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Abstract 

 Vaccinia virus (VACV) has shown promise as an oncolytic agent for treating a variety of tumour types, with 

preliminary results suggesting that this strategy holds promise for treating breast cancer. Our lab has previously 

modified VACV by deleting virally-encoded enzymes responsible for dNTP production. Specifically, the F4L gene (∆F4L), 

responsible for de novo dNTP synthesis, and the J2R gene (∆J2R), responsible for dTTP salvage, have been deleted from 

the VACV genome (DF4LDJ2R VACV). These mutations increase viral specificity for replication in cancer cells, 

presumably due to elevated levels of these enzymes in tumours caused by rapid growth. While this modified VACV 

was effective in treating orthotopic bladder cancer in rats and mice, only limited therapeutic benefits were observed 

in mouse models of breast cancer. This project investigated methods to improve the efficacy of vaccinia virus mediated 

breast cancer immunotherapy. 

 In the first set of studies, I established improved virus production and quality control protocols  for use in pre-

clinical testing.  Using purified virus, we established the maximum tolerable dose in our intratumoural murine  breast 

cancer models to be used in subsequent studies.  

 I then tested two strategies for improving the efficacy of VACV treatment of breast cancer.  In the first 

method, VACV was combined with image-guided radiation therapy (IG-RT), a commonly used clinical treatment for 

breast cancer. While IG-RT causes DNA damage resulting in cell death, it is also known to stimulate the immune system 

to induce anti-tumour immunity. We hypothesized that VACV and IG-RT would work synergistically to improve 

therapeutic responses. In vitro, radiation synergized with VACV to result in improved cell killing. However, in vivo, the 

combination was antagonistic, and decreased survival compared to radiation alone. This discrepancy between in vitro 

and in vivo drug interactions suggested that the cause of this antagonism might be due to effects on the tumour 

microenvironment. To investigate mechanisms that might be causing antagonism, I performed experiments to 

investigate how IG-RT+VACV might alter the tumour immune-cell microenvironment (TiME). We observed that 

treating irradiated tumours with VACV increased CD8+ T cells in tumours and spleens, along with regulatory T cells 

(Tregs). Despite these increased Tregs, the ratio of CD8+ T cells to Tregs remained constant. Interestingly, virus 

treatment caused a significant increase in PD-1 expression, leading us to speculate that immune-exhaustion may 

contribute to antagonism. However, adding an anti-PD-1 antibody to the treatment regimen did not reverse the 
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antagonistic effect caused by VACV oncotherapy. Although the mechanism remains to be elucidated, our results 

suggest caution should be taken when assessing treatment combinations in the clinic.  

 In the second method to improve efficacy, I attempted to improve the immunogenicity of VACV by deleting 

immunomodulatory genes from the virus genome. Stimulation of the immune system is an important aspect of 

virotherapy, and the 200 kb VACV genome encodes an arsenal of proteins responsible for inhibiting the immune 

system of its host. I sought to increase anti-tumour immune responses of VACV therapy by removing 

immunomodulatory genes from the VACV genome and to decipher how these deletions impact anti-cancer immune 

responses. I performed a head-to-head comparison of six mutant oncolytic VACVs, each harbouring deletions in genes 

that modulate different cellular pathways such as nucleotide metabolism, apoptosis, inflammation, and chemokine 

and interferon signalling. I found that even minor changes to the VACV genome can impact the immune cell 

compartment in the tumor microenvironment. Viral genome modifications had the capacity to alter lymphocytic and 

myeloid cell compositions in tumors and spleens, and also impacted PD-1 expression and percentages of virus and 

tumor-targeted CD8+ T cells. I also observed that the most promising candidate genes for deletion were those which 

interfere with interferon signalling, mainly, through deletion of the viral B8R and B18R genes, which resulted in 

improved median survival and complete responses. Collectively, this research helps focus attention on the more 

critically important pathways that modulate the immune response in the context of VACV oncolytic virotherapy 
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Chapter 1: General introduction 
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1.1 Poxviruses  

 Poxviruses are a group of double stranded (ds) DNA viruses, notable for their cytoplasmic replication in 

infected cells, large size, and broad host range. The family Poxviridae comprises 83 species across 22 different genera1. 

The most infamous member of the poxvirus family, variola virus, is known for causing mass devastation and deaths as 

the causative agent of smallpox. Other members of this family, such as vaccinia virus (VACV), are better known for 

their therapeutic uses, primarily as vectors for vaccination against infectious diseases. In fact, VACV was the virus used 

in the worldwide vaccination campaign which lead to the eradication of smallpox in 19802, and has been regarded as 

the most effective vaccine in history3. VACV-vectored rabies vaccines for livestock have also been integral in the 

eradication of wildlife rabies in Belgium, France and Luxembourg, and for the control of racoon rabies in Canada4–7.  In 

addition to its use as a vaccine, VACV has been investigated as a gene-therapy vector, used to deliver therapeutic 

payloads to treat various conditions8,9. Most recently, VACV has been gaining traction as an oncolytic agent used for 

the treatment of cancer10–12, which is the primary topic of this thesis.  

 

1.1.1 VACV biology 

 Poxviruses were the first viruses to be visualized by microscopy due to their large size13. The virion itself is 

brick-shaped, and measures approximately 300 x 200 x 100 nm in dimension. Inside the virion is a dumb-bell shaped 

virus core containing a single linear strand of covalently closed ds DNA of approximately 200 kbp. The core is wrapped 

in one or two lipid membranes, giving rise to intracellular mature virus (IMV), or extracellular enveloped virus (EEV), 

respectively. Upon binding to host cells, viral particles enter the cell via membrane fusion or endocytosis for IMV14, or 

in the case of EEV, by first binding glycosaminoglycans (GAGs) to initiate shedding of the outer envelope prior to entry 

by membrane fusion in the same manner as IMV15. Once the virion core has entered the cytoplasm, virus factories, 

which are the site of viral replication, are established near the nucleus. Transcription is initiated in a temporal manner, 

beginning with “early” genes that are required for nucleotide biogenesis, DNA replication, and innate immune 

inhibition, “intermediate” genes which encode enzymes required as late transcription factors, and “late” genes which 

encode structural proteins and proteins packaged into the virion, as well as additional immune-modulating genes16. 

DNA replication and virus assembly occur in viral factories, which lead to the formation of IMV. While most IMV remain 

in the cytoplasm to be released when the cell lyses, a small fraction of IMV are wrapped intracellularly with an 

additional two membranes. These intracellular enveloped viruses (IEV) can migrate out of the cell where they lose one 

of these membranes and are released outside of the cell as EEV, or can remain attached to the cell membrane as cell-

associated virus (CEV)17. At this late point in infection, cell death occurs and virus particles are released to spread to 

adjacent cells.  

 

1.1.2 VACV immune modulation 

 The innate immune system counteracts virus infection and relies on complex cellular signalling pathways that 

converge to produce an anti-viral state in the host. Virus infection is first detected by the recognition of Pathogen-
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Associated Molecular Patterns (PAMPs) that are detected by cellular pattern recognition receptors (PRRs) such as toll-

like receptors (TLRs) or DNA sensors such as cGAS. Once a PAMP is detected by any number of PRRs in the cell a 

complex signalling cascade comprised of various adaptor proteins (MyD88, MAL, TRIF, TRAM, IRAK2, TRAF6), signalling 

molecules (Ikkα/β) and protein kinases (PKR and TBK1) activate NF-κB, IRF3 or IRF7. These molecules initiate the 

transcription of interferon (IFN), IFN-stimulated genes (ISGs), and other proinflammatory cytokines such as TNFα and 

interleukins (ILs) that both produce an anti-viral state in the cell, and also bridge the innate and adaptive arms of the 

immune system to recruit immune effector molecules such as T and B cells to the site of infection.  

 

 Viruses have evolved complex countermeasures to subvert this host innate immune response to inhibit 

activation. It is estimated that VACV devotes up to 50% of its 200 kbp genome to modifying and manipulating the 

immune response of its host18. Despite VACV being studied extensively over the past century, scientists are still working 

to uncover the roles of all of the VACV proteins and their functions, and new functions are continually being described.  

VACV proteins have been found to interrupt or highjack many immune-related pathways in the host, primarily at the 

level of innate cellular immune signalling, which in turn, impacts the adaptive immune response to infection as well. 

VACV proteins inhibit numerous pathways including, but not limited to: NF-κB signalling, IFN signalling, antigen 

presentation, lymphocyte activation, complement pathways, and cytokine signalling18,19. Oftentimes, virus-encoded 

proteins serve redundant roles, highlighting the importance of certain anti-viral pathways in the host. For instance, a 

mutant virus lacking all known NF-κB inhibitors revealed NF-κB signalling was still inhibited, suggesting that unknown 

NF-κB inhibitors were still present in the genome20.  Even in the absence of immune modulatory proteins, the different 

enveloped forms of VACV (IMV, CEV, EEV) also serve as a form as immune evasion, whereby having multiple forms of 

the virus serve to evade recognition by the immune system. Although not covered in this report, a review of these 

“alternative” forms of immune evasion can be found in Bidgood and Mercer, 201521. VACV-encoded 

immunomodulatory genes and their functions can be found in Table 1.1, classified according to the mechanism of 

inhibition. Of note, many VACV proteins serve multiple functions, and appear in multiple categories18. Although 

additional putative immunomodulators have been predicted based on structure, only proteins with confirmed 

functions are described18,22. 
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Table 1.1. Overview of VACV genes that inhibit immune-related pathways in the host. This table was adapted from 
Smith et al., 201318 
 

VACV 
Gene23  

Locus in WR 
genome 

Protein Function Additional details 

Complement inhibitors: The complement system is composed of plasma proteins which serves as an immediate 
and innate defense against pathogens. The complement system neutralizes and opsonizes pathogens, and induces 
an inflammatory response to fight infection24. 
C21L  VACWR025 Secreted 

complement 
binding protein 

-Virus complement control binding protein (VCP).  
-Prevents antibody-dependent complement enhanced 
neutralization25.  
-A VCP deficient virus had increased T cell accumulation and 
increased neutralizing antibody responses26. 

A56R VACWR181 Hemagglutinin 
protein 

-deletion in GLV-1h68 (Slazay lab)-Genelux corp.  
-functions in evasion of complement by attaching to VCP at 
the cell surface27 

B5R VACWR187 EEV membrane 
glycoprotein28 

-Gene encoded is related to the regulators of complement 
activation gene family in mammals, but no actual role in 
protecting against complement described29.  
-Impacts plaque size29.  

Innate detection resistance through inhibition of recognition by PRRs 

E3L VACWR059 Double stranded 
RNA-binding 
protein.  

-Carboxy-terminal domain resists IFN response by 
sequestering dsRNA PAMPS to inhibit dsRNA-dependent 
protein kinase (PKR)30,31.  
-Inhibits the IFN-induced 2-5A synthetase to inhibit 
apoptosis32,33 
-Inhibits IRF3 and IRF734 
-antagonizes PKR-dependent and independent cytokine 
induction to inhibit production of a diverse range of 
cytokines35 

A46R VACWR172 Binds to innate-
signalling adaptor 
proteins  

-Binds multiple signalling adaptors (MyD88, MAL, TRIF, TRAM) 
to block TLR signalling and NF-κB and IRF3 activation 36–38. 
-Deletion reduces virulence38, and enhances immunogenicity 
of vaccine vectors by increasing TNF, IL-2 and IL-8 secretion 
by macrophages and enhances B and T cell responses39. 

B2R VACWR184 Poxin nuclease -degrades cGAMP to avoid cGAS-STING innate signalling40 

IFN resistance through inhibition of innate signal transduction pathways (NF-κB, IRF3) 

A49R VACWR175 NF-κB inhibitor  -Binds to and stabilizes IkBα, binds to and inhibits beta-TrCP 
to prevent NF-κB activation41–43 

A55R VACWR180 NF-κB inhibitor - NF-κB inhibitor acting downstream of IκBα degradation44 
-deletion caused increased VACV-specific CD8+ T-cell 
proliferation, activation, and cytotoxicity44 

A52R VACWR178 NF-κB inhibitor -Inhibits IL-1 and TLR activation of NF-κB by binding to TRAF6 
and IRAK236,45,46 

B14R  VACWR196 NF-κB inhibitor -Binds to IKK β and prevents phosphorylation.  
-IL-1 and IL-6 decoy receptor47 

C4L VACWR024 NF-κB inhibitor   -inhibits NF-κB activation at or downstream of the IKK 
complex48 
-knockout had reduced virulence48 
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C7L VACWR Host-range, IFN 
inhibitor 

-antagonizes IFN production and signalling, and enhances 
immune response to challenge in lungs49,50 
-contributes to IFN-resistance to permit virus replication51 

K1L VACWR032 Ankyrin-like protein   -inhibits NF-κB activation by inhibiting PKR signal 
transduction52–54 

K7R VACWR039 NF-κB inhibitor -Binds TLR proteins (IRAK2, TRAF6) to inhibit NF-κB & IRF3 
activation55 
-modulates heterochromatin regulation56 
-binds deadbox RNA helicase 3 to inhibit IRF3 activation and 
therefore IFNβ induction57,58 
-Increased NK infiltration and CD8 T cells, enhanced MHCII 
presentation, enhanced cytolysis by NK cells and VACV 
specific CD8 T cells59 

M2L VACWR031 NF-κB inhibitor 
Co-stimulation 
inhibitor 

-Reduces ERK2 phosphorylation and prevents p65 nuclear 
localization to inhibit NF-κB60.  
- By binding CD80 and CD86, the M2 protein blocks 
interactions with both CD28 and CTLA4 and potentiates CD80 
binding to PD-L122,61 

N1L VACWR028 NF-κB inhibitor 
 
apoptosis inhibitor 

-Inhibits NF-κB and IRF3 signaling62 
-inhibits apoptosis signaling63 (disputed)64 
-deletion enhanced CD8 T- cell effector and memory 
response, increased T-cell cytotoxicity65 

C6L VACWR022 IRF3 and IRF7 
inhibitor 
 
IFN inhibitor 

-inhibits IRF3 and IFN signaling66 through degradation of 
histone deacetylase 467 
-deletion enhanced VACV specific T-cells with increased 
cytotoxicity68, enhanced antibodies and protection against 
challenge as a vaccine vector69,70 

C16L/ 
B22R 

VACWR010 Inhibits IRF3 
signalling  

-DNA-PK is a cytoplasmic PRR that initiates an innate immune 
signalling cascade. C16L binds to DNA-PK and inhibits IRF3 
signalling71 
-Deletion of C16L induces higher levels of chemokines and 
cytokines in vivo71 

N2L VACWR029 IRF3 inhibitor -inhibits IFR3 after translocation to the nucleus72,73  
H1L VACWR099 Protein 

phosphatase  
- dephosphorylates STAT1 and STAT2 to block transcription of 
IFN-stimulated genes74,75 

K3L VACWR034 Interferon 
resistance  

-EIF2a mimic that acts as a non-phosphorylatable 
pseudosubstrate for PKR to inhibit signaling76–78 

C9L VACWR023 IFN resistance 
protein 

-counteracts the IFN-induced antiviral state by an unknown 
mechanism79 

F17R VACVWR056 ISG inhibitor -subverts cGAS-STING intracellular signalling and preventing 
interferon stimulated gene expression80 

Decoy chemokine/ cytokine receptors to prevent receptor engagement with ligands 

B18R VACWR199 IFN signalling 
inhibitor 

- Binds type I IFN (Soluble and on the cell surface) and is more 
effective against IFNα than β81,82 
-deletion reduces virulence in intranasal mouse models82 

B8R VACWR190 IFN signalling 
inhibitor 

- Soluble, binds secreted interferon γ 83 
-deletion had no enhanced immunogenicity on its own84, 
however enhanced immunogenicity observed when deleted 
in addition to B18R85 

B15R VACWR197 IL-1β decoy 
receptor 

-Prevents IL1β binding to its natural receptor86,87.  
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A53R VACWR179 TNFα receptor  -binds and sequesters TNFα while lacking signaling domain; 
not present in all VACV strains88–91 

A41L VACWR166 Chemokine 
receptor 

- Secreted protein. Proposed to disrupt chemokine 
concentration gradients22,92 
- deletion increased VACV CD8+ T-cell responses, enhanced 
protection against challenge93. Mutant cleared more readily 
due to increased infiltration of leukocytes94. 

C12L VACWR205 IL18 binding protein - soluble IL18 binding protein to sequester IL18 and prevent it 
from reaching target cells95,96. 
- binding affinity is higher for murine IL18 than human95. 
-Deletion lead to increased CD8 T cell responses and IFN γ 
production97 

Apoptosis inhibitors 
F1L VACWR040 Inhibitor of 

apoptosis and 
inflammasome 

Inhibits apoptosis and inflammasome activation. Decreases 
caspase-1 and IL-1β secretion to increase inflammation in 
lungs of infected mice98,99. 

M1L VACWR030 Inhibits apoptosis Blocks procaspase-9 processing, targeting apoptosome to 
inhibit apoptosis100 

B13R VACWR195 Serine protease 
inhibitor (SPI-2) 
-inhibits apoptosis 
-inhibits IFNβ 

-binds caspase1 and blocks IL-1β cleavage to prevent 
caspase-1 induced apoptosis101,102 
-inhibits IFNβ by disrupting IRF3 signaling complexes103 
-deletion had no enhanced immunogenicity in the context of 
use as a vaccine vector  

Other inhibitors  

A35R VACWR158 MHC II antigen 
presentation 
inhibitor 

-inhibits MHC II antigen presentation, T cell priming, and 
subsequent chemokine and cytokine expression104 
-enhanced immunogenicity when deleted from MVA by 
increasing VACV specific IFN γ secreting splenocytes, 
enhanced IgG production and class switching of IgG 
isotypes105 

A39R VACWR164 Phagocytosis 
inhibitor 

- Binds plexin C1 and inhibits phagocytosis by neutrophils and 
dendritic cells106 
-inhibits DC cross-priming ex vivo106 

C9L VACWR019 Ankyrin-repeat/F-
box proteins 

- Counteracts IFN-induced state in cell by promoting 
degradation of interferon-induced proteins (IFITS)79,107 

F3L VACWR042 BTB/kelch protein  -BTB/kelch protein, inhibitor of innate immune responses108 
-deletion caused mild virus attenuation and increased NK 
infiltration to infection site and a decrease in γDT cells108.  

 

1.2 Oncolytic viruses 

1.2.1 History of oncolytic viruses 

 Oncolytic viruses (OVs) are viruses that infect and kill cancerous cells. While interest in oncolytic virus research 

has surged in recent years, the first observations of naturally occurring oncolytic virus infection can be dated back to 

the 1800’s. During this time, case reports described remission of cancer, often hematological malignancies, when 

patients were simultaneously afflicted with a viral infection such as influenza109 or chicken pox110. Reportedly, the first 

studies examining oncolysis in an experimental setting were performed in 1922 with VACV in mouse and rat models, 

which showed that inoculation with the smallpox vaccine could inhibit tumour growth. In the 1950’s, durable remission 
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of melanoma was noted in a patient after receiving a rabies vaccine, prompting the physician to immunize 12 other 

patients, two of which underwent remission.  At this time, however, it was not understood how or why remission was 

occurring in these case reports. Our understanding of cancer development over the past century has helped further 

our understanding of how viruses can be used as therapeutics to treat cancer111–113. These developments have allowed 

OVs to enter the clinic as approved therapeutics in various malignancies. In 2006 a modified adenovirus (AdV)-based 

OV was approved to treat head and neck cancers in China114. A decade later talimogene laherparepvec (T-VEC), a 

modified herpes simplex virus (HSV), was approved by the FDA to treat melanoma115,116.  

 

1.2.2 Premise of OV therapy 

 It has been realized that many of the hallmarks of cancer development, mainly sustained proliferative 

signalling, evading growth suppressors, dysregulated immune-signalling pathways, and resisting cell death are also the 

hallmarks of virus infection. In other words, these are favourable states in a cell that permit increased virus infection, 

and thus a cancer cell provides a hospitable environment to promote virus growth when compared to a normal cell. 

This preferential replication in cancer cells allows the virus to lyse these cells while sparing normal tissue. The OV 

progeny can then go on to infect and kill additional tumour cells while simultaneously releasing danger-associated 

molecular patterns (DAMPs) that recruit immune cells to the tumour site, promoting tumour cell killing and generating 

an immune response against both the tumour and virus (Figure 1.1). Currently, numerous different viruses have been 

explored as OVs including, but not limited to VACV, AdV, HSV, measles virus, reovirus, vesicular stomatitis virus (VSV), 

Maraba Virus, coxsackie virus, Newcastle disease virus (NDV) and poliovirus.  

 

1.2.3 Design of tumour selective OVs 

 While many viruses are “naturally” oncolytic, that is, wild-type (WT) forms of the virus can be used as anti-

cancer agents, most need modifications to impart cancer selective replication as a safety measure. Some viruses, 

however, preferentially infect and kill cancer cells without any alterations. Examples of naturally oncolytic viruses 

include reovirus and Newcastle disease virus (NDV). In the case of reovirus, the virus is able to replicate in cancer cells 

with activated RAS signalling pathways111. For NDV, an avian virus, the virus is able to replicate in cancer cells with 

deficient IFN signalling, and unable to replicate in normal human cells117,118. Even WT VACV was shown to be naturally 

oncolytic in early studies. Nowadays, oncolytic virus development is more intentional, and viruses are designed with 

the objective of promoting replication in and lysis of tumour cells, while avoiding infection of normal cell tissue. Even 

oncolytic viruses that do not require genetic modification to preferentially infect and kill cancer cells are being modified 

and selected to improve its oncolytic potency and to induce improved immune stimulation, which will be discussed in 

further detail below.  
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Figure 1.1. Premise of VACV-mediated OV therapy. Adapted from Potts et al., 2018119 

 

1.2.4 Oncolytic poxviruses  

 The origin of oncolytic poxviruses dates back to 1922, when Levaditi and Nicolau demonstrated that the WT 

VACV of the smallpox vaccine inhibited epithelial tumour growth in mouse and rats120. However, the anti-cancer effects 

of WT-VACV were not universally observed, with mixed results obtained in mouse and human studies121,122. In the late 

1950’s attempts were made to improve the oncolytic efficacy of poxviruses by serial passage of the virus in tumour 

bearing mice, and while tumour killing was improved, the passaged virus was found to be more toxic to mice and 

shortened survival123. Significant advancements in oncolytic poxvirus research were not reached until recombinant 

DNA techniques became available, which allowed for targeted and intentional manipulation of the VACV genome124.  

 

1.2.4.1 Benefits of VACV as an oncolytic agent 

 After reviewing the literature of OV research available in the 1960’s, Dr. Chester Southam stated:  “There is 

no tumour that is uniformly susceptible to oncolysis by all viruses. There is no virus that is uniformly capable of 

oncolysis against all tumours”125. This statement still remains true, and while it is likely that different OVs will be utilized 

for different purposes and tumour types, where all else is equal, VACV possesses many attributes that make it an 

attractive candidate for oncolytic virotherapy relative to other candidates: 

 

Rapid cytoplasmic replication cycle: VACV replicates and produces between 4000-5000 new progeny virions per cell as 

early as 24 hours after infection126 resulting in cell death within the first 48 hours16. The unique cytoplasmic replication 

feature of VACV, particularly its lack of integration within the host cell genome is an attractive safety prospect. VACV 

genomic DNA is compartmentally separated from the host cellular DNA, and the two do not mix127,128. For comparison, 
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In the case of oncolytic HSV, viral genomic DNA is maintained as extrachromosomal DNA within the cell which can then 

integrate into the host genome129.  

 

Large coding capacity for foreign transgene insertion: The VACV genome is large and malleable. It is amenable to large-

scale genomic alterations and deletions. Importantly, VACV can accommodate up to 25 000 bp genomic insertions, 

and expresses transgenes to high levels130. This permits the use of VACV as a vector that can be used to express tumour 

antigens, cytokines, and other immunostimulatory molecules that are too large to be inserted into smaller and more 

genomically-restricted candidates.   

 

Stability as lyophilized particle: T-VEC, the oncolytic HSV approved for use by the FDA, was manufactured such that the 

virus must be shipped on dry ice and received within 96 hours, followed by storage at -80°C, requiring the use of 

specialized freezers and handling components131. Preparations of VACV for smallpox vaccines were freeze-dried as 

early as the 1950s, resulting in stable doses for up to 20 years or more132,133. This lyophilization greatly facilitated the 

distribution of the vaccine, as a continuous cold-chain was not required to be maintained134. VACV’s historic past as a 

lyophilized preparation lends well to its use as an oncolytic, minimizing supply chain and stability issues.  

 

Historic clinical use & known safety profile: Having been used extensively over the past century for vaccination, the 

safety profile of WT-VACV strains is well documented134. Minor side effects include fever, muscle aches, fatigue and 

pox lesions or rash at the injection site134, while major adverse events occur at rates of 1 per million vaccinees for 

death, or generalized vaccinia at a rate of 241 per million vaccinees134. Doses for vaccination with WT-VACV can vary 

between 106-108 pock forming units, administered once via a percutaneous route135–137 compared to oncolytics which 

are administered intratumourally or intravenously in multiple injections up to 3x109 PFU138–140. While the safety profile 

of WT-VACV is known, improvements are still necessary to ensure patient safety.  

 

1.2.4.2 Further improving VACV safety through viral attenuation 

 While the clinical and safety profile of WT-VACV is known based on vaccination use, one drawback of VACV 

as an oncolytic agent are safety concerns among immunocompromised individuals. It is important to note, however, 

that vaccination with VACV occurred with non-modified WT-VACV. While WT-VACV can be considered a naturally 

oncolytic virus, current VACV-based OVs are genetically modified to permit cancer-selective replication while limiting 

infection in normal tissues.  These modifications attenuate the virus and further decrease its pathogenicity119,141,142. 

Traditionally, oncolytic VACV is created by removal of the thymidine kinase (TK) gene, which minorly attenuates virus 

replication in normal cells compared to cancer cells. In clinical trials oncolytic VACVs have been shown to be well-

tolerated with fever, malaise and nausea being the predominant symptoms143. Nevertheless, improvements to the 

safety profile of oncolytic VACV have been made by further attenuating virus replication. Notably, by deletion of the 

small subunit of ribonucleotide reductase, encoded by the F4L gene in the virus genome, the safety of VACV was 
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improved in rat and mouse models of bladder cancer, without decreasing efficacy119,144. To increase the safety of 

oncolytic VACV for use in cancer patients who oftentimes can be immunosuppressed, VACV has been modified to 

attenuate its growth. These deletions seek to impede virus replication in normal cell tissue, while retaining high growth 

and cytotoxic properties in normal tissues. The most common attenuating mutations to increase safety in oncolytic 

VACVs are discussed below.  

 

Thymidine kinase deletion (encoded by J2R gene): A thymidine kinase (TK) deleted VACV was manufactured by deletion 

of the J2R gene124 and shown to be less virulent in mice145. Thymidine kinase (TK) , also known as the viral J2 protein, 

is involved in the salvage pathway for deoxythymidine triphosphate (dTTP) synthesis. It was shown that this deletion 

afforded the virus higher replication in tumour cells when compared to normal tissue141. In initial studies, the primary 

intent of using TK-deleted VACV (which can also be referred to as a DJ2R VACV), was as a gene-therapy delivery vector 

to deliver cytokines to the tumour site141. Nowadays, DJ2R VACV forms the basis of nearly all oncolytic VACVs designed. 

The oncolytic VACV that has progressed furthest in the clinic is JX-594, a DJ2R VACV encoding the immunostimulatory 

cytokine GM-CSF. Marketed by Jennerex, JX-594 was granted orphan drug status by the FDA, and, at the time of 

writing, has 18 clinical trials registered with the NIH. (https://clinicaltrials.gov/ct2/results?cond=&term=JX-

594&cntry=&state=&city=&dist=).  

 

VGF deletion (encoded by C11L gene): The C11L gene, which encodes for the vaccinia growth factor (VGF) is another 

gene that can be targeted for deletion to reduce virulence146.  VGF has amino acid sequence similarity to epidermal 

growth factor (EGF), and competes with EGF for binding to its receptor147. As a mitogen, this protein induces the cell 

to proliferate, promoting virus growth. When deleted from the VACV genome, virulence is attenuated as the virus’ 

ability to induce a favourable replication state in the cell is diminished. In cancer cells with continuous proliferation, 

the VGF function is redundant and VACV replication is sustained despite the absence of VGF, making a VGF-deleted 

virus (DC11L) a viable mutant for safety in oncolytic applications of VACV148. Dose escalation studies for VACV 

containing deletions of both the VGF and TK genes were unable to establish a maximum tolerable dose since the 

treatment was well tolerated138. While safety is improved through removal of J2R, it was documented to cause vaccinia 

necrosum lesions in some patients, which eventually clears and is indicative of virus replication139. 

 

Ribonucleotide reductase deletions (encoded by F4L and I4L genes): Ribonucleotide reductase (RR) enzymes catalyze 

the de novo synthesis of deoxyribonucleotide triphosphates (dNTPs) to use for DNA synthesis and is critical for cell 

proliferation. VACV encodes the viral homologs of cellular RR proteins, F4 and I4, encoded by the F4L and I4L genes, 

respectively.  These proteins function to provide dNTPs for virus replication. Previous work in the Evans’ laboratory 

demonstrated that deletion of the F4L gene from the VACV genome was found to further attenuate VACV growth 

relative to a DJ2R mutant alone in normal cells, while retaining high replication in cancer cells149. This virus was safer 

in immune-deficient mouse models of bladder cancer compared to DJ2R VACV, while retaining similar treatment 
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efficacy119. This is particularly relevant, as a widespread concern of using replicative poxviruses as cancer therapies is 

the perceived safety risk in immunocompromised cancer patients. Although research in the Evans’ lab demonstrated 

that it was the F4 subunit as opposed to the I4 subunit that was critical for attenuation149, research groups have also 

introduced deletions in the I4L gene to provide an additional level of safety150,151. 

 

1.2.4.3 Methods to improve the efficacy of OV therapy 

 While safety considerations have largely been addressed through the virus-attenuating modifications 

described above, efficacy is the primary hurdle which now needs to be improved prior to large-scale adoption in the 

clinic. Methods to improve the potency of VACV therapy generally focus on 3 different strategies: encoding therapeutic 

payloads, deletion of virally-encoded immunomodulatory genes, and combination with additional therapies12. Other 

VACV modifications being employed for various purposes in cancer research include theranostic and imaging 

applications, which are reviewed in Rojas and Thorne, 2012152.  

