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ABSTRACT 
 

Replicating viruses for the treatment of cancer have a number of advantages over 

traditional therapeutic modalities.  They are highly targeted, self-amplifying, and have the 

added potential to act as both gene-therapy delivery vehicles and oncolytic agents. ORFV, 

(Parapoxvirus ovis, or Orf virus) is the prototypic species of the Parapoxvirus genus, 

causing a benign disease in its natural ungulate host. ORFV possesses a number of unique 

properties that make it an ideal viral backbone for the development of a cancer therapeutic: it 

is safe in humans, has the ability to cause repeat infections even in the presence of antibody, 

and it induces a potent Th-1 dominated immune response. Here I show for the first time that 

live replicating ORFV induces an anti-tumour immune response in multiple syngeneic mouse 

models of cancer that is mediated largely by the potent activation of both cytokine-secreting, 

and tumouricidal natural killer (NK) cells. I have also highlighted the clinical potential of the 

virus by demonstration of human cancer cell oncolysis including efficacy in an A549 

xenograft model of cancer. The mechanism of ORFV-mediated activation of NK cells has 

been explored, where I have demonstrated activation via direct ex vivo infection of NK cells. 

I have also highlighted ORFV-mediated activation of dendritic cells (DCs), both in vivo and 

by direct infection ex vivo. An in vivo DC depletion study demonstrated an indirect 

mechanism for ORFV NK cell activation, where in the absence of DCs, NK cell activation 

was diminished, as was the ability of ORFV to clear lung metastases. The ORFV innate 

immune stimulatory profile has been harnessed for therapeutic application in an experimental 

surgery model of cancer, where ORFV therapy at the time of surgery reduces the number of 

cancer metastases. These data highlight the clinical potential of a live, immune stimulating 

Parapoxvirus therapeutic. 
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CHAPTER 1 INTRODUCTION 

1.1 THE HALLMARKS OF CANCER 
	
  
 Cancer is not one disease, but a combination of diseases with a common etiology: the 

unregulated growth of cells in the body that have the capacity to invade and spread to 

surrounding tissues. Despite remarkable progress in cancer research, cancer still remains a 

worldwide epidemic. In 2011, the Canadian Cancer Society estimated that approximately 

75,000 Canadians died from cancer, and an additional 200,000 Canadians were diagnosed 

with cancer.1  Similar statistics were reported for 2010, and 2009. This is in large part due to 

the complexity and heterogeneity of neoplastic tissues. The multistep process of 

tumourigenesis involves a combination of six essential hallmark changes in cell physiology, 

as described by Hanahan and Weinberg: evasion of apoptosis, self-sufficiency in growth 

signals, insensitivity to antigrowth signals, sustained angiogenesis, limitless replication 

potential and invasion and metastasis.2  

1.1.1 Conventional Cancer Therapy 

 Surgery still remains the foundation of cancer prevention and treatment as removal of 

high-risk tissues, or localized disease continues to be an effective anti-cancer strategy. Even 

when removal of the entire tumour is not possible, doctors often ‘debulk’ large tumour 

masses, making subsequent treatment more effective. Besides surgical intervention, 

traditional radiation and chemotherapy still remain front-line therapy for most cancers. This 

is in part due to their robustness, and broad applicability across a wide-range of tumour 

types. These antiproliferative agents target rapidly dividing cells. Therefore this effectiveness 

comes at the expense of a host of adverse off target effects. These side effects can be acute – 

like damage to epithelial surfaces, intestinal discomfort, or edema, or they can be late onset 
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side effects including fibrosis and permanent hair loss, and more severe effects like 

secondary cancers, heart disease or cognitive decline. These side effects have prompted 

researchers to develop new therapeutic agents that have a better therapeutic index, coined 

‘targeted therapy’. These new agents were designed with the goal of targeting one or a small 

number of molecular targets over-represented in tumours. This new strategy also allows 

potential for personalized medicine – where the mutational landscape of individual tumours 

can be determined prior to treatment, thereby ensuring every patient is treated with the 

appropriate agent.  Despite these agents being heralded as the chemotherapy of the future, 

targeted cancer therapies also have some pitfalls.  

 The feasibility of personalized medicine for cancer therapy took off following the 

whole-scale sequencing of cancer genomes.3 Some of the most important successes in 

genomic profiling included discovery of recurrent BRAF and PI3K mutations.3 However, 

more recent analysis revealed that these mutations are relatively uncommon, and are 

therefore not likely viable therapeutic targets.4 In fact, the discovery of predominant 

therapeutic targets still remains a problem for most epithelial cancers.3 This raises another 

caveat to personalized medicine: genomic screening does not consider the functional 

significance of tumour cell mutations. Clearly the response to a given agent is the best 

determinant of the functional significance of a particular mutation, however economically 

there must exist a method to determine functional significance prior to therapy. This raises 

the concept of driver versus passenger mutations. Genomic screening will identify a number 

of genomic alterations in tumours, however not all of these are driving tumour formation 

(passenger mutations).5 Targeted therapies will only be efficacious if the molecular target is 

a genetic alteration that is driving tumour progression and survival (driver mutation).5 For 

cancers where a driver mutation is not the target of therapy, tumours easily develop 
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resistance through compensatory signaling networks.6 The frequency of drug resistance 

brings to light new challenges and questions the economic feasibility of personalized 

medicine.  

1.2 CANCER THERAPY BY ENHANCING IMMUNE SURVEILLANCE: 

IMMUNOTHERAPY 

 The immune surveillance hypothesis has existed for more than a century, however the 

validity of the concept is only now being fully recognized. Interestingly this has culminated 

in Hanahan and Weinberg expanding their list of cancer hallmarks to include evasion of 

immune destruction by tumour cells.7 The immune hallmarks of cancer are also the topic of a 

recent review by Cavallo and colleagues, detailing three immune escape mechanisms: ability 

to thrive in chronic inflammation, evade recognition, and suppress immune reactivity.8 

Exploiting the immune system as a strategy to treat human cancers is an equally old concept, 

dating back to 1909 when William Coley began treating patients with bacterial material.9 

Although not a widely accepted approach at the time, his treatment had a cure rate of 10% 

for patients with inoperable sarcomas. These early experiments paved the way for the use of 

bacilli Calmette-Guerin (BCG) as one of the first immunotherapy treatments in 1976.10 

Although the exact mechanisms of action are not yet known, BCG still remains front-line 

therapy for bladder cancer.11 Today, a number of sophisticated strategies have been explored 

for the development of robust immunotherapies harnessing both innate and adaptive anti-

tumour immune responses. 

1.2.1 Immune Surveillance 

 The century long debate of the validity of the immune surveillance hypothesis was 

rooted in the fact that the hypothesis was not experimentally testable. With the advent of 
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quality monoclonal antibodies, specific gene targeting, and transgenic mouse models, the 

concept has now become a widely accepted phenomenon.12 Evidence supporting a role for 

the immune system in preventing human cancers is the fact that immunosuppressed 

transplant patients have a higher incidence of non-viral cancers.13 As described by Schrieber 

and colleagues, not only does the immune system protect from tumourigenesis, in doing so, 

immune surveillance also leads to selection of tumours with lower immunogenicity.12 This 

observation has led to a redefining of the immune surveillance hypothesis, where the dual 

effects of the immune system are now termed ‘immunoediting’. Described as the three E’s of 

cancer immunoediting, Schrieber elegantly described how immunoediting occurs in three 

phases: elimination, equilibrium, and escape.12 Through a greater understanding of each of 

these processes, new strategies are being developed to augment natural protection from 

tumours, identify molecular targets of immunoediting to prevent stabilization of tumour 

genomes, and molecular strategies to unveil and reverse the immunoediting of poorly 

immunogenic tumours.12  

1.2.2 Immune Escape Mechanisms 

Despite active immune surveillance, immune competent individuals still develop 

cancer. The tumours that arise have been ‘selected’ by the immune system, and are able to 

thrive as they have reduced immunogenicity. Since both innate and adaptive immune 

surveillance mechanisms exist, tumours that arise must circumvent both of these defenses. 

There are two main types of immune escape mechanisms, those that are contact dependent, 

and those that are contact independent. Contact independent mechanisms of immune escape 

revolve around the ability of tumours to secrete factors that can facilitate a multitude of 

downstream cascades. These tumour-derived factors (TDFs) can act directly on the tumour, 
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or on surrounding cells and include vascular endothelial growth factor (VEGF), interleukin-

10 (IL-10), indoleamine-2,3-dioxgenase (IDO), reactive oxygen species (ROS), and 

transforming growth factor (TGF-β).14 These agents can act directly on the tumour to 

increase expression of anti-apoptotic genes, angiogenesis factors, and induce pro-

tumourigenic mutations.14 Release of these factors further creates an immunosuppressive 

network by recruitment and engagement of immune suppressive cell populations including 

tumour-associated macrophages, regulatory T-cells (Tregs), natural killer T cells (NKTs), 

immature DCs, and myeloid-derived suppressor cells (MDSCs).14 Naturally, Tregs exist to 

inhibit autoimmune responses, but have also been shown to suppress effector T-cell 

elimination of tumour cells.15 Contributing to effector T cell suppression, are the MDSCs. 

This inhibitory myeloid population has been observed in a number of human cancers,14 

where they act to suppress both CD8+ and CD4+ T cell immune responses through release of 

TGF-β, ROS, and promotion of tumour angiogenesis.14  

Tumour cells also escape immune detection through changes in the expression of cell 

surface molecules required for efficient recognition and destruction by immune effector cells 

like T cells, and NK cells. Perhaps the most common abnormality of tumours cells is the loss 

of major histocompatibility complex (MHC) expression. Similarly, many tumours develop 

mutations in one or more components of the antigen-processing pathway. Without efficient 

presentation of tumour-associated antigens on the tumour cell surface, these cells can not be 

seen by the immune system. Unlike most normal cells, tumour cells also fail to express 

costimulatory molecules required for proper T-cell activation.14 Furthermore, tumour cells 

will express cell membrane molecules that deliver negative signals to antigen presenting 

cells, like CTLA-4 and LAG3. DC engagement of these negative signals prevents DC 
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maturation, and subsequent effector T cell responses.14 The importance of this negative 

feedback immune suppression is evidenced by numerous studies revealing that CTLA-4 

blockade leads to enhanced tumour rejection.16,17 Tumour cells have also been shown to 

acquire resistance to apoptosis, in part due to aberrant expression of TRAIL, and Fas-ligand, 

surface molecules involved in mediating T-cell and NK cell death. Tumour cells also evade 

recognition by NK cells by down-regulation if NKG2D ligands, which are required for 

engagement of NK cell effector functions.12 

1.2.3 Harnessing Adaptive Immunity 

 The most popular approach to cancer immunotherapy is the induction of tumour 

specific cytotoxic CD8+ T lymphocytes (CTLs), as it is well known that these cells make up 

the effector arm of the adaptive response to cancer.18 CTLs can induce a killing of target 

cells by multiple distinct pathways.19 Upon recognition of a tumour cell, CTLs can release 

cytotoxic granules containing perforin and granzymes. These molecules lead to the formation 

of aqueous channels in the plasma membrane of target cells (perforin), allowing entry of the 

serine proteases that induce apoptosis through caspase activation (granzymes).20 

Additionally, CTLs can directly induce cell death through cell surface expression of the 

tumour necrosis family (TNF) member, FAS ligand (FasL). Providing the target tumour cells 

express death receptor Fas, FasL/receptor interactions trigger apoptosis through the classical 

caspase cascade.21 Finally, CTLs can kill target cells by the release of cytokines, like 

interferon-gamma (IFN-γ) and TNF-α. Release of TNF-α from CTLs can lead to caspase 

activation, and target-cell apoptosis by engagement of the TNF-α receptor. Release of IFN-γ 

however, leads to transcriptional activation of Fas and the MHC class I pathway in target 
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cells, thereby increasing the cell lysis of target cells, and enhanced presentation of 

endogenous peptides, respectively.19 

 The presence of tumour infiltrating lymphocytes in human tumours has been 

evidenced as an accurate positive prognostic marker.22-25 It is not surprising then that 

researchers are focused on developing new strategies to exploit their natural anti-tumour 

properties. In 1982, work by van Pel and Boon demonstrated for the first time that the lack of 

tumour rejection in mice was not caused by the absence of tumour antigens, but instead by 

failure of the tumour to activate the immune system.26 The realization that the immune 

system had the ability to recognize tumours as foreign, led to efforts towards identifying and 

isolating specific tumour antigens, and the development of a number of vaccine strategies.27 

The initial cancer vaccines did not consider the complexity of successful induction of anti-

tumour immune responses however, as it was initially thought that vaccination with antigenic 

peptides alone would be sufficient to induce anti-tumour T cell responses.28 It is now well 

known that the generation of an adaptive immune response first involves DC uptake and 

presentation of tumour antigens and that the antigen presenting cells must also receive 

maturation signals upon antigen encounter.  

First proposed by Matzinger in 1994, the danger model proposes that in order to elicit 

an immune response, antigen presenting cells must see antigen in the context of danger 

signals from injured or dying cells.29 Some examples of danger signals include DNA, RNA, 

heat-shock proteins, IFN-α or IL-1β.30 These signals can be either endogenous, or 

exogenous, and arise when cells are exposed to physical damage, toxins, or pathogens. Upon 

encounter of antigen, and an appropriate ‘danger signal’, DCs induce cell-surface expression 

of costimulatory signals, and release of pro-inflammatory cytokines, like IL-12.14 
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Importantly, if DCs encounter antigen in the absence of danger signals, and do not supply 

costimulatory signals, the effector arm of the adaptive immune system may be directed 

towards induction of immune tolerance by activation of Tregs.28 For this reason, DCs are 

known as the key mediators in determining the fate of the T-cell response.  

Following lymph node interaction of peptide loaded, costimulatory molecule-

expressing DCs with T-cells, these cytotoxic T-cells then must find their way back to the 

tumour. Despite effective priming and recruitment of tumour specific CTLs to tumours, 

tumours can still escape destruction by one of the most prevalent tumour escape 

mechanisms: tumour cell down-regulation of antigen recognition or adhesion molecules.14 

Without efficient T-cell to tumour cell interactions, in particular altered or absent MHC 

expression, tumour cells can effectively evade CTL-mediated immune recognition and 

destruction.  

1.2.4 Harnessing Innate Immunity 

 In contrast to the adaptive immune system, the innate immune system is composed of 

effector cells that can exert rapid anti-tumour function with little or no priming. One of the 

main effector populations of the innate immune system are NK cells. First described in 1975, 

these lymphoid cells exert their effector function in the absence of cell-surface antigen-

specific receptors, and so named for their capacity to kill virus infected or tumour cells 

without prior sensitization.31 Based on the work of Karre and colleagues, the ‘missing-self’ 

model was first proposed based on observations that syngeneic tumour cells with low MHC 

class I expression were eliminated by NK cells.32 Since nearly all normal cells in the body 

express MHC class I molecules, missing-self recognition allows for specific elimination of 

tumour cells, or virally infected cells. The MHC class I-dependent killing mechanism of NK 
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cells is likely evolutionarily conserved to safeguard against tumour escape from CTL 

cytotoxicity by insufficient MHC-I expression by tumour cells. The early observations that 

some tumour cells are still eliminated by NK cells despite normal MHC class I expression, 

led to a detailed characterization of the regulation of NK cell function.  

 It is now understood that the NK cell response is regulated by an intricate balance of 

signals received by an array of cell surface activating and inhibitory receptors.33 NK cell 

activating receptors often recognize stress induced ligands on the surface of virus infected, or 

transformed cells. The best described activating receptor NKG2D is present on murine and 

human NK cells, and interacts with retinoic acid early inducible-1 (Rae-1), the minor 

histocompatibility Ag (H-60), in mice, and with MIC in humans.33 NKG2D ligands are over-

expressed during cellular stress, like DNA damage.31 NK cell inhibitory receptors are used to 

evaluate the level of ‘self’ molecules expressed on a target cells and include the lectin-like 

Ly49 dimers (mouse) and killer cell immunoglobulin-like receptors, or KIRs (humans).34 

These inhibitory receptors mediate their functions through intracellular signaling via a 

common immunoreceptor tyrosine-based inhibition motif (ITIM).34 For a detailed list of 

activating and inhibitory receptors with their respective ligands in both mice and humans, 

refer to Figure 1.1. NK cells also express an array of cytokine receptors that also participate 

in NK cell development and effector function, such as receptors for IL-15, IL-2 and IL-21.31  

 Upon recognition, NK cells can kill tumour cells via one of several mechanisms. Like 

CD8+ T cells, one of the major mechanisms of NK cell mediated killing is via granule 

exocytosis - the release of cytotoxic granules containing perforin and granzymes. NK cells 

can also directly induce cell death similarly through cell surface expression of members of 

the tumour necrosis factor and TRAIL death receptor families.35 Another important feature 

of NK cells is their ability to secrete a number of effector cytokines, like IFN-γ, and TNF.  
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Figure 1.1 NK receptors. From Vivier et al. with permission from the publisher, (License 

number 2927121077827): a detailed list of activating/other receptors (green) and inhibitory 

receptors (blue) with their respective ligands in both mice and humans.34 
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IFN-γ is well known for its ability to suppress infection by viruses, but recent evidence 

suggests that IFN-γ exerts anti-tumour effector functions directed towards tomour 

metastases.36 It is also well established that IFN-γ is capable of killing tumour cells by 

restricting tumour angiogenesis.35 Finally, IFN-γ also plays a critical role in regulating 

downstream immune responses by maturing antigen presenting cells promoting adaptive 

anti-tumour immunity.  

 IL-2 was the first growth factor identified to be important for NK cell maturation, 

cytotoxicity, and cytokine secretion.37 It is now well established that despite their name, the 

majority of NK cells isolated from peripheral blood or spleen require priming to become 

killer cells.38 Some of the factors involved in the priming of NK cells are natural adjuvants 

like IL-12, IL-15, IL-18, IFN-α or IFN-β.39 The priming of naïve NK cells occurs via contact 

with DCs in draining lymph nodes.38 Elegant work by Lucas and colleagues delineated a 

defined cascade of events that must occur for NK cell priming.40 Referring to Figure 1.2, 

toll-like receptor (TLR) expressing cells must first respond by secretion of Type I 

interferons. Subsequently, DCs release IL-15 in response to stimulation by the type I IFN, 

and direct presentation of the IL-15 from the DCs to the NK cells in the lymph node allows 

for efficient NK cell priming.38 Indeed the anti-tumour properties of NK cells, including both 

cytotoxicity and IFN-γ production are dependent upon DC-NK cell-to-cell contact.41 Not 

unlike their antigen presenting DC counterparts, NK cells also express a number of TLR’s, 

and in vitro exposure of NK cells to TLR ligands does lead to NK cell effector function.42 

However NK cell activation by in vitro stimulation by TLR-ligands is more efficient when in 

the presence of accessory cells, (like DCs) suggesting that the in vivo activation of NK cells 

is still likely an indirect phenomenon.43 
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Figure 1.2 Priming of natural killer cells from Long et al., 2007 with permission 

from the publisher (License number 2927130448620). For effective NK cell priming, 

TLR ligands are first sensed by TLR-expressing cells to promote release of type I IFN. 

The IFN leads to upregulation of both IL-15 and its cognate receptor by DCs. NK cells 

migrate to the draining lymph node, where they directly interact with DCs via trans-

presentation of IL-15.38,40  
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 Some of the best evidence to support a role of NK cells in murine tumour immune 

surveillance was from Schrieber’s group, where they demonstrated that the frequency of 

carcinogen-induced tumours was always higher in mice genetically deficient in key NK cell 

effector molecules.44 Due to the rarity of human disease relating to NK cell deficiency, the 

majority of human data linking a role of NK cells in tumour immune surveillance are 

correlative in nature. An epidemiological analysis of human NK cell peripheral blood 

activity discovered a link between low NK cell activity and increased risk of cancer 

development.45 The presence of NK cells at tumour sites has also been noted as a positive 

prognostic marker in various carcinomas.46 However, the low number of tumour-infiltrating 

NK cells in most cancers suggests that these cells are not expected to directly impact 

therapeutic outcome.46 Nevertheless, a number of strategies have been directed towards 

increasing the frequency and activity of tumour infiltrating NK cells, like through cytokine 

mediated activation by IL-2. The first evidence of successful NK cell immunotherapy stems 

from clinical studies examining the effect of transfer of alloreactive NK cells during the 

course of stem cell transplantation of leukaemia patients. These studies reported a striking 

increase in survival and protection from disease recurrence.46  

1.2.5 Natural Killer cells at the centre of Innate / Adaptive Cross Talk 

 It is now well established that NK cells play a central regulatory role for subsequent 

adaptive anti-tumour immune responses. Summarized in Figure 1.3, through effector 

function, and release of chemokines and cytokines, NK cells are central to effective 

downstream anti-tumour CTL responses. Since NK cells are unique in their capacity to 

detect and eliminate tumour cells without a requirement for ‘danger signals’, their effective 

cross talk to DCs and mediators of the adaptive immune response is crucial for successful  
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Figure 1.3 NK cell regulatory functions from Vivier et al., with permission from the 

publisher (License number 2927130827289). Once primed by soluble factors (green), 

NK cells are capable of promoting the maturation of DCs, T-cells, and macrophages 

(red arrows) by release of cytokines, and expression of cell surface receptors. NK cells 

are also capable of killing certain subsets of these cell types, if appropriately engaged 

by lack of self molecules (blue arrows).34 
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adaptive anti-tumour immune responses. Perhaps one of the most important aspects of NK 

cell regulation is the release of IFN-γ that leads to the recruitment and activation of DCs, T-

cells and B cells.47 This leads to a positive feedback loop, whereby DCs in turn can lead to 

the activation of NK cells through type I IFN, and cytokines like IL-12 and IL-15.39 

Considering the ability of DCs to recruit NK cells to lymph nodes,47 it is not surprising that 

IFN-γ released from NK cells is crucial in priming T helper 1 (Th-1)-biased responses.48 The 

importance of NK regulatory functions was highlighted by Mocikat and colleagues, where 

they demonstated that NK cell priming of DCs was crucial for inducing protective anti-

tumour CTL responses.49 

1.2.6 Current Progress in Immunotherapy 
	
  

One of the major hurdles in the immunotherapy field has been the development of 

robust agents that are well tolerated in the clinic. With a better understanding of the 

complexities of mounting a specific immune response, the vaccine field has progressed to 

using better peptide formulations. This approach was successful using the melanocyte 

differentiation antigen gp100 in combination with IL-2 treatment compared to IL-2 treatment 

alone, resulting in prolonged progression-free survival for melanoma patients.28 Variations in 

peptide length, and adjuvant type are current strategies being explored to boost reactivity 

against the cancer antigen, including the use of viral vectors encoding tumour antigens. New 

cancer vaccines strategies involving the use of viral vectors have recently shown promise for 

the treatment of prostate cancer.28 In a randomized phase II trial, poxvirus expression of the 

prostate-specific antigen, and adhesion molecules B7-1, LFA-3, and ICAM-1 led to an 

overall survival benefit.50 Another strategy involves the use of cell-based vaccines, whereby 

the entire cancer cell from a patient is used as the source of antigen. The advantage to this 



	
   	
  19 

approach is the diversity of antigens; the immune system chooses the peptide. A recent meta-

analysis of nearly 200 studies revealed that patients vaccinated with whole tumour antigen 

had better clinical responses than those vaccinated with a small number of defined 

antigens.51 Alternatively, a number of groups have demonstrated advantages of using DC 

vaccines.28 DCs are removed from a patient, pulsed with peptide antigens, or whole cell 

lysates, activated and then re-infused to the patient. 

The first FDA approved immunotherapy was the cell-based therapy for prostate 

cancer called Provenge (sipuleucel-T) by Dendreon.28 The vaccine was composed of a mix 

of the patients blood mononuclear cells, granulocyte-colony stimulating factor (GM-CSF) 

and a tumour differentiation antigen.28 Although the exact mechanism of action has yet to be 

defined, Provenge was approved in 2010 based on a 4.1 month improvement in median 

survival.28 In order to bypass the need for overcoming tumour immune suppression, Steven 

Rosenberg created the ‘adoptive-cell transfer’ (ACT) protocol to directly treat patients with 

tumouricidal CTLs.25 This therapy involves the removal of tumour infiltrating lymphocytes 

(TILs) from a patients tumour, and expansion and selection of these clones ex vivo.25 Prior to 

administration, the patient receives systemic immunosuppression resulting in 

lymphodepletion that facilitates engraftment of the transferred T cells.25 Rosenberg’s 

therapy- although not yet approved, has shown significant responses for patients with 

metastatic melanoma.52,53 However, these response rates are associated with serious side 

effects from the lymphodepletion.53 Moreover, ACT therapy is also limited by cost, and 

relies on the availability of TILs as the source of T-cells.  

Another approach to increase CTL responses in patients is by taking the ‘brakes off’ 

of pre-existing anti-tumour T cell responses. In March of 2011, the FDA granted the 

approval for the use of the CTLA-4 monoclonal antibody, Ipilimumab for the treatment of 
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metastatic melanoma.28 Pioneered by James Allison, extensive pre-clinical studies 

indentified that blocking the negative regulator of T-cell activation effectively led to the 

expansion and activation of anti-tumour T-cells.54,55 However, CTLA-4 blockade was 

associated with serious inflammation-related adverse events in up to 23% of patients, 

possibly due to an autoimmune reaction.28 Nevertherless, the FDA approval of Ipilimumab 

has reignited the immunotherapy field, as a number of monoclonal antibodies targeted 

towards activating receptors on T cells (agonistic antibodies) or inhibitory receptors on T-

cells (blocking antibodies) are currently being developed.28 

Although the field has come a long way since the use of Coley’s toxin,9 the average 

response rates to most of the new agents still remains less than 15%.56 One solution to 

ameliorate response rates to immunotherapy regimes might be through combination therapy 

with established anti-tumour agents. Immunotherapy might be better equipped to induce long 

term protection from tumours if the patient’s tumours have already been partially destroyed. 

This is especially true if the tumour destruction is causing inflammation, or local danger 

signals. In collaboration with Allison’s group, Bristol-Myers Squibb is conducting a phase 

III trial whereby an anti-tumour immune response and tumour destruction is first initiated by 

a single dose of radiation, then followed by treatment with Ipilimumab.56 This approach may 

prime the tumour with an in situ ‘danger signal’, allowing even the most immune-suppressed 

tumours the chance to respond to Ipilimumab.  

1.3   REPLICATING VIRUSES FOR THE TREATMENT OF CANCER  
	
  

 Biological therapeutics for cancer constitute an exciting alternative or complement to 

conventional chemo- and radiotherapies. Oncolytic viruses (OVs) are self-replicating 

biological agents that can target and kill cancer cells while leaving normal cells unharmed. 
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Some OVs are naturally occurring, while others must be genetically manipulated to achieve 

tumour-specific replication. OVs are a unique targeted cancer therapy; instead of targeting a 

single oncogenic mutation, oncolytic viruses are conveniently addicted to the same common 

pathways that drive tumour cell growth.57 One particular example of common pathways 

dysregulated in tumours that support OV replication are defects in the type I IFN response, 

(the anti-viral immune response).  

OVs have multiple features that can be exploited therapeutically, and therefore offer 

many benefits to traditional therapies. Oncolytic viruses are self-amplifying at tumour sites, 

they have a large cloning capacity and can therefore act as gene delivery vehicles and/or 

vaccines, and as pathogens, OVs inherently activate both innate and adaptive immune 

responses.  

1.3.2 Oncolytic Viruses: History and Overview 
	
  
 The therapeutic application of lytic viruses for the treatment of cancer dates back to 

the mid-1800s, where doctors reported spontaneous cancer remissions following severe viral 

infections in patients.58 A number of different virus strains were subsequently tested for their 

anti-cancer ability in mouse models in 1952.59 This spawned a series of human clinical trials 

in the early 1960s. Although a number of patients experienced durable responses, the use of 

wild-type virus strains led to a significant number of adverse complications, bringing the 

field to a halt.60 With a better understanding of tumour biology, virology and recombinant 

DNA technology, new oncolytic viruses have been engineered with enhanced safety, and 

tumour specific replication. The efficacy of engineered viruses for cancer treatment was first 

evidenced by Martuza et al. in 1991.61 Using mouse models of human glioma, their studies 

demonstrated reduced toxicity, and anti-tumour efficacy from an attenuated herpes simplex 
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virus strain. This work paved the way for the development of new, targeted oncolytic viruses. 

Another approach to reduce the virulence of oncolytic viruses was the search for non-human 

animal viruses that were non-pathogenic in humans. Newcastle Disease virus (NDV) is an 

avian virus that in its wild type form is tropic for tumour cells based on defects in their 

interferon signaling pathways. Early phase clinical trials demonstrated prolonged survival of 

patients with advanced disease when compared to placebo control treated patients.62 Another 

animal virus called vesicular stomatitis virus (VSV) similarly replicates in tumour cells with 

interferon pathway defects,63 further demonstrating the potential of animal viruses for the 

treatment of human cancer. 

 The resurgence of the oncolytic virus field has led to the clinical development of a 

number of different virus strains, many of which have been genetically modified for 

enhanced safety, and increased genetic payload. The first OV approved for use in humans in 

China was an adenovirus mutant called H101 (similar to ONYX 015) – an E1B-deleted virus 

strain for the treatment of nasopharyneal carcinoma in combination with cisplatin 

chemotherapy.64 A replication competent version of herpes simplex virus (HSV), HSV-1 was 

modified to contain genetic enhancements relating to its immune stimulatory capacity, and 

has so far proven to be well tolerated.65 Called OncoVEXGM-CSF, this oncolytic immune 

stimulating agent is now entering into phase III multi-national clinical trials, and is 

forecasted to be the first OV to be approved for human use in North America. A double-

stranded RNA virus called Reovirus was also found to have natural tumour-selective 

replication based on a requirement for an activated Ras signaling cascade.66 Marketed as 

Reolysin by Oncolytic Biotech, phase II clinical data of the agent in combination with 

standard radiation or chemotherapy demonstrated marked responses that have led to the 

planning of phase III trials targeting head and neck cancer.65 An oncolytic poxvirus is also in 
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clinical development in Phase II trials for hepatocellular carcinoma. A San Francisco based 

company called Jennerex Biotherapeutics has developed this GM-CSF-expressing vaccinia 

virus oncolytic targeted to tumours based on deletion of its thymidine kinase. The virus has 

been well tolerated in clinical trial, and has demonstrated tumour selective replication 

following intravenous administration.67  

1.3.3 Mechanisms of Action 

 The primary mechanism of action of most oncolytic agents is the direct oncolysis of 

tumour cells. In following, one of the main advantages of oncolytic agents is their ability to 

self-amplify at tumour sites, allowing for spread within large tumours, and the potential for 

infection of distant tumour metastases. Indeed several pre-clinical studies evaluating the 

safety and feasibility of intratumoural administration of OVs have discovered that OVs are 

capable of spreading to uninjected, distant metastases.68,69 Clinically, intratumoural 

adminstration of OVs has been associated with shrinkage of uninjected mestastases,70 

however, it was not clear if this shrinkage was caused by tumour infection, or a secondary 

immunological effect. Nevertheless, this prompted researchers to examine the possibility that 

these agents might be delivered intravenously. A pivotal study recently published in Nature 

by Jennerex demonstrated for the first time, successful intravenous delivery of an oncolytic 

virus to systemic tumour beds.67 Importantly, these studies were not associated with any 

serious adverse effects from systemic delivery of the virus. 

 It is now clear that OVs destroy tumours by a number of additional mechanisms that 

go beyond direct tumour cell infection and lysis. Some oncolytic agents have demonstrated 

significant anti-tumour effects mediated through bystander vasculature disruption. Following 

intravenous delivery of VSV to murine tumours, tumour inflammation caused a catastrophic 
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loss of blood flow, and subsequent killing of tumour cells.71 The concept now referred to as 

‘vasculature shut-down’ was also described for oncolytic vaccinia virus, in pre-clinical and 

clinical models.71,72 Interestingly, it was later found that the vasculature disruption by VSV 

was rooted in the virus’ ability to directly infect tumour vasculature.73 Vasculature infection 

by VSV led to the initiation of fibrin deposition, neutrophil-dependent clot formation, and 

bystander tumour destruction.73  

 With the advent of recombinant DNA technology, not only can OVs be modified to 

more specifically target tumour cells, most OVs have a substantial cloning capacity that also 

allows for insertion of therapeutic transgenes. In this way, OVs are also gene therapy 

delivery vehicles that by their tumour-targeting nature can significantly increase the genetic 

payload and therapeutic outcome of OV therapy. A number of groups have examined the 

benefit of viral expression of immune modulatory molecules like GM-CSF, a cytokine 

involved in the stimulation of cellular immune responses, like the maturation and recruitment 

of antigen presenting cells. Phase II treatment with the GM-CSF expressing herpes virus 

oncolytic (OncovexGM-CSF) was found to induce significant recruitment of T cells at tumour 

sites, with reduced prevalence of regulatory cells.74 A number of the patients in this trial also 

demonstrated tumour reduction of both primary injected tumours, and uninjected lesions. 

GM-CSF was also engineered into the oncolytic vaccinia virus, JX-549. In a Phase I trial of 

intratumoural injection, the GM-CSF cytokine was found to be biologically active.67 A 

number of additional strategies to increase the genetic payload of OVs are currently being 

explored pre-clinically. Some examples include the expression of pro-drugs or suicide 

genes,75,76 expression of tumour-associated antigens,77 or expression of pro-apoptotic 

genes.78 
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 Besides the direct anti-tumour activity of OVs, an increasing body of evidence 

suggests that the stimulation of an active anti-tumor immune response may be a major 

contributor to the efficacy achieved by oncolytic viruses. The induction of innate and/or 

adaptive anti-tumour immune responses is likely triggered by anti-viral immune responses. 

Highlighted by Prestwich et al.,79 the significant interplay of oncolytic viruses and the 

immune system highlight the immunotherapy potential of replicating viruses for the 

treatment of cancer.  

