglivith ACE2 wht one mutation
increasing binding to agnificant level Figure A48). Experimentgompleted byour group have
alsoshown that the RBD mutants which retained ACE2 binding capacity to some extent were still
vulnerable to neutralizing antilmty treatmentaswell. This important finding demonstrasethat

RBD mutationsire unlikely tohinder the ability to develop an effective vaccine.
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Figure A4.7 Luciferase assay demonstrating the interaction of critical ACE2 residue mutations
with (A) SRSCoV2 RBD, (BSAR®€0V2 S1, and (C) SARS8V1 RBD.Each construct was
expressed at a similar level via western blot (not shown here). Lysates from 293T cells transfected
with each mutant SmB{ACE2 were combined with those from above listed wildtRBBLgBIT
comporents.
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Figure A4.8 Luferase assay demonstrating the interaction of critical RBD residue mutations
with ACE2 Each construct was expressed at a similar level via western blot (not shown here).

Lysates from 293T celleansfected with mutant RBIDgBIT components were combingdth
wildtype SmBIT ACE2.
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Glycosylation plays an important role in the hasal interaction
Antigen glycosylation has been shown to play a key role in adaptive immune resfonses

We haveevaluated the necessity for Nhked glycosylation at présusly reported sites within

the RBE® for successful ACE2BD interaction using our biosensor as well as antigenicity by
vaccinating mice with mutated versions of these sites followed by ELISAeamdlization
assays. In comparison to the wildtype RBiDtants which lack glycosylatighl331A and N343A)
demonstrated a significant decrease in ACE2 binding via the biosensor Bggag A49). We

then immunized mice with V®81 constructs expresgdather the wildtype RBD or the mutated
versions, collecte sera and measured RBpecific 1gG levels, demonstrating a significant
decrease in response for the N343 mutation. Similarly, we observed a decreased production of
neutralizing antibodies for amalsvaccinated with VRbB1-N343A, via neutralization assaging

VSV expressing spike as a pseudovirus for-8ARS (Figure A4.D).
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(N331A and N343A(B) ELISA measuring R&i2cific 4G levels at days 7 and 14 post vaccination

show decreased production of RBD antibodies forDRB43A mutéion. (C) Similarly,
neutralization of a VS¥pike pseudovirus using serum from vaccinated mice after 14 days is
reduced for RBIN343A.
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Conclusion

The results of these two studies demonstrate ttia¢ SARSC0VV2-NanoBiTbiosensoris
a versatile tool dr the rapid screening of novel SAR8V2 therapies it can also be used to
identify critical mutations of ACERBD interaction. We also highlightdey glycosylation sites
which not only play a role in hosiral interaction but contribute to the devepment of a

neutralizing antibody response against the SARS?2 spike protein.
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A5: Development of multipronged vaccine strategies against the novelGa\RSvirus

Preface

The ontents of this appendix contaia concise collection of results which hasigher been
previously publisad or are currently being prepared for publication. Each aspect of this project
was exceedingly collaborative; thus, | have selected experimtierstgmmarize here which | was
closely involved withMy direct contribution has been primarily in the developme and
validation of our VSV candidates in addition to the desiga optimizationof the neutralization
assay. | will describe the overall scope loé fproject here and go into greater detail for the
aspects | am directly involved with

The figures belovinave been selected from the following publications:

1. Taha Azad*, Ragunath Singaravelrgthieu J.F. CrupifTaylor R. Jamieson*Jaahnavi
Dave, Emyl E.F. Brown, Reza Rezaei, Zaid Taha, Stephen Boulton, Nikolas T. Martin, Abera
Surendran, Joanna Poutoiina Ghahremani, Kazem Nouri, Jack T. Whelan, Jessie
Duong, Sarah Tucker, Jedimon Didb, John C. Bell, and Carolina S. IlIkomplications
for SARS-Co\f2 Vaccine Design: Fusion of Spike Glycoprotein Transmembrane Domain
to ReceptorBinding Domain Indues Trimerization Membranes2020,10(9), 215.
(*equal authorship contribution)

