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Abstract 

Glioblastoma (GBM) is a malignant and immune-suppressed brain cancer that remains incurable despite 

the current standard of care. Radiotherapy is a mainstay of GBM treatment, however invasive cancer 

cells outside the irradiated field and radioresistance preclude complete eradication of GBM cells. 

Further, radiation induces cellular senescence in GBM cells. Senescent cells cease proliferation but 

remain viable and are implicated in promoting tumor progression. Oncolytic virus (OV) therapy 

harnesses tumor-selective viruses to spread through and destroy tumors while stimulating antitumor 

immune responses, and thus has potential for use following radiotherapy. We demonstrate that 

oncolytic ΔF4LΔJ2R vaccinia virus (VACV) replicates in and induces cytotoxicity of irradiated brain tumor 

initiating cells in vitro. Importantly, a single 10 Gy dose of radiation combined with ΔF4LΔJ2R VACV 

produced considerably superior anticancer effects relative to either monotherapy when treating 

immune-competent orthotopic CT2A-luc mouse models–significantly extending survival and curing the 

majority of mice. Following intracranial tumor challenges, mice cured by the combination displayed 

significantly increased survival relative to naïve age-matched controls, with some complete rejections. 

Further, the combination therapy was associated with an increased ratio of CD8+ effector T cells to 

regulatory T cells compared to either monotherapy. Moreover, it is unknown how radiation-induced 

cellular senescence may impact the oncolytic properties of VACV-based OVs used in combination with 

radiotherapy. The interaction of viruses with senescent cells is nuanced; some viruses exploit the 

senescent state to their benefit, while others are hampered, indicating senescence-associated antiviral 

activity. To better understand this, we induced cellular senescence by treating GBM cells with radiation, 

and then evaluated the growth kinetics, infectivity, and cytotoxicity of oncolytic ∆F4L∆J2R VACV, as well 

as wild-type VACV for comparison, in irradiated senescence-enriched and non-irradiated human GBM 

cell lines. Our results show that both viruses display attenuated oncolytic activities in irradiated 
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senescence-enriched GBM cell populations compared to non-irradiated controls. Taken together, these 

findings validate the use of radiation with an oncolytic ΔF4LΔJ2R VACV to improve treatment of this 

malignant brain cancer and indicate that radiation-induced cellular senescence is associated with 

antiviral activity–highlighting important considerations for the combination of VACV-based oncolytic 

therapies with senescence-inducing agents such as radiotherapy. 
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Preface 

Sections 1.4.1 and 1.4.2 of this chapter are modified from the following published work:  

“Storozynsky, Q.T., and Hitt, M.M. (2020). The Impact of Radiation-Induced DNA Damage on cGAS-

STING-Mediated Immune Responses to Cancer. International Journal of Molecular Science, 21, 8877. 

https://doi.org/10.3390/ijms21228877.” 
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1.1 Glioblastoma 

Glioblastoma (GBM) is a malignant brain cancer that requires an aggressive first line standard of care 

involving surgery, then concurrent administration of radiotherapy and temozolomide (TMZ; a 

chemotherapeutic alkylating agent), followed by adjuvant cycles of TMZ1. Recently, antimitotic tumor-

treating fields (TTFs), a therapy in which alternating electric fields are used to disrupt mitosis of GBM 

cells, has been approved for treating newly diagnosed GBM. TTFs have been shown to improve overall 

survival when used to supplement adjuvant administration of TMZ2,3. 

Despite the present standard of care, recurrence within 2 cm of the original tumor border is virtually 

inevitable4,5 (Figure 1.1). Thus, patient prognosis is dismal; the median survival for GBM patients ranges 

between 12-16 months6 and approximately 93-96% of patients are deceased within 5-years7,8. In 

recurrent settings, treatment consensus is absent. Second line treatment remains specific to the 

institution providing care1, but progression of disease is still expected. Given the failure of first line and 

second line treatment regimens to control GBM, novel therapeutic strategies are urgently needed to 

improve outcomes of this disease. 

1.1.1 Epidemiology and risk factors. GBM makes up 14.3% of diagnoses of non-malignant and 

malignant primary brain and central nervous system (CNS) cancers7. Among the deadliest brain and CNS 

diagnoses, GBM is the most prevalent and subsequently responsible for killing the most patients7. The 

annual incidence rate of GBM is low, at 3.23 per 100,000 population7. Furthermore, years of potential 

life lost (YPLL) is greatest with malignant brain tumors in comparison to other cancers. Malignant brain 

tumors account for approximately 19.9 YPLL, versus 9.6 YPLL with prostate cancer, 14.5 YPLL with 

lung/bronchus cancers, and 15.1 YPLL with pancreatic cancers9. 

Increased risk for developing GBM is associated with several features. GBM occurs 1.1 to 2.6 times more 

frequently in males than females7,10,11. Incidence also increases with age; more than half of GBM  
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Figure 1.1. Glioblastoma images. Contrast enhanced magnetic resonance imaging of glioblastoma 

before surgical rection (pre-op), after surgical resection (post-op), and of local recurrence within 2 cm of 

the original tumor border (indicated by red arrow) 10 months later. Figure adapted from [5] with 

permission. 
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diagnoses occur over the age of 65 and the highest incidence rates are between age 75 to 847. Other risk 

factors include exposure to ionizing radiation, familial genetic disorders, and potentially, certain viral 

infections. Computed tomography imaging of the brain in children is associated with up to a three-fold 

increased risk for developing brain cancer12,13. Individuals with genetic maladies related to DNA repair 

processes or cell-cycle regulation, such as Lynch syndrome and Li-Fraumeni syndrome, have an 

increased risk for developing GBM14,15. Interestingly, several reports suggest that cytomegalovirus and 

epstein-barr virus (EBV) may be associated with GBM tumorigenesis16–18, though, these observations 

remain controversial19,20. Remarkably, immune hypersensitivities may have a protective role preventing 

GBM as individuals with allergies/atopy show decreased incidences of high-grade gliomas and GBM21,22. 

Indeed, recent preclinical in vivo studies have demonstrated allergic inflammation hinders GBM 

progression23. 

1.1.2 Presentation, diagnosis, and pathological features. Before GBM is diagnosed, patients 

present with a variety of symptoms. This can include common symptoms like headache, fatigue, nausea, 

and seizure, as well as less common motor, sensory and neurological symptoms such as ataxia, 

speech/visual impairments, dizziness, anxiety, sleeplessness, and cognitive deficit24. GBM is first 

diagnosed using gadolinium-enhanced magnetic resonance imaging (MRI); subsequently, 

histopathological diagnosis is confirmed from biopsy tissue obtained during surgery24. 

Histology remains the definitive diagnostic tool for GBM. Remarkably, advanced artificial intelligence 

systems have recently been integrated to aid with histological diagnosis of gliomas with success25. 

Histological hallmarks for GBM include nuclear atypia, a high mitotic index, microvascular hyperplasia, 

neovascularization, and pseudopalisading necrosis26,27. Pseudopalisading necrosis is a unique histological 

feature associated with GBM, resembling a “picket-fence line” of migrating rows of cells that surround 

areas of necrosis27,28. These dense rows of pseudopalisading migratory cells appear to be fleeing 

nutrient-deprived areas (necrotic tissue) towards more suitable oxygenated microenvironments27,28. 
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1.1.3 Classification. GBM is classified as a grade 4 primary brain tumor by the World Health 

Organization (WHO)29. In the past, Roman numerals were used to represent grades (i.e., grade I, II, III, 

IV), however the most recent 2021 WHO classification system opted to using Arabic numerals (i.e., grade 

1, 2, 3, and 4)29. The major characteristic that separates grade 3 and 4 brain tumors from grade 1 and 2 

is significant mitotic activity, while necrosis or microvascular proliferation separates grade 4 from 326.  

The WHO nomenclature system of CNS tumors uses a hybrid taxonomy model, in which histology and 

molecular features classify tumor types. Formally, under the 2016 WHO nomenclature, GBM was 

classified in three categories, all of which were designated as grade 4 disease; (1) GBM, isocitrate 

dehydrogenase (IDH)-wild-type (WT), (2) GBM, IDH-mutant, or (3) GBM, NOS (Not Otherwise Specified)30. 

Under the most recent 2021 WHO nomenclature, astrocytoma, IDH-mutant, grade 4 replaced the term 

GBM, IDH-mutant from the 2016 WHO nomenclature29,30, and GBM, NOS is no longer a classification29. 

Although, the classification of GBM, IDH-mutant was changed to astrocytoma, the molecular distinction 

between IDH-WT and IDH-mutant is still relevant in GBM literature (more details in section 1.1.6).  

Astrocytoma, IDH-mutant, grade 4 (previously termed GBM, IDH-mutant) is defined as a diffusely 

infiltrative astrocytic glioma with one or any combination of the following: microvascular proliferation, 

necrosis, and/or homozygous deletion of cyclin-dependent kinase inhibitor 2A (CDKN2A) or cyclin-

dependent kinase inhibitor 2B (CDKN2B)26,29. GBM, IDH-WT, grade 4 is defined as an IDH-WT, diffuse 

astrocytic glioma, with one or more of the following: microvascular proliferation, necrosis, telomerase 

reverse transcriptase (TERT) promoter mutation, epidermal growth factor receptor (EGFR) gene 

amplification, or gain of entire chromosome 7 and loss of entire chromosome 10 (+7/-10)26,29. 

GBM can also be separated into four clinically relevant subtypes; proneural, neural, classical, and 

mesenchymal31. These GBM subtypes respond differentially to intense standard of care relative to less 

aggressive treatment regimens (i.e., non-concurrent chemo- radiotherapy or shorter chemotherapy 
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courses). Classical and mesenchymal subtypes responded best, followed by neural, while proneural 

responded poorly31. Further, unique immunological profiles are associated with each subtype. Notably, 

mesenchymal is the most immunologically “hot”, which suggests potentially favourable responsiveness 

with immunotherapy32,33, whereas proneural is immunologically “cold”, suggesting less favourable 

immunotherapeutic responses33. It should be noted that the classification of four GBM subtypes is 

contested. One study, using a different form of integrated genome analysis than in [31], reported only 

three subtypes–proneural, classical, and mesenchymal34. Another study indicated that the original 

identification of the neural subtype was due to contamination35. Lastly, signatures of all four GBM 

subtypes have been identified within individual patient tumors using singe-cell sequencing36, indicating 

that a single tumor can be composed of multiple subtypes. 

1.1.4 Origin and glioblastoma stem cells. Two main theories postulate the cellular etiology of 

GBM. Lee et al. (2018) provide evidence that the cell-of-origin for GBM tumorigenesis may result from 

low-level driver mutations in neural stem cells (NSCs) of the subventricular zone (SVZ)37, a region in the 

brain that is rich in NSCs and involved in neurogenesis38. Friedmann-Morvinski et al. (2012) offer a 

different cell-of-origin source for GBM initiation, suggesting that differentiated astrocytes or neurons 

with p53 deficiencies and active Ras signaling can dedifferentiate into a stem-like cells capable of 

initiating GBM39. There is currently no consensus as to which proposed mechanism is responsible for 

GBM40. 

On a related note, although the GBM cell-of-origin remains to be elucidated, it is generally accepted that 

GBM tumors contain stem-like and/or progenitor-like cancer cells–colloquially referred to as brain 

tumor initiating cells (BTICs) or GBM stem cells (GSCs)41,42. These cells possess stem cell characteristics 

such as self-renewal, multilineage differentiation, and expression of NSC markers43,44. In addition to 

having a potential role in GBM initiation, BTICs/GSCs are proposed to be responsible for the 

maintenance and recurrence of GBM41,45 and correlate with poorer prognosis46. Further, BTICs/GSCs are 
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resistant to radiotherapy47,48 and TMZ49; as such, elimination of these cell types is an important goal of 

novel GBM therapies50. 

1.1.5 Common genetic abnormalities. In GBM, the most common genetic aberrations occur in 

three regulatory pathways: (1) phosphoinositide 3-kinase (PI3K)/protein kinase B (PBK; also called 

AKT)/RAS (88–90%), (2) p53 (86–87%), and (3) retinoblastoma (Rb; 78–79%)51,52. Chiefly, these 

regulatory networks regulate cell-cycle progression, hence genetic disruptions can distort normal signal 

transduction and lead to uncontrolled cell division. Specific genetic aberrations common to GBM include 

perturbations of the TERT promoter (55–80%)53,54, α-thalassemia/mental retardation syndrome X-linked 

(ATRX; 11-80%)55,56, tumor protein p53 (TP53; 28–40%)51,52,57,58, phosphatase and tensin homolog (PTEN; 

24–41%)51,52,57,58, CDKN2A (31–61%)51,52,57,58, CDKN2B (47-61%)51,52, and amplification/mutation of EGFR 

(34-57%)51,52,57–59 (among others).  

TERT and ATRX relate to telomere maintenance. TERT encodes telomerase, an enzyme that maintains 

telomere length on chromosome ends that would otherwise be lost over many cycles of DNA replication 

and trigger inhibitory proliferative signals60. Mutations of the TERT promoter increase telomerase 

activity thereby preventing telomere-erosion, which enables continued mitotic rounds60. Similarly, 

perturbations of ATRX maintains telomere length through a mechanism independent of telomerase 

termed alternative lengthening of telomeres61.  

TP53, PTEN, CDKN2A, and CDKN2B are tumor suppressor genes. TP53 encodes p53, a 53 kDa 

transcription factor proverbially referred to as the “guardian of the genome62.” Broadly speaking, p53 

responds to genetic damage or oncogene activation by initiating cell-cycle arrest, apoptosis, cellular 

senescence, or DNA repair62. PTEN encodes PTEN, a phosphatase that negatively regulates kinase 

signaling cascades that lead to cell-cycle progression, cell survival, angiogenesis, and migration/invasion 

(i.e., the PI3K/PBK (AKT) pathway)63. CDKNA2A encodes two distinct proteins, p16INK4A and p14ARF, while 
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CDKNA2B encodes p15INK4b, all of which block cell-cycle progression64. p16INK4A and p15INK4b inhibit cyclin 

D-dependent kinases (CDKs) which coordinate cell-cycle progression64, while p14ARF facilitates p53-

induced cell-cycle arrest by negatively regulating its inhibitor, Mdm264. 

Lastly, EGFR encodes for a receptor tyrosine kinase, EGFR, which upon binding its ligand, epidermal 

growth factor (EGF), activates signaling cascades involved in cell growth (i.e., PI3K/PKB (AKT) and RAS 

pathways)59. EGFR variant III (EGFRvIII), is a mutated constitutively active version of EGFR that can be co-

expressed with normal (but amplified) EGFR or be expressed in the absence of EGFR amplification59. 

1.1.6 Meaningful biomarkers. GBM patients with methylated O6-methylguanine-DNA-

methyltransferase (MGMT) promoters have superior treatment outcomes (median survival of 21.7 

months vs. 15.3 months)65. TMZ cytotoxicity is attributed primarily to methylation of O6-guanine in DNA 

molecules (but also methylates N7-guanine and N3-adenine) which results in cell death if the adduct is 

left unrepaired66,67. MGMT activity disrupts the efficacy of alkylating agents by removing O6 methylation, 

hence silencing of MGMT expression enhances TMZ therapy68. 

GBM patients with mutant IDH have substantially better treatment outcomes than IDH-WT patients58,69. 

Only 10% of GBM patients are IDH-mutant while 90% are IDH-WT30. At the time of diagnosis, IDH-WT 

patients present with advanced disease, whereas IDH-mutant patients present with a lower grade 2/3 

glioma which progresses overtime to grade 4 disease30. Enzymatic activity of IDH-WT produces α-

ketoglutarate (α-KG) and nicotinamide adenine dinucleotide phosphate (NADPH) within the Krebs 

Cycle70. However, IDH-mutant activity produces an oncometabolite, 2-hydroxyglutarate (2-HG) and less 

NADPH70. Reduced NADPH levels are proposed to enhance oxidative stress induced by radiotherapy and 

chemotherapy due to impaired scavenging of reactive oxygen species; this may partially account for 

improved IDH-mutant prognosis71. Although IDH-mutant patients have better outcomes, the 2-HG 

oncometabolite competes to bind α-KG-dependent histone demethylases which results in downstream 
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epigenetic alterations believed to drive tumorigenesis72. This may explain why IDH-mutant GBMs 

progress from lower grade gliomas. 

1.1.7 Standard of care. The “Stupp protocol” forms the basis of present-day first line standard of 

care for GBM and involves surgery, radiotherapy, and administration of TMZ27,73. The protocol was 

established in 2005 after a successful phase III randomized clinical trial improved median survival from 

12.1 months to 14.6 months with the introduction of TMZ to surgery and radiotherapy73. Since 2005, the 

standard of care for GBM has remained unchanged (note: TTFs are recently available, but the 

technology is seldom used)27 (Figure 1.2). 

Surgery is performed first (if possible) to reduce tumor associated mass effects, defer recurrence, and 

obtain biopsy material for diagnostic purposes27. The highly invasive nature of GBM precludes complete 

resection, therefore additional therapeutic approaches are required to target remaining GBM cells. A 

total radiation dose of 60 Gy is delivered in 30 fractions (2 Gy per day) over 6 weeks to the resection 

cavity, gross residual tumor, and an additional 2-3 cm margin–which compose the clinical treatment 

volume–using pre- and post-operative MRI scans74. A further 3-7 mm margin surrounding the clinical 

treatment volume (i.e., the planning treatment volume) is added to account for day-to-day variations in 

patient position, setup, and movement74. Of note, radiation doses less than 60 Gy produce inferior 

survival outcomes75 and doses in excess increase radionecrosis of normal tissue (a major limiting 

factor)76,77. TMZ is administered concurrently with radiotherapy at a dose of 75 mg/m2 of body surface 

area per day73. Following chemo-radiation, TMZ is further administered at a dose of 150 mg/m2 of body 

surface area for 5 days during a 28-day cycle, for up to 6 cycles73. 

For elderly GBM patients a hypofractionated radiation plan (i.e., delivery of fewer, larger doses, usually 

exceeding 2 Gy) is also used with similar efficacy as conventionally fractionated radiotherapy (60 Gy over 

30 fractions) in which a total dose of 40 Gy is administered across 15 fractions (2.67 Gy per fraction)78. 
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This hypofractionated treatment was further improved with the addition of TMZ79, and even higher 

radiation doses (3.4 Gy per fraction, total dose of 34 Gy) have shown improved outcomes compared 

with conventional fractionation (60 Gy over 30 fractions) in elderly cohorts80. Of note, there is a trend in 

radiation oncology towards the implementation of hypofractionated over conventionally fractionated 

regimens, for example, in breast81, prostate82, lung83, rectal84, liver85, head and neck86, and gynecologic 

cancers87. Importantly, part of the efficacy associated with hypofractionated radiotherapy is attributed 

to the stimulation of antitumor immune responses88–90. Further, hypofractionated radiotherapy may also 

reduce systemic loss of T cells91. These reports suggest that higher radiation doses may be superior to 

conventional dosing in terms of harnessing immune-mediated antitumor effects. 

TTFs were recently approved for treating newly diagnosed GBM after a successful phase III randomized 

clinical trial improved median survival from 16.0 months to 20.9 months with the addition of TTFs to 

maintenance cycles of TMZ3. TTFs are administered using a portable, non-invasive, helmet-like device 

that delivers cranial alternating electric fields to disrupt mitosis of GBM cells92. Despite improved 

efficacy, use of this modality remains limited (3–12% of patients) due to cost, patient inconvenience 

(must wear 18 hours per day), and skepticism of the mechanism (despite the clinical trial data)93. 

Lastly, TMZ and radiotherapy delivered as outlined in the Stupp protocol reduces patient tumor 

infiltrating lymphocytes (TILs) and causes immune-suppression that correlates with worse prognosis94–

101. Further, patients frequently receive corticosteroids (i.e., dexamethasone) to manage tumor-

associated cerebral edema throughout standard of care1. Corticosteroids are well-known immune-

suppressants also reported to negatively affect treatment outcomes of GBM102,103. Notably, elevated TIL 

levels correlate with a better prognosis in GBM patients104,105, even despite systemic immune-

suppression106. In fact, GBM patients with high TIL levels benefited the most from dendritic cell (DC) 

vaccine immunotherapy107. These findings indicate that novel therapeutic approaches capable of 

breaking immune-suppression may be important to integrate into GBM. 
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Figure 1.2. Glioblastoma treatment regimens. First line standard of care begins with surgery (1), 

followed by chemo-radiation (2), then an adjuvant course of chemotherapy, with TTFs if available (3). 

Established second line therapy is undefined at present; therefore, treatment is specific to the 

healthcare site evaluating the disease. Abbreviations: ± indicates with or without; Gy, grays; PCV, 

procarbazine, lomustine, and vincristine regimen; SRS, stereotactic radiosurgery; STR, stereotactic 

radiotherapy; TMZ, temozolomide; TTFs, tumor-treating fields. 
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1.1.8 Recurrence. Following first line therapy recurrence is expected within only 6 months108 

and there is no established consensus on standard of care in this setting1, hence, several different 

therapeutic strategies are used depending on the institution treating the disease (Figure 1.2). Repeat 

operation may be considered and can moderately benefit some patients, but the role of surgery in 

managing GBM recurrence remains unclear109. Alkylating chemotherapy is often used in recurrent 

settings. Patients with MGMT promoter methylation benefit from TMZ rechallenge in comparison to 

patients without this methylation110. Alternative alkylating agents to TMZ, such as carmustine, 

lomustine, and the combination of procarbazine/lomustine/vincristine (PCV therapy) are other options 

utilized111–113. Interestingly, TTFs have shown equivalent survival outcomes as chemotherapeutic 

approaches in recurrent settings while also offering substantial reductions in toxicity and improved 

quality of life (the worst toxicities are skin irritation where electrodes are placed on skull)114. 

Re-irradiation offers a non-invasive, targeted approach that can provide modest control for recurrent 

GBM115. Re-irradiation is usually administered as a high, single-fraction dose (or over a few high-dose 

fractions) via stereotactic radiosurgery (SRS; typically using a GammaKnife) or over multiple fractions via 

hypofractionated or conventionally fractionated stereotactic radiotherapy (STR; typically using a 

LINAC)116. The chief difference between SRS and STR is the steep ablative dose gradient associated with 

SRS. SRS can be used to deliver a single-fraction of 10–22 Gy (sometimes greater) to the tumor site117, 

whereas hypofractionated SRT and conventionally fractionated SRT deliver 2.5–5 Gy fractions or 2 Gy 

fractions, respectively116. Of note, several studies that used a high, single-fraction dose to treat 

preclinical models (mimicking SRS) indicated that efficacy was associated with antitumor immune 

activation118–121. Further, SRS has been proposed as a tool to immunologically stimulate the brain tumor 

microenvironment122 and is currently being clinically evaluated to potentiate immunotherapies123. 

Overall, despite available salvage therapies progression of the disease is virtually inevitable–

underscoring an urgent need for novel therapeutic strategies. Notably, given an established safety 
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profile using SRS to treat recurrent GBM124 and recent promise of modalities harnessing immune-based 

destruction of GBM125, high single-fraction radiotherapy may be a solid candidate to investigate in 

combination with other immunological therapeutics (like oncolytic viruses [OVs], the focus of this 

thesis). 

1.2 Cellular Senescence 

Senescence is a near permanent state in which cells cease proliferation but remain metabolically 

active. The phenotype was initially described by Hayflick and Moorhead in the 1960’s after observing 

that human fibroblasts ceased proliferation after a certain number of cell divisions–this threshold was 

termed the Hayflick limit126,127. Since then, a collection of senescence hallmarks have been described 

that identify senescent cells in vitro and in vivo128,129. Importantly, a number of biological contexts 

involve senescence including various age-related pathologies (including cancer), developmental 

processes, immune modulation, and tissue repair130. Further, a unique characteristic of cellular 

senescence is the senescence-associated secretory phenotype (SASP), in which senescent cells secrete a 

variety of different factors that cause downstream effects131 (discussed further in section 1.2.3). Of 

relevance to cancer, factors secreted via the SASP can exacerbate tumor progression and induce pro-

tumorigenic events132,133. Therefore, identifying potential therapies that clear senescent cells is of great 

interest for improving cancer outcomes134. 

1.2.1 Induction. Cellular senescence is induced by myriad stimuli including but not limited to, 

telomere attrition over many cycles of division, oncogenic activation, reduced oxygen levels, 

dysfunctional mitochondria, and exposure to DNA-damaging agents135. These stimuli produce cellular 

insults which cause signaling networks to coordinate to resolve the issue, leading to cell cycle arrest that 

is typically p53-mediated. If the insult is repaired, cell cycle arrest is transient, but if unresolved, 

persistent cell cycle arrest is enforced. To fully engage the senescence program, a prolonged period of 
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negative cell cycle regulation is required136. It is believed that p21WAF1/CIP1 participates in the initiation of 

senescence, but that durable arrest is mediated by sustained p16INK4A signaling136–138. However, the 

senescent state is enforced by many other factors, including heterochromatization which precludes 

expression of pro-proliferative genes139, SASP factors reinforcing the senescent state131,140,141, sustained 

DNA damage response (DDR) signaling142,143, and degradation of nuclear laminin B1 which alters the 

global chromatin landscape and gene expression, as well as releases cytoplasmic chromatin fragments 

that reinforce senescence through cyclic GMP–AMP synthase (cGAS)/stimulator of interferon genes 

(STING)  cGAS-STING signaling144–148. 

1.2.2 Hallmarks. The paramount marker of senescence is the cessation of cell division126,127. 

However, this single feature is insufficient for distinguishing the senescent phenotype from non-

proliferating quiescent, terminally differentiated, or exhausted cells149. Therefore, multiple hallmarks are 

required to identify senescence (Figure 1.3). Arguably the most frequently evaluated senescence marker 

is senescence-associated-β-galactosidase activity (SA-β-gal), which under pH conditions subpar for 

enzymatic activity, allows detection of β-gal activity in senescent cells but not in non-senescent cells150. 

Importantly, SA-β-gal activity can be evaluated both in vitro and in vivo contributing to its broad use and 

application150,151. To further characterize cell cycle arrest, the levels of negative cell cycle regulators are 

also interrogated, of which the most common are p16INK4A and p21WAF1/CIP1 128,129. Visually, increased cell 

size and the formation of punctate DNA foci, termed “senescence-associated heterochromatin foci” 

(SAHF), are other hallmarks of senescence127,139. Of note, an increase in cell size drives senescence-

associated alterations of the proteome152 while the formation of SAHF represses expression of pro-

proliferative genes139. Further, senescent cells form distinct, persistent DNA lesions, termed “DNA 

segments with chromatin alterations reinforcing senescence” (DNA-SCARS), which associate with DDR 

proteins and are involved in maintaining the SASP153,154. The SASP, being a unique hallmark of 

senescence, is frequently detected by evaluating the expression levels of established SASP factors128,129. 
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Additionally, decreased levels of nuclear lamin B1 is associated with cellular senescence and can be used 

as a marker145. Lastly, other senescence-associated cell surface markers have been proposed155 and 

more recently, lipofuscin, which is an aggregate of oxidized lipids that accumulates in lysosomes of 

senescent cells, has been used as a marker for senescence156. 

1.2.3 Biological effects of senescence and the SASP. Senescent cells are secretory cells which 

modulate surrounding cells and tissue compartments via their SASP. The SASP is regulated by networks 

involving mTOR157, NF-κB158, and persistent DNA damage signaling154. The SASP exerts pleiotropic 

biological effects in both autocrine and paracrine ways via secretion of pro-inflammatory 

cytokines/chemokines, as well as other factors such as mitogens, matrix metalloproteinases (MMPs), 

lipids, and extracellular vesicles140,141,159. Several biological activities and therapeutic applications 

associated with senescence and the SASP are outlined below. 

Immune-mediated clearance. SASP-mediated chemokine/cytokine signaling can attract and activate host 

immune cells such as natural killer cells, macrophages, and CD4+ T cells to coordinate targeted 

elimination of senescent cells160–164. In this way, senescence can be framed as a signaling mechanism for 

the coordinated removal of dysfunctional, pre-malignant, or injured cells. 

Role in developmental processes. Cellular senescence helps to instruct growth, patterning, and 

remodeling in normal mammalian and avian embryonic developmental processes165,166. Interestingly, in 

the developmental process senescent cells are removed by programmed cell death or 

macrophages165,166. These findings suggest that senescent cells function to transiently modulate certain 

developmental processes. Further, senescence also plays a role in the development of amphibians and 

fish (indicating it is a common feature among vertebrates)167,168. 

