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Abstract	  
 

Oncolytic viruses (OVs) have been engineered or selected for cancer cell-specific infection; 

however, we have found that following intravenous administration of vesicular stomatitis 

virus (VSV), tumour cell killing rapidly extends far beyond the initial sites of infection. This 

Bystander Effect is due to the virus’ ability to specifically target tumour vasculature through 

tumour-specific infection of tumour endothelium and the induction of an inflammatory 

response resulting in tumour-restricted coagulation, acute vascular disruption, apoptosis and 

necrosis of the tumour core. VSV-infected tumours, reconstructed in three-dimensions from 

serial histological sections, revealed that the majority of the tumour mass lacks significant 

blood flow in contrast to uninfected tumours, which exhibit relatively uniform perfusion. 

VSV infection rapidly induced intravascular coagulation within 6 hours of intravenous 

administration. The induction of coagulation was dependent on neutrophils and could be 

prevented with inhibitors of the coagulation pathway.  Normal vasculature was not infected 

by VSV and no increase in coagulation was observed. Vascular collapse was also observed 

with the oncolytic poxvirus, JX-594, in patients and preclinical models. Biopsies from 

patients enrolled in a dose escalation trial for JX-594 were immunoreactive for vaccinia 

antigens and transgene products in high dose cohorts. Tumour-associated vessels from 

patients treated with JX-594 were infected with JX-594 and expressed virally encoded 

transgenes. A decrease in blood flow was also observed 5 days post infection.   Several 

viruses, VSV, JX-594, vvDD, Maraba, and Sindbis, were able to rapidly induce widespread 

bystander cell death in a subset of mouse models. Tumours responded to OV therapy in three 
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ways, and the type of response was determined by two factors - susceptibility to infection and 

the heterogeneity of the tumour microenvironment. Heterogeneity correlated with E-cadherin 

expression. Among tumours that supported viral replication, cancers with low E-cadherin 

expression were susceptible to vascular collapse. E-cadherin positive tumours were 

susceptible to infection and direct cell killing but resistant to vascular disruption or bystander 

cell death. If poorly-differentiated tumours were resistant to infection, no acute cell killing 

was observed. These histological subtypes provide a potential framework for the rational 

selection of patients, the integration of combination therapies and the creation of designer 

viruses to improve the success of OV therapy. 
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Chapter	  1:	  Introduction	  	  
 

1.1. CANCER BIOLOGY 

1.1.1 Cancer 

Cancer describes a group of cells that are characterized by uncontrolled proliferation beyond 

their normal boundaries and by the potential to metastasize to other tissues and organs (1).  It 

is the leading cause of death in Canada and accounts for approximately 30% of all deaths. An 

estimated 187, 600 new cases of cancer and 75,500 deaths from cancer have occurred in 

Canada in 2013 (2).  95% of malignant tumours have been linked to somatic mutations rather 

than germline mutations. The etiology of cancer has been linked to several causes. 35% of 

malignancies have been linked to diet, 30% to tobacco use, 14-20% to obesity, 18% to 

infectious agents, and 7% to radiation of environmental pollutants (3).  The biology of cancer 

is a multistep process described by hallmark capabilities; namely, sustained proliferative 

signaling, evasion of growth suppressors, resistance to cell death, replicative immortality, 

induction of angiogenesis, inflammation, reprogramming of energy metabolism and the ability 

to evade immune destruction (1).  

1.1.2 Tumour Microenvironment  
 
The growth of a tumour is a co-evolutionary process between neoplastic cells, extracellular 

matrix, tumour vasculature, immune cells, fibroblasts, and other cells of ‘normal origin’. The 

interactive niche created by these cells establishes tumour microenvironments (4). Unlike 

normal tissue, the rapid, erratic growth of tumours results in a mass of cells that is 

characterized by high interstitial pressure, hypoxia, and restrictive extracellular matrix. The 
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tumour microenvironment can greatly influence the behavior of neoplastic cells. For example, 

tumour cells in hypoxic microenvironments are often more aggressive, resistant to apoptosis, 

and more metastatic (4).  Tumour microenvironments influence tumour cell behavior not only 

within a solid malignancy, but also their propensity to metastasize to different organs.  Paget’s 

seed and soil hypothesis likens cancer cells to ‘seeds’ that grow best in certain ‘soils’ – organ 

environments that facilitate tumour cell growth through the right combination of homeostatic 

factors (5).  

1.1.3 Tumour Vasculature 
 

Vasculature is a network of vessels and capillaries that are part of the circulatory system 

whose job it is to transport nutrients, oxygen, cytokines, and red and white blood cells to 

tissues, while serving as a vehicle for the elimination of metabolic wastes (6).  This network 

of capillaries and vessels is a transport system that is an absolute requirement to keep cells 

healthy when hydrostatic pressure and the extracellular matrix overcome the limits of passive 

diffusion (6). In the case of cells within solid tumour masses, vasculature is required to 

efficiently access nutrients and eliminate wastes in order to ensure survival.  Most tumours 

begin as small, dormant, avascular nodules. The initiation of angiogenesis, often referred to as 

the ‘angiogenic switch’, ensures exponential growth of tumour cells (7). Tumours, where the 

switch is turned on, are highly vascularised, more invasive, and have poorer prognoses in 

patients, when compared to avascularised counterparts (8).  

 

Vasculature is derived from two main processes: angiogenesis, the sprouting of new 

capillaries from existing local vessels, and vasculogenesis, the formation of vessels in situ 

from precursor cells, such as bone marrow-derived endothelial progenitor cells (6).  Both 
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processes are highly dysregulated in tumours as vessel growth attempts to keep up with the 

uncontrolled proliferation of malignant cells.  Furthermore, vessel development is controlled 

by a balance of positive regulators, such as VEGF, HIF-1, and STAT3, and by negative 

regulators, such as VHL and PTEN (6, 9).  In cancer, endothelial cells rarely become 

quiescent as these factors are expressed to promote angiogenesis (5).  For example, Ras, 

which is mutated in nearly 20% of all cancers, is a positive regulator of angiogenesis, while 

p53, which is downregulated in ½ of all cancers, is a negative regulator of angiogenesis (10, 

11).  The rapid, dysregulated growth of vasculature results in several characteristics of tumour 

vasculature that differentiate it from normal blood vessels (6).  Structurally, tumour 

vasculature is erratic, tortuous and leaky (6, 12). Turbulent blood flow and abnormal 

architecture contribute to increased interstitial pressure, hypoxia, poor immune surveillance, 

and poor delivery of therapeutic agents (12).  

 

1.1.4 Epithelial-to-mesenchymal transition (EMT) 
 
EMT is a developmental regulatory program that has been implicated in the transition of low 

grade epithelial tumours to more aggressive, high grade malignancies. As tumours of 

epithelial origin become more malignant, certain pathological features are altered and 

malignant cells become less differentiated (2).  Highly aggressive carcinomas exhibit 

increased invasion into surrounding tissues and increased metastases, often corresponding to 

higher pathological grades (1).  Cancer cells acquire different morphological characteristics, 

becoming more mesenchymal in phenotype (Figure 1.1).  Carcinoma cells lose their polarity, 

cell-cell contacts, acquire fibroblastic characteristics, and appear more spindle shaped in  
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Figure 1.1. Epithelial cancers lose epithelial characteristics and gain mesenchymal features as tumours 
progress. These cells are more invasive, metastatic, have a higher likelihood of recurring, and are also drug 
resistant. EMT can be triggered by several signaling pathways. During the acquisition of mesenchymal 
characteristics epithelial cells lose cell–cell junctions and the actin cytoskeleton is reorganized, which 
decreases the expression of epithelial proteins such as cadherin 1. (from Wang et al. Nature Reviews 
Gastroenterology & Hepatology 8, 27-33 January 2011 (13). 
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morphology (14, 15).  The expression of E-cadherin, a cell adhesion molecule that helps 

tissues assemble in epithelial sheets, has been well established as a marker of low-grade 

tumours that are less invasive and metastatic; the loss of E-cadherin is a hallmark feature of 

EMT (1, 15). EMT has also been viewed as a process where epithelial cells acquire stem cell 

like features and/or increased cancer stem cell pools within a clonal population (16). 

	  

1.2	  INFLAMMATION	  

1.2.1	  Acute	  Inflammation	  

Under normal circumstances acute inflammation is a rapid reaction to a pathogen or 

physiological insult, clinically characterized by heat, pain, redness, and swelling.  These 

symptoms are a consequence of cytokines and inflammatory cells that cause vasodilation, 

increased blood flow, and the infiltration of white blood cells. Within hours, tissue resident 

macrophages and dendritic cells facilitate the local release of cytokines that cause structural 

changes in vasculature and alter the adhesive properties of endothelial cells to circulating 

leukocytes. As leukocytes follow chemotactic gradients to the site of infection or injury, 

neutrophils and macrophages are often the first responders, with neutrophils being the most 

abundant in number. If inflammation continues, eosinophils later arrive to destroy invading 

pathogens (17).  

 

1.2.2	  Chronic	  Inflammation	  as	  a	  driver	  of	  cancer	  progression	  

Chronic inflammation is a prolonged inflammatory reaction where immune cells infiltrating a 

tissue are often chronically activated, resulting in functional differences when compared to the 
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same cells acting in an acute inflammatory event. (18).  The dysregulation of inflammation 

contributes to several pathological conditions and also correlate with cancer (19). Patient’s 

whose tumours have a high degree of infiltrating CD45+ leukocytes have been correlated with 

poor prognoses (20, 21). Several lines of evidence have established that chronic inflammation 

can promote the growth of malignant cells through secretion of growth signals that directly act 

on cancer cells as well as the manipulation of tumour stroma to facilitate tumour growth. 

 

Innate immune cells have been shown in several preclinical models to promote tumour 

angiogenesis.  For example, in a transgenic model of multistage pancreatic cancer, early stage 

tumour nodules were found to have a high degree of macrophage and neutrophil infiltration. 

Rather than exerting classical effector functions associated with these cell types, neutrophils 

promoted angiogenesis and tumour growth (22). In a transgenic model of breast cancer, 

tumour associated macrophages infiltrated primary tumours at the nonmalignant adenoma 

stage and were responsible for dramatically increasing the vascularization of tumours leading 

to malignant progression (23). Myeloid cells and VEGFR1+ bone marrow derived cells were 

also found to promote metastasis by preparing the “soil” for tumour cell colonization.  The 

cells were found abundantly and were found to promote angiogenesis prior to cells even 

arriving at the site of tumour growth (24).  

 

1.3	  THE	  IMMUNE	  RESPONSE	  TO	  CANCER	  

1.3.1	  Cancer	  Immunosurveillance	  

Burnett and Thomas postulated that ‘cancer immunosurveillance’ was responsible for 

preventing cancer development from occurring in immunocompetent hosts.  The role of 
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adaptive immunity in this process was proven in experimental models of chemical 

carcinogenesis in immune competent and deficient hosts.  Immunocompetent animals were 

far less likely to develop tumours, indicating that the adaptive immune system played a key 

role in controlling tumour growth (25). Subsequent studies have characterized that Patients are 

able to develop high levels of antibody and robust T cell responses against tumors antigens in 

some cases (26). Lymphocytes are able to recognize these antigens and often generate a 

response against them, leading to the elimination of the malignant cells. Innate immune cells 

(natural killer cells, macrophages, and dendritic cells) detect the transformed cell or related 

tissue damage and release proinflammatory cytokines that further transform the 

microenvironment into one that promotes the generation of tumour specific adaptive 

responses (26). Both innate and adaptive arms of the immune system are required for effective 

immunosurveillance. If this process leads to complete elimination of the transformed cells, 

tumours will not develop. 

 

1.3.2	  Cancer	  immunoediting	  

It is now known that immunity plays a dual role in cancer; the imunne system doesn’t just 

protect the host, but it also can ‘edit’ the immunogenicity of tumours.  The immune system 

can target and destroy tumours leading to the generation of anti-tumour responses; however it 

can also promote tumour growth through the selection of cells that are able to evade immune 

responses and can create a tumour microenvironment that supports tumour progression and 

evasion of immunity (26). Cancer immunoediting describes the interplay between transformed 

cells, their immunogenicity and the immune system. The process is divided into three main 

phases: elimination, equilibrium and escape (26).  Elimination is the ideal response where 
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innate and adaptive immunity work in concert to generate robust anti-tumour responses that 

lead to the complete elimination of the malignancy. Equilibrium occurs in dormant tumours 

when rare transformed cells survive the elimination phase.  The adaptive immune system 

controls tumour outgrowth while simultaneously applying a selection pressure to ‘edit’ 

tumour cells.  The escape phase occurs when the tumour has found ways to successfully evade 

recognition by the immune system. This can occur when the tumour cell population changes 

in response to editing functions, for example the loss of tumour antigen expression, or when 

the tumour microenvironment becomes immunosuppressive and affects host immunity (26). 

At this stage, tumours exhibit uncontrolled growth. The importance of generating appropriate 

immune responses against tumours is highlighted in several studies. For example, the spatial 

distribution of tumour infiltrating lymphocytes (TIL) was found to predict patient survival. 

Infiltration of CD8+ TILs into tumours, as opposed to CD8+ TILs accumulating at tumour 

margins, was found to be an indicator of positive clinical outcomes (27). 

 

1.3.3	   Chronic	   inflammation	   in	   the	   tumour	   microenvironment	   –	   sabotage	   for	  

immunosurveillance	  

As previously described, chronic inflammation within the tumour microenvironment 

contributes to tumour growth through the promotion of angiogenesis and the secretion of 

growth factors that act on malignant cells.  In addition, chronic inflammation has also been 

linked to the development of poorly immunogenic tumours, in part, because chronic 

inflammation can camouflage tumours and counteract acute inflammation which frequently 

precedes the generation of a robust adaptive anti-tumour response (28). Chronic inflammation 

and the production of reactive oxygen species, cause genotoxic stress, leading to the 
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generation of immune escape variants that lack tumour antigens. Innate inflammatory cells 

activated by tumour cytokines such as VEGF, become immunosuppressive (29).  Schrieber et 

al. describe chronic inflammation and protective tumour immunity as  as they transit through 

cancer immunoediting (26). 

 

1.4	  CONVENTIONAL	  CANCER	  THERAPY	  

1.4.1	  Surgery	  

Surgery, chemotherapy, and radiation are the mainstays of the current therapeutic arsenal 

against cancer. For solid malignancies, the primary, and often most effective, treatment is 

surgical resection of the tumour; however this strategy has certain limitations.  The precise 

location of malignant tissue must be detectable and must be confined to an operable site.  

Surgeons often debulk any lesions fitting these criteria, and follow up with secondary 

treatments to target residual tumour tissue, pre-existing metastatic disease, and tumour cells 

that may be released while resecting the primary tumour (30). 

1.4.2	  Radiation	  

Radiation therapy is another regional therapy that induces DNA damage in cancer cells.  DNA 

damage is mediated by free radicals derived from molecular oxygen. Modest specificity is 

achieved based on the fact that cancer cells are more susceptible to the effects of DNA 

damage and it is possible to direct radiation towards malignancies were the location is 

detectable.  Because the tumour microenvironment is often hypoxic and deficient in oxygen, 

hypoxic tissues tend to be resistant to radiotherapy (31). Off target effects result in ‘radiation 
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sickness’, characterized by nausea, loss of appetite, and vomiting, as well as bone marrow 

suppression, hair loss, and skin reactions (2). 

1.4.3	  Chemotherapy	  

Traditional chemotherapies are cytotoxic agents whose mode of action relies on targeting 

rapidly dividing cells.  Common side effects resulting from chemotherapy are due to the fact 

that rapidly proliferating cells are not just cancer cells, but also normal cells including those of 

the bone marrow, digestive tract, and hair follicles.   Consequently, many patients become 

immunosuppressed, lose their hair, and experience side effects relating to inflammation of the 

gastrointestinal tract (2, 30)).   

	  

1.5	   BEYOND	   THE	   THERAPEUTIC	   TRIUMVIRATE	   -‐	   PROGRESS	   IN	   CANCER	  

THERAPY	  

1.5.1	  Coley’s	  toxin	  –	  A	  pro-‐inflammatory	  vascular	  disrupting	  agent	  	  

 

In the late 1800s after learning of anecdotal evidence that some sarcoma patients experience 

regression of their disease following bacterial infections, William Coley started to deliberately 

treat patients with a mixture of killed bacteria (Streptococcus pyrogenes and Serratia 

marcescens). Several components, such as LPS, were found to stimulate the production of 

inflammatory cytokines such as IL-1β, TNF-α, IFNγ and IL-6 (32). In a series of case studies, 

Coley reported that the preparation was found to induce fever, inflammation, and lead to the 

cure of approximately 10% of in operable sarcomas. Tumours that responded well to this 
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agent exhibited rapid decreases in vessel density and increased acute necrosis. Subsequent 

small scale clinical trials had mixed results (32). 

	  

1.5.2	  Clinical	  progress	  in	  vessel	  targeted	  therapies	  
 

Targeting vasculature is an attractive therapeutic target to control tumour growth. Two main 

classes of drugs are in clinical use and development (33). Antiangiogenic drugs such as 

bevicizumab, sorafenib, and sunitinib inhibit proangiogenic signaling to inhibit 

neovascularization to starve the tumour of nutrients (33, 34).  Vascular disrupting agents, such 

as tubulin-binding combretastatins, aim to cause the rapid shutdown of established tumour 

vasculature (33).  Although drugs targeting the VEGF pathway have slowed metastatic 

disease in some cancers, these drugs have generally failed clinical trials (35). In some 

indications, anti-angiogenic drugs are used to ‘normalize’ blood vessels by reducing pro-

angiogenic signaling to levels that are similar to what would guide normal vessel development 

and maintenance (34). Normalizing vessels has been shown to improve the delivery of 

therapeutic agents and to improve radiotherapy in hypoxic tumours (34, 36). Targeting 

vasculature is an effective therapeutic strategy but treatment regimens that are more effective 

and can target a wider variety of cancers are needed. 

 

1.5.3	  Immunotherapy	  
 

Stemming from the observations that the immune system is responsible for eliminating 

tumours, and that tumours are able to counteract and evade the immune system through a 

multitude of mechanisms, scientists are developing methods to recalibrate a dysfunctional 
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anti-cancer immune response into one that will generate functional anti-tumour immune 

responses leading to the elimination of malignancies. 	  

	  

1.5.3.1	  Classes	  of	  immunotherapy	  
 

Vaccines have been developed that target tumour antigens that exist on tumour cells but not 

on normal tissues.  One example of this is the MAGE-A3 vaccine that targets the melanoma-

associated antigen 3, which is specifically expressed on a variety of cancers and is associated 

with poor prognosis (37). Another approach is the adoptive transfer of lymphocytes.  These 

are either expanded in vitro, or used in their original state, or even genetically engineered to 

target lymphocytes to tumours. Monoclonal antibodies that target proteins expressed on 

tumour cells are also in development.  For instance, Herceptin is an antibody that is directed 

against HER2, a protein that is overexpressed on many breast cancer tumours. The most 

recent immunotherapeutic approach involves (38).  

 

1.5.3.2.	  Emerging	  Immunotherapies	  
 

Although the impact of tumour immunology on cancer treatment in the clinic is still 

negligible, there is now a steady stream of preclinical and clinical evidence demonstrating its 

importance in cancer biology and cancer therapy (39). Several emerging therapies have found 

ways to harness the immune system to target malignancies.  Chimeric antigen receptor 

therapy, where T cells are genetically modified to be directed specifically against tumours, has 

achieved some clinical success. For example chimeric antigen receptor (CAR) T cells directed 

against CD19, a protein expressed on B-cell malignancies, is in clinical development and has 
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led to the partial remission of a patient with advanced stage lymphoma (40).  A growing body 

of literature has delineated several mechanisms by which cancer cells are able to evade 

immune recognition and destruction and these mechanisms are now being targeted.  

Ipilimumab, an antibody against cytotoxic T-lymphocyte antigen 4 (CTLA-4) has been used 

for the treatment of metastatic melanoma.  CTLA-4 inhibits T-cell responses and by ‘taking 

the brakes off’ T cells, this strategy permits the generation of tumour specific T cell responses.  

Inhibiting the PD-1/PD-L1 axis has also proven to be an important target of T-cell 

immunosuppression. The two strategies have been used in combination and have led to rapid 

tumour regression in a third of melanoma patients enrolled on a trial run by Bristol-Myers 

Squibb (41). By targeting this aspect of cancer, immunotherapies have become a fourth 

weapon against cancer, in addition to conventional surgery, chemotherapy and radiation (42). 

Cancer immunotherapy is coming to the forefront of cancer research and the enthusiasm 

behind the concept of harnessing the immune system to target malignancies was hailed as 

Science Magazine’s “Breakthrough of the year” in 2013(41).  

 

1.5.3.3	  Pitfalls	  of	  current	  therapy	  

Conventional cancer therapies, namely surgery, radiotherapy, and chemotherapy, have the 

disadvantages of harming healthy tissues and causing serious side effects.  Immunotherapy, 

one of the most recent and promising approaches to cancer treatment, also has its pitfalls. 

Immunoediting can occur over the course of therapy and responses to immunotherapies can 

be heterogeneous. Some patients have therapeutic responses that follow the elimination phase 

of immunoediting.  Tumours shrink, cells are destroyed, and tumour-specific T cells that 

exhibit classical effector functions infiltrate tumours.  Other patients have responses where 
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tumour outgrowth of escape variants occur while others return to a dormant equilibrium phase 

(38).  It is important to note that all three responses to immunotherapy can occur in the same 

patient, as was documented in a melanoma patient undergoing CTLA-4 blockade 

monotherapy (43).   A vaccine targeting MAGE-A3 failed Phase III trails for both non-small 

cell lung cancer and melanoma (37).  Patients also experience immune related adverse events 

including colitis, hepatitis, dermatitis, and endocrinopathies (44).  While immunotherapies are 

surpassing milestones in the treatment of cancer, it is clear that these responses can be 

significantly improved and that these responses are heterogeneous within a patient and 

amongst cohorts of patients.  Better therapies that can address the heterogeneity of cancers are 

required and we will likely need therapies that have multiple mechanisms of action that can be 

used in combination with existing therapies. 

