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ABSTRACT 

Oncolytic viruses are currently under investigation as anti-cancer therapies due to 

their innate ability to selectively infect and destroy cancer cells.  Major barriers to this anti-

tumour effect include inefficient viral spread and immune-mediated neutralization. This 

study aims to overcome these limitations by taking advantage of the life cycle of the 

oncolytic clinical candidate known as vaccinia virus (VACV).   Naturally, a small proportion 

(<1%) of VACV progeny are released from infected cells with a cell-derived membrane and 

become known as extra-cellular enveloped virus (EEV).  Due to this additional membrane, 

EEV can be shielded from many anti-viral immune factors, allowing it to travel further and 

largely avoid host-mediated neutralization. This form of VACV is important for long range 

virus dissemination as well as sustained infection.  Though the exact mechanism remains to 

be elucidated, it has been demonstrated that EEV release can be influenced by Abl tyrosine 

kinase (Abl TK) function.  Specific point mutations in viral envelope proteins are known to 

bring about enhanced viral release, resulting in an elevated proportion of produced EEV.  In 

this study, we investigate the effect of EEV enhancing modifications within various 

oncolytic VACV strains.  Our data reveals that this augmentation of EEV production through 

the A34R L151E mutation within the Copenhagen (Cop) backbone can enhance the 

oncolytic potential of VACV in vivo through enhanced spread and immunoevasion. 
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1. INTRODUCTION 

1.1 ONCOLYTIC VIRUSES 

1.1.1 CANCER AND THE NECESSITY FOR NOVEL THERAPIES 

Every day, an average of 200 Canadians die from cancer and another 500 are newly 

diagnosed (1).  This disease type has established itself as one of the leading causes of death 

worldwide, demanding the attention of modern society.  Cancer is characterized by 

uncontrolled cellular growth with the capacity to spread, invade tissues and impede vital 

bodily functions, causing death.  Normal cell growth is controlled on a number of levels, and 

ultimately is thrown off course by changes, known as mutations, to the DNA sequence.  As 

such, the numerous and convoluted mutagenic sources that bring about these changes have 

made this disease type incredibly difficult to decipher.  Furthermore, the more than two 

hundred neoplastic subtypes each have unique and complicated characteristics, wherein the 

attributes typical of disease progression make treatment a delicate and often risky process 

(16).   

Current treatment protocols largely enlist severe, cytotoxic methods of attack, aimed 

at destroying cells dividing at a higher rate.  Chemotherapeutics and radiation therapy 

destroy cancer cells and aid in preventing disease progression, but in their wake these 

methods also annihilate cells that naturally divide quickly.  Components of the bone marrow 

and the gastrointestinal tract are destroyed during treatment, eliciting severely compromising 

side effects (48).  The body is damaged and the immune system is impaired, leaving the 

patient susceptible to infection and vastly impeding the healing process (32).  Life-

threatening complications therefore often arise from the toxic effects of these aggressive 

treatment protocols  (32, 48).  Furthermore, the nature of the rapidly dividing cancer cell is to 
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retaliate and mutate further, often bringing about resistance to utilized treatment protocols 

and requiring the use of a subsequent panel of toxic compounds (67). Consequently, the need 

for innovative, more highly discriminating and sophisticated treatment strategies is obvious.  

1.1.2 POTENTIAL FOR TARGETED VIRAL THERAPY PLATFORMS 

Novel anti-cancer therapies are currently under investigation for enhanced selectivity 

and efficacy in reducing tumour burden without provoking the same toxic implications 

brought about by the current standard.  At the forefront of this investigative endeavour is the 

field of oncolytic virotherapy.  This approach encompasses an intricate and multifaceted 

biotherapeutic tactic wherein malignant cell subtypes are selectively infected and destroyed 

while normal tissue is left unharmed (47). Oncolytic viruses (OV) are immunomodulatory, 

self-propagating, easily genetically manipulated, efficient gene therapy vectors and 

importantly, they are highly selective for lytic replication in cancer cells (34, 47). Thus, 

oncolytic viruses have emerged as an exceedingly attractive anti-cancer therapy platform.  

The ability of OVs to specifically target and destroy a wide range of cancer cells 

vastly sets this therapy apart from current strategies. This selectivity is attained on a 

molecular level, where the virus has the capacity to specifically exploit the genetic defects 

found in malignant neoplastic cells. The cancer cell’s high rate of division causes it to 

accumulate mutations that bring about chromosomal instability, providing growth 

advantages at the cost of normal cellular defense mechanisms (14, 86).  A number of viral 

species have shown a high natural tropism for tumour cells due to enhanced cellular growth 

factors promoting viral replication, inhibited interferon (IFN) pathways preventing the cell 

from mounting an anti-viral campaign as well as due to aspects of the tumour 

microenvironment promoting preferential infection  (40, 86).  On top of this, many genetic 
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modifications to the viral genomes have been observed to confer higher infection specificity 

and conditional replication in cancer cells by further exploitation of neoplastic 

 growth, promoting a higher degree of safety and tumour selectivity (30, 86).  

1.2 VACCINIA VIRUS (VACV) 

1.2.1 ONCOLYTIC VACV OVERVIEW 

 VACV, a member of the poxvirus family, has made significant progress as an 

oncolytic candidate in recent years. Historically, VACV was used worldwide as the highly 

immunogenic vaccine against smallpox, leading to the complete eradication of the disease by 

1971 (6). VACV is characterized by a large double-stranded (ds) DNA genome encoding 

more than 200 genes, a vast mammalian cell host-range, the ability to effectively spread 

systemically and  a rapid lytic replication cycle occurring entirely within the host cell 

cytoplasm with little pathogenicity in humans (6, 31, 93).  These features have proven to be 

highly favourable within an oncolytic candidate platform.  

Its history of use in humans has allowed for long-term clinical observation of safety, 

toxicity and immunogenicity, as well as extensive investigation of VACV biology (75).  This 

experience has demonstrated a superior safety profile as well as firmly established 

manipulation and study protocols.  Additionally, the inherent immunogenicity of the virus 

elicits an adaptive response with the potential to be harnessed and used to prime the immune 

system against the tumour microenvironment (31, 57, 66).  The large dsDNA genome can 

accommodate up to 25 kb of foreign DNA, making VACV a proficient gene therapy vector 

capable of expressing large transgenes for enhancing therapeutic potential (78).  

Furthermore, the vast range of infectable mammalian cell subtypes makes VACV suitable for 

effective study in animal models as well as for use in human cancer cell populations (54).    

The cytoplasmic replication cycle ensures the virus genome does not enter the  
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nucleus, eliminating the possibility of mutagenic chromosomal integration, further 

solidifying an enhanced safety profile, in comparison with products that replicate within the 

nucleus (31, 75).  The cytoplasmic replication is also rapid, allowing for quick action, 

efficient lysis and cell-to-cell spread as well as more highly streamlined manufacturing 

protocols (54, 75). Poxviruses have also evolved mechanisms for immune evasion and 

efficient systemic spread through the blood, facilitating overall treatment efficacy and 

providing an advantage over other viral species of oncolytic products (73).  Finally, VACV 

has little toxicity in humans and largely induces only minor side effects.  However, if 

uncontrolled replication were to occur, a number of anti-viral compounds have been 

approved to counteract the VACV infection.  These include immunotherapy tactics such as 

vaccinia immunoglobulin (VIG) and the viral DNA polymerase inhibitor cidofovir, further 

elevating the therapeutic safety profile (18, 31, 94).  Overall, VACV possesses several 

qualities that make it an ideal species for oncolytic virotherapy development.  

1.2.2 ONCOLYTIC MECHANISM OF ACTION 

The inherent oncolytic potential of VACV has been demonstrated to be the result of 

three diverse mechanisms of action (41).  Primarily, direct infection, replication and lysis of 

the cancer cell occurs, leading to its destruction by necrosis and/or apoptosis. From here, the 

virus is propagated and spreads to neighbouring cells, undertaking an initial tumour-

debulking process (31, 41). Secondarily, the initial infection and cell destruction releases 

immune mediators, including damage/danger associated molecular patterns (DAMP), viral 

pathogen associated molecular patterns (PAMP) as well as tumour associated antigens 

(TAA), that together trigger a response to the site (71, 96).  This action recruits an innate 

immune-mediated attack against the tumour site and the release of TAAs seems to have the 

potential to elicit an adaptive response against the tumour itself (41).  Harnessing the power 
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of the immune system against the tumour greatly augments the efficiency of this therapeutic 

platform. 

Finally, VACV functions in facilitating tumour vascular collapse (46).  The infection 

elicits the release of a variety of chemokines and cytokines that establish the recruitment of 

innate immune cells to the tumour site.  Here, neutrophils take on a rigid phenotype and can 

functionally block the tumour microvasculature, creating a thrombosis and starving the 

cancer cells, promoting necrosis (11).  It has also been demonstrated that VACV has the 

capacity to directly infect the rapidly dividing tumour-associated endothelial cells, furthering 

the vascular shut down mechanism and promoting overall tumour destruction (42).  

Ultimately, these diverse points of attack greatly strengthen this therapeutic approach against 

the highly heterogeneous nature of the tumour microenvironment.  

1.3   VACV STRAINS AND ONCOLYTIC POTENTIAL 

 VACV exists in several different strain subtypes, each with variable virulence and 

oncolytic capabilities. Strains Modified Vaccinia Ankara (MVA) and New York Vaccinia 

(NYVAC) are not able to replicate in mammalian cells but are highly immunogenic, making 

them suitable as potential vaccine vectors but not in an oncolytic capacity (31, 41). The Tian 

Tan strain was used extensively in China as a vaccine during the smallpox eradication, but 

has not been investigated as an oncolytic agent (41). The Lister strain was used as a vaccine 

in the United Kingdom and has been investigated as an oncolytic candidate as it possesses 

some inherent tumour selectivity (83).  Finally, strains Wyeth (Wy), Western Reserve (WR) 

and Copenhagen (Cop) have displayed significant, yet variable, innate oncolytic potency as 

well as inherent tumour specificity, bringing them to the foreground in the investigation of 

VACV therapeutic potential (41, 83). 

1.3.1 WYETH (WY) VACV 
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 Wy was utilized as the smallpox vaccine in North America and as such is the most 

common VACV strain clinically used in humans, resulting in a wealth of data generated on 

its action within the human body (39, 41).  Wy is the least virulent of the oncolytic strains in 

that, based on historic data, approximately 1.4 cases of a severe complication to VACV 

vaccination, known as post-vaccination encephalitis (PVE) as well as  2.9 deaths in 1 million 

vaccinations,  will occur.  This is in contrast to 26.2 cases of PVE and 2.5 deaths in 1 million 

vaccinations occurring with the Lister strain (44).  Wy has displayed minimal inherent 

tumour selectivity when compared with other VACV strains, but can be engineered into a 

successful oncolytic candidate (41).   

1.3.2 WESTERN RESERVE (WR) VACV 

The WR strain is a laboratory-derived virus, created from Wy after serial passaging 

through mouse brain tissues (12, 36). It is highly tumour selective, as demonstrated by an 

enhanced replication in cancer cell lines, and has demonstrated a strong oncolytic profile, but 

WR has had minimal use in humans and therefore possesses a shorter clinical history (41, 

83).  WR is highly adapted to murine models, replicating  to a very high extent in the brain as 

well as the nose, lungs, ovaries and skin of mouse species (36, 90).  The WR strain has also 

been engineered into a successful oncolytic candidate (83) . 

1.3.3 COPENHAGEN (COP) VACV  

 Cop was the Northern European vaccine strain during the smallpox eradication 

campaign, but it was withdrawn due to high levels of toxicity (41).  It is estimated to induce 

approximately 33.3 cases of PVE and 31.2 deaths per 1 million vaccinations, making it the 

most virulent oncolytic strain used clinically in humans (44).  Cop has been demonstrated to 

possess inherent in vitro tumour selectivity and an attenuated version  has been used 

successfully in mouse models as a gene therapy vector for a pro-drug converting enzyme 
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within a colorectal tumour model (28).  Cop has yet to be investigated as a clinical oncolytic 

candidate, due to its history of toxicity in humans and overall higher anticipated degree of 

virulence.   

1.4   ENGINEERED SELECTIVITY AND ENHANCING MODIFICATIONS 

 For use on an oncolytic therapy platform, a number of specific mutations to the viral 

genome have been investigated in order to enhance the inherent tumour selectivity and anti-

tumour action of VACV, thereby reinforcing the overall targeted approach and safety profile.  

A number of gene deletions have been noted to strengthen infection selectivity in cancer 

cells by exploiting the innate differences between neoplastic and normal cell types. The 

alterations that bring about uncontrolled cell growth also allow for their engineered targeting 

by viruses, from a variety of angles. Some of the more widely used examples of these 

selectivity modifications include deletions or alterations of viral thymidine kinase (TK), 

vaccinia growth factor (VGF) and B18R genes. Together with selectivity enhancements, 

immunostimulatory and chemo-targeted mechanisms are also under investigation for their 

potential to initiate anti-tumour action.  These avenues include immunomodulatory 

molecules designed to harness and utilize the power of the immune system as well as pro-

drug converting enzymes designed for a synergistic approach with specific 

chemotherapeutics for ideal anti-tumour clinical candidate production (41).   

1.4.1 THYMIDINE KINASE (TK) DELETION 

 The most highly utilized means of attenuating VACV is the deletion of its viral TK 

enzyme. VACV encoded TK is utilized for the synthesis of the thymidine nucleotide, 

required for viral DNA synthesis and ultimately for viral replication (31, 75).  Dividing cells 

also transiently express TK in order to produce the components required for division during 

the synthesis phase of the cell cycle (33). As such, the majority of rapidly dividing cancer 
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cells constitutively express TK and the pool of nucleotides is consistently high (12, 33).  

Therefore, in deleting the viral TK gene from the VACV genome, tumour selectivity is 

enhanced by forcing the virus to rely on the cellular TK, most highly expressed in cancer 

cells, for replication and sustained infection.  It has been demonstrated that TK deleted (TK-) 

VACV is highly attenuated in normal cell lines and is less pathogenic in mice than wildtype 

(wt) VACV, while it is still able to replicate in transformed cell lines (12).  Furthermore, TK- 

VACV has exhibited preferential infection in tumours in vivo in several different tumour-

bearing mouse models (31, 65).   

