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Abstract 

The use of oncolytic viruses (OVs) to selectively destroy cancer cells is poised to 

make a major impact in the clinic and potentially revolutionize cancer therapy. Pre-clinical 

and clinical studies have shown that OV therapy is safe, well-tolerated and effective in a 

broad range of cancers. Still, resistance due to tumour heterogeneity highlights areas for 

improvement in OV based therapeutics. Combining OVs and small molecules is a promising 

strategy to selectively enhance OV-mediated anti-tumour effects. To this end, we have 

previously identified the synthetic compound Viral Sensitizer 1 (VSe1) that enhances the 

spread of oncolytic vesicular stomatitis virus (VSV51) in resistant cancer cell lines up to 

1000-fold, resulting in synergistic cell killing and improved efficacy in vitro and in vivo. The 

electrophilic nature of VSe1 prompted us to investigate the scaffold to identify active 

analogs with more favourable physiochemical properties and explore structure-activity 

relationships (SAR). In vitro assays and a rational approach in the design of VSe1 analogs 

allowed us to identify functional groups that can be modified without hampering activity.  

Lead compounds created in this study based on a pyrrole scaffold increase OV growth up to 

2000-fold in vitro and demonstrate remarkable selectivity for cancer cells over normal 

tissue ex vivo and in vivo. Compared to the parental VSe1, these small molecules also 

possess enhanced stability with reduced electrophilicity and are well-tolerated in animals, 

leading to reduced tumour burden and prolonged survival in vivo when used in combination 

with VSV51.  

It was known from previous studies that VSe1 suppresses the type I interferon 

response generated by cancer cells to defend against viral infection. In this study, further 
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investigation revealed that VSe1 and its analogs inhibit the nuclear translocation of nuclear 

factor kappa-light-chain-enhancer of activated B cells (NFB), resulting in dampened 

transcriptional expression and secretion of IFN- and interferon stimulated genes, thereby 

increasing viral replication and spread. While these findings further elucidated the effect 

these compounds have on the innate antiviral response, the molecular mechanisms leading 

to NFB inhibition remained unclear. We used the newly generated VSe1 analogs to 

perform ligand-based affinity capture studies leading to the identification of glutathione-s-

transferases as interacting proteins, catalytically inhibited by VSe1 and to a lesser extent by 

its pyrrole analogs. Further inquiry revealed that VSe1 and its analogs cause an imbalance in 

cellular glutathione homeostasis and increase oxidative stress, which is associated with 

inhibition of the nuclear translocation of NFB.  However, further studies are required to 

assess whether these phenomena are directly or indirectly linked. 

Overall, this study highlights a novel approach to improving OV therapy by using a 

previously uncharacterized class of compounds that ultimately alter the innate cellular 

antiviral response through inhibition of NFB.  
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Introduction 

1.1 Cancer 

According to the Canadian Cancer Society, 1 in 2 Canadians will develop some form 

of cancer and 1 in 4 will eventually succumb to the disease making it the leading cause of 

death in Canada1. The impact of cancer goes beyond just that of patient mortality and 

morbidity, but also affects the lives of family members and caregivers, and is a significant 

burden on the health care system. Over the past 30 years, survival rates for many cancer 

types have significantly improved, due to advances in efforts to better prevent, detect, and 

diagnose malignancies1. Still, low survival rates for cancers such as lung, pancreatic and 

ovarian cancers1, and high recurrence rates due to resistance to first and second-line 

therapies1 demonstrate the need for more effective therapeutic agents. 

Cancer has been traditionally characterized as the rapid and uncontrolled growth of 

cells. While the start of the modern era of cancer research can be traced back to the late 

19th century2, our understanding of this complex and multifactorial disease is continuously 

being revised. The fundamental properties of this disease are perhaps best delineated by 

eight properties outlined by Dr. Hanahan and Dr. Weinberg called the Hallmarks of Cancer: 

(1) sustained proliferative signaling, (2) evasion of growth suppressors, (3) activation of 

invasion and metastasis, (4) replicative immortality, (5) induction of angiogenesis, (6) 

resistance to cell death, (7) dysregulated cellular energetics and metabolism and (8) evasion 

of detection and destruction by the immune system3. An underlying state of genomic 

instability, leads to mutations that drive the manifestation of these hallmarks. Activating 

mutations in genes that drive cellular transformation and proliferation can promote 
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tumourigenesis4. Such genes are termed proto-oncogenes and their mutated, pro-

tumourigenic forms are known as oncogenes4. Conversely, inactivating mutations in tumour 

suppressor genes that normally restrict cellular proliferation can also support tumour 

development4,5.  

 

1.1.1. NFB 

The transcription factor nuclear factor kappa-light-chain-enhancer of activated B 

cells (NFB) is activated by several oncogenes such as human epithelial growth factor 

receptor 2 (HER2/Neu), and is negatively regulated by tumour suppressors such as von-

Hippel Lindau (VHL)6,7. NFB plays an essential role in a variety of cellular processes, 

including the antiviral response, cell cycle regulation, proliferation, cell death, inflammation 

and response to oxidative stress8. It is a homo or hetero-dimer of five potential subunits: 

RelA/p65, p50 , RelB, p52 and c-Rel8. All subunits contain a Rel homology domain (RHD) that 

facilitates the formation of homo- or heterodimers prior to DNA binding9. P65, RelB and c-

Rel also contain a transactivation domain that is required for transcriptional activity9. 

Activation of NFκB can occur through a canonical or non-canonical pathway. The canonical 

pathway leads to the activation of the p65-p50 dimer8. In the absence of stimuli, the dimer 

is sequestered in the cytoplasm by inhibitor of BIB)10. Upon upstream activation of 

this pathway, IB is degraded and the p65-p50 dimer translocates to the nucleus to 

initiate transcription of target genes8,10. Activation of this pathway, as well as the role of 

NFB in the antiviral response, is described in more detail in section 1.2.3.  NFB is found to 

be constitutively active in many tumours, in part due to the aberrant over-activation of 
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upstream regulators, and it has been implicated in the development of several Hallmarks of 

Cancer11,12. NFB contributes to the pathogenesis of a diverse set of cancer types that 

include but are not limited to leukemia, lymphoma, multiple myeloma, glioblastoma, 

prostate cancer, breast cancer, colon cancer, and renal cell carcinoma (RCC)11–13. In RCC, the 

overexpression of NFB can be attributed to its dysfunctional regulation conferred by 

mutations in the VHL gene6,14. Mutated VHL is a chief risk factor for developing clear cell 

RCC, which makes up 70-80% of all RCCs6. In a meta-analysis carried out on clear cell RCC 

gene expression datasets from human patients, loss of VHL expression correlated strongly 

with the appearance of NFB gene signatures15. In addition to promoting tumour growth, 

NFB is also involved in the development of resistance to chemotherapy by inducing the 

expression of the drug efflux pump multidrug resistance 1 (MDR1)16,17. Its undeniable role 

in promoting tumourigenesis and resistance to therapy has made NFB a popular target in 

anti-cancer drug development. The drug bortezomib is a ubiquitin-proteasome inhibitor 

that is approved for the treatment of multiple myeloma and multiple mantle cell 

lymphoma18. While it is not a specific inhibitor of NFB, one of its proposed mechanisms of 

action is that it abolishes NFB signaling by inhibiting the degradation of IB18,19. This 

effect may not be applicable to all cell types and proteasome inhibitors, as some groups 

have shown that certain proteasome inhibitors can activate NFB in some cell lines20–22. 

Numerous specific inhibitors of the NFB pathway have been under pre-clinical 

development for decades, however none have yet been approved for clinical use12,18. 
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1.1.2. Therapeutic challenges with current cancer treatments 

Historically, radiation and cytotoxic chemotherapy have been the mainstay of non-

surgical anti-cancer therapeutic modalities. The rationale for these therapies is that they 

interfere with DNA synthesis and repair, thus targeting genomically unstable, rapidly 

dividing cells23,24. Such therapies are effective to a certain extent. For example, survival 

rates for non-Hodgkin’s lymphomas vary widely depending on the type of lymphoma, stage, 

and patient age. According to one systematic review, the standard cocktail of 

chemotherapy drugs known as CHOP 21 (cyclophosphamide, doxorubicin, vincristine and 

prednisolone, given at 21-day cycles) induced complete response rates between 37-85%, 

with overall survival at 5 years ranging from 38-51%25. A meta-analysis of adjuvant 

chemotherapy regimens for early-stage breast cancer in 100 000 women from 123 

randomized trials found that on average, the use of chemotherapy was associated with a 

one-third reduction in 10-year mortality26. However, cancer recurrence and relapse can 

occur due to tumour heterogeneity and the selection pressure on residual cancer cells, 

leading to the formation of treatment-resistant tumours with mutations in DNA repair 

pathways23. It is also well documented that these therapies cause adverse reactions, 

primarily due to off-target effects on non-cancerous cells that also have rapid turnover, 

such as erythrocytes, leukocytes and epithelial cells that maintain mucosal membranes. 

Debilitating side effects that can occur include nausea, vomiting, diarrhea, 

myelosuppression, mucositis, alopecia and cutaneous reactions23,24,27–29. Efforts to develop 

more targeted therapies for certain types of cancers have led to game-changing treatments 

such as hormonal therapies for estrogen and progesterone receptor positive breast 



5 
 

cancers,30,31 monoclonal antibodies (mAbs) against overexpressed tumour antigens32, drug-

conjugated mAbs33, receptor tyrosine kinase inhibitors (TKis)34, and angiogenesis 

inhibitors35,36. Still, resistance to these agents has been observed, mediated through similar 

mechanisms responsible for resistance to cytotoxic chemotherapy, such as alterations in 

target expression, increased drug efflux and metabolism, activation of cell survival 

pathways, and insensitivity to apoptosis37. These agents also cause significant adverse 

effects such as increased risk of thrombotic events, endocrine-related aberrations, 

myelosuppression, and edema, secondary to treatment with angiogenesis inhibitors or 

TKis38–40. Thus, a concerted effort is being made to find more effective anti-cancer therapies 

that are better tolerated. 

More recently, research efforts have shifted focus towards harnessing the power of 

the immune system to control malignancies. The rise of cancer immunotherapy has been 

driven by progress in our understanding of how cancer evades the immune system and how 

it can be re-programmed to fight tumour growth41. The immune system plays a pivotal role 

in fighting cancer through the recognition and eradication of transformed cells. However, 

chronic inflammation and tumour immunoediting give rise to an immunosuppressive 

tumour microenvironment, promoting tumour progression and resistance to anti-tumour 

immune responses41–44. As our understanding of the mechanisms of cancer-related 

immunosuppression grows, so too does our ability to design therapies to combat these 

mechanisms. The cancer immunoediting hypothesis describes a process by which extrinsic 

immune pressure on tumours can block tumour growth, but in some cases can promote the 

formation of immune-resistant tumours45. Cancer immunoediting is characterized by three 
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phases: elimination, equilibrium and escape. In the first phase of elimination, transformed 

cells are detected and eliminated by components of the innate (e.g. natural killer (NK) cells) 

and adaptive (e.g. antigen-specific cytotoxic T-lymphocytes; CTLs) immune system45. The 

second phase, equilibrium, occurs as a result of the immune system being able to eliminate 

the entire population of transformed cells. The tumour enters a dormant phase, where the 

immune system is able to prevent tumour growth, yet a subpopulation of transformed cells 

persists46. The cells that persist are insensitive to the immune onslaught, often through 

evolved defects in antigen presentation or apoptotic pathways47. Eventually, the immune 

system is no longer able to keep tumour growth at bay, leading to the final phase, escape 

from immune surveillance and the appearance of clinically detectable tumours45. This can 

happen as a result of loss of antigen presentation, upregulation of inhibitors of CTL 

responses (e.g. CTL-associated protein 4 (CTLA-4), programmed cell death 1 protein (PD-1), 

and its ligand, PD-1 ligand 1 (PD-L1)) and the infiltration of immunosuppressive cells into 

the tumour microenvironment (e.g. myeloid derived suppressor cells (MDSCs) and 

regulatory T-cells)47.  

It is well documented that through processes such as cancer immunoediting, 

tumours can acquire mutations in the type I interferon (IFN) pathway45. Type I IFNs have 

very well-defined roles in the response to viral infection (described in sections 1.2.3 and 

1.2.4). However, they also possess pleiotropic functions in controlling tumour growth by 

promoting cell growth arrest, inducing cell death, inhibiting angiogenesis, and stimulating 

innate and adaptive anti-tumour immune responses48. As tumours evolve to escape 

immune control, they often acquire defects in the type I IFN pathway, and this has been 
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associated with poor prognosis49–52. Several therapeutic modalities have been developed to 

exploit the anti-tumour properties of type I IFNs, including exogenous administration of 

type I IFN (IFN-2b), treatment with inducers of endogenous IFN (e.g. polyribosinic-

polyribocytidylic acid (Poly(I:C)), imiquimod), and gene therapy with viral vectors48. IFN-2b 

and imiquimod are both approved for use in human patients53,54.   

Immune checkpoint inhibitors are drugs that target molecules that block T cell 

activation. Specifically, these are inhibitors of the aforementioned molecules CTLA-4, PD-1, 

and PD-L1. Clinical responses to these therapies have been remarkable, leading to complete 

tumour regression and improved survival in some solid tumour types and hematological 

malignancies55. Still, relapse and disease progression occurs in some patients, indicating 

that there is room for improvement, possibly through combinatorial strategies56. Another 

exciting development in this field is the recent FDA approval of chimeric antigen receptor T 

cells (CAR T cells) for diffuse large B-cell lymphoma and B-cell acute lymphoblastic 

leukemia57,58. In CAR T cell therapy, a patient’s own T cells are engineered to target a 

specific tumour-associated-antigen and infused back into the patient (part of an 

overarching immunotherapy strategy known as adoptive cell transfer)41. The approved CAR 

T cell therapies target the CD19 receptor, which is highly expressed on B cells.   

 

1.2 Oncolytic viruses for cancer therapy 

Hallmark changes in cancer cells fuel cell growth via altered cellular energy 

metabolism and allow cancer cells to resist apoptosis and avoid detection and destruction 

by the immune system. Altogether, this makes tumours ideal microenvironments for viral 
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replication, rendering them uniquely vulnerable to viral infection and lysis59,60. Oncolytic 

viruses (OVs) are multi-mechanistic biotherapeutic agents that destroy tumours by inducing 

direct lysis of cancer cells, expression of therapeutic transgenes, vascular shutdown of 

tumour-associated blood vessels, and generation of an anti-tumour immune response59–61. 

The notion that viruses could be used to treat cancer stems from observations at the 

turn of the 20th century that cancer patients who naturally contracted viral infections went 

into temporary remission62,63. Since then, viruses have been investigated as anti-cancer 

agents with fluctuating interest, until a resurgence in the 1990s, following significant 

advancements in viral engineering63. A diverse set of viral platforms have been investigated 

for their oncolytic potential. Virus families of note include poxviridae, adenoviridae, 

herpesviridae, paramyxoviridae, reoviridae, rhabdoviridae, picornaviridae, and 

togaviridae61. In 2005, the oncolytic adenovirus H101 became the first oncolytic virus to be 

approved for use in humans, for the treatment of head and neck cancers in China64. Interest 

in the development of OVs as targeted cancer therapeutics has skyrocketed over the past 

few years, with the emergence of positive clinical trial data and the recent approval of the 

herpes simplex virus type 1 (HSV-1)-based talimogene laherparepvec (T-VEC; IMLYGIC®) in 

the United States65–67. An area of high interest is the use of OVs in combination with other 

modalities of cancer therapy, including cytotoxic chemotherapy, targeted therapies and 

novel immunotherapies. This is discussed further in section 1.3.1.   
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1.2.1 Selectivity of oncolytic viruses towards cancer cells 

OVs preferentially target cancer by exploiting multiple tumour-specific defects. 

Some specificity for the preferential infection of tumours is conferred by the aberrant over-

expression of cell surface receptors that facilitate viral entry. For example, measles virus 

binds to CD46 and nectin-4, both of which are upregulated in many types of cancers68–72. 

Dysregulated cellular metabolism prevalent in cancer cells also provides a supportive 

environment for viral replication. Due to high metabolic demands, cancer cells favour the 

generation of ATP through glycolysis, as opposed to mitochondrial oxidative 

phosphorylation, a phenomenon known as the Warbug effect73. The precise reason for this 

has not been clearly elucidated, but one theory is that switching to the glycolytic pathway 

also increases pools of precursors of nucleotides and amino acids, thus fueling tumour 

growth. This would also promote viral growth, and several viruses have been shown to 

induce this glycolytic switch, including measles and vaccinia virus73,74.  

Through engineering or experimental selection, OV tropism for cancerous tissue 

over normal tissue can be further enhanced compared to wild-type viruses. For example, T-

VEC contains a deletion in the gene encoding for neurovirulence factor Infected cell protein 

35.4 (ICP35.4). ICP35.4 prevents the shutdown of host cell translation induced by viral 

infection by promoting the dephosphorylation of eukaryotic initiation factor eIF2, thus 

allowing the translation of viral proteins to continue75. In doing so, ICP35.4 also opposes the 

function of protein kinase R (PKR), an enzyme that is activated by the presence of double-

stranded RNA and subsequently works to limit cell growth and initiate antiviral pathways, 

such as through the phosphorylation of eIF275–77. Without this gene, the replication of 
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HSV-1 is largely restricted to cells that overexpress eIF2 and have dysfunctional PKR 

signaling, which is common in tumour cells78,79.  Increased specificity of HSV-1 towards 

cancer cells can also be conferred by targeting the viral ICP0 gene, a ubiquitin E3 ligase that 

targets host proteins for degradation78. Many ICP0-targeted proteins are involved in the 

induction of a type I IFN-mediated antiviral response, thus HSV-1 variants containing ICP0 

mutations (such as oncolytic HSV-1 N212) are particularly sensitive to type I IFN80. As 

described in section 1.1.2, the type I IFN pathway is often dysregulated in cancer cells, thus 

ICP0 mutations confer enhanced selectivity for cancer cells over non-cancerous cells which 

retain intact type I IFN-mediated antiviral signaling78. 

