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ABSTRACT 
 
Pancreatic cancer (PC) is a highly aggressive disease with unmet therapeutic needs. Recent 

advances in the use of oncolytic viruses (OVs) as cancer therapeutic agents bring new hope to 

fight the notorious disease that is PC. Although OVs have shown promising results in certain 

cancers, some tumors remain resistant to OV therapy due to their inherent residual antiviral 

mechanisms. We hypothesized that the use of OV-encoded artificial microRNAs (amiRNAs) 

could help target the cellular antiviral components associated with the observed OV resistance 

and could also sensitize neighboring tumor cells to OV therapy and small molecule inhibitors 

through the secretion of amiRNA-containing extracellular vesicles (EVs) from infected cells. 

To find such amiRNAs, a viral surrogate library encoding ~16,000 unique amiRNAs was 

passaged in pancreatic cancer cell lines to enrich for sequences that could enhance OV 

replication. An amiRNA that improves PC cell killing when expressed from an OV was 

identified. Target identification of this amiRNA (amiR-4) revealed ARID1A as a key player 

in resistance to OV therapy in pancreatic cancers. This target is of particular interest, since its 

downregulation acts in a synthetic lethal fashion with inhibition of the EZH2 

methyltransferase. Combining VSVD51-amiR-4 with a small molecule inhibitor of EZH2 

enhances PC cell death. Moreover, amiR-4 is packaged in cancer cell-secreted EVs which can 

reach neighboring naïve cells to sensitize them to EZH2 inhibition-mediated cell death and to 

spread the OV-mediated tumor killing effect throughout the tumor. This data translates into 

tumor debulking and survival in animal models of highly aggressive PC. This work not only 

broadens our knowledge on the resistance of select tumors to oncolytic virotherapy and the 

EV-mediated bystander killing effect in OV-infected tumors, but it also establishes OVs as a 
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novel tool to produce anti-cancer therapeutic EVs in situ to improve therapeutic gain. 

Ultimately, our work provides new hope for a cure to the grim disease that is PC.  
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1. INTRODUCTION 
 

1.1 Pancreatic cancer 

1.1.1 Epidemiology  

Pancreatic cancer (PC) currently ranks as the fourth leading cause of cancer-related deaths in 

both sexes in Canada and other developed countries and is the seventh most lethal cancer 

worldwide1–3. The disease is the third cause of cancer-related deaths in the United States and 

is estimated to reach the same ranking in Canada in 20194 and to climb to the second rank of 

cancer-related deaths by 20305. This trend can be explained by the advances in early detection 

and treatment of other cancers, notably breast cancers. Meanwhile, the prevention, early 

detection and treatment of PC remains a challenge to tackle. Therefore, its mortality rate has 

remained virtually unchanged for the past decades1,5. Moreover, once diagnosed, less than half 

of patients survive past four months and the disease is associated with a staggeringly low 5-

year relative survival ratio of 7%1. In 2019, it is estimated that 5,800 Canadians will be 

diagnosed with PC and 5,200 will die from the disease6. Major risk factors associated to the 

disease are age, tobacco, alcohol, diet and excessive body weight, most of which can be 

targeted for prevention of the disease. Aside from making healthy lifestyle choices to prevent 

the disease, the early detection of PC could help achieve durable cures. However, early 

detection is made difficult by the late onset of symptoms which tend to be unspecific, like 

nausea, weight loss and jaundice1.  
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1.1.2 Current standard-of-care 

The poor prognosis associated to PC is in part due to the late diagnosis of the disease and the 

lack of treatment options available. In fact, since the onset of PC is associated with few early 

symptoms and is quite aggressive, most PCs are diagnosed at stage III or IV, where patients 

are usually not eligible for the therapeutic option associated with the best prognosis; curative 

surgery7–9. This can be attributed to the metastatic nature of PC as well as the location and size 

of the tumor, which makes for a complicated surgical procedure10. Indeed, PCs located in the 

pancreatic head can be surgically removed using the Whipple procedure (partial pancreatico-

duodenectomy) and tumors located in the tail of the pancreas can be excised by performing a 

distal pancreatectomy. However, tumors are deemed unresectable if they involve important 

veins or arteries, like the superior mesenteric artery11. Thus, only a small fraction of patients 

(~10-20%) are eligible for surgery and among those, a mere 20-30% will survive beyond 5 

years with adjuvant chemotherapy despite improvement of surgical techniques and 

perioperative measures over the years11–14. 

 

When surgery is not a viable option, patients are treated with the standard-of-care combination 

chemotherapy regimens. These chemotherapy regimens consist of gemcitabine in combination 

with erlotinib15 or albumin-bound paclitaxel16 as well as the FOLIFIRNOX combination 

therapy17. These treatments generally offer poor to moderate response rates due to high rates 

of chemotherapy resistance in pancreatic cancers. In the event of their failure, the only second-

line therapy available is an attempt to use a combination regimen not previously used on the 

patient18. 
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1.1.3 Pathology 

The pancreas is an organ found in the abdomen and is composed of two different subtypes of 

cells: exocrine and endocrine cells. The majority of PCs arise in exocrine cells and are more 

aggressive than PCs that arise from endocrine cells19. Pancreatic ductal adenocarcinoma 

(PDAC) is the most prevalent type of PC as it accounts for approximately 90% of diagnoses20. 

Other rarer types of PC include neuroendocrine, colloid and medullary carcinomas that tend 

to be associated with better prognosis than PDAC as well as adenosquamous carcinomas which 

tend to have much worse prognosis21.  

 

1.1.4 Carcinogenesis 

It is now well established that KRAS activating mutations culminate in the establishment of 

pancreatic intraepithelial neoplasia (PanIN) in the pancreas which leads to PDAC after a 

succession of additional mutations19. Aberrant activation of several signaling pathways have 

been shown to lead to PC carcinogenesis. Besides KRAS mutations, other key protein 

mutations have been found to participate in the culmination of PC, like CDKN2A, TP53 and 

SMAD422. Altered pathways in PC also include embryonic development signaling pathways, 

like mutations responsible for the activation of the Hedgehog (Hh) and Wtn-β-catenin 

pathways, as well as the EGFR, mTOR, PI3K/Akt and angiogenesis pathways19,23. It is also 

important to note that more than one of these genetic events usually acts synergistically to 

culminate in the establishment of the disease.  
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1.1.5 Resistance to treatments  

Drug resistance in PC is generally associated to genetic changes in signaling pathways which 

can be influenced by different components of the influence of the tumor microenvironment 

(TME), the presence of cancer stem cells in tumors and the activity of several non-coding 

RNAs, like microRNAs (miRNAs) and long non-coding RNAs (lncRNAs)24,25. For example, 

miRNA profiles have been shown to differ significantly between gemcitabine sensitive or 

resistant tumors and some miRNAs have been shown to participate in oncogene expression 

inhibition26–28. Moreover, many tumors are refractory to treatment due to the inherent biology 

of PCs which are highly composed of cancer-associated fibroblasts (CAFs), an important 

stromal component of the PC TME. These tumors tend to be very poorly vascularized and 

under immense hydrostatic pressure which is believed to impede the delivery of 

chemotherapeutic agents to the cancer cells hidden by the desmoplasia29. 

 

1.1.6 The tumor microenvironment 

In addition to tumor cells, solid tumors harbour many other cell types, like immune cells and 

stromal cells. The PC TME is composed notably of tumor cells, cancer  stem cells, immune 

cells, stromal cells, endothelial cells and extracellular matrix (ECM). The invasion of stromal 

components (mostly CAFs) in the PC TME can be described as tumor desmoplasia. In addition 

to its contribution to the creation of a physical barrier to treatment, CAFs play a pro-

tumorigenic role in the TME. They are involved in ECM remodeling by secreting several 

molecules, like collagen, they play a role in metastasis and they secrete protumorigenic factors 

like cytokines and growth factors30. In addition, the immune landscape of pancreatic tumors is 

generally composed of immunosuppressive cells, like regulatory T cells (Tregs), myeloid-
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derived suppressor cells (MDSCs) as well as M2 polarized tumor-associated macrophages 

which creates “cold tumors”31. This phenomenon explains why attempts at using immune 

checkpoint blockade strategies have failed32.  

 

1.1.7 Emerging treatments 

Several attempts have been made at targeting the main PC gene mutations like KRAS, 

CDKN2A, TP53 and SMAD4 or their downstream effectors. However, this has proven 

ineffective, since some of those genes are undruggable, but also because of the heterogeneous 

mutational landscape of PCs33. Moreover, the important cross-talk between tumor cells and 

other components of the TME further complicates treatment. Thus, efforts are now mainly 

focused on targeting not only cancer cells, but also other components of the TME. Emerging 

evidence points towards the therapeutic benefit of CAF depletion34–36. Novel antifibrotic 

therapies (e.g. monoclonal antibodies and enzymatic inhibitors) have thus been developed in 

an attempt to clear this barrier to treatment, but these have shown limited efficacy in clinical 

trials37–39. 

 

1.1.8 Disease models 

Although there has been a large increase in PC knowledge in the past decade, this increase in 

knowledge has translated into very limited clinical benefit. This can, in part, be attributed to 

the fact that some models used to study the disease or to test novel therapeutics are not 

clinically relevant. Indeed, most studies do not account for the broad inter- and intra-patient 

tumor heterogeneity40. Efforts are now geared towards establishment of animal models that 

account for this diversity.  
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Emerging sampling methods like endoscopic ultrasound-guided fine needle aspirate (EUS-

FNA) offer sampling access to a wider variety of tumor samples, as this method is less invasive 

than surgery. Although mainly used for diagnostic purposes, samples obtained by EUS-FNA 

can also be implanted in mice to establish patient-derived xenografts (PDXs) to study PC41–43. 

Several studies have shown that PDXs recapitulate accurately human disease in mice44–46. In 

the case of pancreatic cancers, this method is especially beneficial since it gives access to 

tumors normally not accessible via surgery, thus accounting for virtually all subsets of the 

disease. Validating the efficacy of novel preclinical therapeutics in these models will ensure 

their effectiveness in a wide range of tumor samples, thus enhancing the confidence  that these 

will show clinical success. 

 

Thus, despite advances in chemotherapy regimens, surgical procedures, novel treatments, 

attempts at early disease diagnosis and establishment of suitable models to study the disease 

and test novel therapies, disease prognosis remains grim. Novel approaches to treat PC are 

therefore urgently needed. 

 

1.2 Oncolytic virotherapy 

A promising new approach in the treatment of PC is the use of oncolytic or “cancer lysing” 

viruses (OVs), a novel class of immunotherapeutics aimed at tumor clearing.  
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1.2.1 History and rationale 

Since its infancy, cancer therapy has consisted of surgery, chemotherapy and radiation. After 

the establishment of surgery as a viable option for cancer treatment, other therapeutic options 

came into the spotlight. These included the use of chemotherapeutic drugs as well as radiation 

after the discovery of x-rays. In addition to these therapies, the use of viruses also emerged as 

a potential therapeutic option to treat patients, even prior to viruses being described and 

characterized as biological entities47. The first accounts of case reports describing tumor 

shrinkage or even cures in cancer patients naturally infected by viruses, like influenza, 

prompted attempts at using these pathogens to treat cancer48–51. Early clinical trials consisted 

of transferred sera or tissues from individuals suffering from viral infections to cancer 

patients52,53. Although this proved to be more detrimental than therapeutic in some patients, 

others benefited from this strategy. Later, a more sophisticated, but still primitive, rationale for 

using these pathogens to treat cancer came about; viruses became known as obligate parasitic 

entities with lethal lytic properties, which could lead to cancer cell killing upon their infection. 

Over the next few decades, a quest to find suitable OV candidates was undertaken and with 

the onset of the sophistication of scientific techniques and knowledge, a few candidates 

emerged as potential viable therapies. This pursuit culminated in the clinical approval of select 

oncolytic viruses, notably the H101 adenovirus in China in 200554 and a Herpes simplex virus 

(T-VEC) approved by the FDA in the United States in 201555.  

 
1.2.2 Mechanisms of action 

OVs are multimodal therapeutic platforms that can 1) directly kill cancer cells since viral 

infection culminates in cell lysis, 2) replicate within and kill other cells in the TME and 3) 

stimulate a potent anti-tumor immune response which prevents cancer relapse in patients. 
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1.2.2.1 Cancer cell lysis 

OVs have the ability to specifically replicate in cancer cells, since the physiological processes 

that favor antiviral activity are often defective in cancer cells56. Indeed, to enhance tumor 

growth and progression and to avoid clearance or transformed cells by the immune system, 

antiviral pathways are commonly deregulated in tumors. While providing an advantage to the 

tumor, common immune dysfunction of cancer cells render them more susceptible to infection 

and this very vulnerability of the tumor is exploited by virotherapies. More specifically, cancer 

cells commonly have defects in their interferon (IFN) induction or response pathways. IFNs 

constitute key players in antiviral immunity. The IFN response is generally initiated upon 

recognition of pathogen-associated molecular patterns (PAMPs) (e.g. viral DNA or RNA) by 

pathogen recognition receptors (PRRs), like toll-like receptors (TLRs). This activation 

launches a cascade of signaling events using factors such as interferon regulatory factors 

(IRFs) which culminates in the production and secretion of IFN from infected cells to alert 

neighboring cells of an imminent infection57. In cancer cells, this signaling cascade can 

malfunction due to the disruption of different key players involved58,59. Thus, although OVs 

can enter both malignant and healthy cells, the intact antiviral response of healthy cells is able 

to fend off the OV infection, leaving them unharmed. Conversely, the disrupted antiviral 

response of cancer cells leaves them more susceptible to viral infections58–60.  

 

1.2.2.2 Tumor microenvironment cell targeting 

Moreover, OVs have been shown to have the ability to not only replicate within and kill cancer 

cells, but can also be lethal to other cells of the TME. This broad tropism of OVs for various 

tumor compartments offers an interesting means of tumor biostructure destruction. Indeed 
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OVs can invade vascular tissues, notably vascular endothelial cells, which often promotes 

vascular shutdown61,62. OVs can also infect stromal cells, like CAFs63,64. This is particularly 

interesting for the treatment of PC tumors, since these can be composed of more CAFs than 

cancer cells, which impede the delivery of systemically administered treatments39,65. 

Destruction of this stroma component could therefore be of importance to sensitize these 

tumors to chemotherapy or other treatments administered via the systemic route. 

 

1.2.2.3 Anti-tumor immunity 

In addition, the promise of OV therapy not only lies in direct tumor cell lysis, but also in 

generating a robust and long lasting antitumor immune response by exposing tumor associated 

antigens (TAAs) in the TME upon cell lysis, a process known as the in situ vaccine effect66–

69. Cancer immunotherapy has grown into an effective form of cancer treatment. Its premise 

of stimulating one’s immune system to fight cancer allows tumor clearance and the generation 

of an antitumor immune response able to prevent tumor recurrence. OVs have emerged as an 

important class of cancer immunotherapy drug. They have the advantage of being able to turn 

non-inflamed “cold” tumors into inflamed “hot” tumors68,70. This potent immunomodulatory 

benefit is conferred by their direct cell lysis abilities which promotes a pro-inflammatory state 

in the TME. Indeed, the release of damage-associated molecular patterns (DAMPs), PAMPs 

and pro-inflammatory cytokines following OV infection of tumor cells facilitate the 

recruitment of dendritic cells to the tumor which enables cross-presentation of tumor-

associated antigens (TAAs) to CD8+ T cells. This cascade of events culminates in the 

generation of an antitumor immune response orchestrated by effector and memory T cell 
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populations68,70. This facet of oncolytic virotherapy is especially attractive for the treatment of 

PC tumors, since it could render tumors susceptible to checkpoint blockade therapy. 

 

1.2.3 Current use in clinical settings 

The field of OV therapy is currently gaining traction largely as a result of clinical successes. 

The first FDA approved OV-based therapy, Talimogene laherparepvec (T-VEC), has shown 

promising results in melanoma patients71. Following success in clinical trials, the oncolytic 

herpesvirus (oHSV-1) T-VEC, was approved for use as monotherapy or in combination with 

immune checkpoint inhibitors (ICIs)72. In addition, a large number of OV platforms are 

currently being tested in preclinical and clinical settings and are showing promising results for 

multiple types of cancers72,73. As for PC, clinical trials using different viruses, like the HF10 

oHSV, the ONYX-015 adenovirus and the pelareorep oncolytic reovirus, in combination with 

gemcitabine or erlotinib have been undertaken. Phase I clinical trials generally show a good 

safety profile, but phase II trials show limited efficacy of these combination treatments74–76. 