Note: Ths is an open access article distributed under the Creativen@ms Attribution
License which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

2. Single dose replicating poxvirusctorbased RBD vaccine drives robust humoral and T
cell immune resporsagainst SARSo\,2 infection (in preparation)
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Introduction

As ofMay 2021 there are92 SARSC0V2 vaccines undergoing clinal trials and at |leést
pre-clinical vaccines undedevelopment. As the pandemic began fogressin Canada and
acrossthe globe our group realized that an opportunity to help those most at risk for serious
infection using he oncolytic viral’ectorswe already have experience engineering was upon us.
Cancer patients are known to be at higher risk of developing complitatis a result of SARS
Co\2 infection and are more likely to require hospitalization compared to thageowt cancer.

We are currently working with three different viral vectorscd with a solid track record of
safety as vaccine candidates, to combla¢ SARE0V2 virus. VSV, MVA (Modified Vaccinia
Ankara), and Vaccinia virggacV); Tiartan strain hae all been previously approved for use as
vaccine platforms, respectively agat Ebola, MERSoV, and smallpox virusés To date, we
have achieveaur most promising results usinge VacVTiartan backbone thus, thecurrent
work we are moving forwardral will submit for publicatioshortlyfocuses primarily on our VacV
candidates.

While we aim to develop a singtibse vaccine capable of achievingtection against
SARE0V2, there have been many examples of vaesifor which multiple dosing (also dwwn
Fa | aoz22aiév Aa YSSRSR (2 SyKI yOSThaeaiekvo K dzY 2 NJ
different strategies of boosting, homologous or hetlmgous. Homologous prirAeoost entails
repeated inoculation with tB same vaccine, whereas heterologdaosting involves a different

formulation/vector for the subsequent vaccination. Some studies have shown benefits to the

heterologous approach, repartg improved T cell responses compared to homologous prime
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boost straegies. We are currently testing bbt options for our different vaccine platforms.
Finally, to enhance the safety tife VSV platform we have engineered one candidate in which
the VSV gicoprotein has been replaced with the glycoprotein ofidurirus (JMV). JUNV is an
enveloped, negativetsanded RNA virus belonging to tReenaviridagamily of viruses, it is the
causative agent of Argentine hemorrhagic févd@he aim of pseudotypirthe VSV vector is two
fold: (1) limit the inherent neurotropism of W&and (2) reduce the strong astSVG immune
response, directing neutralizing antibody production to our antigen of inté?eBtach vaccine
backbone expresses the region of the SARG2 Jike protein known as the receptor binding
domain (RBD). Thisitcal portion of theSike protein § not only responsible for binding the
host receptor, AngiotensirConverting Enzyme 2 (ACEY) it has also been identified as an

immunodominant targeof the SAR€0V2 antibody response in infected patiefts?

Methodology

Construcidesign
The TOH/AClantigenconstruct consists of the receptor binding domain (RBD) of the €ARS

2 spike protein (amino acid residues 3324) fused to its transnmmabrane (TM) domain (residues
12081270) via a 3x GGGGS linker (the accession number used for spike ssquenc
MWO070@7.1). Upstream of the RBD coding sequence is a muriti2 signal peptide followed

by a GGSGGG linker. At theée@ninal end of the TMregion is an HA'ag for convenient
detection. The CovAg construct is expressed by the Vaccinia eIyt promatr (GenBank
accession number: LR877630.1). For recombinant virus selection and tracking of viral growth,

genes encoding firefly luciferasand eGFP were incorporated under a separate early/late
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promoter (composed of O2L and A12L promoters)asafed by aP2A sequence. The entire

construct noted above was flanked by homology arms for B13R and B14R loci in Vaccinia.