 

1.6	  Oncolytic	  Viruses	  

1.6.1	  General	  Properties	  of	  Oncolytic	  Viruses	  

 

Oncolytic viruses are able to selectively target, infect, and kill cancer cells by tumour-specific 

replication based on inherent differences between normal and cancer tissues. The promise of 

this therapy lies in the fact the oncolytic viruses possess several key advantages over 

conventional therapies.  Oncolytic viruses are able to discriminate between normal and cancer 

cells due to the fact that a malignant phenotype is acquired through the mutation of several 

genes.  These genetic mutations establish a tumour-specific susceptibility for viral replication. 

For example, some viruses favor replication in cells where mutations result in defective anti-
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viral defense, over expressed signaling pathways, or membrane antigens that are unique or 

over expressed in malignant cells (45).  Oncolytic viruses also have unique pharmacokinetic 

properties.  Theoretically, viruses have the potential to replicate, lyse tumour cells, and then 

be cleared by the immune system once malignant cells have been eradicated.  This property 

essentially creates a drug that can be customized to tumour burden. Viruses are also able to 

navigate through blood allowing for systemic delivery and targeting of undiagnosed or 

inoperable metastases.  These viruses also have the potential to be improved by genome 

modification.  Recombinant DNA technology allows for gene insertion that further promotes 

oncolysis and the rational creation of ‘designer viruses’ (45).  Due to these distinct 

characteristics, oncolytic viruses have been likened to intelligent biological machines that can 

seek out, target, and kill cancer cells (45). 

 

Oncolytic viruses are multi-mechanistic platforms. The three main mechanisms of action are 

direct infection, targeting tumour vasculature and inducing anti-tumour immunity.  Direct 

infection occurs due to preferential delivery to leaky vasculature, infection and spread due to 

inherent properties of cancer cells that favour viral replication such as increased metabolic 

activity and dysregulated antiviral responses. Targeting tumour vasculature occurs in two 

ways – direct infection of tumour associated endothelial cells and the induction of an 

inflammatory response to which tumour vasculature is uniquely susceptible. The induction of 

anti-tumour immunity is thought to occur for several reasons such as expression of viral 

‘danger signals’ in an immunosuppressive microenvironment, decreased regulatory T cells 

and increased infiltrating CD8+ effector T cells (46). 
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1.6.2	  History	  of	  Oncolytic	  viruses	  
 

Interest in the field of oncolytic viruses has varied dramatically in the past century.  Since the 

mid 1800s, there has been anecdotal evidence of viral infection coinciding with tumour 

regression and remission (47).  Thirty-seven years before influenza was even known to be a 

viral infection, a myelogenous leukemia patient went into remission after an influenza 

infection (47).  Regression was also reported in a leukemia patient infected with chicken pox 

(48). Promising anecdotal evidence led to a growing interest in the oncolytic property of 

viruses that peaked in the 1950s (49).  Several in vitro and in vivo studies examining the 

effects of viruses, such as herpes, hepatitis, mumps, dengue, yellow fever, West Nile, 

vaccinia, and adenovirus (47), on several cancer types, were pioneering proof of principle 

experiments showing that certain viruses possessed anti-cancer properties. The results of 

several clinical trials were far less striking than results obtained from animal model studies; 

furthermore, the safety of non-attenuated pathogens was a concern that lead to the near 

abandonment of the field in the 1970s (49).  Moore demonstrated that a human virus could 

have oncolytic activity against a murine tumour (50), and this was followed by a shift in focus 

to look at viruses that are non-pathogenic, possess advantageous mutations, and/or have a 

non-human animal host.  In the past two decades, new approaches, such as genetic 

engineering, and increased knowledge of the mechanisms of tumourigenesis, and promising 

clinical results have led to a resurgence of interest in the field (47).  Consequentially in 2005, 

the first oncolytic virus, genetically modified adenovirus H101, was approved for marketing 

in China (51). A clinical trial of this virus had 3/46 complete tumour remissions and 11/46 

partial responses (52). The combination of an increased understanding of cancer biology 
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coupled with the ability to rationally design viruses ushered in a new era of oncolytic virus 

research. 

 

1.7	  Vesicular	  Stomatitis	  Virus	  (VSV)	  	  
 

The oncolytic activity of VSV in mouse models was first investigated in the 1960s (47).  VSV 

primarily infects rodents, cattle, swine, horses, and arthropods but is capable of infecting other 

species including humans.  While infection in livestock is characterized by vesiculation and 

ulceration of the oral cavity, teats, and feet, human infection is largely asymptomatic and, at 

most, results in mild flu-like symptoms making VSV a good therapeutic candidate (53).  

Furthermore, the two most prevalent serotypes in the Americas, Indiana and New Jersey, have 

rare seropositivity in the general population (54).  In addition to these epidemiological 

advantages, the biological characteristics of VSV provide key benefits.  VSV is a 185nm x 

65nm bullet shaped particle belonging to the genus Vesiculovirus and the family 

Rhabdoviridae (45, 55).  VSV’s 11-kilobase, non-segmented, negative sense RNA genome 

(53) means replication occurs exclusively in the cytoplasm, making the virus a safer 

therapeutic candidate than some DNA viruses that have the potential to transform host 

genomes.  Furthermore, recombinant rhabdoviruses can be created and grown to large titres 

relatively rapidly. 

 

VSV is also highly sensitive to the innate immune system, particularly interferon (IFN).  

Interferons are a class of cytokines comprised of the subtypes, IFNα, β, ω, ĸ, and δ, that bind 

to the IFN receptor and significantly perturb the spread of VSV.  The virus and dsRNA is 

recognized by sensor proteins that translocate IRF3 to the nucleus through the action of TBK1 
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and IKKi kinases (56, 57). Through IRF3-CBP/p300 and IRF7, under negative translational 

control of 4E-BPs (58), and other transcription factors, NFĸB and ATF2/cJun, induce the 

translation of Type I IFN genes.  One of these genes, IFNβ is secreted and binds to the IFN 

receptor of other cells, which results in the transcriptional activation of hundreds of interferon 

stimulated genes (ISGs), such as PKR, mainly through the activation of the JAK/STAT 

signaling pathway.  ISGs have effects of immune modulation, growth, and apoptosis.  For 

example, PKR phosphorylates eIF2α, leading to the inhibition of translation (59).  ISGs are 

upregulated in waves of IRF3 and IRF7 control, resulting in a positive feedback model that 

can be likened to a cell sending a warning signal for adjacent cells to enter a protective anti-

viral state.  

 

Many cancer cells are resistant to interferon as mutations that minimize this anti-proliferative 

pathway enable uncontrolled proliferation.  Previous studies in the Bell lab have shown that 

IFN signaling is defective in 42 out of 52 human cancer cell lines obtained from the National 

Cancer Institute’s panel of 60 cell lines (60).  The dysregulation of many ISGs, such as PKR, 

has been shown to have oncogenic properties (61).  

 

Interest in VSV’s oncolytic ability was hindered by safety concerns about its well known 

neurovirulence.  Prior experiments in the Bell lab attempted to create an attenuated form of 

VSV that would retain the ability to infect IFN non-responsive cells.  ∆51-VSV, the strain 

used in this report, has a M51R mutation in the viral matrix protein.  The wildtype M protein 

binds RAE1, preventing nuclear-cytoplasmic export of host mRNAs, including those for IFN 
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(62, 63).  Therefore, while VSV normally is IFN non-inducing, this mutant form induces IFN 

production in cells where IFN signaling is normal.  

VSV’s sensitivity to interferon coupled with interferon resistance in cancer cells lays the 

foundation for tumour-specific infection.  Previous research indicated that PKR plays a crucial 

role in protection against VSV; furthermore, PKR-/- knockout mice were found to be 

incredibly sensitive to infection even in the presence of exogenously administered IFN (64).   

Another experiment showed durable cures in 5 of 8 Balb\c mice bearing CT-26 subcutaneous 

tumours when treated with VSV (60).  

 

1.8	  Vaccinia	  Virus	  Biology	  –	  a	  virus	  with	  natural	  oncolytic	  properties	  

Vaccinia virus belongs to the family Poxviridae, and the genus Orthopoxvirus. The family is a 

group of enveloped DNA viruses that replicate in the cytoplasm of cells (65).  Poxviruses 

have several features that make them suited for use as an oncolytic. Vaccinia’s linear, double-

stranded DNA genome is approximately 190kbp, encoding approximately 250 genes (65). 

The relatively large genome permits the insertion of multiple transgenes for the purposes of 

imaging or enhancing the potency of the virus. Cytoplasmic replication is an important 

oncolytic property as there is no chance for genetic integration into the host genome. 

Poxviruses are known to traffic well through blood, making them suitable for systemic 

delivery to metastatic tumours in distant and unknown sites. Vaccinia virus is produced in 

four forms that are thought to aid spread of the virus via different routes: the extracellular 

enveloped virion (EEV) is stable in blood can spread systemically; the intracellular mature 

virion (IMV) is thought to cause spread from one host to another and remains intracellular; the 

intracellular enveloped virion (IEV) efficiently disseminates to the cell surface, the cell-
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associated enveloped virions (CEV) plays a role in cell to cell spread (65, 66). The four forms 

create a coordinated strategy to disseminate virions throughout a host; when considering this 

virus as an oncolytic, these forms are proposed to mediate efficient delivery and spread within 

tumours and to distant metastases.  

 

1.9	  Oncolytic	  viruses	  and	  their	  interactions	  with	  the	  tumour	  

microenvironment	  	  

(adapted from De Silva et al. Cytokine Growth Factor Reviews, 2010 with permission) 

 

1.9.1	  Targeting	  the	  interplay	  between	  the	  tumour	  microenvironment	  and	  

oncolytic	  viruses	  

Originally, OVs were designed to target malignancies by taking advantage of the defects of 

cancer cells observed in vitro. Subsequent analysis of virus delivery and spread in vivo has 

demonstrated that the tumour microenvironment can impede the ability of OVs to effectively 

infect and spread. Despite this limitation, it is becoming increasingly evident that OVs are also 

able to take advantage of certain features of the tumour microenvironment.  Currently, a 

growing body of literature is delineating the complex interaction between OVs and the tumour 

microenvironment that results in an additional therapeutic activity; these viruses are able to 

target malignancies by rapidly altering the tumour microenvironment into a milieu that 

potentiates anticancer activity.  Understanding the complex and dynamic interplay between 

OVs and various components of the tumour microenvironment and therapeutic responses 

provides opportunities to optimize OV therapy. Several strategies have been developed to 
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capitalize on the multifaceted relationship between OVs and host-tumour interactions that 

enhance the toxicity of OVs to the tumour microenvironment. 

1.9.2	  OVs	  are	  poorly	  delivered	  to	  tumours	  upon	  systemic	  administration	  but	  can	  

specifically,	  rapidly	  expand	  within	  tumours	  

OVs have been shown to rapidly proliferate and spread in vitro, when given access to 

susceptible cancer cells. Limited delivery is attributed to the treacherous path that OVs must 

navigate in order to gain access to susceptible cancer cells. Firstly, upon systemic 

administration, OVs may be exposed to complement, neutralizing antibodies, blood cells as 

well as specialized immune cells within the liver designed to neutralize and eliminate 

pathogens (67, 68).  

 

 Once virions bypass neutralization by blood components and reach the tumour site, OVs 

must overcome several obstacles within the tumour microenvironment as well.  For example, 

OVs must be able to navigate through erratic tumour vasculature, permeate extracellular 

matrix, and evade an army of innate immune and inflammatory cells.  Numerous strategies 

have been employed to manipulate components of the tumour microenvironment to improve 

virus infection and spread within tumours. Despite the challenges of getting OVs to the 

tumour, once they arrive at their destination, OVs are able to selectively and rapidly expand 

even when only a small proportion of input virus reaches the tumour.  
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1.9.3	   Rapid	   expansion	   of	   OVs	   within	   tumours	   is	   limited	   by	   components	   of	   the	  

tumour	  microenvironment	  	  

Despite the rapid expansion of OVs within the tumour microenvironment, there exist multiple 

barriers that inhibit optimal virus spread throughout the tumour, which may be especially 

problematic as rapid spread within the tumour microenvironment is desirable prior to onset of 

the neutralizing antibody response. The tumour does not consist exclusively of cancer cells; 

tumour resident normal cells are resistant to virus infection and constitute a barrier to virus 

spread. A significant proportion of the tumour mass consists of normal cells like fibroblasts 

and endothelial cells that support tumour growth (69, 70). Tumours are also associated with 

inflammatory cells, i.e. tumour-associated macrophages, as these cells have been shown to 

enhance tumour growth when chronically activated within the malignancy.  These normal 

cells found within the tumour are resistant to OV infection and can contribute to the 

generation of anti-viral responses. Fibrous extracellular matrix (ECM) can be a physical 

barrier to virus spread (71). For example, tumour dissemination of myxoma virus was 

inhibited by extracellular matrix protein deposition (72). ECM also restricted adenovirus 

access to breast cancer metastases (73). It is not only normal cells that are inherently resistant 

to infection but tumour cells themselves are genetically heterogeneous and certain cell 

subpopulations may be able to mimic the phenotype of normal cells, including partial or 

complete resistance to OV infection.  For example, melanoma cells that form vasculogenic 

mimicry patterns within 3D matrigel culture systems become resistant to oncolytic HSV-1 

infection (74).  
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1.9.4	  Strategies	  to	  manipulate	  tumour	  microenvironment	  and	  improve	  OV	  spread	  

1.9.4.1	  Manipulation	  of	  ECM	  

A number of strategies have been employed to modify physical aspects of the tumour 

microenvironment in order to provide fertile ground for viral amplification (some reviewed in 

(75) and (71)). Several strategies to degrade components of the ECM have been investigated.  

Tumour cells expressing matrix metalloproteases (MMP-1 and -8), enzymes that degrade 

components of ECM, respond better to HSV treatment than controls (76). Increased virus 

spread was attributed to depletion of tumour-sulfated glycosaminoglycans, which increased 

the hydraulic conductivity of tumours. Co-injection of collagenase, a bacterial enzyme that 

degrades collagen, a major component of ECM, resulted in higher HSV titers and more 

uniform virus distribution in the tumour (77).  Hyaluronan, a high molecular weight 

nonsulfated glycosaminoglycan polymer, is another ECM constituent that may inhibit OV 

dissemination throughout tumours.  Co-injection of an oncolytic adenovirus and 

hyaluronidase, an enzyme that degrades the hyaluronan, improved antitumour activity and 

overall survival in tumour bearing mice (78). An adenovirus expressing relaxin, another cell 

matrix degrading enzyme, was able to grow to increased virus titers within tumours and 

resulted in increased survival of mice (79). Furthermore, Nagano et al demonstrated that pre-

treatment with a chemotherapeutic that induces apoptosis of tumour cells can increase virus 

spread throughout tumours due to formation of gaps between cancer cells that allow for better 

migration of HSV (80, 81).  
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1.9.4.2	  Manipulation	  of	  tumour	  vasculature	  

Another strategy to improve OV delivery and spread has been to modify the tumour 

vasculature. For instance, antiangiogenic treatments, originally intended to decrease tumour 

perfusion, may actually ‘normalize’ tumour vasculature to allow for improved delivery of 

large therapeutics (81). Libertini et al successfully combined adenovirus with bevacizumab 

(Avastin) in order to achieve better delivery and dissemination of virus (82). When combined 

with bevacizumab, adenovirus was able to grow more uniformly in tumours. Also, 

bevacizumab alone did not induce appreciable tumour regression, suggesting that its 

therapeutic benefit is due to enhancing oncolytic potency of the OV (82). Co-administration 

of oncolytic HSV-1 with the angiostatic cRGD peptide that antagonizes integrin signaling 

resulted in decreased vascular permeability and increased virus titers in a rat glioma model 

(83). Furthermore, increased vessel density was observed in gliomas that regrow after HSV-1 

treatment. The expression of CYR61, a gene that encodes an ECM associated protein that 

promotes adhesion of endothelial cells, was increased in tumours following OV treatment and 

inhibition of CYR61-induced integrin activation suppressed the pro-angiogenic effect of OV 

therapy (83). Aghi et al demonstrated that co-administration of thrombospondin, an anti-

angiogenic protein also inhibited HSV-induced angiogenesis (84).  

Conversely, the Meruelo group has demonstrated that increasing vascular leakiness can 

improve efficacy by augmenting OV infection and spread.  Increased permeability achieved 

by administration of VEGF or chemotherapy resulted in increased tumour transduction with 

an oncolytic Sindbis virus and improved survival of those animals treated in combination 

(85).  



 26 

Other groups have investigated whether chronic inhibition of angiogenesis over the course of 

OV therapy enhances efficacy in preclinical models. Though inducing collagen degradation 

may improve virus spread throughout the tumour (as discussed above), other groups have 

suggested that inhibiting MMPs and matrix degradation may slow down the angiogenic 

process, thereby potentiating the antitumour effect. OVs producing tissue inhibitors of matrix 

metalloproteases (TIMPs) were cloned with the hope of limiting angiogenesis in OV treated 

tumours. Indeed, treatment of human xenografts in mice with herpes virus expressing TIMP-3 

resulted in delayed tumour growth and reduced tumour vascular density (86). VEGF mRNA 

levels have been controlled by an adenovirus expressing a VEGF promoter-targeted 

transcriptional repressor (87) or a VEGF targeted short hairpin RNA (shRNA) (88) which 

resulted in reduction of tumour vessel density. Expression of endostatin, a potent anti-

angiogenic protein, dominant-negative fibroblast growth factor or platelet factor 4 by OVs are 

other strategies to inhibit angiogenesis in the context of OV therapy(89). Furthermore, an 

oncolytic herpes virus expressing vasculostatin (Vstat120) inhibited intracranial and 

subcutaneous growth of glioma tumours in mice. Tumours exhibited decreased vascular 

volume fraction and microvessel density (90). Finally, an oncolytic vaccinia virus expressing 

a single-chain anti-VEGF antibody exhibited greater antitumour efficacy than the 

corresponding vector not expressing the anti-angiogenic antibody (91). 

1.9.5	   Tumour	   infiltrating	   innate	   immune	   cells	   as	   barriers	   of	   OV	   infection	   and	  

spread	  

The innate immune response to OV infection has been shown to inhibit spread and persistence 

of viruses within tumours. Neutrophils have been shown to inhibit VSV persistence within 

tumours (92). Other immune cells, in particular tissue resident macrophages, have been 
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implicated in virus clearance and therefore inhibition of efficient virus spread throughout 

tumours. Systemic depletion of macrophages using clodronate liposomes, lipid vesicles that 

deliver a toxic payload to phagocytic cells, resulted in decreased macrophages in herpes virus 

treated tumours and a 5-fold increase in virus titers (93). Similarly, depletion of microglia, 

brain resident phagocytes from ex vivo cultured brain slices resulted in a 10-fold increase in 

herpes virus titer in brain tumours (93). Shashkova et al undertook liver resident macrophage 

(Kupffer cell) depletion by pre-treatment with adenovirus and warfarin (94). Systemic 

adenovirus infusion was shown to deplete Kupffer cells but was associated with toxicity due 

to hepatocyte transduction (95). Co-treatment with the anti-coagulant warfarin detargeted 

infection of hepatocytes and exclusively resulted in Kupffer cell depletion. Upon subsequent 

treatment with oncolytic adenovirus, increased transduction of tumours was detected. 

However, a limitation of this approach may be that the use of an initial dose of virus to deplete 

macrophages can affect innate and adaptive immunity to the subsequent therapeutic virus 

dose. Besides tumour infiltrating macrophages, other innate immune cell types have also been 

implicated in restricting virus spread throughout tumours. Two VSV vectors expressing 

proteins that inhibit natural killer cell (NK cell) function and recruitment (herpes virus-1 

glycoprotein G or cytomegalovirus protein UL141) were able to grow to increased virus titers 

in tumours in an orthotopic hepatocellular carcinoma (HCC) rat model. The decreased 

inflammatory response resulted in increased necrosis due to better virus spread and also 

resulted in enhanced survival of the animals (96, 97). Expression of these transgenes also 

resulted in decreased T cell infiltration to tumours. UL141 did not significantly affect 

neutrophil or macrophage infiltration to tumours, though there was a trend towards decreased 

macrophage recruitment (97). 
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1.9.6	  Manipulating	  the	  innate	  response	  to	  OV	  infection	  to	  enhance	  OV	  efficacy	  

General immunosuppression has been investigated by many groups as a mechanism of 

increasing virus titers within tumours. Cyclophosphamide (CPA), whose metabolite can 

damage DNA, has been used clinically as an anticancer agent as well as an 

immunosuppressant. Due to this dual activity, CPA represents a rational combination 

therapeutic. Fulci et al demonstrated that CPA enhances HSV replication and oncolysis in a 

rat glioma model by reducing infiltration of tumour-associated phagocytic cells (98). 

Peripheral blood mononuclear cells produce anti-viral cytokines, such as type I interferons 

(IFNs), IFN-γ, TNF-α, IL-15 and IL-18 that inhibit virus proliferation in tumours (99). 

Furthermore, a high dose of CPA was shown to ablate development of neutralizing antibodies 

to reovirus, resulting in replication in normal tissue and severe toxicity. Careful administration 

of lower doses of CPA resulted in increased intratumour virus titers with few side-effects 

(100). This study highlights the importance of cautious administration of immune 

suppressants with replicating cancer therapeutics. Though able to enhance virus replication in 

tumours (a beneficial effect of immunosuppression), this strategy may also result in systemic 

spread of the virus (a potential detrimental side-effect). Subsequent strategies aim to provide a 

local immunosuppressive effect within the tumour microenvironment, e.g. by engineering an 

OV that is able to locally produce the drug. The CYP2B1 enzyme, which converts inactive 

prodrug to the active compound, has been cloned into herpes virus to allow for local 

activation of the immunosuppressant (101).  
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1.9.7	  Targeting	  the	  tumour	  microenvironment	  to	  enhance	  antitumour	  activity	  of	  

OVs	  

The innate inflammatory response can play a beneficial role in the context of OV infection. 