The list of virulence genes that have been deleted or modified to improve the 

selectivity of OVs for cancer cells is extensive. By no means an exhaustive list, genes that 

have been modified in some of the OV platforms that have undergone clinical testing 

include viral thymidine kinase (TK; vaccinia virus, HSV-1), ICP6 (HSV-1), 47 (HSV-1), E3 and 

E1A (adenovirus)67. The rhabdovirus vesicular stomatitis virus (VSV) has undergone 

extensive pre-clinical testing for almost two decades and has also been genetically 

engineered in a variety of ways to specifically replicate in cancer cells81–83. 

 

1.2.2 Vesicular stomatitis virus 

VSV is a bullet-shaped, single stranded negative-sense RNA virus with an 11 kilobase  

genome that encodes for five proteins: nucleocapsid (N), large protein (L), phosphoprotein 

(P), glycoprotein (G), and matrix protein (M)84. The RNA genome is encapsidated by N 

proteins and associated with the viral RNA dependent RNA polymerase (RdRp), comprised 
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of the L and P proteins84. This complex is surrounded by the M protein and host-derived 

lipid bilayer in which the transmembrane G protein is anchored84. The G protein plays a 

crucial role in viral entry and budding from host cells84. VSV enters target cells upon binding 

of the G protein to low-density lipoprotein receptors (LDLR) and LDLR family members on 

the cell surface, followed by clathrin-mediated endocytosis85. A drop in endosomal pH 

triggers fusion of the viral and endosomal membrane, uncoating and release of the viral 

genome into the cytoplasm84. Here, the RdRp uses the negative-sense viral RNA as a 

template for primary transcription of positive-sense mRNAs for each gene, which are 

translated by host ribosomes84.  The resulting viral proteins synthesize complimentary 

negative-sense viral RNA genomes that are used as templates for further viral replication, 

secondary transcription or are assembled into infectious particles84. Infectious viral progeny 

are formed when virions bud out of the host at sites on the plasma membrane enriched in 

VSV G protein, with this host plasma membrane serving as a new viral envelope84. VSV M 

protein also facilitates viral budding and has several roles that are crucial to VSV replication. 

In particular, it blocks host gene expression by inhibiting the transcription and nuclear 

export of host mRNAs84,86–90.  The early events of VSV’s life cycle (binding, endocytosis, 

uncoating and primary transcription) occur within a few hours after infection84. The 

subsequent steps of genome replication, secondary transcription and progeny virion 

assembly occur over the next 12-18 hours84. 
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1.2.3 The type I Interferon response: Induction of type I interferon 

The innate immune response is the body’s first line of defence against pathogens 

such as viruses. At the molecular level, type I interferon (IFN) plays a major role in the 

response to viral infection. Type I IFNs include IFN-β as well as multiple isoforms of IFN-. 

The former is ubiquitously expressed, while the latter are primarily produced by 

hematopoietic cells and plasmacytoid dendritic cells91–94. The induction of type I IFNs is 

typically initiated through the stimulation of pattern recognition receptors (PRRs). PRRs are 

stimulated by the recognition of pathogen-associated molecular patterns (PAMPs), which 

include microbial glycoproteins, lipopolysaccharides, proteoglycans, and nucleic acid 

motifs95. PRRs can be separated into families according to ligand specificity and cellular 

localization. A major class of PRRs activated by viral infection are Toll-like receptors (TLRs). 

TLRs are transmembrane glycoprotein receptors that are stimulated by a variety of PAMPs 

and can be found in intracellular compartments as well as at the cell surface96. For example, 

TLR7 recognizes single-stranded viral RNA motifs and is primarily located in the 

endoplasmic reticulum. Upon stimulation, it migrates to endosomes and downstream 

signaling processes are initiated96. TLR7 is known to sense several RNA viruses, including 

influenza A virus, human immunodeficiency virus, Dengue virus and VSV96. VSV has also 

been shown to trigger TLR4 signaling through its G protein97. 

VSV is also recognized by another class of PRRs: retinoic acid-inducible gene I (RIG-I)-

like receptors (RLRs). RLRs are located in the cytosol and include RIG-I, melanoma 

differentiation-associated antigen 5 (MDA5), and laboratory of genetics and physiology 2 

(LGP2)96. Both RIG-I and MDA5 bind to viral RNA motifs, although it is thought that VSV is 
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preferentially recognized by RIG-I96,98. LGP2 is thought to modulate antiviral signaling by 

interacting with RIG-I and MDA596,99.  

TLRs and RLRs differ in the manner and location in which they are stimulated, 

leading to the recruitment of various adapter molecules. Ultimately, these pathways 

converge to activate three key signaling pathways:  mitogen-activated protein kinases 

(MAPKs), interferon regulatory factors (IRFs), and NFB (Figure 1). Transcription factors 

activated in these pathways bind to the IFNB enhanceosome and are necessary for 

maximal induction of IFN- expression100,101. Activation of the MAPK pathway via TLRs and 

RLRs can lead to the activation of c-Jun terminal kinase (JNK), which phosphorylates and 

activates activator protein 1 (AP-1), a heterodimeric transcription factor102–104. The AP-1 

heterodimer is comprised of c-Jun and activating transcription factor-2 (ATF-2) and induces 

the transcription of pro-inflammatory cytokines as well as IFN-. IFN- is also induced 

by IRFs. Of the nine IRF family members, IRF3 and IRF7 play key roles in initiating an 

antiviral response via TLR signaling105. IRF3 is constitutively expressed and thus largely 

responsible for the first wave of type I IFN production107,108. IRF7 is present at low levels in 

most cell types and is induced upon virus infection following the first wave of type I IFN 

production to induce various subtypes of IFN-. However, there is evidence in mouse 

embryonic fibroblasts that IRF7 is necessary for IFN- production as well109. Once triggered, 

TLRs and RLRs will initiate molecular cascades resulting in the phosphorylation of IRF3 and 

IRF7, causing them to form hetero- or homodimers91. These dimers translocate to the 

nucleus, form a complex with the co-activators CBP (cyclic-AMP-response element-binding 

protein (CREB)-binding protein) or p300 and bind to the promoter regions of IFN and IFN 
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isoforms to initiate their transcription in cooperation with other transcription factors or 

coactivators105.  

In addition to its role in cancer (explained previously in section 1.1.1), the 

transcription factor NFB is a pivotal coordinator of the IFN response. As mentioned 

previously, NFB transcription factors are hetero- or homodimers that are comprised of 

two of five possible subunits: RelA/p65, p50, RelB, p52 and cRel. Prior to activation, dimers 

are sequestered in the cytoplasm by the inhibitor of B (IB) family of proteins. IBs are 

characterized by the presence of ankyrin repeats which facilitate binding to and inhibition 

of the DNA binding domains of NFB8,110. Activation of NFB-mediated transcription can 

occur through canonical or non-canonical pathways. The non-canonical pathway is mainly 

activated by stimuli involved in cell differentiation and development through the tumour 

necrosis factor receptor (TNFR) and affects lymphoid organ development and the adaptive 

immune response111. It may also negatively regulate the type I IFN response by regulating 

histone modifications and the recruitment of p65 to the IFN- promoter112. Upon TNFR 

stimulation, NFB kinase (NIK) phosphorylates IB kinase alpha (IKK), which in turn 

phosphorylates p100, the precursor to NFB subunit p52 and inhibitor of RelB. Due to the 

presence of ankyrin repeats, p100 is considered to be an IB protein as well113. Once p100 

is phosphorylated, the ankyrin repeats are cleaved, yielding p52. The resulting p52-RelB 

dimer is transcriptionally active and translocates to the nucleus to initiate transcription of 

its targets8. 

The canonical pathway is responsible for the induction of type I IFN transcription 

and leads to the activation of a p65-p50 heterodimer8. As mentioned previously, in the 
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absence of stimuli, the p65-p50 heterodimer is sequestered in the cytoplasm by IB. TLR 

and RLR stimulation activates the IB kinase (IKK) complex, which consists of IKK, IKK and 

IKK. IKK and IKK possess kinase activity and IKK (also known as NFB essential 

modulator, or NEMO) is a regulatory subunit116,117. The activated IKK complex 

phosphorylates IB at serines S32 and S36, targeting it for ubiquitination and proteasomal 

degradation114,115,118. The liberated p65-p50 dimer is then able to translocate to the nucleus 

and initiate transcription of target genes. Following phosphorylation of IB, IKK also 

phosphorylates p65 at S536 in its transactivation domain, which enhances its 

transactivation119. 

NFB activation and transcriptional activity as described above has been shown to 

occur as soon as 2 hours following virus inoculation at a high multiplicity of infection 

(MOI)120–123. There is also a low level of constitutive activity that is responsible for 

maintaining a basal level of IFN- that is necessary for timely autocrine IFN- signaling124. In 

p65-/- murine embryonic fibroblasts (MEFs), Ifnb and ISG induction and was significantly 

delayed in response to VSV or Newcastle disease virus infection125,126. NFκB is the primary 

driver of IFN transcription in the early stages of viral infection and stabilizes interaction of 

CBP/p300 at the enhanceosome124. Once IRF3 and IRF7 are present and interact with 

CBP/p300, these transcription factors power the expression of IFN. In this later stage of 

infection, NFB is less important for IFN- production and instead has a more important 

role in regulating the expression of chemokines, matrix metalloproteinases, proteins 

involved in antigen processing, and proteins with pro-inflammatory roles124,126. 
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1.2.4 The type I interferon response: Induction of interferon stimulated genes 

Once secreted, type I IFN elicits pleiotropic autocrine and paracrine effects through 

its cognate receptor. The type I IFN receptor (IFNAR) is composed of two subunits, IFNAR1 

and IFNAR2127.  IFNAR is associated with the protein tyrosine kinases Janus kinase 1 (JAK1) 

and tyrosine kinase 2 (TYK2). When type I IFN binds to IFNAR, it triggers the 

autophosphorylation of JAK1 and TYK2, causing the recruitment and phosphorylation of 

signal transducer and activator of transcription 1 and 2 (STAT1 and STAT2)128. STAT1 and 

STAT2 dimerize and associate with IRF9, forming a complex known as IFN-stimulated gene 

factor 3 (ISGF3)105,129. ISGF3 translocates to the nucleus and binds to DNA sequences known 

as IFN-stimulated response elements (ISREs)91,130. This leads to the expression of over a 

hundred different IFN-stimulated genes (ISGs) whose products combat viral infection by 

interfering with various stages of the virus life cycle, including viral entry, uncoating, 

endocytic trafficking, translation of viral mRNAs and budding131. For example, murine 

myxovirus resistance 2 (MX2) inhibits the capsid of human immunodeficiency virus-1 (HIV-

1), limiting nuclear entry of the viral genome132,133. MX2 has also been shown to limit VSV 

infection134. IFN-induced transmembrane (IFITM) proteins limit the entry of viruses 

including VSV, possibly by altering membrane properties and the kinetics of endosome 

fusion135,136. The initial wave of type I IFN produced by most cells in response to virus 

consists of IFN- and IFN-4100,105,108,137 (with the exception of plasmacytoid dendritic cells, 

which produce mostly IFN-isoforms100,138,139). JAK-STAT signaling further induces these 

IFNs and various IFN- subtypes, generating a positive feedback loop and a second wave of 

type I IFN production140,141.  
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Figure 1. Pathways regulating the production and response to type I IFN. (Adapted from 

Nader El Sayes, MSc Thesis) 

 

1.2.5 VSV as an OV candidate 

VSV has broad tissue tropism, demonstrated by its ability to infect a wide range of 

cell types, giving it wide applicability as an anti-cancer therapeutic. This is likely due to the 

fact that its putative receptor, LDLR and its related family members, are expressed 

ubiquitously by mammalian cells, with the exception of quiescent T cells, B cells and 

hematopoietic stem cells142. This tropism makes it possible for VSV to infect non-cancerous 

tissues as well. While an effective oncolytic agent, wild-type VSV has been shown to cause 

neurotoxicity in animal models81,143–145. Efforts to attenuate VSV while maintaining its 
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oncolytic effect have largely focused on increasing its specificity for cells with defective type 

I IFN. VSV is a potent inducer of type I IFN and downstream signaling. Normally, this 

response is triggered in infected cells and rapidly spreads to neighbouring cells to protect 

them from infection. As previously stated, a large number of tumour types and cancer cell 

lines have defects in type I IFN signaling and are thus vulnerable to VSV oncolysis146. As 

mentioned above, VSV M blocks host gene expression, and in doing so blunts a non-

cancerous cell’s ability to produce and respond to type I IFN. The genetically attenuated 

variant known as VSV51 contains a deletion of the 51st amino acid in the M protein which 

hinders its ability to block host antiviral gene expression146. Thus, VSV51 has an improved 

safety profile over its wild-type counterpart146, as normal cells with intact antiviral 

responses can resist infection and cancer cells with defective antiviral responses are more 

susceptible to viral infection and oncolysis.  

Another mechanism of VSV51-mediated tumour eradication is the induction of 

tumour vasculature collapse147. VSV51 is able to limit tumour perfusion through direct 

infection of tumour-associated vasculature and recruitment of neutrophils, which leads to 

intratumoural coagulation148,149. Upon further examination, it was found that vascular 

endothelial growth factor (VEGF; a major driver of tumour neovascularization and 

metastasis that is overexpressed in many solid tumours150,151), sensitized endothelial cells to 

infection by several type I IFN-sensitive viruses, including VSV51, through the upregulation 

of PRD1-BF1/Blimp1, which suppresses type I IFN-mediated signaling pathways152. Blimp1 

expression was found to be significantly higher in tumour vasculature compared to 

vasculature from normal tissues, and was dependent on VEGF signaling152.  
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In addition to causing cell lysis and destruction of tumour vasculature, VSV51 

induces a potent anti-tumour immune response that contributes to the eradication of 

tumours153–157. This is partly due to the type I IFN response induced following virus 

infection, which creates an immunostimulatory environment and recruits innate immune 

effector cells such as neutrophils and NK cells to the tumour site158,159. Additionally, virus-

mediated cell lysis results in the release of tumour-associated antigens (TAAs), PAMPs, and 

danger-associated molecular patterns (DAMPs), resulting in the activation of antigen-

presenting cells and the subsequent generation of tumour-specific CD8+ T cells that drive an 

adaptive immune response against the tumour153,160,161. Due to its immunostimulatory 

properties, VSV51 has been used to successfully eradicate tumours in pre-clinical models 

as part of two innovative therapeutic platforms: an infected-cell vaccine (ICV) and a 

heterologous prime-boost strategy. The ICV consists of irradiated tumour cells that are 

infected with a rhabdovirus, such as VSV51157,162,163. Administration of the ICV to mice was 

able to robustly protect them from subsequent tumour challenge157,162,163 and was also able 

to control the growth of pre-established tumours157,163. ICV treatment stimulates both an 

innate (e.g. NK cell-mediated) and adaptive (e.g. cytotoxic T-cell-mediated) immune 

response that is required for tumour eradication157,163. Efficacy was further enhanced by 

using a virus expressing granulocyte-monocyte colony stimulating factor (GMCSF)157 and  

interleukin-12 (IL-12)163. The prime-boost strategy involves administration of a non-

replicating viral vector (such as adenovirus) expressing a TAA, following by the 

administration of a replicating OV (such as VSV51) expressing the same TAA. This strategy 
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leads to a skewing of the T-cell responses towards the TAA, leading to enhanced efficacy164–

166. 

Rhabdoviruses were some of the earliest OV candidates tested pre-clinically and 

have emerged as promising OV platforms due to their ability to rapidly induce cell death 

and generate a strong anti-tumour immune response83. Furthermore, unlike many other 

platforms based on human pathogens or vaccines, pre-existing immunity in the human 

population is rare83. Oncolytic variants of VSV, as well as the closely related Maraba virus, 

are now undergoing phase I/II clinical evaluation in a number of malignancies as a 

monotherapy or as part of the prime-boost strategy in combination with immune 

checkpoint blockade (NCT02285816, NCT02879760). A Maraba virus-based OV known as 

MG1 contains 2 point mutations in its M and G proteins that impair its ability to block the 

production of type I IFN and attenuate its virulence selectively in non-cancerous cells and in 

vivo167. Two VSV variants based on the wild-type VSV backbone expressing human IFN- 

alone or along with the sodium iodide symporter (VSV-IFN- and VSV-IFN--NIS) are being 

evaluated in human phase I clinical trials (NCT02923466, NCT03120624, NCT03017820, 

NCT01628640). Expressing IFN- from within VSV is intended to enhance the induction of 

anti-tumour immune responses and also limit viral replication to cells that are unable to 

generate an adequate type I IFN- response on their own (a property of many cancers, as 

mentioned above)153. This strategy is analogous to the 51 mutation in the matrix protein, 

but differs in that (1) it does not rely on the capacity of cells to produce type I IFN, and (2) 

the amount of type I IFN produced correlates with viral replication. The expression of NIS 

allows for non-invasive tracking of in vivo viral replication and distribution through 
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radioactive iodine (131I) administration and imaging168. The combination of 131I and NIS-

encoding viruses has also been shown to synergistically improve therapeutic outcomes 

preclinical tumour models169–173.  

