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Abstract 

 Oncolytic virotherapy, leveraging viruses to target cancer selectively, has shown promise 

with the FDA-approved oncolytic herpes simplex virus-1 (HSV-1) for melanoma treatment. 

However, the efficacy of oncolytic viruses (OVs) varies across cancer types, highlighting the 

need for strategies to sensitize resistant tumors. This thesis investigates the potential of 

Dimethyl fumarate (DMF), its analog Tepilamide Fumarate (TPF), and novel synthetic small 

molecules identified from a high-throughput screen to enhance OV effectiveness in cancer 

therapy. 

 DMF, approved for multiple sclerosis and psoriasis, and TPF, under trial for psoriasis, were 

evaluated for their ability to boost HSV-1 and vesicular stomatitis virus (VSVΔ51) activity 

against cancer cells. Our findings reveal that pre-treatment with DMF or TPF significantly 

increases HSV-1 and VSVΔ51 replication in various cancer cell lines, including melanoma, 

and improves viral oncolysis. Notably, both DMF and TPF enhance OV infection in mouse-

derived tumor cores and human tumor samples, while TPF exhibits a remarkable capacity to 

heighten VSVΔ51 infection and cell killing, outperforming DMF in vitro. Both compounds 

achieve these effects by downregulating the interferon (IFN) pathway, rendering cancer cells 

more susceptible to viral infection. Additionally, we demonstrate the ability of DMF and TPF 

to boost gene therapy vectors' transduction efficiency, which points to the broader utility of 

these drugs in gene therapy. 

 Further exploration through a high-throughput screen identified several small molecules that 

sensitize human renal carcinoma cells to HSV-1 and VSVΔ51, highlighting potential new 

avenues for overcoming tumor resistance to OVs. These compounds enhance viral replication 
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and oncolysis, presenting a promising path for future oncolytic virotherapy research and 

development. 

 The synergistic potential of combining approved therapies like DMF with OVs, the promising 

effects of TPF, and newly identified small molecule sensitizers underscore the feasibility of 

enhancing OV efficacy in resistant cancers. This study not only broadens our understanding 

of how small molecules can potentiate oncolytic virotherapy but also sets the stage for clinical 

evaluation and the development of more effective, personalized cancer treatment strategies. 

Collectively, these findings advocate for further investigation into DMF, TPF, and other 

sensitizing compounds to unlock their full therapeutic potential in oncolytic virotherapy. 
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Chapter 1: Introduction  

1.1. Cancer  

Cancer is a significant contributor to premature mortality globally. Recent epidemiological 

data suggest that approximately 40% of the Canadian population will be diagnosed with cancer 

during their lifetimes, with an estimated 25% succumbing to the disease. Forecasts for the year 

2023 predict that Canada will witness 239,100 new cancer cases and approximately 86,700 

cancer-related deaths [1]. These statistics not only highlight the significant morbidity and 

mortality associated with cancer in Canada but also underscore the urgent need for continued 

research in oncology, advancements in therapeutic interventions, and comprehensive public 

health strategies aimed at cancer prevention and early detection [1].  

Cancer can be identified by the buildup of genetic mutations and the absence of normal cellular 

regulatory processes [2]. Understanding the etiology of cancer is crucial for mitigating its 

occurrence and devising effective therapeutic interventions. The etiology of cancer has been 

defined by a multifactorial nature, involving a complex interplay of various factors. These 

factors include genetic predisposition, environmental exposures such as tobacco smoke, 

radiation, and chemical carcinogens, lifestyle factors such as diet, physical activity, and viral 

infections such as Human papillomavirus. Each of these factors plays a significant role in the 

initiation of cancer [3]. 

Cancer development is characterized by a gradual and sequential transformation of healthy 

cells into malignant ones. The process encompasses three key stages: initiation, during which 

DNA damage or mutations arise; promotion, characterized by the clonal proliferation of 

aberrant cells; and progression, distinguished by the infiltration into neighboring tissues and 
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the potential for metastasis to distant organs. Furthermore, tumors manifest identifiable 

biological characteristics, including unregulated proliferation, angiogenesis (generating new 

blood vessels), infiltration into adjacent tissues, and spread to distant locations. The 

aforementioned attributes contribute to the inherently aggressive behavior of cancer and its 

ability to escape therapeutic interventions [4]. 

Cancer is characterized by several key hallmarks that distinguish malignant cells from normal 

cells. These include sustaining proliferative signaling, where cancer cells continuously signal 

themselves to divide uncontrollably, and evading growth suppressors by bypassing 

mechanisms that inhibit cell growth, such as tumor suppressor genes like p53 and Rb. Cancer 

cells also resist apoptosis, the programmed cell death that normally eliminates damaged cells, 

enabling them to survive longer than normal cells. They achieve replicative immortality by 

maintaining the length of their telomeres through the activation of the enzyme telomerase, 

allowing them to divide indefinitely. Additionally, cancer cells induce angiogenesis, the 

formation of new blood vessels, to supply the tumor with nutrients and oxygen essential for 

its growth and survival. They also activate invasion and metastasis, acquiring the ability to 

invade surrounding tissues and spread to distant organs, forming secondary tumors [5]. 

Beyond these primary hallmarks, cancer cells often deregulate cellular energetics, frequently 

relying on glycolysis for energy production even in the presence of oxygen, known as the 

Warburg effect. They also avoid immune destruction, evading detection and elimination by 

the body's immune system. These processes are facilitated by enabling characteristics such as 

genome instability and mutation, which increase the rate of genetic changes and promote 

tumor diversity and adaptability. Tumor-promoting inflammation, often chronic, further 

supports cancer development and progression by providing bioactive molecules that aid in 
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tumor growth. Understanding these hallmarks and characteristics is crucial for developing 

targeted therapies that address the specific mechanisms underlying cancer growth and survival 

[3]. 

1.2. Cancer therapeutics 

Cancer treatment modalities commonly encompass surgical intervention, chemotherapy, 

immunotherapy, or a combination of these approaches. In the case of localized tumors, 

surgical resection is frequently the initial therapeutic preference. Although conventional 

treatments like chemotherapy and radiation therapy demonstrate effectiveness, they are 

frequently associated with substantial adverse effects, including off-target toxicities [5]. 

Immunotherapy represents an innovative strategy in the field of cancer therapy, which 

leverages the inherent capabilities of the human immune system to identify, selectively attack, 

and eradicate malignant cells. In contrast to conventional cancer therapies that specifically 

target tumors or their genetic material, immunotherapy aims to augment the innate defense 

systems of the human body, thereby empowering it to combat cancer with greater efficacy [3]. 

This therapeutic strategy has transformed cancer care and provides new hope for patients 

facing various malignancies. Immune cells have inbuilt "checkpoints" that govern their 

functionality to prevent exaggerated immune reactions. Cancer cells can exploit these 

checkpoints in order to escape detection [6]. Checkpoint inhibitors, highlighted by 

Pembrolizumab (Keytruda) and Nivolumab (Opdivo), impede these checkpoints, thereby 

enabling immune cells, particularly T cells, to identify and combat malignant cells [7]. Various 

drugs and therapies are designed to modulate the immune system, enhancing its 

responsiveness to cancer. These include interferons, interleukins (IL), and other immune-

stimulating agents [8]. 
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1.3. Oncolytic viruses (OVs) as promising cancer therapy 

Oncolytic virotherapy is well-recognized as a type of immunotherapy. Oncolytic virotherapy 

involves using genetically modified or naturally occurring viruses to specifically target and 

eradicate cancerous cells, while minimizing harm to normal, healthy cells. The therapy 

modality induces direct cytotoxicity in cancer cells, but also elicits an immune-mediated 

antitumor response by stimulating the patient's immune system [9]. 

For over a century, scientists have explored the use of viruses as potential tools to combat 

cancer [10]. Due to bioengineering technology, researchers can now genetically modify 

various viruses to specifically target and destroy tumor cells. With the advancement of 

knowledge regarding mechanisms of OV activity, such as their capacity to stimulate 

endogenous antineoplastic immune responses and modulate the tumor microenvironment, the 

discipline of virotherapy has experienced significant growth [11].   

OV’s interaction with tumor cells leads to immunogenic cell death, an important factor in 

stimulating the immune response.  Those viruses play a crucial role in activating and recruiting 

various immune cells. They achieve this by releasing soluble antigens and danger signals, 

which serve as potent immune stimulants. Notably, oncolytic viruses bolster both the innate 

and adaptive immune responses. In the innate immune response, they recruit immature 

dendritic cells and innate lymphoid cells. Simultaneously, they promote the recruitment of T 

cells to stimulate the adaptive immune response.  This orchestrated immune response is 

integral to the overall effectiveness of oncolytic viruses in cancer therapy [12].  

Both DNA and RNA viruses have been integral to the development of oncolytic virotherapy, 

each bringing its own set of advantages. DNA viruses offer distinct advantages for various 

applications, including gene therapy and oncolytic agents. Their spacious genome allows for 
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the incorporation of substantial eukaryotic transgenes without compromising replication 

efficiency. This unique feature expands the scope of potential therapeutic interventions, 

enabling the delivery of large genetic payloads to enhance therapeutic activity and immune 

modulation [13]. Furthermore, DNA viruses are equipped with high-fidelity DNA 

polymerases, which are important in maintaining the integrity of their genomes. This high 

fidelity ensures that the viral genome remains intact during replication, minimizing the risk of 

detrimental mutations and preserving the genetic information required for therapeutic effects. 

Additionally, DNA viruses exhibit minimal, if any, nuclear integration, reducing the potential 

for disruption of host cell functions and genomic stability. These advantages collectively 

position DNA viruses as versatile and efficient vectors for diverse biomedical applications 

[14].  

On the other hand, RNA viruses offer distinct advantages. Their smaller size relative to DNA 

viruses allows them to effectively penetrate the blood-brain barrier, enabling precise targeting 

of tumors within the central nervous system [15]. However, it's important to note that RNA 

viruses do have a limitation in their genome size, which constrains their ability to 

accommodate large transgenes. Despite this limitation, their suitability for systemic delivery 

is heightened by the relatively low pre-existing immunity to certain RNA viruses in humans 

[16]. This characteristic allows them to be a promising option for systemic delivery, 

particularly during the initial phase before antiviral immunity is induced.  
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1.4. Oncolytic HSV-1  

HSV-1 are neurotropic viruses belonging to the herpesviridae family. Each virus is composed 

of an icosahedral capsid core, an amorphous tegument, and an envelope covered with viral 

glycoproteins.  The length of the HSV-1 genome is approximately 152 kilobases (kb) 

structured with two unique regions: the unique long (UL) and unique short (US), each bordered 

by inverted repeats (RL and RS).  These genomes encode for around 84 distinct gene products 

[17].  

HSV-1, belonging to the Herpesviridae family within the Alphaherpesvirinae subfamily, 

commences its entry into the host cell by binding to heparan sulfate proteoglycans via 

glycoproteins B and C. This initial interaction is followed by a more stable attachment when 

glycoprotein D binds to specific cellular receptors, including nectin-1, integrins, and 

Herpesvirus entry mediator (HVEM). The virus can then enter the host cell either through pH-

independent fusion with the plasma membrane or via endocytosis. Once inside, the 

nucleocapsid is transported along microtubules to the nucleus, where the viral DNA is 

introduced through the nuclear pore complex, assisted by importin β. The tegument protein 

VP16 recruits host transcription factors to initiate immediate-early gene transcription by host 

RNA polymerase II [17,18]. 

HSV's replication is a precisely timed process, initiating with the expression of immediate-

early genes such as infected cell protein 0 (ICP0), ICP4, ICP22, ICP27, and ICP47. These 

genes facilitate the viral takeover of the host cell machinery and prepare for viral DNA 

synthesis. Early genes, which encode for the viral DNA polymerase and other replication 

machinery, follow, employing a rolling circle mechanism for DNA replication. Subsequently, 

late genes are expressed, providing structural components for new virions [17]. 
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Post-replication, viral DNA is encapsulated into nucleocapsids, which bud at the nuclear 

membrane to acquire a primary envelope that is lost upon fusion with the trans-Golgi network. 

Mature virions then gain their final envelope embedded with multiple glycoproteins and lipid 

bilayers from trans-Golgi membranes and are ultimately released from the cell through 

exocytosis, ready to infect new cells. This finely orchestrated cycle ensures HSV's propagation 

and highlights its potential as a vector in gene therapy applications due to its capacity to deliver 

genetic material efficiently into host cells [18]. 

The first generation of oncolytic HSV-1 was genetically engineered to selectively target and 

proliferate within rapidly dividing cancer cells. This specificity was achieved by deleting key 

viral genes—namely thymidine kinase (TK) and ICP6—from the HSV-1 genome, thereby 

conferring a replication advantage in transformed cells that exhibit high mitotic activity [19–

21].  

Subsequent endeavors to refine HSV-1 for oncolytic therapy focused on enhancing its safety 

profile, particularly for the treatment of brain tumors. To this end, the neurovirulence gene 

ICP34.5, also designated as RL1, was deleted from the viral genome. Concurrently, the ICP6 

gene was disrupted via the insertion of a lacZ gene, resulting in the creation of the G207 HSV-

1 strain. This modified virus underwent evaluation in a Phase I clinical trial involving patients 

with glioma and was found to be safe and well-tolerated following intracerebral administration 

[22,23].  

In an effort to enhance the antitumor immune response elicited by the G207 HSV-1, Todo et 

al. advanced the virus's design by deleting the gene encoding ICP47, which is responsible for 

inhibiting antigen peptide presentation. This modification gave rise to the HSV-1 G47Δ 
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variant. In a comparative study utilizing both xenograft and syngeneic murine tumor models, 

HSV-1 G47Δ demonstrated superior efficacy compared to its predecessor, G207 [24].  

G47Δ is showing promise in clinical trials. In glioblastoma patients, G47Δ demonstrated 

safety and a notable 1-year survival rate of 84.2% in a phase 2 trial [25].  These results have 

led to its conditional and time-limited approval in Japan for glioma treatment, pending further 

studies. Another notable example is Talimogene laherparepvec (T-VEC), an HSV-1 -based 

oncolytic virus, which garnered FDA approval in 2015 for treating melanoma [26,27]. The 

genetic modifications of TVEC paralleled that of HSV-1 G47Δ, involving the deletion of 

ICP34.5 and ICP47 genes. Additionally, the human granulocyte-macrophage colony-

stimulating factor (GM-CSF) gene was inserted to augment dendritic cell recruitment and 

activation, enhancing antigen presentation following the lysis of tumor cells [28].  

Another important HSV-1 mutant is HSV-null ICP0. Several studies have shown the ability 

of HSV-1 that have non-functional ICP0, to function as oncolytic virus in cancer cells. For 

instance,  It was shown that HSV-1 with mutations in the immediate early gene ICP0, which 

encodes a protein responsible for overcoming aspects of the host IFN response (supressing 

IRF-3 and IRF-7), has oncolytic properties [29].  HSV.n212 and HSV-d810 are HSV-1 ICP0 

null viruses. Both HSV.n212 and HSV-d810 result in non-functional of ICP0, which encodes 

a protein responsible for overcoming aspects of the host IFN response [30]. The only 

difference being that HSV-d810 has an 810 amino acid deletion in ICP0 while HSV-n212 is a 

point mutation in the coding sequence resulting in a frameshift in ICP0.  Several studies have 

shown the anti-tumor activities of ICP0 null HSV-1 in different murine cancer models [29–

33].      
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1.5. Oncolytic VSV 

Vesicular Stomatitis Virus (VSV), is a single-stranded RNA virus from the Rhabdoviridae 

family and Vesiculovirus genus, characterized by its nonsegmented structure. This virus forms 

bullet-shaped particles, roughly 75 nm wide and 180 nm long.   

VSV has an 11kb genome featuring five genes, each responsible for a specific protein. These 

include the nucleocapsid (N) protein, which attaches to viral RNA, and the phosphoprotein 

(P) and large (L) protein, which together comprise the RNA-dependent RNA polymerase 

(RdRp) essential for virus replication and transcription. Additionally, the matrix (M) protein 

blocks RNA movement from the nucleus and facilitates viral budding, whereas the 

glycoprotein (G) plays a key role in cellular entry by latching onto low-density lipoprotein 

(LDL) receptors on host cells [34]. 

VSV's life cycle commences with the virus attaching to LDL receptors and being internalized 

into cells via endocytosis. Inside the cell, the virus releases its RNA core, and the RdRp begins 

transcribing leader RNA and multiple mRNAs. The replication involves creating a complete 

RNA genome that acts as a blueprint for further replication. The N protein immediately coats 

both genome copies, but only the negative-sense genome is incorporated into new virions. 

VSV replicates swiftly, with each infected cell releasing up to thousands of new virions, 

highlighting its potential as an effective agent in oncolytic virus therapy [31]. 

The wild type of VSV has a natural ability to weaken the interferon response from infected 

cells, which can make the virus risky for use as a therapeutic agent in cancer treatment. To 

address this issue, Stojdl et al. modified VSV to increase its sensitivity to interferon signals. 

They achieved this by removing methionine at the 51 positions in the M gene, which is known 
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to block the export of host mRNA from the nucleus, including antiviral response genes. This 

modification resulted in the creation of a new virus, VSVΔ51, which is both oncolytic and 

more targeted towards cancer cells that have varying levels of defects in their antiviral defense 

pathways: an immune escape mechanism. VSVΔ51 has since become widely utilized in 

preclinical studies in the field of virotherapy [35].  

1.6. OVs as monotherapy: challenges and solutions 

Using oncolytic viruses as a monotherapy in cancer treatment presents several significant 

challenges that need to be addressed to enhance their therapeutic efficacy. One of the primary 

hurdles is the complex nature of the extracellular matrix (ECM) in solid tumors, which forms 

a dense barrier impeding viral penetration and spread. Additionally, OVs face a robust antiviral 

response from the host's immune system, which can quickly identify and eliminate these 

viruses before they can effectively target and destroy cancer cells. Furthermore, the innate 

immune response, particularly the rapid deployment of various immune cells and cytokines 

upon OV infection, can further complicate the therapeutic response by limiting viral 

replication and spread. These challenges highlight the need for advanced strategies to improve 

the effectiveness of OVs as a standalone treatment in oncology [36]. 

OV therapy in tumors initiates a rapid immune response, creating an antiviral environment. 

This response includes the production of interferons (IFNs), antiviral cytokines induced by 

pathogen-associated molecular patterns (PAMPs) detected by pattern recognition receptors 

(PRRs). IFNs, mainly type I IFNs like IFN-α and IFN-β, are produced in response to OV 

infection. While they serve as a natural defense mechanism against viral infections, they can 

also impede OV therapy by limiting viral replication and spread within the tumor. For instance, 

studies have shown that oncolytic virus infection leads to increased levels of IFNs, which can 
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restrict the virus's ability to lyse tumor cells and reduce its overall efficacy [37,38]. 

Interestingly, many tumor cells exhibit resistance to the antiviral effects of IFNs due to the 

dysfunction of key pathways such as PKR and p53. This resistance allows OVs to replicate in 

tumor cells more effectively than in normal cells [15]. However, the cellular innate immune 

response, albeit often impaired in cancer cells, can still hinder the effectiveness of OV therapy.  

OVs have been observed to trigger different innate and adaptive immune responses. Immune 

cells play a vital role in response to oncolytic virus therapy, triggered by the production of 

IFNs and IFN-inducible chemokines. Key players in this immune orchestra include 

macrophages and dendritic cells (DCs), which upon activation by the virus, release a range of 

antiviral and pro-inflammatory cytokines. These cytokines are instrumental in recruiting and 

activating a diverse array of immune cells such as additional macrophages, natural killer (NK) 

cells, neutrophils, and cytotoxic T lymphocytes (CTLs), contributing significantly to the 

clearance of the virus but also tumor cells [39].  The depletion of certain immune cells like 

macrophages or neutrophils has been shown to increase viral spread within tumors, 

underscoring their vital role in viral containment [40]. However, the recruitment and activation 

of NK cells and T-cells, which target and destroy virally infected and uninfected tumor cells, 

underscores the complexity of the immune response elicited by OV therapy [41]. This 

multifaceted immune interaction is a double-edged sword, offering both challenges and 

opportunities in enhancing the efficacy of OVs as a cancer treatment modality.  
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1.7. Pharmacological approach to improve OV efficacy. 

