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Abstract 

Gliomas are the most common primary malignant brain tumour in adults, with 

glioblastoma multiforme (GBM), the most common and most deadly form of glioma, making up 

over half of all diagnosed cancers in the brain/central nervous system. The standard of care for 

gliomas has remained unchanged for the past decade: maximal surgical excision is the primary 

means of therapy, followed by post-operative radiotherapy and concurrent chemotherapy with 

the alkylating agent temozolomide (TMZ). Despite this, however, the prognosis for malignant 

gliomas, and in particular GBMs, is incredibly poor. As such, improved therapeutic options are 

sorely needed, especially those with a high safety profile and an ability to target tumour 

microextensions missed by surgery and radiotherapy.  

Oncolytic virotherapy is an exciting new field in cancer therapeutics, with the first 

oncolytic virus approved by the Food and Drug Administration in 2015 and many more 

undergoing clinical trials currently. In our lab, a genetically engineered vaccinia virus (VACV) 

has been proposed as an addition to this expanding field of oncolytic virotherapy. A study 

performed by a group led by David Evans at the University of Alberta (PLoS Path., 2010) found 

that deletion of the vaccinia gene encoding the small subunit (R2, encoded by F4L) of the 

ribonucleotide reductase enzyme (a ubiquitous enzyme necessary for the generation of 

nucleotides to facilitate DNA synthesis) attenuated virus growth ~15-50 fold in HeLa cells. 

However, pancreatic cancer cells, naturally expressing high levels of cellular R2, could support 

F4L-deleted vaccinia virus growth at levels comparable to that of wild-type vaccinia virus.  

Further studies from our lab have demonstrated that this efficacy of F4L-deleted vaccinia virus 

growth, as well as cytotoxicity, extends to both bladder cancer and breast cancer. Here, we look 

to assess the efficacy of F4L-deleted vaccinia viruses in glioma.  

With the many clinical trials currently underway for the use of oncolytic viruses, it is 

becoming increasingly apparent that oncolytic virotherapy will be most effective in combination 

with other therapeutic modalities. This holds especially true to gliomas, which are notoriously 
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heterogeneous and difficult to treat. As such, we propose that combining our F4L-deleted 

vaccinia virus mutants with radiotherapy, which is a standard of care in nearly all cases of 

glioma, may provide improved therapeutic benefit. Our results showed that human GBM cell 

lines that had been exposed to ionizing radiation (IR) remained supportive of infection with our 

mutant vaccinia virus deleted in both F4L and the thymidine kinase gene J2R (ΔF4LΔJ2R 

VACV). We also saw upregulation of R2 and its p53-inducible form, p53R2, in irradiated U-87 

MG xenografts. As our ΔF4LΔJ2R VACV is dependent on cellular R2 for dNTP synthesis, this 

suggests that cells exposed to IR may become more susceptible to mutant VACV infection. 

Furthermore, early animal studies combining image-guided radiation therapy (IGRT) with 

ΔF4LΔJ2R VACV treatment of U87 MG xenografts have suggested that there may be a survival 

benefit to treating gliomas with either ΔF4LΔJ2R VACV alone or with the combination of 

ΔF4LΔJ2R/IR, when compared to IR alone or to no treatment. Though still in early stages, these 

results indicate that ΔF4LΔJ2R VACV may be a promising alternative to TMZ in the treatment of 

gliomas, especially if used as an adjuvant to radiotherapy. 
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CHAPTER 1. INTRODUCTION
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1.1. GLIOMA 

1.1.1. Introduction to glioma  

 

Gliomas, which arise from the supportive cells of the central nervous system (CNS), are 

the most common primary brain tumour diagnosed in adults [1, 2]. The cells from which 

gliomas arise can be of oligodendroglial, astroctyic, or mixed origin. Severity of the disease 

varies based on the originating cells, with gliomas containing an oligodendroglial component 

generally showing improved survival [3]. The World Health Organization has assigned a 

classification to the subtypes of astrocytomas, ranging from grade 2 astrocytomas through 

the more aggressive grade 3 anaplastic astrocytomas, and finally to the most aggressive 

grade 4 glioblastoma (also called glioblastoma multiforme, GBM), which is known to cause 

3-4% of all cancer-related deaths in the United States each year [1, 4, 5]. Together GBMs 

and anaplastic astrocytomas comprise ~76% of all malignant gliomas [6] and both have 

incredibly poor prognoses. Anaplastic astrocytoma patients have a median survival of 3-5 

years, while GBM patients have a median survival of only 15 months, with 5-year survival 

rates at under 5% [1, 3, 6].  

 GBMs have several defining molecular characteristics. One of the driver mutations of 

GBM is a mutated form of EGFR containing the variant III deletion of the extracellular 

domain, and is known as EGFRvIII [5, 7]. This mutation can be found in ~40% of GBM 

cases and can exert a transformative effect on neighbouring cells. GBMs, like many other 

cancers, also show high rates of alterations in the retinoblastoma (Rb) pathway, the p53 

pathway, and receptor tyrosine kinase (RTK) signaling pathways [3, 7]. In a study of 91 

GBM cases, mutations in the Rb, p53, and RTK pathways were found in 87%, 78%, and 

88% of cases, respectively [7]. Interestingly, de novo versus secondary GBMs show 

different molecular signatures within the framework of these pathways. GBM arising de 
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novo, with no prior evidence of pathology, generally has alterations in p16, p19/p14, and 

EGFR, while secondary GBM arising from a lower grade glioma is typically mutated in p53 

and CDK4 or PDGF [4, 8]. 

 

1.1.2. Standard of care and limitations 

 

 The current standard of care for malignant gliomas is based on several landmark studies 

evaluating the effects of radiation and temozolomide (TMZ), an alkylating chemotherapeutic 

agent, as additions to surgical resection [9-11]. In the majority of cases, surgical resection is 

the primary curative therapy, whether it be gross total resection (GTR) or subtotal resection 

(STR) [5]. A clinical trial study of 303 patients in 1978/1980 additionally established post-

operative radiation therapy as a means to nearly double the median survival time, from 18.5 

weeks with surgical resection alone to 34.5 weeks with the addition of radiation therapy [6, 

11]. This study also established the ideal dosing schedule of fractionated doses of 1.8-2.0 

Gy delivered 5 days a week for a total dose of 50-60 Gy [6]. Finally, a landmark study by 

Stupp et al. published in 2005 established TMZ as an adjuvant to post-operative radiation [5, 

9]. TMZ works by crossing the blood-brain barrier and causing methylation of purines, which 

results in DNA damage and activation of apoptosis [5, 11]. A subsequent study by the same 

group found that TMZ given in addition to radiation therapy increase both median survival 

and long-term survival at 5 years [12].  

 Despite the advances in glioma therapy made with the final addition of adjuvant TMZ, 

the prognosis remains incredibly poor, with 18,000 deaths per year attributed to malignant 

gliomas in the United States [6]. In Canada, it was estimated that there would be 3000 newly 

diagnosed cases and 2100 deaths attributed to brain and spinal cord cancer; in 2015 of 

these, ~70% will be due to malignant gliomas [13]. There are several major barriers to 
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curative therapy, not least of which are characteristics of malignant glioma itself. Malignant 

gliomas by nature are highly invasive tumours, infiltrating the surrounding tissue and 

extending well beyond the tumour borders visible by magnetic resonance imaging (MRI) [4]. 

This high level of invasion renders complete surgical resection impossible [6], and also 

extends beyond the volume reached by radiation. Recurrence, therefore, invariably occurs, 

generally within one year of surgical resection of the primary tumour [2], and there is no 

current standard of care for recurrent malignant gliomas [6].  Additionally, resistance to TMZ 

can arise through overexpression of O6-methylguanine-methyltransferase, an enzyme that is 

able to repair the damage caused by TMZ, and there are few other chemotherapeutic 

agents that are able to pass the blood-brain barrier for systemic treatment of malignant 

glioma [6]. It has also been shown that TMZ is not well tolerated in some patients, with 

severe toxicities in the bone marrow and gastrointestinal tract, which limits its use in some 

patients [3, 14].  

 

1.1.3. Experimental therapeutics  

 

 As the prognosis for malignant gliomas remains so poor, there are several options that 

are being studied as alternatives to the current standard of care. Delivering 

chemotherapeutic agents directly to the surgical site is one such option, as local delivery 

can limit the systemic toxicity of the drug [6]. Carmustine, a nitrosourea alkylating agent, is 

one such drug being studied for local delivery. Biodegradable wafers impregnated with the 

drug can be implanted at the surgical site, and the controlled release of carmustine by the 

wafer has been shown to increase survival by several months without demonstrating any 

adverse effects when compared to a placebo group [6, 15]. Other options include local gene 

therapy, an example of which is implantation of neural stem cells transduced with herpes 
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simplex virus thymidine kinase (HSV-tk) gene; given with a prodrug form of ganciclovir 

(GCV). HSV-tk can convert the nontoxic GCV to its active form killing the adjacent tumour 

via a bystander effect. This strategy has demonstrated safety in early clinical trials, albeit 

with limited therapeutic benefit [16].  

 In addition to therapies directly targeting cancer cells, studies are being undertaken to 

assess therapies that improve immune responses to gliomas. While the blood-brain barrier, 

which limits transport through intracerebral capillaries, was long thought to also prevent 

immune infiltration, increasing evidence has demonstrated that the brain is an immune-

distinct but not immune-inaccessible location [4, 17]. Malignant gliomas, additionally, are 

typically characterized by highly disrupted vasculature and deterioration of the blood-brain 

barrier. In fact, serum antibodies to distinct glioma antigens are detectable in glioma 

patients, while activated tumour-infiltrating lymphocytes (TILs) and macrophages have also 

been detected in glioma tissues [18, 19].  Immunotherapies such as dendritic cells, which 

are activated ex vivo using patient biopsy material and then re-introduced into tumour for 

patient tumour specificity, have been shown to induce anti-tumour immune responses and 

prolong survival [5, 20]. Perhaps a more effective way of stimulating an anti-tumour immune 

response, however, is through use of replicative oncolytic viruses, which in addition to direct 

cell lysis can provide an immunogenic benefit.  

 

1.2. ONCOLYTIC VIROTHERAPY 

1.2.1. Introduction to oncolytic virotherapy 

 

 Oncolytic viruses are a promising new field of experimental cancer therapeutics, with 

over 30 oncolytic viruses currently in clinical trials [21]. There are several inherent or 

genetically engineered traits of oncolytic viruses that provide several benefits to traditional 
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therapies: oncolytic viruses have demonstrated selective killing of tumour cells due to either 

a natural or genetically-engineered tropism for tumour sites, as well as through restriction of 

replication to specific molecular alterations present in tumour cells [21]. Oncolytic viruses are 

also of particular interest in the growing field of cancer immunotherapy, as they have the 

potential to be highly immunogenic and to increase anti-tumour immune responses [21]. 

Talimogene laherparapvec (T-vec), a herpes simplex virus -1 (HSV-1) expressing 

granulocyte macrophage colony stimulating factor (GM-CSF), was the first Food and Drug 

Administration (FDA)-approved oncolytic virus, and is currently used in the treatment of 

advanced melanoma [22, 23]. Several other oncolytic viruses, including but not limited to 

reovirus, coxsackievirus, adenovirus, and vaccinia virus (VACV), are currently undergoing 

clinical trials for a variety of different cancers, with those in early phases showing high 

tolerability and no adverse effects, often with no maximum tolerated dose reached [24-27]. 

 Of the cancer types that could particularly benefit from the immune-stimulatory effects of 

oncolytic virotherapy, malignant gliomas in particular are an ideal target due to their highly 

immunosuppressive nature [14]. Virus-based therapies, which have demonstrated low 

toxicity and high immunogenicity, could therefore provide an exciting breakthrough as novel 

glioma therapeutics, and indeed patient benefit has already been seen in several early 

clinical trials. DNX-2401, a replication-competent, tumour-selective oncolytic adenovirus, 

has demonstrated induction of a specific anti-tumour immune response in preclinical 

studies, with a survival benefit seen in Phase I trials [28]. G207, a conditionally-replicative 

HSV-1, has also been shown in a Phase I trial to offer some prolonged survival and no 

serious adverse effects, in particular, showing no induction of intracerebral edema following 

intratumoural injection [29]. H-1PV, an oncolytic parvovirus, has been shown to be highly 

cytopathic to glioma cells, while also inducing tumour regression in orthotopic rat models 

following systemic delivery [30, 31]. In May 2016, the FDA granted breakthrough status to a 

conditionally replicating poliovirus type-1 containing an internal ribosomal entry site (IRES) 
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from human rhinovirus type 2 (PVS-RIPO), following evidence of increased survival benefit 

for patients with recurrent GBM in early clinical trials [32, 33]. 

 

1.2.2. Oncolytic vaccinia virus  

1.2.2.1. Vaccinia virus  

 

VACV is a large (~200 kilobase pair), double-stranded DNA virus belonging to the family 

Orthopoxvirus, which are distinguished from most other DNA viruses by their cytoplasmic 

replication [34, 35]. VACV, which is perhaps most famous as the virus used in smallpox 

vaccinations, is well characterized, with a genome encoding virulence genes targeting a 

variety of pathways in host cells, from cell cycle to apoptosis to immune responses [36]. 

Infection by VACV is characterized by rapid virus replication, with the generation of 100-200 

plaque-forming units (pfu)/cell at 20-40 hours following infection, as well as by its dual 

means of cellular spread [37, 38]. The primary method of VACV spread is through a double-

enveloped form known as the extracellular enveloped virus (EEV), which allows release 

from the cell without immune-detection, thus enabling long-range spread of the virus [39, 

40]. Interestingly, the virus is also able to utilize the cellular actin cytoskeleton to enable 

direct cell-cell spread through propulsion of a second form of the virus, the intracellular 

mature virion (IMV), from the cytoplasm directly into the neighbouring cell, which again 

provides a mechanism of evading exposure to the host immune system [41]. Virus spread is 

further enhanced by virus-induced formation of actin tails that not only prevent 

superinfection, but also propel extracellular virus particles from cell to cell until they reach an 

uninfected cell [42].  
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1.2.2.2. Oncolytic vaccinia virus 

 

VACV exhibits several traits that make it an ideal candidate for oncolytic virotherapy. 

The large genome enables genome manipulation and transgene insertion for increasing 

tumour selectivity [34, 35], while is rapid and efficient replication and spread enables high 

levels of oncolysis. Its capacity as an immunogenic potentiator aligns with the increasing 

focus on immunotherapy in cancer therapeutics [36]. The first oncolytic VACV agents 

emerged several years ago, having in common a deletion of the J2R gene encoding 

thymidine kinase (TK) (Figure 1.1). This deletion renders the virus reliant on cellular dNTP 

pools for virus replication, limiting virus replication to actively dividing cells and sparing 

normal, non-dividing cells [43]. Additional anti-viral mechanisms further protect normal 

tissues from damage by J2R-deleted viruses. Currently, TK-inactivated VACV is in clinical 

trials as JX-594, additionally expressing GM-CSF, and as GL-ONC1, with inactivation of J2R 

and A56R (encoding hemagluttinin) genes (Table 1.1) [26, 27]. Preclinical studies with these 

viruses have demonstrated induction of anti-tumour immunity in animal models and the 

subsequent resistance to tumour re-challenge [38, 43]. Early clinical trials of another TK-

deleted VACV, vvDD, expressing vaccinia growth factor (VGF) have demonstrated high 

tolerability and safety without evidence of dose-limiting toxicities, even with systemic 

delivery (Table 1.1) [37, 44]. In clinical trials JX-594 did, however, result in some 

development of lesions that tested positive for the virus [45, 46], suggesting that increased 

safety and tumour selectivity of the oncolytic VACV could be beneficial.  

 

1.2.2.3. Ribonucleotide reductase  
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Ribonucleoside diphosphate reductase (also called ribonucleotide reductase) is an enzyme 

that catalyzes the reduction of ribonucleoside disphosphates (rNDPs) to 

deoxyribonucleoside disphosphates (dNDPs) for the de novo synthesis of nucleotides, with 

both mammalian and viral homologs (Figure 1.1) [39]. It is a tetrameric protein composed of 

dimers of each of two subunits; the large R1 subunit and the small R2 subunit (Figure 1.2) 

[47]. R1, while only transcribed during S-phase, has a long half-life that renders its levels 

essentially constant throughout the cell cycle [48]. R2, however, is expressed only in S-

phase and is rapidly degraded by the anaphase-promoting complex (APC). R2 transcription 

in S-phase is thus the rate-limiting step for nucleotide biogenesis and subsequent cellular 

proliferation [47, 48]. Cells additionally encode a p53-dependent form of R2, p53-R2, which 

can form active tetramers with R1 [49]. P53-R2 is elevated in response to DNA damage and 

otherwise retains a relatively constant low-level expression because it lacks the KEN-box 

recognized by the APC-ubiquitin ligase complex which would otherwise target p53-R2 for 

degradation [47, 49]. 

 

1.2.2.4. Ribonucleotide reductase and vaccinia tumour selectivity 

 

Of the viruses in the Chordopoxvirinae subfamily, only two viruses (Suipox- and 

Orthopoxvirus) encode both large and small subunits of the ribonucleotide reductase 

enzyme, with all others showing conservation of only the small subunit R2 [47]. VACV, 

which is an Orthopoxvirus, encodes I4L (large subunit, 87 kDa) and F4L (small subunit, 37 

kDa), both of which are able to combine with each other or with human subunits to form 

functional complexes [47].  While deletion of I4L only mildly attenuates VACV, inactivation of 

F4L was shown to greatly attenuate the virus, reducing virus production   
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Figure 1.1. Nucleotide biogenesis pathway.  

De novo synthesis of nucleotides relies on reduction of rNDPs to dNDPs; a reaction 

catalyzed by the ribonucleotide reductase enzyme. Ribonucleotide reductase consists of 

two subunits, a large (R1) subunit and small (R2) subunit. A separate salvage pathway 

is required for generation of thymidine, and relies on the enzyme thymidine kinase. 