VS\fescue
To rescue theecombinant VSV viruses expressing SBR& RBD or RBDMD, HEK293T cells

were infected with vacciniainus expressig T7 RNA polymerase (MOI = 0.5) for 2 h. Inoculum
was removed and cells were transfected with the viral backbone plasmid along witiNA7 R
polymerasedriven expression plasmids for VSV N, L, and P genes-digiityhours post
transfection, he recombinat virus was collected, filtered (2M) and plaque purified in Vero
cells.VSVG protein expression was provided transiently to resei®/pseudotyped with Juin

glycoprotein.

Dotblot assay
U-2 OS cells, infected with VSV viruses at an MOI of 01k harvested 24 h poshfection in

RIFA bufer supplemented with & protease/phosphatase inhibitor cocktail (Cell Signaling
TechnologyDanvers, MA, USA, Cat. #5872S) on ice. Protein concentration was determined by
BCA assaynd 10>g of whole cell lysates was directly loaded onto nitroceldd membrane
(BioRad Laboratoriesyith 1 h incubation at room temperature. After blocking in 5%knm TBS

T, membranes werprobed with either mouse arHRBD clone 5B7D7 (GenScript, Cat.#A0R056
clone 6D11F2 (GenScriftat.#A02055), or clone 40592n&Biological, Wayne, PA, USA); mouse
anti-VSVG clone 8G5F1(Kerafast, Boston, MA, Cat.#EBO0DD);abbit antH -actin clone 13E5

(Cell Signaling Technologyat.#4970S) as a loading contratiaomain ACE2 and goat anti

ACE2 (R&D Systems, Minneapdlibl, USA, Cat.#AF933), or sera from BALB/cJ mice (The Jackson
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Laboratory, Bar Harbor, ME, USAmunized with SARS0\¢2 spike. Blots were then washed
and probed with appropriate secondaaytibodies: antimouse, antirabbit (MilliporeSigma, Cat.
#A9169) or antgoat (Abcam, Cambridg&)K, Cat.#ab97110). Blots were imaged using the
ChemiDoc MP imagirgystem (BieRadLaboratoriesMississauga, ON, USA). Clarity Western ECL

Substrate (Bidrad) was sed to visualize the blot.

Immunofluorescence
U-2 OS cells (ATC@gre seeded on glass coverslips and were either infected vigthtan (TT)

CovAgor MVA Comgat an MOI of0.1 the next day or left untreated as control (mock). 24 hr

post infection, cellsvere washed once with ice cold PBS containing 0.5 mM CaCl2 and 1 mM
MgCI2 (PBSCM) and subsequently fixed with 4% (w/v) paraformaldehyde (PF) in PBSCM for 20
minutesat 4°C After this, PF was quenched with 50 mM NH4CI (in PBS) for 5 min. The cells were
then either permeabilized with 0.2% (v/v) TritoALBO at room temperature for 4 min or left
untreated as control. Permeabilization was stopped by washing ¢ie twice for 5min with

PBSCM and nespecific binding was then blocked by incubating the ceils 1% BSA (w/v) in
PBSCM for 20 mirtes. Cellswerethenincubated with serum (1:100 in PBSCM) ) for 1 h at room
temperature, then washed 3 times for 5 mmth 0.1% BSA (w) in PBSCM and incubated for 1

h at room temperature with the secondary antibod{Goatanti-MouselgGAlexa555-,
Invitrogen Cat # A32727, 1:500 in 1% (w/v) BSA in PBSCM). Serum was obtained from a mouse
117 days after it was primed witiS¥Cov3 (1E7 pf SQ) and boosted with MVBov3 (1E7 pfu

SQ. Unbound secondary antibody was theemoved by washing three times with PBSCM as

described above. Coverslips were then washed once with PBS, mounted on glass microscope
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temperature overnight in the dark.