The initial belief that defective innate immunity in cancer contributes to the tumor-selectivity 

of oncolytic viruses has evolved with the understanding that antiviral defenses remain 

functional in many tumors, countering OV replication and spread [42]. This realization has 

driven research towards identifying or combining drugs that target the cellular innate immune 

response in cancer cells to enhance OV therapy. Numerous small molecules have been 

discovered by our group and others that significantly boost OV spread and oncolytic activity 

in tumors, primarily by transiently disrupting innate antiviral signaling pathways [43–47] 

A key focus of these efforts is targeting the type I interferon pathway, which plays a central 

role in mediating innate antiviral immunity. Type I IFNs are produced in response to virus 

detection by various pattern recognition receptors, leading to activation of transcription factors 

like Interferon response factor (IRF)3/7, Nuclear factor kappa-beta (NF-κB), and AP-1 [48]. 

These IFNs are secreted and function in an autocrine or paracrine manner to also activate the 

Janus associated kinase (JAK)/ Signal transducer and activator of transcription (STAT) 

pathway, resulting in the up-regulation of numerous IFN-stimulated genes (ISGs) with direct 

antiviral effects [49]. 

It is also crucial to recognize that type I IFNs and other antiviral cytokines are vital for the 

systemic activation of cells in both the innate and adaptive immune responses. These cytokines 

are critical not only for antiviral defenses but also for antitumor immune control. 

Consequently, targeting the type I IFN pathway has become a strategic approach in OV 

research, aimed at overcoming the innate immune barriers in cancer cells to improve the 

efficacy of OV therapies [50]. For example, JAK inhibitors have emerged as a promising tool 

in enhancing the efficacy of oncolytic virus therapies against cancer. By inhibiting JAKs, 
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clinically approved inhibitors like ruxolitinib can decrease both IFN-induced and pre-existing 

ISG expression, thereby dampening the antiviral response. While initially used for treating 

myelofibrosis, ruxolitinib has shown potential in boosting OV activity in various cancer types 

[51]. 

Ruxolitinib has been effective in enhancing OV activity in malignant peripheral nerve sheath 

tumors (MPNSTs) in combination with oncolytic VSVΔ51 and in resistant head and neck and 

pancreatic ductal adenocarcinoma cells in combination with VSVΔ51 [52].  

1.8. NF-κB pathway 

NF-κB inhibitors have been identified as potential agents to improve the efficacy of oncolytic 

virus therapy in cancer. NF-κB, a crucial transcription factor, is activated in response to viral 

infections and controls the expression of type I IFN, particularly IFNβ, and a subset of 

interferon-stimulated genes (ISGs). Its frequent deregulation in cancer makes it an attractive 

target for selectively enhancing OV spread in resistant tumors [53]. 

The NF-κB pathway is a crucial signaling pathway in cells that regulates the immune response, 

cell proliferation, apoptosis, and other vital cellular processes. It plays a key role in the body's 

defense against infections and stress. 

In the inactive state, NF-κB is sequestered in the cytoplasm by inhibitory proteins known as 

IκBs. When cells are stimulated by various signals such as stress, cytokines, free radicals, 

ultraviolet irradiation, or bacterial or viral antigens, the IκB proteins are phosphorylated by 

the IκB kinase (IKK) complex. This phosphorylation marks IκBs for proteasomal degradation. 

With the degradation of IκBs, NF-κB is freed and translocate to the nucleus where it binds to 

specific DNA sequences to regulate the transcription of target genes. These genes are involved 

in inflammation, immune response, cell survival, and other critical cellular functions. 
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The NF-κB pathway is tightly regulated and its chronic activation has been linked to various 

diseases, including cancer, chronic inflammation, and autoimmune disorders. As such, this 

pathway is a target for therapeutic interventions in these diseases [53].  

1.9. NF-κB inhibitors  

TPCA-1, an inhibitor of both IκB kinase (IKK) and JAK 1, has shown promise in improving 

the in vitro spread of oncolytic HSV and oncolytic (VSVΔ51) [54]. This enhancement in viral 

growth is linked to a decrease in the expression of antiviral ISGs [55]. Although there are 

numerous NF-κB inhibitors reported in preclinical studies, their clinical development has been 

unsuccessful, with few approved for medical use [56]. 

Triptolide, a diterpenoid compound extracted from the Tripterygium wilfordii plant, acts as an 

inhibitor of NF-κB and impacts IRF-3 signaling pathways. A study has demonstrated that 

Triptolide inhibits the production of type I interferon  and interferon-stimulated genes, 

facilitating the propagation of the oncolytic virus VSVΔ51 both in laboratory settings and in 

live animal xenograft models [57].  

1.10. DMF: Mechanism of action  

DMF has emerged as a versatile therapeutic agent with a broad spectrum of action, impacting 

multiple crucial biological pathways. Primarily known for treating multiple sclerosis and 

psoriasis, DMF gained FDA and European Medicines Agency approval in 2013 for managing 

relapsing-remitting multiple sclerosis under the brand name Tecfidera [58]. DMF, 

characterized by its α,β-unsaturated carboxylic acid ester structure, is known for its strong 

electrophilic nature, enabling it to swiftly engage in reactions with nucleophilic agents via 

Michael addition. Following its oral intake, DMF is presumed to undergo rapid conversion by 

intestinal esterase enzymes, resulting in the formation of its active metabolite, monomethyl 
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fumarate [59]. Its role extends to inhibiting the NF-κB pathway, key in regulating immune 

responses, inflammation, and cell survival. This inhibition results in reduced proinflammatory 

cytokine production, impacting inflammation and enhancing the efficacy of oncolytic virus 

therapies. 

DMF inhibits the NF-κB pathway through a unique mechanism involving its reactive nature 

with specific protein components. As a thiol-reactive electrophile, DMF targets cysteine 

residues on proteins, notably affecting the IκB Kinase (IKK) complex responsible for 

activating NF-κB. This interaction disrupts the usual phosphorylation and degradation of IκB 

proteins, which normally release NF-κB to translocate to the nucleus. By hindering this 

process, DMF effectively prevents NF-κB from entering the nucleus and binding to DNA, 

thereby reducing the transcription of various pro-inflammatory genes that NF-κB typically 

regulates [60,61]. This is primarily achieved through the covalent modification of the 

RelA/p65 subunit of NF-κB at the cysteine 38 residue [62]. This modification prevents the 

nuclear translocation of RelA/p65, a critical step required for NF-κB to exert its effects in the 

cell nucleus, such as the transcription of genes involved in inflammation and cell 

survival/death. Of relevance, these genes include those encoding cytokines and chemokines, 

crucial for inflammatory and immune responses such as IL6, IL1B, and CCL5. Particularly 

significant in cancer cells, where NF-κB often has a role in promoting growth and survival, 

DMF's inhibition of this pathway can lead to suppressed tumor growth and metastasis. Overall, 

the ability of DMF to modulate the NF-κB pathway underscores its potential as a therapeutic 

agent with anti-inflammatory and anticancer properties. Furthermore, DMF has shown 

potential in anti-inflammatory and cytoprotective activities. At low concentrations, it activates 

the NRF2 pathway, known as the "Master redox switch," which is crucial for cellular defense. 
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DMF disrupts NRF2’s inactivation by KEAP1, leading to enhanced transcription of 

antioxidant and anti-inflammatory enzymes [63,64]. This action boosts the production of 

antioxidants like glutathione (GSH) and reduces oxidative stress and inflammation. However, 

at higher concentrations, DMF modulates cellular redox signaling and inhibits the NRF2/DJ-

1 axis, inducing pro-oxidative and cytotoxic effects in cancer cells. This dual role in both 

activating and inhibiting NRF2 highlights DMF's complex impact on cellular physiology [65]. 

DMF's interaction with GSH is also noteworthy. It forms conjugates with GSH, altering its 

availability and impacting cellular responses to oxidative stress [66]. This effect varies 

between cell types; in non-tumorigenic cells, DMF can increase GSH levels, while in cancer 

cells, it can reduce GSH and increase ROS, leading to cell death [65]. These multifaceted 

actions of DMF underline its potential as a powerful tool in both anti-inflammatory and 

anticancer therapies.  

Numerous studies have demonstrated the anticancer effects of DMF in a variety of cancers. In 

melanoma, DMF has demonstrated effectiveness in both cells and animal models. It inhibits 

the proliferation of melanoma cells, causes cell cycle arrest, and induces apoptosis [67]. 

Additionally, DMF targets the NF-κB pathway, essential for cancer progression, thus reducing 

melanoma cell invasion and metastasis by inhibiting matrix metalloproteinases [68]. These 

results underline DMF's potential as a therapeutic agent for melanoma. In breast cancer, DMF 

has been shown to effectively impair the growth of breast cancer cells and significantly reduce 

tumor growth in animal models[62].  

In cervical cancer cells, DMF demonstrated antiproliferative effects by inhibiting cell growth 

in a concentration-dependent manner. It induced cell cycle arrest at the G0/G1 phase and 

triggered apoptosis, as shown by the activation of caspase-3 and PARP. DMF also caused a 
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loss of mitochondrial membrane potential, increased reactive oxygen species (ROS) levels, 

and decreased glutathione levels, indicating its impact on the cells' redox systems [69]. 

A number of studies have shown the impact of DMF on colorectal cancer. The first study 

demonstrated that DMF induces cell death in several colon cancer cell lines, including HT29, 

Caco-2, SW480, and CT26. This effect is associated with decreased nuclear translocation of 

NRF2, a decrease in DJ-1 levels, and a reduction in downstream targets of NRF2, such as HO-

1[65]. In a chemically induced colorectal cancer model, DMF prevented common cancer-

related symptoms like weight loss, colon shortening, and rectal prolapse, and it reduced 

chronic inflammation associated with colorectal cancer. [65].  A study by Xie et al. explored 

DMF's antiproliferative activity and gene expression changes in colon cancer cell lines. They 

found that DMF inhibits cell proliferation and induces necroptosis — an inflammatory form 

of cell death — in these cancer cells. This effect is achieved through GSH depletion, increased 

ROS production, and activation of the MAPKs pathway, occurring in a time- and dose-

dependent manner in various colon cancer cell lines [70]. 

Our group has shown that DMF improves the infection efficiency of oncolytic viruses in 

cancer cell lines and human tumor biopsies. The ability of DMF to enhance viral infection 

leads to better therapeutic outcomes in resistant tumor models, including syngeneic and 

xenograft models. This is attributed to its ability to block the nuclear translocation of NF-κB, 

a transcription factor that plays a role in the immune response against viral infections as 

explained above [45]. 
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1.11. Tepilamide fumarate as potential oncolytic viral enhancer 

Tepilamide fumarate, also known as PPC-06, is a pro-drug of monomethyl fumarate (MMF) 

and belongs to the fumaric acid esters (FAE) class of drugs. Developed as an oral treatment 

option, it targets moderate-to-severe plaque psoriasis. This extended-release tablet is designed 

for absorption throughout the gastrointestinal tract and is rapidly hydrolyzed to release MMF 

as its active component. Unpublished Phase I data suggest that PPC-06 provides more efficient 

and sustained MMF exposure compared to currently marketed DMF formulations [71]. 

The structure of Tepilamide fumarate is more complex than that of DMF, primarily because it 

contains a tertiary amine. This feature adds an additional dimension to the compound, 

potentially influencing its basicity and interactions within biological systems, which is of 

particular interest for pharmacological applications. 

1.12. High throughput screening to enhance virotherapy. 

High throughput screening (HTS) has been previously established as a sophisticated 

methodological approach to identify new molecular entities or genetic perturbations that can 

overcome cancer cell resistance to oncolytic virus therapy [72,73]. By subjecting OV-infected 

cancer cells to a variety of experimental pressures, including pharmacological agents, genome 

editing techniques, and gene expression manipulations, these screens endeavor to uncover 

previously unrecognized interactions between tumor cells and OVs. The strategic application 

of such pressures facilitates the identification of molecular targets within the cancer cells that, 

when modulated, may enhance cellular susceptibility to OV-mediated lysis. Consequently, 

insights derived from screens are instrumental in guiding the development of more efficacious 

OVs and identifying novel therapeutic targets and modalities. This, in turn, contributes to the 

optimization of OV therapy, potentially leading to improved treatment outcomes for cancer 
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patients. Through an unbiased (as much as feasible) perturbation and measurement of the 

interactions between cancer cells and OVs, screens offer a promising avenue for advancing 

the field of oncolytic virotherapy. 

Our lab developed the first high-throughput screening method to discover compounds capable 

of boosting VSVΔ51 replication. This approach facilitated the screening of vast chemical 

libraries, encompassing both drugs with established functions and synthetic compounds with 

unidentified targets. Vorinostat served as a positive control in this screen. The term “viral 

sensitizer” emerged from this work, identifying 15 compounds that surpassed Vorinostat's 

effectiveness. Among these, the leading compound, Viral Sensitizer 1 (VSe1), a chlorinated 

furanone derivative, showed promise by significantly enhancing VSVΔ51 proliferation up to 

1000-fold in cancer cells and tumor explants, without affecting normal cells and tissues. 

Despite its potent in vitro effects, VSe1's clinical application is limited due to poor serum 

stability and pharmacokinetics [73]. 

This screening also identified microtubule destabilizers, notably colchicine, which 

significantly enhance VSVΔ51-mediated oncolysis. Colchicine, commonly used for treating 

gouty arthritis, demonstrated synergistic, cancer-selective killing both in vitro and in various 

mouse tumor models when used in conjunction with oncolytic rhabdoviruses. These agents 

facilitate oncolysis by reducing type I IFN translation and promoting the secretion of virally 

induced cytokines, thereby increasing bystander killing [44] 

 

Another example uncovered from HTS from our group includes Pevonedistat, a NEDD8-

activating enzyme inhibitor, which enhances the effectiveness of VSVD51 oncolytic 

virotherapy by sensitizing cancer cells to viral infection. It achieves this by inhibiting key 
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antiviral defenses in tumor cells, specifically through blocking the type 1 interferon response 

and NF-kB nuclear translocation. This combined approach improves tumor cell death and 

therapeutic outcomes in resistant cancer models, showing potential for clinical application in 

human cancers [38]. 

High-throughput screening, whether it involves functional genomics or pharmacological 

agents, stands as an exceptionally useful strategy. It enables the acquisition of vast amounts 

of information critical for enhancing oncolytic virotherapy. 

 

  



21 

 

1.13. Rationale and hypothesis  

 

1.13.1. Central Hypothesis:  

The therapeutic efficacy of oncolytic viruses, specifically HSV-1 and VSVΔ51, can be 

significantly enhanced in cancer treatment through strategic combinations with 

known/approved anti-inflammatory agents or novel compounds identified by pharmaceutical 

screens. 

 

1.13.2. Rationale and Linkage of Research Objectives: 

 

A - Improving Oncolytic HSV-1 with DMF in preclinical cancer models: 

Rationale: Dimethyl fumarate, a clinically approved agent known for its anti-inflammatory 

and immunomodulatory properties, may augment the oncolytic activity of HSV-1. Its 

combination with HSV-1 could potentially modulate the tumor microenvironment, enhancing 

the virus's therapeutic efficacy. 

Linkage: This project establishes the foundation for combining oncolytic viruses with 

approved anti-inflammatory agents, setting the stage for further exploration of similar 

strategies. 

 

 

B - Enhancing Oncolytic VSVΔ51 and HSV-1 with Tepilamide Fumarate: 

Rationale: Tepilamide fumarate, an anti-inflammatory agent currently in clinical trials for 

psoriasis, could synergistically enhance the oncolytic effects of VSVΔ51 and HSV-1, 
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potentially improving their therapeutic index in cancer treatment. Given that Tepilamide 

fumarate is a pro-drug of MMF and shares aspects of DMF's structure, we hypothesize that 

Tepilamide fumarate may possess anticancer properties and could potentially play a role in 

oncolytic virotherapy. 

 

Linkage: Building upon the first project, this objective explores the combination of oncolytic 

viruses with another anti-inflammatory agent, broadening the scope of potential therapeutic 

combinations. 

 

C - High-Throughput Screening for Novel Drugs to enhance virotherapy: 

Rationale: Identifying novel pharmacological agents that can synergize with oncolytic viruses 

is crucial for developing more effective cancer therapies. High-throughput screening offers a 

methodical approach to discovering such candidates. 

Linkage: This project complements the first two by providing a systematic method for finding 

new drugs that can be tested in combination with oncolytic viruses, potentially leading to more 

effective cancer treatments. 

  



23 

 

 Chapter 2: Unlocking the Potential of Dimethyl Fumarate: 

Enhancing Oncolytic HSV-1 Efficacy for Wider Cancer 

Applications 

Akram Alwithenani1,2,3, Zaid Taha1,2, Max Thomson1, Andrew Chen1, Boaz Wong1,2, 

Rozanne Arulanandam1, Jean-Simon Diallo1,2 

1Centre for Cancer Therapeutics, Ottawa Hospital Research Institute, Ottawa, Ontario, K1H 

8L6, Canada. 

2Department of Biochemistry, Microbiology, and Immunology, Faculty of Medicine, 

University of Ottawa, Ontario, K1H 8M5, Canada 

3Department of Clinical Laboratory Science, Faculty of Applied Medical Science, Umm Al-

Qura University, Makkah, Saudi Arabia  

 

Keywords: HSV-1, DMF, Cancer, Cancer therapeutics, Human specimens, Fumarate 

esters 

 

 

Published on December 18, 2023, in Frontiers in Immunology 

  



24 

 

2.1 Abstract 

Immunotherapy and specifically oncolytic virotherapy has emerged as a promising option for 

cancer patients, with oncolytic herpes simplex virus-1 (HSV-1) expressing granulocyte 

macrophage colony stimulating factor being the first OV to be approved by the FDA for 

treatment of melanoma. However, not all cancers are sensitive and responsive to oncolytic 

viruses. Our group has demonstrated that fumaric and maleic acid esters (FMAEs) are very 

effective in sensitizing cancer cells to OV infection. Of note, these FMAEs include dimethyl 

fumarate (DMF, also known as Tecfidera®), an approved treatment for multiple sclerosis and 

psoriasis. This study aimed to assess the efficacy of DMF in combination with oncolytic HSV-

1 in preclinical cancer models.  We demonstrate herewith that pre-treatment with DMF or 

other FMAEs leads to a significant increase in viral growth of oHSV-1 in several cancer cell 

lines, including melanoma, while decreasing cell viability. Additionally, DMF was able to 

enhance ex vivo HSV-1 infection of mouse-derived tumor cores as well as human patient 

tumour samples but not normal tissue. We further reveal that the increased viral spread and 

oncolysis of the combination therapy occurs via inhibition of type I IFN production and 

response.  Finally, we demonstrate that DMF in combination with HSV-1 can improve 

therapeutic outcomes in aggressive syngeneic murine cancer models.  In sum, this study 

demonstrates the synergistic potential of two approved therapies for clinical evaluation in 

cancer patients.  
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2.2 Introduction 

Oncolytic virus (OV) therapy is a promising new option for cancer treatment. OVs represent 

a class of therapeutically useful viruses that preferentially infect and kill cancer cells while 

leaving normal cells relatively unharmed [74,75]. This tumor tropism is derived from the 

aberration of anti-viral responses commonly found within tumor cells. Enhanced virus growth 

and reduced viral clearance is typically observed in innate immunity-compromised, 

transformed cells [76].  

Several kinds of OVs have been described with the potential to eradicate tumors, leading to 

long term anti-tumor immunity. In the last decade, oncolytic Herpes Simplex Virus has made 

its way to the clinic to treat advanced melanoma (unresectable stage IIIB to IV) [26]. The first 

FDA-approved OV called T-VEC or Imlygic® is based on an engineered version of HSV-1 

devoid of γ34.5. In June 2021 another genetically engineered OV based on HSV-1 (G47Δ), 

DELYTACT® received conditional and time-limited approval for the treatment of malignant 

gliomas in Japan [25]. Both HSVG47Δ and HSV.γ34.5 have the ICP34.5 gene deleted to 

provide more selective tumor replication [28].  These strains have been shown to induce tumor 

regression and prolong survival significantly in different animal models of cancers such as 

glioma, melanoma and ovarian cancer [77,78]. Furthermore, it has been shown that HSV-1 

with mutations (HSV.n212) or deletions (HSV.d810) in the immediate early gene ICP0, which 

encodes a protein responsible for overcoming aspects of the host IFN response (suppressing 

IRF-3 and IRF-7), has oncolytic properties [29].   

Unfortunately, not all cancers are sensitive and responsive to oncolytic virotherapy. Numerous 

studies have shown that a subset of cancer patients are resistant to OV treatment due to various 

mechanisms, including a functional type I interferon pathway and an immunosuppressive 
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tumour microenvironment (TME) [79]. Several strategies to overcome the resistance and 

maximize the therapeutic efficacy of OV treatment have been under investigation [43,47]. One 

promising strategy to increase the impact of the OV is to administer pharmacological drugs 

that facilitate OV infection of cancer cells but not normal cells. Multiple promising drug 

classes have been discovered to this end [38,52,57,80]. These drugs can transiently decrease 

the type I IFN response to allow OVs to gain a foothold and propagate within the tumour [73]. 