VACV encodes homologs to both ribonucleotide reductase subunits as well as to 

thymidine kinase, which are denoted in italics. Figure adapted from Dr. David Evans, 

University of Alberta, Department of Medical Microbiology and Immunology.  
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Figure 1.2. Ribonucleotide reductase structure.  

Ribonucleotide reductase is a tetrameric holoenzyme composed of dimers of each of 

two subunits; a large (R1, or hRRM1 in humans) subunit of 80-100 kDa, and a small 

(R2, or hRRM2 in humans) subunit of 37-44 kDa. A p53-dependent form of R2, p53-R2, 

is constitutively present in very low levels and upregulated in a p53-dependent manner 

in response to genotoxic stress. The rNDP reduction is catalyzed in an oxygen-

dependent manner. Figure from Yen, 2003 [50].  

  

(hRRM1)' (hRRM1)'

(hRRM2/p53R2)' (hRRM2/p53R2)'
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~1000 fold compared to wild-type  [47]. When inoculated into mice, F4L-deleted virus showed 

virus infection indistinguishable from mock-infected mice, while I4L-deleted viruses caused a 

drop in weight and adverse effects comparable to a wild-type infection (Figure 1.3) [47]. Further 

studies demonstrated that VACV lacking F4L results in conditional replication, where virus 

replication is possible only in cycling host cells expressing high levels of R2 [47]. Importantly, 

this suggests that many tumour cell lines would be hosts for such mutant viruses due to the 

highly replicative nature of cancer cells, but not normal tissues which generally have low R2 

expression [51]. VACV deleted in F4L, or possessing a double deletion in both F4L and J2R 

(encoding thymidine kinase), is therefore being tested in multiple models of cancer in the Evans 

and Hitt labs (Table 1.1) either as a standalone treatment or in combination therapies. In glioma 

models, however, it is likely that oncolytic VACV would have limited efficacy as a standalone 

treatment due to the highly heterogeneous nature of malignant gliomas, and would therefore 

benefit from a combination strategy approach [14] [52].  
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Figure 1.3. F4L (R2) deletion attenuates vaccinia virus in Balb/C mice.  

Balb/C mice were intranasally inoculated with wild-type VACV as well as VACV mutants 

encoding deletions in F4L (R2), I4L (R1), or both genes. No difference was seen in mice 

infected with F4L-deleted VACV mutants when compared to mock-infected controls, 

while 5/5 mice infected with wild-type vaccinia and 4/5 mice infected with I4L-deleted 

vaccinia succumbed to disease and were euthanized. Figure from Gammon et al. 2010 

[47]. 

 

ability of various poxvirus R2 subunits to interact with HR1 might
be explained by the high degree of sequence conservation amongst
mammalian RR subunits and the fact that ChordopoxvirusR2
subunits are typically.70% identical to mammalian subunits.
The observation that poxvirus RR genes are generally more
similar to cellular RR genes than other virus RR genes has led to
the suggestion that poxviruses have acquired RR genes through
horizontal transfer events with their host [87,88]. Interestingly,

other viral and bacterial pathogens have also likely acquired RR
enzymes through host gene capture [89,90,91]. It would be of
interest to determine ifChordopoxvirusR2 proteins exhibit a
quantitative binding preference for R1 proteins isolated from
their natural hosts (e.g.MR1 with ECTV R2 and rabbit R1 with
MYXV and SFV R2), as that would be an expected consequence
of evolutionary adaption to a particular host. Potential differences
in binding affinities between poxvirus and host subunits may
provide further insight into factors that contribute to poxvirus host
range which remain poorly defined.
During infection, ,8-fold more F4 than I4 subunits are
synthesized [92]. In tissue culture, levels of mammalian R1 are
constant during the cell cycle due to its long half-life [13], while R2
subunits are quickly degraded late in mitosis leading to a much
shorter half-life [15]. Given the relatively reduced activity of R1-
Hp53R2 complexes [17], it is possible that production of F4 in
excess allows these subunits to form needed complexes with both
viral and host R1 subunits. Interestingly, poxvirus R2 subunits,
like Hp53R2, lack much of the N-terminal sequences found in
HR2 including phosphorylation and ubiquitination sites that may
regulate HR2 function and degradation (Figure 1) [15]. This may
explain why F4 protein levels are stable for at least 12 h after
infection [92]. It seems likely that adaptive changes during
evolution has led to conservation of poxvirus R2 enzymatic
function yet has resulted in a loss of regulatory sequences that may
restrict viral subunit levels in the host.
We hypothesized that the ability ofChordopoxvirusR2 proteins to
interact with HR1 was due to the high degree of conservation of
the C-terminal seven residues between poxvirus and mammalian
R2 subunits (Figure 1). This C-terminal motif has been well-
characterized in R1-R2 interaction studies of various class I RR
enzymes [11,57,58,59,60,61] and an oligopeptide mimic
(7FTLDADF1) of mammalian R2 C-termini has been shown to
inhibit RR activity [57]. Positions 1, 5, and 7 in this mimic are the
most critical determinants of RR inhibition [57], and the residues
at these positions are conserved in the C-terminus of F4
(FSLDVDF) suggesting that VACV and mammalian RR share a
common R1-R2 subunit interaction mechanism. The large
differences between C-terminal sequences of HSV (YA-
GAVVNDL) and mammalian R2 subunits likely explains why
no evidence could be found for interaction of HSV RR proteins
with host subunits [23] and why peptide mimics of the HSV R2 C-
terminus are highly selective antivirals [71]. Previous studies have
used the F4 heptapeptide to generate an affinity column for I4
purification [93]. Therefore, we thought it was likely that F4
interacted with R1 proteins in a similar manner as found with
cellular R2 subunits. Indeed, interaction of F4 proteins lacking the
putative R1BD with HR1 was clearly impaired (Figure 7A) and
strains expressing these truncated proteins were unable to rescue
the small plaque phenotype of theDF4Lmutant (Figure 7B).
However, deleting the R1BD from Y300F F4 did suppress the
dominant negative phenotype (Figure 7B), which further implied
that F4 functionally interacts with HR1 through the C-terminus of
F4.
Collectively our data show that VACV F4 proteins (and likely
other poxvirus R2 proteins) are required for efficient viral
replication in culture as well as for pathogenesis (Figure 9). While
our studies of CDV and HU sensitivities (Table 2) suggest a defect
in RR activity and subsequent dNTP pool biogenesis as the
underlying cause for the defect ofDF4Lstrains, it is possible that
these are only indirect consequences of inactivation ofF4Land
other functions of F4 are required for replication. However, the
dominant negative phenotype of the Y300F-encoding strains in
the presence or absence of I4 (Figure 3B), the requirement of the

Figure 9. Differential requirement of VACV RR subunits for
pathogenesis.(A) Analysis of animal body weight after infection with
RR mutant strains. Groups of 5 NMRI mice were inoculated by an
intranasal route with 40,000 PFU of the indicated VACV strains or were
mock-infected with sterile buffer. Symbols represent mean body weight
of each group of mice (or surviving members) over the indicated times
post-infection. The number of surviving mice in each treatment group is
indicated in parentheses. Error bars represent SD. (B) Lung titers after
infection with RR mutant strains. The scatter plot shows lung virus titers
from individual mice with means (horizontal bars) for each group. Mice
were infected in parallel with studies in (A) and were euthanized 5 days
post-infection. Lung virus titers were determined as described in
Materials and Methods.
doi:10.1371/journal.ppat.1000984.g009

Viral Ribonucleotide Reductase
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1.3. RADIATION THERAPY 

1.3.1. Biology of radiation therapy 

 

Radiation therapy is one of the most common modalities of cancer treatment, used to 

treat over 50% of cancer patients as either a curative or adjuvant therapy [43]. While there 

are numerous different types of radiotherapy, gliomas are treated primarily by external beam 

radiotherapy, where ionizing radiation (IR) is delivered as γ-rays or X-rays [53, 54]. The IR 

can induce damage to cellular DNA in two ways: it can either directly disrupt the DNA, 

although this accounts for only ~30% of IR-induced DNA lesions; or more commonly the 

energy from the IR causes radiolysis of water molecules, forming the highly reactive oxygen 

species and nitrogen species that then induce DNA lesions through oxidative damage [53, 

55-57]. The reactive oxygen species can induce a variety of DNA lesions [58, 59], however 

the most lethal and therefore most relevant to radiotherapy is the induction of double-strand 

DNA breaks (DSBs) [58, 60], minimally consisting of two single-strand breaks (SSBs) 

occurring within one helical turn on opposing DNA strands [58]. DSB formation is also 

influenced by the number of complex lesions, wherein multiple DNA lesions occur within 10 

base pairs of each other and are improperly repaired [59]. The number of DSBs produced is 

cell-cycle-dependent, with the most DSBs generated in S-phase; however the number of 

unrepaired DSBs is more predictive of cellular lethality following radiation exposure [60, 61]. 

Following radiation, there are several possible cellular fates, the major three of which are 

mitotic catastrophe, apoptosis, and radiobiological cell death, or stress-induced premature 

senescence (SIPS) (Figure 1.4) [61, 62]. Apoptosis, or programmed cell death, is prevalent 

mode of cell death following IR-exposure, and is largely mediated by tumour suppressor 

proteins, the most well known of which is p53, although Rb has also been implicated [63]. 

P53-independent forms of apoptosis have also been identified, although p53-independent 
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apoptosis is generally delayed compared to p53-dependent apoptosis Secondary to 

apoptosis, mitotic catastrophe accounts for a large proportion of IR-mediated cell death, and 

is thought to be responsible for late apoptosis following IR-induced damage. Mitotic 

catastrophe occurs when there is unregulated entry into the cell cycle, whether by p53-

deficiency or loss of checkpoint control. Premature entry into mitosis and subsequent 

chromosome aberrations lead to cell death through apoptosis or necrosis (Figure 1.4) [63]. 

In some cases, however, and especially in cases with lower dose radiation that is not 

sufficient to induce direct cell death, cells will undergo irreversible growth arrest, or 

senescence; these cells may eventually undergo apoptotic death [63]. Response is also 

tissue-dependent: early responding tissues, which are typically highly proliferative tissues, 

are highly radiosensitive, whereas late-responding tissues are generally able to repair 

sublethal damage [55]. One major way through which clinical radiation delivery has taken 

advantage of these differential responses is through fractionated radiation therapy, whereby 

multiple fractions of radiation are given at a sublethal radiation dose at varying angles such 

that radiation beams converge on the tumour for a cumulative lethal dose to the more 

proliferative tumour, while surrounding normal tissue only receives a single fraction [55]. 

Additionally, by giving the fractions over a 6-week schedule to achieve the cumulative dose, 

the late-responding normal tissues are able to repair the sublethal damage largely 

minimizing radiation side effects [55].  
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Figure 1.4. Cellular fates following IR-induced damage. 

Following IR exposure, cells can undergo various forms of cell cycle arrest or cell death. 

Most commonly, cell death is induced directly through tumour suppressor-mediated 

induction of apoptosis, or through unregulated entry into the cell cycle and subsequent 

premature mitosis leading to mitotic catastrophe. Mitotic catastrophe can then result in 

cell death through apoptosis or necrosis, although necrosis is more commonly seen with 

higher radiation doses. While mitotic catastrophe is more common in p53-deficient cells, 

p53-proficient cells are more likely to undergo stress-induced premature senescence 

(SIPS), which typically leads to eventual apoptosis. Figure adapted from Kim et al. 2015 

[63]. 
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1.3.2. Cellular response to radiation 

 

DSB repair can occur through two separate pathways, dependent on the stage of the 

cell cycle. If a sister chromatid is present, such as in late S and G2 phase, homologous 

recombination can be used as an error-free means of repair [59]. In G1 phase, the main 

repair pathway used to repair IR-induced DNA damage is non-homologous end-joining 

(NHEJ) which religates the ends of DSBs, however, this method is error-prone [59, 61, 64]. 

In both cases, in order to repair DNA, the DNA damage is first recognized by the Mre11-

Rad50-Nbs1 (MRN) complex [58]. Ataxia telangiectasia-mutated (ATM) proteins are 

recruited to sites of MRN clusters, where they phosphorylate histone-variant 2AX at ser 139 

(γH2AX) [58]. γH2AX clusters form at sites of DNA damage within 10-30 minutes post-

irradiation, and can be used as a marker of radiation-induced DSBs [58, 65]. ATM is 

additionally responsible for phosphorylation of p53 and MDM2, disrupting the inhibitory 

interaction of MDM2 and stabilizing p53 [64, 65]. This activation of p53 induces subsequent 

transcription of target genes involved in senescence and apoptosis [66]. Of particular note is 

the p53-mediated transcription of p21, a senescence-associated cyclin-dependent kinase 

(CDK) inhibitor that blocks cell cycle progression and promotes growth arrest [55, 65]. Due 

to the anti-apoptotic effects of p21, the fate of cells treated with less than 10 Gy of radiation 

is generally directed towards SIPS and DNA repair rather than apoptosis [65, 66].  

 To facilitate DNA repair, however, there must first be de novo synthesis of 

nucleotides, which requires ribonucleotide reductase activity [67]. While initially DNA 

damage results in a p53-dependent increase in the levels of p53-R2 [68], there is also an 

induction of R2 transcription and a corresponding increase in R2 protein levels seen 

following radiation. In studies of cervical carcinoma lines, R2 expression following irradiation 

was elevated up to 30 hours post-irradiation, while there was no corresponding elevation in 

R1 [67, 69]. The post-irradiation upregulation of R2 was also shown to have some p53-
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dependence, with a somewhat reduced upregulation seen in p53-mutant cell lines compared 

to p53-wild-type cell lines. In contrast, p53-R2 was only upregulated in p53-wild-type cell 

lines [49, 51]. As R2 is regulated independently of p53 (whereas p53-R2 is not), R2 is 

therefore able to complement the lack of p53-R2 upregulation in p53-mutant cells, facilitating 

DNA repair in these cells [51].  

 

1.3.3. Clinical radiation therapy in glioma 

 

Radiotherapy has been established as a key aspect of glioma treatment since 1976 

when it was shown to nearly double survival time compared to chemotherapy alone [10, 64]. 

Post-surgery radiotherapy with concomitant TMZ was established in 2005 as providing the 

best survival benefit, and is still the standard of care today [9, 70]. Clinically, gliomas are 

treated by radiotherapy delivered in 2 Gray (Gy) fractions (where 1 Gy is equivalent to the 

absorption of 1 joule of energy per kilogram of matter), to a total of 60 Gy over a period of 

six weeks, with no further survival benefit seen by increased radiation dose [71]. TMZ is 

delivered at a dose of 75 mg per square meter of body surface per day concurrently with 

radiation, and then 4 weeks following radiation a second cycle of TMZ begins at an elevated 

dose of 150 mg per square meter [9]. This treatment regime has, however, been shown to 

increase toxic effects when compared to radiation alone, with some hematologic toxic 

effects, neutropenia, and thrombocytopenia observed in concurrent and adjuvant TMZ 

therapy [9].  

 

1.3.4. Mouse models of radiation therapy 
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While radiation therapy is one of the most commonly used treatment modalities in the 

clinic, preclinical studies using external beam radiation therapy have often been hindered by 

the absence of a mode of radiation delivery comparable to that seen in the clinic. The 

majority of animal studies using external beam radiation used a single radiation field with 

lead shielding to protect the non-irradiated areas [72, 73]. This simple, uniform approach, 

while not only deviating from the conformal, multi-beam radiation delivery seen in the clinic 

[74], also resulted in unwanted side effects due to the unavoidable exposure of surrounding 

normal tissues [73], and as such necessitated a more clinically relevant model. The X-Strahl 

Small Animal Radiation Research Platform (SARRP) is a radiation delivery system 

developed at John Hopkins University that employs conebeam computed tomography 

(CBCT)-guided, highly targeted radiation delivery to small animal models, to better mimic 

the radiation treatment seen clinically [74, 75]. The SARRP combines CBCT image 

acquisition with advanced Muriplan treatment planning software with 360° delivery of 

isocentric radiation beams or arcs, for submillimetric precision delivery in any plane [75]. 

The SARRP system itself consists of an electronic imager, used for CBCT acquisition at 

high or low resolution, as well as a collimator system mounted on a rotational gantry for 

optimal precision delivery (Figure 1.5). The radiation beam is further focused through 

exchangeable tertiary collimators, with diameters ranging from 0.5 mm to 10 cm to allow 

manipulation of the size of the radiation beam (Figure 1.6). Muriplan treatment planning 

software allows for high precision of radiation delivery to manually-identified tumour 

isocentres, with isodose calculations demonstrating a dose highly targeted to the tumour 

with little radiation exposure of normal tissue (Figure 1.7). Previous studies have 

demonstrated that there is a high accuracy of dose delivery when using the SARRP as 

evidenced by γH2AX expression localized within the irradiated area [72, 76]. The accuracy 

and reproducibility of the SARRP radiation delivery has been validated on several models of 
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intracranial GBM, using both MRI and bioluminescence imaging for visualization of tumour 

borders [72, 77].  
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Figure 1.5. Early model of X-Strahl Small Animal Radiation Research Platform 

(SARRP).  

Internal set-up of an early model of the X-Strahl SARRP. High or low resolution CBCT 

images are acquired through the electronic imager, while isocentric radiation delivery 

(beam or arc) is delivered through the primary, secondary and tertiary collimators to 

target the radiation beam for more precise delivery. The collimators are mounted on a 

rotational gantry, and the animal support bed is able to move submillimetrically in any 

plane for highly targeted radiation delivery. Figure from Wong et al. 2008 [75].  