Thus, further investigation of novel OVs for the treatment of PC is needed and other clinical 

trials are currently underway (NCT02705196, NCT03252808, NCT02045589).  

 

1.2.4 Viral platforms 

Some OVs used and studied are naturally occurring viruses, like reovirus77, but most are 

engineered with desired properties to exclusively replicate within cancer cells. Indeed, the 

genome of OVs can be readily engineered to favor their replication specifically within tumor 

cells to enhance their safety profile by removing viral genes allowing their replication within 

normal cells. On the other hand, they also offer interesting platforms for transgene expression 
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of factors improving their killing abilities in cancer cells. Engineered OV platforms include, 

but are not limited to, T-VEC, Pexa-Vec and LOAd703; modified herpes, vaccinia and 

adenoviruses, respectively. Today, the selection of viruses possessing good therapeutic 

indexes is also turning to less known viruses. For example, the Maraba virus (MRB) isolated 

from Brazilian sand flies was selected as a potent OV following the screening of several 

rhabdoviruses in the NCI-60 panel78,79. That virus was nevertheless engineered to have 

superior cancer-specific properties79 and is now being tested in the clinic. 

 

1.2.5 Rhabdoviruses 

1.2.5.1 Virion and genomic structure of Rhabdoviridae 

The Rhabdoviridae family of viruses consists of RNA viruses with a single-stranded genome 

of negative polarity. Their virions are characterized by their bullet-shaped enveloped helical 

nucleocapsid. Their genomes (~11 kb in size for VSV) are composed generally of five genes, 

coding for the nucleocapsid protein (N), phosphoprotein (P), matrix protein (M), glycoprotein 

(G) and large polymerase (L). The two archetypal rhabdoviruses, the rabies virus and the 

vesicular stomatitis virus (VSV) are extensively studied80.  

 

1.2.5.2 VSV replication cycle  

The replication cycle of VSV begins when the glycoprotein on the surface of virions attaches 

to the target cell membrane via the LDL receptor81. The virion then enters the cell by 

endocytosis via actin- and clathrin-dependent mechanisms82,83. Upon acidification of the 

endosome, the ribonucleocapsid (RNP) is released in the cytoplasm after fusion of the viral 

and endosomal membranes84. The RNA-dependent RNA polymerase (RdRp) then proceeds to 
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synthesize the genomic RNA and mRNAs in the cytoplasm85. Cellular ribosomes then translate 

the mRNAs to create the viral proteins that assemble to form virions upon budding of the 

particles from the plasma membrane85. 

 

1.2.5.3 Oncolytic rhabdoviruses 

The two most common rhabdoviruses studied and employed as virotherapies are VSV and 

MRB. Their cytoplasmic replication cycle makes for relatively safe OVs and the low or even 

absent pre-existing immunity associated to these platforms in human populations makes them 

ideal candidates for use as therapeutics. In mammalian cells, these viruses have a rapid 

replication cycle and will multiply to high titers, making them relatively easy to produce and 

also confer them natural biotherapeutic advantages. Their genome, although quite small, 

allows for genetic manipulations and addition of transgenes useful for tracking the virus or for 

enhancing its cancer-killing abilities79. In order to enhance their replication within cancer cells 

and enhance their safety profile, VSV and MRB have been engineered.  VSVD51: In the 

oncolytic VSV candidate (VSVD51), the methionine 51 in the M protein is deleted to enhance 

the safety profile of VSV wild-type (WT)86. This mutation renders the virus unable to block 

the IFN response in infected cells, thus allowing its clearance from normal cells with intact 

IFN responsiveness. IFN-deficient cancer cells are thus targeted selectively. The WT VSV 

virus has also been engineered to express IFNb to limit the infection of normal, non-malignant 

cells, thus enhancing its safety profile. The VSV-IFNb  clinical candidate was deemed safe in 

a clinical trial in patients with solid tumors (NCT02923466) and is now being tested alone 

(NCT03017820, NCT01628640) or in combination with an anti-PD1 checkpoint inhibitor 

(Pembrolizumab) (NCT03647163) in other cancers. MRB MG1: The oncolytic MRB virus 



 13 

candidate (MRB MG1) harbors M protein L123W and L protein Q242R mutations79. These 

mutations enhance the safety profile of the virus in normal cells and also enhance the lytic 

ability of the virus in cancer cells compared to MRB WT79. This virus is currently undergoing 

clinical evaluation in solid tumors in a prime-boost regimen consisting of two viral platforms 

expressing the tumor antigen MAGE-3, MG1MA3 with AdMA3 (NCT02285816) and in 

combination with Pembrolizumab in patients with non-small cell lung cancers 

(NCT02879760). 

 

1.2.6 Challenges to overcome 

Despite their mild side effects, OVs are generally considered less toxic than other standard-of-

care cancer treatments87. They are also generally considered a more affordable and sustainable 

class of immunotherapy, compared to adoptive cell therapy or CAR-T cell therapy. However, 

despite preclinical and clinical success, challenges associated with OV therapy include viral 

delivery to tumor tissues following systemic administration, virus neutralization by the host’s 

pre-existing immunity against the OV platform, viral spread within the tumor and sufficient 

transgene expression within the tumor bed88–91. Indeed, the self-amplifying nature of OVs 

makes them optimal therapeutic vectors for transgene expression. However, efficient and 

proficient viral replication is needed in tumor cells in order for this strategy to be effective. 

Thus, in addition to these above-mentioned challenges in need of careful attention, the intrinsic 

properties of some tumor cells that impede viral replication need to be scrutinized. While most 

cancer cells display deregulated antiviral immunity60, some cancer cells retain systems 

responsible for the detection of virus infections. The efficacy of OV therapy will thus depend 

upon the extent of antiviral program loss within cancer cells. It is now well established that 
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cancer cells generally display impaired IFN responsiveness and OV therapy takes advantage 

of this property to selectively infect these malignant cells. However, due to the heterogeneous 

nature of most tumors and their ease of adaptability to treatment, not all cells will be 

susceptible to viral infection. Some tumors may harbor cells with residual antiviral immunity. 

It is also known that cancer cells are not equally susceptible to VSVD51 infection, and this can 

be attributed to the fact that not all tumors bear IFN defects86,92–94. Novel strategies to 

overcome or bypass these residual antiviral mechanisms to enhance OV-derived transgene 

expression within the tumor bed are therefore needed. 

 

1.3 Overcoming resistance to oncolytic virotherapy using high-throughput bioselection 

screens 

In order to identify mechanisms involved in OV resistance, bioselection screens can be put to 

use. These screens apply various pressures to OV-infected cancer cells in the form of drugs or 

even genome editing and gene expression manipulation. They can shed light on previously 

unsuspected interactions between tumor cells and OVs. In order to build better OVs or to find 

better therapeutic targets, these interactions need to be understood. These screens thus provide 

insight on which molecules can be targeted within cancer cells in order to modulate cellular 

responses to OV therapy and thus enhance OV activity.  

 

1.3.1 Pharmaceutical screens 

Since the deregulated antiviral pathways in cancer cells can be affected at different junctions 

of important signaling pathways, pharmacoviral screens offer an approach to select for 

compounds that can be effective on multiple target proteins in the pathway. The first high-
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throughput oncolytic pharmacoviral screen interrogated the effects of a chemical library 

composed of ~12,000 drugs in OV-resistant 4T1 cancer cells and identified an array of viral 

sensitizer (VSe) compounds. The most promising, VSe1, was shown to synergize with 

VSVD51 to enhance OV replication by disrupting IFN signaling95. This screen also identified 

microtubule-destabilizing agents, such as colchicine, as potent enhancers of VSVD51 and 

MRB MG1 replication96. Similarly, a different high-throughput screen of 73 compounds was 

able to identify multiple drug candidates that enhance the Myxoma OV efficacy in stem-like 

glioma cells97.  

 

1.3.2 Genome editing screens 

First described as a bacterial antiviral defense mechanism, the CRISPR-Cas9 system is now 

widely used as a powerful genome editing tool. In addition to offering the possibility to 

selectively knock out genes from a given cell line or organism with impressive precision, this 

system can be used as a screening tool in a high-throughput fashion. CRISPR “dropout” or 

loss-of-function negative selection screens allow the identification of lethal phenotypes in cells 

by using a genome-wide targeting approach to find genetic vulnerabilities that can then be 

targeted for therapeutic purposes98. Such a screen was performed on acute myeloid leukemia 

cells and found novel therapeutic targets for this cancer, but also confirmed known targets 

using this method99. More recently, a similar screen was performed on acute lymphoblastic 

leukemia cells infected with a MRB MG1 virus, identifying several genes involved in OV 

resistance that enhanced OV efficacy once targeted100. 
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1.3.3 Genome-wide RNA interference screens 

RNA interference (RNAi) is an endogenous process used by a variety of eukaryotic organisms 

to regulate gene expression at the mRNA level by degrading transcripts or blocking their 

translation. Since its discovery by Fire and Melo in Caenorhabditis elegans in the late 

1990s101, RNAi has become not only important to understand several biological processes, but 

was also established as an essential biomolecular tool.  

 

Endogenous small RNAi effector molecules include miRNAs and small interfering RNAs 

(siRNAs). miRNAs are the most studied of all small regulatory RNAs. These non-coding RNA 

molecules are made up of a sequence containing two complementary ~22 nucleotide sequences 

which encourage the formation of a hairpin structure by folding in on itself once transcribed 

from the genome to form a primary miRNA. In the canonical miRNA processing pathway, the 

hairpin is then recognized by the nuclear DGCR8/Drosha complex which cleaves the RNA at 

the base of the hairpin, creating the precursor miRNA (pre-miRNA) which is then exported to 

the cytoplasm by the Exportin-5 protein for further processing102,103. The Dicer endonuclease 

then recognizes the pre-miRNA and cuts the loop of the hairpin, yielding the miRNA:miRNA 

duplex104. Although both strands of this duplex can act as a mature effector miRNA, only one 

is kept in this complex to act in downstream mRNA targeting, the other degraded105. Other 

proteins, namely Argonaute proteins, then come into play and interact with the Dicer-miRNA 

complex to form the RNA-induced silencing complex (RISC)106. In mammals, miRNAs use a 

short “seed sequence” of 6-8 nucleotides at their 5’ end to target the 3’ UTR region of mRNAs. 

This prevents mRNA translation, thus repressing protein expression107. However, the seed 

sequence is not sufficient to cleave the target mRNA. This partial target mRNA recognition 

also offers the advantage of multitargeting. Indeed, a single miRNA can target several mRNAs 
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and a single mRNA transcript can be targeted by multiple miRNAs. Like miRNAs, eukaryotic 

endogenous siRNAs are similarly processed by the cellular RNAi machinery. However, these 

usually come from longer RNA hairpins or from other double-stranded RNAs (dsRNA) and 

they exhibit perfect complementarity to their target, allowing cleavage and degradation of the 

mRNA transcript, so are thus more specific108,109. The concept of endogenous RNAi has now 

become a popular tool for exogenous genetic manipulation. To this end, miRNAs, siRNAs and 

short hairpin RNAs (shRNAs) are currently used in biomedical research to downregulate gene 

expression.  

 

These molecules have been utilized in several bioselection screens to enhance OV replication 

or cytotoxicity. In order to enhance adenovirus replication within PC cells, Rovira-Rigau and 

colleagues generated a library of adenoviruses encoding over 200 endogenous human 

miRNAs. This allowed for the identification of hsa-miR-99b and hsa-miR-485, two miRNAs 

with the ability to enhance oncolytic adenovirus-mediated PC cell death110. Varble and 

colleagues have also made use of an SV library encoding ~16,000 artificial miRNAs 

(amiRNAs) passaged in vivo to identify cellular factors involved in antiviral immunity111. 

Another screen made use of a library constituted of siRNAs targeting some 18,000 genes 

which uncovered a strategy to sensitize tumors to oncolytic rhabdovirus therapy by inhibiting 

the ER stress response112. Moreover, shRNAs screens have been useful, notably in identifying 

the SRSF2 splicing factor as a barrier to oHSV-1 cytotoxicity113.  
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1.4 Oncolytic virotherapy-enabled synthetic sensitization  

Since their discovery as oncolytic therapeutics, viruses have been combined with various other 

treatment options in the hopes of enhancing therapeutic gain, either by encoding transgenes in 

the viruses themselves, or by co-administering molecules. They have notably been tested in 

combination with cytokines, checkpoint inhibitors, bi-specific T-cell engagers (BiTEs), 

chemotherapeutics, small molecule inhibitors, siRNAs, shRNAs, miRNAs and lncRNAs114–

117. These studies have inspired the use of synthetic sensitization strategies to modulate OV 

efficacy. 

 

Synthetic lethality occurs when the simultaneous perturbation of two target genes results in 

cell death, whereas the sole targeting of one of the two leaves cells unharmed. With the rise of 

genomics and the ever-increasing availability of tools to study the genome, it has become 

easier to identify such interactions within cancer cells and to target these vulnerabilities. 

Synthetic lethal approaches are also useful in circumventing drug resistance in cancers, which 

are notoriously known for their high genetic and epigenetic adaptability that translates into 

quickly acquired resistance to treatment. However, since its debut over 20 years ago in the 

cancer research field118, synthetic lethality has made very little progress in the clinic. Today, 

the unique treatment making use of this strategy in the clinic is poly(ADP-ribose) polymerase 

(PARP) inhibition in BRCA-mutated cancers119. Due to their many benefits, OVs offer a 

promising platform to enable the use of synthetic lethality for cancer treatment. Ning and 

colleagues have described a synthetic-like interaction that sensitizes oHSV-infected cells to 

PARPi, whether they were PARP-resistant or -sensitive. In this treatment, oHSV naturally 

renders PARP-resistant cancer cells sensitive to PARPi by selectively targeting elements of 

the DNA damage response, culminating in enhanced cell death of glioblastoma tumors120. 
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Moreover, it will also be interesting to engineer OVs as expression vectors of molecules 

targeting the expression of one gene in combination with the administration of drugs targeting 

the expression of a second gene, thus enabling a synthetic sensitization phenomenon within 

tumors. Using an OV as a synthetic lethality tool would provide a substantial advantage over 

current regimens, since the expression of one of the payloads would depend on viral 

replication, which prominently occurs successfully in cancer cells.  

 

1.5 Extracellular vesicles 

Extracellular vesicles (EVs) comprise another novel up-and-coming promising cancer 

therapeutic. EVs are cell-derived membrane nanovesicles secreted by all cell types to facilitate 

intercellular communication via their cargoes, which can include small proteins, lipids, small 

DNA sequences and RNA sequences (e.g. mRNAs, miRNAs, lncRNAs)121–126. EVs are 

generally subdivided into three main categories according to their size; exosomes (50-150 nm), 

microvesicles (100 nm - 1 µm) and apoptotic bodies (100 nm - 5 µm)127, the most extensively 

studied being the smallest vesicles. Since these populations share markers and that bona fide 

markers for these subpopulations have yet to be identified123,128, the International Society for 

Extracellular Vesicles advises to use the umbrella term “extracellular vesicles”, unless the 

cellular origin of the vesicle can be confirmed129. Moreover, the term “small extracellular 

vesicle” (SEV) has been coined to refer to small particles (~100 nm) isolated together with a 

given technique, like differential ultracentrifugation. These can include exosomes and small 

microvesicles or apoptotic bodies. SEVs are found in all biological fluids and have been shown 

to play several roles in normal and pathological conditions130. They thus consist in interesting 

biological entities with biomarker and therapeutic potential.  
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1.5.1 Extracellular vesicles in intercellular communication networks 

In order to maintain a homeostatic state, cells make use of several information transmission 

networks in response to internal or external stimuli. These can include the production and 

response to cytokines and hormones. In humans, cell-cell communication is indispensable to 

the optimal functioning of multiple bodily processes. Since these signal transduction pathways 

are so important, research has shed light on many different pathways used by cells to 

communicate to other cells within a given organism. When they were first discovered, the 

secretion of EVs was viewed as a means of shedding unwanted cellular components. Now, 

EVs are being investigated as carriers of information with roles in intercellular communication 

in physiological and pathological processes131–133. We now know that EV composition is 

changed and their production is often upregulated as a result of cellular stress, and thus must 

have important biological functions134,135. This was hypothesized to work in similar ways as 

the upregulation of cytokine production to alert neighboring cells of an imminent threat. This 

type of communication, where one compromised cell can send out messages to neighboring 

cells, is referred to as the bystander effect. The bystander effect can work to protect 

surrounding cells, or can also be hijacked in the case of diseases to sabotage the host. EVs can 

cause bystander effects in multiples biological processes, including tumor formation, 

metastasis and viral infections136,137. 