One of the drugs previously described to promote effectiveness of oncolytic virotherapy is 

Dimethyl Fumarate. DMF is an approved drug for psoriasis taken as an oral therapy, and since 

2013 DMF has also been approved for relapsing multiple sclerosis [81]. In the context of 

cancer treatment, DMF has demonstrated anti-tumor properties by reducing tumor growth and 

metastasis [82,83]. Specifically, DMF was shown to suppress the nuclear factor kappa B 

(NFκB) pathway and induce oxidative stress through cellular Reactive oxygen species (ROS); 

resulting in tumor regression [70].  DMF has also been reported to suppress cell proliferation 

in multiple breast cancer cell lines via inhibition of NFκB activity [84]. In addition, DMF was 

shown to sensitize tumors to chemotherapy [85], as NFκB regulates several genes that are 

involved in chemotherapy resistance. In a previous study published by our group [45], it was 

shown that DMF effectively enhanced the spread and oncolysis of Vesicular Stomatitis Virus 

(VSVΔ51) across a range of resistant cancer cell lines, including human clinical specimens. 

The combination of DMF and VSVΔ51 demonstrated significant efficacy in various immune-

competent cancer model such as murine colon carcinoma (CT26.wt). Notably, DMF's capacity 

to augment viral spread can be attributed to its capability in suppressing type I interferon 

(IFN). 
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Drawing on DMF's established effectiveness in cancer therapy, its clinical availability and its 

successful combination with oncolytic VSVΔ51[45], as well as the clinical progress of 

oncolytic HSV, the amalgamation of these modalities emerges as a compelling therapeutic 

strategy. DMF's demonstrated potential to suppress tumour growth, combined with oncolytic 

HSV's tumor-selective replication and cytotoxicity, presents an opportunity for a multifaceted 

approach with enhanced therapeutic impact. The objective of this study is to demonstrate the 

preclinical feasibility of employing DMF in conjunction with oncolytic HSV-1, both in vitro 

and in vivo settings. In the current study, our investigation exploited ICP0 null HSV-1 strains, 

denoted as HSV.n212 and HSVd810, alongside ICP34.5-deficient HSV-1 strains, specifically 

HSV.γ34.5 and HSVG47Δ. 
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2.3 Results  

2.3.1 Dimethyl fumarate sensitizes cancer cells to HSV-1 infection. 

The main objective of our study was to evaluate the potential applicability of DMF to HSV-

1-based oncolytic virus platforms. Consequently, we first investigated the effects of DMF on 

HSV-1 replication in various murine and human cancer cell lines. As a starting point, human 

renal 786-0 carcinoma cells, which are typically resistant to oncolytic virus infection, 

underwent a pre-treatment phase of 4 hours with DMF as per previous studies [45]. 

Subsequently, these cells were infected with HSV.n212 that was genetically modified to 

express green fluorescent protein, at a low multiplicity of infection (MOI), as shown in (Figure 

2.1A). An increase in fluorescence upon pretreatment with DMF and infection with HSV.n212 

was observed in 786-0 cells as well as in murine CT26.wt colon carcinoma cells which are 

HSV-resistant at baseline and syngeneic in Balb/c mice (Figure 2.1A). In addition, fluorescent 

microscopy confirmed increased HSV.n212-GFP transgene expression in murine CT26.wt, 

CT2A glioma, S180 sarcoma and human 786-0 cells as shown in (Figure S2.1A & S2.1B). 

Subsequently, the viral sensitizing potential of DMF in impacting HSV.n212 viral titers was 

evaluated in several cancer subtypes including breast (murine 4T1), colon (murine CT26.wt, 

human HT29), glioma (murine CT2A), sarcoma (murine S180), renal (human 786-0) and 

melanoma (patient derived OHRI-13) where we observed a significant increase compared to 

HSV.n212 alone (Figure 2.1B&C). This viral enhancing effect was also observed when DMF 

was administered concurrently with the virus as well as with post-treatment times as long as 8 

hours as shown in (Figure 2.1D). In addition, we conducted assessments with various strains 

of HSV-1 to ascertain the generalizability of DMF's impact across diverse oncolytic mutants. 

Our findings revealed a consistent increase in titer of other strains of HSV including 
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HSV.G47Δ, HSV.d810 and HSV.γ34.5 within distinct cancer models, as shown in (Figure 

S2.2&2.3), affirming the broad applicability of DMF's efficacy across oncolytic HSV-1 

strains. Furthermore, we looked into the ability of DMF to potentiate HSV-1 infectivity by 

comparing multi-step to single-step growth curves. Similar to what we observed with 

VSVΔ51, DMF was able to strongly improve HSV.n212 when infected at a low MOI of 0.01, 

but not at a high MOI of 1 through quantification of titer by plaque assay as illustrated in 

(Figure 2.1E&F). This suggests that DMF promotes viral spread to increase its growth, but 

not through increasing the rate of HSV-1 replication or viral entry. To further assess the 

oncolytic impacts of HSV.n212 in the presence of DMF, we pretreated cancer cells with DMF 

before infection with HSV.n212, and cell viability was assessed 72 hours after infection. 

Combined treatment with DMF and HSV.n212 resulted in a significant (25-50%) decrease in 

cell viability in human 786-0 as well as several other human and murine cell lines (Figure 

2.1G). To confirm the synergetic effect of the combination therapy, an analysis of non-

constant combinations was conducted, focusing on the interaction between HSV.n212 and 

DMF compared to their respective monotherapies. This analysis is detailed in (Table S2.1), 

which presents the Combination Index Score (CSI) consistently between 0.7-0.8 in CT26.wt 

cells, confirming a synergistic interaction. 
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Figure 2.1: DMF sensitizes human and murine tumor types to HSV-1.  

(A-C) Various human and murine cell lines were pre-treated with DMF (100, and 150uM), 

then infected with HSV.n212 (MOI 0.01). Forty-eight hours after infection, fluorescence 

images were taken from the infected cancer cells, as shown in (A) infectious viral particles 

were quantified by plaque assay as shown in B&C (N=3 mean ± SEM; one-way ANOVA with 

Dunnett’s multiple comparisons test compared to Mock for each cell line). (D) 786-0 cells 

were treated with 150 μM of DMF at various times before or after infection with HSV.n212 

(MOI: 0.01) or untreated. Samples were collected 48 hours after infection and tittered by 

plaque assay (N=3 mean ± SEM; one-way ANOVA with Dunnett’s multiple comparisons test 

compared to Mock for each cell line). (E&F) Multistep (MOI, 0.01) and single-step (MOI, 3) 

growth curves. 786-0 cells were pretreated with DMF and infected with HSV.n212 at an MOI 

of 0.01, or 3; samples were tittered by plaque assay (n = 3; mean ± SD; two-tailed t-test). (G) 

786-0 and other cancer cell lines indicated were pre-treated with DMF with different 

concentrations for 4 hours and then infected with HSV.n212 at an MOI of (0.01). Seventy-two 

to ninety-six hours post-infection cytotoxicity was assessed by incubating samples with 

Resazurin metabolic dye for 150 minutes at 37C before measuring fluorescence (530nm 

excitation, 590 nm emission). Values were normalized to that of untreated control (N=3 mean 

± SEM; *P < 0.05, ***P < 0.001; one-way ANOVA with Dunnett’s multiple comparisons test 

compared to Mock for each cell line). 
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2.3.2 Dimethyl Fumarate enhances HSV-1 viral infection in a various of ex vivo tumor 

models. 

 

The inherent selectivity of oncolytic virotherapy towards cancer tissues is one of its advantages 

over conventional therapies. Therefore, the effect of DMF on oncolytic HSV-1 selective 

infectivity was evaluated to confirm that DMF does not enhance the replication of the virus in 

normal tissues. Tumour cores from mice subcutaneously implanted with CT26.wt murine 

colon cancer cells, as well as cores from normal tissues such as brain, spleen, muscle, and 

lung, were collected and subsequently infected with HSV.n212 in the presence or absence of 

DMF (150 µM). (Figure 2.2A) shows representative fluorescence images of cores that were 

pretreated with DMF prior to HSV.n212 infection. Images and corresponding viral titers 

(Figure 2.2B) show a clear enhancement of HSV.n212 following pretreatment with DMF in 

CT26.wt cores. In sharp contrast, no enhancement of HSV.n212 was observed in normal brain 

tissues and other normal tissues, indicating that the selectivity of the virus towards the tumour 

is still maintained regardless of DMF pretreatment. Furthermore, similar results were observed 

in cores obtained for S180 and CT2A tumours, as shown in (Figure S2.4). When we tested our 

combination strategy in primary human ex vivo clinical samples, DMF increased HSV.n212 

infection across a large variety of tumour types, including breast, lung, and ovarian, as 

demonstrated by viral plaque assay and fluorescence microscopy (Figure 2.2C-E). In an 

ovarian cancer sample, DMF increased the viral titer by over 14-fold. Of 6 human cancer 

specimens tested, only a melanoma sample was found to be non-responsive to DMF even 

though baseline infection / viral titer was similar across all samples. Together, these results 
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demonstrate that DMF’s ability to increase HSV.n212 viral infectivity is selective and 

applicable across different types of human and murine tumours. 
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Figure 2.2. DMF enhances the replication of HSV.n212 in ex vivo tumor tissues and 

patient-derived explants. 

(A-B) CT26.wt (murine colon carcinoma) tumors were grown in BALB/c mice until they 

reached a volume of 1500mm3. Tissues were collected, cored, and treated for four hours with 

DMF at indicated concentrations prior to infection with 3x1010 plaque-forming units of 

HSV.n212. To monitor viral infection, GFP images were captured, and supernatants were 

collected at 72 hpi. Representative GFP images are shown for tumor and normal tissues as in 

B. Infectious viral particles were quantified by standard plaque assay (B) (n>5, mean ± SD; 

ns = no significance, *P< 0.05, ****P<0.0001 by two-tailed t-test).. (C-D) Clinical human 

samples were obtained and cored. Cores were treated with DMF (150μM) for 4 hours, then 

infected with HSV.n212 (3 x 104 pfu/core). At 72hpi, representative fluorescent images were 

obtained. Infectious viral particles were quantified by standard plaque assay (n>5; ns = no 

significance, *P< ****P<0.0001 by two-tailed t-test). (E) A table presents clinical 

characteristics of patient-derived tumour specimens used in this study 
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2.3.3 FMAEs promote HSV-1 infection. 

 

Apart from DMF, a number of fumaric and maleic acid esters (FMAEs) exhibit properties that 

reduce inflammation and regulate the immune response. In light of this, we investigated 

whether other FMAEs and their cis- and trans-isomers (maleic acid esters) had an impact 

HSV.n212 infection of cancer cells, comparable to what was previously shown with VSVΔ51 

[45]. Indeed, dimethyl maleate (DMM), diethyl maleate (DEM), and diethyl fumarate (DEF) 

pretreatment led to strong HSV.n212 infection and oncolysis within 786-0 cells in vitro 

(Figure 2.3A-B). Additionally, MMF, the biologically active metabolite of DMF, did enhance 

HSV.n212 as shown in (Figure 2.3A-B). While some enhancement in HSV.n212 spread and 

titer (Figures 2.3A and 3B) was observed when pre-treating 786-0 with fumaric acid (FA), a 

compound that does not easily traverse the cell membrane, this did not reach statistical 

significance. Collectively, our findings suggest that the use of DMF and other FMAEs, 

characterized by their high bioavailability, can significantly enhance the growth of HSV-1 in 

786-0 cells. 
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Figure 2.3: FMAEs promote infection by HSV.n212 

786-0 cells were pretreated with various FMAEs and analogs for 4 hours and subsequently 

infected with oncolytic HSV.n212 expressing GFP at (A) an MOI of 0.01. Seventy-two hours 

after infection, we obtained fluorescence images of the infected 786-0 cells. (B) 

Corresponding viral titers were determined from supernatants 72 hours after infection. (N=3 

mean ± SEM; *P < 0.05, ***P < 0.001; one-way ANOVA with Dunnett’s multiple 

comparisons test compared to Mock). 
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2.3.4 DMF suppresses the antiviral response. 

 

To further assess if DMF treatment suppresses innate immunity induced by oncolytic HSV-1 

as previously observed in the context of VSVΔ51 [45], IFN-β and downstream interferon-

stimulating genes (ISGs) were investigated at the mRNA level. 786-0 cells were pretreated 

with either mock or DMF (150 µM) and four hours later infected with HSV.n212, or mock 

infected. 24 hour later, RNA was collected, converted to cDNA and qRT-PCR was performed. 

All genes, including IFN-β, MX2, IFITM1, and IL6, were significantly suppressed with the 

combination treatment in comparison with HSV.n212 alone as shown in (Figure 2.4A). This 

suggests that DMF increases HSV.n212 infection via IFN-1 inhibition analogous to what was 

previously observed with oncolytic VSVΔ51. Quantification of IFN-β secretion by enzyme-

linked immunosorbent assay (ELISA) followed a similar trend as shown in (Figure 2.4B). 
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Figure 2.4: DMF increases HSV.n212 infection via IFN-1 inhibition.  

(A) 786-0 were pretreated with Mock or DMF (150uM) for 4h, after which time cells were 

washed and infected with HSV-1 MOI 0.1 or mock infected. 24 hour later, RNA was collected, 

converted to cDNA and qRT-PCR was performed. Cut off for y axis in IFN-β graph was 150. 

Data represented the normalized fold change. (B) 786-0 cells were treated as in (A) and at 36 

hours post-infection, supernatants were collected and assayed by ELISA for IFN-β levels (N=3 

mean ± SEM; **P < 0.01, ***P < 0.001; one-way ANOVA with Tukey’s multiple 

comparisons test). 
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2.3.5 DMF enhances the therapeutic effectiveness of oncolytic HSV.n212. 

 

Given that DMF is a clinically approved drug, and it broadly and robustly enhances the growth 

and activity of oncolytic HSV-1 in several human and murine cancer cells with conversely 

limited effects on normal tissues, we next evaluated the potential therapeutic benefit of 

combining DMF with oncolytic HSV-1 in vivo. The primary aim of the first experiment was 

to determine the optimal dosage of HSV.n212 that would have a significant effect on the 

progression of tumours.  We administered HSV.n212 intratumorally up to six times in the 

CT26.wt model. We saw that infection with HSV.n212 administered either three or six times 

resulted in regression of the tumours as compared to the monotherapy at lower frequencies or 

with PBS treatment. A survival study of this experiment shows that CT26.wt-bearing mice 

having received HSV.n212 either 3x or 6x had significantly prolonged survival compared to 

PBS (HSV-1 3x: P = 0.019 vs. PBS group; HSV-1 6x: P = 0.013 vs. PBS group) (Figure S2.5). 

We next sought to determine the most effective route of administration for DMF. DMF has 

received approval from the U.S. Food and Drug Administration (FDA) for oral administration 

to patients with multiple sclerosis, which is convenient, but which may not sufficiently reach 

the tumor. Conversely, administration through intratumoral injection can be more effective by 

directly impacting the tumour microenvironment, offering opportunities for co-administration 

as HSV-1 is currently approved for applications where the virus is administered intra-

tumourally.  

The CT26.wt model was used to assess the efficacy of oral and intratumoral (i.t) routes of 

delivery of DMF in achieving tumour control in combination with HSV-1. In our study, we 

had four distinct groups, including DMSO, HSV.n212 alone, DMF (i.t.)/HSV.n212, and DMF 
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(gavage)/HSV.n212. CT26.wt tumour-bearing mice received DMF either intratumorally or by 

oral gavage (200mg/kg). Five hours later, a bolus of 25μL PBS containing 1 x 108 pfu of 

HSV.n212 was injected intratumorally. This treatment was repeated two more times, with a 

one-day interval between each treatment. While both routes of administration led to delayed 

tumor progression in combination with HSV.n212, delivering DMF and HSV i.t. had the most 

robust effect, leading to some long-lasting remissions (approximately 10%) as shown in 

(Figure S2.6). 

Having established that intratumoral administration of DMF over gavage results in better 

survival rates in combination with i.t. HSV.n212, our subsequent objective was to more 

robustly investigate the efficacy of DMF (intratumoral) in combination with HSV.n212 

compared to other monotherapies, including HSV.n212, DMF, and DMSO. Treatments were 

tested in two different murine models of cancer: CT26.wt colon and 4T1 breast carcinoma. 

Mice given the combination therapy after tumours reached ~100mm3 in size three times every 

other day (days 0, 2 and 4) showed a significant regression in tumor progression when 

compared to monotherapies in both the CT26.wt and 4T1 model. When looking at survival 

data in these models, the combination therapy significantly prolonged survival compared with 

either monotherapy (combination therapy compared to DMSO alone P = 0.001; HSV.n212 

alone: P = 0.006, DMF alone: p = 0.03) (Figure 2.5A).  In the more aggressive 4T1 model, the 

DMF/HSV.n212 combination significantly increased survival in comparison to all other 

conditions (combination therapy compared to DMSO alone P = 0.001; HSV.n212 alone: P = 

0.01, DMF alone: p = 0.02) (Figure 2.5B). These results demonstrate that the combination of 

DMF and HSV.n212 therapy results in a greater therapeutic benefit compared to placebo or 

monotherapy in two different mouse models of cancer. 
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Figure 2.5: DMF improves HSV.n212 therapeutic efficacy in murine in vivo tumor 

models.  

BALB/c nude mice were implanted with 3 × 105 CT26.wt cells or 5 × 105 4T1 cells. Upon 

reaching ~ 100mm3, mice were treated three times every other day with the regimen of 200 

mg/kg DMF or DMSO (intratumorally) followed by HSV.n212 (1E8 pfu) or PBS 

(intratumorally) 5 hours later. Tumor volumes were monitored every 2-3 days (n > 15, mean 

± SEM; *P<0.05, **P<0.01 by one-way ANOVA). Mice were culled when tumor volumes 

reached 1500mm3 for survival analysis. Kaplan-Meier curves were plotted and compared 

using the log-rank (Mantel-Cox) test (CT26.wt: DMSO = 15, DMF = 19 HSV.n212 = 18, 

combo = 20; 4T1: DMSO = 10 DMF = 9, HSV.n212 = 10, combo = 9). 
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2.3.6 Effects of HSV-1 / DMF combination therapy on tumor immune profile. 

 

In order to provide a more comprehensive understanding of the immune response subsequent 

to therapy in the CT26.wt cancer model, mice were subjected to euthanasia on days 5 and 14 

subsequent to the first administration of the treatment dosage (as per i.t dosing regimen 

described above). Tumours, tumour-draining lymph nodes (TdLN), and spleens were collected 

for the purpose of assessing cell-mediated immune responses. We detected an increase in the 

CD3+ population inside the tumour compartment of mice treated with the combination 

regimen compared to all other groups by day 14; however, this did not reach statistical 

significance comparing to individual groups in post-hoc tests (ANOVA p=0.09, Figure 2.6A). 

Notably, there was no concurrent increase detected in the CD4 and CD8 at any time point, 

suggesting this could be attributable to a rise in double-negative T-cells (Figure 2.6B). 

Notably, we also observed elevated expression levels of PD-L1 on the CD45- population 

which are predominantly CT26.wt cells as shown in (Figure 2.6C).   
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Figure 2.6: FACS analysis of combination treatment in CT26.wt model.  

BALB/c mice were implanted with 3 × 105 CT26.wt cells. Upon reaching ~ 100mm3 mice 

were treated three times every other day with the regimen of 200 mg/kg DMF or DMSO 5 h 

later (intratumorally) followed by HSV.n212 (1E8 pfu) or PBS (intratumorally). On day 5 and 

14 post-treatment, mice were sacrificed, and tumors, spleen and lymph nodes harvested, cells 

were dissociated and stained with fluorochrome-conjugated anti-mouse antibodies, and 

multicolor FACS was performed. (A) Tumour-infiltration in total CD45+CD3+ T-cell 

populations (B) Tumour-infiltration total CD45+ CD4+ and CD8+ T-cell populations on day 

5 and 14 post treatment. (C) PD-L1+ in CD45- population within tumour microenvironment. 

(N=5 mean ± SEM; one-way ANOVA with Tukey’s multiple comparisons test). 
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2.4 Discussion  

 

The obstacle presented by the resistance of tumours to oncolytic virotherapy is a well-

recognized problem that hampers the achievement of clinical efficacy. Several research groups 

including ours have dedicated efforts towards developing strategies involving small molecules 

to enhance the susceptibility of tumors to oncolytic virus infection [47]. DMF arises as a 

versatile therapeutic candidate in the field of oncology due to its multifaceted characteristics, 

which include potent anti-tumor properties, immunomodulatory capabilities, and FDA-

approved status [86]. A recent study conducted by our team has demonstrated that DMF can 

improve the effectiveness of VSVΔ51 in a variety of preclinical models [45]. Despite the 

commercial failure of Imlygic, HSV-1 remains a leading candidate in the OV field and holds 

much promise in the field of cancer therapy due to its ease of genetic manipulation, its ability 

to specifically target and eliminate cancer cells, and induce immune responses against 

tumours. Additionally, HSV-1 continues to stand as the only platform that has successfully 

transitioned into clinical use in North America, Europe and most recently Japan [26]. In this 

study, we examined the effects of DMF and various FMAEs on oncolytic HSV-1 in the context 

of cancer. 