 

agents, such as drugs, biomarkers, and molecularly targeted
therapeutics. Clearly, a pressing need exists to bridge the
technological gap between laboratory radiation research
and human treatment methods.
Several groups, including ours, have initiated efforts to

overcome the disparity(1–7). DesRosierset al.(2)noted
that small animal irradiation requires an accuracy within
1 mm. They demonstrated that a gamma knife system (Elekta
Instrument AB, Stockholm, Sweden) can achieve an accu-
racy of0.5 mm for small animal research. The disadvantage
with the approach is the inherent nonlocal energy deposition
associated with the60Cog-rays. Stojadinovicet al.(3, 7)re-
cently reported on a ‘‘micro-radiation’’ system in which
a small, high-activity192Ir source, combined with custom-
fabricated tungsten collimators, was used to deliver beams
from four orthogonal angles. Apertures ranging from 5 to
15 mm in diameter are available. The system is attractive in
the simplicity of its design, but it is challenged by the rapid
decrease of its dose rate with distance, the requisite high
source activity, and the appreciable dimension of its smallest
5-mm diameter beam. In an attempt to attain smaller field
dimensions, Graveset al.(6)are exploring a novel iris-colli-
mating system that can be mounted to a small animal micro-
computed tomography (CT) system. Their preliminary
results have indicated that a beam with diameters ranging
from 8.5 cm to 0.6 mm in diameter can be produced. The
system awaits dosimetric characterization, because the final
X-ray source has not been determined.
The present report provides a ‘‘proof of concept’’ for our

design and construction of a small animal radiation research
platform (SARRP) that mimics the isocentric external-beam
treatment machine used to deliver image-guided radiotherapy
for humans(1, 5). Our efforts were directed toward demon-
strating our concept and the functionality of the component
parts of the system for image guidance, irradiation, and treat-
ment planning. In-depth system characterizations of these ca-
pabilities and their integrated operations are ongoing,
although various functions of the system have already been
incorporated in several laboratory animal investigations.

METHODS AND MATERIALS

Design consideration
The design specifications of the SARRP include(1)a gantry that
supports isocentric and noncoplanar conformal irradiation;(2)on-
board CT guidance to facilitate accurate repositioning for fraction-
ated irradiation schemes and co-registration with other small animal
imaging modalities; and(3)3D conformal treatment planning to
provide quantitative dosimetry.
None of the specified features for the SARRP are available in
present laboratory animal irradiation systems, but they are necessary
to mimic human treatment methods. However, these technologies
are available as individual component parts, at least for humans.
The challenge is to downsize and integrate them into a common plat-
form for small animal irradiation experiments. For CT imaging, we
considered a 0.25-mm3voxel resolution as a reasonable specifica-
tion that can be achieved at an acceptable imaging dose level. It fol-
lows that the precision of the mechanical motions for positioning the

small animals and the dose calculation grid would be of similar mag-
nitude (i.e.,#0.25 mm). In addition, we would like to achieve accu-
ratein vivodosimetry that is in agreement with measurement to
within 5–10%.

X-ray source
The SARRP uses a common X-ray source for both imaging and
irradiation. A small focal spot producing energies of 50–120 kVp
is desirable for imaging purposes. However, greater kVp X-rays
are more suitable for irradiation of laboratory animals such as
mice, rats, and rabbits. A larger focal spot would also allow a greater
dose output. Monte Carlo simulations were performed for a nondi-
verging 1 mm 10 mm slit X-ray beam to examine the choice of
energy that would provide adequate penetration and ensure local en-
ergy deposition and thus a sharp dose falloff in water. On the basis of
these considerations, an industrial Seifert ISOVOLT 225M2 X-ray
source (Seifert X-ray, Lewistown, PA) was selected. This constant
potential X-ray source uses two focal spots, 0.4 mm and 3.0 mm
per International Electrotechnical Commission 336 specifications,
to produce X-rays of 50–225 kVp.

SARRP platform
Figure 1shows the physical appearance and functionality of the
SARRP. The structural frame of the SARRP is made of aluminum
profiles and measures 3 ft. wide, 4 ft. long, and 6 ft. tall at the largest
extent of each dimension. The Seifert X-ray source is mounted on an

Fig. 1. Small animal radiation research platform (SARRP) with
conformal irradiation and cone-beam computed tomography guid-
ance capabilities. Maximal extent of system measures 3 ft. wide,
4 ft. long, and 6 ft. tall. It is equipped with wheels for ease of trans-
port but rests on stops for stationary use. Camera-based electronic
imaging system has since been replaced with a 21-cm 21-cm
flat panel amorphous silicon detector.

1592 I. J. Radiation OncologydBiologydPhysics Volume 71, Number 5, 2008
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Figure 1.6. Interchangeable tertiary collimators for focal radiation beam 

delivery.  

The X-Strahl SARRP is equipped with interchangeable tertiary collimators ranging in 

size from 0.5 mm to 10 cm (not pictured), to further increase precision of radiation 

delivery through manipulation of the size of the radiation beam.  
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Figure 1.7. MuriPlan treatment planning for precise radiation delivery.  

Computed tomography (CT) images scanned using the SARRP are uploaded into 

MuriPlan treatment planning software. Tumour is identified and tumour contours 

manually defined (not pictured). Tumour isocentre(s) are manually selected, with 

radiation beams (or arcs) targeted to selected isocentres. (A) Three converging beams 

targeted to defined tumour, with isodose to tumour and surrounding tissue shown as: 

green [0% - 20% target dose), yellow [60% - 70% target dose], orange [70% - 80% 

target dose], and red [80% - 100% target dose. (B), (C), (D) are transverse, saggital, and 

frontal views of mouse CT, radiation beams, and isodoses. (E) Dose volume histogram 

(DVH) showing radiation dose (cGy) per fractional volume of tumour. Images from Kim 

Rans (Faculty Service Officer, Department of Oncology, University of Alberta) and 

Brittany Umer (Graduate student from the laboratory of Dr. David Evans, Department of 

Medical Microbiology and Immunology, University of Alberta). 

A 
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1.4. ONCOLYTIC VIROTHERAPY AND RADIATION IN GLIOMAS 

1.4.1. Oncolytic virotherapy and radiation 

 

While many virotherapies in clinical trials have been used as standalone treatments, 

there have been several studies that have demonstrated improved cytotoxicity when 

oncolytic viruses were combined with chemotherapy or radiation [78]. In a study combining 

oncolytic VACV GLV-1h51  (Table 1.1) with radiation therapy for the treatment of pancreatic 

cancer, in vitro there was enhanced apoptosis of cells previously shown to be relatively 

radioresistant, while a xenograft mouse model showed a survival benefit when using 

combination therapy [79]. Another in vitro study combining oncolytic VACV GLV-1h68 with 

radiation to treat head and neck cancer cell lines showed no decreased virus replication 

following radiation, as well as improved cell killing even at a very low multiplicity of infection 

(MOI) [80].  

A particularly significant combination effect was seen by combining reovirus with 

radiation therapy to treat relatively reovirus-resistant cell lines, demonstrating a strong 

induction of apoptotic pathways compared to either therapy alone, as well as a significant 

increase in survival in xenograft models [81]. Of particular interest was a study in human 

colorectal cancer cells treated with radiation therapy and oncolytic HSV-1 containing an 

insertional inactivation of R1. They found that the combined modalities demonstrated an 

increase in viral replication by a factor of 4.3, and increased cell death. Relevant to this 

thesis, they reported a significant increase in ribonucleotide reductase activity following 

exposure to IR [82].   

To the best of our knowledge, there is currently one reported clinical trial of combination 

radiation therapy and oncolytic virotherapy in malignant glioma; G207, an oncolytic HSV-1, 

was given in combination with radiation for recurrent GBM. In a Phase I trial of intratumorally 
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administered G207 followed by a single 5 Gy radiation dose, the combination was well 

tolerated, with no development of encephalitis and some partial responses observed [29]. A 

second Phase I trial was also undertaken to assess the safety of multiple doses of G207 

administered intratumorally prior to radiation delivery; in this completed trial, there was 

similarly no development of HSV encephalitis and only one patient developed adverse 

effects (fever, delirium) which resolved with steroid medication [83]. Although there have 

been no Phase II trials undertaken following completion of the Phase I trials, a Phase I trial 

of G207 in combination with radiation therapy for pediatric brain tumours is currently 

enrolling (http://www.clinicaltrials.gov, NCT02457845).  

 

 

1.4.2. Glioma recurrence and resistance to standard therapies 

 

The biggest barrier to curative therapy in the treatment of malignant glioma is the high 

propensity for recurrence, with median survival of 25 weeks from the time of recurrence [71, 

84]. Interestingly, 70%-90% of GBMs recur within 2-3 cm of the original tumour [71], 

suggesting that the highly diffuse and infiltrative nature of gliomas may lead to incomplete 

surgical removal and/or extension beyond radiographic margins, thereby resulting in 

localized recurrence [55].  

There are several characteristics of malignant glioma that render them resistant to many 

treatment options. Due to the locality and infiltration of the tumours, surgical resection 

presents a high risk of morbidity. Furthermore, the blood-brain barrier prevents systemic 

delivery of many chemotherapeutic agents to the brain [55, 71]. Additionally, malignant 

gliomas are inherently radioresistant, with even high doses failing to control tumours, while 

also inducing acute side effects [55]. Furthermore, with a time to recurrence of less than one 
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year, second-line radiation therapy is often not a possibility due to the late radiation effects 

and radionecrosis seen several months after initial treatment, increasing the risk of 

permanent brain injury with continued radiation therapy [6]. A means of eliminating the 

micro-extensions of the primary tumour would therefore be a viable approach to reducing 

tumour recurrence and thereby improving patient survival.  

 

1.4.3. Potential advantages of a combinatorial approach 

1.4.3.1. Spatial cooperation 

 

As discussed above, malignant gliomas are one of the most deadly forms of cancers 

with a high propensity for recurrence. The infiltrative nature of malignant glioma renders it 

particularly resistant to curative therapies, with recurrence generally recurring within 2-3 

centimetres of the original tumour mass [71]. We propose a combination strategy wherein 

the bulk of the tumour is treated with radiation therapy, while the tumour infiltrations are 

targeted by our replication-competent oncolytic VACV. This would allow the oncolytic VACV 

to spread through the tumour margins and microextensions that extend beyond the radiation 

target volume, thus providing a means of eliminating the tumour infiltrations, increasing 

tumour clearance and reducing possibility of recurrence to improve long-term survival.  

 

1.4.3.2. Additivity/synergy 

 

Additionally, we propose that cellular changes induced by IR exposure could benefit the 

virus for additive or synergistic effects. It has been demonstrated that radiation exposure 

results in DNA damage and leads to upregulation of DNA repair pathways, including an 
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increase in ribonucleotide reductase small subunit expression (both R2 and p53-R2). This 

induction of DNA repair also results in an increase in cellular dNTP pools and/or dNTP 

synthesis, which we hypothesize will provide an environment conducive to the growth of our 

R2-deleted VACV.  

 As malignant gliomas are known to be radioresistant, we additionally propose 

that our oncolytic VACV will be able to replicate in and induce cellular death in those tumour 

cell populations that are not killed by radiotherapy alone, for increased tumour killing. 

Additionally, several studies have shown that increasing immune responses to the tumour 

could have therapeutic effects. Radiation alone can activate inflammatory cell pathways 

[53], however the immunogenic effects of radiation therapy are often hampered by the 

immunosuppressive environment of the tumour [85] [86]. It has thus been proposed that 

radiation therapy could be improved through stronger induction of anti-tumour immunity [86]. 

As VACV has demonstrated high immunogenic potential, both in preclinical studies as an 

oncolytic virus as well as through its use in smallpox vaccinations, we hypothesize that 

combining radiation therapy with oncolytic VACV therapy could promote reactivation of an 

immune response to the tumour cells, further increasing tumour clearance by the immune 

system.  

 

1.4.4. Thesis objectives 

 

The objectives of this thesis were to provide the preclinical foundations for testing 

efficacy of the combination of our double-deleted oncolytic VACV ΔF4LΔJ2R VACV (Table 

1.1) with SARRP image-guided radiation therapy. To this end, we first assessed whether 

cells treated with IR would permit virus replication, and whether cell killing was enhanced by 

combination oncolytic VACV and radiation treatment. Our next step was to establish a 
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platform for testing combination treatment in a mouse GBM model, and initiate the 

assessment of the combination treatment in a small pilot study.  

We hypothesized that, due to the efficient, tumour-selective spread of the virus and its 

immune-stimulatory potential, as well as the high safety profile and minimal adverse effects 

of other oncolytic VACVes seen in clinical trials, our oncolytic virus could provide an ideal 

alternative to TMZ in the treatment of malignant gliomas. Additionally, we hypothesized that 

the cellular changes induced by exposure to IR therapy, which is already a key component 

in the treatment of malignant glioma, could provide an environment that could further 

enhance virus replication and cytotoxicity. Combined, we believe that these advantages of 

oncolytic vaccinia virotherapy with radiation therapy could improve tumour response, reduce 

the rate of recurrence through virus spread in tumour microextensions, and improve survival 

in a cancer that has remained largely resistant to the therapies currently in use clinically.   
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Table 1.1.   Oncolytic viruses discussed in thesis  

Virus Backbone Mutation(s) Mechanism of actionVirus Backbone Mutation(s) Mechanism of action Stage of 

clinical trial

Stage of 

clinical trial

ICP34.5 (deletion) Tumour-selectivity

ICP47 (deletion) Antigen presentation

US11 (insertion) Increased replication, 

oncolysis

GM-CSF (insertion) DC recruitment and 

stimulation

E1A (deletion) Selectivity for 

retinoblastoma (Rb)-

deficient cells

RGD-4C (insertion) Integrin binding, for 

adenovirus receptor-

independent 

infection

γ34.5 (deletion) Attenuation of 

neurovirulence

UL39 

(inactivation)

Disruption of viral 

ribonucleotide 

reductase

H-1PV 

[30,31]

Parvovirus None Wild-type rat virus, 

oncolytic, non 

pathogenic in normal 

cells

Phase I/II

PVS-RIPO 

[32,33]

Poliovirus Internal ribosomal 

entry site (IRES) 

from human 

rhinovirus type 2

Attenuation of 

neurovirulence, entry 

restricted to 

poliovirus receptor 

CD155-expressing 

cells (oncofetal 

adhesion molecule 

and tumour antigen)

Phase I, FDA-

granted 

breakthrough 

status

J2R (deletion) Thymidine kinase 

deletion - conditional 

replication

Talimogene 

laherparepvec 

(T-vec) 

[22,23]

HSV-1 FDA 

approved 

(2015)

G207              

[29]

HSV-1 

strain F

Phase I

Ad5-Delta 

24RGD 

mutant E1A 

(DNX-2401) 

[28]

Adenovirus Phase I

JX-594        

[26]

Vaccinia 

virus 

(Wyeth 

strain) GM-CSF (insertion) DC recruitment and 

stimulation

Phase III, FDA-

granted 

orphan drug 

designation 

for HCC
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F14.5 L 

(inactivation)

Renilla luciferase 

Aequorea green 

fluroescent protein 

(RUC-GFP) insertion 

for visualization

J2R (inactivation) Thymidine kinase 

deletion - conditional 

replication

A56R 

(inactivation)

Hemagluttinin 

deletion - virus 

attenuation

J2R (deletion) Thymidine kinase 

deletion - conditional 

Vaccinia growth 

factor (VGF) 

(deletion)

Virus attenuation, 

conditional 

replication

F4L (inactivation) Disruption of viral 

ribonucleotide 

reductase - 

conditional 

replication

J2R (inactivation) Thymidine kinase 

deletion - conditional 

replication

F14.5 L 

(inactivation)

RUC-GFP insertion for 

visualization

J2R (inactivation) Thymidine kinase 

deletion - conditional 

replication

A56R 

(inactivation)

Hemagluttinin 

deletion - virus 

attenuation

Vaccinia virus 

vvDD       

[37,44]

Vaccinia 

virus 

(Western 

reserve 

strain)

Preclinical

Phase I/IIGL-ONC1    

(GLV-1h68) 

[27]

Vaccinia 

virus 

(Lister 

strain)

GLV-1h51 

[79]

Vaccinia 

virus 

(Lister 

strain)

Preclinical

PreclinicalVaccinia 

virus 

(Western 

reserve 

strain)

ΔF4LΔJ2R 

VACV        

[47]

ΔF4L VACV    

[47]

Vaccinia 

virus 

(Western 

reserve 

strain)

F4L (inactivation) Disruption of viral 

ribonucleotide 

reductase - 

conditional 

replication

Preclinical
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CHAPTER 2. IN VITRO VACCINIA GROWTH KINETICS AND 

CYTOTOXICITY IN COMBINATION WITH IONIZING 

RADIATION IN HUMAN GLIOMA CELLS 
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2.1. MATERIALS/METHODS 

2.1.1. Cell culture 

 

U-87 MG cells (ATCC #HTB14, from Dr. Roseline Godbout, Department of Oncology, 

University of Alberta) and U-118 MG cells (ATCC #HTB15, from Dr. David Evans, 

Department of Medical Microbiology and Immunology, University of Alberta) were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS), 2 mM L-glutamine, 0.1 mg/mL penicillin, 100 U/mL streptomycin, 

and 250 µg/mL Amphotericin B. BSC40 cells (ATCC #CRL-2761, from Dr. Evans) were 

maintained in Minimum Essential Medium (MEM) supplemented with 5% FBS, 2 mM L-

glutamine, 0.1 mg/mL penicillin, and 100 U/mL streptomycin. All cell lines were 

maintained at 37°C and 5% carbon dioxide (CO2). Cells were passaged using 0.25% 

trypsin diluted in versene. All reagents were obtained from Gibco, Thermofisher 

Scientific.  

2.1.2. Recombinant viruses 

 

ΔF4LΔJ2R VACV, ΔF4L VACV, ΔJ2R VACV, and wild-type VACV were generated in the 

laboratory of Dr. David Evans. All viruses were constructed from a Western Reserve 

(WR) backbone (ATCC), with recombinant viruses containing an inserted mCherry gene 

for fluorescence imaging of viral replication (Figure 2.1). Viruses in this thesis were 

amplified by Kyle Potts and identities were confirmed by polymerase chain reaction 

(PCR) [87]. Viruses were re-titred immediately before use in experiments described in 

this thesis. 
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Figure 2.1. Recombinant vaccinia virus mutants.  