1.3.4 Oncolytic Viruses as Immunotherapies 
	
  
 Oncolytic viruses were initially designed to target and lyse tumours cells. In the 

process however, viral infection of tumours leads to substantial inflammation that arouses 

both innate and adaptive anti-tumour immune responses. A plethora of evidence now exists 

demonstrating that most (if not all?) oncolytic viruses are capable of stimulating some form 

of an anti-tumour immune response.80 The highly destructive nature of virus infection leads 

to release of danger signals from cancer cells (danger-associated molecular pattern 

molecules), and/or from the virus (pathogen-associated molecular pattern molecules).79 Virus 

infection of tumour cells has also been reported to increase the uptake of tumour material by 

antigen-presenting cells.81 The potent inflammatory response caused by virus infection 

ultimately overcomes tumour immune suppression, and promotes recruitment of innate 

immune cells, like macrophages, DCs and NK cells.79 Oncolytic viruses therefore provide 

three important components necessary for mounting a specific immune response: an 

inflammatory storm to overcome immune suppression and recruit innate immune cells, 

tumour cell death and release of tumour associated antigens, and danger signals to promote  
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maturation of antigen presenting cells, and downstream adaptive anti-tumour immune 

responses.  

 In murine models, oncolytic herpes virus has been shown to enhance DC maturation, 

and increase tumour infiltrating CTLs and NK cells.82 These anti-tumour immune responses 

have been shown to significantly impact therapeutic outcome.83 In VSV treated mice, there 

was a strong correlation between therapeutic outcome and NK/CTL responses in a B16ova 

model.84 CTL responses were also observed in mice treated with NDV85 and measles virus.86 

In clinical studies, reovirus treatment led to expansion of effector T cell subsets, as well as 

NK cells.87 Similarly a phase I trial of oncolytic measles treatment of cutaneous T cell 

lymphoma demonstrated increased T cell infiltration and CD8+ T cell expansion.88 The 

importance of immune stimulation for OV therapy is further evidenced by the fact that some 

OVs have demonstrated efficacy independent of viral replication and oncolysis.84,89,90   

1.3.5 Barriers to OV therapy 

 Despite their promise in early phase clinical trials, there exist a number of barriers to 

OV therapy. Summarized in Fig. 1.4, in order to successfully reach tumour beds, 

intravenously delivered OVs must evade elimination by the host at several levels. Within 

minutes of infection, the liver and spleen absorb most intravenously injected virus.91 Of the 

virus particles that emerge from these ‘sinks’, a series of blood components further react to 

prevent virus circulation, including neutralizing antibody, complement, or absorption by 

blood cells. The tumour itself is also considered a hostile environment limiting OV spread, 

with densely packed tumour cells, extensive extracellular matrix components and high 

interstitial pressure. Since the immune system has evolved complex mechanisms to restrict 

the spread and replication of viruses, actively stimulating the immune system during OV  
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Figure 1.4 Barriers to effective oncolytic virus delivery to tumours, from Parato et 

al. with permission from the publisher (License number 2927140003905).70 

Systemically delivered oncolytic viruses must survive absorption by the liver, and 

neutralization by blood components prior to reaching tumour beds. At the tumour, OVs 

must gain access via extravasation from vasculature, and spread within the dense, 

extracellular-matrix packed tumour microenvironment.  
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therapy is considered a double edged sword. Indeed the innate immune response has limited 

viral replication in several animal models,71,92 and clinical studies.93 Viral gene products are 

recognized by specific immunoglobulin surface receptors on B cells, leading to their 

activation and subsequent production of neutralizing antibodies before the virus even reaches 

the tumour. Neutralizing antibodies represent a significant barrier to effective OV therapy by 

VSV, reovirus, and adenoviral vectors.94-96 Although the relevance has not yet been fully 

determined in the clinic, previous vaccination programs for some OVs (measles, poliovirus, 

vaccinia virus) may also prevent effective delivery of these agents.70 Once OVs reach tumour 

beds, infiltrating innate immune cells pose an additional barrier to effective OV infection and 

spread within tumours. VSV persistence has been shown to be sensitive to neutrophils within 

tumours.71 Tumour and liver resident macrophages have also been implicated in viral 

clearence for herpes and adenovirus OVs.97,98  The anti-viral immune response is further 

enhanced by release of anti-viral cytokines at the tumour, like type I interferons, IFN-γ, IL-

15 and TNF-α. Since most cancer cells lack functional PKR and p53 pathways, anti-viral 

IFN responses generally do not lead to inhibition of protein translation, or triggering of 

apoptosis in response to OV therapy. Nevertheless, induction of potent IFN responses has 

been shown to limit measles replication,99 and infection by HSV-1.100 

 Best evidenced by an increase in sensitivity to virus infection as a result of NK cell 

deficiencies,101 NK cells have long been known for the innate anti-viral effector functions. 

These defense mechanisms are especially important for protection against lethal herpes virus 

infections in mice and humans. NK cells can directly recognize virus, through binding of NK 

TLRs, like TLR-2 association by vaccinia virus.102 Alternatively, NK cells recognize tumour 

infected cells by at least three distinct virus-induced changes: recognition of host stress 
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proteins by activation receptor NKG2D, recognition of modified MHC I molecules by 

stimulatory receptors, or the direct recognition of cell surface viral products, like m157 from 

murine cytomegalovirus (MCMV) infection by murine Ly49H receptors.103 Antibody-

mediated depletion of NK cells has allowed for enhanced efficacy by some OVs, like 

VSV.104 Dampening of natural killer cell recruitment by cyclophosphamide treatment 

similarly enhanced the efficacy HSV-1 OV therapy.92 However, the conclusions drawn from 

these experiments appear to be model dependent, since other studies demonstrated a 

dependence on NK cell activity for efficacy of VSV, HSV and reovirus.89 Since NK cells 

also exhibit robust anti-tumour effector functions, for the majority of OVs the jury is out as 

to whether these innate effector cells present as a barrier or ally to effective OV therapy. 

1.4 ANTI-CANCER POTENTIAL OF POXVIRUSES 

 The therapeutic potential of poxviruses was first realized in 1988, after the successful 

implementation of a vaccination strategy that led to the eradication of smallpox.105 Stemming 

from this historical role, the biology and pathogenesis of vaccinia virus has been studied 

extensively over the years. An appreciation of the virus’ behaviour in humans, and its ability 

to induce long-lasting robust CTL and antibody responses,106 has led to the development of a 

number of poxvirus-based therapeutics for a variety of clinical applications. 

1.4.1 Poxvirus Biology 

Poxviruses constitute a large family of enveloped, double-stranded DNA viruses that 

replicate entirely in the cytoplasm. Poxvirus virions are large enough to be visualized by 

light microscopy, averaging in size of approximately 225 nm x 350 nm. Poxvirus genomes 

are primarily A+T rich, up to 290 kbp in size, encode over 200 genes and are well 

conserved.107 Restriction enzyme digestion of DNA from members of the orthopoxvirus 
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genus showed that the central part of the genomes were conserved, whereas terminal portions 

varied in both length and restriction size pattern.108 Genes in the terminal region of the 

genome- although non-essential for virus replication,109 encode a number of immune-

modulating proteins of complex function involved in viral virulence. Through the 

cooperative action of virulence factors, poxviruses evade host immune responses and 

elimination.110 

Based on its long history, vaccinia virus (VACV) still remains the best-studied 

member of the poxvirus family. VACV is one of 10 members of the Orthopoxvirus genus, 

which also includes variola virus (smallpox), and cowpox virus. These viruses, as well as all 

members of the Orthopoxvirus genus, are similar immunologically, which provides the basis 

for the cross protective nature of smallpox vaccines. The poxvirus virion contains a DNA-

protein core that includes all enzymes and factors required for early gene expression.111 This 

core is wrapped by a lipid membrane that contains a number of unglycosylated viral 

proteins.111 Based on the structure of their membrane, most poxviruses exist in one of two 

infectious forms: extracellular virion or intracellular virion. These two forms differ in that 

the extracellular virion contains an additional trans-Golgi derived lipid envelope compared to 

the intracellular virion.111  

The mechanism of poxvirus entry into host cells remains controversial, and is thought 

to be virus strain, and cell-type dependent.111 It is also dependent on the virion structure. 

Since intracellular virions are surrounded by a single membrane, the virus core gains entry to 

cells through fusion of the viral membrane with the plasma membrane.111 The identity of the 

receptor(s) by which poxviruses gain entry into host cells also remains controversial, with 

several refuted claims. Proteins on the surface of intracellular virions are capable of 

interacting with cell surface glycosaminoglycans (GAGs), and have thus been proposed as 
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attachment proteins.112 The binding of extracellular virions is through GAGs, but is 

complicated by an additional viral lipid membrane. Following binding to host cells, it is 

thought that the additional membrane is removed by a GAG-dependent, non-fusogenic 

mechanism.113  

Poxvirus transcription is divided into 3 stages: early, intermediate, and late. Genes 

within the virus core are transcribed by the virus-encoded DNA-dependent RNA polymerase. 

Early mRNAs are synthesized immediately upon entry without the need for host protein 

synthesis, since the virus encodes an entire transcriptional system.114 Poxvirus DNA 

replication occurs within virus factories, within a few hours of expression of early 

proteins.114 Virus particle assembly begins in the viral factories, where the viral core emerges 

with a lipid membrane. By transportation on microtubules, virus particles acquire additional 

intracellular membranes by association with the trans-Golgi, or endosome compartments, 

prior to exocytosis through host cell plasma membrane.115 

1.4.2 Poxviruses as Cancer Therapeutics 

Following the eradication of smallpox, a number of different poxvirus species have 

been developed as live or attenuated anti-viral vaccines. The inherent biological 

characteristics of poxviruses make them ideal candidates for the development of vectors for 

therapeutic applications: clear clinical safety, a large cloning capacity, precise virus control 

of gene expression, lack of genomic integration, high level of immune stimulation, and 

feasible virus manufacturing procedures.116 The first generation poxvirus vaccines were 

wild-type VACV strains, employed during the smallpox eradication. Since the viruses 

induced significant adverse reactions,117 new vector vaccines are now primarly constructed 

from attenuated strains. The most common technique used to attenuate poxviruses involves 
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sequential passage of the wild-type viruses in tissue culture using cells from an alternative 

host.117 This attenuation strategy has been used for almost a century, and has been found to 

alter virulence, genome composition, and importantly, virus host range.117 The VACV 

Ankara strain of VACV was attenuated in the 50s by over 500 passages in chick embryo 

fibroblast cells. These attenuated strains are replication-defective in most mammalian 

cells,118 however, still maintain their ability to express recombinant genes. Alternatively, 

avipoxviruses like fowlpox and canarypox have a natural host range restriction, as they are 

only able to replicate in avian cells. Using animal models of viral disease, a number of 

prophylactic anti-viral poxvirus vaccines have been developed and have shown strong proof-

of principle.119,120 With the discovery of several tumour-associated antigens, several poxvirus 

vaccine candidates are also being tested in pre-clinical and clinical cancer models directed 

towards carcinoembryonic antigen (CEA),121 prostate-specific antigen (PSA),122 or one of 

several melanoma-associated antigens.123  

Through genetic engineering, poxviruses can be specifically attenuated or 

manipulated by insertion, deletion or disruption of specific target genes. This spawned a new 

generation of poxvirus cancer therapeutics– poxvirus oncolytics. Poxviruses are the ideal 

backbone for development of oncolytic agents since they have a broad tumour tropism, they 

destroy cells rapidly, they do not require defined surface receptor for entry, they have a large 

cloning capacity, and they replicate entirely in the cytoplasm.116 Some poxviruses are 

naturally tumour selective, like the leporipoxvirus Myxoma. The natural tumour selective 

nature of poxviruses is thought to be attributed to similarities between the hallmarks of 

cancer,2 and the optimal replication conditions for poxvirus infection. Myxoma virus is a 

rabbitpox virus that can replicate in murine tumour cells based on disruption of the type I 

IFN response,124 and in human tumour cells with elevated Akt levels.125 Indeed, a number of 
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VACV vaccine strains have also demonstrated replication capability in human tumour 

cells.126 Recent evidence identified that VACV targets cells with activated EGFR-Ras 

signaling,127 yet another common feature of human tumour cells.2 To ensure optimal safety 

and a high therapeutic index, some oncolytic poxviruses have been further manipulated 

genetically. Since tumour cells already harbour genetic mutations that confer the optimal 

cellular state for virus replication, a number of poxvirus virulence genes become dispensible 

for poxvirus replication in tumour cells. A number of deletions have been made to oncolytic 

vaccinia virus, like deletion of viral thymidine kinase (TK). Cellular TK is regulated by E2f 

transcription factors, and is normally expressed during the S phase during proliferation of 

normal cells.128 In cancer cells, TK is constitutively expressed at high levels, irrespective of 

proliferation status.129 Another strategy to increase the therapeutic index of oncolytic VACV 

is the deletion of viral VGF or vaccinia growth factor. VGF is a secreted EGF homologue 

capable of binding to cellular EGFR.130 VGF-deletion mutants have increased tumour 

selectivity as they depend on cancer cell activation of the EGFR pathway.116 

An oncolytic VACV is currently in Phase II human clinical trials for the treatment of 

hepatocellular carcinoma. The clinical candidate is termed JX-594, a Wyeth strain 

engineered with inactivated thymidine kinase, and expressing human GM-CSF.67 In a Phase 

I trial of intra-tumoural (IT) treatment of liver tumours, JX-594 was well tolerated and 

associated with tumour destruction.131 Recently, JX-594 was shown to infect metastatic 

tumours in cancer patients following intravenous delivery,67 demonstrating the tumour 

targeting capabilities of oncolytic poxviruses. Although VACV is the only poxvirus in 

clinical development, pre-clinical studies have highlighted the potential of other poxvirus 

OVs.125,132 
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1.4.3 Parapoxvirus, ORFV 

 ORFV is the prototypic species of the Parapoxvirus genus. ORFV has a worldwide 

distribution and causes acute dermal infections in its natural ungulate hosts: goat and 

sheep.133 The ORFV 139kbp genome has been completely sequenced,134 and contains 132 

putative genes. Although its genome is smaller than that of VACV, their genomes are co-

linear in order, spacing and orientation of homologous genes.134 More than 88 of the ORFV 

genes share homology with all other Chordopoxviruses,134 and ORFV has at least 31 genes 

with no homology to any other poxvirus.135 ORFV infections are initiated and maintained in 

damaged skin, where the virus replicates in regenerating epidermal cells.136 ORFV can also 

cause a benign infection in man if an animal with an infectious lesion on its mouth bites and 

breaks the skin. 

 Members of the Parapoxvirus genus have a number of unique features that 

distinguish them from other poxvirus species. By electron microscopy, ORFV particles are 

ovoid in shape, with a unique criss-cross pattern of spiral tubules wrapped around an inner 

amorphous core.137 Unlike most members of the poxvirus family, the parapoxvirus genome 

has an unusually high G+C content, and virions are smaller.138 These characteristics suggest 

a significant divergence from other poxvirus genera.138 Parapoxvirus morphogenesis has not 

been described in detail, however a recent study by Tan et al. revealed that not unlike 

VACV, ORFV particles exist in one of two forms (intracellular versus extracellular virions), 

where only a minority of virus particles egress from cells as extracellular virions.137 In search 

of a receptor that mediated ORFV infection, Scagliarini and colleagues examined heparan 

binding activity of ORFV surface proteins.139 These studies revealed that ORFV F1L 

(homologue to VACV H3L) is capable of binding to cellular heparan sulfate surface 

receptors. Heparan sulfates are a ubiquitous member of the glycosaminoglycan family, or 
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GAGs.140 Since GAGs are exposed on cell surfaces of all mammalian cells, ORFV F1L 

binding to GAGs via heparan sulfate was proposed to be the mechanism by which ORFV is 

capable of binding to a wide range of tisses of non-permissive species.139 

In common with other poxviruses, ORFV expresses a variety of immune-modulating 

and host range genes. ORFV expresses a homologue of mammalian IL-10, with 80% amino 

acid identity to the ovine polypeptide.141 IL-10 is a multi-functional cytokine that is involved 

in suppressing inflammation, and anti-viral Th-1 effector functions.142 In common with 

orthopoxviruses and leporipoxviruses, members of the Parapoxvirus genus also express a 

chemokine binding protein.143 This protein was found to bind to both CC inflammatory 

cytokines, and C chemokine lymphotactin chemokines.143 ORFV also expressed a GM-

CSF/IL-2 inhibitory factor, which is unique to the Parapoxvirus genus.144 ORFV also 

expresses virulence factors associated with IFN-resistance145 and preventing apoptosis.146 

The lesions caused by ORFV infection show an accumulation of vascular endothelial cells 

that lead to the recruitment of blood vessels at the site of infection. Dr. Mercer at the 

University of Otago in New Zealand attributed this observation to the virus’s expression of 

vascular endothelial growth factor (VEGF).147 Expression of VEGF-like factors is unique to 

members of the Parapoxvirus genus. Members of the mammalian VEGF family regulate the 

formation of new blood vessels and the leakiness of blood vessels.148 ORFV lesions resulting 

from infection with a VEGF-deleted ORFV lack extensive dermal vascularization, have a 

reduced pathology and clear sooner when compared to wild-type lesions.147 By definition 

then, ORFV VEGF is a virulence factor. Although naïve to the cancer therapeutic field, the 

ORFV replicating ‘niche’ is an isolated regenerative wound with an extensive vasculature, 

much like a tumour micro-environment.147  
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1.4.4 ORFV as a Potential Cancer Therapeutic 

 Characterization of ORFV biology and pathogenesis in its natural host has led to a 

detailed description of the virus’ interaction with the host immune system. These studies 

have revealed that ORFV possesses a number of unique qualities that make it perfectly suited 

for the development of parapoxviruses as anti-viral vaccines. Some of these features include 

its safety profile, its restricted host-range, and its ‘exceptionally strong’ induction of 

inflammation and the innate immune system.149 Primarily based on the observation that 

natural infections with ORFV lead to a massive accumulation of DCs within lesions,150 

biotechnology companies became interested in the use of ORFV as an innate immune 

modulator. These natural characteristics have earned ORFV the nickname -‘paraimmunity 

inducer’, and have been harnessed in the biotechnology sector as an inactivated form of 

ORFV is currently approved in veterinary medicine.151 A number of recombinant ORFV 

vaccines have been developed as anti-viral vaccines for a number of veterinary applications, 

in both permissive and non-permissive hosts.152,153 Recombinant parapoxviruses have 

demonstrated anti-viral activity against lethal alphaherpes virus infection of swine, and 

pseudorabies virus infection of mice.149 Through expression of nucleoprotein p40 from 

Borna disease virus, recombinant ORFV protected animals from lethal infection in the brain 

in a non-permissive host species.154 

The same qualities that make ORFV an ideal anti-viral vector may similarly be 

harnessed for the development of new cancer biotherapies. In contrast to zoonotic 

orthopoxviruses,155 human ORFV infections do not lead to serious disease.156-158 ORFV 

treatment leads to a potent induction of a Th-1 dominated immune response involving 

accumulation of CD4+ and CD8+ T cells, B cells, NK cells, neutrophils, and DCs,159-161 and 

cytokines including IL-1β, IL-8, GM-CSF, IL-2, and IFN-γ.161-163 Interestingly, these robust 
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immune responses are associated with the viral particle itself, since numerous data have 

shown immune stimulation by inactivated ORFV in a number of different species,161,164-166 

including humans.161,167,168 Importantly, the immune stimulation has been compared to other 

poxviruses, and in all cases the immune stimulatory profile is unique to ORFV.161,169,170 In 

addition, in contrast to cytokine therapies, ORFV Th-1 immune-stimulation is regulated by 

subsequent up-regulation of Th-2 cytokines like IL-4 and IL-10.168,169 An ORFV platform 

may be superior for development of anti-cancer agents, since parapoxvirus researchers have 

described re-occurring infections in animals as a result of a very short-lived duration of the 

ORFV-specific immunity.155,156 Although antibody production after ORFV infection is 

normal, antibody appears to play little to no role in protection upon re-infection, and 

neutralizing antibody is rare.156,171,172 In the context of foreign antigen-expressing ORFV 

vector vaccines, antigen-specific humoral immunity has been demonstrated even in the face 

of pre-existing ORFV immunity.149 This is unique to ORFV, since pre-existing VACV 

specific immunity often results in poor foreign antigen-specific humoral responses.173,174 

Finally, as a member of the poxvirus family, ORFV may have natural tumour cell replication 

potential, as has been described for vaccinia, myxoma, and raccoonpoxvirus.67,132,175 

1.4 RATIONALE, HYPOTHESIS AND OBJECTIVES 

	
  
Rationale 

Replicating viruses for the treatment of cancer offer many benefits to traditional 

chemotherapeutic or immunotherapeutic drugs: they are targeted, safe, they offer a self-

amplifying dose, they are immune-stimulating, and they can be genetically modified to carry 

therapeutic genes. Poxviruses have a long history as safe and effective vaccine vectors, 

where some have demonstated natural or engineered capacity for tumour selective 
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replication. Although naïve to the cancer therapeutic realm, ORFV may have natural tumour 

targeting abilities, as the ORFV replicative ‘niche’ is an isolated wound with an extensive 

vasculature, much like a tumour micro-environment. ORFV as a vector for cancer therapy 

may have advantages over other anti-cancer therapies, based on ORFV’s unique immune 

stimulation profile, its limited pathogenicity in humans and the fact that the majority of the 

population has had little to no contact with the virus, and will therefore have no pre-existing 

immunity to impede its use as a therapeutic. 

 

Hypothesis 

ORFV will have natural anti-tumour properties mediated by direct oncolysis of tumour cells 

and/or induction of an anti-tumour immune response. 

 

Objectives 

 

1. Develop methods and models to test ORFV anti-cancer potential  

2. Characterize the in vitro and in vivo ORFV anti-cancer efficacy 

3. Determine the mechanism of ORFV anti-cancer activity 

CHAPTER 2 METHODS 
Cell lines.  

Human and murine cell lines were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) (HyClone) supplemented with 10% fetal calf serum (FCS) (PAA Laboratories, 

Etobicoke, Ontario, Canada), and grown at 37°C and 5% CO2. B16F10-LacZ cells were 

generated by stable transfection with LacZ complementary DNA, as described earlier.176 
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Human tumour cell lines were from the NCI-60 reference panel: A549, HeLa, M14, 

OVCAR-8, 91304, PC3, U251, SNB19, MDAMD-435, HCT116, NCI-H23, Caski, SCC25, 

MCF-7, HT1080, PLC/PRF/5, SF295, SMKEL-3, SKMEL-28, C41, SW620, SF268, 

ME180, UACC62, SKMEL-2, HOP62, HOP92, U2OS, Cal27, 786-0, HT29, and SCC9. 

CT26.CL25 (CT26-LacZ), CT26, B16F10, 293T, YAC-1 and OA3.Ts were purchased from 

ATCC (Manassas, VA). HDFn cells were purchased from Cascade Biologics (Burlington, 

Canada).  

Viruses. 

Wild type ORFV strain NZ2 and ΔVEGF-ORFV (VEGF-deleted LacZ-expressing ORFV) 

strain NZ2147,177 were obtained from Dr. Andrew Mercer (University of Otago, New 

Zealand). Oncolytic VAVC, RCNV and MYXV have been described previously.132 Ad-GFP 

was kindly provided by Dr. Brian Lichty at McMaster University.178  

ORFV production, UV inactivation and titering. 

Viral stocks were prepared by infection of confluent OA3.Ts at an MOI of 0.05. Cells and 

supernatants were harvested following a 5 day infection at 37°C, 5% CO2 by gentle cell 

scraping. Cell lysates were collected by centrifugation, and re-suspended in 1 mM TRIS pH 

9.0, and subjected to 3 freeze-thaw cycles. Cell debris was removed by centrifugation, and 

lysates dounce homogenized prior to sucrose cushion purification (40%) in a JS-13.1 rotor at 

11,500 RPM for 1.5 hours at 4°C. Virus stocks were re-suspended in PBS. Sham infected 

OA3.Ts were processed as described above, and were used as vehicle control treatments. 

Inactivation of virus was performed on ORFV preparations at a concentration of 108 pfu/mL 

in PBS using UVC irradiation in the Spectrolinker XL-1000 UV crosslinker (Spectronics 

Corporation) for 300 seconds. Confirmation of virus inactivation was measured by plaque 
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assay prior to use. ORFV was titered on confluent monolayers of OA3.Ts using a 

carboxymethylcellulose (CMC) overlay. Plaques were visualized following a 7-day 

incubation at 37°C by removal of overlay, and staining with 1% crystal violet (in 80% 

methanol). VEGF-deleted, LacZ-expressing ORFV (ΔVEGF-ORFV) plaques were 

visualized using a β-galactosidase-containing stain solution, as described previously.179  

Animals.  

Female 6 to 8 week-old C57Bl/6, Balb/c and CD-1 nude mice were supplied by Charles 

River Canada (St. Constant, Canada), and were housed in a level 2 biocontainment facility at 

the Animal Care and Veterinary Services within the University of Ottawa. CD11c-DTR 

transgenic C57Bl/6 mice have been previously described,180 and were kindly donated by Dr. 

Yonghon Wan (McMaster University, Hamilton, Canada). All animal experiments were 

conducted in accordance with the Animal Care and Veterinary Services standard operating 

procedures. 

In vitro viral infections. 

Viability assays were used to compare cell death induced by WT ORFV and ΔVEGF-ORFV 

at MOIs 0.1 and 1 at 72 hours post infection. Briefly, the indicated tumour cells were 

prepared in 6-well dishes, and confluent monolayers were infected (or mock-infected) in a 

200 µL volume of serum-free medium for 2 hours at 37°C and 5% CO2 followed by an 

addition of 2 mL of DMEM containing 10% FBS. At 72 hours post-infection, cells were 

collected by trypsinization, re-suspended in an equal volume, and the cell viability assessed 

via Trypan blue exclusion using the Vi-CELL instrument, Beckman Coulter (Mississauga, 

Canada). Data are presented as the percent viable tumour cells, normalized to the mock-

infected control wells for each cell line. The cytotoxicity induced by WT ORFV on B16F10-
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LacZ and CT26-LacZ tumour cells was assessed in 96-well plates, using alamarBlue® (AbD 

Serotec, Raleigh, NC) after a 72 hour infection period. For growth curve analysis, confluent 

monolayers of cells were infected in a minimal volume of serum free media for 1 hour at 

37°C and 5% CO2. The viral inoculum was then removed, and replaced with DMEM 10% 

FCS. Cells and supernatants were harvested from wells at 0, 12, 24, 48, 72, and 96 hours post 

infection. Cell lysates were subjected to 3 freeze-thaw cycles, and titered on OA3.Ts.  

In vivo tumour models. 

To determine the maximum tolerable dose of WT ORFV and ΔVEGF-ORFV, Balb/c 

animals were treated once with the indicated virus, at the indicated dose by an intravenous 

(IV) or intraperitoneal (IP) route of delivery. Animals were monitored for weight loss and 

signs of distress, and were euthanized at endpoint. For the Balb/c CT26 sub-cutaneous 

tumour experiment, animals were challenged subcutaneously with 3x105 CT26 cells in the 

right flank, and were treated intra-tumourally (IT) with 2 doses of 107 plaque forming units 

(pfu) of WT ORFV, ΔVEGF-ORFV or control treated (50 µL of PBS) on days 15 and 20 

post tumour implantation. For CD-1 nude xenograft experiments, 2x106 A549 cells were 

injected subcutaneously into the right flank of mice. At 23 days post-implantation, mice were 

treated IT with 5 doses of 107 ORFV or PBS control. Sub-cutaneous tumours were measured 

2-3 times per week using digital calipers. Animals were sacrificed when tumour burden 

reached a volume of 1500 mm3. For murine lung models, 105 CT26-LacZ cells were injected 

IV into Balb/c or CD-1 nude mice. Similarly, 3x105 B16F10-LacZ cells were injected IV 

into C57Bl/6 mice. Mice were then treated IV (unless otherwise indicated) with 1 to 3 doses 

of ORFV in 100 µL of PBS, or control treated (100 µL of PBS or sham infected lysates), on 

days 1, 3, and/or 8. Poly IC (Sigma, Oakville, Canada) treatments were delivered IP at a dose 
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of 150 µg. At 10 days post CT26-LacZ injection, and 14 days post B16F10-LacZ injection, 

mice were euthanized with Euthanyl, and lungs were harvested and stained with a β-

galactosidase solution.181 The number of lung metastases was determined by separation of 

lung lobes, and enumeration under a dissection microscope (Leica, Richmond Hill, Canada). 

For analysis of internal lung metastases, fixed lung tissues were embedded in formalin, 

sectioned, and stained with hematoxylin and eosin. Internal lung metastases were enumerated 

in a blinded fashion using an Aperio ScanScope and ImageScope software. Images were 

captured using Aperio ScanScope (Axiovision Technologies). For lung model survival 

experiments, animals were treated IV with 3 doses of 107 pfu ORFV or 100 µL of PBS, and 

were monitored for signs of respiratory distress.  

Tissue distribution experiments.  

Organs were harvested from animals at specified time-points post infection. Tissues were 

first homogenized, and subjected to 3 freeze/thaw cycles prior to OA3.Ts plaque assay. To 

allow visualization of plaques at the lowest dilution in the presence of tissue debris, plaques 

were quantified using an β-galactosidase containing staining solution.179 The pathology of 

lung tissues following ORFV therapy was analyzed from CT26-LacZ tumour-bearing Balb/c 

mice (N=2) treated with PBS or 107 ORFV IV at 24 hours. At 72 hours, animals were 

sacrificed, and lungs isolated, fixed and embedded in paraffin. Hematoxylin and eosin 

stained sections of lung tissues were examined by a pathologist in a blinded fashion. Images 

were captured using Aperio ScanScope (Axiovision Technologies) and analyzed using an 

Aperio ImageScope software. 

 

Cell depletion tumour models. 
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NK cell depletion experiments were performed using an optimized dose and schedule of 

Anti-Asialo GM-1 (Cedarlane, Burlington, Canada), or Rat IgG1 κ isotype control (BD 

Bioscience, Mississauga, Canada): 25 µL IV on days -4, -1, 2, 6, 9, and 13 where cancer cell 

injection and first ORFV treatment occur on days 0 and 1, respectively.  NK cell depletion 

was confirmed at day 0 (prior to experiment start) in both C57Bl/6 and Balb/c mice. To 

allow for similar tumour burden in animals treated with the NK depleting antibody, the 

challenge dose of B16F10-LacZ and CT26-LacZ was reduced in the NK depleted animals to 

9x104 and 5x104, respectively. CD4+ and CD8+ T cells were depleted in Balb/c mice using 

reagents and dose regimes established previously.182 DC depletion was accomplished by 

treatment with 100 ng of diphtheria toxin (DT) (Sigma, Mississauga, Canada) IP to CD11c-

DTR transgenic C57Bl/6 mice.180  

Surgical stress model.  

C57Bl/6 mice were first treated with PBS, Poly IC or ORFV. At 4 hours post treatment, 

animals were challenged IV with 3x105 B16F10-LacZ cells. Immediately following tumour 

challenge, animals were anesthesized for surgery with 2.5% Isofluorance (Baxter 

Corporation, Mississauga, Canada). Surgical stress was induced by a left nephrectomy. 

Animals were treated for pain control as per standard procedures established at the 

University of Ottawa, including doses of bupernorphine (0.05 mg/Kg) administered 

subcutaneously beginning the morning of surgery, and every 8 hours post surgery. At 3 days 

post tumour challenge, animals were euthanized, and tissues were processed for flow 

cytometry (spleen) or evaluation of lung tumour burden (lung).  

 

Flow cytometry.  
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Murine immune cells were isolated from the spleen, blood, and lung of animals in a similar 

fashion. Briefly, splenic lymphocytes were isolated by pressure filtration through a 200 µm 

filter, and red blood cells removed by cell lysis using ACK buffer (0.15 mol/l NH4Cl, 10 

mmol/l KHCO3, 0.1 mmol/l Na2EDTA) for 5 minutes at room temperature. Saphenous or 

terminal cardiac puncture were used to isolate blood from mice using EDTA collection 

tubes. Blood lymphocytes were isolated following 2 cycles of red blood cell lysis with ACK 

buffer. Lung lymphocytes were isolated by tissue digestion in 10 mL of RPMI 1640 

supplemented with 2% FBS, penicillin and streptomycin (Invitrogen, Burlington, Canada), 

and 10 µg/mL Type IV collagenase (Roche Diagnostics, Montreal, Canada) for 30 minutes at 

37°C. Digested lung tissue was then passed through a 40 µM filter, and centrifuged at 300 g 

for 7 minutes at 4°C. Lung tissues were resuspended in 1 mL of 67.5% Percoll (Sigma, 

Mississauga, Canada) and transferred to a 15 mL tube. An additional 2 mL of 67.5% Percoll 

was layered on top of the tissues. An additional 2 mL of 45% Percoll was then overlayed 

onto the cell suspension. The mixture was centrifuged at 800 g for 15 minutes at room 

temperature, with the brake and acceleration option at a minimum. Following centrifugation 

the lymphocyte band was removed, and subjected to a 5 minute red blood cell lysis using 

ACK buffer. Purified lymphocytes from spleen, blood, or lung were enumerated, and 

transferred to round bottom, 96-well plates for flow cytometry at a concentration of 2x106 

cells per well. For intracellular cytokine analysis, cells were subjected to a GolgiPlug 

incubation for 5-10 hours, as indicated. (BD Bioscience, Mississauga, Canada). The 

following antibodies were used to analyze immune cell populations by flow cytometry: 

CD49b-PE (Clone DX5), CD3-PE (Clone 17A2), CD8-PECy5 (Clone 53-6.7), CD69-FITC 

(Clone H1.2F3) NK1.1-PE (Clone PK136), Granzyme B-AF700 (Clone GB11), CD11c-
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PECy7 (Clone N418), CD80-PE (Clone 16-10A1), CD86-PE (Clone GL-1), CD40-PE-Cy5 

(1C10), NK1.1-APC, (PK136), NKG2D-PE (CX5), IL-12-APC (Clone C15.6) and IFNγ-

AF647 (Clone XMG1.2) from BD Biosciences, Mississauga, Canada, CD11c-FITC (Clone 

N418), and TNFα-FITC (Clone MP6-XT22) from eBioscience, San Diego, CA), and CD3-

PerCP (Clone 17A2, R&D systems, Minneapolis, MN). Experiments were performed on a 

Beckman Coulter CyAn and data analyzed using Kaluza software (Beckman Coulter, version 

1.1).   

NK cytotoxicity assays.  