 

In the present investigation, our findings demonstrate that the utilization of the clinically 

approved DMF leads to a notable augmentation of HSV-1 propagation, evident through 

increased expression of virally encoded green fluorescent protein (GFP) across a variety of 

HSV-1 mutant strains (Figure 2.1A, S2.2 &3). This results in enhanced viral output, as well 

as significantly enhanced oncolytic effects within multiple human and murine cancer cell lines 
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(Figure 2.1 B, C, G). In addition to DMF, several FMAEs demonstrated a consistent effect on 

HSV.n212, resulting in an increase in both GFP expression and viral titers in 786-0 cells 

(Figure 2.3). Importantly, these outcomes align closely with our prior observations involving 

VSVΔ51 [45].  

 

DMF exerts inhibitory effects on the cellular response to type I IFN by, in part, reducing IFN 

production through the modulation of NFκB [87]. Additionally, DMF hinders the activation 

of signal transducer and activator of transcription 1 (STAT1) following IFN stimulation. 

Indeed, as we observed in the context of oncolytic VSVΔ51, a significant decrease in the 

expression of interferon stimulating genes was observed following DMF treatment and 

HSV.n212 infection (Figure 2.4). 

 

In this study, we also optimized an intratumoral HSV.n212 dosage regimen in a subcutaneous 

CT26.wt murine tumour model. We found that administration of three- and six-times 

HSV.n212 every other day similarly reduced tumour growth compared to lower frequency 

regimens (Figure S2.5). Consequently, we proceeded with the three-dose infection regimen. 

 

Given the current practice of oral DMF delivery in MS patients, we investigated whether 

gavage DMF could match intratumoral injection, which was used in our previous study with 

VSVΔ51. While DMF administered by gavage led to a delay in tumour growth, intratumoral 

DMF delivery surpassed gavage in tumour management in combination with HSV.n212 

(Figure S2.6). Several preclinical studies have used oral DMF as a monotherapy for cancer 
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with favourable findings [67,88].  However, these studies used frequent and lengthy dosing 

strategies, at lower concentrations, which may explain the difference in results.   

 

We chose the CT26.wt model as a starting point to evaluate the combination of HSV-1 and 

DMF in this study owing to its relative resistance to OVs in vivo, and in vitro and ex vivo 

responsiveness to DMF with respect to enhancing OV spread. As predicted, the combination 

of DMF and HSV.n212 resulted in a significant delay in tumour growth, surpassing the effect 

of either monotherapy (Figure 2.5). While neither monotherapy led to long-term tumor 

control, the combination strategy demonstrated a 10% cure rate within the CT26.wt model, 

aligning with prior findings reported with oncolytic VSVΔ51 (cure rate of 20%) [45]. We also 

evaluated the combination therapy in a more aggressive 4T1 model. In this case, the 

combination therapy significantly extended survival and reduced tumour growth but did not 

lead to long term cures. 

  

The compelling findings reported in our study of the combination of DMF with oncolytic 

HSV-1 in two different tumour murine models underscore the potential of this strategy as a 

therapeutic avenue. 

While further dose optimization experiments will be required, the current study suggests that 

a combinatory approach involving the administration of DMF intratumorally ahead of 

HSV.n212 (5h apart), administered a total of three times every other day can be effective for 

tumor control. Nevertheless, it is apparent that additional efforts are required to enhance the 

effectiveness of this therapy. Thus, we examined the treatment's immunological effects in 

CT26.wt to determine if they were linked to tumour control. There was an increase in CD3 
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cell counts was found in response to the combined therapy (Figure 2.6A); however, there was 

no concurrent rise in the populations of CD4 and CD8 cells. This suggests an increase in 

double-negative T-cells, however further studies will be needed to determine whether these 

are beneficial or not to tumour control, as these have been reported to either play a pro or anti-

tumor role depending on the context and tumor microenvironment [89]. The anti-inflammatory 

effects of DMF are well-known which might overall dampen lymphocyte responses despite 

greater infiltration of CD3+ cells [90]. While outside the scope of the current study, this 

suggests that a potential avenue for exploration entails the use of oncolytic HSV-1 candidates 

that have been genetically modified to express therapeutic genes capable of stimulating 

immunological responses. Based on our current findings, strategies that could capitalize on 

the infiltration of double-negative T-cells or conversely enhance CD4+/CD8+ recruitment to 

the tumor may be beneficial, as may be strategies to dampen the (Programmed cell death 

protein 1) PD-1-1/ Programmed cell death protein ligand 1 (PD-L1) axis.  

Moreover, it is noteworthy that the CT26.wt model exhibits a notable expression of PD-L1 in 

CD45- populations (tumor cells) (Figure 2.6C). In this particular situation, it is plausible that 

the effectiveness of the combination approach could be enhanced by integrating an immune 

checkpoint inhibitor that specifically targets PD-L1, hence amplifying immune responses. 

In short, this work shows that the clinically approved DMF increases HSV-1 propagation in 

several human and murine cancer cell lines. In the immune competent murine CT26.wt colon 

cancer and 4T1 breast cancer models, we showed that the DMF-HSV-1 combination therapy 

significantly reduced tumour growth more than respective monotherapies. Altogether, our 

findings suggest that combination approaches using DMF and engineered HSV-1 that can 

maximize anti-tumor immune response warrant further testing. 
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2.5 Materials and methods 

Cell lines 

OHRI-MEL-13 (primary human melanoma cells) was obtained as a generous gift from Dr. 

Carolina Ilkow of the Ottawa Hospital Research Institute (Ottawa, Canada) [91].  

All other cell lines used in this study including 786-0 (human renal cell adenocarcinoma), 

HT29 (human colon carcinoma), 4T1 (mouse breast carcinoma), CT26.wt (mouse colon 

carcinoma), S-180 (mouse sarcoma), CT2A (mouse glioma), Vero (African Green Monkey 

Kidney, CCL81). Cells were obtained from the American Type Culture Collection (ATCC) 

and maintained in Dulbecco’s modified Eagle’s medium (DMEM, HyClone, Waltham, 

Massachusetts, or Corning, Manassas, Virginia), supplemented with 1% penicillin-

streptomycin (Gibco) and 10% fetal bovine serum (FBS; VWR, Mississauga, Ontario). 

All cells were incubated at 37 °C in a 5% CO2 humidified incubator and routinely tested for 

mycoplasma contamination by Hoechst staining and PCR (Diamed, Mississauga, Ontario, 

Catalog # ABMG238). 

Viruses, purification, and quantification  

ICP0-Null HSV including (HSV.n212) expressing GFP and (HSV.d810) expressing GFP was 

obtained as a generous gift from Dr. Karen Mossman of McMaster University (Hamilton, 

Canada). HSV titers were determined by a standard plaque assay on Vero cells according to a 

previously published protocol (14). Herpes simplex virus gamma 47 delta (HSV-G47Δ) has 

deletions in the g34.5 and a47 genes, and the inactivating insertion of LacZ into ICP6 was 

obtained as a generous gift from Dr. Samuel Rabkin of Harvard University. HSV titers were 

determined by a standard plaque assay on Vero cells according to a previously published 

protocol [92]. The oncolytic HSV.n212 and HSVG47Δ were grown and tittered on Vero cells. 
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Briefly, HSV was added at multiplicity of infection (MOI) of 0.05 to 95% confluent Vero cells 

in roller bottles in a total volume of 25 ml of complete DMEM. Infected Vero cells were 

incubated at 37 °C with 5% CO2 for 48-72 h or when reach ~90% CPE (cell syncytia) was 

observed. Supernatants and cells were collected. Supernatants were pelleted at 25,000 RPM 

for 2 hours. Cells were frozen and thawed twice, then pelleted at 1200 RPM for 10 minutes to 

clear cell debris. The virus contained within the cleared supernatant was combined with the 

pellets of the first supernatant and purified using a 36% sucrose gradient.  

Plaque assay 

Vero cells were used to titer HSV infected samples. Briefly, all infectious samples were 

serially diluted then transferred into monolayer of Vero cells. After an incubation of 60 mins, 

an overlay of CMC: DMEM were added for 72 hours. For visualization of plaques, a 0.5 % 

Crystal Violet solution were added to the wells.  

Viral growth curves 

786-0 were cultured overnight to reach in a confluency next day. Subsequently, the cells were 

infected with HSV-1 at two different MOI: 0.01, utilized for multi-step growth curve analysis, 

and 1.0, for single-step growth curve analysis. MOI 1.0-infected cells underwent a 60-minute 

incubation, followed by a washing step and media replenishment. The cells were then 

maintained for up to 72 hours post-infection (hpi), with 200 µl of supernatant collected and 

stored at -80°C at specific time intervals: 0, 4, 8, 12, 24, 32, and 48 hpi. Viral titers in the 

collected samples were subsequently quantified using plaque assays, following established 

procedures [92].  
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Drugs 

Dimethyl fumarate (DMF) (Sigma-Aldrich) was resuspended in 100% DMSO to 100mM and 

further diluted at indicated dilutions before use in all in-vitro experiments. For in-vivo 

experiments, DMF was dissolved in 100% DMSO or 0.8% methyl cellulose at 50mg/mL 

diluted at indicated dilutions before use. 

Monomethyl fumarate (MMF), Diethyl fumarate (DEF), Dimethyl maleate (DMM), Diethyl 

maleate (DEM) and Fumaric acid (FA) were all obtained from (Sigma-Aldrich) and all 

resuspended in 100% DMSO to 100mM and further diluted at indicated dilutions before use 

in all in-vitro experiments.  

Cell viability assay 

The assessment of cellular metabolic activity was conducted through the use of Resazurin 

(metabolic dye) (Millipore Sigma, cat. SI03200) according to the manufacturer’s protocol. 

10% of resazurin were added to all samples for 1-2 hours, depending on the cell line. Using 

the BioTek Microplate Reader (BioTek, Winooski, VT, USA) and Gen5 2.07 software. 

Fluorescence was measured at 590 nm upon excitation at 530 nm. Readings were expressed 

relative to the average of the uninfected, mock treated condition. 

IFN-β ELISA  

786-0 cells were first treated with DMF at 150uM for a duration of 4 hours then infected with 

HSV at an MOI of 0.1. The 786-0 cell supernatant, obtained 24 hours post-infection following 

treatment and infection, underwent assessment for the concentration of human IFN-β. This 

quantification was conducted using the Human IFN Beta ELISA Kit (PBL Assay Science, cat. 

41410), adhering to the guidelines provided by the manufacturer. Absorbance readings were 

taken using BioTek Cytation C10 Confocal Imaging Reader. 
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Quantitative real-time PCR.  

786-0 cells were first treated and then infected as described. After 24 hours, the RNA from the 

lysed cells was homogenized with the QIAshredder (Qiagen, cat. 79656) and extracted with 

the QIAGEN Rneasy kit (Qiagen, cat. 74106) following the manufacturer’s protocol. The 

RNA was quantified using a NanoDropTM One Microvolume UV-Vis Spectrophotometer 

(Thermo Fisher Scientific, Rockford, IL). RevertAid First Strand cDNA Synthesis Kit was 

used to convert 1 ug of RNA to cDNA. The real-time PCRs were carried out on a 7500 Fast 

Real-Time PCR system (Applied Biosystems) using the Applied Biosystems PowerUp SYBR 

Green Master Mix (ThermoFisher Scientific) following the manufacturer’s protocol. The 

Pfaffl method was used to calculate gene expression.  

In vivo mouse tumor models  

All experiments were conducted following the University of Ottawa Animal Care and 

Veterinary Service guidelines for animal care under protocols OHRI-2264 and OHRI-2265. 

Dose escalation study. 

BALB/c mice that were 6 weeks old and obtained from Charles River Laboratories were 

implanted subcutaneously with syngeneic CT26.wt colon carcinoma cells in the right flank 

using 100μL PBS. Once the tumours reached a volume of approximately 100 mm3 after 11 

days, the mice received injections of HSV (1 x 108 pfu) directly intratumorally, either once, 

twice, thrice, or six times. Tumor size was monitored every other day using an electronic 

caliper, and their volumes were calculated using the formula (length × width2)/2. The mice 

were euthanized when tumour volumes exceeded 1500 mm3. 
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Route of administration study 

BALB/c mice that were 6-8 weeks old and obtained from Charles River Laboratories were 

implanted subcutaneously with syngeneic CT26.wt colon carcinoma cells in the right flank 

using 100μL PBS. Once the tumors reached a volume of approximately 100mm3 after 11 days, 

mice were injected either intratumorally or given DMF by oral gavage (200mg/kg). Five hours 

later, a bolus of 25μL PBS containing 1 x 108 pfu of HSV.n212 was injected intratumorally. 

This treatment was repeated two more times, with a one-day interval between each treatment.  

CT26.wt Model 

BALB/c mice that were 6-8 weeks old and obtained from Charles River Laboratories were 

implanted subcutaneously with syngeneic CT26.wt colon carcinoma cells in the right flank 

using 100μL PBS. Once the tumours reached a volume of approximately 100mm3 after 11 

days, mice were injected intratumorally with either DMF (200mg/kg) or vehicle alone. Five 

hours later, a bolus of 25μL PBS containing 1 x 108 pfu of HSV.n212, or PBS alone, was 

injected intratumorally. This treatment was repeated two more times, with a one-day interval 

between each treatment. 

4T1 Model  

BALB/c mice that were 6 weeks old and obtained from Charles River Laboratories were 

implanted subcutaneously with 5 x 105 4T1 syngeneic 4T1 mammary carcinoma cells in 

100μL PBS in their right flanks. After 9 days, when the tumor volumes reached about 

100mm3, DMF (200mg/kg) or vehicle alone was injected intratumorally. Five hours later, a 

bolus of 25μL PBS containing 1 x 108 pfu of HSV.n212, or PBS alone, was injected 

intratumorally. This treatment was repeated two more times, one day apart.  



58 

 

Mice were randomized to different treatment groups based on tumor size prior to the first 

treatment. For survival studies, mice were end pointed when tumor volumes exceeded 

1500mm3 or when they showed significant respiratory distress from lung metastases.  

Human and Murine Ex Vivo Tumor Models 

To initiate the study, BALB/c mice were implanted with 3 x 105 CT26.wt colon carcinoma 

cells subcutaneously. Once tumor volumes reached 1500 mm3, the mice were euthanized, and 

relevant tissues were extracted. For human tissue samples, tumor samples were collected from 

patients who had given informed consent and followed the Declaration of Helsinki guidelines 

during surgical resection. Collection of human tissue/fluid for this study was made possible 

by the Global Tissue Consent and Collection Program at the Ottawa Hospital Research 

Institute. The tissue collection program was approved by OHSN-REB under the protocol 

OHSN REB 20180079-01H. All tissues were processed fresh; sliced into 2mm sections and 

circular cores of 2mm diameter were extracted using a punch biopsy tool. These cores were 

then kept in a humidified incubator at 37°C and 5% CO2 in DMEM supplemented with 10% 

serum, 30mM HEPES, 1% (v/v) penicillin-streptomycin and 0.25 mg/L amphotericin B. The 

cores were treated with DMF for four hours and then infected with HSV.n212 at 3 x 104 

pfu/core. After 72 hours post-infection, fluorescence images were captured using the EVOS 

Live Cell Imaging System (Thermo Fisher) and cores were homogenized with a TissueLyser 

II (Qiagen) prior to titering.   

Immune profiling 

Tissue processing  

The tumours were dissociated utilizing the Miltenyi mouse tumour dissociation kit (Miltenyi 

Biotec, CA, USA, Cat. # 130-096-730) in conjunction with the gentleMACS Octo Dissociator 
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(Miltenyi Biotec, Cat. # 130-096427). The spleens and tumor-draining lymph node (TdLN) 

(ipsilateral axillary, inguinal, cervical) were obtained and subjected to dissociation by 

mechanically crushing the organs through a 70 µm strainer, utilizing the plunger of a 3 mL 

syringe. The erythrocyte lysis of all dissociated spleens was performed using ACK buffer 

(Gibco, Cat. # A1049201). The cell suspensions were counted, and a total of 2 x 106 cells were 

reconstituted in 200 µl of FACS buffer (0.5% BSA-PBS) before being transferred to round-

bottom 96-well plates for the purpose of staining.  

Flow cytometry 

Following the aforementioned tissue processing protocol, the cells were exposed to staining 

using the fixable viability dye FVS510 (BD Biosciences, NJ, USA, Cat. #564406) at a dilution 

of 1:1000 in phosphate-buffered saline (PBS) for a duration of 30 minutes at the room 

temperature.  The cells underwent a washing process and were subsequently subjected to 

incubation with anti-CD16/32 (1:100, BD Biosciences, Cat. # 553141) in a solution of 0.5% 

BSA-PBS for a duration of 30 minutes at a temperature of 40°C. This step was performed in 

order to prevent non-specific antibody binding to Fc receptors. The cells were subsequently 

subjected to staining using a specific subset of antibodies against the following targets: CD45-

BV786 (1:1000, BD Biosciences, Cat. # 564225), CD3-AlexaFluor 700 (1:100, BD 

Biosciences, Cat. # 561805), CD4-V450 (1:1000, BD Biosciences, Cat. # 560468), CD8aPE-

CF594 (1:100, BD Biosciences, Cat. # 562283), CD25-PE (1:100, Thermo Scientific, Cat. # 

12-0251-82), CD69-BV605 (1:100, BD Biosciences, Cat. #563290), CD44-APC (1:100, BD 

Biosciences, Cat. #563058), CD62L-FITC (1:100, BD Biosciences, Cat. #553150), PD1-APC 

(1:100, BD Biosciences, Cat. # 562671), CD127-PE-Cy7 (1:100, BD Biosciences, Cat. # 

560733), CD49b-BUV395 (1:100, BD Biosciences, Cat. # 553857), CD11b-APC-Cy7 (1:200, 
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BD Biosciences, Cat. #553312), CD11c-PE (1:100, BD Biosciences, 553802), CD86-APC-

R700 (1:100, BD Biosciences, Cat. # 565479), IA/IE-BV605 (1:200, BD Biosciences, Cat. # 

563413), CD19 (1:100, BD Biosciences, Cat. # 553785), F4/80-BUV605 (1:100, BioLegend, 

CA, USA, Cat. #123118). The PD-L1-APC-Cy7 antibody (BioLegend, Cat. # 124313) was 

used at a dilution of 1:100. The cells were subsequently rinsed and reconstituted in a solution 

containing 1% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). The acquisition 

of samples was conducted using the BD LSRFortessa™ instrument in the Flow Cytometry 

and Cell Sorting core facility of the Ottawa Hospital Research Institute. The data underwent 

analysis using FlowJo v10.8 software. Unstained controls and fluorescence-minus-one (FMO) 

controls were made concurrently. Compensation was performed using Ultracomp eBeads 

(Thermo Scientific, Cat. # 01-2222-42), which are single-stained beads were used for 

compensation. 