1.4.2 VACV GROWTH FACTOR (VGF) DELETION 

 A secondary deletion has further been established as an effective selectivity 

enhancing method. VACV encodes VGF, a human epidermal growth factor (EGF) 

homologue that is secreted to functionally stimulate cellular mitosis (85). This action induces 

a higher than normal rate of host cell proliferation, enhancing the virus’ replicative potential 

and allowing for sustained viral infection and spread. When deleted, VGF- VACV has been 

demonstrated to replicate less efficiently in normal cell lines as well as be significantly less 

pathogenic in mice than is wt VACV, establishing the importance of VGF to VACV  

virulence (13, 52).  

By inhibiting VGF action, the virus is more likely to preferentially infect cells  

already replicating to a higher degree, making the VGF- VACV mutant more tumour-

selective than the wt (31).  A VACV mutant known as double deleted VACV (vvDD) has 

been engineered from the WR strain backbone with deletions of both the TK and VGF genes.  

This double mutant has been shown to be highly selective for replication in cancer cell lines 

with an activated EGF receptor (EGFR) pathway and to be significantly tumour selective in 
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murine models, while at the same time is highly attenuated in non-dividing cell lines in vitro 

(41, 52). 

1.4.3 B18R TRUNCATION 

 Another means of enhancing the selectivity of VACV for tumour cells is to 

 counteract the virus’ innate immunoevasive mechanisms. Wt VACV infection attempts to 

outmaneuver the host’s immune system by encoding B18R, a soluble IFN-receptor mimetic 

that sequesters IFN at the cell surface, thereby preventing the cell from mounting an anti-

viral campaign (3).  This function attributes to VACV strains, such as WR, an evasive 

quality that facilitates sustained infection (19).  It has been demonstrated that when deleted, 

B18R- VACV is cleared from normal tissues more rapidly than the wt VACV but maintains 

its infection in tumours, due to the disabled IFN pathways inherent to cancer cells  (42).   

This is suggestive of heightened tumour selectivity. The Wy strain of VACV naturally 

encodes a truncated version of B18R that binds IFN with a lower affinity (3).  Clinical 

candidates of the Wy backbone are therefore inherently more likely to have a heightened 

safety profile due to the weakened anti-IFN mechanism (49).  

1.4.4 HSV TK 

 A final potential approach by which VACV can be engineered for the enhancement 

of its clinical safety profile is to include the herpes simplex virus (HSV) TK gene, in place of 

VACV TK (61).  HSV TK confers a sensitivity to the anti-viral drug acyclovir, allowing for 

a back-up safety switch to clear uncontrolled viral replication, were it to occur (64).  

Acyclovir is a purine nucleoside analog that lacks a 3’ hydroxyl group, normally required for 

DNA elongation during the replication process. When incorporated by HSV DNA 

polymerase, acyclovir induces DNA chain-termination and prevents viral replication, 

effectively halting infection (26).  This process is highly specific for HSV species, as HSV 
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TK is able to phosphorylate acyclovir, a requirement for integration into the viral DNA 

replication cycle, while other viral and cellular TK do not (29).  Acyclovir has demonstrated 

low order toxicity in animal models and in uninfected cells, correlating to its selectivity for 

HSV TK (84).  This is in contrast to the inherently higher toxicity levels of the current anti-

VACV drug cidofovir (20).   This mechanism could provide an extra level of safety for 

clinical use of the more virulent strains of VACV. 

1.4.5 HGM-CSF TRANSGENE INCLUSION 

 In addition, transgene inclusions into the viral genome have also been investigated for 

their capacity to equip oncolytic candidates with enhancing anti-cancer attributes. Currently, 

one of the most successful methods of improving the VACV backbone for optimal oncolytic 

action was undertaken in the addition of human granulocyte monocyte-colony stimulating 

factor (hGM-CSF), a potent immunostimulatory cytokine (21).  GM-CSF functionally 

stimulates the recruitment and maturation of many innate cell subtypes, including natural 

killer (NK) cells, monocytes, basophils and granulocytes, amplifying the immune response 

exponentially (45).  It has been demonstrated that when expressed, GM-CSF induces long 

lasting and specific anti-tumour immunity in animal models, conceivably through the 

augmented triggering of antigen-presenting cells (APC) and ultimate initiation of anti-

tumour cytotoxic T lymphocyte (Tc cell) populations (22, 23, 45).   

1.4.6 PRO-DRUG CONVERTING ENZYME INCLUSION 

 A subsequent means by which oncolytic candidates can be armed for tumour 

destruction is through the inclusion of transgenes designed to aid in targeted chemotherapy.  

When expressed at the tumour site, pro-drug converting enzymes are able to transform non-

toxic pro-drug compounds into cytotoxic anti-cancer drugs within the tumour (41).  This 

allows for a more selective chemotherapeutic approach and enhances the overall anti-tumour 
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effect of the treatment. A successful example of this approach is the inclusion of the enzyme 

yeast cytosine deaminase (yCD),  a hydrolase that deaminates cytosine, which functionally 

converts the pro-drug 5’fluorocytosine (5-FC) into 5-fluorouracile (5-FU), a DNA synthesis 

inhibitor and potent chemotherapeutic (51).  It has been demonstrated that inclusion of the 

yCD transgene in combination with 5-FC treatment resulted in longer survival for virus-

treated tumour-bearing mice (15).  A number of pro-drug converting enzymes have the 

potential to be integrated for a wide range, tumour-type specific efficacy. 

Together, combinations of these safety enhancing, immunostimulatory and anti-

tumour mechanisms can be utilized to ensure the selectivity as well as potency of an 

oncolytic candidate. This combinatorial approach allows for an efficacious yet discriminating 

systemic treatment protocol.  With these methods, successful oncolytic candidates have been 

developed for clinical use and in a number of ways these have demonstrated the great power 

behind the oncolytic virus platform. Subsequently, these candidates have also elucidated 

limitations to the treatment scheme that necessitate novel research and development 

perspectives.  

1.5   CURRENT ONCOLYTIC PRODUCTS 

1.5.1 JX-963 

 Jennerex Biotherapeutics Inc. has developed prototypic oncolytic candidates based on 

enhanced tumour selectivity and anti-tumour immunomodulation within VACV backbones.  

JX-963 was developed from the WR backbone, chosen based on its inherent tumour 

selectivity as well as its advanced potency of replication in transformed cell lines (83).  It 

was engineered have deletions of both the TK and VGF genes, allowing for enhanced tumour 

selectivity and hGM-CSF was included in order to enhance anti-tumour immunity.   

In preclinical trials with tumour bearing animal models, it has been demonstrated that  
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JX-963 exhibits highly potent and selective tumour clearing capabilities when compared with 

wt WR, TK- Wy and oncolytic adenovirus Onyx-015 (83). JX-963 has also demonstrated 

systemic efficacy, with IV dosing shown to clear primary and metastatic tumours in animal 

models.  In order to verify the impact of hGM-CSF on treatment outcome a rabbit model was 

utilized as, due to species differences, the hGM-CSF molecule is inefficient in murine 

models (45, 74).  It was demonstrated that hGM-CSF was expressed and secreted into the 

blood in tumour bearing rabbits, but not in naïve animals, effectively demonstrating tumour 

replicative selectivity as well as successful transgene expression. The JX-963 treatment and 

hGM-CSF expression also correlated pre-clinically with increases in innate leukocyte 

concentrations as well as tumour-specific TC cell stimulation (45).  

1.5.2 JX-929 

JX-929 was built on the same fundamental properties as JX-963, in that it is derived 

from the WR backbone and lacks functional TK and VGF, but the transgene inclusion was 

altered. JX-929 includes yCD for 5’FU targeted chemotherapy at the tumour site (41).  JX-

929 is currently under investigation in Phase I clinical trials by intratumoural (IT) as well as 

intravenous (IV) dosing in pancreatic, breast, melanoma and colorectal cancers (2, 41) .  The 

JX-929 platform is demonstrating intratumoural replication, anti-tumour efficacy and an 

effective safety profile (2).  

1.5.3 JX-594 

JX-594 is the most highly characterized of the candidates, having been included in a 

greater number of trials.  It was created from the Wy backbone, based on its inherent safety 

profile and natural B18R truncation.  In JX-594, the viral TK gene is disrupted and hGM-CSF 

has been included for enhanced specificity and anti-tumour potency (39).  JX-594 expression 

of the hGM-CSF was also described in a pre-clinical rabbit model, demonstrating the 
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transgene’s proficient biological activity in the activation of tumour infiltrating TC cells, in 

addition to tumour specific viral replication (39).   JX-594 has been highly investigated in 

phase I and II clinical trials in liver, colon, kidney, lung and melanoma cancer types where it 

has exhibited selective tumour infection and replication bringing about significant decreases 

in tumour size and inducing tumour necrosis (2).  Recently, the IV delivery of JX-594 during 

clinical trials has been described and shown to be highly efficacious in selective tumour 

infection, replication and hGM-CSF expression at the tumour site (10). 

1.6 LIMITATIONS OF CURRENT VACV ONCOLYTIC CANDIDATES 

1.6.1 IMMUNE-MEDIATED BARRIERS 

Though current oncolytic products are demonstrating great anti-tumour potential in 

clinical trials, significant hurdles to optimal therapy protocols remain.  Upon systemic 

administration, oncolytic VACV runs into obstacles implemented by the immune system, in 

the form of anti-viral neutralizing antibodies, the complement cascade and circulating 

leukocytes, that can prevent the virus from reaching the tumour site for replication (17, 62).  

 These virus-clearing mechanisms are especially heightened in a significant proportion 

of the population due to pre-existing immunity brought about by the widespread smallpox 

vaccination campaign. Vaccinated individuals have established antibody titres that react 

against the therapeutic, potentially clearing it before the virus is able to reach the tumour site 

(62).  Furthermore, in this way, antibody production against the oncolytic product after an 

initial dose can hinder subsequent dosing protocols, limiting the overall treatment potential 

as multiple dosing regimens are most likely required to produce optimal effects (41).  

1.6.2 IMMUNOEVASIVE STRATEGIES 

In order to overcome these immune specific limitations, a number of tactics have 

been suggested to shield VACV from the immune system, in order to allow viral 
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dissemination in the face of neutralizing antibodies and to initiate infection at distant tumour 

sides. Investigated tactics have included carrier cell and adjuvant cloaking devices, 

undertaken to mask the viral antigens from the immune system and allow therapeutic 

administration, though these avenues have presented hurdles in successful tumour targeting 

(62).  A means by which this antigen-shrouding and immunoevasion can be subsequently 

attempted is in the manipulation of the innate life cycle of VACV.  VACV has naturally 

evolved a stealth viral form to promote long range viral dissemination, known as extra-

cellular enveloped virus (EEV) (73, 77).  Ultimately, enhancing the immunoevasive and 

spreading capabilities of VACV could aid in improving the overall efficacy of the current 

clinical candidates.  

1.7 THE VACV LIFE CYCLE 

1.7.1 INFECTION AND REPLICATION 

Initial infection by VACV occurs by direct fusion with the cell membrane or by 

receptor mediated endocytosis, leading the viral core along microtubules into the cell 

cytoplasm (59).  VACV replication then occurs entirely within the cytoplasm of the host cell, 

at points of  replication called viral factories (Fig. 1.1) (69).  Initial replication relies on the 

viral DNA-dependent RNA polymerase to initiate the transcription of early gene products 

required for the viral replication cycle.  dsDNA replication is undertaken, bringing about the 

transcription of viral proteins.  Immature virions are then assembled and processed at this 

site.  

1.7.2 EGRESS AND RELEASE 

When complete, replication within the viral factories results in the production of 

intracellular mature virus (IMV), a fully infectious form of VACV that, upon cell lysis, goes 

on to infect neighbouring cells and continue the cycle of infection. However, early on in the 
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Figure 1.1 VACV life cycle. 1. Binding and entry (fusion/endocytosis) 2. Viral core 

transport on microtubules 3. Uncoating, DNA replication, transcription and IMV formation 

4. Some IMV is transported to the TGN for wrapping to become IEV 5. IEV is transported to 

the cell surface on microtubules 6. The outermost IEV membrane fuses with the cell 

membrane to expose CEV 7. Actin tail formation drives CEV towards neighboring cell 8. 

CEV is released as EEV with immunoevasive and long range dissemination qualities (<1% 

of total progeny). Figure by A.N. Laporte adapted from Roberts & Smith, 2008.  
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infection cycle, a certain percentage of IMV are transported within the cytoplasm to the 

trans-Golgi network (TGN), where they are wrapped in a cell-derived lipid bilayer to 

become intra-cellular enveloped virus (IEV) (69, 80).  From here, IEV is transported by 

microtubules to the cell membrane where the outer layer of the envelope fuses and the virion 

is pushed to the outer cell surface.  At this site, the majority of the virions are tethered as 

cell-associated enveloped virus (CEV) (80).  CEV can be driven into neighbouring cells by 

actin tail formation from within the infected cell, constituting cell-to-cell spread, or CEV can 

be released from the cell surface as EEV, allowing for long range dissemination of the virus 

(5, 72).  During replication of most VACV strains, less than 1% of the total viral progeny is 

released as EEV (9). 

1.7.3 TYROSINE KINASE (TK) ACTION 

 Though the exact mechanism remains to be elucidated, it has been observed that CEV 

recruits cellular actin tail polymerization for propulsion into neighbouring cells. The VACV 

IMV protein known as A36R has been shown to be phosphorylated by locally activated Src 

tyrosine kinases (Src TK), initiating a signal cascade toward the induction of actin tail 

mobilization (60).  Furthermore, Abl tyrosine kinase (Abl TK) has been demonstrated to be 

recruited to VACV-induced actin tails and can also phosphorylate A36R in vitro (60, 68).  

The means by which EEV is released from the cell surface is another currently ambiguous 

point, but it has been shown that when treated with the Abl TK inhibitor imatinib mesylate 

(Gleevec), EEV release was blocked while actin tail formation was not, indicating a role for 

Abl TK action in EEV liberation (53, 68).  

1.8 EXTRA-CELLULAR ENVELOPED VIRUS (EEV) 

1.8.1 ENVELOPE PROTEINS 

 The EEV form of VACV derives its envelope from the TGN within the host cell.  
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Within this membrane are incorporated viral proteins, known as envelope proteins, as well as 

a number of host-derived peptides.  The major viral envelope proteins are known as A33R, a 

23-28 kDa glycoprotein (70), A34R, the heterotrimer of glycoproteins gp22-gp24 (25), 

A56R, virus hemaglutinin gp86 (76), B5R, the 42 kDa glycoprotein gp42 (27) and F13L, a 

42 kDa unglycosylated, palmitylated protein (Fig 1.2) (35).  It has been demonstrated that 

F13L and B5R are important for facilitating the IMV wrapping process for CEV/EEV 

production (8, 27, 35).  All envelope proteins have also been demonstrated to be important 

for optimal virus infection, as when individually deleted plaque size is highly reduced in all 

cases while IMV production remains normal (70, 79).  It has further been demonstrated that 

actin tail formation does not occur during infection of viruses deleted of A33R, A34R, B5R 

and F13L, illustrating the importance of envelope proteins in initiating actin tail motility (79, 

91).  Generally, VACV envelope proteins are highly important for efficient viral infection 

early on in the replication cycle and their lack of function is highly attenuating.  