 

1.5.1.1 Extracellular vesicles in cancer 

Accumulating evidence indicate an important role of EVs in tumor establishment, progression 

and metastasis. They have been shown to do so by promoting the expansion of cancer cells, 

remodeling cancer metabolism, upregulating angiogenesis, modulating immune responses 
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within the TME, inducing epithelial to mesenchymal transition (EMT) and promoting 

metastasis136. For example, the oncogenic EGFRvIII protein can be horizontally transferred 

between cells. This promotes activation of oncogenic EGFR pathways that lead to cell 

transformation and enhanced growth138,139. In addition, cancer cells can secrete EVs containing 

several EMT-inducing molecules, like TGF-b, HIF-1a and several miRNAs140. These EVs 

can thus prime neighboring cells for invasion and metastasis. Similarly, cancer cells have also 

been shown to secrete EVs harboring specific integrins (ITGs) in their membrane that allow 

for organ-specific priming of the pre-metastatic tumor niche. For example, PC-derived EVs 

can display ITGαvβ5 with selective tropism to liver Kupffer cells. This effect is abrogated 

when the cancer cells of the primary tumor do not express the  ITGαvβ5 protein141,142. Novel 

strategies to circumvent the effects of such EVs are currently being investigated. 

 

1.5.1.2 Extracellular vesicles in viral infections 

EVs are known to share a few characteristics with some viruses. Indeed, their physical 

characteristics, biochemical composition and even their uptake and secretion mechanisms can 

be very similar143. They do differ, however, in their function. Viruses are pathogens that can 

cause infection by hijacking the cellular machinery to replicate and generate progeny virions 

with the ability to propagate within an organism or spread to other organisms. EVs, however, 

do not have the ability to replicate within cells and they are not infectious per se. These two 

distinct types of nano-entities can nonetheless collaborate in biological processes. Indeed, 

viruses have the ability to hijack cellular EV production mechanisms for their own gain. EVs 

have been shown to usurp cellular pathways to transfer molecules between cells to perpetuate 

viral spread. A prime example is the use of EVs by the HIV virus that can transfer several 
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factors to neighboring cells that have the ability to render uninfected neighboring cells more 

sensitive to an incoming viral infection, like cellular CCR5 and CXCR4 receptors, its gp120 

envelope protein as well as its Nef non-structural protein144. On the flip side, EV-mediated 

bystander effects can be used by the host to subvert viral infections. For example, HIV-infected 

cells can package APOBEC3G, a cellular antiviral protein, into EVs. The uptake in 

neighboring cells of these EVs can thus alert them of an incoming viral infection and prepare 

them to restrict HIV replication145. Thus, EVs can be reprogrammed upon viral infection of 

the cell to either interrupt or promote viral infection depending on the situation. 

 

1.5.2 Therapeutics 

EVs have gained much attention from the scientific community in the past decade due to their 

ability to serve as disease-related biomarkers and to their thrilling therapeutic potential. Recent 

preclinical and clinical studies have shown that small EVs produced from fibroblasts, 

mesenchymal stem cells (MSCs) or patient-derived cells can be used as drug-, gene- or RNAi-

delivering devices for the treatment of cancer and other diseases126,146. To this end, first-

generation therapeutic EVs were produced ex vivo from patient-derived dendritic cells and 

loaded with their cargo by electroporation, chemical-based transfection of EVs or simply by 

incubating EVs with the therapeutic cargo147.  Now, cell lines are manipulated in vitro to 

secrete EVs that contain therapeutic cargoes and display specific surface proteins148,149. A 

plethora of pre-clinical studies demonstrating therapeutic benefits of therapeutic EVs for 

several diseases have led to the launch of a few clinical trials to test their safety and efficacy 

including three making use of SEVs to treat cancer150. These include a trial using dendritic 

cell-derived SEVs containing TAAs to treat non-small cell lung cancer (NCT01159288) and 
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plant-derived SEVs containing curcumin for colon cancer treatment (NCT01294072).  In 

addition, for the treatment of PC, the delivery of an siRNA targeting oncogenic KrasG12D via 

MSC-derived SEVs was investigated and displayed promising pre-clinical results in several 

models of PC151 and this therapy will shortly be tested in a phase I clinical trial 

(NCT03608631).  
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2. HYPOTHESIS AND OBJECTIVES 
 

2.1 Hypothesis 

We hypothesized that the use of OV-encoded amiRNAs could help target the residual cellular 

antiviral components associated with resistance to OV therapy in pancreatic cancers. We also 

hypothesized that these amiRNAs, once transcribed in cells, could be packaged by infected 

cell-secreted EVs and could sensitize naïve neighboring tumor cells to OV therapy and small 

molecule inhibitors. 

 

2.2 Objectives 

1) Find novel amiRNA sequences that enhance oncolytic viral replication and cytotoxicity in 

pancreatic cancer cells.  

2) Encode these amiRNAs in our oncolytic virus platform of choice, VSVD51, and validate 

the efficacy of this strategy in cancer cells and tumors highly resistant to oncolytic virotherapy. 

3) Describe the effects of amiRNA-targeting of a novel antiviral factor. 

4) Evaluate the combinatorial effects of our amiR-encoding oncolytic virus with a small 

molecule inhibitor 

5) Explore the bystander killing effect generated by amiRNA-containing extracellular vesicles 

derived from infected cancer cells. 
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3. MATERIAL AND METHODS  
 

3.1 Cells and cell culture 

MIA PaCa-2, 786-0, Vero, BxPC-3, PANC1, HPAF-II, HPAC, 4T1 and B16-F10 cells were 

purchased from the American Type Culture Collection (ATCC, Manassas, VA). Normal 

human GM00038 skin fibroblasts (abbreviated herein as GM38), human fetal pancreatic 

fibroblasts (PCa-CAF) and T-Rex™-293 cells were obtained from the Coriell Cell 

Repositories (Camden, NJ), Vitro Biopharma (Golden, CO) and Invitrogen, respectively. The 

murine pancreatic adenocarcinoma cell line Panc02 of C57BL/6 origin was developed by 

Corbett et al152. Mel888 cells were a gift from Dr. Melcher at the Institute of Cancer Research, 

London, UK. 786-0 and PANC1 CRISPR-Cas9 mediated ARID1A knockout and 4T1 Rab27a 

knockout cell lines were generated using the lentiCRISPRv2 protocol. The P025 cell line was 

derived from a pancreatic cancer patient-derived xenograft as previously described43. The 

murine TH04 PC cell line was derived from spontaneous pancreatic tumors of KrasG12D and 

Trp53R172H C57BL/6 mice and were a gift from Dr. Juliana Candido at the Barts Cancer 

Institute, Queen Mary University of London, UK. MIA PaCa-2, 786-0, Vero, BxPC-3, 

PANC1, Panc02, HPAF-II, 4T1, B16-F10, PCa-CAF, TH04 and Mel888 cells were cultured 

in Dulbecco’s minimal essential medium (DMEM; Corning) containing 10% fetal bovine 

serum (FBS; Hyclone). 786-0 ARID1A-/-, PANC1 ARID1A-/-, 4T1 Rab27a-/- were cultured in 

DMEM containing 10% FBS and puromycin (3.5 µg/ml for 786-0 ARID1A-/-, 4 µg/ml for 

PANC1 ARID1A-/-, 1 µg/ml for 4T1 Rab27a-/-; Cayman Chemical). GM38 fibroblasts were 

cultured in DMEM containing 2% FBS. T-Rex™-293 cells were cultured in DMEM 

containing 10% FBS, zeocin (300 µg/ml; Gibco) and blasticidin (5 µg/ml; Invivogen). HPAC 

cells were grown in RPMI-1640 medium (Corning), 10% FBS, 15 mM HEPES, 0.5 mM 
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sodium pyruvate, 2 µg/mL insulin, 5 µg/mL transferrin, 40 mg/mL hydrocortisone, 10 mg/mL 

human epidermal growth factor (hEGF).  P025 cells were grown in RPMI-1640 medium, 10% 

FBS, 15 mM HEPES, 0.5 mM sodium pyruvate, 2 µg/mL insulin, 5 µg/mL transferrin, 

40 mg/mL hydrocortisone, 10 mg/mL hEGF, 100 µg/mL Gentamicin, 0.1 mg/mL Normocin™ 

(InvivoGen) and 1 x Antibiotic-Antimycotic (Gibco). All cell lines were cultured under 5% 

CO2 at 37 ºC and were routinely tested for mycoplasma contamination using Hoechst stain 

(Invitrogen) and the e-Myco VALiD Myco PCR detection kit (FroggaBio). All cell lines have 

tested negative for mycoplasma contamination.  

 

3.2 Generation of CRISPR knockout cell lines 

The lentiCRISPRv2 plasmid was digested with FastDigest BbsI (NEB) and gel purified using 

the QIAquick Gel Extraction kit (Qiagen). Forward and reverse gRNA oligonucleotides for 

ARID1A or Rab27a were phosphorylated and annealed according to the Zhang 

lab lentiCRSPRv2 and lentiGuide oligo cloning protocol (Addgene). LentiCRISPR v2 was a 

gift from Feng Zhang (Addgene plasmid # 52961; http://n2t.net/addgene:52961; 

RRID:Addgene_52961)153. Annealed oligonucleotides were diluted 1:200 and ligated into 

BbsI digested lentiCRISPRv2 at room temperature with Quick Ligase (NEB) and then 

transformed in Stbl3 cells (Invitrogen). DNA was extracted using the Qiagen MiniPrep kit 

(Qiagen) and verified by Sanger sequencing. gRNA targets were chosen from the GeCKO 

Lentiviral sgRNA v2 libraries; hARID1A: 5’-GATGCATGATGCTGTCCGAC-3’, 

mRab27a: 5’-GTTTCCTCAATGTCCGAAAC-3’. Lentivirus encoding the individual gRNAs 

was produced as previously described using 3rd generation packaging plasmids154. Cells 

seeded in 6-well plates were transduced with 1 mL of lentivirus and 24 hours post transduction, 
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were placed in selective media containing puromycin (4 µg/mL for PANC1 ARID1A-/-, 3.5 

µg/mL for 786-0 ARID1A-/- and 1 µg/mL for 4T1 Rab27a-/-). Once selection was complete, 

limiting dilution plating was performed in order to obtain single cell colonies. Clonal cell lines 

were expanded such that lysates and DNA could be harvested to assess target gene knockout. 

Targeted knockout was confirmed using immunoblotting analysis, T7 endonuclease assay and 

Sanger sequencing. T7 endonuclease assay to confirm gRNA cleavage was performed using 

DNA from clonally derived cell lines was extracted using the DNeasy Blood & Tissue kit 

(Qiagen). Genomic DNA was used as the template to amplify the targeted locus of interest 

using Q5 Hot Start High-Fidelity 2x Master Mix (NEB) following the manufacturer’s protocol 

and using these primer pairs: hARID1A-F 5’- TGTGTGTGATACTGGGAGGT-3’; 

hARID1A-R 5’- CACAATTTGCTGCTGGGTCT-3’; mRab27a-F 5’-CTTAGCTCCTCCTT 

TTGTGC-3’; mRab27a-R 5’- TTCCTGAGAGGATGAGGAAG-3’. PCR products were 

purified using the PureLink PCR Purification kit (Thermo Fisher). 200 ng of purified DNA 

was mixed with 10x NEBuffer 2 and dH2O to a final volume of 19 µl. Samples were heated to 

95 °C for 5 minutes, followed by slow ramp-down to room temperature to enable heteroduplex 

formation. 1ul of T7 endonuclease I (NEB) was added to each sample and incubated at 37 °C 

for 15 minutes. Following digestion, samples were resolved on a 2% agarose gel to assess for 

the presence of indels. Clonally derived PANC1, 786-0 and 4T1 cell lines with a positive T7 

result were sent for Sanger sequencing to confirm T7 results and determine indel size and 

location. All sequencing was completed at the StemCore Laboratories (Ottawa, ON) using the 

primers listed here: hARID1A-F 5’-GCCTCTTCATGAGCCATTTC-3’; hARID1A-R           

5’-AATTTGCTGCAGGGATTGTC-3’; mRab27a-F 5’-CTCTTCCACCATACTTGGAG-3’; 

mRab27a-R 5’- TAGTAGCCTCGACACTGAGC -3’. 
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3.3 Viruses 

The oncolytic VSV∆5186, Maraba79, oHSV-1155 and VV TK- VGF-156 virus backbones and 

propagation protocols have previously been described. To construct and rescue the replication 

competent amiRNA-expressing VSVΔ51 viruses, plasmids containing the amiR-1-5 

sequences or the non-targeting control (NTC; sequence targeting the GFP mRNA)  (Table 3.1) 

encoded in pre-miR-30-based short hairpin cassette (Figure 3.1) flanked with XhoI and NheI 

restriction sites were purchased from GenScript. Both amiR-encoding plasmids and VSVΔ51-

GFP encoding plasmids were digested using XhoI and NheI (NEB) and amiRNA inserts were 

ligated individually into the VSVΔ51 empty vector at the gene junction between G and L 

proteins as previously described63. Single cycle MRBΔG viruses (replication-defective) were 

generated using a similar strategy by PCR amplifying the corresponding pre-amiR sequences 

from GenScript plasmids or the NTC (sequence targeting the firefly luciferase mRNA) using 

specific primers containing the BsrD1 and KpnI restriction enzyme sites (Forward:                                                              

5’-GCAATGACGAGTTTGTTTGAATGAGGCTTC-3’; Reverse: 5’-GGTACCAAAGTGA 

TTTAATTTATACCATTTTA-3’). A plasmid containing the Maraba virus genome where the 

glycoprotein (G) gene was replaced by the GFP sequence was then used to insert the desired 

pre-miR cassette. Briefly, the pBR-MRBDG vector was digested with BsrD1 and KpnI to 

remove the GFP gene, and then the digested vector and PCR-amplified pre-miR cassettes were 

ligated. The resulting plasmid contains the MRBDG genome and the amiR sequences, which 

were inserted between the M and L genes. All constructs were verified by sequencing 

(StemCore Laboratories, Ottawa, ON). All viruses were rescued using an infection-

transfection method as previously described63. In the case of single cycle viruses, MRBΔG, 

viruses were rescued and titrated in T-Rex™-293 cells expressing the MRB G protein. T-
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Rex™-293 cells containing a plasmid with doxycycline-inducible MRB G protein expression 

were used to produce the MRB∆G viruses. G protein expression was first induced with            

800 µM doxycycline (DOX) and cells were immediately infected at MOI 0.05 in serum-free 

DMEM. After 2 hours, the inoculum was removed and fresh DMEM with 10% FBS was 

added. After 48 hours, media was harvested and large cellular debris was removed using a 

1500 rpm spin for 15 minutes at 4 °C. The media was further cleared by filtering on a 0.22 µm 

SteritopTM filter unit (Millipore). Virus was pelleted at 12,000 rpm for 2 hours (Beckman 

Coulter Avanti J-E centrifuge). 

 

3.4 Sindbis virus amiRNA library passaging 

A replicating Sindbis virus amiRNA library (SV-amiRNA library) encoding approximately 

16,000 unique amiRNA sequences was used in our studies. The targeting amiRNA sequences 

in our library were designed using the Hannon and Elledge algorithm 

(http://www.ncbi.nlm.nih.gov/projects/genome/probe/doc/DistrOpenBiosystems.shtml). 

Essentially, a pre-miR-30 cassette is used to house the shRNA and approximately 16,000 

unique amiRNAs were originally cloned into a SV expression vector as previously 

described111. To serially passage the library in malignant and healthy cells, we first infected 

PANC1, MIA PaCa-2, Panc02, PCa-CAF and GM38 normal fibroblasts with the original 

pooled SV-amiRNA library at a MOI of 0.1. 24 hpi, virus outputs were collected and saved 

for subsequent infection cycles. A fraction of the sample was saved separately and tittered by 

plaque assay in Vero cells. Four consecutive serial passages of the SV-library were conducted 

using five parallel biological replicates (a schematic representation of our screening pipeline 

can be found in Figure 3.2). 
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3.5 Small RNA sequencing of the passaged SV-amiRNA library 

Small RNA sequencing from both the unpassaged (input) and passaged library samples was 

performed from total RNA collected using an RNeasy Kit (Qiagen), as previously described111. 