Recombinant vaccinia mutants constructed from a Western Reserve (WR) backbone. !J2R 

VACV contains an mCherry/lacZ insertion in the J2R locus. !F4L VACV contains mCherry 

and NeoGusA insertions in the F4L locus. !F4L!J2R VACV contains both insertional 

inactivations; the mCherry/lacZ J2R insertion and the mCherry/NeoGusA F4L insertion. 

Figure from Kyle Potts (Graduate student of Dr. Mary Hitt, Department of Oncology, 

University of Alberta).  

2.1.3. Virus titration 

 

Confluent BSC40 cells on 150 (mm) plates were trypsinized and split into nine 6-well 

plates (54 wells total). 48 hours later, virus was serially diluted in phosphate-buffered 

saline (PBS). BSC40 plates were aspirated and 0.5 mL virus dilution in PBS (10-7 or 10-8 

for high titre stocks, or as indicated below for lysates from growth curve experiments) 

was added in triplicate to 6-well plates. Plates were incubated at 37°C and 5% CO2 for 1 

hour, shaking plates every 15 minutes. Following the 1 hour incubation period, 2 mL of 

warmed medium (MEM) was added to each well and plates were incubated at 37°C and 

Wild-type  

#F4L#J2R 

#F4L 

#J2R 
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5% CO2. At 48 hours post-infection (h.p.i.), wells were aspirated and stained with crystal 

violet, and plaques were counted for each well. Titres of virus stocks (in plaque-forming 

units (pfu)/microlitre (µl)) were calculated as: 

Titre	
  (pfu/µμl)	
  =	
  
Average	
  (plaques/well)	
  	
  x	
  (dilution	
  factor)

0.5
ml
well

	
  x	
  1000	
  ul/ml
 

 

2.1.4. Virus infection and growth curves 

 

Immediately prior to infection, a representative well or plate was trypsinized and cells 

counted with Trypan blue diluted 1:1 in PBS using a hemocytometer. The amount of 

virus required for the appropriate MOI was calculated. For each virus, cultures were 

aspirated, then infected with virus at an MOI of 0.03 pfu/cell (1 mL virus dilution in PBS 

for 60 mm plates, 20 µl per well of 96-well plates). In some cases, a t=0 plate was 

harvested by scraping and cells and medium were collected into a conical tube and 

stored at -80°C. For other time points, cells were incubated at 37°C and 5% CO2 for 1 

hour, shaking plates every 30 minutes. Following the 1-hour incubation, growth medium 

was added to plates and plates were incubated for the times indicated.  

 

For virus growth curves, after the desired incubation time, each plate was scraped and 

medium and cells collected into conical tube and stored at -80°C. Collected cells 

underwent three freeze-thaw cycles of incubation in a 37°C water bath followed by 

freezing at -80°C, and were titred on BSC40 cells. Virus titres for each time point were 

calculated in pfu/cell: 
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Virus	
  titre	
  (pfu/cell)	
  

=	
  

Average	
  plaques	
  	
  (pfu/well)	
  
0.5	
  𝑚𝐿/𝑤𝑒𝑙𝑙

	
  x	
  dilution	
  factor	
  x	
  (total	
  volume	
  collected	
  cells+medium)

Initial	
  cell	
  count
 

 

2.1.5. Cell irradiation 

 

To minimize disruption of cells due to transportation across campus, cells were seeded 

at uniform density in 60 mm or 96-well plates as indicated and incubated at the Cross 

Cancer Institute (CCI). 24 hours post-seeding, cells were irradiated as indicated using a 

GammaCell cesium-source irradiator located at the CCI. Cultures were then transported 

to the Katz Building in an insulated container where they were incubated for the 

remainder of the experiment. At the indicated times post-irradiation (h.p.ir.), cells were 

infected with virus as described in section 2.1.4. 

 

2.1.6. Cell survival assays 

 

At 24 hours post-seeding, or 6 hours post-irradiation(h.p.ir), of cultures in 96-well plates, 

one well of each treatment plate was trypsinized and cells counted using a Trypan blue 

dye and a hemocytometer. Wells were infected in triplicate with 20 µl of serial dilutions of 

virus at 0.001 pfu/cell to 10 pfu/cell in PBS, with negative and positive controls for cell 

killing of PBS (mock-infected) and 10% Triton X-100 in double-distilled water ( ddH2O), 

respectively. Plates were incubated for 1 hour, shaken at 15-minute intervals. Following 

the incubation period, 80 µl of growth medium was added to each well and plates were 

incubated for 72 hours. At 72 h.p.i., 11 µl of 440 µM resazurin in sterile ddH2O was 

added to each well and plates were incubated for 2-3 hours until fluorescence 
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developed. Fluorescence was measured using a microplate reader with excitation and 

emission wavelengths of 544 nm and 590 nm, respectively. Values in triplicate were 

averaged and background fluorescence (Triton X-100 treated wells) was subtracted from 

the sample fluorescence value. Cell survival was calculated as: 

%	
  cell	
  survival=	
  
fluorescence	
  (experimental)

fluorescence	
  (mock	
  infected)
x100 

 

2.1.7. Lysate collection and western blots 

 

Cells were seeded at uniform density in 60 mm plates and 24 hours later were irradiated. 

At indicated time points, one plate each of irradiated and non-irradiated control was 

harvested for whole cell lysate. Lysates were collected by aspirating media from plates 

and rinsing twice with cold PBS, followed by treatment with radioimmunoprecipitation 

(RIPA) buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS 

and 50 mM Tris pH 8.0) supplemented with 1% 100X Protease Inhibitor Cocktail (HaltTM, 

ThermoFisher Scientific) and 1 mM phenylmethanesulfanol fluoride (PMSF). Collected 

lysates were centrifuged and pelleted genomic material was removed. Lysates were 

stored at -80°C. Protein concentration of each sample was calculated against a standard 

curve of albumin using a BCA protein assay (PearceTM, ThermoFisher Scientific 

#23225).  

 

For western blot, 20 µg of protein (in RIPA buffer) was separated on a SDS-12% poly-

acrylamide gel using a vertical electrophoresis cell. Proteins were wet-transferred to a 

nylon membrane using a transfer buffer containing 24 mM Tris base, 293 mM glycine, 

and 20% methanol. The membrane was blocked with Odyssey blocking buffer (LI-COR) 

and probed overnight at 4°C with primary antibodies for R2 (Santa Cruz Biotech, sc-
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10846), p53R2 (Abcam, ab-8105), and p21 (Abcam, ab109199) diluted 1:1000 in 1:1 

Odyssey blocking buffer:PBS. β-tubulin (detected with Abcam antibody ab-6046) was 

used as a loading control. Membranes were rinsed with PBS, 0.1% Tween-20 (PBST) 

and stained for 1 hour at room temperature with secondary antibodies (goat α-mouse 

IgG (H+L) IRDye 680 RD, donkey α-rabbit IgG (H+L) IRDye 680 LT, donkey α-rabbit IgG 

(H+L) IRDye 800 CW, donkey α-goat IgG (H+L) IRDye 800 CW) (all secondary 

antibodies obtained from LI-COR) diluted 1:20 000 in PBST + 0.01% sodium dodecyl 

sulfate (SDS). Membranes were rinsed in PBST followed by PBS, and scanned using a 

LI-COR Odyssey and the Image StudioTM software.  

 

2.2. RESULTS 

2.2.1. Yield of VACV mutants is comparable to that of wild-type VACV in human 

GBM cells  

 

We first determined whether our human glioma cell lines supported F4L-deleted (ΔF4L 

or ΔF4LΔJ2R) VACV infection, and whether there was any reduction in replication 

compared to wild-type VACV or other VACV mutants used commonly in the Evans and 

Hitt labs. Growth curves of VACV mutants ΔF4LΔJ2R, ΔF4L, and ΔJ2R as well as wild-

type VACV were carried out on the human GBM cell lines U-87 MG and U-118 MG to 

determine whether replication of VACV mutants was hindered compared to wild-type 

VACV. Cells were infected with virus at an MOI of 0.03 pfu/cell and harvested up to 96 

h.p.i. such that multiple rounds of replication would take place within the assay time 

period.  In U-87 MG cells, ΔF4L VACV, ΔF4LΔJ2R VACV, and ΔJ2R VACV grew to 

yields comparable to that of wild-type VACV, with final virus yields at 96 hours showing 
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no significant difference between wild-type VACV and the three mutant viruses (Figure 

2.2). When U-118 MG cells were infected with mutant or wild-type VACV, ΔF4LΔJ2R 

VACV showed no significant difference in final virus yield compared to wild-type and 

ΔJ2R VACV; however there was an ~1 log reduction in final virus yield of ΔF4L VACV at 

96 hours (Figure 2.3). As we saw no significant difference between ΔF4LΔJ2R VACV 

and ΔF4L VACV infection in U-87 MG cells, and a lower ΔF4L VACV yield compared to 

ΔF4LΔJ2R VACV in U-118 MG cells, we chose to continue with ΔF4LΔJ2R VACV only 

for the rest of the study.  

 

2.2.2. Cell killing of human GBM cells by ΔΔF4LΔΔJ2R VACV is comparable to that 

of wild-type VACV  

 

After confirmation that our glioma cell lines supported infection with our mutant viruses, 

we next assessed the cytotoxicity of ΔF4LΔJ2R VACV compared to wild-type VACV in 

human GBM cells.  To this end, we used a resazurin-based cell viability assay. Cells 

were treated with PBS (mock-infected) or with ΔF4LΔJ2R or wild-type VACV at serial 

dilutions of 10 pfu/cell to 0.001 pfu/cell. A resazurin metabolic dye, which is converted to 

the fluorescent substrate resarufin by metabolically active cells, was added at 72 h.p.i. 

Fluorescence was assayed using a microplate reader, with cell viability expressed as 

percent fluorescence emitted by the infected wells compared to that of mock- (PBS-) 

infected cells. Both U-87 MG cells and U-118 MG cells showed no significant difference 

in sensitivity between ΔF4LΔJ2R VACV and wild-type VACV at any MOI (Figure 2.4, 

Figure 2.5). Both cell lines also appeared to be relatively resistant to virus-mediated cell 

killing below an MOI of 1 pfu/cell.  
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Figure 2.2. Yield of VACV mutants is comparable to that of wild-type VACV in 

human U-87 glioma cells.  

Subconfluent cultures of U-87 glioma cells were infected with wild-type or mutant VACV 

at an MOI of 0.03 plaque-forming units (pfu)/cell. Cells were harvested at the indicated 

time points. Virus and cell lysates were titred on BSC40 cells. Mean titres +/ standard 

error of the mean (S.E.M). from three independent experiments are shown. At the 96-

hour time point, virus yields were not significantly different between groups (t-test, 

p>0.05) (ns = not significant).  
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Figure 2.3. Yield of F4L-deleted VACV mutants is slightly reduced compared to 

wild-type and ΔΔJ2R VACV in U-118 glioma cells.  

Subconfluent cultures of U-118 glioma cells were infected with wild-type or mutant VACV 

at an MOI of 0.03 pfu/cell. Cells were harvested at the indicated time points. Virus and 

cell lysates were titred on BSC40 cells. Mean titres +/ S.E.M. from three independent 

experiments are shown. At the 96-hour time point, virus yield was reduced only in the 

ΔF4L VACV group when compared to yield of wild-type VACV (t-test, p=0.02).  
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Figure 2.4. ΔΔF4LΔΔJ2R VACV induces comparable cytotoxicity to wild-type 

VACV in U-87 glioma cells. 

U-87 glioma cells seeded in 96-well plates were infected in triplicate with ΔF4LΔJ2R or 

wild-type VACV at serial dilutions of 10 pfu/cell to 0.001 pfu/cell. A resazurin-based 

metabolic assay was performed at 72 h.p.i. to assess cell viability. Cells were mock-

infected with PBS as a positive control for viability. Cell viability is shown as percent 

fluorescence emission compared to PBS (mock)-infected cells. Results shown are the 

means +/- S.E.M. of three independent experiments. No difference in cytotoxicity was 

seen at any experimental MOI (t-test, p>0.05).  
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Figure 2.5. ΔΔF4LΔΔJ2R VACV induces comparable cytotoxicity to wild-type 

VACV in U-118 glioma cells. 

U-118 glioma cells seeded in 96-well plates were infected in triplicate with ΔF4LΔJ2R or 

wild-type VACV at serial dilutions of 10 pfu/cell to 0.001 pfu/cell. A resazurin-based 

metabolic assay was performed at 72 h.p.i. to assess cell viability. Cells were mock-

infected with PBS as a positive control for viability. Cell viability is shown as percent 

fluorescence emission compared to PBS- (mock-) infected cells. Results shown are the 

means +/- S.E.M. of three independent experiments. No difference in cytotoxicity was 

seen at any experimental MOI (t-test, p>0.05).  
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2.2.3. U-87 MG and U-118 MG cells resistance to 8 Gy IR 

 

Before we began combining our viruses with radiation therapy, we first wanted to 

determine the susceptibility of our human glioma cells to radiation-mediated death. For 

our in vitro radiation assays, we used a dose of 8 Gy radiation. This dose was chosen as 

representation of a lethal dose, which was seen to have a cytotoxic effect in human 

tumour cells in a paper by Mirzayans et al. (2007) [88]. To assess the reduction in cell 

viability induced by 8 Gy radiation exposure alone, a resazurin-based metabolic viability 

assay was carried out on cells that had been treated with 8 Gy radiation at 72 hours prior 

to the assay (or mock-irradiated as a no-killing control).  Cells were irradiated at 

subconfluence, and had reached confluence by the time of the addition of resazurin. U-

87 MG cells showed metabolic activity at 75% +/- 4% (n=3) of that of non-irradiated cells 

at 72 h.p.ir. while U-118 MG cells showed metabolic activity at 61% +/- 6% (n=3) that of 

non-irradiated cells at 72 h.p.ir. (Figure 2.6), suggesting that both U-87 and U-118 cells 

are relatively resistant to IR. It must be noted, however, that the assay detects 

metabolism and not cell death, and there may be a discrepancy in the % reduction in 

metabolism versus % cell death, as cells that had entered senescence would still be 

metabolically active, albeit at a lower rate than actively proliferation cells.  

 

2.2.4. Radiation increases ribonucleotide reductase small subunit expression in 

U87 MG (p53-wild-type) and U118 MG (p53-mutant) cell lines  

 

As deleting the small subunit of ribonucleotide reductase (R2) in ΔF4LΔJ2R VACV 

renders the virus dependent on cellular levels of R2, and evidence has suggested that 

radiation can increase ribonucleotide reductase levels in order to produce dNTPs to 
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facilitate DNA repair [67, 69] [68], we assessed changes in R2 and p53-R2 expression 

following exposure to 8 Gy IR. A Western blot analysis of protein expression was used to 

determine changes in the levels of R2 and p53-R2, as well as in the levels of p21 when 

cells had been irradiated with 8 Gy IR (Figure 2.7). Whole cell lysates were collected up 

to 96 h.p.ir. In both U-118 MG and U-87 MG cell lines, R2 levels decreased following 

irradiation, with the decreased expression seen up to 96 h.p.ir., while levels of p53-R2 

increased in both cell lines compared to levels seen at 0 h.p.ir. Expression of p21 

increased up to 24 h.p.ir. before again decreasing in U-87 MG cells, which have wild-

type p53. P21 levels were nearly undetectable at all time points in the mutant-p53 U-118 

MG cell line. As p21 expression is mediated by p53, upregulation of p21 was not 

expected in a mutant-p53 cell line.  

 

2.2.5. Exposure to IR did not reduce ΔΔF4LΔΔJ2R or wild-type VACV growth in 

human GBM cells. 

 

As we had observed that exposure to IR had an effect on cellular ribonucleotide 

reductase subunit levels, with a decrease in R2 expression and an increase in p53-R2 

expression, we next sought to determine whether pre-treatment with IR affected wild-

type or ΔF4LΔJ2R VACV growth in U-87 and U-118 MG cells. Cells were infected with 

0.03 pfu/cell of virus 24 hours following exposure to 5 Gy or 8 Gy IR. A low MOI was 

used to assess multiple rounds of replication within the 96-hour growth curve time 

period. In U-87 MG cells, virus yield at 96 h.p.ir. in cells exposed to 5 Gy or 8 Gy IR were 

not reduced when compared to a non-irradiated control when cells were infected with 

either ΔF4LΔJ2R VACV (Figure 2.8) or wild-type VACV (Figure 2.9). Similarly, in U-118 

MG cells there was also no reduction in virus yield at 96 h.p.ir. seen following exposure 
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to 5 Gy or 8 Gy radiation (Figure 2.10, 2.11). Also of note, the final yields of both 

ΔF4LΔJ2R and wild-type VACV in both irradiated and non-irradiated cells were lower in 

U-118 MG cells compared to U-87 MG cells, which was consistent with the reduced 

virus growth in U-118 MG cells seen in initial growth curve studies (Figure 2.2, Figure 

2.3). These results indicate that the ability of U-87 MG and U-118 MG cells to support 

virus growth is not affected by pre-treatment with up to 8 Gy IR.   
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Figure 2.6. Resistance of U-87 and U-118 MG cells to treatment with 8 Gy IR. 

U-87 and U-118 cells seeded in 48-well plates were irradiated or mock-irradiated in 

triplicate with 8 Gy IR. At 72 h.p.ir., a resazurin-based metabolic assay was performed to 

assess cell number. Triton X-100 was used as a control to simulate complete killing. Cell 

survival is shown as percent fluorescence compared to non-irradiated cells. Results 

shown are the means +/- S.E.M. of three independent experiments. There was no 

significant difference between metabolic activity of U-87 versus U-118 cells exposed to 8 

Gy radiation (t-test, p=0.70). 
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Figure 2.7. Radiation effects on R2/p53-R2 levels in U-87 MG and U-118 MG 

glioma cells. 