Statistics  

GraphPad Prism were used in all graphs and statistical tests. Individual statistical tests were 

detailed in figure legends. Two-tailed unpaired Student’s t-test was used when means of two 

groups were compared. One-way ANOVA with Dunnett’s or Tukey’s multiple correction test 

were used when means of more than two groups were compared. Analysis of in vivo survival 

data was performed by the Kaplan-Meier method followed by log-rank test. Biological 

replicates are indicated by a number n, and error calculated as the standard error of the mean 

(SEM) For all analyses, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; n.s. = not 

significant.  
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3.1. Abstract 

Oncolytic virotherapy, using viruses such as vesicular stomatitis virus (VSVΔ51) and Herpes 

Simplex Virus-1 (HSV-1) to selectively attack cancer cells, faces challenges such as cellular 

resistance mediated by the interferon (IFN) response. Dimethyl Fumarate (DMF) is used in 

the treatment of multiple sclerosis and psoriasis and is recognized for its anti-cancer properties 

and has been shown to enhance both VSVΔ51 and HSV-1 oncolytic activity. Tepilamide 

Fumarate (TPF) is a DMF analog currently undergoing clinical trials for the treatment of 

moderate-to-severe plaque psoriasis. The aim of this study was to evaluate the potential of 

TPF in enhancing the effectiveness of oncolytic viruses. In vitro, TPF treatment rendered 786-

0 carcinoma cells more susceptible to VSVΔ51 infection, leading to increased viral 

replication. It outperformed DMF in both increasing viral infection and increasing killing of 

these resistant cancer cells and other cancer cell lines tested. Ex vivo studies demonstrated 

TPF's selective boosting of oncolytic virus infection in cancer cells without affecting healthy 

tissues. Effectiveness was notably high in pancreatic and ovarian tumor samples. Our study 

further indicates that TPF can downregulate the IFN pathway, through a similar mechanism 

to DMF, making resistant cancer cells more vulnerable to viral infection. Furthermore, TPF's 

impact on gene therapy was assessed, revealing its ability to enhance the transduction 

efficiency of vectors such as lentivirus, adenovirus type 5, and adeno-associated virus type 2 

across various cell lines. This data underscore TPF's potential role in not only oncolytic 

virotherapy but also in the broader application of gene therapy. Collectively, these findings 

position TPF as a promising agent in oncolytic virotherapy, warranting further exploration for 

its therapeutic potential. 
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3.2. Introduction 

 

Oncolytic viruses (OVs) are specialized therapeutic agents designed to selectively infect and 

destroy cancer cells, leaving healthy tissues unharmed [36,93]. These agents, through their 

multifaceted therapeutic mechanisms, not only directly induce lysis of malignant cells but also 

potentiate antitumor immune responses and target the tumor vasculature [94], thereby 

comprehensively impeding tumor progression. A notable example is Talimogene 

laherparepvec (T-VEC), a Herpes Simplex Virus (HSV-1) -based oncolytic virus, which 

garnered FDA approval in 2015 for treating melanoma [26,27]. Other HSV-1 based oncolytic 

viruses like G47Δ are showing promise in clinical trials. In glioblastoma patients, G47Δ 

demonstrated safety and a notable 1-year survival rate of 84.2% in a phase 2 trial [25]. These 

results have led to its conditional and time-limited approval in Japan for glioma treatment, 

pending further studies.  

Oncolytic virotherapy, while promising, encounters significant hurdles, particularly the 

resistance of cancer cells to viral infection, among other challenges.  This resistance is 

frequently attributed to the host immune response and in part type I interferon (IFN) signaling 

[95]. Typically, cancer cells show a lack of interferon (IFN) reactivity as part of their 

neoplastic evolution; however IFN signaling signatures can be observed in some tumor types 

and may be linked to OV resistance [79,96]. The IFN pathway which is induced among others 

by viral infection can activate a series of antiviral genes that effectively suppress viral 

replication. This innate immune mechanism, designed to protect cells from viruses, poses a 

challenge in oncolytic virotherapy, as it can significantly reduce the ability of therapeutic 

viruses to infect and destroy cancer cells. Overcoming this resistance is one key focus in the 



64 

 

development of more effective oncolytic viral therapies. To tackle the challenge of cancer cell 

resistance in oncolytic virotherapy, our team and others have tested the strategic use of selected 

pharmacological agents in conjunction with OVs. These strategies mostly aim to temporarily 

dampen the cancer cells' IFN-related antiviral defenses, enhancing effectiveness of oncolytic 

virotherapy. Multiple small molecules have been identified through high-throughput screening 

and rational approaches [38,44,73,80,97]. Many of these molecules target the IFN pathway 

and its downstream regulated genes, leading to increased viral titers and enhanced 

effectiveness in killing tumor cells. One notable example is Dimethyl Fumarate (DMF), an 

FDA-approved drug for multiple sclerosis, which has shown significant potential in enhancing 

the activity of Vesicular Stomatitis Virus (VSVΔ51) and various oncolytic HSV-1 strains in 

different cancer cell lines and mouse models[45]. Its effectiveness largely stems from its 

ability to inhibit the IFN type 1 pathway through preventing the nuclear translocation of NF-

κB [38,46].  

While DMF is an approved drug, it suffers from some known pharmacological limitations and 

side effects, which have led to the discovery and development of analogs with potentially more 

favorable pharmacokinetic and toxicological profiles. In this study, we focus on Tepilamide 

Fumarate (TPF), one such analog that is currently under investigation in late stage clinical 

trials for patients with psoriasis [71]. The unexplored potential of TPF in cancer treatment and 

in combination with OVs presents a significant opportunity to develop improved therapeutic 

regimens. Our study aimed to assess the anticancer potential of TPF, exploring its ability to 

enhance the ef-fectiveness of oncolytic viruses and other viral vectors.  
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3.3. Results 

3.3.1. TPF Enhances Susceptibility of Cancer Cells to VSVΔ51 infection. 

To delineate the virus-enhancing potential of TPF (Figure 3.1 A), we utilized human renal 

786-0 carcinoma cells that are inherently resistant to VSVΔ51 infection as a model system. 

The 786-0 cells were subjected to pre-treatment with TPF at different concentrations for a 

duration of four hours. Subsequently, these cells were infected with VSVΔ51 that expresses 

GFP. Fluorescence microscopy pictures captured 24 h after infection, as depicted in (Figure 

3.1 B), revealed that TPF pre-treatment increases VSVΔ51 infection in these cells compared 

to untreated, infected controls. Similar outcomes were noted when 786-0 cells were pre-treated 

with other drugs from the fumarate class, including DMF and the active metabolite of TPF 

and DMF, Monomethyl fumarate (MMF), as demonstrated in (Figure S3.1). A significant 

increase in viral titer with rising concentrations of TPF in the 786-0 cells was observed (Figure 

3.1 C), suggesting a dose-dependent enhancement of viral growth upon treatment. 

Additionally, TPF was used to pre-treat other cancer cell lines, such as MC38, 4T1, and B16-

OVA, and we observed a similar increase in GFP transgene expression following VSVΔ51 

infection, as demonstrated in (Figure S3.2). Quantitative PCR analysis confirmed that the 

expression levels of the VSV M and N genes were significantly increased in the RNA samples. 

This supports the presence of greater viral loads in cells exposed to TPF compared to the cells 

that were not treated as shown in (Figure 3.1 D). In addition, we assessed the enhancing impact 

of TPF on VSVΔ51 infectivity by comparing multi-step and single-step growth curves. 

Consistent with our previous findings with DMF[45], TPF significantly increased the 

infectivity of VSVΔ51 at a low MOI of 0.01, compared to a high MOI of 1. This was 

determined using a high-throughput titration titer quantification method, as shown in (Figure 
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3.1 E&F). These findings suggest that TPF enhances viral spread, contributing to augmented 

growth without necessarily affecting the VSVΔ51 replication rate. The spread of the virus was 

also evaluated using a plaque assay designed to measure plaque size, revealing that TPF 

significantly increased the area of viral plaques within a monolayer of the 786-0 cells, as 

determined by Coomassie blue staining as shown in (Figure 3.1 G). 
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Figure 3.1: Tepilamide Fumarate demonstrates remarkable viral sensitizing capabilities. 

(A) The structure of Tepilamide fumarate (TPF). 786-0 cells were pretreated with different 

doses (0, 100, 150, and 200 µM) of TPF for four hours and then infected with VSVΔ51 

expressing GFP (MOI 0.05). (B) GFP images were captured 24 hours post-infection. (C) 

Samples were quantified for viral titer by standard plaque assay (N=3, mean ± SEM; **P<0.01 

***P<0.001; one-way ANOVA with Dunnett’s multiple comparisons test compared to Mock). 

(D) VSV-M and VSV-N mRNA were quantified by RT-qPCR (n=3, mean ± SD; ***P<0.001 

by two-tailed t-test). Multistep (MOI 0.01) and single-step (MOI 1) growth curves were 

generated. (E & F) 786-0 cells were pretreated with TPF and infected with VSVΔ51 at an MOI 

of 0.01 or 1, and samples were quantified for viral titer by high throughput method (n=3; mean 

± SD; *P<0.05, ***P<0.001; two-tailed t-test). (G) 786-0 cells underwent treatment with TPF 

at a concentration of 150 µM, followed by infection with VSVΔ51 at an MOI of 0.01. After 

an incubation period of 1 hour, the cells were overlaid with agarose. At 48 hours post-

infection, Coomassie blue staining was performed. The area of randomly selected plaques was 

then measured (n = 7; mean ± SD), and a two-tailed t-test revealed a highly significant 

difference (***p < 0.001). 
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3.3.2. TPF enhances VSVΔ51 and HSV-1 infection in cancer cells compared to DMF. 

Given the enhancement of oncolytic activity observed with TPF in conjunction with VSVΔ51 

and considering previous studies demonstrating DMF’s ability to potentiate VSVΔ51 

efficacy[45], our study aimed to conduct a direct comparison between DMF and TPF to 

determine if one drug exhibits superior effectiveness in vitro. 786-0 cells were pre-treated with 

TPF or DMF for four hours prior to infection with VSVΔ51-GFP at MOI of 0.05. Subsequent 

to a 24 h infection period, fluorescence imaging was performed, and GFP expression was 

quantified as illustrated in (Figure 3.2A). The acquired images and corresponding GFP 

quantification indicate that both TPF and DMF, at 100 and 150 μM, significantly increase 

VSVΔ51-GFP associated GFP expression, suggesting an augmentation in viral infectivity in 

response to compound administration. 

Further analysis aimed to evaluate the impact of TPF and DMF on VSVΔ51-mediated 

oncolysis. Cell viability was measured using the metabolic indicator alamarBlue at 48 h post-

treatment, with and without the addition of VSVΔ51 to the TPF or DMF treatment regimens. 

The results, as depicted in (Figure 3.2C), demonstrate a marked decline in cell viability 

following the combination therapy, underscoring the compounds’ potential to compromise the 

viability of the VSV-resistant 786-0 cancer cell line. A side-by-side comparison of the TPF-

VSVΔ51 and DMF-VSVΔ51 combinations, detailed in (Figure 3.2C), reveals a superior 

reduction in cell viability by the TPF-VSVΔ51 regimen, particularly at 100µM, suggesting 

that TPF may exert a more pronounced and potent oncolytic effect in the presence of VSVΔ51 

than DMF. 

This pattern of reduced cell viability by the TPF-VSVΔ51 combination over the DMF- 

VSVΔ51 combination was also observed in another cell line, the CT26.wt mouse colon 
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carcinoma cell line, as shown in (Figure 3.2D–F). These results further support that the TPF-

VSVΔ51 combination further improves cancer cell elimination in comparison to the DMF- 

VSVΔ51 combination. 

Resulting viral titers were also quantified, as shown in (Figure 3.2G,H), and revealed a 

significant increase in viral titers in both 786-0 and CT26.wt cells treated with either the TPF 

or DMF combination treatments. A slightly greater but statistically significant enhancement 

in impact on virus titers was observed with TPF-VSVΔ51 compared to DMF- VSVΔ51. To 

evaluate the effects of TPF in the context of another OV class, HSV.n212 was tested in 

combination with either TPF or DMF in the 786-0 cells. The results indicate once again a 

slight superiority of TPF over DMF in enhancing the growth of HSV.n212, as shown in (Figure 

3.2I). The data across these figures demonstrate that TPF, especially in combination with 

VSVΔ51, has a potent ability to augment cancer cell infection and killing across diverse 

cellular models.  
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Figure 3.2: TPF demonstrates a superior effect in enhancing OV infection within cancer 

cells. 

(A & C) 786-0 and CT26.wt cells were first pretreated with TPF and DMF (100µM and 

150µM) for a duration of 4 hours then infected with VSVΔ51 at MOI (0.05). 24-hour post 

infection GFP counts were counted (N=3, mean ± SEM; ***P<0.001; ****P<0.0001; 

unpaired t test). (B & D) Metabolic viability assay was assessed using Resazurin dye (N=3, 

mean ± SEM; *P<0.05**, P<0.01, ***P<0.001, ****P<0.0001; unpaired t test. (E) Samples 

were quantified for viral titer by standard plaque assay (N=3, mean ± SEM; **P<0.01 

***P<0.001; one-way ANOVA with Tukey’s multiple comparisons test). (F) 786-0 cells were 

treated with either TPF or DMF concentration OF 150µM then infected with HSV.n212 

expressing GFP (MOI 0.02). Corresponding fluorescent images were taken 48 hours post 

infection. Supernatants were collected at 72 hours post infection for viral titer quantification 

by plaque assay (mean ± SD; **P<0.01 by one-way ANOVA).   
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3.3.1 TPF potentiates Infectivity of VSVΔ51 in Human and Murine Tumor Explants 

 

We next aimed to evaluate the impact of TPF in ex vivo tissues to assess its potential in a more 

physiologically relevant setting and to assess its tumor selectivity, a feature that has been 

previously established for DMF [45]. . Briefly, CT26.wt murine colon cancer cells were 

implanted subcutaneously in mice, and once the tumors had grown to approximately 1500 

mm3 these were harvested and cored for in vitro culture using uniform slices from a biopsy 

punch (Figure 3.3A)[98].  Samples from normal tissues including brain, spleen, and lung, were 

also similarly harvested. All the cancer and normal tissue samples in culture were then exposed 

to VSVΔ51, with and without the pre-addition of TPF at a concentration of 150 µM. The 

resulting fluorescence images and viral titer data in (Figure 3.3B,C) reveal a marked increase 

in VSVΔ51 infectivity in CT26.wt tumor cores following TPF pre-treatment. Conversely, 

normal brain and other tissues did not exhibit increased VSVΔ51 levels, demonstrating that 

the virus’s tumor-specific selectivity is preserved despite TPF pre-treatment. Analogous 

human cancer explant experiments were subsequently performed; wherein consenting patient 

tumor specimens were obtained from the clinic freshly and were similarly processed. A 

regimen of TPF pre-treatment followed by VSVΔ51 infection was administered across 

multiple tumor types, including pancreatic, lung, ovarian, and colon tumors. The results 

detailed in (Figure 3.3D,E); Table S3.1 indicate a marked variation in TPF’s efficacy to 

potentiate viral infectivity. Notably, one pancreatic tumor explant demonstrated the most 

substantial response with a fifteen-fold increase in VSVΔ51 output post-TPF pre-treatment. 

An ovarian tumor also responded substantially, showing a ten-fold enhancement in viral 
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replication. These findings collectively indicate that TPF selectively enhances the infectivity 

of VSVΔ51 but with some variation across human and murine tumor explants. 
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Figure 3.3: Tepilamide Fumarate promotes VSVΔ51 infection in ex vivo models. 

(A) The schematic diagram illustrates the methodology of the coring experiment. CT26.wt 

colon tumors were grown in BALB/c mice, once reaching a volume of 1500mm3. Tissues were 

collected, cored. Clinical specimens were obtained and cored. Cores were treated with TPF 

then infected with VSVΔ51 3x104 (pfu/core). (B & D) Fluorescent images were taken 24h 

post infection, and (C & E) supernatants were collected at 24 hpi for viral titer quantification 

by plaque assay (n>5, mean ± SD; ***P<0.001 by two-tailed t-test). 
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3.3.4. TPF inhibits the type-I IFN response and NF-κB to Amplify VSVΔ51 Oncolytic 

Potency  

3.3.5. Given the established capacity of DMF to downregulate the interferon (IFN) pathway 

and interferon-stimulated genes [45], we endeavored to investigate whether TPF exerts 

comparable modulatory effects on these critical components of the antiviral response. 

 

Utilizing quantitative PCR (qPCR), we measured the transcription levels of key antiviral and 

pro-inflammatory genes—specifically IFN-β, MX2, IFITM1, IL6, and CCL5—in the 786-0 

cells subjected to TPF (150 µM) treatment or vehicle. Following a four-hour incubation, these 

cells were either infected with VSVΔ51 or left uninfected. Our findings demonstrate that the 

TPF treatment leads to downregulation of the above antiviral and pro-inflammatory genes as 

shown in (Figure 3.4A). In addition to qPCR analyses, an enzyme-linked immunosorbent 

assay (ELISA) was conducted to quantify IFN-β in the supernatant of cell cultures. The results 

corroborated the qPCR findings, with TPF demonstrating a consistent downregulation of IFN-

β secretion as shown in (Figure 3.4B). This further confirms that TPF modulates the antiviral 

response in 786-0 cells, enhancing their susceptibility to VSVΔ51 infection and underscoring 

the potential of TPF as a facilitator in oncolytic virus therapy. In line with the suppression of 

the type I interferon response, TPF treatment led to a reduction in the activation (indicated by 

phosphorylation) of both STAT1 (signal transducer and activator of transcription 1) and 

STAT2, observed 24 h post-infection (Figure S3.3). Building on previous studies 

demonstrating that DMF inhibits the nuclear translocation of the p65 subunit of NF-κB[45], 

we aimed to evaluate whether TPF exhibits a similar inhibitory effect. Indeed, 

immunofluorescence staining (Figure 3.4C,D) shows a suppression of TNF-α-stimulated NF-
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κB nuclear translocation (p65) in the cells pre-treated with TPF, suggesting that TPF, like 

DMF, may impede NF-κB signaling in the context of inflammatory stimulation. However, we 

did note that TPF on its own did lead to elevated NF- κB nuclear translocation, something that 

has not been previously observed with DMF[45]. 
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Figure 3.4: Tepilamide Fumarate promotes VSVΔ51 infection via type 1 IFN inhibition. 

(A) 786-0 cells were pretreated for 4 hours with TPF (150μM) then infected with VSV∆51 

(MOI 0.05) 24-hour post infection RNA was extracted and mRNA for indicated genes were 

quantified by RT-qPCR. (B) Supernatants were taken 24hpi and assayed for IFN-β by ELISA. 

(N=3, mean ± SEM; ****P<0.0001; one-way ANOVA with Tukey’s multiple comparisons 

test) 786-0 cells were pretreated for 4 hours with TPF (150μM) or TNFa (25ng/ml) for 30 

minutes. Cells were fixed and immunostained for NF-κB and nuclei (DAPI). (C) 

Representative fluorescent images were taken. (D) Nuclear NF-κB intensity was quantified. 

(n = 3; mean ± SD; **p < 0.01, ****p < 0.0001 one-way ANOVA with Tukey’s multiple 

comparisons test). 
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3.3.6. TPF Amplifies Transduction Efficiency Across Multiple Viral Vectors 

 

Following the observed enhancement of oncolytic virus activity by TPF, we sought to examine 

the influence of TPF on other viral vectors, particularly non-replicating vectors used in gene 

therapy. This included lentivirus, adenovirus type 5 (Ad5), and adeno-associated virus type 2 

(AAV2). The aim was to unravel TPF’s potential in boosting the transduction efficiency of 

these vectors, potentially expanding the utility of TPF for other gene therapy techniques. 

We initially evaluated the ability of TPF and DMF to enhance the transduction efficiency of 

lentivirus across a spectrum of cell lines, including MRC5, HT1080, HepG2, A549, and Jurkat. 

Following a 4 h pre-treatment with a broad, non-toxic dose range of each compound and the 

transduction of cells with a GFP-expressing lentivirus at MOI 10, our observations revealed 

that TPF, alongside DMF, exhibited a notable increase in the transduction of lentivirus in 

several cell lines. At peak dosing (after which cell toxicity was observed), TPF significantly 

increased lenti-GFP-associated fluorescence in HepG2 (100 and 67 µM), HT1080 (67 and 44 

µM), A549 (100 µM), Jurkat (10–20 µM), while DMF’s effect was only statistically 

significant in HT1080 (~50–120 µM), A549 (~100–150 µM) (Figure 3.5). Remarkably, in 

Jurkat cells, TPF significantly boosted lentivirus transduction by ~3-fold at a peak 

concentration of 14 µM, as depicted in (Figure 3.5), while DMF did not exhibit any notable 

effect under similar conditions. 