 

Encoding therapeutic payloads : In the early 2000’s  VACV was originally intended to be used as a gene therapy vector 

to deliver therapeutic cytokines to the tumour site148. This has continued to be a prevalent strategy to increase the 

anti-cancer effects of oncolytic VACV, and various transgenes have been inserted into the virus for expression at the 

tumour site. This has included pro-drugs153, immune-stimulating cytokines148,154, tumour antigens155,156, and most 

recently, therapeutic antibodies157–159. This strategy has a dual impact on the tumour cell, where the virus promotes 

oncolysis and immune stimulation, and the inserted transgene can exert additional enhancing effects often with the 

intent of synergizing with the OV. A recent review highlighting different therapeutic payloads which have been inserted 

into VACV can be found in Pelin et al., 202010.  

 

Deletion of genes to improve immunogenicity : As discussed above, immune modulation is a key feature of VACV, and 

VACV devotes a large portion of its coding capacity to produce proteins that inhibit host immune responses. A 

frequently employed strategy to improve immune stimulation in response to OV therapy is to remove or delete one 

or multiple of these immune-modulating genes12,160. For example, GLV-1h68, an experimental OV developed by 

Genelux corporation, has removed the VACV hemagglutinin protein, A56R, to aid in evasion of complement, or deleting 

B18R to promote IFN signalling, among others160–162. This strategy has also shown promise for enhancing immune 

responses to vaccinia-vectored vaccine candidates39,45,163. However, one potential caveat of this strategy is striking an 

appropriate balance between immune-stimulation and viral clearance10. If too many immune suppressing genes are 

removed, the virus may be targeted for clearance more readily before appropriate anti-tumour immunity is 

established. This possibility was explored in vaccine studies where Geoffrey Smith’s group demonstrated that deletion 

of four immune-stimulating genes simultaneously resulted in decreased efficacy with vaccines delivering HIV-antigens 

due to increased viral clearance164. Nevertheless, this strategy is being investigated to improve the oncolytic potential 

of VACV backbones in OV research10,12. 
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Combination with additional therapies: To increase efficacy, oncolytic VACV has been combined with numerous other 

forms of cancer treatment in pre-clinical models such as surgery165, radiation166,167, chemotherapies168 and other 

immunotherapies169. In some cases, such as when combined with surgery, the principal objective is to remove or 

debulk the primary tumour mass, and the addition of VACV is used to stimulate an immune response. When combined 

with chemotherapies or immunotherapies, the selection of drug combination is strategic by targeting complimentary 

mechanisms of action170. For instance, when combined with immunotherapies such as checkpoint blockade, the 

rationale is that pre-treatment of a tumour with VACV would recruit immune cells to the tumour, followed by 

treatment with immunotherapies that further enhance or stimulate the immune cells which have been recruited by 

the virus.  It is becoming increasing recognized that OVs will likely be used most often in combination therapy 

approaches as opposed to single agent treatment11,170,171.  

 

1.2.4.4 Mechanism of action of VACV oncolytics 

 Oncolytic VACV works to kill cancer cells through a variety of mechanisms. The most well understood 

mechanism of action is through the direct lysis of tumour cells caused by virus infection resulting in cell death. Progeny 

virions are then released to continue the cycle in remaining tumour cells. VACV can also mediate tumour destruction 

through targeting of tumour vasculature to impede blood supply144,172,173, and infecting and killing cancer stem-like 

cells that contribute to tumour growth144. Although these mechanisms contribute to tumour death, initiation of an 

anti-tumour immune response is largely regarded as the most relevant mechanism of action for OVs174. VACV initiates 

a strong and robust immune response leading to an “in situ” cancer vaccine effect where the presence of the virus 

stimulates and recruits immune cells to the tumour site, leading to anti-tumour immunity and cancer cell 

destruction175. This anti-tumour immunity is durable and systemic, oftentimes leading to eradication of secondary 

tumour lesions at non-injected tumour sites. This attribute of immune-mediated tumour clearance classifies oncolytic 

VACVs as an emerging form of cancer therapy known as immunotherapy.   

 

1.3 Cancer immunotherapy 

 Cancer immunotherapy is a form of cancer treatment whereby a patient’s own immune system is stimulated 

to target and eliminate cancer cells. Underlying the basic principles of cancer immunotherapy is the tumour immune-

cell microenvironment (TiME) and tumour immunology, which will be discussed below. 

 

1.3.1 Tumour-immune cell microenvironment   

 Immune cells within the TME play an important role in tumor development and progression. The concept of 

cancer immunoediting suggests 3 phases of cancer development in relation to the immune system: Elimination 

(sometimes referred to as immunosurveillance), equilibrium and escape176.  Each state is a reflection of the interplay 

between anti-tumour actions of the immune system, and the tumorigenesis and growth of the cancer cells. In the 
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elimination phase, the immune system is capable of monitoring and sufficiently eliminating tumour cells. In the 

equilibrium phase, anti-tumour immune cells are keeping tumour growth at bay and suggests on ongoing battle 

between the immune system and cancer. In the final phase, “escape”, the tumour cells, with assistance from the 

suppressive TME, are able to evade and outgrow the immune response through generating resistance, with the 

tumour declaring victory. It is the cells in the TiME that mediate these stages, with some of the major contributors 

described below and shown in Figure 1.2. 

 

CD8+ T cells: CD8+ cytotoxic T lymphocytes (CTLs) are considered to be the major effector population of cells directly 

targeting and eliminating tumour cells177. CD8+ T-cells recognize cognate antigen when presented by MHC-I molecules. 

T-cell receptor (TCR) engagement of CD8+ T cells with antigen is the first signal for activation and proliferation, but a 

secondary co-stimulatory signal by antigen-presenting cells (APCs) is also required whereby CD80/86 on APCs engages 

CD28 on CD8+T cells178. When activated, CD8+ T cells release granzyme B and perforin which induce apoptosis in target 

cells179 and can also produce IFN-γ and tumor necrosis factor α (TNFα). Upon T cell activation, various cell surface 

markers are upregulated at different stages in the activation process which can be used to identify activated T-cells 

within the TME. The earliest activation marker is CD69, which is an inducible cell surface glycoprotein and plays a role 

in the proliferation and survival of activated T cells180. Furthermore, upon T cell activation, cells express various 

checkpoint molecules such as PD-1  or CTLA-4 that limit or restrict their responsiveness, which is discussed in further 

detail in section 1.3.2.  

 

CD4+ T cells: CD4+ T cells, also known as T helper cells, recognize cognate antigen presented in the context of MHCII 

molecules.  T helper cells are critical for supporting and directing the actions of other immune cell subtypes through 

the production of cytokines and inflammatory mediators. In the context of tumour immunology, IL-2, I IFN-γ and other 

cytokines secreted by CD4+ T cells are important mediators of CTL priming and proliferation. CD4+ T helper cells are 

capable of directing and assisting in the activation of CD8+ T cells via cross presentation by DCs. CD4+ T cells also 

provide co-stimulatory signals to B cells for activation.  

 

T-regulatory cells: A subset of CD4+ T cells that express CD25 and intracellular FoxP3 are known as T regulatory cells 

(Tregs) and exert potent immune-suppressive functions to maintain self-tolerance. These cells antagonize the 

antitumour activities of tumour-clearing immune cells, primarily CD8+ T cells, by expressing high levels of co-inhibitory 

molecules such as cytotoxic T lymphocyte antigen 4 (CTLA-4), depriving the TME of IL-2 which is important for CTL 

proliferation181, producing immunosuppressive cytokines, and can directly trigger apoptosis of T-cells89,182–184. 

 

Dendritic cells (DCs):  DCs function as antigen presenting cells (APCs) that cross-present antigens to CD8+ T cells and 

provide critical co-stimulatory signals for activation such as CD80/CD86 (also known as B7-1 and B7-2, respectively)178.  
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Cytokine expression by DCs allows activated CTLs and other immune cells to migrate into proliferate within the 

tumour177. 

 

B-lymphocytes: B lymphocytes/ B cells are adaptive immune cells that recognize circulating antigen and produce 

antibodies in response185. B cells can produce cytokines to direct the activity of CTLs and function as APCs. While they 

have been identified in infiltrating tumours, B cells play debated roles in tumour clearance and their specific subtypes 

and effector functions have yet to be elucidated177.  

 

Natural Killer (NK) cells: NK cells are part of the innate immune response and recognize cells based on molecular 

patterns as opposed to targeted and antigen specific recognition by CTLs. NK cells induce apoptosis in target tumour 

cells via production of perforin and granzyme B. NK cells have largely been implicated in the “immunosurveillance” 

stage of tumour progression, and work to identify and eliminate newly transformed cells, however, their killing-

function is rapidly inhibited within established tumours186.  

 

Myeloid-derived suppressor cells (MDSCs):  Although only recently characterized, MDSCs have been implicated as a 

major immunosuppressive cell population in cancer. These cells are of myeloid origin and exist as either monocytic 

(M-MDSCs) or polymorphonuclear (PMN-MDSCs), also known as granulocytic (G) MDSCs. Both types exert broad 

immunosuppressive action and limit the functional activity of CD8+ T cells in the TiME. This suppression occurs through 

the production reactive oxygen species and nitric oxide, high levels of arginase-1, and immunosuppressive cytokines187. 

In an experimental setting in mice, MDSCs can be identified by cell surface expression of CD11b+ Ly6C+Ly6G- for M-

MDSCs and CD11b+Ly6CmidLy6G+ for PMN-MDSCs188.  

 

 While the cell types listed above may be considered primary targets of immunotherapy research based on 

their contributions to immunosurveillance, many other cell types and features contribute to the TME which were not 

included for review. These additional factors include other cell populations such as tumour associated macrophages 

(TAMs) and neutrophils, tumours vasculature and endothelial cells in the TME, and secreted cytokines, signalling and 

metabolic factors surrounding the tumour. These features are reviewed by Lei et al.,2020, 177 and Labani-Motlagh et 

al.,2020189.  

 

 Further details about how these cell types within the TME contribute to prognosis and treatment of breast 

cancer is discussed in section 1.4.3. 
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Figure 1.2. The tumour microenvironment (A) and immune cell subtypes and their functions studied in this thesis (B). 

 

1.3.2 Immune checkpoints 

 An important consideration in cancer immunotherapy and the TiME is immune checkpoints, particularly with 

respect to CTL inhibition. Checkpoints are a critical negative regulator of T cell activation that limit autoimmune 

reactions by shutting down the functional activity of T-cells and other immune cells. However, these checkpoints 

contribute to immunosuppression within the TiME allowing for resistance to immune-mediated clearance190. Two of 

the most extensively studied immune checkpoints are CTLA-4 and programmed cell death 1 (PD-1)178. In the case of 

CTLA-4, when presented on CD8+ T cells, interferes with the binding of CD28 to CD80/86 on APCs, and prevents 

activation and proliferation178,191,192. PD-1 signalling involves the interaction of PD-1, expressed on activated T-cells193, 

with its ligand programmed death ligand 1 (PD-L1), also known as B7-H1, expressed on tumour cells or other immune 

cells190. When PD-1 on T-cells engages with PD-L1 it induces a state of exhaustion exhibited by T-cell dysfunction. This 

exhausted state is characterized by decreased cytokine production, proliferation, and survival and overall functions to 

antagonize the action of CTLs against tumour antigens194,195. Tumours can upregulate PD-L1 on the cell surface causing 

T-cell apoptosis196. While CTLA-4 and PD-1 are the most well recognized immune checkpoints, additional negative 

regulators are continually discovered with more recent checkpoint molecules of therapeutic focus being LAG-3, TIGIT, 

TIM-3, IDO and VISTA, among others190.  

  



 16 

1.3.3 Clinical development of cancer immunotherapies 

 Cancer Immunotherapy utilizes the existing knowledge about the tumour microenvironment to stimulate 

immune cells, primarily CD8+ T cells, to attack and kill cancerous cells.  This involves strategies to both activate and 

retarget T-cells to tumours and overcoming the effects of the suppressive TiME/ immune checkpoints. The history of 

cancer immunotherapy dates back to the late 19th century with the experimental use of Coley’s toxin to treat tumours, 

however, the success of radiotherapy and chemotherapy at the time resulted in these two strategies becoming the 

primary pillars of cancer treatment alongside surgery197. Recent advances in cancer immunotherapy research, mainly 

the use of immune checkpoint inhibitors, have shown unparalleled success in previously untreatable cancers such as 

malignant melanoma. Immunotherapy is now considered the fourth pillar of cancer immunotherapy198.   

 

 While oncolytic viruses are an up-and-coming form of immunotherapy, the predominant form of cancer 

immunotherapy used in the clinic is currently immune checkpoint blockade/ immune checkpoint inhibitors. Immune 

checkpoint blockade therapy re-stimulates T-cell function by blocking or inactivating regulatory receptors that inhibit 

anti-tumour activities. Typically, this involves the use of monoclonal antibodies that bind to immune checkpoints to 

prevent interaction with target ligands, such as CTLA-4199, PD-1 or PD-L1198.  The first immune checkpoint blockade 

therapy approved by the FDA was ipilimumab, a monoclonal antibody that binds to CTLA-4 and prevents it’s inhibitory 

binding to CD80/86 allowing the CTL to regain its tumour-killing action199.  Blocking antibodies for the PD-1 signaling 

axis either using monoclonal antibodies directed at  PD-1 or PD-L1 were soon to follow and demonstrated success in 

treating multiple tumour types200,201.  Pembrolizumab, a monoclonal antibody targeting PD-1 was approved by the FDA 

in September 2014 in the treatment of metastatic melanoma, quickly followed by the approval of in nivolumab, 

another anti-PD-1 antibody marketed by Bristol-Myers Squibb in December 2014202.  

 

 While checkpoint inhibitors are the most clinically utilized drugs, other immunotherapeutic strategies exist 

that have also achieved unparalleled success in different malignancies. Adoptive cell therapy (ACT) involves the ex vivo 

manipulation of a patient’s own immune cells which are then infused back into the blood198. Chimeric antigen receptor 

T-cells (CAR-T) involves genetically modifying patient T-cells isolated from the blood and inserting a receptor to target 

a specific antigen of interest. Kymriah and Yescarta, the first two CAR-T therapies approved by the FDA, both have 

CARs targeting CD19, expressed on B-cells. This allows CD19-targetting CAR-T therapies to eliminate B-cell 

malignancies with unprecedented specificity198. Other types of immunotherapy include bi-specific T-cell engagers203, 

NK-cell engagers204, cancer vaccines, and of course, oncolytic viruses.  

 

1.3.4 Current successes of immunotherapy 

 Checkpoint inhibitors have yielded the biggest therapeutic advances in metastatic melanoma. Prior to the 

introduction of immunotherapies, the median survival of patients with advanced melanoma was 9 months in 2010205.  

The introduction of ipilimumab now allowed a small fraction of patients to undergo long term remission206,207. Anti-
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PD-1 therapy then provided a secondary option for CTLA-4 refractory metastatic melanoma and showed improved 

safety and efficacy relative to CTLA-4 blockade. Checkpoint inhibitors against both pathways can be used in tandem to 

achieved further enhancements. In 2019, the median survival for metastatic melanoma is now over 3.5 years205. This 

therapeutic success has been translated to other malignancies where PD-1 axis blockade has achieved success in 

treating non-small cell lung cancer (NSCLC), bladder cancer, head and neck cancer, ovarian cancer, among many 

others208–212. With respect to CAR-T therapies, successes have been observed in hematological malignancies such as 

leukemia, lymphomas, and myelomas, particularly in the paediatric population212–215. 

 

1.3.5 Challenges & opportunities in cancer immunotherapy 

 Despite the success of current immunotherapeutic interventions, there are opportunities for improvement. 

Safety is still an issue with immunotherapies, and efforts are underway to circumvent the negative and sometimes 

serious adverse events observed212,216. Primarily these efforts are focused on using combination immunotherapies 

with the intent of synergizing anticancer effects while strategically limiting adverse reactions (ARs)177,205,212. As not all 

patients respond to immunotherapies, efforts are underway to both understand why this occurs and to develop novel 

immunotherapeutics with alternative mechanisms, oftentimes with the intent of activating or promoting different 

elements of the immune response to synergize together. For instance, it is proposed that virotherapy will be used to 

stimulate and convert non-immunogenic tumours to immunogenic forms that will then be rendered susceptible to 

other immunotherapies like checkpoint blockade212. Increased research and efforts are being directed at the 

development of predictive biomarkers for responses to immunotherapy to better direct treatment strategies178,202,212. 

As immunotherapy targets the immune system as opposed to a distinct tumour type, this strategy is thought to be 

applicable to most cancer types. Despite this, response rates of immunotherapy between tumour types are broad and 

variable. For instance, in analyzing the benefit of immune checkpoint blockade for different tumour types, the biggest 

cancer-specific benefit was observed in NSCLC, with a 4.67% increase if >50% of the tumour was PD-L1+. This is in 

comparison to other tumour types like Merkel cell carcinoma and cervical cancer with cancer-specific benefits of 0.05% 

and 0.1%, respectively217. Other solid tumours have been challenging to treat with immunotherapies, such as brain, 

colorectal, prostate and breast cancer and are an ongoing focus of research218.  

 

1.4 Breast cancer & standards of care 

 Approximately 1/8 women are expected to develop breast cancer in their lifetime, with 1/33 dying due to 

disease219. Treatment options and prognosis vary depending on the type, size and location of the tumour219, but 

oftentimes surgery and radiation are used as a first line treatment219. Surgery can consist of breast-conserving surgery, 

mastectomy, and lymph node removal220. Radiation therapy (RT) often follows surgery, for instance, in early stage 

cancer lumpectomy is followed by whole breast RT221. Further details describing radiation therapy can be found in 

section 1.4.4.  
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1.4.1 Breast cancer subtypes and additional treatment regimens 

 Depending on the sub-type of breast cancer, following surgery and/or radiation, adjuvant or additional 

treatments are used.  There are currently 4 different subtypes generally recognized: Luminal subtype A, luminal 

subtype B, human epidermal growth factor receptor 2 (HER2) overexpression, and basal-like222–224. A previous 

molecular subtype known as “normal-like” has since been removed from subtyping categories and is not included in 

this review225. 

 
Luminal A&B: Luminal breast cancers are estrogen receptor (ER) positive, and further classified into subtypes A and B 

based on expression of progesterone receptor (PR), HER2, and the proliferative marker Ki67. Luminal A cancers are 

ER+, +/- PR, HER-, Ki-67lo, while luminal B are ER+, PR+ HER2+ and Ki67hi 223,226,227. As these tumours are hormone-

receptor positive, first-line treatment is hormone therapy, with luminal A benefitting from combined endocrine 

therapy and luminal B typically treated with concurrent chemotherapy223,228 

 

HER2 Overexpression: The HER2 overexpression subtype represents 10-15% of breast cancer cases and is characterized 

by overexpression of human ERBB2/HER2, which is known to promote tumour proliferation and inhibit apoptosis223,229 

Tumours overexpressing HER2 typically have a poorer prognosis compared to the luminal subtypes and are often 

sensitive to anthracycline and taxane neoadjuvant chemotherapy. Trastuzumab (Herceptin®), a therapeutic antibody 

that binds to HER2 on cancer cells slows tumour progression when combined with standard chemotherapy compared 

to chemotherapy alone in metastatic HER2 overexpressed tumours, and is approved by the FDA223,230. 

 

Basal-like: Basal-like breast cancer is ER-, PR- HER2-, with high expression of basal cell markers,  high proliferative gene 

expression222 and mutated p53 status224.Lack of ER, PR and HER2- classifies these tumours as triple negative breast 

cancer (TNBC), known for aggressive growth, and are difficult to treat231. Typically TNBC is treated with cytotoxic 

chemotherapy, but because of the lack of targeted therapeutic treatments for TNBC this is a common target for breast 

cancer research223.  

 

1.4.2 Animal models of breast cancer 

 Various model systems exist to study breast cancer in a laboratory setting to conduct pre-clinical testing of 

novel therapies. Murine models for breast cancer can be generally categorized as xenograft or syngeneic models. In 

xenografts, passaged or patient-derived human cancer cells are injected into immune-deficient mice. While commonly 

used to assess chemotherapeutics, these xenograft models are of limited utility for immunotherapeutic studies, as the 

immune system in these models is impaired to prevent tumour rejection. Syngeneic models are cancers of mouse 

origin (either chemically/ virally or radiation induced or genetically modified) in an immune-competent mouse, 

enabling for immune analysis. In the studies performed throughout this thesis immune competent mammary fat pad 

(i.e., orthotopic) breast cancer models were used to allow for contributions of the immune system to be assessed. Two 
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different models known at TuBo and 4T1 tumours were used in these studies which resemble human HER2 

overexpression and TNBC, respectively (Figure 1.3).  

 

TuBo model: TuBo tumors are derived from a mammary carcinoma of HER2/neu transgenic mice, and therefore over-

express rat HER2/neu232 to resemble HER2/neu overexpressing tumours in humans. In BALB/c mice, rat HER2/neu is a 

foreign antigen permitting CD8+ T cell targeting to the  tumour with specificity to the HER2/neu epitope. 

Experimentally, anti-HER2/neu targeting T cells can be quantified and studied in this model by various assays, such as 

tetramer staining to detect CD8+ T cells with TCR targeting HER2/neu epitopes, or functional studies by HER2/neu 

peptide stimulation232,233. The presence of increased lymphocyte infiltration and T-cells that target a cancer epitope 

classify TuBo tumours as an immunogenically “hot” mammary tumor model234. TuBo tumours are also characterized 

by relatively slow growth with no ability to form metastasis235.  

 

4T1 model: The 4T1 tumor model is derived from a spontaneously arising BALB/c mammary tumor. It is considered to 

be is poorly immunogenic with low inflammation, and therefore immunogenically “cold”236. We can find no reports of 

4T1-specific neo-antigens that can be used to detect tumor-specific T-cell responses in this model. 4T1 tumours do 

not express ER, PR, or HER2/neu and are representative of TNBC in patients. 4T1 tumours spontaneously metastasize 

to the lungs and liver, which is analogous to human metastatic disease spread236,237. Experimentally, the resistance of 

4T1 cells to 6-thioguanine allow for quantitative assessments of metastasis to the lungs, allowing this parameter to be 

studied easily in murine models237.   

 

 

Figure 1.3 Animal models and molecular subtypes of breast cancer used in the current study. Figure adapted from 

template available on BioRender.com 



 20 

1.4.3 Breast cancer immunology & immunotherapy 

 Breast cancers are generally regarded as immunogenically “cold” tumours, meaning they have less immune 

cell infiltration and do not respond as strongly to immunotherapy compared to “hot” tumours with high numbers of 

tumour infiltrating lymphocytes (TILs). The TME varies between breast cancer subtypes due to hormonal contributions, 

somatic mutation rates, and immune cell recruitment. As such, data regarding the prognostic value of immune cells in 

breast cancer is conflicting. Pre-existing TILs, primarily CD8+ T cells, are considered good prognostic indicators for 

immunotherapy for TNBC and HER2+ breast cancer238,239. The data are less clear when considering CD4+ T cells, likely 

due to the complex composition of CD4+ cells, which can consist of Th1, Th2 and Th17 subtypes with differing functions 

and cytokine production240. For instance, estrogen exerts immunosuppressive effects on the TME by polarizing CD4+ 

T cells to a Th2 rather than Th1 effector phenotype which directs humoral versus cell mediated immunity241. As part 

of the innate immune system, NK cells are another powerful ally in the fight against breast cancer. While particularly 

important  for combating tumours in the early stages of development in the immune surveillance phase, NK cells have 

also shown efficacy in reducing tumour growth and metastasis242. NK cells were correlated with improved responses 

in breast cancer patients receiving neoadjuvant chemotherapy242, however studies have suggested that the 

cytotoxicity of NK cells is reduced in progressive disease, limiting their anti-cancer abilities in advanced breast 

cancer243. 

 

 While CD8+, CD4+ and NK cells are favourable in the TME of breast cancer, a high amount of 

immunosuppressive cell types are known to become enriched in breast cancer. Tregs, MDSCs and other immune-

inhibitory molecules and metabolic factors dampen the positive effects of CD8+ and CD4+ T cells223. Studies have 

demonstrated that breast cancer cells themselves can recruit Tregs, MDSCs, and suppressive macrophages to yield a 

tumour-promoting habitat244,245. High levels of Tregs, which use a variety mechanisms to dampen CD8+ mediated 

immune responses,  were significantly associated with decreased patient survival246, although differences were found 

to exist between the molecular subtypes247. Nevertheless, breast cancers with a higher ratio of CD8+ T cells to Tregs 

were found to be associated with improved survival in a meta-analysis that included 5183 breast cancer patients248. In 

TNBC high levels of Tregs, MDSCs, and PD-1/PD-L1 are a significant barrier to overcome for the successful use of 

immunotherapy249. In addition to the immunosuppressive functions of MDSCs described in section 1.3.1 the presence 

of MDSCs facilitates the progression of metastasis250. It was demonstrated that patients with lower levels of circulating 

MDSCs had a higher probability of favourable treatment outcomes in a clinical trial assessing adjuvant chemotherapies 

in HER2+ breast cancers251.  

 

 Further contributing to the complexities of the TME, breast cancers are typically recognized as being less 

immunogenic in terms of neoantigen development compared to melanoma or NSCLC, which have high somatic 

mutation rates which allow CD8+ T cells to target and become activated against specific cancer epitopes252,253. While 

the overall mutational burden is lower in breast cancer compared to other tumours, in practice, it is difficult to make 
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generalized conclusions, as the breast cancer subtypes each have different average somatic mutations rates254. For 

instance, hormone receptor + (luminal) breast cancers have the lowest mutational burden, with HER2 and basal-like 

having a higher mutation rate253,255,256. There are also various mechanisms of escape that allow breast cancer to 

evade the immune system. Common mechanisms of resistance and escape by breast cancers include resistance to 

cell-mediated cytotoxicity, loss of tumour antigens through MHC I downregulation, and loss of antigen processing 

machinery223.   

  

 It is for these reasons that immunotherapy for breast cancer treatment has not achieved the same level of 

success for patients when compared to other solid tumour types such as melanoma and NSCLC. That being said, in 

2019 the FDA approved the first checkpoint inhibitor for breast cancer when combined with nab-paxitaxel in 

metastatic TNBC patients253. While progress has been made, immunotherapy in breast cancer has yet to reach its full 

potential253. 

 

1.4.4 Radiation therapy and immune responses in breast cancer 

 Radiation therapy (RT)  is one of the most commonly used treatment options in cancer and can be delivered 

by a variety of mechanisms. For breast cancer treatment in Canada, RT is delivered using an external beam to direct 

radiation to the tumour site220.  The Ionizing radiation (IR), delivered via either gamma or X-rays, causes DNA damage 

either directly or indirectly through the production of free radicals to cause dsDNA breaks257.  Apoptosis is the primary 

outcome of radiation-induced DNA damage, however the cell can also die through mitotic catastrophe and genomic 

instability258. In some instances, irradiated cells can progress to stress-induced cellular senescence, which is the a 

permanent arrest of cell division259. These senescent cells can contribute to remodelling of the TME through the 

production of proinflammatory cytokines, and can contribute to radio-resistance in neighbouring cells259.  

 

 While the mechanism of action of RT has traditionally been attributed to the DNA-damage response, in recent 

years, evidence has emerged that the immune response is also a critical component for the efficacy of RT. In some 

instances, RT leads to abscopal effects in patients, where targeted radiation of once tumour site leads to regression in 

distant nodules. Indeed, it has since been shown that radiation can impact both innate and adaptive immune responses 

to contribute to anti-tumour immune responses260.  Innate immune responses to radiation have been examined in 

recent years and are known to induce downstream CD8+ T cell responses (reviewed in Storozynsky and Hitt, 2020260). 

Type I IFN, in particular, was shown to be indispensable for anti-tumour immune responses generated in response to 

radiation therapy 261. Further aiding in the adaptive immune response, the drastic damage to cells caused by radiation 

results in the release of tumour antigens for uptake and cross-presentation by DCs to CD8+ T cells,  allowing RT to 

function as an in situ cancer vaccine262.  
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 While anti-tumour immunity induced by radiation alone has been documented, the occurrence of abscopal 

effects in patients is considered rare, and more typically observed in immunogenic tumours such as renal and 

hepatocellular carcinoma, and melanoma263. Improved responses rates have been observed in the clinic when 

radiation is combined with other immunotherapies, and efforts are underway to improve anti-tumour immune effects 

by combining radiation with other forms of immunotherapy for breast cancer263–265. In clinical trials, breast cancer has 

been combined with numerous immune check point inhibitors with promising results263. Previous studies have 

reported benefits to OV therapy when combined with radiation166,167,266–268. Future studies are needed to inform better 

combinations of immunotherapies with radiation to improve abscopal effects, and to determine optimal radiation 

treatment schedules (i.e. fractionated or non-fractioned treatment, dose intensity, etc.) which can enhance strategic 

drug combinations263. 

 

1.4.4.1 Future directions for breast cancer immunotherapy 

 The approval of a checkpoint inhibitor therapy to treat breast cancer in 2019 suggests that immunotherapy 

holds potential in treating breast tumours, particularly HER2+ and basal-like cancers with higher somatic mutation 

rates and where new treatment options are needed.  Two primary areas of interest for breast cancer immunotherapy 

research are finding ways to make “cold tumours” (i.e. those with low levels of infiltrating T cells) “hot” by recruiting 

T cells to increase the immune response, and also as combination therapy with existing standard of care agents just 

as chemotherapy or radiation202,223. Oncolytic viruses are known for robust immune-stimulation and recruiting T cells 

to the tumour site, and likely hold promise for treating breast tumours. However, further research into the use of 

oncolytic VACV in breast cancer treatment is necessary.  

  

 VACV has been tested in various stages of clinical development for breast cancer with promising results. In 

pre-clinical studies, where treatments are tested in animal models, various modified VACVs (with different gene 

deletions, transgenes inserted, and combination studies) have demonstrated appreciable levels of success269–279. In 

human testing, at the time of writing, VACV has been tested in 10  phase I studies designed to test the safety of an 

investigational new drug, and to establish dosing280. Where results are posted, the virus treatment was shown to be 

safe at all doses, and in some instances clinical responses were observed281,282. Phase II studies, which recruit larger 

numbers of participants, test for efficacy and side effects. VACV has been trialled in 7 studies, with one currently 

recruiting testing a combination of VACV with pembrolizumab (anti-PD-1 antibody) in solid tumours283. Phase III studies 

are used to determine a drug’s therapeutic effect in a large cohort of patients, while simultaneously testing safety. 