Pseudovirus neutralization assay
Vero EG6 cells were seeded in@®éll plates such that there were 40, 000 cells per well at the time

of infection. Serum wasgrét diluted ina separate 9évell at a 1:10 dilution in serum free DMEM
and a serial 1 in 2 dilign series was performed. VSV pseudotyped with the S2R& spike
glycoprotein was then added to the serum in an equal volume of serum free DMEM for a final
dilution of 20® pfu per well and incubated for 1hr at 7. After 1hr, media on the cell was
replaced with 60uL of the virus/serum and incubated for 1hr &3%Vells were then topped up
with carboxymethylcellulose (CMC) in DMEM (supplemented with 1&8%) For a final
concentration of 3% CMC and incubated 24hrs &tG3AGFP foci were imaged atwlinted using

a Cellomics ArrayScan VTI HCS Reader.

A comprehensive outline of the neutralization assay protocol has recently been accepted for
publication in he Journal of \dualized Experiments. The complédat has been inserted the

following appedix AppendixAb).

ELISA
Nunc Maxisorp flabottom plates were coated overnight at 4°C with 125 ng of RBD (prepared in

house. The following day, the RBD didtm was removedthe plates were washed with PBS
Tween (0.1% Tween 20) and blocked with 3% skilk solution for 1 hour. Mouse sera from

vaccinated mice were then serially diluted and added to the plates to incubate for 2 hours at
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room temperature. Inaddition, a podive and negative control was added to each plate
comprised of a monoclonal RBbtibody (1 pg/ml; Cat No: MBS434247, ARBD Domain (SARS
CoV2Spike), monoclonal antibody, MyBioSource, CA, USA) and a pool of sera taken from mice
vaccinatel with empty vial vector. Following th@ hour incubation, plates were washed with
PBSTween and incubated with anthouse IgG conjugated to HRP (1:3000; Cat No: Cat
N0:314930, Goat antlouse 1gG (H+L) Secondary Antibody, HRP, Invitrogen) for 1 haamat
temperature. Plates were then developeding SigmaFast OPD solution and measured at 490

nm using a Biotek microplate reader.

All experimental absorbance readings were normalized relative to the blank and the positive
control (monoclonal RBD antibgdat 1 pg/ml) ad fit using a quadratic bindingolynomial
assuming 1:1 binding. The fitting was performed using a Monte Carlo simulation with the non
linear curve fitting tool in QtGrace. The reciprocal antibody titer (LDF) was determined by
interpolating the dilution &ctor that intersected with a mimum detection threshold defined by

10x the standard deviation of the responses from mice vaccinated with wildtiypg or to a

fixed value of 0.025 (whichever was larger).
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Results andliscussion

The RBErransmembane region of spike proteinngcessaryor trimerization
We have recently published our findings demonstrating that fusion of the -£AR3

spike protein transmembrane domain (TMD) tlee RBD induces trimerizatiéh As stated
previousy, the RBD hasden shown to be a crucial antigen for mounting a successful immune
response, consequently several vaccine candidates have utilized RBD as a target antigen.
Previous work has shown thaxpression othe spike protein ectodomain re#s in rimerization
andthis has served as a blueprint for vaccine developmeHt We have now demonstrated that

the spike protein TMD induces trimerization of the RBD, a key piece of information for vaccine
platforms using RBD as a target antigéigiire A51 D)*4. We firstdemonstrated that RBD fused

to the TMB (RBO'MD) results in a multiple banding pattern when run on and-BRSE gel with

a 25kDa band representing the monomeric RBD construct, in addition to a 75kDa and a faint
150kDa band likelywe to trimerization and bgomerization. Thermal denaturation indeed led to
elimination of the higher molecular weiglhtands Figure A51 A). Undernative gel conditions

the intensity of the 75kDa band was enhanced and again could be eliminatecillmg (Figure