Injection of HSV in a syngeneic model of ovarian carcinoma in mice resulted in induction of 

IFN-γ, monocyte chemoattractant protein (MCP-1) and IP-10 cytokines and recruitment of 

NK cells and CD8+ T cells which is thought to contribute to tumour rejection (102). Pro-

inflammatory cytokines and chemokines induced by reovirus infection of melanoma cells 

caused bystander toxicity to virus-resistant tumour cells in vitro and activated dendritic cells 

(103). Though OVs have been engineered to express immunomodulatory genes that aim to 

enhance the adaptive anti-tumour immune response, e.g. IL-4 (104), IL-12 (105-109) or GM-

CSF(110), enhanced tumour regression due to these modified viruses has been partially 

attributed to activation of the inflammatory response. 

For instance, tumour rejection following administration of measles virus expressing GM-CSF 

is attributed to enhanced neutrophil infiltration to tumours (111). GM-CSF produced by a 

recombinant Newcastle Disease Virus (NDV) was shown to activate monocytes and dendritic 

cells in vitro (112). In an ex vivo system, dendritic cells loaded with reovirus infected 

melanoma cells were able to activate NK cells which then also resulted in DC maturation 

(113). The authors suggest these DC-NK cell interactions may be important in mediating 

tumour regression.  

Combination therapy with histone deacetylase (HDAC) inhibitors is a promising approach to 

sensitizing resistant cancer cells to OV therapy. Treatment of cancer cells with HDAC 

inhibitors in combination with VSV resulted in decreased interferon production as compared 
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to treatment with VSV alone. HDAC inhibitor treatment resulted in increased infection of 

resistant cancer cell lines in vitro, as well as human tumour specimens ex vivo and human 

tumour xenografts in immunocompromised mice (114). Interestingly, enhanced infection of 

tumours in the presence of HDAC inhibitors resulted in a reduction of tumour perfusion. This 

suggests that tumours may be sensitized to vascular disruption if virus infection can be 

sufficiently enhanced thereby likely triggering more inflammation. Concurrent treatment of 

trichostatin A (an HDAC inhibitor) with HSV resulted in decreased production of VEGF. 

Therefore, the authors suggest that HDAC inhibitors may also possess an antiangiogenic 

effect when combined with OV infection (115). 

 

1.10	  Current	  Clinical	  development	  

The safety of oncolytic viruses in clinical studies has been very convincing.  Over 1000 

patients have been treated in clinical trials for various oncolytic viruses in many cancer types 

with no treatment-related deaths observed (116). Several oncolytic viruses have entered 

clinical trials including VSV, reovirus, parvovirus, herpes simplex virus, measles, and 

vaccinia. JX-594 (pexastimogene devacirepvec) has been shown to be safe in patients and to 

also induce tumour necrosis in several solid tumour types (117). A Phase II study of JX-594 

in HCC patients demonstrated survival improvement in patients receiving intratumoural 

injections (118). The following randomized Phase IIb study in second-line HCC patients did 

not meet its primary endpoint of survival improvement but the patient population was not 

optimal for successful OV therapy as those enrolled on this trial had end-stage disease with 

significant comorbidities, such as liver cirrhosis.  JX-594 is planned to enter Phase 3 trials in 

hepatocellular carcinoma (HCC) patients and will continue Phase 2 testing in renal cancer and 
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colorectal cancer (119). Talimogene laherparepvec (Amgen), a replication competent herpes 

simplex virus (HSV), HSV-1 containing the GM-CSF transgene, showed positive results in 

its Phase III clinical trial. The multinational trial evaluated talimogene laherparepvec in the 

treatment of advanced melanoma compared to GM-CSF. Durable responses were 

demonstrated; however differences in overall survival were not significant, despite a strong 

trend in favor of talimogene (119). 

 
 

 

1.11	  RATIONALE,	  HYPOTHESIS	  AND	  OBJECTIVES	  
 

Rationale	  

Oncolytic viruses are therapeutics that have multi-faceted interactions with the tumour 

microenvironment. Oncolytic viruses are capable of transforming the tumour 

microenvironment into one that is cytotoxic to malignant cells.   Limited infection can induce 

widespread death of uninfected tumour cells. This bystander effect is a significant contributor 

to the ultimate goal of tumour eradication.  It has been established that VSV induces an 

inflammatory response that contributes to a reduction in tumour blood flow in response to 

virus infection. The exact mechanism by which this occurs remains to be determined. 

Although this effect is observed in preclinical models, the effect in patients or the ability of 

other viruses to induce this effect, remains to be determined. Therapeutic responses are often 

heterogeneous – a product of the agent’s mechanism of action and tumour biology. Exploring 

how OVs interact with the tumour microenvironment is an opportunity to understand the 
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requirements for robust bystander killing so that we can use viruses, combination platforms, 

and patient selection, to improve the success of OV therapy. 

 

Hypothesis	  

Multiple oncolytic viruses are able to target tumour vasculature, through the induction of 

tumour-specific inflammation, in a subset of mouse models and patients.  

Objectives	  

1. Determine the mechanism by which VSV causes decreased blood flow and acute  

bystander killing. 

2. Determine if OVs are able to affect tumour blood flow in patients. 

3. Characterize factors that influence OV-mediated vessel targeting. 
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Chapter	  2:	  Materials	  and	  Methods	  

	  
Cell lines 

The following cell lines were obtained from American Type Culture Collections: Vero, 

CT26.CL25 (CT26.lacZ), CT26 wildtype, HT29, U87MGvIIIΔEGFR, SW620, HCT116, 

B16. Bin67 cells were a gift of Dr. Barbara Vanderhyden. MEFs (mouse fibrosarcomas 

generated from oncogenically transformed fibroblasts by retroviral transduction with SV40 

and HRAS) were a gift of Dr. Gillian Tozer. Cells were cultured in HyQ Dulbecco’s Modified 

Eagle Medium (High Glucose) (HyClone) with 10% fetal calf serum (CanSera) and incubated 

at 37°C with 5% carbon dioxide. 

 

Tumour-Bearing Mouse Models 

Animal experiments were completed using Balb/C mice or CD1 nude mice obtained from 

Charles River Laboratories. Subcutaneous tumours were implanted by first growing cells in 

culture to subconfluency in HyQ Dulbecco’s Modified Eagle Medium (High Glucose) 

(HyClone) with 10% fetal calf serum (CanSera). Cells were then trypsinized, pelleted, and 

resuspended in phosphate buffered saline (PBS) (Hyclone). Tumours were established by 

injection of cells suspended in 100µl of PBS into the right and left hind flanks of female, 6-8 

week old Balb/c mice (Charles River Laboratories).  Xenograft cell lines were injected into 

CD1 nude mice (Charles River Laboratories). MEFs were injected into SCID mice (Charles 

River Laboratories). For hind flank tumours experiments, cells and treatments were 

administered according to Table 2.1. Mice were sacrificed by cervical dislocation. All 
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experiments were conducted with the approval of the University of Ottawa Animal Care and 

Veterinary Service. 

 

Table 2.1. Tumour model generation and treatment protocol.  Cells were injected 

subcutaneously in hind flanks and mice were treated once tumours were palpable. The time of 

tumour growth to this size varied. Virus treatments were administered when tumours from 

different models were approximately the same size.  

Cell line Number of cells/injection weeks until virus treatment 

CT26lacZ 3x105 2.5 

CT26 WT 3x105 2.5 

MEF 1x106 2 

U87MG 1x106 3 

HT29 1x106 3 

SW620 2x106 3 

HCT116 1x107 3 

Bin67 1x106 3 

 

 

Virus  Propagation and Treatments 

 

VSV∆51 

VSV∆51 was used throughout this study and is a recombinant interferon inducing mutant of 

the wild-type VSV Indiana serotype (60). In order to purify virions, Vero cells were 
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inoculated with VSV at an MOI of 0.01-0.001. 24 hours later, cell culture supernatants were 

filtered using 0.2µM Steritop filters (Millipore), and filtrate was centrifuged at 30 000 x g for 

1.5 hours and resuspended in PBS (Hyclone).  Mice were injected intravenously with 5x108 

pfu of VSV unless otherwise indicated. Control animals were injected with PBS. 

 

Vaccinia Virus  

vvDD, denotes the Wyeth strain of vaccinia virus with a deletion in thymidine kinase (TK) 

and vaccinia growth factor (VGF) genes.  JX-594 contains deletion of viral thymidine kinase 

and insertion of the transgene GMCSF. Viruses were propagated on HeLa cells and purified 

on a 36% sucrose cushion.   Mice were treated with either 1x107 pfu or 1x108 pfu resuspended 

in PBS.   

 

Tumour preparation for histopathology  

Mice were euthanized and tumours were extracted in different ways to permit 

immunohistochemical analysis. The method employed depended on the type of analysis 

required and the antibodies’ ability to stain tissues after different processing techniques.  

Preparing Frozen Tissues for Immunohistochemistry Using the Peroxidase Chromogen 

System 

Mice were euthanized at the indicated timepoints by cervical dislocation and one portion of 

tumour was frozen in Shandon Cryomatrix freezing medium (ThermoElectron, Waltham, 

MA) on dry ice. Five or ten µM sections were cut using a Microm HM500 OM cryostat 

(Microm, Walldorf, Germany). Another portion of tumour was placed in 10% formalin and 

embedded in paraffin. For some experiments, brain, lung, heart, and tumour adjacent 
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skeletal muscle tissue were also collected and paraffin embedded for histological analysis. 

Mice were not perfused before organ collection.  

Preparing Frozen Tissues for Immunofluorescent Staining of 80 µm mouse cryostat sections  

Mice were perfused with fixative infused under physiological pressure. Trans-cardiac 

perfusions were completed using a smoothed, blunt-ended cannula inserted in the proximal 

part of the ascending aorta of the heart. 500 ml perfusion bottles filled with 1% 

paraformaldehyde in phosphate buffered saline were used.  The bottle had an outlet at the 

bottom for connection of Silastic tubing. The bottle was pressurized by affixing a rubber 

stopper attached to a manometer.  The pressure bulb was used throughout perfusions to 

maintain pressure similar to systolic blood pressure. After fixation by vascular perfusion, 

organs or tumours were removed, rinsed several times with PBS, infiltrated with 30% 

sucrose overnight, and then frozen in OCT compound. Cryostat sections were cut 80 µm in 

thickness. Sections were dried on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA) 

for 12 to 15 hr for 80 µm sections.  

Immunofluorescent Staining of 80 µm mouse cryostat sections  

Specimens were permeabilized with PBS containing 0.3% Triton X-100 (Lab Chem Inc., 

Pittsburgh, PA) and incubated in 5% normal serum (Jackson ImmunoResearch) in PBS+ 

(PBS containing 0.3% Triton X-100, 0.2% bovine serum albumin (Sigma), and 0.01% 

thimerosal (Sigma)) for 1 hr at room temperature to block non-specific antibody binding. 

Sections were incubated with primary antibodies diluted in 5% normal serum in PBS+ for 

12-15 hr at room temperature. Control specimens for immunofluorescence intensity analysis 

were incubated in 5% normal serum instead of primary antibody for the same period. After 

rinsing with PBS containing 0.3% Triton X-100, specimens were incubated for 4-6 hr for 80 
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µm sections at room temperature with fluorophore-conjugated (FITC, Cy3 or Cy5) 

secondary antibodies diluted in 5% normal serum in PBS+. Specimens are rinsed with PBS 

containing 0.3% Triton X-100, fixed in 4% paraformaldehyde, rinsed again with PBS, and 

mounted in Vectashield (Vector Laboratories, Burlingame, CA). Hamster anti-mouse CD31 

clone 2H8 diluted 1:1000 (Endogen, Woburn, MA or Chemicon, Temecula, CA) was used 

to stain mouse endothelial cells. Blocking serum and FITC, Cy3, or Cy5-conjugated 

fluorescent secondary antibodies were from Jackson ImmunoResearch, West Grove, PA. 

 

Antibodies used for peroxidase immunohistochemical analysis 

Immunohistochemistry detecting fibrinogen (1:500; DAKO, Glostrup, Denmark) was 

performed on paraffin-embedded sections using the Vectastain ABC kit for rabbit primary 

antibodies (Vector Labs, Burlingame, CA), according to instructions provided. The antigen 

retrieval step was omitted. For Ki67 detection, paraffin-embedded sections were boiled in 

10 mmol/l citrate buffer, pH 6. Primary anti-Ki67 antibody (1:25 dilution; DAKO) was 

applied overnight and detected using anti-rat antibody detection system (DAKO). BrdU was 

detected using the Vectastain ABC kit for rat primary antibodies (Vector Labs), on paraffin-

embedded sections treated with 4 N HCl. Primary anti-BrdU (1:100 dilution; Abcam, 

Cambridge, MA) was applied for an hour. Horseradish peroxidase activity was visualized 

with a Diaminobenzidine-Horseradish peroxidase kit (KPL Biosciences, Guelph, Canada). 

Apoptotic cells were detected with a rabbit primary antibody against the active form of 

Caspase 3 (BD Biosciences, Mississauga, Ontario, Canada) at a dilution of 1:500 using the 

Vectastain system. Rabbit polyclonal VSV serum was used at 1:5000 on frozen sections and 

1:2000 on paraffin sections. VSV antibody was a kind gift of Earl Brown. Rabbit anti 
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vaccinia antibody (Quartett) and a secondary antibody kit (Vectastain, Vector Laboratories) 

were used to detect JX-594 and vvDD vaccinia virus.  The vaccinia antibody was used at 

1:5000 on frozen sections and 1:2000 on paraffin embedded sections. For detection of β-

galactosidase by immunohistochemistry, an anti-β-galactosidase polyclonal antibody 

(Abcam) was used. Negative controls were run without primary antibody and tumours from 

mice treated with virus were included as positive controls. Nuclei were counterstained using 

hematoxylin. For assessment of cell morphology, sections were stained with hematoxylin 

and eosin according to standard protocols. Images were digitized using Aperio ScanScope 

(Axiovision Technologies, Toronto, Ontario, Canada) and analyzed using Aperio 

ImageScope software. Blood clots in normal tissues of Figure 3.5d were quantified on 

hematoxylin & eosin stained sections. Thirty vessels were counted per section. 

 

Analysis of tumour perfusion  

Mice were injected intravenously with 100 µl of a 50% solution of 100 nm diameter orange 

fluorescent microspheres (Molecular Probes, Burlington, Ontario, Canada). Five minutes 

later, animals were euthanized and tumours immediately snap frozen as previously 

described. Tumour perfusion was analyzed by visualizing fluorescent microspheres in the 

vasculature of 10 µm unfixed frozen sections using a ScanArray Express microarray scanner 

with a standard Cy3 laser (Packard Bioscience, Meriden, CI). 

 

3D modeling of tumour vascularity during VSV therapy  

CT-26 tumour-bearing mice were treated with VSV or PBS and euthanized 24 hours later. 

Microspheres were injected as described above and the tumour was collected and frozen. 
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The VSV treated tumour was cut into 1,085 6-µm tissue sections and mounted on slides. 

The PBS treated tumour was cut into 952 sections.  Every fifth section was scanned for 

microspheres and immunohistochemically stained for VSV as described above. The sections 

were stained for VSV using the Autostainer Plus (DakoCytomation, Burlington, Ontario, 

Canada). HTK Histology Toolkit software (Robarts Imaging Institute, University of 

Western Ontario, London, Ontario, Canada) was used to convert 2D images into 3D models. 

Volume reconstruction was completed using alignment and segmentation contouring 

algorithms, which oriented each tissue section on top of one another. Each tissue section 

image, once oriented, was then converted from 2D pixels into 3D voxels. These 3D stacks 

were then rendered to generate the reconstructed tumour. 2D images of microspheres were 

used to generate a model of perfusion, while 2D images of VSV staining were used to 

generate a model of infection. An overlay model was generated from superimposed images 

of microspheres and VSV. Regions of infection were highlighted in red to aid in 

visualization (Adobe Photoshop CS2). 

 

3D reconstruction of a patient biopsy treated with JX-594.  

An excisional biopsy was obtained from a patient on day 10 post infusion and processed for 

immunohistochemical detection of vaccinia virus. 126 serial sections were cut and every 

other section was stained for virus. Two-dimensional pictures of the sections were then 

converted into a three-dimensional volume using HTK histology toolkit software (Robarts 

Imaging Institute). Volume reconstruction was completed using alignment and 

segmentation-contouring algorithms that oriented each tissue section on top of one another 

as was done for the mouse tumours, three-dimensional stacks were then rendered to 
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generate the reconstructed tumour. Regions of infection were highlighted in green to aid 

visualization, and in another representation in which the model can be viewed in orthogonal 

planes, image contrast was adjusted to 50 (Adobe Photoshop CS2, Adobe). Scaling in the 

three-dimensional model is derived from scaling from two-dimensional images. 

 
 

Assessment of Proliferation Over the Course of Oncolytic Virus Therapy 

Tumour-bearing mice were treated with BrdU 24 hours prior to treatment with VSV.  Mice 

were sacrificed 24 hours after administration of virus.  Tumours were extracted, and paraffin-

embedded histological sections were stained for BrdU, VSV, and Ki-67 to determine pre-

treatment proliferation, virus, and post-treatment proliferation respectively. 

 

BrdU pulse.  

Tumour-bearing mice were treated with 100mg/kg BrdU (Sigma, Oakville, ON) 

intraperitoneally 24 hours before, or 22 hours after, intravenous injection of VSV or PBS. 

Twenty-four hours following virus challenge, three mice per group were euthanized and 

tumours removed, paraffin-embedded and analyzed by immunohistochemistry as described 

above. 

 

In vivo neutrophil depletion.  

Mice were injected intraperitoneally with 150µg purified RB6 8C5 rat monoclonal antibody, 

clone RB6-8C5 (BD Pharmingen, Rockville, MD) in order to systemically deplete 

granulocytes. One hundred and fifty micro liter of nonimmune rat serum was used as a 

negative control. Twenty-four hours later, mice were treated intravenously with 5 × 108 



 41 

plaque-forming unit Δ51 VSV-GFP, perfused with fluorescent microspheres 24 hours later 

and sacrificed by cervical dislocation and tissues collected and stained as described above. 

 

Manipulation of blood clot formation.  

Tumour-bearing mice were treated with VSV or PBS intravenously and 200 U/kg heparin 

[dalteparin sodium injection (Fragmin), Pfizer, New York, NY], intraperitoneally four times 

over the course of 24 hours starting at the time of VSV injection and ending at 22 hours 

when the mouse was euthanized. Bothroalternin (Cedarlane, Burlington, ON) or tissue 

plasminogen activator (Activase rt-PA; Roche, Basel, Switzerland) were injected at 20 U/kg 

and 4 mg/kg, respectively, intraperitoneally 1 hour before intravenous VSV or PBS infusion 

and another three times over the course of 21 hours before euthanizing the mice. Effects of 

coagulation on tumour viability were similarly analyzed 10 hours after virus treatment with 

administration of 100 U heparin (unfractionated heparin 1,000 USP U/ml; Pharmaceutical 

Partners of Canada, Richmond Hill, Ontario, Canada) every 2 hours subcutanteously during 

treatment. In all experiments, mice were injected intravenously with fluorescent 

microspheres before sacrifice in order to visualize tumour perfusion. 

 

Statistical analysis.  

All statistical analysis was performed using Graphpad Prism 3.0 software. Data are 

represented as a mean ± SE. Analysis of variance was performed with Tukey’s post-hoc 

test. 
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Chapter	  3:	  Targeting	  tumour	  vasculature	  with	  an	  oncolytic	  virus	  
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ABSTRACT	  

Oncolytic viruses (OVs) have been engineered or selected for cancer cell-specific infection 

however, we have found that following intravenous administration of vesicular stomatitis 

virus (VSV), tumour cell killing rapidly extends far beyond the initial sites of infection. We 

show here for the first time that VSV directly infects and destroys tumour vasculature in 

vivo but leaves normal vasculature intact. Three-dimensional (3D) reconstruction of 

infected tumours revealed that the majority of the tumour mass lacks significant blood flow 

in contrast to uninfected tumours, which exhibit relatively uniform perfusion. VSV 

replication in tumour neovasculature and spread within the tumour mass, initiates an 

inflammatory reaction including a neutrophil-dependent initiation of microclots within 

tumour blood vessels. Within 6 hours of intravenous administration of VSV and continuing 

for at least 24 hours, we observed the initiation of blood clots within the tumour vasculature 

whereas normal vasculature remained clot free. Blocking blood clot formation with 

thrombin inhibitors prevented tumour vascular collapse. Our results demonstrate that the 

therapeutic activity of an OV can go far beyond simple infection and lysis of malignant 

cells.  