Input samples were collected 18 hpi and passaged samples were collected 18 hours following 

fourth passage. Briefly, to monitor SV-amiRNA populations (diversity) upon passaging in 

selected healthy and malignant cells, total RNA was converted to cDNA using a 

SuperScript III reverse transcriptase (Invitrogen) and random hexamers. Specific primers for 

the pre-miR-30 cassette (Table 3.1) with added Illumina-specific overhang adapter sequences 

compatible with high-throughput (HT) sequencing were used to amplify the amiRNA hairpin 

region. Deep sequencing analysis was performed using a MiSeq instrument (Illumina; 

SeqMatic LLC, CA). Using custom shell and Python scripts, the data was stripped of adapters 

and barcodes and matched against the full list of 16,000 amiRNAs in the original library, 

generating observed counts for each amiRNA in each replicate. To control for sequencing 

errors or variations, the sequences were aligned and grouped in “families of sequences”. 

Enrichment of specific amiRNA hairpins was calculated by comparing the frequency of each 

amiRNA in the input original library and in the passaged samples.  

 

3.6 RNA sequencing of PANC1 ARID1A wild-type and knockout clones 

PANC1 cells (5E5) were seeded into 6-well plates. 18 hours later, cells were infected with 

VSVD51 at MOI 3 or mock-infected with serum-free media. 1 hour after infection, media was 

aspirated and replaced with fresh media containing 10% FBS. 18 hpi, RNA was harvested in 

Trizol (Thermo Fisher). RNA was extracted using the manufacturer’s protocol and quantified. 

PANC1 wild-type or ARID1A knockout total RNA was sequenced by The Centre for Applied 
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Table 3.1 Artificial microRNA sequences 
 

 
 
 
  

  

Artifical 
microRNA Sense sequence (5’-3’) Antisense sequence (5’-3’) 

amiR-1 TTGTCTTACTCTTCAATAACAT ATGTTATTGAAGAGTAAGACAA 
amiR-2 ATAGTGATAACTCACTAGTACC GGTACTAGTGAGTTATCACTAT 
amiR-3 TTTAGTGATAACTCATAGTACA TGTACTATGAGTTATCACTAAA 
amiR-4 ACCGTCATGTCTGTTACGTTAA TTAACGTAACAGACATGACGGT 
amiR-5 TGCAGAGAGTGTTATATTGCAT ATGCAATATAACACTCTCTGCA 
amiR-NTC (GFP) ACAAGCTGACCCTGAAGTTCAT ATGAACTTCAGGGTCAGCTTGC 
amiR-NTC (Fluc) GTTGGCCACCGAAGCAGCGCAC GTGCGCTGCTTCGGTGGCCAAC 
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Genomics (TCAG) at The Hospital for Sick Children (Toronto, Canada) using the 

Illumina HiSeq2500 platform to generate single-end 100 bp reads. Adapters were trimmed 

using Trimmomatic157 and adapter-free reads were mapped to the human genome (hg19) using 

TopHat2158. Transcript abundance and differential expression analysis were performed using 

cufflinks and cuffdiff159 as part of a previously described pipeline160. Genes with an FDR value 

smaller than 0.05 and with a fold change greater or smaller than 4 were considered for pathway 

analysis using gProfiler161. Heat maps were generated using Package 'pheatmap' - R Project 

version 1.0.8. 

 

3.7 Bioinformatics predication of amiR-4 targets 

Bioinformatic prediction of amiR-4 targets carried out by TargetS based on Total Delta Energy 

of Duplex or by BLAST complementarity revealed nine potential amiR-4 targets. ARID1A, 

PLEC, HDAC4 and MCM2 were selected for further validation based on their high targeting 

prediction values. From the initial nine targets predicted, three were significantly 

downregulated by amiR-4 (ARID1A, PLEC and HDAC4). Although MCM2 was a predicted 

target, its downregulation was not observed in our in vitro systems and was thus used as a 

negative control. The remaining five targets were not significantly downregulated by amiR-4 

in our in vitro systems. 

 

3.8 Quantitative real time PCR 

Quantitative RT-PCR (RT-qPCR) was performed on non-pooled replicate samples. RNA 

extractions were performed using TRIzol™ reagent as per manufacturer protocol (Invitrogen). 

Cellular RNA was converted to cDNA by Superscript RT II (Invitrogen) or iScript™ cDNA 
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synthesis kit (Bio-Rad) and EV miRNA was converted to cDNA using the miRNA cDNA 

synthesis kit (Quanta Bioscience). RT-qPCR was carried out using SYBR Green (Invitrogen) 

according to the manufacturer instructions. Analysis was performed on a Rotor-Gene RG-

3000A machine (Corbett Research) or a 7500 Fast Real-Time PCR System (Applied 

Biosystems) according to the manufacturers recommended protocols. Primer pairs specific for 

various gene products or miRNA sequences used are provided in Table 3.2. qRT-PCR 

measurements were normalized to the human Rplp0 gene or Let7f-1 miRNA using the 2–∆∆Ct 

method162. Copy number per reaction in Appendix 1 was calculated using the diluted sample 

in a three-point standard curve. 

 

3.9 Immunoblotting analysis 

Cells or SEVs were harvested and lysed in NP-40 buffer (1% NP-40, 150 mM NaCl, 2 mM 

EDTA, 50 mM Tris, pH 7.4) containing CompleteTM EDTA-free protease inhibitors (Roche). 

Cell lysates were clarified by centrifugation at 12,000 x g for 20 minutes at 4 °C. Proteins were 

separated on Nupage® 4–12% Bis-Tris Protein Gels (Invitrogen) and transferred on 

polyvinylidene fluoride (PVDF) membranes (Immobilon-P Millipore, Bedford, MA) for two 

hours or overnight at 4 °C. Blocked membranes were incubated overnight at 4 °C with the 

following diluted antibodies: ALIX (1:2000; sc-53538), CD9 (1:1000; ab92726), TSG101 

(1:1000; ab125011), Calreticulin (1:1000; BioVision #3076), ARID1A (1:500; Cell signaling 

technology #12354), HDAC4 (1:500; ab12172), PLEC (Plectin-1) (1:500; Cell signaling 

technology #2863), MCM2 (1:2000; ab4461), GAPDH (1:1000; ab37168 or 1:1000; Cell 

signaling  technology  #2118),  b-tubulin  (1:1000;  Cell  signaling  technology  #2146),  VSV  
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Table 3.2 Primers used in RT-qPCR assays 
 

 
 
 

  

Gene or 
miRNA Forward primer (5’-3’) Reverse primer (5’-3’) 

ARID1A GAAGTGACTCCACATTCCAG ACTCCCTGGAGCTTTCC 
PLEC CTGCACTTCCAGATCTCAG CTGGAGGTGAAGTTGTCG 
HDAC4 GACCTGACCGCCATTTGC GGGAGAGGATCAAGCTCGTTT 
MCM2 ATCAGAACTACCAGCGTATC TCAGCTCTATCTCGTCTCC 
ICAM-I GGCTGACGTGTGCAGTAATA CCTCTGGCTTCGTCAGAATC 
CXC3L1 TGTAGCTTTGCTCATCCACTATC CCTTGACCCATTGCTCCTT 
IFITM1 ATCAACATCCACAGCGAGAC GGAGTAGGCGAATGCTATGAAG 
IFITM2 CCTGTTCAACACCCTCTTCAT AACCATCTTCCTGTCCCTAGA 
PARP9 GTACCTTGGGAGAAAGGAACAT CGGGCTCCTTCAATCTCTAAC 
CCL2 CTCAGCCAGATGCAATCAATG TGCTGCTGGTGATTCTTCTAT 
CLDN1 AAGTGCTTGGAAGACGATGAG TACCATGCTGTGGCAACTAAA 
Rplp0 TTAAACCCTGCGTGGCAATCC CCACATTCCCCCGGATATGA 

hsa-let-7f-1 5p TGAGGTAGTAGATTGTATAGTT 
PerfeCTa® Universal PCR Primer 
(QuantaBio qScript® MicroRNA cDNA 
Synthesis kit) 
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(1:1000)62 and Rab27a (1:500; ab55667). After three washes with Tris-Buffered-Saline-Tween 

(TBS-T), the  membranes  were  incubated  with  goat  anti-rabbit  (111-005-003) or goat anti- 

mouse (115-005-146) horseradish peroxidase-conjugated IgG (Jackson ImmunoResearch) for 

1 hour. All secondary antibodies were diluted 1:5000 in 5% (w/v) skim milk/TBS-T or bovine 

serum albumin (BSA) according to the manufacturer’s recommendations. Membranes were 

washed three times with TBS-T and immunoreactive proteins were detected using Amersham 

ECL Western Blotting Detection Reagent (GE Healthcare) or Clarity ECL (Bio-Rad 

Laboratories) followed by exposure to X-ray film (Fuji Photo Film Co, LTD). Protein level 

quantification was assessed by densitometry analysis using ImageJ software and was 

normalized to respective loading control expression level. 

 

3.10 Cell viability assay 

Cell viability was assessed using the alamarBlue® Assay with the REDOX indicator resazurin 

according to the manufacturer’s protocol. Briefly, media was removed, cells were washed once 

with 1X Dulbecco’s Phosphate-Buffered Saline (PBS; Corning) and fresh media was added to 

cells. Resazurin (2.5 mM) was added in a 1:10 dilution. Cells were incubated with resazurin 

at 37 °C for approximately 45 minutes to 3 hours depending on the cell line. Fluorescence was 

measured (excitation 530 nm, emission 590 nm) on the Fluoroskan Ascent FL plate reader 

(Thermo Fischer Scientific).  

 

3.11 Crystal violet cytotoxicity assay 

Cytotoxicity was assessed using a crystal violet assay as previously described163. At the end 

of a given experiment, media was removed, cells were washed once with 1X PBS and a 
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solution of 0.5% crystal violet was added to the cells. Plates were incubated at room 

temperature on a shaker for 30 minutes, then crystal violet solution was washed three times 

with water and plates were left to air dry overnight. Once dry, plates were scanned to obtain 

pictures and were then subjected to crystal violet lift with 500 µl of methanol per well for a 

24-well plate or with 250 µl of methanol per well for a 48-well plate. Plates were incubated at 

room temperature on a shaker for one hour to allow lifting of the crystal violet, then the OD570 

was read using the Multiskan Ascent plate reader (Thermo Fischer Scientific).  

 

3.12 Pancreatic cancer patient-derived xenograft samples 

Patient samples were obtained by endoscopic ultrasound-guided fine-needle aspiration 

biopsies (EUS-FNA) following protocol 20120112-01H approved by the research ethics board 

of the Ottawa Hospital Research Institute. All samples were obtained following informed 

patient consent. Samples implanted subcutaneously in NOD-SCID mice (Charles River 

Laboratories, Wilmington, MA) were harvested once the tumor reached endpoint and 

subsequently used for histologic analysis, cored for further experimental analyses or used to 

establish primary cell lines. Tumor cores (2mm x 2mm) were infected with 1E5 plaque 

forming units (PFUs) of VSVΔ51-amiR-NTC or VSV∆51-amiR-4 for 48 hours and 100 µl of 

the homogenized core samples were titered. 

 

3.13 Tissue processing and immunohistochemistry 

Tumors were formalin-fixed, paraffin-embedded and sectioned before being subjected to IHC 

staining. After deparaffinization and rehydration of tumor block sections, antigen retrieval was 

performed in boiling sodium citrate buffer (pH 6.0). Tissue specimens were blocked with Dako 



 37 

Protein Block Serum Free RTU (Dako Cat# X0909) for 10 min at room temperature. Tumor 

sections were stained against ARID1A (1:300, ab176395) in Dako Antibody Diluent with 

Background reducing components (Dako Cat# S3022) overnight at 4ºC. After washing twice 

with PBS, slides were incubated with Secondary OneStep Polymer HRP anti-rabbit (Ready-

to-Use) (GTX83399) for 30 minutes at room temperature. After washing twice with PBS, 

signal was visualized by incubating with ImmPact DAB Peroxidase Substrate (Vector Labs 

SK 2043) for 2 minutes at room temperature. Samples were counterstained with hematoxylin. 

 

3.14 Rhabdovirus plaque assay 

Samples containing rhabdoviruses were serially diluted and titered on Vero cells as previously 

described63. Briefly, a confluent monolayer of Vero cells was infected with serial dilutions of 

virus-containing samples for 1 hour. Cells were then washed and overlaid with warm 0.5% 

(w/v) agarose or 3% Carboxymethyl cellulose (CMC) in culture medium and incubated for 24 

to 48 hours. MRBDG viruses were titered using the same protocol on T-Rex™-293 cells in 

collagen-coated plates. G protein expression was induced by 800 µM DOX. Viral plaques were 

visualized by staining with 0.05% (w/v) crystal violet in 17% (v/v) methanol. Results are 

expressed as PFUs per mL or per mg of tissue.  

 

3.15 Synthetic lethality 

Cells were seeded into 24-well plates in DMEM 10% FBS. Once confluent, the cells were 

infected with VSV∆51-amiR-NTC or VSV∆51-amiR-4 by removing media, adding virus in 

serum-free media for 1 hour, removing inoculum and adding supplemented media. Following 

18 hour incubation 15 µM GSK126 (Active Biochem) prepared in DMSO or equivalent 
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volume of DMSO was added to the wells. Supernatant was collected for plaque assays, an 

alamarBlue® Assay was performed and cells were stained with crystal violet at the end of the 

experiment. A crystal violet cytotoxicity assay was then performed. See Appendix 4 for 

experimental timeline for different cell lines. For SEV transfer experiments, isolated SEVs 

derived from mock-infected cells or from MRBDG-amiR-NTC- and MRBDG-amiR-4-

infected cells were transferred to a confluent monolayer of cells in 48-well plates. Treatment 

plans including SEV amount transferred can be found in Appendix 8. 

 

3.16 Measurement of infection and cell death by flow cytometry 

HPAF-II, 786-0 and 4T1 cells were infected with VSVD51-amiR-4 and treated with or without 

the GSK126 small molecule inhibitor (15 µM) following the treatment plan outlined in 

Appendix 5 before staining with polyclonal rabbit anti-VSV primary antibody (1:15000)62 

followed by anti-rabbit Alexa Fluor 647 secondary antibody (1:15000; Jackson 

ImmunoResearch). Stained cells were analyzed on the BD LSR Fortessa (Becton Dickinson 

[BD], Franklin Lakes, NJ) and data was analyzed using FlowJo v10 (FlowJo, LLC, Ashland, 

OR). FSC/SSC was used to identify cells and FSC-A/H was used to determine single cells. 

Gates for infected cells were set using an uninfected stained sample. 

 

3.17 Extracellular vesicle isolation 

EVs were collected using differential centrifugation of conditioned media. Cells were infected 

at MOI 5 with MRBΔG viruses in serum-free media. After 2 hours, media was changed for 

DMEM with exosome-depleted serum (Thermo Fisher Scientific) and the cells were incubated 

for 24 hours at 37 °C. Samples were first subjected to 2,000 x g (15 minutes) and 12,000 x g 
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(35 minutes) centrifugation steps (Thermo Scientific Sorvall ST 40R Centrifuge and Beckman 

Coulter Avanti J-E, respectively) to eliminate cells, cellular debris and large EVs. Small EVs 

were pelleted using ultracentrifugation (Beckman Coulter Optima L-100 XP Ultracentrifuge 

or Thermo Scientific Sorvall wX+ Ultra Series Centrifuge) at 120,000 x g for three hours and 

collected in 1X PBS. A schematics of the experimental layout can be found in Figure 4.15. 

 

3.18 Nanoparticle tracking analysis 

To determine size distribution and concentration of EV preparations, nanoparticle tracking 

analysis (NTA) was carried out using the ZetaView® (Particle Metrix). The instrument was 

calibrated with 102 nm beads (1:250 000 dilution). 11 camera positions were used with a frame 

rate of 30 at room temperature. EVs suspended in 1X PBS were diluted from 100 to 1000 fold. 

To ensure consistency in concentration readouts, measurements were performed using 

identical settings using the ZetaView 8.03.08 [0106] software. All particles were taken into 

account for the concentration count. 

 

3.19 Cryo-electron microscopy 

Electron microscopy (EM) grids were prepared with 3µl of purified EV preparation onto 200 

mesh grids with 2 µm holes (Quantifoil R2/2, Quantifoil Micro Tools, GmbH, Germany). 

Grids were glow discharged for 30 seconds prior to applying the sample (Cressington, UK). 

Grids were plunge-frozen in liquid ethane cooled by liquid nitrogen using a FEI Vitrobot IV 

(FEI, The Netherlands) at 90% relative humidity, and a chamber temperature of 4 °C. 