1.8.2 ENHANCED INFECTION EFFICIENCY AND SPREAD 

 Due to the cell-derived membrane, EEV possess a number of favourable, 

immunoevasive qualities lacked by the naked IMV. Primarily, EEV has been observed to be 

more efficient in infection than IMV.  It has been shown in vitro as well as in vivo that EEV 

are released early on in the infection cycle and mediate long-range spread of infection (63, 

80).  It has also been demonstrated that EEV have a higher rate of infectivity, as measured by 

a lower particle to plaque forming unit (pfu) ratio when compared to IMV infection (87). 

This is likely due to variability in route of entry, as EEV is believed to infect by direct fusion 

with the cell membrane whereas IMV have been observed to  enter by the less efficient 

means of receptor-mediated endocytosis (59, 69, 89).   It has been demonstrated that IMV 

and EEV bind distinct cell receptors, though further characterization is required.  
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Figure 1.2.  Virion structure and potential EEV enhancing mutations.  Three envelope 

associated proteins (A34R, A33R, and B5R) have been shown to be involved in actin tail 

formation and EEV release. Specific mutations within each of these proteins have been 

shown to enhance EEV release during the VACV replication cycle. Figure by A.N. Laporte. 
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1.8.3 IMMUNOEVASIVE MECHANISMS 

VACV in its EEV form possess a number of characteristics that confer 

immunoevasive qualities that aid in viral spread and sustained infection (5, 63). EEV has 

been shown to be resistant to complement mediated neutralization due to the incorporation of 

proteins CD46, CD55 and CD59 from the host cell membrane into the EEV envelope (80, 

88).  These cellular proteins are known to down-regulate the complement cascade at various 

points of action, and upon incorporation into the envelope, seem to allow EEV escape (88).  

Furthermore, the antigenic profile of EEV also varies greatly from that of IMV, as few viral 

proteins are expressed on the outer surface.  It has been observed that B5R is the only surface 

antigen that is a target for neutralizing antibodies (4, 7, 24).  This is indicative that the 

shrouding effect of the envelope confers incredible resistance to antibody neutralization 

when compared to the inherent immunogenicity of IMV. 

Overall, when compared with IMV, the EEV form of VACV is produced faster, able 

to spread farther, infects more efficiently and is highly resistant to complement as well as 

antibody mediated neutralization. These qualities could aid in overcoming the current 

limitations of the oncolytic therapeutic platform in the side-stepping of immune 

neutralization and potentially allow for the treatment of vaccinated individuals, effective 

serial administration protocols and efficient spread to distant metastatic tumour sites. Means 

of enhancing EEV release could therefore be incredibly favourable for therapeutic purposes. 

1.9 EEV RELEASE AUGMENTATION 

EEV release from infected cells has been shown to be possible through the deletion of 

viral envelope proteins, due to actin tail motility inhibition and the resulting prevention of 

cell-to-cell spread (70, 79) .  This loss of actin action promotes CEV to be released as EEV 

to a much greater extent, but it is also significantly attenuating. When deleted of A34R, EEV 
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release is enhanced by up to 25 times (55, 79, 95), of B5R by up to 10 times (50) and of 

A33R by 2-3 times (70, 79).  Though EEV release is enhanced, overall viral production in 

each case was severely inhibited, due to the lack of cell-cell spread and resultant loss of 

infection efficiency, as measured by significant decreases in viral plaque sizes as well as 

decreased virulence and prolonged survival in vivo (55, 72). 

1.9.1 A34R L151E 

 While most VACV strains naturally produce less than 1% EEV, one strain from the  

International Health Department known as IHD-J has been observed to naturally produce up 

to 30% of its progeny as EEV (63).  The evolved proportional difference in viral subtype 

production illuminates the possibility that EEV release can be effectively enhanced within an 

efficiently replicating virus.  Despite the enhanced EEV production, IHD-J has been shown 

to possess a similar level of infectivity to that of the WR strain (55) and is still able to induce 

actin tail formation (72).  IHD-J has also been shown to produce enhanced levels of IEV 

when compared to WR and MVA, indicating it may be more efficient in wrapping IMV at 

the TGN site (56).  Upon sequence analysis and comparison with WR, it was demonstrated 

that the enhanced EEV releasing phenotype was the result of a single nucleotide substitution 

within the A34R gene, which caused the lysine residue at position 151 to become glutamic 

acid (L151E) within the putative carbohydrate binding domain (9).   

When the IHD-J A34R gene was introduced into WR in the place of wt A34R, 

producing the recombinant virus WI, the EEV enhancing phenotype was conferred, as 

demonstrated by comet-like plaque formation (9, 55).   The WI recombinant has been 

investigated on an oncolytic platform wherein it was demonstrated to spread more efficiently 

between a primary tumour and distant metastases, as well as elicit enhanced survival when 
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 compared to wt WR in a tumour-bearing, immunocompetent mouse model (43).  It was also 

shown that WI could spread effectively after VIG administration while wt WR infection was  

significantly limited (43).  

1.9.2 B5R P189S AND A33R C-TERMINUS TRUNCATION 

 Specific, spontaneously induced mutations to the B5R and the A33R proteins have 

also been shown to be able to enhance EEV release. After investigating plaque formation by 

VACV deleted of A36R, it was noted that a proportion of the plaques began to demonstrate 

an enhanced EEV phenotype, as measured by comet-like plaque formation (38).  This novel 

phenotype was hypothesized to be due to spontaneous compensatory mutations to enhance 

viral spread in the face of inactivated actin tail production.  In order to investigate this, the 

envelope proteins were sequenced, and it was demonstrated that one EEV enhanced isolate 

contained an amino acid substitution in the B5R gene, changing the proline residue at 

position 189 to a serine residue (P189S), while a second isolate had an induced frame-shift 

mutation that brought about a truncation of the c-terminus of A33R (37, 38).  

It was demonstrated that these envelope specific mutations both resulted in enhanced 

EEV release as well as significantly inhibited actin tail formation (37).  It was shown in vivo 

that both mutations were attenuating in that they decreased viral virulence, as measured by 

mouse weight after intranasal (IN) dosing. The A33R mutation was more highly attenuating, 

while the B5R mutant virus was mildly less virulent. This was most highly observed at lower 

IN doses in comparison with the wt WR infection, while at higher doses no significant 

differences in the virulence of the experimental viruses were observed.  It was concluded that 

A33R and B5R are likely to be highly involved in actin tail formation and subsequent cell-to-

cell spread and that the enhanced EEV release could not fully compensate in vivo for this 

loss of actin tail action.  
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1.10 HYPOTHESIS RATIONALE 

The enhanced dissemination and immunoevasive capabilities brought about by EEV 

release make it a desirable trait for an oncolytic candidate.  Three specific mutations have 

been uncovered that enhance EEV production from VACV.  Investigating the impact of each 

of these mutations in an oncolytic setting within the candidate strains could demonstrate 

optimized therapeutic efficacy due to the enhanced EEV release.  

1.11 HYPOTHESIS 

  Introducing specific EEV enhancing mutations into the viral envelope proteins of 

VACV will enhance its oncolytic potential in vivo through enhanced spread and 

immunoevasion.  

1.12 EXPERIMENTAL OBJECTIVES  

I –   To engineer A34R L151E, B5R P189S and A33R c-terminus truncation into oncolytic 

VACV strains Cop, Wy and WR in order to determine if one specific backbone and 

one mutation combination is superior in EEV production.  

II – To investigate the impact of each mutation on the growth and infection capabilities of 

the virus, as well as to assess potential attenuations due to the mutations in each 

backbone.  

III –  To develop in vitro assays for the investigation of enhanced EEV production as a result 

of the specific mutations.  

IV –  To develop in vivo models for the investigation of enhanced viral spread and 

immunoevasion as a result of the specific mutations.  

V –  To investigate variability in immunostimulation in vivo due to the specific mutations.  

VI – To assess implications of Abl TK action on EEV release. 
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2.  MATERIALS AND METHODS 

2.1 CELL LINES 

CT-26-lacZ (murine colon adenocarcinoma expressing the β-galactosidase (lacZ) 

reporter gene), HeLa (human cervical carcinoma), U2-OS (human osteosarcoma), SW-620 

(human colorectal adenocarcinoma), MRC-5 (normal human fibroblast), U-87 (human 

glioblastoma), MDA-MB-231 (human breast adenocarcinoma), MCF-7 (human breast 

adenocarcinoma) and BSC-40 (African green monkey kidney cells) were obtained from the 

American Type Cell Collection (ATCC; Manassas, VA).  Each cell line was maintained in 

Dulbecco’s modified Eagle’s medium (DMEM; HyClone, Logan, UT) supplemented with 

10% fetal bovine serum (FBS; HyClone, Logan, UT) and was grown at 37°C and 5% CO2.  

2.2 VIRUSES 

Wildtype Wyeth (wt Wy) and Western Reserve (wt WR) VACV strains were 

obtained from the ATCC (Manassas, VA).  Copenhagen (wt Cop) VACV was received 

courtesy of G. McFadden (University of Florida, Gainesville, FL).  JX-594 was received 

courtesy of Jennerex Biotherapeutics Inc. (San Francisco, CA). All recombinant viruses were 

created from these backbones (see below).  VACV-LCMV-gpG2 was received courtesy of  

J. Bramson (McMaster University, Hamilton, ON).  Virus stocks were propagated in 

confluent HeLa cells (ATCC, Manassas, VA) infected at a multiplicity of infection (MOI) of 

0.01 for 48-72 hours.  The cell fractions (CF) were collected, pelleted and freeze/thawed. 

Virus was purified on a sucrose cushion by ultracentrifugation and titre in pfu/mL was 

determined by titration.  

2.3 VIRUS TITRATION 

Virus stocks and samples were titred on U2-OS and BSC-40 cell lines. Samples were  
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freeze/thawed 3 times prior to titration. Full or half log serial dilutions were performed.  150  

µL of each dilution was plated on confluent cells and incubated for 1 hour at 37°C and 5% 

CO2.  Inoculum was then removed and replaced with an overlay of 3% 

carboxymethycellulose (CMC; Sigma-Aldrich, Oakville, ON) and 2x DMEM+ 20% FBS at 

a 1:1 ratio. Plaques were developed with 0.1% crystal violet in 80% methanol (CV) at 48-72 

hours post infection (hpi).  Plaque number was counted and pfu/mL was calculated. 

2.4 RECOMBINANT VIRUS PRODUCTION 

2.4.1 PLASMID CONSTRUCTION 

Plasmids for recombinant site-directed mutagenesis were ordered from GeneArt (Life 

Technologies, Burlington, ON).  Plasmids were designed with the kanamycin resistance 

gene, a multiple cloning site and one of the A34R L151E AAAGAG substitution, the B5R 

P189S GGCCTC substitution or with the A33R frameshift mutation and resulting c-

terminus truncation, LYDYVLAHstop.  The YFP/GPT (yellow fluorescence protein/ 

guanine phosphoribosyltransferase) selection cassette was inserted into each plasmid at the 

multiple cloning site. Plasmids were linearized by restriction enzyme digestion overnight at 

37°C and were purified by gel electrophoresis and DNA extraction using the illustra GFX 

PCR DNA and Gel Band Purification Kit (GE Healthcare, Piscataway, NJ). 

2.4.2 INFECTION/TRANSFECTION RECOMBINATION 

Confluent U2-OS cells were infected with wt Cop, wt WR, wt Wy or JX-594 at an 

MOI of 0.01 for 1 hour.  Linearized plasmid DNA was incubated with Lipofectamine 2000 

transfection reagent (Invitrogen, Burlington, ON) at a ratio of 0.4 µg:1µL for 20 minutes at 

room temperature (RT).  Transfection inoculum was then added into infected wells and 

incubated at 37°C and 5% CO2 for 4-6 hours. Inoculum was removed and replaced with 

DMEM+10% FBS for 48 hours.  YFP positive wells were collected and freeze/thawed three  
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times.  

2.4.3 RECOMBINANT CLONE RESCUE AND PURIFICATION 

Recombinant viruses were positively selected for based on YFP expression as well as 

negativity selected for using the GPT substrate, mycophenolic acid treatment. Virus was 

plaque purified on BSC-40 cells.  Recombinants were filtered through a 0.65 µM pore to 

eliminate aggregates with wt virus. Plaque purification was continued until all plaques were 

YFP positive.  DNA was extracted from infected cells using the DNeasy Blood and Tissue 

Kit (Quiagen, Missassagua, ON). The mutated genes, A34R, B5R or A33R were amplified 

with site specific primers by PCR and isolated using the illustra GFX PCR DNA and Gel 

Band Purification Kit. Genes were then sequenced by the StemCore sequencing facility 

(Ottawa Hospital Research Institute, Ottawa, ON) in order to assess successful 

recombination (Fig. I.1- I.3).  

2.4.4 RECOMBINANT VIRUS NOMENCLATURE 

Recombinant viruses were designated based on the backbone and the introduced 

envelope protein mutation. Backbones Cop, WR, Wy and JX-594 were utilized. Within the 

recombinants, the A34R L151E mutation is referred to as A34R, the B5R P189S mutation is 

referred to as B5R and the A33R c-terminus truncation is referred to as A33R. 

2.5 NEUTRALIZING ANTIBODY WESTERN BLOT 

Relative neutralizing antibody concentrations in plasma samples were assessed 

utilizing a western mini-blot protocol. 1e7 pfu of wt Cop was denatured at 100°C for 5 

minutes in loading buffer with reducing agent dithiothreitol (DTT). The protein was 

separated on a 2 lane gel and transferred onto a nitrocellulose membrane.  The membrane 

was then blocked overnight with skim milk at 4°C with agitation.  The membrane was 
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inserted into the mini-blot apparatus, creating 20 lanes.  Lanes were incubated with agitation 

in 1% mouse plasma in skim milk for 4 hours at 4°C.  Membranes were washed 3 times in 

TBS-T for 10 minutes, then incubated with a 1/3000 dilution of secondary antibody goat 

anti-mouse IgG-HRP (horseradish peroxidase conjugate) (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA) in skim milk for 1 hour at room temperature with 

agitation. Membranes were washed 3 times in TBS-T for 10 minutes, developed using the 

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Ottawa, ON) and 

exposed on film for a short time (30 seconds – 5 minutes). 