 

1.3 Heterogeneous response and resistance to OV therapy 

While the deletion of methionine 51 improves VSV51’s safety profile considerably 

compared to its wild-type counterpart, patient-derived cancer cell lines and tumour 

samples show variable sensitivity to in vitro and ex vivo VSV51 infection and 

approximately 30% of cancer cell lines in the NCI-60 Human Tumor Cell Line panel are IFN-

responsive and thus resistant to infection with VSV51146,174,175. Given that tumour 

heterogeneity may be one reason behind resistance to various types of OVs seen in clinical 

trials176–178, significant efforts have been made to increase OV efficacy in resistant tumours. 

Some groups have resorted to further genetic manipulation of the virus to increase its 

virulence while others have incorporated prodrug converting enzymes to enhance virus-

mediated tumour cell death in the presence of prodrugs179–182. Both engineering strategies 

have distinct pitfalls: the former could potentially compromise safety while the latter still 

requires productive infection of the tumour, which is limited in resistant tumours. One 

alternative strategy is to use small molecules to enhance the replication and spread of OVs 

in resistant tumours. 
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1.3.1 Pharmacological combinations to enhance OV therapy 

The study of pharmacologic enhancement of OV therapy has led to the discovery of 

molecules that improve the efficacy of OVs by modulation of the anti-viral immune 

response to OVs and/or the anti-tumour immune response induced by OVs. The 

pharmacologic categories of drugs that have been used are widely varied, ranging from 

cytotoxic chemotherapy agents, epigenetic modifiers, microtubule destabilizers, targeted 

immunomodulators and novel, unclassified compounds183.  

Cyclophosphamide is DNA alkylating agent used as a first-line agent for many types 

of cancers, including leukemias and lymphomas184. It has been used in combination with 

various types of OVs, including HSV177,185,186, adenovirus187–190, vaccinia virus191, reovirus192, 

measles193–195 and VSV193, leading to improved efficacy in vivo. Cyclophosphamide may 

augment OV-related outcomes through inhibiting the production of anti-viral neutralizing 

antibodies as well as by decreasing levels of regulatory T cells, thus promoting adaptive 

anti-tumour immunity177,186–189,196.  

Due to their immune-stimulating effects, combining OVs with agents that modulate 

the immune system is a logical choice. In fact, it has been shown that OVs are able to 

modulate the expression of PD-1 and PD-L1 on cancer cells, providing rationale for the 

combination of OVs and checkpoint inhibitors197,198. Positive results from numerous pre-

clinical studies legitimized this approach and several phase I and II trials testing the 

combination of checkpoint inhibitors with various OVs are underway (NCT03004183, 

NCT02620423, NCT03206073, NCT02977156, NCT03153085, NCT03294083, 

NCT02824965)61,198–201. 
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Given that the type I IFN response plays a crucial role in limiting viral replication, 

targeting this pathway would theoretically lead to improved oncolysis in cancer cells with 

intact type I IFN signaling. Resistance to VSV in squamous cell carcinoma, sarcoma and 

bladder cancers was overcome through the use of JAK1 inhibitors and was associated with 

decreased ISG expression202,203. Inhibiting type I IFN further upstream through the use of 

IKK inhibitors in vitro was also able to sensitize cancer cells to infection with oncolytic VSV, 

HSV-1 and encephalomyocarditis virus (ECMV)204–206. Transcriptional activation of ISGs is 

known to require the activity of histone deacetylase (HDAC)207. HDAC inhibitors have been 

used in combination with a diverse set of OVs, leading to synergistic enhancements of 

oncolysis, decreased ISG expression and improved survival in a variety of pre-clinical cancer 

models208–214. Additionally, the HDAC inhibitor MS-275 was able to potentiate the anti-

tumour immune response in the context of oncolytic VSV administered as part of a 

heterologous prime-boost vaccination strategy214. More specifically, oncolytic adenovirus 

expressing the TAA human dopachrome tautomerase (hDCT) was administered to mice 

bearing B16 tumours engineered to express this TAA. This was followed by oncolytic VSV 

also expressing hDCT, with or without concomitant administration of MS-275. The inclusion 

of MS-275 was shown to lead to a reduction of antiviral neutralizing antibodies, 

improvement of the T-cell response towards hDCT, and complete cures in approximately 

60% of mice214. 

As demonstrated above, rationally selecting therapeutics to use in combination with 

OVs based on predictable mechanistic synergy has proven to be a successful method of 

improving OV therapy. However, there is value to be had in using an unbiased approach to 
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identify compounds that enhance OV activity through previously uncharacterized 

mechanisms. To this end, nearly a decade ago, a high-throughput small molecule screen 

was conducted to identify compounds that would sensitize resistant cells to infection with 

VSV51215. The screen was conducted on 4T1 cells, a murine mammary carcinoma cell line 

that is highly resistant to infection with VSV51. Unexpectedly, several compounds that 

were found to enhance VSV51-mediated oncolysis turned out to be microtubule 

destabilizing agents (MDAs). MDAs were found to augment OV therapy in vivo, impede the 

translation of type I IFN and increase bystander killing of cancer cells pursuant to a boost in 

virus-induced cytokine production216. The combination of MG1 and paclitaxel, a 

microtubule targeting agent and first-line chemotherapy drug used in a variety of cancer 

types, lead to improved efficacy in multiple murine mammary carcinoma models, 

demonstrating the potential benefits of combining OV therapy with standard 

chemotherapy drugs217. 

 

1.3.2. Identification of VSe1 as a viral sensitizer 

The compound 3.4-dichloro-5-phenyl-2,5-dihydrofuran-2-one (hereafter referred to 

as VSe1) was identified in the high-throughput small molecule screen described above and 

was the most effective at inducing synergistic cell death in combination with VSV51, and 

augmenting in vitro infection in several VSV51-resistant cell lines, in some cases up to 

1000-fold215. VSe1 also enhanced ex vivo infection of human tumour samples215. Infection 

was not enhanced in normal GM38 fibroblast cells or normal tissue samples, indicating that 

VSe1’s virus sensitizing effect is specific to cancer cells215. Additional data suggest that VSe1 
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may act by inhibiting antiviral signaling as it does not significantly increase infection of wild-

type VSV in CT26.WT mouse colon carcinoma cells, which are resistant to infection with the 

51 mutant215. In the IFN-responsive U251 human glioma cell line, VSe1 was able to 

partially suppress IFN-mediated protection from VSV51 infection215. VSe1 treatment was 

also shown to repress the expression of approximately 96% of VSV51-induced mRNA 

transcripts in CT26.WT cells, most of which were IFN-stimulated genes215. While these data 

insinuate that VSe1 has an impact on IFN signaling, the exact target(s) were unknown.  

 

1.4 Covalent inhibitors as therapeutic candidates  

A noteworthy feature of VSe1’s structure is the presence of an , -unsaturated 

carbonyl moiety which can act as a Michael acceptor (Figure 2).  

 

 

Figure 2. Structure of 3.4-dichloro-5-phenyl-2,5-dihydrofuran-2-one (VSe1). The  and 

carbons in the Michael acceptor group are indicated. 
 

Compounds with Michael acceptors are electrophilic and thus are susceptible to 

nucleophilic attack from other molecules. For this reason, they are thought to have the 

potential to react covalently and indiscriminately with biological molecules and are 

generally regarded as undesirable drug candidates by the pharmaceutical industry218,219. 
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This largely stems from data connecting the formation of reactive electrophilic drug 

metabolites to organ toxicity and idiosyncratic adverse drug reactions220. Many marketed 

parent compounds that are covalent inhibitors were discovered serendipitously and 

identified as such only after approval and widespread clinical use218,219. A better 

understanding of the Michael addition reaction with biological molecules under 

physiological conditions can lead to the development of drug candidates that bind with high 

affinity to specific nucleophilic moieties, such as a particular cysteine on a target protein218. 

Such compounds are also reported to be less susceptible to drug resistance218,221–224. 

Covalent inhibition can be reversible or irreversible218,219. In the case of irreversible 

inhibitors, pharmacodynamic effects are driven by the turnover rate of targets (i.e. rate of 

de novo synthesis) as opposed to the pharmacokinetic parameters of the drug (absorption, 

distribution, metabolism and elimination) and target inhibition can persist after the drug 

has been cleared from the body219,225. Thus, depending on the rate of target turnover, an 

irreversible inhibitor could be administered less often than a non-covalent reversible 

inhibitor targeting the same protein219,225. Advances in in silico targeting of proteins and 

drug design have permitted the development of targeted covalent inhibitors (TCIs) that 

possess relatively weak electrophilic warheads designed to react with a specific residue, 

and will only do so after coming in close enough proximity to first interact non-

covalently219,226,227. This strategy has recently led to the approval of several compounds that 

irreversibly or reversibly covalently modify their target. Several of these compounds contain 

acrylamide groups, which are weakly electrophilic and need to be in close proximity to the 

target cysteine218. As a result, off-target reactions are minimized. The success of telaprevir, 
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a covalent inhibitor of the NS3 protein from hepatitis C virus (HCV), spawned the 

development of numerous covalent inhibitors against HCV proteins218. Tyrosine kinase 

inhibitors used in cancer therapy (ibrutinib  and spebrutinib, for example) also covalently 

modify their target, Bruton’s tyrosine kinase228,229. 

Contrastingly, the therapeutic effect of some electrophilic compounds is attributed 

to their induction of antioxidant signaling pathways. Dimethyl fumarate (DMF) is a drug 

approved for the treatment of psoriasis (Europe) and multiple sclerosis (North America)230 

and is under investigation for the treatment of chronic lymphocytic leukemia and 

cutaneous T cell lymphoma (NCT02546440, NCT02784834). DMF is an electrophilic 

compound that contains an , -unsaturated carbonyl and is known to act as a Michael 

acceptor. One of the proposed mechanisms of actions of DMF is that it activates the nuclear 

factor (erythroid-derived 2)-like 2 (NRF2) antioxidant response pathway, a key mediator in 

the cellular response to oxidative stress231,232. The activation of this pathway leads to the 

upregulation of glutathione synthesis and other neuroprotective effects that are thought to 

have a beneficial effect in multiple sclerosis233,234. However, other mechanisms of DMF have 

been proposed more recently, in particular DMF’s ability to covalently bind to a key 

cysteine on p65, which leads to inhibition of its nuclear translocation, DNA binding and 

transcriptional activity235. Interestingly, other key players of innate antiviral pathways, such 

as p50, IFNAR1 and JAK1 also contain cysteine moieties that have previously been shown to 

be prone to oxidation or reacting with electrophilic compounds, leading to inhibition of 

downstream activity236–240. 
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1.4.1 Response to oxidative stress 

In addition to covalently reacting with endogenous biomolecules, reactive 

electrophilic compounds can lead to the formation of reactive oxygen and nitrogen species 

(ROS and RNS). ROS encompass radical and non-radical species such as hydrogen peroxide 

(H2O2), superoxide anion (O2
•-), and hydroxyl radical (HO•) that contain reactive and 

reduced oxygen molecules241,242. RNS are various nitric oxide derived compounds, including 

nitric oxide radical (NO•) and peroxynitrite (ONOO-)241,242. ROS/RNS are formed as by-

products of normal metabolism, are known to regulate a variety of cell signaling pathways 

and are critical in antimicrobial defence mechanisms241,243–245. The formation of ROS/RNS is 

tightly regulated by the cell, as an imbalance can lead to oxidative stress and irreversible 

damage to cellular macromolecules. This has been implicated in pathogenic mechanisms of 

numerous diseases, including carcinogenesis, atherosclerosis and neurodegeneration246–249. 

As mentioned above, the transcription factor NRF2 has an integral role in the cell’s 

response to oxidative stress. Under non-stressed conditions, NRF2 is sequestered in the 

cytoplasm by Kelch-like ECH-associated protein-1 (Keap1), which also targets NRF2 for 

proteasomal degradation via cullin-3 E3-ubiquitin ligase (Cul3)250–252. ROS oxidizes specific 

reactive cysteines on Keap1, resulting in its dissociation from NRF2. NRF2 then translocates 

to the nucleus and binds to the antioxidant responsive element (ARE) enhancer, initiating 

the transcription of genes whose protein products are required for phase II detoxification of 

electrophiles, glutathione synthesis, and also function as antioxidant themselves241,250. 

Glutathione (GSH) is a tripeptide molecule formed by glutamate, glycine and 

cysteine that is primarily responsible for the detoxification of endogenous electrophilic 
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compounds and xenobiotics253. GSH is an essential biological molecule. Homozygous 

deletion of the gene responsible for the rate limiting step of GSH synthesis, -glutamyl 

cysteine synthetase/ligase (GCL) is embryonic lethal in mice254. GSH is capable of scavenging 

ROS such as H2O2 via glutathione peroxidase (GPx), which reduces H2O2 to water and 

oxidizes two GSH molecules together to form glutathione disulfide (GSSG). GSH reductase 

(GR) is responsible for catalyzing the reduction of GSSG, replenishing GSH stores (Figure 

3A). In view of its principal role as an antioxidant, the ratio of GSH to GSSG is often used as 

an indicator of oxidative stress255.  

GSH is also covalently conjugated directly to electrophilic substrates via the thiol 

group on its cysteine (Figure 3B).  
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Figure 3. Glutathione synthesis, redox cycle and conjugation. (A) Synthesis of glutathione 
(GSH) is a two-step process. The first and rate-limiting step is the conjugation of glutamate 

with cysteine and is catalyzed by -glutamyl cysteine synthetase/ligase (GCL), which is 
composed of catalytic (C) and modifier (M) subunits. The second step is catalysed by GSH 

synthase (GS) which adds glycine to -glutamylcysteine to form the final product, -
glutamylcysteinylglycine, or GSH. ROS species such as H2O2 are reduced via GSH peroxidase 
(GPx). In the process, 2 GSH molecules are oxidized to form glutathione disulfide (GSSG).  
GSH is replenished via glutathione reductase (GR), requiring nicotinamide adenine 
dinucleotide phosphate (NADPH) as a co-factor. (B) Glutathione S-transferase (GST) 
enzymes catalyze the conjugation of GSH to electrophiles such as 1-chloro-2,4-
dinitrobenzene (CDNB). 
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The GSH conjugate is typically less reactive and harmful than the electrophile and is also 

more polar, which aids in the excretion of the electrophile-GSH conjugate256. Reactions 

between GSH and electrophiles can occur non-enzymatically, but are often facilitated by 

glutathione-S-transferase (GST) enzymes257,258. There are seven classes of cytosolic GSTs 

with different individual class members (Table 1).  

 

GST class Class members 

Alpha () A1, A2, A3, A4, A5 

Mu () M1, M1L, M2, M3, M4, M5 

Pi () P1 

Sigma () S1 

Theta () T1, T2 

Omega () O1, O2 

Zeta () Z1 

Table 1. Class members of human cytosolic glutathione S-transferases. 

 

Within a class, members have at least 40% sequence homology and between 

classes, homology is less than 25%259. GSTs are catalytically active as dimers, and are thus 

named according to class and dimerization members. The GSH binding site (G site) is highly 

conserved between classes and is located at the N-terminus of each protomer259,260. Class 

assignment is based on this domain, which contains a catalytically active tyrosine, cysteine, 

or serine residue260. The electrophilic substrate binding site is a more variable hydrophobic 
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region (H site) located at the C-terminus and is in close proximity to the G site, according to 

tertiary structure analysis by x-ray crystallography259–262. Several GSTs are catalytically 

redundant and have common electrophilic substrates259. In addition to detoxifying 

electrophiles, GSTs are involved in other cellular processes, including post-translational 

modification of proteins via S-glutathionylation and the biosynthesis of various endogenous 

compounds, including testosterone and progesterone259,263. GSTs also interact with 

components of the MAPK pathway264. GSTM1 regulates the activity of apoptosis signal-

regulating kinase 1 (ASK1) by sequestering it and preventing its oligomerization and 

activation of downstream pro-apoptotic signaling cascades265–267. GSTP1 binds to and 

inhibits the activity of JNK. Under conditions of oxidative stress, GSTP1 oligomerizes, 

releasing JNK, which is able to phosphorylate and activate the transcription factor c-jun, 

leading to either increased cell differentiation and proliferation or apoptosis (depending on 

the length of exposure to stress)260. The overexpression of GSTP1 in many types of cancers 

is thought to drive cell proliferation as well as confer resistance to chemotherapeutic 

drugs264,268–270. For this reason, GSTP1 is a highly sought after anti-cancer drug target. 

Telintra® (ezatiostat), a structural analog of GSH designed to be a potent GSTP1-1 inhibitor, 

was being investigated in Phase II trials in the United States for the treatment of 

myelodysplastic syndrome (NCT01422486, NCT01459159) and severe neutropenia 

(NCT00909584, NCT00701870). In myelodysplastic syndrome, it is believed that the 

inhibition of GSTP1 promotes JNK-mediated phosphorylation of c-jun, leading to 

proliferation of normal hematopoietic progenitors and apoptosis of malignant cells271–273. 
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The ability of ezatiostat to induce apoptosis in malignant cells may also be related to its 

ability to increase levels of ROS in these cells274. 

 

1.5 Rationale, hypothesis and objectives 

The heterogeneous response to OVs continues to be a significant barrier that limits 

their use as standalone treatments for cancer patients. Combination strategies have the 

potential to overcome this barrier, as demonstrated by positive results emerging from 

clinical trials of OVs and pharmacological therapies189,193,201. VSe1 is a previously 

uncharacterized molecule that is able to robustly improve VSV51 efficacy in vitro and in 

pre-clinical in vivo studies. In spite of this, VSe1 exhibits poor stability in aqueous 

environments at physiological pH and is not well tolerated by mice when administered 

intraperitoneally at doses over 10 mg/kg275. Specifically, mice treated with lethal doses of 

VSe1 experience irrevocable weight loss and intestinal distension, associated with tissue 

destruction in the abdominal cavity. This could be due to a number of factors, one of which 

is poor aqueous solubility and consequent compound precipitation276. Altogether, these 

factors limit VSe1’s suitability for in vivo use. Studying the physico-chemical and 

pharmacological properties of VSe1 and elucidating its precise mechanism of action would 

aid in the development of it or related compounds into viable drug candidates. Structure-

activity-relationship studies are regularly employed in the pharmaceutical industry during 

lead optimization to identify important pharmacophores of drug candidates. This can also 

lead to the generation of active and inactive probes that can be used to identify putative 

biomolecular targets through activity-based profiling277–279. Thus, we chose to combine 
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chemistry-based and biology-based strategies to simultaneously tackle the unknown 

mechanism of action of VSe1 and the need for more viable drug candidates based on this 

molecule. 