INTRODUCTION	  	  

The idea of using viruses to attack and destroy cancer cells is gaining momentum as 

clinical support for the concept continues to mount.1,2 A variety of clever engineering 

strategies that lead to selective replication of oncolytic viruses (OVs) in cancer cells have 

created a remarkably safe therapeutic platform.3 Although the mechanisms behind restricted 

virus replication in malignant cells are well established, the complexities of the interplay 

between the therapeutic virus and the host are still incompletely understood.4,5 In particular 
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it appears that multiple interactions of the virus with the patient’s immune system, blood 

components, reticuloendothelial system, and the tumour microenvironment all can augment 

or mitigate the therapeutic efficacy of a particular virus platform.6 Understanding the 

mechanism of action of OVs in vivo is critical to the design and optimization of therapeutic 

regimens and combination therapies in future clinical trials as well as optimizing the 

therapeutic efficacy of the next generation viruses currently in development. Indeed, one 

key attribute of OV therapeutics is their potential to target the tumour via multiple 

mechanisms increasing malignant cell killing and decreasing the incidence of therapeutic 

resistance.7 

We have been investigating the interaction of OVs with tumour vasculature as this is 

the key entry point of any systemically administered therapeutic. Attacking the tumour 

vasculature with a therapeutic virus has some obvious potential advantages as this could 

lead to destruction of neovasculature, providing a beacon for recruiting the immune system 

to the infected tumour and of course be an entry point for the virus into the tumour mass.8 

In earlier studies, we have shown that an engineered version of vesicular stomatitis virus 

(VSV), a prototype OV with activity in a large variety of mouse tumour models, causes 

catastrophic loss of blood flow in the tumour bed resulting in massive bystander killing of 

cancer cells following intravenous delivery.9 This phenomenon was also demonstrated with 

oncolytic vaccinia virus.9,10 Furthermore, infection of the tumour resulted in significant 

increases in the transcription of genes that encode proinflammatory molecules leading to the 

recruitment of neutrophils and other immune cells to the tumour bed.9 Here, we have 

examined the direct interaction of VSV with tumour blood vessels and show for the first 

time, that limited sites of virus infection of neovasculature correlate with massive cell death 
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within the tumour. We characterized the mechanism behind the massive bystander killing 

within the infected tumour and found that neutrophil-dependent initiation of microclots 

within blood vessels led to irreversible damage of tumour vasculature. We demonstrate that 

intravascular clot formation robustly potentiates the anticancer activity of VSV by reducing 

proliferation and inducing apoptosis of tumour cells. Most importantly, the infection of 

vasculature and subsequent initiation of fibrin deposition and clot formation is restricted to 

tumour beds. Our findings support the idea that OV infection of tumour vasculature and 

intravascular coagulation are important components of the antitumour activity of VSV.  

RESULTS	  

3D	  rendering	  of	   images	  of	  tumour	  perfusion	  and	  virus	  infection	  reveals	   isolated	  

areas	  of	  virus	  infection	  and	  a	  large	  reduction	  in	  tumour	  perfusion	  

We have previously shown that VSV infection of tumours causes a rapid reduction of 

tumour perfusion within 24 hours of treatment. Our initial findings were based upon 

immunohistochemical analysis of individual tumour sections (Figure 3.1a); however, these 

provided limited understanding of the virus interactions within the entire tumour. We 

therefore constructed 3D models of uninfected and VSV-infected CT-26 colon tumours 

from ~1,000 serial histological sections (example of individual section in Figure 3.1a) per 

tumour, in order to permit immunohistochemical analysis of virus infection and spread 

throughout the entire tumour. To gain an understanding of both sites of virus infection and 

tumour perfusion, fluorescent microspheres were infused intravenously 5 minutes before 

animal sacrifice and viewed in individual sections by scanning as described previously 

(Figure 3.1b infected and 3.1c uninfected).9 The immunohistochemically stained sections 

were digitally 
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Figure 3.1. Vesicular stomatitis virus (VSV) infection and tumour perfusion are 
restricted to the tumour surface. A three-dimensional (3D) tumour model was reconstructed 
from two-dimensional (2D) digital images of serial histological sections. A CT-26 tumour-
bearing BALB/c mouse was treated with VSV for 24 hours and perfused with fluorescent 
microspheres. (a) Serial sections from the excised tumour were stained with antibodies to 
VSV to visualize sites of virus infection. (b) Serial sections of an untreated tumour were then 
scanned for fluorescent microspheres in order to visualize perfusion. (c) A similar analysis of 
perfusion was generated from serial sections of a VSV-treated tumour. (d) Viewing the 
tumour in HTK Histology Toolkit reveals that infection (red) and perfusion (blue) are limited 
to the tumour surface. Areas of infection are localized to one region of the tumour surface. (e) 
3D models of tumour perfusion of a VSV-treated tumour and a phosphate-buffered saline 
(PBS)-treated tumour were reconstructed from images of serial histological sections. Viewing 
perfusion of whole and half 3D models reveals that the surface of both VSV- and PBS-treated 
tumours are perfused. Half models show that the tumour core of the VSV-treated tumour is 
dramatically less perfused when compared to the PBS-treated tumour. (f) Using HTK 
Histology Toolkit, scanning through the VSV-treated tumour along x, y, and z axes 
consistently shows perfusion that is present in the tumour rim but absent from the core. In 
contrast, visualization of the PBS-treated tumour shows perfusion throughout the tumour. 
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scanned and combined with fluorescent images using the HTK Histology Toolkit to create a 

three-dimensional (3D) rendering of the infected tumour (see Materials and Methods 

section).  

 

The 3D visualization of VSV 24 hours postintravenous infusion revealed that VSV 

(red) infects numerous areas of the tumour but is primarily limited to one major area of the 

tumour rim (Figure 3.1d) and in Supplementary Video S1. Tumour perfusion (light blue) is 

restricted exclusively to the tumour rim, as best visualized in a cross-section of the tumour 

(Figure 3.1e) and in Supplementary Video S2.  Similar rendering of perfusion images of an 

untreated tumour reveals that CT-26 tumour perfusion is fairly uniform (Figure 3.1e and  

Supplementary Video S2) and provides a stark contrast to the reduction in perfusion 

triggered by virus infection. In another representation, cross-sections of the untreated and 

treated tumours in all three orthogonal planes revealed a complete loss of perfusion in the 

tumour core of the treated tumour with uniform perfusion in the untreated control (Figure 

3.1f). By scanning through the entire tumour for each treatment (Supplementary Video S3), 

we observed that this loss of perfusion consistently extends throughout the entire tumour. 

The 3D rendering of virus infection and tumour perfusion reveals the full scope of the early 

events caused by OV infection and their impact on tumour physiology. 

VSV	  treatment	  reduces	  proliferation	  of	  malignant	  cells	  within	  the	  tumour	  core	  

Given the drastic change in tumour perfusion observed over the course of OV therapy, we 

next investigated the effect of VSV infection on tumour cell proliferation. We monitored 

proliferation in the same tumour before (by BrdU incorporation) and after (by Ki67 

staining) VSV treatment. Twenty-four hours before virus treatment, mice were pulsed with 



 49 

5′-bromo-2′-deoxyuridine (BrdU), which is incorporated into DNA as it is being synthesized 

at the time of infusion. Mice were then challenged with VSV and euthanized the following 

day (Figure 3.2a). In histological sections of untreated tumours, regions of BrdU positive 

tumour cells (identified pathologically) correlate exactly with Ki67 staining, which marks 

cells proliferating at the time of mouse euthanasia. However, in tumours taken from mice 

treated with virus, while BrdU staining is uniform throughout the entire tumour, Ki67 

staining is only detected in the tumour rim. Small areas of virus staining were also detected 

within the tumour rim (Figure 3.2b). Ki67 quantitation in treated versus untreated tumours 

demonstrated significantly less proliferation after OV therapy (Figure 3.2c). This 

experiment therefore demonstrates that the extent and distribution of tumour cell 

proliferation changes drastically over the course of VSV treatment. Decreased cell 

proliferation is maintained at late timepoints (22 days post-treatment) as observed in 

representative sections (Figure 3.2d). It is apparent that at both early and late timepoints, 

Ki67 staining is limited to the tumour rim, which is associated with perfused tissue (Figure 

3.1f). These observations confirm that the reduction in cell proliferation, though caused by 

virus infection of tumours, is largely a result of uninfected tumour cell death, we believe 

triggered by a decrease in tumour perfusion. 

OV	  therapy	  destroys	  tumour	  vasculature	  

Given the drastic change in tumour perfusion and proliferation observed over the course of 

OV therapy, we investigated the integrity of tumour vasculature after VSV treatment. 

Tumours removed from mice treated with replication incompetent UV-inactivated VSV 

were compared to tumours taken from mice treated with VSV for 15 hours. Sections were 

prepared  
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Figure 3.2. Decreased cell proliferation observed following vesicular stomatitis virus 
(VSV) treatment. (a) Experimental setup. BALB/c mice-bearing subcutaneous CT-26 
tumours were pulsed with 5′-bromo-2′-deoxyuridine (BrdU) 24 hours before receiving VSV 
intravenously (or left untreated). Twenty-four hours following virus challenge, three mice per 
group were euthanized and tumours were embedded for sectioning. (b) Tumour sections were 
stained for immunohistochemical analysis to detect VSV (virus infection), Ki67 (cell 
proliferation), and BrdU (proliferating cells that incorporated bromodeoxyuridine). Serial 
sections were stained with hematoxylin & eosin to visualize tissue architecture. At 24 hours, 
there is a decreased visualization of Ki67 staining in the VSV-treated tumour. Bar = 200 µm. 
(c) Quantification (mean + SD) of Ki67 staining in VSV-treated versus phosphate-buffered 
saline (PBS)-treated tumour at 24 hours post-treatment. Quantification of three mice per group 
was performed using Aperio software. (d) By 22 days postinfection, extensive necrosis is 
evident within the tumour core however, viable tumour cells persist within the tumour rim. It 
is apparent that Ki67 staining is limited to the tumour rim. Bar = 200 µm. Image contrast was 
adjusted to 50 in all Ki67 stained images using Adobe Photoshop Version 8. 
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and stained with an anti-CD31 antibody to identify vascular endothelial cells. In sections 

from tumours infected with intravenously administered, UV inactivated VSV, vascular 

endothelial cells were uniformly distributed throughout the tumour (brown staining Figure 

3.3). In contrast, tumours from mice treated with replication competent VSV had 

substantially fewer blood vessels and these were almost exclusively found in the tumour rim 

(Figure 3.3). We examined microscopically, five representative fields in both the rim and 

core of treated and untreated tumours to evaluate the number of CD31 positive vessels. We 

found a fourfold reduction of CD31 staining in the rim and 137-fold reduction in the core 

following VSV treatment. The observation that VSV-infected tumours lacked any intact 

blood vessels in the centre of the tumour but had apparently intact vessels at the rim is 

consistent with the tumour perfusion observed in our 3D model. 

 

VSV	  directly	  infects	  tumour	  vasculature	  

The profound effect that VSV treatment had on both vascular endothelial cell numbers and 

tumour perfusion suggested that the virus was directly infecting neovasculature. Indeed, 

upon intravenous infusion of VSV, tumour-associated endothelial cells are likely the first 

cells within the tumour the virus comes in contact with. We therefore first evaluated whole 

mount tumours following intravenous infusion with a form of VSV that expresses green 

fluores- 

cent protein (VSV-GFP) in infected cells. Mice were euthanized several hours post-

treatment and tumours were evaluated under a fluorescent dissecting microscope. The 

expression of GFP within infected cells was clearly visible along the length of blood vessels 

on the surface of the tumour (Figure 3.4a). The GFP signal tracks into the tumour as the 
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virus apparently spreads from the site of initial infection into the tumour. Sections of 

infected  
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Figure 3.3. Vesicular stomatitis virus (VSV) treatment results in decreased tumour 
vasculature. BALB/c mice-bearing CT-26 tumours were treated intravenously with UV-
inactivated VSV, or VSV intravenously. Five mice per treatment were euthanized at the 
indicated timepoints. Tumours were frozen for sectioning. Tumour sections were stained with 
an antibody detecting CD31, an endothelial cell marker. Endothelial cells are uniformly 
distributed in control tumours but are restricted to the tumour edge following VSV treatment. 
Bar = 200 µm. Image contrast was adjusted to 50 in all images using Adobe Photoshop 
Version 8. 
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Figure 3.4. Vesicular stomatitis virus (VSV) infects tumour vasculature. (a) CT-26 
subcutaneous tumour-bearing BALB/c mice were treated intravenously with VSV-expressing 
green fluorescent protein (GFP) and euthanized 24 hours later. Dissecting fluorescence 
microscopy was used to perform in situ imaging of tumour. Overlay of bright field and green 
fluorescence. VSV infection visualized along vessels. (b) BALB/c mice-bearing CT-26 
tumours were treated intravenously with VSV-expressing GFP and sacrificed 24 hours later. 
Sections of tumours were stained by immunohistochemistry for VSV antigens. VSV infection 
is localized to tumour vasculature (black arrows) and surrounding tumour tissue. Bar = 
100 µm. (c) Brain, lung, heart, and tumour-adjacent skeletal muscle tissue were excised from 
five tumour-bearing BALB/c mice that were treated intravenously with VSV. No VSV 
antigen was detected in normal vasculature (arrows) and representative images are shown. Bar 
= 100 µm. 
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tumours were prepared and examined microscopically. Immunohistochemical analysis of 

these sections confirmed that VSV is directly infecting tumour vasculature and then 

subsequently spreading into tumour tissue (Figure 3.4b).  

 

We examined a variety of mouse tissues to determine whether VSV is capable of 

initiating infections in normal mature vasculature. In treated animals, we were unable to 

detect VSV-GFP expression in any normal organs (data not shown). We then prepared 

sections from a variety of normal tissues including skeletal muscle adjacent to the tumour, 

lung, heart, and brain. In none of these tissues nor the vasculature within them (Figure 3.4c) 

were we able to detect active VSV replication using immunohistochemical analysis. These 

results demonstrate that VSV appears unable to initiate infections in normal vascular 

endothelium but is capable of infecting tumour neovasculature and spreading from these 

initial sites of infection into the tumour proper. 

	  

OV	  therapy	  induces	  clot	  formation	  in	  tumour	  vasculature	  

Our 3D model clearly demonstrated that while there were limited sites of infection, the 

effects on tumour perfusion were quite profound (see Figure 3.1). This suggested that some 

limited infection of tumour vasculature and adjacent tumour cells leads to occlusion of 

blood vessels that resulted in a loss of blood flow throughout the tumour. One possible 

explanation is the virus damaged the neovasculature and this initiated the formation of 

blood clots  

within infected vessels. We examined tumour sections using antibodies to fibrin since 

deposition of this protein is characteristic of clot formation.11,12 We found that infected 
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tumours had extensive fibrin staining consistent with the idea that VSV infection of CT-26 

tumours triggers extensive blood clot formation in tumour blood vessels and areas of 

hemorrhage (Figure 3.5a). In contrast, uninfected tumours contain unclogged vessels with 

no detectable fibrin deposits. 

 

As an impressive induction in intravascular blood clot formation was observed in 

tumours of VSV-treated mice, we wanted to determine whether this phenomenon was 

restricted to the infected tumour bed. We analyzed hematoxylin & eosin stained sections of 

brain, lung, heart, and tumour-adjacent skeletal muscle tissue and observed no increase in 

blood clot formation in these normal tissues taken from treated mice when compared to 

untreated controls (Figure 3.5d, quantification Figure 3.5e). These results demonstrate the 

normal tissue vasculature is resistant to VSV-induced clot formation. 

 

Induction	  of	  clot	  formation	  is	  followed	  by	  decreased	  tumour	  proliferation	  

We observed that intravascular clot formation was absent in vessels located within the 

perfused, viable tumour rim (data not shown). Furthermore, intravascular clots were present 

throughout the tumour core and were associated with decreased tumour cell proliferation 

(Figure 3.2). A likely explanation is that occlusion of microcirculation by intravascular clots 

may deprive tumour cells of essential nutrients required to drive proliferation. Indeed, in 

mice treated with virus, we observe that decreased tumour cell proliferation occurs shortly 

after the induction of clot formation. In a detailed time-course experiment following fibrin 

clot formation and proliferation, increased blood clot formation was detected starting at 6 
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hours (Figure 3.5b), which preceded the decrease in proliferation observed as early as 9 

hours (Figure 3.5c). 
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Figure 3.5. Oncolytic virus infection triggers coagulation within tumour vasculature and 
tumour cell proliferation decreases shortly after the onset of clot formation. (a) BALB/c 
mice with CT-26 tumours were treated intravenously with vesicular stomatitis virus- (VSV) 
expressing green fluorescent protein (GFP) and sacrificed at 3 hours postinfection (control) 
and 24 hours postinfection. Sections were stained with antibody that detects fibrin deposits. 
Note vessels (black arrows), clogged vessels (white arrows) and areas of hemorrhage (red 
arrows). Bar = 500 µm, left images; bar = 200 µm, right images. (b) Mice were treated with 
VSV and euthanized at various timepoints postinfection. Tumours were 
immunohistochemically stained to detect fibrin deposits. Clotted vessels of three tumours per 
timepoint were counted from five random fields of view per tumour (mean + SEM). Clot 
formation is initiated as early as 6 hours postinfection. P value determined by analysis of 
variance (ANOVA). (c) The same tumours were then stained for Ki67 and positive pixels 
were quantified and are expressed as percent positive pixels ×10 (mean + SEM). Decreased 
proliferation is first detected 9 hours post-treatment. (d) Vessels associated with normal 
tissues do not exhibit increased coagulation. Brain, lung, heart, and tumour-adjacent skeletal 
muscle tissue were excised from tumour-bearing BALB/c mice that were treated 
intravenously with VSV. Hematoxylin & eosin stained sections of vessels associated with 
normal tissues are shown. Bar = 100 µm. (e) Percentage of clotted vessels were quantified in 
tumour, brain, lung, heart, and tumour-adjacent skeletal muscle tissue from untreated mice 
and mice treated intravenously with VSV (mean + SD). Results obtained from five mice per 
treatment. 
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Intratumoural	  coagulation	  is	  dependent	  on	  neutrophils	  

In earlier studies, we demonstrated that virus mediated loss of tumour perfusion was 

dependent upon the presence of neutrophils.9 Others have demonstrated that neutrophil 

recruitment during natural pathological infections of normal tissues, leads to clot 

formation.13 In virus-treated tumours, we observed inflammatory cells, including 

neutrophils, at sites of thrombus formation (Figure 3.6a). Suspecting that neutrophils 

mediate clot formation, which would lead to decreased tumour perfusion, we compared and 

contrasted infected CT-26 tumours harvested from neutrophil intact or depleted mice for the 

presence of fibrin clots. To this end, mice were treated with GR-1, an antibody that can be 

used to deplete neutrophils.14,15 Under conditions where we observed dramatically reduced 

concentrations of neutrophils in the blood of treated mice (data not shown), we found that 

infected tumours had significantly reduced fibrin deposition (Figure 3.6b). These results 

coupled with our previous observations that neutrophils are required for virus-induced loss 

of tumour perfusion supports the idea that neutrophils are required for induction of 

coagulation in tumours treated with OVs. These observations underscore the importance of 

an inflammatory reaction in triggering coagulation and loss of tumour perfusion during OV 

therapy. 

 

OV	   therapy	   induces	   intratumoural	   coagulation	   triggering	  a	   reduction	   in	   tumour	  

perfusion	  

To test whether the presence of fibrin clots is responsible for the loss of blood flow in OV-

infected tumours, we attempted to inhibit clot formation during therapy using heparin or 

bothroalternin, a thrombin inhibitor isolated from snake venom.16 Groups of three tumour- 
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Figure 3.6. Decreased clot formation is observed in tumours from neutrophil-depleted 
mice. (a) A fibrin clot within a tumour vessel. Arrows indicate neutrophils. Bar = 100 µm, 
magnification: bar = 10 µm. (b) BALB/c mice-bearing CT-26 tumours were pretreated with 
RB6 8C5 antibody or 50:50 rat serum:phosphate-buffered saline intraperitoneally 24 hours 
before intravenous treatment with vesicular stomatitis virus (VSV). Twenty-four hours after 
virus treatment, mice were euthanized and tumours embedded for sectioning. Sections were 
stained to detect fibrin deposits. Decreased fibrin deposition is detected in tumours taken from 
neutrophil-depleted mice. Representative section of four mice shown. Bar = 100 µm.  
 
 
  



 65 

bearing mice were continuously treated with either thrombin inhibitor in combination with 

VSV, and we found an even distribution of microspheres throughout the tumour (Figure 

3.7) suggesting that formation of microclots within tumour vasculature is responsible for the 

loss of blood flow we observed during OV therapy. In contrast, mice treated with VSV in 

conjunction with tissue plasminogen activator, an enzyme that breaks down clots, we 

observed a loss of perfusion in the tumour core suggesting that once clots are initiated, 

irreversible vascular destruction ensues. These experiments demonstrate that inflammation 

triggered by OV infection within tumours activates blood clot formation in tumour 

microvasculature resulting in a loss of tumour perfusion. This effect can be blocked by 

continuous treatment with thrombin inhibitors but once initiated causes irreversible damage. 

 

Virus	  initiated	  coagulation	  correlates	  with	  increased	  tumour	  cell	  killing	  

To determine the effect that virus-induced coagulation had on tumour physiology, we 

compared and contrasted VSV-treated tumour-bearing mice in the presence or absence of 

heparin. We found that heparin effectively reduced the formation of fibrin clots in response 

to VSV treatment (Figure 3.8). In heparin-treated tumours there was a coincident increase in 

Ki67 staining and a decrease in active caspase 3 staining (Figure 3.8). It is known that under 

some conditions, heparin can affect the ability of certain viruses to infect cells17  and 

therefore the reduction of fibrin clots could have simply been a consequence of reduced 

VSV infection. Upon examination of infected, heparin-treated tumours we found however 

no difference in the number of initial sites of VSV infection (identified by 

immunohistochemical staining). In addition, in vitro infections in the presence of heparin 

did not impact the ability of VSV to infect cells (data not shown). In these experiments,  
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Figure 3.7.  Inhibition of coagulation results in sustained perfusion of oncolytic virus- 
(OV) treated tumours. BALB/c mice with CT-26 tumours were treated intravenously with 
phosphate-buffered saline (PBS) or VSV as well as tissue plasminogen activator (tPA), 
bothroalternin or heparin intraperitoneally. Prior to being sacrificed, mice were perfused with 
fluorescent microspheres for 5 minutes. Tumour sections were prepared and analyzed for 
fluorescence using a microarray scanner. Black spots indicate perfused areas. Tumours 
excised from mice treated with PBS are uniformly perfused. Tumours taken from mice treated 
with VSV or VSV + tPA demonstrate a loss of tumour perfusion. In contrast, mice treated 
with thrombin inhibitors bothroalternin or heparin + VSV demonstrate uniform perfusion. 
Images representative of three mice per treatment are shown. 
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Figure 3.8.  Clot formation results in reduced proliferation and increased apoptosis in 
oncolytic virus (OV)-treated tumours. BALB/c mice with CT-26 tumours were treated 
intravenously with either vesicular stomatitis virus (VSV) alone or with heparin in order to 
inhibit VSV-induced coagulation. Representative histological images are shown with 
corresponding quantification from four mice per group. Clot formation was quantified as 
described previously. The same tumours were stained for Ki67 and the active form of caspase 
3, markers of proliferation, and apoptosis, respectively. Virus-treated, clotted tumours 
exhibited less proliferation and more apoptosis relative to tumours treated with VSV and 
heparin. Staining is expressed as percent positive pixels ×10 (mean + SEM). *P < 0.005, **P 
< 0.05. 
 