2.6 MICROSCOPY 

Fluorescent microscopy was utilized for the detection of YFP expression with the 

Zeiss Axiovert s100 microscope.  Pictures were taken at 5x magnification for comet 

visualization.  

2.7 PHYLOGENETIC ANALYSIS 

 Phylogenetic trees to assess evolutionary relationships between VACV strains were 

created. The maximum-likelihood method was utilized with the Tamura-Nei model of 

nucleotide substitution using Mega5 (Molecular Evolutionary Genetics Analysis) software 

(82). 

2.8 IN VITRO ASSAYS 

2.8.1 COMET ASSAY 

 Comet formation is an indication of enhanced EEV release, as virus released into the 

supernatant (SN) follows the constant convection current present within the media and falls 

on a new site along the current path, creating a ‘comet’ shaped plaque.  Comet assays must 

be incubated in a location where they will not be disturbed, as any motion or vibration will 

alter the convection current path and prevent comets from forming properly.  Virus was 
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plated on confluent BSC-40 cells, as well as cancer cell lines U2-OS and HeLa at an MOI of 

0.1 and serially diluted 10-fold, 6 times.  Inoculum was incubated with cells for 1 hour at 

37°C and 5% CO2.  Inoculum was then removed and replaced with a liquid overlay of 

DMEM+10% FBS. Plates were incubated at 37°C and 5% CO2 for at 48-96 hpi in a place 

where they would not be moved or disrupted. Comets were developed with 0.1% CV. 

MRC-5 cells were treated for 16 hours with 100 or 1000 international units (U) of 

IFN-β (Bayer, Montville, NJ), or were left untreated. Virus was then plated on confluent 

MRC-5 cells, from the treated and untreated conditions, at an MOI of 0.01. Plates were 

incubated at 37°C and 5% CO2 for 96 hours in a place where they would not be moved or 

disrupted. Comets were developed with 0.1% CV. 

2.8.2 NEUTRALIZING COMET ASSAY 

 Confluent BSC-40 cells were infected at an MOI of 0.01 in a low volume for 1 hour 

at 37°C and 5% CO2.  Inoculum was then replaced with DMEM+10% FBS including 

increasing concentrations of monoclonal antibody anti-B5R (BEI Resources, Manassas, VA). 

Plates were incubated for 48 hours in a place where they would not be moved or disrupted.  

Comets were developed with 0.1% CV. 

2.8.3 VIRUS RELEASE ASSAY 

Confluent cells were infected at an MOI of 0.01 in a low volume for 1 hour at 37°C 

and 5% CO2. Inoculum was then removed and replaced with DMEM+10% FBS and 

incubated for 16 or 24 hours. SN were then collected and titred. CF were harvested in 1 mL 

serum-free media (SFM), freeze/thawed 3 times and titred. Each condition was assessed in 

triplicate. 

2.8.4 MULTI-STEP GROWTH CURVE 

 Confluent HeLa cells were infected at an MOI of 0.01 in a low volume for 1 hour at 
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 37°C and 5% CO2. Inoculum was then removed and replaced with DMEM+10% FBS.  

Total well contents (SN and CF) were collected at 0, 4, 8, 12, 24, 48, 72, 96, 120 and/or 144 

hpi. Each condition was performed in triplicate and samples were titred for virus 

concentration. 

2.8.5 EEV FREEZE/THAW ANALYSIS 

 EEV particles were collected from the SN of cells infected at an MOI of 0.01 with 

Cop A34R. Particles were freeze/thawed in 50 µL, 0-6 times. Samples were then either left 

untreated or treated for 1 hour with anti-IMV antibody L1R. Samples were titred and percent 

change due to freeze/thaw cycle number was assessed. Each condition was assessed in 

triplicate. 

2.9 IN VIVO ASSAYS  

2.9.1 ANIMALS 

 Female, 6-8 week old Balb/c (immunocompetent), C57Bl/6 (immunocompetent) and  

CD-1 nude (immunodeficient) mice were supplied by Charles River Canada (St. Constant, 

QC). Mice were housed in a biocontainment level-2 facility at the University of Ottawa 

Animal Care and Veterinary Services (ACVS).   

2.9.2 BIODISTRIBUTIONS 

CD-1 nude, SW-620 tumour bearing mice were treated with a single IV dose of 5e6 

pfu of wt Cop, wt Wy or wt WR (n=15/group).  Five mice per group were euthanized at days 

1, 5 and 14. The tumour, brain, lungs, liver, spleen, heart, kidney and ovaries were excised 

from each animal. All samples were weighed.  Tissues were then homogenized in 1 mL of 

phosphate buffered saline (PBS) and freeze/thawed 3 times. Tissue samples were titred for 

virus concentration.  

Balb/c mice were treated with a single IV dose of 1e7 pfu of wt Cop or Cop A34R  
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(n=12/group). Three mice per group were euthanized at 1, 3, 5 and 7 dpi. The brain, lungs, 

liver, spleen, heart, kidney and ovaries were excised from each animal. Spleen mass was 

measured to assess degree of splenomegaly.   Samples were processed as described above.  

2.9.3 SUBOPTIMAL LUNG METASTASIS MODEL  

 Balb/c mice received 1e5 CT-26-lacZ cells IV for lung metastasis (met) seeding.  

Five days later, mice were treated with a suboptimal IV dose of 5e6 pfu wt Cop, 5e6 pfu Cop 

A34R, 5e6 pfu Cop B5R or 100 µL PBS (n=6/group).  At 7 dpi, mice were euthanized and 

the spleen and lungs were excised. Spleen mass was measured to assess degree of 

splenomegaly. Lung mets were visualized by staining for LacZ expression with x-gal 

(synthetic galactose substrate).  Lungs were fixed with formalin and lobes were dissected. 

Mets were counted using a light microscope.  

2.9.4 SUBOPTIMAL LUNG METASTASIS VACCINATION MODEL 

 Balb/c mice were either left unvaccinated (naïve; n=20) or were vaccinated by 

intraperitoneal (IP) administration of 1e7 pfu wt Cop during week 1 and week 3 (n=20). 

Vaccinations were performed 2 weeks apart, followed by a 2 week time point before the 

treatment protocol was initiated. Saphenous bleeds were performed on day 27 and blood 

plasma was and utilized for a pre-treatment neutralizing antibody western blot.  Mice then 

received 1e5 CT-26-lacZ cells IV for lung met seeding. Five days later, mice were treated 

with a suboptimal IV dose of 5e6 pfu wt Cop, 5e6 pfu Cop A34R, 5e6 pfu Cop B5R or 100 

µL PBS (n=5/group, vaccinated and unvaccinated).  At 7 dpi, mice were euthanized, cardiac 

punctures were performed and the spleen and lungs were excised. Blood plasma was 

separated and used for assessing post-treatment neutralizing antibody concentrations by 

western blot. Spleen mass was measured to assess degree of splenomegaly. Lung mets were 

visualized by staining for LacZ expression with x-gal.  Lungs were fixed with formalin and 
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 lobes were dissected. Mets were counted using a light microscope.  

2.9.5 DISTANT TUMOUR MODEL 

 CD-1 nude mice were implanted with bilateral flank tumours by subcutaneous (SQ) 

injection of 1e6 U-87 cells. Fourteen days later, mice were treated IT (right flank) with 100 

µL PBS, 5e7 pfu wt Cop or 5e7 pfu Cop A34R.  On day 17 (3 days post treatment), mice 

were euthanized. The right and left flank tumours were excised, homogenized in 1 mL of 

PBS, freeze/thawed 3 times and titred.  

2.10 FLOW CYTOMETRY 

 Balb/c or C57Bl/6 mice were treated IV with 1e7 pfu wt Cop or Cop A34R 

(n=6/group).  Four dpi, mice were euthanized, the spleens were excised and cardiac 

punctures were performed. Spleens were homogenized through a 100 µm cell strainer (Fisher 

Scientific, Toronto, ON).  The splenocyte WBC populations were isolated from erythrocytes 

using ACK lysing buffer (0.15 mol/l NH4Cl, 10 mmol/l KHCO3, 0.1 mmol/l Na2EDTA) and 

total number was determined utilizing the vi-Cell cell counter (Beckman-Coulter Inc., Brea, 

CA).  

The cells were then stained for population-defining epitopes using the following 

antibodies: Panel 1 - B-cells: B220-FITC, CD19-PC5.  Panel 2 -T cells: CD122-PE, CD8a-

AF700, CD3-PerCP.  Panel 3 - Innate cells: GR-1-FITC, F4/80-PC5, CD11b-PE.  Panel 4 – 

dendritic cells (DC): CD11c-PC7, 440c-PE (BD Biosciences, Mississauga, ON, eBioscience, 

San Diego, CA).  Cell populations were defined as follows: B cells (CD19+B220+), Tc cells 

(CD3+CD8+), T cells (CD3+CD8-), NKT cells (CD3+CD122+), NK cells (CD3-CD122+), 

Granulocytes (GR-1+CD11b+), Macrophages (F4/80+CD11b+), DC (CD11c+C440+, 

CD11c+CD8+).  Experiments were performed on a Beckman Coulter CyAn flow cytometer  
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and data was analyzed using Kaluza software (version 1.1; Beckman Coulter). 

2.11 ABL OVER-EXPRESSION TRANSFECTION 

 Plasmids for the constitutive expression of Abl TK (v-Abl: Ableson mutation and 

Bcr/Abl: chromosomal translocation) were ordered from AddGene (Cambridge, MA). 

Plasmids were transfected into U2-OS and HeLa cell lines using the Lipofectamine 2000 

reagent (Invitrogen).  Expression was assessed by YFP expression levels in the control 

plasmid wells.  Twenty-four to 30 hours post transfection, cells were infected at an MOI of 

0.01 and the virus release assay was performed.  Each condition was assessed in triplicate. 

2.12 STATISTICAL ANALYSIS  

 All statistical analyses were performed using GraphPad Prism 5.0 (GraphPad 

Software, La Jolla, CA).  Error bars signify standard error of mean (SEM).  Significance was 

assessed by p-values, using unpaired, two-tailed T-test analysis with Welch’s correction.  
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3. RESULTS 

3.1 COP VACV IS EFFICIENT BUT NOT EXCESSIVELY VIRULENT IN MICE 

 In order to demonstrate the variation in the virulence of the wt VACV backbones, wt 

Cop, wt Wy and wt WR, a biodistribution was undertaken in tumour-bearing CD-1 nude 

mice (Fig 3.1). After a 5e6 IV dose, mice were euthanized at 1, 5 and 14 dpi. The wt WR day 

14 group reached endpoint early, at day 6.  One mouse in the wt Wy group reached endpoint 

at day 14. Wt WR was significantly more virulent in this model, as was expected due to its 

adaptation to infection in mice. It was demonstrated that wt Cop was more highly dispersed 

and had the highest brain tissue tropism initially, representative of a higher rate of virulence 

in early infection. As seen previously, wt Wy was much less tumour tropic than the other two 

VACV strains, as demonstrated by a lack of tumour infection at day 1.  Wt Cop was not 

significantly more virulent than wt Wy in long term infection or tissue distribution.  

3.2 COP VACV IS MORE HIGHLY RELATED TO IHD-J THAN WR AND WY 

A phylogenetic analysis of the A34R gene was undertaken to demonstrate the 

evolutionary relationships between the various VACV strains (Fig 3.2).  It was shown that 

the Cop and IHD-J strains are more closely related to each other than to the Wy, WR or 

MVA strains. Lister is intermediately situated.  

3.3 RECOMBINANT DEVELOPMENT 

 Recombinant cloning was successfully completed for the A34R and B5R mutations 

within the Cop, Wy, WR and JX-594 backbones and the A33R mutation was introduced into 

Cop and Wy (Fig. I.1, I.2, I.3). The A33R mutation cloning within the WR backbone was not 

attained, as the recombinant was not viable. After 3 plaque purification cycles, the YFP 

expression was lost from WR A33R, indicating it was not stably introduced into the WR  
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Figure 3.1. Wt VACV strain comparison. A biodistribution in CD-1 nude mice 

(n=5/group) established that wt WR was the most virulent strain in this model. Wt Cop 

initiated a more widespread infection initially than wt Wy, indicating a higher rate if 

virulence in early infection. Wt Cop also infected the tumour site to a higher degree than wt 

Wy early on.  No significant difference was observed in late stage infection. The day 14 wt 

WR group end-pointed at day 6. 
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Figure 3.2. VACV phylogenetic analysis based on the A34R gene. Phylogenetic analysis 

revealed that the Cop and IHD-J strains are more closely related than the Wy or WR strains. 

The maximum-likelihood method was used with the Tamura-Nei model of nucleotide 

substitution with Mega5 software.  
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backbone.  The A33R mutation was not inserted into JX-594, due to its lack of enhanced 

EEV productivity as demonstrated by the lack of comet formation from the Cop and Wy 

A33R recombinants. 

3.4 COP A34R AND B5R RECOMBINANTS DISPLAY ENHANCED EEV RELEASE FROM BSC-40 

CELLS 

At 72 hpi, comet formation is visible by Cop A34R and Cop B5R recombinants, 

indicating enhanced EEV release (Fig. 3.3).  The wt Cop backbone displayed a slight 

propensity to enhanced EEV release, but not to the same degree as the A34R and B5R 

recombinants.  No other virus displayed comet formation at this time point. The Cop 

backbone seems to have the highest propensity towards enhanced EEV release and the most 

efficient viral spread, resulting in further infection within this cell line. 

The comet phenotype results in smaller plaque comet head followed by a long tail, 

resultant of virus spread within the supernatant. The Cop A34R comets were relatively 

larger, while the Cop B5R comets were consistently smaller.  Plaque phenotypes varied for 

the subsequent recombinants as well. The A34R and B5R mutations consistently resulted in 

smaller plaques in the WR, Wy and JX-594 backbones, with the greatest decrease in size 

consistently seen as a result of the B5R mutation (Fig. 3.3-3.3.7). 