 

Hypothesis 

1. Structure–activity–relationship studies will allow the generation of VSe1 analogs with 

improved physico-chemical and pharmacological properties that can be used to 

enhance VSVΔ51-mediated oncolysis in vivo 

2. Synthetic VSe1 derivatives can be used to identify potential targets of VSe1 

 

Objectives 

1. Characterize the structure-activity relationship (SAR) of VSe1 via high-throughput 

screening of VSe1 analogs.  

2. Evaluate the in vivo safety and efficacy of VSe1 analogs that possess better physico-

chemical and pharmacological properties.  

3. Characterize the mechanism of action of VSe1. 
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Materials and Methods 

2.1 Drugs, chemicals and cytokines 

VSe1 and its analogs (compounds 2-53, 57, 58, 10-GSH adduct and 28-GSH adduct) were 

synthesized in Dr. Christopher Boddy’s lab. Synthetic methods and characterization dose 

response curves for VSe1 and analogs 2 – 51 are described in the Appendix. Other drugs, 

chemicals and cytokines used in this study are described below in Table 2. 

Table 2. Drugs, chemicals and cytokines 

Name Abbreviation Supplier(s) 

bardoxolone methyl ester CDDO-Me Cayman Chemical 

buthionine sulfoximine BSO Sigma-Aldrich (St. Louis, MO) 

6-carboxy-2',7'-
dichlorodihydrofluorescein 

diacetate 
C-H2DCFDA Thermo Fisher Scientific 

1-chloro-2,4-dinitrobenzene CDNB Alfa Aesar 

diethyl maleate DEM Sigma-Aldrich (St. Louis, MO) 

diethyl fumarate DMF Sigma-Aldrich (St. Louis, MO) 

dimethyl maleate DMM Sigma-Aldrich (St. Louis, MO) 

dimethyl fumarate DMF Sigma-Aldrich (St. Louis, MO) 

dimethyl sulfoxide DMSO Fisher Scientific 

dithiothreitol DTT Bioshop 

ezatiostat hydrochloride - ApexBio (Houston, TX) 

L-glutathione, reduced GSH Sigma-Aldrich (St. Louis, MO) 

L-glutathione, oxidized GSSG Sigma-Aldrich (St. Louis, MO) 

hydrogen peroxide H2O2 Fisher Scientific (Fair Lawn, NJ) 

interferon beta IFN- 
PBL Interferon Source 

(Piscataway, NJ) 

D-luciferin, potassium salt luciferin 
Biotium (Hayward, CA) and 

Perkin Elmer 

N-[4-[2,3-Dihydro-1-(2-
methylbenzoyl)-1H-indol-5-yl]-5-

methyl-2-thiazolyl]-1,3-
benzodioxole-5-acetamide 

ML385 Sigma-Aldrich (St. Louis, MO) 

monomethyl fumarate MMF Sigma-Aldrich (St. Louis, MO) 

human tumour necrosis factor 
alpha 

TNF- R&D systems (Minneapolis, MN) 
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2-[(aminocarbonyl)amino]-5 -(4-
fluorophenyl)-3- 

thiophenecarboxamide 
TPCA-1 Abcam 

 

2.2 Cell lines 

All cell lines were incubated at 37°C with 5% CO2 in a humidified incubator and described 

below in Table 3.  

Table 3. Cell lines 

Cell Line Origin Cell Type 
Growth 
medium 

Source 

786-0 human 
renal clear cell 

adenocarcinoma 
DMEMa,#,$ ATCC 

CT26.WT mouse colon adenocarcinoma DMEMa,# ATCC 

B16-F10 mouse melanoma MEMb,# ATCC 

HT29 human 
colorectal 

adenocarcinoma 
DMEMa,# ATCC 

Vero 
African green 

monkey 
kidney DMEMa,#,$ ATCC 

4T1 mouse mammary carcinoma DMEMa,# ATCC 

Pan02 mouse 
pancreatic 

adenocarcinoma 
DMEMa,# ATCC 

MC-38 mouse colon carcinoma DMEMa,# NIH 

CT-2A mouse astrocytoma DMEMa,# * 

S180 mouse Sarcoma DMEMa,# ATCC 

OVAC433 human ovarian carcinoma RPMIc,# ** 

293T human embryonic kidney DMEMa,# ATCC 

A549 human lung adenocarcinoma DMEMa,# ATCC 
a Dulbecco’s Modified Eagle’s Medium (Corning, Manassas, VA) 
b Minimum Essential Medium Alpha modification (Hyclone,  
c Roswell Park Memorial Institute medium (Hyclone, Waltham, MA) 
# supplemented with 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and 30 mM 
Hepes (Thermo Fisher Scientific, Waltham, MA) 
$ supplemented with 10% 3:1 newborn calf serum: fetal bovine serum (Sigma-Aldrich, St. 
Louis, MO) and 30 mM Hepes (Thermo Fisher Scientific, Waltham, MA) 
* Kindly provided by Dr. Thomas N. Seyfried (Boston College, Chestnut Hill, MA) 
** Kindly provided by Dr. Barbara Vanderhyden, University of Ottawa, Ottawa, ON 
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2.3 Viruses 

Oncolytic Rhabodviruses 

VSV51 is a recombinant variant of the Indiana serotype of Vesicular Stomatitis Virus (VSV) 

harbouring a deletion of the 51st methionine in the M protein. VSV51 expressing green 

fluorescent protein (GFP), red fluorescent protein (RFP) or firefly luciferase (FLuc) are 

recombinant derivatives of VSV51 that have been previously described146. Maraba MG1 as 

described was obtained from Dr. David F. Stojdl167. All virus stocks were propagated in Vero 

cells, purified on Optiprep gradient and titered on Vero cells as previously described280.  

 

Oncolytic Herpes simplex-1 

HSV-1 N212 (an ICP0-deleted oncolytic strain) expressing GFP was obtained from Dr. Karen 

Mossman and has been described previously281. HSV-1 samples were titered on Vero cells. 

Vero cells (2.5 × 105 cells) were infected with serial dilutions of virus containing samples in 

12-well dishes. Cells were incubated at 37° C for 1 h, after which the inoculum was removed 

and replaced with fresh culture media. After 48h incubation at 37° C, GFP positive plaques 

were visualized and counted. 

 

Non-replicating vectors 

AAV2-luciferase (adeno-associated virus serotype 2 expressing luciferase) was a gift from 

Dr. Sarah Wootton (University of Guelph) and Ad5-luciferase (adenovirus serotype 5 

expressing luciferase) was a gift from Dr. Jack Gauldie (McMaster University).  
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2.4 Luciferase reporter-based viral titration assay 

This assay has been described in detail by Garcia et al282. Cells were seeded in 96-well plates 

at a density of 3x104 cells/100 L/ well. Twenty-four hours later, cells were pre-treated for 

4 hours with control vehicle (DMSO) or compound at various concentrations and 

subsequently infected with VSV51-FLuc at a MOI of 0.005. Forty hours later, 25 L of 786-

0 supernatant from each well was transferred into corresponding wells of white-walled 96-

well plates seeded with a confluent monolayer of Vero cells. At the same time, known 

amounts of virus (starting at 1x108 plaque forming units (pfu) and decreasing by 1 log unit 

to 10 pfu) were added to two columns on the white-walled plate to generate a standard 

curve. Plates were centrifuged at 430xg for 5 minutes and then incubated for 5 hours at 

37°C. Then, 25 L of luciferin (2mg/mL) was added to each well and bioluminescence was 

measured in mean relative light units (mRLU; SynergyMx Microplate Reader, BioTek). To 

generate the standard curve, mRLU was plotted against known input pfu. Four-parameter 

non-linear regression analysis generated a Hill plot from which unknown input pfu 

(estimate of viral titer) was interpolated. Data transformation was conducted in R. These 

estimated titers are termed “viral expression units” (VEU) and strongly correlate positively 

with VSV51 titers obtained via plaque assay on Vero cells (Figure 4). 
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Figure 4. Comparison of standard plaque assay titers with those obtained by high-
throughput method. (A) Viral titers in pfu/ml obtained by standard plaque assay on Vero 
cells were compared with calculated viral titers (VEU/ml) from the same samples titered 
using the high-throughput luciferase assay. (B) Linear relationship between VEU/ml and 
titer obtained via standard plaque assay. Linear regression curve and coefficient of 
determination (R2) are shown. Reprinted with permission from Garcia V, et al J. Vis. Exp. 
(91), e51890, doi:10.3791/51890 (2014) (published under the Creative Commons License 
3.0, by,nc,nd). 
 
 
 
 



40 
 

2.5 In vitro cellular cytotoxicity assay 

Cellular cytotoxicity was assessed by incubating treated samples with alamarBlue® (AbD 

Serotec and BioRad) as per the manufacturer’s instructions. After 2.5 hours, fluorescence 

was measured (530 nm excitation and 590 nm emission) on a Fluoroskan Ascent Microplate 

Fluorometer (Thermo Scientific, Hudson, NH). Emission values were normalized to that of 

untreated controls after subtracting background fluorescence from wells containing media 

without cells. 

 

2.6 Glutathione reactivity experiment 

Reactivity with glutathione was assessed using an assay adapted from a recently reported 

method283. 250 μL of a 40 mM DMSO stock solution of each compound was added to L-

glutathione (15.4 mg, 5 mol equiv.) suspended in 250 μL of DMSO. The resulting mixture 

was placed in a 37 °C shaker. 10 μL aliquots were removed and quenched in 990 μL of water 

(containing 0.5% formic acid) at various time points, including at t = 0 min, for analysis by 

electrospray ionization- liquid chromatography-mass spectrometry (ESI-LC-MS). All ESI-LC-

MS analyses were collected on an API2000 LC/MS/MS System (Applied Biosystems) 

equipped with a turbo-ion spray ESI probe interfaced with a Prominence UFLC (Shimadzu) 

equipped with a reverse phase BDS Hypersil C18 50 × 2.1 mm column, particle size 3 µm 

(Thermo Scientific). HPLC/LC-MS UV absorption was monitored at 254 nm and 210 nm. 

Both the compound and the glutathione adduct were identified by MS. Area of the UV peak 

was recorded for each time point. 
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2.7 Plasma stability assay 

 10 mM methanol stock solutions of each analog were prepared and diluted to 1 µM 

with aqueous 0.1% formic acid. 5 µL of the diluted solution was inserted into a Proxeon 

nanoelectrospray emitter (Thermo Scientific, Odense, Denmark) and analyzed in positive 

ion mode via nanoESI MS on a QStarXL hybrid quadrupole time-of-flight mass spectrometer 

(AB Sciex, Framingham, MA, USA).  Product ion spectra were collected for each compound 

at varying CID collision energies using an ESI voltage of 1000 V, a declustering potential of 

30 V and a focusing potential of 120 V. Two fragments were chosen as multiple reaction 

monitoring (MRM) transitions for each compound with optimized collision energies. The 

quantitative transition was used to determine the relative quantities of each compound and 

the confirmatory transition was used to validate the ion signal observed for the first 

transition (see Supporting Information). 

 1 mM methanol stock solutions of each analog were prepared and mixed in 

experimental triplicate with Balb/c mouse plasma (Innovative Research, Novi, MI, USA) that 

was buffered 1:1 with phosphate buffered saline (PBS, pH=7.4). The compounds were 

multiplexed into sets of three and added to a final concentration of 10 µM in a total volume 

of 400µL. Immediately upon mixing, 200µL of the sample mixture was quenched with 300µL 

of aqueous formic acid (5%) to prevent further analog degradation. The remaining 200µL of 

sample was incubated at 37°C for 3 hours and quenched in an identical fashion284. The 

quenched samples were passed through 3 kDa Amicon molecular weight cut off filters 

(Millipore, Billerica, MA, USA) by centrifugation at 14,000 rpm for 15 minutes. 20 µL 

samples of the filtrates were subjected to LC-MRM (liquid chromatography-mass 
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spectrometric multiple reaction monitoring) analysis using a Qtrap 4000 (AB Sciex, 

Framingham, MA, USA) hybrid triple quadrupole linear ion trap mass spectrometer with an 

ion spray voltage of 5000 V and a declustering potential of 25V. The MS was equipped with 

a Turbo V ion spray source coupled to a Dionex Ultimate3000 HPLC (Thermo Fisher 

Scientific, Waltham, MA, USA). Fritted fused silica columns (200 µm ID) (Molex, Lisle, IL, 

USA) were packed with 5 µm Magic C18 (MICHROM Bioresources Inc., Auburn, CA, USA) 

reversed-phase beads to a length of 5 cm using an in-house high-pressure vessel. 

Chromatographic separation employed a linear gradient using reversed phase solvents 

(water and acetonitrile both containing 0.1% formic acid) over 10 minutes (see Supporting 

Information). Automatic quantitation was achieved using MultiQuant software (AB Sciex, 

Framingham, MA, USA) by integrating the peak areas of the quantitative MRM transition 

extracted ion chromatogram. The plasma stability of each compound was calculated as a 

percentage of the compound ion signal detected after 3 hours of plasma incubation relative 

to the original amount. 

 

2.8 Ex vivo studies 

Balb/c mice were implanted with CT26.WT (murine colon carcinoma) cells. Mice were 

sacrificed 24 days later, after tumours had reached at least 10mm x 10mm in size. Tumour, 

lung, spleen, brain, and abdominal muscle tissue were extracted from the mice, cut into 2 

mm thick slices and cored into 2mm x 2mm pieces via punch biopsy. Each tissue core was 

incubated in 1 mL of Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 

fetal bovine serum, 30 mM HEPES and 2.5 mg/L amphotericin B, in a 37oC, 5% CO2 
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humidified incubator.  In order to assess the viability of each core, alamarBlue® was added 

to each well for a 4-hour incubation period. Viable cores were selected and treated with 

various concentrations of VSe1 and analogs. Four hours later, cores were infected with 

1x104 pfu of VSV∆51-GFP. GFP pictures were taken for each core 24 hours post infection. 

Cores and supernatants were collected 36 hours post infection and titered by plaque assay. 

Cores were homogenized with a TissueLyser II (Qiagen) prior to titering. 

 

2.9 In vivo studies 

All experiments were reviewed and approved by the University of Ottawa Animal Care 

Committee (ACC) and were performed in accordance with the University of Ottawa Animal 

Care and Veterinary Services guidelines for animal care under protocols OGHRI-58, OHRI-

2264 and OHRI-2265. 

 

Dose escalation studies 

Nine-week-old Balb/c mice were intraperitoneally administered various doses of VSe1, 10, 

24, or 28 dissolved in DMSO (approximately 50 μL). The dose was adjusted for individual 

mice based on weight. Weight loss and other outward signs of toxicity (piloerection, 

lethargy, respiratory distress, quiet behaviour) were recorded over a 10 (VSe1, 10) or 18-

day (24, 28) period. Mice were euthanized when more than 20% of original body weight 

was lost or outward signs of toxicity did not improve within 48 hours. 
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Pharmacokinetics 

Short time course 

Nine-week-old female Balb/c mice were given subcutaneous tumours by injecting ~ 3×105 

syngeneic CT26.WT cells suspended in 100 μl serum-free DMEM. Nineteen days post-

implantation, mice were intratumourally administered 50 mg/kg of compound 10 or 24 

dissolved in DMSO (approximately 50 μL). Tumours were excised after 0h, 15 minutes, 1h 

and 3h and homogenized immediately at 30 Hz for 5 minutes with a TissueLyser II (Qiagen). 

At the time of tumour excision, peripheral blood was also collected and allowed to clot at 

room temperature for at least 30 minutes. Samples were then centrifuged (20,000 rpm, 30 

s, 4°C) and tumour samples were homogenized again in 500 µL PBS. Serum was diluted 5x 

with 0.1% formic acid in water. After another round of centrifugation, supernatants were 

passed through Amicon Ultra-0.5 mL 3 kDa molecular weight cut off filters (EMD Millipore) 

by centrifugation, and the filtrate was quantified by LC-MRM. 

 

Long time course 

Nine-week-old female Balb/c mice were given subcutaneous tumours by injecting ~ 3×105 

syngeneic CT26.WT cells suspended in 100 μl serum-free DMEM. Nineteen days post-

implantation mice were intratumourally administered vehicle control (DMSO), or 28 

dissolved in DMSO (40mg/kg of body weight, approximately 30 μL). Tumours treated with 

28 were excised after 1h, 3h, 10h and 24h. Tumours treated with vehicle alone were 

excised after 3h and 24h. Tumour homogenization and centrifugation was conducted in an 

identical fashion to that described in the short time course (above). At the time of tumour 
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excision, peripheral blood was also collected and allowed to clot at room temperature for 

at least 30 minutes. Samples were centrifuged at 20,000 rpm for 10 minutes at 4°C, and the 

supernatant (serum) was collected. Serum was diluted 5x with 0.1% formic acid in water 

and centrifuged through Amicon Ultra-0.5 mL 3 kDa molecular weight cut off filters (EMD 

Millipore). For both tumour and serum samples, 25 μL of the filtrate was mixed with 5 μL of 

a 6 μM solution of caffeine in water (as a standard to allow relative quantitation) and 

quantified by LC-MRM.  