Tissue repair and remodelling. Senescent fibroblasts accelerate wound healing via secretion of growth 

factors169 and also limit fibrosis170. The resolution of fibrosis is thought to be aided by the elimination of 
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senescent cells by natural killer cells and the secretion of MMPs by senescent cells171. Further, SASP 

factors can induce stem-like plasticity in exposed cells enabling tissue regenerative capacities in vivo172. 

Collectively, senescent cells play a role in repairing or replenishing tissue compartments. 

Disease and cancer. Senescent cells accumulate with age and the pro-inflammatory nature of the SASP 

contributes to age-related pathologies such as osteoarthritis173, atherosclerosis174, neurodegenerative 

disease175, and cancer176. The role of cellular senescence in cancer is nuanced176, acting as a tumor-

suppressive mechanism in some contexts177–180, while contributing to tumorigenesis and tumor growth 

in others132,133,180–184. Senescence can both contribute to, or impair, immune-mediated clearance of 

cancer cells180. Additionally, although normal senescent cells can facilitate tissue repair and tissue 

remodeling, senescent cancer cells exacerbate tumor growth132,183, induce de novo cancer stem cells133, 

and acquire an aggressive phenotype following spontaneous bypass of the senescent state133,184. These 

findings highlight the dual nature of senescence and the SASP, having beneficial aspects in the context of 

normal repair, regeneration, and immune-surveillance, but detrimental aspects in the context of cancer. 

Furthermore, senescent cancer cells enhance the invasiveness of cancer131,182 and facilitate cancer 

relapse181. These data indicate that removal of senescent cancer cells could be a fruitful therapeutic 

strategy. 

Targeting senescence and the SASP. Due to the detrimental effects of senescence in cancer and other 

age-related pathologies, therapeutic strategies to blunt or modulate the SASP are actively being 

explored185. Further, the field of senolytics has emerged, which seeks to identify agents that can 

selectively deplete senescent cells or that harness immune-mediated clearance of senescent cells186. 

1.2.4 A word on antagonistic pleiotropy. Given the detrimental roles of senescence in the 

health of individuals, why is senescence an evolutionarily preserved phenomenon? This paradox can be 

resolved by applying the concept of antagonistic pleiotropy, which states that a biological process can be 
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both beneficial and detrimental at different time points in the organisms lifespan187. In short, from an 

evolutionary perspective, aged individuals are scarce, often removed by the fatal hazards of nature; 

thus, a biological process that confers a benefit to survival and reproduction early will be selected for 

despite that same process having detrimental effects late in an organism’s lifespan. In a sense, the 

forces of natural selection “miss” the detrimental late effects of the biological process because the 

beneficial early effects increase the propensity to survive and reproduce. Hence, senescence both aids in 

tumor-suppression, tissue repair, and development, while also facilitating a range of age-related 

pathologies later in life188.  
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Figure 1.3. Hallmarks and markers of cellular senescence. No single hallmark is sufficient to identify 

cellular senescence, as such, a collection of hallmarks is typically evaluated. Abbreviations: DNA-SCARS, 

DNA segments with chromatin alterations reinforcing senescence; SA-β-gal, senescence-associated β-

galactosidase; SAHF, senescence-associated heterochromatin foci; SASP, senescence-associated 

secretory phenotype. 
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1.3 Poxviruses 

Poxviridae is composed of two subfamilies called Chordopoxvirinae (vertebrate-infecting viruses) and 

Entomopoxvirinae (insect-infecting viruses) which collectively infect a broad host range that includes 

humans and other mammals, reptiles, birds, fish, and several orders of insects189. The most notorious 

poxvirus, variola virus, is human-specific and linked with immense loss of life as the causative agent of 

smallpox190. The WHO announced in 1980 that smallpox was eradicated after extensive vaccination 

campaigns involving another noteworthy poxvirus, vaccinia virus (VACV)190. VACV is widely regarded as 

the most effective vaccine in history due to its success eradicating smallpox and has since been studied 

in several other therapeutic settings. In veterinary contexts, vaccination with recombinant, antigen-

encoding vectors based on VACV have protected cattle against rinderpest virus191 and eradicated rabies 

virus in areas of Belgium192 and Ontario, Canada193. VACV has also been studied as a gene therapy vector 

for the delivery of various payloads to treat infectious disease and cancer194,195. Lastly, VACV has 

undergone extensive evaluation as a candidate oncolytic virus (OV) to treat cancer195–the focus of this 

thesis. 

1.3.1 Vaccinia Virus Basics 

1.3.1.1 Taxonomy, origin, strains. VACV is the most studied virus within the Poxviridae family 

and is a member of the Orthopoxvirus genus (within the subfamily Chordopoxvirinae of Poxviridae). The 

Orthopoxvirus genus also includes the infamous variola virus, as well as other notable poxviruses such as 

monkeypox virus and cowpox virus189. Interestingly, despite the prominence of VACV in poxvirus 

research, the natural host and origin has not been identified and remains controversial196. It was 

believed Edward Jenner’s early bovine-derived pustular smallpox vaccines contained cowpox virus 

(which conferred cross-reactivity to variola virus), however, several lines of evidence indicate that VACV 

may have emerged from horsepox virus in horses197,198. Additionally, there are many VACV strains used 
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and studied. Notably for smallpox vaccination, the New York City Board of Health (NYCBH) strain and the 

Lister strain were widely used; the NYCBH strain concentrating in North America, and the Lister strain 

throughout Europe, Asia, and Africa196,199. The Western Reserve (WR) strain was derived from the NYCBH 

strain after serial passages intracranially in mice200–this WR strain is the backbone of the OV used in this 

thesis. Other VACV strains include Dryvax (derived from NYCBH, also referred to as Wyeth), Copenhagen 

(Denmark), Bern (Germany), Ankara (Turkey), Tian Tan (China), and Dairen (Japan)196,199. 

1.3.1.2 Molecular characteristics of the virion. The Poxviridae family is a group of linear double-

stranded (ds) DNA viruses with large size and genomes, brick- or ovoid-shaped in structure, and that 

have a life-cycle which occurs entirely in the cytoplasm of infected cells (a feature atypical of DNA 

viruses)201. VACV virions are uniform in shape and size, forming large brick-shaped particles that are 

approximately 360 × 270 × 250 nm in dimension as indicated by cryo-microscopy and electron 

tomographic reconstruction techiniques202. The virion is packaged with approximately 80 virus-encoded 

proteins and contains two proteinaceous lateral bodies, one adjacent to each side of an inner dumb-

bell-shaped nucleoprotein core which houses a large 190-195 kb, linear, dsDNA genome encoding 218–

263 genes202–207. 10 kb inverted terminal repeats (ITRs) are located on both ends of the genome and end 

in incompletely base-paired hairpin termini that covalently link the two strands of the dsDNA 

genome206,208,209. The function of ITRs remains to be fully elucidated but likely serves a role in virion 

maturation210. The VACV genome nomenclature is based on the size of the DNA fragments produced by 

HindIII digestion of the Copenhagen strain206. Fragments are labelled A to O from largest to smallest, 

with the transcription direction indicated as “R” (right) or “L” (left) for each gene–for example, the E9L 

gene resides within the “E” fragment and is transcribed leftward. The central genomic area among VACV 

strains and other orthopoxviruses is relatively conserved, containing essential genes for replication, 

whereas outer genomic regions located towards ITRs are more variable, containing non-essential genes 
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involved in immune-modulation, host-specificity, and virulence211–214. Figure 1.4 depicts the structure of 

VACV and Figure 1.5 depicts the VACV HindIII genomic map. 

1.3.1.3 Unique infectious forms. The inner nucleoprotein core is enveloped by one or two 

lipoprotein bilayers which reflects two morphologically distinct forms of infectious virions, a single-

enveloped intracellular mature virus (IMV), or a double-enveloped extracellular enveloped virus (EEV), 

respectively215–217. EEV contains the underlying IMV but is surrounded by an additional lipoprotein 

membrane. The two infectious forms differ in protein composition within their outer membrane215,218–

220, are antigenically distinct221, as well as make use of different binding and signaling mechanisms to 

enter cells222–224. IMV is the most abundant form of VACV (99% of infectious virions) and is released 

upon virus-induced cell lysis215. Though EEV is far less abundant, its role in transmission is immense. EEV 

is derived from a triple-enveloped intercellular enveloped virus (IEV) upon fusion with the plasma 

membrane during egress217,219,225. Here, the resulting double-enveloped virion either remains on the cell 

surface as cell-associated enveloped virus (CEV) and drives cellular actin-tail formation to facilitate cell-

to-cell transmission226–228, or is released extracellularly as EEV, facilitating long-range dissemination in 

vivo215,229. EEV resists antibody neutralization and complement-mediated immunity relative to 

IMV218,230,231, and is also repelled from VACV-infected cells, facilitating uptake by uninfected cells232–all 

of which enhance systemic spread of the EEV form. It should be mentioned that EEV is difficult to isolate 

due to its relative scarcity and fragile outer membrane, thus most studies investigating VACV properties 

have used IMV. 

1.3.1.4 Immune-modulation by vaccinia virus. VACV modulates host immune responses in 

myriad ways to evade immune recognition. In fact, it is estimated that 33%–50% of the VACV genome is 

dedicated to modulating the host immune response233. Within the host organism, the innate immune 

system is responsible for initial broad detection of threats and subsequently activates an adaptive 

immune response responsible for targeted clearance of foreign agents. Broadly, immune evasion 
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Figure 1.4. General structure and size of vaccinia virus. Two unique infectious forms of vaccinia virus 

exist, the single-enveloped intracellular mature virion, and the double-enveloped extracellular 

enveloped virion. Both virions contain two proteinaceous lateral body structures adjacent the 

nucleoprotein core. The nucleoprotein core encapsulates the vaccinia virus genome. Figure adapted 

from ViralZone, Swiss Institute of Bioinformatics, www.expasy.org/viralzone (Creative Commons 

Attribution 4.0 International License). 
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Figure 1.5. HindIII genomic map of vaccinia virus. The vaccinia virus genome is organized based on DNA 

fragments produced by HindIII digestion of the Copenhagen strain. Sixteen fragments are labelled A to O 

from largest to smallest; inverted terminal repeats cap each end of the genome. Viral genes that reside 

within each fragment are labelled with the corresponding fragment letter. For example, the E9L gene 

resides within the “E” fragment. Figure adapted from [234] (Creative Commons Attribution 4.0 

International License). Abbreviations: ITR, inverted terminal repeat. 
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mechanisms implemented by VACV include blocking activation  of the complement system235, hindering 

prominent innate immune pathways such as NF-κB236–238, type I interferon (IFN)239–242, and cGAS/STING 

circuits242–244, employing decoy chemokine/cytokine receptors245–248, and hampering immune cell 

function238,249–252. Overall, the large genome of VACV is well equipped to thwart many host antiviral 

defenses. 

1.3.2 Life-cycle of vaccinia virus 

1.3.2.1 Binding and entry. Different mechanisms allow for uptake of IMV or EEV into a host cell. 

The IMV is proposed to attach to cells in a side-on orientation253 via cell surface glycosaminoglycans such 

as heparin sulfate254, laminin255, and/or chondroitin sulfate256, though, other partners are likely257. Here, 

the outer viral lipoprotein envelope of IMV may fuse directly with the cellular plasma membrane at a 

neutral pH257, or IMV may be endocytosed and fuse with the engulfed vacuole via a low pH-dependent 

route258; both entry routes liberate the inner nucleoprotein core within the cytoplasm. Engulfment of 

IMV occurs through apoptotic mimicry, a process that hijacks cellular macropinocytosis to gain entry due 

to phosphatidyl serine on the virion surface resembling surface-exposed phosphatidyl serine of 

apoptotic bodies259,260. Due to the double-envelope of EEV, a single fusion event will not liberate the 

inner nucleoprotein core, thus, the outer lipoprotein bilayer must be shed before the remaining virus 

envelope can fuse with cellular plasma or vacuolar membrane. Like IMV, EEV may also enter at the 

plasma membrane at a neutral pH, but the outer lipoprotein membrane is first disrupted by an unknown 

non-fusogenic mechanism at the cell surface (note: this is atypical for enveloped viruses)261. EEV also 

activates macropinocytosis, in which acidification of the engulfed vacuole ruptures the outer 

membrane262. Both mechanisms free the underlying IMV-like particle to fuse and release the 

nucleoprotein core as normal261,262. 
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The entry-fusion complex (EFC) is a complex of 11 proteins located on opposing tips of the IMV 

in clusters253. The EFC is conserved amongst Chordopoxviridae and mediates fusion entry events263. 

Lipid-mixing between the outer leaflets of the virus and the cell membrane form a hemifusion 

intermediate, then subsequent merging of the inner leaflets forms a pore, through which the two lateral 

bodies and the nucleoprotein core are released into the cytoplasm264. Upon release into the cytoplasm, 

the protein-containing lateral bodies are rapidly disassembled in a proteasome-dependent manner 

releasing factors which immediately begin to hamper host innate immune defenses265 and exert 

antioxidative effects proposed to enhance viral gene expression and assembly266.  

1.3.2.2 Gene expression and DNA replication. Once the nucleoprotein core is liberated, the 

entire VACV replication process occurs within the cytoplasm. VACV gene expression is temporally 

regulated–categorized as early, intermediate, and late expression267. Early transcription of messenger 

RNAs (mRNAs) begins within the nucleoprotein core268 which is trafficked via microtubules to the 

perinuclear region of the cytoplasm269. Capped and polyadenylated mRNAs are released from the core 

and translated to early proteins270–272. Approximately 100 early genes encode proteins required for 

uncoating of the nucleoprotein core, transcription of intermediate genes, and replication of the VACV 

genome273. Notably, a number of early genes are involved in evading host immune defenses267. 

Uncoating of the nucleoprotein core releases the VACV genome into the cytoplasm, where a 

subcompartment derived from the endoplasmic reticulum (ER) rapidly forms, termed a virus replication 

factory270,272,274,275. A virus factory is derived from a single infectious particle (although, multiple virus 

factories can combine at late time points to form a virus factory derived from multiple infectious 

particles). This membrane-encapsulation presumably concentrates factors required for DNA replication 

while also protecting the VACV genome from degradation and cytoplasmic sensors.  

Uncoating of the nucleoprotein core marks the end of early gene expression whereas the onset of VACV 

DNA replication marks intermediate/late gene expression273,276,277. In general, intermediate genes 
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encode factors that initiate late gene expression, while late genes encode structural components and 

factors required by the virion for entry and transcription of early genes267. Due to the cytoplasmic site of 

replication, VACV must possess nuclear autonomy and thus encodes an array of its own DNA replication 

machinery. This includes a DNA polymerase holoenzyme (complex of E9 DNA polymerase and A20/E4 

processivity factors), a primase (D5), a single-stranded DNA binding protein (I3), a scaffold protein (H5), 

a DNA ligase (A50), an endonuclease (G5), a Holliday junction resolvase (A22), and a multitude of 

deoxynucleotide triphosphate (dNTP) biosynthesis enzymes (J2, F4, I4, A48 – among others)273. Within 

the virus factory, a putative self-priming model describes how replication of VACV genomes occurs 

(reviewed in 278).  

1.3.2.3 Morphogenesis, assembly, egress. Intermediate and late gene expression begets the 

complex processes of virion assembly and morphogenesis (the term used for the VACV maturation 

process). Within the virus factory, the initiation of morphogenesis is distinguished by the formation of 

ER-derived crescent-shaped membranes associated with viral protein279–281. These crescent structures 

elongate and assemble independently to encapsulate the VACV genome while packaging viroplasm-

containing core proteins to form spherical non-infectious immature virus (IV)280,282–285. Only 

approximately one-third of VACV DNA is encapsulated into IVs286. Next, IV undergoes a series of 

morphological transitions facilitated by proteolytic processing, losing its spherical shape and condensing 

in size, culminating in the formation of the typical infectious brick-shaped IMV281,287. The majority of IMV 

remain in the cytoplasm until the cell is lysed, but a portion are transported along microtubules from 

factories to cytoplasmic sites288 where two additional membranes derived from endosomal289 or trans 

Golgi cisternae290 are acquired using a retrograde transport system291; these wrapping events form 

triple-enveloped IEV. IEV is trafficked along microtubules to the inner cell surface where it fuses with the 

plasma membrane, releasing an EEV particle or remaining on the cell surface as CEV292,293. Figure 1.6 

depicts the life-cycle of VACV. 
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Figure 1.6. Life-cycle of vaccinia virus. Vaccinia virus enters cells by direct fusion or macropinocytosis 

leading to the release of its nucleoprotein core into the cytoplasm. The coordination of early, 

intermediate, and late viral genes leads to the production of new virions within virus factories. 

Intracellular mature virions are released upon cell lysis, or transported and wrapped with an additional 

envelope resulting in intracellular enveloped virus which egresses and remains as cell-associated virus or 

is released as extracellular enveloped virus. Figure modified from ViralZone www.expasy.org/viralzone, 

Swiss Institute of Bioinformatics (Creative Commons Attribution 4.0 International License). 

Abbreviations: CEV, cell-associated enveloped virus; EEV, extracellular enveloped virus; ER, endoplasmic 

reticulum; IEV, intracellular enveloped virus; IMV, intracellular mature virus; IV, immature virus; mb, 

membrane. 
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1.3.2.4 Dissemination. Numerous mechanisms mediate dissemination of VACV. In general, IMV 

is believed to be responsible for host-to-host spread, EEV for systemic spread within the host, and CEV 

for cell-to-cell spread. IMV properties that facilitate host-to-host transmission are its abundance, 

ambient temperature stability, and resistance to desiccation294. The composition of the EEV virion 

facilitates long-range spread within the host due to resisting antibody neutralization and complement-

mediated immunity relative to IMV218,230,231. Superinfection exclusion mechanisms prevent secondary 

infections by both IMV295,296 and EEV232. For EEV, this process speeds up the rate of spread four-fold due 

to the increased propensity for virions to encounter uninfected cells232. An additional mechanism for 

VACV dissemination is the formation of actin-tails which force CEV outwards from the infected cell into 

adjacent cells226–228. Further, VACV hijacks cell signaling systems that cause directional migration of 

infected cells to facilitate cell-to-cell contact with nearby uninfected cells297. 

1.4 Immune Responses to Cancer  

1.4.1 Innate and adaptive immunity. Prior to discussing OV therapy in the next section, a primer 

on how the immune system coordinates antitumor responses is required. The immune system can be 

broadly categorized into two fundamental components called innate and adaptive immunity that 

coordinate the clearance of pathogens and malignant cells. Some major distinctions between these two 

arms of the immune response are the differences in specificity and activation-time; innate immunity 

involves fast-acting generalized defense mechanisms, whereas adaptive immunity develops much 

slower and involves highly specific targeting of threats.  

A crucial component of innate immunity involves the sensing and communication of threats to 

the adaptive immune system. Molecular motifs, termed pathogen-associated molecular patterns 

(PAMPs) or damage-associated molecular patterns (DAMPs), are detected by pattern recognition  
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receptors (PRRs) of innate immune cells, initiating production of various cytokines or chemokines that 

function to alert and activate further immune responses298. In this way, innate immunity produces early 

inflammatory events, shaping the intensity and extent of subsequent immune responses. 

An important component of the adaptive immune response is the evolutionarily selected class of potent 

immunological effectors, termed CD8+ cytotoxic T cells, that systemically and specifically destroy 

pathogen-infected or cancerous cells. All nucleated cells that compose our bodies are decorated with 

specialized antigen presenting complexes on the cell surface termed major histocompatibility complex 

class I molecules (MHC I, or human leukocyte antigen I in humans) that serve as signaling devices to the 

immune system299. CD8+ cytotoxic T cells engage infected or transformed cells by recognizing foreign 

peptide fragments (i.e., peptides produced by intracellular degradation of proteins that are microbial-

derived, of different tissue origin, or mutated) bound to MHC I on the target cell surface299. In the 

context of cancer, both neoantigens and tumor-associated-antigens are recognized by T cells. 

Neoantigens are tumor-specific antigens that arise from mutations in cancer cells and are not present in 

normal healthy cells, whereas tumor-associated-antigens are present in both cancer and normal cells, 

but abnormally expressed in cancer cells300. When the T cell receptor (TCR) on the surface of a CD8+ T 

cell possesses specific affinity to a peptide–MHC I complex on the surface of the target cell, the T cell will 

directly kill the cellular target by triggering apoptosis through release of granzyme B and perforin, or 

death receptor signaling (i.e., Fas/FasL)301. In this way, cells residing in the body harboring harmful 

infectious agents or that have initiated tumorigenesis display antigens indicative of a compromised 

cellular state and can be selectively eliminated by the immune system to preserve normal host function.  

1.4.2 Coordinating antitumor immune responses. DCs are the cellular bridge connecting innate 

and adaptive arms of the immune system. DCs sense innate danger signals and cues from the 

microenvironment, process and present antigens, and provide costimulatory molecular signals to 

activate adaptive immune effectors—ultimately initiating an adaptive immune response against foreign 
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(non-self) entities302. In the context of antitumor immunity, DC subtypes specialized at cross-presenting 

tumor antigens (i.e., conventional DCs type 1; cDC1s) to tumor-reactive cytotoxic CD8+ T cells are the 

most important303. Cross-presentation is a mechanism in which DCs process and present extracellular 

antigens on MHC I molecules to CD8+ cytotoxic T cells (that is, instead of on MHC class II molecules to 

CD4+ T helper cells). CD8α+ DCs are a subset of conventional DCs that exhibit efficient cross-

presentation of viral and tumor antigens enabling CD8+ T cell-mediated defense303,304.  

Optimal immune-mediated tumor destruction requires not only the CD8α+ DC lineage but also type I IFN 

signaling. Type I IFNs are immunomodulatory factors that mobilize host defenses to counter viral and 

bacterial pathogens305, as well as to destroy cancer cells306,307. They include IFNα (comprising 13 

subtypes), IFNβ, and the other less-characterized IFNε, IFNκ, and IFNω, all of which are secreted and act 

on a common IFNα/β receptor that is present on all nucleated cells. Binding of type I IFNs to this 

receptor activates multiple signal transduction pathways inducing diverse responses, including antiviral 

and antiproliferative activities308. Type I IFNs can bridge innate and adaptive immune responses by 

facilitating DC maturation, increasing DC costimulatory molecule expression, and enhancing migration of 

DCs to lymph nodes—each of which amplifies DC-mediated stimulation of T cells306,309. Studies using 

highly immunogenic tumor models capable of producing spontaneous antitumor T cell activity revealed 

that type I IFN is essential for regulating the capacity of CD8α+ DCs to prime CD8+ T cells and facilitate 

subsequent immune-mediated antitumor responses310,311. Type I IFN responsiveness of DCs is also 

required for induction of tumor-antigen specific CD8+ T cells312.  

Collectively, these data validate the essential roles of type I IFNs, cross-presenting DCs, and CD8+ T cells 

for maximizing anticancer activity. OV therapy seeks to harness this process and direct the immune 

system to destroy cancer. 
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1.4.3 Immune-suppression in glioblastoma. In part, a major obstacle to the successful 

treatment of GBM is the highly immune-suppressive landscape of its unique tumor microenvironment 

(TME). GBM cells have evolved numerous mechanisms to strongly limit antitumor immune 

responses313,314. Some of these immune-suppressive mechanisms include recruiting macrophage and 

microglia (specialized resident “macrophage-like” cells of the brain) to the GBM microenvironment 

through the release of chemo-attractive factors315,316. GBM cells convert these tumor-associated 

macrophage and microglia (TAM/Mi) to an immune-suppressive and tumor-promoting phenotype 

through secretion of various cytokines that can further potentiate suppression and tumorigenesis315. 

Other immune-suppressive cell types common to the GBM microenvironment include regulatory T cells 

(Tregs) and myeloid-derived suppressor cells (MDSCs)317,318.  Tregs and MDCSs are recruited to the TME 

via chemo-attractive molecules released from GBM cells and support tumor growth by directly and 

indirectly countering antitumor immune responses319,320. Further, expression of inhibitory immune 

checkpoint surface molecules such as programmed death ligand 1 (PD-L1) also restrict immune-

mediated cancer cell killing and correlate with worse prognosis321. Overall, GBM recruits distinct 

immune cell types that contribute to the maintenance of an immunosuppressed TME that limits 

immune-mediated cancer killing. Therefore, strategies aimed at ameliorating GBM immune-suppression 

may improve therapeutic outcomes by unlocking potent antitumor immune responses. Figure 1.7 

outlines a subset of GBM immune-suppressive mechanisms. 

1.4.4 Novel immunotherapeutic approaches for treating glioblastoma. Harnessing antitumor 

immunological responses is a major focus in oncology and is actively explored for GBM125. Traditionally 

the brain was considered an immune-privileged site, however, recent understandings and discovery of 

CNS lymphatic systems challenge this notion322,323 and suggest that immunotherapy may have a role for 

treating GBM. Several approaches have been tried clinically to treat GBM with varying levels of success 
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such as autologous DC vaccines324, immune checkpoint blockade (ICB)325, chimeric antigen receptor 

(CAR) T cell therapy326, and OV therapy327. 

Autologous DC vaccines (DCVax-L) have shown particular promise for the improvement of GBM therapy. 

In a recent phase III randomized clinical trial the addition of DCVax-L to standard of care  improved 

median survival of newly diagnosed GBM patients from 16.5 months to 19.3 months, and of recurrent 

GBM patients from 7.8 months to 13.2 months324. Importantly, the 5-year survival rate increased from 

5.7% to 13.0%, indicating improved long-term durable efficacy324. Although ICB has revolutionized the 

treatment of certain cancers, with GBM, ICB has failed to provide survival benefits in all completed 

phase III clinical trials to date325. Certain subsets of GBM patients have shown marginal benefits325. The 

role for ICB likely will be in combination with other modalities capable of priming antitumor responses 

to potentiate ICB-related efficacy328. Like ICB, CAR T cell therapy also has failed to produce substantial 

benefits treating GBM patients clinically, although it has shown promise treating some patients326. Many 

OVs are being investigated in phase I/II trials for GBM327. With GBM, only one OV progressed to phase 

III, Toca 511 (vocimagene amiretrorepvec), but the trial was unsuccessful329. Notably, a recombinant 

oncolytic poliovirus (called PVS-RIPO) received Food and Drug Administration (FDA) breakthrough 

therapy status for treating recurrent GBM after a phase I clinical trial demonstrated a 21% overall 

survival rate at 2-years that remained through 3-years (which was superior to historical controls)330. 

Additionally, after a small phase II clinical trial, ΔG47, a modified herpes simplex virus (HSV), was 

conditionally approved within Japan for treating malignant gliomas, including recurrent GBM331. 

The use of novel immunotherapeutic approaches for treating GBM is still in its infancy. It should be re-

stated that the current standard of care and supportive care regimens are highly immune-suppressive94–

98,102,103. The magnitude that this therapy-associated immune-suppression may hamper efficacy of 

immunotherapeutic modalities is unclear, but it remains an important consideration for the successful 

integration of these modalities. 
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Figure 1.7. Examples of immune-suppressive mechanisms of glioblastoma. T cell-mediated cancer cell 

killing is repressed in the glioblastoma microenvironment by various cell types and signaling. 

Glioblastoma cells recruit immune-suppressive cell types such as regulatory T cells and tumor-associated 

macrophage and microglia via chemokine secretion. Tumor-associated macrophage and microglia are 

reprogrammed by immune-suppressive cytokines in the microenvironment towards a more immune-

suppressive phenotype (M2-like) that also exacerbates tumor growth. Glioblastoma cells also directly 

impair T cells via inhibitory immune checkpoint signaling. Abbreviations: CCL22, C-C motif chemokine 

22; CCL2, chemokine (C-C motif) ligand 2; CSF-1, colony stimulating factor 1; EGF, epidermal growth 

factor; IL-10, Interleukin 10; MMPs, matrix metalloproteinases; PD-L1, programmed death-ligand 1; TGF-

β, transforming growth factor β; VEGF, vascular endothelial growth factor. 
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1.5 Oncolytic Viruses 

1.5.1 History. Virus infection coinciding with clinical cancer remission was noted over 100 years 

ago332. Several other notable clinical case reports were published between 1940-1980333–337. These early 

observations sparked interest in the therapeutic application of viruses for cancer, which began to be 

studied more broadly using animal models and in human clinical trials throughout the same time period 

(reviewed in 338). However, due to the inherent pathogenicity and virulence of many viruses towards 

humans, the safety of non-attenuated virotherapy was questionable and faced regulatory barriers, 

marking declined interest in the field338. Furthermore, this time period coincided with the development 

of chemotherapy, once thought to be the “cure” for cancer. In the 1990’s, the standardization of 

common molecular recombination techniques enabled scientists to engineer tumor selectivity of 

viruses, greatly enhancing their safety profile. Together with the realization that chemotherapy was far 

from curing cancer, there was renewed interest in the field–begetting the modern era of OV therapy338. 