Comet formation was then assessed at various time points after 1 passage through 

BSC-40 cells, in order to demonstrate if enhanced EEV production was possible from the 

recombinants of each backbone (Fig 3.4). Cop A34R and Cop B5R recombinants displayed 

comet formation at 48 hpi. Wy A34R and Wy B5R displayed comet formation at 92 hpi. The 

A33R recombinants did not display comet formation at any time point measured and plaque 

phenotype was similar to the wt backbones, indicating that this mutation does not enhance 

EEV release. WR A34R and WR B5R displayed small comet formation at 92 hpi.  JX-594  
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Figure 3.3. Comet assay on BSC-40 cells, 72 hpi. Comet formation is an indication of 

enhanced EEV release.  At this time point, comet formation is visible by Cop A34R and Cop 

B5R.  
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Figure 3.4. Comet assay on BSC-40 cells, variable incubation times.  Comet formation 

was assessed at various time points. a) Cop A34R and Cop B5R recombinants displayed 

comet formation at 48 hpi. b) Wy A34R and Wy B5R displayed comet formation at 92 hpi. 

c) WR A34R and WR B5R displayed small comet formation at 92 hpi. d) JX-594 A34R and 

B5R recombinants did not display comet formation at time points up to 96 hpi (96 hpi shown 

here). 
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A34R and B5R recombinants did not display comet formation at time points up to 96 hpi.  

JX-594 is a more highly attenuated virus due to the TK inactivation. With a greater 

timeframe, the JX-594 recombinants may have been able to display comet formation but this 

was out of the range of the assay’s capabilities due to cell overgrowth.  It was demonstrated 

that Cop A34R and Cop B5R brought about the most efficient EEV release.  Again, Cop 

A34R production was shown to be the greatest, as observed by the larger size of comet, 

while Cop B5R seemed to be slightly attenuated as demonstrated by the smaller comet 

phenotype.  

This same relationship was observed when measuring comet formation by YFP 

expression. Comet production was visualized at 48 hpi (Fig. 3.5).  The wt strains do not 

express YFP but plaque size was observed for comparative purposes.  Cop A34R and Cop 

B5R displayed significantly larger comet formation than any other isolate. The Cop A33R 

recombinant did display some small comet-like plaques, but this likely to be similar to the wt 

production. Overall, Cop A34R and Cop B5R are the most successful and efficient in comet 

formation on BSC-40 cells. 

3.5 COP A34R AND B5R RECOMBINANTS DISPLAY ENHANCED EEV RELEASE FROM HUMAN 

CANCER CELL LINES 

Comet formation was then assessed on human cancer cell lines to demonstrate if EEV 

release can be enhanced for oncolytic purposes.  At 72 hpi, comet formation is visible by the 

Cop A34R and Cop B5R recombinants on both the U2-OS (Fig. 3.6, II.1) and HeLa cell lines 

(Fig. 3.7).  Cop A34R comets were consistently the largest in comparison with the B5R 

recombinant. Wt Cop infections had a propensity toward a small comet-like plaque 

phenotype within the cancer cell lines. The Wy, WR and JX-594 recombinants did not 

produce comets on either line at this time point. 
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Figure 3.5. Comet assay on BSC-40 cells, YFP expression.  Comet formation was assessed 

at 48 hpi. The largest comets formed were demonstrated by the Cop recombinants, Cop 

A34R and Cop B5R. Images were taken at a magnification of 5x. 
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Figure 3.6. Comet assay on U2-OS human cancer cells, 72 hpi.  Comet formation was 

assessed at 72 hpi. Comet formation is visible by Cop A34R and Cop B5R infections. 
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Figure 3.7. Comet assay on HeLa human cancer cells, 72 hpi.  Comet formation was 

assessed at 72 hpi. Comet formation is visible by Cop A34R infection. 
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3.6 COP B5R COMETS ARE NEUTRALIZED BY ANTI-B5R ANTIBODY 

  Comet formation was assessed on BSC-40 cells in the presence of anti-B5R 

antibodies (Fig. 3.8).  When treated with 25µg/mL anti-B5R antibody, EEV production from 

Cop B5R is highly neutralized as demonstrated by a loss of comet formation. This is 

indicative that comet formation is due to EEV release and that the EEV B5R antigen is a 

target for neutralization, as previously described (4).  This neutralization of EEV production 

from Cop B5R by the anti-B5R antibody occurs in a dose-dependent manner. The comet 

formation of the Cop A34R mutant is not inhibited by the anti-B5R antibody, but in contrast 

the antibody treatment seems to be enhancing the releasing process. This is also evident in 

the wt Cop group, as at the highest treatment doses small comets begin to form.  

3.7 EEV SPREAD/INFECTION IS NEUTRALIZED BY IFN ACTION IN NORMAL CELLS 

Comet formation was conducted on MRC-5 normal cells to assess safety.  MRC-5 

cells were either untreated or received either 100U or 1000U of IFN-β at 16 hours pre 

infection.  Comets were created by Cop A34R in the untreated condition and infection 

appears more widespread than that of the wt Cop condition, as demonstrated by a higher 

degree of cell death and a comet-like pattern of infection (Fig. 3.9). When treated with  

IFN-β, plaque size was greatly reduced in both the wt Cop and Cop A34R conditions. Plaque 

size was smaller in the Cop A34R infection when compared with wt Cop, indicating EEV 

infection of normal cells may be neutralized by IFN action. 

3.8 COP A34R DEMONSTRATES THE MOST SIGNIFICANTLY ENHANCED VIRUS RELEASE 

FROM BSC-40 AND U2-OS CELLS 

Enhanced virus release was assessed from each recombinant in comparison with the 

wt virus.  The A34R and B5R recombinants in each backbone released the most virus from 

BSC-40 cells at 16 or 24 hpi. (Fig. 3.10a).  The Cop recombinants released the greatest 
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Figure 3.8. Neutralizing comet assay. Comet formation was assessed on BSC-40 cells in 

the presence of anti-B5R antibodies.  When treated with anti-B5R antibody, EEV production 

from Cop B5R is highly neutralized as demonstrated by a loss of comet formation.  The 

comet formation of the Cop A34R mutant is not inhibited by the anti-B5R antibody. Comet 

formation seems to be enhanced in the Cop A34R and wt Cop groups at the highest doses of 

anti-B5R antibody treatment. 
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Figure 3.9. Normal cell comet assay. Comet formation was conducted on MRC-5 normal 

cells.  MRC-5 cells were either untreated or received either 100U or 1000U of IFN-β. 

Sixteen hours later, cells were infected at an MOI of 0.01 and comet formation was assessed 

at 96 hpi. Comets were created by Cop A34R in the untreated condition. When treated with 

IFN-β, plaque size was greatly reduced in both the wt Cop and Cop A34R conditions. Plaque 

size was smaller in the Cop A34R infection when compared with Wt Cop, indicating EEV 

infection may be neutralized by IFN action. 
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Figure 3.10. Virus release assay, BSC-40 cells. Enhanced virus release was assessed from 

each recombinant in comparison with the wt virus strains. a) Virus release into the 

supernatant (SN) was quantified and plotted on a log scale to demonstrate the difference 

between the recombinants and the wt virus. The A34R and B5R mutants released the most 

virus at 16 and 24 hpi when compared to the wt virus strains. b) Virus release was plotted on 

a linear scale to demonstrate the differences between the viral strains. The Cop recombinants 

produced the greatest quantity of EEV. c) Total virus production was assessed in looking at 

both the SN and cell fraction (CF) titres (total pfu) Virus production was consistent between 

the wt and recombinants within each strain, while Cop A34R and Cop B5R infections 

resulted in heightened levels of virus in the SN.  The Cop backbone produced the most virus 

in both fractions and the Cop A34R had the greatest quantity of virus released. d) The Wy 

A34R had the greatest percent of total released.  
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quantity of virus into the SN when compared to the other backbones (Fig. 3.10b). Total virus 

production was also assessed in looking at both the SN and CF titres. Virus production was 

consistent between the wt and recombinants within each strain while Cop A34R and Cop 

B5R infections resulted in heightened levels of virus in the SN (Fig. 3.10c).  The Cop 

recombinants produced the most virus in both fractions and the Cop A34R had the greatest 

quantity of virus released.  Percent virus release was assessed and it was observed that the 

Wy A34R had the greatest percent of total virus released (Fig. 3.10d), though the overall 

highest output was seen from Cop A34R.  

Enhanced virus release was then assessed on the U2-OS cell line (Fig. 3.11). A 

similar relationship to the BSC-40 assay was observed.  Virus release was most significantly 

enhanced in the Cop A34R recombinant group (Fig. 3.11a, c).  In addition, the Wy backbone 

recombinants released a significant amount of virus (Fig. 3.11a, d). The Cop and Wy 

backbones released virus more quickly than that of the WR and JX-594 backbone 

recombinants (Fig. 3.11a, b). 

3.9 THE COP A34R MUTANT IS THE ONLY A34R RECOMBINANT NOT TO BE ATTENUATED BY 

THE L151E MUTATION 

 A growth curve was conducted over a period of 144 hours with all wt virus strains 

and A34R recombinants in order to assess if viral growth and replication was impeded by the 

introduced mutation (Fig. 3.12a). The growth rates of each wt strain were not significantly 

different in HeLa cells over this timeframe (Fig. 3.12b). It was demonstrated that Cop A34R 

was the only recombinant not attenuated by the mutation during replication in this cancer cell 

lines (Fig. 3.12c).  Cop A34R grew to significantly higher titers when compared to the other 

A34R recombinants at time points 96, 120 and 144 hpi. 
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Figure 3.11. Virus release assay, U2-OS human cancer cells. Enhanced virus release was 

demonstrated from each recombinant in comparison with the wt virus strains. a) Virus 

release into the SN was quantified and plotted on a log scale to demonstrate the difference 

between the recombinants and the wt virus. The A34R and B5R mutants released the most 

virus at 16 hpi within the Cop and Wy strains and 24 hpi within the WR and JX-594 strains. 

Total virus production was assessed in looking at both the supernatant (SN) and cell fraction 

(CF) titres (total pfu) at b) 16 hpi and c) 24 hpi. Virus production was consistent between the 

wt and recombinants in the Cop and Wy strains and slightly attenuated in the recombinant 

WR and JX-594 strains. Overall, Cop A34R and Cop B5R infections resulted in heightened 

levels of virus in the SN.  The Cop backbone produced the most virus in both fractions and 

the Cop A34Rinfection resulted in greatest quantity of virus released. d) The Wy A34R had 

the greatest percent of total virus released. Error bars signify standard error of mean (SEM), 

p-values were measured by unpaired, two-tailed T-test analysis. 
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Figure 3.12. Multi-step growth curve, HeLa cells. a) A growth curve was conducted over a 

period of 144 hours with all virus strains and A34R recombinants. b) The wt virus growth 

rates were not significantly different in HeLa cells over this time frame. c) It was 

demonstrated that Cop A34R was the only recombinant not attenuated by the mutation 

during replication in cancer cells. Cop A34R grew to significantly higher titers when 

compared to the other A34R recombinants at time points 96, 120 and 144 hpi. Error bars 

signify standard error of mean (SEM), p-values were measured by unpaired, two-tailed T-test 

analysis. 
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3.10 THE COP A34R AND B5R MUTANTS ARE NOT SIGNIFICANTLY ATTENUATED BUT 

POSSESS VARIATIONS IN VIRAL GROWTH 

A growth curve was conducted for EEV releasing recombinant comparison over 

period of 120 hours with wt Cop and recombinants Cop A34R and Cop B5R, to further 

assess any potential attenuation brought about by the EEV enhancing mutations. There was 

no significant attenuation in viral production brought about by the mutations visible on the 

single step growth curve (Fig. 3.13a) or on the multistep growth curve (Fig. 3.13b) in HeLa 

cells.  On a linear scale, it is evident that the Cop A34R and Cop B5R reach the viral 

production peak at a later time point than that of wt Cop, indicating a potentially slower 

growth rate (Fig. 3.13c). Cop B5R has been observed to grow slower in the manufacturing 

processes, requiring an extra day for replication to reach maximum titres (data not shown). 

Cop A34R reached an overall higher titre than Cop B5R after 72 hours. Viral release into the 

SN was also measured over the time period. While the release kinetics were variable, Cop 

A34R and wt Cop titres were not significantly different while Cop B5R production was 

significantly inhibited, indicating inhibited viral growth (Fig. 3.13d). 

3.11 COP A34R IS NOT SIGNIFICANTLY ATTENUATED OR MORE VIRULENT THAN WT COP IN 

VIVO 

  A biodistribution for the comparison of the enhanced EEV mutant with wt Cop in 

tissue distribution was undertaken (Fig. 3.14a).   On day 1, viral distribution was more 

widespread in the wt Cop group, while titres in the lungs were higher in the Cop A34R group 

(Fig. 3.14b). On day 3, replication in the ovaries was much greater in the Cop A34R group.  

By day 7, both viruses were cleared below detectable levels.  No significant enhancement to 

virulence or significant attenuation in vivo was observed as a result of the A34R mutation. 

Significant splenomegaly was demonstrated in the wt Cop group over the 7 day period when  
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Figure 3.13. Growth curves for recombinant comparison, HeLa cells.  A growth curve 

was conducted over a period of 120 hours with wt Cop and recombinants Cop A34R and 

Cop B5R to assess any potential attenuation brought about by the EEV enhancing mutations. 

a) There was no significant attenuation in viral production brought about by the mutations 

visible on the single step growth curve or b) on the multistep growth curve in HeLa cells. c) 

On a linear scale, it is evident that the Cop A34R and Cop B5R reach the viral production 

peak at a later time point than that of wt Cop, indicating a potentially slower growth rate. 

Cop A34R reached a higher titre than Cop B5R. d) Viral release into the SN was measured 

over the time period. Cop A34R and wt Cop were not significantly different, while Cop B5R 

production was significantly inhibited, indicating inhibited viral growth.  Error bars signify 

SEM, p-values were measured by unpaired, two-tailed T-test analysis. 
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Figure 3.14. Biodistribution for wt Cop and A34R tissue distribution comparison.  a) 

Balb/c mice were injected IV with 1e7 pfu wt Cop or Cop A34R. The brain, ovaries, spleen, 

kidney, liver, lungs and heart were excised at 1, 3, 5, and 7 dpi. Tissues were homogenized 

and titred. b) On day 1, viral distribution was greater in the wt Cop group. Delivery to the 

lungs was higher in the Cop A34R group. On day 3, replication in the ovaries was greater in 

the Cop A34R group. By day 7, both viruses were cleared below detectable levels.  No 

enhancement to virulence or significant attenuation in vivo was observed as a result of the 

A34R mutation. c) Significant splenomegaly was demonstrated in the wt Cop group over the 

7 day period indicating potential variability in immunostimulation.  The dotted line signifies 

normal spleen mass.  Error bars signify SEM, p-values were measured by unpaired, two-

tailed T-test analysis. 
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compared with the only minor increases in spleen size seen in the Cop A34R group, 

indicating potential variability in immunostimulation profiles (Fig. 3.14c). 