A5.1 B). Toinvedigate whether the TMD was responsible for trimerization, we repeated the

native PAGE analysis on RBD alone and did not detect the Bakida-igure A5L C).
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Figure A5.1 Fusion of the transmembrane domaimf SARSCoV2 spike potein induces
trimerization of RBD(A) SD¥AGE analysis demonstrates multiple band pattern when RBD is
fused to TMD and expressed from 293T cells, with higher molecular weight bands eliminated
after boiling. (B) Nativ® AGE immunobt of RBBTMD with andvithout boiling (C) NativePAGE
immunoblot of RBD alone with and without boiling. (D) Schematic of -EARS spike protein

with  RBD fused to TMD. -fé¢rminal domain (NTD); receptdrinding domain (RBD);
transmembrane domain (TMD).
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To determine whetherthe RBBTMD prdein possessed functional and antigenic
conformation we then engineered a VB4 expressing RBDMD. Dot blot analysis confirmed
that commercially availableeutralizing antibodies as well as mouse sera immunized 34RS
CoV,2 spike protén could recogrie the RBEXYMD constructFigure A52 A and B. Additionally,

this construct retained the capacity to interact with the ACE2 receptotein (Figure A52 Q).
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FigureA5.2 RBDTMD retains antigenicity ad functional coformation when expressed from
+ { £ KPp2OS cells were infected with VSV expressing either GFP eFlRRDMOI 0.1 for 24
hours and probed via dot blot analysis with (A) RBD antibodies, (B) sera from miceized

with SARE0V2 spikeor (C) recombinat ACE2 with ACE2 antibody.
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Validating the expression and localization of encoded antigens
To demonstrate the expression as well as localizaifdhe encoded RBEYMDfrom each

vector Figure A53 A) we have completed western blotoflv analysis, andnmunofluorescent
imaging demonstrating that RBD is present at the extracellular surface of infected cells. My main
role has been the rescue and production of our VSV vectors; thus, | have included saimples
immunofluorescent detection oantigens exprezed from the VS51 and VSWildtype-JUNV
pseudotyped vectors, in addition to the MVA and Tiantan candidates which will be the focus of
the remainder of the results discussed hefégire AS3 B, C, . We have also confirmed

trimerizationof RBBTMD exprased from Va¥, similarly toVSVYRBDBTMD discussed above
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Spike RBD
(res. 331-524)

Spike TM
(res. 1208-69)

a-SARS-CoV2 RBD Mouse #4-Vaccinated with MVA COV3- Day 18

D a-HA a-RBD

MVA-CoV3:VSV-CoV3 (INV-002) &
Mouse 3- Day 95 serum
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W

Anti-HA

VSVwt-JuninG

MVA CovAg

Anti-HA

TT CovAg

MVA-CoV3:VSV-CoV3 (INV-002)
Mouse 3- Day 95 serum

VSVwt-JuninG-CoV3

Figure A53 Schematic depiction of SARSV2 spike RBD construct and immunofluorescent
imaging confirming expression of RBPA) Schematic depiction dBARE 02 RBD anstruct.
Immunofluorescence validating expressiorRBD (or CovAgoV3 from (B) VS¥51 and Q) VSV
wildtype-pseudotyped with Juin G; \ero E6 cell were infected for 24 hours with each virus and
stained for eitheh -HA orh -RBD. We havdsp utilized the serum from a mouse identified by the
neutralization assay to have very robust expressof neutmalizing antibodies to validate
expression of our construct hef@belled MVA/SVCoV3INV003. (D) Immunofluorescence of
MVA/Tiantan(TT)Covt 3 02 y & (i NHzO (i 2RBDssktibddiest}2 OS cells were infected
approximately 24 hours beforgtaining.
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Vaccinia virug Tiantan strain is our moptomisingSAR& 02 vaccine vector
Natural infection with SARSoVf2 has been shown to produce tlomucosal (IgA) and