U-87 or U-118 cells were mock-irradiated or irradiated with 8 Gy IR. Whole cell lysates 

were collected at the indicated time points. Protein concentration was determined using 

a BCA protein assay. 20 µg of protein for each sample were separated on a 12% 

acrylamide/SDS-PAGE gel and stained for R2, p53-R2, and p21. β-tubulin was used as 

a loading control.  
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Figure 2.8. Exposure to IR does not reduce ΔΔF4LΔΔJ2R VACV yield in U-87 MG 

cells.  

Subconfluent U87 cells were irradiated with 5 Grays (Gy) or 8 Gy IR or mock-irradiated. 

Cells were infected with ΔF4LΔJ2R VACV at 24 h.p.ir. at an MOI of 0.03 pfu/cell. Cells 

were harvested at the indicated time points and titred on BSC40 cells. Points plotted 

represent mean titres +/- S.E.M. from three independent experiments. Virus yield at 96 

h.p.ir. was not reduced in irradiated cells compared to non-irradiated (t-test, p>0.05).  

0 24 48 72 96
0.01

0.1

1

10

100

Hours post-infection

Vi
r
u
s 
yi
el
d 
(
pf
u/
c
el
l) Non-irradiated

5 Gy

8 Gy

U87 MG 
ΔF4LΔJ2R VACV

ns

ns

At 96 hours post-infection:
Non-irradiated 5 Gy 8 Gy

Mean (pfu/cell) 32 41 28
P-Value (compared to non-
irradiated) N/A 0.68 0.81



 

 49 

 

Figure 2.9. Exposure to IR does not reduce wild-type VACV yield in U-87 MG 

cells.  

Subconfluent U87 cells were irradiated with 5 Grays (Gy) or 8 Gy IR or mock-irradiated. 

Cells were infected with wild-type VACV at 24 h.p.ir. at an MOI of 0.03 pfu/cell. Cells 

were harvested at the indicated time points and titred on BSC40 cells. Points plotted 

represent mean titres +/- S.E.M. from three independent experiments. Virus yield at 96 

h.p.ir. was not reduced in irradiated cells compared to non-irradiated (t-test, p>0.05).  
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Figure 2.10. Exposure to IR does not reduce ΔΔF4LΔΔJ2R VACV yield in U-118 MG 

cells.  

Subconfluent U-118 MG cells were irradiated with 8 Gy IR or mock-irradiated. Cells were 

infected with ΔF4LΔJ2R VACV at 24 h.p.ir. at an MOI of 0.03 pfu/cell. Cells were 

harvested at the indicated time points and titred on BSC40 cells. Points plotted represent 

mean titres +/- S.E.M. from three independent experiments. Virus yield at 96 h.p.ir. was 

not reduced in irradiated cells compared to non-irradiated (t-test, p>0.05).  
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Figure 2.11. Exposure to IR does not reduce wild-type VACV yield in U-118 MG 

cells.  

Subconfluent U-118 MG cells were irradiated with 8 Gy IR or mock-irradiated. Cells were 

infected with ΔF4LΔJ2R VACV at 24 h.p.ir. at an MOI of 0.03 pfu/cell. Cells were 

harvested at the indicated time points and titred on BSC40 cells. Points plotted represent 

mean titres +/- S.E.M. from three independent experiments. Virus yield at 96 h.p.ir. was 

not reduced in irradiated cells compared to non-irradiated (t-test, p>0.05).  
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2.2.6. Combining IR with ΔΔF4LΔΔJ2R VACV infection increased cell killing in 

human GBM cells. 

 

As virus growth was not reduced in irradiated cells, we then assessed whether treating 

cells with both IR and ΔF4LΔJ2R or wild-type virus affected treatment-induced 

cytotoxicity relative to non-irradiated, virus-infected cells. A resazurin-based metabolic 

viability assay was used as a measure of cell viability in cells treated with 8 Gy radiation 

and infected with serial dilutions of either ΔF4LΔJ2R VACV or wild-type VACV, with a 

mock (PBS)-infected control used as a positive control for viability.  

 

In ΔF4LΔJ2R VACV-infected U-87 MG cells, exposure to 8 Gy IR increased cell killing to 

a fairly small extent at virus MOIs of 0.001 pfu/cell to 1 pfu/cell, as seen by the reduced 

metabolic activity of cells in the combination treated groups (Figure 2.12). Similarly, U-

118 MG cells showed increased cell killing in the combination 8 Gy/ΔF4LΔJ2R VACV 

group at all virus MOIs compared to non-irradiated (Figure 2.13). Additionally, U-118 MG 

cells treated with the combination of IR and ΔF4LΔJ2R VACV were killed to a slightly 

greater extent than U-87 MG cells treated with the combination (40%-60% vs.65-70% 

cell viability at MOIs of 0.1 pfu/cell or less).  

 

In both cell lines, there was no statistically significant reduction in metabolic activity in 8 

Gy/wild-type VACV treated groups compared to non-irradiated, wild-type VACV infected 

cells, except at the lowest MOI (0.001 pfu/cell) in U-118 cells (Figure 2.14, Figure 2.15); 

however, this could be in part due to greater variability between replicate experiments 

using the wild-type virus. Altogether, these results indicate that combining ΔF4LΔJ2R 

VACV with IR could result in increased cytotoxicity to human GBM cells compared to 
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ΔF4LΔJ2R VACV infection alone, while additionally demonstrating that cytotoxicity 

induced by ΔF4LΔJ2R VACV is not significantly worse than that induced by wild-type 

VACV in irradiated cells.  

 

2.2.7. Single-replication round yield of ΔΔF4LΔΔJ2R and wild-type VACV is not 

reduced by increasing time to infection post-irradiation in U-87 MG cells 

 

In our initial growth curves of ΔF4LΔJ2R and wild-type VACV in irradiated cells, we 

began virus infection at 24 h.p.ir., as increasing time to infection post-irradiation would 

have resulted in over-confluent cells by the 96-hour post-infection time point. However, 

as our next step was to assess the combination therapy in an animal model, we wished 

to determine whether there was an optimal time of infection post-irradiation for maximum 

virus yield. A single round of virus replication was assessed by infecting cells with an 

MOI of 3 pfu/cell and harvesting cells and virus at 24 h.p.i.; this was to more precisely 

quantify the differences in virus yield on a per cell basis with varying the time to infection. 

Cells were treated with 8 Gy IR or mock-irradiated and infected with ΔF4LΔJ2R or wild-

type VACV at time points of 24 h.p.ir., 48 h.p.ir., and 72 h.p.ir. Our results showed that 

with both ΔF4LΔJ2R and wild-type VACV infections, increasing the time to infection post-

irradiation did not affect the virus yield (Figure 2.16), suggesting that radiation-induced 

cellular changes up to 72 h.p.i. do not reduce the growth potential of either virus. 
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Figure 2.12. Combination IR with ΔΔF4LΔΔJ2R VACV infection increased cell killing 

of U87 cells. 

Subconfluent U87 cells were irradiated with 8 Gy or mock-irradiated. Cells were infected 

in triplicate with ΔF4LΔJ2R VACV or mock- (PBS-) infected at 6 h.p.ir. with serial 

dilutions of virus at MOIs of 10 pfu/cell to 0.001 pfu/cell. A resazurin-based metabolic 

assay was performed 72 h.p.i.. Cell viability is shown as percent fluorescence compared 

to mock (PBS)- infected, non-irradiated cells. Points plotted represent mean titres +/- 

S.E.M. from three independent experiments. Increased cell killing was seen in 

combination treated groups at virus MOIs of 0.001 pfu/cell to 1 pfu/cell (t-test, p<0.05).    
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Figure 2.13. Combination IR with ΔΔF4LΔΔJ2R VACV infection increased cell killing 

of U-118 MG cells. 

Subconfluent U-118 MG cells were irradiated with 8 Gy or mock-irradiated. Cells were 

infected in triplicate with ΔF4LΔJ2R VACV or mock (PBS)- infected at 6 h.p.ir. with serial 

dilutions of virus at MOIs of 10 pfu/cell to 0.001 pfu/cell. A resazurin-based metabolic 

assay was performed 72 h.p.i. Cell viability is shown as percent fluorescence compared 

to mock (PBS)- infected, unirradiated cells. Points plotted represent mean titres +/- 

S.E.M. from three independent experiments. Increased cell killing was seen in all 

combination treated groups (t-test, p<0.05).   
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Figure 2.14. Combining IR with wild-type VACV infection did not significantly 

increase cell killing in U-87 MG cells. 

Subconfluent U87 cells were irradiated with 8 Gy or mock-irradiated. Cells were infected 

in triplicate with wild-type VACV or mock (PBS)- infected at 6 h.p.ir. with serial dilutions 

of virus at MOIs of 10 pfu/cell to 0.001 pfu/cell. A resazurin-based metabolic assay was 

performed 72 h.p.i. Cell viability is shown as percent fluorescence compared to mock 

(PBS)- infected, unirradiated cells. Points plotted represent mean titres +/- S.E.M. from 

three independent experiments. No increased cell killing was seen in combination 

treated groups compared to non-irradiated, wild-type VACV-infected cells (t-test, 

p>0.05).    
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Figure 2.15. Combination IR with ΔΔF4LΔΔJ2R VACV infection did not significantly 

increase cell killing of U-118 MG cells, except at the lowest MOI. 

Subconfluent U-118 MG cells were irradiated with 8 Gy or mock-irradiated. Cells were 

infected in triplicate with wild-type VACV or mock (PBS)- infected at 6 h.p.ir. with serial 

dilutions of virus at MOIs of 10 pfu/cell to 0.001 pfu/cell. A resazurin-based metabolic 

assay was performed 72 h.p.i. Cell viability is shown as percent fluorescence compared 

to mock (PBS)- infected cells. Points plotted represent mean titres +/- S.E.M. from three 

independent experiments. No increased cell killing was seen in combination treated 

groups compared to non-irradiated, wild-type VACV-infected cells, except at the lowest 

MOI (t-test, p<0.05).   
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Figure 2.2. Increasing time to infection post-irradiation does not reduce 

ΔΔF4LΔΔJ2R or wild-type virus yield in U-87 MG cells 

Subconfluent U-87 cells were exposed to 8 Gy or mock-irradiated, and infected with 

ΔF4LΔJ2R (A) or wild-type (B) VACV at time points of 24h, 48h, and 72h post-irradiation. 

An MOI of 3 pfu/cell was used and infected cells were harvested at 24 h.p.i. to assess 

virus yield following a single round of replication. Virus was titred on BSC40 cells. 

Results plotted represent means +/- S.E.M. of three independent experiments.  
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CHAPTER 3. ESTABLISHING PLATFORM FOR 

COMBINATION THERAPY USING VACV AND EXTERNAL 

BEAM RADIATION  
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3.1. MATERIALS/METHODS 

All animal work was approved by the University of Alberta Health Sciences Animal Care and 

Use Committee or the Cross Cancer Institute Animal Care Committee in accordance with 

the guidelines from the Canadian Council on Animal Care (CCAC).  

 

3.1.1. Cell preparation for in vivo injection 

 

U-87 MG cells (gift of Dr. Roseline Godbout, University of Alberta) at low passage number 

were cultured in DMEM supplemented with 10%, 2 mM L-glutamine, 0.1 mg/mL penicillin, 

100 U/mL streptomycin, and 250 µg/mL Amphotericin B. Cells were trypsinized, pooled, 

pelleted by centrifugation, and washed twice in cold 1X PBS. Resuspended cells were 

counted, centrifuged, and resuspended in required volume of 1X PBS for a final cell density 

of 1x106 cells/50 µl PBS. 

 

3.1.2. In vivo U-87 MG subcutaneous radiation marker study 

 

Female NIH III mice were obtained from Charles River at 6-8 weeks old and acclimatized for 

one week. Mice were anesthetized with isofluorane and injected bilaterally into each flank 

with 2.5 x 106 U-87 MG cells in 100 µl PBS (8 mice) or 1.25x 106 cells in 50 µl PBS (4 mice). 

Tumour growth was monitored using twice weekly caliper measurements. When tumours 

reached sizes of ~1000 mm3, they were treated with 2 Gy or 10 Gy image-guided targeted 

radiation using the X-Strahl Small Animal Radiation Research Platform (SARRP) (details of 

irradiation are described in the results section). At time points of 1h, 6h, 12h, 24h, 48h, and 

7 days (d) post-irradiation, mice were sacrificed by CO2 euthanasia and tumours removed 

and fixed in 10% neutral-buffered formalin for 24-48 hours. Formalin-fixed tumours were 
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embedded in paraffin blocks by Dr. Kathryn Graham at the Alberta Cancer Research 

Biobank at the Cross Cancer Institute.  

3.1.3. Immunohistochemical staining of U-87 MG radiation markers  

 

Formalin-fixed and paraffin-embedded (FFPE) tumours were cut into 5 micron sections and 

mounted onto slides by the Alberta Diabetes Institute Histocore. Sections were 

deparaffinized and rehydrated using xylene/ethanol washes. Heat-mediated antigen retrieval 

was performed using a pressure cooker and 10 mM sodium citrate in ddH2O (pH 6.0) buffer 

or Tris base (10 mM)/Ethylenediaminetetraacetic acid (EDTA) (1 mM) in ddH2O (pH 9.0) 

buffer. Slides were rinsed with Tris-buffered saline (TBS) with 0.025% Triton X-100 and 

blocked with Dako Antibody Diluent with Background Reducing Component (Dako No. 

S3022). Slides were probed overnight at 4°C with primary antibodies to histone H2A.X 

(phosphor-ser139) (Abcam, ab-81299) diluted 1/100, p21 (Abcam, ab-109199) diluted to a 

concentration of 5 µg/mL, p53-R2 (Abcam, ab-8105) diluted to a concentration of 1 µg/mL, 

and R2 (Santa Cruz Biotech, sc-10846) diluted to 1/150 in Dako antibody diluent. Slides 

were rinsed in 1X TBS, 0.025% Triton X-100, and endogenous peroxidase activity was 

blocked with 0.03% hydrogen peroxide. Slides were probed with a horseradish peroxidase 

(HRP)-conjugated anti-rabbit secondary antibody (Abcam, ab-6721) or anti-goat secondary 

antibody (Abcam, diluted in 1:3000 in Dako antibody diluent and counterstained with methyl 

green added directly to the slide and incubated for three minutes. Slides were dehydrated 

using ethanol/xylene washes and mounted with coverslips for imaging using an AxioSkop 

Colour Camera. 

3.1.4. In vivo subcutaneous radiation and ΔΔF4LΔΔJ2R VACV survival 
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Male NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (lacking functional T and B lymphocytes 

were obtained from the breeding colonies of Dr. Lynne Postovit (Department of Oncology, 

University of Alberta) and transferred to the Cross Cancer Institute vivarium at 7 weeks of 

age. Mice were given one week for acclimatization. Mice were injected subcutaneously in 

the flank with 1 x 106 U-87 MG cells in 50 µl of PBS. Tumour growth was monitored using 

twice-weekly caliper measurements of length and width of tumour volume, calculated as 

𝑉=
!

!
𝜋(𝑙𝑒𝑛𝑔𝑡ℎ)(𝑤𝑖𝑑𝑡ℎ)!. Two mice did not develop tumours and were not included in this 

study. When tumour diameter reached ~7-8 mm (day 24 post-injection), six tumours were 

treated with 10 Gy radiation using the X-Strahl Small Animal Radiation Research Platform 

(SARRP) while mice were under isofluorane anesthesia. Treatment protocol was as follows: 

using a target dose of 10 Gy: 40% dose with gantry at 80°C, 40% dose with gantry at -90°C, 

20% dose with gantry at 0°C, such that 85%-90% tumour volume received 10 Gy radiation. 

All radiation was delivered using a 5mm x 5mm collimator. The following day, all mice were 

transported to Health Sciences Laboratory Animal Services (HSLAS) in the Katz Group 

Centre. At 48 h.p.ir., tumours were injected with 50 µl of ΔF4LJ2R VACV (or with a UV-

inactivated ΔF4LΔJ2R VACV as a control) in PBS  in the following treatment groups: 10 Gy 

+ 1 x 106 pfu mCherry-tagged ΔF4LΔJ2R VACV (3 mice); 10 Gy + F4LΔJ2R (UV-ΔF4LΔJ2R) 

(3 mice); ΔF4LΔJ2R (3 mice); and UV-ΔF4LΔJ2R (2 mice). Virus injections were repeated at 

4 days (d) and 7d post-irradiation. Tumour progression was monitored using twice-weekly 

caliper measurements and weekly body weight measurements. VACV activity was 

monitored using fluorescence imaging of mCherry on an IVIS Spectrum In Vivo Imaging 

System (PerkinElmer) with excitation and emission wavelengths of 587 nm and 610 nm, 

respectively. Mice were sacrificed by CO2 euthanasia at tumour volume endpoint (~2500 

mm3 or 10% of body weight) or if mice experienced a >20% loss in body weight.  
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3.2. RESULTS 

3.2.1. Bilateral subcutaneous U-87 MG glioma flank model in 

immunocompromised NIH III mice 

 

A pilot study of subcutaneous U-87 MG tumours in immunocompromised mice was first 

carried out to establish parameters for the xenograft tumour model, as well as to assess 

tumour protein expression in response to image-guided radiation therapy (IGRT), delivered 

using the X-Strahl Small Animal Radiation Research Platform. A mouse model in female 

NIH III mice (lacking functional T and B lymphocytes) was established, where U-87 MG cells 

were injected bilaterally into each flank and tumour growth was monitored (Figure 3.1). Body 

weight was also monitored following tumour injections, as the CCAC dictates that mice must 

be euthanized if they experience a greater than 20% drop in body weight (Figure 3.1C). As 

one of the purposes of this study was to establish a subcutaneous flank model of glioma, 

two different doses of cells were used (2.5 x 106 and 1.25 x 106) to assess whether there 

was an optimal dose for future animal studies. When tracking tumour growth (tumour 

volume) post-injection, we saw that there were some tumours with an initial dose of 2.5 x 

106 cells that became palpable at an earlier time than those that had an initial dose of 1.25 x 

106 cells (~15 days post-injection versus 20 days post-injection) (Figure 3.1A and 3.1B). It 

appeared, however, that for the most part similar tumour growth kinetics were seen in 

animals treated with both doses, with comparable growth rates once tumours had become 

palpable, and most tumours approaching ~1000 mm3 on or before 30 days post-injection) 

(Figure 3.1A and 3.1B). We therefore concluded that the subcutaneous flank model of U-87 

MG tumour was an efficient model, with rapid tumour growth and easily measureable 

tumours. We did observe, however, that bilateral tumours did not always grow at the same 
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rate on each flank; as such we opted to use a unilateral flank model with a cell dose of 1 x 

106 cells in future animal studies testing survival.  