Micrographs were imaged using the FEI Titan Krios EM (Astbury Biostructure Laboratory, 

University of Leeds) at 300 kV, using a total electron dose of 60 e-/Å2 and a magnification of 
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75,000x. Micrographs were acquired using an energy filtered K2 Summit direct electron 

detector (Gatan, USA), with a final object sampling of 1.07 Å/pixel.  

 

3.20 Immunofluorescence microscopy 

SEVs derived from 786-0 cells infected with MRB∆G-amiR-4 were stained with CFSE 

(Invitrogen) at a final concentration of 15 µM for 10 minutes at 37 °C. Excess dye was removed 

from SEVs using the Exosome Spin Columns (MW 3000; Invitrogen). SEVs were then 

transferred onto naïve 786-0 cells grown on coverslips in a 6-well plate and incubated for 2 

hours at 37 °C at a final concentration of 2.5E8 particles/mL of media. Cells were then washed 

3 times with 1X PBS, fixed using 1% PFA for 5 minutes, washed 3 times with 1X  PBS, stained 

using Hoechst 33342 nucleic acid stain (Invitrogen) for 10 minutes and washed 3 times with 

1X PBS. Coverslips were then mounted on slides using Vectashield H-1000 (Vector 

Laboratories). Samples were imaged on the Axio imager.M1 microscope (Zeiss) with the 

AxioCam HRm camera (Zeiss).  

 

3.21 RNA protection assay 

To evaluate the presence of non-encapsulated RNA in the EV preparations, EVs were 

subjected to RNase treatment. EV preparations were treated with 1 unit of RNase A for 30 

minutes at 37 °C. EV-encapsulated RNA was then extracted using TRIzol™ reagent 

(Invitrogen) and subjected to RT-qPCR. A sample containing extracted RNA from 786-0 cells 

was used as control following the same treatment and was resolved on a 1.2% agarose gel 

alongside an untreated sample to show RNase A activity. 
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3.22 Transwell assay 

4T1 wild-type or Rab27a knockout cells were seeded in the upper compartment of a transwell 

cell culture insert with 0.4 µm pore diameter (Corning) and were infected with MRBΔG-amiR-

4 at MOI 3 for 2 hours. The transwell cell culture inserts were then washed twice with 1X PBS 

and transferred to a plate containing naïve (uninfected) wild-type cells in the lower 

compartment. A schematics of the experimental layout can be found in Figure 4.18a. The 

plates were incubated at 37 °C for 48 hours and wild-type cells at the bottom of the transwell 

chamber were harvested in Trizol before being subjected to RNA extraction and RT-qPCR. 

 

3.23 Animal studies 

All animal studies complied with ethical regulations and were approved by the Institutional 

Animal Care Committee of the University of Ottawa and carried out in accordance with 

guidelines of the National Institutes of Health and the Canadian Council on Animal Care.  

 

3.23.1 Biodistribution 

To assess the biodistribution of VSV∆51-amiR-4 and ensure no or minimal effect of the virus 

on normal tissues, C57BL/6 mice (Charles River Laboratories, Wilmington, MA) were 

injected IV with 1E8 PFU of VSV∆51-amiR-4 or VSV∆51-miR-NTC. Mice were sacrificed 

48 hours post injection and key organs were harvested. Liver, kidney, lungs, ovary and brain 

were flash frozen, homogenized using the QIAGEN TissueLyser II and tittered on Vero cells.  
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3.23.2 Subcutaneous animal tumor model 

HPAF-II cells (1E7 cells/tumor) were injected subcutaneously (SC) in nude CD-1 mice 

(Charles River Laboratories, Wilmington, MA). To compare viral titers of VSV∆51-amiR-4 

and VSVΔ51-amiR-NTC, 5E7 PFUs were injected intratumorally (IT) once tumors reached 

~100 mm3. Equivalent volume of 1X PBS was injected in control mice. After 48 hours, mice 

were sacrificed and tumors were collected, flash frozen and titered. To compare the efficacy 

of VSV∆51-amiR-4 and VSVΔ51 to control tumor growth, 5E7 PFUs were injected IT on 

days 29–31 and 36–38. To assess the synthetic lethal effect induced by amiR-4 and GSK126, 

~100 mm3 tumors were injected with VSV∆51-amiR-4 or VSVΔ51 on days 20–22 and 27–29. 

GSK126 (50 mg/kg) or the equivalent volume of Captisol 20% (vehicle control; Ligand 

Pharmaceuticals, Inc) was injected intraperitoneally (IP) for 10 consecutive days starting on 

day 21. Tumor size was measured three times a week using calipers (Fowler, Newton, MA) 

and tumor volume was calculated using a modified ellipsoidal formula; tumor volume = 1/2 

(length × width2)164. 

 

3.23.3 Orthotopic animal tumor model 

TH04 mouse pancreatic cancer cells (1E4) were injected in the tail of the pancreas of immune 

competent C57BL/6 mice (Charles River Laboratories, Wilmington, MA) to assess the 

survival advantage of VSV∆51-amiR-4 compared to VSVΔ51-amiR-NTC. 3E8 PFUs of the 

viruses or equivalent volume of 1X PBS was injected IP on days 5–7 and 12–14.  

 
3.23.4 Intraperitoneal animal tumor model 

B16-F10 cells (2E5 cells/animal) were injected IP in C57BL/6 mice (Charles River 

Laboratories, Wilmington, MA). To compare the survival rates of mice treated with VSV∆51-
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amiR-4 and VSVΔ51, 3E8 PFUs were injected IP on days 5–7 and 12–14. Equivalent volume 

of 1X PBS was injected in control mice. To assess the synthetic lethal effect induced by amiR-

4 and GSK126, mice were then injected with GSK126 (50 mg/kg) or the equivalent volume of 

Captisol 20% (vehicle control) IP for 10 consecutive days starting on day 6. 

 

3.24 Statistical analysis and reproducibility 

All in vitro experiments were repeated at least twice unless otherwise stated. Mouse studies 

were performed once unless otherwise stated in the figure legend. All measurements were 

taken from distinct biological replicate samples. Animal cohorts were randomized following 

tumor implantation before initiation of treatment plan. In the animal experiments, outliers were 

excluded of sample analysis if the tumor of an animal within a given group differed by 2 

standard deviations or more. When sample size was less than 3, no statistical analyses were 

performed. Statistical analyses were performed using GraphPad Prism 6 and 7 (GraphPad). 

Quantitative data is reported as mean ± s.e.m or s.d. as indicated in the figure legends. 

Statistical analysis was performed on raw data by Student’s t test to compare two independent 

conditions, one-way ANOVA to compare three conditions or more, two-way ANOVA with 

Tukey’s or Sidak’s correction to compare groups influenced by two variables and the Kaplan-

Meier method followed by log rank test for survival analysis. All tests were two-sided. The 

statistical significance of all p-values are: *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 

0.0001. Differences between experimental groups were considered significant at p < 0.05. 

Exact p-values are provided in the text whenever suitable. 
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4. RESULTS  
 

4.1 Selection of an artificial microRNA that enhances oncolytic virus anticancer potency 

In order to discover novel amiRNAs with the ability to enhance oncolytic virus replication and 

cytotoxicity within pancreatic cancer cells without bias, a replicating SV library encoding 

some 16,000 unique amiRNAs was used (Figure 4.1). Although SV is not our oncolytic virus 

platform of choice, the SV library is a useful tool to identify sequences that enhance the 

replication of oncolytic viruses with RNA genomes since it can be engineered in a high 

throughput fashion to generate a high number of individual viruses each encoding an 

individual amiRNA. The SV library was passaged in a panel of human (MIA PaCa-2) and 

mouse (Panc02) cancer cell lines, human pancreatic CAFs (PCa-CAF) and normal human skin 

fibroblast cultures (GM38). After the fourth passage, Next-generation sequencing (NGS) 

analysis was carried out to compare the passaged viral output to the input, unpassaged library. 

NGS analysis identified a selection of five amiRNA candidates encoded by SV that led to a 

substantial fold enrichment following passaging versus the input library across all cell lines 

tested (Figure 4.2 and Table 3.1). These top five candidates are herein arbitrarily named 

amiR1-5. From the RNA sequencing analysis, we can hypothesize that amiR-4 is the most 

viable candidate, since it does not enhance the replication of SV in normal cells (GM38), but 

does confer a replication advantage in pancreatic cancer cells (MIA PaCa-2 and Panc02). 

Although the SV library can provide us with potential amiRNA candidates that enhance 

oncolytic SV replication within pancreatic cancer cells, the validity needs to be assessed and 

confirmed in VSVD51 since these two viruses possess a few differences in their life cycles 

since they have RNA genomes with different polarities. Indeed, SV and VSV are both viruses 
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Figure 4.1 Schematic flowchart of the Sindbis virus-based artificial microRNA library 
screen for the selection of pro-viral amiRNAs under pancreatic cancer cell selection. The 
SV-amiRNA library was serially passaged four times in pancreatic cancer cells to enrich for 
pro-viral and anti-cancer amiRNA sequences. To identify enriched amiRNA sequences, viral 
output was sequenced using pre-miR-30-specific primers (see amiR design in Figure 4.3). 
Identified sequences were then cloned in select oncolytic rhabdoviruses for further 
characterization and validation.  
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Figure 4.2 Screening of the Sindbis virus-based artificial microRNA library identifies 
five artificial microRNA sequences of interest. Fold increase in deep sequencing amiRNA 
hits of the top five most enriched amiRNAs compared to the library in GM38 (human 
untransformed skin fibroblasts), patient fibroblasts (human CAF-like cells), MIA PaCa-2 
(human pancreatic cancer cells) and Panc02 cells (mouse pancreatic cancer cells). n=5 per 
condition. ND = not detected. Analysis performed by Dr. Carolina Ilkow. 
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with single-stranded RNA (ssRNA) genomes, but the former has a positive sense RNA genome 

whereas the latter has a negative sense RNA genome. 

 

4.2 Oncolytic rhabdovirus platforms can express artificial microRNAs 

To test the ability of these amiRNAs to enhance the replication and oncolysis of the clinically 

staged oncolytic VSV∆5186 and MRB79 rhabdovirus platforms, the top five selected amiRNAs 

from the SV library screen were cloned into these platforms (Figure 4.3). As predicted and 

previously shown165, the insertion of these artificial miRNA sequences did not hinder the 

rescue or replication ability of these viruses (results not shown). In order to confirm the 

expression of the amiRNAs from the VSVD51 platform, the sense amiRNA strand expression 

following infection of cancer cells was confirmed by RT-qPCR using primers for the mature 

amiRNA (Appendix 1).  

 

4.3 Selection of amiR-4 as a pro-viral and anti-cancer artificial microRNA 

The ability of these amiRNA-expressing viruses to enhance OV-induced cell death and 

replication was assessed in a panel of cancer cell lines and PDX tumor cores. Assessment of 

cell viability revealed that among the five selected amiRNAs, amiR-4 induced significantly 

greater cell death compared to control virus in 786-0, BxPC-3 and HPAF-II tumor cell lines 

that were otherwise highly resistant to VSV∆51-mediated killing (Figure 4.4a). Furthermore, 

an increase in virus replication in ex vivo PC PDX tumor-derived cores was evident following 

VSV∆51-amiR-4 infection compared to a control VSV∆51 virus expressing a non-targeting 

control amiRNA (VSV∆51-amiR-NTC) (Figure 4.4b). Importantly, expression of amiR-4 did 

not lead to significant enhanced killing by VSV∆51 in healthy GM38 fibroblasts compared to  
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Figure 4.3 Schematic of the VSV∆51 and MRB∆G genomes encoding amiRNA sequences 
built in the pre-miR-30 backbone. Pre-miR-30 sequences containing the amiRNAs of choice 
were inserted between the VSVD51 G and L genes or the MRBDG M and L genes. 
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Figure 4.4 Screening of the Sindbis virus-based artificial microRNA library identifies 
artificial miRNA-4 as an anti-cancer and pro-oncolytic virus amiRNA sequence. (a) 
Relative percentage of cell viability of 786-0, BxPC-3 and HPAF-II cells infected for 48 hours 
(786-0 and BxPC-3) or 72 hours (HPAF-II) with indicated amiRNA-expressing viruses at MOI 
1, 5 and 3, respectively, compared to uninfected cells. Differences between amiRNA-
expressing viruses and control virus were assessed by two-way ANOVA with Dunnett’s 
multiple comparisons test, ** p < 0.01, **** p < 0.0001. Data represents mean ± s.e.m of five 
independent biological replicates. (b) Relative fold change in titers of amiRNA-expressing 
VSV∆51 viruses compared to VSV∆51-amiR-NTC following ex vivo infection of 8 mm3 
patient-derived tumor cores. Ordinary one-way ANOVA with Dunnett’s multiple comparisons 
test, * p < 0.05, *** p <0.001. Data represents mean ± s.e.m of three independent biological 
replicates. Experiments performed by Dr. Carolina Ilkow. 
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virus control 72 hours post-infection (hpi) and does not compromise viral biodistribution in a 

tumor-free mouse model (Figure 4.5). Indeed, we did not observe a significant increase in 

viral titers in organs of mice treated with VSV∆51-amiR-4 compared to their VSV∆51 ctrl-

treated counterparts, indicating that amiR-4 does not enhance VSVD51 replication and 

cytotoxicity in normal tissues. Moreover, mice treated with VSV∆51-amiR-4 did not show any 

signs of major weight loss or mobility and respiratory issues and were considered healthy 

according to the National Institutes of Health standards166 (results and observations not 

shown).  

 

4.4 amiR-4 enhances the oncolytic capacity of VSVD51 

amiR-4 was found to significantly enhance virus-induced cytotoxicity in vitro in a panel of 

tumor cell lines (Figure 4.6a). In addition to enhancing OV activity in pancreatic cancer cell 

lines, VSVD51-encoded amiR-4 was found to be beneficial in human renal carcinoma          

(786-0), mouse breast cancer (4T1) and mouse melanoma (B16-F10) cell lines. To determine 

whether this enhanced oncolytic activity was also observed in vivo, immunocompromised 

mice bearing human pancreatic HPAF-II SC tumors were treated with either VSV∆51-amiR-

NTC or VSV∆51-amiR-4. Tumors were collected 48 hpi and plaque assays were performed to 

quantify intratumoral virus replication. Although modest, a significant increase (p-value = 

0.014) in viral output was observed in tumors treated with VSV∆51-amiR-4 compared to 

VSV∆51-amiR-NTC control. This enhanced viral production indicates that the expression of 

amiR-4 within tumors enhances tumor-associated viral replication in vivo (Figure 4.6b). To 

determine whether this enhanced replication resulted in tumor debulking and shrinkage, 

immunocompromised animals bearing HPAF-II SC tumors were treated with vehicle control  
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Figure 4.5 Functional expression of amiR-4 from a VSV∆51 oncolytic rhabdovirus 
platform is safe in normal cells compared to a VSV∆51 control virus. (a) GM38 cells were 
infected with VSV∆51-amiR-NTC (control) or VSV∆51-amiR-1-5 at MOI 1. Cell viability 
was measured using the alamarBlue® Assay at indicated time points and compared to virus 
control. Two-way ANOVA with Tukey’s multiple comparison test; * p < 0.05, ** p < 0.01, 
*** p < 0.001. Error bars represent s.e.m. for 5 biological replicates per condition. Experiment 
performed by Dr. Carolina Ilkow. (b) Quantification of VSV∆51-amiR-NTC or VSV∆51-
amiR-4 infectious particles from different organs obtained from mice IV-treated with the 
indicated viruses (1E8 pfu/mice) for 48 hours. Data represents mean + s.e.m. of 7 and 8 
independent biological replicates for VSV∆51-amiR-NTC and VSV∆51-amiR-4, respectively. 
Two-way ANOVA with Sidak’s multiple comparisons test; ns p > 0.05, **** p < 0.0001. ND 
= not detected. 
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Figure 4.6 amiR-4 enhances viral replication in vitro and in vivo. (a) Cell viability of 
indicated cell lines after VSV∆51-amiR-NTC or VSV∆51-amiR-4 infection (MOI 0.1; 48 
hours) compared to mock-infected cells was measured using the alamarBlue® Assay. Data 
indicates mean ± s.e.m. of five biological replicates. Two-way ANOVA with Sidak’s multiple 
comparisons test. ns p > 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Experiment 
performed in collaboration with Dr. Carolina Ilkow. (b) A single dose of VSVD51 expressing 
amiR-NTC or amiR-4 was delivered IT into HPAF-II SC tumours. After 48 hours, virus titers 
were quantified. Unpaired two-tailed t-test, p = 0.014. Data represent ± s.e.m (n =10 per group; 
data of two pooled independent experiments). (c) Six doses of PBS, VSV∆51-amiR-NTC or 
VSV∆51-amiR-4 were delivered IT into mice bearing HPAF-II SC tumours. Two-way 
ANOVA with Tukey’s multiple comparison test (VSVD51-amiR-4 compared to VSV∆51-
amiR-NTC), * p < 0.05. Mean tumour volume ± s.e.m is shown (n=5 per group). (d) Kaplan-
Meier survival analysis of orthotopic TH04 tumour-bearing mice (n=5 per group) treated with 
six IP doses of PBS, VSVD51-amiR-NTC or VSVD51-amiR-4. Log-rank (Mantel-Cox) test, 
** p < 0.01. 
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(PBS), VSV∆51 control or VSV∆51-amiR-4. VSV∆51-amiR-4 enhanced tumor control 

compared to treatment control (Figure 4.6c) in SC HPAF-II tumors. Survival in immune-

competent mice bearing syngeneic orthotopic TH04 pancreatic tumors upon VSV∆51-amiR-

4 treatment was also assessed. While this tumor model is typically extremely aggressive and 

resistant to immunovirotherapy, a significant increase in survival was evident in animals 

treated with VSV∆51-amiR-4 compared to vehicle control (p-value = 0.0020) or VSV∆51 

control-treated mice (p-value =0.0021) (Figure 4.6d). These results thus confirm the 

replication advantage conferred by the insertion of an amiRNA in VSVD51. 