There are currently no registered Phase III trials testing VACV in breast cancer patients. While the promising pre-clinical 

results are encouraging, this lack of late-stage trials emphasizes the need for further research in this area to develop 

novel VACVs better suited to treat breast cancer. 
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1.5 Rationale of the project 

 VACV has shown promise as an oncolytic agent for treating a variety of tumour types, with preliminary results 

suggesting that this strategy holds promise for treating breast cancer. Our lab has previously modified VACV by deleting 

virally-encoded enzymes responsible for dNTP production149. Specifically, the F4L gene (∆F4L), responsible for de novo 

dNTP synthesis, and the J2R gene (∆J2R), responsible for dTTP salvage, have been deleted from the VACV genome 

(DF4LDJ2R VACV)119. These mutations increase viral specificity for replication in cancer cells, presumably due to 

elevated levels of these enzymes in tumours caused by rapid growth119,149. While this modified VACV was effective in 

treating orthotopic bladder cancer in rats and mice, only limited therapeutic benefits were observed in mouse models 

of breast cancer144. This project further investigated the use of VACV as a breast cancer immunotherapy. Specifically, 

after determining optimal VACV production protocols and establishing maximum dosing in breast cancer models 

(Chapter 3), I sought to improve the efficacy of VACV therapy by two separate methods. In the first method VACV was 

combined with image-guided radiation therapy (IG-RT) (Chapter 4 & 5). In chapter 4, I found that despite synergistic 

interactions in vitro, the combination was shown to be antagonistic in vivo. I then attempted to investigate the cause 

of this antagonism by investigating TME changes in response to combination therapy (Chapter 5). In the second 

method tested (Chapter 6 & 7) I created next generation oncolytic VACVs by removing genes from the VACV genome 

that inhibit the immune response of the host, with the objective of improving treatment efficacy. I compared multiple 

different VACVs for their treatment efficacy (Chapter 6) and their capacity to modulate the TiME  (Chapter 7). 

 

1.5.1 Data chapter overviews 

 

Chapter 3-Production and quality assessment of vaccinia virus stocks of pre-clinical grade purity and high infectivity 

for oncolytic immunotherapy studies  

• In this chapter production methods of VACV stocks were assessed and maximum dosing limits were 

established in our murine breast tumour models. 

Chapter 4- Combining image-guided radiation therapy (IG-RT) with oncolytic VACV antagonizes breast tumour 

clearance despite in vitro synergy 

• I investigated the impact of combining IG-RT with DF4LDJ2R VACV in vitro and in vivo models.  

• In vitro, the two therapies synergized to result in improved cell killing.  

• In vivo, antagonism occurred and survival of combination-therapy treated mice was shorter than after 

radiation treatment alone.  

Chapter 5- Combining IG-RT with oncolytic VACV changes the tumour immune cell microenvironment 
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• In an attempt to deciper the mechanisms behind the antagonism between radiation and IG-RT, in this chapter 

I performed an immune analysis of mice treated with the different therapies.  

• I found that combination treatment increased both immune stimulation and immune exhaustion in the TiME.  

• Immune checkpoint blockade was introduced to circumvent immune exhaustion, however this did not 

abrograte antagonism. 

Chapter 6-Anti-cancer efficacy of immunomodulatory gene-deleted oncolytic VACVs in breast cancer models 

• As a strategy to enhance the therapeutic effectiveness of VACV,  I created a panel of immunomodulatory 

VACVs with targeted genomic deletions encoding VACV proteins that modulate host immune responses.  

• I performed in vitro assessments of the cytotoxic effects of these viruses and tested their efficacy in syngeneic 

immune competent breast cancer models to determine if any particular deletion pathway resulted in 

improved therapeutic outcomes.  

Chapter 7-Tumor immune-cell microenvironment alterations of immunomodulatory gene-deleted oncolytic VACVs in 

breast cancer models  

• In Chapter 7 I determined how the viruses produced in Chapter 6 impacted host immune responses in murine 

breast cancer models. 

•  I investigated splenic and tumour-infiltrating immune cell populations to determine if and how each 

immunogenic gene-deleted VACV impacted anti-tumour immunity.  

 Collectively, this project adds to the body of literature dissecting the immune-mediated responses by 

modified VACV for breast cancer treatment. It helps refine stratgies for improving oncolytic immunotherapy in breast 

cancer by providing information about immune-related pathways that improve efficacy. Importantly, it also provides 

evidence to suggest that not all combinations of drugs might be beneficial in the clinic, and that caution should be 

taken when trialling dual-therapy strategies, even when in vitro results are initially promising.   
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 Chapter 2: Materials and Methods 
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2.1 In vitro methods 

2.1.1 Cell lines and culture conditions 

 TuBo mouse mammary carcinoma cells, provided by Dr. Landuzzi in 2016 (Istituto Ortopedico Rizzoli)232, were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 2mM L-glutamine, 100U/mL anti-

mycotic/antibiotic, 1X non-essential amino acids and 1mM sodium pyruvate supplemented with 20% fetal bovine 

serum (FBS). Cells were passed through a syringe prior to plating to separate cell clumps. TuBo cells were authenticated 

upon receipt, showing them to be of mouse origin and free from adventitious agents (Charles River Mouse Essential 

Clear Panel and Contamination Panel). 4T1 cells (ATCC RRID:CVCL_0125) received in 2008 from ATCC, MDA-MB-231 

cells, and MCF7 cells, were cultured in DMEM supplemented as above, containing 10% FBS. ZR75.1 and T47D cells 

were cultured in RPMI supplemented as above with 10% FBS.  BSC40 cells, received in 2005 from ATCC, were grown 

in minimal essential medium supplemented as above using 5% FetalGro bovine growth serum (RMBIO). All cells were 

passaged fewer than 20 weeks, and routinely tested for mycoplasma.  

 

2.1.2 In vitro irradiation  

 Cells were transported to the Cross Cancer Institute (CCI) in an insulated container 24 hours post-seeding. 

The cells were irradiated using a GammaCell cesium-source irradiator at the CCI and then returned to the Katz facility 

where they were incubated at 37°C until further use.  

 

2.1.3 Growth curves 

 For multistep growth curves, cells at 70% confluency were infected with VACV at a MOI of 0.03 for one hour. 

The virus inoculum was then removed and replaced with fresh medium. At various time points post infection, cells and 

medium were harvested by collection with a cell scraper and freeze-thawed three times at -80° C to lyse cells. Once 

lysed,  the samples were diluted, plated in triplicate on BSC-40 cells and incubated for 48 hours in media containing 

1% carboxymethylcellulose. Cells were fixed and stained with crystal violet and plaques counted to determine viral 

titers.  

 

2.1.4 Cytotoxicity assays 

 For cell viability assays, cells were seeded in 96-well plates and infected at indicated MOIs in triplicate wells. 

After three days, the medium was replaced with fresh cell culture medium containing 44 μM resazurin agent (Sigma-

Aldrich). Plates were incubated for four hours at 37°C, and fluorescence was measured using a microplate reader with 

560-nm excitation and 590-nm emission filters. Cell survival was determined as a percent value based on the 

fluorescence of non-treated mock infected cells (100% survival), after subtracting the background fluorescence 

determined as 0% cell survival after killing with 10% Triton X-100.  
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2.1.5 Protein isolation   

 Cells were cultured and treated as described in above sections. At indicated time points, cells were harvested 

using a cell scraper into cold PBS and concentrated by centrifugation at 1000× G for 5 minutes. Cells were lysed on ice 

in radioimmunoprecipitation assay (RIPA) buffer containing 1× protease inhibitor cocktail (Roche Diagnostics, 

Mannheim, Germany) in 150mM NaCl, 1mM EDTA, 1% NP-40, 0.25% Na-deoxycholate in 50 mM Tris-HCl pH 7.4 buffer. 

The concentration of protein in the sample was determined using a commercial Bradford Assay Kit according to 

manufacturer’s instructions (BioRad, Mississauga). Samples were denatured at 100°C for 10 minutes in sodium dodecyl 

sulfate (SDS) buffer containing 3.7% SDS, 0.6M β-mercaptoethanol,1.5mM bromophenol blue, and 40% glycerol in 50 

mM Tris-HCl pH 6.8 buffer and stored at -4°C until further use.  

 

2.1.6 Western blotting 

 Protein samples were size-separated using 12-15% SDS-polyacrylamide gel electrophoresis and transferred 

to a nitrocellulose membrane using the semi-dry Turboblot transfer system using the mixed molecular weight setting 

(BioRad, Mississauga). The membrane was blocked with Odyssey Blocking Buffer (PBS) (Li-Cor, Lincoln NE, USA) either 

overnight at 4°C or for 30 min at room temperature and rinsed twice with PBS. Proteins were then incubated with 

appropriate primary antibodies (1:1000 dilution) either at room temperature for 30 minutes or overnight at 4°C, 

followed by rinsing three times with 1% tween 20 in PBS followed by three rinses in plain PBS. For detected 

housekeeping proteins (tubulin or β-actin) antibody dilutions were 1:20 000. The membranes were then incubated 

with appropriate infrared-dye conjugated secondary antibodies at 1:20 000 dilutions for 30 minutes or overnight at 

4°C, followed by rinsing three times with 1% tween 20 in PBS followed three more in plain PBS. Membranes were 

imaged using a Li-Cor Odyssey scanner, and gel images were processed using Li-Cor Image Studio Lite Software (Li-

Cor, Lincoln NE, USA). Antibodies: goat anti-RRM1(Santa Cruz sc-1733), anti-p53R2 (Abcam ab8105).  

 

2.1.7 ATP and HMGB-1 quantification 

 To determine ATP and HMGB-1 release cells were seeded in 6 well plates and infected with the indicated 

viruses at an MOI of 3. One-hour post infection, the inoculum was replaced with fresh culture medium. Medium was 

collected from cells 24 hours post infection to measure ATP using the ATP bioluminescence kit (Sigma Aldrich), and 72 

hours post infection to measure HMGB-1 concentrations using the HMGB-1 ELISA kit (IBL International) as per 

manufacturer instructions. 

 

2.2 Virus construction and purification 

2.2.1 Virus construction 

 All viruses were derived from a clonal isolate of VACV strain Western Reserve (WR) using traditional 

homologous recombination techniques119,149,284. The parental DJ2R virus was constructed using a modified pSC66 

plasmid to insert a yellow fluorescent protein (YFP)/ guanine phosphoribosyltransferase (GPT) cassette flanked by loxP 
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sites into the J2R gene locus. The selectable marker was then removed by growing the virus on BSC40 cells in the 

presence of cre-recombinase as described in by Rintoul et al., 2011, yielding a virus with the J2R gene disrupted by a 

loxP site. To create the remaining viruses, we used the pDGloxPKODEL plasmid bearing a copy of a GPT marker fused to 

either mCherry fluorescent protein (DF4L, previously described 119, DF1L, DC6L, DA41L, DB8R) or YFP (DK7R, DN1L, 

DB18R), flanked by regions of homology to the target gene to allow site-specific recombination. BSC40 cells were 

infected with DJ2R VACV at an MOI of 2 and transfected two hours later with 2 μg of linearized plasmids using 

Lipofectamine 2000 (Invitrogen). The progeny virus was harvested 24 hours later and purified using two rounds of 

drug selection under mycophenolic acid (MPA) and three rounds of plaque picking under agar. PCR (Table 2.1) and 

whole-genome sequencing were used to confirm the identity and purity of the recombinant virus. 

  

2.2.2 Virus culture 

 BSC40 cells were grown to 80-90% confluency and infected at MOI=0.03 PFU/cell by adding inoculum to fresh 

cell culture media (20 mL per 150 mm TC plate and 70 mL per roller bottle). Cells were incubated at 37˚C for 2-3 days 

until a cytopathic effect was observed, as assessed by rounding of cells. The DJ2R strain was cultured for 48 hr and the 

DJ2RDF4L virus for 72 hr. For tissue culture plates, the cells were detached using a cell scraper, and the medium was 

collected into centrifuge bottles. The cells were centrifuged at 2000´G for 10 minutes and the supernatant discarded. 

This step was repeated using more of the cell-containing medium until all the cells had been collected. The cell pellets 

were resuspended in 20 mL of ice-cold PBS and pooled, then centrifuged again at 2000´G for 10 minutes and the 

supernatant discarded. The cell pellets were then frozen at -80˚C until further purification. 

 

2.2.3 Virus purification 

 To purify virus, the cell pellets were thawed by continuous swirling in in a 37°C water bath and then 

resuspended using 5.5 mL of ice-cold extraction buffer (10 mM Tris·HCl pH 9.0, 2 mM MgCl2).  The suspension was 

transferred to a 7 mL Dounce and homogenized using 20 strokes of a tight pestle (0.05 mm clearance, Wheaton 

cat#06-435A, New Jersey). The mixture was transferred to a conical tube, centrifuged at 2000´G for 10 min at 4°C, 

and the supernatant transferred to a new tube on ice. The pellet was resuspended in another 5.5 mL of extraction 

buffer, and the homogenization and centrifugation repeated. The supernatants were then pooled, Benzonase 

(Millipore, Germany) was added to a final concentration of 50 U/mL, and the mixture incubated at 37˚C to degrade 

nucleic acid contaminants. The lysate was centrifuged at 2000´G for 10 min and the pellet discarded.  

  

The volume of the supernatant was adjusted to 19 mL with extraction buffer. The virus lysate was then layered 

over a 19 mL sucrose cushion (36% w/v sucrose, 10 mM Tris-HCl pH 9.0) in a 38 mL Oakridge centrifuge tube. The 

tubes were centrifuged in a swinging bucket rotor at 26,500´G for 90 minutes and then the supernatant was aspirated 

off and the pellets resuspended in 10 mM Tris·HCl pH 8.0. Adding 0.1 mL of 10 mM Tris·HCl pH 8.0 per 150 mm plate 

typically yields virus titers >2.0x109 PFU/mL. The virus can be stored frozen (-80˚C) at this point if desired. 
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2.2.4 Working virus stock 

 The purified and concentrated virus in 10 mM Tris·HCl pH 8.0 was sonicated for 1.5 min in an ice water slurry 

using a cup-horn sonicator. The treatment was delivered using three 30 sec pulses with a 30 sec break between each 

pulse. The virus suspension was then filtered through a 70 µm cell strainer wetted with sterile PBS to remove any 

residual debris. Virus aliquots (0.5 - 1mL) were prepared as shown in Figure 2.1, plus some smaller 25 µL aliquots for 

use in titering. These virus preparations (a “pre-diluted virus stock”) were snap-frozen and stored at -80°C. To 

determine the titer of the pre-diluted virus stock, one of the 25 µL aliquots was quick thawed and titered as described 

below. One aliquot of the larger volume pre-diluted virus stock was then thawed, sonicated, and diluted to a final 

concentration of ~2x109 PFU/mL based on the titer from the 25 µL sample. A number of 100 µL “working virus stocks” 

were then aliquoted from this material plus three more 25 µL aliquots. All of the virus stocks were then snap frozen 

and stored at -80˚C. In advance of starting a new experiment, one of the new 25 µL aliquots was thawed, sonicated, 

and titered. This was repeated with the other two 25 µL samples, and the average of the three titers was used to 

determine the exact concentration of the working virus stock. A sample schematic showing the maintenance of virus 

banks is shown in Figure 2.1. PCR was used to confirm the purity of the virus stock using the same primers found in 

Table 2.1.   
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Figure 2.1. Schematic for maintaining virus banks. Method for aliquoting, storing, and maintaining virus banks for use 

in preclinical studies. 

 

2.2.5 Virus titration 

 The purified and concentrated virus in 10 mM Tris·HCl pH 8.0 was sonicated as described above. Ten-fold 

serial dilutions were prepared in serum-free MEM in polypropylene tubes and then 0.3 mL aliquots of diluted virus 

were applied in triplicate onto 70% confluent monolayers of BSC40 cells on a 12-well plate.  Alternatively, 0.5 mL 

volumes were plated on 6-well plates. The plates were incubated for 1 hr at 37˚C, with rocking at 10 min intervals so 

the cells do not dry out. The inoculum was aspirated after an hour and replaced with 1 mL or 2 mL of fully 

supplemented MEM containing 1% carboxymethylcellulose for 12- and 6-well plates, respectively. The cells were then 

returned to the incubator. Two days later a crystal violet staining solution (0.1% w/v crystal violet, 5% v/v ethanol, and 

11.1% v/v formaldehyde) was added to each well. The stain was decanted after an hour, and the plates rinsed with 

water and set aside to dry.  Plaque counts were subjected to statistical analyses using GraphPad Prism version 8 for 

Mac OS 10.15 (GraphPad, San Diego, California USA, www.graphpad.com). 

 

Table 2.1. PCR primers for assessing virus purity 
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Target Primer set WT amplicon size Mutant amplicon size 

J2R 5’ TATTCAGTTGATAATCGGCCCCATGTTT 

5’ GAGTCGATGTAACACTTTCTACACACCG 

~500 bp ~700 bp 

F4L 5’ TCAGCACCCATGGTCGAT  

5’ TGACGTAAATGTGTGCGAAAGT 

~4000 bp ~1000 bp 

F1L 5’ CAAGGGTTTGGATCAACAGGAC  

5’ GATATAGGGGTCTTCATAACGC 

785 bp 1476 bp 

K7R 5’ACGGCTACTGTCTTTTGTGAG 

5’GCGTTATGAAGACCCCTATATC 

500 bp 1426 bp 

N1L 5’ AGATCTCAATGTACATACATCGCC  

5’ TGGCGATTGACCATTATG 

~600 bp ~1500 bp 

C6L 5’AATGCTTACAGGATCTATACC 

5’ GAATATCAACGGCGTTAATAG 

545 bp 1479 bp 

A41L 5’ TAAGAATGCCACGAAGAATGG 

5’ AGTCTTGTAATCAACGATGGC 

764 bp 1476 bp 

B8R 5’ ATCACTTCAGTGACAGTAGTC 

5’ AGGACTATAATCAGGGACCTC 

966 bp 1425 bp 

B18R 5’ CCACCTACCAAAGTATAGTTG 

5’ CGGTGAGATACAAATACCTAG 

1250 bp 1643 bp 

 

2.3 In vivo assays and animal models 

 Animal studies were carried out at the Cross Cancer Institute (CCI) and the University of Alberta, Edmonton 

Alberta, and conducted in accordance with the Canadian Council on Animal Care Guidelines and Policies with approval 

from the Cross Cancer Institute’s Animal Care Committee and the Animal Care and Use Committee: Health Sciences 

for the University of Alberta.  

 

 Female BALB/c mice between 6-8 weeks of age were ordered from Charles River (Saint Constant, Canada). 

For irradiation experiments, animals were housed at the CCI biosafety level 1 animal facility in negatively ventilated 

cages in groups of four and five and given at least 7 days to acclimate to the housing facility, and following radiation, 

the University of Alberta biosafety level 2 animal facility and given 24 hours to acclimate. For animal experiments that 

did not require radiation treatment, animals were housed solely at the University of Alberta level 2 animal facility and 

given at least 7 days to acclimate to housing following their arrival at the facility. Environmental conditions were a 

temperature of 21°C ±2°, humidity of 55% ±10%, lighting of 350 lux and a 12∶12 light: dark cycle with lights on at 0600 

and off at 1800 at the CCI, or 0700 and off at 1900 at the University of Alberta. Animals were housed in 595×380×200 

mm cages (Animal Care Systems, Colorado USA at the CCI or Ehret, Germany at the University of Alberta) and given 
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access to mouse maintenance food (LabDiet, St.Louis, MO) and water ad libitum. Environmental enrichment included 

bedding (Warrensburg, NY), one red tinted mouse tunnel (Bio-Serv, Flemington NJ), one 50mm × 50mm Nestlet 

(Ancare Bellmore, NY) and one 4-8g portion-controlled nesting material (Anderson Lab Bedding Maumee, Ohio). 

 

2.3.1 Tumour establishment 

 To establish orthotopic tumors in the mammary fat pad, the cells were trypsinized, washed twice with cold 

PBS, and concentrated by centrifugation at 500×G for 5 minutes in PBS to yield the final cell count desired for injection 

in 25 µL of PBS. Cells were kept on ice during processing. Immediately prior to injection, 25 µL of Matrigel was mixed 

with 25 µL of cells to yield a final dose of 1×106 TuBo cells or 1×104 4T1 cells in a total of a 50 µL volume per mouse. 

Animals were anaesthetized with isoflurane, and the cells were injected into the inguinal mammary fat pad of mice 

below the fourth nipple. Palpable tumors were detected after approximately eight days in both the TuBo and 4T1 

tumor models. For secondary tumour re-challenge experiments, the same procedure was followed, however cells 

were injected into the opposite mammary fat pad of where the initial primary tumour had been established.   

 

2.3.2 Tumour treatment 

2.3.2.1 Oncolytic virus administration 

Mice were randomized into treatment groups using a random number generator  

(https://www.google.com/search?q=random+number). Viruses were sonicated in a cup horn sonicator for 1.5 minutes 

to dissociate aggregated virus particles and diluted to a final concentration of 2×108 PFU/mL with sterile PBS, or serially 

diluted for dose-escalation studies. Mice were anaesthetized with isoflurane and injected intratumorally with 50 µL of 

virus yielding a dose of 1×107 PFU/tumor. Animals received two additional doses administered at 48-hour intervals. 

For intravenous virus administration, mice were restrained without anaesthetic and virus was injected via tail vein 

injection.  

 

2.3.2.2 In vivo radiation treatment with the SARRP 

  Once palpable tumours were established, mice were treated with IG-RT. Mice were anaesthetized with 

isoflurane and transferred to the treatment stage of the small animal radiation research platform (SARRP) (XStrahl Inc, 

Sunwanee, GA) (Figure 4.4). Computed tomography (CT) imaging was performed from 360° angles (Figure 4.4C). The 

CT images were uploaded onto the XStrahl MuriPlan treatment planning software (XStrahl Inc. Sunwanee, GA). During 

treatment planning, a heat lamp was placed near the mouse to maintain temperature, and an operator continually 

monitored the mouse while anaesthetized on the stage.  Once CT images were uploaded, tissue segmentation was 

performed to allow the software to differentiate between different tissues, and correctly attenuate and adjust 

radiation doses as it passes through various tissues. Tissue segmentation was manually adjusted to ensure various 

tissues were properly identified. The tumour was manually contoured through DICOM slices to allow the software to 

register the exact size and location of the tumour mass. The isocenter of the tumour was selected and is the point at 
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which all radiation treatment beams converge (Figure 4.4E). The angles and weighting dose of each beam were 

manually adjusted with each mouse to avoid or limit radiation exposure to any non-tumour tissue. The total dose 

delivered to each isocenter was 10 Gy, split between multiple beams, with each beam delivering between 20-50% of 

the total dose, adjusted on a per case basis. Tissue doses to off-target tissue was evaluated based on isodoses 

calculated by the MuriPlan software (Figure 4.4), and the dose to the tumour was calculated as a dose-volume 

histogram (DVH), showing the fractional volume of tumour receiving the corresponding radiation dose (Figure 4.4). 

Treatment plans were customized for each individual mouse, where a minimum of 80% of the tumour volume receives 

90% of the target dose of 10 Gy, while minimizing doses delivered to sensitive tissue, primarily in the bone. If a 

treatment plan did not meet these requirements, the beam angles and weights were adjusted to increase the 

fractional volume receiving the target dose, or to minimize off-target radiation exposure. Once the treatment plan was 

verified, the radiation beams were executed on the SARRP to deliver radiation to the mouse. Mice were placed back 

in cages, and 24 hours later were transported to the BSL-2 vivarium at the University of Alberta for virus treatment 

after being given an additional 24 hours to acclimatize to their new housing. 

 

2.3.2.3 Anti-PD-1 antibody administration 

  Mice were anaesthetized with inhaled isoflurane and 200 µg of anti-PD-1 antibody (Clone RMP1-14, Bio X 

Cell, New Hampshire USA) or isotype control were administered intraperitoneally twice per week for three weeks. 

 

2.3.3 Tumour monitoring 

Animals were anaesthetized with inhaled isoflurane, weighed, and tumor growth was measured twice per 

week with calipers. Tumor volume was calculated using the equation: V = (1/24) x π x L x (W+H)2. Mice were euthanized 

by CO2 inhalation at tumor burden endpoint (1500 mm3), or at first indication of illness or discomfort (hunched 

posture, ruffled fur, or weight loss exceeding 10% of body weight).  

 

2.3.4 Tissue processing 

Tumours: Tumors were collected into HBSS and cut into pieces. Tumor pieces were added to a GentleMACS C-tube 

containing 5 mL Roswell-Park Memorial Institute (RPMI) medium containing 0.5 mg/mL collagenase type 1A (Sigma-

Aldrich), 10 µg/mL of DNAse I (Roche) and 10% HI-FBS. Tumors were dissociated using the m_impTumor01.01 protocol 

on a GentleMACs dissociator (Miltenyi Biotec). The digested tumor samples in enzymatic cocktail were incubated while 

shaking for 30 minutes at 37°C, filtered through a 70 µm cell strainer into PBS containing 2% HI-FBS and centrifuged 

at 500 × G for 5 minutes. Cells were resuspended in 40% Percoll (GE Healthcare) in HBSS and overlaid onto 80% Percoll. 

After centrifugation at 325 × G for 30 minutes, leukocytes at the interface between the 40% and 80% fraction were 

collected and washed twice in PBS, while tumor cells at the top of the 40% fraction were collected for virus titering. 
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Spleens: Spleens were mashed through a 70 μm cell strainer into isolation buffer (PBS + 2% heat-inactivated FBS (HI-

FBS) + 0.5 mM EDTA) using the rubber end of a 3 mL syringe, centrifuged at 300 x g for 5 minutes and resuspended in 

3 mL of 1X red blood cell lysis buffer (eBioscience) for 5 minutes. RBC lysis was stopped by the addition of 10 mL 

isolation buffer followed by centrifugation at 300 x g for 5 minutes and then washed twice with isolation buffer. 

 

Lungs: Lung processing for quantification of metastases was previously described237. Briefly, lungs were collected and 

rinsed twice in Hank’s buffered salt solution (HBSS). The lungs were minced for three minutes using a scalpel blade 

and incubated in HBSS containing 2mg/mL collagenase at 4°C for 75 minutes. The cells were then passed through a 70 

µm cell strainer and washed twice with HBSS. After dilution, cells were plated in fully supplemented 10% FBS DMEM 

containing 60 μM of 6-thioguaninine.  and cultured, undisturbed, at 37°C . After two weeks the colonies were fixed in 

100% methanol, stained with methylene blue, and counted for quantification of metastases.  

 

Brain, kidney, heart, liver, lymph nodes: Tissue was manually cut into smaller pieces using a surgical scalpel and 

transferred to a 70µm cell strainer pre-wet with sterile PBS. Using the rubber end of a 3mL syringe, the tissue was 

forced through the strainer to yield a single cell suspension. After rinsing the strainer with PBS, the cells were spun at 

500×G for 5 minutes, resuspended in 1 mL of PBS and frozen at -80°C. Cells were freeze thawed three times to lyse 

cells, and virus titers were determined as described previously by plaque assay on BSC40 cells.  

 

2.3.5 Flow Cytometry staining 

 Two million splenocytes were aliquoted into individual wells of 96 well plates, and the remaining splenocytes 

were pooled into a single sample for use in fluorescence minus one (FMO) gating controls, where all but one antibody 

is added to the pooled samples to use for setting appropriate gates during analysis. For tumor samples, the entirety 

of the cells isolated from tumors were split between 2 wells (for TuBO experiments) or 1 well (for 4T1 experiments) of 

a 96 well plate with 5% of each sample volume removed for control wells. The cells were rinsed in PBS in the absence 

of any serum, and stained with fixable viability dye eflour506 (Invitrogen, Cat. 65-086614). This, and all subsequent 

staining steps, were performed in the dark for 30 minutes at 4°C. Fc receptors were blocked using anti-CD16/CD32 

antibody (BioLegend). The cells were stained with antibodies described in Table 2.2. After staining, cells were fixed and 

permeabilized according to manufacturer’s instructions using the BD Cytofix/Cytoperm Kit (San Jose, CA, USA). 

Samples were run on the BD Fortessa X20 Flow Cytometer and analyzed with FlowJo v8 or v10 software. To determine 

absolute cell counts, the entirety of the tumour sample was run, and total cell counts were calculated. A representative 

example of the gating strategy can be found in Figure 2.2. 
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Figure 2.2. Representative flow cytometry gating strategy to identify immune cell subsets and marker expression on 

splenic and tumour cells. FMO- fluorescence minus one gating control.  
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Table 2.2. Flow cytometry antibodies used in the current study 

Antibody Clone Company 

CD45-AF700 30-F11 Invitrogen 

CD3-PE or FITC or PE-CF594 145-2C11 Invitrogen or BD Bioscience  

CD4-BUV737 RM4-5 BD Bioscience 

CD8-BUV395 53-6.7 BD Bioscience 

CD25-FITC P4A10 Invitrogen 

FoxP3-AF647 FJK-16S Invitrogen 

CD69-APCefluor780 or PE H1.2F3 Invitrogen 

CD11b-APCefluor780 M1/70 Invitrogen 

Ly6C-efluor450 HK1.4 Invitrogen 

Ly6G-biotin IA8 Biolegend 

PD1-efluor610 J43 Invitrogen 

PDL1-biotin 10F.9G2 Biolegend 

Streptavidin-BV711 Not applicable BD Bioscience 

H-2Kd VACV A5275-83 KYGRLFNEI- 

BV421 Tetramer 

Not applicable NIH Tetramer Facility 

H-2Kd HER2/neu p66 TYVPANASL- PE 

Tetramer 

Not applicable NIH Tetramer Facility 

 

2.3.6 Cytokine analysis 

 Blood was collected from mice at endpoint by cardiac puncture by inserting a needle into the chest cavity of 

mice under anaesthesia and drawing blood from the heart. The animals were then immediately euthanized, and blood 

was allowed to clot for 30 minutes at room temperature. Blood was centrifuged at 1000 x G for 10 minutes at 4°C and 

serum was collected and frozen at -20°C. Serum cytokines were then sent for analysis by Eve Technologies (Calgary, 

AB Canada) using the Mouse Cytokine 31-plex discovery assay to measure the following analytes: Eotaxin, G-CSF, GM-

CSF, IFNγ, IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, IP-10, KC, 

LIF, LIX (not validated), MCP-1, M-CSF, MIG, MIP-1α, MIP-1β, MIP-2, RANTES, TNFα, and VEGF. 