 

In vivo imaging of virus replication 

Twenty-four hours after treatment and infection, 200 μl of a 10 mg/mL luciferin solution in 

sterile PBS (Corning, Manassas, VA) was administered to mice intraperitoneally. Five 

minutes later, mice were anaesthetized using 3% isoflurane and imaged with an in vivo 

imaging system (IVIS; Perkin Elmer, Waltham MA) according to the manufacturer’s 

instructions. For quantification of luminescence, bioluminescent signal intensities were 

measured using Living Image® v2.50.1 software. Background intensities were measured 

using the software and subtracted from user-defined regions of interest (ROIs) that were 

manually delineated around the tumour for each mouse.  

 

CT26.WT tumour model 

Compound 10 + VSV51-FLuc 

Six-week-old female Balb/c mice were given subcutaneous tumours by injecting 3×105 

CT26.WT cells suspended in 100 l serum-free DMEM. Eleven days post-implantation (when 
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tumours were approximately 5 mm x 5 mm), mice were treated with 50 mg/kg of 10 

dissolved in DMSO or vehicle control administered intraperitoneally (approximately 30 L; 

weight-adjusted for each mouse). Four hours later, mice were treated with an 

intratumoural injection of 1×108 pfu of VSV51-FLuc. 10 or vehicle was re-administered on 

day 13 and 15 post-implantation. Tumour dimensions were measured with electronic 

calipers. Tumour volumes were calculated as (width2 x length) / 2. Mice were euthanized 

when tumour volume exceeded 1600 mm3. Initial tumour sizes measured on the first day of 

treatment were used to calculate relative tumour size. 

 

Compound 28 + VSV51-FLuc 

CT26.WT tumours were implanted as above. When tumours were at least 5 mm x 5 mm 

(between 11-15 days post-implantation), mice were treated with 40 mg/kg of 28 dissolved 

in DMSO or vehicle control administered intratumourally (approximately 30 L; weight-

adjusted for each mouse). Four hours later, mice were treated with intratumoural injection 

of 1×108 pfu of VSV51-FLuc. Twenty-four hours later, viral luciferase expression was 

monitored with an IVIS as described above. Tumour dimensions were measured with 

electronic calipers. Tumour volumes were calculated as (width2 x length) / 2. Mice were 

euthanized when tumour volume exceeded 1600 mm3. Initial tumour sizes measured on 

the first day of treatment were used to calculate relative tumour size. 
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HT29 tumour model 

Six-week-old CD1 nude mice were given subcutaneous tumours by injecting 1×106 HT29 

cells suspended in 100 l serum-free DMEM. When tumours grew to at least 5 mm x 5 mm 

(between 18 – 25 days post-implantation), mice were treated with 40 mg/kg of 28 dissolved 

in DMSO or vehicle control administered intratumourally (approximately 30 L; weight-

adjusted for each mouse). Four hours later, mice were treated with an intratumoural 

injection of 1×108 pfu of VSV51-FLuc. Twenty-four hours later, viral luciferase expression 

was monitored with an IVIS as described above. Tumour dimensions were measured every 

other day with electronic calipers. Tumour volumes were calculated as (width2 x length) / 2. 

Mice were euthanized when tumour volume exceeded 1600 mm3. Initial tumour sizes 

measured on the first day of treatment were used to calculate relative tumour size. 

 

B16-F10 tumour model 

Seven-week-old female C57/B6 mice were given subcutaneous tumours by injecting 

3.5×105 B16-F10 cells suspended in 100 l serum-free DMEM. When tumours grew to at 

least 5 mm x 5 mm (between 10-14 days post-implantation), mice were treated with 40 

mg/kg of 28 dissolved in DMSO or vehicle control administered intratumourally 

(approximately 30 L; weight-adjusted for each mouse). Four hours later, mice were 

treated with intratumoural injection of 1×108 pfu of VSV51-FLuc. Twenty-four hours later, 

viral luciferase expression was monitored with an IVIS as described above. Tumour 

dimensions were measured with electronic calipers. Tumour volumes were calculated as 

(width2 x length) / 2. Mice were euthanized when tumour volume exceeded 1600 mm3. 
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Initial tumour sizes measured on the first day of treatment were used to calculate relative 

tumour size. 

 

2.10 Microarray 

786-0 cells seeded at a density of 1 x 106 cells in 6-well flat bottom plates (Costar). Twenty-

four hours later, cells were treated with VSe1 (55 M), 2 (55 M), 6 (50 M), 40 (55 M), 28 

(95 M), 29 (95 M), 25 (95 M), 58 (150 M), 52 (150 M), media or vehicle (DMSO). 

After 28 hours, cell lysates were collected, RNA was collected using an RNA-easy kit 

(Qiagen, Valencia, CA, USA). Biological triplicates were subsequently pooled and RNA 

quality was measured using Agilent 2100 Bioanalyzer (Agilent Technologies) before 

hybridization to Affymetrix Human PrimeView Array. Hybridization was performed by The 

Centre for Applied Genomics, The Hospital for Sick Children, Toronto, Canada. Microarray 

datasets were processed using Transcriptome Analysis Console (TAC) 3.0 under default 

parameters of Gene Level Differential Expression Analysis. Fold change in gene expression 

was calculated for each gene in relation to uninfected, untreated control. Gene ontology 

(GO)-term enrichments were evaluated using GOrilla285. 

 

2.11 ELISA 

IFN- 

786-0 cells were seeded at 3x105 cells per well in 12-well plates. The following day, the cells 

were pre-treated with 60, 50, 50 and 95 µM of VSe1, 2, 10 and 28 respectively. Two hours 

later the cells were infected with VSV51-GFP at MOI 3. Supernatants were collected 16 
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hours post infection, and an ELISA was performed using VeriKine™ Human IFN Beta ELISA 

Kit (PBL Assay Science, Piscataway, NJ) according to the manufacturer’s protocol. IFN- 

levels were interpolated from experimental standard curves. 

 

TNF- 

786-0 cells were seeded at 2.5x105 cells per well in 12-well plates. The following day, the 

cells were pre-treated with 60, and 80 µM of VSe1, and 28 respectively. Two hours later the 

cells were infected with VSV51-GFP at MOI 1. Supernatants were collected 8, 16 and 24 

hours post-infection and an ELISA was performed using the Human TNF-alpha Quantikine 

ELISA Kit (R&D Systems, Minneapolis, MN) according to the manufacturer's protocol. TNF- 

levels were interpolated from experimental standard curves. 

 

2.12 Quantitative real-time PCR 

786-0 cells were seeded at 1x106 cells/well in 6-well plates. The following day, the cells 

were pre-treated with 60, 50, 50 and 95 M of VSe1, 2, 10 and 28 respectively. Two hours 

following pre-treatments the cells were infected with VSV51-GFP at MOI 3. Sixteen hours 

post infection the cells were lysed and RNA extraction was performed using RNeasy® Mini 

Kit (Qiagen, Valencia, CA). RNA (1 g) was converted to cDNA with RevertAid H Minus First 

Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA). Real-time PCR reactions 

with 20 ng of cDNA were performed with QuantiTect® SYBR® Green PCR Kit (Qiagen, 

Valencia, CA) on a 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA). 
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Gene expression was normalized to GAPDH and fold induction was calculated relative to the 

untreated/uninfected samples for each gene using the Pfaffl method286.  

 

Table 4. q-RT PCR primers 

Model Gene Forward Primer (5'→3') Reverse Primer (5'→3') 

Human IFNβ CATTACCTGAAGGCCAAGGA CAGCATCTGCTGGTTGAAGA 

Human MX2 GAACGTGCAGCGAGCTTGTC AAGGCTTGTGGGCCTTAGAC 

Human GBP3 ACTGGTGGCGAATCCAGAAG GCCCAGAGAGAAGCCCTTATT 

Human IFI44 CCCATCGCTGAAGGACAGAA CACATGTACCACACCAGCGT 

Human IFIT3 GCACAGACCTAACAGCACCC TTGGTGACCTCACTCATGATGGC 

Human IL6 ACCCCCAATAAATATAGGACTGGA GAAGGCGCTTGTGGAGAAGG 

Human TNFα GCTGCACTTTGGAGTGATCG GAGGGTTTGCTACAACATGGG 

Human GAPDH ACAGTCAGCCGCATCTTCTT GTTAAAAGCAGCCCTGGTGA 

Human GSTP1 GAGACCAGATCTCCTTCGCTG GCCATTGATGGGGAGGTTCA 

Human HMOX1 ACTGCGTTCCTGCTCAACAT GGGGCAGAATCTTGCACTTT 

Human OSGIN GTTCCCCTGACCCTCCTAGT GGCCGTTACCCACAATGATG 

 

2.13 Immunoblot analysis 

Cells were lysed on ice for 10 minutes in protein extraction buffer (50mM Hepes, 150mM 

NaCl, 10mM EDTA, 10mM Na4P2O7, 1% NP-40 pH 7.4) containing 1M NaF, 200mM Na3VO4 

and protease inhibitor cocktail (Roche, Mississauga, Ontario, Canada). Lysates were 

centrifuged at 16,000xg for 10 minutes at 4°C. NE-PERTM nuclear and cytoplasmic extraction 

reagents (Pierce Biotechnology, Rockford, IL) were used as per the manufacturer’s protocol 

for separation of nuclear and cytoplasmic fractions. Protein determination was performed 

by Bradford assay (Protein Assay Solution, BioRad, Mississauga, Ontario) and 20-50 g of 
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protein extracts were prepared in NuPAGE LDS sample buffer (Invitrogen, Burlington, 

Ontario) supplemented with dithiothreitol (DTT). Lysates were separated by SDS-PAGE 

using 4-12% precast gradient gels (Invitrogen, Burlington, Ontario) and the XCell SureLock® 

Mini-cell (Invitrogen, Burlington, Ontario), and then transferred onto nitrocellulose 

membranes (GE Healthcare, Baie d’Urfe, Quebec). Membranes were blocked with 5% 

bovine serum albumin (BSA) or 5% non-fat dry milk in 0.1% TBS-Tween-20 for 1 hour at 

room temperature and then incubated overnight at 4°C with rabbit or mouse antibodies 

against NFB p65 (#8242 Cell Signaling Technology, Danvers, MA), phospho-NFB p65 

(Ser536, #3033, Cell Signaling Technology, Danvers, MA), NFB p105/p50 (#3035, Cell 

Signaling Technology, Danvers, MA), IRF-3 (#11904, Cell Signaling Technology, Danvers, 

MA), phospho-IRF-3 (Ser396, #4947, Cell Signaling Technology, Danvers, MA), c-jun (#9165, 

Cell Signaling Technology, Danvers, MA), phospho-c-jun (Ser63, #9261, Cell Signaling 

Technology, Danvers, MA), IB (#4814, Cell Signaling Technology, Danvers, MA), -Actin 

(#4970, Cell Signaling Technology, Danvers, MA), or -Tubulin (sc-8035, Santa Cruz 

Biotechnology, Dallas, Texas). The membranes were then probed with horseradish-

peroxidase conjugated anti-rabbit (Jackson Immunoresearch Labs, West Grove, PA) or anti-

mouse (Cell Signaling Technology, Danvers, MA) secondary antibodies for 1 hour at room 

temperature. Bands were imaged using ClarityTM Western ECL blotting substrates (Bio-Rad, 

Mississauga, Ontario) on HyBlotCL autoradiography films (Denville Scientific, Holliston, MA).  
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2.14 Immunoprecipitation 

Cells were lysed as described above and 250 L of lysates were pre-cleared with protein G 

Dynabeads (Invitrogen, Burlington, ON) for 30 minutes at room temperature. Lysates were 

then incubated with fresh beads and rabbit anti-NFB p65 antibody for 1 hour at room 

temperature (1:250 ratio for antibody to lysate). Beads were pelleted, washed three times 

with protein extraction buffer and bound proteins were eluted with 100 mM glycine pH 2.8. 

Eluate was diluted in NuPAGE LDS sample buffer with DTT and immunoblotting was 

performed as described above. 

 

2.15 Ligand-based affinity chromatography 

Active and inactive probes were independently conjugated to Amino PEGA resin (dimethyl 

acrylamide and mono-2-acrylamidoprop-1-yl[2-aminoprop-1-yl] polyethylene glycol cross-

linked with bis 2-acrylamidoprop-1-yl polyethyleneglycol; Novabiochem). Confluent 15 cm 

plates of 786-0s were mock-infected or infected with VSV51-GFP (MOI 0.005). Twenty-

four hours later, cells were then lysed on ice (in 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% 

Triton-X, 10% glycerol, 5 mM EDTA, 1 M NaF, 200 mM Na3VO4 and protease inhibitor 

cocktail). Three mock-infected plates were pooled, 6 infected plates were pooled and both 

lysates were incubated with resin-bound active or inactive probe overnight at 4°C. The 

following day, resins were washed in lysis buffer, eluted by boiling in Laemmli buffer and 

resolved by SDS-PAGE on 4-12% precast gradient gels (Invitrogen, Burlington, Ontario). 

Proteins were stained with a 0.25% Coomassie Blue R-250 solution (in a 50% methanol, 10% 

acetic acid solution) and de-stained overnight in a 45% methanol, 10% acetic acid solution. 
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Visible bands were cut out and sent for liquid chromatography-mass spectrometry (LC-MS) 

analysis. A schematic is presented in Figure 5. 

 

 

Figure 5. Schematic workflow of ligand-based affinity chromatography. 

 

2.16 Glutathione S-transferase activity assay 

Glutathione S-transferase (GST) activity was assayed as described in Groom et al287, with 1-

chloro-2,4-dinitrobenzene (CDNB) and by monitoring the formation of the dinitrophenyl-

GSH adduct. Enzyme assays performed in 100 mM potassium phosphate buffer, pH 6.5. 

Recombinant human GST purified from Escherichia coli (a kind gift from Dr. Bengt 

Mannervik, Uppsala University, Sweden) was incubated with inhibitor and GSH for the 

indicated length of time. The reaction was initiated by the addition of CDNB. The final 

concentration of non-aqueous components in the reaction mixture was ≤ 2%. Formation of 

the reaction product (GSH-CDNB adduct; S-((2,4)-dinitrobenzene)glutathione) was 

monitored at 340 nm with an Evolution™ 60S UV-Visible Spectrophotometer (Thermo 

Scientific) in quartz cuvettes. The initial rate of the reaction (V0) was calculated using the 

following equation: 
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 o                     

where l (path length of cuvette) is 1 cm and  for the GSH-CDNB adduct is 9.6 mM-1cm-1. IC50 

values were measured by fitting the four-parameter logistic function288 to each data set, 

using Sigma-Plot™ software. 

 

2.17 Reversibility of GST inhibition 

The reversibility of GST inhibition was tested by removing the inhibitor (VSe1) by dialysis. 

GSTP1-1 (25 g) was incubated with VSe1 (0.5 mM), and GSH (1 mM) in 100 mM potassium 

phosphate buffer, pH 6.5. Control samples lacked VSe1. Dialysis was carried out for 3 hours 

at 4°C in 100 mM potassium phosphate buffer. Enzyme activity was subsequently measured 

as described above, with 1 mM GSH and 0.5 mM CDNB. 

 

2.18 siRNA transfections 

786-0 cells were seeded in 12-well plates at 6x104 cells/well. Twenty-four hours later, cells 

were transfected with scrambled siRNA control (ON-TARGETplus Non-targeting Control 

Pool; # D-001810-10-05; Dharmacon), or SMARTpool ON-TARGETplus GSTP1 siRNA (#L-

011179-00-0005; Dharmacon) or oligofectamine (#12252011, Invitrogen) alone, according 

to the manufacturers’ protocols. Forty-eight hours later, cell lysates were collected for 

immunoblot analysis with antibodies against GSTP1 (#LS-C154708; LifeSpan Biosciences, 

Inc.) and -Actin (#4970, Cell Signaling Technology, Danvers, MA. A parallel set of plates 

was infected with VSV51-GFP at MOI 0.01. Supernatants were collected 24 and 46 hours 

post-infection and titered by plaque assay. RNA was also collected 72 hours post-
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transfection for quantification of human GSTP1 mRNA via quantitative RT-PCR as described 

above. 

 

2.19 GSH and GSSG measurement by High Performance Liquid Chromatography (HPLC) 

786-0 cells were seeded in 60mm tissue culture plates and treated 24 hours later with VSe1 

or 28. At the indicated times post-treatment, cells were washed twice with ice-cold PBS and 

lysed on ice for 20 minutes in 125mM sucrose, 1.5mM EDTA, 5mM Tris, 0.1% TFA and 0.5% 

MPA in HPLC mobile phase (10% HPLC grade methanol, 0.09% TFA – 0.2 M filtered). 

Lysates were centrifuged for 20 min at 14,000 g at 4°C and supernatants were collected and 

injected into an Agilent HPLC system289,290. Samples were run in duplicate on a Pursuit5 C18 

column (150 × 4.6 mm, 5 μM; Agilent Technologies, Santa Clara, CA) with a 1 mL/min flow 

rate. GSH and GSSG were detected with an Agilent UV-Vis wavelength detector at 215 nm. 

Retention times were determined by injecting standard solutions prepared in the same 

buffer. Absolute amounts of GSH and GSSG were obtained by integrating the area under 

each peak using Agilent ChemStation software. Quantities in nanomoles were obtained by 

interpolating from GSH and GSSG standard curves. A parallel set of treated 786-0 plates 

were trypsinized so that GSH and GSSG levels could be calculated on a per cell basis. 