Splenocytes were isolated from tumour naïve ORFV or PBS treated C57Bl/6 mice at time-

points post infection. Isolated lymphocytes were pooled, and DX5-sorted (DX5 positive 

selection Kit, Miltenyi Biotec, Auburn, CA) on an Automacs Pro cell sorter (Miltenyi 

Biotec). B16F10-LacZ cells were harvested and labeled with Chromium-51 (Perkin Elmer, 

Waltham, MA) in the form of Na2CrO4 at 100 µCi for 60 minutes at 37°C. Sorted NK cells 

were re-suspended at a concentration of 2.5x106 cells/mL were mixed with target B16F10-

LacZ, which were re-suspended at a concentration of 5x104 cells/mL, at different effector to 

target ratios (50:1, 25:1, 12:1, 6:1). The mixture was incubated for 4 hours prior to analysis 

of chromium release in the supernatant using a gamma counter (Perkin Elmer).  

Ex vivo infection of immune cells. 

Natural killer cells were isolated from the spleens of C57Bl/6 mice by negative selection 

using magnetic sorting and the NK Isolation Kit (Miltenyi Biotec, Auburn, CA). NK cells 

were supplemented with human recombinant IL-2 at 50 µg/mL (Sigma, Oakville, Canada) 

and were used immediately in ex vivo infection experiments. Bone marrow was isolated from 

the leg bones of C57Bl/6 mice using procedures described previously.183 Briefly the femur 
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and tibia were isolated, and using a 25 gauge needle and 5 mL syringe, the bone marrow was 

flushed with PBS. Bone marrow was passed through a 40 µM filter, centrifuged at 300 g for 

7 minutes at 4°C, and red blood cells removed following a 5 minute ACK lysis. Cells were 

seeded at a density of 2x106 cells/mL in RPMI 1640 containing 10% FCS, 50 µM 2-

mercaptoethanol, (Invitrogen, Burlington, Canada) penicillin and streptomycin. Cells were 

incubated overnight at 37°C, 5% CO2. The next day, non-adherent cells were collected, 

enumerated, and seeded at a density of 106 cells/mL in RPMI 1640 containing 50 µM 2-

mercaptoethanol, antibiotics, and 10 ng/mL recombinant murine GM-CSF (R & D Systems, 

Minneapolis, MN). At day 3 of culture, 2 mL of media containing fresh cytokine was added 

to each 10 cm plate. At day 6 cells, non-adherent and loosely adherent cell clusters were 

harvested for analysis. NK cells and DCs were plated in 6 well plates, and subjected to 

ORFV infection at the indicated MOI, for 24 hours prior to analysis by flow cytometry. 

Alternatively, NK cells were treated with Poly IC (Sigma, Oakville, Canada) at a dose of 50 

µg/mL or 200 µg/mL and DCs were treated with CpG ODN 1826 (InvivoGen, Burlington, 

Canada) at a concentration of 10 µg/mL. 

CHAPTER 3 EVALUATING THE ONCOLYTIC POTENTIAL OF A VEGF-
DELETED ORFV 

3.1 INTRODUCTION 

 It has been proposed that poxviruses as a class may be naturally designed for tumour 

selective replication based on their biology and complementing mutations commonly found 

in cancer cells.116 The very hallmarks of cancer,2,7 (blocks in apoptotic signaling, immune 

evasion and deregulated cell cyle control) bestow cancer cells with the ideal cellular 

conditions for productive poxvirus infection. Indeed a number of poxviruses have been noted 
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for their ability to replicate in and lyse tumour cells, including animal viruses like myxoma 

that have a distinct and limited host range.124,125 In the literature, it has only been 

documented that ORFV can productively infect primary cell cultures prepared from normal 

bovine testis.147,184 As a member of the poxvirus family, I proposed that in its wild-type 

form, ORFV may have natural tumour replication potential.   

 Lesions caused by ORFV infection are always initiated and maintained in wounded 

skin. Additionally, ORFV expresses a homologue of mammalian vascular endothelial growth 

factor, (VEGF). Termed VEGF-E, ORFV VEGF has been classified as a unique isoform of 

the VEGF family, based on its unique receptor recognition: VEGF-E is only bound by 

VEGFR-2.148 Members of the VEGF family regulate the formation of new blood vessels via 

control of angiogenesis, endothelial cell proliferation, and vascular permeability through 

binding to one of three tyrosine kinase receptors.185 VEGF-E is only capable of binding 

VEGFR-2, which is primarly involved in vascular endothelial cell mitogenesis.185 Driven by 

the hypoxic tumour microenvironment, angiogenic factors like VEGF and its receptor are 

often over-expressed in tumours, (reviewed by Goel et al.).186 Angiogenesis is a normal 

process that is involved in wound healing, where the process is tightly regulated.187 In 

tumours however, the desperate need to maintain a blood supply results in highly abnormal 

vascular networks. By comparison then, Dvorak et al. described tumours as “wounds that do 

not heal”.187 Since ORFV infections are initiated in wounds, where the concentration of 

growth factors is likely to be high, the ORFV replicative niche is much like a tumour micro-

environment. The vascular nature of ORFV lesions therefore provides further evidence that 

ORFV may naturally target tumours.  

 Although some wild-type poxviruses have shown tumour selective replication in the 

absence of toxicity in pre-clinical models,175 it was unclear if wild-type ORFV would have a 
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similar safety profile. To test the contribution of VEGF to ORFV virulence in its natural 

host, a recombinant ORFV was created in which the VEGF gene was deleted. Interestingly, 

viral replication was similar to lesions caused by wild-type ORFV during early times post 

infection, but was reduced later in the infection cycle.147 Importantly, a VEGF-deleted ORFV 

demonstrated reduced vasculature responses in the lesions of infected sheep compared to 

wild-type ORFV.147 These studies implicated VEGF as an ORFV virulence factor. Since it 

was reported that VEGF expression might be important for maintaining a regenerative 

response important for sustaining virus replication, I hypothesized that this gene might be 

dispensable for ORFV replication in tumours. By first establishing methods for the 

production, and quantification of ORFV, I aimed to identify cancer models that would allow 

me to evaluate the anti-cancer potential of the virus. These experiments were performed with 

both wild-type and VEGF-deleted ORFV, to determine which backbone should be chosen for 

further studies based on their safety profile, and in vitro and in vivo oncolytic potential. 

3.2 RESULTS 

ORFV can productively infect HeLa and OA3.T.s cells 

Methods were first established for the production and quantification of ORFV. The 

ability of ORFV to replicate productively in primary goat endothelial cells (OA3.Ts) and 

human adenocarcinoma cells (HeLa) was determined at both 33°C and 37°C. Multistep 

growth curve analysis revealed that Wild Type ORFV could productively infect both cell 

lines, with maximal virus production at 5 days, at 37°C (Fig. 3.1a). The amount of virus 

recovered from HeLa and OA3.Ts cell lysates was determined before and after 2 freeze thaw  
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Figure 3.1 Methods developed for the production, and quantification of ORFV (a)  

ORFV replication was evaluated on HeLa and OA3.Ts cells at 33°C and 37°C by 

multistep growth curve analysis at an MOI of 1 (N=1). (b) ORFV titer was evaluated 

before and after two freeze/thaw cycles of HeLa or OA3.Ts ORFV cell lysates, (N=1). 

(c) Crystal violet stained OA3.Ts cells of a log dilustion series ORFV plaque forming 

assay after a 7-day incubation. pfu, plaque forming unit. 
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cycles at 5 days post infection. For both cell lines, freeze thaw cycles of infected cell lysates 

increased the overall ORFV yield (Fig. 3.1b). To allow for quantification of ORFV, an 

OA3.Ts plaque assay was developed, where virus plaques become visible by crystal violet 

staining following a 7-day incubation (Fig. 3.1c).   

In vitro and in vivo comparison of Wild Type and ΔVEGF-ORFV 

The cell killing ability of Wild Type ORFV and ΔVEGF-ORFV was compared in 

vitro on a panel of human cancer cell lines (Fig. 3.2). Wild Type and ΔVEGF-ORFV 

performed similarly across the cell panel, (no significant differences were observed). 

Although both viruses induced significant cell death at an MOI of 1, very little cytotoxicity 

was observed at an MOI of 0.1. To evaluate the in vivo toxicity of these viruses, maximum 

tolerable dose (MTD) experiments were performed in a tumour free, Balb/c model (Fig. 3.3). 

The maximum tolerable dose for both viruses was determined to be 2x107 pfu, 

intraperitoneally, and 1x107 pfu intravenously. The maximum tolerable dose therefore is also 

the maximum feasible dose. At the MTD dose of Wild Type and ΔVEGF-ORFV, animals 

showed no sign of weight loss, or fever. To evaluate and compare the in vivo anti-tumour 

potency of Wild Type and ΔVEGF-ORFV, a subcutaneous CT26 tumour model was 

employed (Fig. 3.4). Multistep growth curve analysis revealed that Wild Type ORFV was 

able to productively infect CT26 cells in vitro (Fig. 3.4a). However when these cells were 

implanted into Balb/c animals, 2 intratumoural treatments of virus were not sufficient to 

significantly extend survival (Fig. 3.4b). The persistence of ORFV infection of the CT26 

subcutaneous tumours was evaluated when tumors reached a volume of 1500 mm3. Very 

little virus was recovered from these tumours (Fig 3.4c). An intravenous lung tumour model 

was also used to evaluate the potential anti-cancer properties of ORFV. A schematic 

outlining the dose regime is illustrated in Fig. 3.5a. Animals were challenged intravenously  
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Figure 3.2 In vitro comparison of Wild Type versus ΔVEGF-ORFV tumour cell 

killing (a) Trypan blue dye exclusion was used to evaluate Wild Type and ΔVEGF-

ORFV tumour cell killing at 72 hours post infection at an MOI of 1 and 0.1. No 

significant differences were observed using a two tailed t-Test. MOI, multiplicity of 

infection. 
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Figure 3.3 In vivo comparison of Wild Type versus ΔVEGF-ORFV toxicity (a) 

Evaluation of the maximum tolerable dose of Wild Type ORFV by IP or IV route of 

delivery, (N=5) (b) Evaluation of the maximum tolerable dose of ΔVEGF-ORFV by IP 

or IV route of delivery, (N=5). IP, intraperitoneal; IV, intravenous. 
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Figure 3.4 In vivo comparison of Wild Type versus ΔVEGF-ORFV efficacy in a 

CT26 subcutaneous murine model of cancer (a) In vitro Wild Type ORFV 

replication was evaluated on CT26 cells by multistep growth curve analysis at an MOI 

of 1. (b) Percent survival of Balb/c animals challenged with a subcutaneous CT26 

tumour was evaluated following 2 intratumoural treatments with 107 pfu of Wild Type 

or ΔVEGF-ORFV, or PBS control. No significant differences were observed following 

a two-tailed t-Test. (c) Subcutaneous CT26 tumours were evaluated by plaque assay 

for the presence of Wild Type or ΔVEGF-ORFV when tumours reached a volume of 

1500 mm3 (N = 5). pfu, plaque forming units; PBS, phosphate buffered saline. 
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Figure 3.5 Comparing ORFV efficacy in a lung model of cancer (a) Schematic 

outlining the treatment schedule (days) for the metastatic lung tumour models. (b) The 

number of surface lung metastases was evaluated from Balb/c animals challenged 

intravenously with CT26-LacZ cells and treated with 107 pfu of Wild Type ORFV, 

ΔVEGF-ORFV, or PBS control. Bars represent the mean for each group (*P <0.0001, 

using an unpaired t-Test with Welch’s correction).  
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with CT26-LacZ-labeled tumour cells, and dosed intravenously with ORFV. At 10 days post 

challenge, lungs were harvested and processed using a β-galactosidase containing stain 

solution to visualize lung metastases. Surprisingly, both Wild Type, and ΔVEGF-ORFV 

significantly reduced the number of surface lung metastases in this model (Fig. 3.5b). 

3.3 DISCUSSION 

 Since most groups have used primary bovine testis to propagate and titer ORFV,147,184 

I first aimed to establish new methods to efficiently manufacture and quantify the virus. 

Highlighted in Figure 3.1, I have shown that wild-type ORFV can productively infect 

primary sheep endothelial testis cells (OA3.Ts) and human cervical carcinoma cells (HeLa). 

Importantly, both of these cell lines are available through ATCC, and easily maintained in 

culture for up to 10 passages. Not unlike the manufacturing process for VACV, it was found 

that ORFV virions are cell associated, since freeze thaw cycles of cell lysates significantly 

increased the viral yield.  

 The safety and oncolytic potential of wild-type ORFV was compared to a VEGF-

deleted ORFV (ΔVEGF-ORFV). In maximal tolerable dose experiments, the maximal 

tolerable dose was found to be the maximal feasible dose due to manufacturing limitations. 

Importantly, the same result was obtained for both virus strains, suggesting that neither virus 

is overly pathogenic to mice. This was not surprising, since several reports have documented 

ORFV’s restricted host range, specifically highlighting mice as a non-permissive host.149,153 

In terms of oncolytic activity, in vitro comparison of human tumour infection did not reveal 

any obvious trends for enhanced activity by either virus. Similarly, in vivo comparison of 

ORFV activity in a sub-cutaneous tumour model demonstrated that despite modest 

replication in CT26 tumour cells, treatment with either virus was not capable of significantly 
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impacting overall survival. Based on a ‘niche hypothesis’, it was anticipated that a VEGF-

deleted ORFV might be better suited for tumour infection and spread. Results from CT26 

sub-cutaneous tumours revealed however that very little infectious ORFV was present at 

experiment endpoint, especially for the ΔVEGF-ORFV treated animals.  

 Interestingly, both wild-type and ΔVEGF-ORFV treatment significantly reduced 

tumour burden in an intravenous lung metastases model,132 clearing almost all tumours from 

the lung. These data suggest that ORFV may have some natural anti-cancer potential, even in 

its wild-type form. As the first test of intravenous delivery of high-dose ORFV, the lack of 

pathogenecity in mice was encouraging, as it suggests that wild-type ORFV is a safe 

backbone for the development of anti-cancer therapeutics. This observation is supported by 

the fact that in contrast to zoonotic orthopoxviruses,155 human ORFV infections do not lead 

to serious disease.156-158 However, the lack of efficacy in the subcutaneous tumour model 

suggests that even in its wild-type form, ORFV may lack oncolytic potency. Attenuating 

ORFV mutations, such as VEGF-deletion may act to further cripple the oncolytic potency of 

ORFV. Therefore, as a well-tolerated and safe platform, wild type ORFV was chosen as a 

candidate vector for further characterization. 

CHAPTER 4 ORFV: A NOVEL ONCOLYTIC AND IMMUNE 
STIMULATING PARAPOXVIRUS THERAPEUTIC 

4.1 INTRODUCTION 

 Biological therapeutics for cancer constitute an exciting alternative or complement to 

conventional chemo- and radiotherapies. Replicating oncolytic viruses are particularly 

exciting as they have multiple features that can be exploited therapeutically. Although 

originally selected or engineered to directly infect and destroy cancer cells, there is 
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accumulating evidence suggesting that OVs are acting via a number of additional 

mechanisms including tumour vascular disruption,71,73 and activation of innate89,90 and/or 

adaptive anti-tumour immune responses.188,189 An example of an OV with potent anti-tumour 

immune stimulating activity is the herpes virus-based OncoVex product that is engineered to 

express GM-CSF and has recently completed enrollment in a pivotal phase III human clinical 

trial.74 The ability to stimulate innate and adaptive anti-tumour immune response has been 

identified as an important component of the therapeutic activity of several different oncolytic 

viruses, where some OVs have now demonstrated efficacy even in the absence of oncolytic 

activity.84,89,90 These data, combined with the early clinical success of oncolytic 

viruses67,74,188 have highlighted the potential impact of replicating viruses for the treatment of 

cancer. Inactivated preparations of ORFV have demonstrated robust immune stimulation in a 

number of animal species, including humans.161,167,168 Interestingly, the anti-viral activity of 

inactivated ORFV is non-specific, since the immune stimlation does not depend on ORFV 

expression of viral antigen.152 Furthermore, the immune stimulation is not restricted by 

ORFV’s limited host range, and is not associated with any signs of inflammation or adverse 

effects.152  

Considering ORFV’s ability to stimulate the immune system, I sought to evaluate 

ORFV’s anti-cancer potential in immune competent animals. My goal was to evaluate the 

mechanism of ORFV’s anti-cancer activity, by determining the contribution of oncolysis, 

and immune stimulation. In following, I chose syngeneic murine tumour models that have 

been used to evaluate both oncolytic, and immunotherapy therapeutics.132,181,190,191 I aimed to 

characterize the kinetics of ORFV efficacy, and evaluate its robustness compared to other 

replicating poxviruses. Since inactivated preparations of ORFV have demonstrated efficacy 

in a number of anti-viral models,152,164,165 my goal was to compare live versus inactivated 
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preparations of ORFV. In this way my experimental approach has allowed me to delineate 

the mechanisms of ORFV anti-cancer activity and the benefit of using live replicating 

ORFV.   

4.2 RESULTS 
	
  
ORFV can reduce tumour burden in syngeneic lung models of cancer 

The in vivo ORFV efficacy was further evaluated in syngeneic lung models of cancer. 

Using the treatment regime outlined in Figure 3.5a, representative images illustrate that 

ORFV treatment of C57Bl/6 animals leads to a significant reduction in B16F10-LacZ surface 

lung metastases (Fig. 4.1a). Lung tumour burden from animals treated with PBS was 

quantified and compared to mice treated with 1 dose (on day 1, 3, or 8), or 3 doses of ORFV 

(Fig. 4.1b). I found that even one dose of ORFV as late as day 8-post B16F10-LacZ 

challenge can significantly reduce tumour burden. Similarly, a Balb/c lung model was also 

tested and I found that ORFV treatment of CT26-LacZ lung tumour bearing animals led to 

nearly 100% reduction in tumour burden (Fig. 4.1c). Quantification of the number of surface 

lung metastases demonstrated a significant reduction in tumour burden after either 1 or 3 

doses of ORFV (Fig. 4.1d). To determine the robustness of ORFV therapy, efficacy was also 

evaluated in lung model survival experiments (Fig. 4.2). Using the 3-dose ORFV treatment 

regime, virus treatment led to a significant survival advantage in both the C57Bl/6 and 

Balb/c lung models. 

ORFV replication is required for full treatment efficacy 

The mechanism of ORFV mediated reduction in tumour burden was analyzed in both models 

by examining virus amplification in vitro in the respective cancer cell lines. Phase contrast  
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Figure 4.1 ORFV can reduce tumor burden in 2 syngeneic mouse models of 

cancer. C57Bl/6 mice were challenged with 3x105 B16F10-LacZ cells IV, and dosed 1 

or 3 times with ORFV (107) as indicated. At day 14 after cell injection, lungs were 

excised and surface metastases were counted. (a) Representative images of lungs from 

animals treated with 3 doses of ORFV, or PBS control are shown. (b) The number of 

surface lung metastases of animals treated as in (a); bars represent the mean for each 

group. (*P <0.01, **P <0.005 using an unpaired t-Test with Welch’s correction). (c) 

Balb/c mice were challenged with 105 CT26-LacZ cells IV, and dosed 1 or 3 times with 

ORFV (107) as indicated. At day 10 after cell injection, mice were sacrificed, their 

lungs processed as described above. Representative images of lungs from animals 

treated with 3 doses of ORFV, or PBS are shown. (d) The number of surface lung 

metastases in animals treated as in (c); bars represent the mean for each group. (*P 

<0.005 using an unpaired, t-Test with Welch’s correction). PBS, phosphate-buffered 

saline; 3X ORFV refers to 3 doses of virus (107) at days 1, 3 and 8 post cell injection; 

1X ORFV refers to 1 dose of virus (107) given on the indicated day.  
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Figure 4.2 ORFV can significantly extend survival of mice in 2 lung models of 

cancer. (a) Balb/c mice were challenged with 105 CT26-LacZ cells IV, and dosed 3 

times with ORFV (107) or PBS on days 1, 3 and 8. Animals were monitored for severe 

respiratory distress, and culled at endpoint. Shown is a Kaplan-Meier survival curve. 

(N=5, P <0.005 using a log-rank Mantel-Cox test). (b) C57Bl/6 mice were challenged 

with 3x105 B16F10-LacZ cells IV, and dosed 3 times with ORFV (107) or PBS on days 

1, 3 and 8. Animals were monitored for severe respiratory distress, and culled at 

endpoint. Shown is a Kaplan-Meier survival curve. (N=5, P <0.05 using a log-rank 

Mantel-Cox test).  PBS, phosphate-buffered saline. 
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Figure 4.3 ORFV infection of murine cancer cells.  (a) Phase contrast images of 

mock-infected, ORFV infected (MOI of 0.1, and 1) or UV-inactivated ORFV infected 

(MOI 1) B16F10-LacZ and CT26-LacZ cells at 48 hours post infection at a 

magnification of 40X. (b) Cytotoxicity assays of B16F10-LacZ and CT26-LacZ cells 

mock-infected (control), or ORFV-infected at the indicated MOI. Percent live cells was 

determined at 72 hours post-infection by normalization to mock-infected controls. 

N=4, mean + SEM. (c) ORFV growth curves were performed on B16F10-LacZ and 

CT26-LacZ cell lines at an MOI of 0.3. Cells were infected at time 0, and cell lysates 

collected and processed by plaque assay at time-points post infection. N=2, mean + 

SEM. (d) C57Bl/6 mice challenged with 3x105 B16F10-LacZ cells IV, and dosed 3 

times with sham-infected cell lysates, live or UV-inactivated ORFV (107). Day 14 after 

cell challenge, lungs were isolated and metastases counted. Bars represent the mean for 

each group. (*P <0.01, **P <0.005 using an unpaired t-Test with Welch’s correction). 

(e) Balb/c mice challenged with 105 CT26-LacZ cells IV, and dosed 3 times with 

sham-infected cell lysate, live or UV-inactivated ORFV (107). Day 10 after cell 

challenge, lungs were isolated and metastases counted. Bars represent the mean for 

each group. (*P <0.05 using an unpaired t-Test with Welch’s correction). PBS, 

phosphate-buffered saline; pfu, plaque-forming unit; p.i., post-infection. 
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images of B16F10-LacZ cells and CT26-LacZ cells at 48 hours post infection showed cell 

rounding, indicative of a virus induced cytopathic effect (CPE) (Fig. 4.3a). The dose 

dependency of ORFV-induced cell death was quantified (Fig. 4.3b) and found to be 

dependent upon productive infection, since UV inactivated ORFV did not induce CPE in 

either cell line (Fig. 4.3a). The amount of infectious ORFV produced by B16F10-LacZ and 

CT26-LacZ cancer cells was determined by multi-step growth curve analysis (Fig. 4.3c) and 

revealed that both cell lines could support a modest amount of virus replication.  To 

determine if ORFV replication was important for the in vivo efficacy achieved in the 

C57Bl/6 and Balb/c lung models, efficacy of UV inactivated ORFV was compared to live 

ORFV (Fig. 4.3d,e). Quantification of the number of surface lung metastases in both models 

indicated that although UV inactivated virus could significantly reduce lung metastases in 

these models, replicating ORFV was required to achieve maximum efficacy.  

Interestingly, despite only modest ORFV replication in murine cancer cell lines, 

ORFV therapy was as good, or better than oncolytic Vaccinia virus (VACV), Raccoonpox 

(RCNV) and Myxoma (MYXV) at reducing lung metastases in both lung models (Fig. 4.4), 

even at a log lower dose (Fig. 4.4b). From these data, and the observation that UV 

inactivated virus has some therapeutic activity, I hypothesized that activation of innate or 

adaptive immune responses by ORFV could be contributing to its anti-cancer activity.  

 
In vivo ORFV infection of lung tumour bearing animals correlates with clearance of 

lung metastases 

A tissue distribution experiment was performed to determine the kinetics of in vivo 

ORFV infection in relation to the kinetics of lung tumour clearance. Tumour bearing 

C57Bl/6 mice were treated with 107 pfu of ORFV IV on day 0, and tissues were harvested at  
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Figure 4.4 ORFV efficacy compared to other oncolytic poxviruses. (a) C57Bl/6 

mice were challenged with 3x105 B16F10-LacZ cells IV, and dosed 3 times with the 

indicated virus (107), or 100 µL PBS. At day 14 after cell injection, lungs were excised 

and the percent surface lung metastases was quantified. Bars represent the mean for 

each group. (*P <0.01, **P <0.0005 using an unpaired t-Test with Welch’s correction). 

(b) Balb/c mice were challenged with 105 CT26-LacZ cells IV, and dosed 3 times with 

the indicated virus (at 107 unless otherwise indicated), or 100 µL of PBS. At day 10 

after cell injection, lung metastases were quantified. Bars represent the mean for each 

group. (*P <0.0001 using an unpaired, t-Test with Welch’s correction). PBS, 

phosphate-buffered saline; VAVC, oncolytic vaccinia virus; MYXV, oncolytic 

myxoma virus; RCNV, oncolytic raccoonpoxvirus. 
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Figure 4.5 Kinetics of in vivo ORFV infection and B16F10-LacZ tumour 

debulking in C57Bl/6 animals. C57Bl/6 mice were challenged with 3x105 B16F10-

LacZ cells IV and were treated 24 hours later with ORFV-LacZ (107) IV. (a) Lung 

tissues were titered for ORFV at the indicated times post-infection; N=3, mean + SEM. 

(b) C57Bl/6 mice were challenged with 3x105 B16F10-LacZ cells IV and were treated 

24 hours later with ORFV (107) or PBS IV. Lung tissues were removed at various 

times post-infection, and the number of surface lung metastases was enumerated; N=3, 

mean + SEM. (c) Representative images of the large lobe of lungs isolated from ORFV 

or PBS treated animals are shown at time-points post-infection. (d) Representative 

images of lungs from C57Bl/6 mice with and without B16F10 lung tumours (106). At 

day 4, animals were treated with 107 ΔVEGF-ORFV. Virus was detected by β-

galactosidase staining at 24 hours post infection. PBS, phosphate-buffered saline; pfu, 

plaque-forming unit. 
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3 time-points post infection. ORFV was recovered from the lungs at early time-points, and 

nearly all virus was cleared by day 5 post infection (Fig. 4.5a). No virus was recovered from  

any of the other tissues examined including spleen, liver, kidney, ovary, and brain (data not 

shown). Lung tumour clearance from ORFV treated animals was found to occur primarily 

within the first 48 hours post infection, evidenced by both the enumeration of lung metastasis 

(Fig. 4.5b), and representative photographs of the large lobe of lungs from ORFV treated 

animals (Fig. 4.5c). I used a LacZ-expressing version of ORFV (ΔVEGF-ORFV) to 

determine if virus replication was restricted to the tumour bed.  In these experiments, a 

B16F10 cell line lacking the LacZ transgene was used to initiate tumour formation in mouse 

lungs and subsequently tumour bearing and tumour free animals were treated with ΔVEGF-

ORFV by IV route of delivery. Significant virus infection and spread was only seen in 

tumour bearing animals (Fig. 4.5d).    

The tissue distribution experiment was also performed in Balb/c mice to confirm the 

correlation between in vivo ORFV infection and tumour clearance (Fig. 4.6). Titer data 

demonstrate that virus was only recovered from the lungs of animals at day 2 post infection, 

and was cleared by day 5 (Fig. 4.6a). To determine if ORFV infection of the lungs caused 

any pathology, hematoxylin and eosin stained sections of tumour bearing Balb/c lungs were 

examined. As seen from Fig. 4.6b, ORFV infection demonstrated no pathological effects of 

the lung. The tumour clearance kinetics following ORFV treatment were also examined in 

the Balb/c lung model. Similar to the C57Bl/6 model, the clearance of lung metastases 

occurred primarily within the first 48 hours (Fig. 4.6c,d).  

 To determine whether the in vivo ORFV efficacy was dependent upon IV virus 

delivery, efficacy was compared in the Balb/c lung model using three routes of delivery: 

footpad, intraperitoneal, and intravenous ORFV treatment. ORFV was only significantly  
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Figure 4.6 Kinetics of in vivo ORFV infection and CT26-LacZ tumour debulking 

in Balb/C animals. (a) Balb/c mice were challenged with 105 CT26-LacZ cells IV and 

were treated 24 hours later with ORFV-LacZ (107) IV. Tissues were titered for ORFV 

at time-points post-infection and the total amount of virus (total pfu) was plotted over 

time. N=2, mean + SEM. (b) Balb/c mice were challenged with 105 CT26-LacZ cells 

IV, and were treated 24 hours later with 107 pfu of ORFV IV or 100µL of PBS. At 72 

hours post infection, the lungs were harvested from mice (N=2), fixed, and embedded 

in paraffin. Hematoxylin and eosin stained sections from a representative PBS treated 

(top panel) and ORFV treated (bottom panel) lung are shown at a 5X magnification. 

Images were captured using Aperio ScanScope (Axiovision Technologies) and 

analyzed using Aperio ImageScope software. Balb/c mice were challenged with 105 

CT26-LacZ cells IV and were treated 24 hours later with ORFV (107) or PBS IV. (c) 

Lung metastases were enumerated at the indicated time-points; N=3, mean + SEM. (d) 

Representative images of the large lobe of lungs isolated from ORFV or PBS treated 

animals are shown at time-points post-infection. PBS, phosphate-buffered saline; pfu, 

plaque-forming unit. 
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Figure 4.7 ORFV efficacy by different routes of administration. Balb/c mice were 

challenged with 105 CT26-LacZ cells IV and treated once, 24 hours post cell challenge 

with ORFV (107) by footpad, intraperitoneal, or intravenous route of delivery. (a) The 

number of surface lung metastases was compared to PBS treated animals at 10 days 

post tumour cell challenge. N=5, mean + SEM, (*P <0.001 using an unpaired, t-Test 

with Welch’s correction). (b) Paraffin embedded lung tissues were sectioned, stained 

by H+E, and the number of internal lung metastases were quantified and compared to 

PBS treated animals at 10 days post tumour cell challenge. N=5, mean + SEM, (*P 

<0.005 using an unpaired, T-Test with Welch’s correction). (c) The surface area of 

internal lung metastases from 1 mouse of ORFV treatment by 3 different routes of 

administration was compared to PBS treated animals at 10 days post tumour cell 

challenge. Representative images of H+E stained sections of lungs are shown at 10X 

magnification, from (d) a foot-pad ORFV treated animal, (e) an intraperitoneal ORFV-

treated animal, and (f) a PBS-treated animal. Images were captured using Aperio 

ScanScope (Axiovision Technologies) and analyzed using Aperio ImageScope 

software. FP, footpad; IP, intraperitoneal; IV, intravenous; PBS, phosphate-buffered 

saline.  
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efficacious at reducing CT26-LacZ surface lung metastases if delivered intravenously (Fig. 

4.7a). Analysis of the number and surface area of internal lung metastases following  

treatment by the different routes of delivery similarly demonstrated a requirement for IV 

delivery to achieve full treatment benefit (Fig. 4.7b,c). Representative images of internal 

lung metastases are illustrated for footpad, and intraperitoneal ORFV treatments, and PBS 

treatments, (Fig. 4.7d,e,f), respectively.  

Flow cytometry and cell depletion studies implicate NK cells in the efficacy achieved by 

ORFV  

To establish the contribution of the immune system in the ORFV-mediated efficacy 

in the lung models, flow cytometry analysis was performed. Spleens isolated from tumour-

bearing Balb/c animals showed dramatic splenomegaly at 5 days post infection with ORFV 

(Fig. 4.8a). The splenomegaly was attributed to expansion in the number of lymphocytes in 

the spleen, since both the mass and number of splenocytes has increased (Fig. 4.8b). Flow 

cytometry analysis demonstrated a trend towards a disproportionate expansion in innate 

immune cells (DCs and NK cells) when compared to adaptive immune cells (CD8+ T cells) 

in the spleen (Fig. 4.8c). Expression of the early activation marker CD69 on NK cells from 

Balb/c splenocytes of tumour bearing animals showed nearly 90% activation at 24 hours post 

infection compared to PBS treated animals (Fig. 4.8d). Splenocytes from tumour-bearing 

C57Bl/6 animals were analyzed at several time-points post infection where ORFV induced 

significantly more CD69 expression on NK cells when compared to PBS treated animals 

(Fig. 4.8e).  

To determine if the adaptive immune system was required for the ORFV efficacy, 

CT26-LacZ cells were used to establish lung tumours in athymic, CD-1 nude mice. As seen 

from Fig. 4.9a, three IV doses of ORFV significantly reduced the number of CD26-LacZ  
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Figure 4.8 IV delivery of ORFV leads to expansion and activation of innate 

immune cells in the spleen. (a) Spleens isolated from tumour-bearing Balb/c animals 

treated with ORFV (107) or PBS IV were photographed at 5-days post-infection. (b) 

The mass and total number of splenocytes illustrated in (a) were quantified at 5-days 

post-infection; N=2, mean + SEM. (c) The total number of DCs (CD11c+), natural 

killer cells (CD3-DX5+) and cytotoxic T cells (CD3+CD8+) were quantified from 

spleens isolated from tumour bearing Balb/c mice treated IV with ORFV (107) or PBS 

IV at 5-days post-infection. N=2, mean + SEM. (d) CD69 expression was quantified 

from splenic natural killer cells (CD3-DX5+) isolated from tumour bearing Balb/c mice 

24 hours post ORFV (107) or PBS i.v. N=2, mean + SEM. (e) CD69 expression was 

quantified from splenic natural killer cells (CD3-NK1.1+) isolated from tumour bearing 

C57Bl/6 mice at time-points post IV ORFV (107) or PBS treatment. N=3, mean + 

SEM. PBS, phosphate-buffered saline.    
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Figure 4.9 In vivo ORFV efficacy in the absence of T cells. (a) CD-1 nude mice 

were challenged with 105 CT26-LacZ cells IV and treated 3 times IV with ORFV at a 

dose of 107 or 106 pfu. The number of surface lung metastases was compared to PBS 

treated animals at 10 days post tumour cell challenge. N=5, mean + SEM, (*P <0.05, 

**P <0.0005 using an unpaired student t-Test with Welch’s correction). (b) Balb/c 

mice were challenged with 105 CT26-LacZ cells IV and treated 3 times IV with ORFV 

(107) (with and without CD4/CD8 depletion) or PBS as a control. Animals were 

monitored for severe respiratory distress, and culled at endpoint. Shown is a Kaplan-

Meier survival curve. N=5 or 6, (P <0.005 using a log-rank Mantel-Cox test). PBS, 

phosphate-buffered saline. 
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surface lung metastases, in a dose dependent manner. Furthermore, CD4+ or CD8+ T cells 

were depleted from ORFV treated animals in a Balb/c CT26-LacZ lung model survival 

experiment, where ORFV treatment leads to a significant extension in overall survival (Fig. 