 

2.4 Analysis software 

2.4.1 Synergy analysis 

 CombuSyn drug synergy analysis software (http://www.combosyn.com/) was used to determine combination 

index (CI) values for dual treatment in vitro using data obtained from resazurin viability assays285,286. The average values 

of effect sizes (determined as the fraction of cells non-viable after treatment) from three experimental replicates was 
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analysed using the CombuSyn software. Interactions were assessed using the ‘non-constant’ drug ratio setting.  CI 

values were reported, and heatmaps were generated based on the scale shown in Table 2.3 For visual clarity, and as 

no computed CI values were higher than 1.88, the CI heatmap scale was clipped at a CI value of 3, representative of 

“antagonism” 

 

Table 2.3. Interpretation of CI values from CombuSyn Analysis 

CI value Interpretation 

<0.1 Very strong synergism 

0.1-0.3 Strong synergism 

0.3-0.7 Synergism 

0.7-0.85 Moderate synergism 

0.85-0.9 Slight synergism 

0.9-1.1 Nearly additive 

1.1-1.20 Slight antagonism 

1.20-1.45 Moderate antagonism 

1.45-3.3 Antagonism 

3.3-10 Strong antagonism 

>10 Very strong antagonism 

 

2.4.2 Statistical analysis 

 Data were analyzed using GraphPad Prism 7 or 8. If data were determined to be normally distributed by the 

Shapiro-Wilk normality and the Kolmogorov-Smirnov test, parametric one-way ANOVA testing was performed with 

Tukey’s multiple comparisons testing for radiation experiments or Dunnett’s testing for immunogenic virus studies. If 

data was not parametric, Kruskal-Wallis testing was performed with Dunn’s multiple comparisons testing. Significance 

was determined if p≤0.05. Tumor growth curves were analyzed using a two-way ANOVA to compare tumor volumes 

at multiple time points. Survival data were analyzed by both the log-rank (Mantel-Cox) and Gehan Brexlow Wilcoxon 

testing for immunogenic virus studies. In immunogenic virus studies, the significance threshold was adjusted for 

multiple comparisons, where the significance threshold was set as p=0.05/K where K is the number of comparisons 

being made.  



 38 

 Chapter 3: Production and quality assessment of vaccinia virus stocks of pre-clinical grade 

purity and high infectivity for oncolytic immunotherapy studies  
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3.1 Introduction 

 Oncolytic viruses are viruses that used for the treatment of cancer. These viruses work by a combination of 

direct lysis of cancer cells and/or modulation of the patient’s immune system287. The field of oncolytic viruses has 

advanced immensely in the past few decades and one of the viruses in various stages of nonclinical and clinical 

research is the Orthopoxvirus vaccinia virus (VACV)10–12.   

 

VACV is a large ds DNA virus that was once widely used as a smallpox vaccine.  This virus has been adopted 

for use as an oncolytic virus for several reasons. This includes an ability to infect and preferentially replicate in various 

cancer cell types and a favorable safety profile which is supported by its longstanding use as a vaccine. Furthermore, 

compared to other viruses, the genome of VACV is easily modified and has the capacity to encode a large number of 

transgenes. In addition to its potential use as an oncolytic virus, VACV continues to be studied as a vaccine vector for 

expressing recombinant antigens288.  

 

 VACV preparations used in clinical trials are often made at large scales and purified by complex processes 

(e.g. tangential flow filtration)143. These processes are often not feasible or necessary for laboratory research, 

especially when evaluating multiple virus candidates. However, pre-clinical studies (particularly animal studies) still 

require virus stocks that are of a high enough titer to accommodate the small injection volumes permitted by animal 

use protocols. The materials need also be of suitable purity so that contaminating biological debris can’t cause 

deleterious side effects and should reproducibly exhibit a high infectivity (i.e., plaque forming units [PFU] to particle 

ratio) to permit the proper interpretation of dose/response data in animals.  

 

 A number papers have been published that describe how to produce laboratory scale poxvirus preparations 

that are suitable for animal studies289,290. However, in our experience there remain several critical steps in these 

procedures that can affect the outcomes of such studies and deserve special attention. In particular VACV needs to be 

purified carefully, and the resulting stocks needs to be assessed for both quality and titer before use.  As research in 

this field continues to increase and new research groups initiate studies with different oncolytic VACV candidates, we 

sought to share our practices pertaining to the production of VACV stocks for in vivo cancer therapeutic studies. The 

methods used in this study are based on many years of accumulated experience growing and purifying these viruses 

and most of the technologies should be accessible to any well-equipped academic laboratory. In particular the work 

emphasizes the importance of managing problems associated with storing and titering high concentration stocks of a 

virus that is prone to aggregation. We also include accompanying data that compares the yields of virus using different 

production methods and recommendations for identifying where dose-limiting toxicities begin to compromise the 

safety of intravenous versus intratumoural administration of oncolytic VACV in mammary tumour models. Finally, we 

show how recent advances in flow virometry can provide a new tool for documenting the infectivity of these virus 
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stocks, a biological parameter that has historically been difficult to evaluate but is of potential importance when 

conducting dose-response trials. 

 

3.2 Results 

 VACV can be propagated using many different conditions (e.g., chicken eggs, cells grown in suspension or as 

monolayers) and will grow on most commonly available cell types (e.g., Vero, HeLa, BGMK, CV-1, and BSC-1 or its 

derivative BSC-40). HeLa cells are often used for convenience although we have found that yields vary considerably 

among different subclones, CCL-2 may be one of the better choices. However, in our experience BSC-40 cells are 

probably the best choice of cell line for most routine experimental purposes. They grow fast in media containing serum 

supplements (see below), can be used to propagate attenuated viruses (e.g. DF4LDJ2R strains149), are highly infectable, 

plaque well 289, and provide excellent yields of virus291. For these reasons our laboratory routinely uses monolayers of 

BSC40 cells to construct and propagate VACV.  

 

3.2.1 Selection of a method and surface for culturing VACV.  

A few 150 cm2 tissue culture (TC) plates can yield enough VACV to perform many cell-based assays. However, 

animal studies often require a lot more virus at relatively high concentrations. Suspension culture technologies offer 

one possible way of doing this, but we have tested different implementations of these methods over the years, 

including suspended microcarriers, and unfortunately never obtained enough improvement in yield to justify the 

additional complexity of these methods.  

 

Roller bottles are more frequently used to scale up production of large amounts of VACV and we have 

previously used this technology to produce VACV for our own tumour treatment studies119. However, in reviewing the 

yields of virus obtained using this method we had observed that not much more virus was recovered from these 

proportionately larger units when viruses were grown in roller bottles compared to when these stocks were cultivated 

on flat adherent-cell TC dishes. Therefore, we sought to more accurately assess the yields of virus using each approach 

to better inform our production processes.  

 

A standard Corning ridged roller bottle encloses a surface area of 1700 cm2, while a commonly used TC dish 

has a surface area of 150 cm2. Despite this >10-fold difference in surface area, we determined that each method 

actually produced comparable amounts of virus per device, yielding 2.5 – 6x108 PFU per roller bottle versus 2 - 4x108 

PFU per dish (Table 3.1) This observation was consistent between multiple handlers (data shown from average of three 

virus yield experiments, each performed by a different handler). Even though these methods produced similar yields 

of virus, ridged roller bottles require considerably more media than a standard TC plate; 75 mL versus 20 mL, 

respectively. This larger media requirement thus increases the cost as does the requirement for specialized roller-
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bottle incubators or adaptors. Moreover, cell scrapers can be used to harvest infected cells from a flat TC plate while 

trypsin and a trypsin inhibition step are required to harvest infected cells from ridged roller bottles. This further 

complicates the processing and increases handling time. Perhaps most importantly, because the yield of virus per cell 

is reduced ~10-fold, relatively more cellular contaminants must be removed by the purification step from viruses 

prepared using roller bottles compared to TC plates. In accordance with this observation, we sometimes observed that 

when large amounts of a more attenuated VACV DF4LDJ2R virus were produced using roller bottles, the final 

preparation of purified virus was very viscous, likely due to increased amounts of cell DNA being released when large 

numbers of cells were lysed. This was not observed when the same virus was grown on flat TC plates, nor was it seen 

with a higher yielding strain DJ2R VACV. Nevertheless, since these methods resulted in variable levels of contamination 

with cellular DNA, we introduced a BenzonaseTM digestion step into the purification process to eliminate contaminant 

cellular nucleic acids from our virus preparations292. 

 

 Based on these observations and the greater ease of use of TC plates, our laboratory stopped growing virus 

using roller bottles and now produces preclinical VACV using only TC plates.  A standard dose of oncolytic VACV used 

in mice is ~1x107 PFU, so one can produce ~500 doses of virus using 45 TC plates with a total surface area of 6300 cm2. 

This is about the same surface area as one CF10 culture flask (6360 cm2). At three doses per mouse, this scale of 

production produces enough virus to treat >150 animals and is well suited for academic studies using murine models. 

Our research using a rat model for bladder cancer required significantly larger quantities of virus for treating orthotopic 

tumours (3 doses of 3x108 pfu/animal119), but the demands of experiments like these could still be accommodated 

within this production framework.  

 

Table 3.1. Growing VACV on flat culture plates produces a higher yield of virus per cell than growing virus on ridged 

roller bottles 

 Tissue Culture plate Ridged Roller Bottle 

Total cells ~1x107 cells ~1x108 cells 

Virus yield 2-4 x108 PFU 2.5x108 – 6x108 PFU 

Surface Area 150 mm3 1700 mm3 

Medium (MEM) 20 mL 70 mL 

Trypsin -  10 mL 

HEPES -  1 mL 

*RN & MD contributed experimental replicates to this data to reproduce cross-technician handling 
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3.2.2 FBS alternatives  

 We have also examined whether we could improve virus yields by using cells grown in media containing FBS 

substitutes or additional supplements. This is particularly relevant given the increasing desire to reduce the amounts 

of fetal bovine components in cell culture media for ethical, cost, and safety reasons293.  We tested both a wild type 

(WT) strain of VACV Western Reserve (WR), which has no growth-attenuating genome modifications, and a DF4LDJ2R 

strain. Deleting the F4L and J2R genes renders virus growth highly dependent on cellular levels of dNTPs, and dNTP 

levels are affected by cell growth rates119,149. We compared MEM media supplemented with one of three supplements: 

traditional fetal bovine serum (FBS), FetalGro® (RMBIO, Missoula MT) a calf serum supplemented with other additives 

and bovine cholesterol concentrate, or FB Essence (Avantor, Pennsylvania), an FBS-derived product supplemented 

with bovine calf and equine serum, and additional proprietary supplements. We saw no differences in the yields of 

either virus over three days when comparing the yield of virus on FBS or either of the two alternatives supplements 

(Figure 3.1). We also noted that increasing the concentration of each FBS alternative did not affect virus yields either 

(Figure 3.1A&B). This suggests that FetalGro, and FB Essence, could be used as alternatives to traditional FBS 

supplements.  

 

3.2.3 Sonication 

Once the BSC-40 cells have been infected and cultured for three days they are scraped into the culture 

medium, recovered by centrifugation, resuspended in a hypotonic medium and broken with a Dounce homogenizer 

as described in the Materials and Methods. After treatment with Benzonase the cell debris is removed and then the 

concentrated virus suspension is further purified by sedimentation through a 36% sucrose gradient. At this stage these 

purification methods can produce very high titer stocks of VACV. However, we noticed that when preparing virus with 

titers >109 PFU/mL, a white precipitate was often seen (Figure 3.2A). This precipitate persisted after filtering the 

suspension through a 70 µm filter and collected at the bottom of the tube following centrifugation (Figure 3.2A). We 

hypothesized that VACV was aggregating at this high virus concentration and precipitating out of solution. The 

precipitate could be broken up and disbursed to form a homogenous solution by sonicating the virus in an ice water 

bath for 3 minutes (with 1-minute cooling intervals) using a cup sonicator. Such suspensions of virus were relatively 

stable and no longer sedimented to the bottom of the tube during centrifugation (Figure 3.2B). Furthermore, we 

observed a small but consistent increase in virus titer after sonicating virus stocks spanning a wide range of initial 

concentrations (5x108 PFU/mL to 5x109 PFU/mL).  The percentage increase in virus titer was independent of the 

starting concentration, and sonication increased the titers by amounts ranging from 100 to 180% (Figure 3.2B). In a 

separate experiment we took a single stock of virus, divided it into three aliquots, and froze them at -80°C. After 

rethawing, each aliquot was titered before and after sonication. We observed that, on average, virus titers increased 

by ~150% after sonication (Figure 3.2C). Collectively, these observations suggest that sonication of viral stocks can 

reduce particle aggregation and increase the accuracy of virus titration.  
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Figure 3.1: FBS substitutes do not alter the growth of WT (A) or mutant (B) VACV on BSC40 cells VACV was grown on 

BSC40 cells in media supplemented with 5% FBS or with 5 or 10% of two FBS alternatives: FBEssence or FetalGro. The 

cells were infected at MOI=0.03, the virus harvested at the indicated times post-infection, and titered by plaque assay 

on BSC40 cells. Error bars denote +/- standard deviation from three experimental replicates and were analyzed using 

2-way ANOVA.  

*Data provided by MD 
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Figure 3.2. Sonication produces more homogenous VACV suspensions and increases virus titers. A) A preparation of 

virus was centrifuged at 2000´G for 5 min and then photographed immediately before (left) and after (right) 

sonication. The virus that had collected on the bottom of the tube after centrifugation was visibly transferred into 

suspension. B) Effect of sonication on virus titer before and after sonication of different virus preparations. C) Effect 

of sonication on virus titer before and after sonication using a single virus stock aliquoted into multiple aliquots. All of 

the virus stocks were titered by plaque assay in triplicate on BSC40 cells. Error bars denote +/- standard deviation from 

four experimental replicates analyzed using an unpaired T-test.  

 

3.2.4 Virus characterization and stock management 

 Our virus stocks are stored in a designated area and sequenced in their entirety to confirm the identity of the 

virus and the accuracy of any genetic manipulations. This sequence data can obviate the need to reconstruct a 
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“revertant” virus, an important control that is used to show that an unknown mutation, acquired during the 

construction of the virus, isn’t responsible for any observed phenotype(s). Although we routinely test for the presence 

of undesirable agents like mycoplasma in our cell lines, genome sequencing also produces sufficient read depths to 

provide independent insights into this concern. If sequencing is not possible, at a minimum PCR and Sanger sequencing 

should be used to confirm gene-deletions or transgene insertion, and to ensure there is no contamination by wild-

type virus. Once these steps have been accomplished, we routinely prepare working virus stocks from a single virus 

seed to limit access to the primary virus bank. These working stocks are aliquoted along with several smaller but 

otherwise identical virus aliquots. These additional samples are used to determine the titer of the working stock in 

advance of any experiments, to ensure the doses are accurately known for in vivo studies. A sample scheme for 

preparing working banks can be found in Figure 2.1. Although the titer of VACV does not seem to change significantly 

after two freeze-thaw cycles (see below), we nevertheless still aliquot the virus into single use vials, so that a stock is 

not repeatedly re-frozen, thawed, and re-used. 

 

3.2.5  Virus stocks are stable for up to three years at -80°C 

 To assess the stability of the virus we performed multiple freeze-thaw cycles. The virus stocks were snap-

frozen in liquid nitrogen or a dry-ice ethanol mix and stored at -80˚C. A sample of virus was then removed from the 

freezer, warmed with continuous swirling in a 37°C water bath until the ice had just thawed, and then titered to 

determine the concentration of infectious material. Using this method, we observed no loss of titer after the two 

freeze-thaws (Figure 3.3A). To assess virus stability over time, a virus stock was aliquoted into multiple vials, snap-

frozen, and stored at -80°C. Over the next three years aliquots of virus were retrieved and titered. We observed no 

loss of titer, showing that these virus preparations are stable over at least that time at -80°C (Figure 3.3B). 
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Figure 3.3.Virus stocks are stable when stored at -80°C. A) Virus stocks were frozen and thawed twice with no loss of 

infectious titers as measured by plaque assay. Error bars denote +/- standard deviation from three experimental 

replicates and the difference is not significant when analyzed using  an unpaired T-test. B) Virus stocks are stable for 

up to three years with no loss of infectious titer. Individual data points are plotted, with line of best fit from simple 

linear regression shown as solid line. Slope was not significantly different than zero. Virus titers were measured by 

plaque assay on BSC40 cells. 
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3.2.6 Flow cytometry can be used as a quality control measure for virus preparations 

 The virus is exposed to stresses that may reduce the infectivity of the particles during the propagation and 

purification processes. This effect is expected to produce changes in the ratio of particle numbers to plaque forming 

units (PFU). The particle/PFU ratio is potentially an important parameter, but one that is not commonly monitored as 

it can be difficult to evaluate. It’s important because several studies have shown that non-replicating or inactivated 

poxviruses can still induce anti-tumour effects294,295, and this effect would complicate the interpretation of any study 

where dosing is based solely on estimates of PFU. To assess how the purification process affects the infectivity, we 

developed a flow-cytometry based method that can determine the numbers of virus-sized DNA-containing particles. 

To do this, virus preparations were fixed, optionally stained with SYBR Gold, and then analyzed by a Beckman CytoFLEX 

flow cytometer. This instrument can size particles as small as 80 nm, which is well suited for characterizing particles 

with the dimensions of poxviruses (100 x 200 x 300 nm). When these numbers are combined with data obtained 

through plaque assays, they provide a measure of the particle to PFU ratio in a virus sample. The method can also test 

whether a virus preparation is of uniform composition and monodisperse. 

 

 We first tested the instrument using a VACV strain encoding the A5 core protein fused to yellow fluorescent 

protein (YFP)296 (SYBR Gold stain was not used in this pilot study due to spectral overlap with YFP).  Our virus stocks 

were seen to contain particles of an appropriate size range and the presence of a bright fluorescent tag detectible in 

the FITC channel confirmed that these particles were virus particles (Figure 3.5A). A size assessment based on 

comparing the violet side-scatter height (violet SSC-H) parameter showed that the apparent virus particle size was 

appropriate for VACV and could be distinguished from 110 nm diameter GFP-tagged silica beads and non-fluorescent 

180-300 nm Apogee silica beads. The slight discrepancy between the known size of the internal standards and the 

measured size of VACV are reportedly due to the different refractive indices of silica versus biologics, which has been 

previously observed297. During these studies we also used a stock of untagged virus to examine the dynamic range of 

this instrument (Figure 3.4A-C). An undiluted sample at 5x109 PFU/mL showed evidence of “swarming”, which is 

undesirable as it leads to an undercounting of particles (Figure 3.4A). Conversely it was found that high dilutions (<105 

PFU/mL) led to problems with background counts. It was found that particle counts were directly proportional to 

dilution using samples diluted between 1/100 and 1/1000 (Figure 3.4C). A sample of virus at ~5x107 PFU/mL provided 

good counting accuracy with minimal background interference. 

 

 After establishing that VACV particles are well resolved on this instrument, we next examined whether a virus 

that did not incorporate a fluorescently tagged core protein could also be detected and quantified. Using a method 

previously used to quantify virus particles in environmental water samples298, we stained the virus DNA with SYBR 

Gold. This should produce a count of any VACV sized particle that is potentially transcriptionally active, whether or not 

fully infectious. We found that particles stained in this manner were bright enough to clearly distinguish between 

unstained and DNA-stained particles (Figure 3.5B). We couldn’t obtain sufficient brightness using other DNA stains in 
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alternative channels, such as the red fluorescent “SYTO” family dyes (data not shown). Using this combination of size 

determination and SYBR Gold DNA-staining, we assessed the quality of preparations of both the DJ2R and DF4LDJ2R 

VACV strains (Figure 3.5C&D). We found that particle counts were slightly higher than PFU (Figure 3.5E), leading to an 

estimate of the particle to PFU ratios of ~1.6 for the DJ2R and ~1.3 for the DF4LDJ2R stocks Figure 3.5F). The virus 

preparations also appeared to be monodispersed judging by the minimal numbers of larger aggregated particles. These 

particle to PFU ratios lies near a theoretical ratio of one and show that Orthopoxviruses can assemble infectious DNA-

containing progeny with remarkable precision. 

 

3.2.7 Dose limiting toxicities of oncolytic VACV differ based on route of administration 

 To assess the maximum tolerable dose for oncolytic VACV, we performed dose escalation experiments using 

both intravenous (IV) and intratumoral (IT) administration routes.  An orthotopic mouse TuBo tumour model was used. 

We tested three doses of 1x106, 1x107 and 1x108 PFU (Figure 3.6A) and found that all of these doses were well 

tolerated when administered through tail-vein IV injection. Nor was any weight loss observed over time thus showing 

the fitness of these VACV preparations for this purpose (Figure 3.6B). When the virus was delivered via an IT 

administration route, 2/5 mice did not recover after injecting the first of the three highest doses of virus (1x108 PFU) 

and had to be euthanized. This effect had been observed before at this dose (data not shown) and is characterised by 

an inability to recover after removal of anaesthesia with no response to stimuli, gasping, and inactivity.  In an effort to 

determine cause of death, a veterinary pathologist examined these mice, but no gross post-mortem abnormalities 

were observed. Regardless of the reason(s), the inability of a portion of mice to recover at doses of 1x108 PFU suggests 

that the maximum safe dose administered IT is 1x107 PFU. There were no adverse events or weight loss seen at this 

or lower doses (Figure 3.6C).  
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Figure 3.4. The dynamic range of viral particle detection for DF4LDJ2R VACV is between 1x107- 1x108 particles/mL. A. 
Flow cytometry dot plots showing ten-fold dilutions from an original stock concentration of 5x109 infectious PFU/mL. 
* denotes potential swarming. B. Flow cytometry dot plot of the unstained original virus stock solution containing 
5x109 infectious PFU/mL  C. Scatter plot showing particle counts per mL in a dilution series of the original virus stock 
preparation.  
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Figure 3.5. Flow cytometry and DNA stains can be used to determine the specific infectivity of VACV preparations A) 
Contour plots showing size calibration beads (100-500 nm in diameter, indicated), overlaid with the distribution of A5-
YFP VACV particles. X-axis: Size measured as Violet SSC-H, Y-axis: Fluorescence intensity in the FITC channel.  B) 
Histogram showing the shift in the distribution of the fluorescent signal between unstained (grey) and SYBR Gold 
stained (green) viruses. C&D) Superimposed dot plots showing the distribution of the DJ2R (C) or DF4LDJ2R (D) virus 
particles either unstained (grey) or stained with SYBR Gold stained (green). E) Quantification of virus using either 
plaque assays (PFU/mL) or from a count of DNA-positive particles by flow virometry (particles/mL). F) Virus infectivity 
as represented by particle-to-PFU ratios (from data shown in panel E). Error bars denote +/- standard deviation from 
the mean value of three experimental replicates. 
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Figure 3.6 Oncolytic VACV can be used safely in mouse models of breast cancer although the route of administration 
determines the maximum tolerable dose. A) Schematic showing how different doses of preclinical grade oncolytic 
VACV were tested in mouse mammary models of breast cancer. B) Percent weight change in cohorts of TuBo tumour-
bearing mice treated intravenously via tail vein injection with increasing doses of DF4LDJ2R VACV (C) Percent weight 
change in tumour-bearing mice treated with increasing doses of oncolytic VACV via intratumoral injection into 
mammary fat pad tumours. In the cohort of mice treated with 108 PFU of intratumoral VACV, 2/5 animals died at 
injection #1, therefore, N=3 in 1 x108 PFU (blue) group, and N=5 for all other groups (black, green and red)* NF & MS 
contributed to these experiments. 
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3.3 Discussion 

 As oncolytic virus research progresses, it is becoming increasingly important to standardize the quality of virus 

preparations to ensure reproducibility between preclinical studies. It is also important to consider national guidelines 

on animal use and care, such as those issued by the Canadian Council on Animal Care, where there is a commonly held 

requirement to reduce the numbers of animals used in research and minimize the harm caused to these animals during 

treatment. These requirements can be promoted in preclinical research by following procedures designed to 

consistently ensure the purity, titer, safety, and identity of the virus stocks produced for in vivo studies. 

 

These studies show that growing VACV on adherent cell culture plates produced higher yields of virus per cell 

and was more cost-effective and less labour intensive than growing the virus in roller bottles. Further savings can be 

implemented by replacing FBS with FBS-alternatives with no loss of yields. The relatively greater virus yields on plates 

also meant that less cellular contaminants needed to be removed through purification. We don’t know why VACV 

would grow better on flat plate surfaces, but others have reported that the virus likewise grows better on adherent 

HeLa cells compared to suspension cultures289.  Nor have we ever achieved better yields of virus per cell after testing 

several other kinds of cell suspension technologies (unpublished data). This situation may be unavoidable and caused 

by the sheer forces that are created as media flows past suspended cells.  

 

Most, although not all authors have observed that VACV tends to aggregate and that sonication promotes 

the dispersal of virus particles without inactivating the virus289,292,299–301. This problem is observed when the virus is 

concentrated to titers exceeding ~1x109 PFU/mL and is likely exacerbated when virus suspensions are concentrated in 

a slowly frozen mixture. (This is a reason for using a “snap freezing” protocol.) In our experience a sonication step 

produced an increase in viral titer of ~50% and shows how sonication is needed to ensure accurate titers and thus 

reproducible dosing. When these VACV stocks were snap frozen, stored at -80˚, rapidly thawed, and sonicated, our 

long-term testing could detect no loss of titer for up to three years. Vaccinia is known to be a very stable virus and 

stockpiles of lyophilized smallpox vaccine have been stored now for several decades with little loss of titer. 

 

 In assessing the quality of virus preparations, the particle to PFU ratio is frequently cited as a critical measure 

of infectivity. It shows how much culturable virus is produced relative to the total number of virus-like particles302. The 

reported particle to PFU ratios for poxviruses vary greatly in the literature, ranging from 2 to 500 particles per PFU302. 

This likely reflects differences in the methods used to produce and purify the virus including the use of different cell 

lines and infection protocols299. There are also major differences in how the particle numbers are calculated and this 

could be a source of significant error.  Optical density, electron microscopy, and particle counters have all been used 

to assess particle numbers, and using different cell lines for plaque assays gives rise to different estimates of the virus 

titer302. We used an advanced particle counter, a strict definition of what’s considered a VACV particle (defined by size 
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and DNA content), and a highly permissive BSC40 cell host. Using this approach our purification methods yielded VACV 

stocks exhibiting particle to PFU ratios close to one (~1.6 for the DJ2R and ~1.3 for the DF4LDJ2R stocks). This is perhaps 

not as surprising as it would seem since the high infectivity of some Orthopoxvirus preparations has long been 

known302.  

 

  Fergusson et al. have recently offered recommendations for reporting on preclinical OV therapeutic 

studies303. In this article they stressed the importance of providing a complete and accurate description of the methods 

used to conduct the trials and analyze the data. However, they did not address methods relating to oncolytic virus 

production303. We propose that it would also be helpful to standardize how these OV are grown and purified, or at 

least one should offer a sufficiently detailed description of these steps to aid an interpretation of the author’s 

conclusions. For instance, VACV grown on different cell lines or stored and titered improperly may exhibit different 

particle to PFU ratios299. Depending on how the virus was purified it may also contain varying quantities of 

contaminants like DNA. Such experimental variables could affect the immune response to viral therapy and could be 

addressed by reporting a parameter like the particle to PFU ratio. These parameters are carefully controlled when 

preparing clinical grade OV304 and preclinical studies would benefit from similar considerations. This will ensure that 

the development of oncolytic viruses is supported by the best possible preclinical animal trials. 
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 Chapter 4: Oncolytic vaccinia virus immunotherapy antagonizes image guided radiation 

therapy in mammary tumour models  
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4.1 Introduction 

 The field of immunotherapy, which mobilizes a patient’s own immune system to target and kill cancerous 

cells, has been advancing rapidly in recent years. Much success has been achieved using immunotherapy to treat 

hematological malignancies and some solid tumours, although immunotherapy has not achieved the same level of 

success treating breast cancers305. As research in the field progresses, there has been a growing interest in combining 

immunotherapies with other treatments to achieve a therapeutic effect superior to single-agent treatments alone305.   

 

 Oncolytic viruses promote a form of immunotherapy in which a virus is used to infect and kill tumour cells, 

while also stimulating anti-tumour immunity306. To date, only one oncolytic virus, a herpesvirus, has been approved 

for use in the clinic by the FDA, and it is currently indicated for use in advanced melanoma116. No oncolytic virus has 

been approved for use to treat breast cancer. Similar to other forms of immunotherapy, the greatest therapeutic 

benefit of OVs will likely require combinations with additional therapies.  

 

 Our laboratory studies oncolytic vaccinia virus (VACV), a large DNA virus that was once used widely to 

vaccinate against smallpox16. By deleting viral genes encoding components of the nucleotide metabolism machinery, 

F4L (the small subunit of ribonucleotide reductase) and J2R (thymidine kinase), a DF4LDJ2R VACV strain is rendered 

dependent on the host cell to produce dNTPs for virus replication149. These dual deletions in F4L and J2R restrict virus 

replication to tumours and improve safety, while maintaining therapeutic efficacy and promoting anti-tumour 

immunity in bladder cancer models119. Despite the success in treating orthotopic mouse and rat models of bladder 

cancer, DF4LDJ2R VACV was not therapeutically beneficial in mouse breast tumour models175. 

 

 Previous pre-clinical studies have shown that different oncolytic viruses can sometimes synergize with 

ionizing radiation (IR) therapy to result in improved therapeutic responses170. With oncolytic herpes simplex virus 

(HSV), increased viral titers and oncolysis occurs through upregulation of ribonucleotide reductase following radiation 

therapy268. Some recombinant VACVs also improve outcomes when combined with various forms of radiation in other 

tumour models166,167,266,267,307. This evidence led us to speculate that improved therapeutic outcomes could be 

achieved by combining DF4LDJ2R VACV with IR in breast cancer models.  

 

 One factor that complicates the interpretation of some earlier studies is that the way the radiation was 

delivered rarely replicated the way solid tumours are nowadays treated in humans. Current methods use image-guided 

radiation to ensure that the majority of the dose is distributed in a region defined by the tumour boundaries308. In the 

current study, we assessed therapeutic outcomes when VACV was combined with highly targeted image-guided 

radiation therapy (IG-RT) using a high-resolution research device designed for treating mouse tumour models. IG-RT 

combines advanced tumour imaging with radiation delivery, allowing the operator to irradiate the tumour with high 

accuracy and precision, while avoiding damage to off-target tissue. We speculated that using IG-RT prior to viral 
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infection would reduce the bulk of the tumour mass, and that DF4LDJ2R VACV would infect and kill any tumour cells 

that might remain alive on the tumour periphery.  