 

2.20 Ratiometric detection of GSH and GSSG levels with cyto-Grx1-roGFP2 

293T cells were seeded in poly-D-lysine coated 96-well plates at a density of 1.25x104 

cells/well. Twenty-four hours later, cells were transfected with cyto-Grx1-roGFP2 (a kind 

gift from Dr. Brett Finlay, University of British Columbia, Canada) or a GFP plasmid (pEGFP-
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C3, Clonetech, Mountain View, CA, USA, Cat. PT3052-5) using Genejuice®, according to the 

manufacturer’s protocol (EMD Millipore). Forty-eight hours later, cells were excited at 408 

and 488 nm and the ratios of the emissions detected at 530 nm were calculated. Cells were 

then treated with H2O2, VSe1 or 28 and fluorescent readings were made after the indicated 

timepoints. After the last reading, cells were treated with 5 mM of DTT and fluorescence 

readings were taken after 2 minutes. 

 

2.21 Detection of reactive oxygen species (ROS) with carboxy-H2DCFDA 

786-0 cells were seeded in 12-well plates, at 3x105 cells/well. The next day, cells were 

treated with H2O2 (3 mM), DMSO or VSe1 (60 M, 120 M). Four hours later, cells were 

detached with Cellstripper® (Corning, Manassas, VA). Cells were re-suspended in fresh 

DMEM and incubated with 15 M C-H2DCFDA for 45 minutes at 37°C with 5% CO2 in a 

humidified incubator. Then, samples were washed twice with FACS buffer (0.5% BSA in 

PBS), filtered through 40 M cell strainers (Fisher Scientific) and stained with 7-

Aminoactinomycin D (7-AAD, eBiosciences; 0.5 L per sample). Samples were analysed 

within 30 minutes with a BD FACSCelestaTM (BD) and FlowJo vX.07 software (BD).  

 

2.22 Statistics 

The results shown in this study are presented as means ± standard error unless otherwise 

stated. For all experiments statistical significance (using indicated statistical tests) was 

considered to be a P value less than or equal to 0.05. Graphs and statistics were computed 

using GraphPad Prism 6 and Microsoft Excel.  
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RESULTS  

3.1 Physiochemical and in vitro biological characterization of VSe1  

3.1.1 VSe1 suffers from rapid degradation 

As previously discussed, VSe1 sensitizes resistant cancer cells to infection with 

VSV51, leading to a significant enhancement of viral titers. Upon further study, we found 

that pre-incubating VSe1 in an aqueous solvent prior to treating cells resulted in an 

abrogation of its viral sensitizing effect (Figure 6A). This prompted an analysis of VSe1’s 

stability in an aqueous environment using a LC-MRM assay. When dissolved in mouse 

plasma, rapid degradation was observed, with a half -life of 2.1 min (Figure 6B).  
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Figure 6. VSe1 suffers from rapid degradation. (A) VSe1 was incubated in sterile water for 
0 h, 1.5 h, 3 h or 24 h before being used to treat 786-0 cells at different concentrations. 

Four hours post-treatment, cells were infected with VSV51 expressing firefly luciferase 

(VSV51-Fluc) at a multiplicity of infection (MOI) of 0.005. Forty hours later, virus output in 
viral expression units (VEUs) per millilitre was measured with a luciferase reporter assay 
(Materials and Methods, section 2.4)282. (B) Stability of VSe1 in mouse serum over time, 
measured by HPLC. 
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In addition to VSe1’s drawbacks regarding in vivo administration presented earlier and the 

limited knowledge of VSe1’s molecular target, these results provided rationale to synthesize 

and test derivatives of VSe1 with increased stability that could be used as tools for 

mechanism of action studies and that may be better suited for in vivo administration.  

 

3.1.2 Structure-activity-relationship studies on VSe1 

In order to study the structure-activity relationship of VSe1, chemical analogs of 

VSe1 were screened for their ability to augment VSV51 replication in 786-0 cells, a human 

renal carcinoma cell line which is highly resistant to infection with VSV51, but sensitive to 

infection after pre-treatment with VSe1275. A high-throughput luciferase reporter-based 

viral titration assay was used to assess changes in virus output 40 hours post-infection 

(described in detail in Materials and Methods)282. Viral Expression Units (VEUs) obtained 

from this assay correlate directly with infectious titers obtained from plaque assays (Figure 

4)282. Cytotoxicity of each analog in the presence and absence of virus was also measured 

using the metabolic dye alamarBlue®. For each compound, the peak fold enhancement 

(PFE) in VEU relative to vehicle-treated infected samples is displayed, as well as the 

concentration at which this occurs (PFE dose).  For 49 of the analogs tested, plasma stability 

was measured by LC-MRM, and susceptibility to nucleophilic attack was measured using a 

GSH challenge assay, where compounds were incubated with GSH at a supraphysiological 

concentration (five-fold molar excess of compound) and the quantity of unreacted parent 

compound was measured over time (Table 5). Fold-changes in viral output at 40 hours post-

infection for each compound across all concentrations tested are included in Appendix B. 
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Table 5. Analog activity, toxicity and stability 

ID Structure 
Peak fold 

enhancement
a
 

PFE 

dose 

(M)
b
 

LD50 

(M) 

LD50 

with 

virus 

(M) 

GSH 

half-life 

(min.) 

Plasma 

stability at 3 

hours (% 

remaining) 

1 

(VSe1) 
 

1910 60 79 16 < 5 0 

2 

 

705 72 87 50 < 5 0 

3 

 

365 96 140 140 NR
c
 65.6 ± 6.5 

4 

 

345 80 90 90 NR 0 

5 

 

515 36 41 27 < 5 0 

6 
 

400 60 73 51 < 5 0 

7 

 

575 60 52 17 < 5 0 

8 

 

NE
d
 - >180 >180 NR 88.3 ± 9.3 

9 

 

1280 120 148 87 117 0 

10 

 

555 48 67 51 32 19.8 ± 0.4 

11 

 

55 240 332 332 64 42.5 ± 9.6 
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ID Structure 
Peak fold 

enhancement
a
 

PFE 

dose 

(M)
b
 

LD50 

(M) 

LD50 

with 

virus 

(M) 

GSH 

half-life 

(min.) 

Plasma 

stability at 3 

hours (% 

remaining) 

12 

 

535 180 206 203 118 47.6 ± 1.4 

13 

 

305 60 61 45 21 0 

14 

 

75 96 91 85 < 5 70.2 ± 8.4 

15 

 

NE - 66 66 340 14.9 ± 7.1 

16 

 

NE - > 360 
> 

360 
NR 98.2 ± 3.7 

17 

 

NE - > 360 
> 

360 
NR 82.0 ± 10.2 

18 

 

475 60 67 28 45 54.1 ± 5.1 

19 

 

975 60 64 27 40 50.1 ± 10.5 

20 

 

NE - >360 >360 NR 102.9 ± 1.6 
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ID Structure 
Peak fold 

enhancement
a
 

PFE 

dose 

(M)
b
 

LD50 

(M) 

LD50 

with 

virus 

(M) 

GSH 

half-life 

(min.) 

Plasma 

stability at 3 

hours (% 

remaining) 

21 

 

55 504 630 567 NR 102.7 ± 10.8 

22 

 

895 96 119 76 68 72.0 ± 3.0 

23 

 

1105 120 171 89 - ND 

24 

 

915 120 174 96 61 91.6 ± 5.2 

25 

 

1415 80 127 51 53 54.8 ± 3.6 

26 

 

995 96 110 66 46 64.8 ± 7.7 

27 

 

40 48 100 87 21 9.0 ± 1.4 

28 

 

1910 80 153 55 96 38.9 ± 5.2 

29 

 

975 72 74 27 74 57.6 ± 6.6 
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ID Structure 
Peak fold 

enhancement
a
 

PFE 

dose 

(M)
b
 

LD50 

(M) 

LD50 

with 

virus 

(M) 

GSH 

half-life 

(min.) 

Plasma 

stability at 3 

hours (% 

remaining) 

30 

 

1090 32 36 20 50 42.9 ± 7.2 

31 

 

495 40 40 34 72 40.1 ± 9.8 

32 

 

210 27 28 5 24 ND
e
 

33 

 

575 18 18 12 24 0 

34 

 

630 72 74 6 31 48.0 ± 16.5 

35 

 

265 27 36 23 43 63.8 ± 3.2 

36 

 

55 72 56 56 34 28.2 ± 2.6 

37 

 

1070 48 58 38 41 0.7 ± 0.1 
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ID Structure 
Peak fold 

enhancement
a
 

PFE 

dose 

(M)
b
 

LD50 

(M) 

LD50 

with 

virus 

(M) 

GSH 

half-life 

(min.) 

Plasma 

stability at 3 

hours (% 

remaining) 

38 

 

670 216 215 107 32 25.7 ± 2.9 

39 

 

975 60 > 90 25 34 41.4 ± 5.4 

40 

 

2005 27 36 13 32 15.3 ± 2.5 

41 

 

365 40 39 30 35 51.4 ± 8.2 

42 

 

190 40 55 17 40 49.1 ± 12.4 

43 

 

285 60 > 90 45 69 58.3 ± 0.6 

44 

 

155 60 63 39 31 45.9 ± 8.1 

45 

 

115 48 43 37 31 54.2 ± 4.2 
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ID Structure 
Peak fold 

enhancement
a
 

PFE 

dose 

(M)
b
 

LD50 

(M) 

LD50 

with 

virus 

(M) 

GSH 

half-life 

(min.) 

Plasma 

stability at 3 

hours (% 

remaining) 

46 

 

170 40 42 36 32 23.1 ± 0.8 

47 

 

190 40 36 35 35 22.7 ± 8.4 

48 

 

1240 32 38 24 14 36.5 ± 7.6 

49 

 

590 96 131 67 64 44.6 ± 1.2 

50 

 

800 60 85 29 54 39.6 ± 2.6 

51 

 

590 72 89 28 53 44.0 ± 1.0 

52 

 

NE
d
 - >360 >360 ND

e
 ND

e
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ID Structure 
Peak fold 

enhancement
a
 

PFE 

dose 

(M)
b
 

LD50 

(M) 

LD50 

with 

virus 

(M) 

GSH 

half-life 

(min.) 

Plasma 

stability at 3 

hours (% 

remaining) 

53 

 

NE
d
 - 249 250 ND

e
 ND

e
 

57 

 

NE
d
 - >120 120 ND

e
 ND

e
 

58 

 

NE
d
 - >360 >360 ND

e
 ND

e
 

 

a Peak fold enhancement is the peak fold change in viral expression units (VEU) relative to 
vehicle-treated infected samples.  
b PFE dose is the compound concentration cells were treated with to achieve the peak fold 
change in VEU.  
c No reaction with glutathione observed.  
d No enhancement of VEU. 
e No data. 
 
VSe1 was used as a reference standard every time the screen was performed, and the PFE 
for VSe1 is the mean from 33 separate screens. To control for minor changes in baseline 
VEUs and the resulting effect on PFEs, peak VEUs for each analog was normalized to those 
of VSe1-treated controls from that particular screen. The resulting ratio for the PFE dose 
was multiplied by the PFE for VSe1, and the results are displayed in column 3. Compounds 
that were used in additional experiments presented in this thesis following this screen are 
bolded. 
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Substitution of both chorines for bromines led to 2, which had slightly reduced 

activity compared to VSe1 and similar stability and reactivity profiles. Substitution of the β-

chlorine with an alkyl amine (3 and 4) resulted in compounds with reduced reactivity, 

increased stability (3 only), but decreased viral enhancement activity. Removal of the aryl 

group (5) or replacement with a methoxide group (6) resulted in active compounds with 

poor stability, similar to VSe1. Replacing the furan scaffold with a pyrrole-based scaffold 

resulted in compounds (9, 10) that were active but less electrophilic, as shown by the 

increased half-life from the GSH challenge assay. With 10, this also resulted in increased 

plasma stability. The LC-MS trace observed in the GSH stability assay also showed that 10, 

contrary to VSe1, cleanly reacted with GSH to form the GSH adduct as the sole detectable 

product (Figure 7). 
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Figure 7. Reaction products of VSe1 and 10 from GSH stability assay. (A) 250 L of 40 mM 
DMSO stock solution of VSe1 was added to L-glutathione (15.4 mg, 5 mol equiv.) suspended 

in 250 μ L DMSO. The resulting mixture was placed in a 37 °C shaker. 10 L aliquots were 
removed and quenched in 990 μ L water (containing 0.5% formic acid) at various timepoints 
(t = 0 minutes and t = 60 minutes shown). Analysis by ESI-LC-MS allowed for the 
identification and quantification of VSe1 and the glutathione adduct by UV-Vis at 254 nm. 

(B) 250 L of 40 mM DMSO stock solution of 10 was added to L-glutathione (15.4 mg, 5 mol 

equiv.) suspended in 250 L DMSO. The resulting mixture was placed in a 37 °C shaker. 10 

L aliquots were removed and quenched in 990 L water (containing 0.5% formic acid) at 
various time points (t = 0 minutes and t = 60 minutes shown). Analysis by ESI-LC-MS allowed 
for the identification and quantification of 10 and the glutathione adduct by UV-Vis at 254 
nm. These results were generated by Mark Dornan. 
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Given these results, additional analogs based on the pyrrole scaffold were 

generated. Alterations to the hydroxyl group (11–15) considerably hindered activity, as did 

alterations to the dichloro- α,β-unsaturated carbonyl moiety (16, 17, 20, 21, 52, 53 and 57). 

This suggests that the ability of these compounds to act as Michael acceptors is important 

for their ability to sensitize cells to VSV51. Activity was maintained when the N-benzyl 

group from 10 was replaced with a furan or thiophene (18 and 19, respectively), indicating 

that substitutions at this position are tolerated. Cyclopropyl and morpholine containing 

analogs (25 and 28) retained activity and displayed remarkably improved in vitro toxicity 

and stability profiles. Examination of arylamine containing analogs showed that the spacer 

length between the amine and phenyl ring was optimal at three carbons (10, 29 and 31).  

Testing a large set of substituted benzylamine derivatives (36–51) demonstrated that the 4-

trifluoromethyl substituted system (40) possessed improved activity (2,000 fold 

enhancement, 105% of VSe1) and improved stability. A summary of the key findings from 

these SAR studies is presented in Figure 8. Overall, these results demonstrate that the 

activity and stability of VSe1 analogs can be readily tuned, and the capacity of VSe1 

derivatives to act as Michael acceptors is likely implicated in their mechanism of action. 
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Figure 8. Key pharmacophores of VSe1  
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3.1.3 Activity of VSe1 and analogs in VSV51-resistance cancer cell lines 

Following initial analog screening studies carried out in 786-0 renal cancer cells, we 

tested  human ovarian cancer cells (OVCA433) and various mouse cancer cell lines including 

B16-F10 (melanoma), CT26.WT (colon adenocarcinoma), 4T1 (mammary carcinoma), MC-38 

(colon adenocarcinoma) and Pan02 (pancreatic ductal adenocarcinoma), S180 (soft tissue 

sarcoma) and CT-2A (glioma). These cell lines were also sensitized to VSV51 by VSe1 and 

pyrrole-based analogs (Figures 9-10). 
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Figure 9. VSe1 and analogs enhance VSV51 spread in murine melanoma and colon 
cancer cells. Murine melanoma (B16F10-LacZ) cells were treated with vehicle, VSe1, 10, 27, 
or 36 for 4h at the specified concentrations. Four hours later, cells were infected with 

VSV51-GFP at MOI 0.001. (A) Virus replication was assessed by fluorescence microscopy 
24 hours post-infection. (B) Samples were titered 48 hours post-infection. *p = 0.0392, **p 
= 0.0027 for 10 vs. vehicle and 0.0015 for 27 vs. vehicle, ***p = 0.0007 for 36 vs. vehicle 
(one-way ANOVA with Dunnett’s multiple comparisons test), Error bars represent standard 
error (N =3). (C) Murine colon carcinoma (CT26.WT) cells were treated with vehicle, VSe1, 
10, 27, 28, or 29 for 4h at the specified concentrations. Four hours later, cells were infected 

with VSV51-GFP at MOI 0.005. Virus replication was assessed by fluorescence microscopy 
24 hours post-infection. 
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Figure 10. VSe1 and analogs enhance VSV51 titers in multiple cancer cell lines.  

Each indicated cell line was pre-treated with VSe1 or 28 for 4 hours and then infected with 

infected with VSV51-FLuc at MOI 0.005. Forty hours post-infection, virus output in VEUs 

was measured with a luciferase reporter-based viral titration assay (Materials and Methods, 

section 2.4)282. 
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3.1.4 Activity of VSe1 and analogs with other virus platforms 

VSe1, 10 and several other pyrrole analogs increased the oncolytic activity of 

Maraba MG1 virus167 (Figure 11) as well as spread of oncolytic HSV-1 N212 (Figure 12) and 

modified Vaccinia Ankara virus (MVA; commonly used as a vaccine platform), both 

expressing GFP (Figure 13), suggesting the compounds have a broader scope of application 

for virus-based therapies. Luciferase transgene expression delivered to human A549 lung 

cancer cells by non-replicating adeno-associated virus (AAV) and adenovirus vectors 

(Figures 14A and 14B, respectively) was also enhanced by the compounds, suggesting the 

potentiating effects of these compounds are not limited to replicating viruses. 
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Figure 11. VSe1 and analogs enhance oncolytic VSV and MG1 activity in cancer cells. 
Murine mammary carcinoma (4T1) cells were treated with vehicle, (A) VSe1, (B) 10, or (C) 

38 for 4h at the specified concentrations. Four hours later, cells were infected with VSV51 
or Maraba MG1 at MOI 0.005. Forty hours post-infection, cytotoxicity was assessed by 

incubating samples with alamarBlue® for 2 h at 37C before measuring fluorescence 
(530nm excitation, 590 nm emission). Values were normalized to that of untreated 
controls. (D) 786-0 cells were pre-treated with VSe1 and analogs for 4 hours and then 
infected with MG1-eGFP at an MOI of 0.005. Twenty-four hours post-infection, eGFP was 
quantified with a Cellomics ArrayScan® VTI HCS Reader (Thermo Fisher Scientific). 