  



 70 

induction of clot formation correlated with potentiated tumour cell killing well beyond the 

limited sites of infection observed at 24 hours (Figure 3.1). 

 

 

DISCUSSION	  

Herein, we describe for the first time, a natural tumour vasculature targeting ability of the 

OV VSV, which leads to tumour blood vessel coagulation and ultimately vascular collapse. 

Induction of blood clot formation over time correlated with decreased tumour cell 

proliferation. This phenomenon can be prevented by treatment with anticoagulants showing 

that blood clot formation in tumour microvasculature is critical for loss of tumour perfusion. 

Previously, we demonstrated a critical role for neutrophil recruitment to infected tumour 

beds that initiates a cascade of events leading to a profound loss of tumour perfusion.9,18 Our 

observation that neutrophils are also essential for the initiation of fibrin deposition and clot 

formation in infected tumours is consistent with a VSV-induced inflammatory reaction at 

the vascular endothelial surface that profoundly compromises tumour vasculature. As 

mentioned earlier, neutrophil-initiated coagulation is well known in pathological infections 

of normal tissues.19 In particular, a recent study has demonstrated that neutrophil elastase 

and cathepsin G promote coagulation and intravascular thrombus growth.20 It appears that 

OV infection of tumour neovasculature simply initiates a preprogrammed host response to 

virus infection focusing the normal inflammatory response inside the tumour. This rapid 

innate host response, whose function in natural infections is to decrease blood flow 

preventing the spread of pathogens, instead potentiates the anticancer activity of VSV by 

targeting hypercoagulable tumour vasculature. Indeed our 3D modeling of tumour infection 
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demonstrates that VSV initiates profound tumour killing that would not be predicted from 

the modest level of tumour infection and virus spread within the tumour. These studies 

underline the importance of understanding the mechanism of tumour targeting of anticancer 

agents in vivo, in particular with proinflammatory agents like replicating viruses.  

 

The observations presented here have significant implications for the OV field. 

While we do not currently know that all OVs can infect tumour vasculature, we have shown 

that this is also a property of oncolytic vaccinia virus.10 Targeting tumour vasculature has 

major advantages over only targeting tumour tissue; these include an ease of targeting with 

IV administration as well as a presumably greater genetic stability of tumour endothelial 

cells that should decrease the likelihood of evolved resistance to therapeutics that is 

characteristic of malignant cells. In addition, targeting tumour vasculature may result in 

“bigger bang for your buck” because as we show here virus targeting of a limited number of 

endothelial cells can cause broader vascular disruption and significant tumour cell killing. 

Clinically, the heterogeneity of cancer often poses barriers to direct infection and cell killing 

by OVs. For example, virus resistant subpopulations, stromal components, and extracellular 

matrix are able to prevent efficient infection and spread, thereby limiting the ability of OVs 

to directly infect and kill malignant cells. The ability of OV’s to target tumour vasculature 

provides a mechanism to achieve tumour cell killing while circumventing the need for 

efficient virus spread throughout the tumour mass.  

 

We clearly demonstrate here for the first time that VSV is able to productively infect 

tumour neovasculature in vivo, but that vascular endothelium in normal tissues is resistant 
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to virus infection. The mechanism of VSV selectivity is not known but recently Vile and 

colleagues have shown that in vitro treatment of human vascular endothelial cells with 

vascular endothelial growth factor can transiently sensitize these normal cells to infection by 

reovirus and VSV.8 It may be that in the tumour microenvironment where blood vessels are 

being constantly remodeled as a consequence of stimulation by vascular endothelial growth 

factor and other proangiogenic factors, that vascular endothelium becomes prone to OV 

infection and destruction. Interestingly, Orf a parapoxvirus encodes a viral form of vascular 

endothelial growth factor that is known to enhance its pathogenenic effects.21 Perhaps 

vascular endothelial growth factor stimulation of vascular endothelial cells inhibits or 

dampens the innate antiviral programs of these cells making them transiently sensitive to 

virus infection.  

 

Finally, our observation of tumour vascular shutdown in pre-clinical models led us 

to investigate changes in tumour perfusion in patients treated with OVs as part of clinical 

trials. A profound reduction in tumour perfusion was observed in some patients with 

advanced hepatocellular carcinoma following treatment with an oncolytic poxvirus, JX-594 

in early phase trials.22,23 Clearly, acute vascular disruption of tumours causes decreased 

tumour cell viability and is therefore an additional mechanism of action of OVs.9,18 

Understanding the mechanism by which OV infection targets tumour vasculature will allow 

for the development of strategies to exaggerate the effect and increase acute tumour cell 

killing.7,24 
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SUPPLEMENTARY MATERIAL (available online) 

Video S1. 3D model of VSV infection and perfusion. 

Video S2. Cross-sections of perfusion models of VSV- and PBS-treated tumours. 

Video S3. Scan throughs of VSV and PBS perfusion models. 
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Chapter	  4:	  Clinical	  development	  of	  the	  oncolytic	  poxvirus	  JX-‐594	  	  
 

INTRODUCTION	  

JX-‐594	  –	  an	  oncolytic	  poxvirus	  in	  clinical	  development	  

JX-594 (Pexa-Vec) is an oncolytic poxvirus engineered from the Wyeth vaccinia strain. It 

has been engineered for tumour specificity by the deletion of thymidine kinase (TK), a 

virally encoded enzyme that would normally increase nucleotide pools, facilitating the 

production of viral progeny.  Normally, cellular TK expression is restricted to the S phase of 

the cell cycle when nucleotides are incorporated into newly synthesized DNA (120).  In 

cancer cells, TK is constitutively overexpressed, establishing a tumour-specific 

susceptibility to TK deficient viruses. JX-594 has also been engineered to express 

granulocyte-macrophage colony stimulating factor (GMCSF) to enhance the 

immunostimulatory properties of JX-594 to promote anti-tumour immunity (118).  JX-594 

also encodes LacZ and its product, β-galactosidase, a foreign transgene not found in human 

tissues (121). The detection of β-galactosidase is a marker of virally produced transgenes.  

	  

Intravenously	  delivered	  agents	  to	  target	  metastatic	  disease	  

Metastatic disease is responsible for the vast majority of cancer related deaths.  Detecting 

tumours within a patient isn’t always possible due to the limitations in imaging capabilities.  

Micrometastatic disease often escapes primary surgical resection and detection (122). 

The ability to administer therapeutic agents through the blood stream provides the 

advantage of promiscuous dissemination to reach undetectable or inoperable disease. 

Vaccinia biology has several features that make it amenable for systemic administration. It 
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has evolved mechanisms that increase stability in the blood, including the ability to evade 

antibody and complement-mediated neutralization (121). 

	  

Preliminary	  indications	  of	  vessel	  targeting	  with	  JX-‐594	  

The need for better antiangiogenic treatments has been discussed previously (Chapter 1). 

Following the observation that VSV could target tumour vasculature, induce tumour-

targeted inflammation, coagulation, and bystander necrosis, we considered the possibility 

that a similar phenomenon could occur in patients enrolled in clinical trials for JX-594.  

Preclinically, a decrease in tumour blood flow was observed in response to vvDD, a 

Western Reserve vaccinia strain with attenuating deletions in TK and VGF (92). Several 

clinical observations suggested that vessel targeting could occur in patients treated with JX-

594. In a small cohort of patients with advanced stage hepatocellular carcinoma (HCC) (123), 

treatment with GM-CSF expressing vaccinia virus resulted in increased circulating neutrophil 

counts in four out of six patients receiving virus at the maximum tolerated dose (MTD) (123). 

Furthermore, increased serum levels of pro-inflammatory cytokines were measured, including 

GM-CSF, TNF-α, IFN-γ, IL-4 and IL-6. In particular, TNF-α and IFN-γ have been shown to 

have anti-vascular effects (124).  For these reasons, changes in tumour perfusion in the 

context of JX-594 therapy were closely monitored in an ongoing Phase II trial of JX-594 in 

patients with advanced HCC. 
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JX-‐594	  trial	  design	  

A clinical trial was designed to test whether JX-594 could infect metastatic tumours after 

intravenous infusion and whether this infection had any effects on tumour vasculature (121). 

A Phase I dose-escalation trial was planned where patients received a single intravenous 

infusion of JX-594. Twenty-three patients, with advanced, treatment-refractory solid 

tumours (lung, colorectal, melanoma, thyroid, pancreatic, ovarian, gastric, and 

mesothelioma), were treated in one of six dose cohorts ranging from 1 x 105 to 3 x 107 

pfu/kg. JX-594 delivery, gene expression, and replication in solid tumours were assessed 

through several parameters including IHC and detection of viral DNA through qPCR.  

Following the preclinical demonstration that OVs could target tumour vasculature leading to 

durable necrotic responses, a phase II trial for JX-594 was designed to monitor for evidence 

of vascular disruption using dynamic contrast MRI. Patients had either liver-based tumours 

of HCC (n . 15) or colorectal carcinoma (n . 1) (125). 

 
 

RESULTS	  	  
 
 

JX-‐594	   is	   able	   to	   reach	   and	   amplify	   within	   tumour	   beds	   following	   systemic	  

infusion	  in	  patients.	  

Twenty-three patients with advanced treatment-refractory solid tumours received a single 

intravenous infusion of escalating doses of JX-594 (121). Biopsy material was analyzed to 

determine whether JX-594 could infect metastatic tumours after intravenous infusion in 
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patients. Biopsies, taken 8-10 days after infusion, were stained using a polyclonal anti-

vaccinia antibody for evidence of viral replication and β-galactosidase, a surrogate marker for 

virally-encoded transgene expression. Vaccinia immunoreactivity was detected in a colorectal 

tumour (Figure 4.1a). Negative controls where the primary antibody was omitted from the 

staining protocol, were included to ensure that the staining was specific to vaccinia.  These 

samples were negative for all patients (Figure 4.1b). Pretreatment biopsies were negative for 

vaccinia virus indicating that vaccinia antigens were expressed in tumours following infusion 

of the virus (Figure 4.1c). The negative pretreatment biopsy staining and negative control 

results were consistent for all patients who tested positive (Figures 4.1d-f). Biopsies taken 

from lower dose cohorts were negative for anti-vaccinia immunoreactivity (Figure 4.1g).  

Positive staining in high dose patients (> 3x 107 pfu/kg) coincided with the detection of viral 

DNA by PCR (Figure 4.1h).   

 

3D	  modeling	  of	  biopsy	  material	  from	  a	  patient	  treated	  with	  JX-‐594	  	  

To understand the extent and distribution of virus in patients treated with JX-594, we 

constructed a 3D model of a biopsy taken from a patient treated with 1.5 x 107 pfu/kg of JX-

594, intravenously infused in 250 mL bicarbonate-buffered saline over 60 minutes. Ten days 

later, an excisional biopsy of the colorectal carcinoma was obtained. 126 serial sections were 

cut and every other section was stained for virus (Figure 4.2a). 2D pictures of the sections 

were then converted into a 3D volume using HTK Histology Toolkit software (Robarts 

Imaging Institute, University of Western Ontario). Regions of infection were highlighted to 

aid in visualization (Figure 4.2b). We analyzed the 3D volume in two ways. The first 

representation is of unadjusted histological staining for vaccinia virus (Figure 4.2c). 2D planes 
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on orthogonal axes can be moved through the reconstructed volume. We scanned the entire 

volume on x, y, and z axes. Malignant tissue was infected while intermixed normal tissues 

were not. This staining pattern was observed throughout the entire reconstruction of the 

biopsy. In another representation, a malignant glandular structure within the carcinoma was 

visualized in three dimensions, where positive viral staining is highlighted in green (Figures 

4.2 d and e). The entire malignant structure was positive for virus while immunoreactivity was 

not detectable in luminal necrotic tissue or the surrounding normal tissues. These data indicate 

that JX-594 is able to extensively and consistently infect malignant cells while not infecting 

normal tissues. 

 

JX-‐594	  is	  capable	  of	  infecting	  tumour	  vasculature	  in	  mice	  and	  patients.	  	  

Having observed that VSV was able to directly infect and target tumour vasculature in mice, 

we tried to understand whether JX-594 was capable of directly infecting tumour endothelium 

in mouse models and patients. Mice bearing subcutaneous tumours were treated with JX-594, 

administered intravenously or injected intratumourally.  Five days following the single 

treatment, IHC for vaccinia revealed that vascular structures were immunoreactive (Figure 

4.3a-c). Vaccinia staining was observed specifically within the cytoplasm of endothelial cells 

(Figure 4.3c). These results demonstrate that vaccinia is capable of infecting tumour 

endothelium when injected via intratumoural or intravenous routes.   

Biopsies from patients on a phase I dose-escalation trial of intravenous JX-594, who received 

approximately 3x107 to 3x109 pfu, were assessed for tumour-associated endothelial cell 

infection in visible vessels. Tumour cells and tumour-associated vessels had positive vaccinia 

staining (Figures 4.4a, d).  Negative controls were included for all samples to validate that the  
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Figure 4.1. Tumours from patients infused with JX-594 virus are positive for vaccinia 
virus and β-galactosidase. Biospies were from patients obtained 8-10 days post infusion. 
Patients were given escalating doses of virus.  Cohorts 1 and 2: 1x105 p.f.u/kg. Cohort 3: 
3x105 p.f.u/kg. Cohort 4: 1x107 p.f.u/kg. Cohort 5 and expansion: 1.5 x107 - 3 x107p.f.u/kg. a) 
Immunohistochemistry for vaccinia. Colorectal tumour, 10 days post infection. Scale bar 200 
µm. b) Immunohistochemistry with no primary antibody. Scale bar 200 µm. c) 
Immunohistochemisty for vaccinia in a pretreatment biopsy from the same patient. Scale bar 
50 µm. d-f are the same conditions as a-c, but in a different patient. (adapted from Breitbach, 
C. et al. Nature, 2011) g) Patient from low dose cohort treated with 3 x 106 pfu of JX-594 was 
negative for anti-vaccinia immunoreactivity. h) qPCR for viral DNA and vaccinia 
immunoreactivity were positive in the high dose cohort.  
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Figure 4.2. JX-594 achieves widespread infection in a 3D reconstruction of a patient 
biopsy. An excisional biopsy from a colon cancer patient was obtained 10 days post infusion 
of JX-594. a) A representative section of 126 sections that were stained for vaccinia virus 
proteins. b) 2D digital images of each slide were adjusted to highlight positive staining in red 
(Photoshop CS2). c) Extensive infection of cancer cells and vessels was observed by scanning 
orthogonal planes. d) 3D rendering of a single glandular structure where infection (green) was 
present throughout cancerous cells. e) The same glandular structure viewed from another 
angle. 
 
  



 86 

a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c)  



 87 

 
 
 
 
 
 
 
 
 
 
Figure 4.3. JX-594 is able to infect tumour endothelium in mice by systemic and 
intratumoural injection routes. a) HT29 tumours were injected intratumourally with a single 
injection 1x107 pfu of JX-594 for 5 days. b) SW620 tumours were injected with JX-594 for 5 
days. Serial H&E staining shows a vessel within an island of tumour cells. The vessel was 
positive for vaccinia antigens. c) A vessel from an SW620 was also positive for virus. 
Vaccinia staining is restricted to the cytoplasm of endothelial cells. 
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Figure 4.4. JX-594 is able to infect tumour endothelium in patients a) JX-594 infection of 
tumour-associated endothelial cells in a lymph node biopsy from a metastatic ovarian cancer 
patient (black arrows) Scale bar 50 µm.  b) a serial section of the same antibody stained with 
no primary antibody. Scale bar 50 µm.   c) Biopsy from the same patient obtained prior to 
treatment did not stain for virus. Scale bar 50 µm.   d) Ovarian cancer stains positive for JX-
594 in tumour cells and endothelial cells. Scale bar 100 µm. e) patients in escalating dose 
cohorts on a phase I dose-escalation trial of intravenous JX-594 received approximately 3x107 
to 3x109 pfu and 7 days later tumour biopsies were collected and assessed for tumour-
associated endothelial cell infection in visible vessels. Percentage of vessels positive for 
vaccinia IHC in tumour by patient and dose cohort. (from Brietbach et al. Cancer Res, 2013)  
f) representative images of vessels stained for vaccinia virus (top row) and serial sections 
stained for β-galactosidase (bottom row). Linear adjustments were made to brightness and 
contrast. Scale bars 100 µm.  
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staining was specific to vaccinia antigens and not background staining (Figure 4.4b). 

Pretreatment biopsies were also negative for vaccinia antigens (Figure 4.4c). Patients from 

escalating dose cohorts were assessed for their percentage of vaccinia-positive vessels by 

patient and dose cohort (reproduced from Brietbach et al. Cancer Res, 2013 (125). To assess 

whether JX-594 was capable of actively replicating and expressing transgenes within tumour-

associated endothelial cells, serial sections were stained for vaccinia virus (Figure 4.4f, top 

row) and β-galactosidase (Figure 4.4f, bottom row). These data indicated that JX-594 is 

capable of infecting tumour endothelium in patients.  

 

DISCUSSION	  

	  

Intravenous	   administration	   of	   JX-‐594	   can	   reach	   distant	   tumour	   beds	   and	   is	  

specifically	  amplified.	  

This is the first clinical demonstration of an oncolytic virus being able to infect tumours after 

systemic administration. β-galactosidase expression validates the ability of JX-594 to deliver 

transgenes to tumour cells after systemic infusion. JX-594 provides a platform that could 

improve the efficacy and safety of biological peptides and siRNAs by acting as an agent that 

will selectively amplify these drugs within malignant tissue, and minimize the dose to normal 

tissues. Multiple gene products could also be expressed, allowing for specific and synergistic 

effects with biological gene products. The ability to express multiple gene products also opens 

up the possibility of expressing genes that have biological activity while simultaneously 

expressing genes for imaging purposes.  
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JX-‐594	  specifically	  targets	  vasculature.	  

The observation that viruses can express transgenes in tumour and endothelial cells highlights 

the potential of JX-594 to express biologically active molecules at high concentrations 

specifically within malignant tissue. This is especially important considering that several 

antiangiogenic agents have effects on normal quiescent endothelium, stemming from the fact 

that many targets are also involved in vessel maintenance of normal vasculature. Multi 

tyrosine kinase inhibitors, sunitinib and sorafenib, target tumour vasculature but also have off 

target effects leading to side effects such as gastrointestinal bleeding, necessitating ‘drug 

holidays’ (126).  In bevicizumab trials, patients in treatment arms for several trials had 

bleeding complications, pulmonary hemorrhage, and gastrointestinal bleeding (126).  

Oncolytic JX-594 has the ability to specifically express antiangiogenic transgenes to improve 

the specificity of antiangiogenic therapy. No evidence of toxicity to normal vessels or wound 

healing was observed on the trial, suggesting that JX-594 has tumour specific anti-vascular 

activity. JX-594 not only relies on signaling pathways that target proliferating endothelium 

but also discrepancies in antiviral responses, providing an added layer of discrimination 

between normal and healthy tissues (Rozanne Arulanandam, unpublished data).   
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Chapter	  5:	  	  

The	  anti-‐vascular	  effects	  of	  oncolytic	  viruses	  are	  influenced	  by	  tumour	  
heterogeneity	  and	  susceptibility	  to	  infection	  
 

Naomi De Silva, Andrea Cervi, Hymn Mach, Kathleen Atkins, Naveen Silva, Dominic Roy, 

Michelle Becker, Cory Batenchuk, Theresa Falls, Rozanne Arulanandam, Markus Vaha-

Koskela, Kelley Parato, Fabrice LeBoeuf, Jean Simon Diallo, Barbara Sennino, Manijeh 

Daneshmand, Caroline Breitbach, Donald McDonald, Harold Atkins, John C. Bell 

 

ABSTRACT	  

Oncolytic viruses (OVs) are multimodal platforms that target malignancies through direct 

infection of tumour cells, disruption of tumour vasculature causing bystander cell death, and 

the induction of anti-tumour immune responses. Several oncolytic viruses, VSV, JX-594, 

vvDD, Maraba, and Sindbis, were able to rapidly induce widespread bystander cell death. 

This impressive response only occurred in a subset of tumours. We observed that tumours 

responded to OV therapy in three ways, and the type of response was determined by two 

factors: susceptibility to infection and the heterogeneity of the tumour microenvironment. 

Among tumours that supported viral replication, cancers of mesenchymal origin, or poorly-

differentiated tumours of epithelial origin had low E-cadherin expression and were susceptible 

to vascular disruption. Well-differentiated, E-cadherin positive tumours were susceptible to 

infection and direct cell killing but resistant to vascular disruption or bystander cell death. If 

poorly-differentiated tumours were resistant to infection, no acute cell killing was observed. 

Infection was required to elicit either form of cell death. Models that were susceptible to 
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bystander cell killing with one virus also demonstrated this effect with other viruses, 

suggesting that the observed response is dictated by tumour characteristics, rather than by 

virus type. These histological subtypes provide a potential framework for the rational 

selection of patients, the integration of combination therapies and the creation of designer 

viruses to optimize clinical outcomes. 