 

4.2 Results: 

4.2.1 Cellular ribonucleotide reductase subunits R2 and P53R2 are present after treatment with 8 Gy of radiation  

 Previous work in our lab has shown that replication of DF4LDJ2R VACV is dependent on cellular levels of the 

small subunit of ribonucleotide reductase (RR), R2, which is the cellular homolog of the VACV F4 protein119,149. To 

determine when RR subunits were highest following treatment with IR, human breast cancer cell lines of varying p53 

status (MDA-MB 231 and ZR 75.1 having mutated P53, and MCF 7 having functional P53309) were treated with 8 Gy of 

IR or mock irradiated. At various time points following radiation treatment, cells were harvested and western blotting 

was performed to detect both R2 and its p53-inducible subunit, p53R2. We found that both R2 and P53R2 were present 

and detectable following treatment with IR (Figure 4.1). While levels of R2 tapered off after approximately 24 hours in 

MDA-MB-231 and MCF7 cell lines, it remained high up to a week post IR in ZR75.1 cells. P53R2, on the other hand, 

remained detectable in all cell lines up to one week post-IR. This suggested that virus replication would be sustained 

following IR treatment, and that virus treatment should be administered soon after radiation therapy, ideally within 

the first 24 hours. We also observed no correlation between P53 status and expression of R2 and P53R2.  

 

4.2.2 Irradiation of breast cancer cells does not impact oncolytic VACV replication 

 After determining that RR subunits were present after radiation in human breast cancer cell lines, we sought 

to assess if radiation had an impact on virus yields over time in both mouse and human breast cancer cell lines. In 

selecting cell lines for our panel, we opted to include both human and mouse breast cancer cell lines. We selected 

both a P53 positive (MCF 7) and a P53 negative/mutated (MDA-MB 231) human cancer cell line, and three murine 

breast cancer cell lines: 4T1 (P53 deficient310), TuBo (P53 positive311) and MTHJ (unknown P53 status). Cells were 

irradiated with either 4 or 8 Gys of radiation using a cesium source gamma irradiator or remained non-irradiated. 

Twenty-four hours post radiation, cells were infected with a MOI of 0.03 and, at various time points, cells were 

harvested, and virus amplification was assessed by plaque assay on BSC40 cells. In the murine mammary cancer cells 

lines, TuBo, 4T1, and MTHJ, the per cell yield of DF4L, DJ2R, and DF4LDJ2R was not impacted by radiation at any dose 

tested (Figure 4.2A-C). Similarly, in the human breast cancer cell lines MDA MB 231 and MCF 7, virus amplification was 

not significantly impacted by radiation at any dose tested for any virus tested and P53 status did not seem to impact 

these results (Figure 4.2D,E). 

 

 



 59 

 

Figure 4.1. Cellular RR subunits R2 and P53R2 are present after treatment with 8 Gy of ionizing radiation (IR). Western 

blots of cellular R2 and P53R2 isolated from human breast cancer cell lines up to one week following 8 Gy of IR 

treatment.  
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Figure 4.2. Irradiation of breast cancer cells does not impact oncolytic vaccinia virus replication. Viral growth kinetics 

in vitro in A)TuBo, B) 4T1 and C)MTHJ mouse mammary carcinoma cells and D) MDA MB 231 and E) MCF 7 human 

breast cancer cell lines infected with DF4L (blue), DJ2R (red) and DF4LDJ2R (green) oncolytic VACVs. Cell lines were 

irradiated with 4 or 8 Gys (dashed and dotted lines, respectively) with a cesium source gamma irradiator, or mock 

irradiated (solid line) and infected 24 hours later with the indicated viruses at an MOI of 0.03 PFU. Cells were harvested 

at the indicated time point, freeze thawed three times and titered by plaque assay on BSC-40 cells. Virus growth is 

shown as fold change in PFU based on the input virus. Error bars indicate ± SEM of three experimental replicates. Two-

way ANOVA showed no significant differences (p>0.05) between virus amplification over time between radiation 

treatments.  

*QK contributed to this figure 
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Figure 4.3. Radiation combined with oncolytic viruses work synergistically to kill cancer cells in vitro.  A,C,E) Resazurin 

assay measuring cell viability 72 hours post infection with A)DF4L VACV, B) DJ2R VACV and C) DF4LDJ2R VACV of 

irradiated murine mammary tumour cell lines (TuBo, 4T1, MTHJ) and human breast cancer cell lines (MDA MB 231, 

MCF 7). Cells were irradiated 24 hours prior to infection with indicated MOIs. Mean value is plotted, with error bars 

denoting +/- SEM from three experimental replicates. B, D, F) Heat-maps showing CompuSyn drug synergy analysis 

combination index (CI) values, where green indicates synergy (CI<1.1), white is additive (CI=1.1), and red is antagonistic 

(CI>1.1), computed using average viability values from A,C,E.  

*QK contributed to this figure.  
 

4.2.3 Radiation combined with oncolytic viruses work synergistically to kill cancer cells in vitro. 

 After demonstrating that VACV replicated in irradiated cells, we assessed the cytotoxicity caused by 

combining radiation plus oncolytic VACV therapy using the same panel of breast cancer cell lines. Cells were irradiated 

with 4 or 8 Gy, or mock irradiated, and infected 24 hours later with various MOIs of our three oncolytic VACVs, DF4L 

(Figure 4.3A), DJ2R (Figure 4.3C), and DF4LDJ2R (Figure 4.3E). All oncolytic viruses combined with radiation increased 

cell death in all cell lines (Figure 4.3A,C,E), and in no instance did we observe reduced cell death in the presence of 
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virus infection compared to radiation alone, (i.e., at MOI = 0). This showed that VACV does not prevent or impair the 

ability of radiation to cause cell death in vitro. 

 

 To quantify the drug-like interactions between the two treatments, we employed CompuSyn Drug Synergy 

analysis software. This analysis takes data from viability assays when two drugs are combined and computes a 

combination index (CI) value to determine how drugs are cooperating. A detailed description of the interpretation of 

CI values from CompuSyn Analysis can be found in the materials and methods section in Table 2.3. Briefly, a CI value 

of <1 is considered synergistic, CI=1-1.1 is considered additive, and CI >1.1 is antagonistic. For visual clarity, and as no 

computed CI values were higher than 1.88, the CI heatmap scale was clipped at a CI value of 3, representative of 

“antagonism”. Generated CI values indicated that primarily synergistic interactions were observed between radiation 

and oncolytic vaccinia virus therapy (Figure 4.3B,D,F), with slight differences observed with different viruses and doses 

of radiation. Treatment with DF4LDJ2R VACV produced almost exclusively synergistic interactions, with the strongest 

synergy observed at the highest doses of virus (MOI 100) and highest dose of radiation (8 Gy) (Figure 4.3F). Of 60 CIs 

evaluated for this virus across the 5 different cell lines, only two dose combinations demonstrated slight antagonism 

in TuBo cell line at 4 Gy doses at MOIs of 10 and 1. Aside from these, all other values indicated synergistic or additive 

effects. Treatment with DF4L and DJ2R viruses each yielded mostly synergistic co-operation (Figure 4.3B,D), again with 

the most favourable benefits at higher doses of virus and radiation. However, in the 4T1 cell line, treatment with 4 Gy 

of radiation and infection at an MOI of 1 and 0.1 with DJ2R virus, or MOIs of 0.001-1 for DF4L was determined to be 

antagonistic.  Additionally, infection of TuBo cells with DF4L VACV at an MOI of 1, or MDA MB 231 cells at an MOI of 1 

or 0.1 were also shown to be antagonistic.  

  

 Overall, the increased cytotoxicity to cells when combining radiation and virus, and the calculation that this 

reflects some synergy between the two treatments, suggests that combining virus and radiation therapy were more 

beneficial than either treatment on their own in vitro. Practically speaking it suggests that infecting irradiated cells 

with VACV does not interfere with the ability of radiation to kill cells. These promising results led us to evaluate the 

effects of combining these therapies in vivo. Previous work in our lab suggested that, in bladder cancer models, the 

DF4LDJ2R VACV was the safest OV compared to DF4L or DJ2R VACV, while maintaining therapeutic efficacy119. We also 

observed the most synergistic interactions in cytotoxicity assays between radiation and DF4LDJ2R VACV in vitro (Figure 

4.3E,F). Therefore, were selected the DF4LDJ2R VACV to investigate in vivo.  
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Figure 4.4. In vivo experimental timeline and image-guided radiation therapy using the SARRP and MuriPlan treatment 
planning software by XStrahl. A. Picture of the SARRP image-guided radiation therapy platform for targeted radiation 
delivery to small animals, capable of CT imaging and targeted radiation dose delivery with 0.5mm precision (courtesy 
of xstrahl.com). B. 360° CT imaging from SARRP viewed using MuriPlan treatment planning software showing tumour 
location (blue). C. MuriPlan manual tissue segmentation allowing for dose attenuation through various tissues, where 
black=air, pink=lung, yellow=fat, green=tissue, white=bone. D. Treatment planning using the MuriPlan program 
showing three beams converging on tumour isocenter to deliver a total of 10 Gy with dose distributed over 3 beams 
(37.5% for two beams and 25% for remaining beam). E. MuriPlan isodose calculations showing doses as a percent of 
targeted dose delivered to non-tumour tissue. F. Dose volume histogram of tumour target showing the fractional 
tumour volume receiving the tumour dose.  G. Experimental treatment timeline to test combination therapy with 
radiation and DF4LDJ2R VACV. Image created using BioRender.com. SARRP=Small animal radiation research platform, 
IR= irradiation, BSL-2= biosafety level 2 containment suite, CT=computed tomography, IsoC=isocenter of tumour. 
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4.2.4 IG-RT using the SARRP to test DF4LDJ2R VACV combined with radiation in vivo 

 In order to assess the therapeutic efficacy of combining radiation with DF4LDJ2R VACV in vivo, we made use 

of the XStrahl Small Animal Radiation Research Platform (SARRP) to deliver targeted image-guided radiation therapy 

(IGRT)(Figure 4.4A). This machine is capable of 360° CT imagining (Figure 4.4B), and the XStrahl MuriPlan treatment 

planning software allows for radiation delivery to small animal models that mimics patient treatment in the clinic. 

Using the SARRP, a CT scan is taken of the mice and uploaded onto the MuriPlan Software (Figure 4.4B). Once 

uploaded, tissue segmentation is used to differentiate between air, lung, fat, tissue, and bone (Figure 4.4.C), which 

allows for the treatment planning software to correctly attenuate and adjust radiation doses as it passes through 

various tissue. Advanced treatment planning allows the user to identify the tumour isocenter where the radiation 

beams converge (Figure 4.4D), and the angles and doses of the beam can be adjusted to avoid or limit radiation 

exposure to non-tumour tissue, which is reported in isodose calculations, showing the percent of target dose delivered 

to off-target tissues (Figure 4.4E). Lastly, the software is able to determine the dose delivered to the tumour target, 

reported as a dose volume histogram (DVH), showing the fractional volume of tumour receiving the corresponding 

radiation dose (Figure 4.4F). Treatment plans were customized for each individual mouse, where a target dose of 80% 

of the tumour volume receives 90% of the target dose of 10 Gy, while minimizing doses delivered to sensitive tissue, 

primarily in the bone. If a treatment plan did not meet these requirements, the beam angles and weights were adjusted 

to increase the fractional volume receiving the target dose, or to minimize off-target radiation exposure.  

 

 To test a combination therapy regimen in vivo, we first injected female 6-8-week-old BALB/C mice with 

tumour cells in the mammary fat pad (Figure 4.4G). Once tumours were palpable (~8 days post injection), the mice 

were anaesthetized and a SARRP was used to deliver 10 Gy of IG-RT to the tumour isocenter. The next day the mice 

were transported to the BSL-2 vivarium for virus treatment, where they were allowed to acclimatize overnight. At 2 

days post-IG-RT, the mice were treated with 3 intratumoural doses of 107 PFU of DF4LDJ2R VACV, administered at 48-

hour intervals, or PBS as an injection control.  Tumour volumes and weights were monitored twice per week until mice 

reached endpoint. Five mice were used per group per experimental repeat, and the experiment was performed three 

times for a total of 15 mice per group.  
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Figure 4.5. Virus administered 48 hours after 10 Gy radiation does not improve tumour regression and worsens survival 
in the orthotopic TUBO tumour model. (A-D) Tumour growth of each individual mouse measured twice per week after 
treatment with (A) PBS, (B)DF4LDJ2R alone, (C)10 Gy of IR, or (D)combination therapy with DF4LDJ2R and 10 Gy IR. (E) 
Average tumour volume of treatment groups shown in A-D, until first mouse reached endpoint in each group, with 
error bars denoting +/- SEM (F) Tumour re-challenge experiment from mice with complete responses to determine if 
anti-tumour immunity is established. Mice were re-challenged with fresh TuBo cells in the opposite mammary fat pad 
from the primary tumour and tumour growth was measured. (G) Kaplan-Meier survival curves of data shown in A with 
p values calculated using a Mantel-Cox log-rank test. MS- Median survival, CR-complete responses, undef-undefined 
MS. N=15 mice per group total, (5 mice per experimental repeat, performed three times). Tumour re-challenge 
experiments performed with mice with complete responses from the second and third experimental repeat. 
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4.2.5 VACV therapy antagonizes IG-RT in vivo in TuBo tumours  

 Despite the positive synergistic/additive effects in vitro, we observed that the two therapies were antagonistic 

in vivo in the orthotopic syngeneic TuBo mammary tumour model (Figure 4.5). When assessing tumour growth (Figure 

4.5A-E), PBS-treated tumours had the fastest  growth rate (Figure 4.5. A,E), similar to that of DF4LDJ2R treated tumours 

(Figure 4.5B,E). While IR alone could slow tumour growth (Figure 4.5C,E), the addition of virus appeared to decrease 

the effectiveness of IG-RT, as tumours grew more rapidly when virus was added (Figure 4.5D,E). Survival was also 

decreased in the combination therapy treatment group relative to IR only (p=0.02). We observed 11/15 complete 

responses in IR-treated animals and median survival time was >200 days compared to the combination therapy group 

where only 6/15 mice exhibited complete responses and cleared the tumour, with a median survival of 98 days (Figure 

4.5G). Independent of treatment, all mice that had cleared the primary tumour developed functional anti-tumour 

immunity, as assessed in tumour challenge experiments in the opposite mammary fat pad. Tumours either did not 

establish, or grew slightly initially, but all eventually cleared and we undetectable (Figure 4.5F).  

 

 After establishing that antagonism was occurring in the TuBo tumour model, we wanted to see if this effect 

was dependent on the timing of virus administration. When given 48 hours post-radiation, it appeared that virus 

combined with IG-RT controlled TuBo tumour growth until about 3 weeks after virus treatment, after which tumour 

growth resumed and overtook the rate of growth of tumours treated only with radiation (Figure 4.5E). Therefore, we 

wanted to assess if delaying virus treatment until 21 days after radiation would still result in antagonism (Figure 4.6A). 

 

4.2.6 Antagonism is dependent on the timing of virus administration 

 When virus treatment was delayed until 21 days post virus therapy, it was found that this effect was, indeed, 

dependent on the timing of virus administration. Antagonism was not seen in the delayed virus-treatment group 

(Figure 4.6B-G). However, this still did not improve the overall outcome as a combination of IG-RT and virus therapy 

did not alter tumour growth and survival relative to the radiation alone treatment group (Figure 4.6B-G).  
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Figure 4.6. Delayed virus administration does not cause antagonism but does not improve therapeutic responses. A. 
Experimental timeline testing delayed virus administration combined with radiation therapy. B-E. Individual mouse 
tumour volumes F. Average tumour volume of treatment groups shown in B-E, until first mouse reached endpoint in 
each group, with error bars denoting +/- SEM. G. Kaplan-Meir survival curve of mice from A-E. No significant differences 
were found between any of the treatment groups.  
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Figure 4.7. Virus administered 48 hours after 10 Gy radiation does not improve tumour regression, and worsens 
survival in the orthotopic 4T1 tumour model, despite a reduction in metastasis to the lungs (A-D) Mammary tumour 
growth of each individual mice measured twice per week with calipers (E) Average tumour volume of treatment groups 
until first mouse reached endpoint with error bars denoting +/- SEM  (F) Kaplan-Meier survival curves of data shown 
in A with p values calculated using a Mantel-Cox log-rank test.  N=10 mice per group (5 mice per experimental repeat 
performed twice). (G). Metastatic cells harvested from lungs of mice bearing 4T1 tumours 1 week post administration 
of the final virus treatment, as assessed using a colony formation assay under 6-thioguanine. (H) Cell colonies counts 
of data shown in G. Error bars denoting +/- SEM, N=5. *P<0.05, **P<0.01 determined using Kruskal-Wallis testing with 
Dunn’s multiple comparisons test. 
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4.2.7 Virus administered 48 hours after 10 Gy radiation is antagonistic in vivo In the 4T1 tumour model 

 To determine if the antagonism observed when combining DF4LDJ2R with radiation was limited to the TuBo 

model, or if this effect was consistent across multiple models, the combination was trialled in the aggressive 4T1 

tumour model in BALB/C mice. 4T1 tumours exhibit accelerated growth properties, regularly metastasizes to the lungs, 

and are equivalent to a human triple-negative breast tumour based on hormone receptor status237. We used the same 

experimental timeline as described in Figure 4.4G, where tumours were established in the mammary fat pad, irradiated 

with 10 Gy using the SARRP, and transported and injected with virus 48 hours later. Due to the aggressive nature of 

this tumour model, mice are euthanized at first indicators of illness or distress, primarily weight loss, ceased grooming, 

social isolation, or hunched posture.  

  

 Although to a lesser extent, this antagonism was still observed in the 4T1 tumour model (Figure 4.7A-F). 

Tumour growth properties of virus treatment alone was nearly identical to that of PBS-treated tumours, while 

radiation-treated tumours grew at a comparable rate to combination therapy-treated tumours (Figure 4.7A-E). We did 

observe a minor decrease in median survival with the combination compared to mice treated with radiation alone (30 

vs. 33 days) (Figure 4.7G), and while this was statistically significant (P=0.04), this difference in survival was modest. 

One mouse treated with radiation only had no evidence of a remaining primary tumour by day 30, which was the only 

occurrence of 4T1 tumour clearance observed in these studies (Figure 4.7). A subsequent tumour re-challenge 

experiment was performed on this mouse, where fresh 4T1 tumour cells were injected into the opposite mammary 

fat pad of where the primary tumour was established. Despite primary tumour clearance, the secondary challenge 

tumour was quickly established, demonstrating no lasting anti-tumour immunity occurred in this model (data not 

shown).  To assess the effects of the different therapies on metastasis to the lungs, lungs were harvested and 

processed 1 week following the last virus treatment and plated under the drug 6-thioguanine (6-TG). As 4T1 cells are 

resistant to 6TG, this allows for quantification of metastasis to the lungs using a colony formation assay (Figure 4.7G). 

This analysis demonstrated that there were no differences in metastatic colonies on the lungs between radiation alone 

and combination therapy-treated mice (Figure 4.7H). However, the combination of DF4LDJ2R and IR was able to 

statistically reduce the number of metastatic cells in the lungs compared to untreated (PBS) or virus-treated 

(DF4LDJ2R) mice (Figure 4.7H).  

 

4.3 Discussion: 

 In this study we have shown that combining radiation with oncolytic DF4LDJ2R VACV is synergistic in vitro, 

but antagonistic in vivo. This antagonism was dependent on the timing of virus administration, but later dosing still did 

not improve therapeutic outcomes. 

 

 Previous studies have shown that timing is important when combining oncolytic VACV with other 

immunotherapies312, and also when combining radiation with other immunotherapies313. Therefore, it was not 
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surprising that changing the timing of treatment affected the outcome of combination therapy and reduced the 

antagonistic effect. Although delaying virus administration had no added therapeutic benefit, it suggests that there 

may still be some treatment window that could deliver different therapeutic outcomes. Ideally, we would have liked 

to have tested whether administering the virus prior to radiation would have produced a different effect, but due to 

biosafety constraints we were unable to treat virus-infected animals with the SARRP irradiator. It is also known that 

single-dose irradiation, as used in this study, is less immunogenic than fractionated doses of radiation313,314. In an effort 

to try to find an optimal combination of virus and IG-RT, fractionated radiation dosing could also be tested.  

 

 It is difficult to compare our results with earlier work as few investigators have used a combination of an 

oncolytic virus, IG-RT, and orthotopic immune-competent tumour models. Xenografts have been used to explore these 

kinds of questions but are especially problematic as it is well established that while xenografted tumours often respond 

exceedingly well to oncolytic virotherapy, the same efficacy is never seen in more biologically relevant immune-

competent hosts. However, there are some studies assessing other forms of radiation combined with VACV that have 

shown synergistic effects in vivo. For example, in a rat model of sarcoma, VACV GLV-1h68, containing deletions in the 

J2R, F14.5L and A56R viral genes, and delivered via isolated limb perfusion, improved survival when followed with 13 

Gy of fractionated radiation given over two doses266. In another immune-competent model, a VACV strain engineered 

to express a sodium iodide symporter (GLV-1h153307) was more effective in an immune competent model for prostate 

cancer when the virus was combined with 131I co-therapy than was virus alone. Unfortunately, one cannot draw any 

generalizations about VACV oncolytic virotherapy from these few studies using different tumour models, viruses, and 

forms of radiation. 

 

 Similar discrepancies in the literature exist with respect to combining other non-VACV based oncolytic viruses 

with radiation. In testing oncolytic mutant adenoviruses in combination with radiation, despite promising synergistic 

results in vitro and in subcutaneous xenograft models of glioma315, when tested using orthotopic intracranial models, 

the combination was no better than single agent therapy316.  Similarly, despite literature supporting the use of 

recombinant oncolytic HSV in combination with radiation, Jorgensen et al., found that there was no improvement in 

therapeutic responses when combined to treat human and mouse prostate cancer models317. Although in neither case 

was antagonism observed, the authors of the aforementioned study suggested that differences in dosing and timing 

of administration of the therapies might result in the variability in treatment outcomes.  

 

 In clinical trials with immunotherapies an unexplained phenomenon known as hyperprogression in solid 

tumours has become evident318. In this scenario, which is estimated to occur in 4-29% of patients, acceleration of 

tumour growth and a decrease in survival occurs after checkpoint blockade318.  The antagonism we observed in these 

studies might be occurring by a similar phenomenon, however mechanisms are unknown emphasizing the need to 

more fully understand the complex interactions occurring with immunotherapies. This topic will be investigated in the 
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next chapter where I performed an analysis of the TiME to uncover potential insights into the interactions between 

radiation and DF4LDJ2R VACV.  

 

 In conclusion, the results of our study show that more is not necessarily better when it comes to combining 

therapies in cancer treatment. While many reports show that IR can synergize with viruses to enhance killing of cancer 

cells, our observations show that in vitro assays may not represent reality in an in vivo context. Considering the 

potential risk this poses for patients, more studies are needed to fully understand how these two therapies interact in 

vivo to produce the effects we’ve seen. Such studies would also be expected to produce important insights into how 

one might improve the effectiveness of both IR and oncolytic viruses.  
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 Chapter 5: Assessing immune responses after combination therapy 
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5.1 Introduction 

 Oncolytic viruses are known to stimulate the immune system, and a large portion of the therapeutic efficacy 

observed from OV therapy is mediated through adaptive immune responses319–321. Ionizing radiation, on the other 

hand, is largely regarded as a physical agent that causes dsDNA breaks, causing cell death257. However, recent evidence 

is emerging that the efficacy of radiation therapy is also mediated through systemic immune-mediated effects, and is 

an integral component of therapy322–324. In fact, there has been a surge of studies exploring radiation in combination 

with other immunotherapies to compliment therapeutic effects265,324–326. 

 

 The observation in Chapter 4 that IG-RT and DF4LDJ2R were co-operative in vitro but antagonistic in vivo led 

us to speculate that VACV therapy might be having an effect on the irradiated tumour microenvironment that was 

impairing tumour clearance. Based on the immune-mediated effects of both VACV and radiotherapy, we hypothesized 

that this might be immune-mediated. Therefore, we performed an immune analysis after combination therapy to 

determine how these two therapies were impacting the tumour bearing host.  

 

5.2 Results 

 To evaluate virus distribution and immune responses in response to combination therapy, we performed a 

fixed endpoint experiment where mice were euthanized one week following the final administration of virus (Figure 

5.1A). Tumours and spleens were collected for immune cell analysis and virus titering.  

 

5.2.1 Radiation decreases viral titers in the tumour 

 We noted that virus yields were decreased in irradiated TuBo tumours compared to non-irradiated tumours 

(Figure 5.1B). Although the trend was similar for 4T1 tumours and less virus was isolated from the combination-therapy 

treated tumours, this difference was not statistically significant (p=0.056)(Figure 5.1C). Since approximately equal 

titers were observed in vitro in the presence and absence of radiation (Figure 4.2A,B), these differences in virus titers 

in different tumour models are more likely due to differences in the immune response as opposed to differences in 

viral replication. No virus was isolated from the spleens in either treatment group, nor was any virus recovered from 

the draining lymph nodes, heart, or liver.  
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Figure 5.1.Virus titers are decreased in irradiated tumours relative to non-irradiated tumours one week after virus 

therapy. A. Experimental outline to assess the impact of irradiation on the tumour microenvironment and virus 

distribution. Tumours were established, irradiated, treated with DF4LDJ2R virus therapy, and euthanized one week 

following the last virus treatment and organs were collected for immune analysis and virus titering. B,C. Virus titers 

isolated from B. TuBo and C. 4T1 tumours. Tumours were dissociated by enzymatic digestion  and tumour cells were 

separated from immune cells on a percol gradient. Tumour cells were freeze-thawed three times and viral titers were 

determined by plaque assay on BSC40 cells. Bars show mean value with error bar representing 95% CI from mean. N=5 

per group. P values reported from Mann-Whitney testing.  
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Figure 5.2. Combination therapy changes the composition of immune cells in the spleens of mice in the TuBo model 

A. Overall average composition of immune cells in the spleens of mice harbouring TuBo tumours as a percentage of 

CD45+ cells in the spleens. Naïve tumour free-mice shown for comparisson. Values determined by the average value 

from 5 mice per group, with 3 mice in the naïve group. B-G. Percentage of immune cell subsets in the spleen , showing 

T cells (B), T helper cells (C), Cytotoxic T cells (D), T regs (E), M-MDSCs (F) and PMN-MDSCs (G) cell populations 

expressed as a percentage of CD45+. Each data point representative of individual mice, consistent across graphs, with 

error bars  showing +/- 95% confidence intervals (CI) where *p<0.05, **p<0.01 ***p<0.005 and ****p<0.005 assessed 

using ANOVA if data determined to be parametric and Kruskal-Wallis testing if data shown to be non-parametric.  
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5.2.2 Combination therapy changes the composition of immune cells in the spleens and tumours of mice one week 

after virus treatment 

 We then performed an immune analysis of the composition of spleens from treated mice with TuBo tumours 

as described in Figure 4.4A. Spleens were processed into a single cell suspension, and multi-parameter flow cytometry 

was used to characterize immune cell subsets as a percent of CD45+ cells.  In assessing the overall composition of the 

spleens, it was shown that combination therapy increased the percentage of CD3+ T cells in spleens (Figure 5.2A,B) 

and this was primarily caused by an increased in the proportion of CD8+ T cells, as there were no significant differences 

between treatment groups in the proportion of CD4+ T cells (Figure 5.2A,B,C). The shift in immune cell percentages 

showing an increase in CD8+ cells is generally considered a favourable immune cell scenario. However, when looking 

at unfavourable suppressor cell populations, Tregs percentages increased in the combination therapy treated group 

relative to PBS. Despite the increase in Tregs after combination therapy treatment, the ratios of CD8+ T cells to Tregs 

remained consistent (Figure 5.4).Monocytic-myeloid derived suppressor cell (M-MDSCs) populations decreased in all 

treatment groups relative to PBS (Figure 5.2A,E&F). Although not statistically significant, similar to the reduction in M-

MDSCs populations, there was a small decrease in PMN-MDSCs populations in treated groups relative to PBS (Figure 

5.2A,G).  

 

 As we had observed antagonism in the 4T1 tumour model, albeit to a lesser extent than in the TuBo tumour 

model, we performed the same experiment with 4T1-tumour bearing mice. Interestingly, we observed more drastic 

changes between treatments when assessing the splenocyte composition in the 4T1 tumour model (Figure 5.3A). Here, 

we saw that the immune-cell composition of PBS-treated tumours were more similar to DF4LDJ2R-treated tumours 

than irradiated tumours and were primarily composed of CD11+Ly6CmidLy6G+ PMN-MDSCs and non-MDSC CD11b+ cells 

(Figure 5.3A).  In irradiated tumours, independent DF4LDJ2R treatment, spleens were more normalized and more 

closely resembled naïve tumour-free mice, where spleens were predominantly composed of non-CD3+ non-CD11b+ 

immune cells (Figure 5.3A).  

 

 In assessing the overall composition of the spleens, it was shown that both radiation alone and combination 

therapy increased the percentage of CD3+ T cells in spleens relative to virus only and PBS-treated mice (Figure 5.3B) 

and this was primarily caused by an increased proportion of CD8+ T cells and a reduction of CD4+ T cells (Figure 5.3B,C). 

Treatment-induced changes in suppressor cell populations in 4T1-tumours were also consistent compared to the 

changes that occurred in the TuBo model. Treg percentages increased in the combination therapy treated group 

relative to PBS, however, Tregs also increased with radiation-treated tumours relative to PBS, which was not observed 

in the TuBo model.  M-MDSCs decreased relative to PBS in the radiation only and combination treated groups but 

increased after virus treatment alone (Figure 5.3E&F). A similar trend was observed in the TuBo model with PMN-

MDSCs was also observed in 4T1 tumour models, which exhibited a decrease in PMN-MDSCs populations in 

combination and radiation-alone treated groups relative to PBS and virus-only treated (Figure 5.3G).  
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Figure 5.3. Combination therapy changes the composition of immune cells in the spleens of mice in the 4T1 tumour 

model one week after virus treatment.   A. Overall average composition of immune cells in the spleens of mice 

harbouring 4T1 tumours as a percentage of CD45+ cells in the spleens. Naïve tumour free-mice shown for comparisson. 

Values determined by the average value from 5 mice per group, with 3 mice in the naïve group. B-G. Percentage of 

immune cell subsets in the spleen , showing T cells (B), T helper cells (C), Cytotoxic T cells (D), T regulatory cells (E), M-

MDSCs (F) and PMN-MDSCs (G) cell populations expressed as a percentage of CD45+. Each data point representative 

of individual mice, consistent across graphs, with error bars  showing +/- 95% confidence intervals (CI) where *p<0.05, 

**p<0.01 ***p<0.005 and ****p<0.005 assessed using ANOVA if data determined to be parametric and Kruskal-Wallis 

testing if data shown to be non-parametric.  
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 Collectively, the splenocyte analysis of TuBo and 4T1 tumour models after combination-therapy treatment 

with radiation and DF4LDJ2R VACV demonstrated promising immunological changes to the spleens, causing increases 

in favourable CD8+ T cells and decreases in un-favourable MDSCs. However, even though the increase in CD8+ T cells 

was favourable, there were also increases in unfavourable Treg percentages. Despite the increase in Tregs, there was 

still an overall positive ratio of CD8 T cells to Tregs in all groups (Figure 5.4).  