4.9b). I found that neither CD4+ nor CD8+ T cells were required for the ORFV-mediated 

efficacy in this model. Collectively, these data indicate that ORFV is capable of stimulating 

an innate immune response, which may be involved in the efficacy achieved in the C57Bl/6 

and Balb/c mouse models. 

We next examined the contribution of NK cells to ORFV therapy using antibody 

depletion studies.  The dose and schedule of the NK cell depleting anti-body was tested in 

both C57Bl/6 and Balb/c mice (Fig. 4.10a,b) to ensure the depletion was sufficient, and 

would last for the duration of the experiment. In both the C57Bl/6 and Balb/c lung models, 

NK cell depletion reduced the ability of live ORFV to clear lung metastases (Fig. 4.10c,d). 

Not surprisingly, UV-inactivated ORFV similarly loses efficacy in the absence of NK cells. 

NK cell cytotoxicity assays were performed at time-points post-infection from tumour-naïve 

C57Bl/6 mice treated with live or UV-inactivated ORFV IV (Fig. 4.10e,f). At 24-hours post 

infection, NK cells isolated from spleens from both live and UV-inactivated ORFV-treated 

animals induced significant cytotoxicity of B16F10-LacZ cells (Fig. 4.10e). NK cells 

isolated from live ORFV-treated animals induced significantly greater B16F10-LacZ 

cytotoxicity than those isolated from UV-inactivated ORFV-treated animals. At 72 hours 

post infection, only live ORFV treatment resulted in significant NK cell cytotoxicity of target 

cells (Fig. 4.10f). Thus systemic ORFV treatment induces a potent cytotoxic NK cell 

response capable of directly killing B16F10-LacZ target cells.  
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Figure 4.10 ORFV activation of NK cells is contributing to efficacy achieved in 

the lung models. (a) Splenocytes from C57Bl/6 animals were analyzed for percent NK 

cells at day 0. N=6, mean + SEM (*P <0.0001 using an unpaired student t-Test with 

Welch’s correction). (b) Splenocytes from Balb/c animals were analyzed for percent 

NK cells at day 0. N=6, mean + SEM (*P <0.01 using an unpaired student T-Test with 

Welch’s correction). (c) C57Bl/6 animals treated IV with 3 doses of PBS, ORFV or 

UV inactivated ORFV (107) were depleted of NK cells using an optimized dose and 

schedule of anti-asialo or control IgG antibody. Animals were sacrificed at 14-days 

post cell injection, and the number of surface lung metastases were quantified. N=5, 

mean + SEM, (*P <0.0005 using an unpaired t-Test with Welch’s correction). (d) 

Balb/c animals treated IV with 3 doses of PBS or ORFV (107) were depleted of NK 

cells using an optimized dose and schedule of anti-asialo IV or control IgG antibody. 

Animals were sacrificed at 10-days post cell injection, and the number of surface lung 

metastases were quantified. N=10, mean + SEM, (*P <0.05 using an unpaired t-Test 

with Welch’s correction). Ex vivo cytotoxicity assays were performed on NK cells 

isolated from ORFV or PBS treated C57Bl/6 mice. Spleens were isolated, pooled and 

enriched for NK cells by DX5+ cell sorting. (e) Percent killing of target B16F10-LacZ 

cells at 24 hours post infection. N=3, mean + SEM, (*P <0.05, **P <0.005 comparing 

Live ORFV to PBS, ^P <0.05, ^^P <0.01 comparing Live ORFV to UV ORFV, 

#P<0.05 comparing UV ORFV to PBS, using an unpaired, t-Test with Welch’s 

correction). (f) Percent killing of target B16F10-LacZ cells at 72 hours post infection. 

N=3, mean + SEM, (*P <0.05, **P <0.05 using an unpaired t-Test with Welch’s 

correction). PBS, phosphate-buffered saline; UV, ultra-violet 
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ORFV induces potent cytokine expression by NK cells isolated from the spleen, blood 

and lung To determine the strength and breadth of the ORFV mediated activation of NK  

cells, tissues from tumour bearing C57Bl/6 animals were analyzed by flow cytometry at 24 

hours post ORFV for both granzyme B and IFN-γ expression by NK cells (Fig. 4.11). 

Importantly, these data were collected following a 5-hour GolgiPlug incubation, in the 

absence of any ex vivo stimulation. Representative histograms of lung-derived lymphocytes 

are illustrated in Fig. 4.11a, demonstrating increased expression of both IFN-γ and 

Granzyme B from NK cells isolated from ORFV treated animals compared to PBS treated 

animals. Quantification of the percent gated NK cells secreting either granzyme B or IFN-γ 

from the spleen, blood and lung illustrate significant expression of both cytokines in all 

tissues isolated from ORFV treated animals (Fig. 4.11a,b respectively). In addition, the 

overall amount of IFN-γ and granzyme B expressed on a per cell basis was quantified (Fig. 

4.11d), where ORFV treatment also led to significant increases in the mean fluorescence 

intensity (MFI) of both cytokines from the spleen, blood and lung. Finally, I determined the 

percent gated NK cells that were expressing both IFN-γ and granzyme B (Fig. 4.11e). These 

activated NK cells were only detected in ORFV treated animals, and were identified in all 3 

tissues. These data underline ORFV’s ability to stimulate a potent, diverse and systemic 

activation of NK cells. 

To evaluate the ability of UV-inactivated ORFV to stimulate in vivo cytokine 

secretion from NK cells, tissues from tumour bearing C57Bl/6 animals were analyzed by 

flow cytometry at a 24-hour time point. Quantification of the percent gated NK cells 

secreting either IFN-γ (Fig. 4.12a) or granzyme B (Fig. 4.12b) from the spleen illustrate 

significantly more cytokine expression from NK cells isolated from live ORFV treated 

animals, compared to UV-inactivated ORFV treated animals. Similar results were observed  
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Figure 4.11 Flow-cytometry analysis of ORFV-activated NK cells. (a) Tumour 

bearing C57Bl/6 animals were treated IV with (107) ORFV, or PBS. At 24 hours post-

infection, tissues were harvested from animals, and processed for flow cytometry. 

Representative histograms are shown of lymphocytes isolated from the lung of animals 

treated with PBS, or ORFV. (b) Percent gated granzyme B expression from NK cells 

isolated from the spleen, blood, and lung of ORFV and PBS-treated animals is 

compared. N=4, mean + SEM (*P <0.005, **P <0.0001 using an unpaired T-Test with 

Welch’s correction). (c) Percent gated IFN-γ expression from NK cells isolated from 

the spleen, blood, and lung of ORFV and PBS-treated animals is compared. N=4, mean 

+ SEM (*P <0.05, **P <0.0005 using an unpaired t-Test with Welch’s correction). (d) 

The amount of granzyme B and IFNγ expressed on a per NK cell basis was determined 

using the mean fluorescence intensity (MFI). Data are shown as the fold-increase in 

MFI compared to PBS treated animals. N=4, mean + SEM (*P <0.01, **P <0.0005 

using an unpaired T-Test with Welch’s correction). (e) Percent gated NK cells 

expressing both granzyme B and IFN-γ was compared for lymphocytes isolated from 

PBS and ORFV treated animals. N=4, mean + SEM (*P <0.005). PBS, phosphate-

buffered saline; MFI, mean fluorescence intensity. 
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Figure 4.12 Flow-cytometry analysis comparing live ORFV to UV inactivated 

ORFV in vivo stimulation of NK cells. Lung tumour-bearing C57Bl/6 animals were 

treated IV with (107) UV-ORFV, Live ORFV, or PBS. At 24 hours post-infection, 

tissues were harvested from animals, and processed for flow cytometry. (a) Percent 

gated IFN-γ+ NK cells in the spleen was compared. (b) Percent gated granzyme B+ NK 

cells in the spleen was compared. (c) Percent gated IFN-γ+ NK cells in the lungs was 

compared. (d) Percent gated granzyme B+ NK cells in the lungs was compared. N=3, 

mean + SEM (*P <0.05, using an unpaired t-Test with Welch’s correction). 
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Figure 4.13 Comparing ORFV efficacy to TLR-3 agonist, Poly IC. The number of 

surface lung metastases was evaluated from animals challenged intravenously with 

cancer cells, and treated with three doses of 107 pfu of ORFV IV, 150 µg of Poly IC, or 

100 µL of PBS IV. (a) The number of B16F10-LacZ surface lung metastases from 

C57Bl/6 animals was compared at 14 days post cell challenge. N=5, mean + SEM, (*P 

<0.05 using an unpaired, t-Test with Welch’s correction). (b) The number of CT26-

LacZ surface lung metastases from Balb/c animals was compared at 10 days post cell 

challenge. N=5, mean + SEM, (*P <0.05 using an unpaired, t-Test with Welch’s 

correction).   
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for NK cells isolated from the lungs (Fig. 4.12c,d for IFN-γ and granzyme B, respectively). 

To evaluate the robustness of ORFV therapy, I compared in vivo efficacy in both lung 

models to the TLR-3 agonist, Poly IC. At therapeutically relevant doses of Poly IC, ORFV 

performed significantly better in both lung models (Fig. 4.13).   

ORFV therapy reduces tumour burden in an A549 xenograft model of cancer 

 To evaluate the virus’ clinical potential, in vitro growth curve analysis was performed 

on a panel of human cancer cells lines, and the fold increase in virus production was 

determined (Table 4.1). Using a 10-fold increase as the cut-off for productive infection, 

ORFV was able to productively infect 16 of the 31 cell lines tested, with over 3-log output in 

A549 lung adenocarcinoma cells. ORFV growth curve analysis of infected A549 cancer cells 

and normal human dermal fibroblast cells (nHDF) highlights the preferential cytotoxicity and 

amplification in cancer cells (Fig. 4.14a,b). To test ORFV in vivo, CD-1 nude mice were 

engrafted with A549 cells subcutaneously, and mice were treated intra-tumourally with 5 

doses of ORFV (107) or PBS vehicle control. ORFV was able to significantly reduce A549 

tumour burden as illustrated by tumour volume measurements (Fig. 4.14c). Collectively, 

these data highlight ORFV’s potential as a replicating therapeutic for the treatment of human 

cancer. 

4.3 DISCUSSION  

 I have identified and characterized the anti-cancer properties of a new poxvirus 

platform and show for the first time that ORFV treatment of both immune competent and 

xenograft human tumour models leads to significant anti-tumour acitivity. My results 

implicate NK cells in the ORFV-mediated reduction in tumour burden (Fig. 

4.8,4.10,4.11,4.12). In earlier studies, inactivated ORFV particles on their own where shown  
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Table 4.1 ORFV infection of human cancer cell lines. ORFV growth curves were 

performed on a panel of human cancer cell lines at an MOI of 1. Cells were infected at 

time 0, and cell lysates collected and processed for virus by OA3.Ts plaque assay at 

time-points post infection. Virus titer was compared to input titers at the indicated time 

point post infection to calculate the fold increase in ORFV. 
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Figure 4.14 ORFV therapy reduces tumor burden in an A549 xenograft model of 

cancer. (a) Representative ORFV growth curves on A549 and nHDF cells at an MOI 

of 1. Cells were infected at time 0, and cell lysates collected and processed for virus by 

OA3.Ts plaque assay at time-points post infection. (b) Phase contrast images of mock-

infected, and ORFV infected A549 and nHDF cells at an MOI of 0.05, at 72 hours post 

infection at a magnification of 40X. (c) Human A549 cells (2x106) were seeded sub-

cutaneously into the right flank of CD-1 nude mice. ORFV (107) or PBS treatments 

were given intra-tumorally on days 24, 27, 29, 31 and 34-post tumour implantation. 

Mouse tumour volume was monitored over time. N=5, mean + SEM, (*P <0.05 using 

an unpaired T-Test with Welch’s correction). A549, human lung adenocarcinoma cells; 

nHDF neonatal human dermal fibroblast cells; PBS, phosphate-buffered saline; pfu, 

plaque-forming unit; MOI, multiplicity of infection. 
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to stimulate a Th-1 dominated immune response,161,164,165 and so it was not surprising that UV 

inactivated ORFV had a significant impact in the metastatic lung models (Fig. 4.3). 

Replicating ORFV however has a significantly greater impact in the lung models; possibly 

due to its induction of more potent cytokine and cytotoxic NK cell responses (Fig. 

4.10,4.12), coupled with its oncolytic activity in the murine cancer cells (Fig. 4.3).  

My finding that ORFV treatment was only efficacious in the lung models if delivered 

intravenously, suggests that tumour clearance was dependent upon the presence of ORFV in 

the lungs. Previous work has established that OV delivered by footpad injection192 does not 

migrate to the lungs. Since ORFV only significantly reduces tumour burden by intravenous 

delivery (Fig. 7), it is likely that ORFV must be present at the tumour site for effective 

priming of anti-tumour NK cell responses. 

A number of oncolytic viruses have been shown to induce potent adaptive anti-

tumour immune responses (reviewed by Melcher et al.),80 but only a select few have been 

shown to stimulate anti-tumour NK cell responses.89,90,183 Since cytokine production by NK 

cells supports Th-1 immunity,48 the induction of IFN-γ secreting NK cells suggests that 

ORFV treatment could lead to adaptive anti-tumour immune responses. Interestingly, several 

reports have now indicated that human193 and mouse194 NK cells can be divided into two 

phenotypically distinct subsets: poorly cytotoxic, cytokine producing NK cells, and highly 

cytotoxic, poor cytokine producing NK cells. Interestingly, I have shown that ORFV is 

capable of stimulating NK cells of both phenotypes (Fig. 4.10,4.11). 

 In my pre-clinical studies, I observed significant increases in the size of spleens in 

ORFV treated mice and this could present as a potential site for an adverse reaction. 

However, the splenomegaly was transient since immune cell populations returned to their 
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normal proportions within 8 days post treatment. Kinetic studies have found that the ORFV-

induced pro-inflammatory immune response is balanced with subsequent induction of an 

anti-inflammatory response.168,169 I believe that the unique biology of ORFV that allows for 

self-regulation of inflammatory responses can be exploited for safe an effect therapeutic 

benefit as I describe herein. 

 From a clinical perspective, I are encouraged that ORFV efficacy in murine lung 

tumour models was comparable or better than 2 other oncolytic poxviruses (Fig. 4.4), and 

that ORFV was able to infect a panel of human cancer cell lines (Table 4.1). In the 

parapoxvirus literature, it has only ever been documented that ORFV can productively infect 

primary cell cultures prepared from bovine testis.125,147,184 My findings that a number of 

human tumour cell lines are permissive for ORFV replication is reminiscent of the earlier 

studies with myxoma virus that had documented a restricted host range of the virus, and later 

found myxoma to replicate well in human cancer cells.125 Indeed I show here that ORFV can 

replicated in A549 cells and when engrafted into nude mice, has readily apparent anti-tumour 

activity in vivo (Fig. 4.14). These data emphasize ORFV’s potential as a multi-modality viral 

therapy for humans, where the virus could have both an oncolytic impact, and potentially 

induce even greater immune responses than those reported here in murine models. I was also 

encouraged that ORFV performed better than the TLR-3 agonist Poly IC in both lung 

metastasis models (Fig. 4.13). TLR agonists like Poly IC have been tested as anti-cancer 

agents in clinical trial, however their lack of potency combined with serious adverse 

reactions has limited their application.195 

 ORFV’s potent activation of NK cells, and human cancer cell oncolysis highlight the 

novel anti-cancer potential of the virus. Since antibody has been reported to be a barrier to 

OV therapy,94-96 it is advantageous that the majority of the population has had limited 



	
   	
  103 

exposure to ORFV, and that antibody does not prevent re-occurring infections in 

animals.155,156,171,172 These characteristics, combined with the unique biology of the ORFV 

virion and its limited pathogenicity in humans make it an attractive platform for the 

development of new anti-cancer biotherapeutics. 

CHAPTER 5: MECHANISM AND THERAPEUTIC APPLICATION OF 
ORFV INNATE IMMUNE STIMULATION  
 

5.1 INTRODUCTION 

 Several reports have documented ORFV’s immune stimulating capacity in a number 

of different species, including humans. The exact mechanism by which ORFV stimulates the 

immune system however is not yet known, but both TLR-dependent and independent 

mechanisms have been described, including signaling via CD14.168,169 CD14 is a pattern 

recognition receptor (PRR) that acts as a coreceptor for the activation of TLRs.168 The TLR 

family consists of at least 12 distinct members that are primarily expressed by innate sentinel 

cells, like DCs and macrophages.196 Another group of PRR are the RNA helicases involved 

in intracellular recognition of double stranded RNA: RIG-I and MDA-5. These viral sensing 

molecules have been implicated in the recognition of Epstein-Barr virus,197 influenza 

virus,198 and measles virus.199 Although it was found that VACV recognition by DCs was 

mediated by both TLR-2200 and TLR-4,201 these TLRs do not contribute to ORFV activation 

of DCs.202 Since other members of the poxvirus family have been reported to activate DCs 

via TLR-independent pathways,203 it is possible that ORFV recognition occurs via similar 

TLR-independent recognition, by perhaps as of yet unidentified intracellular receptors. 

 Inactivated ORFV treatment of monocytes has been well documented in both 

human168,169 and mouse202 immune cells, where treatment leads to release of type I IFN, and 
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Th-1 cytokines like IL-12 and IL-18. The release of both IL-12 and IL-18 cytokines was 

shown to be required for subsequent production of IFN-γ by either T cells or NK cells.168 In 

the context of viral infection, after sensing pathogens, DCs mature by increasing expression 

of MHC, costimulatory molecules and importantly, by release of inflammatory cytokines.204 

The production of IL-12 from DCs can further induce NK cell production of IFN-γ and/or 

lead to enhanced cytotoxic capacity.205 The direct contact between DCs and NK cells has 

also proven to be critical for DC-mediated activation of NK cells.204  

A number of viruses have been noted for their ability to directly engage NK cells. 

Upon infection of mice with MCMV, NK cell activating receptor Ly49H is capable of 

recognizing the MCMV m157 gene that is expressed on the surface of infected cells.206 In 

humans, influenza infection leads to NK activation via activating receptor NKp46 binding to 

virus hemagglutinin on the surface of infected cells.207 Recent evidence suggests that NK 

cells express a number of TLRs, and are therefore capable of directly sensing viral 

pathogens.102 NK cells have also been noted as important mediators in protection from 

poxvirus infection.102,208 Interestingly, VACV was found to directly activate murine NK cells 

via recognition by TLR-2.102 These experiments also demonstrated that UV-inactivated 

VACV was capable of activating NK cells via TLR-2,102 thereby suggesting recognition of 

VACV particles was independent of newly synthesized viral gene products.  

 DC-based vaccination strategies are a novel anti-cancer therapy, that have been 

shown to induce both innate and adaptive anti-tumour effector function.192,209 Importantly, 

recent clinical evidence from DC vaccine trials have demonstrated that NK cell responses 

were a better correlative for positive patient outcome than T cell responses.210 Considering 

the evidence supporting DC-NK crosstalk,39,192,209 virus-induced activation of DCs is an 
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attractive anti-cancer strategy. Indeed a number of viruses have already been noted for their 

ability to activate NK cells via DCs.192,211 For example, NK cell responses induced by herpes 

virus infection of mice were diminished following in vivo ablation of CD11c-positive 

DCs.211 The relevance of DC mediated activation of tumouricidal NK cells is further 

evidenced by the work of Wan and colleagues, where they have highlighted the potential of 

VSV infected DCs as an effective anti-tumour strategy.192  

 A number of studies have described ORFV activation of DCs using inactivated 

preparations of the virus. In the context of oncolytic therapy, I first aimed to confirm 

ORFV’s ability to activate DCs in vivo. Using ex vivo infection models, I next evaluated 

ORFV’s capacity to directly activate NK cells or DCs. The importance of ORFV activated 

DCs for ORFV anti-tumour efficacy was further evaluated in a murine DC-depletion model. 

Finally, a surgery model of cancer was employed to demonstrate the clinical applicability of 

a replicating, immune stimulating parapoxvirus therapeutic for the treatment of cancer. 

5.2 RESULTS 
 
ORFV is capable of directly activating NK cells and DCs 

To first determine if ORFV could directly activate NK cells, naïve untreated C57Bl/6 

animals were sacrificed, and their spleens used to isolate purified, untouched NK1.1+ cells. 

Following in vitro stimulation with IL-2, NK cells were infected with ORFV at an MOI of 3, 

or treated with the TLR-3 agonist Poly IC at either 50 µg/mL or 200 µg/mL (Fig. 5.1a) NK 

cells were then harvested at 24 hours, and examined by flow cytometry for activation status. 

Representative flow cytometry dot plots illustrate that ORFV treatment led to an increase in 

CD69 expression compared to levels expressed from naive NK cells (Fig. 5.1b). The 

percentage of NK1.1 positive cells expressing the early activation marker CD69 was  
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Figure 5.1 Ex vivo ORFV infection of NK cells. (a) A schematic outlining the NK 

isolation and treatment schedule for ex vivo infections. (b) Representative flow-

cytometry dot plots of percent gated NK cells (NK1.1+ cells) versus percent gated 

CD69+ cells for the indicated treatments. (c) The percent gated CD69+ NK cell 

population was quantified for each treatment group. N=2, mean + SEM (*P < 0.005 

using an unpaired, t-Test with Welch’s correction). (d) The percent gated granzyme B+ 

NK cell population was quantified for each treatment group. N=2, mean + SEM (*P < 

0.01, **P <0.05 using an unpaired, t-Test with Welch’s correction). GB, granzyme B. 

 

 

 

 

 

 

 

 



	
   	
  108 

quantified (Fig. 5.1c). ORFV stimulation of NK cells led to a significant increase in CD69 

expression that was comparable to the high dose of Poly IC. The intracellular expression of 

granzyme B was also quantified (Fig. 5.1d), where ORFV stimulation was found to 

significantly increase granzyme B expression from NK cells compared to naïve untreated 

controls. Interestingly, ORFV induced more granzyme B expression from NK cells than did 

50 µg/mL of Poly IC. 

In the context of the B16F10-LacZ C57Bl/6 lung model, the in vivo activation status 

of DCs was evaluated (Fig. 5.2). Tissues from tumour bearing C57Bl/6 animals treated with 

PBS or ORFV were analyzed by flow cytometry for CD11c expression, and corresponding 

expression of co-stimulatory molecules and cytokines at 24 hours post IV ORFV. There were 

significantly more CD11c+ cells in the lung and blood of ORFV treated animals compared to 

PBS treated animals (Fig. 5.2a). DC expression of co-stimulatory molecules CD80 and 

CD86 were elevated in the blood and lung, and spleen, respectively (Fig. 5.2b,c). ORFV 

treatment also led to significantly more TNFα and IL-12 cytokine expression from DCs in 

the lung (Fig. 5.2d,e).  

To evaluate the ability of UV-inactivated ORFV to stimulate in vivo co-stimulatory 

molecule or cytokine expression by DCs, tissues from tumour bearing C57Bl/6 animals were 

analyzed by flow cytometry at a 24-hour time point. Quantification of the percent gated 

CD11c+ cells expressing CD86 was evaluated in the spleen, illustrating significantly more 

co-stimulatory molecule expression from live ORFV treated animals, compared to UV-

inactivated ORFV treated animals (Fig. 5.3a). Similar results were observed in the blood and 

lung for CD11c+ cells expressing CD80 (Fig. 5.3c,d). DCs isolated from the spleen of live  
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Figure 5.2 Flow-cytometry analysis of ORFV-activated DCs. (a) Tumour bearing 

C57Bl/6 animals were treated IV with (107) ORFV, or PBS. At 24 hours post-

infection, tissues were harvested from animals, and processed by flow cytometry. The 

percent total CD11c+ cells in the lung and blood was compared. (b) Percent gated 

CD80+ expression from CD11c+ cells isolated from the blood, and lung of ORFV and 

PBS-treated animals is compared. (c) Percent gated CD86+ expression from CD11c+ 

cells isolated from the spleen of ORFV and PBS-treated animals is compared.  (d) 

Percent gated TNFα+ expression from CD11c+ cells isolated from the lung of ORFV 

and PBS-treated animals is compared. (e) Percent gated IL-12+ expression from 

CD11c+ cells isolated from the lung of ORFV and PBS-treated animals is compared. 

N=3, mean + SEM (*P <0.05, **P <0.01 using an unpaired t-Test with Welch’s 

correction). PBS, phosphate buffered saline. 
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Figure 5.3 Flow-cytometry anlysis comparing live ORFV to UV inactivated ORFV 

in vivo stimulation of DCs. Lung tumour-bearing C57Bl/6 animals were treated IV 

with (107) UV-ORFV, Live ORFV, or PBS. At 24 hours post-infection, tissues were 

harvested from animals, and processed for flow cytometry. (a) Percent gated CD86+ 

CD11c+ cells in the spleen was compared. N=3, mean + SEM (*P <0.01, using an 

unpaired t-Test with Welch’s correction). (b) Percent gated IL-12+ CD11c+ cells in the 

spleen was compared. (c) Percent gated CD80+ CD11c+ cells in the blood was 

compared. (d) Percent gated CD80+ CD11c+ cells in the lung was compared. (N=3, 

mean + SEM, no significant differences as measured by a unpaired t-Test with Welch’s 

correction). 

 

 

 

 

 

 

 



	
   	
  113 

ORFV treated animals also secreted more IL-12 than DCs isolated from UV-inactivated 

ORFV treated animals (Fig. 5.3b). 

To evaluate if ORFV was capable of directly activating DCs, bone marrow was 

isolated from naïve untreated C57Bl/6 animals, and DCs were isolated following a 6-day 

GM-CSF maturation period. In a similar fashion as experiments performed for NK cells (Fig. 

5.1a), DCs were infected with ORFV at an MOI of 3, treated with the TLR-9 agonist CpG at 

10 µg/mL or remained treatment free (Fig. 5.4). At an 18-hour time point, DCs were 

harvested and examined by flow cytometry for cell surface expression of co-stimulatory 

molecules CD86 and CD40. ORFV infection of DCs led to an increase in both CD86 and 

CD40 expression compared to naïve, untouched DCs as visualized from the flow cytometry 

histograms in Fig. 5.4a,d, respectively. The amount of co-stimulatory molecule expressed on 

a per cell basis was quantified, and represented as the mean fluorescence intensity (MFI). 

ORFV infection of DCs significantly increased the MFI of CD86 and CD40, (Fig. 5.4b,e). 

The amount of CD86 expressed per ORFV treated cell was equivalent to the amount 

expressed per CpG treated cell. Finally, the percent CD86+CD11c+ cells was also compared, 

and it was found that ORFV treatment resulted in significantly more positive cells than 

untreated, and CpG treated DCs (Fig. 5.4c). The percent CD40+CD11c+ cells was also 

significantly higher in ORFV treated samples compared to naïve, untouched samples (Fig. 

5.4f). 

To further evaluate if ORFV was capable of directly activating murine DCs, cytokine 

expression was examined by flow cytometry at 24 hours post infection with live ORFV, Ad-

GFP, or CpG positive control (Fig. 5.5a,b,c - respectively). ORFV treated DCs induced 

significant expression of TNF-α, with some expression of cytokine IL-12. This is contrast to  
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Figure 5.4 Ex vivo ORFV infection of DCs and flow cytometry analysis of co-

stimulatory molecule expression. (a) Representative flow-cytometry histogram 

overlay comparing CD86 expression by DCs untreated, or infected with ORFV (MOI 

3) or CpG (10 µg/mL). (b) Quantification of the amount of CD86 being expressed per 

CD11c+ cell, represented as the mean fluorescence intensity (MFI). N=2, mean + SEM 

(*P < 0.05 using an unpaired t-Test with Welch’s correction). (c) The percent gated 

CD86+ CD11c+ cells was quantified and compared. N=2, mean + SEM (*P <0.005 

using an unpaired t-Test with Welch’s correction). (d) Representative flow-cytometry 

histogram overlay comparing CD40 expression by DCs untreated, or treated with 

ORFV (MOI 3) or CpG (10 µg/mL). (e) Quantification of the amount of CD40 being 

expression per CD11c+ cell, represented as the mean fluorescence intensity (MFI). 

N=2, mean + SEM (*P < 0.05 using an unpaired t-Test with Welch’s correction). (f) 

The percent gated CD40+ CD11c+ cells was quantified and compared. N=2, mean + 

SEM (*P <0.05, **P <0.01 using an unpaired t-Test with Welch’s correction). MFI, 

mean fluorescence intensity. 
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Figure 5.5 Ex vivo ORFV infection of DCs and flow cytometry analysis of cytokine 

expression. Representative flow-cytometry dot plots of DC expression of cytokines 

TNF-α and IL-12 following ex vivo infection of DCs with (a) ORFV at an MOI of 3 or 

(b) Ad-GFP at an MOI of 100 or (c) CpG at 10 µg/mL. TNF-α, tumour necrosis factor 

alpha; IL-12, interleukin-12. 
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Figure 5.6 ORFV infection of NK cells and DCs. (a) ORFV titer of infected DCs and 

NK cells at 24 hours post infection at an MOI of 1, compared to input virus. PBS, 

phosphate-buffered saline. 
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DCs stimulated with CpG that showed significant expression of both cytokines. 

Interestingly, ORFV treatment induced greater cytokine expression than Ad-GFP treated 

DCs. To rule out virus amplification in murine NK cells and DCs, ORFV infection of both 

subsets was also analyzed by plaque assay (Fig. 5.6). At 24 hours post infection, neither cell 

type supported productive ORFV infection. 

Cell depletion studies implicate DCs in the activation of NK cells, and clearance of lung 

metastases 

 To evaluate the contribution of DCs in mediating the in vivo activation of NK cells, 

DC depletion was accomplished by diptheria toxin treatment of CD11c-DTR transgenic 

C57Bl/6 mice. As outlined in Fig. 5.7, CD11c-DTR animals were challenged with B16F10-

LacZ cells, and 8 hours later, half of the animals were treated with diptheria toxin (DT) to 

deplete DCs. Animals were divided into 4 groups: PBS + DT, PBS alone, virus + DT, and 

virus alone. At 15 hours, animals were treated with virus, or PBS. At 24 hours, animals were 

sacrificed, and their spleens and lungs evaluated for immune function and tumour burden, 

respectively. The total number of cells isolated from the spleen of each mouse was quantified 

(Fig. 5.7b), and no significant differences were observed. To confirm depletion of DCs, flow 

cytometry was used to quantify the number of CD11b+CD11c+ (DCs) in the spleen of each 

mouse (Fig. 5.7c). In both PBS treated and virus treated groups, DT successfully depleted 

DCs from the spleen. 

 To determine how DC depletion impacted the activation of NK cells, flow cytometry 

was used to evaluate the level of CD69 expression on NK cells (Fig. 5.8). As seen from the 

histogram in Fig. 5.8a, ORFV induced significant CD69 expression on NK cells compared to 

naïve, PBS treated animals. Conversely, the level of CD69 expression on NK cells from DC-

depleted animals was much lower, despite treatment with ORFV. The amount of CD69  
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Figure 5.7 In vivo DC depletion and experiment outline. (a) A schematic outlining 

the treatment schedule for DC depetion of C57Bl/6 CD11c-DTR transgenic mice. (b) 

The total number of splenocytes from mice at experiment endpoint. N=8, mean + SEM 

(c) The percent gated DCs was determined by flow cytometry from the spleen of mice 

at experiment endpoint. N=8, mean + SEM (*P <0.0001, using an unpaired t-Test with 

Welch’s correction). DT, diptheria toxin; IV, intravenous; IP, intraperitoneal; PBS, 

phosphate buffered saline. 
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Figure 5.8 Flow-cytometry analysis of ORFV-activated NK cells in the absence of 

DCs. Splenocytes were isolated from C57Bl/6 CD11c-DTR transgenic animals at 

experiment endpoint, and were processed for flow cytometry. (a) Representative 

histogram of NK cell expression of CD69 for PBS treated animals (PBS), ORFV 

treated animals with DC depletion (Virus + DT), and ORFV treated animals (Virus). 

(b) A quantification of the amount of CD69 expressed on a per NK cell basis from 

splenocytes isolated from mice at experiment endpoint determined using the mean 

fluorescence intensity (MFI) (c) Percent gated CD69 expression from NK cells isolated 

from the spleen at experiment endpoint. N=8, mean + SEM. (*P <0.0001, using an 

unpaired t-Test with Welch’s correction). DT, diptheria toxin; MFI, mean fluorescence 

intensity; PBS, phosphate buffered saline. 
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expressed per NK cell was quantified, and the mean fluorescence intensity was found to be 

significantly reduced in animals depleted of DCs and treated with ORFV, compared to DC-

intact ORFV treated animals (Fig. 5.8b). Similar trends were observed for the quantification 

of percent NK cells expressing CD69 (Fig. 5.8c). The number of surface lung metastases was 

also quantified and compared (Fig. 5.9). Consistent with the NK depletion studies (Fig. 

4.10), DC depletion led to a significant reduction in ORFV efficacy.  

ORFV activation of NK cells is independent of tumour cell infection 

 To rule out the possibility that the ORFV mediated activation of NK cells was not in 

part facilitated through NK cell recognition of ORFV-infected tumour cells, NK cell 

activation was evaluated in vivo in the presence and absence of tumour cells. Briefly, CT26-

LacZ tumour-bearing or tumour naïve Balb/c mice were treated with ORFV, or remained 

treatment naïve. At a 24-hour time point, both the lungs, and spleen were evaluated for CD69 

expression by NK cells. The number of NK cells detected in the lungs of animals was 

equivalent between tumour bearing virus naïve animals, tumour-naïve virus treated animals 

and tumour-bearing ORFV treated animals (Fig. 5.10a). As expected, the percent gated 

CD69+ NK cells was significantly higher in the lungs of ORFV treated animals than virus 

naïve animals (Fig. 5.10b). However, there was no difference in CD69 expression between 

tumour-bearing, and tumour-naïve ORFV treated groups. Similar results were observed in 

the spleen (Fig. 5.10c,d). 