81 
 

 



82 
 

Figure 12. VSe1 and analogs sensitize cancer cells to oncolytic HSV-1. (A) Mouse mammary 
carcinoma (4T1) cells were left untreated or, treated with VSe1, 10, 27, or 36 for 4 h at 
various concentrations: 2.5 μ M, 5 μM, 10 μ M, 15 μ M or 20 μ M. ICP0-null HSV-N212eGFP 
was then added at MOI 0.005. eGFP fluorescence was detected 48 h after HSV infection. (B) 
HSV titers were determined 48 h after infection. (C) 786-0 cells were pre-treated with VSe1 
and analogs for 4 hours and then infected with ICP0-null HSV-N212eGFP at an MOI of 0.01. 
Forty-eight hours post-infection, eGFP was quantified with a Cellomics ArrayScan® VTI HCS 
Reader (Thermo Fisher Scientific). 
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Figure 13. VSe1 and analogs sensitize cancer cells to MVA virus. 786-0 cells were pre-
treated with VSe1 and indicated analogs for 4 hours and then infected with MVA-eGFP at 
an MOI of 0.1. Forty-eight hours post-infection, eGFP expression was quantified with a 
Cellomics ArrayScan® VTI HCS Reader (Thermo Fisher Scientific). 
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Figure 14. VSe1 and 10 enhance transduction of non-replicating gene therapy vectors in 
human lung carcinoma cells. Human lung carcinoma (A549) cells were treated with VSe1 or 
10 analogs at various concentrations. Four hours later, cells were infected with (A) 
replication defective adeno-associated virus expressing firefly luciferase (AAV2-luc) or (B) 
replication defective adenovirus expressing firefly luciferase (Ad5-luc) at an MOI of 1. 
Twenty-four hours later, luciferase activity was measured. Results are represented as the 
fold increase in mean relative light units (RLU) of treated samples versus untreated 
controls.
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3.2 Ex vivo and in vivo activity of VSe1 and active analogs 

3.2.1. Selective viral enhancement in ex vivo tumour specimens 

A notable advantage of OV therapy over traditional cancer therapies is its selectivity 

for cancerous tissue and ensuing safety profile. Thus, it was necessary to confirm that this 

novel class of viral sensitizers does not enhance viral replication in normal tissues. To 

facilitate evaluation of a larger number of compounds prior to in vivo testing, we chose to 

test a subset of analogs with favourable properties (10, 28, 29, 30 and 40) for their ability to 

enhance VSV51 oncolysis in ex vivo tissue samples using an established method,291 in 

comparison to VSe1 as a benchmark. Tissue samples from VSV51-resistant CT26.WT 

murine colon cancer tumours215,292,293 as well as normal brain, lung and spleen tissue from 

the same mice were excised and cored.  Viable cores were selected for subsequent 

treatment with each compound and VSV51 expressing green fluorescent protein (VSV51-

GFP). Figure 15A shows representative images of infected cores that were pre-treated with 

an optimized concentration of compound. Corresponding viral titers determined by plaque 

assay are shown in Figure 15B. VSe1 and analogs robustly enhanced VSV51-GFP titers in 

CT26.WT tumour specimens. There was little to no enhancement of VSV51 in normal 

tissue specimens, indicating that the specificity of VSV51 towards tumour tissue is 

maintained following treatment with VSe1 and its derivatives. 
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Figure 15. VSe1 and its analogs selectively enhance the replication of VSV51-GFP in ex 
vivo tumour tissues. (A) CT26.WT (murine colon carcinoma) tumours were grown 
subcutaneously in Balb/c mice and subsequently excised and cored, along with normal 
brain, lung and spleen tissues. Tissue samples were treated in triplicate with 3 

concentrations of each compound for 4 hours prior to infection with VSV51-GFP. Virus 
replication was assessed by fluorescence microscopy 24 hours post- infection. 
Representative images from each triplicate set for the most effective concentration are 
shown. (B) Infected cores and corresponding supernatants were collected 36 hours post-

infection. VSV51-GFP titers were quantified by standard plaque assay. Graphs show the 
sum of infectious titer from core and supernatant for each compound in each tissue type. 

The horizontal black line on each graph at 1x104 PFU/mL represents the amount of VSV51-
GFP used to initially infect each core. Error bars represent standard error from biological 
triplicates and statistical significance was calculated using two-way ANOVA with a Dunnett’s 
multiple comparison test (**** P < 0.0001, ** P < 0.01, * P < 0.05, ns = P > 0.05). 
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3.2.2. Analogs are well tolerated in vivo 

Prior to evaluating the in vivo efficacy of these compounds in combination with virus 

in mouse models of cancer, we deemed it necessary to determine the in vivo tolerability of 

the compounds alone in non-tumour bearing mice. Dose escalation studies were conducted 

with a subset of analogs, selected based on desirable physiochemical characteristics, in vitro 

activity and ex vivo activity. Compounds were administered intraperitoneally to non-tumour 

bearing Balb/c mice and body weight was monitored over several days. Mice were 

sacrificed when they reached the endpoint of 20% loss of body weight or showed significant 

outward signs of toxicity (piloerection, lethargy, respiratory distress, quiet behaviour) for 

more than 48 hours.  Figure 16 shows that VSe1 leads to toxicity starting at a dose of 10 

mg/kg. In contrast 10 was well tolerated up to a dose of 50 mg/kg and 24 and 28 were well 

tolerated up to 100 mg/kg.   
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Figure 16. Pyrrole-based derivatives of 1 are substantially better tolerated in mice. Balb/c 
mice were given (A) VSe1, (B) 10, (C) 24 or (D) 28 dissolved in DMSO via intraperitoneal 
administration. Five mice were assigned to each dose group for each compound. Graphs 
stop when the first mouse in the group was euthanized. For VSe1 and 10, mice were 
injected on Day 1 and weights were recorded over a 10 day period. For 24 and 28, mice 
were injected on Day 1, 3 and 5 and weights were recorded over an 18 day period. For all 
groups, weights are reported relative to initial weight on Day 1. 
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3.2.3. Compound 10 enhances therapeutic efficacy of VSV51 in CT26.WT tumours 

Given its high tolerability and that it was one of the first analogs to be tested in vivo, 

initial in vivo studies in tumour-bearing mice were performed with compound 10. Balb/c 

mice were subcutaneously engrafted with CT26.WT cells and treated eleven days post 

engraftment with VSV51-FLuc (administered intratumourally) alone or in combination 

with 10 (administered intraperitoneally). The combination of 10 and VSV51-FLuc 

significantly delayed tumour progression and enhanced overall survival, compared to each 

treatment alone or vehicle controls (Figure 17).  
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Figure 17. Compound 10 enhances VSV51 oncolytic activity in a resistant syngeneic 

tumour model. Balb/c mice bearing subcutaneous CT26.WT tumours were given 50 L of 
vehicle (DMSO) or 50 mg/kg of 10 by intraperitoneal injection. Four hours later, mice were 

treated with 1x108 plaque-forming units of VSV51-Fluc by intratumoural injection. Vehicle 
or 10 was re-administered on day 2 and 4 post-initial treatment. Pooled results from two 
separate experiments are shown. Averages of relative tumour volumes (relative to volume 
on day 1 of treatment) for each treatment group are shown and error bars correspond to 
standard error. Tumour volume curves are terminated when the first mouse in each group 

is euthanized. Average relative tumour volumes of 10 + VSV51-Fluc treated groups were 
compared to the other treatment groups on each day. Statistical significance was calculated 

by two-way ANOVA with Dunnett’s multiple comparison test (for 10 + VSV51 versus 

vehicle + VSV51, * P < 0.05). (B) Survival was monitored over time. Log –rank tests indicate 
that treatment with 10 and virus in combination significantly improved overall survival 
compared to vehicle control (p = 0.0004), 10 alone (p = 0.0003) or virus alone (p = 0.04). 
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3.2.4. Detection of analogs in tumours 

Despite the efficacy observed with 10 and VSV51, 10 was not detectable by LC-

MRM in tumour homogenates following intraperitoneal administration, up to 3 hours post-

administration, although it could be detected in the serum (Figure 18A). We therefore 

decided to administer both the viral sensitizer and VSV51-FLuc intratumourally. 

Compounds 10 and 24 were detected in the tumour up to 3 hours post-intratumoural 

injection into mice bearing CT26.WT tumours (Figure 18B). Following intratumoural 

injection, 28 was also detectable in the tumour and serum for up to 10 hours post-

administration (Figure 19). 
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Figure 18. Compounds 10 and 24 can be detected in the tumour following intratumoural 
injection. Balb/c mice (N = 1 per timepoint) bearing subcutaneous CT26.WT tumours were 
injected (A) intraperitoneally (IP) or (B) intratumourally (IT) with 50 mg/kg of 10 or 24. 
Serum was collected (IP samples) or tumours were excised (IT samples) at various times 
post-injection and analysed for the presence of compound by LC-MRM. Areas under the 
peak (AUP) for the parent compound(s) are shown. Error bars represent the standard 
deviation of 3 technical replicates.  



99 
 

 

 

  



100 
 

Figure 19. Compound 28 can be detected in the tumour and serum following 
intratumoural injection. Balb/c mice bearing subcutaneous CT26.WT tumours were 
injected intratumourally with 40 mg/kg of 28 (N = 3 per timepoint) or vehicle control (N =1 
for 3h and 24h timepoints). (A) Tumours and were excised and (B) serum was collected at 
various times post-injection and analysed for the presence of compound by LC-MRM. 
Standardized areas under the peak (AUP) for the parent compound are shown. Error bars 
represent the standard error for 3 biological replicates. 
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3.2.5 Compound 28 enhances therapeutic efficacy of VSV51 in multiple murine tumour 

models 

An in vivo imaging system (IVIS) was used to measure luciferase activity associated 

with virus replication 24 h post-treatment of CT26.WT tumours. Compared to VSV51-FLuc 

alone, 28 significantly enhanced virus replication-associated luciferase expression 

specifically in the tumour (Figure 20).  This treatment regimen also led to a delay in tumour 

progression; however there was no significant improvement in overall survival compared to 

virus alone (Figure 20). When administered in a similar manner to two additional 

subcutaneous tumour models (B16-F10 melanoma in C57Bl/6 mice and HT29 human colon 

carcinoma in nude mice), the combination of 28 and VSV51-FLuc significantly delayed 

tumour progression and improved survival compared to the mono-therapies (Figure 21). 

This demonstrates the feasibility and potential of using small molecules, such as 28, in 

combination with OV therapy in vivo. 
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Figure 20. Pyrrole-based compound 28 enhances VSV51 oncolytic activity in a resistant 
syngeneic murine colon cancer model. (A)  Balb/c mice bearing CT26.WT cells were treated 
with vehicle (DMSO) or 40 mg/kg of 28 by intratumoural injection. Four hours later, mice 

were treated with 1 × 108 plaque-forming units of VSV51-FLuc. Virus replication was 
monitored twenty-four hours later by measuring luminescence using an IVIS (representative 
images are shown, color scale bar represents photons) and (B) tumour radiance was 
quantified. Statistical significance was determined with an unpaired t test. (C) Vehicle or 28 
was re-administered on day 2 and 4 post-initial treatment. Tumour volumes were 
monitored every day and averages of relative tumour volumes (relative to volume on day 1 
of treatment) for each treatment group are shown. Tumour volume curves are terminated 
when the first mouse in each group was euthanized. Error bars correspond to standard 

error. Differences between average relative tumour volumes of the 28 + VSV51-Fluc group 
were compared to the 3 other treatment groups. Statistical significance was calculated by 

two-way ANOVA with Dunnett’s multiple comparison test (for 28 + VSV51 versus VSV51 
alone, * P < 0.05, ** P < 0.01). (D) Survival was monitored over time. Log –rank tests 
indicate that treatment with 28 and virus significantly improved survival compared to 
vehicle alone (p = 0.0012), but not 28 alone (p = 0.0934) or virus alone (0.1032). 
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Figure 21. Compound 28 enhances VSV51 oncolytic activity and survival in resistant 
syngeneic and xenograft tumour models. (A) Nude mice bearing subcutaneous HT29 
tumours and (B) C57/B6 mice bearing subcutaneous B16-F10 tumours were treated with 
vehicle (DMSO) or 40 mg/kg of 28 by intratumoural injection. Four hours later, mice were 

treated with 1x108 plaque-forming units of VSV51-FLuc. Tumour volumes were monitored 
daily and average tumour volumes for each treatment group are shown. Tumour volume 
curves are terminated when the first mouse in each group reaches endpoint (based on 
tumour size). Error bars represent standard error. Differences between average volumes of 

the 28 + VSV51-Fluc group were compared to the 3 other treatment groups. Statistical 
significance was calculated by two-way ANOVA with Dunnett’s multiple comparison test 

(for 28 + VSV51 vs. VSV51 alone, * P < 0.05, ** P < 0.01, **** P < 0.0001 ) Survival for 
mice bearing (C) HT29 and (D) B16-F10 tumours were monitored over time. Log –rank tests 
indicate that treatment with 28 and virus in HT29 tumours significantly improved survival 
compared to vehicle control (p = 0.0338), 28 alone (p = 0.0062) or virus alone (p = 0.0018). 
Surviving mice had static tumours that neither shrank nor grew for at least 2 weeks. Log –
rank tests indicate that treatment with 28 and virus in B16-F10 tumours significantly 
improved survival compared to vehicle control (p = 0.0001), 28 alone (p = 0.0003) or virus 
alone (p = 0.0002). 
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3.3 Mechanism of action of VSe1 and its pyrrole-based analogs 

3.3.1. In vitro kinetics of VSe1 activity and effects on viral growth kinetics 

In spite of the rapid degradation of VSe1 described earlier, we observed that the 

onset of its effect on viral growth is rapid and sustained even after removal of compound 

from cell culture prior to infection. Treatment of 786-0 cells with VSe1 for as little as 60 min 

followed by replacement with fresh media (compound-free) and subsequent infection with 

VSV51 resulted in substantial enhancement of viral titers (Figure 22A). The same 

phenomenon was observed for 10, which is more stable and less reactive (Figure 22B). This 

suggests that these compounds irreversibly inhibit their putative target and/or change the 

state of the cell, increasing its sensitivity to infection.  

The analog screens in 786-0 cells were conducted with a 4 hour pre-treatment 

period prior to infection, an arbitrary schedule based on the initial high-throughput screen 

where VSe1 was discovered. When this treatment schedule was altered, VSe1 and 10 were 

able to enhance VSV51 when administered up to 30 hours before and 8 hours after 

infection, albeit the amount of enhancement was significantly reduced with the 30 hour 

pre-treatment condition (Figure 23). The compounds had minimal or no effect on viral 

growth when cells were treated 12 or 16 hours post-infection. This could indicate that the 

compounds are affecting cellular processes before the cells have had a chance to initiate an 

anti-viral response. Indeed, results from single step and multi-step growth curves 

demonstrate that VSe1 and its analogs increase viral replication as well as spread (Figure 

24).  
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Figure 22. The impact of VSe1 and analogs on viral growth is rapid and sustained. 786-0 
cells were treated with VSe1 or 10 at various concentrations. Compound was removed and 
replaced with fresh media after 1 h, 1.5 h, 2 h, 2.5 h and 6 h. Compound was not removed 

in the control condition. Four hours post-treatment, cells were infected with VSV51 

expressing firefly luciferase VSV51-FLuc at an MOI of 0.005. For the condition where 
compound was replaced with fresh media 6 h after treatment, infection was performed 
immediately following media replacement. Forty hours later, virus output in viral 
expression units (VEUs) per millilitre was measured with a luciferase reporter-based viral 
titration assay (Materials and Methods, section 2.4)282. 



109 
 

  



110 
 

Figure 23. Treatment time-course with VSe1, 10 and 28. 786-0 cells were treated with 
VSe1, 10, or 28 before (-30h, -4h, 0h) or after (+2h, +4h, +8h, +12h, +16h) infection with 

VSV51-FLuc (MOI 0.005) as indicated. Forty hours later, virus output in viral expression 
units (VEUs) per millilitre was measured with a luciferase reporter-based viral titration 
assay (Materials and Methods, section 2.4)282.  
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Figure 24. VSV51 growth curves with VSe1, 10 and 28. 786-0 cells were pre-treated with 
various concentrations of (A – B) (VSe1), (C – D) 10, or (E – F) 28 for 8 hours and then 

infected with VSV51-Fluc at MOI 3 (single step growth curves) or MOI 0.005 (multi-step 
growth curves). For the single step growth curves, virus inoculum was replaced with media 
after 1 hour. Supernatants were collected and frozen after various timepoints and virus 
titer was determined using a luciferase reporter-based viral titration assay (Materials and 
Methods, section 2.4)282. 
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3.3.2. VSe1 and active analogs suppress the innate immune response to VSV51 

As mentioned in section 1.3.2, initial studies done with VSe1 showed that it suppressed the 

expression of VSV51-induced mRNA transcripts in CT26.WT cells (many of which were 

ISGs) and pre-treatment of U251 cells with VSe1 overcame  IFN--induced antiviral effects, 

resulting in recovery of viral titers215. When 786-0 cells were treated with exogenous IFN-β 

to impede viral replication and spread, a similar effect on the recovery of viral titers was 

observed (Figure 25). This prompted us to look further into the both the production and 

response to type I IFN. Analysis by real-time quantitative PCR and ELISA revealed that active 

compounds decreased overall VSV51-induced levels of IFN-protein and mRNA in 786-0 

cells, as well as several ISGs that were selected from previous microarray studies (Figure 

26).  
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Figure 25. Interferon-induced antiviral response is overcome by VSe1 and its analogs. 