 

4.5 amiR-4 targets cellular factors involved in epigenetic regulation and cytoskeleton 

stability 

In order to find out the cellular targets of amiR-4 involved in OV resistance, bioinformatical 

prediction tools were put to use. Computational miRNA target prediction pipelines 

(TargetScanHuman and BLAST) were used to determine potential cellular gene products 

targeted by amiR-4 based on total energy of duplex or sequence complementarity (Table 4.1). 

Interestingly, all the predicted targets perform epigenetic regulation [AT-Rich Interaction 

Domain 1A (ARID1A), Minichromosome Maintenance Complex Component 2 (MCM2), 

histone deacetylase 4 (HDAC-4)] or cytoskeleton stability functions [Plectin (PLEC)]. We 

then directly tested the ability of VSV∆51-amiR-4 to selectively reduce the expression of each 

candidate gene product at both the mRNA and protein levels. We found that the gene products 

encoded by ARID1A, PLEC and HDAC4 but not MCM2 were specifically decreased following 

infection with VSV∆51-amiR-4 as shown by RT-qPCR and immunoblotting analysis (Figure 

4.7). Our  results  thus   suggest  that  amiR-4   might  potentiate  OV-growth  and   cancer cell  
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Table 4.1 List of potential amiR-4 targets based on total energy of duplex as predicted by 
TargetS or on BLAST complementarity 

 

 
Predictions done by Dr. Gibbings group at the University of Ottawa 
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Figure 4.7 Validation of predicted amiR-4 targets. (a) Fold change in expression of amiR-
4 target genes determined by RT-qPCR in MIA PaCa-2 cells infected for 36 hours with 
VSV∆51-amiR-NTC or VSV∆51-amiR-4 (MOI 1) compared to virus control and normalized 
to loading control (Rplp0). Unpaired t-test, * p < 0.05, **** p < 0.0001, error bars show ± 
s.e.m of five biological replicates. (b) Immunoblot analysis showing protein expression levels 
of amiR-4 predicted targets, GAPDH (loading control), and VSV∆51 proteins in PANC1 cells 
subjected or not to VSV∆51-amiR-NTC or VSV∆51-amiR-4 infection for 48 hours (MOI 0.1). 
Experiments performed by Elaine Rose and Dr. Carolina Ilkow. 
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cytotoxicity via the downregulation of ARID1A, HDAC4 and PLEC. The observation that 

decreased expression of the PLEC gene enhanced virus replication is consistent with earlier 

studies demonstrating that manipulation of cytoskeletal components enhance VSVD51 

replication and oncolysis in various tumor models95,96. Similarly, multiple reports have 

previously demonstrated that the inhibition of histone deacetylases boosts the replication of 

various OV platforms167–169. On the other hand, the protein encoded by ARID1A, a subunit of 

the SWI/SNF chromatin remodeling complex which facilitates the access of transcription 

factors to DNA, was not previously known to hinder OV replication. 

 

4.6 ARID1A plays a role in resistance to oncolytic virus infection 

In order to explore the implication of ARID1A in viral resistance, we generated  ARID1A 

CRISPR knockout cell lines. Using ARID1A CRISPR knockout 786-0 and PANC1 cancer cells 

(Appendix 2), we demonstrated that ARID1A-knockout cells are significantly more sensitive 

than their parental counterparts to VSV∆51 infection (p-value < 0.01 at MOI 0.01 and 1; p-

value < 0.0001 at MOI 0.1 and 1) (Figure 4.8a). Moreover, the benefit of encoding amiR-4 in 

VSV∆51 was drastically lost in ARID1A knockout cells, suggesting that ARID1A may be the 

predominant target of amiR-4 (Figure 4.8b). Interestingly, ARID1A-knockout cells also 

display greater susceptibility to other clinically staged OV platforms including VV TK- VGF-

and oHSV-1 (Figure 4.8c,d). We also observed a replicative advantage of VSV∆51-amiR-4 

in ARID1A-expressing pancreatic cancer patient-derived samples using our unique biobank of 

pancreatic cancer patient-derived xenografts (Figure 4.9). Most of our PC PDXs express 

ARID1A, as detected by IHC (Figure 4.9a), which is consistent with the literature. Indeed, it 

is   estimated  that  around  85%  of  PCs  are  ARID1A   wild-type21,170,171.  Interestingly,   the  
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Figure 4.8 ARID1A deficient cells are more susceptible to oncolytic virus infection. 
Representative crystal violet staining pictures and cell viability measured by alamarBlue® 
Assay of 786-0 WT or ARID1A-KO (ARID1A-/-) cells mock-infected or infected at multiple 
MOIs after 48 hours with VSV∆51-GFP, VSV∆51-amiR-4, VV TK- VGF- or oHSV-1 GFP. 
Crystal violet staining pictures represent cells mock-infected or infected with VSV∆51-GFP 
at MOI 1 (a), VSV∆51-amiR-4 at MOI 1 (b), VV TK- VGF- at MOI 1 (c) or oHSV-1 GFP at 
MOI 0.1 (d) 48 hpi. Two-way ANOVA Tukey’s multiple comparison test, ns p > 0.05, ** p < 
0.01, *** p < 0.001, **** p < 0.0001. Error bars are ± s.e.m of biological triplicate samples. 
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Figure 4.9 An amiR-4-expressing virus has a replicative advantage in patient samples 
displaying high levels of ARID1A. (a) Immunohistochemistry staining of ARID1A protein 
expression in representative pancreatic cancer patient-derived xenografts (PDX). Scale bar = 
100 µm. (b) Viral titers of ex vivo infected tumour cores obtained from several pancreatic 
cancer patient-derived xenografts. Tumour cores were infected with 1E5 PFU of VSV∆51-
amiR-NTC or VSV∆51-amiR-4 for 48 hours and then samples were processed to quantify 
infectious viral particles by plaque assay. Two-tailed unpaired t test of individual patient plots, 
ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Experiments performed 
in collaboration with Christiano Tanese de Souza and Brian Laight. 
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replication advantage is not conferred to VSVD51 in a PDX sample with very low ARID1A 

staining (P027). Altogether, these results suggest that ARID1A possesses antiviral effects and 

that targeting this gene in cancer cells has the potential to enhance OV replication and 

subsequent oncolysis. To ascertain the molecular changes in gene expression of ARID1A-

knockout cells that could lead to virus sensitization, we conducted RNA-sequencing (RNA-

seq) analysis. Gene-Ontology (GO) term analysis of these genes in PANC1 WT and ARID1A 

KO revealed that some primary processes repressed in ARID1A-deficient cells are related to 

type I and II IFN signaling circuits (Figure 4.10a). This was confirmed with the transcript 

expression levels of a few different anti-viral genes (Figure 4.10b). A selection of these 

repressed genes was validated using RT-qPCR (Appendix 3). Together, these data indicate 

that an ARID1A wild-type status is associated with resistance to OV therapy and supports the 

use of an OV encoding amiR-4 to repress residual antiviral responses in cancer cells, thus 

increasing tumor sensitivity to OV infection for enhanced OV-mediated cell death.  

 

4.7 Combining an amiR-4-expressing oncolytic virus with an EZH2 small molecule 

inhibitor is beneficial in multiple models 

In addition to its novel antiviral role, ARID1A represents a particularly interesting amiR-4 

target as it has also been demonstrated that ARID1A depletion sensitizes ovarian cancer cells 

to EZH2 methyltransferase inhibition with the small molecule GSK126 in a synthetic lethal 

fashion172. Here, we hypothesized that an amiR-4-expressing OV could be combined with 

systemically administered GSK126 to potentiate tumor killing. In fact, combining an amiR-4-

expressing virus at very low multiplicities of infection (MOI) with GSK126 drastically and 

significantly increases cell death in vitro in several cancer cell lines in treatment plans spanning  
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Figure 4.10 ARID1A KO cells display dysregulated antiviral pathways. (a) GO-term 
analysis of biological processes differentially expressed between PANC1 WT and ARID1A-
KO cells. Illustrated GO-terms represent all significantly different biological processes 
(Fisher’s exact test) after correction for multiple hypothesis testing (FDR). (b) Heatmap 
showing transcript expression levels (Log2 TPM) of anti-viral genes in uninfected PANC1 
wild-type or ARID1A-knockout cells. Experiment performed by Dr. Larissa Pikor and analysis 
performed by Adrian Pelin. 
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from 4 to 8 days depending on the cell line (Figure 4.11 and Appendix 4). In some cell lines, 

treatment using only VSVD51-amiR4 is more effective than treatment with VSVD51 control, 

but in all cases, GSK126 significantly and drastically increases cell death (Figure 4.11). 

Moreover, the combination of VSV∆51-amiR-4 with GSK126 translates into increased tumor 

cell death and reduced tumor burden in animals bearing human HPAF-II SC tumors compared 

to VSV∆51 control virus (Figure 4.12a). The combination treatment also improves survival 

in an immunocompetent mouse model of intraperitoneal carcinomatosis induced by B16-F10 

melanoma cells (Figure 4.12b).  

 

While we observed enhanced killing with the VSVD51-amiR-4 and GSK126 combinatorial 

treatment compared to either treatment alone (Figure 4.11), GSK126 treatment did not 

increase viral titers (Figure 4.13a-d) or the number of infected cancer cells as assessed by 

flow cytometry (Figure 4.13e and Appendix 5). In other words, the combination treatment 

does not further enhance viral replication. However, since the percentage of tumor cell death 

observed was much higher than the level of infection, this raised the suspicion that a bystander 

killing effect could be linked to GSK126 sensitization of uninfected cells via transfer of amiR-

4 to neighboring uninfected cells. The prime suspected vector of this hypothesized amiRNA 

transfer between cells? Extracellular vesicles! 

 

4.8 Oncolytic viruses enhance the production of extracellular vesicles from cancer cells 

Interestingly, in agreement with previous studies that show an enhancement of SEV secretion 

following viral infection173,174, we have found that SEV secretion by cancer cells is increased 

upon OV infection (Figure 4.14 and Table 4.2). Cells infected with  the  Maraba MG1 or the  



 72 

Figure 4.11 VSV∆51-amiR-4 infection and inhibition of EZH2 via GSK126 promote 
synthetically lethal conditions in vitro. When exposed to low viral doses of VSV∆51-amiR-
4 and 2–3 doses of GSK126 (15µM) depending on the cell line, cell death is increased in a 
panel of cancer cell lines (HPAF-II, BxPC-3, 786-0) and a primary patient-derived pancreatic 
cancer cell line (P025) as assessed by representative crystal violet staining images of four 
biological replicates (a) and corresponding cell viability quantification compared to mock-
infected DMSO-treated cells (b-e); timeline of treatment procedures can be found in Appendix 
4. Two-way ANOVA with Sidak’s multiple comparisons test, * p < 0.05, *** p < 0.001, **** 
p < 0.0001. Error bars are mean ± s.e.m of biological triplicates (P025) or quadruplicate 
(HPAF-II, BxPC-3 and 786-0). Experiments performed in collaboration with Brian Laight. 
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Figure 4.12 Combination therapy with VSV∆51-amiR-4 and GSK126 is synergistic in 
vivo. (a) Growth curve of HPAF-II SC tumours after indicated treatments. Day 60 and 63: 
Two-way ANOVA with Sidak’s multiple comparisons test, ** p < 0.01. Mean tumour volume 
± s.e.m is shown (n=5 per group). (b) Kaplan-Meier survival curves of mice bearing B16-F10 
IP  tumours and treated as indicated with vehicle controls (PBS and/or Captisol) or with 
VSV∆51-amiR-4 or GSK126 (50 mg/kg) or the combination of both monotherapies. Log-rank 
(Mantel-Cox) test, * p < 0.05, ** p < 0.01 (n=10 for PBS + GSK126 and VSV∆51-amiR-4 + 
GSK126 groups and n=9 for the VSV∆51-amiR-4 + Captisol group; data represents two 
pooled individual experiments). 
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Figure 4.13 Increased cell death following VSV∆51-amiR-4 and GSK126 combination 
treatment is not simply caused by an increase in virus replication. (a-d) Viral titers of 
infected cells at readout following a synthetic lethality treatment plan Appendix 4. Two-way 
ANOVA with Sidak’s multiple comparisons test; ns p > 0.05, * p < 0.05, *** p < 0.001, **** 
p < 0.0001. Error bars represent s.e.m. for 5 biological replicates per condition (HPAF-II) or 
4 biological replicates per condition (BxPC-3, 786-0 and P025). (e) Flow cytometry 
assessment of infected cells with or without GSK126 treatment (as outlined in Appendix 5a). 
Two-way ANOVA with Sidak’s multiple comparisons test; ns p > 0.05; *** p < 0.001, **** 
p < 0.0001. Error bars represent s.e.m. of biological replicates (HPAF: n=8 per condition; 786-
0: n=5 per condition; 4T1: n=4 per condition). Gating strategy used for sample analysis with 
4T1 data used as an example can be found in Appendix 5b. Experiments performed in 
collaboration with Brian Laight and Sarwat Tahsin Khan. 
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Figure 4.14 Cancer cells infected with oncolytic viruses produce more extracellular 
vesicles than their uninfected counterparts. (a) Immunoblotting analysis of ALIX, CD9 and 
TSG101 (SEV markers) in total purified SEVs produced by indicated cell lines with or without 
infection with MRB or MRBDG at MOI 1. Experiment performed by Drs. Vicki Jennings and 
Gemma Migneco. (b) NTA showing size distribution and quantification of SEVs produced 
from mock-infected or MRB∆G-infected 786-0 cells at MOI 5 for 24 hours. 
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Table 4.2 Concentration of small extracellular vesicle samples as determined by nanoparticle 
tracking analysis 
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MRBDG oncolytic rhabdoviruses produce SEVs in higher quantities as assessed qualitatively 

by immunoblotting analysis of SEV pellets resuspended in equal volumes of buffer with an 

equal volume ran on gels (Figure 4.14a). Immunoblotting analysis shows a greater signal of 

several SEV markers in cells infected with the rhabdoviruses compared to uninfected cells 

(mock). Moreover, we observe that although some samples of SEVs derived from the non-

replicating virus-infected cells display less SEV-related markers than MRB-infected cells, 

MRBDG-infected cells still display enhanced secretion of SEVs compared to uninfected cells. 

Using a quantitative method, we are able to observe an almost equal enhancement of SEV 

secretion from MRB MG1- and MRBDG-infected cells (Figure 4.14b).  Since OV-infected 

cells abundantly secrete SEVs, we hypothesized that the previously observed bystander killing 

of neighbouring uninfected cancer cells could be mediated by amiR-4-containing SEVs 

derived from VSV∆51-amiR-4 infected cells.  

 

4.9 Small extracellular vesicles derived from virally infected cells contain artificial 

microRNAs and are delivered to naïve cells 

To validate the role of SEVs in enhancing the therapeutic efficiency of the combination 

treatment regimen, SEVs were isolated from cells infected with a single-cycle MRB virus. 