 Since it is well known that cytokine expression by DCs can lead to upregulation of 

NK cell activation receptors, the expression of NKG2D by NK cells was evaluated in 

tumour-naïve ORFV treated C57Bl/6 mice (Fig. 5.11). In both the blood and spleen, the 

percentage of NK cells expressing NKG2D was significantly higher than NK cells isolated 

from PBS treated animals. 
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Figure 5.9 In vivo ORFV efficacy in the absence of DCs. (a) Lungs were isolated 

from C57Bl/6 CD11c-DTR transgenic animals at experiment endpoint, and the number 

of B16F10-LacZ surface lung metastases were quantified and compared. N=8, mean + 

SEM, (*P <0.05 using an unpaired t-Test with Welch’s correction). DT, diptheria 

toxin; PBS, phosphate buffered saline. 
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Figure 5.10 Comparing in vivo ORFV activation of NK cells in the presence and 

absence of tumour. Balb/c animals were divided into 4 groups: naïve, tumour-bearing 

(cells), ORFV treated (ORFV) or tumour-bearing, ORFV treated (cells + ORFV). 

Balb/c animals were challenged with 105 CT26-LacZ tumour cells IV. At 24 hours, 

animals received ORFV treatment IV (107). At 48 hours, animals were sacrificed, and 

their lungs, and spleens were processed and analyzed by flow cytometry. (a) The 

percent gated NK cells in the lung was quantified. (b) Percent gated CD69 expression 

from NK cells isolated from the lung. (c) The percent gated NK cells in the spleen was 

quantified. (d) Percent gated CD69 expression from NK cells isolated from the spleen. 

N=2, mean + SEM (*P <0.05, using an unpaired T-Test with Welch’s correction). 
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Figure 5.11 Flow-cytometry analysis of NK activation receptor, NKG2D. (a) 

C57Bl/6 animals were treated with ORFV (107) or PBS IV. At 24 hours animals were 

sacrificed and the blood and spleen processed for flow cytometry. Percent gated 

NKG2D expression by NK cells isolated from the blood, and spleen of ORFV and 

PBS-treated animals is compared. N=3, mean + SEM (*P <0.05, using an unpaired t-

Test Welch’s correction). PBS, phosphate-buffered saline. 
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To determine if ORFV could prevent the seeding of lung tumour mestastases in a 

prophylactic lung model, ORFV was delivered intravenously to Balb/c animals 2 days prior 

to CT26-LacZ IV tumour cell challenge (Fig. 5.12). To completely rule out the effects of 

virus amplification, and persistence in the lungs UV-inactivated ORFV was used. 

Interestingly, UV-inactivated ORFV was capable of significantly reducing CT26-LacZ lung 

metastases in the prophylactic setting. 

ORFV can significantly reduce tumour mestastases in a model of surgery 

 Since ORFV was capable of stimulating NK cells up to 2 days prior to therapy, even 

in the absence of tumour cells, I hypothesized that the virus might act as an effective immune 

modulator to counteract the formation of tumour metastases that form as a result of surgical 

stress during the perioperative period. The surgical stress model is depicted in Fig. 5.13a. 

Briefly, 4 hours after animals are treated with an immune modulator, they are challenged 

with tumour cells intravenously followed immediately by anesthesia and partial 

nephrectomy. At a 3-day timepoint, animals were euthanized, and lungs were evaluated for 

tumour burden. The effect of surgical stress can be seen from the quantification of lung 

metastases from PBS treated animals (Fig. 5.13b, left), where there is significantly more 

tumour burden in animals subjected to surgery. Interestingly, ORFV is able to completely 

rescue the NK related effects of surgery, and significantly reduce the number of lung 

metastases in the surgical group. 

 To evaluate the contribution of NK cells in mediating the immune suppression caused 

by surgical stress, cytotoxicity assays were performed. As seen in Fig. 5.14a, NK cells 

isolated from animals that underwent surgery have limited cytotoxicity towards the YAC-1 

target cells compared to naïve, no surgery treated animals. In contrast, NK cells isolated from  
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Figure 5.12 ORFV as an immunotherapy. (a) Balb/c animals were treated with UV-

inactivated ORFV (107) or PBS IV, and 2 days later challenged with 105 CT26-LacZ 

cells IV. Animals were sacrificed at 10-days post cell injection, lungs were isolated and 

processed, and the number of surface lung metastases was compared. N=5, mean + 

SEM, (*P <0.001 using an unpaired t-Test with Welch’s correction). PBS, phosphate-

buffered saline; UV, ultra-violet. 
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Figure 5.13 ORFV as an immunotherapy in a surgery model of cancer. (a) A 

schematic outlining the treatment schedule for the model of surgical stress. (b) The 

number of surface B16F10-LacZ lung metastases from C57Bl/6 animals treated as (a) 

were quantified and compared. N=4, mean + SEM, (*P <  0.05, **P < 0.0005 using an 

unpaired t-Test with Welch’s correction). nx, surgery by nephrectomy; PBS, phosphate 

buffered saline; Poly IC, polyinosinic:polycytidylic acid. 
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Figure 5.14 ORFV rescues the NK cell impairment imposed by surgical stress. (a) 

Ex vivo cytotoxicity assays were performed on NK cells isolated from C57Bl/6 mice 

from 4 treatment groups: surgery with PBS treatment (Surgery), no surgery with PBS 

treatment (No surgery), surgery with ORFV treatment (ORFV + surgery), and no 

surgery with ORFV treatment (ORFV).  Spleens were isolated, pooled and enriched for 

NK cells by DX5+ cell sorting. NK cells were then mixed with chromium labeled 

YAC-1 target cells in triplicate, at different effector:target ratios. Shown is the percent 

killing of target YAC-1 cells at 24 hours post infection. N=3, mean + SEM, (*P <0.05, 

**P <0.01 comparing surgery to no surgery, ^P <0.01, ^^P <0.001 comparing ORFV 

surgery to no surgery using an unpaired, t-Test with Welch’s correction). (b) C57Bl/6 

animals were depleted of NK cells by treatment with 3 25 µL doses of anti-asialo 

antibody (or IgG control) IV on days -3, and -1 and 2. Animals were treated with 

ORFV (107) or PBS with surgery by nephrectomy. Animals were sacrificed at 3-days 

post cell injection, lungs were isolated and processed, and the number of surface lung 

metastases was compared. N=5, mean + SEM, (*P <0.0005 using an unpaired t-Test 

with Welch’s correction). nx, surgery by nephrectomy. 
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ORFV treated animals induced significant cytotoxicity of target cells. Additionally, ORFV 

treatment completely rescued the NK cell impairment caused by surgical stress.  

Finally, to determine the contribution of ORFV activated NK cells in the surgery 

model, C57Bl/6 mice were depleted of NK cells in the context of surgery (Fig. 5.14b). The 

ability of ORFV to reduce surgical stress-induced tumour metastases was compared in the 

presence and absence of NK cells. With NK cells intact, ORFV reduced lung metastases by 

nearly 90%, whereas in the absence of NK cells, ORFV only reduced lung metastases by 

approximately 25%. This significant difference in ORFV activity highlights the importance 

of immune modulation for ORFV efficacy.  

A model of ORFV anti-tumour activity 

 The mechanism of ORFV anti-cancer activity is highlighted in Fig. 5.15. ORFV has 

demonstrated direct oncolysis of tumour cells. ORFV has also demonstrated robust 

activation of cytokine-secreting, cytotoxic NK cells. NK cell mediated killing of tumour cells 

appears to be the primary anti-tumour mechanism in the lung models. ORFV activated NK 

cells secrete significant amounts of both granzyme B, and IFN-γ - both capable of inducing 

tumour cell death. The activation of NK cells may be direct, through in vitro activation of 

NK cell surface PRR, or indirect via DC activation. DC activation by ORFV leads to 

cytokine secretion, which in turn may lead to robust NK cell activation in vivo. Cytokine 

secretion by DCs may also explain how in vivo ORFV therapy leads to increased NKG2D 

activating receptor expression by NK cells.  

5.3 DISCUSSION 
 

The mechanism of ORFV immune stimulation has been the focus of a number of 

recent reports.168,169,202 Using inactivated ORFV, these studies highlighted the importance of  
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Figure 5.15 Mechanistic model of ORFV anti-tumour activity. ORFV anti-tumour 

activity can be both direct, through oncolysis of tumour cells (a), or indirect via 

activation of immune cell anti-tumour effector functions (b). ORFV activated NK cells 

can kill tumours via cytokine secretion of granzyme B and IFN-γ, or direct cytotoxicity 

of cancer cells. The activation of NK cells may be direct, through stimulation of an 

unknown TLR (c), or indirect via DC activation (d). ORFV activated DCs release 

cytokines capable of activating NK cells (e). DC cytokine expression has also been 

found to increase expression of NKG2D on NK cells. TLR, toll-like receptor; IFN-γ, 

interferon-gamma.  
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the ORFV virion, and expression of proteins for the unique immune stimulatory profile. The 

mechanism of immune stimulation was found to include both TLR dependent and 

independent mechanisms resulting in cytokine secretion from monocytes or antigen 

presenting cells.168 I aimed to determine if oncolytic ORFV could have similar effects on 

murine DCs, and whether ORFV activation of DCs was the primary mechanism of NK cell 

activation. Our studies indicate that ORFV may be able to directly activate NK cells (Fig. 

5.1). NK cells have been shown to express a number of TLRs, including TLR-3,7,8 and 9.102 

Although the PRR responsible for recognizing ORFV has yet to be determined, it is possible 

that the virions are recognized directly by NK cells. Indeed it was recently discovered that 

VACV particles (live and UV inactivated virions) directly activate NK cells via TLR-2.102  

In the context of the lung metastasis model, I have also confirmed that ORFV 

infection leads to significant activation of CD11c+ DCs (Fig. 5.2). Through ex vivo infection, 

I have verified that live ORFV is capable of directly activiating DCs (Fig. 5.4, 5.5). Using 

the CD11c-DTR transgenic C57Bl/6 mice, I demonstrated that DC depletion reduces the 

level of NK cell activation, and the ability of ORFV to clear lung metastases. Indeed several 

reports have highlighted the importance of DC/NK cross talk,183,192,211 and so it was not 

surprising that the ORFV activated DCs are at least partially responsible for ORFV-mediated 

NK cell activation. Interestingly, quantifiation of lung metastases (Fig. 5.9) demonstrated 

approximately 50% loss of efficacy, similar to results found for the NK cell depletion 

experiments (Fig. 4.10). Since the DC depletion was efficacious (Fig. 5.7), these data could 

suggest that the ORFV oncolysis is still an important component to efficacy. Alternatively, 

ORFV immune stimulation may lead to activation of other anti-tumour effector populations, 

like macrophages. ORFV has been shown to activate macrophages,212 and under certain 

conditions these cells have demonstrated anti-tumour effector functions.213 It was however 
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curious that DC depletion resulted in a 50% loss of efficacy and a 50% loss in NK cell 

activation (Fig. 5.8). These data highlight the possibility that direct ORFV-activation of NK 

cells may also be contributing to the immune stimulation.  

I have demonstrated in Chapter 4 that a live replicating ORFV is more efficacious at 

in vivo activation of NK cells than UV inactivated ORFV (Fig. 4.10, 4.12). I have also 

demonstrated that live ORFV is more efficacious at activating DCs in vivo (Fig. 5.3). 

Recently, Friebe and colleagues created a VACV/ORFV expression library to identify a 

number of candidate ORFV open reading frames responsible for the immune stimulation.169 

They found several, most of which were related to virion structure. Although it is possible 

that the quantitative difference in immune stimulation by live and UV-inactivated ORFV is 

attributed to additional PRR engagement by a protein expressed late in the ORFV infection, 

extensive characterization of ORFV immune stimulation would suggest that this is not the 

case.168,169,202 The difference in in vivo immune stimulation therefore may be attributed to 

persistence and amplification of replicating ORFV. An active infection is likely to cause 

more inflammation, recruit more immune cells, and has potential to cause more cell death. 

Active infection therefore would cause a greater ‘danger signal’ than UV-inactivated ORFV. 

Interestingly, Weber and colleagues reported that both live, and inactivated ORFV was 

capable of inducing apoptosis in murine monocytes.214 I have demonstrated that ORFV does 

not productively infect NK cells or DCs (Fig. 3.6), however I have not ruled out the 

possibility that ORFV may be killing these cells. Since I have demonstrated an increase in 

the percentage of CD11c+ cells in the lung and blood following ORFV treatment, it is 

unlikely that this is the case. Further evidence dismissing the possibility of ORFV-induced 

apoptosis of immune populations is the study by Siegemund and colleagues, where they 
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reported no signs of apoptosis from murine bone marrow derived DCs cultured with 

inactivated ORFV.202  

 Virus induced NK cell killing of target cells can occur via one of several mechanisms 

(reviewed in Chapter 1.3.5). Some poxviruses have been noted for their ability to decrease 

cellular MHC I expression on infected cells so as to evade elimination by T cells.215 

Decrease in MHC I expression makes these cells inherently sensitive to NK cell killing. My 

studies clearly illustrated however that NK cell activation by ORFV was not dependent on 

cancer cell infection, since NK cells were activated to the same extent in tumour naïve 

animals (Fig. 5.10). Prophylactic treatment with UV-inactivated ORFV also demonstrated a 

reduction in lung metasases (Fig. 5.12). Furthermore, NK cells removed from a tumour 

naive, ORFV-treated mouse were still capable of inducing NK cell cytotoxicity (Fig. 4.10). 

Together, these data indicate that NK cell effector function following ORFV treatment is 

independent of cancer cell infection.  

 Other studies have highlighted a requirement for natural cytotoxicity receptors in the 

recognition of vaccinia virus infected cells,216 however the mechanisms underlying NK cell 

responses to poxvirus infection remain largely unknown. I have shown here that in vivo 

ORFV infection leads to an increase in NKG2D expression (Fig. 5.11). The NK cell NKG2D 

activation receptor has been implicated as having an important role in anti-tumour responses, 

primarily serving as a receptor for NK cell cytotoxicity via granule exocytosis.35 Murine 

NKG2D has been shown to recognize two MHC I related molecules: retinoic acid early Rae-

1 gene products, and H-60.217 These ligands have been shown to stimulate cytotoxicity and 

IFN-γ production by NK cells.217 These ligands are not expressed by normal cells, but are 

found up-regulated on numerous tumour cells. Curiously, B16 melanoma cells and CT26 
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colon carcinoma cells were shown to express very low, to undetectable levels of these 

NKG2D ligands.217,218 Unless there exists as of yet unidentified NKG2D ligands, NKG2D 

receptor ligation may not be the positive signal for NK cell cytotoxicity of B16F10-LacZ and 

CT26-LacZ cells.  Since B16F10-LacZ tumour cells have demonstrated very low levels of 

MHC I expression (Bell laboratory, unpublished data), it is likely that even a very weak 

stimulation via an NK cell activation receptor could trigger B16F10-LacZ killing. Further 

studies examining the expression of NK cell activation receptors following ORFV treatment 

will be required to determine the positive signal for initiation of NK cytotoxicity of the 

murine cancer cells. 

 In addition to direct stimulation via activation receptor-ligand interactions, NK cells 

are also activated via cytokine release from infected cells, or from activated DCs.219 

Considering the decrease in NK cell activation following DC depletion, ORFV activated 

DCs are likely contributing to NK cell release of IFN-γ and TNF-α. Indeed I have shown that 

DCs express IL-12 upon ORFV infection, which has been shown to be an important mediator 

of NK cell activation and subsequent cytokine expression (Fig. 5.2, 5.5).219  

  Surgical intervention is still considered front line therapy for a number of cancers. 

The surgical removal of tumours is known however, to disrupt tumour beds and associated 

vasculature, leading to release of tumour cells into circulation.220 Surgery also leads to 

release of growth factors that are suspected to promote metastasis locally, and at distant 

sites.221 Not suprising, the physical stress of surgery has been associated with the induction 

of an immune suppressive state during the perioperative period.222 Although the exact 

mechanims underlying immune suppression during the perioperative period remain largely 

undefined, a number of studies in animals and humans have described dramatic suppression 
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of cell-mediated immunity as a result of surgery, correlating to the degree of tissue damage 

caused by the surgery.222 Since NK cells have a prominent role in immune surveillance, I 

hypothesized that by activation of NK cells during the perioperative period, I may be able to 

reduce the frequency of tumour metastases. Indeed, using a model of surgical stress I 

demonstrated that the ORFV-mediated activation of the innate immune system could be 

harnessed to reduce the amount of tumour seeding caused by surgical stress (Fig. 5.13). 

Interestingly, not only did ORFV rescue the NK cell immune suppression caused by surgical 

stress, NK cells isolated from ORFV treated animals demonstrated no immune dampening 

effect from surgery (Fig. 5.14a). The efficacy of ORFV prophylactic treament during surgery 

was demonstrated to be NK cell mediated (Fig. 5.14b) since NK cell depletion abrogated 

75% of the tumour clearing capacity of the virus.  

I have created a model to summarize the mechanism of ORFV anti-cancer activity 

(Fig. 5.15), including the oncolytic and immune stimulating capacity of the virus. I have 

demonstrated that ORFV has the capacity to directly kill, and productively infect human and 

mouse cancer cells. I have also demonstrated that live, replicating ORFV infection of mice 

leads to robust activation of NK cells by both direct and indirect stimulation via DC 

activation. To more precisely delineate the mechanism of NK cell activation, future 

experiments might include ex vivo infection of NK-DC cocultures. The NK cell activation 

could be evaluated by flow cytometry when cultured alone, or in combination with bone 

marrow derived DCs. To rule out the possibility that live, replicating ORFV could be 

stimulating cells via additional PRR, these experiments should be conducted with both live 

and UV inactivated ORFV. Since there is conflicting evidence as to whether ORFV is 

capable of killing immune cells,202,214 these experiments should also examine the ability of 

live and UV inactivated ORFV to cause apoptosis in both DC and NK cells.  To further study 
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the ORFV immune stimulation, in particular the PRR(s) involved in initiation of cytokine 

release, ex vivo infection of DC-NK cocultures in the presence of TLR neutralizing 

antibodies could identify TLR-dependent signaling. ORFV has so far eluded researchers in 

the identification of the responsible PRR, with evidence suggesting that ORFV is unqiue 

from VACV and ectromelia virus in not requiring TLR-2 or TLR-4.202 Friebe and colleagues 

had proposed TLR-7 as the PRR responsible for ORFV immune stimulation.168 Although the 

natural TLR-7 ligand(s) remain to be identified, stimulation of TLR-7 with the anti-viral 

agent imiquimod results in release of IL-12, IFN-γ, and TNF-α - similar to effects induced 

by ORFV.223 ORFV has also been shown to activate monocytes via TLR-independent 

mechanisms, with a specific requirement for IRF7, but not IRF3.202 These data suggest that 

ORFV may activate monocytes via novel DNA-sensing pathways. The recent discovery of a 

new cytoplasmic DNA receptor, DAI (DNA-dependent activator of IFN-regulatory 

factors)224 suggests that there may exist even more as of yet unidentified intracellular viral 

sensing pathways.  

CHAPTER 6: FUTURE DIRECTIONS 
 

6.1 INCREASE THE ONCOLYTIC POTENCY OF ORFV 
 
ORFV offers many benefits over current viral therapeutics including its limited 

pathogenicity in humans and its unique immune stimulatory profile. Not unlike most of the 

Parapoxvirus genus however, ORFV has a restricted host range primarily infecting 

ungulates. Evaluation of ORFV’s oncolytic capacity in a panel of human tumour cells 

demonstrated that, unlike VACV, ORFV was only capable of productively infecting a 

fraction of the cells (Table 4.1). To increase the cancer cell tropism and oncolytic potency of 
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ORFV, it will be important to determine the molecular signature that permits productive 

ORFV infection. This could be accomplished through data-mining current databases 

providing gene signatures of cell lines in the NCI-60 panel, or through microarray analysis. 

Using ORFV infected cells that are either permissive or restrictive to ORFV infection, a 

comparison of the transcriptional signatures may identify pathways that either facilitiate or 

prevent ORFV productive infection. With this knowledge, and the capacity to easily 

genetically manipulate poxvirus genomes, an enhanced oncolytic ORFV could be developed 

as a broadly applicable cytolytic anti-cancer agent.  

One explanation for ORFV’s restricted host range is the fact that unlike most 

poxvirus species, ORFV lacks a number of host range genes like C7L, K1L, and K3L.225 

Deletion of any one of these host range genes from VACV leads to severe replication 

defects.226 Furthermore, expression of host range genes C7L and K1L alone are capable of 

complementing the replication defects of attenuated VACV strains, like MVA.226 These data 

suggest that simple expression of VACV host range genes by ORFV may increase the host 

range of the virus, allowing the virus to more productively infect cancer cells. Preliminary 

data suggest that ORFV expression of VACV E3L (a viral inhibitor of PKR) allows for 

increased ORFV potency in selected cancer cell lines (Komar, Laporte, Rintoul et al. 

unpublished data).  

An alternative approach to increasing the oncolytic potency of ORFV is the 

sequential passage of the virus in tumour cells. Poxvirus genomes are sensitive to genomic 

recombination if under the appropriate selection pressure, evidenced by the successful 

creation of attenuated VACV strains.118 Parapoxviruses are likely not immune to genomic 

instability in the context of continuous selection pressure, evidenced by the genetic diversity 

and sequence variation between individual field isolates.134 The sequential passage of wild 
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type ORFV on human tumour cells may lead to generation of natural variants, which could 

be selected based on one of several desirable traits like increased spread, increased lytic 

capacity, or increased virus output. 

The OV field has come a long way from their ‘virocentric’ roots. It is now well 

understood that OVs are multi-modality therapeutics that elicit their anti-tumour efficacy via 

mechanisms beyond direct lysis of tumour cells. In fact, several well-known oncolytic 

viruses have now demonstrated efficacy even in the absence of oncolysis,74,79,90 stressing the 

importance of OV induced anti-tumour immune responses. With these data in mind, the OV 

field has now rejected the original hypothesis that OV efficacy is solely due to oncolysis of 

tumour cells. What is not clear however, is whether a fast, potent, lytic OV is more 

efficacious at systemic tumour debulking than a slow, non-lytic OV. With the creation of 

new ORFV strains developed with enhanced oncolysis capacity, it will be interesting to 

compare their in vivo efficacy, immune stimulatory capacity, and their dependence on anti-

tumour immune-mediated elimination of tumours. 

6.2 DEVELOP ORFV AS A ONCOLYTIC VACCINE 

With a better understanding of OV mechanism of action, a number of groups are now 

exploring the anti-tumour vaccine potential of these agents, through generation of tumour 

associated antigen (TAA) expressing viruses. The obvious advantage to this approach is the 

expression of relevant TAAs at the tumour site during an inflammatory reaction. Vigil and 

colleagues demonstrated pre-clinical benefit of an oncolytic NDV expressing the model 

antigen β-galactosidase.85 TAA-expressing OVs would be especially beneficial for tumour 

types that express foreign antigens like viral proteins, as is the case for some liver and 

cervical cancers. Indeed a study using oncolytic vaccinia virus for the treatment of liver 
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cancer found, even without antigen-expression, patients undergoing treatment had reduced 

hepatitis B viral load.227 These data suggest that OV treatment of viral-associated tumours 

could allow for generation of anti-viral, and in addition, anti-tumour immune responses. 

Recent work by Bridle and colleagues highlighted an elegant heterologous prime boost 

strategy using the B16 melanoma antigen, dopachrome tautomerase (DCT).189 Using a non-

replicating adenovirus vector expressing DCT as a prime, systemic administration of VSV-

DCT led to durable cures in a B16 brain tumour model. Using this heterologous prime boost 

strategy, the authors demonstrated that 40% of the T-cells were directed towards DCT, and 

immune response to the VSV vector was reduced when compared to treatment with VSV-

DCT alone.  

In the context of anti-viral vaccines, ORFV has proven to be the ideal vaccine vector 

based on its safety profile, and the very short-lived duration of the ORFV-specific 

immunity.155,156 Importantly, foreign antigen expression by ORFV vector vaccines, has been 

demonstrated even in the face of pre-existing ORFV immunity.149 This is unique to ORFV, 

since pre-existing VACV specific immunity often results in poor foreign antigen-specific 

humoral responses.173,174 I have demonstrated the recruitment and activation of DCs and 

robust anti-tumour effector activity by NK cells, including secretion of IFN-γ. Indeed, 

several studies have identified the importance of NK cell release of IFN-γ for T-cell 

recruitment, and activation.48 ORFV’s unique capacity to stimulate the immune system, 

without evidence of vector specific immunity suggests that an oncolytic, TAA-expressing 

ORFV may be the ideal tumour vaccination strategy. I have engineered a DCT-expressing 

ORFV that is currently being tested at McMaster University using the prime boost strategy in 
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a B16 lung model. The ORFV-DCT oncolytic activity, innate immune stimulation and 

potential adaptive immune responses may allow for more durable and efficacious treatment.  

6.3 ORFV IN COMBINATION WITH OTHER ANTI-CANCER TREATMENTS 

 I have highlighted the potential for ORFV combination therapy in the context of 

surgery. Surgery is still a required step in the treatment of most solid tumours, however 

complete resection of tumours does not protect patients from recurrence, and metastatic 

disease. Treatment with an oncolytic innate immune stimulator just prior to surgery may help 

to reduce the occurrence of metastatic disease. To ensure the safety of ORFV treament of 

surgery patients however, the virus may require attenuation by means of its VEGF virulence 

gene. Since the ORFV replicative niche is an isolated wound with extensive vasculature, not 

only would ORFV stimulate the immune system, there is a risk that the virus might also 

replicate in the regenerating surgical wound. I have demonstrated significant efficacy in the 

murine lung models using a VEGF-deleted ORFV, suggesting that this backbone could be a 

suitable candidate vector for treatment of surgical patients. 

 A number of OVs have demonstrated increased efficacy when used in combination 

with other front-line therapies, like chemo- and radiotherapy. Recent pre-clinical evidence 

with oncolytic HSV demonstrated synergistic anti-tumour activity against glioblastoma when 

combined with the alkylating agent temozolomide.228 A recent phase I/II clinical trial with 

patients with advanced, treatment refractory disease substantiated pre-clinical data 

suggesting that oncolytic reovirus performs better when used in combination with 

carboplatin or paclitaxel.229 Since ORFV heavily relies on the immune system for anti-

tumour efficacy, not unlike most immunotherapy regimes, ORFV treatment will be most 

efficacious when treating patients with minimal residual disease. Since large tumours have 
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established immune tolerance and escape mechanisms, treating tumours with a broadly 

applicable chemotherapy may not only debulk tumours, but also turn the table on immune 

suppression. In its current form ORFV is not the most robust cytolytic OV, therefore 

combination treatment with cytotoxic agents prior to ORFV therapy may result in increased 

anti-tumour efficacy.  

 A number of tumour vasculature-targeting agents have been developed for the 

treatment of cancer. Avastin is a monoclonal antibody that inhibits angiogenesis through 

competitive binding to the VEGF receptor. A number of receptor tyrosine kinase inhibitors 

capable of blocking angiogensis signaling have also been developed. Marketed as Sutent, 

this receptor tyrosine kinase inhibitor was approved by the FDA in 2006 for the treatment of 

renal cell carcinoma.230 Recent studies have demonstrated that an additional mechanism of 

OV efficacy can involve the targeted destruction of tumour vasculature by direct infection,73 

or through by-stander immune mechanisms.71 The OV field has recently begun testing 

various combination strategies with vasculature-targeting agents. Some of these studies have 

highlighted that VEGF blockade or treatment of murine tumours allows for enhanced 

delivery231 and/or infection of tumour endothelium by OVs.232 These observations may be 

attributed to the fact that successful systemic delivery of OVs to tumours requires that the 

tumour is vascularized, and that vessels are sufficiently permeable to allow efficient 

extravasation of viral particles.233 Interestingly, wild type ORFV expresses a variant of 

VEGF that is fully functional on human endothelial cells.148 Despite their clear dependence 

on tumour vasculature for delivery, and in some cases anti-tumour efficacy, to date- OV 

researchers have not examined the potential of an OV expressing a vascular targeting agent 

like VEGF. ORFV VEGF might be the best candidate isoform for such experiments, as 

VEGF-E has specific VEGFR specificity that is unique: it only targets VEGFR-2.148 Since 
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VEGFR-2 is the receptor that mediates mitotic activity of endothelial cells and vascular 

permeability, OV expression of VEGF-E might allow for increase delivery and anti-tumour 

efficacy. To examine the effects of ORFV expression of VEGF at tumour sites, future 

experiments should develop a model to characterize tumour vasculature following wild type 

ORFV treatment, compared to VEGF-deleted ORFV treatment. Such a model would be 

useful for evaluating the benefit of combination strategies. A VEGF-expressing ORFV might 

be most beneficial as a method to prime tumours for intravenous delivery of subsequent 

doses of ORFV, or other OVs – in particular, OVs that benefit from the VEGF ‘burst’ effect 

described by Vile and colleagues.232 Similarly, although vasculature-targeting agents have 

been associated with toxicity and minimal therapeutic benefit,230 they may serve as an 

excellent springboard for combination therapies with OVs like ORFV. If ORFV infection of 

tumours leads to increased vascular sprouting and angiogenesis, these tumours may be more 

sensitive to subsequent treatment with vasculature disrupting agents. 

6.4 CONCLUDING REMARKS 
	
  

Despite the development of new, targeted anti-cancer agents, the incidence of 

treatment related toxicities and cancer deaths over the last decade has been less than 

encouraging.1 Oncolytic viruses offer a new hope for cancer patients, as they offer the 

robustness of chemo- and radiotherapies, with minimal treatment-related toxicities. With a 

number of human clinical trials underway, OVs may soon be an improved treatment for 

human disease. Once approved, the path to clinical implementation will be paved and viral 

therapy of cancer may eventually become the new standard of care. In the mean time, pre-

clinical development and characterization of new OVs with unique mechanism of action is of 

utmost importance. I have identified for the first time the anti-cancer potential of a wild-type 
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parapoxvirus, ORFV. Even in its wild type form, ORFV has an excellent safety profile and 

natural anti-tumour potential. An ORFV platform, through additional manipulation, or 

combination strategies, may be a superior backbone for the development of new anti-cancer 

agents. In summary, these studies highlight the promise of novel parapoxviruses for the 

treatment of cancer that may one day be added to the growing armamentarium of cancer 

therapeutics. 
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ABSTRACT	
  

Treatment	
  of	
  permissive	
  tumours	
  with	
  the	
  oncolytic	
  virus	
  (OV)	
  VSV-­‐Δ51	
  leads	
  to	
  a	
  

robust	
  anti-­‐tumour	
  T	
  cell	
  response,	
  which	
  contributes	
  to	
  efficacy;	
  however,	
  many	
  

tumours	
  are	
  not	
  permissive	
  to	
  in	
  vivo	
  treatment	
  with	
  VSV-­‐Δ51.	
  	
  In	
  an	
  attempt	
  to	
  

channel	
  the	
  immune	
  stimulatory	
  properties	
  of	
  VSV-­‐Δ51	
  and	
  broaden	
  the	
  scope	
  of	
  

tumours	
  which	
  can	
  be	
  treated	
  by	
  an	
  OV,	
  we	
  have	
  developed	
  a	
  potent	
  oncolytic	
  vaccine	
  

platform,	
  consisting	
  of	
  tumour	
  cells	
  infected	
  with	
  VSV-­‐Δ51.	
  	
  We	
  demonstrate	
  that	
  

prophylactic	
  immunization	
  with	
  this	
  infected	
  cell	
  vaccine	
  (ICV)	
  protected	
  mice	
  from	
  

subsequent	
  tumour	
  challenge,	
  and	
  expression	
  of	
  GM-­‐CSF	
  by	
  the	
  virus	
  (VSVgm-­‐ICV)	
  

increased	
  efficacy.	
  	
  Immunization	
  with	
  VSVgm-­‐ICV	
  in	
  the	
  VSV-­‐resistant	
  B16-­‐F10	
  model	
  

induced	
  maturation	
  of	
  dendritic	
  and	
  natural	
  killer	
  (NK)	
  cell	
  populations.	
  	
  The	
  challenge	
  

tumour	
  is	
  rapidly	
  infiltrated	
  by	
  a	
  large	
  number	
  of	
  IFNγ-­‐producing	
  T	
  and	
  NK	
  cells.	
  	
  

Finally,	
  we	
  demonstrate	
  that	
  this	
  approach	
  is	
  robust	
  enough	
  to	
  control	
  the	
  growth	
  of	
  

established	
  tumours.	
  	
  This	
  strategy	
  is	
  broadly	
  applicable	
  because	
  of	
  VSV’s	
  extremely	
  broad	
  

tropism,	
  allowing	
  nearly	
  all	
  cell	
  types	
  to	
  be	
  infected	
  at	
  high	
  MOIs	
  in	
  vitro,	
  where	
  the	
  virus	
  

replication	
  kinetics	
  outpace	
  the	
  cellular	
  IFN	
  response.	
  	
  It	
  is	
  also	
  personalized	
  to	
  the	
  unique	
  

tumour	
  antigen(s)	
  displayed	
  by	
  the	
  cancer	
  cell.	
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INTRODUCTION	
  

The	
  current	
  standard	
  of	
  care	
  for	
  cancer	
  treatment	
  is	
  associated	
  with	
  severe	
  off-­‐

target	
  effects	
  due	
  to	
  poor	
  selectivity	
  of	
  the	
  agent	
  for	
  cancer	
  cells.	
  	
  New	
  targeted	
  

therapeutics	
  often	
  target	
  only	
  one	
  gene	
  or	
  pathway	
  in	
  a	
  cell,	
  allowing	
  for	
  resistance	
  to	
  

easily	
  evolve1.	
  	
  Likewise,	
  cancer	
  immunotherapies,	
  though	
  making	
  great	
  strides	
  in	
  

recent	
  years,	
  are	
  still	
  focused	
  on	
  identifying	
  one	
  or	
  very	
  few	
  tumour	
  associated	
  

antigens	
  that	
  can	
  be	
  targeted.	
  	
  However,	
  tumours	
  can	
  rapidly	
  evolve	
  immune	
  evasion	
  

and	
  immune	
  suppression	
  mechanisms	
  countering	
  these	
  therapies,	
  leading	
  to	
  treatment	
  

failure2,	
  3.	
  	