systemic antibody responses (IgG); therefore, we have opted to test multiplesaitinfection
for our vaccine vectors, including intranagidN)administration in additia to intraperitoneal(IP)
andsubcutaneous (SE. We currenty have a number ah vivostudies underway to determine
(1) best route of administration, (23 prime-boost required, and (3) if primboost is needed
whether homologous or heterologous wilebmore beneficialMy primary contribution to this
project, ater the initial virus rescues, has been following the humoral responses against the
SAREC0V2 RBD arngien (T cell response is under investigation by other members of the group
usinginterferon- 9 [ L { t aT®d méaduédelthé ability of our vaccinanddatesto inducea
neutralizing antibogt responsel have developed a high throughput protocol to measure
neutralization of pseudotyped VS\expressing theSpike glycoprotein of SARSOV2 (in
collaboration with senior technicians Ricardo Marius and Xiaohdfg). This assay has been
complemented with ELISA data to capture the full spectrum of IgG antibadiiesh bindRBD
present in the serum of vaccinated mice. Initial experiments comparing TiamitnMVA
revealed that Tiantan could elicit significantly lég antibody responses, measured by ELISA,
when administered both IN and IP, whereas SC administration resulted in substantially lower
antibody titersoverall(Figure A% A andB). When comparig each route of administration with
or without a homologous @ost using theTiartan (or TOHVAC) vaccine both ELISA and
neutralization assays confirmed IN and IP as the most effective rdeigasré AS4 CandD).

Moving forward, we fobbwed the longterm antibody response after a single dose of
Tiantan administeed INor IP, compared with a homologous prime/boost regiméine results

of our neutralization assays thus far have correlated very well with ELISAs measuring antibodies
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againstSAREC 0V 2 RBBspecific IgG. Interestingly, we have seen very strong resgonih the
prime alone and thus far no distinct improvement with the bo¢Btgure A54 EH). Very
importantly, our neutralization curveer TOHVAC1(Tiantan)are well in line with convalescen
serum from patients. More recently, we have demonstrated &hdity of TORVACL1 to induce a
humoral immune response in our first ndruman primate study whereirhesusmacaques were

vaccinated with a single dose of TOMACL1 intramuscularl(FigureA5.5).
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Figure A5.4 Comparison of MV and Tiantan TT) RBDvaccine antibodyresponsesusing
different routes of administration and longterm humoral responses for T vaccine (A)
Normalized ELISA absorbance vs. serum dilutionfaébr mice vaccinated I.P. with MVA (black)

or TT(red) RBBTM. (B)Reciprocal titers from RBD ELISAs for MVA and TT vaccines inoculated
via different administration routes. N/D indicates values wesedetectable (C)Endpoint titers

of TT CovAg vaioated mice with and without boosts for various routes of adistration. Data

was acquired at day 49, 14 days after the boost injection d#).VSVS neutralization 1C50
values for samples describadpanelC.(E+FAntibody endpoint titers over 198ayduration for

IN ® or IP primed F) mice. The verticalathed line depicts the boost dat¢G+H)VSVS
neutralization IC50 values over 195 days for prime only and prime/boost vaccinationgignern

IP G or IN H).
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FigureAS5.5Investigation of Tiantan RBD(TOHVAC1)accine efficacy in Rhesus nagques with
comparison to patients previously infected with SARR®\2. (A) Endpoint antibody titers for
RBD specific antibodies from mac&g vaccinatedintramuscularly (IM) with TOHVACL1
determined by ELISAB) VSVS neutralization assay results from ragoes vaccinated IM with
TOHVACL1 (COVID+ representhiuman donor neutralization data for serum collected
approximately 3 monthgostinfection). Each point represents an individual animal Xh=or
human donor(n=12).
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Conadlision

We have described herenultiple advantages of using the Tiantan viral backbone
comparedo current vaccine standards including: (1) only one dose is required to induce antibody
titers similar to previously infectedgtients, (2) VacV is quite stable at room temperature and
will therefore be easier to ship and distribute to remote sifefur goup has successfully
demonstrated similar stability of both MVA and Tiantan candidates), (3) by encoding the spike
receptor-binding domain (RBD) only we may also decrease the rigashe-induced immune
thrombotic thrombocytopeniavhich has been assot@ with Sike protein expression and is
currently under investigatiol. Future work aims to determine the level of protecty (KA & W2y

AK23GQ @1 O0AYS Ol -CovpiffétioridBa | 31 Ayad {! w{
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AB: Detection of SARS0VV2 neutralizingantibodiesusinghigh-throughputfluorescent
imaging opseudovirginfection
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