 

3.2.2. SARRP-mediated image-guided radiation therapy (IGRT) of bilateral 

subcutaneous U-87 MG tumours in immunocompromised NIH III mice 

 

Once tumours were established in our NIH III animals (3.2) and had approached a tumour 

size near endpoint (~1000 mm3), the tumours were treated with 2 Gy or 10 Gy IGRT; these 

doses were chosen as 2 Gy is the dose given in a standard clinical fraction, while 10 Gy is 

the cumulative clinical dose typically given in one week (5 x 2 Gy fractions). Treatment 

planning (number of isocentres, dose at isocentre) can be seen in Table 3.1; radiation was 

delivered in an arc, with a gantry rotation from -90° to 90°C. The number of isocentres 

varied based on the size and shape of the tumour at time of treatment; this ensured that 

radiation was delivered to the maximal tumour volume. The dose per isocentre was 

determined as the dose required for ~80% of the tumour to receive the target dose of 2 Gy 

or 10 Gy  (as per MuriPlan-generated dose volume histogram; Figure 1.7E). At the indicated 

time points mice were euthanized (see schematic in Figure 3.2, and experimental plan in 

Table 3.1) and tumours excised, then formalin-fixed and paraffin-embedded (FFPE).  

Sections were stained immunohistochemically for markers of radiation damage. 
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Figure 3.1. Growth kinetics of untreated subcutaneous bilateral U87 xenograft 

tumours in NIH III mice.  

Immunocompromised NIH III mice (6—8 weeks old) were injected bilaterally into each 

flank with 2.5 x 106 (8 mice) or 1.25 x 106 (4 mice) U-87 MG cells in PBS. (A) Tumour 

growth (measured using calipers) and (B) body weight was assessed twice weekly, up to 

time of radiation treatment (Figure 3.2).  
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Table 3.1. Small Animal Radiation Research Platform (SARRP) treatment plans 

of U-87 MG bilateral flank tumours. 

Timepoint* Target 
dose 
(Gy) 

Mouse 
nomenclature** 

Flank Number of 
isocentres 

Dose per 
isocentre 
(cGy) 

Untreated 
control 0 1.2 Right N/A N/A 

1 hr 

2 2.1 Right 2 150 

10 1.4 Left 1 1000 

6 hr 

2 1.1 Left 3 140 

10 2.4 Right 2 800 

12 hr 

2 2.2 Left 2 150 

10 2.2 Right 2 750 

24 hr 

2 1.3 Right 2 175 

10 1.3 Left 2 750 

48 hr 

2 3.4 Left 2 160 

10 3.2 Right 2 750 

7 days 

2 3.3 Right 1 200 

10 3.1 Right 2 750 

* Time to euthanasia relative to time at irradiation 
 ** Mouse #3.1, 3.2, 3.3, 3.4 received 1.25x106 cells bilaterally. All others 

received 2.5x106 cells at tumour injection 

2.5x106 U87 cells 
•�Subcutaneous injection 
into flank (bilateral) 

10 Gy Radiation 
•�SARRP delivery 
at CCI 

 Radiation 

0d 21-28d 1h 

Sacrifice 
•�Remove tumour, FFPE for 
immunohistochemical staining 

6h  12h 

In vivo in progress 

24h 48h 7d 

A 

B 
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Figure 3.2. SARRP treatment planning in subcutaneous bilateral flank model of 

human GBM.  

(A,B) Timeline for radiation treatment. Immunocompromised female NIH III mice with 

bilateral U-87 MG tumours in the flank were monitored for tumour growth. Once tumours 

approached sizes of ~1000 mm3, selected tumours were treated with either 2 Gy or 10 

Gy targeted IR using the X-Strahl Small Animal Research Radiation Platform (SARRP). 

(B) Mice were sacrificed at time points of 1h, 6h, 12h, 24h, 48h, and 7d post-irradiation, 

and tumours were removed and formalin-fixed/paraffin-embedded (FFPE) for 

immunohistochemical analysis.  
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3.2.3. DNA damage and radiation response in subcutaneous U-87 MG tumours 

treated with SARRP image-guided radiation therapy (IGRT) 

 

We first assessed γH2AX expression at 1 hour following exposure to IR. γH2AX is a 

sensitive sensor of double-strand DNA breaks (DSBs) and allowed us to monitor DNA 

damage in tumours treated with 2 Gy or 10 Gy IGRT at 1 h.p.ir. This was used to validate 

our approach for SARRP-mediated IGRT delivery, as well as to assess the DNA damage 

inflicted by up to 10 Gy IR. As γH2AX is a rapid sensor of DNA damage, with γH2AX clusters 

forming within 10-30 minutes post-irradiation, γH2AX expression was only assessed at the 

1-hour time point. When compared to a non-irradiated control, γH2AX expression was seen 

to be elevated with 2 Gy IGRT, and even further elevated with 10 Gy IGRT (Figure 3.3), 

indicating an induction of DNA damage following SARRP-mediated radiation delivery. 

Expression of p21, a p53-mediated marker of senescence, was used as a marker of cellular 

response to radiation-induced damage. Our results showed that following delivery of 10 Gy 

IGRT, p21 levels increased at 6 h.p.ir. up to 48 h.p.ir., with the greatest increase in p21 

expression seen at 12 h.p.ir (Figure 3.4). Together, these results indicate that the SARRP-

delivered dose of 10 Gy was sufficient to induce both DNA damage and radiation response 

in the subcutaneous U-87 tumours.  

 P53-R2 is another protein with expression regulated by p53, and is upregulated in 

response to DNA damage as a means of providing the cell with dNTPs to enable repair of 

radiation-induced DNA damage. In U-87 tumour sections treated with 10 Gy IGRT, probing 

for p53-R2 revealed an upregulation of expression at 24 h.p.ir., with expression remaining 

upregulated compared to the non-irradiated tumour at 48 h.p.ir. (Figure 3.5). Analysis of the 

protein expression of R2, the non-p53-regulated small ribonucleotide reductase subunit, 

also revealed increased expression following exposure to 10 Gy IR: increased R2 
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expression was first seen at 6 h.p.ir., with increase in expression peaking at 24 h.p.ir. to 48 

h.p.ir., and levels remaining elevated relative to the non-irradiated tumour up to 7 days post-

irradiation (d.p.ir.) (Figure 3.6). These results indicate that in addition to the DNA damage 

and damage response induced by the IGRT, there is also an increase in the expression of 

the ribonucleotide reductase small subunit, and likely a consequent increase in cellular 

dNTP synthesis and possibly dNTP pools. This increased dNTP synthesis would facilitate 

DNA repair, however we propose that increased dNTPs could also provide a cellular 

environment conducive to the growth of our ΔF4LΔJ2R VACV, which relies on cellular R2 

and cellular dNTP levels for viral replication.  
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Figure 3.3. γγ-H2AX expression in vivo increased at 1 hour post-irradiation 

following treatment with 2 Gy or 10 Gy targeted IR. 

U-87 MG tumours (Figure 3.2) were treated with 2 Gy or 10 Gy IR and excised from the 

animal one hour later. FFPE sections from these tumours were stained using an α-

histone H2AX (phosphor-S139) antibody and HRP-conjugated secondary antibody, with 

colour developed using 3’3’-Diaminobenzadine tetrahydrochloride (DAB) with cobalt 

metal enhancer. Positive cells are stained black.  
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Figure 3.4. p21 expression in vivo increased relative to non-irradiated tumour at 

6 to 48 hours following treatment with 10 Gy radiation. 

U-87 MG tumours (Figure 3.2) were treated with 10 Gy IR and FFPE at 6 hours to 48 

h.p.ir. Tumours were sectioned and stained using an α-p21 antibody and HRP-

conjugated secondary antibody, with colour developed using DAB cobalt metal 

enhancer. Sections were counter-stained with methyl green. Field of view shown is 

representative of whole section. Positive cells are stained dark brown/blue. 
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Figure 3.5. p53-R2 expression in vivo increased relative to non-irradiated 

tumour up to 48 hours following treatment with 10 Gy radiation. 

U-87 MG tumours (Figure 3.2) were treated with 10 Gy IR then at 24 hours and 48 h.p.ir, 

tumours were excised and FFPE. Sections were prepared and stained with an α-p53R2 

antibody and HRP-conjugated secondary antibody, with colour developed using DAB 

with cobalt metal enhancer. Sections were counter-stained with methyl green. Field of 

view is representative of whole section. Positive cells are stained dark brown/blue. 
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Figure 3.6. R2 expression in vivo following 10 Gy radiation compared to non-

irradiated control.  

U-87 MG tumours (Figure 3.2) irradiated with 10 Gy IR were excised at 1 hour to 7 days 

post-irradiation, then FFPE sections were prepared and stained using an α-R2 antibody 

and HRP-conjugated secondary antibody. Colour was developed using a DAB cobalt 

metal enhancer. Sections were counter-stained with methyl green. Field of view is 

representative of whole section. Positive cells are stained dark brown/blue. There were 

some discrepancies in colour of imaged sections despite uniform treatment through the 

staining protocol - these discrepancies may be due to differential pH exposure 

throughout handling of the FFPE blocks and sectioning.   
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3.2.4. Combination 10 Gy IGRT and ΔΔF4LΔΔJ2R VACV increased survival and time 

to tumour progression in pilot study of U-87 MG subcutaneous mouse model  

 

As our U-87 MG marker study suggested that irradiation of tumours may induce an 

environment supportive of ΔF4LΔJ2R VACV infection, we then undertook a pilot study to 

assess survival and time to tumour progression of combination 10 Gy/ΔF4LΔJ2R VACV 

treated tumours compared to either treatment alone in an immunocompromised, 

subcutaneous U-87 MG model (Figure 3.7). A dose of 10 Gy was given as it is a non-

curative dose that also has clinical relevance, as it is typically the cumulative dose given in 

one week to patients. Both treatment with ΔF4LΔJ2R VACV alone, as well as the 

combination of 10 Gy IR with ΔF4LΔJ2R VACV, increased time to tumour progression when 

compared to 10 Gy alone or non-treated tumours in this experiment (Figure 3.8 A). We also 

saw improved survival of mice treated with ΔF4LΔJ2R VACV (median survival of 51 days) 

compared to 10 Gy only (median survival of 35 days) or control mice (median survival of 21 

days). A further improved survival was seen in 10 Gy/ΔF4LΔJ2R VACV treated mice, with a 

median survival of 80 days (Figure 3.9 A). Taken together, these results suggest that 

treating U-87 MG tumours with either ΔF4LΔJ2R VACV alone, or with the combination of 10 

Gy and ΔF4LΔJ2R VACV may resulted in enhanced tumour regression compared to 

irradiation alone. However, it should be noted that this was a small pilot experiment that was 

not designed to achieve statistically significant survival data. 

Of note, four mice (1/3 in the 10 Gy group and 3/3 in the combination group) developed 

radiation-related lesions around 3 weeks post-irradiation (Figure 3.9 B). All lesions cleared 

on their own within 1-2 weeks with the exception of mouse 1.2 in the combination group, 

which acquired an infection at the site of the lesion and was euthanized at the advice of Dr. 

Daina Domahidi, Clinical Veterinarian, HSLAS. Additionally, another mouse (mouse 1.1) in 
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the combination treatment group experienced a >20% loss of body weight (Figure 3.8 B), 

and upon euthanasia was found to have tumour spread to the abdominal cavity and the 

spine. Of note, the mice in the UV-ΔF4LΔJ2R only group also experienced a drop in body 

weight, however these mice were also experiencing rapid tumour growth. This suggests that 

weight loss is not a specific indicator of treatment toxicity, but rather of overall health status; 

stress-related weight loss may also be a result of tumour burden and/or rapid tumour 

growth.  

 

3.2.5. ΔΔF4LΔΔJ2R VACV replication in tumours is maintained up to 150 days post-

injection  

 

As our ΔF4LΔJ2R viruses are tagged with fluorescent mCherry, we have the ability to follow 

replication of the virus by performing in vivo and ex vivo fluorescence imaging of ΔF4LΔJ2R 

VACV treated tumours using the Spectrum 200 In Vivo Imaging System (IVIS, Xenogen). In 

the pilot experiment, mCherry signal was detectable from time of first imaging (9 days after 

the first virus injection (d.p.i.), 4 days after last virus injection) up to 90 d.p.i. in live mice 

(Figure 3.10 A). Notably, there was less signal seen in Mouse 1.1 and 1.3 (both treated with 

combination 10 Gy/ΔF4LΔJ2R VACV) than in the ΔF4LΔJ2R VACV treated mice at the 

same time point; this is likely due to the smaller tumour sizes in the combination treated 

group, although it could also be due to quenching of fluorescence because of the depth of 

the tumour. At the end of the experiment (150 d.p.i.), the 2 remaining mice were euthanized 

and their tumours were ex vivo imaged. mCherry fluorescence was still detectable in both 

the ΔF4LΔJ2R VACV-treated tumour and the 10 Gy/ΔF4LΔJ2R VACV-treated tumour 

(Figure 3.10 B). This prolonged mCherry signaling indicates that, in addition to the 

prolonged survival and increased time to tumour progression, the virus may still be actively 
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replicating and could be maintaining tumour control. Additionally, mCherry signaling in 

irradiated tumours throughout the experiment suggests robust virus replication even in 

irradiated tumours, suggesting that virus replication is not inhibited by pre-treatment with 

radiation.  

 

It should also be noted that there was some mCherry signal detected outside of the tumour, 

especially at 9 d.p.i. One possible explanation is that there was some autofluorescence 

beyond that subtracted as background fluorescence. As the non-tumour specific signal was 

not seen at the same tissue site on subsequent days; and as at this time point it had been 

only 4 days since the final virus injection; another explanation is that the signal seen at 9 

d.p.i. was due to non-tumour-specific virus infection. This may have occurred due to some 

systemic spread of the virus following virus injections. As mCherry is under the control of a 

synthetic early/late promoter and its expression is independent of virus replication, the 

mCherry signal may indicate a non-productive infection of normal tissues.  
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Figure 3.7. Flow chart for combination image-guided radiation therapy (IGRT) 

and ΔΔF4LΔΔJ2R VACV therapy of U-87 subcutaneous flank model. 

(A) Immunocompromised NSG mice (8 weeks old) were injected in the left flank with 

1x106 U-87 MG cells. Tumour growth was monitored using calipers. Once tumours 

approached sizes of ~7-8 mm in diameter, half the mice were treated with 10 Gy IR 

targeted to the tumour using the X-Strahl SARRP. Treatment planning was standardized 

as per a plan developed by Kim Rans (University of Alberta, Department of Oncology) 

with Brittany Umer (graduate student with Dr. David Evans, Department of Medical 

Microbiology and Immunology, University of Alberta) for the treatment of orthotopic 

breast tumours in an immunocompromised mouse model. For each irradiated tumour, 

85%-90% of tumour volume received a dose of at least 10 Gy as per the DVH (not 

shown). At 48 h.p.ir., mice received the first of 3 doses of 1x106 plaque-forming units 

(pfu) of mCherry-tagged ΔF4LΔJ2R VACV or UV-inactivated ΔF4LΔJ2R VACV (UV-

ΔF4LΔJ2R). Virus injections were repeated at 4 days and 7 days post-irradiation for a 

total of three doses of 1x106 pfu. (B) Treatment groups for survival study of 

subcutaneous U-87 MG model of combination IGRT and ΔF4LΔJ2R VACV therapy.  
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Figure 3.8. Combination 10 Gy IGRT and ΔΔF4LΔΔJ2R VACV increased time to 

tumour progression in vivo in pilot study.  

NSG mice bearing U-87 MG xenografts were irradiated (or not) with 10 Gy using IGRT 

(SARRP), then two days later infected with ΔF4LΔJ2R VACV or UV-inactivated 

ΔF4LΔJ2R VACV (Figure 3.7). (A). Tumour growth was estimated by measuring tumour 

volumes with calipers twice weekly. Each line represents a different animal. (B) Body 

weight was measured weekly. Each line represents a different animal. Mice were 

euthanized (secondary to tumour burden) if a >20% decrease in body weight was 

observed. 
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Figure 3.9. Combination treatment with 10 Gy IGRT and ΔΔF4LΔΔJ2R VACV 

increased overall survival in vivo in pilot study of immunocompromised 

subcutaneous human GBM model.  

 NSG mice bearing U-87 MG xenografts were irradiated (or not) with 10 Gy using IGRT 

(SARRP), then two days later infected with ΔF4LΔJ2R VACV or UV-ΔF4LΔJ2R VACV; 

tumour volumes and animal body weight was monitored with twice-weekly (tumour 

volume) or weekly (body weight) measurements (Figure 3.7, Figure 3.8). (A) Survival 

(time to tumour burden endpoint from day of first virus injection, or d.p.i.) was assessed. 

Endpoint was defined as tumour volume that was greater than 20% of the animal’s body 

weight (as estimated in Figure 3.8). Two mice (mouse 1.1 and mouse 1.2) were 

sacrificed for reasons secondary to tumour burden at days 50 and 80, respectively. 