 

 

Figure 5.4. Ratios of immune cells in the spleens of mice with (A)TuBo or (B)4T1 tumours. Each data point 

representative of individual mice, consistent across graphs, with error bars  showing +/- 95% confidence intervals (CI) 

where *p<0.05, **p<0.01 ***p<0.005 and ****p<0.005 assessed using ANOVA if data determined to be parametric 

and Kruskal-Wallis testing if data shown to be non-parametric.  

 
 
 

   



 80 

 

Figure 5.5. Combination therapy treatment reprograms the TuBo TiME one week after virus therapy. A. Numbers of 

immune cells isolated from tumours where each bar shows results from individual mice in each treatment group. X 

axis numbering refers to mice 1-5 in each group. B-G. Total numbers of CD3+ T cells (B), CD4+ T helper cells (C), CD8+ 

cytotoxic T cells (D), FoxP3+CD25+ Tregs (E), CD11b+ Ly6ChiLy6G- M-MDSCs (F), and CD11b+Ly6CmidLy6Ghi PMN-MDSCs 

detected in tumours. Data points are representative of individual mice where each mouse is represented by a different 

symbol, consistent across all graphs. Error bars  depict + 95% confidence intervals from the mean, where *p<0.05, 

**p<0.01 ***p<0.005 and ****p<0.005 assessed using ANOVA if data determined to be parametric and Kruskal-Wallis 

testing if data shown to be non-parametric.  

  

 Although splenocyte analysis gives an indication of what is going on with immune cells systemically, we still 

needed to assess the site of treatment and perform an immune cell analysis of the TME. Tumours were processed into 

a single-cell suspension, and immune cells were separated from tumour cells using a Percoll gradient. Immune cells 

within the tumour were then phenotyped using multiparameter flow cytometry.  
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 As we observed in the splenocyte analysis, there were also notable changes in the composition of tumour-

infiltrating immune cells. DF4LDJ2R virus treatment caused substantial increases in the total immune cell numbers in 

tumours, increasing profiled immune-cell numbers to up to 2x105 cells in mouse #5. (Figure 5.5A). The average total 

immune cell count of profiled cell types from PBS tumours was approximately 5000 cells per tumour, which increased 

tenfold to ~55000 in DF4LDJ2R-treated tumours, with less than 300 cells for radiation treatment alone. Combination 

therapy treated mice showed an increase compared to radiation only, however infiltration was still minor with an 

average of ~1100 profiled immune cells recovered (Figure 5.5A). Interestingly, within TuBo tumours, virus treatment 

appeared to be the dominant factor for reprogramming of the immune cell profile and caused a noticeable difference 

in the overall composition of these cells thereby changing the immune cell landscape (Figure 5.5A). While PBS and 

radiation-only tumours were primarily dominated by PMN-MDSCS, shown in purple, tumours that were infected with 

virus, whether irradiated of not, displayed reduced PMN-MDSCs and were primarily dominated by increased CD8+ T 

cells, shown in aqua (Figure 5.5A).  

 

 In assessing the individual cell types, there were statistically significant differences in TIL infiltration between 

treatment groups. Overall numbers of T cells were decreased when comparing radiation-only treated tumours to virus-

only treatment, which was reflected in reductions in CD8+, CD4+, and Tregs cells (Figure 5.5B-E). However, the addition 

of virus-treatment to irradiated tumours in the combination therapy group partially recovered T cell numbers, causing 

slight increases in all T cell populations relative to radiation-alone treatment, with Tregs in combination-treated 

tumours still significantly reduced compared to virus treatment. With respect to MDSCs, radiation and combination 

therapy groups both had reduced M-MDSCs and PMN-MDSCs relative to virus-only treated tumours. These patterns 

in TIL changes were consistent even after normalizing relative to tumour volume (Figure 5.6).  

 



 82 

 

Figure 5.6. Cell counts normalized to gram of tumour tissue from TuBo tumours. (A)CD3+ T cells (B), CD4+ T helper cells 

(C), CD8+ cytotoxic T cells (D), FoxP3+CD25+ Tregs cells (E), CD11b+ Ly6ChiLy6G- M-MDSCs (F), and CD11b+Ly6CmidLy6Ghi 

PMN-MDSCs detected in tumours. Data points are representative of individual mice where each mouse is represented 

by a different symbol, consistent across all graphs. Error bars depict + 95% CIs from the mean, where *p<0.05, 

**p<0.01 ***p<0.005 and ****p<0.005 assessed using ANOVA if data determined to be parametric and Kruskal-Wallis 

testing if data shown to be non-parametric 
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Figure 5.7. Combination therapy treatment reprograms the 4T1 TiME one week after virus therapy. A. Numbers of 

immune-cells isolated from tumours where each bar shows results from individual mice in each treatment group. X 

axis numbering refers to mice 1-5 in each group. B-G. Total numbers of CD3+ T cells (B), CD4+ T helper cells (C), CD8+ 

cytotoxic T cells (D), FoxP3+CD25+ Tregulatory cells (E), CD11b+ Ly6ChiLy6G- M-MDSCs (F), and CD11b+Ly6CmidLy6Ghi PMN-

MDSCs detected in tumours. Data points are representative of individual mice where each mouse is represented by a 

different symbol, consistent across all graphs. Error bars  depict + 95% CIs from the mean, where *p<0.05, **p<0.01 

***p<0.005 and ****p<0.005 assessed using ANOVA if data determined to be parametric and Kruskal-Wallis testing if 

data shown to be non-parametric.  
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 In assessing the TIL populations in 4T1 tumours after treatment, the immune cell profile was different than 

what was observed in TuBo tumours. In this instance, the immune cell composition of PBS-treated tumours was more 

similar to DF4LDJ2R virus treatment alone, and both irradiated tumour groups were more similar to each other than 

to non-irradiated tumours (Figure 5.7A). Similar to the TuBo model, the highest numbers of profiled immune cells 

found within tumours was the DF4LDJ2R treatment group, which had an average of over 100 000 immune cells in 

tumours, with PBS having ~40 000, combination therapy with ~4000 and radiation alone with ~3000 cells average 

found infiltrating tumours. Both PBS and virus treated tumours seemed to be dominated by CD4+ T cells and CD8+ T 

cells, and in the irradiated groups, PMN-MDSCs were the dominant immune cell type compared to the other cells 

(Figure 5.7A).  

 

 In individually assessing numbers of each cell type found in tumours, again, virus treated tumours had the 

highest numbers all T cell populations and MDSC populations (Figure 5.7B-G). These cell types were all statistically less 

in the radiation-only treated groups with the exception of PMN-MDSCs where there was no statistical difference 

between treatment groups based on total cell numbers in tumours. In the combination therapy group, Tregs and M-

MDSCs were reduced relative to virus or PBS treatment, and there were no statistical differences between radiation 

only and combination therapy treatment. However, similar to the TuBo tumour model, there was a slight increase in 

CD8+ T cell numbers when comparing radiation only to combination treated tumours, which increased from an 

average of 260 CD8+ T cells recovered from radiation-treated tumours, which doubled to approximately 580 CD8+ T 

cells in the combination therapy group (Figure 5.7D). The patterns observed in immune cell changes were consistent 

after normalization to the weight of the tumours, albeit with less statistical significance (Figure 5.8) 

 

 Collectively, the TiME appeared to show positive immune cell population changes, increasing CD8+ T cell 

numbers, and a general decrease in suppressive cell populations, with these presumably favourable changes being 

more pronounced in the TuBo tumour model. Typically, as CD8+ T cells act against the tumour and Tregs and MDSCs 

suppress CD8+ immune responses, an increase in CD8+ cells and a decrease in MDSCs should be indicative of a 

favourable and therapeutically beneficial immune cell repertoire. However, we know from our regression and survival 

experiments that this is not the case, and therefore something else must be contributing the lack of therapeutic 

efficacy. However, simply assessing T-cell numbers is not the only parameter to consider when looking at immune 

stimulation. With recent advances in cancer immunotherapy analysis demonstrating that CD8+ T cell characteristics 

such as activation and checkpoint expression status are imperative for a functional anti-tumour immune response, we 

decided to further examine the properties of the CD8+ T cells recovered from the spleens and tumours of treated 

mice.  



 85 

 

Figure 5.8. Cell counts normalized to gram of tumour tissue from 4T1 tumours. (A)CD3+ T cells (B), CD4+ T helper cells 

(C), CD8+ cytotoxic T cells (D), FoxP3+CD25+ Tregs cells (E), CD11b+ Ly6ChiLy6G- M-MDSCs (F), and CD11b+Ly6CmidLy6Ghi 

PMN-MDSCs detected in tumours. Data points are representative of individual mice where each mouse is represented 

by a different symbol, consistent across all graphs. Error bars  depict + 95% CIs from the mean, where *p<0.05, 

**p<0.01 ***p<0.005 and ****p<0.005 assessed using ANOVA if data determined to be parametric and Kruskal-Wallis 

testing if data shown to be non-parametric 
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Figure 5.9. Treatment of TuBo tumours with radiation and/or DF4LDJ2R VACV therapy generates T-cells with specificity 

to viral and tumour epitopes. A&B. Percent of A56R VACV tetramer+ (A) or p66 HER2/neu tetramer+ (B) CD8+ T cells 

isolated from spleens of treated mice one week following the final virus treatment. C&D. Numbers of tumour 

infiltrating A56R VACV tetramer+ (C) or p66 HER2/neu tetramer+ (D) CD8+ T cells isolated from TuBo tumours one 

week following the final virus treatment. Data points are representative of individual mice where each mouse is 

represented by a different symbol, consistent across all graphs. Error bars  depict +/- 95% CIs from the mean, where 

*p<0.05, **p<0.01 ***p<0.005 and ****p<0.005 assessed using Kruskal-Wallis testing.   

 

5.2.3 Treatment of TuBo tumours with radiation and/or DF4LDJ2R VACV therapy generates T-cells with specificity 

to viral and tumour epitopes 
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 After observing increased numbers of CD8+ T cells in spleens and tumours, we further characterized these T 

cells to determine how combination therapy was impacting immune responses of these treatment(s).  We first 

employed H2kd-restricted tetramers to detect T-cell receptors (TCRs) targeting virus or tumour peptide antigens. TuBo 

cells express HER2/neu+, and therefore tetramer staining of TCRs binding the immunodominant HER2/neu p66 peptide 

epitope were used to detect T cells targeting TuBo tumour epitopes327. Likewise, tetramers were used to detect the 

TCRs that recognize VACV A56 protein epitopes, the immunodominant VACV epitope for our VACV strain in BALB/C 

mice328, as a surrogate for assessing T-cell responses to VACV infection.  We noted that while VACV-targeted T cells 

were increased one week after tumour treatment in spleens, we did not see any differences between the control and 

treatment groups with respect to HER2/neu-directed T cell responses (Figure 5.9A). This might be due to the 

differences in the rate at which T-cell responses are mounted and amplified against infectious pathogens, typically 

within one week after exposure, versus responses generated against cancer antigens, which tend to take two weeks 

or longer. When we typed the T cells isolated from the tumour site, we detected both anti-viral and anti-tumour CD8+ 

T cells (Figure 5.9B). T cell numbers targeting both tumour and virus were highest in DF4LDJ2R treated mice and were 

lowest in radiation treatment. Although not statistically significant, we noted an increase in TuBo tetramer+ CD8+ T 

cells in combination therapy treated tumours relative to tumours treated with radiation alone, suggesting that there 

are T-cells being generated against the tumour antigens in the combination therapy group. Thus, the lack of 

therapeutic efficacy is unlikely to be due to the inability of T-cells to target tumour epitopes in mice treated with 

combination therapy. This agrees with data shown in the previous chapter, which demonstrated secondary tumour 

rejection in combination therapy treated mice after challenge, showing functional anti-tumour immunity is generated 

in mice which have cleared their primary tumour.  

 

5.2.4 Combination therapy increases T cell activation and immune checkpoint expression 

 We also evaluated CD69 expression on T cells isolated from spleens and tumours of mice bearing TuBo 

tumours as a marker of T cell activation180. We noted that virus treatment, either alone or in combination with IG-RT, 

increased CD8+ T cell activation in spleens. In tumours the numbers of activated CD69+ CD8+ T cells was highest in 

the virus treated group, and lowest in radiation-only treated tumours, with a small increase in the combination 

therapy group relative to radiation only (Figure 5.10C).  

 

 Collectively, these data suggest that CD8+ T cells targeting both viral and tumour antigens are present after 

combination therapy, and that the T cells at the tumour site are activated. This anti-tumour immunity is functional, 

and is sufficient to prevent the establishment of secondary tumours. 
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Figure 5.10. Treatment of TuBo tumours with DF4LDJ2R VACV therapy activates CD8+ T cells. A&B. Percent of CD69+ 

CD8+ T cells isolated from spleens or tumours of mice one week following the final virus treatment. Data points are 

representative of individual mice where each mouse is represented by a different symbol, consistent across all graphs. 

Error bars  depict +/- 95% CIs from the mean, where *p<0.05, **p<0.01 ***p<0.005 and ****p<0.005 assessed using 

Kruskal-Wallis testing.   
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Figure 5.11. Combination therapy increases immune checkpoint expression in the tumour microenvironment. A) 

Percentage of PD-1+ CD4 or CD8 T cells isolated from spleens and tumours after treatment in the TuBo mammary 

tumour model (A) or 4T1 tumour model (B) one week after the final virus treatment. (C) PD-L1 expression on CD45- 

cells isolated from TuBo tumours one week after the final virus treatment represented as percent PD-L1 + cells (left) 

and median fluorescence intensity (right). Data points are representative of individual mice where each mouse is 

represented by a different symbol, consistent across all graphs. Error bars depict +/- 95% CIs from the mean, where 

*p<0.05, **p<0.01 ***p<0.005 and ****p<0.005 assessed using one-way ANOVA where data was shown to be 

parametric or Kruskal-Wallis testing if data was non-parametric.  

 

 We wanted to assess if negative regulators of immune responses were being selectively altered by 

combination therapy. As a first step, we measured PD-1 expression on T cells isolated from spleens and tumours 

(Figure 5.11), where overexpression of PD-1 on CD8+ T cells is considered an indicator of immune exhaustion. We 

observed that PD-1 was upregulated on CD4+ and CD8+ T cells in spleens of both the TuBo and 4T1 tumour model 
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(Figure 5.11A,B). PBS and radiation-only treated mice had low levels of PD-1 expression: <10% for CD4+ T cells and 

<5% for CD8+ T cells. Virus or combination therapy treated mice exhibited higher percentages of PD-1 positive T cells, 

which were >15% in spleens of TuBo treated mice for CD4+ T cells, and >10% for CD8+ T cells. In the 4T1 model, CD4+ 

T cells were reduced in mice treated with radiation only, where PD-1 expression was found on ~5% of CD4+ T cells, 

and about 6-7% for virus or combination-therapy treated mice. On CD8+ T cells, virus and combination therapy treated 

increased the percentage of PD-1+ CD8+ T cells to ~12%.  

 

 In tumours, the differences in PD-1 expression between treatments was not as profound as the differences 

between treatment groups observed in splenocyte samples. However, the total percentage of PD-1+ cells on T cells in 

tumours was much higher than in spleens. In the TuBo tumour model, PD-1 expression was lowest in the radiation-

treatment group, averaging ~40% positive on CD4+ cells and 20% for CD8+ cells. With PBS treatment, ~40% of CD4+ 

and ~40% of CD8+ T cells were PD-1+. This increased to ~60% on CD4+ cells after treatment with either virus alone or 

combination therapy, and for CD8+ T cells, ~60% were PD-1+ after virus-only treatment or 40% after combination-

therapy treatment. In the 4T1 model, PD-1 expression on CD4+ cells was more similar between groups, at 

approximately 15-20% after PBS, radiation, and combination therapy treatment and ~10% after virus treatment alone. 

Similarly, ~40% of CD8+ T cells were PD-1 positive in all groups in 4T1 timours. In tumours, overall, PD-1 expression 

was more variable than what was observed in tumours. For instance, in the 4T1 tumour model after virus treatment, 

CD8+ TILS had anywhere from 5% PD-1+ cells up to 70% PD-1+ cells, suggesting intratumoural PD-1 expression on TILs 

is more variable compared to PD-1 expression in spleens.  

 

 PD-1 suppresses T cell responses upon binding to a ligand, PD-L1 or PD-L2, and these ligands are expressed 

on tumour cells196,329. So we also measured the levels of PD-L1 expression on CD45- cells (non-immune cells) isolated 

from TuBo tumours. We found that radiation therapy, both with and without virus treatment, increased the 

percentage of PD-L1+ CD45- cells in tumours relative to PBS treated tumours (Figure 5.11). While not statistically 

significant, the MFI of PD-L1 was highest in mice treated with virus plus IG-RT (Figure 5.10). Collectively, these data 

show that the combination of radiation and oncolytic VACV increased the immune checkpoint receptor PD-1 and its 

ligand PD-L1 in the immune-cell microenvironment of mammary tumours.  

 

  



 91 

 
Figure 5.12. Anti-PD-1 checkpoint inhibition does not reverse the antagonism of radiation + DF4LDJ2R combination 
therapy. A) Experimental outline to assess triple- combination therapy. Orthotopic TuBo tumours in BALB/C mice were 
irradiated with 10 Gy radiation, transported to the Katz BSL-2 vivarium and treated with three intratumoural doses of 
107 plaque forming units of DF4LDJ2R VACV. Intraperitoneal (IP) doses of 200 ug of anti-PD-1 antibody were 
administered twice per week for three weeks. Tumour volume was measured twice per week for the duration of the 
study. B) Kaplan-Meir curve comparing survival of mice administered each treatment regimen. MS- median survival 
time. P values determine from Log-rank (Mantel-Cox) testing comparing individual growth curves C-G) Individual 
tumour growth curves of mice shown in B), with CR- complete responses and PR- partial responses shown on the 
graph. CRs defined as no detectable tumour mass at day 150, and partial responses defined as a tumour mass that 
was had no change in tumour size or a reduction in size for a period of 50 days, after which remission occurred. N=5 
for PBS + anti-PD1 and radiation + PBS + anti-PD-1 treatment groups, and N=8 for the remaining groups.  
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5.2.5 Anti-PD-1 checkpoint inhibition does not reverse the antagonism of radiation + DF4LDJ2R combination 

therapy. 

 Despite combination therapy eliciting favourable immune cell stimulation as determined by increased CD8+ 

T cell infiltration, the combination of the two therapies was shown to decrease survival relative to mice treated with 

radiation only (Figure 4.5).  As PD-1 expression was elevated in the combination-therapy treated tumour groups, this 

led us to postulate that combination therapy was accelerating immune-exhaustion, limiting the cytotoxic effects of 

these T-cells. To determine if T-cell exhaustion by increased PD-1 expression was contributing to the antagonistic 

interaction between DF4LDJ2R VACV and irradiation, we decided to test if checkpoint inhibition by anti-PD-1 antibody 

therapy could reverse the antagonism observed. To test this, we again made use of the TuBo tumour model and 

followed the same treatment schedule as in prior experiments, where tumours are established, irradiated, and treated 

with three intra-tumoural doses of DF4LDJ2R. Anti-PD-1 antibody (200 µg per dose) was then given via intraperitoneal 

injection twice per week for the next 3 weeks (Figure 5.12A). 

 

 However, despite the increases in PD-1 and PD-L1, adding an anti-PD-1 checkpoint therapy to the treatment 

regimen did not reverse the antagonism (Figure 5.12B-E). Checkpoint inhibitor therapy did not improve therapeutic 

responses, and overall mouse survival was unchanged compared to radiation + virus + isotype control groups. Triple 

combination therapy was less effective and decreased survival compared to radiation alone (P=0.02) and was no 

different than when radiation was combined with virus on its own. This suggests that immune cell exhaustion is not 

contributing to the antagonism observed in tumour clearance, and another mechanism must be contributing towards 

the negative interplay between radiation and VACV oncolytic virotherapy. 

 

5.3 Discussion 

 In the previous chapter, it was shown that combining radiation with oncolytic DF4LDJ2R VACV is synergistic 

in vitro, but antagonistic in vivo. This antagonism was dependent on the timing of virus administration, but later dosing 

still did not improve therapeutic outcomes. In the current chapter, the tumour immune cell microenvironment (TiME) 

was assessed in an attempt to determine possible mechanisms and immune mediated changes that could explain the 

antagonism observed. However, this antagonism occurred despite favourable changes to the TiME, such as increased 

CD8+ T cells and increased T-cell activation. Although PD-1 and PD-L1 expression was elevated after treatment, 

checkpoint inhibition did not reverse the in vivo antagonism.  

 

 When attempting to dissect possible mechanisms for the reduced efficacy of combination therapy, we 

focused our efforts on investigating immune responses. This was due to the observation that on a direct cellular level, 

virus and radiation were synergistic in vitro, and only when tested in an immune-competent animal model did the 

antagonism become apparent. The majority of our analyses suggested that the changes induced in the TiME were 

generally favourable. Suppressive MDSC populations were decreased, while CD8+ T cells were increased. And despite 
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elevated regulatory T cells, the ratio of CD8+ T cells to Tregs remained consistent between treatments, suggesting that 

the increase in Tregs was likely not the cause of the antagonism.  

 

 We did see notable differences in the distribution of HER2/neu TCR+ CD8+ T cells. Such cells were not found 

in the spleen but were detected in tumours. In contrast, VACV TCR+ CD8+ T cells were detected at both sites. This 

might reflect differences due to increased TCR affinity to viral epitopes compared to cancer epitopes, which may 

impact the rate at which T-cell responses are mounted and amplified against infectious pathogens versus cancer 

epitopes 330. The fact that we can detect such HER2/neu CD8+ T cells at the tumour site showed that there are T-cells 

being generated (or perhaps recruited) to the tumour that recognize tumour antigens in the combination group. 

However, despite the presence of these cells, and the presence of activated CD69+ CD8+ T cells, the tumours were 

not cleared. Whatever the reason for this lack of therapeutic efficacy, it is not due to the absence of the T-cells that 

target tumour epitopes in mice treated with IG-RT plus VACV.  

 

 Given that PD-1 and PD-L1 were both upregulated after combination therapy, we were surprised that adding 

checkpoint blockade therapy to the treatment schedule did not improve responses. The lack of response to anti-PD-1 

checkpoint therapy suggests that this antagonism is unrelated to PD-1-mediated exhaustion and arrest of T-cell 

function. In this study we did not assess the impact of other immune checkpoints, and this remains a possible avenue 

for future investigation. For example it has been shown that TIM-3 and T regulatory cell infiltration contribute to 

resistance in murine models of head and neck carcinoma after radiation and PD-L1 blockade145. As we only tested anti-

PD-1 therapy and not anti-PD-L1, we cannot rule out the possibility that PD-L1 engagement on tumour cells with CD80 

contributed to the negative responses and promoting tumour survival61,331.  

  

 Another factor that may need to be considered are the effects of combining radiation and VACV therapy on 

the tumour cells themselves. The immune response is important for the effectiveness of radiation 

therapy218,324,332,333and a mechanism of escape from radiation includes altered IFN signalling334. MHC expression is 

regulated by many signaling pathways, including NF-ΚB, and type I/II IFNs335,336. Importantly, VACV is known to 

interfere with the immune response, in particular with IFN signaling18,261. In this way, virus-induced changes to the 

microenvironment could impact responses in non-infected tumour cells by altered cytokine signaling or MHC 

downregulation. As deleting VACV genes that inhibit IFN signaling can increase the efficacy of oncolytic VACV-

immunotherapy162,175 it is possible that using different oncolytic VACV mutants would work differently when combined 

with IG-RT. 
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 Chapter 6: Anti-cancer efficacy of immunomodulatory gene deleted oncolytic VACVs in 

breast cancer models 
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6.1 Introduction 

 VACV has many attributes which make it a suitable cancer therapeutic, including a large coding capacity for 

transgenes, easy manipulation, a good safety profile, and the inability to integrate into the host genome12. VACVs are 

in clinical trials12, and there is continuing research aimed improving  the long lasting antitumor immunity by encoding 

cytokines like GM-CSF or IL-2 into the virus genome337,338.  VACV encodes many gene products that can suppress host 

immune responses which undermines the purpose(s) served by the aforementioned transgenes12,18. An alternative 

approach to increase the immunogenicity of oncolytic virotherapy involves deleting virus-encoded 

immunomodulatory genes, a strategy which has improved immune responses to recombinant vaccine 

vectors45,69,93,163,164. Although reports show that this strategy offers promise as a way of improving oncolytic 

therapies162, the “one-off” nature of each report (i.e. often investigating only one candidate gene per study and 

sometimes simultaneously encoding additional transgenes), makes it difficult to identify which gene targets and 

immune pathways offer the most promise.  

 

 In this chapter, I examined the therapeutic effects of deleting individual VACV immunomodulatory genes. 

Specifically, I determined whether any one of the several antiviral pathways targeted by VACV affects the efficacy of 

virotherapy in breast tumor models. I performed a head-to-head comparison of six isogenic mutant oncolytic VACVs, 

each harbouring gene deletions that modulate different cellular pathways [nucleotide metabolism, apoptosis, 

inflammation, and chemokine and interferon signalling (Table 1)]. All of these viruses were also mutated in the 

thymidine kinase locus (J2R), and were compared to a DJ2R mutant, as this is a common attenuating mutation12. In in 

vitro assays, I assessed if any of the immunogenic deletions would have an impact on virus growth and cytotoxicity in 

breast cancer cell lines, and also tested whether individual deletions caused the release of ATP and HMGB-1, which 

are indicators of immunogenic cell death (ICD). I also tested the tumour specificity and safety of these new viruses in 

animal models. Finally, we determined how these deletions altered the anti-tumour treatment efficacy in two 

orthotopic and syngeneic mouse breast tumor models. 

 

  Curiously, I observed that some gene deletions statistically increased survival in the non-immunogenic 4T1 

tumor model, but the therapeutic benefits were less clear in the HER2/neu+ TuBo model. Nevertheless, the most 

promising candidate genes for deletion were those previously identified as interfering with the IFN response, either 

directly [B8R83/B18R81], or indirectly by inhibiting components of the signalling pathways [C6L66,67, N1L62]. Collectively, 

this research helps determine which genetically encoded viral components are suppressing immune responses and 

should perhaps be removed to improve the oncolytic activity of VACV. It also suggests that although these virus 

mutations can modulate the TME of immunogenic tumours, the greatest statistical benefits in survival are attained in 

the context of non-immunogenic tumour models.  
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6.2 Results 

6.2.1 Construction of gene deleted VACVs 

 Previous studies have identified that deletion of VACV F1L, K7R, N1L, C6L, A41L, and B8R plus B18R genes 

enhance immune responses to recombinant vaccine vectors in vivo45,59,62,81,83,93,99,163,164,339,340, and these genes were 

selected for deletion (Table 6.1) Except for B18R alone, most have not been previously investigated in the context of 

cancer virotherapy162,341. For comparison, we also deleted F4L, the small subunit of ribonucleotide reductase, as this 

mutation renders recombinant viruses highly tumor selective while leaving the virus genes regulating immune 

signalling pathways intact119, and compared all viruses to the parental DJ2R virus from which the mutant viruses were 

derived. All of the mutant viruses were derived from a clonal isolate of WR strain VACV using traditional homologous 

recombination techniques to yield viruses with the target gene being replaced with a GPT marker fused to a fluorescent 

protein (Figure 6.1)119,149,284. PCR (primers found in Table 2.1) and full genome sequencing were used to confirm 

identity 

Table 6.1.  Target genes deleted to generate immunostimulatory oncolytic VACVs  

Gene Locus  Protein Product Function Pathway In vivo immune response in single gene-
deleted virus 

F4L VACWR-
043 

Small subunit of 
ribonucleotide reductase. 

Nucleotide biogenesis Induced anti-tumor immune responses in 
bladder cancer models, with superior 
safety compared to DJ2R-only virus119. 

F1L VACWR-
040 

Inhibitor of apoptosis and 
inflammasome. 

Apoptosis and 
inflammasome 
signaling 

Inhibited apoptosis and inflammasome 
activation, decreased caspase-1 and IL-1b 
secretion to increase inflammation in lungs 
of infected mice98,99.  

K7R VACWR-
039 

Binds TLR proteins, inhibits 
NF-κB, IRF3. Inhibits 
hetero-chromatin 
methylation. 

NF-κB & IRF3 
signaling55, 
heterochromatin 
regulation56 

Increased natural killer (NK) cell  infiltration 
and CD8+ T-cells, and enhanced MHCII 
presentation, enhanced cytolysis by NK 
cells and VACV specific CD8+ T-cells59. 

N1L VACWR-
028 

Virulence factor. NF-κB 
 inhibitor, possible 
apoptosis inhibitor. 

NF-κB and IRF3 
signaling62, apoptosis 
signaling63 (disputed)64 

Enhanced CD8 T- cell effector and memory 
responses, and increased T-cell 
cytotoxicity65. 

C6L VACWR-
022 

IRF3 inhibitor, IFN inhibitor 
through degradation of 
histone deacetylase 467. 

IRF3 and IFN signaling66 Enhanced VACV specific T-cells with 
increased cytotoxicity68, enhanced 
antibodies and protection against 
challenge69. 

A41L VACWR-
166 

Secreted protein. Proposed 
to disrupt chemokine 
concentration 
gradients22,92. 

Chemokine binding Increased VACV CD8+ T-cell responses, and 
enhanced protection against challenge93. 
Mutant was cleared more readily due to 
increased infiltration of leukocytes94. 

B18R 
 
 
 
B8R 

VACWR-
199 
 
 
VACVWR-
190 

Binds type I IFN (Soluble 
and surface), more 
effective against IFNα than 
β81. 
Soluble and binds secreted 
IFNγ83 

IFN signaling When combined, enhanced adaptive 
immune responses to HIV antigens85. 
Increased HIV and VACV-specific T-cell 
responses compared to TLR-targeting 
VACVs69. 
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Figure 6.1. Genomic maps of mutant VACV constructs neo, neomycin gene; gusA, β-glucuronidase gene; lacZ, β-

galactosidase gene; ITR, inverted terminal repeat; GPT, guanine phosphoribosyltransferase; Yfp, yellow fluorescent 

protein; loxP, target loxP DNA sequence; mCh, mCherry fluorescent protein; nm, no marker. 