Of note, the first preclinically tested recombinant OV was an oncolytic HSV used to treat GBM mouse 

models339. Since, a large number of different viruses have been investigated for OV therapy including 

adenovirus, other HSVs, VACV, reovirus, Newcastle disease virus (NDV), reovirus, measles virus, vesicular 

stomatitis virus (VSV), and myxoma virus (among others)340. 

1.5.2 Definition and anticancer mechanisms of action. OV therapy is an advancing treatment 

option harnessing normal-tissue-sparing, tumor-selective viruses to kill cancer cells while also 

stimulating the host immune system to destroy cancer341,342. Direct destruction of infected cancer cells 

occurs when virus replication results in cell lysis or cell death mediated by apoptotic, necrotic, or 

autophagic pathways343. Newly produced virions are subsequently released and infect adjacent tumor 

cells–in this way, OVs induce an amplifying therapeutic effect. Direct oncolysis of cancer cells was 

initially proposed to be the chief anticancer mechanism of OV therapy. However, it is now widely 
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recognized that viral oncolysis triggers potent adaptive antitumor immune responses343. OV therapy 

increases the immunogenicity of dying cancer cells by facilitating immunogenic cell death (ICD)343,344, a 

process which exposes DAMPs and tumor antigens (both derived from dying cancer cells), as well as 

PAMPs (derived from virus) that alert the innate immune system, activate type I IFNs, and lead to DC-

mediated display of tumor-antigen on MHC I to CD8+ cytotoxic T cells–facilitating the establishment of 

adaptive antitumor immunity345,346. Figure 1.8 outlines the dual anticancer mechanisms of OV therapy. 

Further, OVs acutely counter immune-suppression within TMEs by modulating the proportion of tumor-

reactive lymphocytes and immune-suppressive cell types347. Briefly within TMEs, OVs have been 

associated with reducing immune-suppressive Tregs348–351, reversing tumor-associated macrophage 

(TAM) immune suppression348,352,353, and recruiting antitumor CD8+ cytotoxic T cells350,351,354. Lastly, it 

should be mentioned that virus-associated destruction of tumor vasculature, which prevents cancer 

cells from acquiring nutrients, is another proposed anticancer mechanism associated with OV 

therapy355,356. Overall, although OV therapy was initially investigated as a direct cancer killing agent, 

studies over the last several decades have positioned this modality as a prominent, emerging cancer 

immunotherapy340. 

1.5.3 Tumor selectivity. Tumor selectivity is paramount for safe execution of OV therapy. Two 

main categories of OVs exist: naturally tumor-selective viruses and genetically engineered tumor-

selective viruses. NDV, reovirus, and measles virus (the Edmonston B vaccine strain) are examples of 

viruses with natural tropisms for cancer cells without modifications. NDV is an avian virus that 

preferentially replicates in cancer cells due to low type I IFN responsiveness relative to normal cells357. 

Reovirus is asymptomatic in humans and preferentially replicates in RAS-activated cancer cells358. The 

live Edmonston B vaccine strain of measles virus preferentially infects cancer cells due to increased 

surface levels of the entry receptor CD46359 and impaired type I IFN signaling relative to normal cells360.  
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Figure 1.8. Tumor selectivity and anticancer mechanisms of oncolytic virotherapy. Oncolytic virus 

tumor selectivity is either inherent (natural) or genetically engineered. Within normal cells, oncolytic 

virus replication is absent or negligible (upper panel), whereas in cancer cells virus replication is robust 

(lower panel). Oncolytic virus replication leads to cell lysis and immunogenic cell death, releasing newly 

produced virions that can infect adjacent cancer cells while also exposing immune-stimulatory factors 

and tumor antigens (neoantigens or tumor-associated antigens). Specialized immune cells, such as 

dendritic cells, provide activation signals and present tumor-antigen to naïve CD8+ cytotoxic T cells, 

which become activated and expand, mounting an antitumor immune response to destroy cancer cells. 

Abbreviations: APC, antigen-presenting cell; DAMPs, danger-associated molecular patterns; PAMPs, 

pathogen-associated molecular patterns. 
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Genetic engineering techniques greatly expand the repertoire of OVs beyond those that naturally 

possess tumor selectivity. One prominent strategy is to remove viral genes that are required for optimal 

replication in normal cells, but that are redundant in malignant cells due to various mutations or 

aberrations in signaling pathways–a redundancy-exploitation approach. For example, cancer cells exhibit 

impaired activation of protein kinase R (PKR is an inhibitor of protein translation–detrimental for viral 

protein production), therefore the γ134.5 gene in HSV, which encodes an enzyme that impairs PKR, 

becomes redundant in cancer cells (but not normal cells) and its deletion produces a tumor-selective 

HSV361. This principle will be detailed further for oncolytic VACV tumor selectivity in later sections. 

Transcriptional targeting places essential viral genes under the regulation of a tumor-specific promoter. 

For example, human telomerase reverse transcriptase (hTERT) expression is upregulated in different 

cancers, therefore engineering the hTERT promoter to drive expression of essential adenovirus genes 

renders the modified adenovirus tumor-selective362. Transductional targeting restricts OVs to entering 

cancer cells that express a particular surface molecule at elevated levels relative to normal cells. For 

example, an oncolytic measles virus was designed to target CD133+ cells, a marker of GSCs363. 

1.5.4 Enhancing efficacy. Potentiating antitumor efficacy is crucial to improve treatment 

outcomes and adoption of OV therapy. As such, OVs are engineered to encode factors that enhance 

antitumor activity beyond the inherent OV anticancer mechanisms–proverbially referred to as arming 

OVs. One approach is to encode cytotoxic proteins in the viral genome which enables delivery of cancer-

killing payloads to the tumor site. For example, some OVs have been armed to express tumor necrosis 

factor (TNF)-related apoptosis-inducing ligand (TRAIL)364. Another approach is to arm OVs with immune-

stimulating factors such as cytokines, chemokines, and co-stimulatory molecules to potentiate immune-

mediated antitumor responses365. This strategy has received immense attention following FDA approval 

of T-VEC, which encodes a cytokine called granulocyte-macrophage colony-stimulating factor (GM-

CSF)366. Notably, Pexa-Vec, an oncolytic VACV furthest along clinically, also encodes GM-CSF367,368. A 
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more recent strategy is arming OVs with bi-specific T-cell engagers (BiTEs), an approach that uses bi-

specific antibodies to bind T cells and malignant cells to one another, improving T cell-mediated tumor 

cell destruction369.  

Other efficacy enhancing approaches exist that do not include arming OVs. Shielding OVs from detection 

of the innate immune system can also increase the potency of OV therapy. Cellular vehicles with natural 

tumor-homing properties safeguard virus from being sequestered or neutralized, improving efficacy 

compared to direct delivery370. Finally, using OVs in combination with other approved therapies, like 

radiotherapy, or other immunotherapies, like ICB, is frequently investigated371. In particular, the capacity 

of OVs to acutely modulate the TME away from an immune-supressed state, as well as recruit tumor-

antigen specific CD8+ cytotoxic T cells to the TME, has positioned OV therapy to pair well with 

ICB350,372,373, something increasingly being investigated clinically374. 

1.5.5 Approved and notable oncolytics. A variety of OVs have been engineered and studied 

extensively for a wide range of cancers. The world’s first approved OV therapy was granted by Chinese 

regulators in 2005 for the treatment of head and neck cancer using a genetically modified adenovirus 

(referred to as H101; trade name Oncocrine)375. A decade later in 2015, the FDA approved talimogene 

laherparepvec (T-VEC; trade name IMLYGIC), a genetically modified HSV to treat metastatic 

melanoma366. Also in 2015,  a recombinant poliovirus (PVS-RIPO) received FDA breakthrough status for 

treatment of recurrent GBM330, a status with the aim to expedite progress of therapies demonstrating 

substantial promise. In 2021 Japanese regulators conditionally approved Deyltact (formally called ΔG47), 

another genetically modified HSV, for the treatment of malignant gliomas and recurrent GBM331,376. 

Although these approvals mark important milestones for OV therapy, the field is still in its infancy, and 

many viruses are still under clinical investigation. 
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Clinically, the most frequently studied OVs are based on adenovirus, HSV, and VACV (in that order; see 

Table 1.1 for a selection of clinically tested OVs)340. A notable adenovirus-based OV is DNX-2401, which 

is being investigated to treat GBM377. Of relevance to this thesis, this virus is being studied clinically in 

combination with radiotherapy to treat pediatric diffuse intrinsic pontine glioma378. G207 is a 

prominently studied HSV-based OV379. G207 has been evaluated clinically treating GBM380, and is being 

explored for the treatment of pediatric brain tumors in combination with radiotherapy381,382. Further, 

several notable oncolytic VACVs are under clinical investigation. Pexastimogene devacirepvec (Pexa-Vec; 

formally called JX-594) is the furthest along clinically. Pexa-Vec initially showed dose-related efficacy 

while being well-tolerated for treatment of advanced HCC367 but failed to improve overall survival in 

phase III clinical trials368. In phase I clinical trials, the VACV-based GL-ONC1 was safely administered for 

the treatment of peritoneal carcinomatosis383 and used in combination with chemoradiotherapy for 

advanced head and neck cancer384. In another phase I study, administration of vvDD was well-tolerated 

in patients with advanced solid tumors, infecting both injected and noninjected tumors, and providing 

some indication of antitumor activity385. Of relevance to the treatment of GBM, the combination of 

TG6002 and 5-flucytosine is also being investigated (ClinicalTrials.gov Identifier: NCT03294486). 

1.5.6 Why use vaccinia virus? A major barrier for uniform treatment outcomes is the immense 

heterogeneity among, and within, tumor types. Therefore, a repertoire of clinically-relevant OVs is likely 

required to optimize virotherapy for different cancers and combinational strategies. As such, although 

numerous other viruses are studied as oncolytic agents, further exploration and development of VACV-

based OVs is warranted. Importantly, VACV possesses several inherent biological properties ideal for OV 

therapy. 

First, the virus has an established safety profile. Knowledge of how VACV behaves, potential risk factors, 

and how to respond to rare adverse events are well-defined due to the deliberate infection of humans 
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Table 1.1. Clinically approved oncolytic viruses or notable clinically-tested oncolytic viruses relating to 
glioblastoma, radiotherapy, or vaccinia virus. 

Refs Oncolytic Name Characteristics Status 

375,386 H101 

(Oncocrine) 

Adenovirus based 

E1B gene deleted 

78.3-85.8 µm gene segment deleted 

Approved for head and neck 

cancer in China 

377,378 DNX-2401 Adenovirus based 

E1A gene deletion (24 bps) 

RGD-4C peptide inserted 

Phase I: Treatment of recurrent 

GBM; treatment of DIPG in 

combination with radiotherapy 

387 T-VEC 

(IMLYGIC) 

HSV type 1 based 

ICP34.5 and ICP47 genes deleted 

GM-CSF transgene inserted 

FDA approved for metastatic 

melanoma 

331,376 ΔG47 

(Delytact) 

HSV type 1 based 

α47, γ34.5, and ICP6 genes deleted 

Conditionally approved for 

malignant glioma and recurrent 

GBM in Japan 

380–382 G207 HSV (type 1) based 

γ34.5 gene deleted 

ICP6 gene disrupted by lacZ insertion 

Phase I: Treatment of GBM; 

treatment of pediatric brain tumors 

in combination with radiotherapy 

330 PSV-RIPO Based on live attenuated poliovirus type 1 (Sabin) vaccine 

Internal ribosome entry site replaced 

Uses CD155 as entry receptor 

FDA breakthrough status for 

recurrent GBM 

368 JX-594 

(Pexa-Vec) 

 

Vaccinia virus based (Wyeth strain) 

J2R gene deleted (viral TK) 

GM-CSF and lacZ transgenes inserted 

Phase III: Treatment of advanced 

HCC (failed) 

367,384 GL-ONC1 Vaccinia virus based (Lister strain) 

J2R (viral TK), A56R, and F14.5L genes deleted 

 

Phase I: Treatment of peritoneal 

carcinomatosis; head and neck 

cancer in combination with 

chemoradiotherapy 

385 vvDD 

(JX-929) 

Vaccinia virus based (Western Reserve strain) 

J2R (viral TK) and VGF genes deleted 

 

Phase I: Treatment of advanced 

solid tumors 

388 TG6002 Vaccinia virus based (Copenhagen strain) 

J2R (viral TK) and I4L genes deleted 

FCU1 suicide gene inserted 

Phase I: Treatment of GBM 

(NCT03294486) 

Abbreviations: DIPG, diffuse intrinsic pontine glioma; FDA, Food and Drug Administration; GBM, glioblastoma; HCC, hepatocellular carcinoma; 

HSV, herpes simplex virus; TK, thymidine kinase. 
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with VACV during the smallpox eradication campaign389,390. Further, VACV replication occurs in the 

cytoplasm completely separated from host cellular DNA270, a feature which precludes the risk of viral DNA 

integration within host chromosomes. From an anticancer efficacy perspective, VACV rapidly lyses 

infected host cells relative to several other viruses–an important metric for virus distribution within the 

tumor and subsequent tumor control391. Distinct cellular surface receptors are not required by VACV for 

entry into cells257–259, rendering the virus able to broadly infect different tumor types and tumor cell clones 

that may lack distinct receptors required by other viruses. Further, different morphological forms of VACV 

(i.e., IMV and EEV) enter cells differently222–224 which contributes to the broad tissue tropism of VACV. The 

antigenic distinction between IMV and EEV also enables resistance to host antiviral responses218,230,231 

which facilitates systemic spread of virus to non-local tumor cells392. Additionally, VACV is known to induce 

ICD that facilitates antitumor immune responses by exposing immune-stimulatory DAMPs such as heat-

shock proteins393, high mobility group box 1344,394, calreticulin344,  and adenosine triphosphate395. Lastly, 

from an oncolytic engineering perspective, VACV is extremely amenable to genetic alterations due to its 

large genome and coding capacity. VACV can incorporate 25,000 bps of foreign DNA396. Furthermore, 

many sites in the VACV genome are attractive for insertional inactivation, as when deleted, the resulting 

mutant VACVs exhibit improved antitumor efficacy354 or tumor selectivity234,397. These features open 

myriad possibilities for equipping VACV with transgenes that can enhance antitumor efficacy or modulate 

the TME in desired ways349,398–401. 

1.5.7 Oncolytic ΔF4LΔJ2R vaccinia virus. Cellular thymidine kinase (TK; also called TK1) and 

ribonucleotide reductase (RR) are critical nucleotide biosynthesis enzymes involved in the production of 

four distinct dNTPs that serve as building blocks for cellular DNA synthesis and repair402. TK is involved in 

synthesizing deoxythymidine triphosphate (dTTP) through the “salvage” and “de novo” pathways of 

nucleotide biosynthesis403. Primarily, TK catalyzes phosphorylation of deoxythymidine (dT) to 

deoxythymidine monophosphate (dTMP) in salvage pathways, but also catalyzes phosphorylation of 
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deoxyuridine (dU) to deoxyuridine monophosphate (dUMP) in de novo pathways. Both dTMP and dUMP 

are precursors of dTTP403. RR catalyzes the reduction of nucleotide diphosphates (NDPs) to 

deoxynucleotide diphosphates (dNDPs), which are the precursor molecules for dNTPs402,404. RR is 

involved in the rate-limiting step of the de novo pathway for synthesis of all four dNTPs, but largely is 

associated with synthesizing the precursor molecules of deoxyadenosine triphosphate (dATP), 

deoxyguanosine triphosphate (dGTP), and deoxycytidine triphosphate (dCTP)402,404. Structurally, two 

large R1 subunits (encoded by the RRM1 gene) and two small R2 subunits (encoded by the RRM2 gene) 

form an active RR heterotetrametric complex (R12R22)397. R1 and R2 subunits are both synthesized 

during S-phase of the cell cycle405–407. Importantly, the half lives of R1 and R2 differ substantially–15 

hours vs. 3 hours, respectively–therefore R1 levels remain relatively constant throughout the cell cycle 

whereas R2 levels subside, and consequently, R2 is the rate-limiting factor for R1-R2 complex 

formation406.  

As referenced in above sections, redundancies between cellular and viral protein homologues can be 

exploited to promote tumor-selectivity and safety. VACV requires the production of dNTPs to replicate its 

genome, as such, the virus encodes several viral protein homologues of cellular nucleotide biosynthesis 

enzymes. Some viral genes involved in nucleotide biosynthesis are J2R (encodes J2, a viral TK)408, I4L 

(encodes I4, a viral R1)409, and F4L (encodes F4, a viral R2)410. Of note, viral R2 and cellular R1 can associate 

to form enzymatically-active chimeric virus-host RR complexes397. Importantly, cellular TK and R2 are 

upregulated in many cancer cells402,411, including GBM412,413, creating redundancies for the viral 

homologues of these cellular proteins. The unique oncolytic VACV used in this thesis, designated herein 

as ∆F4L∆J2R VACV, possesses mutations in viral nucleotide biosynthesis genes J2R (viral TK) and F4L  (viral 

R2–the small subunit of viral RR) that render the virus tumor-selective397,414 (Figure 1.9). Due to these 

deletions, cancer cells provide a better environment for ∆F4L∆J2R VACV replication than normal cells. 
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Figure 1.10 outlines these nucleotide biosynthesis pathways and relevant cellular/viral enzymes exploited 

to confer tumor selectivity. 

Additionally, ∆F4L∆J2R VACV can activate antitumor immune responses. The virus induced antitumor 

immunity in preclinical bladder cancer models414 and recruited tumor-antigen specific CD8+ T cells to the 

TME of treated breast cancer models354. Of note, the safety profile of ∆F4L∆J2R VACV is enhanced relative 

to virus deleted only in J2R in bladder cancer models414. It is important to emphasis that high expression 

of cellular TK or R2 is associated with worse prognosis for GBM patients412,413; this positions ∆F4L∆J2R 

VACV as an attractive therapeutic that may be well-suited suited for this patient population. 
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Figure 1.9. Genetic map of wild-type and ΔF4LΔJ2R vaccinia viruses. In comparison to wild-type 

(Western Reserve strain), the mutant ΔF4LΔJ2R vaccinia virus possesses neo/gusA and mCherry/lacZ 

insertions in the F4L and J2R loci respectively. Figure adapted from [414] (Creative Commons Attribution 

4.0 International License). Abbreviations: ITR, inverted terminal repeat; TK, thymidine kinase; VACV, 

vaccinia virus; WT, wild-type. 
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Figure 1.10. Nucleotide biosynthesis pathways are exploited to generate tumor selectivity of ΔF4LΔJ2R 

vaccinia virus. Cellular ribonucleotide reductase converts NDPs to dNDPs in the de novo nucleotide 

biosynthesis pathway, whereas cellular thymidine kinase phosphorylates dT to dTMP in the salvage 

nucleotide biosynthesis pathway–both products are precursor molecules required for creating the 

building blocks of DNA. F4L and J2R vaccinia virus genes encode F4 and J2, which are viral homologues 

of cellular R2 (the small subunit of the ribonucleotide reductase holoenzyme) and cellular thymidine 

kinase, respectively. Deletion of F4L and J2R renders the mutant ΔF4LΔJ2R vaccinia virus dependent on 

cellular expression of nucleotide biosynthesis protein homologues, which are upregulated in cancer 

cells. Hence, cancer cells provide a better environment for ΔF4LΔJ2R replication compared to normal 

cells, conferring tumor selectivity. Abbreviations: dATP, deoxyadenosine triphosphate; dCTP, 

deoxycytidine triphosphate; dGTP, deoxyguanosine triphosphate, dNDPs, deoxynucleotide 

diphosphates; dNTPs, deoxythymidine triphosphates; dT, deoxythymidine; dTMP, deoxythymidine 

monophosphate; dTTP, deoxythymidine triphosphate; NDPs, nucleotide diphosphates; R1, large subunit 

of ribonucleotide reductase; R2, small subunit of ribonucleotide reductase; p53R2, alternative small 

subunit of ribonucleotide reductase. 
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1.6 Project Rationales, Hypotheses, and Summaries 

1.6.1 Radiation Combined with Oncolytic Vaccinia Virus (Chapter 3) 

Rationale. GBM is a highly invasive and aggressive brain tumor with an abysmal prognosis 

despite the current standard of care1,6–8,73–highlighting a need for novel therapeutic strategies. 

Radiotherapy is a staple GBM treatment116,415 but can miss invasive cancer cells416,417 or fail to clear 

radioresistant GBM cells418; both of which contribute to recurrence. Further, some of the difficulties 

associated with GBM are due to GBM-mediated immune-suppression which strongly limits antitumor 

immune responses314,317. Several lines of evidence suggest that a heightened immune response is 

beneficial for GBM patient outcomes94,104–107. Therefore, treatments with the capability to ameliorate 

immune-suppression may further improve outcomes by unlocking potent immune-mediated cancer cell 

killing.  

Hypothesis. Both radiation and oncolytic VACV are tools for facilitating antitumor immune 

responses195,344,419–422, hence, we hypothesize that combining radiation with ΔF4LΔJ2R VACV, an OV 

rendered tumor-selective due to key mutations in viral nucleotide biosynthesis genes397,414, would 

improve outcomes for GBM better than either modality alone; reasoning that virus-associated killing 

and spread would clear GBM cells remaining post-radiation, either through direct oncolysis, or indirectly 

via antitumor immune activation. 

Summary. We showed that ΔF4LΔJ2R VACV has the capacity to infect, replicate in, and destroy a 

large panel of non-irradiated and irradiated GBM cells. Further, ΔF4LΔJ2R VACV spread through invasive 

tumor extensions and impaired the expansion of GBM spheroids in three-dimensional invasion assays. 

ΔF4LΔJ2R VACV was well-tolerated intracranially in vivo, in both tumor-bearing GBM models, and non-

tumor-bearing severely immune-compromised mice. Importantly, radiation in concert with ΔF4LΔJ2R 

VACV produced vastly superior survival outcomes relative to either monotherapy–curing the majority of 
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mice–and inducing antitumor immunological memory in a portion of cured animals. Lastly, the 

combination uniquely modulated the brain TME in a way deemed favourable for antitumor immune 

responses, increasing the CD8+:Treg ratio greater than either monotherapy. 

1.6.2 Radiation-Induced Senescence and Vaccinia Virus (Chapter 4) 

Rationale. To improve GBM treatment, OV therapy is being explored in combination with 

radiotherapy in preclinical and clinical settings327,419,423–425. One consequence of radiotherapy is the 

induction of senescence in a portion of exposed cells. Importantly, radiation-induced senescent GBM 

cells possess tumor-promoting effects426,427 and removal of senescent GBM cells improves outcomes in 

preclinical GBM models427. Thus, clearance of radiation-induced senescent GBM cells may improve 

therapeutic outcomes, although it is unclear whether or how OV therapy may contribute to eradicating 

senescent tumor cells. Further, studies on virus interactions with senescent cells are relatively scarce 

and offer conflicting conclusions428–434. Given limited and inconsistent reports, we sought to better 

understand how a VACV-based OV, ΔF4LΔJ2R VACV, as well as WT VACV interact with radiation-induced 

senescent GBM cells.  

Hypothesis. We hypothesize that radiation can induce senescence in GBM cells in vitro, and that 

these senescent GBM cells can be effectively infected and killed by both ΔF4LΔJ2R VACV and WT VACV. 

Summary. We demonstrate that ionizing radiation reliably generates radiation-induced 

senescent GBM cells 7 days post-irradiation. At this senescence-enriched 7-day time point, the growth, 

infectivity, and cytotoxicity of both ΔF4LΔJ2R VACV and WT VACV were impaired in irradiated GBM cells 

relative to non-irradiated controls suggesting senescence-associated antiviral activity. Interestingly, 

under the same conditions, the growth of VSV was not impaired but reovirus was–indicating that 

radiation-induced senescence impacts virus activity in a non-uniform manner. Further, we show that 

decreased levels of cellular nucleotide biosynthesis enzymes do not explain the attenuated phenotype 
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of ∆F4L∆J2R VACV. Activation of the NF-κB pathway, but not the type I IFN system may in part explain 

the impaired VACV phenotype in irradiated senescence-enriched conditions. Lastly, irradiated 

senescence-enriched GBM cell populations secrete factors that induce bystander cells to impair VACV 

amplification. 
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CHAPTER 2: Materials and Methods 
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Preface 

This chapter has been modified from the following published works:  

“Storozynsky, Q.T., Agopsowicz, K.C., Noyce, R.S., Bukhari, A.B., Han, X., Snyder, N., Umer, B.A., Gamper, 

A.M., Godbout, R.G., Evans, D.H., and Hitt, M.M. (2023). Radiation combined with oncolytic vaccinia 

virus provides pronounced antitumor efficacy and induces immune protection in an aggressive 

glioblastoma model. Cancer Letters, 562, 216169, doi:10.1016/j.canlet.2023.216169.” 

“Storozynsky, Q.T., Han, X., Komant, S., Agopsowicz, K.C., Potts, K.G., Gamper, A.M., Godbout, R.G., 

Evans, D.H., and Hitt, M.M. (2023). Radiation-induced cellular senescence reduces susceptibility of 

glioblastoma cells to oncolytic vaccinia virus. Cancers, 15, 3341. 

https://doi.org/10.3390/cancers15133341.” 
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2.1 Cell lines and culture conditions. The human GBM cell lines U87, U138 (obtained from 

Jorgen Fogh, Sloane Kettering Institute, Rye, NY, USA), U118 (American Type Cell Culture Collection 

[ATCC]; HTB-15), and T98 (obtained from Walter Nelson-Rees, Naval Biomedical Research Station, 

Oakland, CA, USA) and mouse GBM cell line CT2A-luc (Sigma-Aldrich; SCC195) were maintained in high 

glucose Dulbecco’s modified Eagle’s medium (HG-DMEM) supplemented with 5% (Chapter 4) or 10% 

(Chapter 3) fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL 

streptomycin (Gibco). The African green monkey kidney (AGMK) cell line BSC-40 (CRL-2761) was 

maintained in minimal essential medium (MEM) supplemented as above, with 5% FBS. Vero (CCL-81), 

another AGMK cell line, was cultured in HG-DMEM supplemented with 10% FBS, plus glutamine, 

penicillin, and streptomycin as above. L929 mouse fibroblast cells [kindly provided by M. Shmulevitz 

(University of Alberta)], were maintained in MEM supplemented with 1X nonessential amino acids 

(Millipore Sigma) and 1 mM sodium pyruvate (Millipore Sigma). The patient-derived GBM cell lines 

ED501, ED511, ED512 [established by Hua Chen (University of Alberta)]435, and 12EF, 48EF, 25m, 50m, 

and 53m brain tumor initiating cell (BTIC) lines [kindly provided by D. Senger and S. Weiss (University of 

Calgary)]43,436 as well as mouse mBTIC0309 BTIC line [kindly provided by P. Forsyth (Moffit Cancer 

Center)]437,438 were maintained in serum-free DMEM/F12 medium supplemented with 20 ng/mL 

recombinant human epidermal growth factor (Gibco), 10 ng/mL human basic fibroblast growth factor 

(Cedarlane), 0.2% heparin (Sigma-Aldrich), and 1X B-27® Supplement (Gibco). The mouse BTIC line, 005-

GFP [kindly provided by S. Rabkin (Harvard Medical School)]439,440, was cultured as described for other 

BTIC lines, but using 1X N-2 Supplement (Gibco) instead of B-27® Supplement. For the ED501, ED511, 

and ED512 cell lines, consent for patient GBM tissue was obtained prior to surgery under Health 

Research Ethics Board of Alberta Cancer Committee Protocol #HREBA CC-14-0070. For the 12EF, 48EF, 

25m, 50m, and 53m BTIC lines, patient brain tumor samples were obtained by informed consent under 

protocols approved by institutional ethics boards as described in Zemp et al. (2013)436. BTIC lines were 
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passaged using Accutase (Gibco); all other cell lines were passaged using trypsin (Gibco). Cells were 

cultured at 37ᵒC in a humidified 5% CO2 environment. Cells were tested for mycoplasma contamination 

using either DAPI (Sigma-Aldrich) staining and fluorescence microscopy441, or a Mycoplasma PCR 

Detection Kit (Applied Biological Materials). 