  As	
  well,	
  tumours	
  are	
  antigenically	
  heterogeneous4,	
  5	
  as	
  a	
  result	
  of	
  high	
  

genetic	
  instability6.	
  	
  In	
  theory,	
  a	
  vaccine	
  presenting	
  the	
  spectrum	
  of	
  tumour	
  antigens	
  

could	
  allow	
  for	
  the	
  in	
  vivo	
  selection	
  of	
  the	
  optimum	
  epitope(s)	
  to	
  target.	
  	
  	
  

Oncolytic	
  viruses	
  have	
  emerged	
  as	
  a	
  promising	
  anti-­‐cancer	
  treatment	
  platform,	
  

able	
  to	
  specifically	
  replicate	
  in	
  and	
  kill	
  cancer	
  cells	
  while	
  leaving	
  normal	
  cells	
  

unharmed.	
  	
  	
  Though	
  engineered	
  for	
  tumour-­‐specific	
  lysis,	
  the	
  multi-­‐modal	
  nature	
  of	
  

this	
  platform	
  is	
  currently	
  being	
  revealed.	
  	
  Many	
  of	
  these	
  viruses	
  can	
  be	
  delivered	
  

systemically	
  to	
  reach	
  distant	
  tumour	
  beds7,	
  be	
  targeted	
  to	
  tumour	
  vasculature	
  to	
  induce	
  

tumour	
  vascular	
  shutdown8,	
  9,	
  and	
  be	
  engineered	
  to	
  carry	
  genetic	
  payloads.	
  	
  

Importantly,	
  pre-­‐clinical	
  and	
  clinical	
  evidence	
  for	
  oncolytic	
  virus-­‐mediated	
  anti-­‐tumour	
  

immunity	
  is	
  emerging	
  10.	
  	
  Recent	
  results	
  from	
  a	
  phase	
  II	
  clinical	
  trial	
  with	
  OncoVexGM-­‐

CSF,	
  an	
  oncolytic	
  HSV	
  expressing	
  GM-­‐CSF,	
  have	
  demonstrated	
  that	
  patients	
  treated	
  with	
  

this	
  platform	
  have	
  a	
  very	
  different	
  tumour	
  immune	
  landscape,	
  demonstrating	
  

significantly	
  lower	
  regulatory	
  T	
  cells	
  and	
  higher	
  CD8+	
  effector	
  T	
  cells	
  in	
  the	
  tumour	
  11.	
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Previous	
  research	
  by	
  our	
  lab	
  has	
  demonstrated	
  that	
  a	
  Vesicular	
  Stomatitis	
  Virus	
  

harbouring	
  a	
  deletion	
  in	
  the	
  M	
  protein	
  at	
  position	
  51	
  (VSV-­‐Δ51)	
  is	
  very	
  sensitive	
  to	
  

interferon	
  12	
  and	
  neutralizing	
  antibody13,	
  which	
  act	
  to	
  clear	
  virus	
  from	
  the	
  host.	
  	
  Anti-­‐

tumour	
  immune	
  stimulation	
  may	
  be	
  important	
  for	
  the	
  ongoing	
  tumour	
  destruction	
  

once	
  the	
  virus	
  is	
  cleared,	
  and	
  offers	
  the	
  potential	
  to	
  restore	
  immune	
  surveillance	
  

mechanisms	
  that	
  can	
  lead	
  to	
  complete	
  responses	
  and	
  prevent	
  recurrence.	
  	
  Wild	
  Type	
  

VSV	
  (VSVwt)	
  has	
  been	
  observed	
  to	
  induce	
  anti-­‐tumour	
  immune	
  responses	
  in	
  models	
  

expressing	
  exogenous	
  antigens	
  14	
  and	
  has	
  now	
  been	
  demonstrated	
  to	
  be	
  a	
  potent	
  boost	
  

in	
  an	
  elegant	
  prime/boost	
  oncolytic	
  vaccination	
  model15,	
  16.	
  	
  Strategies	
  that	
  allow	
  us	
  to	
  

exploit	
  the	
  anti-­‐tumour	
  immunity	
  induced	
  through	
  virus	
  replication	
  and	
  lysis	
  will	
  be	
  

vital	
  to	
  using	
  the	
  full	
  potential	
  of	
  these	
  viruses.	
  	
  Herein	
  we	
  describe	
  an	
  infected	
  cell	
  

vaccine	
  (ICV)	
  platform	
  that	
  presents	
  a	
  multitude	
  of	
  tumour	
  antigens	
  in	
  the	
  context	
  of	
  a	
  

robust	
  oncolytic	
  virus	
  infection.	
  	
  We	
  demonstrate	
  that	
  this	
  leads	
  to	
  potent	
  immune	
  

stimulation	
  and	
  ultimately	
  activates	
  both	
  natural	
  killer	
  (NK)	
  cells	
  and	
  T	
  cells	
  for	
  tumour	
  

debulking	
  and	
  long-­‐term	
  cancer	
  surveillance.	
  	
  In	
  addition,	
  no	
  prior	
  knowledge	
  on	
  the	
  

tumour	
  antigens	
  is	
  required	
  to	
  make	
  this	
  vaccine.	
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RESULTS	
  
T cells are required for VSV-mediated long-term tumour regression 

Many	
  oncolytic	
  virus	
  platforms	
  have	
  been	
  observed	
  to	
  induce	
  anti-­‐tumour	
  

immune	
  responses17-­‐20.	
  	
  We	
  examined	
  the	
  role	
  of	
  the	
  T	
  cell	
  compartment	
  in	
  oncolytic	
  

VSV-­‐Δ51	
  treatment	
  of	
  cancer.	
  	
  A	
  VSV-­‐sensitive	
  clone	
  of	
  colon	
  carcinoma	
  tumours	
  

(CT26.LacZ)	
  was	
  established	
  in	
  immunocompetent	
  and	
  athymic	
  nude	
  mice.	
  	
  When	
  

tumours	
  were	
  palpable,	
  mice	
  were	
  treated	
  with	
  six	
  intravenous	
  (IV)	
  doses	
  of	
  VSV-­‐Δ51-­‐

GFP,	
  UV-­‐inactivated	
  VSV,	
  or	
  PBS.	
  	
  In	
  the	
  immune	
  competent	
  mice,	
  only	
  those	
  treated	
  

with	
  VSV-­‐Δ51-­‐GFP	
  had	
  measurable	
  responses,	
  with	
  60	
  percent	
  of	
  the	
  mice	
  

demonstrating	
  complete	
  tumour	
  clearance	
  (Figure	
  1a,b).	
  	
  The	
  athymic	
  nude	
  mice	
  

initially	
  respond	
  to	
  VSV	
  treatment,	
  demonstrating	
  stable	
  tumour	
  sizes,	
  but	
  showed	
  

marginal	
  long	
  term	
  efficacy,	
  with	
  only	
  1	
  out	
  of	
  10	
  mice	
  having	
  a	
  durable	
  response	
  

(Figure	
  1c,d).	
  	
  This	
  suggests	
  that	
  the	
  T	
  cell	
  compartment	
  is	
  required	
  for	
  long-­‐term	
  

tumour	
  eradication	
  following	
  systemic	
  VSV	
  therapy	
  in	
  this	
  model.	
  	
  	
  

Subsequently,	
  immune	
  competent	
  mice	
  demonstrating	
  long-­‐term	
  complete	
  

responses	
  were	
  used	
  as	
  splenocyte	
  donors	
  in	
  an	
  adoptive	
  cell	
  transfer.	
  	
  Naive	
  immune	
  

competent	
  mice	
  that	
  received	
  splenocytes	
  from	
  VSV-­‐treated	
  and	
  cured	
  mice	
  were	
  not	
  

susceptible	
  to	
  CT26.LacZ	
  tumour	
  growth,	
  but	
  were	
  susceptible	
  to	
  syngeneic	
  4T1	
  

growth	
  (Figure	
  1e).	
  	
  Splenocytes	
  from	
  naive	
  mice	
  and	
  CT26.LacZ	
  tumour-­‐bearing,	
  but	
  

untreated	
  mice	
  were	
  not	
  able	
  to	
  protect	
  against	
  subsequent	
  tumour	
  challenge.	
  

Therefore,	
  a	
  specific	
  and	
  long-­‐lived	
  anti-­‐tumour	
  immune	
  response	
  is	
  generated	
  through	
  

treatment	
  with	
  oncolytic	
  VSV.	
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UV-­‐inactivated	
  VSV	
  was	
  not	
  able	
  to	
  induce	
  any	
  efficacy	
  in	
  the	
  CT26	
  subcutaneous	
  

model	
  (Figure	
  1a).	
  	
  This	
  leads	
  us	
  to	
  reason	
  that	
  VSV	
  replication	
  in	
  the	
  tumour	
  cells	
  is	
  

required	
  for	
  immune	
  stimulation.	
  	
  CT26.LacZ	
  tumours	
  are	
  very	
  sensitive	
  to	
  VSV	
  and	
  

demonstrate	
  robust	
  infection	
  by	
  immunohistochemistry	
  at	
  24hrs	
  following	
  IV	
  

administration	
  (Figure	
  1f).	
  	
  Conversely,	
  B16-­‐F10	
  cells	
  do	
  not	
  demonstrate	
  any	
  VSV	
  

replication	
  in	
  IV-­‐treated	
  tumours	
  (Figure	
  2a)	
  and	
  B16-­‐F10	
  tumour	
  bearing	
  mice	
  have	
  

no	
  response	
  to	
  VSV-­‐treatment	
  (Figure	
  2b,c),	
  further	
  demonstrating	
  the	
  importance	
  of	
  

replication	
  in	
  efficacy.	
  	
  Previous	
  research	
  by	
  Breitbach	
  et	
  al8	
  demonstrates	
  that after 

intravenous administration, UV inactivated VSV is undetectable in tumour sections using the 

methods described in the current manuscript. The viral proteins found in the tumor sections 

in figures 1 and 2 must result from productive virus replication and spread and not simply 

tumour specific accumulation of viral particles.	
  

VSV	
  infection	
  is	
  a	
  potent	
  immune	
  stimulator	
  in	
  a	
  prophylactic	
  ICV	
  	
  

We	
  have	
  so	
  far	
  demonstrated	
  that	
  VSV	
  replication	
  in	
  a	
  permissive	
  tumour	
  can	
  

elicit	
  a	
  therapeutic	
  anti-­‐tumour	
  T	
  cell	
  response.	
  	
  We	
  postulated	
  whether	
  we	
  could	
  

generate	
  a	
  sufficiently	
  robust	
  therapeutic	
  response	
  in	
  VSV-­‐resistant	
  B16F10	
  cells	
  by	
  

infecting	
  them	
  ex	
  vivo	
  and	
  presenting	
  this	
  cocktail	
  as	
  an	
  infected	
  cell	
  vaccine	
  (ICV).	
  	
  This	
  

would	
  bypass	
  the	
  necessity	
  for	
  in	
  vivo	
  replication	
  to	
  mount	
  an	
  anti-­‐tumour	
  immune	
  

response.	
  	
  Though	
  B16-­‐F10	
  cells	
  are	
  not	
  readily	
  permissive	
  to	
  VSV	
  following	
  IV	
  

delivery,	
  we	
  can	
  achieve	
  complete	
  infection	
  by	
  infecting	
  the	
  cells	
  in	
  vitro	
  at	
  a	
  high	
  

multiplicity	
  of	
  infection	
  (MOI)	
  (Supplementary	
  Figure	
  S1a).	
  	
  

As	
  a	
  means	
  of	
  determining	
  the	
  immunogenicity	
  of	
  such	
  a	
  vaccine,	
  γ-­‐irradiated	
  

tumour	
  cells	
  were	
  infected	
  and	
  assessed	
  for	
  their	
  ability	
  to	
  provide	
  protection	
  against	
  a	
  



	
   	
  213 

future	
  tumour	
  challenge	
  (Figure	
  3a).	
  	
  This	
  VSV-­‐infected	
  cell	
  vaccine	
  (VSV-­‐ICV)	
  was	
  

administered	
  intraperitoneally	
  (IP)	
  to	
  mice	
  on	
  days	
  0	
  and	
  7,	
  with	
  a	
  tumour	
  challenge	
  on	
  

day	
  14	
  (Figure	
  3b).	
  	
  	
  	
  

The	
  immunization	
  of	
  mice	
  with	
  γ-­‐irradiated	
  B16-­‐F10	
  cells	
  infected	
  with	
  VSV-­‐Δ51-­‐

GFP	
  was	
  able	
  to	
  completely	
  protect	
  30%	
  of	
  mice	
  tested	
  (9	
  protected/29)	
  from	
  later	
  live	
  

cell	
  challenge	
  (Figure	
  3c).	
  	
  Control	
  groups	
  immunized	
  with	
  PBS	
  or	
  γ-­‐irradiated	
  B16-­‐

F10	
  cells	
  demonstrate	
  complete	
  susceptibility	
  to	
  the	
  tumour	
  challenge.	
  	
  These	
  results	
  

were	
  also	
  verified	
  in	
  a	
  different	
  mouse	
  strain	
  with	
  the	
  parental	
  CT26.wt	
  cell	
  line	
  

(Supplementary	
  Figure	
  S2).	
  Like	
  the	
  B16-­‐F10	
  cells,	
  and	
  unlike	
  the	
  clone	
  CT26.LacZ,	
  

the	
  parental	
  CT26.wt	
  cells	
  are	
  not	
  permissive	
  to	
  in	
  vivo	
  VSV	
  infection.	
  	
  	
  

GM-­‐CSF	
  expression	
  by	
  VSV	
  enhances	
  immune	
  activation	
  by	
  the	
  VSV-­‐ICV	
  

Granulocyte-­‐monocyte	
  colony	
  stimulating	
  factor	
  (GM-­‐CSF)	
  is	
  a	
  potent	
  

immunostimulating	
  cytokine	
  able	
  to	
  increase	
  monocyte	
  and	
  macrophage	
  migration	
  and	
  

activation21.	
  	
  To	
  increase	
  the	
  immune	
  stimulation	
  properties	
  of	
  our	
  vaccine,	
  GM-­‐CSF	
  

was	
  cloned	
  into	
  the	
  VSV-­‐Δ51	
  genome	
  and	
  expression	
  was	
  confirmed	
  by	
  western	
  blot	
  

(data	
  not	
  shown).	
  	
  The	
  infected	
  cell	
  vaccine	
  made	
  with	
  VSV-­‐Δ51-­‐GMCSF	
  (VSVgm-­‐ICV)	
  

prevented	
  B16-­‐F10	
  tumour	
  engraftment	
  in	
  over	
  95	
  percent	
  of	
  mice	
  tested	
  (21	
  

protected/22)	
  (Figure	
  3c).	
  	
  Due	
  to	
  the	
  heightened	
  efficacy	
  of	
  this	
  approach,	
  we	
  chose	
  the	
  

VSV-­‐Δ51-­‐GMCSF	
  virus	
  for	
  further	
  characterization.	
  	
  The	
  VSV-­‐Δ51-­‐GMCSF	
  virus	
  was	
  tested	
  as	
  

a	
  direct	
  oncolytic	
  alongside	
  VSV-­‐Δ51-­‐GFP	
  in	
  the	
  B16-­‐F10	
  subcutaneous	
  model	
  and	
  it	
  

demonstrated	
  no	
  increased	
  efficacy	
  (Supplementary	
  Figure	
  S1b).	
  

Replication	
  beyond	
  the	
  infected	
  cells	
  of	
  the	
  vaccine	
  is	
  not	
  required	
  for	
  full	
  ICV	
  efficacy	
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We	
  examined	
  whether	
  virus	
  replication	
  and	
  spread	
  or	
  tumour	
  cell	
  integrity	
  were	
  

important	
  for	
  ICV	
  efficacy.	
  	
  UV-­‐inactivated	
  VSV	
  lacks	
  the	
  ability	
  to	
  express	
  any	
  gene	
  

products	
  and	
  was	
  unable	
  to	
  confer	
  any	
  protection	
  (Figure	
  3d).	
  	
  G-­‐Less	
  VSV	
  is	
  a	
  

recombinant	
  that	
  lacks	
  the	
  gene	
  encoding	
  the	
  glycoprotein,	
  but	
  is	
  grown	
  in	
  cells	
  expressing	
  

VSV	
  G.	
  	
  This	
  virus	
  infects	
  cells	
  and	
  expresses	
  N,	
  M,	
  L,	
  and	
  P	
  genes.	
  It	
  can	
  package	
  new	
  

virions,	
  though	
  these	
  are	
  not	
  infectious22.	
  	
  This	
  virus	
  was	
  able	
  to	
  protect	
  the	
  same	
  

proportion	
  of	
  mice	
  as	
  the	
  VSV-­‐ICV	
  in	
  this	
  experiment	
  (Supplementary	
  Figure	
  S3).	
  	
  

These	
  viruses	
  are	
  compared	
  to	
  VSV-­‐Δ51-­‐GFP	
  because	
  neither	
  UV-­‐inactivated	
  nor	
  G-­‐

Less	
  virus	
  expresses	
  GM-­‐CSF.	
  	
  	
  To	
  determine	
  the	
  importance	
  of	
  cellular	
  integrity	
  to	
  the	
  

efficacy	
  of	
  the	
  vaccine,	
  vaccine	
  preparations	
  were	
  attempted	
  in	
  two	
  other	
  methods.	
  	
  γ-­‐

irradiated	
  B16-­‐F10	
  cells	
  were	
  first	
  freeze/thawed	
  multiple	
  times	
  before	
  being	
  mixed	
  

with	
  VSV-­‐Δ51-­‐GMCSF	
  (irrB16	
  -­‐-­‐>	
  F/T	
  +	
  VSVgm).	
  	
  Compared	
  to	
  the	
  regular	
  VSVgm-­‐ICV,	
  

this	
  preparation	
  was	
  not	
  able	
  to	
  protect	
  any	
  of	
  the	
  6	
  mice	
  treated.	
  	
  Alternatively,	
  the	
  

VSVgm-­‐ICV	
  was	
  made	
  as	
  per	
  usual	
  but	
  freeze/thawed	
  multiple	
  times	
  before	
  injection	
  

(VSVgm-­‐ICV	
  -­‐-­‐>	
  F/T).	
  	
  This	
  preparation	
  protected	
  only	
  4	
  out	
  of	
  7	
  mice.	
  	
  

	
   Taken	
  together,	
  these	
  results	
  indicate	
  that	
  in	
  two	
  VSV-­‐resistant	
  cancer	
  models	
  

tumour	
  cells	
  infected	
  with	
  VSV-­‐Δ51	
  can	
  stimulate	
  an	
  anti-­‐tumour	
  immune	
  response	
  

that	
  is	
  capable	
  of	
  protecting	
  mice	
  from	
  a	
  later	
  tumour	
  challenge.	
  	
  In	
  addition,	
  the	
  

expression	
  of	
  GM-­‐CSF	
  from	
  infected	
  cells	
  greatly	
  increased	
  the	
  immunization	
  

capabilities	
  of	
  the	
  ICV	
  in	
  the	
  B16-­‐F10	
  model.	
  	
  Interestingly,	
  it	
  seems	
  that	
  cellular	
  

integrity	
  is	
  important	
  in	
  conferring	
  immunological	
  protection	
  from	
  this	
  vaccine	
  but	
  

virus	
  need	
  only	
  have	
  basal	
  replication	
  within	
  the	
  cells	
  constituting	
  the	
  vaccine,	
  as	
  



	
   	
  215 

demonstrated	
  by	
  the	
  VSVGLess-­‐ICV.	
  	
  Whether	
  it’s	
  simply	
  transcription	
  or	
  genome	
  

replication	
  that	
  is	
  required	
  is	
  not	
  presently	
  clear.	
  

VSVgm-­‐ICV	
  induces	
  rapid	
  innate	
  immune	
  activation	
  

We	
  next	
  examined	
  the	
  activation	
  of	
  early	
  innate	
  cells	
  following	
  VSVgm-­‐ICV	
  

treatment.	
  	
  Splenocytes	
  were	
  harvested	
  at	
  24hrs	
  post	
  treatment	
  and	
  dendritic	
  cells	
  

(DCs)	
  evaluated	
  for	
  markers	
  of	
  activation.	
  	
  Mice	
  treated	
  with	
  either	
  VSVgm	
  alone	
  or	
  

VSVgm-­‐ICV	
  had	
  a	
  higher	
  proportion	
  of	
  activated	
  DCs.	
  	
  This	
  is	
  demonstrated	
  by	
  a	
  higher	
  

frequency	
  of	
  cells	
  expressing	
  MHC	
  II	
  and	
  CD86,	
  as	
  well	
  as	
  higher	
  expression	
  levels	
  of	
  

these	
  activation	
  markers	
  (Figure	
  4a-­‐c).	
  	
  	
  

In	
  addition,	
  splenic	
  lymphocytes	
  were	
  examined	
  for	
  early	
  activation	
  through	
  

CD69	
  expression	
  early	
  after	
  treatment	
  with	
  the	
  VSVgm-­‐ICV.	
  	
  CD69	
  is	
  a	
  marker	
  of	
  early	
  

lymphocyte	
  activation	
  and	
  is	
  not	
  found	
  on	
  naive	
  lymphocyte	
  populations	
  23,	
  24.	
  	
  

Lymphocytes	
  from	
  VSVgm-­‐ICV-­‐treated	
  mice	
  demonstrate	
  dramatically	
  higher	
  degrees	
  

of	
  early	
  activation	
  than	
  control	
  animals	
  (Figure	
  4d).	
  	
  In	
  keeping	
  with	
  this	
  finding,	
  at	
  

24hrs	
  post	
  treatment,	
  a	
  higher	
  frequency	
  of	
  blood	
  NK	
  cells	
  from	
  VSVgm	
  or	
  VSVgm-­‐ICV-­‐

treated	
  mice	
  express	
  IFNγ	
  and	
  more	
  of	
  the	
  cytokine	
  is	
  expressed	
  per	
  cell	
  

(Supplementary	
  Figure	
  S4a,b).	
  	
  However,	
  not	
  surprisingly,	
  NK	
  cells	
  are	
  no	
  longer	
  

expressing	
  IFNγ	
  in	
  the	
  blood	
  on	
  the	
  day	
  of	
  tumour	
  challenge	
  (Supplementary	
  Figure	
  

S4c,d).	
  	
  	
  

VSVgm-­‐ICV	
  increases	
  tumour	
  infiltration	
  by	
  activated	
  T	
  and	
  NK	
  cells	
  

	
   To	
  understand	
  what	
  cell	
  types	
  are	
  responsible	
  for	
  tumour	
  rejection	
  in	
  the	
  B16-­‐

F10	
  model	
  following	
  VSVgm-­‐ICV	
  treatment,	
  we	
  implanted	
  the	
  challenge	
  flank	
  tumour	
  in	
  

matrigel,	
  thereby	
  allowing	
  us	
  to	
  easily	
  resect	
  and	
  disaggregate	
  the	
  tumour	
  (Figure	
  5a).	
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Mice	
  were	
  injected	
  with	
  Brefeldin	
  A	
  6hrs	
  before	
  tumour	
  harvest.	
  	
  This	
  allows	
  us	
  to	
  

determine	
  the	
  expression	
  profiles	
  of	
  tumour	
  infiltrating	
  cells	
  while	
  they	
  are	
  in	
  the	
  

tumour	
  environment.	
  	
  We	
  determined	
  that	
  T	
  cells	
  are	
  10	
  times	
  more	
  numerous	
  in	
  the	
  

tumour	
  following	
  vaccination	
  with	
  the	
  VSVgm-­‐ICV	
  than	
  with	
  irradiated	
  cells	
  alone	
  or	
  

VSVgm	
  (Figure	
  5c).	
  	
  	
  This	
  difference	
  is	
  even	
  larger	
  when	
  compared	
  to	
  the	
  PBS	
  treated	
  

mice,	
  with	
  30	
  times	
  more	
  T	
  cells	
  in	
  the	
  treated	
  tumour.	
  	
  Indeed,	
  over	
  8%	
  of	
  the	
  tumour	
  

cellular	
  content	
  is	
  T	
  cells,	
  equal	
  to	
  a	
  ratio	
  of	
  one	
  T	
  cell	
  for	
  every	
  12.5	
  tumour	
  cells	
  

(Supplementary	
  Figure	
  S5a).	
  	
  Importantly,	
  there	
  is	
  also	
  a	
  much	
  greater	
  number	
  of	
  

CD3+	
  IFNγ+	
  cells	
  in	
  the	
  tumour	
  following	
  VSVgm-­‐ICV	
  than	
  in	
  any	
  control	
  group	
  (Figure	
  

5b,d	
  and	
  Supplementary	
  Figure	
  S5b).	
  

In	
  addition	
  to	
  a	
  significant	
  increase	
  in	
  T	
  cells	
  in	
  the	
  challenge	
  tumour,	
  VSVgm-­‐ICV-­‐

immunized	
  mice	
  have	
  4-­‐	
  to	
  13-­‐fold	
  more	
  NK	
  cells	
  (Figure	
  5e).	
  	
  	
  Importantly,	
  there	
  are	
  

more	
  NK	
  cells	
  producing	
  either	
  IFNγ	
  or	
  Granzyme	
  B	
  (Figure	
  5g),	
  and	
  there	
  are	
  more	
  

NK	
  cells	
  expressing	
  both	
  IFNγ	
  and	
  Granzyme	
  B	
  (Figure	
  5f).	
  	
  	
  

A	
  VSVgm-­‐ICV	
  reduces	
  tumour	
  burden	
  in	
  the	
  therapeutic	
  setting	
  

	
   Having	
  demonstrated	
  that	
  a	
  VSVgm-­‐ICV	
  can	
  protect	
  mice	
  from	
  a	
  tumour	
  

challenge,	
  we	
  sought	
  to	
  examine	
  the	
  vaccine’s	
  potency	
  in	
  more	
  relevant	
  therapeutic	
  

models,	
  through	
  the	
  treatment	
  of	
  mice	
  that	
  have	
  already	
  been	
  inoculated	
  with	
  tumours.	
  	
  

C57BL/6	
  mice	
  bearing	
  B16-­‐F10	
  subcutaneous	
  tumours	
  were	
  treated	
  IP	
  with	
  VSVgm-­‐

ICV,	
  irrB16,	
  VSVgm,	
  or	
  PBS	
  control	
  (Figure	
  6a).	
  	
  Animals	
  treated	
  with	
  the	
  VSVgm-­‐ICV	
  

have	
  a	
  dramatic	
  delay	
  in	
  tumour	
  growth	
  (Figure	
  6b).	
  	
  In	
  contrast,	
  treatment	
  with	
  

oncolytic	
  VSV-­‐Δ51-­‐GMCSF	
  has	
  similar	
  tumour	
  growth	
  to	
  PBS-­‐treated	
  animals.	
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Treatment	
  with	
  γ-­‐irradiated	
  B16-­‐F10	
  cells	
  leads	
  to	
  marginally	
  delayed	
  tumour	
  growth	
  

compared	
  to	
  the	
  other	
  control	
  groups,	
  though	
  this	
  is	
  not	
  statistically	
  significant.	
  

A	
  systemic	
  dissemination	
  model	
  was	
  also	
  undertaken	
  to	
  examine	
  the	
  

effectiveness	
  of	
  this	
  vaccine.	
  	
  Mice	
  were	
  given	
  B16-­‐F10	
  cells	
  intravenously,	
  leading	
  to	
  

tumour	
  seeding	
  mostly	
  in	
  the	
  lung,	
  though	
  macroscopic	
  tumours	
  can	
  also	
  occur	
  in	
  the	
  

thymus,	
  kidneys,	
  and	
  ovaries.	
  	
  Treatments	
  were	
  initiated	
  the	
  following	
  day	
  and	
  all	
  mice	
  

were	
  euthanized	
  on	
  day	
  22	
  to	
  examine	
  tumour	
  burden	
  (Figure	
  6c).	
  	
  Treatment	
  with	
  

VSVgm-­‐ICV	
  demonstrated	
  undetectable	
  tumour	
  burden	
  at	
  the	
  time	
  of	
  sacrifice	
  in	
  80	
  

percent	
  of	
  mice	
  and	
  no	
  other	
  tumours	
  were	
  found	
  in	
  any	
  of	
  the	
  animals	
  (Figure	
  6e,d).	
  	
  

In	
  contrast,	
  control-­‐treated	
  mice	
  demonstrate	
  heavy	
  tumour	
  burden,	
  with	
  one	
  PBS-­‐

treated	
  mouse	
  found	
  dead	
  before	
  scheduled	
  euthanizing,	
  in	
  addition	
  to	
  3	
  other	
  PBS-­‐

treated	
  mice,	
  1	
  VSVgm-­‐treated	
  mouse,	
  and	
  1	
  irrB16-­‐treated	
  mouse	
  having	
  large	
  

growths	
  in	
  locations	
  other	
  than	
  the	
  lung.	
  	
  Lung	
  weights	
  demonstrate	
  that	
  the	
  VSVgm-­‐

ICV-­‐treated	
  mice	
  have	
  a	
  much	
  lower	
  tumour	
  burden	
  than	
  controls,	
  identical	
  to	
  non-­‐

tumour	
  bearing	
  mouse	
  lungs.	
  	
  As	
  a	
  more	
  stringent	
  test	
  of	
  the	
  VSVgm-­‐ICV’s	
  therapeutic	
  

potential,	
  treatments	
  were	
  started	
  on	
  days	
  3	
  or	
  4	
  after	
  tumour	
  seeding.	
  	
  In	
  both	
  cases	
  2	
  

of	
  4	
  VSVgm-­‐ICV	
  treated	
  mice	
  had	
  no	
  visible	
  lung	
  tumours	
  at	
  the	
  time	
  of	
  sacrifice,	
  whereas	
  

all	
  irrB16-­‐treated	
  mice	
  had	
  significant	
  tumour	
  burden	
  (Supplementary	
  Figure	
  S6).	
  	
  

Treatments	
  beginning	
  later	
  than	
  day	
  4	
  were	
  not	
  attempted	
  and	
  so	
  it	
  remains	
  to	
  be	
  seen	
  

if	
  efficacy	
  can	
  be	
  achieved	
  while	
  delaying	
  treatments	
  further.	
  

A	
  spontaneous	
  model	
  of	
  ovarian	
  cancer	
  also	
  demonstrated	
  therapeutic	
  benefit	
  

from	
  the	
  VSVgm-­‐ICV	
  (Supplementary	
  Figure	
  S7).	
  	
  These	
  transgenic	
  mice	
  develop	
  

spontaneous	
  bilateral	
  ovarian	
  tumours	
  driven	
  by	
  the	
  SV40	
  Tag.	
  	
  The	
  vaccine	
  was	
  made	
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with	
  the	
  6048R	
  cell	
  line	
  that	
  had	
  been	
  previously	
  established	
  from	
  one	
  such	
  tumour.	
  	
  

Though	
  normal	
  ovary	
  weights	
  were	
  not	
  quantified,	
  one	
  VSVgm-­‐ICV-­‐treated	
  mouse	
  had	
  

normal	
  appearing	
  ovaries	
  and	
  these	
  weighed	
  0.05g	
  in	
  total.	
  

These	
  results	
  highlight	
  the	
  potency	
  of	
  this	
  vaccine	
  platform;	
  able	
  to	
  initiate	
  anti-­‐

tumour	
  immune	
  responses	
  that	
  can	
  single-­‐handedly	
  slow	
  the	
  progression	
  of	
  highly	
  

aggressive	
  and	
  VSV-­‐resistant	
  tumours.	
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DISCUSSION	
  

Several	
  recent	
  studies	
  have	
  reported	
  the	
  very	
  important	
  role	
  the	
  immune	
  

system	
  plays	
  in	
  tumour	
  clearance.	
  	
  Indeed	
  the	
  quantity	
  and	
  quality	
  of	
  CD8+	
  T	
  cells	
  

found	
  in	
  the	
  tumour	
  is	
  one	
  of	
  the	
  strongest	
  favourable	
  prognostic	
  markers	
  in	
  many	
  

cancer	
  types25.	
  	
  Not	
  surprisingly,	
  cancers	
  evolve	
  multiple	
  mechanisms	
  of	
  immune	
  

evasion	
  and	
  suppression26.	
  	
  	
  	
  

Oncolytic	
  viruses	
  are	
  emerging	
  as	
  promising	
  clinical	
  candidates	
  that	
  target	
  

tumours	
  at	
  multiple	
  fronts.	
  	
  Importantly,	
  many	
  have	
  been	
  observed	
  to	
  stimulate	
  anti-­‐

tumour	
  immune	
  responses	
  when	
  replicating	
  in	
  susceptible	
  tumours10.	
  	
  However,	
  not	
  all	
  

tumours	
  are	
  permissive	
  to	
  these	
  viruses.	
  	
  We	
  sought	
  to	
  optimize	
  and	
  test	
  an	
  OV	
  vaccine	
  

that	
  could	
  be	
  used	
  with	
  all	
  tumour	
  types,	
  regardless	
  of	
  in	
  vivo	
  permissivity;	
  harnessing	
  

the	
  anti-­‐tumour	
  immune	
  response	
  generated	
  when	
  an	
  immunogenic	
  virus	
  replicates	
  in	
  

tumour	
  cells.	
  	
  

We	
  observed	
  that	
  the	
  efficacy	
  obtained	
  with	
  VSV-­‐Δ51	
  in	
  the	
  permissive	
  

CT26.LacZ	
  colon	
  cancer	
  model	
  is	
  largely	
  dependent	
  on	
  an	
  intact	
  T	
  cell	
  compartment	
  

and	
  that	
  mice	
  cured	
  with	
  this	
  OV	
  treatment	
  generate	
  a	
  robust	
  anti-­‐tumour	
  immune	
  

response	
  (Figure	
  1).	
  	
  However,	
  this	
  efficacy	
  does	
  not	
  translate	
  to	
  tumour	
  models	
  that	
  

are	
  resistant	
  to	
  the	
  viral	
  doses	
  achieved	
  in	
  systemic	
  delivery	
  of	
  VSV	
  (Figure	
  2).	
  	