Oncolytic rhabdoviruses can be engineered to be used as single-cycle viruses. These viruses, 

lacking the G protein gene, can enter cells, replicate within these, but fail to produce a new 

round of virions with infectible properties. Both being nano-entities, SEVs and viruses are 

often difficult to separate using common isolation techniques143. Since both SEVs and 

rhabdovirus virions possess similar buoyant and sedimentation velocities, using the MRBDG 

facilitates the isolation of SEV preparations  devoid  of  infectious  virions (Figure 4.15).  This  



 82 

Figure 4.15 Production and isolation of small extracellular vesicles. Schematic 
representation of the SEV harvesting procedure from infected cancer cells. The supernatant of 
cells infected with a replication-deficient virus is harvested and further processed via 
differential ultracentrifugation to obtain SEV preparations devoid of viral particles. 
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was confirmed by the absence of bullet-shaped MRB virions in several frames of EM imaging 

(Appendix 6).  

 

Using this technique of SEV production with the single-cycle virus, SEVs derived from 

MRBΔG-amiR-4-infected cells were shown to contain amiR-4 as assessed by qPCR (Figure 

4.16a). However, in order to validate that the detected amiRNAs are contained within the 

SEVs, an RNA protection assay was conducted, showing that most RNA detected by qPCR is 

contained within SEVs (Appendix 7). Moreover, it was determined that these SEVs are taken 

up by uninfected cells when these are educated with fluorescently labeled SEVs (Figure 

4.16b). 

 

4.10 Small extracellular vesicles derived from virally infected cells mediate a bystander 

cancer cell killing 

In order to validate the contribution of amiR-4 containing SEVs to the hypothesized bystander 

effect, SEVs were produced from infected or uninfected cells and were transferred to naïve, 

uninfected cells. This ‘education’ process was repeated several times and was also combined 

to the addition of the GSK126 small molecule inhibitor according to the treatment plan found 

in Appendix 8. When naïve uninfected cells were educated with isolated amiR-4-containing 

SEVs, cell death was observed and cytotoxicity was enhanced in a synthetic lethal fashion 

with the combination of GSK126 (Figure 4.17). Similarly to the infection of cells with 

VSVD51-amiR-4, the sole addition of amiR-4-containing SEVs to naïve cells is sufficient to 

induce cell death, but the combination of the amiR-4-containing SEVs and GSK126 is 

synergistic and results in superior cell killing as assessed by crystal violet staining of cells and  
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Figure 4.16 Small extracellular vesicles derived from MRBDG-amiR-4-infected cells 
contain amiR-4 sequences and are delivered to receiving cells. (a) RT-qPCR analysis of 
amiR-4 levels compared to hsa-Let-7f-5p (loading control) in mock cell-associated SEVs and 
infected cell-associated SEVs derived from 786-0 cells infected with MRB∆G-amiR-4 at 
MOI 1 (n=3 biological replicates per condition). ND = not detected. (b) Representative 
immunofluorescence images from two biological replicates showing uptake of SEVs derived 
from MRBDG-amiR-4-infected 786-0 cells by naïve 786-0 cells. Isolated SEVs were labeled 
with CFSE and transferred to naïve 786-0 cells. Two hours later, cells were fixed and prepared 
for fluorescence microscopy. Nuclei were stained with Hoechst stain. Scale bars = 10 µm. 
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Figure 4.17 amiR-4-containing small extracellular vesicles induce cytotoxicity in 
educated naïve cells. HPAF-II, BxPC-3, 786-0 and P025 cells were educated with SEVs 
harvested from mock-infected, MRB∆G-amiR-NTC or MRB∆G-amiR-4-infected cells (MOI 
5) and treated with vehicle control (DMSO) or GSK126 (15 µM). Representative crystal violet 
cell cytotoxicity assay images of three biological replicates (a) and their corresponding cell 
viability quantification compared to mock SEV and DMSO treated cells (b) are shown; 
timeline of treatment procedures can be found in Appendix 8. Two-way ANOVA with Sidak’s 
multiple comparisons test, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Error bars are mean ± 
s.e.m of biological triplicates. Experiments performed in collaboration with Brian Laight. 
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cell viability assessment (Figure 4.17). This affirms the involvement of SEVs in creating a 

bystander effect that increases therapeutic gain within treated cell monolayers or tumors. 

 

4.11 The bystander effect is abrogated in Rab27a deficient cells 

Rab27 GTPases mediate SEV release175,176. Thus, in order to validate the transfer of virally 

encoded amiR-4 to uninfected cells through SEVs, we generated a Rab27a knockout 4T1 cell 

line and demonstrated that these cells exhibit abrogated SEV secretion (Appendix 9), like 

previously shown with shRNAs directed against Rab27a176,177, without significantly affecting 

viral replication (p-value > 0.5 at all MOIs) (Appendix 10a). Mouse 4T1 cancer cells 

reprogrammed with SEVs passively transferred in transwell co-culture system from Rab27a-

depleted 4T1 cells infected with MRB∆G-amiR-4 (Figure 4.18a) contained significantly less 

amiR-4 than cells exposed to the infected wild-type counterpart cells (p-value = 0.0066) due 

to abrogated SEV production in the Rab27a-depleted 4T1 cells (Figure 4.18b). Furthermore, 

while as expected, the combinatorial treatment of VSV∆51-amiR-4 and GSK126 resulted in a 

significant decrease in cancer cell viability (p-value = 0.0003), Rab27a-depletion in 4T1 cells 

abolished these effects (p-value = 0.7193) (Figure 4.19). Again, viral replication was 

unaffected by or GSK126 treatment, but also remained unchanged in a Rab27a deficiency 

setting (Appendix 10b,c). The aforementioned data provides evidence that the transfer of 

virally expressed amiRNA-4 from infected to uninfected cells via SEVs contributes in part to 

the bystander sensitization of uninfected cells to GSK126.  
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Figure 4.18 Rab27a deficiency limits the spread of amiR-4 via extracellular vesicles to 
neighboring uninfected cells. (a) Schematic representation of transwell coculture assays 
designed to assess the transfer of amiR-4 via infected cell-derived SEVs to uninfected cells. 
4T1 WT or Rab27a-defient (Rab27a-/-) cells were seeded in the upper compartment and 
infected with MRB∆G-amiR-NTC control or with MRB∆G-amiR-4 (MOI 3). After 24 hours, 
inserts were transferred to a new plate containing uninfected 4T1 WT receiving cells in the 
lower compartment. (b) RT-qPCR analysis of amiR-4 levels in receiving cells (lower 
compartment) after 48 hours of education by cell-secreted factors derived from MRB∆G-
amiR-4-infected cells (upper compartment) with three biological replicates per condition. 
Two-tailed unpaired t-test, ** p < 0.01. Experiment performed in collaboration with Dr. 
Carolina Ilkow. 
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Figure 4.19 Reduced SEV biogenesis abrogates the observed amiR-4 bystander effect. (a) 
RT-qPCR analysis of amiR-4 levels in receiving cells (lower compartment; see Figure 4.18a 
for experimental schematic) after 48 hours of education by cell-secreted factors derived from 
MRB∆G-amiR-4-infected cells (upper compartment) with three biological replicates per 
condition. Two-tailed unpaired t-test, ** p < 0.01. (b-d) 4T1 WT (n=4 per condition) or 
Rab27a-/- cells (n=7 per condition) were mock-treated or infected with VSVD51 control or 
VSVD51-amiR-4 (MOI 0.025) and treated with either vehicle control (DMSO) or GSK126   
(15 µM). Representative crystal violet cell cytotoxicity assay images of four biological 
replicates (b) and their corresponding quantifications (c,d) are shown. Statistical analysis is 
performed by two-way ANOVA with Tukey’s multiple comparison test, ns p > 0.05, *** p < 
0.001. Experiments performed in collaboration with Brian Laight. 
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5. DISCUSSION 
 

5.1. Bioselection screening to identify key players of residual antiviral immunity 

5.1.1 Delivery of virally encoded microRNAs to the cytoplasm 

Thus far, the rise of miRNA therapy has been limited by an in vivo delivery problem. Indeed, 

systemic injections of liposomes or EVs for miRNA delivery often results in accumulation in 

the liver which poses a challenge for delivery to other organs or tumors, thus limiting greatly 

the efficacy of these therapies. In addition to posing the same disadvantages, the use of 

adenoviruses or other gene therapy viral vectors also poses genotoxicity concerns178,179. One 

alluring strategy for delivering miRNAs to cancer cells is the use of OVs possessing a 

cytoplasmic replication cycle, which are regarded as safe vectors, since their replication does 

not occur in the nucleus. However, canonical miRNA processing requires a nuclear step. Thus, 

it was previously thought that OV-encoded miRNA transcripts produced in the cytoplasm 

could not be properly processed into mature miRNA sequences to exert their therapeutic 

functions. Yet, the speculation was dismissed after the discovery of a noncanonical mechanism 

allowing virus-derived cytoplasmic primary miRNA (c-pri-miRNA) processing180. Upon viral 

infection, Drosha has been shown to localize to the cytoplasm to initiate virally encoded 

miRNA processing without affecting the processing of endogenous miRNAs. This culminates 

in the production of mature miRNAs with therapeutic knockdown efficacy165,180–183. These 

proof-of-concept experiments have paved the way to the use of oncolytic rhabdovirus-encoded 

miRNAs for cancer therapeutics by our team and collaborators. Here, we show that VSVD51 

and MRB MG1 can encode and express amiRNAs with therapeutic potential. We notably 

identified a functional amiRNA sequence that enhanced OV-mediated cell death within PC 

cells upon targeting of several cellular proteins.  
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5.1.2 Sindbis virus artificial microRNA library 

In order to select amiRNA sequences able to confer a replicative advantage to oncolytic RNA 

viruses, a library of ~16,000 unique SV-encoded amiRNAs was passaged in pancreatic cancer 

cells, pancreatic CAFs and normal skin fibroblasts. This approach selectively enriches 

sequences conferring a replication advantage to the virus, since the amiRNA sequence has to 

be transcribed from the viral genome to exert its selective pressure. However, enriched 

amiRNAs could potentially confer entry or uncoating advantages to the virus in the event that 

they are disseminated to neighboring cells via EVs and could then have effects on steps 

happening upstream of viral replication in the virus life cycle. Moreover, this type of screen 

will select for amiRNAs that target transcripts with a shorter half-life, since the enrichment is 

limited by the duration of the viral life cycle. 

 

5.1.3 Selection of an artificial microRNA to enhance oncolytic VSV-mediated cell death in 

pancreatic cancers 

The SV-library amiRNA screen was conducted to identify sequences aiding OV-mediated cell 

death within cancer cells. The results of the screen show an enrichment of the amiR-1- and 

amiR-2-encoding viruses in normal GM38 fibroblasts, making these amiRNAs unsuitable for 

safe therapeutic purposes (Figures 4.2 and 4.5a). On the other hand, like amiR-4, amiR-3 and 

amiR-5 were enriched in cancer cells, but not in normal cells, making them interesting 

candidates to improve OV therapy in PC (Figure 4.2). However, our results show that these 

two amiRNAs do not confer a significant therapeutic advantage to VSVD51 in the PC cell 

lines tested (Figure 4.4). This could be explained by the fact that SV and VSVD51 do not have 

identical replication cycles, and while these amiRNAs can confer a replicative advantage to 
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SV, the same will not necessarily be true for VSVD51. Finally, amiR-4 was selected as the 

prime candidate on the basis that it does not impair the safety profile of VSVD51 in normal 

cells, but significantly improves VSVD51-mediated cell death within PC cells (Figures 4.2, 

4.4 and 4.5). 

 

5.1.4 Identification of artificial microRNAs with cancer-associated fibroblast-targeting 

potential 

Interestingly, VSVD51 has previously been shown to replicate within CAFs63 and thus presents 

an interesting strategy to target CAFs within PCs, an intervention much needed in PC research. 

Here, our screen identified amiR-3 and amiR-5 as sequences potentially conferring a 

replicative advantage in CAFs when expressed from the oncolytic SV, while causing very low 

cytotoxicity to normal cells (Figures 4.2 and 4.5a). It would thus be interesting to further 

investigate the effects of these amiRNAs in VSVD51-potentiated CAF killing.  

 

5.2 Analysis of amiR-4 targets 

5.2.1 Exploring different amiR-4 targets 

Our target prediction analysis identified several cellular targets involved in epigenetic 

regulation and cytoskeleton stability. Among those, the protein products of HDAC4, PLEC 

and ARID1A were confirmed to be downregulated in VSVD51-amiR-4-infected cells. Histone 

deacetylase (HDAC) enzymes perform important epigenetic regulation functions in normal 

cells by participating in post-translational modification of the DNA. Their deregulation has 

been shown to lead to carcinogenesis and HDAC inhibition is an increasingly explored means 

of treating cancers184. Moreover, HDAC inhibition has been shown to synergize with OV 
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therapy169,185,186. Here, we show that the expression of HDAC4 is drastically downregulated in 

PANC1 cells infected with VSVD51-amiR-4 for 48 hours (Figure 4.7b), but does not show 

significant downregulation in MIA PaCa-2 cells 36 hpi (Figure 4.7a). This discrepancy in 

results could be explained by the different sensitivity of cell lines to VSVD51 or even the 

differing time points of data analysis. Therefore, in order to validate the physiological and 

therapeutic effects of HDAC4 targeting using amiR-4, more experiments are needed. 

Moreover, PLEC is an important structural protein that holds together different parts of the 

cytoskeleton, like microtubules and actin microfilaments187. In cancer cells, PLEC 

deregulation can be involved in metastasis. Indeed, two distinct studies each revealed an 

important role of PLEC in invasion and metastasis in prostate and pancreatic cancers188,189. 

We also know that cytoskeleton manipulation by viruses can ease their spread190 and that 

PLEC can play a role in viral infections191. Also, previous reports have shown therapeutic 

potential for targeting components of the cytoskeleton in a synergistic fashion with OV 

therapy96. Here, we show that PLEC is significantly downregulated upon infection of MIA 

PaCa-2 cells by the VSVD51-amiR-4 OV 36 hpi and that the protein levels are drastically 

decreased in PANC1 cells 48 hpi (Figure 4.7). Our results suggest that PLEC merits more 

attention as a target for enhancing oncolytic virotherapy in PCs.  

 

Moreover, in order to further confirm these targets and to perhaps identify other targets that 

may have been missed by the prediction tools used, a functional assay to determine amiR-4 

targets could be put to use. In order to functionally identify amiR-4 targets, we could make use 

of an assay for miRNA target identification, like the 3'LIFE assay, a high throughput dual 

reporter luciferase assay192. This method makes use of a library of plasmids encoding human 
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3'UTR sequences and two different luciferases. By cotransfecting individual plasmids of this 

library with a plasmid encoding the miRNA of interest in a high throughput fashion, luciferase 

expression repression can be quantified to identify 3'UTRs of genes targeted by the miRNA. 

This technique has been shown to be more accurate and can identify a higher number of novel 

miRNA target genes compared to bioinformatic predictions192. 

 

Here, since the targeting of HDACs and cytoskeleton proteins have previously been implicated 

in OV therapeutic gain, our focus shifted prominently to ARID1A. 

 

5.2.2 Spotlight on ARID1A 

5.2.2.1 ARID1A targeting in cancers 

Since ARID1A’s role in antiviral immunity had not previously been explored and exploited 

for virotherapy, we decided to focus on this target. In humans, ARID1A is part of the SWI/SNF 

chromatin remodeling complex, a protein complex that breaks down DNA-histone interactions 

in an ATP-dependent manner. This exposes the DNA to the machinery necessary for the 

transcription of inducible genes193. It is notably involved in normal embryonic development 

and in the differentiation of different cell types in adults194. SWI/SNF subunits are mutated in 

~20% of cancers, making them the epigenetic regulators with the highest mutational 

frequencies across all cancers170,195. Moreover, ARID1A is the most commonly mutated 

SWI/SNF subunit in cancer, its mutation generally causing an inactivated phenotype194.  

 
5.2.2.2 Role of ARID1A in antiviral immunity 

Our RNA-seq analysis revealed a dampening of IFN response elements in ARID1A-knockout 

cells (Figure 4.10) consistent with a previously suggested role of ARID1A in the regulation 
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of the interferon response196. Indeed, depleting cancer cells of ARID1A using CRISPR-Cas9 

technology or by infecting ARID1A wild-type cells with VSVD51-amiR-4 renders these cells 

significantly more sensitive to infection (Figure 4.8). Interestingly, our RNA-seq analysis 

identified IFITM2 as the protein most significantly downregulated in ARID1A-knockout cells 

compared to wild-type cells (Figure 4.10b). Previous reports demonstrated a role of IFITM2 

in restricting VSV infection in HEK293T cells with increased viral titers upon treatment of 

cells with a siRNA against IFITM2197 which also corroborates with our results.  