We used the same cell lines to further assess the impact of TPF and DMF on the transduction 

efficiency of Ad5-GFP. Here, we observed that both TPF and DMF significantly increased 

Ad5-GFP transduction in several cell lines 70 h post transduction. TPF increased Ad5-GFP-

associated fluorescence in MRC5 (peak ~ 30 µM), A549 (peak ~ 30 µM), HT1080 (peak ~ 50 
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µM), and HepG2 (peak ~ 50 µM). DMF also increased Ad5-GFP-associated fluorescence in 

MRC5 (peak ~ 100 µM), A549 (peak ~ 110 µM), HT1080 (peak ~ 100 µM), and HepG2 (peak 

> 250 µM). Altogether, we observed a significant difference in their peak effective 

concentrations, with TPF exhibiting better potency for this virus in all the cell lines where 

there was an increase in transduction observed as illustrated in (Figure 3.6). Lastly, we 

examined the effects of TPF and DMF on the transduction of AAV2-GFP in HT1080 and 

HepG2 cell lines. In both cell lines, but most prominently in HT1080 cells, TPF demonstrated 

a notable increase in AAV2-GFP transduction efficiency achieving >4-fold enhancement at 

peak concentration (between 22–44 µM, Figure 3.7). In both cell lines, DMF potency was 

reduced compared to TPF. Altogether, our results suggest that TPF has the potential to be 

useful more broadly as a potentiator of viral vector-based therapeutics, and demonstrates 

greater in vitro potency than DMF in enhancing infection, a trend observed across a diverse 

array of cell lines.  
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Figure 3.5: The impact of TPF in transduction of lentivirus 

Jurkat, HT1080, A549, HepG2 or MRC5 cells were seeded in 96well plates and pretreated 

for 4h with 4-100uM TPF (black lines) or 9-250uM DMF (red lines) in triplicate. Cells were 

transduced with lentivirus encoding GFP at an MOI of 10. 70 hours post transduction, plates 

were imaged for GFP and mean fluorescence per well determined using the Agilent Biotek 

Cytation5. GFP mean intensity was quantified and plotted (n=3, unpaired t-test was 

performed comparing to the DMSO treated, transduced condition).  
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Figure 3.6: The impact of TPF in transduction of Ad5-GFP 

Jurkat, HT1080, A549, HepG2 or MRC5 cells were seeded in 96well plates and pretreated 

for 4h with 4-100uM TPF (black lines) or 9-250uM DMF (red lines) in triplicate. Cells were 

transduced with Ad5 encoding GFP at the indicated MOIs. 70 hours post transduction, plates 

were imaged for GFP and mean fluorescence per well determined using the Agilent Biotek 

Cytation5. GFP mean intensity was quantified and plotted (n=3, unpaired t-test was 

performed comparing to the DMSO treated, transduced condition).  
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Figure 3.7: The impact of TPF in transduction of AVV-2  

HT1080 or HepG2 cells were seeded in 96well plates and pretreated for 4h with 4-100uM 

TPF (black lines) or 9-250uM DMF (red lines) in triplicate. Cells were transduced with 

AAV2 encoding GFP at the indicated MOIs. 70 hours post transduction, plates were imaged 

for GFP and mean fluorescence per well determined using the Agilent Biotek Cytation5. 

GFP mean intensity was quantified and plotted (n=3, unpaired t-test was performed 

comparing to the DMSO treated, transduced condition).   
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3.4. Discussion 

       Our study shows for the first time that TPF has the potential as a novel pharmacological 

tool to enhance the activity of oncolytic viruses and other viral vectors. While the value of 

DMF has been previously explored to this end[45], the current study suggests that TPF has the 

potential for greater potency for this purpose as shown for a range of viruses in multiple cell 

lines (Figure 3.2 and Figure 3.4). 

Mechanistically, our previous work with multiple maleic and fumaric acid esters, including 

MMF, the common active metabolite of TPF and DMF, has established the ability of these 

molecules to downregulate several IFN pathway-related genes via the blocking of NF-κB 

nuclear translocation [45]. Based on these findings, we hypothesized that TPF might target 

similar pathways. Our results provide clear evidence that TPF downregulates key antiviral and 

pro-inflammatory genes, including IFN-β, MX2, and IL6 (Figure 3.4A), thereby enhancing 

the susceptibility of cancer cells to VSVΔ51 infection. This downregulation, coupled with 

TPF’s inhibition of the NF-κB nuclear translocation induced by TNFα (Figure 3.4C), suggests 

that much like DMF, TPF modulates innate immune responses, creating a more favorable 

environment for viral infection and oncolysis in the context of replicating oncolytic viruses. 

Intriguingly, we also saw that TPF on its own led to an elevation of baseline NF-κB nuclear 

translocation (Figure 3.3D), which to date has not been observed with DMF[45]. 

While significant differences in oncolytic (i.e., cytotoxic) potency were observed between TPF 

and DMF, the difference in enhancement in total viral output comparing TPF and DMF was 

in contrast relatively limited. The reason this is intriguing is because this difference is 

seemingly insufficient to explain the comparatively large differences in oncolysis observed, 

even when looking at each drug’s respective peak viral enhancing dose. Given the dual role 
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of NF-κB in both coordinating the antiviral response as well as cell survival and death, it is 

tempting to speculate that a shift in baseline NF-κB induced by TPF could contribute to the 

enhanced impact of TPF on oncolytic activity (Figure 3.4B,D). 

While the antiviral response is a well-appreciated tumor resistance barrier in oncolytic 

virotherapy, our study suggests that this response also impedes the infection efficiency of other 

viral vectors, even those that do not effectively replicate. The extension of our study to 

evaluate TPF’s influence on different viral vectors provides support for its broader potential 

application in gene therapy. Engineered replication defective lentiviruses, adenoviruses, and 

adeno-associated viruses are prominent vectors being evaluated and used clinically in cell 

therapy (eg., Kymriyah™)[99], gene therapy (e.g. Luxturna™) [100], and even vector-vaccine 

applications (e.g. COVISHIELD™) [101]. Interestingly, each of these vectors uses distinct 

mechanisms for cellular attachment, entry, gene delivery, and in some cases integration (i.e., 

lentivirus). This is perhaps not surprising given that diverse viruses are commonly sensitive to 

antiviral responses mediated via type I IFN. However, given the viruses are non-replicating, 

further studies will be required in order to better understand what stage(s) of the infection 

process is / are most affected by baseline and/or emergent antiviral responses. Evidently, there 

are also cell-type and virus-type dependencies in relation to the effect of TPF which are not 

fully understood, since some cell lines were not sensitized to infection by select viruses using 

TPF (e.g., MRC5 for lentivirus and Jurkat for Ad5, Figure 3.5 and Figure 3.6, respectively). 

Further, the effects of TPF on oncolytic virus replication and spread, analogously to DMF, 

were restricted to tumor cells. 

Nevertheless, the potential of TPF as a potentiator of oncolytic virus and viral vector-based 

gene delivery more generally warrants further pre-clinical exploration. TPF-mediated 
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enhancement could lead to more efficient gene transfer, potentially increasing the therapeutic 

efficacy of oncolytic virotherapies (as has been demonstrated with DMF previously) as well 

as gene therapies, supporting their clinical advancement. OVs as standalone treatments in 

particular have faced many challenges in delivering substantially improved clinical outcomes 

for cancer patients, with only a handful of approvals globally. Viral vector potentiators 

including but not limited to TPF could be considered in order to overcome some of these 

challenges. While our study included only a limited number of patient specimens, the 

observation of substantial activity of TPF with oncolytic VSVΔ51 in human pancreatic and 

ovarian cancer tumor explants (Figure 3.3E) offers choice areas for further pre-clinical 

exploration.  
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3.5. Materials and Methods 

Drugs and Viruses  

Dimethyl fumarate (DMF) and Monomethyl fumarate (MMF) were obtained from Sigma-

Aldrich (St. Louis, MO, USA) (DMF: Cat#242926; MMF: Cat#651419). Tepilamide fumarate 

(TPF) was obtained from Dr. Reddy’s Laboratories Ltd. (Hyderabad, India). All the drugs 

were resuspended in 100% DMSO to 100 mM and further diluted at indicated dilutions before 

use in all in vitro experiments.  

Viruses  

VSVΔ51 expressing GFP or firefly luciferase (FLuc) was used throughout this study[35][18]. 

The propagation of all viruses was carried out on Vero cells and subsequently purified using 

5–50% OptiPrep (Sigma-Aldrich, St. Louis, MO, USA) gradients. Viral titers were determined 

using a standard plaque assay on the Vero cells, following a published protocol [19]. 

HSV.n212 was obtained as a generous gift from Dr. Karen Mossman of McMaster University 

(Hamilton, Canada). HSV titers were determined by a standard plaque assay on Vero cells 

according to a previously published protocol [32]. 

AAV2 expressing GFP was obtained from Virica Biotech. 

Lentivirus plasmids were purchased from Thermo Fisher Scientific (Nepean, ON, Canada) 

(pLenti6.3 GFP expression vector, Cat# V37006, LV MAX Packaging Mix Cat# A43237) and 

used to transfect HEK293 Viral Production cells (Gibco, Nepean, ON, Canada, Cat#A35347) 

using the LV MAX kit (Cat# A35348) and quantified by flow cytometry. 

Ad5 expressing GFP was purchased from Vector Biolabs (Malvern, PA, USA), amplified on 

HEK293 cells, purified by CsCl gradient, and quantified using the Adeno-X Rapid Titer Kit 

from Takara (Palo Alto, CA, USA). 
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Cell lines  

All the cell lines used in this study along with information about their suppliers and the growth 

media are detailed in (Table S1). The cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM), sourced from either HyClone (Waltham, MA, USA) or Corning 

(Manassas, VA, USA). This medium was supplemented with 1% penicillin–streptomycin 

(Gibco) and 10% fetal bovine serum (FBS), obtained from VWR (Mississauga, ON, Canada), 

to support optimal cell growth and maintenance. 

All the cells were incubated at 37 °C in a 5% CO2 humidified incubator and routinely tested 

for mycoplasma contamination by Hoechst staining and PCR (Diamed, Mississauga, ON, 

Canada, Cat # ABMG238). 

Plaque assay 

The Vero cells were initially cultured in 12-well plates at a specific density of 3 × 105 cells 

per well. The infectious samples underwent a series of dilutions using serum-free DMEM and 

were subsequently applied (at a volume of 500 µL per well) to the Vero cell monolayers. These 

cultures were then incubated at 37 °C, 5% CO2 for a duration of 60 min. Following this 

incubation period, the culture medium was removed and replaced with an overlay. This 

overlay was prepared by mixing 1% agarose and 2× DMEM supplemented with 20% FBS in 

a 1:1 ratio. After an additional 24 h incubation, visible plaques were fixed with a mixture of 

methanol and glacial acetic acid in a 3:1 ratio for a minimum of 1 h, and then stained for 30 

min with a Coomassie Blue solution (comprising 4 g of Coomassie Brilliant Blue R (Sigma, 

Oakville, ON, Canada) (cat. B0149), 800 mL of methanol, 400 mL of acetic acid, and 2800 

mL of distilled water) to enable the visualization and counting of plaques.  
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High-throughput luciferase tittering  

Vero cells were cultured in opaque white 96-well plates using 100μl of complete DMEM 

supplemented with 30 mM HEPES until they reached a confluence of 95–100%. To determine 

the viral titer of VSVΔ51-Fluc-infected samples, 25μl of each sample was transferred into the 

wells containing the Vero cells. Additionally, a standard curve was prepared by diluting a 

purified virus stock with a known titer ranging from 108 to 1010 PFU/mL. This standard curve 

was duplicated for each 96-well plate. D'Luciferin (PerkinElmer, Waltham, MA, USA, Cat. # 

122799) solution was added to the wells (2 mg/mL) in sterile PBS. Luminescence was read 

using a Cytation microplate reader at an appropriate sensitivity. Standard curve values allow 

for the generation of a Hill equation, which was applied to the tittered samples to obtain viral 

expression units (VEU). For further details can be found in in published protocol [102]. 

Viral growth curves 

Cells were placed in 24-well plates and allowed to grow overnight, reaching full confluency 

by the following day. Cells were then inoculated with VSVΔ51-Fluc at an MOI of 0.01 (multi-

step growth curve) or 1.0 (single-step growth curve).  Cells were incubated up to 48 hpi, with 

200 µl of supernatant collected and frozen at -80C at the following timepoints: 0, 8, 12, 24, 

36, 48 hpi. Viral titer in collected samples were quantified by plaque assay as previously 

described. 

Cell viability assay  

Cellular metabolic activity was evaluated using the Resazurin metabolic dye (Millipore Sigma, 

Oakville, ON, Canada, cat. SI03200) following the manufacturer’s instructions. Resazurin 

solution with a concentration of 10% (v/v, final) was added to the wells containing treated or 
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untreated and/or infected cells. The cells were then incubated for a duration of 2–4 h, which 

varied depending on the specific cell line used. Using the BioTek Microplate Reader (BioTek, 

Winooski, VT, USA) and Gen5 2.07 software, fluorescence was measured at 590 nm upon 

excitation at 530 nm. The readings were expressed relative to the average of the uninfected, 

untreated condition. 

IFN-β ELISA 

The 786-0 cells were plated to confluency in 12-well plates and incubated overnight at 37 °C 

in a 5% CO2humidified incubator. Subsequently, the cells were treated with TPF at a 

concentration of 150 µM. Four hours later, the cells were either infected with VSVΔ51 at a 

multiplicity of infection (MOI) of 0.05 or underwent a mock infection. Supernatants were 

collected at 24 h post-infection (hpi). The quantity of human IFN-β in the supernatant was 

measured using the Human IFN Beta ELISA Kit (PBL Assay Science, Piscataway, NJ, USA, 

cat. 41410), following the procedure provided by the manufacturer. Absorbance readings were 

taken using the BioTek Microplate Reader (Agilent, Santa Clara, CA, USA). 

Human and Murine Ex Vivo models 

BALB/c mice were implanted with CT26.wt 3 × 105 colon cancer cells. Once tumor volumes 

reached 1500 mm3, the mice were euthanized, and relevant tissues were extracted. For human 

tissue samples, tumor samples were collected from patients who had given informed consent 

and followed the Declaration of Helsinki guidelines during surgical resection. The collection 

of human tissue/fluid for this study was made possible by the Global Tissue Consent and 

Collection Program at the Ottawa Hospital Research Institute. All the tissues were  processed 

fresh; sliced into 2 mm sections and circular cores of 2 mm diameter were extracted using a 

punch biopsy tool. These cores were then kept in a humidified incubator at 37 °C and 5% CO2 
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in DMEM supplemented with 10% serum, 30 mM HEPES, 1% (v/v) penicillin–streptomycin 

and 0.25 mg/L amphotericin B. The cores were treated with TPF for four hours and then 

infected with VSVΔ51 at 3 × 104 pfu/core. After 24 h post-infection, fluorescence images 

were captured using the EVOS Live Cell Imaging System (Thermo Fisher, San Francisco, CA, 

USA) the supernatant was assessed for viral titer by standard plaque assay. 

Quantitative real-time PCR 

The extraction of total RNA from both infected and mock-infected 786-0 cells was conducted 

using the RNeasy Mini Kit, following the instructions provided by the manufacturer. (Qiagen, 

Toronto, ON, Canada, Cat. 74104). The conversion of one microgram of RNA to 

complementary DNA (cDNA) was achieved through the use of the RevertAid First Strand 

cDNA Synthesis Kit. (Thermo Fisher Scientific, Nepean, ON, Canada, Cat. K1621). The real-

time polymerase chain reaction (PCR) protocols involved the use of 40 nanograms of 

complementary DNA (cDNA) and the PowerUp™ SYBR™ Green Master Mix 

(ThermoFisher Scientific, Cat. A25776) on the 7500 Fast Real-Time PCR system (Applied 

Biosystems, Thermo Fisher Scientific, Nepean, ON, Canada). Gene expression was 

normalized to GAPDH, and fold change was calculated relative to the mock-treated samples 

for each gene using the Pfaffl method[103].  

Immunofluorescence staining  

The 786-0 cells were seeded on 12 mm glass coverslips (Thomas Scientific, cat. 64-0712), 

then treated with TNF𝑎 (25ng/mL) (Sigma-Aldrich, Oakville, ON, Canada) or TPF (150µM). 

Next, the adherent cells were washed twice using PBS* containing 1 mM CaCl2 and 500 mM 

MgCl. The cells were subjected to fixation using a 4% paraformaldehyde solution for a 

duration of 30 min. Subsequently, permeabilization was achieved by treating the cells with a 
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0.2% Triton-X 100 solution in 200 mM glycine/PBS for a period of 8 min. The cells were 

quenched in a 200 mM glycine/PBS solution. Following this, the samples underwent blocking 

with a 5% BSA/PBS* solution for 1 h at room temperature and were subsequently exposed to 

the NF-κB/p65 primary antibody (rabbit, cell signaling #8242) overnight in a humidified 

chamber at 4 °C. Anti-rabbit IgG secondary antibody (cell signaling #4413S) was applied for 

60 min, then the samples were mounted onto glass slides and counterstained using Prolong 

gold antifade with DAPI (Molecular Probes). The slides were imaged using the Zeiss Axiocam 

HRM Inverted fluorescent microscope (Zeiss, Toronto, Canada) and Axiovision 4.0 software. 

The images were processed using ImageJ. Nuclear: cytoplasmic signal quantification 

processes were performed using CellProfiler (Massachusetts Institute of Technology, 

Cambridge, MA, USA). Each graphed data point represents mean fluorescence from one, 

individually analyzed nucleus as determined by CellProfiler using the DAPI stain. 

Viral vector transduction 

Dose–response testing of TPF or DMF followed by transduction with either Lentivirus, AAV-

2, or Ad5 was performed in triplicate in the indicated cell lines seeded in 96-well plates to 

50% confluency. The cells were treated with a 2 in 3 dilution series of each drug for 4 h 

followed by transduction with either lentivirus-GFP at MOI 10, AAV2-GFP at MOI 5000, or 

Ad5-GFP at MOI 5–100. A total of 70 h post transduction, the plates were imaged for GFP 

using the Cellomics Arrayscan (Thermo Scientific, Waltham, MA, USA), and mean 

fluorescence per well was determined using the Agilent Biotek Cytation 5 reader (Santa Clara, 

CA, USA). 
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Statistics 

All the graphs and statistical analyses in our study utilized GraphPad Prism v.10. The specific 

statistical tests employed for each figure are described in the corresponding figure legends. 

When comparing the means of two groups, a two-tailed unpaired Student’s t-test was applied. 

For comparisons involving more than two groups, one-way ANOVA with either Dunnett’s or 

Tukey’s multiple correction tests was used. The number of biological replicates is denoted by 

‘n’, with the error represented as the standard error of the mean (SD). A p-value less than 0.05 

was considered to indicate statistical significance. 
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4.1. Abstract 

Many different therapeutic strategies are available for cancer patients, from surgical resection 

to cytotoxic therapy such as chemotherapy and radiation. Recently, immunotherapy and 

specifically oncolytic virotherapy has emerged as a promising option, with oncolytic HSV-1 

being the first OV to be approved by the FDA in 2015. However, not all cancers are sensitive 

and responsive to OVs. The objective of this study is to discover new types of small molecules 

that have the potential to enhance the effectiveness of oncolytic viruses. A virus/cell-based 

method was employed to screen various chemical libraries for the purpose of discovering 

chemical compounds that could act as sensitizers for OVs to eradicate tumor cells that are 

otherwise resistant to virus infection. In this high throughput screen, we pre-treated 786-0 

(human renal carcinoma) cells with a library of 3200 synthetic small molecules for a duration 

of 4 hours. Following the pre-treatment, the cells were subsequently infected with oncolytic 

vesicular stomatitis virus (VSVΔ51) or, in parallel, herpes simplex virus type 1 (HSV-1) both 

encoding a GFP transgene. Fluorescent imaging and viability assays were subsequently 

performed and compared to untreated, infected cells. Using this approach, we successfully 

identified several compounds that exhibit the ability to enhance the replication, and oncolysis 

of oncolytic VSV and HSV-1 in tumor cells. This promising outcome warrants further 

investigation into the identified compounds and more in-depth studies to explore their 

potential applications. 
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4.2. Introduction 

 

Oncolytic virotherapy represents a promising frontier in cancer treatment, leveraging 

genetically modified viruses to selectively infect and destroy cancer cells without harming 

normal tissue [104]. These therapeutic viruses exploit the altered signaling pathways and the 

immunosuppressive environment of tumors, allowing them to replicate within malignant cells 

and induce cell death, either through direct lysis or by triggering immune responses against 

the tumor [105–107]. This approach not only targets the primary tumor but also has the 

potential to stimulate the body's immune system to recognize and attack metastatic cells, 

offering a dual mechanism of action against cancer [108].  

 

One of the significant challenges facing oncolytic virotherapy is the resistance of cancer cells 

to infection and subsequent destruction by oncolytic viruses. This resistance can arise from 

various factors, including the innate antiviral defenses of cancer cells, the presence of a dense 

and fibrous tumor microenvironment that impedes viral penetration [109,110], and the 

heterogeneity of cancer cells, which may include subsets of cells inherently resistant to viral 

infection [111]. To address these challenges, high-throughput screening methods are 

increasingly employed to identify drugs or compounds that can sensitize cancer cells to OV. 