  We	
  

propose	
  that	
  the	
  deficit	
  in	
  efficacy	
  due	
  to	
  the	
  lack	
  of	
  in	
  vivo	
  replication	
  could	
  be	
  

overcome	
  by	
  infecting	
  γ-­‐irradiated	
  tumour	
  cells	
  in	
  vitro,	
  and	
  then	
  injecting	
  this	
  ICV	
  into	
  

the	
  mouse.	
  	
  Indeed	
  an	
  ICV	
  using	
  VSV-­‐Δ51-­‐GFP	
  was	
  able	
  to	
  protect	
  30%	
  of	
  mice	
  from	
  

future	
  B16-­‐F10	
  tumour	
  challenge	
  in	
  a	
  prophylactic	
  setting	
  (Figure	
  3c).	
  	
  Interestingly,	
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cloning	
  the	
  cytokine	
  GM-­‐CSF	
  into	
  the	
  viral	
  genome	
  greatly	
  increased	
  the	
  potency	
  of	
  the	
  

ICV.	
  	
  The	
  VSVgm-­‐ICV	
  protects	
  95%	
  of	
  mice	
  from	
  future	
  tumour	
  challenge.	
  	
  GM-­‐CSF	
  

enhances	
  the	
  recruitement	
  and	
  activation	
  of	
  antigen	
  presenting	
  cells21.	
  	
  However,	
  

further	
  studies	
  are	
  required	
  to	
  fully	
  elucidate	
  the	
  role	
  of	
  GM-­‐CSF	
  in	
  this	
  vaccine.	
  	
  	
  

Though	
  UV-­‐inactivated	
  VSV	
  does	
  not	
  lead	
  to	
  sufficient	
  immune	
  stimulation,	
  a	
  G-­‐

Less	
  VSV	
  was	
  able	
  to	
  recapitulate	
  the	
  tumour	
  protection	
  achieved	
  with	
  fully	
  replication	
  

competent	
  virus	
  (Figure	
  3d).	
  	
  Therefore	
  a	
  basal	
  level	
  of	
  viral	
  transcription/replication	
  

is	
  required,	
  though	
  it	
  need	
  not	
  replicate	
  beyond	
  the	
  initially	
  infected	
  cells	
  that	
  

constitute	
  the	
  vaccine.	
  	
  We	
  also	
  observed	
  a	
  requirement	
  for	
  cellular	
  integrity,	
  thus,	
  it	
  is	
  

reasonable	
  to	
  hypothesize	
  that	
  this	
  vaccine	
  does	
  not	
  simply	
  present	
  viral	
  danger	
  signals	
  

in	
  the	
  context	
  of	
  tumour	
  antigens.	
  	
  Instead,	
  we	
  speculate	
  that	
  viral	
  infection	
  of	
  cells	
  

initiates	
  critical	
  immunogenic	
  processes	
  that,	
  coupled	
  with	
  tumour-­‐associated	
  antigens,	
  

lead	
  to	
  robust	
  immune	
  activation.	
  	
  In	
  addition,	
  viral	
  infection	
  of	
  an	
  intact	
  cell	
  is	
  quite	
  

immunogically	
  relevant,	
  offering	
  persistent	
  toll-­‐like	
  receptor	
  ligation	
  required	
  for	
  a	
  

robust	
  immune	
  response27.	
  	
  

Treatment	
  with	
  the	
  VSVgm-­‐ICV	
  leads	
  to	
  rapid	
  innate	
  immune	
  activation	
  seen	
  in	
  

the	
  spleen	
  and	
  blood	
  (Figure	
  4,	
  and	
  Supplementary	
  Figure	
  S4).	
  	
  In	
  many	
  cases,	
  

VSVgm	
  leads	
  to	
  the	
  same	
  level	
  of	
  early	
  immune	
  activation	
  as	
  does	
  the	
  vaccine.	
  	
  VSV	
  

injected	
  IP	
  will	
  productively	
  infect	
  the	
  first	
  cells	
  it	
  encounters;	
  therefore	
  initiating	
  

similar	
  immune	
  activation	
  due	
  to	
  viral	
  infection.	
  	
  However,	
  no	
  anti-­‐tumour	
  immune	
  

responses	
  were	
  detected	
  at	
  late	
  timepoints	
  with	
  VSVgm	
  alone	
  (Figure	
  5	
  and	
  6)	
  and	
  

importantly	
  no	
  auto-­‐immune	
  sequelae	
  have	
  ever	
  been	
  observed	
  with	
  VSVgm	
  treatment,	
  

whether	
  IP	
  or	
  IV	
  (data	
  not	
  shown).	
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Though	
  the	
  VSVgm-­‐ICV	
  is	
  demonstrated	
  to	
  activate	
  NK	
  cells	
  24hrs	
  after	
  

prophylactic	
  vaccination,	
  they	
  do	
  not	
  likely	
  play	
  a	
  role	
  in	
  challenge	
  tumour	
  rejection	
  as	
  

tumour	
  implantation	
  occurs	
  after	
  NK	
  cells	
  have	
  returned	
  to	
  baseline	
  (Supplementary	
  

Figure	
  S4).	
  	
  Importantly,	
  NK	
  cell	
  activation	
  following	
  VSVgm-­‐ICV	
  should	
  have	
  a	
  

significant	
  role	
  in	
  a	
  therapeutic	
  setting,	
  through	
  the	
  early	
  debulking	
  of	
  the	
  existing	
  

tumour	
  and	
  through	
  the	
  induction	
  of	
  inflammation	
  at	
  the	
  tumour	
  site.	
  	
  Though	
  

seemingly	
  related	
  to	
  the	
  vaccination,	
  we	
  believe	
  that	
  the	
  NK	
  cell	
  infiltration	
  and	
  

activation	
  observed	
  in	
  the	
  challenge	
  tumour	
  following	
  VSVgm-­‐ICV	
  is	
  in	
  fact	
  a	
  

consequence	
  of	
  activated	
  T	
  cell	
  infiltration	
  (Figure	
  5).	
  	
  Previous	
  research	
  indicates	
  that	
  

T	
  cells	
  can	
  activate	
  NK	
  cells	
  in	
  this	
  manner28.	
  	
  NK	
  cells	
  have	
  been	
  demonstrated	
  to	
  be	
  

important	
  mediators	
  of	
  early	
  tumour	
  debulking	
  and	
  in	
  cytokine	
  secretion,	
  which	
  

further	
  amplifies	
  Th1	
  responses29-­‐31.	
  Certainly,	
  the	
  large	
  quantity	
  and	
  activated	
  nature	
  

of	
  the	
  T	
  cells	
  observed	
  infiltrating	
  the	
  B16-­‐F10	
  challenge	
  tumour	
  only	
  3	
  days	
  after	
  

implantation	
  indicates	
  that	
  the	
  VSVgm-­‐ICV	
  initiates	
  an	
  effective	
  Th1	
  T	
  cell	
  response.	
  	
  	
  

The	
  activity	
  of	
  this	
  vaccine	
  is	
  highlighted	
  by	
  its	
  impact	
  in	
  therapeutic	
  models	
  of	
  

cancer	
  (Figure	
  6	
  and	
  Supplementary	
  Figures	
  S6	
  and	
  S7).	
  	
  Importantly,	
  therapy	
  could	
  

be	
  delayed	
  to	
  4	
  days	
  after	
  systemic	
  dissemination,	
  while	
  still	
  providing	
  a	
  therapeutic	
  

benefit.	
  	
  In	
  some	
  cases,	
  the	
  vaccine	
  is	
  delivered	
  in	
  a	
  completely	
  separate	
  anatomical	
  

compartment	
  and	
  yet	
  leads	
  to	
  significant	
  tumour	
  clearance.	
  	
  Further	
  studies	
  will	
  focus	
  

on	
  better	
  understanding	
  the	
  critical	
  immunological	
  components	
  that	
  lead	
  to	
  this	
  

efficacy.	
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The	
  concept	
  of	
  using	
  virally	
  infected	
  cells	
  as	
  a	
  cancer	
  vaccine	
  has	
  been	
  

previously	
  investigated	
  in	
  both	
  mouse	
  models	
  and	
  human	
  patients	
  32-­‐35	
  with	
  some	
  

success,	
  though	
  few	
  have	
  investigated	
  the	
  immunological	
  basis	
  for	
  this	
  efficacy.	
  	
  Clinical	
  

trials	
  using	
  NDV-­‐infected	
  autologous	
  and	
  allogeneic	
  melanoma	
  cells	
  demonstrated	
  

impressive	
  10	
  and	
  15-­‐year	
  survival	
  data36,	
  37.	
  	
  However,	
  many	
  of	
  these	
  approaches	
  used	
  

inactivated	
  virus,	
  replication-­‐defective,	
  or	
  non-­‐lytic	
  strains.	
  	
  Of	
  note,	
  Livingston	
  et	
  al	
  

used	
  VSVwt	
  to	
  infect	
  melanoma	
  cell	
  lines	
  to	
  create	
  a	
  vaccine,	
  though	
  observed	
  very	
  

limited	
  responses.	
  	
  However,	
  in	
  this	
  case	
  the	
  infected	
  cells	
  were	
  swelled,	
  homogenized,	
  

enucleated,	
  and	
  the	
  virus	
  UV-­‐inactivated	
  before	
  treatment38.	
  	
  The	
  results	
  we	
  have	
  

presented	
  in	
  this	
  manuscript	
  suggest	
  that	
  intact	
  cells	
  and	
  replication	
  competent	
  lytic	
  

virus	
  is	
  much	
  more	
  immunogenic.	
  	
  We	
  used	
  an	
  oncolytic	
  strain	
  of	
  VSV	
  so	
  as	
  to	
  minimize	
  

toxicity,	
  while	
  allowing	
  us	
  to	
  keep	
  actively,	
  yet	
  locally,	
  replicating	
  virus	
  as	
  part	
  of	
  the	
  

vaccine.	
  	
  In	
  addition,	
  in	
  virus-­‐permissive	
  tumour	
  models,	
  there	
  might	
  be	
  an	
  added	
  

benefit	
  of	
  tumour	
  debulking	
  and	
  local	
  inflammation	
  in	
  the	
  tumour	
  microenvironment	
  

provided	
  by	
  the	
  oncolytic	
  virus.	
  	
  	
  

Though	
  others	
  have	
  also	
  achieved	
  therapeutic	
  efficacy	
  in	
  the	
  B16-­‐F10	
  tumour	
  

model,	
  the	
  VSVgm-­‐ICV	
  achieves	
  this	
  while	
  requiring	
  no	
  previous	
  knowledge	
  about	
  the	
  

relevant	
  tumour	
  antigens15	
  or	
  the	
  immunosuppressive	
  mechanisms	
  employed	
  by	
  the	
  

tumour.	
  	
  Importantly,	
  the	
  ICV	
  is	
  relatively	
  simple	
  to	
  prepare,	
  requiring	
  no	
  long-­‐term	
  ex	
  vivo	
  

manipulations39,	
  40.	
  	
  

The	
  infected	
  cell	
  vaccine	
  platform	
  would	
  be	
  best coupled to a debulking	
  treatment	
  

that	
  might	
  also	
  stimulate	
  the	
  immune	
  system.	
  	
  Local	
  tumour	
  irradiation	
  may	
  help	
  with	
  



	
   	
  223 

tumour	
  debulking	
  and	
  has	
  been	
  demonstrated	
  to	
  increase	
  inflammation	
  in	
  the	
  tumour	
  

environment41,	
  leading	
  to	
  enhanced	
  immunotherapeutic	
  responses42,	
  43.	
  	
  An	
  ideal	
  

scenario	
  might	
  include	
  first	
  surgically	
  removing	
  the	
  tumour,	
  using	
  this	
  tumour	
  bulk	
  to	
  

create	
  the	
  VSV-­‐ICV,	
  and	
  then	
  treating	
  the	
  patient	
  to	
  reduce	
  metastatic	
  recurrence.	
  	
  	
  

The	
  infected	
  cell	
  vaccine	
  is	
  a	
  promising	
  immunotherapeutic	
  platform	
  that	
  

achieves	
  the	
  stimulation	
  of	
  both	
  innate	
  and	
  adaptive	
  immune	
  cells.	
  	
  The	
  potency	
  of	
  the	
  

ICV	
  is	
  highlighted	
  by	
  the	
  significant	
  impact	
  it	
  has	
  on	
  the	
  progression	
  of	
  an	
  aggressive	
  

and	
  immunosuppressive	
  tumour.	
  	
  In	
  addition,	
  the	
  use	
  of	
  autologous	
  tumour	
  leads	
  to	
  a	
  

personalized	
  vaccine	
  that	
  can	
  potentially	
  present	
  the	
  full	
  range	
  of	
  a	
  patient’s	
  unique	
  

tumour	
  antigens.	
  	
  Recently	
  ,	
  Castle	
  et	
  al44	
  have	
  shown	
  that	
  the	
  B16-­‐F10	
  tumour	
  cell	
  line	
  

has	
  acquired	
  over	
  500	
  somatic	
  mutations	
  that	
  could,	
  in	
  principle,	
  encode	
  numerous	
  novel	
  

immunogenic	
  epitopes.	
  	
  	
  Despite	
  this,	
  γ-­‐irradiated	
  B16-­‐F10	
  cells,	
  on	
  their	
  own,	
  are	
  

ineffective	
  in	
  stimulating	
  anti-­‐tumour	
  immunity,	
  probably	
  due	
  to	
  the	
  lack	
  of	
  danger	
  signals.	
  	
  

Here	
  we	
  show	
  that	
  infection	
  of	
  B16-­‐F10	
  cells	
  makes	
  them	
  a	
  very	
  potent	
  vaccine	
  platform	
  

that	
  has	
  the	
  capacity	
  to	
  induce	
  both	
  a	
  protective	
  and	
  therapeutic	
  immune	
  response.	
  	
  Since	
  

the	
  B16-­‐F10	
  cell	
  line	
  expresses	
  a	
  vast	
  array	
  of	
  potential	
  neo-­‐antigens,	
  perhaps	
  many	
  of	
  

these	
  could	
  now	
  be	
  made	
  visible	
  to	
  the	
  immune	
  system	
  when	
  presented	
  as	
  an	
  ICV.	
  	
  It	
  is	
  

possible	
  that	
  because	
  of	
  this,	
  the	
  ICV	
  has	
  the	
  potential	
  to	
  induce	
  a	
  broadly	
  active	
  T	
  cell	
  

response	
  against	
  a	
  spectrum	
  of	
  neo-­‐antigens.	
  Currently	
  we	
  have	
  no	
  data	
  to	
  support	
  this	
  

notion,	
  however	
  studies	
  are	
  underway	
  to	
  determine	
  the	
  number	
  and	
  nature	
  of	
  mutant	
  

epitopes	
  that	
  the	
  cellular	
  immune	
  system	
  recognizes	
  in	
  B16-­‐F10	
  cells	
  following	
  infected	
  cell	
  

vaccination.	
  It	
  remains	
  possible	
  that	
  our	
  ICV	
  approach	
  simply	
  focuses	
  a	
  robust	
  response	
  on	
  

a	
  single	
  or	
  limited	
  number	
  of	
  tumour	
  antigens.
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MATERIALS & METHODS 

Cell lines and mice.  CT26.WT and CT26.LacZ (also known as CT26.CL25) colon 

carcinoma, 4T1 breast cancer, and B16-F10 melanoma cells were purchased from the 

American Type Culture Collection and the B16-F10.LacZ were a gift from Dr. Ann F 

Chambers.  All were cultured in HyQ Dulbecco’s modified Eagle medium (High glucose) 

(HyClone) supplemented with 10% fetal calf serum (CanSera, Etobicoke, Canada).  6048R 

cells (gift from Dr. Vanderhyden) were grown in αMEM with 10% FBS, 2.08 ug/mL EGF 

(R&D systems, Minneapolis, MN), 1x of ITSS (Roche, Montreal, CA), Gentamicin, and 

Penicillin/Streptomycin (Invitrogen, Burlington, CA). 

Female 6-week old Balb/C, C57BL/6, and CD1 Nude mice were purchased from Charles 

River Laboratories (Wilmington, MA).  Female 8-week old FVB/N MISIIRTAg transgenic 

mice (line tg4568-­‐	
  a gift from Dr. Vanderhyden) were generated using the transgene 

described by Connolly et al45.  These mice develop bilateral ovarian tumours of epithelial 

origin with full penetrance and typically endpoint at 14 weeks of age.    All experiments were 

conducted with the approval of the University of Ottawa Animal Care and Veterinary 

Service.  Tumour area is calculated by multiplying the width by the length of the tumour. 

 

Virus. VSV-Δ51-GFP and VSV-Δ51-GMCSF were grown in Vero cells and purified by 

centrifugation or sucrose gradient banding and centrifugation.  VSV-GLess was grown on 

293G cells.  Virus stocks were aliquoted in PBS, kept at -80˚C, used once, and then 

discarded.  VSV-Δ51-GMCSF was cloned using PCR primers to murine GMCSF and 

amplified off the pcDNA4.1-GMCSF vector.  GM-CSF was cloned into the VSV-Δ51 vector 

at the XhoI and NheI sites between the G and L genes. 
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Direct treatment model and immunohistochemistry. Subcutaneous tumours were 

established by injecting 3x105 CT26.LacZ or B16-F10 cells in PBS on the hind flank of the 

mouse.  Tumours were allowed to grow until palpable, 6 treatments were then administered 

intravenously for two weeks, every Monday, Wednesday, and Friday, unless otherwise 

stated.   VSV-Δ51 was used at 5x108 pfu/100µL.  To analyze VSV replication in CT26.LacZ 

and B16-F10 tumours following intravenous delivery, Balb/c or C57BL/6 mice were 

implanted with tumours subcutaneously and tumours were allowed to grow until reaching a 

sufficient size to dissect.  Mice were then injected IV with 5x108 pfu/100uL.  48 hours after 

injection, mice were euthanized, tumours were excised, and frozen in Shandon Cryomatrix 

freezing medium (TermoElectron, Waltham, MA) in liquid nitrogen.  5µm sections were 

stained by immunohistochemistry with rabbit anti-serum raised against VSV (gift of Dr. Earl 

Brown) at a 1/5000 dilution for 30min.  Secondary antibody and ABC reagents were used as 

directed from the Vectastain ABC kit and Horseradish peroxidase activity was assessed 

using a Diaminobenzene-HRP kit (KPL Biosciences, Guelph, Canada).  Nuclei were 

counterstained with hematoxylin.  Images were obtained using an Epson Perfection 2450 

Photo Scanner. 

 

Re-challenge and splenocyte transfer. Mice were treated as in the direct oncolysis model 

with 6 doses of VSV at 5x108 pfu/100uL intravenously once tumours were palpable.  Mice 

that had complete responses were kept for at least 3 months to ensure long term responses.  

Splenocytes were harvested and purified by Lympholyte-M gradient from mice that were 

naive, had a tumour but received no treatment, or cured by VSV treatment.  5x107 of these 
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isolated splenocytes were transferred to naive mice intravenously, and these mice were then 

challenged 48 hours later with 3x105 CT26.LacZ cells on the right hind flank or 4T1 cells on 

the left flank.  Tumour outgrowth was monitored. 

 

Infected cell vaccine. Tumour cells were harvested from tissue culture and aliquoted in 

eppendorf tubes at 2x107 cells / 200uL in PBS.  These were γ-­‐irradiated for 30Gy (CT26.wt), 

45Gy (6048R), or 60Gy (B16-F10) in a Pantak HF320 X-Ray machine.  Virus or PBS was 

added to the tubes at 2x108 pfu in 200uL of PBS and incubated at 37˚C for 2 hours.  The 

mixture was then injected in mice, 100uL intraperitoneally; therefore giving each mouse 

5x106 γ-­‐irradiated cells and 5x107 pfu of virus per dose.  For Figure 3f, the “irrB16 à F/T + 

VSVgm” sample was γ-­‐irradiated, then subjected to 3 freeze/thaw cycles in a dry ice bath 

and 42˚C water bath.  Cells were then mixed with VSVgm before injection into the animal.  

Conversely, for the “VSVgm-ICV à F/T” sample, the ICV was made as usual and following 

the 2 hour infection the mixture was subjected to 3 freeze/thaw cycles before injection as 

detailed above.  In the prophylactic model, mice were immunized on days -14 and -7, and 

then challenged with 1x105 live tumour cells subcutaneously on day 0.  For the therapeutic 

model, mice were given 1x105 B16-F10 cells subcutaneously on day 0 or 7x104 B16-F10 

cells intravenously, and then vaccinated on days 1, 8, and 20 intraperitoneally.  For the 3 and 

4 day B16-F10 IV model, mice were treated on days 3, 10, and 22 or 4, 11, and 23, and then 

euthanized on day 28 to determine lung tumour burden. 

In subcutaneous models, tumour measurements were determined with callipers until end 

point was reached.  In intravenous model, endpoint was reached when mouse demonstrated 

severe respiratory distress, had a mass larger than 15mm, or pre-determined experimental 
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endpoint was reached.  Lungs were removed and fixed in 10% formalin for at least 3 days.  

These were then blotted dry and weighed.  Lungs were then paraffin embedded and slices 

were analyzed by hematoxylin and eosin staining. Pictures were taken on the Aperio 

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

ImageScope soſtware.   

Flow Cytometry. Spleens and blood were harvested from mice at indicated timepoints, red 

blood cells were lysed using ACK lysis buffer, and resuspended in RPMI+10% FBS.  For 

examination of DC maturation, cells were stained with cell surface antibodies for CD11c-PE-

Cy7 (clone N418, eBioscience), CD86/B7-1 (clone GL1, eBioscience), and MHC class II-

FITC (clone M5/114.15.2, eBioscience).  For early lymphocyte activation, splenocytes were 

stained with CD3-PerCP (clone 17A2, R&D systems), DX5-PE (BD Bioscience), and CD69-

FITC (clone H1.2F3, BD Biosciences).  All flow cytometry was performed on a Beckman 

Coulter CyAn and data analyzed with Kaluza v1.1 software.  For the examination of NK cell 

activation splenocytes were re-stimulated for 1.5 hours with PMA and Ionomycin, during the 

last hour GolgiPlug (BD Biosciences) was added.  These cells were then stained with CD3-

PerCP (clone 17A2, R&D systems), DX5-PE, Granzyme-B-PE-Cy7 (clone 16G6, 

eBioscience), and IFNγ-FITC (clone XMG1.2, eBiosciences) and examined by flow 

cytometry. 

 

Examination of cellular infiltrate of matrigel challenge tumour.  Following the regular 

prophylactic immunization schedule mice were challenged with 3x105 B16-F10 cells 

resuspended in 300uL of matrigel (BD Biosciences).  6 hours before euthanasia, mice were 

treated IV with 0.25mg Brefeldin A (Sigma) as previously published46.  Mice were 
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euthanized and matrigel plugs were excised from the flank and disaggregated using a 

cocktail of collagenase type IV (Cooper Biomedical), Dispase, and DNase I (Invitrogen) 

resuspended in HBSS.  This mixture was then washed and stained with surface antibodies:   

anti-CD3-PE (clone 17A2, BD Biosciences) or anti-NK1.1-PE (clone PK136, BD 

Biosciences).  Cells were then permeabilized and fixed (BD Cytofix/Cytoperm, BD 

Biosciences) and stained with intracellular antibodies:  IFNγ-FITC (clone XMG1.2, 

eBiosciences) and Granzyme B-PE-Cy7 (16G6, eBioscience). 

Statistical Analysis. All statistical analyses were determined using GraphPad Prism 5.0 

software.  Where applicable, data are presented as mean + SEM and significance of variance 

was determined by T-test with Welch’s correction, unless otherwise stated. 
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FIGURE	
  LEGENDS	
  
Figure	
  1.	
  VSV	
  treatment	
  induces	
  a	
  potent	
  anti-­‐tumour	
  immune	
  response,	
  on	
  which	
  
treatment	
  is	
  dependent.	
  	
  Balb/C	
  (a,	
  b)	
  or	
  athymic	
  nude	
  (c,	
  d)	
  mice	
  were	
  injected	
  
subcutaneously	
  with	
  CT26.LacZ	
  cells.	
  	
  Immune	
  competent	
  Balb/C	
  mice	
  were	
  treated	
  
starting	
  on	
  day	
  14	
  post	
  tumour	
  implantation	
  and	
  nude	
  mice	
  were	
  treated	
  on	
  day	
  10	
  to	
  
reflect	
  a	
  slightly	
  faster	
  onset	
  of	
  tumour	
  development.	
  	
  Mice	
  were	
  injected	
  6	
  times	
  with	
  
5x108	
  pfu	
  of	
  VSV-­‐D51-­‐GFP	
  IV	
  or	
  equivalent	
  amount	
  of	
  UV-­‐inactivated	
  VSV-­‐D51	
  or	
  
phosphate	
  buffered	
  saline	
  (PBS).	
  	
  (a)	
  Kaplan-­‐Meier	
  survival	
  analysis	
  of	
  VSV-­‐D51-­‐GFP	
  
treatment	
  in	
  Balb/C	
  mice.	
  	
  N=8	
  per	
  group.	
  	
  Statistical	
  significance	
  verified	
  by	
  the	
  log	
  
rank	
  test,	
  where	
  p<0.0001.	
  (b)	
  	
  Tumour	
  area	
  growth	
  over	
  time	
  plotted	
  only	
  for	
  VSV-­‐
D51-­‐GFP	
  treated	
  mice.	
  	
  (c)	
  Kaplan-­‐Meier	
  survival	
  analysis	
  of	
  VSV-­‐D51-­‐GFP	
  treatment	
  in	
  
nude	
  mice.	
  	
  N=10	
  for	
  each	
  group.	
  	
  Statistical	
  significance	
  verified	
  by	
  the	
  log	
  rank	
  test,	
  
where	
  p<0.0001.	
  	
  (d)	
  Tumour	
  area	
  growth	
  over	
  time	
  plotted	
  only	
  for	
  VSV-­‐D51-­‐GFP	
  
treated	
  mice.	
  	
  (e)	
  	
  Splenocytes	
  were	
  harvested	
  from	
  either	
  naïve	
  mice,	
  CT26.LacZ	
  
tumour-­‐bearing	
  mice,	
  or	
  CT26.LacZ	
  tumour-­‐bearing	
  mice	
  cured	
  with	
  6	
  doses	
  of	
  VSV-­‐
D51-­‐GFP.	
  These	
  splenocytes	
  were	
  injected	
  IV	
  into	
  naïve	
  Balb/C	
  mice,	
  which	
  were	
  
challenged	
  subcutaneously	
  48	
  hours	
  later	
  with	
  CT26.LacZ	
  cells.	
  	
  (f)	
  	
  Balb/C	
  mice	
  
bearing	
  CT26.LacZ	
  subcutaneous	
  tumours	
  were	
  injected	
  IV	
  with	
  5x108pfu	
  of	
  VSV-­‐D51.	
  	
  
Two	
  days	
  later,	
  mice	
  were	
  euthanized;	
  tumours	
  were	
  harvested,	
  and	
  frozen.	
  	
  Sections	
  
were	
  stained	
  by	
  IHC	
  for	
  VSV.	
  

	
  
Figure	
  2.	
  	
  VSV	
  replication	
  is	
  poor	
  in	
  B16-­‐F10	
  tumours	
  and	
  leads	
  to	
  no	
  efficacy.	
  	
  (a)	
  	
  
C57BL/6	
  mice	
  bearing	
  B16-­‐F10	
  subcutaneous	
  tumours	
  were	
  injected	
  IV	
  with	
  5x108pfu	
  
of	
  VSV-­‐Δ51.	
  	
  Two	
  days	
  later,	
  mice	
  were	
  euthanized,	
  and	
  tumours	
  were	
  harvested	
  and	
  
frozen.	
  	
  Sections	
  were	
  stained	
  by	
  IHC	
  for	
  VSV.	
  	
  (b)	
  	
  C57BL/6	
  mice	
  bearing	
  B16-­‐F10	
  
subcutaneous	
  tumours	
  were	
  injected	
  3	
  times	
  a	
  week	
  starting	
  on	
  day	
  6	
  with	
  6	
  doses	
  of	
  
VSV-­‐Δ51	
  IV.	
  	
  Tumour	
  area	
  growth	
  over	
  time	
  plotted	
  for	
  PBS	
  (in	
  black)	
  and	
  VSV-­‐Δ51	
  
treated	
  (in	
  red).	
  	
  N=6	
  per	
  group.	
  	
  (c)	
  	
  Kaplan-­‐Meier	
  survival	
  analysis	
  with	
  statistics	
  
examined	
  by	
  log	
  rank	
  test	
  where	
  p>0.2.	
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Figure	
  3.	
  	
  VSV	
  acts	
  as	
  a	
  potent	
  adjuvant	
  in	
  a	
  prophylactic	
  B16-­‐F10	
  infected	
  cell	
  
vaccine.	
  	
  (a)	
  Schematic	
  representing	
  preparation	
  of	
  infected	
  cell	
  vaccine.	
  (b)	
  
Prophylactic	
  ICV	
  treatment	
  timeline	
  in	
  days.	
  	
  (c-­‐d)	
  	
  C57BL/6	
  mice	
  were	
  immunized	
  
with	
  various	
  control	
  or	
  vaccine	
  preparations	
  according	
  to	
  the	
  timeline	
  in	
  panel	
  (b).	
  	
  
They	
  were	
  then	
  challenged	
  with	
  1x105	
  B16-­‐F10	
  cells	
  subcutaneously	
  and	
  tumour	
  
outgrowth	
  was	
  monitored.	
  	
  (c)	
  Shown	
  is	
  the	
  weighted	
  mean	
  +	
  weighted	
  standard	
  
deviation	
  of	
  final	
  tumour	
  outgrowth	
  for	
  each	
  group,	
  averaged	
  from	
  results	
  from	
  
multiple	
  experiments.	
  	
  The	
  total	
  number	
  of	
  mice	
  tested,	
  with	
  the	
  fraction	
  exhibiting	
  
tumour	
  growth	
  is	
  listed	
  below	
  the	
  graph.	
  	
  (d)	
  	
  Shown	
  is	
  the	
  percent	
  outgrowth	
  from	
  the	
  
one	
  experiment	
  in	
  which	
  that	
  condition	
  was	
  tested.	
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Figure	
  4.	
  	
  The	
  VSVgm-­‐ICV	
  leads	
  to	
  dendritic	
  cell	
  and	
  lymphocyte	
  early	
  activation	
  
in	
  the	
  spleen	
  within	
  24hrs	
  of	
  vaccination.	
  	
  
C57BL/6	
  mice	
  were	
  immunized	
  with	
  the	
  VSVgm-­‐ICV	
  or	
  relevant	
  controls	
  IP	
  and	
  
euthanized	
  24hrs	
  later.	
  	
  Splenocytes	
  were	
  stained	
  and	
  examined	
  by	
  flow	
  cytometry	
  for	
  
dendritic	
  cell	
  markers	
  of	
  activation.	
  	
  (a)	
  Percent	
  of	
  CD11c+	
  cells	
  that	
  express	
  MHC	
  II	
  
and/or	
  CD86.	
  (b)	
  Mean	
  fluorescence	
  intensity	
  of	
  MHC	
  II	
  staining	
  on	
  CD11c+	
  cells.	
  (c)	
  
Mean	
  fluorescence	
  intensity	
  of	
  CD86	
  staining	
  on	
  CD11c+	
  cells	
  normalized	
  to	
  PBS	
  levels.	
  	
  
N=3	
  mice	
  per	
  group,	
  except	
  for	
  VSVgm-­‐ICV	
  that	
  had	
  4	
  mice.	
  	
  (d)	
  	
  C57BL/6	
  mice	
  were	
  
immunized	
  with	
  the	
  VSVgm-­‐ICV	
  or	
  relevant	
  controls	
  IP	
  and	
  euthanized	
  15hrs	
  later.	
  	
  
Splenocytes	
  were	
  stained	
  and	
  examined	
  by	
  flow	
  cytometry	
  for	
  NK	
  and	
  T	
  cells	
  markers	
  
in	
  addition	
  to	
  CD69.	
  	
  Percent	
  of	
  indicated	
  cells	
  that	
  express	
  CD69.	
  	
  All	
  data	
  presented	
  as	
  
mean	
  +	
  SEM	
  with	
  3	
  mice	
  per	
  group.	
  	
  P	
  values,	
  *	
  P<0.05,	
  **	
  P<0.005,	
  ***	
  P≤0.0001	
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Figure	
  5.	
  	
  Prophylactic	
  immunization	
  with	
  the	
  VSVgm-­‐ICV	
  leads	
  to	
  robust	
  
activated	
  T	
  cell	
  and	
  NK	
  cell	
  infiltration	
  of	
  the	
  challenge	
  tumour.	
  
(a)	
  C57BL/6	
  mice	
  were	
  prophylactically	
  immunized	
  as	
  described	
  earlier	
  with	
  VSVgm-­‐
ICV	
  or	
  controls.	
  	
  B16-­‐F10	
  cells	
  in	
  matrigel	
  were	
  subcutaneously	
  injected	
  on	
  day	
  0.	
  	
  On	
  
day	
  3,	
  mice	
  were	
  injected	
  IV	
  with	
  brefeldin	
  A,	
  then	
  6hrs	
  later	
  were	
  euthanized.	
  	
  
Tumours	
  were	
  resected	
  on	
  day	
  3	
  for	
  enzymatic	
  disaggregation	
  and	
  flow	
  cytometric	
  
analysis.	
  	
  (b)	
  Representative	
  dot	
  plots	
  demonstrating	
  CD3+	
  cells	
  expressing	
  IFNγ.	
  	
  (c)	
  
The	
  total	
  number	
  of	
  CD3+	
  cells	
  per	
  tumour	
  in	
  each	
  group.	
  	
  (d)	
  The	
  total	
  number	
  of	
  CD3+	
  
IFNγ+	
  cells	
  per	
  tumour	
  in	
  each	
  group.	
  	
  (e)	
  The	
  total	
  number	
  of	
  NK1.1+	
  cells	
  per	
  tumour	
  
in	
  each	
  group.	
  	
  (f)	
  The	
  total	
  number	
  of	
  NK1.1+IFNγ+GranzymeB+	
  cells	
  per	
  tumour	
  in	
  
each	
  group.	
  	
  (g)	
  The	
  total	
  number	
  of	
  NK1.1+IFNγ+	
  cells	
  and	
  NK1.1+GranzymeB+	
  cells	
  per	
  
tumour	
  in	
  each	
  group.	
  	