 

5.2.2.3 Therapeutic targeting strategies of ARID1A deficient cancers 

Albeit an undruggable target, naturally occurring ARID1A deficiency has been shown to 

synergize with therapeutics, notably anti-PD-L1 therapy198 and systemic administration of 

small molecule inhibitors targeting synthetic lethal interactions172,199. ARID1A has been 

hypothesized to be a tumor suppressor as it is often functionally lost in cancers200. Therefore, 

ARID1A depletion as a therapeutic intervention is not generally desirable. However, ARID1A 

loss has been exploited in preclinical treatments as part of synthetic lethal strategies. Indeed, 

EZH2 methyltransferase inhibition and HDAC6 inhibition have been shown to synergize with 

ARID1A deficiency to reduce tumor burden172,199. In these studies, the ARID1A loss of 

ovarian cancer tumors is exploited to cause cancer cell death in combination with drugs 

targeting EZH2 and HDAC6, namely GSK126 and ACY1215 respectively. Here, we 

hypothesized that ARID1A targeting through the infection of cancer cells with VSVD51-

amiR-4 combined with EZH2 inhibition using GSK126 would enhance cell death in PC cell 

lines and tumors. Indeed, targeting ARID1A through amiR-4 is a potent strategy for PCs, since 

most of these cancers (~85-96%) retain an ARID1A wild-type status21,170, which was validated 
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in our PC biobank using IHC staining with 4/5 tumors expressing ARID1A (Figure 4.9a). We 

show that the combination therapy with the OV and the small molecule inhibitor enhances cell 

death in vitro (Figure 4.11), ex vivo (Figure 4.9b) as well as in aggressive mouse models of 

PC (Figure 4.12). 

 

5.3 The virally induced extracellular vesicle-mediated bystander effect 

5.3.1 Unveiling the oncolytic virus-induced bystander effect 

Here, we use the GSK126 small molecule inhibitor to target PCs in a synthetic lethal fashion 

in combination with our amiR-4-encoding virus as a means to target ARID1A. GSK small 

molecule inhibitors have been shown to have VSe potential (personal communication with 

Anabel Bergeron; Diallo laboratory), so we thought that combining the use of GSK126 with 

VSVD51 could potentially further enhance viral replication. However, the combination of 

these therapeutics did not enhance cytotoxicity in PC cells, except in the P025 PDX-derived 

cell line (Figure 4.11). Moreover, in terms of viral replication, the amount of virus produced 

from the VSVD51 and GSK126 combination treatment was not enhanced in any of the cell 

lines tested (Figure 4.13a-d). This indicates that in these cells, GSK126 does not act as a VSe. 

However, a drastic increase in cell death can be observed when cells are treated with a 

combination of VSVD51-amiR-4 and GSK126 (Figure 4.11). This also translates into 

impressive therapeutic gain in models of highly aggressive PC and intraperitoneal 

carcinomatosis (Figure 4.12). At first glance, this increase in cell death can be attributed to 

the synthetic lethality occurring by the targeting of both ARID1A and EZH2 simultaneously 

in the combination treatment groups which was indeed hypothesized to enhance cytotoxicity. 

However, by taking a closer look, we observed that at very low infection rates (~30% of 
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infected cells; Figure 4.13e), the cell monolayer was destroyed in most cases (Figure 4.11a) 

and 50-90% of cells lacked metabolic activity (Figure 4.11b-e). We have also shown that this 

observed phenomenon is not due to an enhancement in viral replication, as demonstrated by 

titer levels and infectivity rates using flow cytometry (Figure 4.13). We then suspected the 

occurrence of a bystander effect where amiRNAs derived from VSVD51-amiR-4-infected 

cells could be transferred from infected to uninfected cells, which we hypothesized was 

happening through cell-cell communication mediated by EVs. 

 

5.3.2 Repurposing tumors into therapeutic extracellular vesicle factories 

To demonstrate that EVs are indeed involved in this hypothesized bystander effect, we 

conducted in vitro EV education experiments. This confirmed that 1) EVs containing amiR-4 

are sufficient to induce cytotoxicity in uninfected cells and that 2) combining amiR-4-

containing EVs and GSK126 is synthetic lethal (Figure 4.17). This second observation 

indicates that EVs derived from VSVD51-amiR-4 contain cytotoxic amiRNAs (Figure 4.16a) 

and that these EVs localize to neighboring uninfected cells (Figure 4.16b) to sensitize these 

cells to EZH2 inhibition via the targeting of ARID1A. This sensitization thus enables the 

synthetic lethality to occur in vulnerable cells. The implication of SEV’s involvement in this 

type of intercellular communication network was further confirmed in a breast cancer Rab27a 

KO cell line of mouse origin that was readily available in our lab. Using this cell line with an 

abrogated SEV secretion mechanism, we were able to show that this bystander effect is 

consequentially also abrogated (Figures 4.18 and 4.19). In order to further validate the 

involvement of EVs in this phenomenon, in vivo studies in a PC model will be needed and are 

currently underway.  
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We show here a proof of concept that in situ production of therapeutic EVs within the tumor 

bed is a strategy possible for cancer therapy. Indeed, OVs can be used as vectors for amiRNA 

expression within tumor cells, which can then be exported from infected cells via EVs to reach 

neighboring naïve cells to spread the therapeutic cytotoxic cargo and sensitize said cells to 

small molecule inhibitors. This bypasses the production, delivery and specificity issues 

associated to current EV production and delivery strategies. However, it is important to note 

that these EVs could also find their way to normal tissues and harm them. We did not observe 

severe off target effect and cytotoxicity issues in this study. We are, however, still addressing 

this concern by engineering in OVs proteins that will allow specific EV tropism to tumor cells 

or other cells of the TME we wish to target using amiRNA cytotoxic cargoes. 

 

5.3.3 Extracellular vesicles vs. virions vs. defective interfering particles  

Even though we have shown that our EV preparations are devoid of bullet-shaped virions 

(Appendix 6) and we have used cell lines with reduced EV biogenesis to validate the bystander 

effect (Figures 4.18 and 4.19), other experiments are needed to have a higher degree of 

certainty that the observed effect is undoubtedly due to EVs. Other strategies that could come 

into play that cannot be ignored include, but may not be limited to, the spread of the viral 

genomes by EVs or the involvement of viral defective interfering particles (DIPs). EVs have 

been shown to have the capacity to contain and transfer partial or complete viral genomes 

between cells201. It will thus be of high importance to experimentally test whether we are able 

to detect the VSVD51 genome within EVs to ensure the involvement of EV-associated 

amiRNA delivery in our hypothesized sensitization strategy. Moreover, DIPs are particles 

known to be formed concomitantly with virions during infections. They cannot replicate on 
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their own, but will compete for viral proteins in infectious virion-infected cells and can thus 

interfere with the production of infectious particles202. Although DIPs have been described, 

their specific functions in viral infection and spread remain elusive. Therefore, we cannot 

completely dismiss their involvement, if any, in the therapeutic effects shown here and this 

thus merits further investigation.  

 

5.4 Combination with immune checkpoint inhibitors 

Immunotherapy has taken the world of cancer therapy by storm. Checkpoint blockade, which 

consists of blocking inhibitory checkpoints of immune cells can restore the ability of the 

immune system to clear cancer cells203,204. Moreover, it is now well established that due to the 

high heterogeneity and fast adaptability of tumors, combination therapies are more successful 

than the use of a single therapeutic agent to treat cancer. Therefore, novel therapeutics are now, 

most often than not, tested in combination with immune checkpoint inhibitors (ICIs), due to 

their impressive track record in clinical successes205. OVs have been shown to synergize with 

ICIs205–207. Indeed, OVs are able to modify the immune TME landscape to make tumors 

‘hotter’. The release of PAMPs and DAMPs in the TME following OV infection enhances TIL 

homing to tumors, which are required for generating potent antitumor immune responses using 

ICIs68,206. Interestingly, ARID1A and EZH2 deficiency also work in synergy with ICIs. Shen 

and colleagues have found that ARID1A deficient ovarian cancers harbor more TILs and have 

higher PD-L1 expression than ARID1A WT tumors which renders them cooperative with anti-

PD-L1 therapy198. Moreover, inhibition of EZH2 in melanoma has been shown to synergize 

with anti-CTLA-4 immunotherapy208. Therefore, we hypothesize that ARID1A targeting using 

an OV coupled with the inhibition of EZH2 using GSK126 will render tumors susceptible to 
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ICIs, thus further enhancing therapeutic efficacy in models of PC. These studies are currently 

underway.  

 

5.5 Exploring effects of the combination therapy on the pancreatic cancer tumor 

microenvironment 

As previously stated, the PC TME is a harsh environment that is poorly immunogenic. 

However, OV infection can circumvent this and increase responsiveness of tumors to ICIs. In 

order to uncover the mechanism(s) underlying enhanced therapeutic effects in vivo, an immune 

profile of treated tumors needs to be obtained. This information will also allow to predict 

responsiveness of OV- and small molecule-treated tumors to anti-PD-1/anti-PD-L1 therapy. 

Preliminary flow cytometry analysis indicates an increase in CD8+ T cell infiltration and 

activation in tumors treated with the combination treatment compared to control-treated 

tumors (data not shown; experiments performed in collaboration with Sarwat Tahsin Khan). 

Other experiments are currently underway to determine the extent of infiltration and activation 

of other TILs as well as expression of PD-1/PD-L1 in treated tumors which will be useful in 

predicting whether treated tumors will respond to checkpoint blockade. In addition, conducting 

similar experiments in PC PDX tumor cores with exogenous addition of human PBMCs will 

also provide a good degree of certainty as to whether this strategy would translate into 

sufficient therapeutic gain in the clinic. 

 

5.6 Broadening the scope of this novel treatment plan 

Although we tested the efficacy of the VSVD51-amiR-4 and GSK126 combination treatment 

more thoroughly in PC cell lines and models, this therapeutic strategy would hypothetically 
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work similarly in other ARID1A WT cancers. Notably, hepatocellular, colorectal, melanoma, 

lung and breast cancers are other cancers displaying low ARID1A mutation rates, with less 

than 15% of these cancers presenting with ARID1A mutations170. Thus, the majority of these 

tumors retain an ARID1A WT status and would be ideal candidates for this type of therapy. 

Other tumor models are currently being tested. 
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6. CONCLUSION  
 
To conclude, OVs can be engineered and used as replication-competent amiR vectors to 

enhance viral replication in cell lines and tumors otherwise resistant to OV therapy. 

Additionally, these OV-encoded amiRs can be used along with systemically administered 

small molecule inhibitors to create a synthetic lethal effect within tumors that significantly 

enhance cell death. Moreover, the combination treatment of the amiR-expressing OV and the 

small molecule inhibitor allowed the discovery of an EV-mediated bystander effect occurring 

after the secretion of amiRs contained within vesicles derived from infected cells which have 

the ability to sensitize naïve neighboring cells to OV therapy or to small molecule inhibition. 

This strategy consists of a novel method to target cells normally resistant to OV therapy 

(Figure 6.1) and ultimately provides new hope to fight the notorious disease that is PC. 
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Figure 6.1 Proposed model of the effects induced by the VSVD51-amiR-4 and GSK126 
combinatorial therapy. In our models, cell death can occur as a direct effect of oncolysis or 
via SEV delivery of amiR-4 to uninfected neighboring cells which causes a synthetic lethal 
effect in cells when combined with the GSK126 small molecule inhibitor. 
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APPENDICES  
 
Appendix 1. Validation of amiR expression from VSVD51. Quantitative RT-PCR 
expression analysis of amiR1-5 transcripts from VSV∆51. The copies per reaction were 
calculated based on a relative standard curve of the sample. Error bars represent ± s.e.m of 
three biological replicates. ND = not detected. Experiment performed by Hayley McKay. 
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Appendix 2. ARID1A CRISPR-Cas9 knockout validation. (a) ARID1A expression levels 
of PANC1 and 786-0 WT, ARID1A KO bulk populations and clonal populations compared to 
GAPDH loading control expression determined by Western blotting. (b) T7 assay on genomic 
DNA of PANC1 and 786-0 WT, ARID1A KO bulk populations and clonal populations. 
Primers sets specific for gRNA targeting regions of the ARID1A gene were used to amplify 
this specific portion of the gene before performing the T7 assay. PCR products were resolved 
by agarose gel electrophoresis and expected amplicon size is indicated. Assays performed by 
Hayley McKay and Dr. Larissa Pikor. 
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Appendix 3. RT-qPCR validation analysis of differentially expressed genes involved in 
immune function found to be downregulated in ARID1A-/- PANC1 cells compared to WT 
by NGS. (a) A selection of viral immunity-related genes was chosen from the NGS results. 
Selection performed by Adrian Pelin. (b) Validation of expression was conducted in     
ARID1A-/- PANC1 clone 1 (C1) and clone 2 (C2) cells; two distinct clonal populations. Gene 
expression fold change relative to WT cell expression of transcripts was calculated and plotted. 
Error bars represent s.e.m. for 2 biological replicates per condition. Experiment performed by 
Hayley McKay. 
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Appendix 4. Experimental outlines of VSV∆51-amiR-4 and GSK126 treated cell lines in 
Figure 4.11. 
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Appendix 5. Additional information on flow cytometry assessment of infected cells with 
or without GSK126 treatment. (a) Experimental outline of cell treatment carried in Figure 
4.13e and (b) gating strategy used for sample analysis with 4T1 data used as an example. 
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Appendix 6. Characterization of small extracellular vesicles. (a) Representative electron 
microscopy photomicrographs of Mel888 human melanoma-derived SEVs infected with 
MRB∆G at MOI 1. Pictures show the absence bullet-shaped rhabdovirus virions from SEV 
preparation. Scale bar = 100 nm. (b) ALIX (SEV marker) and calreticulin (specific cell-
associated marker) immunoblotting analysis of purified SEVs and whole Mel888 cell lysates. 
Experiments performed by Dr. Vicki Jennings. 
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Appendix 7. Assessment of relative levels of extracellular vesicle-encapsulated miRNA 
compared to free miRNAs or externally attached miRNAs on extracellular vesicles. (a) 
SEVs collected from 786-0 and HPAF-II cells infected or not with MRB∆G-amiR-4 at MOI=1 
48 hpi. To remove free, non-encapsulated RNA, an RNase protection assay was performed 
(RNase A, 1 unit/sample, 30 min). RT-qPCR analysis of amiR-4 levels was conducted on 
purified SEV RNA. n=1 per condition. (b) To show RNase A activity, 1 µg 786-0 cellular 
RNA was treated with or without 1 unit of RNase A for 30 min. Samples were then resolved 
using agarose gel electrophoresis. 
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Appendix 8. Experimental outlines of extracellular vesicle education and GSK126 
treatment of naïve cells. Experimental outlines of SEV-educated and GSK126-treated cell 
lines in Figure 4.17 are shown. 
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Appendix 9. Characterization of 4T1 Rab27-/- cells and their derived extracellular 
vesicles. (a) Immunoblotting analysis of 4T1 WT and Rab27a CRISPR-Cas9 KO clonal cell 
lines. b-tubulin is included as a loading control. (b) NTA quantification and size distribution 
profiles of 4T1 WT and Rab27a-/- cell-derived SEVs. ND = not detected. 
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Appendix 10. Viral titers remain unchanged in 4T1 Rab27a-/- cells compared to 4T1 WT 
cells. (a) 4T1 WT or Rab27a-/- cells produce similar amounts of virus following VSV∆51 
infection at indicated MOIs 48 hpi as quantified by plaque assay. Two-way ANOVA with 
Sidak’s multiple comparison test, ns p > 0.05. Error bars represent s.e.m. of three biological 
replicates. (b,c) 4T1 WT or Rab27a-/- cells infected with VSV∆51 or VSV∆51-amiR-4 (MOI 
0.025) and treated with vehicle control (DMSO) and GSK126 (15 µm) for 72 hours. 
Production of infectious particles for each condition was quantified by plaque assay. Two-way 
ANOVA with Sidak’s multiple comparison test, ** p < 0.01. Data represent ± s.e.m. of four 
biological replicates for wild-type cells and two for Rab27a-/- cells. Experiments performed in 
collaboration with Brian Laight. 
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