3.12 COP A34R DECREASES TUMOUR BURDEN TO A GREATER DEGREE THAN WT COP OR 

COP B5R   

Virus release was assessed from CT-26-lacZ cells. Percent virus release was 

significantly enhanced in the Cop A34R infection when compared to the wt Cop and Cop 

B5R recombinant in this cell line (Fig. 3.15a). Total virus production was not significantly 

different between the viruses while the Cop A34R infection resulted in heightened levels of 

virus in the SN. (Fig. 3.15b). CT-26-lacZ cells were introduced IV into Balb/c mice for lung 

met seeding. On day 5, mice were treated IV with a suboptimal dose of virus (Fig 3.15c). 

Lung met count was significantly lower in the Cop A34R group, indicating enhanced spread 

between the mets due to EEV release (Fig 3.15d).  All virus treatments brought about a 

significant decrease in met count compared to the PBS control. Spleen mass was used to 

assess degree of splenomegaly in each treatment condition. Wt Cop treatment induced a 

significantly higher increase in spleen size than the recombinant EEV enhanced viruses (Fig. 

3.15e). 

3.13 ENHANCED EEV SPREAD OCCURS IN THE FACE OF NEUTRALIZING ANTIBODIES 

Balb/c mice were immunized with wt Cop IP twice over a four week period.  CT-26-

lacZ cells were then introduced for lung met seeding (Fig 3.16a). Neutralizing antibody level 

was assessed by western blot and it was demonstrated that before treatment the vaccinated 

group produced anti-wt Cop antibodies while the naïve group did not (Fig 3.16b).  In the 

naïve group, lung met count was shown to be significantly decreased by the Cop A34R 

treatment when compared with the wt Cop group.  The same pattern was demonstrated in the 

vaccinated group, but the difference between the wt Cop and Cop production was slightly 
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Figure 3.15. Suboptimal lung metastasis model.  a) Virus release was assessed from CT-

26-lacZ cells. Percent virus release was significantly enhanced in the Cop A34R condition 

when compared to the wt Cop and Cop B5R recombinant in this cell line. b) Total virus 

production was not significantly different between the viruses, while the Cop A34R infection 

resulted in heightened levels of virus in the SN. c) CT-26-lacZ cells  were introduced IV into 

Balb/c mice for lung met seeding. On day 5, mice were treated IV with a suboptimal IV dose 

of virus. On day 13, lung mets were counted and spleen size was assessed. d) Met count was 

significantly lower in the Cop A34R group, indicating enhanced spread between the mets 

due to EEV release.  All virus treatments brought about a significant decrease in met count 

compared to the PBS control. e) Spleen mass was used to assess degree of splenomegaly in 

each treatment condition. Wt Cop treatment induced a significantly higher increase in spleen 

size than the EEV enhanced viruses. Error bars signify SEM, p-values were measured by 

unpaired, two-tailed T-test analysis. 
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Figure 3.16. Suboptimal vaccinated lung metastasis model.  a) Balb/c mice were left 

naïve or were immunized with 1e7 pfu wt Cop IP, and boosted 2 weeks later.  Two weeks 

post-vaccination, CT-26-lacZ cells were introduced for lung met seeding. b) Saphenous 

bleeds were taken on day 27 and a neutralizing antibody western blot was undertaken to 

demonstrate the presence of anti-VACV antibodies from the vaccinated group in comparison 

with the naïve group, pre-treatment. c) Lung met count was significantly decreased in the 

Cop A34R treated group when compared with the wt Cop group, indicating EEV spread in 

the face of anti-VACV antibodies. d) Spleen mass was measured to assess splenomegaly. 

Spleen size was significantly enhanced in the naïve group and was highest in the wt Cop 

treatment group. The same splenomegaly was not observed in the vaccinated group.   p-

values were measured by unpaired, two-tailed T-test analysis.  Post-treatment antibody 

concentrations demonstrated e) slight production in the naïve wt Cop and Cop B5R groups 

and f) significant production in all virus treated animals of the vaccinated group. The wt Cop 

and Cop B5R appear to have more diverse antibody production as demonstrated by a greater 

number of bands. 
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larger and the wt Cop was more similar to the PBS group (Fig. 3.16c). 

 Spleen size was significantly enhanced in the naïve group and was highest in the wt 

Cop treatment group. The same splenomegaly was not observed in the vaccinated group. 

(Fig. 3.16d).  Post-treatment antibody concentrations demonstrated slight production in the 

naïve wt Cop and Cop B5R groups and significant production in all virus treated animals in 

the vaccinated group (Fig. 3.16 e, f). The wt Cop and Cop B5R appear to have more diverse 

antibody production in the vaccinated group as demonstrated by a greater number of bands, 

at approximately 80 and 20 kDa for wt Cop and 20 kDa for Cop B5R (Fig 3.16f). 

3.14 COP A34R DISPLAYED ENHANCED SPREAD IN A PRELIMINARY DISTANT XENOGRAFT 

TUMOUR MODEL  

Virus release was assessed from U-87 cells. Percent virus release was significantly 

enhanced in the Cop A34R condition when compared to the wt Cop and Cop B5R 

recombinant in this cell line (Fig.3.17a). The total virus production was not significantly 

different between the viruses while the Cop A34R infection resulted in heightened levels of 

virus in the SN (Fig 3.17b).  U-87 cells were introduced SQ into CD-1 nude mice for 

bilateral flank tumour seeding. On day 14, mice were treated IT with 5e7 pfu of wt Cop or 

Cop A34R (Fig 3.17c).  Three dpi, both tumours were excised and titred. There were 2 logs 

more virus present in the uninjected tumour in the Cop A34R treated group than in the wt 

Cop treated group (Fig.3.17d). 

3.15 WT COP INFECTION RESULTS IN SIGNIFICANT IMMUNE RECRUITMENT TO THE SPLEEN 

WHILE COP A34R INFECTION RESULTS IN GREATER WBC POPULATIONS IN THE BLOOD 

STREAM 

In order to investigate the increased splenomegaly demonstrated in the wt Cop group 

when compared with the EEV mutants, Balb/c and C57Bl/6 mice were treated IV with 1e7 



74 

 

 

 

 

 

 

 

 

Figure 3.17. Preliminary distant tumour, xenograft model.  a) Virus release was assessed 

from U-87 cells. Percent virus release was significantly enhanced from the Cop A34R 

infection when compared to the wt Cop and Cop B5R recombinant in this cell line. b) Total 

virus production was not significantly different between the viruses, while the Cop A34R 

infection resulted in heightened levels of virus in the SN. c) U-87 cells were introduced SQ 

into CD-1 nude mice for bilateral flank tumour seeding. On day 14, mice were treated IT 

with 5e7 pfu of Wt Cop or Cop A34R. On day 17, tumours were excised and titred. d) There 

were 2 logs more virus in the uninjected tumour of the Cop A34R treated group.  
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pfu wt Cop or Cop A34R (Fig. 3.18a, 3.19a). Both mouse species were investigated as each 

displays slightly different immunological profiles. The C57Bl/6 model has been 

demonstrated as having a more significant humoral response to infection while the Balb/c 

have been shown to induce a greater cellular response (58). In both models, spleen mass was 

shown to be increased in the wt Cop group (Fig. 3.18b, 3.19c) and total splenocyte white 

blood cell (WBC) count was significantly increased when compared with the Cop A34R 

treatment (Fig. 3.18c, 3.19d).  WBC populations within the spleen were assessed by flow 

cytometry.  

Splenocyte adaptive and innate population analysis demonstrated a trending increase 

in B-cell and innate populations in the Wt Cop treatment group (Fig. 3.18d,e 3.19e,f). Blood 

analysis demonstrated a trending increase in B-cell and NK cell populations as well as 

macrophages, granulocytes and DC cells in the Cop A34R treatment group (Fig. 3.18f,g, 

3.19g,h).  Virus delivery was assessed in the C57Bl/6 model by titration of the lungs and it 

was demonstrated that virus titre was similar between the two groups, indicating comparable 

dosing (Fig. 3.19b). 

3.16 VACV-LCMV-GPG2 HAS THE EEV ENHANCED PHENOTYPE DERIVED FROM A 

SPONTANEOUS L151E MUTATION IN THE A34R GENE 

The VACV recombinant, VACV-LCMV-gpG2, was created with the insertion of the 

glycoprotein gpG2 of the arenavirus lymphocytic choriomeningitis virus (LCMV) into the  

TK locus of the WR VACV backbone (92). It was created in 1988 and has been utilized for 

the immunostimulatory characterisation of LCMV glycoprotein epitopes. In this study, it was  

shown that VACV-LCMV-gpG2 spontaneously began forming comets on BSC-40 and  

U2-OS cells (Fig. 3.20a).  Sequence analysis demonstrated a spontaneous mutation to the 

A34R gene, bringing about the L151E substitution and thereby conferring the enhanced EEV  
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Figure 3.18. Immunostimulatory analysis, Balb/c model. a) Balb/c mice were treated IV 

with 1e7 pfu wt Cop or Cop A34R and 4 dpi the spleens were excised and a cardiac puncture 

was conducted. b) Spleen mass was increased in the wt group and c) total splenocyte white 

blood cell (WBC) count was significantly increased when compared with the Cop A34R 

treatment. WBC populations within the spleen were assessed by flow cytometry. d) 

Splenocyte adaptive and c) innate population analysis demonstrated a trending increase in B-

cell and innate populations in the wt Cop treatment group. f)  Blood analysis demonstrated a 

trending increase in B-cell populations as well as g) macrophages and DC cells in the Cop 

A34R treated group. Cell populations were defined as follows: B cells (CD19+B220+), Tc 

cells (CD3+CD8+), T cells (CD3+CD8-), NKT cells (CD3+CD122+), NK cells (CD3-

CD122+), Granulocytes (GR-1+CD11b+), Macrophages (F4/80+CD11b+), DC 

(CD11c+C440+, CD11c+CD8+).  Error bars signify SEM, p-values were measured by 

unpaired, two-tailed T-test analysis. 
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Figure 3.19. Immunostimulatory analysis, C57Bl/6 model. a) C57Bl/6 mice were treated 

IV with 1e7 pfu wt Cop or Cop A34R and 4 dpi the spleens were excised and cardiac 

punctures were conducted. b) The lungs were titred to assess delivery consistency and it was 

demonstrated that a comparable dose of virus was received by each group. c) Spleen mass 

was significantly increased in the wt group and c) total splenocyte WBC count was 

significantly increased when compared with the Cop A34R treatment. WBC populations 

within the spleen were assessed by flow cytometry. d) Splenocyte adaptive and c) innate 

population analysis demonstrated a significant increase in B-cell and macrophage 

populations in the wt Cop treatment group. f)  Blood analysis demonstrated a trending 

increase in B-cell and NK cell populations as well as g) granulocytes in the Cop A34R 

treatment group. DC cells populations were assessed but were below detectable levels in this 

model (not shown). Cell populations were defined as follows: B cells (CD19+B220+), Tc 

cells (CD3+CD8+), T cells (CD3+CD8-), NKT cells (CD3+CD122+), NK cells (CD3-

CD122+), Granulocytes (GR-1+CD11b+), Macrophages (F4/80+CD11b+), DC 

(CD11c+C440+, CD11c+CD8+).  Error bars signify SEM, p-values were measured by 

unpaired, two-tailed T-test analysis.  
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Figure 3.20. Comet assay, VACV-LCMV-gpG2.  a) The VACV recombinant, VACV-

LCMV-gpG2 displays comet formation on BSC-40 and U2-OS cells when incubated with a 

liquid overlay. b) Sequence analysis demonstrated a spontaneous mutation to the A34R gene, 

bringing about the c) L151E substitution and thereby conferring the enhanced EEV releasing 

phenotype. d) Phylogenetic analysis of the A34R gene demonstrated a close relationship 

between VACV-LCMV-gpG2 and IHD-J. The maximum-likelihood method was utilized 

with the Tamura-Nei model of nucleotide substitution using Mega5 software. 
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releasing phenotype (Fig. 3.20b, 3.20c).  Intra-species phylogenetic analysis of the A34R 

gene demonstrated a close relationship between VACV-LCMV-gpG2 and IHD-J. The 

analysis also revealed a relative closeness of VACV-LCMV-gpG2 to wt Cop and Lister 

strains. 

3.17 VIRUS RELEASE ENHANCEMENT FROM ABL TK OVER-EXPRESSING CELL LINE MDA-

MB-231 

MDA-MB-231human breast carcinoma cells have been previously shown to over-

express active Abl TK (81).  Virus release was significantly enhanced from this cell line in 

comparison with MCF-7 and HeLa cell lines, which have been shown to express lower levels 

of activated Abl TK (81)  (Fig. 3.21a). Total virus production was decreased in this cell line, 

indicating potential growth attenuation as a result of enhanced release, likely due to an 

overall decrease in cell-to-cell spread (Fig. 3.21b).  

3.18 VIRUS RELEASE ENHANCEMENT FROM ABL TK EXPRESSING TRANSFECTED CELL 

LINES 

 U2-OS and HeLa cells were transfected with v-Abl and with Bcr/Abl expression 

plasmids (Fig. 3.22). The YFP positive control was used as an indication of transfection 

efficiency.  Virus release was then assessed 24 hours later and was shown to be enhanced in 

the Cop A34R infection group by v-Abl and Bcr/Abl expression (Fig. 3.22a, 3.22d). Total 

virus production was not significantly inhibited by the transfection, as demonstrated by 

comparison with untreated controls (Fig. 3.22b, 3.22e). Cell-to-cell spread was inhibited as a 

result of increased release, as demonstrated by smaller plaque size visualized by YFP 

expression (Fig. 3.22c, 3.22f). 
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Figure 3.21. Virus release assay in Abl TK over-expressing cell line MDA-MB-231. a) 

Virus released was significantly enhanced from the Abl TK over-expressing MDA-MB-231 

cell line in comparison with the non-over-expressing MCF-7 and HeLa cell lines. b) Total 

virus production was decreased in this cell line indicating potential growth attenuation as a 

result of enhanced release. Error bars signify SEM; p-values were measured by unpaired, 

two-tailed T-test analysis. 
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Figure 3.22. Virus release assay in Abl TK expressing transfected cell lines.  a-c) U2-OS 

and d-f) HeLa cells were transfected with v-Abl or with Bcr/Abl expression plasmids. 24 

hours later, the virus release assay was undertaken. a, d) Virus release was enhanced in the 

Cop A34R infection by v-Abl and Bcr/Abl expression. b, e) Total virus production was not 

significantly inhibited by the transfection, as demonstrated by comparison with untreated 

controls. c, f) Cell-to-cell spread was inhibited as a result of enhanced release as 

demonstrated by smaller plaque size visualized by YFP expression. The YFP positive control 

was used as an indication of transfection efficiency. Error bars signify SEM, p-values were 

measured by unpaired, two-tailed T-test analysis. 
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4. DISCUSSION 

 Enhancing mutations to EEV production during VACV replication were investigated 

as potential improvements to oncolytic efficiency. It was demonstrated that a mutation to the 

A34R envelope protein most significantly enhanced EEV release from the Cop VACV strain 

backbone. The Wy, WR and JX-594 backbones also displayed some enhancement to EEV 

release as a result of the A34R mutation, but release was significantly less efficient than that 

of the Cop backbone.  In addition, intra-species phylogenetic analysis of the A34R gene 

revealed that the Cop strain is more closely related to the IHD-J strain than are Wy or WR. A 

mutation to the B5R envelope protein was also demonstrated to enhance EEV release in 

vitro, again to the greatest extent within the Cop backbone. The B5R mutation was less 

efficient in inducing enhanced viral spread than that of the A34R mutation. The A33R 

mutation was not observed to enhance EEV release. It was concluded that Cop A34R was the 

most effective EEV releasing combination. 