 

6.2.2 Immunogenic gene deletions do not impact in vitro characteristics, but DF4LDJ2R is attenuated 

 When one examines the relationship between virus amplification in vitro and cell killing over 72 hr, most of 

the mutations had little effect on either phenotype when compared to the DJ2R virus (Figure 6.2A,B). In particular, the 
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viruses were equally cytotoxic in both TuBo and 4T1 cells when plated at equal multiplicity of infections (MOIs) (Figure 

6.2B). The DF4LDJ2R virus was an exception to this rule, where two different phenotypes were observed depending 

upon the cell type. In TuBo cells the DF4LDJ2R virus grew more slowly than the DJ2R virus and was 30% less cytotoxic 

than other viruses at comparable MOIs (Figure 6.2B). However, this effect was cell-line dependent as the DF4LDJ2R 

virus grew quite poorly in 4T1 cells and yet exhibited comparable levels of cell killing as seen with the other viruses. 

Collectively, the data show that deleting these immunomodulatory genes has little effect on VACV growth and does 

not affect cytotoxicity in vitro, whereas deleting the F4L gene can sometimes inhibit replication and reduce 

cytotoxicity, at least in certain (TuBo) cells. 

 

 
Figure 6.2. In vitro growth and cytotoxicity in murine mammary carcinoma cell lines. A) Viral growth kinetics of mutant 

VACVs on TuBo and 4T1 cells. Significance calculated at the 72-hour time point relative to DJ2R VACV using one-way 

ANOVA shown in the figure legends. B) Resazurin assay of cell viability 72 hours post infection in TuBo and 4T1 cells. 

Two-way ANOVA comparing cell viability after each virus treatment relative to parental DJ2R was used with Dunnett’s 

multiple comparisons correction and is shown on the graph at applicable points. Error bars denote +/- SEM from three 

experimental replicates. *p<0.05, **p<0.01 ***p<0.001 ****p<0.0001 
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Figure 6.3. Immunogenic VACV cause release of markers of ICD. A Fold change in ATP release relative to untreated 

(mock-infected cells) as measured using a bioluminescence assay from the media of virus-infected TUBO cell lines 24 

hours post infection at an MOI of 3. One-way ANOVA of each virus compared to DJ2R shows no significant differences. 

B. Fold change in HMGB-1 release relative to untreated (mock-infected cells) as measured using ELISA from the media 

of virus-infected TUBO cells 72 hours post infection. One-way ANOVA of each virus compared to DJ2R shows no 

significant differences. Data shown from 3 independent experiments. Error bars ± SEM. 

 
 We wanted to determine if any gene deletions in our newly synthesized VACVs had an impact on the release 

of DAMPs known to be indicative of immunogenic cell death (ICD)342. These assays are typically used to assess 

treatments in vitro which should stimulate an immune response in vivo. We evaluated the release of two of the most-

well known ICD indicators, ATP and HMGB-1. A bioluminescence-based assay was used to determine ATP levels in 

media 72 hours following infection with the viruses at an MOI of 3.  It was found that none of the viruses tested 

significantly increased the release of ATP from infected TuBo cells (Figure 6.3A). HMGB-1 in the media was also tested 

using a commercial ELISA kit. In this assay, virus infection caused a release of HMGB-1 into the medium relative to 

mock-infected cells, however there was no difference in HMGB-1 release from the newly deleted virus mutants 

compared to the parental DJ2R virus (Figure 6.3B). We attempted to assess a third indictor of ICD, which is 

translocation of calreticulin to the cell surface. However, we were unable to detect this DAMP at the cell surface using 

flow cytometry, imaging cytometry, or by fluorescence-microscopy assays with known ICD-inducing agents 

mitoxantrone and doxorubicin due to autofluorescence caused by treatment.  

 

6.2.3  All VACVs were safe, and virus replication was restricted to the tumour 

 The safety and biodistribution of the mutant VACVs were tested in vivo in two different orthotopic and 

syngeneic models of breast cancer. After the tumors became palpable (~30 mm3), three doses of each virus at 1x107 

PFU or PBS as an injection control were given by intratumoral injection at 48 hr intervals (Figure 6.4A).  No significant 
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weight loss or adverse events associated with virus treatment were observed in either model, indicating that all of the 

recombinant viruses were safe (Figure 6.4B, C). Live viruses were isolated from most of the TuBo tumors three weeks 

after virus treatment, although VACV DF4LDJ2R was not detected in any sample (Figure 6.4D).  In 4T1 tumors, which 

grow more rapidly than TuBo tumors, virus growth and biodistribution were assessed two weeks after virus treatment.  

In this model, virus was recovered from tumors in all the groups (Figure 6.4E), but not in spleens, ovaries, kidneys or 

liver, suggesting that these are tumor selective viruses. Collectively, these data suggest that all the recombinant viruses 

are safe, and that virus replication is restricted to tumors without dissemination to distant organs. 
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Figure 6.4. All immunomodulatory VACVs were safe in vivo, and virus replication was restricted to tumors. A. 
Experimental design to assess safety, biodistribution, and immune-microenvironment changes after treatment with 
mutant oncolytic viruses. 8-13-week-old female BALB/C mice were injected with tumor cells into the mammary fat 

pad. Once palpable, three intratumoral 1x10
7
 PFU doses of VACVs were administered. Mice were euthanized after 14 

days (4T1), or 21 days (TuBo). Tumors and organs were collected for immune-analysis and viral titering. B&C. Weight 
change from baseline of mice during treatment with oncolytic VACVs in the TuBo(B) and 4T1(C) tumor model. D&E. 
Virus titers isolated from tumors where dotted line shows the limit of detection. ND- not detected.  
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6.2.4 Mutant VACVs alter therapeutic outcomes in two breast tumour models 

 Next, we monitored tumor regression and mouse survival in the TuBo breast tumor model. TuBo tumors are 

derived from a mammary carcinoma of HER2/neu transgenic mice, and therefore over-express rat HER2/neu232. It is 

considered an immunogenic HER2+ mammary tumor model and is also characterized by relatively slow growth with 

no ability to form metastasis235.  

 

 Tumors were treated as described above (Figure 6.4A) and tumor growth was compared to both untreated 

controls (PBS) and to VACV DJ2R-treated controls (Figure 6.5). The VACV DJ2R mutant significantly decreased the rate 

of tumor growth in the TuBo model compared to the PBS-treated controls (Figure 6.5B). However, none of the 

recombinant VACV produced any further improvement in the antitumor response compared to DJ2R. In fact, DF4LDJ2R 

and DF1LDJ2R showed significantly higher tumor volumes at day 60 when compared to DJ2R-treated tumors (Figure 

6.5B). The tumor volumes after treatment with DK7RDJ2R, DN1LDJ2R, DC6LDJ2R, DA41LDJ2R, or DB8RDB18RDJ2R 

viruses (at 60 days) were not statistically different compared to DJ2R alone. We examined the long-term survival, 

following the animals out to 300 days post-treatment. Virus treatment initially appeared to significantly increase 

survival relative to PBS treatment (Figure 6.5C). Gehan-Breslow Wilcoxon significance testing of survival curves yielded 

p=0.05 when comparing survival of PBS treated mice to DC6LDJ2R treated mice, and p=0.03 when comparing DJ2R 

treated mice to DF4LDJ2R. However, these values were deemed not significant, as the Bonferroni-corrected multiple 

comparisons threshold for significance was determined to be p<0.003. These results showed that no virus treatment 

significantly impacted mouse survival relative to untreated mice, and nor did any gene deletion significantly change 

survival compared to the parental DJ2R virus in this model.  

 

 Although no significant changes in overall survival were observed, the DB8RDB18RDJ2R virus treatment 

produced the highest median survival time of 192.5 days, followed by DC6LDJ2R and DN1LDJ2R viruses at 163 and 

159.5 days, respectively, while the median survival of PBS controls was just 87.5 days (Figure 6.5C). The 

DB8RDB18RDJ2R and DN1LDJ2R treatments also yielded the highest number of complete responses (CR) with 4/8 CR 

(50%) per group, determined as no detectable tumor mass at the end of the experiment (Figure 6.5A,C). Treatment 

with VACV DC6LDJ2R produced 3/8 CR (37.5%) and one partial response (PR). The DJ2R, DF1LDJ2R, and DK7RDJ2R 

mutants each also showed 3/8 (37.5%) CRs, followed by DA41LDJ2R with 2/8 CR (25%) and DF4LDJ2R with 1/8 CR 

(12.5%) (Figure 6.5A,C). No CRs were seen with PBS-treated tumors although one PR was observed (Figure 6.5A,C). To 

determine if treated mice had acquired antitumor immunity, mice with stable or undetectable tumors at day 150 were 

re-challenged with fresh TuBo cells in the opposite mammary fat pad. While tumors appeared within 10 days in all of 

the naïve age-matched control mice, all but one of the 24 mice that had cleared a TuBo tumor rejected the implanted 

cells. The one exception was a mouse treated with VACV DF1LDJ2R. It developed a palpable tumor that still eventually 

cleared (Figure 6.5D).  
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 The 4T1 tumor model is derived from a spontaneously-arising BALB/c mammary tumor, is poorly 

immunogenic, has rapid growth, and is highly metastatic236. We can find no reports of 4T1-specific neo-antigens that 

can be used to detect tumor-specific T-cell responses in this model. Due to the rapid growth and metastasis of 4T1 

tumors to the lungs, it was an animal welfare issue, rather than tumor volume, that was used to determine the 

endpoint.  Mice were euthanized at the first behavioural indicators of distress, mainly the cessation of grooming, 

weight loss, and squinted eyes or hunched posture.  

 

 In the more aggressive, non-immunogenic 4T1 tumor model, all of the virus treatments delayed tumor growth 

at day 18 relative to the PBS-treated tumors (Figure 6.6A,B). It was also quite striking that in this model, most of the 

new viruses, except the DF4LDJ2R and DF1LDJ2R strains, improved survival relative to DJ2R treated mice (Figure 6.6C). 

This correlated with TuBo data where we saw that the DF4LDJ2R and DF1LDJ2R VACV were less effective than the DJ2R 

control virus at slowing growth. Although the gained survival benefit was statistically significant, the actual extension 

of lifespan was minor (Figure 6.6C). The median survival of VACV DC6LDJ2R-treated mice was 26 days compared with 

22 days for PBS treated (Figure 6.6C). This difference was probably explained by the fact that the VACV DC6LDJ2R-

treated mice had an average of 1000 metastatic cells in the lungs when they reached endpoint, whereas 10- and 100-

fold more cells were detected in the DJ2R- and PBS-treated animals, respectively (Figure 6.6D).  

 

 Collectively, these data showed that additional immunogenic deletions did not significantly improve survival 

in a TuBo immunogenic tumor model and may only have minor impacts on tumor regression, median survival length 

and incidences of complete and partial responses compared to DJ2R. However, in non-immunogenic 4T1 tumors, 

immunogenic gene deleted VACVs imparted a survival benefit relative to the parental DJ2R virus. Moreover, where 

benefits could be detected they were associated with mutations in the B18R/B8R, C6L, N1L, and K7R genes, all of which 

modulated the interferon response59,62,66,67,81,83. The F1L and F4L mutations, which promote apoptosis 98,99 and tumor 

specificity119, respectively, did not offer advantages in these breast cancer models, and the DA41L mutation, which 

impairs chemokine signaling22,92,  only enhanced survival in the 4T1 model. 
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Figure 6.5 .Mutant VACVs alter therapeutic outcomes in the immunogenic HER2/neu+ TuBo tumour model A. Individual tumor growth for each mouse in TuBo 

tumors treated with immunostimulatory oncolytic VACVs. B. Average tumor volume until first death observed in each group. Error bars show ± 1 SD from mean. 

Two-way ANOVA was used to evaluate differences in tumor growth over time compared to DJ2R treatment until first non-censored death at day 60; *p<0.05, 

**P<0.001, ****P<0.0001. B. Kaplan-Meir survival plot of data shown in A&B. C. Individual tumor volumes of mice re-challenged with TuBo tumors in the opposite 

mammary fat pad after stable disease to determine establishment of antitumor immunity. Partial responses (PR) indicate where tumor growth is undetected or 

stagnant for a prolonged period but eventually recurs, or complete responses (CR), where tumors are undetectable, and a secondary tumor challenge was rejected. 
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Figure 6.6.Mutant VACVs alter therapeutic outcomes in the non-immunogenic and metastatic 4T1 tumour model A. Individual tumor growth for each mouse in 

4T1 tumors treated with immunostimulatory oncolytic VACVs. B. Average tumor volume until first death observed in each group. Error bars show ± 1 SD from 

mean. Two-way ANOVA was used to evaluate differences in tumor growth over time compared to DJ2R treatment until first non-censored death at day 18; *p<0.05, 

**p<0.01***P<0.001, ****P<0.0001. C. Kaplan-Meir survival plot of data shown in A&B with median survival (MS) indicated next to the legend. D. Lung metastasis 

analysis as determined by colony formation assays of digested lung tissue plated under 6-thioguanine. N=8-9 mice per group
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6.3 Discussion 

 Numerous oncolytic VACVs have been developed that harbour deletions of various viral genes12, and many 

target genes have been suggested for removal from VACV to increase antitumor immunity12.  To our knowledge, 

however, there have been no systematic attempts at deciphering which gene deletions have an impact on a tumor 

bearing host, and what the relative contribution of gene removal has in the overall immune response against the virus 

in this context. Here we sought to decipher how removal of genes from the VACV genome could impact immune cells 

in the TME post-oncolytic virus treatment. We removed eight different genes from VACV and compared the effects of 

these deletions in head-to-head comparisons in immune-competent breast tumor models.  

 

 Overall, we observed that gene deleted viruses imparted a more significant survival benefit in our non-

immunogenic 4T1 tumor model than they did in our immunogenic TuBo tumor model, despite these viruses causing 

more drastic changes to the TME in the TuBo model. This suggests that minor tweaks to the virus genome used to 

manipulate the TME even slightly may be more beneficial in non-immunogenic or more aggressive tumor models, 

where slight changes in the immune response may impart more therapeutic benefits.  

  

 Throughout these studies we determined a few candidate gene deletions that warrant further analysis. In the 

TuBo tumor model, DB8RDB18RDJ2R and DN1LDJ2R had more complete responses than DJ2R. These two viruses, 

along with DC6LDJ2R improved median survival. In the 4T1 tumor model these viruses all statistically improved survival 

relative to DJ2R treatment. These promising candidates are all viruses with gene deletions that either directly inhibit 

interferon responses [DB8R83, DB18R81], or indirectly interfere with interferon signalling through NF-κB or IRF3 

inhibition [DC6L66,67, DN1L62, DK7R59]. This suggests that removal of VACV genes that inhibit interferon signalling may 

be a promising strategy for improving oncolytic VACV therapy. This is in agreement with previous studies that show 

targeting IFN pathways by deletion of B18R enhances therapeutic efficacy of oncolytic VACV in cancer models, 

however this may be improved with the additional removal of B8R162,343. A recent report also showed that a DN1LDTK 

virus was more effective than DJ2R alone in treating flank models of lung cancer344. This is not surprising given the 

mounting body of evidence suggesting that IFN signalling is critical for the success of cancer immunotherapies345–347.  

  

 A few VACV deletions in the models tested did not cause any survival improvement or therapeutic 

enhancement. VACV DF1LDJ2R did not cause substantial changes to the immune response relative to DJ2R and was 

less effective than DJ2R alone in controlling tumor growth in the TuBo tumor model. It also did not impart a survival 

benefit in the 4T1 tumor model compared to DJ2R, whereas the rest of our immunogenic knockout viruses did improve 

this response. It can be noted, however, that a DF1LDJ2R virus is more effective than DJ2R alone in treating 

subcutaneous colon tumors in mice348. Similarly, DF4LDJ2R VACV, which demonstrated superior safety and equal 

treatment efficacy in bladder tumor models compared to a DJ2R VACV119, was not therapeutically superior in 4T1 or 
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TuBo breast tumor models. This suggests that certain oncolytic viruses and the immunological changes they induce 

may be beneficial in one circumstance or tumor type, while being potentially unhelpful in other tumor types.  
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 Chapter 7: Tumor immune-cell microenvironment alterations of immunomodulatory gene-

deleted oncolytic VACVs in breast cancer models  

  



 110 

Preface 

A portion of this chapter has been published in the manuscript: 

Umer BA, Noyce RS, Franczak BC, Shenouda MM, Kelly RG, Favis NA, Desaulniers M, Baldwin TA, Hitt M, and Evans DH. 

Deciphering the immunomodulatory capacity of oncolytic vaccinia virus to enhance the immune response in breast 

tumours, Cancer Immunology Research, (8)618-31.  

 

Permissions: Cancer Immunology Research of the American Association for Cancer Research (AACR) States: “Authors 

of articles published in AACR journals are permitted to use their article or parts of their article in the following ways 

without requesting permission from the AACR. All such uses must include appropriate attribution to the original AACR 

publication. Authors may do the following as applicable: 

1. Reproduce parts of their article, including figures and tables, in books, reviews, or subsequent research 

articles they write; 

2. Use parts of their article in presentations, including figures downloaded into PowerPoint, which can be done 

directly from the journal's website; 

3. Post the accepted version of their article (after revisions resulting from peer review, but before editing and 

formatting) on their institutional website, if this is required by their institution. The version on the institutional 

repository must contain a link to the final, published version of the article on the AACR journal website so 

that any subsequent corrections to the published record will continue to be available to the broadest 

readership. The posted version may be released publicly (made open to anyone) 12 months after its 

publication in the journal; 

4. Submit a copy of the article to a doctoral candidate's university in support of a doctoral thesis or dissertation. 

 

  



 111 

7.1 Introduction 

 In the previous chapter I investigated how deletion of immunomodulatory genes from VACV could impact 

treatment outcomes in murine models of breast cancer. As a major component in the efficacy of OV therapy is the 

immune response to tumour infection, in the current chapter I analyzed the tumour immune cell microenvironment 

(TiME) after treatment with each of the mutant viruses to determine the impact of these gene deletions on the 

immune response of the host. The objective of these studies was to determine how each individual gene deletion 

contributed to sustained changes or “reprogramming” of the TiME and to utilize this knowledge to direct and guide 

immune responses of the host to futher improve the benefits of treatment.  

 

  To assess immune responses I again utilized the TuBo and 4T1 orthotopic syngeneic murine mammary 

tumour models. I assessed immune responses after treatment with the mutant VACVs previously described in Chapter 

6; DF4LDJ2R, DF1LDJ2R, DK7RDJ2R, DN1LDJ2R, DC6LDJ2R, DA41LDJ2R, DB8RDB18RDJ2R compared to the parental 

DJ2R VACV and PBS as a control. In both models, I performed a general assessment of the immune cell composition in 

both tumours and spleens, focusing on major cell types such as CD4+ and CD8+ T cells, Tregs, and M/PMN-MDSCs. I 

then honed in on lymphocyte parameters that provide insight into the activity of these cells, such as markers of 

activation (CD69), checkpoint expression (PD-1 and PD-L1), and T-cell receptor specificity (tetramer staining). Finally, 

I performed an analysis of serum cytokines to determine the effects on systemic circulating cytokines after treatment 

with these viruses.  

 

7.2 Results 

I first started these investigations by characterizing the immune cell compartment in tumors and spleens of 

both the TuBo and 4T1 tumour models. To determine if virus treatments caused lasting alterations to the TME we 

waited three weeks after the last virus injection in the TuBo model, and two weeks in the 4T1 model to assess immune-

cell subtypes in the tumors and spleens.  

 

7.2.1 Mutant VACVs alter immune responses in TuBo and 4T1 tumours 

 Overall, the immune cell composition within tumors varied greatly between the TuBo and 4T1 tumour models 

(Figure 7.1, Figure 7.2A), both in number and cell types. When qualitatively comparing the immune cell composition 

after virus-treatment compared to PBS-treated tumours, the general compositions were similar, but differed in the 

magnitude of infiltrating cell numbers (Figure 7.1A, Figure 7.2A).  VACV DF4LDJ2R treated tumors appeared to have 

reduced numbers of purported polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) infiltrating tumors 

in the TuBo model (Figure 7.1A), and VACV DF1LDJ2R-treated tumors appeared to have less immune cells overall in 

the 4T1 tumor model (Figure 7.2A). All of the virus treatments increased the percentage of tumor infiltrating CD8+ T-

cells and decreased the numbers of suppressive Tregs (Figure 7.1B,D,Figure 7.2B,D). The magnitude of these changes 

was larger in the TuBo model compared to the 4T1 model, increasing the percentage of CD8+ T cells by approximately 
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30% and 15%, respectively, compared to PBS-treated tumors. However, none of the additional VACV gene deletions 

significantly altered these percentages compared to tumors infected with the VACV DJ2R parent strain. This suggests 

that no single deletion of one of these genes can substantially alter the levels of tumor infiltrating lymphocytes (TILs). 

The one exception was DB18RDB8RDJ2R, where we detected a reduction in the percentage of CD4+ T cells in TuBo 

tumors compared to tumors treated with DJ2R (Figure 7.1D). PMN-MDSCs, which are potent suppressors of cytotoxic 

T cell activity 349, increased in tumors after all virus treatments except for those treated with DJ2RDF4L (Figure 7.2F).  

  

 More subtle changes were detected in the immune compartment of the spleen and these differed from what 

was seen in the tumors. Virus treatment, independent of mutations, altered the overall composition of the spleens 

compared to PBS-treated mice in TuBo tumors, but not in 4T1 (Figure 7.1G-L, Figure 7.2J-L). In either model, no obvious 

differences in overall splenocyte composition were found between virus mutants (Figure 7.1G, Figure 7.2G). Rather, 

differences were apparent between virus treatments when assessing more minute cellular characteristics (Figure 

7.1H-L,Figure 7.2H-L). We observed a decrease in the overall myeloid/MDSC populations in the spleens of mice treated 

with VACV in the TuBo tumor model compared to the 4T1 tumor model (Figure 7.1K,LFigure 7.2K,L). This was not 

surprising, given that accumulation of these suppressor cells in the spleen is usually directly associated with tumor 

burden349. We detected decreased percentages of CD8+ T cells in the spleens of mice treated with the DF4LDJ2R, 

DK7RDJ2R, and DN1LDJ2R viruses compared to tumors treated with VACV DJ2R (Figure 7.1H). This might have 

explained why DK7RJ2R and DN1LDJ2R-treated tumors had increased percentages of CD4+ T cells. Similar effects were 

seen in the spleens of 4T1 tumor-bearing mice but with less magnitude (Figure 7.2H).  
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Figure 7.1.Mutant VACVs altered immune responses in TuBo tumors. A. Flow cytometric quantification of average 
numbers (A) and percentages (B-F) of immune cells in tumors. G. Overall average splenocyte composition as a percent 
of total cells isolated from spleens. H-L. Immune-cell percentages from spleens of mice after treatment. Organs were 
harvested three weeks after virus treatment. Statistical analysis was performed using one-way ANOVA where data was 
shown to be parametric, or Kruskal-Wallis testing when data was non-parametric with Dunnett’s or Dunn’s multiple 
comparisons test, respectively; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data points represent individual mice 
in B-F and H-L with error bars denoting 95% CIs, and average values for groups in A and G.  
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Figure 7.2. Mutant VACVs altered immune responses in 4T1 tumors. A. Flow cytometric quantification of average 
numbers (A) and percentages (B-F) of immune cells in tumors. G. Overall average splenocyte composition as a percent 
of total cells isolated from spleens. H-L. Immune-cell percentages from spleens of mice after treatment. Organs were 
harvested two weeks after virus treatment. Statistical analysis was performed using one-way ANOVA where data was 
shown to be parametric, or Kruskal-Wallis testing when data was non-parametric with Dunnett’s or Dunn’s multiple 
comparisons test, respectively; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data points represent individual mice 
in B-F and H-L with error bars denoting 95% CIs, and average values for groups in A and G.  
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7.2.2 Mutant VACVs alter lymphocyte activation and immune checkpoints 

  While an overall assessment of the TiME provides an indication of the cell types located within the tumour 

and spleen, it does not provide information about the functionality of these cells. In particular, the presence of CD8+ 

T cells is a promising immune-response indicator, but an assessment of cell surface markers on these CD8+ T cells can 

provide further insights into the activity of the immune response. Considering this information, we further assessed 

CD4+ and CD8+ T cells in the TuBo tumour model for CD69, a marker of T-cell activation (Figure 7.3). In tumours, while 

CD69 expression remained unchanged between treatments on CD8+ T cells, expression was elevated after DJ2R virus 

treatment relative to PBS (Figure 7.3A,B). In the spleen, it DA41LDJ2R VACV decreased CD69 expression relative to 

DJ2R VACV treatment in both CD4+ and CD8+ T cell populations, while DK7RDJ2R VACV only decreased CD69 

expression on CD4+ T cells (Figure 7.3 C,D). 

 

 To further assess lymphocyte characteristics, expression of programmed cell death protein (PD-1) and its 

ligand, PD-L1, were measured in tumors and spleens of both tumour models (Figure 7.4A-E). VACV DJ2R decreased 

PD-1 expression on Tregs in TuBo spleens and tumors relative to the PBS-treated controls (Figure 7.4B,D), an effect 

not observed in the non-immunogenic 4T1 tumor model (Figure 7.4C-E). Alternatively, VACV DK7RDJ2R did not cause 

this PD-1 down regulation on Tregs, which appeared more similar to Tregs isolated from untreated tumors. It was 

difficult to generalize effects on PD-1 expression, as each virus affected PD-1 expression differently. Compared to 

tumors treated with VACV DJ2R, DA41LDJ2R infections were associated with up-regulated PD-1 expression on both 

CD4+ and CD8+ T cells in 4T1 mouse spleens, but not in tumors, while a VACV DB8RDB18RDJ2R infection was associated 

with an increase in PD-1 on CD8+ cells in the spleen. When analyzing PD-L1 expression on CD11b-CD3- cells isolated 

from TuBo tumors, we noted that VACV DF4LDJ2R caused a marked upregulation of PD-L1 (Figure 7.4F,G), which may 

have partially explained the poor antitumor response relative to VACV DJ2R treatment. These observations show that 

different virus mutations have different effects on PD-1 and PD-L1 expression. 
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Figure 7.3 Modifications to the VACV genome altered expression of CD69, a marker of lymphocyte activation, on CD4+ 

and CD8+ T cells in TuBo tumors and spleens. A-D. Percentage of CD69+CD8+ (A&C) and CD69+ CD4+ (B&D) from 

tumours (A&B) and spleens (C&D). Statistical analysis was performed using one-way ANOVA where data was shown to 

be parametric, or Kruskal-Wallis testing when data was non-parametric with Dunnett’s or Dunn’s multiple comparisons 

test, respectively; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data points represent individual mice with error 

bars denoting 95% CIs from the mean.  
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Figure 7.4 Modifications to the VACV genome altered immune checkpoint expression on immune cells in TuBo tumors 
and spleens. A. Representative histograms of PD-1 expression on CD8+ T cells, CD4+ T cells, and Tregs from spleens. B-
E) Median fluorescence intensity (MFI) on lymphocytes from spleens (B, D) or tumors (C, E) of mice with TuBo (B&C) 
and 4T1 (D&E) tumors. F. Representative histogram of PD-L1 expression from CD3- CD11b- cells in TuBo tumors. G. 
MFI of PD-L1 on CD11b- CD3- cells from TuBo tumors. Statistical analysis was performed using one-way ANOVA where 
data was shown to be parametric, or Kruskal-Wallis testing when data was non-parametric with Dunnett’s or Dunn’s 
multiple comparisons test, respectively; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data points represent 
individual mice in B-E & G with error bars denoting 95% CIs. 
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Figure 7.5. Modifications to the VACV genome altered antigen-specific T cell responses against tumor and virus A. 

Representative flow plots of splenocytes stained with H2K
d 

tetramers specific for p66 HER2/neu of TuBo tumors (y-
axis) and A52R of VACV (x-axis). Representative flow plots selected for sample with median value of p66 staining. B, C. 
Frequency of tetramer+ CD8+ T cells as described in (A) where each symbol represents one mouse. Error bars denote 
95% CIs from mean values. Statistical significance determined using one-way ANOVA with Dunnett’s multiple 
comparisons testing. FMO- fluorescence minus one gating control. 
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7.2.3 Mutant VACVs alter ratios of T cells directed at viral and tumour epitopes 

 A primary goal of virotherapy is to increase antitumor immunity while limiting anti-viral immunity. We used 

H2-Kd-restricted tetramers, specific for CD8+ T cells recognizing immunodominant epitopes of TuBo tumors and 

vaccinia virus, to determine if these VACV mutations altered the percentages of antitumor versus anti-viral splenic 

CD8+ T cells (Figure 7.5A). Specifically these experiments were designed to detect CD8+ T-cells recognizing the p66 rat 

HER2/neu or VACV A52R peptides327,328. The PBS-treated mice exhibited a small increase in the percentage of p66 

HER2/neu specific CD8+ T cells compared to mice that had not encountered tumor; 0.83% compared to 0.33% 

respectively (Figure 7.5B). This basal frequency of tumor-targeting T cells was not unexpected and may have explained 

why some tumor regression was seen even in PBS treated controls. All of the virus treatments further increased these 

percentages of tumor-targeting T cells, with averages ranging from 1.1% of CD8+ T cells after DA41LDJ2R treatment 

to 3.3% after DB8RB18RDJ2R virus treatment. When compared to the parental DJ2R virus, the DK7RDJ2R and 

DB8R18RDJ2R mutants most improved the percentage of p66 HER2/neu targeting T cells with the latter treatment 

invoking a statistically significant 3-fold increase relative to mice treated with VACV DJ2R (Figure 7.5B).  

 

 All of these virus treatments enhanced CD8+ T cell responses to the VACV A52R tetramer with no background 

(<0.2%) detected in naïve and PBS-treated animals (Figure 7.5C). Treatment with the DB8RDB18RDJ2R mutant 

significantly increased these percentages relative to VACV DJ2R treatments. This suggests that this virus was perhaps 

the most immunogenic of all the mutants tested, as it increased the percentage of T cells targeting both the tumor 

and viral antigens. A significant increase in antiviral CD8+ T cell responses was also seen in animals treated with VACV 

DF4LDJ2R relative to VACV DJ2R treatment (Figure 7.5C) although without inducing a parallel increase in p66 HER2/neu 

specific T cell percentages (Figure 7.5B). The same trend was also seen in animals treated with VACV DA41LDJ2R. The 

greatest (DB8RDB18RDJ2R) and least (DF4LDJ2R; DA41LDJ2R) numbers of long-term survivors were seen when 

comparing these viruses, pointing again to the critical value of balancing antitumor and anti-viral cellular immune 

response. 