  P	
  values,	
  £,	
  †,	
  ‡,	
  ∫,  §,  and  €  are	
  all	
  P≤0.005.	
  All	
  data	
  are	
  presented	
  
as	
  mean	
  +	
  SEM	
  with	
  5	
  mice	
  per	
  group.	
  	
  P	
  values,	
  *	
  P<0.05,	
  **	
  P<0.005,	
  ***	
  P≤0.0005	
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Figure	
  6.	
  	
  Treatment	
  with	
  the	
  VSVgm-­‐ICV	
  can	
  significantly	
  impact	
  tumour	
  growth	
  
in	
  subcutaneous	
  and	
  systemic	
  models.	
  	
  	
  
(a)	
  	
  C57BL/6	
  mice	
  were	
  implanted	
  with	
  B16-­‐F10	
  subcutaneous	
  tumours	
  and	
  treated	
  
according	
  to	
  the	
  presented	
  timeline.	
  	
  (b)	
  Tumour	
  area	
  was	
  monitored	
  and	
  is	
  shown	
  in	
  
days	
  following	
  tumour	
  implantation	
  as	
  mean	
  +	
  SEM	
  with	
  5	
  mice	
  per	
  group,	
  except	
  for	
  
the	
  VSVgm	
  only	
  group	
  that	
  had	
  4.	
  	
  (c)	
  C57BL/6	
  mice	
  were	
  injected	
  IV	
  with	
  B16-­‐F10	
  
cells	
  and	
  treated	
  according	
  to	
  presented	
  timeline	
  with	
  the	
  VSVgm-­‐ICV	
  or	
  controls.	
  	
  Mice	
  
were	
  euthanized	
  on	
  day	
  22,	
  and	
  their	
  lungs	
  were	
  weighed	
  and	
  fixed	
  in	
  10%	
  formalin.	
  	
  
Lungs	
  were	
  then	
  sliced	
  and	
  analyzed	
  by	
  hematoxylin	
  and	
  eosin	
  (H&E)	
  staining.	
  	
  (d)	
  
Lung	
  weights	
  shown	
  are	
  pooled	
  from	
  2	
  separate	
  experiments	
  and	
  presented	
  as	
  mean	
  +	
  
SEM	
  with	
  variance	
  analysis	
  by	
  Mann-­‐Whitney	
  test.	
  	
  Normal	
  lungs	
  are	
  those	
  from	
  mice	
  
that	
  have	
  not	
  received	
  any	
  lung	
  tumours	
  or	
  treatments.	
  	
  (e)	
  H&E	
  staining	
  of	
  all	
  mice	
  in	
  
one	
  experiment	
  with	
  representative	
  sections	
  demonstrating	
  tumour	
  burden	
  at	
  
endpoint.	
  	
  All	
  lungs	
  are	
  on	
  the	
  same	
  scale,	
  with	
  black	
  bar	
  indicating	
  2	
  millimeters.	
  	
  A	
  
higher	
  magnification	
  of	
  a	
  representative	
  vaccine	
  and	
  control-­‐treated	
  lung	
  are	
  presented	
  
on	
  the	
  right.	
  	
  One	
  PBS	
  mouse	
  had	
  the	
  heart	
  buried	
  in	
  tumour,	
  and	
  so	
  the	
  organ	
  could	
  
not	
  be	
  removed.	
  	
  A	
  few	
  control	
  mice	
  had	
  tumours	
  in	
  their	
  thymus	
  and	
  so	
  these	
  organs	
  
were	
  kept	
  in	
  the	
  H&Es	
  and	
  weights.	
  	
  P	
  values,	
  *	
  P<0.05,	
  **	
  P<0.005,	
  ***	
  P≤0.0001	
  
	
  



	
   	
  241 

	
  
	
  
Supplementary	
  Figure	
  S1.	
  	
  VSV	
  infection	
  of	
  B16-­‐F10	
  cells	
  at	
  a	
  high	
  MOI	
  can	
  
overcome	
  replication	
  issues.	
  
(a)	
  	
  B16-­‐F10	
  cells	
  were	
  infected	
  in	
  vitro	
  at	
  an	
  MOI	
  of	
  10	
  with	
  VSV-­‐Δ51-­‐GFP.	
  	
  24hrs	
  later,	
  
pictures	
  were	
  taken	
  with	
  a	
  fluorescent	
  microscope.	
  	
  (b)	
  C57BL/6	
  mice	
  bearing	
  B16-­‐F10	
  
subcutaneous	
  tumours	
  were	
  injected	
  3	
  times	
  with	
  VSV-­‐Δ51-­‐GMCSF,	
  VSV-­‐Δ51-­‐GFP,	
  or	
  
PBS	
  IV.	
  (c)	
  B16-­‐F10	
  cells,	
  healthy	
  or	
  60Gy	
  γ-­‐irradiated,	
  were	
  infected	
  in	
  vitro	
  at	
  an	
  MOI	
  
of	
  10	
  with	
  VSV-­‐Δ51-­‐GFP.	
  	
  48hrs	
  later	
  supernatants	
  were	
  harvested	
  and	
  titered	
  on	
  Vero	
  
cells	
  by	
  plaque	
  assay.	
  	
  Average	
  titer	
  of	
  3	
  wells	
  in	
  pfu/mL	
  +	
  SEM.	
  	
  	
  

	
  
Supplementary	
  Figure	
  S2.	
  	
  VSV	
  acts	
  as	
  a	
  potent	
  adjuvant	
  in	
  a	
  prophylactic	
  CT26.wt	
  
infected	
  cell	
  vaccine	
  
Balb/C	
  mice	
  were	
  immunized	
  with	
  a	
  CT26.wt	
  VSV-­‐ICV	
  on	
  days	
  -­‐14	
  and	
  -­‐7,	
  followed	
  by	
  
3x105	
  CT25.wt	
  subcutaneously.	
  	
  Tumour	
  outgrowth	
  per	
  group	
  is	
  shown	
  with	
  
proportions	
  of	
  mice	
  growing	
  a	
  tumour	
  below.	
  	
  This	
  represents	
  the	
  sum	
  of	
  two	
  
independent	
  experiments.	
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Supplementary	
  Figure	
  S3.	
  	
  The	
  VSVGLess-­‐ICV	
  performs	
  identically	
  as	
  the	
  VSV-­‐ICV.	
  	
  Kaplan-­‐
Meier	
  survival	
  curve	
  of	
  mice	
  given	
  prophylactic	
  PBS,	
  VSV-­‐ICV,	
  or	
  VSVGLess-­‐ICV	
  from	
  Figure	
  
3d.	
  	
  Statistical	
  significance	
  verified	
  by	
  Log-­‐Rank	
  test	
  where	
  **	
  P<0.005.	
  

	
  
	
  
Supplementary	
  Figure	
  S4.	
  	
  Prophylactic	
  immunization	
  with	
  the	
  VSVgm-­‐ICV	
  leads	
  
to	
  early	
  NK	
  cell	
  activation;	
  however	
  activation	
  is	
  not	
  maintained	
  until	
  tumour	
  
challenge.	
  
(a-­‐b)	
  C57BL/6	
  mice	
  were	
  immunized	
  IP	
  with	
  the	
  VSVgm-­‐ICV	
  or	
  relevant	
  controls	
  and	
  
euthanized	
  24hrs	
  later.	
  	
  Splenocytes	
  were	
  stained	
  and	
  examined	
  by	
  flow	
  cytometry	
  for	
  
CD3-­‐NK1.1+	
  cells	
  and	
  IFNγ.	
  	
  Data	
  are	
  presented	
  as	
  mean	
  +	
  SEM	
  with	
  3	
  mice	
  per	
  group,	
  
except	
  for	
  VSVgm-­‐ICV	
  that	
  had	
  4	
  mice.	
  	
  (c-­‐d)	
  C57BL/6	
  mice	
  were	
  immunized	
  IP	
  with	
  
the	
  VSVgm-­‐ICV	
  or	
  relevant	
  controls	
  on	
  days	
  -­‐14	
  and	
  -­‐7	
  and	
  then	
  euthanized	
  on	
  day	
  1,	
  at	
  
which	
  point	
  blood	
  was	
  harvested	
  and	
  stained	
  for	
  CD3-­‐NK1.1+	
  cells	
  and	
  IFNγ.	
  	
  Data	
  are	
  
presented	
  as	
  mean	
  +	
  SEM	
  with	
  3	
  mice	
  per	
  group.	
  (a,c)	
  Percent	
  of	
  CD3-­‐NK1.1+	
  cells	
  that	
  
express	
  IFNγ.	
  	
  (b,d)	
  	
  Mean	
  fluorescence	
  intensity	
  of	
  IFNγ	
  staining	
  on	
  CD3-­‐NK1.1+	
  cells	
  
normalized	
  to	
  PBS	
  levels.	
  	
  P	
  values,	
  *	
  P<0.05,	
  **	
  P<0.005,	
  ***	
  P≤0.0001	
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Supplementary	
  Figure	
  S5.	
  	
  A	
  significant	
  increase	
  in	
  the	
  proportion	
  of	
  T	
  and	
  NK	
  
cells	
  is	
  observed	
  within	
  the	
  challenge	
  tumour.	
  	
  	
  
Tumours	
  from	
  mice	
  treated	
  in	
  Figure	
  5	
  were	
  also	
  analyzed	
  for	
  the	
  proportion	
  of	
  (a)	
  CD3+	
  
cells	
  and	
  (b)	
  CD3+	
  cells	
  expressing	
  IFNγ.	
  	
  All	
  data	
  are	
  presented	
  as	
  mean	
  +	
  SEM	
  with	
  5	
  mice	
  
per	
  group.	
  	
  P	
  values,	
  *	
  P<0.05,	
  **	
  P<0.005,	
  ***	
  P≤0.0001	
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Supplementary	
  Figure	
  S6.	
  Treatment	
  with	
  the	
  VSVgm-­‐ICV	
  reduces	
  tumour	
  burden	
  even	
  
when	
  treatment	
  is	
  delayed	
  to	
  day	
  3	
  or	
  4	
  after	
  tumour	
  inoculation.	
  
(a)	
  	
  8x104	
  B16-­‐F10.LacZ	
  cells	
  were	
  administered	
  IV	
  and	
  then	
  mice	
  were	
  treated	
  according	
  to	
  
the	
  timeline	
  with	
  PBS,	
  VSVgm,	
  irrB16	
  cells,	
  or	
  the	
  VSVgm-­‐ICV.	
  	
  (b)	
  	
  Initial	
  day	
  on	
  which	
  
treatments	
  began	
  is	
  indicated	
  to	
  the	
  left	
  of	
  the	
  pictures.	
  	
  On	
  day	
  28,	
  all	
  mice	
  were	
  
euthanized,	
  at	
  which	
  point	
  lungs	
  were	
  harvested	
  and	
  stained	
  for	
  β-­‐galactosidase.	
  	
  Pictures	
  
were	
  then	
  taken	
  using	
  a	
  macro	
  setting	
  on	
  a	
  digital	
  camera.	
  	
  #	
  Animal	
  found	
  dead	
  of	
  
unknown	
  causes	
  before	
  lungs	
  could	
  be	
  harvested.	
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Supplementary	
  Figure	
  S7.	
  	
  The	
  VSVgm-­‐ICV	
  has	
  therapeutic	
  efficacy	
  in	
  the	
  MISIIRTAg	
  

spontaneous	
  ovarian	
  cancer	
  model.	
  	
  	
  

(a)	
  FVB/N	
  MISIIRTAg	
  transgenic	
  mice	
  were	
  treated	
  on	
  weeks	
  8,	
  10,	
  and	
  12	
  with	
  either	
  PBS	
  

or	
  the	
  VSVgm-­‐ICV	
  IP.	
  	
  At	
  13	
  weeks	
  of	
  age,	
  some	
  mice	
  demonstrated	
  severe	
  abdominal	
  

masses	
  and	
  all	
  mice	
  were	
  euthanized.	
  	
  (b)	
  Ovaries	
  were	
  weighed	
  and	
  total	
  ovary	
  weights	
  

per	
  mouse	
  are	
  plotted	
  with	
  P	
  value,	
  *	
  P<0.05.	
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Theresa Falls and Christiano T de Souza. I was assisted in the chromium release assays by 

Lee-Hwa Tai and Christiano T de Souza. I wrote the manuscript, with input from Chantal 

Lemay, and John C Bell.  
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APPENDIX IV: A SELECTABLE AND EXCISABLE MARKER SYSTEM FOR 
THE RAPID CREATION OF RECOMBINANT POXVIRUSES 
 
 

Julia L. Rintoul, Jiahu Wang, Don B. Gammon, Nicholas J. van Buuren, Kenneth Garson, 

Karen Jardine, Michele Barry, David H. Evans, John C. Bell 

 
 
Contribution:  
 
Cloning of constructs was performed by myself, and Jiahu. I performed all of the sequencing, 

PCR, virus manufacturing and titering. Southern blot analysis was performed by Jiahu and 

myself, with input from Karen. The wetbench work associated Figures 5 and 6 was 

performed by Don and Nicholas, res 

pectively. Kenneth created the plasmid illustrations. Western blotting and immuno-

fluorescence was performed by Jiahu. I wrote the manuscript, and revised the manuscript for 

editorial approval with input from Jiahu, Don, Michele, David and John. 
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APPENDIX V: SEQUENTIAL THERAPY WITH JX-594, A TARGETED 
ONCOLYTIC POXVIRUS, FOLLOWED BY SORAFENIB IN 
HEPATOCELLULAR CARCINOMA: PRECLINICAL AND CLINICAL 
DEMONSTRATION OF COMBINATION EFFICACY 
 
 

Jeong Heo, Caroline J Breitbach, Anne Moon, Chang Won Kim, Rick Patt, Mi Kyung Kim, 

Yu Kyung Lee, Sung Yong Oh, Hyun Young Woo, Kelley Parato, Julia Rintoul, Theresa 

Falls, Theresa Hickman, Byung-Geon Rhee, John C Bell, David H Kirn and Tae-Ho Hwang 

 
 
Contribution:  
 
I created the sorafenib resistant cell lines used in Figure 1, by sequential passage of the cells 

with increasing exposure to sorafenib. 
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APPENDIX VI: POTENT ONCOLYTIC ACTIVITY OF RACCOONPOX VIRUS 
IN THE ABSENCE OF NATURAL PATHOGENICITY 
 
 

Laura Evgin, Markus Vaha-Koskela, Julia Rintoul, Theresa Falls, Fabrice Le Boeuf, 

John W Barrett, John C Bell and Marianne M Stanford 

 
 
Contribution:  
 
Assisted in the planning, and executing of the mouse experiments. In particular the tissue 

distribution experiments, and the lung tumour mouse model experiments. I also contributed 

to the assembly of the manuscript, proofreading the manuscript, and assisting in the response 

to reviewers.  
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APPENDIX VII: JULIA RINTOUL, CURRICULUM VITAE  
	
  

JULIA	
  RINTOUL	
  
	
  

	
  
	
  
SUMMARY	
  OF	
  QUALIFICATIONS	
  
	
  
PhD	
  candidate	
   in	
   the	
   lab	
  of	
  Dr.	
   John	
  C.	
  Bell	
  at	
   the	
  Ottawa	
  Hospital	
  Research	
  Institute,	
  
Centre	
  for	
  Innovative	
  Cancer	
  Research,	
  with	
  an	
  expected	
  completion	
  date	
  of	
  April	
  2012.	
  
An	
   enthusiastic	
   and	
   self-­‐driven	
   professional	
   with	
   a	
   record	
   of	
   achieving	
   goals	
   and	
  
exceeding	
  expectations.	
  	
  	
  
	
  

• Diverse	
   experience	
   in	
   quality	
   assurance,	
   project	
   management,	
   and	
   academic	
  
research	
  

• Expertise	
   in	
   the	
   areas	
   of	
   biochemistry,	
   virology,	
   immunology	
   and	
   molecular	
  
biology.	
  

• Practiced	
  leader,	
  and	
  communicator	
  
• Proven	
   project	
   management	
   skills;	
   focused,	
   results-­‐oriented	
   and	
   highly	
  

motivated	
  
• Productive	
   multi-­‐tasking	
   skills	
   with	
   a	
   strong	
   aptitude	
   for	
   managing	
   multiple	
  

projects	
  	
  
• Extensive	
  experience	
  in	
  presenting	
  data	
  in	
  large	
  forums	
  
• Ability	
  to	
  clearly	
  articulate	
  complex	
  scientific	
  subjects	
  across	
  a	
  broad	
  audience	
  

	
  
EXPERIENCE	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  
Research	
  Experience	
  

• Expertise	
   in	
   poxvirus	
   virology,	
   virus	
   manufacturing,	
   recombinant	
   DNA	
  
technology,	
  oncolytic	
  virotherapy,	
  vaccinology,	
  and	
  flow	
  cytometry	
  

• Created	
  a	
  new	
  poxvirus	
  cloning	
  system	
  for	
  clinical	
  applications	
  
• Discovered	
  novel	
  methods	
  for	
  the	
  production	
  of	
  parapoxviruses	
  
• Expertise	
  in	
  designing,	
   implementing	
  and	
  analyzing	
  multi-­‐color	
  flow	
  cytometry	
  

experiments	
  	
  
• Experienced	
   in	
   recombinant	
   DNA	
   technology:	
   designed,	
   created	
   and	
   tested	
   7	
  

recombinant	
  poxviruses	
  	
  
• Skilled	
  at	
  in	
  vitro	
  tissue	
  culture	
  and	
  virus	
  manufacturing	
  
• Qualified	
  handler	
  of	
  mice,	
  with	
  expertise	
  in	
  animal	
  surgeries,	
  tissue	
  processing,	
  

intraperitoneal	
  injections,	
  cardiac	
  punctures	
  and	
  saphenous	
  bleeds	
  
• Proficiency	
  with	
  most	
  biochemistry	
  techniques,	
  including	
  but	
  not	
  limited	
  to	
  PCR,	
  

DNA	
  sequence	
  analysis,	
  western	
  blot,	
  ELISA,	
  and	
  gel	
  electrophoresis	
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Project	
  Management	
  Experience	
  
• Jennerex	
  Biotherapeutics,	
  San	
  Francisco,	
  California	
  (2011-­‐Contract):	
  Consultant	
  -­‐	
  

Project	
  Lead	
  for	
  a	
  12	
  million	
  dollar	
  breast	
  cancer,	
  Department	
  of	
  National	
  
Defense	
  grant	
  submission.	
  This	
  project	
  management	
  role	
  involved	
  coordinating	
  
the	
  assembly	
  of	
  required	
  documentation	
  across	
  a	
  large	
  group	
  of	
  collaborators,	
  
the	
  outlining	
  and	
  writing	
  of	
  the	
  pre-­‐clinical	
  experimental	
  approach,	
  and	
  the	
  
creation	
  of	
  a	
  detailed	
  budget	
  and	
  budget	
  justification.	
  	
  

	
  

• Co-­‐supervised	
  two	
  Master’s	
  students	
  (2010-­‐Present).	
  	
  Invented	
  and	
  directed	
  the	
  
Master’s	
  thesis	
  projects	
  of	
  two	
  students.	
  The	
  development	
  of	
  these	
  projects	
  has	
  
led	
  to	
  a	
  co-­‐authored	
  provisional	
  US	
  patent.	
  	
  

	
  

• Co-­‐supervised	
   two	
   summer	
   students	
   (2008-­‐2010).	
   Created	
   and	
   managed	
   the	
  
students	
   skill	
   development,	
   and	
   progress.	
   Data	
   generated	
   from	
   summer	
  
students	
  will	
  be	
  included	
  in	
  future	
  scientific	
  publications.	
  

	
  
Industry	
  Experience	
  

• Murphy Goode Estate Winery (Fall 2005): Laboratory Technician, Sonoma 
County, California  

	
  

• Jungbunzlauer Canada (Winter 2005): Laboratory Technician, Port Colborne, 
Ontario 

	
  

• J.M. Smucker’s, Home of Bick’s (Summer 2004): Quality Assurance 
Technician, Dunnville, Ontario         

	
  
Science	
  Education	
  and	
  Outreach	
  

• Let’s	
  Talk	
  Science	
  Volunteer	
   (2007-­‐present).	
   Created	
   and	
   conducted	
   interactive	
  
science	
   demonstrations	
   and	
   school-­‐related	
   activities,	
   such	
   as	
   science	
   fair	
  
judging.	
  
	
  

• Mentor	
  for	
  the	
  Sanofi-­‐Aventis	
  BioTalent	
  Challenge	
   (2008).	
  Created	
  and	
  managed	
  
a	
  project	
   for	
   four	
  high	
   school	
   students.	
  Taught	
   and	
   supervised	
   the	
   students	
   in	
  
general	
  lab	
  practices	
  and	
  skills.	
  	
  

	
  

• Scientists	
  Without	
  Borders,	
  Vice	
  President	
  of	
  External	
  Affairs	
  (2008-­‐2009).	
  Aimed	
  
to	
  facilitate	
  up-­‐to-­‐date	
  research	
  in	
  developing	
  nations	
  that	
  lack	
  basic	
  resources.	
  
Completed	
  a	
  shipment	
  of	
  laboratory	
  equipment	
  worth	
  $150,000	
  dollars	
  to	
  Saint	
  
John	
  University	
  of	
  Tanzania,	
  Dodoma	
  Tanzania.	
  

	
  
ACADEMIC	
  ACHIEVEMENTS	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  
Education	
  

• Ph.D.,	
  Biochemistry	
  –	
  Specialization	
   in	
  Human	
  and	
  Molecular	
  Genetics.	
   Thesis	
   in	
  
the	
   lab	
   of	
  Dr.	
   John	
   C.	
   Bell:	
   “ORFV:	
   A	
  Novel	
  Oncolytic	
   and	
   Immune	
   Stimulating	
  
Parapoxvirus	
  Therapeutic”	
  (University	
  of	
  Ottawa	
  2007-­‐present)	
  
	
  



	
   	
  291 

• B.Sc.,	
  Biotechnology	
  –	
  Co-­‐op.	
  Honors	
  Thesis	
   in	
  the	
   lab	
  of	
  Dr.	
   Jeffrey	
  K.	
  Atkinson:	
  
“Ligand	
   Promiscuity	
   of	
   Supernatant	
   Protein	
   Factor:	
   Binding	
   and	
   Transfer	
   of	
  
Fluorescent	
  Analogues”	
  (Brock	
  University	
  2002-­‐2007)	
  

	
  
	
  
Personal	
  Development	
  

• Foundations	
  of	
  Project	
  Management,	
  February,	
  2012	
  
	
  

• MITACS	
   certificate:	
   The	
  Art	
   of	
   Powerful	
   Conversation,	
   featuring	
   Stuart	
  Knight,	
  
June,	
  2011	
  

	
  

• MITACS	
   certificate:	
   Business	
   Conduct	
   Excellence	
   and	
   Dining	
   Etiquette,	
   March,	
  
2011	
  

	
  
Publications	
  

• Tai,	
  L-­‐H.,	
  de	
  Souza,	
  C.T.	
  Rintoul,	
  J.L.,	
  Ly	
  L.,	
  Falls,	
  T.,	
  Belanger,	
  S.,	
  Makrigiannis,	
  A.,	
  
Bell,	
   J.C.,	
   and	
   Auer,	
   R.C.	
   (2012)	
   Preventing	
   postoperative	
   metastases	
   by	
  
enhancing	
   natural	
   killer	
   cell	
   function	
   with	
   novel	
   oncolytic	
   virus	
   therapy.	
  
(Manuscript	
  in	
  preparation)	
  

	
  

• Lemay,	
  C.G.,	
  Rintoul,	
   J.L.,	
  Kus,	
  A.,	
  Falls,	
  T.,	
  Garcia,	
  V.,	
  Parato,	
  K.A.,	
   and	
  Bell,	
   J.C.	
  
(2012)	
  An	
   Infected	
  Cell	
  Vaccine	
   (ICV)	
  has	
  potent	
  prophylactic	
   and	
   therapeutic	
  
anti-­‐tumour	
  activity.	
  (Accepted,	
  Molecular	
  Therapy)	
  

	
  

• Rintoul,	
   J.L.,	
   Lemay,	
   C.G.,	
   Tai,	
   L-­‐H.,	
   Stanford,	
   M.M.,	
   Falls,	
   T.J.,	
   De	
   Souza,	
   C.T.,	
  
Bridle,	
   B.W.,	
   Daneshmand,	
   M.,	
   Ohashi,	
   P.S.,	
   Wan,	
   Y.,	
   Lichty,	
   B.D.,	
   Mercer,	
   A.A.,	
  
Auer,	
  R.C.,	
  Atkins,	
  H.,	
  and	
  Bell,	
  J.C.	
  (2012)	
  ORFV:	
  A	
  novel	
  oncolytic	
  and	
  immune	
  
stimulating	
   parapoxvirus	
   therapeutic.	
   Mol	
   Ther,	
   Jan	
   24.	
   doi:	
  
10.1038.mt.2011.201.[Epub	
  ahead	
  of	
  print]	
  

	
  
• Rintoul,	
   J.L.,	
   Wang,	
   J.	
   Gammon,	
   D.B.,	
   van	
   Buuren,	
   N.J.,	
   Garson,	
   K.,	
   Barry,	
   M.,	
  

Evans,	
  D.H.,	
  and	
  Bell,	
  J.,	
  (2011)	
  A	
  selectable	
  and	
  excisable	
  marker	
  system	
  for	
  the	
  
rapid	
  creation	
  of	
  recombinant	
  poxviruses.	
  PLoS	
  ONE,	
  6(9):e24643	
  

	
  

• Heo,	
  J.,	
  Breitbach,	
  C.J.,	
  Moon,	
  A.,	
  Kim,	
  C.W.,	
  Patt,	
  R.,	
  Kim,	
  M.K.,	
  Lee,	
  Y.K.,	
  Oh,	
  S.Y.,	
  
Woo,	
  H.Y.,	
  Parato,	
  K.,	
  Rintoul,	
   J.,	
  Falls,	
  T.,	
  Hickman,	
  T.,	
  Rhee,	
  B.G.,	
  Bell,	
  J.C.,	
  Kirn,	
  
D.H.,	
   and	
   Hwang,	
   T.H.	
   (2011)	
   Sequential	
   Therapy	
   with	
   JX-­‐594,	
   a	
   Targeted	
  
Oncolytic	
   Poxvirus,	
   Followed	
   by	
   Sorafenib	
   in	
   Hepatocellular	
   Carcinoma:	
  
Preclinical	
   and	
   Clinical	
   Demonstration	
   of	
   Combination	
   Efficacy.	
   Mol	
   Ther,	
  
19(6):1170-­‐9.	
  
	
  

• Breitbach,	
  C.J.,	
  De	
  Silva,	
  N.S.,	
  Falls,	
  T.J.,	
  Aladl,	
  U.,	
  Evgin,	
  L.,	
  Paterson,	
  J.,	
  Sun,	
  Y.Y.,	
  
Roy,	
  D.G.,	
  Rintoul,	
   J.L.,	
  Daneshmand,	
  M.,	
  Parato,	
  K.,	
  Stanford,	
  M.M.,	
  Lichty,	
  B.D.,	
  
Fenster,	
   A.,	
   Kirn,	
   D.,	
   Atkins,	
   H.,	
   Bell,	
   J.C.	
   (2011)	
   Targeting	
   Tumor	
   Vasculature	
  
With	
  an	
  Oncolytic	
  Virus.	
  Mol	
  Ther,	
  19(5):886-­‐94.	
  

	
  

• Evgin,	
  L.,	
  Vähä-­‐Koskela,	
  M.,	
  Rintoul,	
   J.L,	
  Falls,	
  T.,	
  LeBoeuf,	
  F.,	
  Barrett,	
   J.W.,	
  Bell,	
  
J.C.,	
  and	
  Stanford,	
  M.M.	
  (2010).	
  Potent	
  Oncolytic	
  Activity	
  of	
  Raccoonpox	
  Virus	
  in	
  
the	
  Absence	
  of	
  Natural	
  Pathogenicity,	
  Mol	
  Ther,	
  18(5):896-­‐902.	
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• Nam,	
  T.G.,	
  Rector,	
  C.L.,	
  Kim,	
  H.Y.,	
  Sonnen,	
  A.F.,	
  Meyer,	
  R.,	
  Nau,	
  W.M.,	
  Atkinson,	
  J.,	
  
Rintoul,	
   J.,	
   Pratt.	
   D.A.,	
   Porter,	
   N.A.	
   (2007).	
   Tetrahydro-­‐1,8-­‐napthyridinol	
  
analogues	
   of	
   alpha-­‐tocopherol	
   as	
   antioxidants	
   in	
   lipid	
   membranes	
   and	
   low-­‐
density	
  lipoproteins,	
  2007	
  J	
  Am	
  Chem	
  Soc,	
  129(33):10211-­‐10219.	
  

	
  
Patents	
  

• BLG	
  File:	
  PAT	
  6738-­‐0	
  filed	
  March	
  15	
  2011,	
  “Oncolytic	
  Parapoxvirus”.	
  Inventors:	
  
John	
  Bell,	
  Julia	
  Rintoul,	
  Monica	
  Komar,	
  and	
  Aimee	
  Laporte	
  

	
  
Presentations	
  

• Oral	
  presentation:	
  Immunopotentiators	
  for	
  Modern	
  Vaccines	
  (Porto,	
  Portugal	
  –	
  
April	
   2011)	
   “Immune	
   stimulation	
   by	
   parapoxvirus	
  Orf	
   leads	
   to	
   potent	
  NK	
   cell	
  
activation,	
  and	
  subsequent	
  anti-­‐tumour	
  activity”	
  

	
  

• Oral	
  presentation:	
  6th	
  International	
  Conference	
  on	
  Oncolytic	
  Viruses	
  (Las	
  Vegas,	
  
Nevada	
   –	
  March	
   2011)	
   “Harnessing	
   Parapoxvirus-­‐Induced	
   Immune	
   Activation	
  
As	
  A	
  New	
  Approach	
  For	
  Oncolytic	
  Virus	
  Therapy	
  

	
  

• Oral	
  presentation:	
  University	
  of	
  Ottawa	
  Department	
  Seminar	
  	
  (Ottawa,	
  Ontario	
  –	
  
February	
   2011)	
   “Immune	
   stimulation	
   by	
   parapoxvirus	
  Orf	
   leads	
   to	
   potent	
  NK	
  
cell	
  activation,	
  and	
  subsequent	
  anti-­‐tumour	
  activity”	
  –	
  100$	
  for	
  1st	
  Prize	
  	
  

	
  

• Oral	
   presentation:	
   Ottawa	
   Hospital	
   Research	
   Institute	
   Research	
   Day	
   (Ottawa,	
  
Ontario	
   –	
   November	
   2010)	
   “Orf	
   virus,	
   the	
   development	
   of	
   a	
   new	
   cancer	
  
therapeutic	
  platform”	
  

	
  

• Poster	
   presentation:	
   XVII	
   International	
   Poxvirus,	
   Asfivirus,	
   and	
   Iridovirus	
  
Conference	
   (Sedona,	
   Arizona	
   –	
   June	
   2010)	
   “Orf	
   virus	
   as	
   a	
   novel	
   anti-­‐cancer	
  
agent”	
  	
  

	
  

• Poster	
   presentation:	
  Ontario	
   Institute	
   for	
   Cancer	
  Research	
  Annual	
   Symposium	
  
(Alliston,	
  Ontario	
  –	
  March	
  2010)	
  “Orf	
  virus	
  as	
  a	
  novel	
  anti-­‐cancer	
  agent”	
  –	
  500$	
  
for	
  1st	
  prize	
  

	
  

• Poster	
  presentation:	
  5th	
  Canadian	
  Symposium	
  on	
  Gene	
  Therapy	
  and	
  Vaccines	
  –	
  
ATGQ	
   (Grenville-­‐sur-­‐la-­‐rouge,	
   Quebec	
   –	
  May	
   2010)	
   “Orf	
   virus	
   as	
   a	
   novel	
   anti-­‐
cancer	
  agent”	
  

	
  

• Poster	
   presentation:	
   Canadian	
   Cancer	
   Immune	
   Therapy	
   Symposium	
   (Niagara	
  
Falls,	
  Ontario	
  –	
  April	
  2010)	
  “Orf	
  virus	
  as	
  a	
  novel	
  anti-­‐cancer	
  agent”	
  

	
  

• Poster	
  presentation:	
  University	
  of	
  Ottawa	
  Department	
  Seminar	
  (Ottawa,	
  Ontario	
  
–	
  February	
  2010)	
  “Orf	
  virus	
  as	
  a	
  novel	
  anti-­‐cancer	
  agent”	
  –	
  100$	
  for	
  1st	
  Prize	
  

	
  

• Poster	
  presentation:	
  Ottawa	
  Hospital	
  Research	
  Institute	
  Research	
  Day	
  (Ottawa,	
  
Ontario	
   –	
   November	
   2009)	
   “A	
   novel	
   oncolytiv	
   virus	
   stimulating	
   anti-­‐tumour	
  
immunity”	
  

	
  

• Poster	
  presentation:	
  Harnessing	
   Immunity	
   to	
  Prevent	
   and	
  Treat	
  Disease	
   (Cold	
  
Spring	
  Harbor,	
  New	
  York	
  –	
  November	
  2009)	
  “A	
  novel	
  oncolytic	
  virus	
  stimulating	
  
anti-­‐tumour	
  immunity”	
  



	
   	
  293 

	
  

• Poster	
  presentation:	
  Ottawa	
  Hospital	
  Research	
  Institute	
  Research	
  Day	
  (Ottawa,	
  
Ontario	
   –	
   November	
   2008)	
   “The	
   characterization	
   and	
   development	
   of	
   a	
   new	
  
oncolytic	
  virus	
  candidate:	
  Orf	
  virus”	
  –	
  100$	
  for	
  2nd	
  Prize	
  

	
  

• Poster	
   presentation:	
   XVII	
   International	
   Poxvirus	
   and	
   Iridovirus	
   Conference	
  
(Grainau,	
   Germany	
   –	
   June	
  2008)	
   “A	
   controllable	
   selection	
   system	
   for	
   poxvirus	
  
recombination”	
  

	
  

• Poster	
   presentation:	
   4th	
   Canadian	
   Gene	
   Therapy	
   and	
   Vaccines	
   Symposium	
  
(Montreal,	
  Quebec	
  –	
  May	
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