By systematically testing thousands of compounds for their ability to enhance viral entry, 

replication, and/or oncolysis, researchers can uncover synergistic combinations that overcome 

resistance mechanisms. This strategy not only broadens the therapeutic potential of OVs but 

also provides a precision medicine approach to treating various cancers by tailoring treatment 

strategies to target specific resistance pathways identified in tumor cells. 
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In the study described, a virus/cell-based assay was employed to screen 3200 chemical 

compounds. This screen aimed to identify compounds which enhance the activity of oncolytic 

viruses against tumor cells usually resistant to such infections. The effectiveness of the 

compounds was determined by measuring two specific indicators: GFP, which marks viral 

infection, and alamar blue, as a measure of cell viability. DMF was used as a benchmark 

positive control. Thus, the focus was on discovering compounds that increase both viral 

infection (as indicated by increased GFP readouts) and cell death (as indicated by changes in 

alamar blue readouts). 
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4.3. Results  

In our study, we aimed to identify synthetic compounds from a custom-generated library that 

could sensitize 786-0 cells to oncolytic viruses, specifically VSVΔ51 and HSV.n212.  Both 

viruses were engineered to express Green Fluorescent Protein (GFP), which served as a key 

indicator of viral spread in our analysis. To assess the efficacy and cytotoxicity of the 

compounds, we used the Cellomics™ ArrayScan for GFP signal detection and used a 

metabolic dye, resazurin, as an indicator of cell viability. 

Our experimental workflow (see Figure 4.1) began with seeding 96 well plates with 786-0 

cells at 95% confluency, followed by a pretreatment phase, where each of the 3200 compounds 

was administered at a concentration of 5 µM, in 0.5% DMSO final. We included DMF as a 

positive control due to its known properties of enhancing viral GFP expression and reducing 

metabolic activity. Cells treated with 0.5% DMSO final without any compound served as the 

negative control. This pretreatment lasted for 4 hours, after which the cells were infected with 

either VSVΔ51 at MOI of 0.05 or HSV.n212 at an MOI of 0.1. 

For the VSV-infected plates, GFP counts were measured 24 hours post-infection, while 

metabolic activity was assessed at 48 hours post-infection. In contrast, for the HSV-1 infected 

plates, both GFP counts, and metabolic activity were analyzed 72 hours post-infection due to 

the slower kinetics of this virus. To evaluate the direct effects of the compounds on the cell 

lines, we also included samples treated solely with the compounds, devoid of any viral 

infection. This allowed us to assess the inherent toxicity of each compound. Each compound 

was tested in triplicate to ensure reliability and reproducibility of the data. 
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Figure 4.1: High throughput screening processes diagram 

The diagram outlines the step-by-step processes used in this study for screening. The process 

begins on Day 1 by seeding 786-0 cells into a 96-well plate, with 30,000 cells per well, and 

allowing them to settle for 24 hours. On Day 2, the cells are treated with a drug library at a 

concentration of 5 µM for four hours, followed by infection with either HSV-1 or VSVΔ51. 

On Day 3, plates infected with VSVΔ51 are imaged. Viability is assessed on Day 4 for plates 

infected with VSVΔ51 and on Day 5 for plates infected with HSV-1, which are also imaged 

on the same day. 
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The primary outcome measure was the fold change in GFP expression, normalized to the 

DMSO-treated control samples. This approach allowed us to assess the impact of the synthetic 

compounds on the oncolytic viruses expressing GFP, which is indicative of viral activity, and 

consequently, the potential efficacy in cancer cell killing. The combined use of GFP signal 

quantification and metabolic viability assays provided a comprehensive overview of the 

compounds' effects and cytotoxic profiles in the context of oncolytic virotherapy in otherwise 

refractory 786-0 renal carcinoma cells at starting point. To account for toxicity of the 

compounds on their own and to identify OV/compound synergies, we also calculated a viral 

sensitizer factor, the logarithm of the viability of drug alone divided by the viability of 

combination therapy as outlined in method section. The calculated scores for viral 

sensitization for each compound are displayed in (Figure 4.2D & 4.3D).  

 

We successfully identified several compounds (see table 4.1 and 4.3) that demonstrated an 

enhanced GFP expression in 786-0 cells compared to those treated with DMSO when using 

either VSVΔ51 or HSV.n212 as the oncolytic agent, as illustrated in (Figure 4.2 A and 4.3 A). 

The fold change in GFP for the VSVΔ51 hits ranged from 2 to 31, while the hits for HSV.n212 

reached up to a maximum of 2.5-fold increase. We classified any compound with a GFP fold 

change greater than 3 for (VSVΔ51) and 2 for (HSV.n212) as a potential hit.  

Figure 4.2C displays a comparison in the ability of compounds to enhance GFP fluorescence 

and lead to cytotoxic effects in 786-0 cells wen using VSVΔ51. Among the tested compounds, 

19 exceeded a threefold increase in GFP expression (3-fold change), indicating potent 

enhancement activity (see table 4.1 and 4.3). Within the group of compounds that led to 

enhanced GFP, notable differences in cytotoxic effects were observed.  For example, we can 
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see differing profiles for compounds AAHTS-V1 and AAHTS-V2 which enhanced GFP by 

31.56 and 28.48 fold respectively. At the tested dose, AAHTS-V1 was relatively toxic on its 

own, killing 83% of the cells independently but achieving 94% cell killing when combined 

with VSVΔ51. In contrast, AAHTS-V2 showed was relatively non-toxic at the same dose, 

leading to 7% cell death alone in comparison to 69% when used in conjunction with VSV. 

Because of differences in toxicity, of the compounds, AAHTS-V2 has a more favourable viral 

sensitizer factor compared to AAHTS-V1 (Fig. 4.2D). 

Figure 4.3C presents similar comparative GFP/cell viability data using HSV.n212 as the 

oncolytic agent. In this screen, only six compounds exceeded the threshold set for 

enhancement of GFP expression, achieving at least a twofold change (refer to the table 4.3). 

Notably, the majority of the compounds did not lead to significant enhancement in cell killing 

within the experimental timeframe. This observation is also reflected in the viral sensitizer 

scores depicted in Figure 4.3D. 
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Table 4.1: GPF fold change of VSVΔ51 compounds  

Drug name  ID  GFP fold change  p value (GFP)  

OICR0307069A01  AAHTS-V1  31.56  0.28  

OICR0305430A01  AAHTS-V2  28.48  0.09  

OICR0308269A01  AAHTS-V3  24.88  0.02  

OICR0305525A01  AAHTS-V4  12.61  0.07  

OICR0305501A01  AAHTS-V5  7.61  <0.01 

OICR0307286A01  AAHTS-V6  5.89  0.07  

OICR0306559A01  AAHTS-V7  4.32  0.03  

OICR0307556A01  AAHTS-V8  4.32  0.09  

OICR0305926A01  AAHTS-V9  3.61  0.30  

OICR0306235A01  AAHTS-V10  3.61  0.13  

OICR0307883A01  AAHTS-V11  3.58  0.06  

OICR0306539L01  AAHTS-V12  3.57  0.41  

OICR0306579L01  AAHTS-V13  3.54  0.26  

OICR0308041A01  AAHTS-V14  3.48  <0.01 

OICR0307618A01  AAHTS-V15  3.37  0.21  

OICR0306131A01  AAHTS-V16  3.33  0.27  

OICR0307239A01  AAHTS-V17  3.25  0.37  

OICR0306587A01  AAHTS-V18  3.22  0.11  

OICR0307997A01  AAHTS-V19  3.15  0.41  
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Table 4.2: Viability and Viral Sensitizer Score of VSVΔ51 compounds   

Drug name  ID  Viability  
(Drug)  

Viability (combo)  p value (Viability 
of combo)  

VSS  

OICR0307069A01  AAHTS-V1  17%  6%  0.12  0.47  

OICR0305430A01  AAHTS-V2  93%  31%  0.06  0.47  

OICR0308269A01  AAHTS-V3  83%  97%  0.53  -0.07  

OICR0305525A01  AAHTS-V4  91%  64%  0.12  0.16  

OICR0305501A01  AAHTS-V5  114%  91%  0.04  0.10  

OICR0307286A01  AAHTS-V6  160%  153%  0.41  0.02  

OICR0306559A01  AAHTS-V7  79%  69%  0.17  0.06  

OICR0307556A01  AAHTS-V8  43%  23%  0.08  0.26  

OICR0305926A01  AAHTS-V9  104%  95%  0.51  0.04  

OICR0306235A01  AAHTS-V10  76%  97%  0.20  -0.11  

OICR0307883A01  AAHTS-V11  66%  71%  0.11  -0.03  

OICR0306539L01  AAHTS-V12  107%  120%  0.40  -0.05  

OICR0306579L01  AAHTS-V13  108%  88%  0.71  0.09  

OICR0308041A01  AAHTS-V14  109%  103%  0.33  0.03  

OICR0307618A01  AAHTS-V15  107%  134%  0.12  -0.10  

OICR0306131A01  AAHTS-V16  110%  106%  0.36  0.02  

OICR0307239A01  AAHTS-V17  76%  76%  0.49  0.00  

OICR0306587A01  AAHTS-V18  84%  87%  0.68  -0.01  

OICR0307997A01  AAHTS-V19  111% 120% 0.05 -0.03 
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Table 4.3: GPF fold change of HSV.n212 compounds 

 

 

 

 

 

 

 

  

Drug name  ID  GFP fold change  p value (GFP)  

OICR0305346A01  AAHTS-H1  2.76  0.005  

OICR0305599A01  AAHTS-H2  2.50  0.017  

OICR0305926A01  AAHTS-H3  2.49  0.005  

OICR0305620A01  AAHTS-H4  2.09  0.157  

OICR0306376A01  AAHTS-H5  1.97  0.042  

OICR0307576A01  AAHTS-H6  1.95  0.017  
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Table 4.4: Viability and Viral Sensitizer Score of HSV.n212 compounds  

 

 

Drug name  ID  Viability  
(Drug)  

Viability (combo)  p value (Viability 
of combo)  

VSS  

OICR0305346A01  AAHTS-H1  97%  96%  0.312  0.005  

OICR0305599A01  AAHTS-H2  88%  97%  0.537  -0.042  

OICR0305926A01  AAHTS-H3  104%  112%  0.004  -0.032  

OICR0305620A01  AAHTS-H4  100%  95%  0.241  0.022  

OICR0306376A01  AAHTS-H5  133%  131%  0.362  0.007  

OICR0307576A01  AAHTS-H6  89%  97%  0.686  -0.037  
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Figure 4.2: Identification of several synthetic compounds that boost oncolytic VSVΔ51. 

 

Human renal carcinoma (786-0) cells were treated with 3200 compounds for a duration of 4 

hours, then infected with VSVΔ51.  GFP counts and viability assay were performed. As a 

positive control, 786-0 cells pre-treated with DMF (150μM) prior to infection are shown in 

blue. DMSO (red) was used as a negative control. (A) 48hpi, high- throughput GFP imaging 

was conducted. GFP fold change were calculated for each drug tested and values were 

normalized against infected untreated 786-0 control to obtain fold change (B) At 48 hours 

post-infection (hpi), metabolic activity was quantified utilizing resazurin. The resultant values 

were adjusted by subtracting the blank controls, and then normalized to the infected but 

untreated 786-0 control (mock). (A & B) To determine statistical significance, an unpaired t-

test that assumed unequal variances was conducted. (D) The viral sensitizer factor for each 

drug compound was calculated following Equation method section. As a reference, DMF 

controls are shown in blue. 
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Figure 4.3: Identification of several synthetic compounds that boost oncolytic 

HSVn.212. 

 

Human renal carcinoma (786-0) cells were treated with 3200 compounds for a duration of 4 

hours, then infected with HSV.n212.  GFP counts and viability assay were performed. As a 

positive control, 786-0 cells pre-treated with DMF (150μM) prior to infection are shown in 

blue. DMSO (red) was used as a negative control. (A) 72hpi, high- throughput GFP imaging 

was conducted. GFP fold change were calculated for each drug tested and values were 

normalized against infected untreated 786-0 control to obtain fold change. (B) At 72 hours 

post-infection (hpi), metabolic activity was quantified utilizing resazurin. The resultant values 

were adjusted by subtracting the blank controls, and then normalized to the infected but 

untreated 786-0 control (mock). (A & B) To determine statistical significance, an unpaired t-

test that assumed unequal variances was conducted. (D) The viral sensitizer factor for each 

drug compound was calculated following Equation method section. As a reference, DMF 

controls are shown in blue. 
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We conducted a clustering analysis using the CDD Vault Visualization tool to assess the 

structural similarities of drug hits for both VSVΔ51 and HSV.n212, as well as those that are 

mutual hits. This analysis of similarities was intended to provide deeper insights into the 

critical components of the molecular structures and may guide us toward the discovery of new 

compounds that are structurally analogous.  We utilized over 30 VSVΔ51 hits for a clustering 

analysis, as illustrated in Figure 4.4 A. Using the algorithms provided by CDD Vault, the top-

performing compounds were organized into several distinct classes. For instance, Figure 4.4 

A illustrates two classes of VSVΔ51 hits, each sharing a common sub-structure. Similarly, 

Figure 4.4 B identifies a common sub-structure in one of the classes of HSV.n212 hits. 

Examination of the mutual hits shown in Figure 4.4 C reveals that each compound is quite 

distinct, indicating a diversity among the hits identified for both viruses. 
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Figure 4.4: Clustering analysis of VSVΔ51, HSV.n212 and mutual hits 

Clustering analysis of top hits for the HTS screen were shown. VSVΔ51 hits (A) HSV.n212 

hits (B) Mutual hits (C). 
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Subsequently, top hits for both viruses were requested for re-supply from the manufacturer. 

AAHTS-V2 and AAHTS-H2 were first obtained and tested as an initial measure of screen 

validation. Both compounds were validated upon testing with re-supplied material: AAHTS-

V2 for VSVΔ51 and AAHTS-H2 for HSV.n212, respectively. We examined the impact of 

these compounds on 786-0 cells across a wide dosage range. The observed effects across this 

spectrum are detailed in Figures 4.5 and 4.6. For AAHTS-V2, it exhibits a broad active range 

from 1 to 100 µM (4.5C-D), which is much more potent than DMF (the positive control used 

in this study), as DMF has a narrower range of 118 to 266 µM as shown in Figure 4.5A. On 

the other hand, with AAHTS-H2, we observed a significant GFP increase (8-fold change) with 

HSV.n212, particularly at 20 µM as shown in Figure 5.6A. In subsequent experiments, we 

used a murine cancer cell line (CT26wt) to assess the potentially broader impact of AAHTS-

V2 in other cell lines and species. AAHTS-V2 treatment led to a significant increase in 

VSVΔ51-associated GFP fluorescence intensity in CT26wt cells as illustrated in Figure 4.7A.  

Moreover, a significant augmentation in VSVΔ51 titer was observed at doses as low as 1 µM, 

as depicted in Figure 4.7B.  
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Figure 4.5: Validation of AAHTS-V2 compound on 786-0 cells 

Human renal carcinoma (786-0) cells were treated with AAHTSV2 compound or DMF for a 

duration of 4 hours, then infected with VSVΔ51. GFP counts and viability assay were 

performed.  
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Figure 4.6: Validation of AAHTS-H2 compound on 786-0 cells 

Human renal carcinoma (786-0) cells were treated with AAHTS-H2 compound for a duration 

of 4 hours, then infected with HSV.n212. GFP counts and viability assay were performed.  
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Figure 4.7: Assessing the impact of AAHTS-V2 on murine colon carcinoma. 

Murine colon carcinoma (CT26.wt) cells were treated with AAHTSV2 compound for a 

duration of 4 hours, then infected with VSVΔ51. GFP counts (A) and viral titer were 

performed (B) (N=3 mean ± SEM; one-way ANOVA with Dunnett’s multiple comparisons 

test compared to Mock) 
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The selective targeting of cancer tissues by oncolytic virotherapy represents a significant 

advantage over traditional treatment modalities. To ascertain whether AAHTS-V2 affects the 

specific infectivity of oncolytic VSVΔ51 in cancer cells without promoting viral replication 

in healthy tissues, an evaluation in ex vivo cultured tissues was undertaken. Mice were 

inoculated with murine colon carcinoma CT26.wt subcutaneously until tumours reached 

1500mm3 then tumour and healthy muscle tissues were harvested, cored and cultured. These 

cores were then infected with VSVΔ51, either with or without prior treatment with AAHTS-

V2. Fluorescence microscopy images presented in Figure 4.8A depict the cores treated with 

AAHTS-V2 before infection with VSVΔ51. The fluorescent images, alongside the viral 

titration data shown in Figure 4.8B, reveals a pronounced increase in VSVΔ51 infectivity in 

the cancerous CT26.wt cores post-AAHTS-V2 treatment. Conversely, there was no 

enhancement in cores from healthy muscle, underscoring the preservation of the virus's 

cancer-selectivity even after AAHTS-V2 pre-treatment. 
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Figure 4.8: AAHTS-V2 promotes VSVΔ51 infection in ex vivo models. 

CT26.wt colon tumors were grown in BALB/c mice, once reaching a volume of 1500mm3. 

Tissues were collected, cored. Clinical specimens were obtained and cored. Cores were treated 

with AAHTS-V2 then infected with VSVΔ51 3x104 (pfu/core). Fluorescent images were taken 

24h post infection, and supernatants were collected at 24 hpi for viral titer quantification by 

plaque assay (n>5, mean ± SD; ***P<0.001 by two-tailed t-test). 
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4.4. Discussion 

 

This study aimed to uncover novel synthetic compounds capable of sensitizing 786-0 renal 

carcinoma cells to oncolytic virotherapy, specifically employing VSVΔ51 and HSV-1 viruses 

engineered to express GFP. The rationale was grounded in the promise of oncolytic 

virotherapy as a selective and potent anticancer strategy, offering a potential complementary 

approach to conventional cancer therapies due to its dual capacity for direct oncolysis and 

induction of systemic anti-tumor immune responses. Our findings underscore the significant 

potential of leveraging chemical libraries to identify compounds that enhance the efficacy of 

oncolytic viruses, thereby amplifying their therapeutic index against cancer cells. 

 

AAHTS-V2 emerged as a compound of particular interest, demonstrating a pronounced 

capacity to enhance VSVΔ51 infectivity in cancerous cells while sparing healthy tissue 

(Figure 4.8). This selective potentiation of oncolytic activity aligns with the core objectives of 

oncolytic virotherapy—maximizing tumoral virulence without compromising safety. The 

findings from our murine model experiments, particularly the retention of virus selectivity 

towards cancer cells even in the presence of AAHTS-V2, bolster the argument for further 

exploring this compound's mechanism and potential in oncolytic virotherapy enhancement. 

AAHTS-H2 is another promising compound identified for HSV-1. Given the complex biology 

of HSV-1 and recent clinical advancements, finding novel compounds that play a role in 

enhancing replication or boosting the therapeutic efficacy of HSV-1 is of great interest in the 

oncolytic virotherapy field. It would be particularly interesting to delve deeper into 
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understanding the broader applicability, cancer selectivity, and potential mechanism of action 

of this compound analogously to AAHTS-V2. 

 

 

While we successfully identified many potential lead molecules through the described screens, 

the study has several limitations affecting the outcomes. Although there were enhancements 

in GFP expression compared to DMSO-treated samples in the high-throughput screen, not all 

compounds achieving a GFP fold increase greater than 3 for VSVΔ51 or 2 for HSV.n212 

reached statistical significance. This may be due to several factors in our screening setup. For 

example, control wells on the edges of the 96-well plate experienced media evaporation, 

introducing variability in viral infection and GFP expression. Additionally, using alamar blue 

(resazurin) to assess cell viability in HSV-infected samples was hindered by the longer 

incubation times needed for significant effects, which we did not extend due to concerns over 

cell health at high seeding densities of 30,000 cells per well. Lower densities led to variable 

GFP signals, impacting the reliability of measurements. Despite these issues, we validated one 

hit for each virus (AAHTS-V2 and AAHTS-H2), with more candidates currently undergoing 

validation. While not all hits are expected to validate due to assay limitations, the initial 

successes suggest a potential for a high validation rate. 

Looking ahead, several avenues of investigation remain. The mechanism by which AAHTS-

V2 and AAHTS-H2 enhances viral infectivity warrants detailed investigation, potentially 

involving genomic, proteomic, and metabolomic studies to elucidate the pathways modulated 

by the compounds. Finally, expanding the study to include other cancer cell lines and models 



137 

 

will be essential to validate the generality of the observed effects and to fine-tune the 

application of those compounds in oncolytic virotherapy. 

One way to uncover the mechanisms of synthetic small molecules with unknown molecular 

targets is by a focused approach involving structural analysis and database searches. By 

employing cheminformatics tools like RDKit, we can analyze molecular structures and 

compare them against databases such as PubChem and DrugBank to identify similar structures 

with known targets. This strategy is geared towards pinpointing clinically approved 

compounds with structural similarities, offering insights into potential safety and efficacy 

profiles. Such comparative studies are pivotal for hypothesizing the biological targets of new 

compounds and guiding experimental validations, thereby accelerating their clinical 

applicability in enhancing oncolytic virotherapy. 