2.2 Viruses. The “WT” WR strain VACV used in these studies was originally obtained from the 

ATCC. The mutant VACV, ΔF4LΔJ2R, was derived from a clonal isolate of WT VACV and constructed using 

homologous recombination techniques as described elsewhere414. This mutant encodes gusA and neo in 

place of F4L, and mCherry and lacZ in place of J2R414. Virus stocks were produced as previously 

described354. Serotype 3 Dearing (T3DPL) reovirus kindly provided by M. Shmulevitz (University of 

Alberta, Edmonton, AB, Canada) was originally from P. Lee (Dalhousie University, Halifax, Nova Scotia, 

Canada). Reovirus stocks were produced as previously described442. VSVΔM51-GFP (Indiana strain) was 

engineered as described by Stojdl et al. (2003)443 and was kindly provided by Doug Mahoney (University 

of Calgary, Calgary, AB, Canada). VSVΔM51-GFP was propagated in monolayer cultures of Vero cells and 

purified using standard protocols444. 

2.3 Virus growth curves. For experiments in Chapter 3, cells were infected with VACV at a 

multiplicity of infection (MOI) of 0.03 plaque-forming units (PFU) or 1.0 PFU per cell, as indicated, in 12-

well plates. At the indicated time points post-infection, cells and media were collected and subjected to 

three rounds of freeze-thawing to lyse cells, then titered in duplicate on BSC-40 cells as described414, 

except without carboxymethylcellulose. 

For experiments in Chapter 4, non-irradiated and irradiated GBM cells were cultured for 7 days to allow 

the induction of senescence. Using cultures prepared in parallel to experimental cultures, the cells were 

counted using trypan blue to confirm viability, to ensure that equal numbers of cells had been plated in 

12-well plates, and for the MOI calculations. The cells were then infected with the virus at an MOI of 
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0.03 PFU or 3.0 PFU per cell, as indicated, in 12-well plates and growth assays were performed as 

outlined above. Reovirus growth experiments were performed similarly and titered on L929 cells as 

previously described442. VSVΔM51-GFP growth experiments were performed similarly and titered as 

described for VACV, except using Vero cells overlaid with DMEM supplemented with 5% FBS and 1% 

carboxymethyl cellulose. 

2.4 Fluorescence imaging of virus growth. VACV-encoded mCherry fluorescence was imaged at 

the indicated time points post-infection using an EVOS® FL Cell Imaging System (Thermo Fisher 

Scientific). 

2.5 Cytotoxicity assays. Triplicate wells of cells on 48-well plates were infected with VACV at the 

indicated MOIs and incubated for a total of 72 hours at 37ᵒC. For experiments in Chapter 3, resazurin 

(Sigma-Aldrich) was added to a final concentration of 44 μM during the last 2-12 hours of incubation as 

needed for sufficient color development. Fluorescence was measured using a FLUOstar plate reader 

(BMG Labtech) with 560 nm excitation/590 nm emission filters. For experiments in Chapter 4, neutral 

red uptake assays were performed to assess cell viability as previously outlined445. Briefly, medium was 

replaced with culture medium containing 40 µg/mL of neutral red (Sigma-Aldrich) during the last 1-2 

hours of incubation. Next, neutral red medium was removed, the cells were washed with 1X phosphate 

buffered saline (PBS), neutral red destain solution (50% ethanol, 49% deionized water, 1% glacial acetic 

acid) was added, and plates were incubated/shaken for 10 minutes at room temperature. Fluorescence 

was measured using a FLUOstar plate reader (BMG Labtech) with 544 nm excitation/620 nm emission 

filters. Cell viability was calculated from fluorescence of treated samples minus background fluorescence 

of completely non-viable cells (treatment with 2% Triton X-100 (BioRad)), and is reported as a percent 

value relative to the fluorescence of mock infected cells (100% cell viability). 
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2.6 Spheroid invasion assays. Cells were seeded at 2x104 cells per well in duplicate in round 

bottom ultra-low attachment 96-well plates and cultured for 96 hours to allow the formation of 

spheroids. Plates were then placed on ice and growth medium was replaced with a 1:1 mixture of 

medium to Matrigel™ (Corning). Plates were incubated for 1 hour at 37ᵒC to solidify the medium-

Matrigel™ mixture after which a layer of growth medium was added and maintained on top of the solid 

matrix. 

For virus dissemination assays, invasive structures were allowed to form for 48 hours following 

Matrigel™-embedding, then invasive spheroid structures were infected with ΔF4LΔJ2R VACV (3.0 PFU 

per cell in 2 μL 1X PBS) using a stereotaxic instrument (Stoelting Co.) and 10 μL microliter™ syringe 

(Hamilton) with flat 25s needle (Hamilton). Starting at 48 hours post-infection, brightfield and 

fluorescence images were taken every 15-20 minutes over a period of 48 hours using a 

ImageXpress®Micro High-Content System (Molecular Devices). For virus invasion interference assays, 24 

hours post-Matrigel™-embedding, spheroids were infected with ΔF4LΔJ2R VACV (at the indicated MOIs 

in 2 μL 1X PBS), then imaged immediately following infection (0 hour) and every 24 hours for 7 days. 

MetaXpress 6.5.5.559 software (Molecular Devices) was used to create overlays of images and videos, as 

well as quantify invasive area. To calculate MOIs, spheroids cultured in parallel (in medium without 

Matrigel™) were mechanically dissociated using Accutase or trypsin into single cell suspensions and 

counted. 

2.7 In vitro irradiation and induction of senescence-enriched cell cultures. GBM cells, including 

parallel cultures for later use in cell counting, were irradiated with the indicated doses using a MultiRad 

160 X-ray irradiator (Faxitron) or non-irradiated (0 Gy control cells) before mock or VACV infections. For 

senescence induction, GBM cells were cultured in a growth medium appropriate for the cell line in a 

humidified 5% CO2 environment at 37 ◦C for 7 days. 
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2.8 Sources and housing of mice used in studies. Studies were conducted in accordance with 

the Canadian Council on Animal Care Guidelines and Policies with approval from the Cross Cancer 

Institute’s Animal Care Committee and/or the University of Alberta Health Sciences Animal Care and Use 

Committee. 6–8-week-old male C57Bl/6 mice or NOD-scid-gamma (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ; 

NSG) mice were obtained, respectively, from Charles River Laboratories or a breeding colony in the 

University of Alberta Health Sciences Laboratory Animal Services facility (L. Postovit, principal 

investigator). Mice were acclimatized for at least 7 days upon arrival at the animal housing facilities. For 

in vivo radiation experiments, mice were initially housed in the Cross Cancer Institute Vivarium (location 

of Small Animal Radiation Research Platform; SARRP) before being transported to a biosafety level 2 

(BSL2) containment facility at the University of Alberta Health Sciences Laboratory Animal Services 

Facility for virus administration. All other mouse experiments not requiring the SARRP occurred at the 

latter facility. Mice were housed in ventilated cages (1-5 mice per cage) with access to water and food 

ad libitum.  

2.9 Intracranial tumor establishment and intracranial injection. To generate syngeneic 

orthotopic brain tumors, mice were anesthetized (2-3% isoflurane), then a burr hole (2.0 mm diameter) 

was drilled in the skull 2.0 mm lateral from bregma using a K.1070 High Speed Rotary Micromotor Kit 

(Foredom). CT2A-luc cells (1x104 cells in 3 μL 1X PBS) were implanted using a stereotaxic instrument and 

10 μL microliter™ syringe with flat 25s needle into the right striatum (2.5 mm depth) at a rate of 1 μL per 

minute. Following administration, the injection was allowed to set for 1 minute, then the needle was 

removed 0.5 mm every 0.5 minutes. Tumor bioluminescence was confirmed 6-7 days post-implantation 

using an In Vivo Imaging System (IVIS) Lumina XRMS (PerkinElmer) or an IVIS Spectrum (PerkinElmer). 

Mice were sorted so that tumor bioluminescence was evenly distributed among treatment groups. 

ΔF4LΔJ2R VACV stock was sonicated before injection. On the indicated day, varying doses of ΔF4LΔJ2R 

VACV in a volume of 4.1 μL were administered intracranially as described above at the same stereotactic 
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coordinates as tumor implantation into mice that had been either previously injected with tumor cells 

(for the syngeneic model) or not (for the NSG model). 1X PBS was used as an injection control for all 

mouse studies. 

2.10 In vivo radiation treatment. A SARRP (Xstrahl Inc.) was used to administer radiation. Mice 

were anesthetized (2-3% isoflurane), secured to the treatment stage of the SARRP, and a 360ᵒ high 

resolution (1440 slices) computed tomography scan was performed to identify the burr hole from tumor 

implantation. Using the burr hole as a fiducial marker, an isocenter was defined 2.5 mm beneath the 

burr hole center (same depth as tumor implantation), and 10 Gy of radiation was delivered directly 

overhead to the isocenter (tumor site) in a single 3 x 3 mm beam. The next day, mice were transported 

to the BSL2 facility at the University of Alberta and acclimatized for 24 hours before receiving virus/PBS 

treatments. 

2.11 Tumor challenges. 45 days post-median-survival of PBS treated groups (approximately 76 

days after tumor implantation), cured and naïve age-matched control mice were challenged with fresh 

CT2A-luc cells either intracranially in the contralateral hemisphere as described above, or 

subcutaneously in the flank with 4x105 cells in 50 μL 1X PBS. 

2.12 Tumor growth measurements. Mouse cranial tumor bioluminescence was measured using 

an IVIS Lumina XRMS or IVIS Spectrum. Before imaging, mice were subcutaneously injected in the back 

with 200 μL 15 mg/mL D-luciferin (GoldBio) dissolved in 1X PBS. Tumor bioluminescence was quantified 

using Living Image 4.5.2 software. Flank tumor growth was measured with calipers. Tumor volume was 

calculated using the equation: Volume = Length2 x Width/2. 

2.13 Flow cytometry. 8-color flow cytometric analysis was performed as described elsewhere446. 

Briefly, tumor-bearing brain quadrants were collected, finely minced (< 0.5 mm pieces), and dissociated 

using Accutase and DNase I (10 U/ml; Promega) into a single cell suspension. CD45+ cells were isolated 
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via positive magnetic selection using a MagniSort™ Mouse CD45 kit (Invitrogen). Fc receptors were 

blocked with TruStain FcX anti-mouse CD16/32 antibody (BioLegend). Dead cells were stained with 

eFluor 506 fixable viability dye (Invitrogen). Cells were immunostained with anti-mouse antibodies 

described in Table 2.1, then fixed and permeabilized according to the manufacturer’s instructions using 

IC Fixation and Permeabilization Buffers (Invitrogen), before intracellularly staining for FoxP3. 

Fluorescence minus one (FMO) gating controls were used for each antibody (FMO is a control in which 

all but one antibody is added to enable appropriate gate setting in subsequent analysis). For each 

antibody, UltraComp eBeads™ (Invitrogen) were used for single-color compensation controls; a portion 

of pooled cells were used as compensation controls for eFluor 506 viability dye (Invitrogen). Samples 

were run using a Fortessa X20 Flow Cytometer (BD Biosciences) and analyzed using FlowJo™ v10 

software. 

2.14 Cell proliferation assays. For proliferation assays, duplicate wells in 6-well plates were 

seeded with 1x104 cells. 24 hours later, GBM cells were either irradiated or not irradiated. At the 

indicated time points post-irradiation, cells were washed with 1X PBS, detached by trypsinization, and 

diluted 1:1 in trypan blue (Lonza). Total cells per well were counted using a hemacytometer (Hausser 

Scientific). For assays to assess proliferation of serum-starved cells, duplicate wells in 12-well plates 

were seeded with 4x104 cells into medium containing either 0.1% FBS or 5% FBS. At the indicated time 

points post-seeding, total cells per well were calculated as described above. 

2.15 Reverse transcription quantitative polymerase chain reaction (RT-qPCR). Total RNA was 

isolated from non-irradiated and irradiated GBM cells 7 days post-irradiation using the illustra™ RNAspin 

Mini Kit (GE Healthcare) according to the manufacturer’s instructions. Isolated RNA (2 µg) was used as a 

template to synthesize complementary DNA (cDNA) using the High-Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems) according to the manufacturer’s instructions. RT-qPCR analysis was performed 

using diluted cDNA (1:30) and Fast SYBR™ Green Master Mix (Applied Biosystems) in Optical 96-Well  
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Table 2.1. Antibodies used in flow cytometry studies. 

Antibody Clone Company 
CD3-FITC 
 

145-2C11 Invitrogen 

CD4-BUV737 
 

RM4-5 BD Bioscience 

CD8-BUV395 
 

53-6.7 BD Bioscience 

FoxP3-AF647 (intracellular) 
 

FJK-16S Invitrogen 

CD11b-APCeFluor780 
 

M1/70 Invitrogen 

Ly6C-eFluor450 
 

HK1.4 Invitrogen 

Ly6G-biotin 
 

IA8 BioLegend 

Streptavidin-BV711 (used 
with Ly6G-biotin) 

Not applicable BD Bioscience 
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Fast Thermal Cycling Plates (Applied Biosystems). Target gene expression levels were normalized to 18S 

rRNA. Primer sequences are listed in Table 2.2. 

2.16 Senescence-associated β-galactosidase activity. Non-irradiated and irradiated GBM cells 

were assessed for SA-β-gal activity 7 days post-irradiation using the Senescence Beta-Galactosidase 

Staining Kit (Cell Signaling) according to the manufacturer’s instructions. Briefly, cells were washed with 

1X PBS, incubated at room temperature for 15 minutes in fixative solution, washed twice with 1X PBS, 

then incubated at 37ᵒC in a dry incubator (no CO2) in β-galactosidase staining solution for 12-30 hours as 

needed for sufficient color development. Next, cells were washed twice with 1X PBS, overlaid with 70% 

glycerol, and imaged using an Olympus IX70 microscope (Olympus Life Sciences). SA-β-gal positive (blue-

colored) cells were quantified manually using ImageJ software (Version 1.51w). 

2.17 Immunoblotting. Whole cell lysates were prepared from non-irradiated and irradiated 

GBM cells 7 days post-irradiation using RIPA lysis buffer [150 mM sodium chloride, 1% Triton X-100 

(BioRad), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris-HCl (pH 8.0), 0.1 mg/mL 

phenylmethylsulfonyl fluoride, 1X Halt™ protease inhibitor cocktail (Thermo Fisher)]. Protein 

concentration was quantified using the Pierce™ BCA Protein Assay Kit (Thermo Fisher) according to the 

manufacturer’s instructions. Next, protein was resolved by SDS-PAGE and transferred to Immobilon-FL 

polyvinylidene difluoride (PVDF) membranes (EMD Millipore). The PVDF membranes were blocked using 

Odyssey blocking buffer (Li-COR Biosciences), washed, then incubated overnight at 4ᵒC with the 

following primary antibodies diluted at the indicated concentrations in blocking buffer containing 0.2% 

Tween 20 (Fisher Scientific): anti-p21 [1:1000; ab109520 (Abcam)], anti-TK1 [1:500; ab59271 (Abcam)], 

anti-RRM2 [1:500; ab57653 (Abcam)], anti-p53R2 [1:1000; ab8105 (Abcam)], anti-β-tubulin [1:1000; 

2146 (Cell Signaling Technologies)], or anti-β-actin [1:1000; 926-42210 (Li-COR Biosciences)]. Next, the 

PVDF membranes were washed and then incubated at room temperature for 1 hour with the following  
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Table 2.2. Primers used in RT-qPCR studies. 

Target Gene (human) Forward Primer Reverse Primer 
 
GROα  
 

5’- GAA AGC TTG CCT CAA 
TCC TG -3’ 
 

5’- CAC CAG TGA GCT TCC 
TCC TC -3’ 

 
GROβ 
 

5’- AAC TGC GCT GCC AGT 
GCT -3’ 
 

5’- CCC ATT CTT GAG TGT 
GGC TA -3’ 

 
GM-CSF 
 

5’- GGC CCC TTG ACC ATG 
ATG -3’ 

5’- TCT GGG TTG CAC AGG 
AAG TTT -3’ 
 

 
IL-6 
 

5’- CCG GGA ACG AAA 
GAG AAG CT -3’ 

5’- GCG CTT GTG GAG 
AAG GAG TT -3’ 
 

 
IL-8 
 

5’- CTT TCC ACC CCA AAT 
TTA TCA AAG -3’ 
 

5’- CAG ACA GAG CTC TCT 
TCC ATC AGA -3’ 

 
IFNβ 
 

5’- AGG ACA GGA TGA ACT 
TTG AC -3’ 
 

5’- TGA TAG ACA TTA GCC 
AGG AG -3’ 

 
MX1 
 

5’- TTC AGC ACC TGA TGG 
CCT A -3’ 
 

5’- AAA GGG ATG TGG CTG 
GAG AT -3’ 

 
ISG15 

5’- GCG AAC TCA TCT TTG 
CCA GTA -3’ 
 

5’- CCA GCA TCT TCA CCG 
TCA G -3’ 

 
IκBα 

5’- GCT GAA GAA GGA 
GCG GCT ACT -3’ 
 

5’- TCG TAC TCC TCG TCT 
TTC ATG GA -3’ 

 
IL1β 

5’- CCC AAC TGG TAC ATC 
AGC AC -3’ 
 

5’- GGA AGA CAC AAA TTG 
CAT GG -3’ 

 
TNFα 

5’- CCC GAG TGA CAA 
GCC TGT AG -3’ 
 

5’- GAT GGC AGA GAG 
GAG GTT GAC -3’ 

 
18S rRNA 

5’- CCC TAT CAA CTT TCG 
ATG GTA GTC G -3’ 
 

5’- CCA ATG GAT CCT CGT 
TAA AGG ATT T -3’ 
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fluorescent-dye conjugated secondary antibodies diluted at the indicated concentrations in blocking 

buffer containing 0.2% Tween 20 (Fisher Scientific) and 0.01% sodium dodecyl sulfate: IRDye® 680RD 

Goat anti-Mouse [1:20,000; 926-68070 (Li-COR Biosciences)] or IRDye® 800CW Donkey anti-Rabbit 

[1:20,000; 926-32213 (Li-COR Biosciences)]. PVDF membranes were washed and then scanned using an 

Odyssey Infrared Imaging System (Li-COR Biosciences) and analyzed using Image Studio version 2.0 

software (Li-COR Biosciences). 

2.18 Quantification of virus infection and cellular senescence. Retention of the fluorescent dye, 

CellTrace™ Violet (CTV), was used as a surrogate marker for cellular senescence. Cells were stained using 

the fluorescent CellTrace™ Violet Cell Proliferation Kit (Invitrogen) according to the manufacturer’s 

instructions. Mock-stained cells (with or without VACV-infection) were used as controls for background 

CTV fluorescence. Briefly, a single-cell suspension of 1x106 cells in 0.5 mL of 5-10 µM CTV-staining 

solution was incubated for 20 minutes at 37ᵒC. A volume of culture medium (HG-DMEM supplemented 

as described above) that was 5-6 times the staining solution volume was added, and the cell solution 

was incubated for 5 minutes at room temperature to quench free CTV. Cells were pelleted, resuspended 

in cell line specific culture medium, and treated with the indicated radiation doses (0 or 10 Gy). 7 days 

post-irradiation, cells in duplicate wells of black 96-well plates (Greiner) were infected with the indicated 

VACVs at 3.0 PFU per cell. 24 hours post-infection, cell monolayers were analyzed for expression of the 

late VACV protein, A27, as a marker for productive infection. Mock-infected cells (with or without CTV-

staining) were used as controls for background antibody fluorescence. Briefly, cell monolayers were 

fixed for 20 minutes at room temperature using 4% paraformaldehyde, washed thrice with 1X PBS, 

blocked/permeabilized for 30 minutes using Odyssey blocking buffer (Li-COR Biosciences) containing 

0.1% Triton-X100 (BioRad), and then incubated for 1 hour at room temperature with primary anti-A27 

VACV antibody [ab117453 (Abcam)] diluted 1:500 in blocking buffer. Cells were washed thrice with 1X 

PBS and then incubated for 30 minutes at room temperature with fluorescent-dye conjugated 
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secondary Goat anti-Rabbit antibody [ab150077 (Abcam)] diluted 1:2000 in blocking buffer. Next, cells 

were washed thrice with 1X PBS and the plates were imaged for both CTV fluorescence and anti-A27 

VACV antibody fluorescence using an ImageXpress®Micro High-Content System (Molecular Devic-es). 

MetaXpress 6.5.5.559 software (Molecular Devices) was used to analyze and create overlays of 

fluorescent images. The fluorescence intensity of images displaying non-irradiated CTV-stained cells 

(with or without VACV-infection) was used as a reference for low CTV intensity values; fluorescence 

intensities above this reference were deemed high CTV intensity. An example of CTV-stained cells that 

are non-irradiated (mostly low CTV intensity – grey cells) and irradiated (mostly high CTV intensity – blue 

cells) is shown in Figure 2.1. Cells were quantified manually using GIMP 2.10.18 software to view the 

images. Whenever feasible, cells were protected from light. 

2.19 Conditioned medium experiments. GBM cells were either irradiated or non-irradiated. 7 

days post-irradiation, medium was exchanged with fresh culture medium, and irradiated or non-

irradiated cells were incubated for 48 hours under normal growth parameters to condition the medium. 

Conditioned medium (CM) was collected, filtered using the 0.22 µm Steriflip® Vacuum-driven Filtration 

System (Millipore), and used to culture fresh radiation-naïve GBM cells for 24 hours in 12-well plates. 

Next, virus growth curves were generated by infecting cells with VACVs at 0.03 PFU per cell, allowing 

virus growth in the presence of CM, collecting lysates at the indicated times and titering lysates in 

duplicate on BSC-40 cells as above. 

2.20 Statistics and analysis. Data were analyzed using GraphPad Prism 9.4.1 software. Nonlinear 

regression was used to fit curves to data and calculate ED50 values; curves generated by nonlinear 

regression were compared using extra sum-of-square F test. To compare multiple groups, one-way 

analysis of variance (ANOVA) followed by Šidák’s multiple comparisons test was used; where 

appropriate, area under the curve analysis was performed first. Survival data were analyzed by log-rank 
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Mantel-Cox testing. To compare two groups, unpaired t test was used. Two-way ANOVA was used to 

compare growth curves.  
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Figure 2.1. Representative images of non-irradiated and irradiated CellTrace™ Violet stained U87 

human glioblastoma cells (also treated with wild-type vaccinia virus in this case). Human U87 

glioblastoma cells were stained with a fluorescent cell proliferation marker (CellTrace™ Violet; CTV) then 

were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. 7 days later, cells were 

infected with 3.0 PFU per cell of wild-type vaccinia virus. 24 hours post-infection, cells were fixed then 

immunostained with an antibody against the late A27 VACV protein and imaged the next day using 

fluorescence microscopy. Blue cells in the images were scored as high CTV intensity (CTVh). Grey cells in 

the images were scored as low CTV intensity (CTVlo). 

 

 

 

 

 

 

 



66 
  

CHAPTER 3: 

Radiation combined with oncolytic vaccinia virus provides 
pronounced antitumor efficacy and induces immune protection in an 

aggressive glioblastoma model 
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“Storozynsky, Q.T., Agopsowicz, K.C., Noyce, R.S., Bukhari, A.B., Han, X., Snyder, N., Umer, B.A., Gamper, 

A.M., Godbout, R.G., Evans, D.H., and Hitt, M.M. (2023). Radiation combined with oncolytic vaccinia 

virus provides pronounced antitumor efficacy and induces immune protection in an aggressive 

glioblastoma model. Cancer Letters, 562, 216169, doi:10.1016/j.canlet.2023.216169.” 
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AMG, RG, DHE, & MMH – Provided guidance in experimental design, data interpretation, and 

manuscript preparation/revision. 
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3.1 Introduction 

GBM is a highly invasive and malignant brain tumor requiring an aggressive standard of care regimen 

involving surgical resection, radiotherapy, and administration of temozolomide447. Despite treatments, 

prognosis is abysmal; median survival is 15.6 months and approximately 95% of patients are deceased 

within 5 years6. These dismal statistics highlight an urgent need for novel therapeutic strategies. 

Radiotherapy is a staple part of first-line care for treating GBM and is also used in recurrent 

settings116,415. Despite the precision and efficacy modern radiotherapy offers, invasive cancer cells are 

still missed416,417, and a subset of GBM cells are radioresistant418. These factors contribute to local 

recurrence, which often is within 2 cm of the original tumor border4.  

OV therapy is an advancing class of immunotherapy that harnesses tumor-selective viruses to spread 

through tumors killing cancer cells, while simultaneously stimulating antitumor immune responses421. 

Thus, we hypothesized that these dual anticancer properties of OV therapy would facilitate elimination 

of GBM cells that remain following radiotherapy. 

VACV, a large double-stranded DNA virus used to vaccinate against smallpox199, has undergone 

extensive studies as an oncolytic agent for a variety of cancers195. Pexa-Vec, an oncolytic VACV furthest 

along clinically, has been well-tolerated and has shown antitumor immune activation in patients448,449. At 

present, the FDA has approved a single OV, an oncolytic herpesvirus (T-Vec), for treatment of advanced 

melanoma387; no OVs have been approved to date for the treatment of GBM. The oncolytic VACV used 

here, ΔF4LΔJ2R, is deleted in viral nucleotide biosynthesis genes J2R (i.e., viral thymidine kinase), and 

F4L (i.e., viral R2–the small subunit of viral ribonucleotide reductase), rendering the virus dependent on 

host cell production of dNTPs required for virus replication397. Previously we have shown that ΔF4LΔJ2R 

VACV is confined to tumors, displays enhanced safety, and demonstrates antitumor efficacy and 
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immunity in bladder cancer models414. Further, in breast cancer models, ΔF4LΔJ2R VACV recruits tumor-

antigen specific CD8+ T cells to the TME354. 

Though OVs have shown promise with other cancers, as single modalities OVs have had limited success 

treating malignant brain cancers in the clinic450 and may be better suited as adjuvants for enhancing 

other therapies451. We hypothesized that combining radiation with ΔF4LΔJ2R VACV would improve 

outcomes for GBM better than either modality alone using immune-competent orthotopic CT2A-luc 

models; speculating that infectious spread of virus would facilitate removal of cancer cells remaining 

after radiotherapy, either through direct oncolysis, or indirectly via antitumor immune activation. 

3.2. Results 

3.2.1 ∆F4L∆J2R vaccinia virus infects, replicates in, and kills glioblastoma cells in vitro 

We first evaluated the anticancer potential of ∆F4L∆J2R VACV alone in vitro. Our initial experiments 

compared the growth kinetics of WT and ∆F4L∆J2R VACVs in a panel of GBM cells consisting of patient-

derived GBM and BTIC lines, established human GBM cell lines, and several mouse GBM/BTIC lines. 

BTICs display cancer stem cell characteristics such as self-renewal, multilineage differentiation, and 

expression of NSC markers and BTIC lines grown in serum-free, neural stem cell culture conditions 

maintain stem-like properties43,44. Importantly, BTICs are proposed responsible for GBM initiation, 

maintenance, and recurrence41,45. As such, BTIC lines have been a valuable resource for the study and 

modeling of GBM43,452. Virus growth curves indicated that both viruses replicated effectively in our panel 

of GBM cell lines, though in most cases the growth of ∆F4L∆J2R VACV was attenuated relative to WT 

VACV (Figure 3.1). Additionally, we observed ∆F4L∆J2R VACV-encoded mCherry fluorescence increase in 

GBM cultures over time (Figure 3.2). 