 

7.2.4 Mutant VACVs alter circulating serum cytokines 

 To assess systemic impacts of tumour-infection with the mutant oncolytic viruses, blood was collected from 

treated mice three weeks after the final virus injection in TuBo tumours. Serum was collected and cytokines were 

assessed by Eve technologies (Calgary, Canada) and reported as concentrations per mL of serum. To compare how 

intratumoral virus treatments caused systemic changes in circulating serum cytokines, I assessed the fold change in 

serum levels of cytokines compared to PBS-treated mice (Figure 7.6A). Most cytokines were reduced after virus 

treatment compared to PBS (Figure 7.6A). Importantly, statistical significance between treatment groups was only 

found in two cytokines, LIX (Figure 7.6B) and G-CSF (Figure 7.6C). Mice treated with VACV DK7RDJ2R exhibited reduced 

neutrophil-recruiting cytokine LIX (CXCL5) in serum, compared to mice treated with DJ2R (Figure 7.6B). The presence 
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of VACV, independent of deletions, caused a significant reduction in G-CSF (Figure 7.6C). which was associated with a 

reduction of granulocytes in the spleens of VACV-treated mice, and an overall increase in monocytes (Figure 7.6). 

 

 
Figure 7.6. Immunogenic gene deletions altered the levels of cytokines in the serum of mice after treatment of TuBo 
tumours with oncolytic VACVs. A. Average fold change compared to untreated (PBS) TuBo tumours in levels of 
circulating serum cytokines three weeks post virus treatment. B&C. Serum cytokines where statistically significant 
alterations were observed between groups relative to DJ2R VACV treatment for LIX (B) and G-CSF (C). (D&E)Percentage 
of monocytes (D)and granulocytes (E) in spleens assessed by fsc-a and ssc-a characteristics. Statistical analysis was 
performed using one-way ANOVA where data was shown to be parametric, or Kruskal-Wallis testing when data was 
non-parametric with Dunnett’s or Dunn’s multiple comparisons test, respectively; *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. Data points represent individual mice with error bars denoting 95% CIs from the mean.  
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7.3 Discussion 

 Numerous oncolytic VACVs have been developed that harbour deletions of various viral genes12, and many 

target genes have been suggested for removal from VACV to increase antitumor immunity, as was discussed in the 

previous chapter12.  To our knowledge, however, there have been no systematic attempts at deciphering which gene 

deletions have an impact on a tumor bearing host, and what the relative contribution of gene removal has in the 

overall immune response against the virus in this context. In this chapter, we sought to decipher how removal of genes 

from the VACV genome could impact immune cells and systemic effects in the TME post-oncolytic virus treatment. 

We removed eight different genes from VACV and compared the effects of these deletions in head-to-head 

comparisons in immune-competent breast tumor models.  

  

 Removing individual genes from the VACV genome did indeed have the capacity to induce sustained changes 

to the TME that persist up to three weeks after the final administration of virus in the TuBo tumour model, and two 

weeks in the 4T1 tumour model.  The presence of virus alone was capable of altering the overall immune cell 

composition in spleens and tumors. However, there did not appear to be drastic alterations between viruses where 

immune-modulating genes had been removed (with the exception of DF4LDJ2R which showed decreased immune 

cells in the tumor overall). Rather, removing immune-modulating genes had more subtle effects on different cellular 

parameters, for instance, by improving the percentages of tumor antigen specific CD8+ T cells, or upregulating PD-1 

expression on CD8+ T cells. In considering this information, rather than using immune-modulating gene deletions to 

cause drastic changes in the response to virotherapy, these deletions might be better suited for refining and fine-

tuning immune responses to achieve a particular outcome. For instance, DB8RDB18RDJ2R increased tumor-specific 

CD8+ T cell percentages and increased PD-1 expression, thus a combination of this particular gene-deleted virus with 

PD-1 checkpoint blockade may be particularly beneficial. In agreement with this notion, a B18R-deleted virus on its 

own demonstrates significant survival benefits when combined with anti-CTLA4343, but perhaps anti-PD-1 may be more 

therapeutically beneficial in this context. 

 

  This echoes the idea that immunotherapy can be used to make ‘cold tumours hot’202. As an example, for 

instance, in knowing that treatment with DB8RDB18RDJ2R increases PD-1 on the surface of CD8+ T cells, the tumours 

may now be more susceptible to checkpoint blockade with anti-PD-1 antibody, or that most virus treatment resulted 

in an increase of PMN-MDSCs within the tumour, MDSC inhibition is a rational combination target. It also suggests to 

us that although changes to the oncolytic VACV backbone by removal of immunomodulatory genes does indeed have 

the capacity to reprogram the tumour microenvironment, the continued use of therapeutic transgene or tumour 

antigen insertion will further benefit virotherapy.  

  

 We also observed that many viral-induced changes were similar in trend in both models tested, however the 

magnitude of the changes was more pronounced in our immunogenic TuBo tumour model compared to the non-
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immunogenic 4T1 tumour model. An example is the general observation that virotherapy, independent of which virus 

mutant was used, increased CD8+ T cells in the tumour and decreased Tregs, but the changes were more drastic in 

TuBo tumours than 4T1 tumours. However, the most statistically significant improvements in survival were observed 

after treatment with our modified viruses in the 4T1 model even though these immunogenic alterations were more 

modest. This suggests the possibility that minor tweaks to the virus genome used to manipulate the TME even slightly 

may be more beneficial in non-immunogenic tumour models compared to tumours which are more susceptible to 

more drastic changes caused by treatment. Previous correlations have been found between oncolytic virus therapy 

and the immunogenicity of tumour models used in breast cancer models. 

  

 In instances where subtle improvements were observed in therapeutic efficacy but yet no significant or 

immediately apparent TME changes were observed relative to DJ2R treatment,  as for instance was the case after 

treatment with DC6LDJ2R, it is possible that changes were observed in other cell types that were not assayed such as 

natural killer (NK) cells, or B cells, or perhaps changes were not immune-cell mediated but possibly by other TME 

factors like vasculature changes or innate immune signalling. A recent study demonstrated that the efficacy of 

DN1LDJ2R VACV treatment for treating flank lung tumour models was dependent on NK cells, suggesting this cell type 

should be explored further344.   

 

 Although no viruses stood out as demonstrating a drastic survival benefit compared to the DJ2R virus deletion 

on its own, there were a few candidates that warrant further analysis based on improvements in median survival, 

complete response rates and immune stimulation. In particular, DB8RDB18RDJ2R was shown to increase anti-tumour 

CD8+ T cell percentages. It also demonstrated the highest median survival and 50% of mice showed long-term 

progression free survival with functional anti-tumour immunity. The Jennerex oncolytic VACV pipeline virus JX-795 

candidate harbours a mutation in the B18R gene that may impart improved characteristics compared to a candidate 

where B18R is intact162,350. Other virus deletions also warrant additional attention. Although DC6LDJ2R did not cause 

many drastic changes to the TME in our immunology studies, it appeared to cause the most drastic delay in tumour 

growth in the TuBo tumour model and demonstrated the most favorable Kaplan-Meir survival curve. In our 4T1 tumour 

model, this virus also had the least metastatic lesions on the lungs after 12 weeks of treatment. DC6L, along with DN1L 

also were the most beneficial viruses for use in the 4T1 tumour model and resulted in the most significant 

enhancement of survival.  
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 Chapter 8: General discussion and future directions 
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8.1 General summary and key findings 

 The methods of enhancing the efficacy of oncolytic VACV for breast cancer treatment explored in this thesis 

provide a number of contributions to improve efficacy and present further opportunities for exploration.  

 

 With respect to viral manufacturing, we have shown that VACV can be grown to high levels and can be 

produced with sufficient purity for use in preclinical breast cancer models. This project was established due to issues 

encountered in initial pre-clinical studies where it was observed that the poor quality of virus preparations was 

contributing to toxicity in our mouse models of breast cancer. To circumvent these issues, we modified the virus 

preparation and purification procedure to improve the consistency of virus preparations. This was followed up by 

performing dose escalation experiments to ensure appropriate dosing was being delivered to our animal models by 

establishing the maximum tolerable dosing limits. The flow virometry protocol optimized to assess particle to PFU 

ratios using SYBRGold staining can also be used in other research purposes, such as determining defective virus particle 

production by VACV.  

 

 The primary objective of this dissertation was to improve the efficacy of VACV-mediated immunotherapy in 

breast cancer models. The  first method tested to increase efficacy was by combining oncolytic DF4LDJ2R therapy with 

IG-RT radiation. This combination, however, was unsuccessful and efficacy was actually reduced when combined with 

radiation therapy compared to radiation alone. This occurred despite increased CD8+ T cells in tumours. While PD-1 

and PD-L1 were elevated in the TME, checkpoint inhibition with anti-PD1 therapy did not alter outcomes, suggesting 

antagonism was not due to immune exhaustion. These results are summarized in Figure 8.1. Although we could not 

determine the exact mechanism of antagonism, the contributions of these observations towards the understanding 

of immunotherapeutic drug interactions cannot be understated. It emphasizes the importance of thoroughly 

investigating drug combinations in preclinical models prior to introduction in a human setting. 

 

 The second strategy assessed for increasing the efficacy of virotherapy by deletion of immunomodulatory 

factors from the VACV genome yielded promising results. The results from this project suggested that deletion of VACV 

genes responsible for inhibiting interferon signalling in some capacity were ideal targets to mutate to improve efficacy 

and appeared to correlate with increased T-cell responses against cancer epitopes, as summarized in Figure 8.2. In 

particular, the DB8RDB18RDJ2R virus, in which we have removed genes that produce proteins that inhibit IFNs directly 

as decoy receptors, showed the most promise for improving oncolytic efficacy. It appeared that this pathway and gene 

deletion were superior compared to other deletions that did not inhibit innate detection/ interferon signalling. Our 

results suggest that a DB8RDB18RDJ2R backbone is a good candidate to build the next generation of oncolytic VACVs 

to further improve the efficacy of oncolytic VACV therapy for breast cancer.  
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Figure 8.1. Summary of investigations into combining DF4LDJ2R VACV with IG-RT in breast cancer models. Radiation 
treatment alone (left) and combining radiation and DF4LDJ2R VACV (right). Both treatments reduced tumour size, 
which was accompanied by an increase in CD8+ T cells in the combination group, and an increase in PD-1 on these 
CD8+ T cells (middle right). Both groups increased PD-L1 expression on tumour cells. Despite this, checkpoint blockade 
failed to reverse the antagonistic response, and combination-treated tumours recurred. 
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Figure 8.2. Summary of studies investigating the removal of immunomodulatory genes to improve VACV virotherapy. 
More effective VACVs corresponded with deletions of VACV proteins that impede IFN responses (left), whereas less 
effective viruses had IFN inhibitors intact (right). Grey text- hypothesized responses, black text- analyzed responses. 
 

8.2 Experimental approach to testing oncolytic VACV therapy in breast cancer models 

8.2.1 In vitro assays for virotherapy studies  

 Results from this study may help inform how future studies assess oncolytic potency in research. Traditionally, 

in vitro viral replicative characteristics have been used to assess the suitability of virus candidates for OV therapy. This 

is a common in vitro assessment that draws parallels between viral replication and therapeutic effectiveness. However, 

throughout these studies, we have demonstrated that this approach may not be particularly informative as a predicted 

measure of efficacy, as we noted no trends which suggested that virus replication impacted treatment outcomes. In 

vitro,  DF4LDJ2R and DB8RDB18RDJ2R yielded the lowest titers in TuBo cells at 72 hours post-infection. DF4LDJ2R and 

DB8RDB18RDJ2R were also not detectable in TuBo tumours three weeks post-infection, while all other viruses were 

present at detectable levels. These two viruses yielded the highest percentage of VACV A52R-targeting CD8+ T cells, 

whereas only DB8RDB18RDJ2R had the highest percentage of tumour-targeting p66 HER2/neu tetramer+ CD8+ T cells. 

DB8RDB18RDJ2R also had the highest incidence of complete responses and caused the longed median survival time 

in the TuBo model. Contrarily, DK7RDJ2R had no changes in virus replication in vitro or in vivo, did not alter the 

percentage of A52R-targetting CD8+ T cell percentages, yet did increase p66 HER2/neu anti-cancer CD8+ T cell 

percentages relative to DJ2R VACV.  This demonstrates that viral replicative properties do not dictate anti-tumour 

immune responses. This observation is in agreement with previous oncolytic virus studies performed with herpes 

simplex virus, which suggest that in vitro replication viruses does not necessarily predict in vivo efficacy319. While 

markers of immunogenic cell death, such as HMGB-1 and ATP release are thought to be predictive in vitro indicators 

of immune responses342, similar to our in vitro replication assays we observed no parallels between ATP & HMGB-1 

release and immune stimulation. One caveat of our analysis is that to be classified as bona-fide ICD, calreticulin 

exposure at the cell surface is the third necessary marker, and we were unable to produce calreticulin exposure at the 
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cell surface with known ICD inducers mitoxantrone and doxorubicin342, thus we were unable to determine if this critical 

third marker was present after VACV treatment.  

  

 The misleading results of in vitro studies was best exemplified in our combination therapy project. Results 

from our cell viability assays in assessing the combination of radiation with DF4LDJ2R VACV were in direct contradiction 

to in vivo results and demonstrated a stark difference in predicted outcomes. While in vitro assays do have utility in 

assessing virus tropism /infectibility of cell types, replication and direct oncolysis, these assays are not a suitable 

replacement for in vivo studies, and our results underline the need to test therapies in both systems. These 

discrepancies between in vitro and in vivo results with our OV VACV candidates is perhaps not surprising given the 

complex and multi-mechanistic action of OVs and complexities of the TME. It was found that breast cancer three-

dimensional cultures were more resistant to cell killing by HSV-1 than monolayer cultures due to the extracellular 

matrix impeding efficient spread351. Future studies could use three-dimensional spheroid cultures to better assess 

these physical constraints144. While direct tumour cell killing is indeed an important aspect of the mechanism of action, 

immune stimulation is becoming increasing recognized as a dominant driver of how well these viruses perform in pre-

clinical models319,320. While oncolysis has been suggested to be a critical factor in the late phase of tumour 

regression271, studies assessing inactivated Modified-vaccinia virus Ankara (MVA), which is a non-replicating VACV 

vector containing major genomic deletions, have shown that virus replication/tumour oncolysis is not necessary to 

achieve therapeutic benefits and in some instances might be more effective than live virus295. In assessing different in 

vivo tumour models infected with a TK-deleted oncolytic VACV, Hou et al., observed that the efficacy of therapy in 

relation to early gene expression (and therefore virus replication) differed between tumour models341. In resistant 

tumour lines where virotherapy was shown to be less effective, early replication correlated with better responses. 

However, in susceptible cell lines where there were more significant improvements in treatment outcome, rapid and 

robust clearance of the virus was the common factor for the best responders to treatment341. Nevertheless, these 

complex interactions between different cells and molecules within the TME cannot be accurately recapitulated in vitro, 

and as such there is no true replacement for in vivo testing.  

 

8.2.2 In vivo breast cancer models 

 Although orthotopic syngeneic murine mammary tumour models are more clinically relevant than in vitro 

assessments, they still have shortcomings when compared to human studies352. The tumour heterogeneity of breast 

cancer and the different molecular subtypes in humans are difficult to replicate in murine models353,354. In the current 

study we used the orthotopic syngeneic mouse models, TuBo and 4T1, which are useful for recapitulating non-

metastatic HER/neu+ and TNBC, respectively232,237. Opting for orthotopic as opposed to subcutaneous ectopic injection 

is more representative of the human breast tumour microenvironment, representing the fatty tumour 

microenvironment, vasculature, cell infiltration and other native characteristics that are not apparent in ectopic 

tumours354–356. Nevertheless, it is important to recognize that the architecture of the human breast varies compared 
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to rodent mammary fat pads357. While using immortalized and passaged murine cell lines has the benefit of consistent 

tumour growth characteristics and ease of use, sequential passaging of cell lines gives rise to in vitro adaptations, but 

most importantly the implanted cells are homogenous in origin which does not represent the complex tumour 

heterogeneity observed in patients353. Alternatives to these systems include genetically engineered mouse models and 

humanized mouse models.  While costly, genetically engineered models are able to mimic spontaneously arising 

tumours and are considered more scientifically representative of disease progression than passaged and implanted 

cell lines353,354,358. These models also eliminate the need to use Matrigel basement membrane, and limit the use of 

isoflurane and other anaesthetics during tumour establishment procedures which are additional factors to consider 

that may impact studies359,360. However, large numbers of mice must be bred to get consistent group sizes, and 

treatment schedules may be sporadic depending on the time of tumour development. Humanized mouse models are 

another option gaining traction, particularly in the immunotherapy community. In these studies, immune deficient 

mice are implanted with patient tumour samples, and the mouse immune system is reconstituted with human immune 

cells to better represent both human tumours and human immune cells361,362. While cost and complexity has limited 

widespread use of humanized mouse models, they represent another model to study these drugs and interactions for 

future studies that might better predict patient outcomes. 

 

8.3 VACV and combination therapy 

 Previous studies have reported benefits to OV therapy when combined with radiation166,167,266–268. Our results 

demonstrating antagonism were unexpected, but interesting. These results present opportunities to uncover the 

mechanistic details between how therapies interact and is a unique demonstration of antagonism between two 

therapies. While our efforts focused on investigating the TiME to uncover insights behind the antagonism, we were 

unable to determine the cause. However, further studies can help narrow down what might be contributing to these 

effects. For instance, we do not know definitively that the immune system is involved. While studies in 

immunodeficient mice may help to provide further insights, we know from previous investigations in the laboratory of 

Dr. Mary Hitt that DF4LDJ2R is curative as single-agent therapy at low doses in nude mice144. This presents a challenge 

since single agent therapy is curative, we do not have a window where antagonism might become apparent. To 

circumvent this challenge, depletion experiments could be performed. By using antibodies or drugs to deplete CD8, 

CD4, MDSC or other immune cells, we might be able to narrow down if a certain cell type is contributing to these 

negative effects. As we only assessed a limited array of immune cells and checkpoint molecules in these studies, it 

remains to be determined if the immune system does indeed play a role. NK cells, DCs, tumour-associated 

macrophages, among others could also be assayed. Using innovative research methodology such as single cell 

sequencing363, or mass cytometry (CyTOF) testing364 would enable a more comprehensive and intricate assessment of 

the immune system in these studies.   
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 We also still do not know if the antagonism is limited to DF4LDJ2R VACV. By trying different viral mutants, we 

might be able to see differences in study results. An obvious avenue to explore would be the replacement of DF4LDJ2R 

VACV with DB8RDB18RDJ2R VACV in these combination therapy studies. This would allow us to determine if this 

feature is common to multiple VACVs in orthotopic murine tumour models. While other studies with VACV and 

radiation have not demonstrated antagonism, the differences in protocols, tumour models, radiation delivery, and 

virus modifications make comparisons between studies difficult. By keeping the tumour model consistent (orthotopic 

syngeneic mammary fat pad models), we could also test if other OVs contribute to similar outcomes. For instance, 

oncolytic reovirus could be trialled in an identical system to determine how widespread this antagonism might be with 

respect to different viruses.  

 

 While we assessed a combination of ionizing radiation with DF4LDJ2R VACV, other therapeutic combinations 

could be tested in breast cancer models. Although we tested triple combination therapy by adding in immune 

checkpoint blockade with anti-PD-1 therapy to mice previously treated with both IG-RT and VACV, we could test VACV 

in combination with ICI only, without radiation. This would be anticipated to yield favourable results, as numerous 

studies have shown drastic therapeutic advancements by combining OVs with ICI. The success of this approach is in 

large part due to the ability of OVs to turn “cold” (non-inflamed) tumours “hot” by causing T cell recruitment and 

immune stimulation, giving the ICI a target within the direct TME to exert action on. Vaccinia has also been used in 

combination with CAR-T therapy 365, with other oncolytic viruses366, and with cancer vaccines367. Chemotherapy is 

another obvious choice for combination therapy368, however the systemic toxic effects of chemotherapies on normal 

cells is still a challenge. If a combination of approaches allows for dose reduction of chemotherapy to be used, this 

would be a valid treatment strategy and should be assessed further.  

 

8.4 Designing the next generation of VACV oncolytics 

8.4.1 Viral gene deletion 

 In a recent review, Guo et al. identified areas of research for improvement of oncolytic VACV virotherapy 

which included further modification of VACV viral vectors for improved immunogenicity, arming VACVs with genes and 

neoantigens, and use in combination with different therapies. With respect to deletion of immunomodulatory genes, 

Guo et al. identified a list of 20 candidate viral genes that represented “high priority” targets for removal to enhance 

viral vector immunogenicity12. Coincidentally, all target genes removed in our immunotherapy studies, F1L, N1L, K7R, 

C6L, A41L, B8R and B18R were included on this list, demonstrating the value of the contribution of these studies to 

the advancement of understanding VACV immunomodulation and viral oncolysis. Nevertheless, we only investigated 

7 out of 20 candidate genes suggested, and therefore more opportunities remain for therapeutic enhancement. 

Furthermore, as new immunomodulatory functions of different VACV proteins continue to be uncovered, this presents 

additional opportunities to further modify the backbone of VACV to enhance antitumour effects. In 2019, it was 

discovered that the secreted M2 protein of VACV, in addition to its role as an NF-κB inhibitor60, works to sabotage T 
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cell activation by binding to CD80 and CD86 to prevent T cell co-stimulation61,369. This was a unique discovery, given 

that most VACV proteins at this time have been demonstrated to act on innate immune pathways. This protein 

revealed that direct inhibitors of T cell activation exist within VACV, which had previously only been uncovered in other 

orthopoxviruses370. Furthermore, it was found that the M2 protein potentiates binding of CD80 to PD-L161.  With the 

mounting body of evidence demonstrating the importance of the CD80/CD28 signalling axis in T cell stimulation, and 

the inhibition of anti-tumour immune responses with CTLA-4, M2 represents a key immune-modulatory protein whose 

deletion might directly impact T cell responses to OV therapy.  

 

 In future studies it will be beneficial to assess if a combination of multiple deletions of these proposed gene-

targets further enhances oncolytic efficacy. For instance, based on the current study we would propose a virus with 

multiple deletions of DB8R, DB18R, DC6L and DN1L. However, there are a few caveats with this strategy.  One study 

investigating VACV as a vaccine vector found that DK7R, DN1L and DC6L gene deletions on their own increased immune 

responses against viral epitopes. However, when a triple-deleted mutant was created, immune responses were 

lessened, presumably due to enhanced viral clearance which hindered the host’s ability to mount a sufficient immune 

response164. It will be interesting to determine if the same effect would be true in a tumour microenvironment. An 

appropriate balance must be found between immunogenic gene removal and enhanced viral clearance to maximize 

therapeutic efficacy. The second challenge when considering combining multiple deletions stems from a construction 

perspective. Creation of a virus with multiple gene targets categorically deleted would be challenging using the 

traditional targeted methods utilized in this study, as we are limited based on the number of combinations of 

selectable markers used to isolate our desired viruses and limited by the number of loxP sites a virus can contain 

without major genomic rearrangements. Although this strategy is challenging, it should be noted here that a previous 

study reported on the use of an oncolytic VACV with deletions in A48R, B18R, C11R and J2R demonstrating that such 

a virus is possible to selectively manufacture160. With the recent advent of new synthetic biology approaches the tools 

now exist to create ‘designer’ viruses with any variety of genetic changes desired, and do not have the same limitations 

as traditional cloning described above291. 

 

 While we used a targeted strategy to remove immunomodulatory genes from VACV, other groups have used 

a technique known as directed evolution10. In this process, VACV is serially passaged in cancer cells to evolve the virus, 

resulting in large genomic deletions. This same process was used in the production of modified vaccinia virus Ankara 

(MVA), a highly attenuated VACV strain that no longer replicates in human cells due to serial passage in chicken 

embryonic fibroblasts. Similarly, directed evolution can be attained by co-infection of multiple VACV strains allowing 

for virus recombination to yield mixed chimeric viruses with genomic elements of all strains10,150.  
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8.4.2 VACV-encoded transgenes 

 As previously discussed, the encoding of cytokines or other immune-stimulating factors by OVs is another 

strategy used in increase the effectiveness of therapy. As such, an avenue of exploration to consider for future projects 

is by encoding therapeutic molecules in the virus genome162,275,371,372. One caveat to encoding cytokines within the 

virus is the toxicity of high levels of systemic immunostimulatory molecules. For example, high levels of IL-2 or IL-12 

have resulted in toxicity and adverse outcomes in clinical trials373–376. Creative ways to circumvent these systemic 

effects have been explored by tethering these molecules to the cell surface and restricting cytokine expression to the 

TME376,377. The addition of tumour antigens encoded within the virus genome also enhance the cancer vaccine 

properties of OVs, as has been investigated by the encoding of HER2 within with in a GM-CSF expressing VACV155. 

Other approaches include apoptosis inducing agents such as a TRAIL-armed TK deleted VACV378, microRNAs379, bi-

specific T-cell engagers159, enzymes that reduce suppressive cell types within the TME380 and APC-activating ligands381.  

  

 While deletion of immunogenic genes proved to be an effective method for increasing the potency of OV 

therapy, the addition of the other elements discussed (encoding therapeutic payloads, use in combination therapy) is 

the ideal way to produce a clinically useful oncolytic candidate. Research in the Evans laboratory has already started 

to build the next generation of oncolytic VACV using results obtained in these studies. Using the DB8RDB18RDB18R 

virus as a starting point, additional enhancements to the virus could be implemented by encoding novel molecules 

into the virus genome. With synthetic biology advances it will now be easier to rapidly create viruses with multiple 

gene deletions in addition to therapeutic gene insertion and the expression of antigenic targets291. The possibilities 

are essentially limitless for what can be encoded within the virus, as it can accommodate insertions of up to 25 kbp130. 

This flexibility permits VACV to be used as a therapeutic “toolbox” where elements can be deleted, modified, added 

and manipulated to create the desired effect within the TME. 

 

8.5 VACV and breast cancer  

 The primary focus of this investigation was to increase the efficacy of oncolytic VACV for treating breast 

cancer models. While we were able to show that we could increase median survival in the TuBo orthotopic syngeneic 

breast cancer models using a modified DB8RDB18RDJ2R VACV to 192 days and 50% complete responses, the most 

successful therapy was IG-RT alone where median survival was >200 days with 73% complete responses. Other groups 

have reported varying levels of success using different VACV mutants to treat breast tumour models269–279. The breast 

tumour model systems in these studies vary from immune-competent to immune-deficient, in subcutaneous flank 

models as opposed to orthotopic mammary fat pad models, with some in mouse and canine models of breast cancer, 

and varying viral delivery methods of intravenous compared to intratumoural269–279. While these differences in study 

protocols make it difficult to draw comparisons between studies and to compare with our results, they do demonstrate 

the potential of VACV to treat breast cancer. Another important consideration is that in these studies the virus has 

been armed with additional factors to improve immunogenicity, again highlighting the utility of this approach. While 
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we did see improvements using unarmed VACV is seems that encoding additional factors is necessary for efficacious 

treatment of breast tumours, likely in addition to combining with other therapies. 

  

 Previous work in the laboratory has shown that VACV is effective in treating rat and mouse models of bladder 

cancer119. Preliminary work in Dr. Hitt’s laboratory has also shown DF4LDJ2R VACV holds promise for treatment of 

glioma, with promising preclinical results obtained when combined with radiation382. When one considers the TME of 

bladder, glioma and breast tumours, all are unique in both cellular parameters and tissue environment, and it is not 

surprising that differences are observed between VACV treatments. Based on these observations, breast cancer 

appears to be more resilient to treatment with our VACV mutants, and creative combinations of all strategies proposed 

to enhance efficacy are likely the route forward to render breast cancers more successfully treatable using this 

approach.  It is becoming increasingly common to combine multiple of these strategies simultaneously, and the 

addition of checkpoint inhibitors is regularly included in most current OV studies. A VACV with deletions in TK and VGF, 

expressing IL-15 with a fusion protein was combined with anti-PD-1 therapy383. The same VACV backbone was also 

used to express CXCL11 and tested in combination with anti-PD-L1 therapy312.  JX-594, which is a VACV deleted in TK 

and encodes GM-CSF showed success in treating breast cancer models when combined with both anti-CTLA-4 + Anti-

PD-1 therapy384. An oncolytic TK-deleted VACV encoding the prostaglandin-inactivating enzyme hydroxy-prostaglandin 

dehydrogenase 15-(NAD) (HPGD), which reduces MDSCs in the TME due to depletion of prostaglandin E2, was tested 

in combination with checkpoint inhibitors341. While we showed in these studies that radiation was not a 

complementary combination with DF4LDJ2R VACV, as previously suggested, using a DB8RD18RDJ2R VACV backbone 

and encoding other transgenes might yield different results, particularly given the importance of IFN responses in RT 

therapy261. Surgical resection of breast tumours is first-line treatment in the clinic for breast cancer, and can be 

recapitulated in the 4T1 tumour model237,277. Surgical resection, VACV treatment with an improved virus backbone 

and encoded transgenes, along with checkpoint inhibition could be another avenue to explore. VACV is highly 

amenable to genetic manipulation, and the possibilities for encoding different molecules are endless. New creative 

VACVs clearly hold promise for treating breast cancer and other cancer subtypes and is an exciting field for future 

exploration.  

 

8.6 Conclusions 

 OVs have demonstrated promising results for treating various tumour types. Although VACV has not been as 

successful in treating breast cancer when used as a single-agent therapy compared to other cancer models, progress 

is being made towards improving therapeutic responses. In this thesis, we establish improved production methods of 

pre-clinical grade VACV that improved safety in breast cancer models by increasing the consistency of virus 

preparations, establishing the maximum tolerable dosing limits in our models. To directly improve the efficacy of VACV 

therapy, we combined DF4LDJ2R with IG-RT. Despite promising results in vitro, the combination was antagonistic in 

vivo. We were able to ascertain that, despite increased immune stimulation caused by the presence of VACV, immune 
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exhaustion and upregulation of PD-1 was not the culprit for antagonism. Further studies are needed to fully 

understand how VACV and IG-RT interact in murine models. Our second attempt at improving the efficacy of VACV 

therapy focused on the deletion of immunomodulatory genes from VACV.  Through immune analysis we were able to 

uncover that deletion of VACV genes that inhibit IFN responses can improve response rates and anti-tumour immunity 

in breast cancer models. Future studies in the lab will continue to build upon these results by generating new VACV 

with enhanced therapeutic action and functionality by deleting additional immunomodulatory genes and encoding 

transgenes to even further improve response rates in breast cancers.   
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