Median survival for each group was as follows: 10 Gy/ΔF4LΔJ2R = 80 d.p.i (n=3).; 

ΔF4LΔJ2R = 51 d.p.i (n=3).; 10 Gy/UV-ΔF4LΔJ2R = 40 d.p.i. (n=3); UV-ΔF4LΔJ2R = 21 

d.p.i. (n=2). (B) 3/3 mice in the 10 Gy/ΔF4LΔJ2R VACV group (pictured) and 1/3 mice in 

the 10 Gy/UV-ΔF4LΔJ2R VACV group (not pictured) developed radiation-induced 

lesions at 3 weeks post-irradiation, which cleared within 1-2 weeks.  
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Figure 3.10. mCherry-fluorescence in mCh-ΔΔF4LΔΔJ2R VACV-treated animals was 

visible in tumours up to 150 days post-infection. 

Fluorescence of mCherry in ΔF4LΔJ2R VACV-infected cells was imaged using the In 

Vivo Imaging System (IVIS) Spectrum (Xenogen). All images are to the same scale. (A) 

In vivo mCherry imaging. F4LΔJ2R VACV replication was visible in tumours from 9 days 

post-initial VACV injection (d.p.i.) up to 90 d.p.i.. No signal above autofluorescence was 

seen in UV-F4LΔJ2R treated mice (not pictured). (B) Ex vivo imaging. Mouse 2.1 

(ΔF4LΔJ2R VACV) and mouse 1.3 (10 Gy/ΔF4LΔJ2R VACV) were euthanized at the end 

of the experiment (150 d.p.i.), opened, and the tumours were imaged. 
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4.1. DISCUSSION 

 

According to the Canadian Cancer Statistics Report (2015), half of all Canadians will be 

diagnosed with cancer in their lifetime; of these, 1.7% of men and 1.3% of women will suffer 

from cancer of the brain/central nervous system [13]. In adults, malignant gliomas are the 

most common primary brain tumour, while also being characterized by their poor prognosis 

[6]. GBMs (GBMs), the most aggressive form of malignant glioma, are particularly deadly; 

while a general cancer diagnosis in Canada has a 5-year survival rate of 63%, the 5-year 

survival rate of GBMs is under 5% in adults over 45 years of age [13]. The standard of care 

for malignant glioma has remained much the same for the past decade, wherein maximal 

tumour volume is surgically excised, followed by post-operative radiotherapy, given in 1.8 

Gy - 2 Gy fractions to a total cumulative dose of 58-60 Gy, with TMZ (TMZ) administered 

concurrent and adjuvant to radiotherapy [9]. The largely unchanged poor prognosis for 

malignant glioma, however, combined with the relative resistance of many malignant 

gliomas to the first line treatments of radiation and TMZ, necessitates the need for more and 

better therapeutic options in the treatment of gliomas [9, 13]. 

One of the major ways in which curative glioma therapies fail is related to the 

invasiveness of the tumour, with tumour infiltrations extending well beyond visible tumour 

margins rendering complete surgical resection impossible [6]. Conditionally replicative 

oncolytic viruses are a new and promising field of cancer therapeutics that could prove 

particularly beneficial in the elimination of these micro-extensions to improve malignant 

prognosis. In 2015 the FDA approved the first oncolytic virus for clinical use, and there are 

additionally over 30 oncolytic viruses currently undergoing clinical trials. Several of those 

oncolytic viruses are being tested as treatments for malignant glioma, thought to be a 

promising target due to the tumour tropism and relatively high safety profile of oncolytic 

viruses, in contrast to the current standards of radiotherapy and TMZ, which are both limited 
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in their efficacy by adverse effects [89]. In many of the early clinical trials of oncolytic 

virotherapy for the treatment of malignant glioma, however, there has been a failure to live 

up to preclinical expectations [89]. As malignant gliomas are highly heterogeneous and 

notoriously difficult to treat tumours, it therefore stands to reason that perhaps the more 

promising approach lies in combination therapies [89] [52]. In order to maximize the 

potential for combination therapies, there should be the possibility for additivity, synergy, or 

spatial cooperation of the two therapeutic approaches. Additionally, in gliomas, the most 

likely approach would be to combine an experimental therapy, in our case oncolytic 

virotherapy, with radiotherapy, which has been a staple of clinical glioma treatment for 

decades [9]. Combining these two treatment modalities has the potential for additivity or 

synergy from the upregulation of cellular nucleotide synthesis for DNA repair following 

radiation. Our oncolytic VACVes, deleted in the gene encoding the small ribonucleotide 

reductase subunit (R2), become dependent on cellular R2 levels and may therefore have 

increased replication and oncolysis in irradiated cells that have increased their dNTP 

biogenesis. Furthermore, it is possible that, as both surgery and radiation require 

visualization of tumour borders, the active replication of the virus may allow for spread 

through and elimination of tumour microextensions, providing a potential reduction in 

recurrence and survival benefit.  

 

4.1.1 Oncolytic activity of F4L-deleted VACV in human GBM cells 

 

Ribonucleotide reductase is an enzyme required for de novo nucleotide biogenesis, with 

homologs found in a wide range of organisms, from mammals to microorganisms to viruses 

[90]. There are three different classes of ribonucleotide reductases; in mammals, which 

encode a class I ribocucleotide reductase, the enzyme is composed of two subunits, a large 
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subunit (R1) and small subunit (R2) which form tetrameric complexes [47]. The small 

subunit, R2, in particular is cell cycle dependent: while both subunits are synthesized in S-

phase, the R1 subunit remains relatively stable for constitutive protein levels, whereas R2 

has a short half-life and is present only in actively dividing cells [47]. Mammalian cells 

additionally encode a p53-inducible form of the small subunit (p53-R2), which is activated by 

p53 in response to genomic stress, allowing for dNTP synthesis to facilitate DNA repair [47] 

[90]. Interestingly, while nearly all poxviruses viruses encode their own small subunit of 

ribonucleotide reductase, there are only two families, the Suipox- and Orthopoxviruses, that 

encode both the small and large subunit [47]. This led a group, led by David Evans 

(University of Alberta), to explore the role of the large and small subunits in the replication of 

VACV, of the family Orthopoxvirus [47]. They found that, while deletion of the large subunit 

R1 (I4L in VACV) did not attenuate virus replication compared to wild-type in 

immunocompetent mice, deletion of the small subunit R2 (F4L in VACV) resulted in a high 

level of attenuation of the virus [47]. Moreover, they found that in cancer cell lines that 

naturally produce high levels of cellular R2, likely due to dysregulated cellular DNA 

replication resulting in continuous R2 synthesis as the cell enters S-phase, replication of the 

F4L-deleted viruses was restored to a level that neared wild-type replication [47]. Further 

studies by Kyle Potts (Graduate student supervised by Dr. Mary Hitt, Department of 

Oncology, University of Alberta) and Shyam Chaurasiya (Graduate student also supervised 

by Dr. Hitt) have confirmed that these F4L-deleted VACV mutants can maintain a level of 

viral replication and cytotoxicity comparable to that of wild-type VACV in vitro in bladder and 

breast tumour cells while demonstrating a greatly reduced replicative capacity in the N-60 

normal fibroblast cell line and in normal tissues in immune-compromised mice and rats. 

When the same viruses were compared to F4L-containing VACV in vivo in mice and rats, 

they found that tumour control was comparable in F4L-deleted and F4L-retaining viruses, 

with both demonstrating increased survival of tumour-bearing mice compared to control 
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animals treated with inactivated virus. Notably, while the F4L-retaining virus showed some 

development of poxvirus lesions and evidence of virus spread to some organs, the F4L-

deleted viruses showed no development of poxvirus lesions and no evidence of virus spread 

outside the tumour, suggesting an increased safety profile of our mutant viruses.    

 Our first step was therefore to assess the oncolytic activity of our F4L-deleted viruses 

(ΔF4L VACV and ΔF4LΔJ2R VACV, encoding an additional inactivation at the J2R locus 

encoding thymidine kinase) in two human GBM cell lines, U-87 MG and U-118 MG. As was 

seen in the studies of bladder cancer and breast cancer mentioned above, we found that 

ΔF4LΔJ2R VACV replication was not reduced compared to wild-type or ΔJ2R VACV in 

either cell line, while we did see a moderate reduction in ΔF4L VACV replication in U-118 

MG cells compared to wild-type VACV. Similarly, ΔF4LΔJ2R VACV induced comparable 

cytotoxicity to wild-type in both cell lines, though it should be noted that U-118 MG cells 

were less permissive to virus growth than U-87 MG, producing virus titres ~ 1 log lower than 

in U-87 MG cells for all mutant and wild-type viruses. This effect has also been observed in 

JX-594 infection of the same cell lines [91]. Notably lacking from this study, however, was 

use of a primary normal cell type control. As mentioned above, previous studies have 

demonstrated that F4L-deleted VACV replication is attenuated in the N60 fibroblast cell line, 

however a control more relevant to glioma would be preferable. Toward this end, primary 

astrocytes were cultured from an untreated rat brain, however the astrocytes did not grow to 

sufficient numbers to set up an assay for virus growth. Future studies are required to assess 

the safety profile of our F4L-mutant viruses in a suitable normal control for gliomas.  

A group led by Lun et al. has tested a double-deleted VACV (vvDD) deleted in J2R and 

the vaccina growth factor (VGF) genes in models of malignant glioma. [92]. Their initial 

studies with U-87 xenografts in nude mice showed results similar to those seen in Chapter 3 

of this thesis, i.e., treatment with vvDD provided long-term control of the U-87 subcutaneous 
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tumours (no tumour growth up to experimental endpoint of 60 days post-infection) compared 

to rapid growth of untreated tumours, but also failed to completely cure mice of tumours [92]. 

Interestingly, when they used orthotopic U-87 glioma models in immune-competent mice, 

they found that their vvDD was safe when delivered systemically, but demonstrated toxicity 

when administered intracranially, which they attributed to rapid oncolysis and subsequent 

intracranial inflammation. Additionally, they found that following systemic delivery there was 

rapid clearance of the virus, with no detectable fluorescence of EGFP-tagged vvDD 7 days 

post-infection. Immune suppression with cyclophosphamide or rapamycin significantly 

prolonged virus replication, [92]. Taken together, this may suggest that a more attenuated 

virus such as our ΔF4LΔJ2R VACV may allow for intracranial administration without rapid 

oncolysis leading to toxicity, as the in vitro viability assays of vvDD suggested increased cell 

killing at an MOI of 1 pfu/cell compared to our ΔF4LΔJ2R VACV (~35% cell viability 

compared to ~50%-60% cell viability at 72 h.p.i, respectively). As the brain is an immune-

privileged site, systemic anti-viral immune responses and immune-mediated virus clearance 

could be reduced compared to that following vvDD, prolonging virus replication and 

increasing tumour clearance and mouse survival.  

 Currently, the oncolytic VACV that has been tested the most extensively in clinical trials 

is Pexa-Vec (JX-594), which is in Phase III trials for the treatment of unresectable 

hepatocellular carcinoma [26]. Pexa-Vec is a genetically engineered VACV encoding a 

thymidine kinase (J2R) deletion in a Wyeth-strain backbone [26]. In a Phase I trial of 

systemically administered Pexa-Vec for the treatment of colorectal cancer, however, there 

were some virus-related adverse effects seen: 7 of 9 patients developed virus-related skin 

lesions, while others developed some hypotension or a cough [45]. In a separate case 

study, a man treated with Pexa-Vec for hepatocellular carcinoma developed poxvirus-

related skin lesions following intravenous virus administration [46]. Although the adverse 



 

 97 

effects resolved in these patients, these observations suggest that, despite the relative 

success of the J2R-mutant VACV in clinical trials, an oncolytic VACV with an improved 

safety profile may be beneficial.  

4.1.2 R2/p53R2 upregulation in irradiated glioma cells: implication for ΔΔF4LΔΔJ2R 

VACV infection 

 

As mentioned previously, while there has been some success with oncolytic viruses as 

standalone treatments in clinical trials [21] [45] [24], it is likely that oncolytic viruses will be 

most efficacious as a combination treatment; especially when used against a highly 

heterogeneous tumour such as malignant glioma [52]. For the purpose of my thesis, I 

pursued the combination of our oncolytic VACV, deleted in F4L (R2) and J2R (thymidine 

kinase) genes, with radiotherapy. One of the reasons we chose to combine our ΔF4LΔJ2R 

VACV with radiotherapy was due to possible additive or synergistic effects. IR acts through 

DNA damage – in order for DNA repair to occur, there must be an increase in nucleotides 

through de novo dNTP synthesis [67]. P53 is a protein that responds to DNA damage to 

activate a variety of radiation response pathways. One of the ways in which p53 acts is to 

induce transcription of p53R2, which is then able to complex with cellular R1 to form an 

active ribonucleotide reductase enzyme [47]. In Chapter 2 of this thesis, we demonstrated 

that p53R2 levels were maintained following irradiation of both U-87 MG and U-118 MG 

cells, accompanied by a decrease in R2 levels. These observations correspond with that of 

a similar study examining R2 and p53R2 levels following irradiation in a panel of colorectal, 

breast, and fibroblast cell lines, wherein p53R2 levels increased and R2 levels decreased 

following exposure to 14 Gy radiation [93]. The decrease in cell-cycle-regulated R2 may be 

more complicated, as R2 has also been shown to increase following irradiation [69].  

Interestingly, when we assessed levels of those same proteins following irradiation of U-87 
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MG tumours in vivo in Chapter 3, we saw that both R2 and p53R2 levels increased following 

radiation. Both the western blots of R2/p53-R2 protein expression and the 

immunohistochemical analysis of R2/p53-R2 expression in vivo following radiation were only 

performed once, however, with some concerns raised over the use of that antibody for IHC.. 

It would be beneficial to repeat both the western blot analysis of in vitro irradiated cell 

cultures, as well as the immunohistochemical staining of irradiated tumour sections, with a 

second, verified antibody. Despite this, however, the observed increase in p53R2 (and 

possibly in R2 in the immunohistochemical analysis) could have broader implications for the 

efficacy of a combination with ΔF4LΔJ2R VACV. As ΔF4LΔJ2R VACV is dependent on 

cellular dNTP pools and cellular dNTP synthesis for viral replication, upregulation of 

R2/p53R2 following exposure to radiation could increase viral replication compared to that in 

non-irradiated tumours. 

The possible increased susceptibility to our virus of irradiated cells expressing higher 

levels of R2 could also provide a means of eliminating radioresistant cell populations. A 

study by Kuo et al. examining the role of R2 levels in radiosensitivity found that cells with 

higher levels of R2/p53R2 following exposure to IR were more likely to have reduced 

radiosensitivity. This was thought to be due to the increased ability to repair DNA damage 

caused by radiation through the increased activity of ribonucleotide reductase [94]. 

Interestingly, Gammon et al. demonstrated enhanced viral replication of F4L-deleted 

vaccinia mutants in a pancreatic cancer cell line with high R2 expression (PANC-1) versus a 

pancreatic cancer cell line with low R2 expression (CAPAN-2) [47]. This suggests that there 

may be two different but cooperative fates for cells treated with the combination of 

radiotherapy and F4L-deleted VACV: (1) the cells may be directly induced to undergo cell 

death by IR (although malignant gliomas are known to be relatively radioresistant) [95]; or 

(2) the cells that prove to be radioresistant through efficient DNA repair will be susceptible to 

virus-mediated cell death through the increased dNTP synthesis accompanying DNA repair.  
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4.1.3 thCombination radiotherapy and oncolytic VACV in in vitro and in vivo 

glioma models  

 

Combining radiotherapy with our F4L-deleted oncolytic VACV could potentially increase 

tumour cell killing through both spatial cooperation and additive effects. Tumour 

microextensions are often missed by both surgical excision and radiotherapy, frequently 

leading to the failure of glioma therapeutics and eventual death [4]. We propose that 

radiation could be used to target the bulk of the tumour, while our replicative oncolytic virus 

could spread through the tumour margins and microextensions to eliminate the remnants of 

the tumour not targeted by radiation. Additionally, we propose that the DNA repair response 

to radiation could provide a cellular environment conducive to growth of our F4L-deleted 

mutant VACV. In fact, a similar response has been seen in a study combining G207 (an 

oncolytic herpes simplex virus type 1 containing a deletion of the large subunit of 

ribonucleotide reductase) with radiotherapy [82]. These authors demonstrated increased 

ribonucleotide reductase activity in irradiated cells compared to non-irradiated cells which 

correlated with increased virus production per surviving cell and increased virus-induced 

killing.  

When we combined IR with ΔF4LΔJ2R VACV in vitro (Chapter 2), we found that pre-

treatment with IR had no significant impact on overall virus yields compared to non-

irradiated cells. However, there were fewer cells present in irradiated cultures compared to 

non-irradiated cultures at the time they were harvested to assess virus production, so it is 

possible, that there could have been an increase in virus replication per surviving cell, 

without increasing the overall yield. In that case, a more accurate representation of virus 

growth in irradiated vs. non-irradiated cells may be revealed in future experiments by 

calculating the number of plaque-forming units per cell using daily cell counts as opposed to 

initial cell counts. Our data suggest that, despite the reduction in R2 expression following 
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irradiation of glioma cells, the ability of the virus to replicate in and induce killing of irradiated 

cells remained robust.  