We next evaluated the cytotoxicity of WT and ∆F4L∆J2R VACVs using a resazurin-based metabolic 

viability assay. Virus-mediated cell killing was evident in all GBM cell lines tested, though ED511 and  
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Figure 3.1. Wild-type and ΔF4LΔJ2R vaccinia viruses replicate in glioblastoma and brain tumor 

initiating cell lines in vitro. Growth curves showing amplification of wild-type (solid blue line) and 

ΔF4LΔJ2R (dashed red line) vaccinia viruses in murine/human glioblastoma and brain tumor initiating 

cell lines. Cells were infected with 0.03 PFU per cell of indicated viruses. Lysates were harvested at the 

indicated times and titered by plaque assay to assess virus amplification. Data information: Data 

analyzed by nonlinear regression and extra sum-of-square F test (* = p < 0.05; *** = p < 0.001; **** = p 

< 0.0001). Graphs show fold change relative to lysates taken at t = 0. Data represent 3 independent 

lysates titered in duplicate. Mean ± SEM is shown. *XH performed experiments with the U138 and T98 

cell lines. 
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Figure 3.2. ∆F4L∆J2R vaccinia virus infects and replicates in glioblastoma and brain tumor initiating 

cell lines in vitro. Representative images of cells post-infection with 0.03 PFU per cell of ∆F4L∆J2R 

vaccinia virus encoding mCherry. Data information: Adherent and suspension cell lines are indicated; 

suspension cell lines grow as tumor-spheres. Images acquired from 1 experimental repeat in Figure 3.1. 

Scale bar = 400 µm. *XH performed experiments with the U138 and T98 cell lines. 
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mBTIC3090 cell lines were less sensitive than the other cell lines to both viruses (Figure 3.3A, 3.3B). 

Importantly, despite the attenuated growth of ∆F4L∆J2R VACV relative to WT VACV, both viruses were 

similarly cytotoxic towards most GBM cell lines. While the growth curves and cytotoxicity data may at 

first seem inconsistent, it is important to consider that a susceptible cell is killed whether it is infected 

with 5 infectious virus particles or 500 infectious virus particles, so the number of dead cells and number 

of infectious particles present do not necessarily correlate in a linear fashion. For 10 of 12 cell lines, 

dose-response curves evaluating cell viability were not significantly different between WT and ∆F4L∆J2R 

VACVs (Figure 3.3A) and the majority of ED50 values were comparable (Figure 3.3B). Further, in 2 of 12 

cell lines, 12EF and ED512, in which WT VACV was more cytotoxic than ∆F4L∆J2R VACV, cancer cell 

killing converged at the highest doses (Figure 3.3B). Collectively, these data indicate that ∆F4L∆J2R 

VACV has the capacity to infect, replicate in, and destroy GBM cells. Further studies in this report will 

focus on the ∆F4L∆J2R VACV mutant to determine its suitability as an OV, since use of WT VACV in vivo 

is precluded due to its lethality following intracranial injection453. 
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Figure 3.3. Wild-type and ΔF4LΔJ2R vaccinia viruses are cytotoxic towards glioblastoma and brain 

tumor initiating cell lines in vitro. (A) Dose-response curves showing the viability of murine/human 

glioblastoma and brain tumor initiating cell lines infected with increasing doses of wild-type (solid blue 

line) or ΔF4LΔJ2R (dashed red line) vaccinia viruses based on metabolic resazurin assays. Viability 

evaluated 72 hours post-infection. (B) ED50 values of wild-type or ΔF4LΔJ2R vaccinia viruses for the 

indicated cell lines. Data information: For (A), curves fit to data points using nonlinear regression and 

analyzed by extra sum-of-square F test (** = p < 0.01; **** = p < 0.0001). Data is normalized to mock-

infected control (0 PFU per cell = 100% cell viability). Data represent 3 independent experiments. Mean 

± SEM is shown for data points. For (B), ED50 values calculated from curves in (A). 95% confidence 

intervals are shown in brackets. 
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3.2.2 ∆F4L∆J2R vaccinia virus interferes with expansion of glioblastoma spheroids in three-

dimensional invasion assays 

The highly invasive nature of GBM is a key factor for standard of care failure, therefore therapies that 

interfere with GBM invasiveness are desired454. Using a subset of GBM cell lines from our panel, we 

generated three-dimensional Matrigel™-embedded GBM structures in vitro. Left untreated, these GBM 

structures invade into Matrigel™ and form spherical invasive patterns that can be imaged and quantified 

over time (Figure 3.4A). Using this system, we assessed the ability of ∆F4L∆J2R VACV to disseminate 

through invasive GBM extensions or to interfere with the expansion of GBM invasive spheroid structures 

in vitro over a one-week period.  

As evidenced by virus-encoded mCherry fluorescence, ∆F4L∆J2R VACV infected GBM structures and 

disseminated through invasive GBM extensions (Figure 3.4B; Figure 3.5; Video S1). Furthermore, GBM 

structures infected with ∆F4L∆J2R VACV exhibited decreased invasive area in comparison to untreated 

counterparts (Figure 3.4C; Video S2). Virus-mediated interference with the expansion of GBM spheroids 

in the invasion assays was first detectable by 72 to 96 hours post-infection and was most evident at the 

highest dose tested (30 PFU per cell) (Figure 3.4C). Curiously, time-lapse imaging revealed a unique 

observation with one BTIC line, 53m. In addition to invasive tumor extensions protruding from the 

spherical core, untreated 53m cells displayed a diffuse, discontinuous invasive pattern consisting of 

rapidly-moving single cells detached from the primary spherical structure (Video S3). Unexpectedly, this 

diffuse invasion was nearly absent in ∆F4L∆J2R VACV treated conditions (Video S3). Together, these data 

show that ∆F4L∆J2R VACV spreads through invasive tumor extensions and limits the expansion of GBM 

spheroids in three-dimensional invasion assays. Furthermore, ∆F4L∆J2R VACV can interfere with diffuse 

GBM invasion patterns, though this effect was cell line dependent. 
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Figure 3.4. ΔF4LΔJ2R vaccinia virus interferes with expansion of glioblastoma spheroids in three-

dimensional invasion assays in vitro. (A) Schematic of invasive spheroid structure in well of virus 

invasion assay. Cartoon eye indicates imaging point of view. (B) Virus dissemination assay; 

representative images of mCherry-encoding ΔF4LΔJ2R vaccinia virus spreading through invasive 

glioblastoma extensions after infection with 3.0 PFU per cell. (C) Virus invasion interference assay; 

quantification of invasive area (μm2) of spheroid structures left untreated or infected with the indicated 

doses of ΔF4LΔJ2R vaccinia virus (left panels). Representative images of invasive glioblastoma spheroid 

structures 168 hours after indicated treatments (right panels). Data information: For (B) and (C–right 
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panels), scale bar = 500 μm. For (C), At least 3 independent experiments were performed, with mean ± 

SEM shown. Asterisks indicating significance compare untreated to MOI of 30 PFU per cell. Area under 

the curve analysis followed by one-way ANOVA and Šidák's multiple comparisons test was used (* = p < 

0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). 
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Figure 3.5. ∆F4L∆J2R vaccinia virus disseminates through invasive glioblastoma extensions in vitro. 

Representative images of mCherry-encoding ∆F4L∆J2R vaccinia virus spreading through invasive 

glioblastoma extensions in the virus dissemination assay. Invasive glioblastoma spheroid structures were 

infected with 3.0 PFU per cell. Data information: Images acquired from 2-3 independent experiments. 

Scale bar = 500 µm.  
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3.2.3 Irradiated glioblastoma cells support ∆F4L∆J2R vaccinia virus replication and are killed post-

infection in vitro 

Having evaluated ∆F4L∆J2R VACV as a single modality for GBM therapy in vitro, we next investigated this 

virus in combination with radiation. Cells were treated with either 0 Gy (non-irradiated), 4 Gy, or 8 Gy of 

radiation using a Faxitron X-ray irradiator, then infected with ∆F4L∆J2R VACV 24 hours post-radiation. 

Plaque assays revealed that the growth kinetics of ∆F4L∆J2R VACV were similar among non-irradiated 

and irradiated GBM cells, the exception being 12EF cells, where virus growth was inhibited in irradiated 

cells (Figure 3.6A).  

Next, the susceptibility of irradiated cells to ∆F4L∆J2R VACV-mediated killing was evaluated using a 

resazurin-based metabolic viability assay. For all of the cell lines except ED501 and 53m, radiation alone 

reduced cell viability (see data at MOI = 0 PFU/Cell) (Figure 3.6B). Survival of all irradiated and non-

irradiated GBM cell lines was consistently reduced at higher doses of ∆F4L∆J2R VACV (Figure 3.6B). Of 

note, irradiated 53m cells displayed increased cell viability (that was not observed with any other cell 

line) (Figure 3.6B); this could have been due to radiation-induced increases in metabolism of GBM cells 

that survived radiation455,456 which would be detected by the metabolic viability assay used here. 

Nonetheless, the highest dose of ΔF4LΔJ2R VACV reduced the viability of irradiated 53m cells to 0%—

indicating that GBM cells capable of surviving radiation can still be killed by the virus. Overall, these 

results indicate that ∆F4L∆J2R VACV replicates in, and kills irradiated GBM cells. 
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Figure 3.6. ΔF4LΔJ2R vaccinia virus replicates in and kills irradiated glioblastoma and brain tumor 

initiating cell lines in vitro. (A) Growth curves showing amplification of ΔF4LΔJ2R vaccinia virus in 

murine (CT2A-luc, 005-GFP) or human (U87, ED501, ED512, 12EF, 25m, 53m) glioblastoma and brain 

tumor initiating cell lines treated with radiation doses of 0 Gy (non-irradiated; solid green line), 4 Gy 

(dotted red line), or 8 Gy (dashed blue line). Cells were infected 24 hours post-radiation with 1.0 PFU per 

cell. (B) Dose-response curves showing cell viability based on metabolic resazurin assay post-infection 

with the indicated doses of ΔF4LΔJ2R vaccinia virus. Cells were infected 24 h post-radiation and viability 

was evaluated 72 h post-infection. Data information: For (B), data are normalized to mock-infected 

control (0 PFU per cell = 100% cell viability). At least 3 independent experiments were performed, with 

mean ± SEM shown. *NS performed experiments with the ED501 and ED512 cell lines in (B). 
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3.2.4 ∆F4L∆J2R vaccinia virus is tolerated and demonstrates efficacy treating a syngeneic orthotopic 

mouse glioblastoma model 

Previous studies have shown that both WT and mutant ΔJ2R VACVs (single deletion of viral J2R gene) are 

lethal when administered intracranially to mice; the LD50 a mere 10 PFU for WT VACV and 4x104 PFU for 

ΔJ2R VACV in immune-competent mice453. To ensure the safety and feasibility of using our oncolytic 

VACV intracranially, we injected up to 1x107 PFU of ∆F4L∆J2R VACV (approaching the highest feasible 

intracranial dose) or phosphate buffered saline (PBS; as an injection control) directly into the right 

striatum of non-tumor-bearing, severely immune-compromised, NSG mice. No concerning weight loss 

(Figure 3.7A) or signs of neurological distress (Table 3.1) were noted among treatments. Further, virus 

recovered from mouse brain homogenates was absent or substantially less than input (Figure 3.7B). 

These findings indicate that ∆F4L∆J2R VACV is well-tolerated intracranially in vivo, even in mice without 

adaptive immunity. 

We next performed dose-escalation experiments to determine the optimal therapeutic dose of 

∆F4L∆J2R VACV in syngeneic orthotopic CT2A-luc mouse models. CT2A mouse cells are derived from a 

carcinogen-induced brain tumor457 and possess stem-like characteristics458. It has been reported that 

brain tumors formed by CT2A cells recapitulate GBM features such as vascularity, invasiveness, central 

areas of necrosis, and immune-suppression within the brain TME458–460.  Of note, the CT2A model is the 

most aggressive of commonly studied orthotopic syngeneic GBM models460. Tumor cells were implanted 

into the right striatum of male 6–8-week-old C57Bl/6 mice (Figure 3.8A). 8 days after tumor injection, 

mice intracranially received either PBS (as an injection control) or increasing doses of ∆F4L∆J2R VACV 

(104, 105, 106, or 107 PFU) at the same stereotaxic coordinates as tumor implantation. Survival was 

assessed using weight loss and signs of neurological stress as humane endpoints. Tumor 

bioluminescence was monitored as a surrogate for tumor growth. 
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Survival was not significantly improved at any dose of ∆F4L∆J2R VACV relative to PBS-treated controls 

(Figure 3.8B). However, indications of virus-associated efficacy were observed in some mice. In each of 

the 105, 106, or 107 PFU cohorts, one mouse was cleared of tumor (cured) based on tumor 

bioluminescence imaging (Figure 3.8C). Furthermore, multiple responders—defined as mice with tumor 

bioluminescence that dropped below the limit of detection—were noted in each of the 105, 106, and 107 

PFU cohorts; the 107 PFU treatment possessed the greatest number of responders (Figure 3.8D). A 

transient decrease in weight was noted in a portion of mice administered the 107 PFU dose that was not 

observed with the other lower doses (Figure 3.8E). These data indicate that among the doses of 

∆F4L∆J2R VACV tested, 107 PFU produces superior antitumor responses with acceptable transient 

weight loss. 
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Figure 3.7. Intracranial administration of ∆F4L∆J2R vaccinia virus does not cause concerning weight 

loss in severely immune compromised NOD-scid-gamma mice and recovered virus is less than input. 

Mice were intracranially injected in the right hemisphere striatum with PBS or the indicated doses of 

∆F4L∆J2R vaccinia virus. (A) Change in weight of mice post-treatment. (B) PFU recovered from whole 

brain homogenates of mice 21 days post-treatment. Data information: For (A), individual mice are 

shown. For (B), N/D = not determined.  
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Table 3.1. List of symptoms used to assess signs of neurological stress post-injection of 
∆F4L∆J2R vaccinia virus in severely immune compromised NOD-scid-gamma mice.  

Symptoms of Neurological Stress 
Ruffled fur 
Hunched posture 
Impaired mobility 
Lack of response to external stimuli 
Lethargy 
Huddling 
Tremors 
Listing to one side 
Paralysis 
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Figure 3.8. ΔF4LΔJ2R vaccinia virus is tolerated and exhibits anticancer effects in orthotopic CT2A-luc 

glioblastoma models. (A) Experimental outline: 1x104 CT2A-luc cells were injected into the right 

striatum of C57Bl/6 mice on Day 0. Tumor implantation was verified by imaging tumor bioluminescence 

on Day 6/7. On Day 8, PBS or the indicated doses of ΔF4LΔJ2R vaccinia virus were intracranially injected. 
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(B) Kaplan-Meier survival curves of mice administered PBS or the indicated doses of ΔF4LΔJ2R vaccinia 

virus; percentage of cured mice from each treatment cohort is shown. (C) Quantification of cranial 

tumor bioluminescence (average radiance; p/sec/cm2/sr) of individual mice from (B). Dotted line 

indicates the limit of detection. Dashed lines indicate individual mice with tumor bioluminescence falling 

below the limit of detection. (D) Percentage of mice from (C) with tumor bioluminescence falling below 

the limit of detection at any time-point post-treatment and corresponding survival. (E) Percent change 

in weight of individual mice post-treatment. Data information: For (C) and (D), note: the last 

bioluminescence imaging session is not necessarily the time of tumor burden endpoint; hence some 

mice survive longer than the last imaging data point. Data shown in (B–E) are pooled from 3 

independent experiments. For (B), survival was analyzed by log-rank Mantel-Cox test (ns = p > 0.05).  
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3.2.5 Radiation combined with ∆F4L∆J2R vaccinia virus displays superior efficacy relative to either 

monotherapy 

Having observed some evidence of anticancer efficacy with ∆F4L∆J2R VACV, we next wanted to 

determine if outcomes could be improved in combination with radiation. 8 days after tumor 

implantation, mice were treated with a single 10 Gy beam of radiation directed to the tumor cell 

injection site using a SARRP (Figure 3.9A). The following day, mice were transported to the BSL2 

vivarium and acclimatized overnight before administration of 107 PFU of ∆F4L∆J2R VACV, or PBS as an 

injection control, the next day. Of note, access to an IVIS imager for one of the experimental repeats was 

not feasible due to COVID-associated shutdowns. Therefore, bioluminescence data in Figure 3.9C were 

pooled from only two experimental repeats, whereas data for survival and weights in Figures 3.9B and 

3.9D were pooled from all three experimental repeats. 

Radiation alone, ∆F4L∆J2R VACV alone, and the combination treatment all significantly increased 

survival relative to PBS controls (Figure 3.9B). However, the combination was significantly superior 

relative to either monotherapy; further extending survival and curing the majority of mice (Figure 3.9B). 

The median survival was 29 days for PBS, 39.5 days for radiation, 41 days for ∆F4L∆J2R VACV, and 

undefined (but > 76 days) for the combination. Importantly, there was a striking increase in the 

proportion of cured mice in the combination (66.7%) versus radiation (21.4%) or ∆F4L∆J2R VACV (13.3%) 

alone (Figure 3.9B). In these experiments, mice were deemed cured if (1) survival persisted 45 days 

longer than median survival time for the PBS-treated cohort and remained without neurological 

symptoms or weight loss, and (2) when imaging data were available, tumor bioluminescence fell below 

the limit of detection and remained undetectable for the duration of the experiment. The former was 

necessary given that access to the IVIS to measure tumor bioluminescence was not feasible for all 

experimental repeats.  
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As expected, tumor bioluminescence increased rapidly over time in PBS-treated controls (Figure 3.9C; 

red panel). Most mice treated with ∆F4L∆J2R VACV alone exhibited a sharp, transient decline in tumor 

bioluminescence 7 days after virus injection, but ultimately tumor growth resumed; one ∆F4L∆J2R 

VACV-treated mouse was cured (Figure 3.9C; purple panel). Following radiation alone, tumor growth 

persisted but was delayed in most mice relative to PBS-treated controls; a minority of mice were cured 

(Figure 3.9C; green panel). Impressively, radiation in combination with ∆F4L∆J2R VACV cleared tumors 

from the vast majority of mice (Figure 3.9C; blue panel). Lastly, as observed in the previous dose-

escalation studies, ∆F4L∆J2R VACV-treated groups exhibited transient decreases in weight (Figure 3.9D; 

purple and blue panels). One unexpected mortality was observed 72 hours following administration of 

∆F4L∆J2R VACV alone in one experimental repeat. Collectively, these data strongly indicate that 

radiation used in concert with ∆F4L∆J2R VACV is therapeutically superior relative to either treatment 

alone. 
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Figure 3.9. Radiation in concert with ΔF4LΔJ2R vaccinia virus displays superior anticancer efficacy 

relative to monotherapies in orthotopic CT2A-luc glioblastoma models. (A) Experimental outline: 1x104 

CT2A-luc cells were injected into the right striatum of C57Bl/6 mice on Day 0. Tumor implantation was 

verified by imaging tumor bioluminescence on Day 6. On Day 8, the tumor site was irradiated with a 

single 10 Gy beam using a Small Animal Radiation Research Platform (SARRP). Mice were transported to 

a BSL2 facility on Day 9 and intracranially administered PBS or ΔF4LΔJ2R vaccinia virus (107 PFU) on Day 

10. (B) Kaplan-Meier survival curves of mice administered the indicated treatments; percentage of cured 

mice in each treatment cohort is shown. (C) Quantification of cranial tumor bioluminescence (average 

radiance; p/sec/cm2/sr) of individual mice from (B). Dotted line indicates the limit of detection. (D) 
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Change in weight of individual mice post-treatment. Data information: Data shown in (B) and (D) are 

pooled from 3 independent experiments. Data shown in (C) are pooled from 2 independent 

experiments. For (B), survival was analyzed by log-rank Mantel-Cox test (** = p < 0.01; **** = p < 

0.0001).  
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3.2.6 A portion of mice cured by radiation combined with ∆F4L∆J2R vaccinia virus reject tumor 

challenge 

We next assessed whether cured mice from our previous experiments possessed antitumor 

immunological memory by performing intracranial tumor challenge experiments. At least 76 days after 

initial tumor implantation (approximately 45 days after the median survival time of PBS-treated 

controls), fresh CT2A-luc cells were implanted into the contralateral hemisphere of cured mice from the 

experiment shown in Figure 3.9C and into the same site in naïve age-matched controls. 

Relative to naïve age-matched controls, survival after intracranial tumor challenge was significantly 

increased in mice cured by the combination or by radiation alone (Figure 3.10A). Additionally, the one 

mouse cured by ∆F4L∆J2R VACV alone survived longer than all naïve age-matched controls (Figure 

3.10A). While tumors grew rapidly in all naïve age-matched controls, a portion of cured mice from the 

combination (3/8 mice; 37.5 %) and all mice cured by radiation alone (3/3 mice; 100 %), rejected 

intracranial tumor challenge and remained tumor-free for greater than 100 days following tumor 

challenge (Figure 3.10A, 3.10B; blue and green panels). Furthermore, some cured mice from the 

combination (2/8 mice; 25 %) and one cured mouse from ∆F4L∆J2R VACV alone (1/1; 100 %) exhibited 

delayed tumor growth relative to naïve age-matched controls; resisting, but not rejecting, intracranial 

tumor challenge (Figure 3.10A, 3.10B; blue and purple panels). Lastly, cured mice from one of the three 

experimental repeats shown in Figure 3.9B and a naïve age-matched control were challenged with fresh 

tumor cells injected subcutaneously in the flank to assess induction of systemic, as opposed to local 

(intracranial), immunological memory. One of two mice cured by the combination rejected flank tumor 

challenge (Figure 3.11). These data show that radiation in concert with ∆F4L∆J2R VACV can induce local, 

as well as systemic antitumor immunological memory in a portion of cured mice, indicating that the 

anticancer efficacy associated with the combination may in part be immune-mediated. 
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Figure 3.10. Mice cured by radiation alone, ΔF4LΔJ2R vaccinia virus alone, or the combination resist or 

reject intracranial CT2A-luc tumor challenge. 12 of the 15 cured mice from the experiment shown in 

Figure 3.9C and naïve age-matched controls were challenged intracranially with fresh CT2A-luc cells 

(1x104 cells) in the contralateral hemisphere. (A) Kaplan-Meier survival curves and percentage of mice 

rejecting tumor following intracranial tumor challenge. (B) Quantification of cranial bioluminescence 

(average radiance; p/sec/cm2/sr) of individual mice from (A) following intracranial tumor challenge. Data 

information: Data shown in (A–B) are pooled from 2 independent experiments. For (A), survival was 

analyzed by log-rank Mantel-Cox test (ns = p > 0.05; ** = p < 0.01; *** = p < 0.001). 

 

 

 

 

 



93 
  

Figure 3.11. Mouse cured by radiation in combination with ∆F4L∆J2R vaccinia virus rejects flank CT2A-

luc tumor challenge. Tumor growth (measured by caliper) in 3 cured mice and a naïve age-matched 

control mouse challenged with fresh CT2A-luc cells (4x105) injected subcutaneously in the flank. Data 

information: Cured mice from 1 of the independent experimental repeats shown in Figure 3.9B. 
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3.2.7 The brain tumor microenvironment is augmented by radiation combined with ∆F4L∆J2R vaccinia 

virus 

The superior efficacy of radiation in concert with ∆F4L∆J2R VACV and evidence of antitumor immune 

responses prompted us to next investigate how treatments may augment the immunological milieu of 

the brain TME. Mice were treated with either radiation, ∆F4L∆J2R VACV, the combination, or PBS as 

previously described, then 7 days following virus/PBS injections, tumor-bearing brain quadrants were 

harvested and assessed by multicolor flow cytometry for immune analysis (Figure 3.12A). 

CD3+ and CD8+ infiltration is associated with better prognosis in GBM patients104,106. ∆F4L∆J2R VACV 

alone and in combination with radiation significantly increased the proportion of CD3+ cells (TILs; Figure 

3.12B) and CD3+/CD8+ cells (CD8+ cytotoxic T cells; Figure 3.12C) recovered from the brain TME relative 

to PBS controls. Interestingly, radiation alone did not significantly differ from PBS controls in any of the 

aforementioned parameters (Figure 3.12B, 3.12C). These data indicate that radiation alone is 

inadequate for altering CD3+ or CD8+ T cell compositions in this model, whereas addition of ∆F4L∆J2R 

VACV increases proportions of both. 

∆F4L∆J2R VACV alone significantly increased the proportion of CD3+/CD4+/FoxP3- cells (CD4+ helper T 

cells) relative to PBS, while neither the combination nor radiation alone were significantly different from 

PBS controls (Figure 3.12D). Interestingly, a higher ratio of CD4+ to CD8+ T cells is associated with 

poorer prognosis in GBM patients461. The combination displayed the lowest CD4+:CD8+ ratio among 

treatments and was the only treatment significantly altered relative to PBS controls (Figure 3.12E). 

Tregs are a barrier for durable antitumor immune responses462 and are present in GBM patients at 

increased levels317. The proportion of CD3+/CD4+/FoxP3+ cells (Tregs) was significantly increased by 

∆F4L∆J2R VACV alone, whereas the proportion of Tregs recovered from the combination or radiation 

alone was not significantly different compared to PBS controls (Figure 3.12F). A higher ratio of CD8+ 
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cytotoxic T cells to Tregs is a meaningful parameter for immunotherapy efficacy463 and associated with a 

favorable prognosis in GBM patients464. In our experiments, the CD8+:Treg ratio was significantly 

increased by the combination relative to PBS controls, but not significantly changed by radiation alone 

or ∆F4L∆J2R VACV alone (Figure 3.12G). These data suggest that the proportion of immune cells in the 

brain TME treated with the combination has less immune-suppressive Tregs than ∆F4L∆J2R VACV alone, 

and more CD8+ cytotoxic T cells than radiation alone, resulting in a superior CD8+:Treg ratio relative to 

either monotherapy. 

Within the GBM microenvironment, TAM/Mi, as well as monocytic and polymorphonuclear MDSCs (M-

MDSCs and PMN-MDSCs) contribute to an immune-suppressed landscape, precluding optimal 

anticancer immune responses320,465. The proportion of CD11b+ cells (TAM/Mi and MDSCs; Figure 3.12H), 

CD11b+/Ly6G-/Ly6C- (TAM/Mi; Figure 3.12I), CD11b+/Ly6C+/Ly6G- cells (M-MDSCs; Figure 3.12J) and 

CD11b+/Ly6G+ (PMN-MDSCs; Figure 3.12K) were not significantly changed compared to PBS controls.  

In comparison to monotherapies, these data collectively indicate that radiation combined with ∆F4L∆J2R 

VACV best alters the brain TME towards conditions favorable for antitumor immune responses. That is, 

increased CD3+ TILs and CD8+ cytotoxic T cells relative to radiation alone, in parallel with an increased 

CD8+:Treg ratio relative to either monotherapy. 
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Figure 3.12. The brain tumor microenvironment is uniquely augmented by radiation in combination 

with ΔF4LΔJ2R vaccinia virus relative to either monotherapy in orthotopic CT2A-luc glioblastoma 

models. (A) Experimental outline: Models established and treated as indicated. 7 days post-virus/PBS 

treatments (Day 17), brain tumor quadrants were harvested, dissociated into single-cell suspensions, 

magnetically enriched for CD45+ cells (= total live cells in calculations), stained with fluorochrome-

conjugated anti-mouse antibodies, and analyzed by flow cytometry. Immune subsets are shown as the 

percentage of live CD45+ cells: (B) CD3+ tumor infiltrating lymphocytes (TILs); (C) CD3+/CD8+ cytotoxic T 

cells; (D) CD3+/CD4+/FoxP3- helper T cells; (E) Ratio of CD3+/CD4+ cells to CD3+/CD8+ cells (CD4+:CD8+ 

ratio); (F) CD3+/CD4+/FoxP3+ regulatory T cells (Tregs); (G) Ratio of CD3+/CD8+ cells to 

CD3+/CD4+/FoxP3+ cells (CD8+:Treg ratio); (H) CD11b + tumor-associated macrophage and microglia 
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(TAM/Mi), myeloid-derived suppressor cells (MDSCs); (I) CD11b+/Ly6G-/Ly6C- TAM/Mi; (J) 

CD11b+/Ly6C+/Ly6G- monocytic-MDSCs (M-MDSCs); (K) CD11b+/Ly6G + polymorphonuclear-MDSCs 

(PMN-MDSCs). Data information: Mean ± SEM is shown. Data shown are pooled from 2 independent 

experiments (red symbols = 1 independent experiment; black/clear symbols = 1 independent 

experiment). Each unique data point represents cells from an individual mouse, consistent across all 

graphs. (B–K) analyzed by one-way ANOVA and Šidák multiple comparison test (ns = p > 0.05; * = p < 

0.05; ** = p < 0.01; *** = p < 0.001). 
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3.4. Discussion 

As a single agent in vitro, ∆F4LΔJ2R VACV displayed promising anticancer properties. The virus infected, 

replicated in, and killed an extensive panel of human/mouse GBM and BTIC lines, as well as 

disseminated through invasive GBM extensions and interfered with the expansion of GB spheroids in 

three-dimensional invasion assays. Further, radiation did not impact ∆F4LΔJ2R VACV growth or 

cytotoxicity towards the vast majority of cell lines. These in vitro results over a large GBM panel highlight 

the potential broad applicability of ∆F4LΔJ2R VACV alone or in combination with radiation for treating 

this disease. In vivo ∆F4LΔJ2R VACV alone was well-tolerated, with significant improvements in safety 

over the reported unmodified or J2R-deleted VACVs453,466, and most effective at the highest feasible 

dose (107 PFU). However, as a single modality the virus offered only modest therapeutic efficacy in our 

model—a finding echoed clinically where many OVs used alone to treat GBM, despite promise, are 

insufficient for disease clearance450. As such, OVs are frequently explored clinically in combination with 

other modalities (including radiotherapy) to improve treatment of GBM327. Thus, we next investigated 

using radiation in combination with ∆F4LΔJ2R VACV in vivo to improve efficacy. 