In conclusion, our study represents a significant stride towards identifying new molecules that 

can lead to harnessing the full potential of oncolytic virotherapy in cancer treatment. By 

identifying and characterizing compounds that sensitize cancer cells to viral infection, we pave 

the way for novel therapeutic strategies that could significantly enhance patient outcomes in 

the fight against cancer. 
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4.5. Materials and Methods 

 

Drugs 

Throughout this study, we used a selected subset of molecules from a collection of synthetic 

compounds obtained from ChemDiv, totaling 3,200 compounds. Stock concentrations for 

these compounds were prepared at 1 mM in 100% DMSO, and we treated samples at a final 

concentration of 5 µM with 0.5% DMSO. 

Cell lines 

All cells in this study were obtained from ATCC. The cell cultures were maintained in 

Dulbecco’s Modified Eagle’s Medium (DMEM), obtained from HyClone (Waltham, 

Massachusetts) or Corning (Manassas, Virginia). To ensure ideal conditions for cell growth 

and sustainability, the medium was enriched with 10% fetal bovine serum (FBS) from VWR 

(Mississauga, Ontario) and 1% penicillin-streptomycin from Gibco. The cells were kept at a 

constant temperature of 37°C within a humidified incubator containing 5% CO2 and were 

regularly screened for mycoplasma infections using Hoechst staining and PCR techniques, 

with the PCR reagents sourced from Diamed (Mississauga, Ontario, Catalog # ABMG238). 

 

Viruses 

VSVΔ51 expressing GFP was used throughout this study. The propagation of all viruses was 

carried out on Vero cells and subsequently purified using 5%–50% OptiPrep (Sigma-Aldrich, 

St. Louis, MO) gradients. Viral titers were assessed using a standard plaque assay on Vero 

cells, following a published protocol [92]. 
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HSV.n212 was obtained as a generous gift from Dr. Karen Mossman of McMaster University 

(Hamilton, Canada). HSV.n212 titers were determined by a standard plaque assay on Vero 

cells according to a previously published protocol [29] 

 

Plaque assay 

Vero cells were seeded in 12-well plates at a density of 3x10^5 cells per well and exposed to 

diluted infectious samples in serum-free DMEM (500 µL per well). After incubating for 60 

minutes at 37°C in 5% CO2, the medium was replaced with a 1:1 mix of 1% agarose and 2× 

DMEM with 20% FBS overlay. Post a 24-hour incubation, plaques were fixed with 

methanol:acetic acid (3:1) for over an hour, stained with Coomassie Blue for 30 minutes, and 

then counted. 

 

Cell viability assay  

The assessment of cellular metabolic function was conducted using the Resazurin metabolic 

dye (Millipore Sigma, cat. SI03200), in accordance with the provided guidelines. A Resazurin 

solution, prepared to a 10% (v/v) final concentration, was introduced into the wells containing 

either treated or infected cell populations. Following this, a 2-4 hour incubation period was 

allowed, the duration of which was adjusted based on the particular cell line under 

investigation. Fluorescence readings were taken at an emission wavelength of 590 nm after 

excitation at 530 nm, utilizing a BioTek Microplate Reader (BioTek, Winooski, VT, USA) 

equipped with Gen5 2.07 software. The results were normalized to the average fluorescence 

of control wells that were neither infected nor treated. 
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Viral sensitizer score was calculated based on the following equation.  

𝐿𝑜𝑔10 
𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑑𝑟𝑢𝑔 𝑎𝑙𝑜𝑛𝑒

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑑𝑟𝑢𝑔 + 𝑉𝑖𝑟𝑢𝑠
 

 

 

Ex vivo models 

CT26.wt colon cancer cells (3x 105)  were injected into BALB/c mice. When the tumors grew 

to 1500 mm^3, the animals were humanely sacrificed to collect the necessary tissues. These 

tissues were then sectioned into 2 mm slices, and circular 2 mm diameter samples were 

obtained using a biopsy punch. These samples were incubated at 37°C with 5% CO2 in 

DMEM enriched with 10% serum, 30mM HEPES, 1% penicillin-streptomycin (v/v), and 0.25 

mg/L amphotericin B. The tissue cores received AAHTS-V2 treatment for four hours before 

being exposed to VSVΔ51 at a concentration of 3 x 10^4 pfu/core. Fluorescence imaging was 

conducted 24 hours after infection using the EVOS Live Cell Imaging System (Thermo 

Fisher), and the supernatant's viral load was determined through a standard plaque assay. 

 

 

Statistics 

GraphPad Prism was the tool of choice for both graph creation and statistical analysis 

throughout our research. The statistical methods used for each data set are detailed in the 

legends accompanying the respective figures. To compare the averages between two distinct 

groups, we employed the two-tailed unpaired Student’s t-test. When the analysis involved 

multiple groups, we resorted to one-way ANOVA, followed by Dunnett’s or Tukey’s post-
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hoc tests for multiple comparisons. The symbol 'n' represents the count of biological replicates, 

and we report variability as the standard error of the mean (SEM). Statistical significance was 

attributed to p values below 0.05. 
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 Chapter 5: Concluding Remarks  

 

The challenge of tumor resistance significantly hampers the clinical efficacy of oncolytic 

virotherapy, a promising cancer treatment strategy that leverages oncolytic viruses to target 

and destroy cancer cells selectively [112]. Recognizing the urgent need to overcome this 

obstacle, our research introduces novel strategies aimed at sensitizing tumors to OV infection 

through the use of small molecules. We specifically explored the efficacy of DMF and TPF in 

enhancing the oncolytic potential of HSV-1 and VSVΔ51. DMF, known for its anti-tumor, 

immunomodulatory properties, and FDA approval for other indications [81], was shown to 

significantly increase HSV-1 propagation across various cancer cell lines, leading to enhanced 

viral oncolysis (Figure 2.1). Similarly, TPF emerged as a potent pharmacological tool, 

potentially outperforming DMF by downregulating key antiviral and pro-inflammatory genes, 

thus creating a more conducive environment for viral infection and oncolysis. Our work delves 

into the mechanisms by which these molecules modulate the immune response, including 

DMF’s inhibition of the cellular response to type I interferon and TPF's inhibition of NF-κB 

nuclear translocation, offering mechanistic insights into their roles in overcoming tumor 

resistance to OV therapy. This thesis not only addresses a critical barrier to the success of 

oncolytic virotherapy but also opens new avenues for the development of more effective 

cancer treatments, underscoring the potential of combining OVs with small molecules to 

enhance therapeutic outcomes. 
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In Chapter 2 of the thesis, the role of DMF in enhancing the propagation of HSV-1 in cancer 

cells was thoroughly investigated, revealing significant implications for the field of oncolytic 

virotherapy. DMF, a small molecule with potent anti-tumor properties, immunomodulatory 

capabilities, and an FDA-approved status for the treatment of multiple sclerosis, demonstrates 

a versatile therapeutic potential in oncology. Our study showcases DMF's ability to notably 

augment HSV-1 propagation, evidenced by increased expression of virally encoded green 

fluorescent protein across various HSV-1 mutant strains (Figure S2.3). This leads to enhanced 

viral output and significantly improved oncolytic effects within multiple human and murine 

cancer cell lines, underscoring DMF's role in facilitating viral spread and cytotoxicity against 

cancer cells. 

 

Beyond its direct effects on viral propagation, DMF exerts profound immunomodulatory 

effects that are pivotal in the context of oncolytic virotherapy. Specifically, DMF inhibits the 

cellular response to type I interferon, partly by reducing IFN production through the 

modulation of NF-κB pathways. This inhibition is crucial as it leads to a decreased expression 

of interferon-stimulated genes, which are often upregulated in OV-resistant tumors as a 

defense mechanism against viral infection. By dampening the antiviral response, DMF creates 

a more permissive environment for HSV-1 infection and replication in tumor cells, thereby 

enhancing the efficacy of oncolytic virotherapy. 
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In Chapter 3 of the thesis, the exploration shifts towards TPF, presenting it as a novel and 

potentially more potent pharmacological tool than DMF for enhancing the activity of oncolytic 

viruses. TPF's mechanism of action is particularly intriguing, as it demonstrates the ability to 

downregulate antiviral and pro-inflammatory genes, thereby creating a more conducive 

environment for viral oncolysis. This ability is crucial in the context of oncolytic virotherapy, 

where the innate immune response of cancer cells often acts as a barrier to effective viral 

infection and spread. 

 

TPF's efficacy is rooted in its impact on the NF-κB pathway, a critical regulator of the immune 

response, including the expression of antiviral and pro-inflammatory genes. By inhibiting NF-

κB nuclear translocation, TPF effectively reduces the expression of key antiviral genes such 

as IFN-β, MX2, and pro-inflammatory cytokines like IL6. This reduction in antiviral and 

inflammatory signaling is pivotal, as it diminishes the cancer cells' ability to mount an 

effective defense against oncolytic viruses, thereby enhancing viral spread, and oncolytic 

efficacy. 

 

Furthermore, the study provides evidence that TPF, unlike DMF, may induce a shift in baseline 

NF-κB activity, leading to an elevated state of NF-κB nuclear translocation even in the absence 

of external stimuli. This paradoxical elevation of NF-κB activity could potentially contribute 

to the enhanced oncolytic activity observed with TPF, suggesting a complex interplay between 

NF-κB signaling and viral oncolysis.  
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The findings from Chapter 3 underscore the broader implications of TPF in the realm of gene 

therapy. Our research highlights the significant role of antiviral responses in impeding the 

efficiency of not only oncolytic virotherapy but also the infection capabilities of various non-

replicating viral vectors, a crucial aspect for advancements in gene therapy. By expanding our 

investigation to include the impact of TPF on diverse viral vectors, we've laid groundwork 

indicating its potential wide-ranging benefits across gene therapy applications. This includes 

its use with engineered viruses such as replication-defective lentiviruses, adenoviruses, and 

adeno-associated viruses, which are integral to current clinical practices in cell therapy (e.g., 

Kymriah™), gene therapy (e.g., Luxturna™), and vector-vaccine development (e.g., 

COVISHIELD™). Notably, these vectors engage different methods for cell entry, gene 

delivery, and, in some cases, genomic integration, like lentiviruses. Our findings underscore 

the sensitivity of these diverse viral mechanisms to the antiviral effects triggered by type I 

interferon, suggesting a common vulnerability. However, the specific stages of the viral life 

cycle most affected by antiviral defenses, particularly in non-replicating viruses, warrant 

further investigation to deepen our understanding. Additionally, our results reveal a variable 

sensitivity to TPF among different cell and virus types, indicating complex interactions that 

affect TPF's ability to enhance viral infection efficiency in certain contexts (e.g., MRC5 cells 

with Lentivirus and Jurkat cells with Ad5). Moreover, akin to DMF, TPF's facilitation of 

oncolytic virus replication and spread was observed to be selective for tumor cells, suggesting 

a targeted approach in cancer treatment. 
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In chapter 4, the study explored the use of synthetic compounds to increase the sensitivity of 

786-0 renal carcinoma cells to oncolytic viruses, VSVΔ51 and HSV-1, which are genetically 

engineered to express GFP. Highlighting oncolytic virotherapy's capacity for targeted cancer 

cell destruction and systemic immune response activation, the research identified compounds 

from chemical libraries that could boost the therapeutic efficacy of oncolytic viruses. Among 

these, AAHTS-V2 and AAHTS-H2 were notable for their ability to enhance VSVΔ51 and 

HSV.n212 infectivity in cancer cells respectively, suggesting a promising avenue to improve 

oncolytic virotherapy's effectiveness. 

The study underscores the practicality of using chemical libraries to find sensitizers for 

oncolytic viruses, indicating a potential to expand cancer treatment options. Future directions 

include expanding validation, including other hits identified for VSVΔ51 and HSV-1. 

Additionally, investigating AAHTS-V2 and AAHTS-H2 mechanism of action, exploring 

combinations with other OVs, and testing on different cancer models as well as in an expanded 

array of normal tissues, and basic toxicological and pharmacokinetic assessment to pave the 

way for clinical application. This aspect is critical given other previously discovered synthetic 

compounds using high-throughput screening suffered from inadequate pharmacological 

properties, which could be overcome through medicinal chemistry and structure activity 

relationship studies [113]. This is notably an advantage of exploring clinically more advanced 

drugs such as DMF and TPF. Conversely, challenges relating to commercialization can create 

barriers in the context of known drugs repurposed for a new application such as what was 

described here in the context of OV therapy. Ultimately, the study contributes to the 

advancement of oncolytic virotherapy as a novel cancer treatment method, offering the 

potential to improve outcomes for cancer patients significantly. 
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In summary this thesis pushes the frontier of enhancing oncolytic virotherapy through 

innovative pharmacological agents and synthetic compounds, highlighting the potential utility 

of DMF and TPF, alongside the identification of novel compounds like AAHTS-V2 and 

AAHTS-H2 identified from chemical libraries. Together, these insights underscore a multi-

faceted approach to refining oncolytic virotherapy, offering hope for more effective, targeted 

cancer treatments. 
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Figure S2.1: DMF enhances GFP of HSV.n212 in Several cancer cell lines. 

 

 (A) representative GFP counts and images of 786-0 and CT26.wt cells upon treatment as 

described in Figure 1. (n = 3; mean ± SD; two-tailed t-test; *P < 0.05, ***P < 0.001). (B) GFP 

count and florescent images of CT2A and S180 Cells upon treatment as described in Figure 1. 

[n = 3; mean ± SD; *P < 0.05, ***P < 0.001, one-way analysis of variance (ANOVA), as 

compared to the untreated condition]. 
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Table S2.1: Synergistic Effect of DMF + HSV.n212 in CT26.wt Model. This table presents 

the Combination Index Score (CSI) for the combined treatment of DMF and HSV.n212, 

specifically in their capacity to induce cell death. The data was analyzed utilizing the 

Compusyn software. The computation of the combination index was executed through a 

predictive algorithm. Notably, a score below 1 within this framework signifies a synergistic 

effect under the specified condition. 

 

   

Dose DMF (uM) Dose HSV.n212 

(MOI) 

Effect CI 

50 0.01 0.85 0.72 

100 0.01 0.66 0.71 

150 0.01 0.48 0.77 

222 0.01 0.2 0.72 
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Figure S2.2: DMF enhances HSVd810.   

 

Murine mammary carcinoma (4T1) and murine colon carcinoma (CT26.wt) cell lines were 

pretreated with DMF at various concentrations (0uM, 50uM, 100uM, 150uM) and four hour 

later infected with HSV.d810 at MOI of (0.1). Corresponding viral titers were determined 48 

hours after infection from pellets. Florescence images were taken from all conditions. [n = 3; 

mean ± SD; *P < 0.05, ***P < 0.001, one-way analysis of variance (ANOVA), as compared 

to the untreated condition]. 
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Figure S2.3: DMF enhances HSVγ34.5 and HSVG47Δ. 

 Murine mammary carcinoma (4T1) and other murine and human cell lines were pretreated 

with DMF at various concentrations (0uM, 50uM, 100uM, 150uM) and four hour later infected 

with HSV.y34.5 at MO of (0.01) as shown in (A) or HSVG47Δ at MOI of (0.01) as shown in 

(B). Corresponding viral titers were determined 48 hours after infection from pellets. 

Florescence images were taken from all conditions. [n = 3; mean ± SD; *P < 0.05, ***P < 

0.001, one-way analysis of variance (ANOVA), as compared to the untreated condition]. 
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Figure S2.4: DMF promotes HSV.n212 infection in S180 and CT2A tumour cores.  

 

Infectious viral particles were quantified from S180 and CT2A tumour cores upon treatment 

as described in Figure 2 by standard plaque assay. (n = 5; mean ± SD; two-tailed t-test). 

 

 

 

 

 

 

  

  



170 

 

 

  



171 

 

Figure S2.5: HSV.n212 dose optimization in vivo.  

BALB/c mice were implanted with 3 × 105 CT26.wt cells. Once tumors were ~100 mm3, mice 

were treated with several doses as indicated in the diagram with the regimen of HSV.n212 (1  

x 108 pfu) or PBS (intratumorally). Tumor growth and survival (endpoint tumor size of 1500 

mm3) was monitored over time. 
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Figure S2.6: DMF Administered intratumorally improved survival compared to gavage.  

 

Colon CT26.wt tumors were implanted with 3 × 105  into the right flank of BALB/c mice. 

Upon reaching ~100 mm3, tumors were injected intratumorally with HSV.n212 or with either 

dimethyl sulfoxide (DMSO) or DMF (200mg/kg, either i.t. or gavage). Tumor volumes were 

monitored every 2-3 days. Mice were culled when tumor volumes reached 1500 mm3 for 

survival analysis. Kaplan-Meier curves were plotted and compared using the log-rank 

(Mantel-Cox) test. 
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Figure S3.1: The impact of DMF, MMF on 786-0 cells.  

786-0 cells were treated with indicated drugs with a range of concentrations then infected with 

VSVΔ51 expressing GFP (MOI 0.05). Corresponding fluorescent images were taken 24 hours 

post infection as shown in (A).  GFP was quantified with a Cellomics ArrayScan® VTI HCS 

Reader (Thermo Fisher Scientific). Cell viability was assessed in all cells tested 48 hours after 

infection. The results were adjusted relative to the average values recorded for the respective 

uninfected and untreated cells as shown in (B).  
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Figure S3.2: TPF promotes VSVΔ51 infection in several murine cancer cells. 

A panel of murine cell lines were treated with TPF with a range of concentrations then infected 

with VSVΔ51 expressing GFP (MOI 0.05). Corresponding fluorescent images were taken 24-

48 hours post infection as shown in (A).  GFP was quantified with a Cellomics ArrayScan® 

VTI HCS Reader (Thermo Fisher Scientific). Cell viability was assessed in all cells tested 48 

hours after infection. The results were adjusted relative to the average values recorded for the 

respective uninfected and untreated cells as shown in (B). 
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Figure S3.3: TPF decrease activation of STAT1 and STAT2. 

 

STAT1 and STAT2 phosphorylation status was analyzed by western blot using whole cell 

lysates from 786-0 cells treated with TPF or DMF with indicated concentration then infected 

with VSVΔ51 for 24 hours.   
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Table S3.1:  Clinical characteristics of patients-derived tumor specimens used in the 

study. 

Specimen ID Age Biological 

Sex 

Pathology Report 

Lung GTC 565 61 Female Invasive mucinous adenocarcinoma 

Lung GTC 564 73 Male Squamous cell carcinoma 

Pancreas GTC 569 65 Female Ductal adenocarcinoma 

Ovarian GTC 567 51 Female High grade serous carcinoma 

Pancreas GTC 572 82 Female Well differentiated neuroendocrine 

tumour 

Colon GTC 586 76 Male Moderately differentiated invasive 

colonic adenocarcinoma 
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Table S3.2 : List of cell lines used in this study. 

 

Cell lines Organism Tissue Cell type Growth media Vendor Catalog number 

Vero African green 

monkey 

Kidney  DMEM ATCC CCL-81 

786-0 Human Kidney Renal cell 

adenocarcinoma 

DMEM ATCC CRL-1932 

CT26.wt Mouse Colon Carcinoma DMEM ATCC CRL-2638 

JIMT-1 Human Breast Carcinoma DMEM DSMZ ACC-589 

HT1080 Human  Fibrosarcoma DMEM ATCC CCL-121 

A549 Human Lung Carcinoma RPMI ATCC CCL-185 

HepG2 Human Liver Carcinoma DMEM ATCC         HB-8065 

MRC5 Human Lung Fibroblast DMEM ATCC         CCL-171 

Jurkat Human Blood Lymphocyte RPMI   

B16-OVA Mouse Skin Melanoma RPMI **  

 

** Provided by Dr. Yonghong Wan (McMaster University, Hamilton, Ontario, Canada) 
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Table S3.3: List of primers used in this study. 

Mode

l 

Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

VSV M ATACTCAGATGTGGCAGCCG GATCTGCCAATACCGCTGGA 

 N GATAGTACCGGAGGATTGACG TCAAACCATCCGAGCCATTC 

Human GAPD

H 

ACAGTCAGCCGCATCTTCTT GTTAAAAGCAGCCCTGGTGA 

 IFN-β CATTACCTGAAGGCCAAGGA CAGCATCTGCTGGTTGAAGA 

 MX2 GAACGTGCAGCGAGCTTGTC AAGGCTTGTGGGCCTTAGAC 

 CCL5 GCAGTCGTCCACAGGTCAAG TCTTCTCTGGGTTGGCACAC 

 IL-6 ACCCCCAATAAATATAGGACTGG

A 

GAAGGCGCTTGTGGAGAAG

G 

 IFITM1 CCGTGAAGTCTAGGGACAGG GGTAGACTGTCACAGAGCCG 
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