An important note to address, however, is that metabolic assays of cell viability are 

difficult to interpret because 3 cell fates are possible following irradiation: (1) cells are 

proliferation-competent (high metabolism, signal increasing with time in culture due to 

increase in cell number); (2) cells are senescent (metabolically active, but growth arrested 

so no increase in signal with time); or (3) cells are dead (complete absence of metabolism 

and signal) [96]. It may be, then, that cells detected in our assay (at 72 h.p.ir. had 

undergone growth arrest and lowered metabolism, but not death, as might be concluded 

from the metabolic assay we used. The complexity of these assays identifies a need for a 

more accurate determination of radiation-induced cytotoxicity. Clonogenic assays are 

typically the assay of choice for assessing viability of irradiated cells. This approach, 

however, is problematic for assessing survival following the combination of radiotherapy with 

oncolytic virotherapy, because the virus can potentially spread from one colony to another 

during the course of the assay. In order to compare to survival following virus infection, 

survival of irradiated U-87 MG and U-118 MG was assessed using the resazurin-based 

metabolic assay. Despite the flaws in this approach, the radiation-induced cytotoxicity of our 

human malignant glioma cell lines was similar to that seen in other studies of malignant 

glioma radioresistance – particularly the relative resistance of our cell lines to 8 Gy IR. A 

study by Jiguet Jiglaire et al. compared cytotoxic response of various glioma cell lines to 

several doses of IR and found that at 96 hours following a dose of 8 Gy there was an 

approximately 25% decrease in U-87 cell viability; this is comparable to the ~20% decrease 

we saw 72 h.p.ir. [97]. Interestingly, when clonogenic survival assays are used to assess 

post-irradiation viability, the surviving fraction of U-87 cells exposed to 8 Gy radiation 

decreases to under 10% [98-100]. It therefore may be beneficial to use clonogenic assays, 

modified to prevent virus spread, for measuring radioresistance in the future.  
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It would also be beneficial to determine the proportion of irradiated cells that are 

senescent, as well as to assess the ability of the virus to infect and induce cytotoxicity in 

senescent cells. Most common assays of senescence utilize the senescence-associated β-

galactosidase (SA-β-gal) biomarker, which converts substrates such as X-gal or C12FDG (5-

Dodecanoylaminofluorescein Di-β-D-Galactopyranoside) to a colorimetric or fluorescent 

form, respectively, for identification of senescent cells [101]. Our ΔF4LΔJ2R VACV, 

however, encodes the lacZ gene inserted in the J2R locus. As lacZ is a protein that acts on 

the same substrates as SA-β-gal, it therefore isn’t possible to identify virus-infected 

senescent cells using typical senescence assays. As a possible indirect approach, cells 

exposed to irradiation and infected with ΔF4LΔJ2R could be fixed and probed with a 

fluorescent anti-p21 antibody; immunofluorescence of p21 and mCherry could then be 

visualized for co-localization of senescence markers and virus infection. Alternatively, a 

study by Althubiti et al. identified novel markers of senescence for use with flow cytometry 

as a means of senescence detection [102]. A flow cytometric assay for dual fluorescence of 

ΔF4LΔJ2R mCherry and these novel senescence markers (DEP1 and B2MG plasma 

membrane-associated proteins, although their role in senescence is unknown) could 

therefore be used to assess virus infectivity of irradiated, senescent cell populations, 

although further validation of DEP1 and B2MG as senescence biomarkers would likely be 

necessary.  

As we had determined that irradiated glioma cells were capable of supporting ΔF4LΔJ2R 

VACV infection, and that the combination of radiation and virus perhaps even increased cell 

killing, it was appropriate to examine the combination in an animal model. A pilot animal 

study was carried out both to establish a platform for treating subcutaneous glioma 

xenografts with combination image-guided radiotherapy and oncolytic VACV therapy, as 

well as to assess the potential tumour control and survival benefits of a combination 
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approach (Chapter 3). Our results suggested that radiotherapy alone at our dose of 10 Gy 

failed to provide long-term control of tumour growth, as was expected based on the fact that 

clinically radiation is given to a cumulative dose of 58-60 Gy [9]. This non-curative dose was 

chosen to better assess the potential additive or synergistic effects of a combination 

oncolytic VACV and radiotherapy approach. Promisingly, our results suggested that both 

ΔF4LΔJ2R VACV alone, as well as the combination of ΔF4LΔJ2R VACV with 10 Gy IR may 

provide a survival benefit and improved tumour control relative to radiation alone. In the 

ΔF4LΔJ2R VACV/10 Gy IR treated group, however, one animal appeared to have 

undergone a cure, with no detectable tumour for several weeks, following which it appeared 

that virus control of the tumour failed and the mouse eventually reached tumour burden 

endpoint. There was persistent virus-encoded mCherry signal throughout the experiment, 

with an increase in signal as tumour size increased to tumour burden endpoint. A similar 

growth trend was seen in one mouse in the ΔF4LΔJ2R VACV treated group, wherein tumour 

control failed after several weeks; in this case, however, it appeared that the virus was able 

to effectively control the tumour again. It is unclear, therefore, why control of the ΔF4LΔJ2R 

treated tumour would again be possible but the ΔF4LΔJ2R/10Gy treated tumour would not. 

This difference may be attributable to experimental variability, since so few animals were 

tested. However, the recurrence of both tumours, as well as the persistent virus signal, 

suggests that the tumour had remained at undetectable levels, perhaps under the control of 

the virus, and that at some point the virus control failed and led to regrowth.  

The late recurrence of the tumour poses the question of whether a small number of 

tumour cells were resistant to virus-mediated oncolysis. This resistance may have been due 

to a lower level of proliferation, or perhaps no proliferation, such as that seen in the core of 

many GBM tumours [103]. With the absence of proliferation, there would be a reduction of 

cellular R2 expression, which may reduce viral replication and increase the cell’s resistance 
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to ΔF4LΔJ2R VACV. Fluorescence imaging of tumours, however, revealed that mCherry 

signal, and therefore virus, persisted throughout the experiment. This would suggest that, if 

the tumour cells were resistant to oncolysis, there must have been some reservoir of virus 

that persisted. One possibility is that, due to the ΔF4LΔJ2R VACV tropism for endothelial 

cells (as demonstrated by Shyam Chaurasiya, graduate student supervised by Dr. Mary Hitt, 

Department of Oncology, University of Alberta), the virus was maintained in tumour 

vasculature that remained despite the collapse of the initial tumour.  

Alternatively, it is possible that the remaining cells were not completely resistant to the 

virus, but rather that there was a low turnover of tumour cells due to a persistent low level of 

oncolysis. It is possible that, due to tumour architecture, wherein the core of the tumour has 

low to no proliferation and the outer edges are proliferative, the virus was able to continue 

replication and oncolysis of edges but the inner core remained resistant to virus. If true, the 

presence of a non-replicative core may suggest the presence of a virus-resistant, lowly 

proliferative stem cell-like population, which then gives rise to virus-susceptible progeny that 

are continually eliminated through viral oncolysis and repopulated by the stem cell-like 

population. As there would be a constant selective pressure for cells that are resistant to 

either viral infection or virus-mediated oncolysis, the recurrence of the tumour would likely 

indicate a rise of the resistant cell population. Interestingly, however, there was still a strong 

mCherry signal present even at tumour burden endpoint – this would suggest that the virus 

was still replicating, but was not able to kill the bulk of the cancer cells. A possible test for 

virus resistance would be to re-inject tumours with virus to determine whether the virus could 

shrink the tumour. Alternatively, subcutaneous tumours could be removed and dissociated 

to establish U-87 neurospheres which are then infected with ΔF4LΔJ2R VACV, to assess 

whether there is indeed a population of virus-resistant cells that may continue to re-populate 

the tumour [104].  
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4.2. FUTURE DIRECTIONS 

4.2.1 ΔΔF4LΔΔJ2R VACV kinetics in the brain 

 

Our studies have demonstrated that deletion of the F4L gene encoding ribonucleotide 

reductase subunit R2 does not impair virus replication in human GBM cells compared to 

wild-type. However, it remains to be seen whether this deletion attenuates the F4L-deleted 

vaccinia mutants in the brain in the absence of tumour. While N60 fibroblasts have been 

used previously in our lab as the non-tumour control, they are not truly representative of 

normal brain tissue. A more appropriate normal control for brain would be primary rodent 

astrocytes [105]. In our early studies of culturing primary astrocytes from adult rats, 

however, we observed relatively rapid proliferation, while astrocytes in a mature brain are 

generally non-proliferative [106]. As an important mechanism of tumour-selectivity of 

ΔF4LΔJ2R VACV relies on the differential growth of cancer cells (highly replicative and 

therefore high R2) versus normal, differentiated cells (low to no replication, low R2), the 

rapid growth of primary astrocyte cultures would need to be addressed to render the 

experiment more clinically applicable. To address this, growth of primary astrocytes could 

potentially be reduced by serum-starvation, using 0.1% FBS instead of 10% FBS is 

commonly  in the medium. Human GBM cells grown in the same FBS concentration would 

maintain their exponential growth, mimicking in vivo conditions. Alternatively, primary 

astrocytes could be grown to confluency such that they became contact -inhibited. Once 

primary astrocyte growth had been slowed, virus growth curves in primary astrocytes versus 

U-87 MG or U-118 MG cells could be compared to assess whether ΔF4LΔJ2R VACV is truly 

tumour selective in the brain.   
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4.2.2 Radiation-mediated induction of senescence and susceptibility to vaccinia 

infection 

 

We observed (Chapter 2) that combination radiation therapy and ΔF4LΔJ2R VACV 

appeared to decrease cell survival compared to ΔF4LΔJ2R VACV alone, using a metabolic 

activity assay a readout. It remains to be seen whether the observed results were due to cell 

death, transient cell cycle arrest, or induction of cellular senescence. Of particular relevance 

would be the induction of transient cell cycle arrest or senescence. Originally senescence 

was thought to be a permanent growth arrest, however recent evidence suggests that cells 

are able to overcome stress-induced premature senescence (SIPS) and regain proliferative 

capacity, leading to tumour recurrence [107]. Additionally, studies have shown that some 

GBM cell lines (including U-87 MG), when exposed to doses of up to 10 Gy radiation, 

undergo transient growth arrest for up to 96 hours, following which they regain their 

proliferative capacity [108]. Both the induction of senescence or a transient growth arrest 

pose an interesting opportunity for the ΔF4LΔJ2R VACV: if the virus is able to replicate in 

and induce cytotoxicity in these cell populations due to IR-induced ribonucleotide reductase 

activity,, then there is the possibility of eliminating these populations that may contribute to 

radioresistance.  

Traditionally, senescence has been identified by the marker SA-β-gal, which can be 

detected cytochemically or fluorescently. Unfortunately, due to the lacZ insertion in the J2R 

locus of our mutant VACV, these assays cannot be used in virus-infected cells. A better 

means of assessing virus infectivity of senescent cell populations would be to first isolate the 

senescent cell population using fluorescence-activated cell sorting (FACS) [102]. These 

senescent cell populations could then be infected with ΔF4LΔJ2R VACV, and virus growth 

kinetics and cytotoxicity assessed. Alternatively, an indirect method of assessing whether 



 

 106 

ΔF4LΔJ2R VACV can infect senescent cells in a non-sorted population would be through co-

localization of p21 and ΔF4LΔJ2R VACV, which could be detected fluorescently through 

antibody-mediated fluorescent labeling of p21, a well-known marker of senescence, and 

mCherry signal from the mutant virus [66]. Assessing virus infection of radiation-induced 

senescent cell populations could provide important insights into the ability of the virus to 

complement radiotherapy, in that the virus could enable elimination of those cells that 

contribute to radioresistance to enhance the efficacy of a combination therapy approach.  

 

4.2.3 Vaccinia virus and combination therapy kinetics in glioma stem cell 

populations 

 

An important and emerging topic in all cancer therapeutics is the role of cancer stem 

cells (CSCs) in tumour propagation and resistance to therapies. In GBMs, which are 

notoriously radioresistant cancers, it is thought that cancer stem cells (CSCs) play a large 

role in both radioresistance and chemoresistance. CSCs are largely unaffected by traditional 

clinical radiation dosing schedules, enabling rapid regrowth of tumours [109]. The potential 

for our ΔF4LΔJ2R VACV to infect and eliminate these stem cells could therefore prove to 

play an important role in improving malignant glioma prognosis. A study by Pistollato et al. 

examined the structure of GBMs, wherein they found that the tumours are comprised of 

distinct layers, the core of which is anoxic and highly chemoresistant, with the majority of 

cells bearing stem cell markers [103]. This is promising for our virus therapy as previous 

studies in our lab have demonstrated that ΔF4LΔJ2R VACV is able to propagate even in 

hypoxic tumour environments, which are known to contribute to radioresistance [95] [110]. 

Additionally, it is thought that one of the contributing factors to radioresistance of glioma 

stem cells is their high propensity for DNA repair. As DNA repair requires dNTP synthesis, 
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this suggests that irradiated glioma stem cells may support ΔF4LΔJ2R VACV infection [111]. 

In our lab, previous studies on breast cancer stem cells have showed susceptibility of F4L-

deleted VACV infection at levels comparable to that of non-stem cell breast cancer cell lines 

(Shyam Chaurasiya, graduate student of Dr. Mary Hitt, Department of Oncology, University 

of Alberta). Despite this, in the pilot animal study described in this thesis, the failure of the 

virus to control tumours permanently suggests that the residual cells may have been 

resistant to virus-mediated cell death. Further studies into the role of glioma stem cells in 

tumour propagation, and their response to radiation and virus infection, must therefore be 

explored. 

 In vitro studies of glioma stem cells may be undertaken through the use of 

neurospheres, in which GBM tumour samples are first established as a monolayer culture, 

then manipulated to form neurospheres [112]. The stem cell population (defined as CD133+) 

can then be enriched from the neurospheres through CD133+ microbead purification and re-

seeded to form CD133+ tumour subspheres, for a population that is up to 90% CD133+ 

[112]. These neurospheres could then be infected with ΔF4LΔJ2R VACV, with virus 

replication in the CD133+ population assessed through confocal microscopy of the spheres, 

using viral-encoded mCherry fluorescence as a marker. It would also be beneficial to assess 

the R2 expression levels in these stem cell populations, both before and following exposure 

to radiation. If upregulation of R2 is seen following radiation, then assessing virus infectivity 

of these irradiated stem cells could provide some insight into the efficacy of combination 

treatment on the elusive glioma stem cell populations. This approach could also be 

extended to mouse models, wherein CD133+ cell cultures would be implanted 

subcutaneously or orthotopically into mouse brains [111], and the efficacy of radiation and 

ΔF4LΔJ2R VACV in controlling these CD133+ enriched tumours would be compared to 
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efficacy in controlling a non-enriched (patient-derived primary GBM) xenograft or U-87 MG 

xenograft. 

 

4.2.4 Furthering animal studies: xenograft and orthotopic models of combination 

therapy 

 

Though our pilot animal study combining radiation therapy and ΔF4LΔJ2R VACV 

infection (Chapter 3) provided some insights into the possible efficacy of a combination 

treatment, there is much that remains to be done before this study is conclusive. The first 

step would be expanding the original study, such that conclusions of statistical significance 

may be drawn. Our next step would be to extend our combination therapy study to an 

orthotopic glioma model, using a stereotactic implantation device for intracranial injection of 

U-87 MG cells. One difficulty with this approach is that there is insufficient contrast for high 

resolution SARRP CT imaging to guide RT and to monitor tumour growth. In most studies 

using orthotopic glioma models, tumour imaging is performed through (MRI) [113]. A 

validation study of SARRP-mediated irradiation of an intracranial glioma (rat) model also 

used MRI imaging of tumours, using a multi-modality bed that allowed for transport of the 

animal in a fixed position from the MRI scanner to the SARRP [76]. Alternatively, a 

luciferase-tagged U-87 MG cell line could be used as a means of monitoring tumour growth 

through bioluminescence. However, it is likely that MRI may still be necessary for SARRP-

mediated IGRT of the tumour, as MRI would provide the highest resolution imaging, which is 

necessary in order to define the tumour area as precisely as possible for increased accuracy 

of IGRT targeting.  

One important mechanism of VACV-mediated oncolysis is through stimulation of anti-

tumour immunity, providing resistance to secondary tumour challenge following primary 



 

 109 

tumour clearance [38]. The role of vaccinia-mediated anti-tumour immunity may be less 

clear, however, in an immune-distinct site such as the brain [17]. As such, an important 

future direction is to assess the combination radiation and ΔF4LΔJ2R VACV treatment in an 

immune-competent, syngeneic animal model. There are several options for syngeneic 

mouse models of glioma, the major ones of which are listed in a review published by Oh et 

al. (2014) [114]; of these, perhaps the most applicable and accessible model is the 

GL261;C57BL/6 model, which re-capitulates many characteristics of GBM and is widely 

used for testing immunogenic therapies [115]. As an added benefit, this model has also 

been demonstrated to be enriched for CD133+ stem cells [116]. A syngeneic, 

immunocompetent model of glioma, especially one used orthotopically, could provide 

important insights into virus activation of anti-cancer immunity in the brain. Anti-tumour 

immunity of ΔF4LΔJ2R VACV-treated mice (compared to non-virus-treated mice) could be 

assessed either indirectly by tumour re-challenge, or by examining immune infiltration in 

tumours excised from treated animals [38]. Additionally, anti-tumour immune activation 

could be assessed by isolation of splenocytes of treated mice, and testing the ability of the 

cultured splenocytes to induce cell killing when co-cultured with tumour cells [38].  
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4.3. CONCLUSIONS 

 

Malignant gliomas are a notoriously high fatality and difficult to treat cancer, with limited 

therapeutic options for patients. The use of oncolytic virotherapy has shown promise as a 

means of increasing therapeutic options as well as providing a survival benefit. Due to the 

highly heterogeneous nature of malignant glioma, it is likely that oncolytic virotherapy will be 

most effective in combination with other treatment modalities. Here, we assessed the 

efficacy of combining a genetically engineered oncolytic VACV, deleted in the F4L (R2) and 

J2R (thymidine kinase) genes, with radiotherapy for the treatment of high-grade malignant. 

Our results showed that virus infectivity is maintained in irradiated cells, and that, through 

elevation of R2/p53R2 following radiation, there is the possibility for cooperation through the 

dependence of our mutant virus on cellular R2 levels and cellular production of dNTPs. 

Additionally, early pilot studies of an immune-compromised, subcutaneous xenograft model 

combining image-guided radiation therapy with ΔF4LΔJ2R VACV infection have suggested 

that either ΔF4LΔJ2R VACV alone, or the combination of ΔF4LΔJ2R VACV and 

radiotherapy, may provide a means of better controlling tumour growth and may provide a 

survival benefit. Further studies, using both immune-compromised subcutaneous and 

orthotopic models as well as an immune-competent syngeneic model of combination 

therapy, are necessary to better understand the possible therapeutic efficacy of the 

combination treatment.  
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