A single 10 Gy dose of radiation in combination with oncolytic ∆F4LΔJ2R VACV produced considerably 

superior therapeutic outcomes relative to either monotherapy when treating immune-competent 

orthotopic CT2A-luc mouse models. The aggressiveness of the CT2A model should be noted; compared 

with other frequently studied orthotopic syngeneic GBM models (i.e., GL261, 005, and Mut3), the CT2A 

model progresses the fastest to tumor burden endpoint460. Strikingly, despite the aggressiveness of this 

model, the majority of mice in our study were cured following treatment with the combination (66.7%; 

10/15). 

Importantly, use of the CT2A-luc model in the present study addresses several drawbacks of past studies 

assessing radiation in concert with oncolytic VACVs for treating GBM. Radiation combined with different 
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oncolytic VACVs yielded enhanced anticancer efficacy in several subcutaneous GBM xenografts423–425. 

However, subcutaneous GBM models fail to recapitulate critical features of the human pathology as well 

as the brain TME, reducing translational significance. Advani et al. (2012)423 reported increased survival 

of orthotopic U87 GBM xenografts following systemic delivery of an oncolytic VACV (GLV-1h68) 

combined with 12 Gy of radiation delivered over two fractions. However, use of an immune-

compromised model precludes determination of immunological contributions to anticancer efficacy. 

Further, orthotopic U87 models do not recapitulate prototypical characteristics of human GBM including 

infiltrative invasion467 and areas of necrosis468. The combination of radiation with different oncolytic 

VACVs has been investigated in preclinical models of other types of cancer such as head and neck 

cancer469, pancreatic cancer470, sarcoma471,472, V600D/EBRAF mutant melanoma473, and lung cancer474. 

Again, many of the models used in these investigations have similar limitations, including use of 

immune-compromised models, or in studies that did utilize immune-competent models, use of 

subcutaneous tumor implantation. In contrast, our study employed an aggressive orthotopic immune-

competent model that recapitulates key features of human GBM458,459 and brain tumor immunology460, 

thus strongly bolstering confidence that radiation combined with ∆F4LΔJ2R VACV has a high degree of 

translational potential as a multimodal strategy for treating GBM. 

The poor response of GBM to treatment is in part due to the highly immune-suppressive landscape of 

the brain TME314. Like human GBM, the CT2A model is highly immune-suppressed; CT2A cells reprogram 

immune cells towards an immune-suppressive state475, tumor-suppressive cell types such as Tregs are 

recruited to the CT2A-tumor microenvironment460, and CD8+ T cells extracted from the CT2A-TME 

display severely exhausted phenotypes476. Consequently, compared with other syngeneic GBM models, 

the CT2A model is less responsive to several immunotherapeutic strategies477–479. Despite the immune-

suppression associated with the CT2A model, our tumor challenge studies indicated that efficacy of the 

combination was likely mediated in part by the immune system. When challenged intracranially with 



100 
  

fresh tumor cells, mice cured by the combination displayed significantly increased survival relative to 

naïve age-matched controls, with some of the combination-treated mice completely rejecting or 

displaying resistance to tumor challenge. Tumor challenge in the flank was also rejected by one 

combination-cured mouse, suggesting that the combination may induce systemic as well as local 

antitumor immunity. These findings suggest that radiation in concert with ∆F4LΔJ2R VACV has the 

capacity to break immune tolerance in the GBM microenvironment and induce antitumor 

immunological memory.   

The immune-suppressive properties of CT2A cells/tumors may also explain the varying survival 

outcomes of ΔF4LΔJ2R VACV treatment between Figure 3.9 and Figure 3.10. Given that ΔF4LΔJ2R VACV 

was administered at a later time point in Figure 3.10 compared to Figure 3.9, it is possible that the 

larger tumor burden would condition and immunologically suppress the TME, facilitating increased virus 

infection, replication, and/or spread; as the ability of the host immune system to respond and eliminate 

virus is dampened in the immune-suppressed TME. Indeed, anticancer therapies with immune-

suppressive properties can improve oncolytic VACV therapy for GBM466.  

Interestingly, although only a minority of mice in our study were cured by radiation alone (21.4%; 3/14), 

all of these cured mice rejected tumor challenge. Following treatment with a single ablative dose of 

radiation, immune-mediated anticancer efficacy has been demonstrated in the B16 melanoma model118, 

as well as induction of antitumor immunological memory in the CT26 colon cancer model119. Recently, 

antitumor immunity was also demonstrated in mice cured of subcutaneous NS1 GBM tumors by 

treatment with 12.5 Gy delivered over two fractions480. However, to our knowledge, the present study is 

the first to report rejection of intracranial tumor challenge in orthotopic GBM models that were cured 

by radiation alone. 
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Though radiation has been traditionally categorized as a direct cytocidal agent through induction of 

dsDNA breaks that lead to cell death481, it is increasingly appreciated for stimulating antitumor immune 

effects419,482. Likewise, in addition to the direct cytotoxicity of OV therapy via oncolysis of infected cancer 

cells, activation of antitumor immunity is well-established195. Taken together, the capacity for radiation 

and OV therapy to activate antitumor immune responses likely contributed to the antitumor activity 

observed in our study. Several other studies corroborate this. Stereotactic body radiation combined with 

another oncolytic VACV (WR-GS) enhanced anticancer efficacy while also inducing pro-immunogenic 

effects greater than either modality alone474. Further, radiation combined with an oncolytic VSV 

controlled tumors better than either treatment alone and induced antitumor immune protection483.  

Increased levels of T cells within the TME following treatment with radiation combined with other OVs 

has been noted in other preclinical brain cancer models484. Our investigation of T cells within the CT2A-

luc brain TME agrees with these observations. After treatment with the combination, the brain TME 

displayed greater proportions of CD3+ TILs and CD8+ cytotoxic T cells than when treated with radiation 

alone and was on par with that following ∆F4LΔJ2R VACV treatment alone. Additionally, ∆F4LΔJ2R VACV 

alone had the greatest proportion of immune-suppressive Tregs, thus an inferior CD8+:Treg ratio, while 

the combination displayed the highest CD8+:Treg ratio. This favorable balance of pro-immune versus 

inhibitory immune T cell types is likely to have played a role in the antitumor activity of the combination 

therapy. 

Changes in the myeloid immunological milieu (CD11+ cells) of the brain TME were less apparent. The 

proportions of TAM/Mi, as well as M-MDSCs and PMN-MDSCs were similar for all treatments in our 

study. Within the myeloid compartment of immune cells present in GBM, TAM/Mi are major players 

associated with immune-suppression and compose a substantial proportion of the brain TME (~40%)485. 

Given high levels of TAM/Mi present at baseline with GBM, it is perhaps reasonable that following 

∆F4LΔJ2R VACV treatment proportions remained similar, as many of these cells are already present 
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within the brain TME (as opposed to being recruited) to respond to virus infection.  Unsurprisingly, 

immune cells recovered from the CT2A-luc brain TME were mostly TAM/Mi among all treatments. 

Interestingly, despite the abundance of TAM/Mi in GBM, Treg-mediated immune-suppression is more 

potent within the brain TME486, which is consistent with our finding of superior efficacy with the 

combination of radiation and ∆F4LΔJ2R VACV compared to single modalities, since the combination had 

the most favorable CD8+:Treg ratio. Overall, following treatment with the combination, the 

immunological state within the brain TME could be more permissive for antitumor immunity than either 

treatment alone. However, firmer conclusions will have to await data on the functional status or antigen 

specificity of T cells within the brain TME. 

Factors other than immune activation may also have contributed to the superior efficacy of the 

combination of radiation and ∆F4LΔJ2R VACV in our GBM model. First, radioresistant GBM cells that 

otherwise would have survived radiation could have been directly destroyed by ∆F4LΔJ2R VACV 

infection. Further, spatial cooperation could be at play, in which invasive GBM cells outside the radiation 

field were within the area infected by ∆F4LΔJ2R VACV; indeed, our in vitro invasion assays suggest 

∆F4LΔJ2R VACV can spread through invasive GBM extensions. Taken together, these factors as well as 

immune activation are likely to have played a role in clearance of tumors in our orthotopic model 

system.  

Lastly, this research has several possible applications. For patients with recurrent GBM, no standard of 

care is established. As a salvage therapy, re-irradiation via SRS is a non-invasive option that precisely 

delivers a large dose of radiation to the tumor site116. However, despite modest benefits for some 

patients treated with SRS, the disease remains lethal. Our preclinical research suggests that combining a 

large dose of radiation with ∆F4LΔJ2R VACV could improve therapeutic outcomes in this clinical setting. 

Furthermore, a promising area of investigation to improve GBM treatment involves modifying 

immunologically “cold” TMEs into “hot” ones, with the intention of reversing immune-suppression and 
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unleashing antitumor immune responses125. The induction of antitumor immunological memory and 

unique T cell alterations of the CT2A-luc brain TME after treatment with radiation combined with 

∆F4LΔJ2R VACV indicates this multimodal therapy may be effective for reversing immune-suppression 

and harnessing the immune system. This feature may potentiate other immune-based therapies, 

allowing further improvements for GBM therapy. Indeed, patients with recurrent GBM treated with ICB 

lacked meaningful therapeutic outcomes due to low T cell levels and high levels of immune-suppressive 

cells in the TME487. In such clinical settings, perhaps radiation combined with oncolytic VACV therapy 

could potentiate ICB effectiveness while also offering additional direct cytocidal effects.  

In conclusion, we demonstrate that radiation in concert with oncolytic ∆F4LΔJ2R VACV generates 

superior anticancer efficacy relative to monotherapies. This multimodal therapy eliminated tumors from 

an aggressive immune-suppressed GBM model that recapitulates human disease. Further, the 

combination uniquely alters the brain TME and induces immunological memory. These outcomes 

indicate the capacity for this combinational strategy to reverse immune-suppression, a desirable feature 

for treating GBM. Novel therapeutic combinations will likely be required to conquer GBM. This study 

validates the use of radiation with an oncolytic ∆F4LΔJ2R VACV to improve treatment of this malignant 

brain cancer. 

 

 

 

 



104 
  

CHAPTER 4: 

Radiation-induced cellular senescence reduces susceptibility of 
glioblastoma cells to oncolytic vaccinia virus 
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4.1 Introduction 

GBM is a malignant and incurable brain cancer with dismal prognosis despite an aggressive standard of 

care involving surgery, radiotherapy, and TMZ administration447—thus, the development of novel 

strategies is required to treat this disease. OV therapy is one such developing anticancer strategy being 

explored clinically to improve GBM outcomes450. OVs infect and spread throughout tumors eliminating 

cancer cells both directly via oncolysis, and indirectly through the activation of anticancer immune 

responses488. Despite its promise for GBM treatment in the clinic, OV therapy as a single modality is 

unable to achieve complete disease clearance450 and therefore is increasingly being explored in 

combination with other established anticancer modalities327. 

Many approved therapies induce cellular senescence in cancer cells489. Cellular senescence is a state in 

which cells cease to proliferate but remain viable and metabolically active490. Several features that 

characterize senescent cells in vitro include altered morphology (enlarged size), SA-β-gal activity, 

upregulation of negative regulators of the cell-cycle such as p21CIP1 and p16INK4a, and the SASP (a 

phenotype in which senescent cells secrete a variety of defined factors which can have pro-tumorigenic 

downstream effects)128,490. Both TMZ491 and radiation426—staple parts of GBM standard of care—as well 

as GBM salvage therapies such as lomustine492, can induce cellular senescence of GBM cells. Further, 

radiation is often investigated in combination with OV therapy to improve therapeutic outcomes493; 

therefore, we focused our investigations on radiation-induced senescence. Previous studies have 

demonstrated that the interaction of viruses with senescent cells is nuanced and complex433. Some lines 

of evidence suggest that cellular senescence can benefit or be exploited by viruses428,429, whereas other 

reports indicate that cellular senescence is associated with antiviral activity430–432. Thus, we were 

interested in evaluating how OV activity may be impacted by radiation-induced senescence of GBM 

cells. 
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Several oncolytic agents are based on VACV, a large DNA virus used to vaccinate against smallpox199. 

VACV-based oncolytic therapies have been investigated in human clinical trials384,449 and have 

demonstrated efficacy treating a variety of preclinical cancer models [reviewed in 195], including several 

GBM models466,494,495. Further, radiation combined with VACV-based oncolytic therapies has been 

studied in a broad range of preclinical cancer models469–474, and several preclinical GBM models120,423–425; 

however, VACV interaction with radiation-induced senescent cancer cells has not been evaluated. 

The OV VACV used here, ΔF4LΔJ2R, is rendered dependent on host cell production of dNTPS via two viral 

nucleotide biosynthesis gene deletions, F4L (ie., viral R2—the small subunit of viral ribonucleotide 

reductase), and J2R (i.e., viral thymidine kinase [TK])397. This oncolytic ΔF4LΔJ2R VACV previously 

demonstrated anticancer efficacy treating bladder cancer models414 and an aggressive GBM model when 

used in combination with radiotherapy120.  

Using oncolytic ΔF4LΔJ2R VACV, as well as WT VACV for comparison, we investigated the growth 

kinetics, infectivity, and cytotoxicity of these viruses following infection of radiation-induced senescent 

GBM cell populations and non-irradiated controls in vitro. We show that both oncolytic ΔF4LΔJ2R VACV 

and WT VACV display attenuated phenotypes in irradiated senescence-enriched GBM cell populations—

indicating that, at least in vitro, radiation-induced cellular senescence impairs VACV. These findings 

underscore important considerations for the combination of VACV-based oncolytic therapies with 

senescence-inducing agents and provide evidence that cellular senescence induces antiviral properties. 
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4.2 Results 

4.2.1 Radiation induces senescence in glioblastoma cells 

The established U87 GBM cell line, as well as a patient-derived GBM cell line, ED501, were employed to 

assess a panel of different markers evaluating the induction of cellular senescence following radiation 

exposure. Cellular senescence typically takes 3-7 days to develop in GBM cells after radiation exposure, 

with increased numbers of radiation-induced senescent GBM cells present at late relative to early time 

points (5-14 days versus 1-3 days)426,496–499. Thus, we chose to perform our analyses 7 days post-

irradiation.  

Cell proliferation ceased in irradiated U87 and ED501 cell lines while non-irradiated controls continued 

to proliferate over a 7-day period based on trypan blue assays (Figure 4.1A). Additionally, 7 days after 

radiation treatments, transcription of SASP-associated genes was significantly increased in irradiated 

GBM cells compared to non-irradiated controls (Figure 4.1B). At this same 7-day time point, irradiated 

GBM cells were larger in size (Figure 4.1C; left panels) and had significantly increased SA-β-gal activity 

compared to non-irradiated controls, with the vast majority of irradiated U87 and ED501 cells staining 

positive for SA-β-gal activity (~80%) (Figure 4.1C; right panels). The same trends were observed using 

two additional human GBM cells lines, T98 and U118 (Figure 4.2A–C). There was a trend towards 

increased levels of p21, a negative regulator of the cell-cycle, in irradiated U87 and ED501 cells relative 

to non-irradiated controls 7 days after treatments (Figure 4.1D), and no increase was observed in 

irradiated T98 and U118 cells (Figure 4.2D). Collectively, these data indicate that radiation-induced 

senescent GBM cells are reliably generated 7 days following ionizing radiation exposure. 
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Figure 4.1. Verification of radiation-induced senescence in irradiated glioblastoma cells. Human U87, 

ED501, T98, and U118 glioblastoma cell lines were either non-irradiated (0 Gy) or treated with a 

radiation dose of 10 Gy then evaluated for markers of cellular senescence. (A) Cellular growth curves 

showing the change in cell number over time following the indicated radiation treatments. Trypan blue 

assays were performed to quantify total live cells at the indicated time points. (B) Fold change in 

expression of senescence-associated secretory phenotype (SASP) genes in 10 Gy treated cells relative to 

0 Gy treated cells 7 days following radiation treatments, based on RT-qPCR analysis. 18S rRNA levels 

were used for normalization. (C) Representative images of cells assessed for senescence-associated-β-

galactosidase activity (left panels) and quantification of cells positive for senescence-associated-β-

galactosidase activity (right panels) 7 days following the indicated radiation treatments. (D) 

Representative immunoblots showing p21 protein levels (left panels) and quantification of band signals 

(arbitrary units; A.U.) normalized to β-tubulin loading controls (right panels) 7 days following radiation 

treatments. Data information: Data represent 3 independent experiments, mean ± SEM is shown. For 

(A), significance was determined by two-way ANOVA. For (B), asterisks indicate significance of unpaired 

t-test comparing ΔCt values (Figure 4.3). For (C), unpaired t-test was used to determine significance and 

scale bar = 100 µm. (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). *SK contributed to 

(B–D). 



110 
  

Figure 4.2. Additional verification of radiation-induced senescence in other irradiated glioblastoma 

cells. Human T98 and U118 glioblastoma cell lines were either non-irradiated (0 Gy) or treated with a 

radiation dose of 10 Gy then evaluated for markers of cellular senescence. (A) Cellular growth curves 

showing the change in cell number over time following the indicated radiation treatments. Trypan blue 

assays were performed to quantify total live cells at the indicated time points. (B) Fold change in 

expression of senescence-associated secretory phenotype (SASP) genes in 10 Gy treated cells relative to 

0 Gy treated cells 7 days following radiation treatments, based on RT-qPCR analysis. 18S rRNA levels 

were used for normalization. (C) Representative images of cells assessed for senescence-associated-β-

galactosidase activity (left panels) and quantification of cells positive for senescence-associated-β-

galactosidase activity (right panels) 7 days following the indicated radiation treatments. (D) 

Representative immunoblots showing p21 protein levels (left panels) and quantification of band signals 

(arbitrary units; A.U.) normalized to β-tubulin loading controls (right panels) 7 days following radiation 

treatments. Data information: Data represent 3 independent experiments, mean ± SEM is shown. For 

(A), significance was determined by two-way ANOVA. For (B), asterisks indicate significance of unpaired 

t-test comparing ΔCt values (Figure 4.3). For (C), unpaired t-test was used to determine significance and 

scale bar = 100 µm. (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). * XH performed 

experiments in (A–D). 
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Figure 4.3. ΔCt values used to calculate significant differences of SASP gene expression between non-

irradiated and irradiated human glioblastoma cell lines. ΔCt values of the indicated senescence-

associated secretory phenotype (SASP) genes based on RT-qPCR analysis of 0 Gy (non-irradiated) or 10 

Gy treated human glioblastoma cell lines 7 days post-irradiation. 18S rRNA levels were used for 

normalization. The glioblastoma cell lines are indicated: (A) U87, (B) ED501, (C) T98, and (D) U118. Data 

information: Data represent 3 independent experiments, mean ± SEM is shown. ΔCt values calculated 

by subtracting the Ct value of the 18S gene from the Ct value of the target gene within the same 

treatment condition. Significance determined using unpaired t-test (* = p < 0.05; ** = p < 0.01; *** = p < 

0.001). 
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4.2.2 Vaccinia virus growth is attenuated in irradiated senescence-enriched glioblastoma cell 

populations 

We next investigated the growth kinetics of oncolytic ΔF4LΔJ2R VACV and WT VACV in U87 and ED501 

cell lines under the same treatment conditions as above. Virus growth was assessed as outlined in Figure 

4.4A. Briefly, GBM cells were irradiated to induce cellular senescence (or not), then infected 7 days later 

with virus at a low multiplicity of infection (MOI; 0.03 PFU per cell) and virus yields were determined 

over a 72-hour growth period. Virus growth curves indicated that amplification of oncolytic ΔF4LΔJ2R 

VACV and WT VACV was significantly reduced in irradiated senescence-enriched U87 and ED501 cell 

lines compared to non-irradiated controls (Figure 4.4B; left panels). This effect was most pronounced 

with the patient-derived ED501 cell line, with no virus growth observed under irradiated senescence-

enriched conditions (Figure 4.4B; left panels). Additionally, attenuated growth of oncolytic ΔF4LΔJ2R 

VACV and WT VACV was observed using T98 and U118 GBM cell lines treated the same way (Figure 

4.5A, 4.5B). We extended our analysis of virus growth kinetics by treating GBM cells as above, except 

using a 100-fold higher MOI (3.0 PFU per cell) to ensure that all cells were infected at t = 0 hours. Again, 

oncolytic ΔF4LΔJ2R VACV was attenuated in both irradiated senescence-enriched U87 and ED501 cell 

lines versus non-irradiated controls, however WT VACV was only attenuated in the ED501 cell line, not 

the U87 cell line (Figure 4.4B; right panels). These data suggest that at a high MOI, attenuation of WT 

VACV growth is cell line dependent.  

Next, we cultured U87 cells under low-serum conditions to restrict cellular proliferation. Serum-starved 

U87 cells did not proliferate over 72 hours but did under normal-serum conditions (Figure 4.6A). Using 

low-serum culture conditions we assessed the growth of oncolytic ΔF4LΔJ2R VACV and WT VACV in 

irradiated and non-irradiated U87 cells infected 7 days post-irradiation with a low MOI (0.03 PFU per 

cell). Again, growth of oncolytic ΔF4LΔJ2R VACV was significantly attenuated in the irradiated 

senescence-enriched condition compared to non-irradiated (non-proliferating) controls (Figure 4.6B). 
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Figure 4.4. Vaccinia virus replication is attenuated in irradiated senescence-enriched human 

glioblastoma cell lines. (A) Experimental outline: Human U87 and ED501 glioblastoma cell lines were 

either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. 7 days later, cells were infected 

with the indicated vaccinia viruses. Lysates were harvested at the indicated times and titered by plaque 

assay to assess virus yield. (B) Amplification of oncolytic ∆F4L∆J2R and wild-type (WT) vaccinia viruses in 

0 Gy (non-irradiated; solid red lines) and 10 Gy (dashed blue lines) treated human U87 and ED501 

glioblastoma cell lines. Cells were infected with 0.03 PFU per cell (left panels) or 3.0 PFU per cell (right 

panels). Data information: Data represent 3 independent lysates titered in duplicate, mean ± SEM is 

shown. Graphs show fold change relative to lysates taken at t = 0. Significance determined by two-way 

ANOVA analysis (** = p < 0.01; *** = p < 0.001; **** = p < 0.0001). *SK contributed to (B; left panel). 

 

 

 



114 
  

Figure 4.5. Growth attenuation of vaccinia virus occurs in additional irradiated senescence-enriched 

human glioblastoma cell lines. (A) Experimental outline. Human T98 and U118 glioblastoma cell lines 

were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. 7 days later, cells were 

infected with 0.03 PFU per cell of the indicated vaccinia viruses. Lysates were harvested at the indicated 

times and titered by plaque assay to assess virus yield. (B) Growth curves showing amplification of 

oncolytic ∆F4L∆J2R and wild-type (WT) vaccinia viruses in 0 Gy (non-irradiated; solid red lines) and 10 Gy 

(dashed blue lines) treated human T98 and U118 glioblastoma cell lines. Data information: Data 

represent 3 independent lysates titered in duplicate. Mean ± SEM is shown. Graphs show fold change 

relative to lysates taken at t = 0. Significance determined by two-way ANOVA analysis (*** = p < 0.001; 

**** = p < 0.0001). *XH performed these experiments. 
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Growth of WT VACV was also reduced by ~45% 72 hours post-infection in the irradiated senescence-

enriched condition versus non-irradiated (non-proliferating) controls, though non-significantly (Figure 

4.6B). These data indicate that the decreased VACV growth observed in irradiated senescence-enriched 

conditions compared to non-irradiated controls is not solely due to increased proliferation of non-

irradiated control cells. 

Lastly, to better understand whether this attenuated virus growth was specific to VACV or applicable to 

other viruses used for OV therapy, we performed additional experiments using reovirus and the VSV 

mutant, VSVΔM51-GFP. Reovirus growth was also attenuated in irradiated senescence-enriched U87 

cells relative to non-irradiated controls (Figure 4.7). Of note, growth of reovirus was blocked in both 

irradiated and non-irradiated patient-derived ED501 cells, suggesting that pathways other than those 

implicated in senescence must restrict reovirus infection of these cells (Figure 4.7). Interestingly, unlike 

VACV, growth of VSVΔM51-GFP was unchanged between irradiated senescence-enriched ED501 cells 

and non-irradiated controls in both low MOI (0.03 PFU per cell) and high MOI (3.0 PFU per cell) 

conditions (Figure 4.8). VSVΔM51-GFP growth was also unchanged between irradiated senescence-

enriched cells and non-irradiated controls with the U87 cell line infected using a high MOI (3.0 PFU per 

cell); however, using a low MOI (0.03 PFU per cell), the growth of VSVΔM51-GFP was slightly, but 

statistically, attenuated in the irradiated senescence-enriched condition (Figure 4.8). 

Overall, these data indicate that VACV growth is attenuated in irradiated senescence-enriched GBM cell 

lines. Further, virus growth attenuation in irradiated senescence-enriched conditions is virus-dependent.  
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Figure 4.6. Growth of vaccinia virus is attenuated in irradiated senescence-enriched U87 human 

glioblastoma cells cultured in normal-serum or low-serum conditions. (A) Cellular growth curves 

showing the change in cell number over time of human U87 glioblastoma cells cultured in normal-serum 

(5% FBS; solid line) or low-serum (0.1% FBS; dashed line) conditions. Trypan blue assays were performed 

to quantify total cells at the indicated time points. (B) Growth curves showing amplification of oncolytic 

∆F4L∆J2R and wild-type (WT) vaccinia viruses in non-irradiated (0 Gy; red solid lines) and 10 Gy (dashed 

blue lines) treated human U87 glioblastoma cells. Cells were infected 7 days after radiation treatments 

with 0.03 PFU per cell and cultured in normal-serum (5% FBS; left panels) or low-serum (0.1% FBS; right 

panels) conditions. Lysates were harvested at the indicated times and titered in duplicate by plaque 

assay to assess virus yield. Data information: Data represent 3 independent experiments. Mean ± SEM is 

shown. For (B), graphs show fold change relative to lysates taken at t = 0. Significance determined by 

two-way ANOVA analysis (** = p < 0.01; **** = p < 0.0001). 
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Figure 4.7. Reovirus growth is absent or attenuated in irradiated senescence-enriched human 

glioblastoma cell lines. Growth curves showing amplification of reovirus (T3Dearing) in non-irradiated (0 

Gy; solid red lines) and 10 Gy (dashed blue lines) treated human U87 and ED501 glioblastoma cell lines. 

7 days following radiation treatments, cells were infected with reovirus (0.03 PFU per cell). Lysates were 

harvested at the indicated times and titered by plaque assay to assess virus yield. Data information: 

Data represent 3 independent lysates titered in duplicate. Mean ± SEM is shown. Graphs show fold 

change relative to lysates taken at t = 0. Significance determined by two-way ANOVA analysis (* = p < 

0.05). *KCA contributed to these experiments. 
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Figure 4.8. Oncolytic vesicular stomatitis virus growth in irradiated senescence-enriched human 

glioblastoma cell lines and non-irradiated controls. Growth curves showing amplification of VSVΔM51-

GFP in non-irradiated (0 Gy; solid red lines) and 10 Gy (dashed blue lines) treated human U87 and ED501 

glioblastoma cell lines. 7 days following radiation treatments, cells were infected with VSVΔM51-GFP 

(0.03 PFU per cell or 3.0 PFU per cell). Lysates were harvested at the indicated times and titered by 

plaque assay to assess virus yield. Data information: Data represent 3 independent lysates titered in 

duplicate. Mean ± SEM is shown. Graphs show fold change relative to lysates taken at t = 0. Significance 

determined by two-way ANOVA analysis (** = p < 0.01). *MMH contributed to these experiments. 
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4.2.3 Infectivity of vaccinia virus is reduced in irradiated senescence-enriched glioblastoma cell 

populations 

To better understand the attenuated phenotype of VACV in irradiated senescence-enriched cells, we 

stained U87 and ED501 cells with a fluorescent proliferation marker, CTV, to label radiation-induced 

senescent cells. Non-proliferating cells retain high fluorescence intensities whereas proliferating cells 

lose fluorescence intensity at each division. As outlined in Figure 4.9A, 7 days following radiation 

treatments and CTV-staining, we infected GBM cells with oncolytic ∆F4L∆J2R VACV or WT VACV and 

evaluated the number of VACV+ infected cells by staining with an antibody against the late A27 VACV 

protein 24 hours post-infection. 