 

	  

INTRODUCTION	  

We have previously reported that vesicular stomatitis virus (VSV) is able to indirectly kill 

uninfected tumour cells by targeting tumour vasculature. Vascular disruption is achieved 

through direct infection of tumour endothelium and the induction of an inflammatory 

response leading to acute vascular disruption and bystander killing of uninfected tumour 

cells (31). Following the preclinical demonstration that OVs could target tumour vasculature 

leading to durable necrotic responses, patients enrolled in phase II trial for the oncolytic 

poxvirus JX-594 were monitored for evidence of vascular disruption using dynamic contrast 

MRI. In a phase II trial of JX-594, patients with liver-based tumours of either HCC (n=15) 

or colorectal carcinoma (n=1) histology showed decreases in tumour perfusion 5 days post 

treatment (31).  This effect was observed in both directly injected and uninjected 

metastases, and durable necrosis was observed 8 weeks post treatment. In tumours directly 

injected with JX-594, 33% of tumours showed a 15% or greater decrease in perfusion at 5 

days post-treatment (125). It is unclear which factors contribute to discrepancies in tumour 

response and why only a subset of patients showed signs of vascular disruption.   

 



 94 

Heterogeneous responses to therapy are common across several cancer types and therapeutic 

classes, based on the interaction between the mechanism(s) of action, tumour biology and host 

immunity. Understanding what factors predict tumour response and how to monitor for 

clinical indications of various responses, will facilitate the selection of platforms that give 

most “bang for their buck”. 

 

Mounting evidence indicates that heterogeneity in the tumour microenvironment presents a 

barrier to several cancer therapies.  Heterologous cell types (i.e clonal cancer cells, endothelial 

cells, pericytes, fibroblasts, immune cells, extracellular matrix) are able to influence 

therapeutic response (127). In the case of anti-angiogenic therapies, macrophages can 

counteract therapy by promoting the repair of damaged vessels, neo-angiogenesis and vessel 

maturation (128). Vasculature with more abundant pericyte coverage has also been implicated 

in the resistance to combretastatin, a vascular disrupting agent (129). The increase in tumour 

hypoxia following therapy can lead to cancer stem cell pool expansion, increased invasion, 

and metastasis (130). Stromal elements are also able to impede oncolytic virus growth in 

tumours.  Tumour-associated macrophages can induce an antiviral state, shielding tumours 

from viral attack (131).  

 

Epithelial to mesenchymal transition (EMT) is a developmental regulatory program that has 

been implicated in the transition of low-grade epithelial tumours to more aggressive, high-

grade malignancies. As tumours of epithelial origin become more malignant, certain 

pathological features are altered and malignant cells become less differentiated, summarized 

in Table 5.1 (2).  Highly aggressive carcinomas exhibit increased invasion into surrounding  
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Table 5.1. General Characteristics of Tumours with Epithelial or Mesenchymal 
Histology.  
 
EPITHELIAL MESENCHYMAL 
Low-intermediate grade carcinoma High-grade carcinoma 
Tumours of epithelial origin that are well-
differentiated 

Tumours of epithelial origin that are 
poorly differentiated 
OR 
Tumours of mesenchymal origin (i.e. 
sarcoma, glioblastoma, neuroendocrine) 
OR 
Cancer stem cells 

Low metabolic activity, slow growing, 
indolent, better prognosis 

High metabolic activity, invasive, 
metastatic 

  
Heterogeneous microenvironment with 
stromal elements 

Homogenous histology with few 
distinguishable stromal elements 

Mature vasculature, good pericyte 
coverage 

Immature vasculature, poor pericyte 
coverage 

High E-cadherin expression Low E-cadherin expression 
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tissues and increased metastases, and altered stromal composition which often corresponds to 

higher pathological grades (1).  Cancer cells acquire different morphological characteristics, 

becoming more mesenchymal in phenotype as EMT progresses.  Carcinoma cells lose their 

polarity, cell-to-cell contacts, acquire fibroblastic characteristics, and appear more spindle-

shaped in morphology (14, 15). EMT has also been viewed as a process where epithelial cells 

acquire stem cell-like features and/or increased cancer stem cell pools within a clonal 

population (16). The expression of epithelial markers generally decreases while mesenchymal 

gene expression increases. E-cadherin, a cell adhesion molecule that helps tissues assemble in 

epithelial sheets, has been well established as a marker of indolent, low-grade tumours that are 

less invasive and metastatic; the loss of E-cadherin is a hallmark feature of EMT (1, 15).  

 

In some cases, OV infection is able to target tumour vasculature, effectively transforming the 

tumour microenvironment into a milieu that is lethal to malignant cells (132).  To understand 

the heterogeneity of tumour response, we aimed to understand the factors governing acute 

responses across different tumour types. We hypothesized that vascular disruption and the 

downstream killing of uninfected tumour cells, was the result of a two-step process – (1) 

infection and (2) induction of a robust acute tumour response that causes widespread 

bystander killing. We further hypothesized that tumours deviating from this optimal 

permutation would lead to alternate types of OV responses. 
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RESULTS	  
 

OVs	  rapidly	  target	  vasculature	  causing	  widespread	  apoptosis	  

We have previously reported that VSV and Vaccinia viruses are able to target tumour 

vasculature through direct infection of tumour endothelium, induction of tumour targeted 

inflammation, and intravascular coagulation (31, 125). Targeting tumour vasculature 

abrogates blood flow, causing widespread apoptosis and necrosis of uninfected tumour cells 

within 24 hours (31). To better understand the kinetics of this phenomenon, we analyzed 

tumours treated with VSV at various time points (Figure 5.1a). We found that as early as three 

hours post-infection, vessels were more dilated and more blood was present in the tumour. At 

6 hours, greater vasodilation was more pronounced, coincident with areas of hemorrhage, and  

some vessels containing blood clots (Figure 5.1a and b). Widespread necrosis and a decrease 

in proliferating tumour cells was first detected at 9 hours post-treatment (Figure 5.1c). These 

results support our previous findings and highlight how rapidly VSV can initiate vascular 

collapse and widespread apoptosis.  

 

We observed a similar response when U87 glioblastoma tumours were treated with JX-594. 

JX-594 infected limited regions of U87 tumours (Figure 5.2a). Despite this limited infection, 

JX-594 was able to initiate alterations to tumour vasculature as early as 24 hours after 

infection. Infection caused vascular basement membranes to become irregular and dilated in 

regions of U87 tumours  (Figure 5.2b). To assess vessel architecture in further detail, tumours 

were stained with a CD31 antibody that was specific to cell junctions of tumour endothelium.  

In control tumours, CD31 cell junctions formed a mesh-like pattern along vasculature.  
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Figure 5.1. OV infection induces rapid changes in vasculature and bystander necrosis. a) 
CT26.lacZ tumours treated with VSV were analyzed and harvested over the course of 
24hours. Representative H&Es show progressive changes to vasculature, intravascular 
coagulation, and necrosis.  Black arrows point to patent blood vessels. White arrows point to 
clotted vessels. Three tumours per group were analysed. b) Clotted vessels appear as early 6 
hours post treatment. c) Ki67 staining decreases as early as 9 hours post infection.  (b and c 
from Breitbach C, De Silva N et al, 2011) 
 
  



 100 

  



 101 

 
 
 
 
 
 
 
 
 
 
Figure 5.2. JX-594 treatment causes tumour specific destruction of vasculature. a) Mice 
bearing subcutaneous U87MG tumours were systemically treated with 1x107pfu of JX-594 for 
24 hours. Vaccinia staining (green) is restricted to limited regions of the tumour. Nidogen 
staining (red) is a component of vascular basement membrane. 5x magnification. b) At 24h 
post infusion, some areas exhibit alterations to vascular basement membrane when compared 
to PBS controls. 10x magnification.  c) CD31 positive cell junctions are present along tumour 
endothelium prior to JX-594 treatment. 24h following JX-594 treatment, intact cell junctions 
begin to dissolve. 40x magnification. d) Normal vasculature is not affected by JX-594. Vessel 
abnormalities and virus staining were not detectable in brain, heart, lung, and skeletal muscle. 
Scale bars 100 µm. Five mice per group were analyzed by immunohistochemistry. 
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Twenty-four hours post-infection, cell junctions were completely disrupted, indicating that 

JX-594 is able to cause acute alterations to tumour microvasculature (Figure 5.2c). 

Importantly, normal tissues had no observable vessel abnormalities or clot formation, and 

normal vessels were not infected (Figure 5.2d). 

 

We then analyzed the kinetics of virally-induced necrosis over the course of 5 days of JX-594 

treatment.  At 24 hours, the disruption to vasculature coincided with increased tumour 

necrosis relative to control tumours (Figure 5.3a). The extent of necrosis gradually increased 

over the course of 5 days. Serial sections stained for virus revealed that infection occurred in 

limited foci and that necrosis occurred in uninfected regions of the tumour. We have 

previously reported that VSV infection is capable of initiating an inflammatory response that 

recruits neutrophils to tumour beds. These neutrophils induced fibrin deposition within 

tumour vasculature, effectively abrogating tumour blood flow (31).  

 

Similarly, JX-594 was able to effectively target tumour vasculature and kill uninfected tumour 

cells (Figure 5.3b). Microsphere distribution was dramatically reduced, indicative of a 

reduction in tumour blood flow, and Gr1+ cells were recruited to virus-treated tumours, which 

coincided with an increase in tumour-restricted coagulation and the formation of intravascular 

clots. In the U87 model, one dose of JX-594 was sufficient to extend survival in 4/4 mice 

(Figure 5.4). It is important to note that tumours had average tumour dimensions that were 

much larger (10mm x 10mm) than the dimensions (5mm x 5mm) at which survival studies are 

usually commenced.  In mouse survival studies, treating small tumours results in survival 

differences that are often lost when tumours are larger. The finding that one dose of virus can  
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Figure 5.3. JX-594 causes bystander necrosis in U87MG glioblastoma tumours. a) U87 
tumour bearing mice were treated for 0, 1, 2, 3, and 5 days. Virus staining is present in limited 
foci of tumours. Serial H&E sections reveal bystander cell killing of uninfected tumour cells 
occurs as early as 24 hours post infection and continues to increase until 5 days. Sections are 
representative of 4 tumours per time point. b) Mice bearing subcutaneous U87MG tumours 
were treated with  a single intravenous infustion of 1x107pfu of JX-594 for 5 days. Virus 
treated tumours exhibited a dramatic reduction in microsphere distribution, coincident with an 
increase in necrosis, fibrin deposition and Gr1 positive cell recruitment. Tumours are 
representative of 5 tumours per treatment. 
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Figure 5.4. One dose of JX-594 increases survival in U87MGvIII tumour bearing mice. 
U87vIII tumour bearing mice received a single infusion of 1x107pfu of JX-594 intravenously. 
Tumours had average dimensions of approximately 10mm x 10mm at the time of treatment 
(larger than the usual 5x5 volume for most efficacy studies). A single infusion of JX-594 was 
capable of significantly extending survival compare to PBS treated controls (Logrank Test: 
P<0.0045). 5 mice per group were included in this study.  
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extend survival when advanced, large tumours are treated, demonstrates that JX-594 in this 

model has potent effects on tumour growth.  As this finding was observed in nude mice, these 

effects can be attributed to innate immunity and vascular disruption.  Stojdl et al. also 

demonstrated that VSV treatment of CT26.LacZ tumours was also able to cause impressive 

extensions in survival of 7/8 mice (60). 

Two viruses, VSV and JX-594 are able to consistently target vasculature causing widespread 

bystander necrosis. In both cases, 10/10 tumours responded in this way (data not shown). 

Having observed that the clinical response rate of 33% was far from 100% observed in animal 

models, we sought to identify factors that could compromise the ability of viruses to target 

tumour vasculature. Having observed that the ability of OVs to manipulate the tumour 

microenvironment was a key factor in achieving widespread killing of malignant cells, we 

hypothesized that microenvironmental factors could compromise this optimal response.  

 

We tested a diverse panel of 13 models that varied in tumour type, histological grade, and 

species of origin (Table 5.2).  We used five viruses (JX-594, vvDD, VSV, Maraba, and 

Sindbis) to treat colorectal carcinoma, glioblastoma, fibrosarcoma, ovarian, breast, and 

melanoma tumours. When examining acute responses to treatment we observed that tumours 

responded to OV therapy in three ways: OVs caused widespread killing of infected and 

uninfected cells; OVs caused direct killing of infected cells but uninfected tumour cells 

remained viable following therapy; or OVs failed to cause significant cell death (Table 5.2). 

Amongst the tumours that supported virus replication (Table 5.2, Subtype I and II), we 

observed that these response classes were defined by differences in histological grade. 

Tumour cells that were susceptible to both virus infection and bystander cell death were found  
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CELL LINE CANCER 
TYPE 

BYSTANDER 
KILLING 

REPLICATION 
IN VIVO 

(Viruses tested) 

E-CADHERIN/ 
DIFFERENTIATION 

EFFICACY 

Subtype I: OVs cause bystander killing   
Good Replication + Poorly Differentiated (N=4) 
CT26.LacZ  Colon 

adenocarcinoma 
(murine) 

Yes Yes (VSV, 
vvDD, Maraba, 
Sindbis, NRPs*) 

low E-cad/poor Good 

U87MGvIII Glioblastoma 
(human) 

Yes Yes (VSV, JX-
594) 

low E-cad/poor Good 

MEF** Fibrosarcoma 
(murine) 

Yes Yes (VSV) low E-cad/poor --*** 

Bin67 Ovarian, small 
cell (human) 

Yes Yes (VSV) low E-cad/poor -- 

      
Subtype II: OVs cause direct killing, no bystander killing   
Good Replication + Poorly Differentiated (N=5) 
HT29 Colon (human) No Yes (JX-594) high E-cad/well Moderate 
SW620 Colon (human) No Yes (VSV, JX-

594) 
high E-cad/well Moderate 

HCT116 Colon (human) No Yes (JX-594) high E-cad/well Moderate 
 

UACC-257 Melanoma 
(human) 

No Yes (VSV) --/well -- 

MDAMB435 
 

Breast (human) No Yes (VSV) --/well -- 
 
 

Subtype III: OVs are unable to cause significant cell death 
Poor Replication + Poorly Differentiated (N=4) 
CT26.WT Colon 

adenocarcinoma 
(murine) 

No No (VSV, 
vvDD) 

low E-cad/poor Poor 

CT26.LacZ Colon 
adenocarcinoma 
(murine) 

No No (JX-594) low E-cad/poor Poor 

B16 Melanoma 
(murine) 

No No (VSV, 
vvDD) 

low E-cad/poor Poor 

4T1 Breast (murine) No No (VSV, 
vvDD) 

low E-cad/poor Poor 

*NRPs are infectious but non-replicating VSV particles 
**Fibrosarcoma lines were generated from mouse embryonic fibroblasts transformed with HRAS and SV40 (129)  
*** Data not available 
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Table 5.2. Acute responses to OV Therapy. Tumours respond to OV treatment in three 
ways based on differences in OV infection and histological subtype. Subtype I tumours 
exhibit the most extensive cell death. Tumours were positive for virus, poorly differentiated, 
and E-cadherin low. Subtype II tumours become necrotic in areas of direct infection. Virally 
induced necrosis was not observed in Subtype III tumours. Replication in vivo was assessed 
by the presence or absence of positive immunohistochemistry for viral antigens. Efficacy was 
qualitatively assessed from independent survival studies. All tumours were implanted 
subcutaneously and mice were given one dose of virus systemically. Tumours were analyzed 
5 days after Vaccinia virus infection and 24 hours after all other viruses.  
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Figure 5.5. Tumours respond to OV treatment in three ways. Histological data from Table 
5.2.  Tumours respond to OV treatment in three ways based on differences in OV infection 
and histological subtype. Tumours susceptible to bystander necrosis exhibit the most 
extensive cell death. The second group of tumours permitted virus replication and tumours 
become necrotic in areas of direct infection. Viral replication and virally induced necrosis was 
not observed in the third group. Replication in vivo was assessed by the presence or absence 
of positive immunohistochemistry for viral antigens or by titering.  
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in poorly-differentiated and relatively homogenous microenvironments (Figure 5.6a). Tumour 

cells that could support virus replication, but were resistant to bystander cell death were found 

in well-differentiated tumours with more cellular heterogeneity. 

 

We compared serial sections from Subtype I and II tumours for virus distribution, necrosis, 

and blood clot formation. Both types of microenvironments had limited areas of virus 

distribution, however, uninfected cells responded in dramatically different ways. In 

heterogeneous microenvironments, malignant cells were resistant to OV-mediated bystander 

cell killing while cells in homogenous microenvironments were susceptible. Necrosis 

coincided with the presence of intravascular clot formation and fibrin deposition. Coagulation 

within the vasculature of well-differentiated tumours was restricted to areas of direct 

infection. 

 

We looked at E-cadherin, a marker of epithelial cell junctions, to assess whether heterogeneity 

could be related to the differentiation characteristics of cells. Tumours of epithelial origin (i.e. 

ovarian and colon carcinoma) lose epithelial markers and gain mesenchymal traits as they 

become more invasive. Tumours that were resistant to bystander necrosis were heterogeneous 

and expressed E-cadherin while a loss of E-cadherin expression was observed in poorly-

differentiated, homogenous microenvironments (Figure 5.7).  

 

Following the observation that the most responsive tumours consisted of poorly-

differentiated, mesenchymal-like cells in vivo, we wanted to assess whether the mesenchymal  
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Figure 5.6. Tumour heterogeneity influences susceptibility to OV-mediated bystander 
cell death. Representative tumours were treated with JX-594 for 5 days. a) Amongst tumours 
that support virus infection, tumours that are resistant to bystander cell killing are more 
heterogeneous prior to treatment. b) Malignant cells in well-differentiated tumour 
microenvironments are resistant to OV mediated bystander cell killing while cells in poorly 
differentiated microenvironments are susceptible. H&E of U87 tumours shows widespread 
necrosis. Fibrin deposition occurs in areas of direct infection and in uninfected regions. In 
HT29 tumours, areas of vaccinia staining correlate with areas of necrosis.  No intravascular 
coagulation is observed in uninfected regions. Scale bars 200 µm. 
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Figure 5.7. E-cadherin expression correlates with resistance to OV induced bystander 
necrosis. Tumours that support virus growth were stained for E-cadherin expression.  
Tumours that support virus replication, causing direct oncolysis only, express higher levels of 
E-cadherin.  Tumours that support virus replication and are susceptible to bystander cell death 
have low levels of E-cadherin expression.  a) Immunohistochemical detection of E-cadherin. 
b) Quantification of immunohistochemical staining. Five tumours from each tumour type 
were quantified using five random fields of view. E-cadherin expression was determined to be 
significantly different  p < 0.05, Mann-Whitney test. 
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properties of cancer cells were relevant to their susceptibility to virus-induced cell death. 

Representative cell lines from poor and well-differentiated tumours were tested for their 

ability to produce virus.  Poorly-differentiated CT26.lacZ cells produced more than 15-fold 

more virus than well-differentiated SW620 cells, raising the possibility that bystander necrosis 

could be independent of microenvironmental factors and could simply be due to increased 

virus production (Figure 5.8a). To determine if differentiation aspects correlated more broadly 

in other cell lines, the NCI-60 cell panel was infected with VSV to determine EC50 values for 

various human cancer lines (Figure 5.8b). The responsiveness to interferon was assessed by 

determining EC50 values of cells pretreated with interferon (60). The NCI-60 panel contains 

cell lines derived from tumours of different organs and from different histological grades. 

Kohn et al recently assessed cell migration characteristics of the NCI60 cell panel through 

expression profiling of genes related to EMT (30).  By ranking EC50s according to how 

mesenchymal their gene expression was, we determined that OV cytotoxicity, in vitro, did not 

correlate with EMT characteristics.   

 

Infection	   is	   required	   to	   initiate	   bystander	   responses	   in	   poorly-‐differentiated	  

tumour	  microenvironments.	  

 

Noticing that bystander killing occurred only in poorly-differentiated tumour 

microenvironments, we looked at several poorly-differentiated mouse models.  Within this 

subset, Subtype I models exhibited bystander cell death in response to treatment, while 

Subtype II did not (Table 5.1, Figure 5.5). Amongst the non-responsive tumours, we were 

unable to detect virus replication by immunohistochemistry, suggesting that viral replication  
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Figure 5.8. The susceptibility to infection and response to interferon does not correlate 
with epithelial/mesenchymal character. a) CT26.lacZ and SW620 cells were infected in 
vitro for 48 hrs with VSV at an MOI of 0.001 in 5% oxygen. Supernatants were harvested and 
tittered for infectious VSV. CT26 cells produced more virus than SW620 cells. b) Cell lines 
from the NCI60 panel were infected with VSV +/- interferon.  EC50 values from (Stojdl et al, 
2003, (60)) are plotted in order of increasing mesenchymal character.  Epithelial and 
mesenchymal properties were determined from gene expression profiling of the NCI60 panel 
as described by Kohn et al (30). 
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was a necessary step to induce bystander necrosis in this type of tumour microenvironment. 

To test this, we compared similar tumour microenvironments that differed in their 

susceptibility to OV infection. CT26lacZ and CT26WT are genetically similar clones that 

form poorly-differentiated tumours, identical in general histology (Figure 5.9a) and E-

cadherin expression (Figure 5.9b). WT cells respond to interferon and are resistant to VSV 

infection while the LacZ clones are non-responsive and support VSV infection in vivo 

(unpublished data). Necrosis is observed when VSV is able to replicate in LacZ tumours; 

however, WT tumours, where virus was unable to replicate, showed no signs of bystander 

necrosis. We then looked at a second pair of tumours with similar microenvironments that 

differed in their susceptibility to Vaccinia virus infection (Figure 5.9c).  The host tropism of 

the Wyeth strain (JX-594) is such that it is able to infect cells of human origin but not mouse. 

We compared the ability of JX-594 to induce bystander killing in human U87 xenografts and 

CT26.lacZ tumours.  In U87 xenografts, virus replication induced bystander cell killing while 

JX-594 was unable to replicate in murine CT26.LacZ cells and did not cause any noticeable 

changes to tumour histology, despite being capable of responding to VSV and another strain 

of vaccinia (vvDD).  