 Release from Cop A34R and Cop B5R was measured with the comet assay on cancer 

cell lines and both demonstrated enhanced viral spread when compared to the wt virus. 

Release was quantified with the virus release assay, wherein Cop A34R demonstrated the 

most significant enhancement in EEV production. Growth curves demonstrated that the Cop 

strain was the only of the four tested to not be significantly attenuated by the A34R mutation. 

Cop A34R infection was assessed in vivo in comparison with wt Cop in a biodistribution 

assay. Comparison of viral titres in various organs revealed no significant attenuation or 

enhancement to virulence, however Cop A34R seemed to reach or persist in the lungs and 

ovaries to a greater extent while the wt Cop infection was initially more widespread. In a 

lung metastasis cancer model, Cop A34R was shown to spread significantly more than the wt 

Cop or Cop B5R mutant, as demonstrated by a decreased number of metastases. This 
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decrease in lung tumour burden was also observed in the face of anti-Cop neutralizing 

antibodies. Viral spread in vivo was further shown to be enhanced in a preliminary, xenograft 

distant tumour model with a human cancer cell line.  

 The immunological profiles of the wt Cop and Cop A34R infections were variable. In 

vitro, Cop A34R EEV infection was limited by IFN action, resulting in a smaller plaque size 

in normal cells when compared with the wt Cop infection. In vivo, wt Cop induced a much 

more significant immune response than that of the EEV enhanced mutants, as measured by 

splenomegaly and flow cytometry of splenocytes.  Following the analysis of neutralizing 

antibodies, the wt Cop infection was shown to result in a more diverse antibody production 

than that of Cop A34R. Finally, in a neutralizing anti-B5R antibody assay, Cop B5R EEV 

release was more highly neutralized than Cop A34R, which in contrast, seemed to be 

unexpectedly enhanced by the anti-B5R action.  

 In addition to the superior spreading capabilities observed by the artificially created 

A34R mutants, a recombinant VACV virus expressing an LCMV glycoprotein was shown to 

spontaneously produce significant EEV after years of serial passaging. After sequencing the 

A34R locus, VACV-LCMV-gpG2 was demonstrated to have spontaneously undergone the 

A34R L151E mutation, resulting in its enhanced spread in vitro. Phylogenetic analysis 

revealed that the A34R gene of VACV-LCMV-gpG2 was closely related to that of the IHD-J 

virus, which naturally encodes the A34R EEV enhancing mutation. 

 Abl TK action was also demonstrated to have an impact on EEV release. When 

naturally over-expressing activated Abl TK or when transfected with Abl TK expression 

plasmids, infected cells were shown to release significantly more virus than cancer cells that 

express normal Abl TK levels. This release was observed to be greater from the Cop A34R 

infection than that of wt Cop.  
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4.1 COP PROFICIENCY IN EEV RELEASE 

 The wt Cop VACV strain has been demonstrated to have a naturally enhanced 

potency when compared to wt Wy and wt WR, as demonstrated by heightened toxicity and 

quicker infection rates (41, 44).  This enhanced virulence may partially explain the 

heightened efficiency in the spread and viral release of the Cop recombinants in comparison 

with the other strains.  Furthermore, phylogenetic analysis revealed that the wt Cop A34R 

gene was more closely related to IHD-J than that of either other VACV strain.  Therefore, 

there seems to be the potential that another locus within the gene predisposes the virus to a 

more enhanced viral release in response to the specific L151E mutation.  Introducing the 

A34R gene into the Lister backbone may therefore be informative in relation to EEV release, 

as the phylogenetic analysis revealed it to be more closely related to Cop and IHD-J than are 

WR and Wy strains.  

The potential impact of this theorized secondary locus may further explain the basis 

for the observation that the WR strain recombinants do not perform to the same extent as has 

been observed previously. Blasco et al. demonstrated that when the A34R gene of IHD-J is 

inserted into the A34R locus of WR, notated as WI, the highly enhanced EEV producing 

phenotype is conferred to this backbone (9, 43). The current study introduced only the 

specific point mutation into the A34R locus and the same levels of EEV production were not 

measured. It therefore seems likely another point in the gene may be required to attain the 

highest level of EEV release from the L151E mutation.  

There are 5 nucleotide substitutions common to Cop and IHD-J that are not shared by 

the other strains, as well as one amino acid position common to Cop, IHD-J, Wy and VACV-

LCMV-gpG2 (A34R N44) that is different from that of WR and MVA (A34R D44) (Fig. 

I.4). Mutagenic analysis of this site may demonstrate an impact on EEV release in 
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combination with the A34R L151E mutation.  

  In addition, Cop is the only backbone not attenuated by the A34R mutation. The 

growth inhibition observed within the other strains is thought to be due to a decrease in cell-

to-cell spread, as a result of the enhanced release into the SN and lack of actin tail 

recruitment.  The evolutionary closeness and sequence similarity of wt Cop to IHD-J may 

also account for this difference, as IHD-J growth has been demonstrated to be similar to that 

of other wt VACV strains (55).  In addition, the overall growth kinetics of wt Cop infection 

are more rapid than that of wt WR and wt Wy (44), potentially compensating for the 

decrease in cell-to-cell spread. The basis for the enhanced potency of Cop in comparison 

with other VACV strains has yet to be investigated.  

4.2 SUPERIOR PERFORMANCE OF THE A34R MUTATION IN EEV PRODUCTION 

 The A34R L151E mutation outperformed the EEV release levels and overall growth 

capabilities of the B5R P189S recombinants. The A34R mutation was naturally occurring in 

IHD-J strain, while the B5R mutation occurred under laboratory induced growth pressure, 

suggesting that the A34R mutation may function in a more intrinsic manner for spread while 

the B5R mutation was compensatory when necessary. Furthermore, it has been observed 

previously that IHD-J is more efficient than other VACV strains in the wrapping of IMV at 

the TGN site (56).  It seems possible that the A34R L151E mutation affects not only release 

but overall CEV/EEV production by enhancing the enveloping process. The B5R P189S 

mutation seems likely to only affect release at the cell surface site, as shown by a complete 

lack of actin tail formation (38).  This enhances the release process by reducing the 

interaction of CEV with the cell membrane and preventing its propulsion into neighbouring 

cells. The proportion of EEV liberated is thereby enhanced, but the total amount produced 

may not be affected. This may therefore explain the basis for the enhanced efficiency of the 
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A34R mutation in comet production and virus release when compared to the B5R 

recombinants.  

 The A33R c-terminus truncation did not result in enhanced EEV production in this 

study, as was observed previously by Katz et al. (37, 38). In the preceding studies, the 

mutation was induced by selective growth pressures brought on by the deletion of A36R. The 

envelope proteins A34R, A33R and B5R were then sequenced and the EEV enhanced 

phenotype was attributed to the c-terminus truncation observed in A33R (38).  It seems 

possible that a secondary mutation had also occurred at another locus and was involved in 

the EEV releasing phenotype, but was not sequenced. A full genome sequencing of the 

original A33R mutant may reveal another mutation required to confer the EEV enhancing 

phenotype.   

4.3 IMMUNOLOGICAL IMPLICATIONS OF A34R AND B5R MUTATIONS  

 The anti-B5R antibody had an unexpected effect on wt Cop and Cop A34R plaque 

formation.  This antibody effectively neutralized the comet formation of Cop B5R, as it 

bound the B5R epitope and neutralized viral spread and infection in the SN. In the Cop 

A34R as well as the wt Cop infections, the highest concentrations of the antibody seemed to 

enhance comet formation. This is theorized to be due to its interaction with B5R at the cell 

surface site. In binding the B5R epitope, the antibody may weaken the envelope protein’s 

interaction with the cell surface, potentially allowing the virion to be released more easily. 

The potency of the Cop infection and the shrouding effect of the envelope may then allow 

some comet formation in the face of the neutralizing antibodies.  In the case of Cop B5R, the 

interaction with the cell membrane at the B5R site is likely already weakened, due to the 

P189S mutation, therefore the antibody has no effect on enhancing release and neutralization 

is seen to a greater extent.  
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 The IFN-β treatment revealed a neutralizing effect on EEV infection in normal cells.  

When untreated, Cop A34R infection was more widespread and diffuse than the wt Cop 

infection, however when the cells were treated with IFN-β 16 hours pre-infection, the effect 

of EEV spread was lost.  The plaque size was also smaller in the Cop A34R infection, likely 

due to a diminished cell-to-cell spread, and the infection by the EEV particles appears to 

have been lost. It seems that the cell-to-cell spread is more efficient in infection than is EEV 

fusion in IFN treated cells. This indicates that EEV spread within normal tissues may be 

highly inhibited by the anti-viral IFN pathways, though spread is highly sustained in the 

investigated cancer cell lines.  The impact of IFN-β on EEV infection will need to be 

quantified and assessed at physiological levels in normal and cancer cell lines in order to 

fully evaluate this effect, but it seems likely this correlation may confer a higher safety 

profile to the A34R mutant as well as explain aspects of its unique immunogenic profile.  

 In vivo, it was demonstrated several times that the wt Cop infection resulted in 

significant splenomegaly while the infection of the EEV enhanced mutants did not. It seems 

possible this may be a result of a combination of varying biological characteristics. 

Primarily, the recombinant viruses produce more EEV in the early infection stage, which are 

shrouded from the immune system by the cellular-derived envelope. In contrast, the release 

of IMV in the initial wt Cop infection is likely quicker, as a consequence of greater cell-to-

cell infection or a quicker lysis due to greater IMV production, resulting in a more rapid 

immunogenic stimulation. The Cop A34R infection and cell lysis may be initially slower, as 

more IMV is likely to be wrapped in the TGN, and more of the progeny are then able to 

evade the immune system longer.  The heightened immunoevasive capabilities of EEV may 

therefore partially explain the variable immunostimulatory profile observed.  

Secondarily, it seems possible that the wt Cop is able to infect normal, IFN-  
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responsive tissues to a greater extent than the EEV mutants. This may result in a larger, more 

widespread initial infection by wt Cop, as demonstrated by the biodistribution assays. If the 

Cop A34R is more highly attenuated in normal tissues, due to IFN inhibition of EEV 

infection, the immune response will be blunted in comparison with the wt Cop infection.  

This may account for the variability in splenomegaly and immunostimulation profiles 

demonstrated in this study. Flow cytometry analysis revealed that the wt Cop infection 

results in a large recruitment of WBCs to the spleen, whereas the blood stream contained a 

higher WBC recruitment during the Cop A34R infection. It seems likely that the EEV virions 

are better able to spread out of the normal tissues into the blood where they initiate immune 

stimulation but infection is limited in the normal tissue, precluding the same splenocytic 

stimulation seen during the wt Cop infection.   

The Cop A34R recombinant also seems to spread better in the face of neutralizing 

antibodies, as established by greater infection of lung metastases. Neutralizing antibody 

analysis demonstrated a diverse antibody profile brought about by the wt Cop infection when 

compared with Cop A34R in the vaccinated model at 6 dpi. It seems likely that the wt Cop 

infection produced more IMV early on, resulting in heightened antibody detection of the 

various IMV epitopes. EEV have fewer antigenic epitopes, potentially resulting in a more 

discrete antibody profile, as demonstrated by fewer bands in the neutralizing antibody 

western blot assay. The Cop B5R profile was intermediate between the wt Cop and Cop 

A34R suggesting it may be more immunogenic than Cop A34R. This may be due to the 

introduced alteration of B5R, the only immunogenic EEV antigen.  Furthermore, in the 

unvaccinated mice, the wt Cop infection resulted in a measurable production of antibodies 

that was not detected by the Cop A34R infection and in only one case of the Cop B5R 

infection.  This is indicative that the wt Cop infection is quicker in inducing antibody 
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production than are the EEV enhanced mutants. Further investigation and quantification of 

various neutralizing antibody titres in response to the Cop variant infections will need to be 

undertaken to fully characterize this relationship. 

4.4 POTENTIAL OF COP AND THE A34R L151E MUTATION IN CANCER TREATMENT 

 The Cop backbone has proven to be exceptionally potent in cancer cell infection and 

destruction. The Cop A34R infection in cancer cell lines U2-OS and HeLa demonstrated 

enhanced EEV production and viral spread with little effect on viral growth or replication 

capabilities. The lack of attenuation of viral growth in cancer cells due to the mutation is 

suggestive of a potential use for the Cop backbone in cancer treatment, within an EEV 

enhanced oncolytic platform. Including the A34R mutation into an oncolytic candidate may 

elicit promising improvements to current standards.  

 The biodistribution assay revealed a higher sustained infection in the ovaries and an 

elevated titre of Cop A34R within the lungs when compared with the wt Cop infection. The 

infection of the ovaries is similar to infection at a tumour site, as ovaries replicate to a much 

higher degree than other tissue types and are believed to have leaky vasculature, making 

them a preferred site of infection for non-attenuated OVs. This higher infection level in the 

ovaries is indicative that the Cop A34R was better able to spread to a site of heightened cell-

division and persist than was wt Cop. This data suggests that the A34R mutation may aid in 

enhancing viral spread and immunoevasion, allowing for sustained infection at distant sites. 