In comparison to non-irradiated controls, the percentage of VACV+ cells 24 hours post-infection with 

oncolytic ∆F4L∆J2R VACV and WT VACV was significantly reduced in irradiated senescence-enriched 

conditions (Figure 4.9B; left panels). These data indicate that VACV is less infectious in GBM cell 

populations that are enriched with senescent cells post-irradiation. To better understand the interaction 

of VACV with radiation-induced senescent cells, we analyzed 10 Gy-VACV+ cells to determine whether 

these cells displayed high CTV intensity (CTVhi) or low CTV intensity (CTVlo). The majority (~85-95%) of 10 

Gy-VACV+ cells were CTVhi (Figure 4.9B; right panels) suggesting that VACV is indeed capable of 

productively infecting radiation-induced senescent cells, as opposed to being restricted to irradiated 

CTVlo cells.  

In agreement with our senescence marker analysis in Figure 4.1, the majority (~80-95%) of irradiated 

GBM cells were CTVhi compared to non-irradiated controls (Figure 4.9C) indicating enrichment for 

senescent cells post-irradiation, but also a sparse population of CTVlo cells (~5-20%; Figure 4.9D; left 

panels). We analyzed the population of virus-treated irradiated cells to determine the percentage of 

VACV+ cells within CTVhi and CTVlo categories. Interestingly, there was no significant difference between  
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Figure 4.9. Vaccinia virus infectivity is reduced in irradiated senescence-enriched human glioblastoma 

cell lines. (A) Experimental outline: Human U87 and ED501 glioblastoma cell lines were stained with a 

fluorescent cell proliferation marker (CellTrace™ Violet; CTV) then were either non-irradiated (0 Gy) or 

treated with a radiation dose of 10 Gy. 7 days later, cells were infected with 3.0 PFU per cell of oncolytic 

ΔF4L∆J2R or wild-type (WT) vaccinia viruses. 24 hours post-infection, cells were fixed then 

immunostained with an antibody against the late A27 VACV protein and imaged the next day using 

fluorescence microscopy. (B) Left panels: percent VACV+ cells 24 hours post-infection of 0 Gy or 10 Gy 

treated cells (Note: all cells were also treated with CTV). Right panels: Proportion of VACV+ irradiated 

cells that were scored as high CTV fluorescence (CTVhi, indicating few or no cell divisions) vs. those that 

were scored as low CTV fluorescence (CTVlo). (C) Percent of cells scored as CTVhi 8 days following CTV-
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staining and treatment with 0 Gy or 10 Gy (Note: all cells were treated with virus as indicated). (D) Left 

panels: proportion of irradiated cells that were CTVhi vs. those that were CTVlo 8 days following CTV-

staining (Note: all cells were treated with virus as indicated). Right panels: percentage of irradiated cells 

that were VACV+ in the CTVhi population and in the CTVlo population from the same cultures. Data 

information: Data represent 3 independent experiments, mean ± SEM is shown for (B; left panels), (C), 

and (D; right panels). For (B ; right panels, and D; left panels), the mean value from 3 independent 

experiments is shown. For (B; left panels), (C), and (D; right panels), significance determined using 

unpaired t-test (* = p < 0.05; ** = p < 0.01; **** = p < 0.0001). 
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the percentage of VACV+ cells within the CTVhi category and that in the CTVlo category (Figure 4.9D; right 

panels). Put another way, following a 10 Gy dose of radiation, both radiation-induced senescent GBM 

cells (CTVhi) and a sparse population of proliferating GBM cells (CTVlo) are equally likely to be infected, 

albeit both at lower percentages than non-irradiated controls. 

All together, these data indicate that in the irradiated senescence-enriched condition, both radiation-

induced senescent GBM cells and a sparse proliferating population of GBM cells are resistant to VACV 

infection relative to non-irradiated controls. 

4.2.4 Reduced vaccinia virus cytotoxicity in irradiated senescence-enriched glioblastoma cell 

populations 

We next evaluated the cytotoxicity of oncolytic ∆F4L∆J2R VACV and WT VACV towards irradiated 

senescence-enriched U87 and ED501 cell lines using the neutral red viability assay. As depicted in Figure 

4.10A, GBM cells were irradiated to induce cellular senescence (or left untreated), then infected 7 days 

later with increasing concentrations of virus and assessed for cell viability 72 hours post-infection. 

Dose-response curves evaluating cell viability indicated that both oncolytic ∆F4L∆J2R VACV and WT 

VACV were significantly less cytotoxic towards irradiated senescence-enriched U87 and ED501 cell lines 

compared to non-irradiated controls (Figure 4.10B). These data indicate that irradiated senescence-

enriched GBM cell populations are less susceptible to VACV-mediated cell killing consistent with our 

data on virus growth in these cells. 

4.2.5 Oncolytic ∆F4L∆J2R vaccinia virus attenuation is not explained by reduced cellular nucleotide 

biosynthesis machinery 

VACV requires the production of dNTPs to construct new virus genomes during the viral replication 

process. To this end, VACV triggers host cells to accumulate in S-phase500,501, a point in the cell-cycle in  
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Figure 4.10. Vaccinia virus is less cytotoxic to irradiated senescence-enriched human glioblastoma cell 

lines than to non-irradiated cell lines. (A) Experimental outline: Human U87 and ED501 glioblastoma 

cell lines were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. 7 days later, cells 

were infected with the indicated vaccinia viruses. 72 hours post-infection, neutral red cell viability assays 

were performed to assess cytotoxicity. (B) Dose-response curves showing cell viability 72 hours post-

infection with the indicated vaccinia viruses in 0 Gy (non-irradiated; solid red lines) and 10 Gy (dashed 

blue lines) treated glioblastoma cell lines. Data information: Data represent 3 independent experiments. 

Mean ± SEM is shown for data points. For (B), data is normalized to mock-infected control (0 PFU per 

cell = 100% cell viability) and curves fit to data points using nonlinear regression and analyzed by extra 

sum-of-square F test (* = p < 0.05; **** = p < 0.0001). 
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which cellular proteins involved in nucleotide biosynthesis are upregulated, such as cellular TK and 

cellular ribonucleotide reductase small subunit R2 (RRM2)502–504. Additionally, VACV encodes a plethora 

of its own viral nucleotide biosynthesis machinery to ensure dNTP production402.  

A possible explanation for the attenuated phenotype of oncolytic ∆F4L∆J2R VACV in irradiated cells is 

that irradiated cells are deficient in cellular nucleotide biosynthesis enzymes necessary to compensate 

for the deleted viral genes J2R (viral TK) and F4L (viral R2). Previous studies have demonstrated that 

downregulation of cellular TK reduces J2R-deleted VACV growth505, and downregulation of cellular R2 

reduces F4L-deleted VACV and ∆F4L∆J2R VACV growth (but not J2R-deleted growth)414. Furthermore, 

cellular p53R2 is a R2-related enzyme that is upregulated following radiation exposure506. Thus, to better 

understand the attenuated phenotype of ∆F4L∆J2R VACV, we used immunoblotting to evaluate protein 

levels of cellular TK1, RRM2, and p53R2 in irradiated senescence-enriched GBM cell lines and non-

irradiated controls, expecting that a decrease in levels of these proteins might explain attenuation of the 

virus in senescence cells. 

TK1 levels were significantly reduced in irradiated senescence-enriched U87 cells compared to non-

irradiated controls, but significantly increased in the ED501 cell line (Figure 4.11A). U87 and ED501 cell 

lines displayed either slightly, but significantly, increased RRM2 levels (U87), a trend towards increased 

p53R2 levels (U87), or unchanged RRM2 and p53R2 levels (ED501) in the irradiated senescence-enriched 

condition compared to non-irradiated controls (Figure 4.11B, 4.11C). Overall, TK1 in U87 cells was the 

only cellular nucleotide biosynthesis enzyme downregulated by radiation treatment. 

As further evidence that nucleotide biosynthesis was not a determining factor for growth of ∆F4L∆J2R 

VACV in irradiated senescence-enriched conditions, we examined growth of singly mutated VACVs 

under this condition. One might predict that a J2R-deleted VACV would display attenuated growth in 

irradiated senescence-enriched U87 cells and that an F4L-deleted VACV would not (given cellular TK1, 
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but not cellular RRM2, downregulation following radiation treatment). However, both J2R-deleted VACV 

and F4L-deleted VACV displayed attenuated growth post-infection of irradiated senescence-enriched 

U87 cells compared to non-irradiated controls (Figure 4.12). Of note, J2R-deleted VACV, F4L-deleted 

VACV, ∆F4L∆J2R VACV, and WT VACV (Figure 4.12; Figure 4.4B, 4.4C) all displayed growth attenuation 

following radiation-induced senescence of the ED501 cell line compared to non-irradiated controls, yet 

no downregulation of cellular nucleotide biosynthesis enzymes following radiation treatment was 

observed with the ED501 cell line. In summary, decreased levels of cellular nucleotide biosynthesis 

enzymes does not explain the attenuated phenotype of ∆F4L∆J2R VACV. 

4.2.6 Radiation-induced senescence of human glioblastoma cells increases expression of NF-κB-

associated genes, but not type I interferon related genes 

The type I IFN system and the NF-κB pathway are established antiviral players507,508. Further, radiation-

induced DNA damage is implicated in activating the type I IFN system419, and activation of the NF-κB 

pathway promotes cellular senescence509,510. Thus, we hypothesized that these antiviral-associated 

pathways could be active in irradiated senescence-enriched GBM cell populations and potentially 

responsible for VACV attenuation. 

To elucidate whether these pathways were active, we assessed expression of several genes associated 

with the type I IFN system (IFNβ, MX1, and ISG15) and the NF-κB pathway (IκBα, IL1β, and TNFα) in 

irradiated senescence-enriched GBM cell populations and non-irradiated controls 7 days following 

radiation treatments. IFNβ is a prototypical type I IFN that activates a plethora of IFN-stimulated genes 

(ISGs)308,511. MX1 and ISG15 are well-characterised ISGs512,513. IκBα is a cytoplasmic inhibitor of NF-κB 

that participates in a negative feedback loop to suppress NF-κB activity; its gene expression is activated 

by NF-κB514. As well, NF-κB induces expression of genes encoding the pro-inflammatory factors IL1β and 

TNFα515. 
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Figure 4.11. Protein levels of cellular nucleotide biosynthesis enzymes in irradiated senescence-

enriched human glioblastoma cell lines and non-irradiated controls. Human U87 and ED501 

glioblastoma cell lines were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. 7 days 

later, whole cellular lysates were isolated and analyzed by immunoblotting. Representative images of 

immunoblots (left panels) and quantified band signals (arbitrary units, A.U.; right panels) show 

expression of nucleotide biosynthesis enzymes: (A) thymidine kinase 1 (TK1); (B) ribonucleotide 

reductase regulatory subunit M2 (RRM2); (C) p53 inducible small subunit of ribonucleotide reductase 

(p53R2). β-actin or β-tubulin were used as loading controls. Data information: Data represent 3 

independent experiments. Quantified band signal was determined by normalizing probed signal with 

loading control signal. For (A–C; right panels), mean ± SEM is shown, and unpaired t-test was used to 

determine significance (* p < 0.05; ** p < 0.01). *SK contributed to these experiments. 
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Figure 4.12. J2R- and F4L-deleted vaccinia viruses display attenuated growth in irradiated senescence-

enriched human glioblastoma cell lines. (A) Human U87 and ED501 glioblastoma cell lines were either 

non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. 7 days later, cells were infected with 

0.03 PFU per cell of the indicated vaccinia viruses. Lysates were harvested at the indicated times and 

titered by plaque assay to assess virus yield. (B) Growth curves showing amplification of J2R-deleted and 

F4L-deleted vaccinia viruses in non-irradiated (0 Gy; solid red lines) and 10 Gy (dashed blue lines) 

treated human U87 and ED501 glioblastoma cell lines. Data information: Data represent 3 independent 

lysates titered in duplicate. Mean ± SEM is shown. Graphs show fold change relative to lysates taken at t 

= 0. Significance determined by two-way ANOVA analysis (* = p < 0.05; **** = p < 0.0001). 
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Expression of IFNβ, MX1, and ISG15 was not significantly different between irradiated and non-

irradiated controls (Figure 4.13A). These data suggest that the type I IFN system is not upregulated in 

irradiated senescence-enriched GBM cell populations. However, expression of IκBα and IL1β was 

significantly upregulated in irradiated senescence-enriched U87 and ED501 cell lines compared to non-

irradiated controls (Figure 4.13B). Further, with the U87 cell line, expression of TNFα was upregulated in 

the irradiated senescence-enriched condition compared to non-irradiated controls (Figure 4.13B). 

Collectively, these data suggest that the NF-κB pathway may be activated in irradiated senescence-

enriched GBM cell populations, but not the type I IFN system. 

4.2.7 Irradiated senescence-enriched human glioblastoma cell populations secrete factors that can 

attenuate vaccinia virus in non-irradiated bystander cells 

The SASP is a unique characteristic of senescent cells in which a variety of factors including cytokines, 

chemokines, mitogens, and proteases are secreted and can cause various downstream effects131. 

Secreted factors from radiation-induced senescent cells generate bystander effects in nearby non-

senescent cells516–518. These reports coupled with the observation that, 7 days following irradiation, the 

senescent cell population in the culture was equally resistant to VACV infection as the proliferating 

population in the same culture (Figure 4.9D), led us to hypothesize that radiation exposure may induce 

secretion of antiviral factors that might affect virus replication in nearby non-senescent cells. To assess 

induction of potential antiviral bystander effects we performed CM experiments as outlined in Figure 

4.15A. Briefly, cellular senescence was induced by irradiating U87 and ED501 cell lines and incubating 

for 7 days (non-irradiated cells were used as controls), then cell culture medium was replaced with fresh 

medium and conditioned for 48 hours. Virus growth assays were performed with fresh radiation-naïve 

GBM cells using CM from irradiated and non-irradiated cells. The growth of oncolytic ∆F4L∆J2R VACV 

and WT VACV was assessed 72 hours post-infection.  
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Figure 4.13. Radiation-induced senescence of human glioblastoma cells increases expression of NF-κB-

associated genes, but not type I interferon related genes. Human U87 and ED501 glioblastoma cell 

lines were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. 7 days later, RNA was 

isolated and gene expression analyzed by RT-qPCR with 18S rRNA used for normalization. Shown is the 

increase in expression in 10 Gy treated relative to non-irradiated (0 Gy) glioblastoma cells of the 

following gene panels: (A) Type I interferon (IFN) related genes; (B) NF-κB-associated genes. Data 

information: Data represent 3 independent experiments, mean ± SEM is shown. Asterisks indicate 

unpaired t-test comparing ΔCt values (* = p < 0.05; ** = p < 0.01; *** = p < 0.001; ΔCt values are shown 

in Figure 4.14). 
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Figure 4.14. ΔCt values used to calculate significant differences of IFN- and NF-κB-associated gene 

expression between non-irradiated and irradiated human glioblastoma cell lines. ΔCt values of: (A) 

type I interferon (IFN) related genes, (B) NF-κB-associated genes; based on RT-qPCR analysis of non-

irradiated (0 Gy) and 10 Gy treated human U87 and ED501 glioblastoma cell lines 7 days following 

radiation treatments. 18S rRNA levels were used for normalization. Data information: Data represent 3 

independent experiments, mean ± SEM is shown. ΔCt values calculated by subtracting the Ct value of 

the 18S gene from the Ct value of the target gene within the same treatment condition. Significance 

determined using unpaired t-test (* = p < 0.05; ** = p < 0.01; *** = p < 0.001). 
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Figure 4.15. Irradiated senescence-enriched human glioblastoma cell populations secrete factors that 

can attenuate vaccinia virus growth. (A) Experimental outline: Human U87 and ED501 glioblastoma cell 

lines were either non-irradiated (0 Gy) or treated with a radiation dose of 10 Gy. 7 days later, culture 

medium was replaced, and conditioned for 48 hours. Fresh radiation-naïve glioblastoma cell lines were 

cultured in this conditioned medium during subsequent virus growth assays. Lysates were harvested 

immediately after infection (0 hour) and 72 hours post-infection, then titered in duplicate by plaque 

assay to assess virus yield. (B) Graphs showing fold change in virus yield of oncolytic ∆F4L∆J2R or wild-

type (WT) vaccinia viruses 72 hours post-infection in fresh radiation-naïve glioblastoma cells cultured 

using conditioned medium from either non-irradiated (0 Gy) or 10 Gy treated glioblastoma cells (the cell 

type infected was matched to the cell type used to condition the media). Cells were infected with 0.03 

PFU per cell. Data information: Data represent 3 independent experiments, mean ± SEM is shown. 

Graphs show fold change relative to lysates taken at t = 0. Significance determined by unpaired t-test (* 

= p < 0.05). 
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To varying extents, decreases in virus yield were observed in radiation-naïve U87 and ED501 cells 

cultured using CM from irradiated senescence-enriched sources compared with cells cultured using CM 

from non-irradiated controls (Figure 4.15B). Decreased virus yield was particularly apparent with the 

ED501 cell line. The mean yield of oncolytic ∆F4L∆J2R VACV and WT VACV was reduced by ~86% and 

~71%, respectively, in radiation-naïve cells cultured using CM from irradiated senescence-enriched 

sources compared with radiation-naïve cells cultured using CM from non-irradiated controls (Figure 

4.15B), though, only the reduction in WT VACV was significant. With the U87 cell line, the mean yield of 

oncolytic ∆F4L∆J2R VACV and WT VACV was reduced by ~21% and ~33%, respectively, in radiation-naïve 

cells cultured using CM from irradiated senescence-enriched sources compared to radiation-naïve cells 

cultured using CM from non-irradiated controls (Figure 4.15B), although reductions in virus yield were 

non-significant. These data indicate that irradiated senescence-enriched GBM cell populations may 

secrete factors that induce bystander cells to impair VACV amplification. 

4.3 Discussion 

Senescence is a stable growth-arrested cellular state that exhibits unique secretory characteristics. 

Cellular senescence is not only induced by ionizing radiation, but by a broad range of stimuli including 

telomere attrition from repeated replicative cycles, upregulated oncogenes, hypoxia, dysfunctional 

mitochondria, oxidative stress, and genotoxic agents (among others)135. Further, senescent cells are 

implicated in a spectrum of biological processes including developmental activities165, tissue repair169,519, 

inflammation and alerting host immunological systems160,520,521, age-related pathology522,523, and 

cancer524.  

In the context of cancer, the effects of cellular senescence are nuanced, inducing both desirable tumor-

suppressive effects177–179 and undesirable tumor progression in a plethora of ways, such as by facilitating 

cancer relapse181, enhancing invasiveness182, contributing to tumor growth132,183, inducing de novo 
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cancer stem cells133, and inducing heightened aggressiveness in a subset of cancer cells that escape the 

senescent state133,184. Specific to GBM and radiotherapy, several studies have demonstrated detrimental 

tumor-promoting effects of GBM cells induced to senesce by ionizing radiation426,525, and removal of 

senescent GBM cells was shown to improve outcomes in preclinical GBM models427. Hence, eradication 

of radiation-induced senescent cancer cells may optimize therapeutic outcomes, although it is unclear 

whether or how OV therapy may contribute to destruction of senescent tumor cells. Despite myriad 

studies on cellular senescence, reports on virus interactions with senescent cells are limited and the 

data are conflicting. Some studies indicate that viruses exploit cellular senescence to their benefit428,429, 

while others indicate that cellular senescence is associated with antiviral properties430–432,526. Further, 

some evidence that OV therapy may offer enhanced killing of senescent cancer cells exists, such as that 

reported in a study of an oncolytic measles vaccine virus434. It is unknown how VACV-based OVs interact 

with radiation-induced senescent cancer cells. Given that OV therapy is being investigated in 

combination with radiotherapy (a senescence inducing agent) to advance the treatment of GBM327, in 

conjunction with inconsistent and limited reports regarding VACV interactions with senescent cells, we 

were interested in better understanding how a VACV-based OV interacts with radiation-induced 

senescent GBM cells.  

We observed that both a VACV-based OV, ΔF4LΔJ2R, and WT VACV displayed an attenuated phenotype 

towards irradiated senescence-enriched GBM cell populations. Both viruses exhibited impaired growth 

kinetics (Figure 4.4; Figure 4.5; Figure 4.6), were less infectious (Figure 4.9), and showed decreased 

cytotoxic capabilities (Figure 4.10) towards irradiated senescence-enriched GBM cell populations 

compared to non-irradiated GBM cells in vitro. The attenuation of ΔF4LΔJ2R VACV in irradiated 

senescence-enriched conditions is not explained by a lack of cellular nucleotide biosynthesis proteins 

required to compensate the viral gene deletions of F4L and J2R (Figure 4.11; Figure 4.12). Further, 

attenuation was also observed with WT VACV, which encodes these genes that are deleted in the 
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mutant. These findings indicate that the senescent state is associated with VACV attenuation and not 

simply changes in cellular nucleotide biosynthesis levels. Primarily, these data are consistent with the 

idea that cellular senescence is associated with antiviral activity and highlight an important 

consideration for optimizing treatment plans that combine VACV-based OVs with radiation. Perhaps 

treating first with VACV-based OVs—before radiation induces cellular senescence—may optimize the 

therapeutic potential of the OV treatment because the OV is able to infect more tumor cells and 

replicate more effectively, enabling greater amounts of viral progeny to infect/spread through adjacent 

tumor cells than there would otherwise be in senescence-enriched conditions. Further investigation of 

this concept is an obvious next step. Of note, treating GBM mouse models with 10 Gy of radiation 

followed by ∆F4L∆J2R VACV 48 hours later produced vastly superior tumor control relative to either 

modality alone while also inducing immune protection120. Therefore, it may also be the case that using 

OV therapy shortly after radiotherapy (also before radiation induces senescence) avoids senescence-

associated antiviral activity. 

Our data also indicate that WT VACV is more efficient at producing infectious virions than mutant 

∆F4L∆J2R VACV as WT VACV yields were higher throughout virus growth assays (Figures 4.4 and 4.15). 

This observation likely reflects the inherent deficiencies of ∆F4L∆J2R VACV relative to WT VACV due to 

the deletion of virus-encoded nucleotide biosynthesis machinery. Interestingly, the percentage of VACV-

infected cells was similar between WT VACV and ∆F4L∆J2R VACV at 24 hours, suggesting that the uptake 

of the two viruses is similar (Figure 4.9). It should be emphasized that WT VACV is not suitable as an 

anti-GBM therapeutic due to toxicities—the LD50 in mice is a mere 10 PFU453—whereas ∆F4L∆J2R VACV 

was safe and effective at a dose of 10,000,000 PFU when used to treat GBM mouse models120. 
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Though our studies with VACV/reovirus reinforce the hypothesis that cellular senescence is associated 

with antiviral activity, this is not an absolute and likely depends on the virus in question. We observed 

that reovirus, which is a naturally tumor-selective OV, also displayed attenuated growth kinetics in 

irradiated senescence-enriched U87 cells compared to non-irradiated controls (Figure 4.7)—

corroborating the notion of senescence-associated antiviral activity. In contrast, we did not see 

attenuation of VSVΔM51-GFP growth in irradiated senescence-enriched GBM cell populations, except 

marginally, at a low MOI infection with U87 cells (Figure 4.8)—indicating that radiation-induced 

senescence had little to no impact on the growth of VSVΔM51-GFP. Of note, the deletion of methionine 

51 in the M protein of VSVΔM51-GFP prevents this mutant virus from blocking IFN responses, therefore 

this virus is attenuated in normal IFN-responsive cells and not in malignant cells (which often have 

compromised IFN signaling)443. Therefore, the fact that VSVΔM51-GFP grew similarly in irradiated and 

non-irradiated GBM cells is consistent with our data indicating that the type I IFN system is not 

upregulated in irradiated senescence-enriched GBM cell populations (Figure 4.13). Further, cellular 

senescence can promote virus activities. Viral replication of influenza virus and varicella zoster virus was 

enhanced, respectively, in senescent human bronchial epithelial cells and senescent human dermal cells 

versus non-senescent cells due to a decreased IFN response in senescent cells relative to non-senescent 

cells following virus infections428. The infectivity of dengue virus was enhanced in senescent human 

monocytic THP-1 cells relative to non-senescent cells due to increased levels of the viral entry receptor, 

DC-SIGN, on senescent cells relative to non-senescent cells429. Lastly, an oncolytic measles vaccine virus 

displayed enhanced killing of chemotherapy-induced cancer cells—interestingly, although the 

mechanism was not elucidated, it was determined to not involve a senescence-associated decrease in 

IFN responsiveness following virus infection or a senescence-associated upregulation of a virus entry 

receptor434. In conjunction with our data, these studies highlight the nuances of virus interactions with 
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senescent cells and underscore another important consideration for optimizing the combination of OVs 

with senescence inducers like radiation: the choice of virus may matter. 

Importantly, although VSV was not the focus of our studies, it should be mentioned that some of our 

data with VSVΔM51-GFP conflicts with previous studies investigating WT VSV. Other studies showed 

that WT VSV was attenuated towards replication-induced, chemotherapy-induced, and oncogene-

induced senescent human tumor cells and/or primary mouse cells432, whereas we observed little to no 

attenuation of  VSVΔM51-GFP in radiation-induced senescence conditions. The contradiction between 

our study and that done by Baz-Martinez et al. (2016)432, indicates that different senescence-inducing 

stimuli may induce different types of senescence-associated antiviral activity. The protein contents of 

the SASP secretome exhibit large variations depending on the stimuli used to induce senescence527 and 

factors associated with the SASP have been implicated in partially inducing antiviral properties in 

exposed cells432. It is tempting to speculate that different senescence-inducing stimuli may induce 

senescence-associated antiviral activity to varying extents due to differing SASP secretomes depending 

on the senescence-inducer. 

We observed increased expression of NF-κB associated genes but not genes associated with the type I 

IFN system in irradiated senescence-enriched GBM cell populations compared to non-irradiated controls 

(Figure 4.13). NF-κB  is a master regulator of the SASP, and SASP-factors can reinforce senescence in an 

autocrine manner while also inducing senescence of adjacent cells in a paracrine manner140,141,509. Given 

the relevance of NF-κB signaling with senescence, it is not surprising that radiation-induced senescent 

GBM cells exhibited increased expression of NF-κB-associated genes. Further, activation of NF-κB is a 

well established antiviral signaling system508 and VACV encodes a plethora of viral inhibitors to thwart 

host NF-κB activation in order to operate optimally237,528–530. Given the role NF-κB plays in antiviral 

signaling, our findings suggest that activation of NF-κB pathways may have contributed to the decreased 

susceptibility of radiation-induced senescent GBM cells to VACV. 
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Lastly, CM experiments revealed suppression of ΔF4LΔJ2R VACV and WT VACV growth in non-irradiated 

GBM cells cultured in media taken from irradiated senescence-enriched GBM cell populations versus 

media from non-irradiated controls (Figure 4.15). This finding indicates that factors secreted by 

irradiated senescence-enriched GBM cell populations induce an antiviral bystander effect in non-

irradiated GBM cells. At least one other study using WT VSV corroborates the notion of a senescence-

associated antiviral bystander effect. The cytotoxicity of WT VSV towards A549 lung cancer cells and 

primary mouse embryo fibroblast cells was impaired when cultured using CM from senescent versus 

non-senescent cells432. Our data also suggest that the SASP is implicated in bystander paracrine antiviral 

activation. Further investigation should include cytokine arrays to identify the specific SASP components 

that may be involved in this senescence-associated antiviral activity. 