Noticing that infection was necessary for bystander cell killing, we then asked which aspects 

of infection were responsible for this effect, and whether this phenomenon extended to other 

OVs. We had previously observed that non-infectious, UV-inactivated VSV did not cause 

acute changes to vasculature (31). Replication competent VSV was able to induce very rapid 

changes to vasculature, preceding vascular shutdown and bystander necrosis. These events 

were initiated as early as 3 hours after VSV treatment (Fig. 5.1). VSV was able to induce 

bystander cell killing when non-replicating particles (NRPs) were permitted to enter cells,  
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Figure 5.9. Infection is required to initiate bystander responses in poorly differentiated 
tumour microenvironments. a) VSV was delivered systemically to CT26.lacZ or CT26.WT 
tumours. Necrosis is observed when VSV is able to replicate in lacZ tumours that support 
virus replication. b) lacZ and WT clones form tumours with similar levels of E-caderin 
expression determined by quantification of immunohistochemistry. c) Virus replication is 
necessary in poorly differentiated models.  A strain of Vaccinia (Wyeth, JX-594) is capable of 
replication and inducing necrosis in human U87 tumours but not murine CT26.lacZ tumours. 
d) Resistance or susceptibility to bystander cell death occurs in response to multiple viruses.  
Virus entry and gene transcription is sufficient to induce necrosis.  Partially UV inactivated, 
non replicating virus particles (NRRPs) are able to cause bystander necrosis. LacZ tumours 
become necrotic after 24hrs of treatment with Maraba or Sindbis virus. SW620 tumours are 
resistant to JX-594 and VSV therapy. Scale bars 100 µm. VSV, Maraba, and Sindbis 
treatments were 5x108pfu of virus injected systemically for 24h. 5x109 NRPs were injected 
systemically for 24h. 1x108pfu of JX-594 was injected systemically and mice were sacrificed 
5 days later. 
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transcribe genes, but not form infectious progeny (Figure 5.9d). This finding suggests that the 

early events of infection and the associated inflammatory response are sufficient to achieve 

widespread cell death within this type of microenvironment.  

 

Representative tumours of poor and well-differentiated microenvironments were tested for 

their response to multiple viruses. With all viruses tested, CT26.LacZ tumours became 

homogeneously necrotic while well-differentiated SW620 tumours had viable islands of 

tumour cells that were resistant to OV therapy (Fig. 5.9d).  The finding that different tumour 

microenvironments respond in the same manner to several viruses, without exception, 

suggests that the tumour microenvironment dictates whether bystander necrosis will occur to 

OV therapy. 

 

DISCUSSION	  
 

Infection	  is	  required	  to	  cause	  bystander	  necrosis.	  

The observation that infection must occur to cause bystander cell killing further supports the 

notion that infection and differentiation status are independent variables, influencing tumour 

response.  In addition, these data highlight that poorly-differentiated tumour 

microenvironments permit bystander necrosis, but infection within this milieu is necessary for 

tumour response. Models that were susceptible to bystander cell killing with one virus also 

demonstrated this effect with other viruses, suggesting that this effect may be a common to 

several oncolytic viruses.  
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The	  amount	  of	  infection	  and	  response	  to	  therapy.	  

Amongst the tumours that support virus replication, it is possible that virus is able to replicate 

to higher titers in poorly-differentiated tumours, leading to more bystander cell killing.  

Although the current data do not exclude this possibility, it is unlikely for several reasons.  

Firstly, virus infection begins to disrupt vasculature at very early time points indicating that 

the virus exerts effects on vasculature through the rapid induction of inflammation rather than 

surpassing a theoretical threshold of virus growth required to cause bystander cell killing.  In 

the case of VSV in CT26 tumours, acute changes to vasculature occur as early as 3 hours, a 

time at which differential amplification of virus is likely negligible. In further support of this 

assertion, partially inactivated VSV where virions can enter and transcribe genes but cannot 

produce progeny are also able to cause bystander necrosis.  These data suggest that poorly-

differentiated tumours may allow for more virus growth, but this difference does not 

contribute to the susceptibility of tumour vasculature to oncolytic viruses. The ability for virus 

to replicate to higher titers in poorly-differentiated tumours does raise the possibility that 

virally-expressed transgenes would be expressed to higher levels. If poorly-differentiated 

tumours permit more transgene expression, strategies that target barriers to replication in well-

differentiated tumours represent a potential therapeutic avenue to improve OV therapy in this 

subtype. Delineating exactly which strategies could overcome barriers in well-differentiated 

tumours, will require an understanding of mechanisms governing virus infection in these 

subtypes. 

Susceptibility	  of	  infection	  and	  EMT	  gene	  expression	  

Epithelial tumours progress and become more invasive and less differentiated. Advanced 

stage cancer cells generally have higher metabolic activity and develop more mutations due to 
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increased genetic instability, driver mutations, and passenger mutations.  The increased 

probability of mutations in cell lines from advanced cancers could theoretically increase the 

probability that anti-viral or cell death pathways could be defective. However, the in vitro 

screening of cancer cell lines suggests that mesenchymal properties are not the major factor 

affecting a cell’s susceptibility to OVs (Fig. 5.8). These data suggest that in vitro, OV 

mediated cytotoxicity is independent of differentiation status. It is conceivable that anti-viral 

signaling is the major determinant of infectivity and that the mesenchymal properties of cells 

is a secondary factor contributing to increased infection in poorly-differentiated tumours. 

Therefore, differentiation status and susceptibility to infection are likely two independent 

variables that influence tumour response.  

Variability	  of	  cancer	  type:	  experimental	  weakness	  or	  unifying	  trend?	  

The models tested vary in terms of species and cancer type.  Comparing diverse tumour types 

in this manner risks drawing conclusions about samples that are widely different from one 

another. The proposed subtypes are observed across cancers derived from different organs, 

within different mouse backgrounds, in tumours derived from epithelial and mesenchymal 

origins, and in response to different viruses.  If tumours of epithelial origin generally become 

more mesenchymal over the course of tumour progression, determining the response in mouse 

models where this phenomenon occurs would be an important step to eliminating some of the 

variables present in the existing data. It would be interesting to determine if these subtypes 

exist within a particular epithelial cancer type by comparing the response to oncolytic virus 

with respect to histological grade.  
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Considerations	  for	  preclinical	  development	  and	  testing	  of	  oncolytic	  viruses.	  

This work underscores the variability in responses to OVs based on tumour type in 

experimental models.  The responses for different tumour types should be considered when 

designing experiments to test different oncolytic viruses.  For example, viruses that are 

designed to boost antiangiogenic effects should be tested in well-differentiated models where 

vascular disruption could be improved, rather than models that are poorly-differentiated that 

already demonstrate robust decreases in vascularity in response to oncolytic virotherapy. It 

may be tempting to try candidate viruses in models that are known to have robust responses; 

however, it is conceivable that the effect of virally-expressed transgenes would be most 

apparent in models that have a less robust response. Well-differentiated tumours are also 

statistically more likely to be encountered in the clinic.  

Rational	  Selection	  of	  Viruses	  	  

In the cohort of tumours that support viral replication, the type of response seems to be 

independent of which virus initiates inflammation, although the speed at which vasculature is 

disrupted varies depending on the virus. Measles virus is able to spread through nectin-4 in 

epithelial tumours.  Cell-to-cell spread occurs with minimal cytopathic effects or recognition 

from the immune system, permitting the “free flow of virions throughout the tumour” 

(Roberto Cattaneo, Oncolytic Virus Conference 2014). Understanding how each virus 

interacts within the tumour microenvironment, and what types of immunological reactions 

will likely precipitate from this biology, will allow for the rational selection of viruses tailored 

to the patients tumour and immune system to increase the probability of therapeutic success. 

Clinical	  implications	  for	  the	  use	  of	  oncolytic	  viruses.	  

Future therapies might consider selecting patients depending on histological grade and the 
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susceptibility of biopsy material to infection. With these patient characteristics in mind, 

combination therapies could be rationally integrated into this framework to overcome 

predicted hurdles relating to infection and vascular disruption (Figure 5.10). Poorly-

differentiated tumours are often the most invasive and metastatic. The observation that 

oncolytic viruses target vasculature and induce bystander necrosis in this histological subtype 

suggests the OV platform could target the most aggressive and metastatic cancers.  Tumours 

that have mesenchymal features could be more responsive to the anti-vascular effects of OVs. 

In 90% of cancer deaths, it is metastasis that ultimately kills the patient and several 

inhibitors of EMT are under development for treating cancer (133).  Oncolytic viruses are 

able to infect and kill metastatic cells through direct infection and lysis or through immune 

cell activation (134). The possibility of using OVs to target vasculature in mesenchymal 

tumours provides several advantages. Tumours that have acquired mesenchymal 

characteristics are the most aggressive primary tumours and targeting this type of 

malignancy could prevent colonization in distant tissues. 

 Further studies are required to understand what conditions are necessary to generate robust, 

durable adaptive responses against tumours. Is the disruption of vasculature an important 

initiating event that leads to the generation of a robust anti-tumour response and long-lasting 

efficacy? Anecdotally, the models where OVs are able to produce impressive extensions in 

survival are models where vascular disruption is observed. In the JX-594 Phase II trial, 

patients whose hypervascular HCC and colorectal tumours exhibited acute reductions in  
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Figure 5.10. Conceptual framework for treating patients with oncolytic viruses. 
Tumours acutely respond to virus in three ways. Subtype 1 supports virus replication and 
histology is poorly differentiated. The response to OVs in this class is widespread bystander 
cell death.  Subtype 2 supports viral replication and histology is well differentiated. Cell death 
is restricted to areas of direct infection. In Subtype 3, tumours are resistant to virus infection, 
poorly differentiated, and resistant to cell death. The ideal response to therapy is Subtype 1 
where both antiviral responses and the tumour microenvironment generate favourable 
responses to OVs. Oncolytic viruses should be modified and combined with therapies that 
target the microenvironment in subtype 2, or antiviral responses in subtype 3. Subtype 4 was 
not observed in the models tested and is a predicted subtype based on the TME and infection 
variables, this Subtype may also represent the normal tissue.     VDA - vascular disrupting 
agent, HDAC – histone deacetylase inhibitor, TME – tumour microenvironment 
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perfusion contrast agent at day 5, continued to maintain reductions 8 weeks post infusion. 

Therefore, acute reductions in perfusion could become a predictive marker to define the 

subset of patients who are ‘elite responders’ to OV therapy (66, 125).  

 

Future controlled studies in animal models and patients are required to strengthen these 

findings. It will be important to understand which immune landscapes will lead to the 

generation of durable responses, how we can skew immune responses for therapeutic benefit, 

and when this should be integrated into multimodal treatment regimens. Is it possible to get 

the generation of robust anti-tumour responses in the absence of vessel targeting? 

Understanding how stromal components are altered throughout the course of OV therapy and 

how this can be best combined with other treatments will be important to optimize 

combination therapies involving oncolytic viruses. The histological subtypes observed in this 

study provide a potential framework for the rational selection of patients, the integration of 

combination therapies and the creation of designer viruses to optimize clinical outcomes. 
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Chapter	  6:	  General	  Concluding	  Remarks	  
 
Although the current therapeutic artillery against cancer has dramatically increased rates of 

survival, high mortality rates and the disadvantages of conventional therapies have paved the 

way for the implementation of novel cancer therapeutics whose mode of action is dependent 

on not only the genetic discrimination between normal and cancerous cells but also, the 

features of the tumour microenvironment.  Oncolytic viruses (OVs) are selected or designed 

to eliminate malignancies by direct infection and lysis of cancer cells. Though much is known 

about the interaction of viruses and the host in pathological situations, ‘artificial’ intravenous 

or intratumoural administration of OVs for the treatment of cancer likely does not mimic 

normal exposure to virus pathogens. Indeed, certain aspects of the tumour microenvironment 

can be detrimental to efficient virus delivery and spread throughout tumours. OV infection of 

tumours triggers a host response that is evolutionarily designed to inhibit spread of the 

invading virus. Conceptually, this will have detrimental effects on virus infection and spread 

within tumours. However, the increasing evidence from experiments using OVs in preclinical 

tumour models as well as clinical trials suggests that tumour targeted inflammation may 

contribute to tumour regression. Processes behind normal inflammation and wound healing 

are under strict spatial and temporal control.  The lack of control establishes malignancies, 

likened to ‘wounds that do not heal’ (135), and this same lack of control provides a weakness 

for OVs to mediate catastrophic bystander cell killing. It is evident that OVs are able to target 

not only the weaknesses of cancer cells, but also to target the weaknesses of the tumour 

microenvironment.  Since there are indications from clinical trials that JX-594 triggers a loss 

of tumour perfusion and infection of tumour associated vessels, it remains important to 

understand how virus infection of tumours is triggering this response. 
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Although oncolytic viruses are able to induce acute apoptosis and necrosis of tumour cells, it 

is unclear how the necrotic centre of virus treated tumours shapes tumour progression weeks 

and years after treatment.  Necrotic tissue often leads to the recruitment of inflammatory cells 

that under normal circumstances function to remove cell debris and participate in wound 

healing. In the case of tumours, it has been demonstrated that inflammatory cells recruited in 

response to treatment may actually promote tumour growth.  Necrotic cell death was 

originally viewed to be good for tumours, may actually do more harm than good by releasing 

protumour cytokines and recruiting tumour promoting inflammation (1).  

 

Preclinical observations indicate that when OVs are able to target tumour vasculature, the vast 

majority of tumour cells are destroyed; however, a thin viable rim of tumour cells survives 

treatment. Understanding how cells within the tumour periphery are able to survive treatment 

will be important to optimizing therapy.  In mouse models, we have demonstrated that 

adaptive immunity in immune competent mice can control, but not fully eradicate outgrowth 

of the tumour rim.  In immunocompromised mice, this viable rim proliferates and expands 

(136).  In the future, finding strategies to target the rim in tumours will be important, 

especially given that patients are often immunocompromised and may be unable to mount a 

robust adaptive response that controls outgrowth of the viable tumour rim (136).  

 

The role of other innate immune cells in this effect will also be an important avenue to follow.  

Innate immune cells are not distinct effectors but rather, team players that act in a concerted 

effort through crosstalk to induce an inflammatory response. Understanding how innate 
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immune cells, other than neutrophils, are altered during bystander cell killing is important as 

these cells could be manipulated with viruses expressing transgenes to ameliorate this 

response for therapeutic benefit.   

 

How these cell types allow for rim survival must also be understood. It is now clear that a 

repertoire of cell types originating in the bone marrow plays a crucial role in pathological 

angiogenesis (23). Macrophages, neutrophils, mast cells, and myeloid progenitors infiltrate 

premalignant lesions and assemble at the tumour rim; the peri-tumoural inflammatory cells 

help to sustain ongoing angiogenesis. In addition, they can help protect the vasculature from 

the effects of drugs targeting endothelial cell signaling (137).  

Several studies have observed that it is the spatial distribution and the subtype of immune cell, 

rather than overall number of immune cells that are important for anti-tumour effects. CD8+ 

TILs accumulating at the rim of patient tumours had no effect on survival while infiltrating 

TILs correlated with better clinical outcomes (27). Perhaps OVs are tools that can be 

employed to re-educate the phenotype of these cells to favour the generation of anti-tumour 

responses. 

 

While much has been understood about oncolytic viruses in mice, we have only started to 

scratch the surface in the clinical setting. A key challenge is to understand and validate the 

mechanistic details of OVs in patients by more detailed monitoring of patients, or the use of 

mouse models that accurately mimic a plethora of cancer types, likely to be encountered in the 

clinic. Understanding how several viruses work independently or on combination is an 

important area of study. The observation that VSV can induce bystander necrosis more 
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rapidly than vaccinia suggests differences between viruses, and perhaps the 

immunomodulatory genes that they encode, could be used to our advantage.  

 

Current trials provide an opportunity to learn from failures in clinical and preclinical trials, 

and to study which patients are elite responders (66). Models that were susceptible to 

bystander cell killing with one virus also demonstrated this effect with other viruses without 

exception. Perhaps certain tumour microenvironments respond better to general inducers of 

inflammation and/or any virus.  Creating a toolbox of viruses that can target different tumour 

types is an important therapeutic aim. Therefore, the interactions of various stromal elements 

need to be considered in the case of oncolytic virus treatment, not just before therapy, but also 

over the course of, and following treatments.  Clinically, this is of even greater importance 

when multiple doses and combinations with existing treatments will likely be required to 

achieve therapeutic success.  

 

The clinical demonstration that JX-594 can be delivered intravenously to patients combined 

with the observation that oncolytic viruses can rapidly target vasculature in the most 

metastatic cancers highlights the promise of oncolytic viruses to target metastatic disease. 

Solid tumours with distinct genetic anomalies (breast, lung, mesothelioma) have varied 

leukocyte complexity depending on the tissue or organ location and stage of malignancy, 

suggesting that immune-based therapies will need to reflect these nuances and be more 

personalized (138).   The intratumoural variation of stromal composition and grade in animal 

models is relatively consistent; in patients the local microenvironment will vary from one 

lesion to another and within a given lesion. The advantage of oncolytic viruses is that if even 



 135 

one lesion is responsive, it is conceivable that this could lead to the generation of an 

antitumour response that may target distant metastases with common antigens.  Oncolytic 

viruses have the potential to target metastatic disease in multiple ways. 

 

Another challenge of our field is to understand what therapies will work best in combination 

with varying tumour type and grade. A better understanding of how oncolytic viruses interact 

with the tumour microenvironment will facilitate the rational selection of combination 

therapies and patient selection.  Understanding the mechanistic obstacles, present within well-

differentiated tumours, will provide guidelines for selecting combination therapies and 

inserting transgenes that target this tumour type. The finding that E-cadherin expressing 

tumours tend to resist bystander cell death is one step towards achieving this goal.  

Understanding the clinical relevance of E-cadherin expression will test its validity as a 

prognostic marker, enabling patient selection based on differentiation status to improve the 

success rate of OV therapy.  

 

Historically William Coley experimented with Coley’s toxin, an inducer of inflammation, to 

treat a variety of patient tumours. Eventually, patients were deliberately selected, as it became 

obvious to Coley and his colleagues that patients with soft tissue sarcomas responded far more 

frequently. T.W. Harmer, independently stated that the therapy “should be instituted in no 

case unless proven microscopically to be sarcoma” (139). Like Coley, we must continue to 

monitor how patients respond to OV therapy; only when we ultimately understand how OVs 

interact with the tumour in patients can we design next generation viruses that may effectively 

enhance antitumour effect and evade barriers to OV efficacy.  
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Contributions	  of	  Collaborators	  

Chapter 3: I generated the 3D model with help from Laura Evgin for the PBS control. Usaf 

Aladl designed the software and taught me how to use it. I designed and performed the BrdU 

pulse experiment in Figures 2a-c. Staining in generated Figure 3, 4c, 5b,c, 6, and 8 and wrote 

portions of the manuscript. Caroline Breitbach generated the remaining figures with the 

execption of 4a which was generated by Jennifer Paterson. All staining was verified by Manijeh 

Daneshmand. 

Chapter 4: I created the 3D model with help from Sara Cvancic. I stained an estimated 75% of 

treatment biopsies and developed an SOP for staining vaccinia and bGal. Caroline Breitbach 

generated Figure 4.4e. 

Chapter 5: I generated figure 5.1. 5.2 a, b, c were stained by me in the lab of Dr. Donald 

McDonald. Barbara Sennino helped me image these tumours. Samples were prepared in Ottawa 

by Dominic Roy, Michelle Becker and Theresa Falls or myself. In Figure 5.8 Shane Knowles 

generated the EC50 data. David Conrad and Cory Batenchuk prepared in NRPs. 

 

All histological stains were verified by Manijeh. Mouse work was done with the assistance of 

Theresa Falls and Lisa Ferreira.  All experiments and manuscript preparation received input from 

John Bell, Harold Atkins, Jean Simon Diallo, and Caroline Breitbach. 
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Appendices	  

APPENDIX	   I:	   ONCOLYTIC VACCINIA VIRUS DISRUPTS TUMOUR-
ASSOCIATED VASCULATURE IN HUMANS.	  

 

Breitbach CJ, Arulanandam R, De Silva N, Thorne SH, Patt R, Daneshmand 
M, Moon A, Ilkow C, Burke J, Hwang TH, Heo J, Cho M, Chen H, Angarita 
FA, Addison C, McCart JA, Bell JC, Kirn DH. 

 

Contribution: I developed standard operating procedures for staining patient 
tumours for vaccinia and β–galactosidase. I stained patient biopsies and 
analyzed them with Caroline Breitbach and Manijeh Daneshamand 

 

Published in: Cancer Res. 2013 Feb 15;73(4):1265-75. 
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APPENDIX	   II:	   RESISTANCE TO TWO HETEROLOGOUS NEUROTROPIC 
ONCOLYTIC VIRUSES, SEMLIKI FOREST VIRUS AND VACCINIA VIRUS, IN 
EXPERIMENTAL GLIOMA.	  

Vähä-Koskela MJ, Le Boeuf F, Lemay C, De Silva N, Diallo JS, Cox J, Becker 
M, Choi Y, Ananth A, Sellers C, Breton S, Roy D, Falls T, Brun J, Hemminki 
A, Hinkkanen A, Bell JC. 

 

 

Contribution: I performed immunohistochemical analysis of brain tumours 
that had been treated with heterologous oncolytic viruses. 

 

 

Published in: J Virol. 2013 Feb;87(4):2363-6. 
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APPENDIX	   III:	   INTRAVENOUS DELIVERY OF A MULTI-MECHANISTIC CANCER-
TARGETED ONCOLYTIC POXVIRUS IN HUMANS. 

 

Breitbach CJ, Burke J, Jonker D, Stephenson J, Haas AR, Chow LQ, Nieva J, 
Hwang TH, Moon A, Patt R, Pelusio A, Le Boeuf F, Burns J, Evgin L, De 
Silva N, Cvancic S, Robertson T, Je JE, Lee YS, Parato K, Diallo JS, Fenster 
A, Daneshmand M, Bell JC, Kirn DH. 

 

 

Contribution: I developed standard operating procedures for staining patient 
tumours for vaccinia and β–galactosidase. I stained patient biopsies and 
analyzed them with Caroline Breitbach and Manijeh Daneshamand. I 
generated a 3D model of patient biopsy with the help of Sara Cvancic. 