 The higher infection level in the lungs by Cop A34R on day 1 could be indicative of a 

heightened level of delivery during the initial infection. The primary site that the virus has a 

tendency to infect after IV delivery is the lungs, resulting in higher measured titres than other 

tissues in the biodistribution assays.  The Cop A34R virus stock may have contained a higher 

level of EEV particles derived from the manufacturing process that enhanced the initial 
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delivery in its immunoevasive qualities. It was demonstrated that more than one freeze/thaw 

cycle is required to lyse all envelope membranes within a viral stock and allow for complete 

anti-IMV neutralization (Fig. III.1). It seems possible that EEV present in the initial IV dose 

allowed for an enhanced delivery, accounting for the higher viral titres within the lungs when 

compared with the wt Cop.  This characteristic may therefore be favourable in its 

enhancement of initial dosing levels within an oncolytic therapy setting.  

 In the lung metastasis models, Cop A34R was able to decrease metastasis count to a 

much greater extent than wt Cop or Cop B5R.  The heightened clearing of tumor burden is 

likely due to the enhanced spreading capability of the virus between metastasis sites.  

Although it is possible the viral delivery to the lungs is also enhanced due to EEV presence 

in the dose, one would predict that the delivery of Cop B5R to the lungs would be similar as 

EEV levels would be comparable. The Cop B5R treatment did not perform to the same 

extent as the Cop A34R treatment, indicating the impact of the enhanced delivery due to 

EEV alone cannot fully account for the decrease in lung met count. Enhanced spread 

between lung metastases was required for optimal tumour burden clearing.  

In addition, the preliminary xenograft distant tumour model with the U-87 human 

glioblastoma cell line demonstrated enhanced intertumoural spread through the blood by Cop 

A34R when compared with the wt Cop infection.  However, this model will need to be 

investigated on a larger scale to fully characterize the variability in distant viral spread from 

human cancer cells due to the EEV enhancing mutation.  

Together, this study presents a promising enhancement to oncolytic VACV in the 

addition of the A34R L151E mutation and demonstrates the exceptional potential of the Cop 

backbone for use as an oncolytic candidate. The proficiency of infection, inter-metastasis  

spread and optimal delivery to the lungs may make this platform something to consider,  
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particularly for lung cancer treatment protocols.  

4.5 POTENTIAL ENHANCEMENTS TO THE COP A34R ONCOLYTIC PLATFORM 

 The Cop A34R combination has proven to be the most efficient recombinant in EEV 

production, infection and growth. It was effective in clearing lung metastases, spreading 

between distant tumours as well as in the evasion of neutralizing antibodies and systemic 

immunostimulation when compared to the characteristics of wt Cop infection. It seems to 

infect normal tissues to a lesser extent due to IFN action, but retains its ability to spread 

effectively to rapidly-dividing cell sites. Together, this presents a very promising 

enhancement to the oncolytic platform, though the enhanced potency of the Cop backbone 

will need to be assessed on a safety level if it is to be used in human treatment. 

 In order to enhance the therapeutic safety profile and the tumour selectivity of the 

Cop backbone, a number of strategies may be undertaken for future oncolytic candidates. 

Primarily, the TK deletion can be assessed, as its use in JX-594 has demonstrated significant 

enhancement to infection selectivity for cancer cells. The VGF deletion may also be included 

to further enhance selectivity for rapidly dividing cells.  The B18R truncation could enhance 

the safety profile by preventing the virus’ anti-IFN mechanism, further inhibiting the growth 

of Cop A34R in normal tissues and targeting its infection in the tumour site. The impact of 

these attenuating mutations on overall EEV production will need to be assessed before 

utilization within this platform. 

A safety switch could also potentially be included, in the addition of the HSV TK 

gene.  If an uncontrolled infection were to occur in immunosuppressed individuals, treatment 

with acyclovir would halt viral growth and prevent any potential toxic implications of Cop 

replication. Finally, the inclusion of GM-CSF could enhance the patient’s anti-tumour 

immunity and the addition of a pro-drug converting enzyme may aid in potentiating the 
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additive action of specific chemotherapeutics. Ultimately, a number of avenues can be taken 

to tailor the Cop A34R platform for optimal use in the treatment of human cancer.   

4.6 VACV-LCMV-GP-G2 

 The VACV recombinant VACV-LCMV-gp-G2 was demonstrated to spontaneously 

take on the A34R L141E mutation. It seems likely that the large, bulky glycoprotein was 

affecting the movement of CEV/EEV during infection, creating a selective growth pressure.  

The virus may have mutated in response to this, allowing enhanced release to compensate for 

the presence of the glycoprotein. The spontaneous addition of A34R L151E demonstrates the 

virus’ biological predisposition to enhancing spread from this site.  This further supports the 

potential of this mutation on a biological level. Full genome sequencing should be 

undertaken to confirm the utilized backbone strain before direct comparison with 

experimental WR A34R. 

4.7 THE IMPACT OF ABL TK ON VIRUS RELEASE 

 It was demonstrated in this study that the effects of Abl TK action may influence  

virus release and over-expression can result in the enhancement of egress into the SN. This 

relationship may be exploited in the treatment of Abl TK over-expressing cancers, such as 

invasive breast carcinomas. Spread between metastases may be further improved with the 

enhancement of EEV production by Abl TK action. This relationship may further be utilized 

on a virus manufacturing level. If significantly more virus could be released into the SN 

during viral replication, the isolation and purification of virus from the CF may not be 

required.  This improvement could streamline the manufacturing process, allowing for the 

development of quicker and lower-cost protocols. Utilizing or creating an optimal cell line 

that over-expresses Abl TK in combination with infection by an EEV enhanced recombinant 

virus could therefore pose an important improvement for manufacturing purposes. 
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5. CONCLUDING REMARKS 

 The Cop A34R EEV enhanced mutant proved to be superior to wt VACV as well as 

other EEV enhanced recombinants in viral spread and immunoevasion. It was characterized 

as the only recombinant not to be attenuated by the introduced mutation.  Furthermore, 

enhanced spread and viral release were observed in comparison with wt Cop during infection 

in various cancer cell lines.  Cop A34R demonstrated an enhanced initial delivery to the 

tumour site and improved spread within a biodistribution model as well as elicited a 

significant decrease in tumour burden in a lung metastases model when compared with wt 

Cop. Cop A34R infection was limited by the addition of IFN to normal cells and a more 

discrete neutralizing antibody profile was observed from treated mice than that of the wt Cop 

infection. The EEV enhanced mutant was also able to spread and decrease tumour burden 

within the lungs in the face of neutralizing anti-VACV antibodies.   

The Cop A34R platform may therefore represent a significant improvement to current 

oncolytic candidates in the enhancement of viral spread, delivery and immunoevasion. Safety 

measures will need to be evaluated in their ability to enhance virus selectivity to cancer cells 

in addition to their impact on EEV production. Generating future clinical products within the 

Cop A34R backbone may aid in the overcoming of current hurdles to oncolytic therapies.  
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APPENDIX I 

 

 

 

 

 

 

 

 

 
Figure I.1. A34R L151E recombinant sequencing. Sequencing results from A34R 

recombinants in comparison with the wt VACV backbone sequence. a) Nucleotide and b) 

protein analysis revealed the A34R L151E mutation was conferred to all four backbones. 
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Wt VACV TATACAAGTCTGGAAAACTGGTTAAAACAGTATGTAAAAGTAC

Cop A34R TATACAAGTCTGGAAAACTGGTTGAAACAGTATGTAAAAGTAC 

Wy A34R TATACAAGTCTGGAAAACTGGTTGAGACAGTATGTAAAAGTAC

WR A34R TATACAAGTCTGGAAAACTGGTTGAAACAGTATGTAAAAGTAC

JX-594 A34R TATACAAGTCTGGAAAACTGGTTGAAACAGTATGTAAAAGTAC

* * 

Wt VACV LTNFKQLNSTTDAEACYIYKSGKLVKTVCKSTQSVLCVKKFYK 

Cop A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK

Wy A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK 

WR A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK 

WR A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK 

*

151

a.

b. Wt VACV TATACAAGTCTGGAAAACTGGTTAAAACAGTATGTAAAAGTAC

Cop A34R TATACAAGTCTGGAAAACTGGTTGAAACAGTATGTAAAAGTAC 

Wy A34R TATACAAGTCTGGAAAACTGGTTGAGACAGTATGTAAAAGTAC

WR A34R TATACAAGTCTGGAAAACTGGTTGAAACAGTATGTAAAAGTAC

JX-594 A34R TATACAAGTCTGGAAAACTGGTTGAAACAGTATGTAAAAGTAC

* * 

Wt VACV LTNFKQLNSTTDAEACYIYKSGKLVKTVCKSTQSVLCVKKFYK 

Cop A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK

Wy A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK 

WR A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK 

WR A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK 

*

151

a.

b.

Wt VACV TATACAAGTCTGGAAAACTGGTTAAAACAGTATGTAAAAGTAC

Cop A34R TATACAAGTCTGGAAAACTGGTTGAAACAGTATGTAAAAGTAC 

Wy A34R TATACAAGTCTGGAAAACTGGTTGAGACAGTATGTAAAAGTAC

WR A34R TATACAAGTCTGGAAAACTGGTTGAAACAGTATGTAAAAGTAC

JX-594 A34R TATACAAGTCTGGAAAACTGGTTGAAACAGTATGTAAAAGTAC

* * 

Wt VACV LTNFKQLNSTTDAEACYIYKSGKLVKTVCKSTQSVLCVKKFYK 

Cop A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK

Wy A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK 

WR A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK 

WR A34R LTNFKQLNSTTDAEACYIYKSGKLVETVCKSTQSVLCVKKFYK 

*

151

a.

b.
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Figure I.2. B5R P189S recombinant sequencing. Sequencing results from B5R 

recombinants, in comparison with the wt VACV backbone sequence. a) Nucleotide and b) 

protein analysis revealed the B5R P189S mutation was conferred to all four backbones. 
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Wt VACV TCATGTCAACAAAAATGTGATATGCCGTCTCTATCTAATGGAT

Cop B5R TCATGTCAACAAAAATGTGATATGTCTTCTCTATCTAATGGAT

Wy B5R TCATGTCAACAAAAATGTGATATGTCTTCTCTATCTAATGGAT

WR B5R TCATGTCAACAAAAATGTGATATGTCTTCTCTATCTAATGGAT

JX-594 B5R TCATGTCAACAAAAATGTGATATGTCTTCTCTATCTAATGGAT

* * 

Wt VACV GASYISCTANSWNVIPSCQQKCDMPSLSNGLISGSTFSIGGVI

Cop B5R GASYISCTANSWNVIPSCQQKCDMSSLSNGLISGSTFSIGGVI

Wy B5R GASYISCTANSWNVIPSCQQKCDMSSLSNGLISGSTFSIGGVI 

WR B5R GASYISCTANSWNVIPSCQQKCDMSSLSNGLISGSTFSIGGVI 

WR B5R GASYISCTANSWNVIPSCQQKCDMSSLSNGLISGSTFSIGGVI

*

189

a.

b. Wt VACV TCATGTCAACAAAAATGTGATATGCCGTCTCTATCTAATGGAT

Cop B5R TCATGTCAACAAAAATGTGATATGTCTTCTCTATCTAATGGAT

Wy B5R TCATGTCAACAAAAATGTGATATGTCTTCTCTATCTAATGGAT

WR B5R TCATGTCAACAAAAATGTGATATGTCTTCTCTATCTAATGGAT

JX-594 B5R TCATGTCAACAAAAATGTGATATGTCTTCTCTATCTAATGGAT

* * 

Wt VACV GASYISCTANSWNVIPSCQQKCDMPSLSNGLISGSTFSIGGVI

Cop B5R GASYISCTANSWNVIPSCQQKCDMSSLSNGLISGSTFSIGGVI

Wy B5R GASYISCTANSWNVIPSCQQKCDMSSLSNGLISGSTFSIGGVI 

WR B5R GASYISCTANSWNVIPSCQQKCDMSSLSNGLISGSTFSIGGVI 

WR B5R GASYISCTANSWNVIPSCQQKCDMSSLSNGLISGSTFSIGGVI

*

189

a.

b.
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Figure I.3. A33R c-terminus truncation recombinant sequencing. Sequencing results 

from A33R recombinants in comparison with the wt VACV backbone sequence. a) 

Nucleotide and b) protein analysis revealed the A33R c-term truncation was conferred to the 

Cop and Wy backbones. 
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Wt VACV ATTACCTGGCTCATTGATTATGTTGAGGATACATGGGGATCTG

Cop A33R ATTACCTATCTCGCTCATTAA

Wy A33R ATTACCTATCTCGCTCATTAA

**   ** *    *----------------------

Wt VACV KANCTAESSTLPNKSDVLITWLIDYVEDTWGSDGNPITKTTSD

Cop A33R KANCTAESSTLPNKSDVLITYLAH

Wy A33R KANCTAESSTLPNKSDVLITYLAH

* **--------------------

c-terminus

a.

b.
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Figure I.4. A34R protein sequence analysis; various strains.  Sequence comparison of the 

A34R gene from the various VACV strains, demonstrating an amino acid substitution at 

position 44. Wt Cop, Wy, IHD-J and VACV-LCMV-gp-G2 encode asparagine (N) at this 

site while WR and MVA encode aspartic acid (D).  
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Wt Cop DTRHLRVLFSIFYKDYWVSLKKTNNKWLDINNDKDIDISK

IHD-J DTRHLRVLFSIFYKDYWVSLKKTNNKWLDINNDKDIDISK

Wt Wy DTRHLRVLFSIFYKDYWVSLKKTNNKWLDINNDKDIDISK

Lister DTRHLRVLFSIFYKDYWVSLKKTNNKWLDINNDKDIDISK

VACV-LCMV-gpG2 DTRHLRVLFSIFYKDYWVSLKKTNNKWLDINNDKDIDISK 

WR DTRHLRVLFSIFYKDYWVSLKKTNDKWLDINNDKDIDISK

MVA DTRHLRVLFSIFYKDYWVSLKKTNDKWLDINNDKDIDISK

44

*
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APPENDIX II 

 

 

 

 

 

 

 

 

 

Figure II.1. Supplemental comet assay on U2-OS cells, 90 hpi.  Comet formation was 

assessed on U2-OS at 90 hpi. Comet formation is visible by Cop A34R. 
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APPENDIX III 

 

 

 

 

 

 

 

 

 

 

 

Figure III.1. EEV freeze/thaw analysis.  L1R neutralization of IMV revealed the 

proportion of EEV membranes remaining after subsequent freeze/thaw cycles. More than 

one cycle is required to lyse all EEV membranes within a viral stock.  
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