In conclusion, we show that both oncolytic ΔF4LΔJ2R VACV and WT VACV display less productive 

infectivity, attenuated growth, and decreased cytotoxic capabilities in irradiated senescence-enriched 

GBM cell populations. The resistance of radiation-induced senescent GBM cells to VACV may be in part 

mediated by NF-κB signaling and SASP-associated bystander effects. This research implicates radiation-

induced cellular senescence as an antiviral state that impairs VACV. Further, our findings underscore 

important treatment planning considerations for the combination of VACV-based oncolytic therapies 

with senescence-inducing agents like radiotherapy. 
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CHAPTER 5: General Discussion and Future Direc�ons 
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5.1 General summaries and key findings 

5.1.1 Radia�on combined with oncoly�c vaccinia virus. GBM is an incurable brain cancer that 

requires novel therapeu�c approaches to improve outcomes. The primary objec�ve of this disserta�on 

was to assess whether radia�on used in concert with oncoly�c VACV therapy may improve treatment of 

GBM. We ini�ally evaluated the growth kine�cs and cytotoxicity of ΔF4LΔJ2R VACV in vitro using up to 

14 different GBM cell lines that consisted of established human GBM cell lines, pa�ent-derived GBM and 

BTIC lines, and mouse GBM/BTIC lines–with or without irradia�on. A subset of GBM cell lines were used 

to generate three-dimensional Matrigel™-embedded GBM structures in vitro to assess ΔF4LΔJ2R VACV 

dissemina�on through, or interference with, invasive GBM extensions. Overall, ΔF4LΔJ2R VACV 

displayed broad an�-GBM ac�vity as the virus replicated in and killed non-irradiated and irradiated GBM 

cells, as well as spread through and interfered with GBM spheroids in the three-dimensional invasion 

assays. It should be noted that the infec�on of three-dimensional GBM structures u�lized a novel, 

precise, delivery procedure that was developed during these inves�ga�ons. These promising in vitro 

findings with oncoly�c ΔF4LΔJ2R VACV encouraged further in vivo inves�ga�ons. 

Intracranial administra�on of ΔF4LΔJ2R VACV was safe and well-tolerated up to 107 PFU (approaching 

the highest feasible dose) in non-tumor-bearing, severely immune-compromised, NSG mice or in 

syngeneic orthotopic CT2A-luc mouse models as demonstrated by dose-escala�on experiments–

greenligh�ng further studies to evaluate the efficacy of radia�on in combina�on with ΔF4LΔJ2R VACV. 

We next treated CT2A-luc mouse models with a single 10 Gy dose of radia�on and 107 PFU of ΔF4LΔJ2R 

VACV. Strikingly, the combina�on cured the majority of mice and significantly enhanced survival rela�ve 

to either monotherapy. Importantly, a por�on of cured mice also rejected or resisted intracranial tumor 

challenges indica�ng induc�on of an�tumor immunological memory. Moreover, the CD8+:Treg ra�o 

within the brain TME was increased most by the combina�on rela�ve to the other therapies used alone, 



140 
  

indica�ng that radia�on in concert with ΔF4LΔJ2R VACV may alter the immunological milieu towards a 

state favorable for an�tumor immune responses. Key results are summarized in Figure 5.1. 

5.1.2 Radia�on-induced senescence and vaccinia virus. The interac�on of viruses with 

senescent cells is an understudied area. Given senescence is an outcome following irradia�on of cancer 

cells, and OV therapy is inves�gated in combina�on with radiotherapy, we sought to beter understand 

how VACV interacts with radia�on-induced senescent GBM cells. First, we established that radia�on 

consistently induced senescence in several human GBM cell lines in vitro. Next, we evaluated the growth 

kine�cs, produc�ve infec�vity, and cytotoxicity of oncoly�c ΔF4LΔJ2R VACV, as well as WT VACV for 

comparison, using irradiated senescence-enriched GBM cell lines and non-irradiated controls in vitro. 

We discovered that both oncoly�c ΔF4LΔJ2R VACV and WT VACV exhibited atenuated phenotypes in 

irradiated senescence-enriched condi�ons based on the metrics men�oned above. Interes�ngly, under 

the same condi�ons when we assessed the growth kine�cs of two other OVs, reovirus and VSVΔM51-

GFP, we observed that reovirus was atenuated, but VSVΔM51-GFP was not, indica�ng non-uniform 

senescence-associated an�viral ac�vity. A decrease in cellular nucleo�de biosynthesis enzymes–cellular 

proteins which are required to compensate ΔF4LΔJ2R VACV gene dele�ons–did not explain this 

atenua�on in irradiated senescence-enriched condi�ons. To beter understand the observed VACV 

atenua�on we evaluated two established an�viral pathways and observed increased expression of NF-

κB-associated genes, but not type I IFN related genes. Lastly, CM experiments revealed that irradiated 

senescence-enriched GBM cell popula�ons may release factors which prime bystander cells to resist 

VACV amplifica�on. Key results are summarized in Figure 5.2.  

Overall, our work provides substan�al jus�fica�on for the clinical evalua�on of radia�on in combina�on 

with oncoly�c VACV therapy, as well as provides an improved understanding of how senescence impacts 

VACV ac�vity. These findings reveal a set of novel applica�ons and possible opportuni�es for future 

explora�on that will be outlined over the next several sec�ons. 
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Figure 5.1. Summary of studies inves�ga�ng the applicability and efficacy of radia�on in combina�on 

with oncoly�c ΔF4LΔJ2R vaccinia virus for the treatment of glioblastoma. In vitro (top panel): Oncoly�c 

ΔF4LΔJ2R vaccinia virus replicated in and killed a panel of non-irradiated and irradiated human and 

mouse glioblastoma/brain tumor ini�a�ng cell lines. The virus spread through invasive tumor extensions 

and limited the expansion of glioblastoma spheroids in three-dimensional invasion assays. In vivo 

(botom panel): The virus was safe and well-tolerated up to the highest feasible dose (107 PFU). A single 

10 Gy dose of radia�on combined with ΔF4LΔJ2R vaccinia virus significantly extended survival of 

orthotopic CT2A-luc mouse models rela�ve to either treatment alone and cured the majority of mice. 

An�tumor immunological memory was induced in a por�on of cured mice treated with the combina�on. 

The brain tumor microenvironment of combina�on-treated mice exhibited the highest CD8+ to 

regulatory T cell ra�o. Abbrevia�ons/symbols: CD8+, cytotoxic CD8+ T cells; GBM, glioblastoma; PFU, 

plaque-forming units; Tregs, regulatory T cells. Upward orientated arrows indicate an increase. 
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Figure 5.2. Summary of studies inves�ga�ng the interac�on of wild-type and oncoly�c ΔF4LΔJ2R 

vaccinia viruses with irradiated senescence-enriched glioblastoma cell popula�ons. The growth 

kine�cs, produc�ve infec�vity, and cytotoxicity of both oncoly�c ΔF4LΔJ2R VACV and WT VACV were 

atenuated in irradiated senescence-enriched glioblastoma cell popula�ons rela�ve to non-irradiated 

controls in vitro. The senescence-enriched condi�on displayed increased expression of NF-κB-associated 

genes but not type I interferon-related genes. Condi�oned media experiments indicated that irradiated 

senescence-enriched GBM cells released factors that made non-irradiated bystander cells resistant to 

VACV amplifica�on. Abbrevia�ons/symbols: GBM, glioblastoma; IFN, interferon; WT, wild-type. 

Downward orientated arrows indicate a decrease, upward orientated arrows indicate an increase. Equals 

sign indicates no change. 
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5.2 Radiotherapy and Oncoly�c Vaccinia Virus 

5.2.1 Applica�ons 

Our preclinical valida�on of the therapeu�c benefits of combining radia�on with ΔF4LΔJ2R VACV 

suggests several opportuni�es for its prac�cal applica�on. 

5.2.1.1 Stereotac�c radiosurgery. SRS can be used as a salvage therapy for recurrent GBM, 

offering a non-invasive treatment op�on that delivers a precise and high radia�on dose to the tumor 

site116. However, even though some pa�ents may experience modest benefits, virtually all succumb to 

the disease. Based on our preclinical research, we propose that the addi�on of ΔF4LΔJ2R VACV following 

a high dose of radia�on could enhance therapeu�c benefits for pa�ents in this clinical scenario. On an 

added note, pa�ents’ lymphocyte and other leukocyte counts begin increasing at later �mepoints 

following TMZ withdrawal (although, the counts s�ll remain below the pre-treatment baseline)100,101. 

Boosted by this increasing immunological baseline post-chemotherapy, there is poten�al for the OV-

radia�on combina�on to exhibit immune-mediated efficacy and improve therapeu�c outcomes in the 

recurrent se�ng. 

5.2.1.2 Modula�on of tumor microenvironments. An exci�ng area of research for enhancing 

GBM treatment involves transforming immunologically "cold” TMEs into "hot" ones with the goal of 

reversing immune-suppression to trigger robust an�tumor immune responses125. Our data demonstrate 

that combining radia�on with ΔF4LΔJ2R VACV can lead to the development of an�tumor immunological 

memory and dis�nct augmenta�ons within the T cell compartment in the brain TME, sugges�ng that 

this therapeu�c combina�on could be effec�ve overcoming immune-suppression and ac�va�ng the 

immune system against GBM cells. By exploi�ng this property, this mul�modal therapy has the poten�al 

to enhance other immune-based treatments for GBM, paving the way for further improvement of GBM 
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therapy by u�lizing unique “triple combina�on” strategies (i.e., radia�on, ΔF4LΔJ2R VACV, plus any one 

of several promising immunotherapies, two of which are discussed here). 

5.2.1.3 Immune checkpoint blockade. Within the realm of immunotherapy, ICB is an obvious 

approach to induce poten�al synergy when used in combina�on with radia�on and oncoly�c VACV. ICB 

is a revolu�onary form of cancer immunotherapy that u�lizes monoclonal an�bodies designed to 

unleash an�tumor immune responses by blocking ac�va�on of specific inhibitory receptors found on the 

surface of T cells531. Though ICB has exhibited impressive results trea�ng other cancers, in cases where 

pa�ents with recurrent GBM have been treated with ICB (i.e., an�-programmed cell death protein [PD-

1]), the therapy has not significantly improved responses, likely due to low levels of T cells and an 

abundance of immune-suppressive cells in the TME. Therefore, in this clinical situa�on the combina�on 

of radia�on with ΔF4LΔJ2R VACV may enhance the effec�veness of ICB by recrui�ng increased levels of 

CD8+ cytotoxic T cells and reducing Tregs. Furthermore, radiotherapy and OV therapy offer 

supplementary direct mechanisms to kill cancer cells, which ICB lacks. These direct cancer killing 

features have the poten�al to decrease the tumor burden, reducing the number of remaining cancer 

cells for ICB-ac�vated T cells to eliminate. 

Lending support to the addi�on of radia�on and OV therapy to ICB, several studies inves�ga�ng GBM 

treatments have reported promising results combining ICB with either radia�on alone or several 

different oncoly�c VACVs alone. A radia�on dose of 10 Gy in combina�on with an�bodies against PD-1 

yielded improved outcomes rela�ve to monotherapies when trea�ng orthotopic GL261-luc mouse GBM 

models532. The addi�on of another immune checkpoint inhibitor (ICI), an�-T-cell immunoglobulin mucin-

3 (TIM-3), to radia�on/an�-PD-1 therapy resulted in complete clearance of GL261 brain tumors in 

mice533. Several different oncoly�c VACVs used in combina�on with an�-PD-1 have also shown improved 

preclinical outcomes trea�ng MC38 colorectal cancer534,535 and GL261 brain tumors536. One very recent 

study assessed an oncoly�c HSV, radia�on, and ICB against preclinical melanoma and found that the 
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triple combina�on was superior to oncoly�c HSV and radia�on537. Interes�ngly, this preclinical study 

also reported one clinical case of a pa�ent with cutaneous squamous carcinoma and pulmonary 

metastases that showed near complete resolu�on of disease 44 months following administra�on of the 

triple combina�on537. Lastly, given the propensity for immune-related adverse events (IRAEs) with ICB538, 

the addi�on of oncoly�c VACV to radia�on-ICB protocols, or radia�on to oncoly�c VACV-ICB protocols 

may enable lower doses of ICIs to be used, mi�ga�ng IRAEs, while hopefully s�ll offering similar 

therapeu�c benefits. These various reports in conjunc�on with our studies support the no�on of 

inves�ga�ng the addi�on of radia�on and oncoly�c VACV therapy to ICB as a novel therapeu�c 

approach to improve GBM treatment. 

5.2.1.4 Chimeric an�gen receptor T cell therapy. CAR-T cell therapy is an emerging 

immunotherapy that uses synthe�c transmembrane receptors engineered to redirect T cells to 

recognize cancer cells expressing a specified target an�gen in an MHC-independent manner. This 

recogni�on leads to robust CAR-T cell ac�va�on and potent an�tumor responses539. EGFRvIII is a 

prevalent target an�gen present on the surface of GBM cells. Some CAR-T cells are engineered to bind 

to EGFRvIII which triggers subsequent CAR-T-cell-mediated destruc�on of these cancer cells. EGFRvIII-

directed CAR-T cell therapy for the treatment of recurrent GBM, although showing some promise, 

resulted in increased infiltra�on of immune-suppressive Tregs and decreased EGFRvIII target an�gen 

expression540–both of which are limi�ng factors for op�mal CAR-T cell therapeu�c effects539. Our study 

indicated that radia�on in combina�on with ΔF4LΔJ2R VACV may reduce the burden of Tregs in the 

brain TME by increasing the CD8+:Treg ra�o, which could benefit CAR-T cell therapy by crea�ng a less 

immune-suppressive TME. Moreover, the addi�on of radia�on and OV therapy to CAR-T cell therapy 

might provide a more comprehensive approach to beter tackle GBM heterogeneity, poten�ally 

compensa�ng the an�gen escape associated with CAR-T cell therapy. This can be achieved through 
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either immune-mediated an�tumor responses induced by the combined therapy or by the direct non-

specific cell-killing effects of radia�on and OV therapy. 

Furthermore, though not the focus of our studies, radia�on and OV therapy may benefit CAR-T cell 

therapy in several ways. In a preclinical study, radia�on enhanced the suscep�bility of an�gen-nega�ve 

tumor cells (those not recognized by CAR-T cells) to TRAIL, which was released by ac�vated CAR-T cells 

as they engaged with an�gen-posi�ve tumor cells541. In this way, radia�on enabled CAR-T-cell-mediated 

killing independent of the designed target an�gen, a characteris�c desirable for overcoming an�gen 

escape541. Addi�onally, an oncoly�c VACV designed to express C-X-C mo�f chemokine ligand 11 

(CXCL11) enhanced recruitment of infused CAR-T cells to the tumor site and improved an�tumor 

efficacy542. The findings from these studies, along with our own valida�on of radia�on combined with an 

oncoly�c VACV, provide support for pursuing further inves�ga�ons into this triple combina�on as a 

poten�al means to enhance GBM treatment. 

5.2.2 Improving efficacy of the combina�on 

Given the likelihood that the an�tumor efficacy of radia�on combined with ΔF4LΔJ2R VACV is par�ally 

driven by immune-mediated processes, it is important to explore and implement strategies that could 

further enhance this effect. Some strategies are highlighted next. 

5.2.2.1 Virus-encoded transgenes. ΔF4LΔJ2R VACV, encodes several transgenes, but does not 

include any intended to enhance an�tumor efficacy. However, VACV can accommodate large gene�c 

inser�ons and is o�en equipped with transgenes to boost its an�tumor effec�veness. There are many 

candidate transgenes that could be employed to poten�ate oncoly�c VACV an�tumor immune 

responses. Some frui�ul candidates are interleukin (IL)-12, IL-2, and IL-7 (among others). It should be 

men�oned that early clinical trials using systemic cytokine therapies, such as IL-2 and IL-12, observed 

adverse life-threatening toxici�es543,544. However, it is worth no�ng that the implementa�on of novel 



148 
  

“membrane-tethered” cytokines used in conjunc�on with OVs offers improved safety by confining 

cytokines within the TME398,535, poten�ally mi�ga�ng the issues associated with systemic cytokine 

administra�on. IL-12 promotes the development of a Th1 immune response and ac�vates CD8+ 

cytotoxic T cells545, both of which are important in the context an�tumor immunity. Indeed, the use of 

an oncoly�c VACV expressing tethered-IL-12 profoundly altered the TME when trea�ng colon cancer 

models. The virus resulted in enhanced ac�va�on of CD4+ and CD8+ T cells and a reduc�on in exhausted 

CD8+ T cells. Addi�onally, there was a decrease in immune-suppressive cytokines, Tregs, and MDSCs. 

Similar TME altera�ons such as increased ac�va�on of CD4+ and CD8+ T cells, less CD8+ T cell 

exhaus�on, and reduced Tregs were observed using an oncoly�c VACV expressing tethered-IL-2, a T cell 

growth factor that can enhance CD8+ T cell an�tumor ac�vity398,546. IL-7 is involved in T cell survival and 

suppor�ng memory T cells547. Interes�ngly, the use of an oncoly�c VACV expressing both IL-7 and IL-12 

demonstrated enhanced recruitment of CD4+ and CD8+ T cells to the TME compared to viruses 

expressing only one of the cytokines. This study suggests that strategically combining mul�ple 

transgenes using an oncoly�c VACV pla�orm can synergis�cally modulate the TME and op�mize 

therapeu�c impact. Considering this, Umer et al. (2020)354 reported enhanced responses trea�ng 4T1 

breast cancer models with oncoly�c VACVs that had dele�ons of genes that disrupt IFN signaling (i.e., 

B8R, B18R, C6L, and N1L). In addi�on to the sites deleted in ΔF4LΔJ2R VACV already, these gene dele�on 

sites are promising candidates for inser�ng the above-men�oned transgenes, poten�ally crea�ng an 

oncoly�c VACV with superior an�tumor immune modula�ng capaci�es to be used in combina�on with 

radia�on. Lastly, it is important to men�on that apart from incorpora�ng cytokine transgenes, other 

transgenes such as chemokines548, Toll-like receptor ac�vators549, and T cell engagers369 also enhance 

the efficacy of oncoly�c VACVs–these approaches could also be explored to produce a superior virus. 

5.2.2.2 Alterna�ve radiotherapeu�c methods. Numerous methods to enhance an�tumor 

immune responses using radiotherapy can be explored. In this sec�on, three specific techniques will be 
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discussed: hypofrac�onated radiotherapy, FLASH radiotherapy (FLASH-RT), and spa�ally frac�onated 

radia�on therapy (SFRT). 

Hypofractionated radiotherapy. Hypofrac�onated radiotherapy, as opposed to conven�onally 

frac�onated radiotherapy, involves administering higher doses less frequently. In preclinical studies 

using GL261 and CT2A GBM mouse models, hypofrac�onated radia�on was far superior compared to 

conven�onally frac�onated radia�on550. Furthermore, radia�on-driven immune responses were blunted 

when single doses exceeded 12 Gy, but hypofrac�onated delivery of mul�ple high doses with each dose 

beneath this threshold (i.e., 3 frac�ons of 8 Gy) circumvented this issue551. It would be highly intriguing 

to compare hypofrac�onated, conven�onally frac�onated, and single-frac�on SRS regimens in 

combina�on with ΔF4LΔJ2R VACV. It could be reasoned that an appropriate hypofrac�onated protocol 

may enable delivery of the same biologically effec�ve dose to the tumor site as conven�onally 

frac�onated and single-frac�on SRSs, but without hampering radia�on-associated an�tumor immune 

ac�va�on. Indeed, a study comparing these three regimens in combina�on with ICB found that the 

hypofrac�onated regimen was superior to conven�onally frac�onated and single-frac�on radia�on 

using the same biologically effec�ve doses552, indica�ng that hypofrac�onated radiotherapy may pair 

well with immunotherapies. 

FLASH-RT and SFRT. FLASH-RT is a novel radiotherapeu�c approach that involves the delivery of 

radia�on using ultra-high dose rates which, impressively, enables high radia�on doses to be delivered in 

less than 200 ms553. Importantly, this treatment also reduces radia�on-related toxici�es without 

compromising an�tumor efficacy553,554. SFRT delivers radia�on to the tumor site using a non-uniform 

radia�on dose in which some regions receive high doses, referred to as peaks, and other regions receive 

low doses, referred to as valleys555. Peaks correspond to the path of radia�on beams, while valleys 

correspond to areas between beams555. Some propose that SFRT-mediated tumor killing at peaks 

releases DAMPs and tumor-an�gens, while immune cells and vasculature remain preserved in valleys, 
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which ul�mately facilitates an�tumor immune responses553. Importantly, both FLASH-RT and SFRT have 

the poten�al to ac�vate an�tumor immune responses while also reducing normal �ssue toxcity553. 

FLASH-RT remodels the TME by reducing Treg levels at early �mepoints and increasing CD8+ T cell levels 

at late �mepoints in ovarian cancer models556. Further, FLASH-RT has been recently used to treat 

preclinical GBM models, where it exhibited an�tumor efficacy, recruitment of TILs, and induc�on of 

an�tumor immunological memory480,557. Trea�ng orthotopic GBM rat models, SFRT resulted in CD8+ T 

cell infiltra�on of the TME, faster CD4+ and CD8+ T cell recruitment rela�ve to conven�onal 

radiotherapy, and induc�on of an�tumor immunological memory558. Furthermore, SFRT used in 

combina�on with ICB resulted in an�tumor immune responses at distant tumor sites whereas 

conven�onal radia�on therapy did not559–highligh�ng that SFRT may pair well with immune-based 

therapies. While these radia�on techniques can elicit an�tumor immune responses, research in these 

areas remains sparse, and addi�onal immune adjuvants will likely be necessary to achieve robust 

immune-mediated tumor clearance. Therefore, exploring the combina�on of these radiotherapeu�c 

approaches with an oncoly�c VACV could poten�ally lead to improved an�tumor responses while also 

exploi�ng the capacity for FLASH-RT and SFRT to mi�gate radia�on-related toxici�es. 

5.2.3 Radia�on-induced senescence 

5.2.3.1 Senescence, the DNA damage response, and an�viral ac�vity. Viruses may 

exploit or be hindered by the senescent state428–432,526,560. Our studies show that radia�on-induced 

senescence of GBM cells hinders VACV ac�vi�es sugges�ng senescence-associated an�viral ac�vity. We 

postulated that the decreased suscep�bility of radia�on-induced senescent GBM cells towards VACV 

could be atributed to increased NF-κB ac�vity, a signaling network associated with an�viral ac�vity508. 

However, other concurrent factors are likely at play.  
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Having immense overlap with DDR machinery and signaling, cellular senescence can be described as a 

sustained or permanent DDR142,561. Many viruses throughout their replica�on cycles interact with DDR 

machinery in nuanced ways–some benefi�ng from the ac�va�on of the DDR, while others possess 

mechanisms to circumvent the DDR, presumably because it interferes with op�mal virus 

replica�on562,563. Considering that a similar trend is true of viruses and senescence, and the DDR is 

associated with senescence, the involvement of the DDR in VACV atenua�on is highly intriguing. 

Furthermore, the propaga�on of several other DNA viruses is impaired by DDR machinery. For example, 

components of the Mre11–Rad50–NBS1 complex play an inhibitory role during adenovirus replica�on by 

inducing large concatemers of viral DNA that are too big to be packaged564. During EBV infec�on, virus-

induced cell prolifera�on triggers an ATM/Chk2-dependent DDR promo�ng growth arrest and cell 

death565–limi�ng factors for virus spread. Overall, it is possible that a persistent DDR within radia�on-

induced senescent GBM cells is also responsible for impaired VACV ac�vi�es. In line with this reasoning, 

both damaged self-DNA and foreign DNA can be sensed by DDR machinery and ac�vate downstream 

signaling networks566. DNA-PK (a DDR protein) is ac�vated in response to dsDNA breaks567 and plays a 

role in senescence and the maintenance of SASP568. Addi�onally, DNA-PK serves as a cytoplasmic DNA 

sensor capable of recognizing DNA viruses, including VACV, and in this way contributes to innate 

immune ac�va�on569. In fact, VACV encodes two proteins, C4 and C16, that inhibit DNA-PK which leads 

to decreased innate immune ac�va�on and immune cell recruitment570,571. Taken together, it is 

reasonable to suspect that radia�on-induced senescent GBM cells may be primed to sense VACV via 

DNA-PK. Future studies looking into senescence, the DDR, and VACV are warranted. It should be noted 

that VACV also exploits and recruits a number of nuclear DDR proteins to aid in viral DNA replica�on in 

the cytoplasm572–underscoring the complexi�es of virus-DDR interac�ons. 

Other, less complex, reasons can be postulated for senescence-associated an�viral ac�vity. For 

instance, VACV encodes proteins that drive the cell cycle to accumulate in S-phase to op�mize 
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availability of DNA building blocks500,501. Given the permanent growth-arrest of radia�on-

induced senescent GBM cells, this feature of VACV may be impaired resul�ng in less availability 

of dNTPs for new virus genomes. 

5.2.3.2 Radia�on immuno-modula�on and senescence. Our studies inves�ga�ng 

radia�on-induced senescence and VACV were exclusively done in vitro. This precludes any 

understanding of how immune responses elicited by the combina�on of radia�on and ΔF4LΔJ2R VACV 

might affect radia�on-induced senescent cells in vivo. An underappreciated aspect of radia�on therapy 

is its ability to modulate surviving cancer cells in ways that increase their suscep�bility to T cell-

mediated destruc�on573. Following irradia�on, this effect involves amplifica�on of MHC I574–576, Fas576,577, 

ICAM575,576, and calre�culin575,578 on the surface of surviving cancer cells. Amplified MHC I increases the 

probability for T cell receptors to interact with tumor-an�gen-loaded MHC I molecules resul�ng in 

enhanced recogni�on and killing574. Upregula�on of ICAM-1 enhances T cell killing by increasing the 

forma�on of immunological synapses between T cells and their targets579. Increased Fas expression 

increases the suscep�bility of cancer cells to apoptosis induc�on by FasL on T cells577. Lastly, calre�culin 

is a well-characterized DAMP exposed during ICD, but also has a direct (but s�ll undefined) role in 

enhancing T cell-mediated tumor cell killing following radia�on575,578. Importantly, these studies 

inves�ga�ng increased suscep�bility of surviving irradiated cancer cells did not inves�gate the induc�on 

of senescence following radia�on. It is temp�ng to speculate that radia�on-induced senescent GBM 

cells may also be rendered suscep�ble to T cell-mediated killing. Furthermore, this suscep�bility might 

be exploited by the an�tumor immune responses elicited by the combina�on of radia�on and ΔF4LΔJ2R 

VACV. Hence, in a broader context of an�tumor efficacy, the impairment of VACV towards killing 

radia�on-induced senescent GBM cells in vitro, might not necessarily translate in vivo because radia�on-
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induced senescent GBM cells may be rendered suscep�ble to tumor-specific CD8+ T cells induced by the 

radia�on-oncoly�c treatment. This no�on presents a fascina�ng future direc�on.  

5.3 Conclusions  

This research demonstrates that the combina�on of radia�on with oncoly�c ΔF4LΔJ2R VACV offers 

superior an�cancer efficacy compared to either therapy alone. This potent mul�modal approach proved 

highly effec�ve in eradica�ng brain tumors from an aggressive immune-suppressed GBM model that 

closely mimics human disease. The combina�on therapy exerts unique, favorable effects on the brain 

TME and induces an�tumor immunological memory highligh�ng its poten�al to reverse immune-

suppression–a feature sought a�er for successful GBM treatment. Given the challenges posed by this 

malignant brain cancer, novel therapeu�c combina�ons are vital to improve outcomes. This research 

validates the use of radia�on in concert with oncoly�c ΔF4LΔJ2R VACV as a promising strategy. 

Moreover, our findings reveal insights into the behavior of oncoly�c ΔF4LΔJ2R VACV and WT VACV 

within irradiated senescence-enriched GBM cell popula�ons. Both viruses exhibit reduced infec�vity, 

growth, and cytotoxic capabili�es in this context. The resistance of radia�on-induced senescent GBM 

cells to VACV may be par�ally atributed to NF-κB signaling and SASP-associated bystander effects, 

offering an improved understanding of the an�viral state associated with radia�on-induced senescence. 

Overall, this research contributes valuable insights towards advancing more effec�ve therapeu�c 

approaches for this challenging brain cancer. 
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