 

Published in: Nature. 2011 Aug 31;477(7362):99-102. 
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APPENDIX	   IV:	   A MECHANISTIC PROOF-OF-CONCEPT CLINICAL TRIAL 
WITH JX-594, A TARGETED MULTI-MECHANISTIC ONCOLYTIC POXVIRUS 
IN PATIENTS WITH METASTATIC MELANOMA 

 

Hwang TH1, Moon A, Burke J, Ribas A, Stephenson J, Breitbach CJ, 
Daneshmand M, De Silva N, Parato K, Diallo JS, Lee YS, Liu TC, Bell JC, 
Kirn DH. 

 

Contribution: I developed standard operating procedures for staining patient 
tumours for vaccinia in melanoma tissue using a red chromogen. I stained 
patient biopsies and analyzed them with Manijeh Daneshamand.  

 

Published in: Mol Ther. 2011 Oct;19(10):1913-22. 
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APPENDIX	   V:	   EX VIVO INFECTION OF LIVE TISSUE WITH ONCOLYTIC 
VIRUSES. 	  

Diallo JS, Roy D, Abdelbary H, De Silva N, Bell JC. 

 

 

Contribution: I received and infected sarcoma samples provided by Dr. 
Abdelbary. Dominic Roy and I infected and imaged samples. 

 

Published in: J Vis Exp. 2011 Jun 25;(52). 
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APPENDIX	   VI:	   ENHANCEMENT OF VACCINIA VIRUS BASED 
ONCOLYSIS WITH HISTONE DEACETYLASE INHIBITORS.	  

MacTavish H, Diallo JS, Huang B, Stanford M, Le Boeuf F, De Silva N, Cox 
J, Simmons JG, Guimond T, Falls T, McCart JA, Atkins H, Breitbach C, Kirn 
D, Thorne S, Bell JC. 

 

Contribution: I performed ex vivo infections of normal tissues that I extracted 
from mice under various treatment conditions as indicated in the manuscript. 

 

Published in: PLoS One. 2010 Dec 30;5(12):e14462. 

. 

 	  



 195 

 	  



 196 

 	  



 197 

 	  



 198 

 	  



 199 

 	  



 200 

 	  



 201 

 	  



 202 

 	  



 203 

 	  



 204 

APPENDIX	  VII:	  Curriculum	  Vitae	  

NAOMI DE SILVA 

_________________________________________________________________ 

 
 

UNIVERSITY EDUCATIONAL BACKGROUND 
_________________________________________________________________ 
 
2008 – Present 

Ph.D.	  Candidate	  -‐	  University	  of	  Ottawa	   	  
Ph.D. Candidate in Biochemistry with Specialization in Human and Molecular Genetics. 
Thesis “Targeting tumour vasculature with oncolytic viruses.” 

 
2002 - 2008 

University	  of	  Ottawa	   	  
B.Sc. Honours with Specialization in Biochemistry 
 
 

RESEARCH HONOURS, SCHOLARSHIPS, AND AWARDS 
_________________________________________________________________ 
 
 
2010-2013 Vanier Canada Graduate Scholarship. ($150 000). Awarded through CIHR for 

demonstrating leadership skills and a high standard of scholarly achievement in the social 
sciences and humanities, natural sciences and engineering, and health-related fields. 

 
2012 Ottawa Hospital Research Institute Research Day: Poster Presentation Award – 

3rd  Place ($100). Awarded by OHRI for 3rd place at the doctoral level. 
 
2011  Ontario Institute of Cancer Research Trainee Award ($550). Awarded to fund  
  attendance and a poster presentation at the Canadian Cancer Research Conference. 
 
2011 Canadian Cancer Society – Conference Travel Grant (refused). Awarded to fund 

attendance and a poster presentation at the Canadian Cancer Research Conference. 
 
2011  Canadian Institutes of Health Research – Foreign Study Supplement ($6000).  
  Awarded to fund research conducted at the University of California, San Francisco. 
 
2010-2011 Ontario Graduate Scholarship ($15 000 - refused).  Awarded by the Ontario Ministry 

of Training Colleges and Universities to encourage research excellence. 
 
2009-2010 Ottawa Hospital Research Institute Research Day: Poster Presentation Award – 

1st  Place ($125). Awarded by OHRI for 1st place at the Masters level. 
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2009-2010 Ontario Graduate Scholarship ($15 000).  Awarded by the Ontario Ministry of 
Training Colleges and Universities to encourage research excellence. 

 
2009-2010 University of Ottawa Excellence Scholarship ($6228).  Awarded by the University of 

Ottawa for academic excellence. 
 
2009-2010 Faculty of Medicine Poster Presentation Award – 1st Place ($125).  Awarded by the 

Department of Biochemistry, Microbiology, and Immunology for 1st place at the Masters 
level. 

 
2009-2010 Graduate Students Association Poster Presentation Award.  Awarded for best 

technological poster in the Department of Biochemistry, Microbiology, and Immunology. 
 
2009 Research Travel Grant ($425).  Awarded by the Faculty of Graduate and Postdoctoral 

Studies to support a presentation at the 5th International Meeting on Replicating 
Oncolytic Virus Therapeutics. 

 
2009  Research Travel Grant ($800).  Awarded by the Department of Biochemistry,  
 Microbiology, and Immunology to support a presentation at the 5th International Meeting 

on Replicating Oncolytic Virus Therapeutics. 
 
2007-2008 Merit Scholarship ($500).  Awarded by the University of Ottawa for Academic 

Excellence (Dean’s List/Honour Roll) 
   
2005 Jan-Aug Project Grant Recipient for Tsunami Aid (15 000 USD). I interrupted my studies to 

travel to Sri Lanka to work for an NGO providing Tsunami relief. As project manager, I 
collected demographic data to help World Vision and the UN dispense supplies to 
camps. I started a program to replace 5000 family photos destroyed by the Tsunami.  

 
2004 Children’s Hospital of Eastern Ontario Research Institute Award ($4 000). 

Received an award to fund a summer research project supervised by Dr. Martin Holcik 
and Dr. Michael Geraghty. 

 
1996 - 2000 Science Fair Awards (National and Ottawa Region): Won 1st place for five 

consecutive years and over 20 special awards. Won a silver medal and a statistics award 
from 2 national science fairs. 

 
 

RESEARCH EXPERIENCE 
_________________________________________________________________ 
 
I have worked in research centres within government, academia, and industry. My 
research interests include cancer, infectious disease, immunology, medical imaging, 
and vascular diseases. My experience in academic, translational, and clinical trial 
arenas fuels my keen interest in advancing experimental therapeutics to improve 
patient survival and quality of life. 
 
2008-2013 Graduate Student - Department of Biochemistry, Microbiology, and Immunology. 
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• Doctoral research is in the field of oncolytic viruses used for the treatment of 
cancer. These viruses specifically infect cancer cells. I elucidated the mechanism 
by which these cancer-fighting viruses can destroy the blood supply to tumours. 
This finding led to a clinical trial in which the effect was observed in patients. 

• Gained expertise in cancer biology, immunology, virology, genetics, vascular 
biology, pathology, and medical imaging.  
 

 
 
2009-2013 Junior Research Associate with a Biotechnology Company for Three Clinical Trials. 

• Collaborated with Jennerex Biotherapeutics, Inc. to develop and test oncolytic 
viruses in patients.  Participated in project design and execution through 
collaborations with scientists, physicians, and students. 

• Managed collaboration between the Ottawa Hospital Research Institute and the 
University of California, San Francisco.  Worked at UCSF to exchange 
knowledge and technical skills.   

• Developed standard operating procedures for analysing patient biopsies and 
developed expertise in histopathological analysis. 

• Presented clinical trial data at largest international cancer conference and to 
investors. 

 
2009-2013      Spokesperson for the Centre for Innovative Cancer Research. 

• Frequently asked to communicate with the public regarding issues related to our 
research. 

• Gave interviews and lab tours to patients, investors, CIHR, and national TV 
stations. Participated in an episode of Decouverte, a francophone TV show 
featuring our research. 
 

2007-2008   Undergraduate Honours Research Project.  
• Did research for two summers and my final year of undergrad in Dr. John Bell’s 

lab.  
• Gained expertise in medical imaging of cancer. Data were published in the 

journal Nature. 
• Collaborated with Dr. Fenster, Robart’s Imaging Institute, University of Western 

Ontario. 
 
2004 May-Aug Undergraduate Summer Student – Apoptosis Research Centre.  

• Supervised by Dr. Martin Holcik and Dr. Michael Geraghty. 
• Studied Vanishing White Matter Disease, a childhood brain condition. 

 
2003 May-Aug Undergraduate Summer Student – Children’s Hospital of Eastern Ontario.  

• Supervised by Dr. Martin Holcik. Conducted molecular biological research on 
IRES elements and the associated regulation of related apoptotic proteins. 

 
2001-Aug Summer Student - National Research Council – Institute of Biological Sciences. 

• Microbiology Department: assisted in stroke research, where I monitored 
neurogenesis in post-ischemic brain cells. 
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PUBLICATIONS, PRESENTATIONS, AND ABSTRACTS 
_________________________________________________________________ 
 
 
Publications  
 
9 publications in peer-reviewed journals, including 2 first author (and 2 more in 
preparation), a co-authorship in Nature, and a paper as a co-supervisor (second last 
author) 
 
 
Breitbach CJ, Arulanandam R, De Silva N, Thorne SH, Patt R, Daneshmand M, Moon A, Ilkow C, Burke 
J, Hwang T, Heo J, Cho M, Chen H, Angarita FA, Addison C, McCart A, Bell JC, Kirn DK. Selective 
targeting and disruption of tumour vasculature in humans with an engineered oncolytic poxvirus. Cancer 
Research. 2013 Feb 15;73(4): 1265-75. 
 
Vaha-Koskela M, Le Boeuf F, Lemay C, De Silva N, Diallo JS, Cox J, Becker M, Choi Y, Ananth A, 
Sellers C, Breton S, Roy D, Falls T, Brun J, Hemminki A, Hinkkanen A, Bell J. Resistance to two 
heterologous neurotropic oncolytic viruses, semliki forest virus and vaccinia virus, in experimental glioma. 
Journal of Virology. 2013 Feb;87(4):2363-6 
 
Breitbach CJ, Burke J, Jonker D, Stephenson J, Haas AR, Chow LQ, Nieva J, Hwang TH, Moon A, Patt 
R, Pelusio A, Le Boeuf F, Burns J, Evgin L, De Silva N, Cvancic S, Robertson T, Je JE, Lee YS, Parato K, 
Diallo JS, Fenster A, Daneshmand M, Bell JC, Kirn DH. Intravenous delivery of a multi-mechanistic 
cancer-targeted oncolytic poxvirus in humans. Nature. 2011 Aug 31;477(7362):99-102. 
 
Hwang T, Moon A, Burke J, Ribas A, Stephenson J, Breitbach C, Daneshmand M, De Silva N, Parato 
K, Diallo JS, Lee Y, Liu T, Bell J, Kirn D. A Mechanistic Proof-of-Concept Clinical Trial with JX-594, a 
Targeted Multi-Mechanistic Oncolytic Poxvirus, in Patients with Metastatic Melanoma. Molecular 
Therapy. 2011 Oct;19(10):1913-22. 
 
Diallo JS, Roy D, Abdelbary H, De Silva N, Bell JC. Ex Vivo infection of live tissue with oncolytic 
viruses. Journal of Visualized Experiments. 2011 Jun 25;(52). 
 
Breitbach CJ*, De Silva N*,  Falls T, Aladl U, Evgin L, Paterson, J, Sun Y, Roy DG, Rintoul JL, 
Daneshmand M, Parato K, Stanford MM, Lichty BD, Fenster A, Kirn D, Atkins H, Bell JC. Targeting 
tumour vasculature with an oncolytic virus. Molecular Therapy. 2011. May 19(5):886-94. 

*these authors contributed equally to this manuscript  
 
MacTavish H*, Diallo JS*, Le Boeuf F, De Silva N, Stanford-Bleeks M, Cox J, Falls T, McCart A, 
Atkins H Breitbach C, Kirn D, Thorne S, Bell JC. Enhancement of Vaccinia Virus Based Oncolysis with 
Histone Deacetylase Inhibitors. PLoS One. 2010. Dec 30;5(12):e14462. (*co-first authors) 
 
De Silva N, Atkins H, Kirn DH, Bell JC, Breitbach CJ. Double trouble for tumours: Exploiting the 
tumour microenvironment to enhance anticancer effect of oncolytic viruses. Cytokine Growth Factor 
Rev. 2010 Mar23. 
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Hosszu Ungureanu N, Cloutier M, Lewis S, De Silva N, Blais J, Bell JC, Holcik M. IRES-mediated 
translation of Apaf-1, but not XIAP, is regulated during UV-induced cell death.  Journal of Biological 
Chemistry. 2006. Jun 281(22):15155-63. 
 
  
 
Manuscripts in Preparation 
 
5 manuscripts (2 first-author) 
 
De Silva N, Roy D, Becker M, Storbeck C, Atkins K, Falls T, Daneshmand M, Diallo JS, Ilkow C, Atkins 
H, Bell JC. Normalizing tumour vasculature improves delivery and efficacy of oncolytic VSV therapy. (in 
preparation) 
 
De Silva N, Cervi A, Mach H, Susser L, Marguerie M, Roy D, Falls T, Daneshmand M, Atkins H, Bell JC. 
Macrophage infiltration in response to oncolytic virotherapy potentiates acute bystander cell killing and 
efficacy. (in preparation) 
 
Rozanne Arulanandam, Cory Batenchuk, Fernando A. Angarita Celis, Kathryn Ottolino-Perry, Sophie 
Cousineau, Carolina Ilkow, Amelia Mottashed, Emma Burgess, Theresa Falls, Naomi De Silva, Jovian 
Tsang, Grant Howe, David Conrad, Brian Lichty1, Christina Addison1, J. Andrea McCart2 and John C. 
Bell. PRD1-BF1 drives VEGF-mediated innate immune suppression in tumour vasculature - a key 
determinant of oncolytic virus therapy (in preparation) 

 
Sennino B, Schriver B, Breitbach C, De Silva N, Bell J, Kirn D, McDonald D.  The oncolytic poxvirus 
JX-594 rapidly infects tumour endothelial cells, reduces the tumour vasculature, and increases leakiness of 
surviving tumour blood vessels. (in preparation)  
 
Rozanne Arulanandam, Cory Batenchuk, Chadi Zakaria, Julie Cox, Oliver Varette, Vanessa Garcia, Raunak 
Karmacharya, Anisha Sinha, Andrew Babawy, Theresa Falls, Andrew Chen, Jeff Hamill, Nicole Forbes, 
Naomi De Silva, David Conrad, Harry Atkins, Kennneth Garson, Carolina Ilkow, Mads Kaern, Barbara 
Vanderhyden, Nahum Sonenberg, Tommy Alain, Fabrice Le Boeuf,  *John Bell, *Jean-Simon Diallo. 
Interferon Secretion Lag and Enhanced Cytotoxicity Caused by Microtubule Disrupting Agents Improves 
Efficacy of Oncolytic VSV in Resistant Tumours (in submission) 
 
 
Conference Presentations/Abstracts  
 
8 poster presentations at international or national conferences, including 4 
international conferences and 1st and 3rd place prizes at institution poster days  
 
De Silva N, Breitbach CJ, Falls T, Roy D, Becker M, Daneshmand M, Sennino B, McDonald D, Atkins 
H, Kirn D, Bell JC. Targeting Tumour Vasculature with Oncolytic Viruses. 7th International Meeting on 
Oncolytic Viruses as Cancer Therapeutics. June 15-18, 2013. Quebec City, QC.  
 
De Silva N, Breitbach CJ, Fenster A, Kirn D, Bell JC. Targeting Tumour Vasculature with an Oncolytic 
Virus. Canadian Cancer Research Conference. November 27-30, 2011. Toronto, ON.  
 
Breitbach CJ, Arulanandam R, De Silva N (presenter), Patt R, Parato K, Daneshmand M, Hickman, T, 
Bell, JC, Kirn DH. JX-594, a targeted multi-mechanistic oncolytic poxvirus, selectively infects tumour 
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vasculature and causes acute tumour vascular disruption and necrosis in advanced cancer patients.  
Amercican Association for Cancer Research (AACR) Annual Meeting. April 2-6 2011. Orlando, FL. 
 
De Silva N, Breitbach CJ, Falls T, Sun YY, Evgin L, Roy D, Daneshamand M, Aladl U, Fenster A, Atkins 
H, Bell JC. Exploiting the Tumour Microenvironment to Enhance the Anticancer Effect of Oncolytic 
Viruses. 6th International Meeting on Oncolytic Viruses (OVs)  as Cancer Therapeutics.  March 16-19 
2011. Las Vegas, NV. 
 
De Silva N, Breitbach CJ, Falls T, Aladl U, Fenster A, Bell JC. 3D Modelling of Tumour Vascularity 
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TEACHING EXPERIENCE 
_________________________________________________________________ 
 
 
Teaching Environments: I have taught within academia, industry and general 
public; I have mentored youth and aboriginal groups. 
 
Academic Teaching Experience in a Laboratory Setting  (2008 – present) 
 

Over the course of my graduate studies, Dr. John Bell and Dr. Harold Atkins have given me the 
responsibility of supervising 8 students:  

• Medical students - Zi Hymn Mach (2012) and Andrea Cervi (2013) 
• Honours student - Naveen Silva (2011-2012) 
• Co-op student - Sara Cvancic (2009) 
• Undergraduate students - Laura Evgin (2008) and Kelly Sun (2010) 
• High school students - Kathleen Atkins (2012) and Leah Susser (2012) 

 
Responsibilities: 
Guided research projects through the conceptual design of experiments, teaching of technical 
skills, and provision of feedback and formal evaluation of presentations, theses, and reports. 

 

Teaching my Research to Research Stakeholders (2010-2012) 
 
• Media relations - My supervisor frequently asked me to represent his lab in interactions with the 

public. 
• Decouverte Episode on Oncolytic Viruses: “Un virus contre le cancer” – video 

interview. With Dr. Bell, I explained my research to a general audience by participating in 
the production of the French science show Decouverte. http://www.radio-
canada.ca/emissions/decouverte/2011-2012/Reportage.asp?idDoc=210133  (2012). 

 
• CTV National and Local News - video interviews. Participated in the production of a 

news segment in where I presented my research with Dr. John Bell. Similar interviews of 
mine were broadcast on CBC and Global TV. The segments featured our recent 
publication in Nature, where we delivered oncolytic virus to patient tumours by intravenous 
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administration for the first time. http://www.ctvnews.ca/canadian-made-virus-shows-
promise-as-cancer-treatment-1.690978 (2011). 

 
• Canadian Institutes of Health Research - video interview. Participated in the 

production of a “research spotlight” video for the general public that highlighted Dr. John 
Bell’s research. http://www.youtube.com/watch?v=BK7TK14AEdM&feature=related 
(2011). 

 
• Canadian Cancer Society: Discussed cancer research with the general public, patients, and families during 

an open house event (2012). 
• Centre for Innovative Cancer Research: Helped organize and conduct lab tours discussing research and the 

‘life of a scientist’ as part of two donor recognition evenings for corporate donors (2010 - 2011). 
 
 
Teaching Experience in Grade Schools (2007 – 2012) 
Science Outreach - Let’s Talk Science 

Involved with Let’s Talk Science to improve science literacy through leadership, innovative 
educational programs, research, and advocacy.  
• Helped create interactive “living cell” activity for high school students (2012). 
• Young Aboriginal Scientist Program: Mentored Aboriginal high school students through 

personal discussion and delivered robotics and electrochemistry activities to Akwesasne 
students in Cornwall, ON (2011). 

• Served as a judge in 5 science fairs: Ottawa Regional Science Fair (2009-11), Turnbull 
Academy (2011), Greenbank Middle School (2009), and Knoxdale Public School (2008). 

• Delivered DNA and chemistry lessons at the Public Library in Pembroke, ON (2008). 
• Delivered and helped create an interactive presentation on cancer to classes at Castlefrank 

Elementary (2008). 
• Liaison for Knoxdale Public School.  Liaised with teachers and LTS volunteers to provide 

activities for students over the course of the school year (2007-8). 

PRACTICUMS 

_________________________________________________________________ 
 
2011 Oct 1-3 

Harvard	  Medical	  School,	  Boston,	  MA,	  USA	  
26th Annual Course “Critical Issues in Tumour Microenvironment, Angiogenesis, and Metastasis 
offered by the Department of Continuing Medical Education (24 American Medical Association 
PRA Category 1 Credits). 

 
2011 Jun-Aug 

University	  of	  California,	  San	  Francisco,	  San	  Francisco,	  CA,	  USA	  
Completed a foreign study term in the laboratory of Dr. Donald McDonald in the Department of 
Anatomy.  Learned imaging methods and studied tumour vasculature in response to 
antiangiogenic treatments. Work funded by CIHR Travel Award. 
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2008 Mar 24-8 
Robart’s	  Imaging	  Institute,	  University	  of	  Western	  Ontario	  	  

Learned	  how	  to	  construct	  3D	  models	  of	  tumours	  in	  the	  laboratory	  of	  Dr.	  Aaron	  
Fenster.	  

 
2008-2010 

Graduate	  Coursework,	  University	  of	  Ottawa	  ,	  Ottawa,	  ON	  

Developed	  skills	  through	  writing	  mock	  grants	  and	  participating	  in	  grant	  
panels.	  

Courses:	  	  

HMG8103	  Advanced	  topics	  in	  molecular	  biology	  of	  human	  diseases	  I	  	  

BCH8310	  Current	  topics	  in	  RNA	  molecular	  biology	  	  

BCH8105	  Advanced	  topics	  in	  molecular	  biology	  of	  human	  diseases	  II	  	  

MIC8125	  Special	  topics	  in	  microbiology	  and	  immunology	  	  
 
 

	  	  
 

 