Human renal carcinoma (786-0) cells were co-treated with compound and IFN-(200 U/mL) 

for 4 hours and then challenged with VSV51-GFP at MOI 0.01. Samples were titered 48 

post-infection. Values were compared to IFN- alone and statistical significance was 
calculated by one-way ANOVA with Dunnett’s multiple comparisons test (* P = 0.0109, *** 
P = 0.001, **** P < 0.0001). Error bars represent standard error. These results were 
generated by Nader El Sayes.  
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Figure 26. VSe1 and its analogs inhibit the production of IFN-β and interferon-stimulated 
genes. (A) 786-0 cells were pre-treated for 2 hours with VSe1, 2, 10 or 28 before infection 

with VSV51-GFP (MOI 3) for 16 hours. Amount of IFN- in the supernatant was measured 

by sandwich ELISA. Average values form biological triplicates were compared to VSV51 
alone and statistical significance was calculated using two-way ANOVA with Dunnett’s 
multiple comparison test, (** P < 0.01, **** P < 0.0001). Error bars represent standard 
error. (B-F) Quantitative RT-PCR for IFNB and ISG expression in 786-0 cells pre-treated with 

VSe1, 2, 10 and 28 before infection with VSV51-GFP for 16 hours. Biological duplicates 

were pooled and the RT-qPCR was done in triplicate. Values were compared to VSV51 
alone and statistical significance was calculated using two-way ANOVA with Dunnett’s 
multiple comparison test, (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001). Error 
bars represent standard error. This experiment was performed twice with similar results. 
Representative results from one experiment are shown. The data for (A-F) were generated 
by Nader El Sayes.     
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3.3.3 VSe1 and 28 inhibit the activity of NFB 

Given that the compounds induced a significant reduction in IFN- mRNA and protein, we 

investigated the effects of the compounds upstream of type I IFN transcription. As 

described in the sections 1.2.3 and 1.2.4, the IFN- promoter requires a tripartite signal 

from NFB p65/p50, IRF3/7 and AP-1 for maximal activation. Accordingly, we examined the 

effect of VSe1 and 28 on the phosphorylation and nuclear translocation of NFB, IRF3, and 

c-jun. 786-0 cells were pre-treated with VSe1 and 28 for 2 hours then infected with a high 

MOI (MOI=1) of VSV51 for 8 hours. Western blots of cell lysates show that the nuclear 

translocation of NFB subunits p65 and p50 that is induced by virus alone is inhibited when 

the cells are pre-treated with VSe1 and 28 (Figure 27A). Under these conditions, the 

dimerization of p65 and p50, the phosphorylation and nuclear translocation of other 

transcription factors associated with the IFN- promoter were not affected (Figure 27A-C). 

The effect on the translocation of p65 and p50 was reproduced when NFB activation was 

induced by TNF- treatment (Figure 27D). Interestingly, TNF--induced phosphorylation of 

p65 as well as IB degradation was not blocked (Figure 27E), suggesting that upstream 

signals from the IKK complex occur normally. We next investigated the effect of VSe1 and 

28 on NFκB transcriptional activity by measuring the expression of TNFA and IL6, two target 

genes of NFB294–297. Consistent with NFB inhibition, VSV51 infection-induced expression 

of TNFA and IL6 was inhibited by both compounds as early as 8 hours and for up to 24 hours 

post infection (Figure 28A). Furthermore, significantly less TNF- was secreted into the 

supernatant of VSV51-infected cells treated with VSe1 and 28 at these time points as 

shown by ELISA (Figure 28B). Additionally, we observed that the compound 2-
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[(aminocarbonyl)amino]-5 -(4-fluorophenyl)-3- thiophenecarboxamide (TPCA-1), an 

inhibitor of NFB via inhibition of the IKK complex, was able to sensitize 786-0 cells to 

VSV51 infection in a similar manner to VSe1 and 28 (Figure 29A). When cells were treated 

with TPCA-1, subsequent treatment with VSe1 or 28 was not able to induce a significant 

increase in titers (Figure 29B-C), supporting the fact that the targets of VSe1 and 28 are 

downstream of TPCA-1’s targets. Altogether, these data suggest that VSe1 and 28 

consistently inhibit the nuclear translocation of NFB and its transcriptional activity, which 

coincides with down-regulation of virus-induced production of IFN- and TNF-, and 

enhancement of VSV51 propagation. 
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Figure 27. VSe1 and 28 inhibit virus and TNF-induced NFB nuclear translocation. (A, B, 

D) 786-0 cells were treated with VSe1 (60 M) and 28 (80 M) and then infected with 

VSV51-GFP (MOI 1). Whole cell, cytosolic and nuclear lysate fractions were collected 8 
hours post-infection, separated by SDS-PAGE and probed with the indicated antibodies. (C) 

NFB p65 was immunoprecipitated from lysates from 786-0 cells treated with VSe1 (60 M) 

or 28 (90 M) then infected with VSV51-GFP (MOI 1) for 8. Proteins were separated by 
SDS-PAGE then probed for p50. (E) 786-0 cells were treated as in A and then treated with 

TNF- (50ng/L). Nuclear and cytoplasmic extracts were collected 30 minutes later and 
were probed with the indicated antibodies. In (A, B, and E), arrows indicated lanes with 

VSV51 or TNF- alone. The data for (A-E) were generated by Nader El Sayes. 
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Figure 28. VSe1 and 28 inhibit the expression of NFB targets. (A) 786-0 cells were treated 

with VSe1 (60 µM) and 28 (80 µM) then infected with VSV51-GFP (MOI 1). RNA was 
extracted 8, 16 and 24 hours post-infection and quantitative RT-PCR was used to measure 
relative levels of TNFA and IL6 mRNA Values were normalized to GAPDH and are relative to 
untreated control for each timepoint. (B) 786-0 cells were treated and infected as in A, then 

supernatants were collected and levels of secreted TNF- were measured by ELISA. Error 
bars represent standard error from biological triplicates and statistical significance was 
calculated using two-way ANOVA with Dunnett’s multiple comparison test (*** P < 0.001, 
** P < 0.01, ns = P > 0.05). Values were log transformed before analysing statistical 
significance. The data for (A-B) were generated by Nader El Sayes. 
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Figure 29. The IKK inhibitor TPCA-1 enhances VSV51 spread. (A) 786-0 cells were pre-

treated with various concentrations of TPCA-1 for 4 hours and then infected with VSV51-
Fluc (MOI 0.01). Supernatants were collected 40 hours later and virus output was 
determined using a luciferase reporter-based viral titration assay (Materials and Methods, 
section 2.4). (B) 786-0 cells were treated with various concentrations TPCA-1 for 4 hours 
and then treated with VSe1 or (C) 28 at the indicated concentrations for 2 hours prior to 

being infected with VSV51-Fluc (MOI 0.005). Supernatants were collected 40 hours later 
and virus output was determined using a luciferase reporter-based viral titration assay 
(Materials and Methods, section 2.4)282.  
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3.3.4. Active compounds interact with GSTP1 

While the inhibition of NFB translocation by VSe1 and 28 could explain their capacity to 

block IFN-β production and response, sensitizing cancer cells to viral infection, the 

molecular mechanisms leading to NFB inhibition were unclear. As a starting point, we 

deemed it relevant to determine whether VSe1 and its structural analogs interact with 

cellular proteins. To this end, 27, an active analog, or 57, and inactive analog, were 

separately linked to Amino PEGA resins. Both probes were incubated with lysates from 

uninfected or VSV51-infected 786-0 cells. Bound proteins were eluted and separated by 

gel electrophoresis. Visible bands were purified and sequenced via LC-MS/MS and are 

presented in Table 6. Of the three attempts, glutathione S-transferase  (GSTP1) was 

consistently identified as interacting specifically with the active probe. Peroxiredoxin-1, 

thioredoxin and annexin A2 were identified in only one out of three attempts and thus did 

not satisfy our reproducibility criteria to be considered as genuine targets.  No proteins 

were pulled down with the inactive probe. 

 

Table 6. Interacting proteins identified by affinity capture 

Sample Sequenced hits 

Active analog, uninfected lysate 
Glutathione-S-transferase (25 kDa) 

Peroxiredoxin-1  (25 kDa) 

Active analog, infected lysate 

Glutathione-S-transferase (25 kDa) 

Peroxiredoxin-1 (25 kDa) 

Annexin A2 isoform 2 (20 kDa) 

Thioredoxin (10 kDa) 
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In light of the interaction between the 27-based probe and GSTP1, we wondered 

whether the parental compound VSe1 and its analogs could impact the enzymatic activity 

of GSTP1-1. To this end, we assayed GST enzymatic activity over short periods (5 minutes) 

in vitro using 2,4-dinitrochlorobenzene (CDNB) as a model GST-substrate as described in 

Groom et al287. In these assays, VSe1 was found to inhibit GSTP1-1 (IC50 of 2.67 μM; Figure 

30A). The inhibitory activity of VSe1 on GSTP1-1 was further maintained following dialysis, 

suggesting a very strong, potentially irreversible interaction (Figure 30B). We also found 

that VSe1 inhibited the enzymatic activity of GSTM1-1 (IC50 of 1.74 μM; Figure 27C) and 

GSTA4-4 (IC50 of 46.6 μM; Figure 30D). Compound 2 was also found to inhibit GSTP1-1, 

GSTM1-1, and GSTA4-4 (Table 7). However, VSe1 and 2 did not inhibit GSTA1-1, GSTA2-2, 

and GSTM2-2 in these assays (Table 7). Surprisingly 28 and many other pyrroles in Table 5 

structurally related to 27 that was used to pull down GSTP1 did not inhibit GSTs at a 

concentration of 25 M (Table 7). A prolonged incubation of a higher concentration of 10 

and 28 inhibited the activity of GSTP1-1, albeit less effectively than VSe1 (Figure 31A).  

In section 3.1, it was demonstrated that VSe1 and its analogs react with supra-

physiological concentrations of free GSH with varying kinetics, with VSe1 reacting nearly 

instantaneously (<5 min half-life) compared to pyrrole analogs that have vastly reduced 

electrophilicity (e.g. 28 has a half-life of 96 minutes; Table 5), which may make them much 

better tolerated in vivo298–300. In line with this observation, we found that a high 

concentration of the pre-formed adduct between the 10 and GSH also inhibited GSTP1-1 

(Figure 31B). The inhibition assay was also conducted after incubating VSe1, 10 or 28 with 

GSTP1-1 in the absence of GSH. GSH was added to the reaction mixture at the end of the 
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incubation period. Under these conditions, inhibition of enzyme activity was still observed 

(Figure 31C). This may indicate that the inhibition of enzymatic activity that was observed is 

partially due to direct inhibition of GSTP1-1 by the inhibitor tested, and partially due to the 

inhibitor-GSH adduct. Thus, VSe1 and its analogs could mediate their viral sensitizing effect 

indirectly through inhibition of GST activity, formation of adducts with GSH, or both. To 

evaluate the former, we tested the documented GSTP1 inhibitor ezatiostat, a structural 

analog of GSH, for its capacity to enhance VSV51 growth in 786-0 cells. We found that 

ezatiostat hydrochloride (Figure 32A) enhanced VSV51 growth between 75-150 M, 

leading to a peak fold increase in VEU of approximately 2 logs compared to vehicle-treated 

controls (Figure 32B). In comparison, treatment with VSe1 and 28 led to nearly 4-log and 

3.5 log increases in VEU respectively using the same assay (Figure 32C-D).  
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Figure 30. VSe1 inhibits GSTP1-1, GSTM1-1 and GSTA4-4. (A) GST P1 (5 g) was incubated 
with VSe1 and GSH, 1 mM, at 37°C for 5 min. CDNB (dissolved in ethanol) was added to 
initiate the reaction (final concentration, 0.5 mM) and product formation was monitored at 
340 nm. Final concentrations of DMSO and ethanol were 1% each. Data points represent 
the mean ± standard error of three biological replicates. IC50 values were determined by 
curve-fitting, as described in Materials and Methods. (B) GSTP1-1 enzymatic activity was 
tested pre- and post-dialysis, with and without VSe1. (C) GSTM1 and (D) GSTA4 were 
incubated with VSe1 as in (A), and the assay was performed as described above. The data 
for (A – D) were generated by Hilary Groom. 
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Table 7. Summary of GST inhibition activity 

 Recombinant human GST 

Compound A1-1 A2-2 A4-4 M1-1 M2-2 P1-1 

VSe1 - - inhibitory inhibitory - inhibitory 

2 - - inhibitory inhibitory - inhibitory 

10 - - - - - - 

24 - - - - - - 

25 - - - - - - 

27 - - - - - - 

28 - - - - - - 

29 - - - - - - 

30 - - - - - - 

40 - - - - - - 

 

Recombinant human GST enzymes were incubated with 1 mM GSH and 25 M of inhibitor 

at 37°C for 5 min, in 100 mM potassium phosphate buffer, pH 6.5. CDNB was added to 

initiate the reaction and product formation as in Figure 26. “-“ indicates that inhibition of 

activity was not observed. These results were generated by Hilary Groom. 
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Figure 31. Pyrrole analogs are less potent inhibitors of GSTP1-1. (A) GSTP1 (1 g) was pre-

incubated with GSH (final concentration 1 mM), vehicle (DMSO), VSe1, 10 or 28, for 5 min 

or 120 min at 37 °C. After the incubation period, CDNB was added to initiate the reaction, 

and product formation was monitored at 340 nm. Final concentration of DMSO was 2%.  

Bars represent the mean ± standard error of three or four biological replicates. Statistical 

significance was calculated using two-way ANOVA with Dunnett’s multiple comparisons test 

(**** P < 0.0001, ** P < 0.01, ns = P > 0.05). (B) GSTP1 (1 g) was pre-incubated with 

vehicle (DMSO), 10-GSH adduct, and GSH (1 mM), for 5 min at 37 °C. The reaction with 

CDNB was initiated as in panel A. Bars represent the mean ± standard error of three 

biological replicates. Statistical significance was calculated using one-way ANOVA with 

Holm-Sidak’s multiple comparisons test (** P < 0.01, ns = P > 0.05). (C) GSTP1 (1 g) was 

pre-incubated with vehicle (DMSO), VSe1, 10 or 28, for 5 min or 120 min at 37 °C. CDNB 

(dissolved in DMSO) and GSH was added to initiate the reaction (final concentration, 0.5 

mM and 1 mM, respectively), and product formation was monitored at 340 nm. Bars 

represent the mean ± standard error of three or four biological replicates. Statistical 

significance was calculated using two-way ANOVA with Dunnett’s multiple comparisons test 

(**** P < 0.0001, *** P < 0.001, ** P < 0.01, * P < 0.05, ns = P > 0.05). 
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Figure 32. Ezatiostat hydrochloride sensitizes 786-0 cells to VSV51. (A) Structure of 
ezatiostat. (B-D) 786-0 cells were pre-treated with ezatiostat HCL, VSe1 or 28 then infected 

with VSV51-Fluc (MOI 0.005). Supernatants were collected 40 hours later and virus output 
was determined using a luciferase reporter-based viral titration assay (Materials and 
Methods, section 2.4)282. 
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3.3.5 RNAi-mediated inhibition of GSTP1-1 does not sensitize 786-0 cells to VSV51 

The effect of GSTP1-1 inhibition was further evaluated through targeted siRNA-mediated 

knock-down in 786-0 cells. Although the knock-down was successful, inhibition of GSTP1 

expression through this method did not have an effect on viral titers (Figure 33A-D). 

Furthermore, when siRNA-transfected cells were treated with VSe1, enhancement of 

VSV51 titers was still observed, and was not significantly different from the enhancement 

observed in mock-transfected samples (Figure 33E). Altogether, this implies that inhibition 

of GSTP1 alone does not account for the viral enhancement induced by VSe1. 
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Figure 33. Knock-down of GSTP1 does not sensitize 786-0 cells to VSV51. (A) 786-0 cells 
were transfected with vehicle control (“0”), scrambled siRNA control (‘scrambled”; final 
concentration 25 nM), or various amounts of siRNA against GSTP1 (siGSTP1) such that the 
final concentration of siRNA was 12.5 nM, 25 nM or 50 nM. Forty-eight hours later, samples 
were lysed, and triplicate protein lysates were pooled, separated by SDS-PAGE and probed 

for GSTP1 and -actin by immunoblotting. (B) RNA from 786-0 cells exposed to the same 
conditions as (A) were collected 72 hours post-transfection and quantitative RT-PCR for 
GSTP1 mRNA was performed. (C-D) In parallel to (A), transfected 786-0 cells and controls 

were infected with VSV51-GFP at MOI 0.01. Supernatants were collected 24 and 46 hours 
post-infection and titered by plaque assay. Error bars represent standard error from 
biological triplicates. Any differences between conditions are statistically non-significant, by 
one-way ANOVA. Similar results were obtained from 2 independent experiments. Results 
from one experiment are shown. (E) 786-0 cells were transfected with vehicle control 
(“untransfected”), scrambled siRNA (“scrambled”) or siRNA against GSTP1 (“siGSTP1”) such 
that the final concentration of siRNA was 25 nM. Forty-eight hours post-transfection, cells 

were treated with vehicle control or VSe1, and then infected 4 hours later with VSV51-GFP 
at MOI 0.01. Supernatants were collected 24 and 46 hours post-infection and titered by 

plaque assay. Within each treatment group (vehicle, VSe1 40 M, or VSe1 60 M), 
differences between transfection conditions are statistically non-significant, by one-way 
ANOVA. Similar results were obtained from 2 independent experiments. Results from one 
experiment are shown. The data for (E) were generated by Michael Phan. 
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3.3.6. Depletion of cellular GSH levels sensitizes cells to VSV51 infection 

Given that VSe1 and its analogs react with free GSH (Table 5) and GSH is a substrate GSTs, I 

proceeded to evaluate the impact of other compounds known to modulate GSH levels. 

Diethyl maleate (DEM) and its structural analogs (Figure 34A) have been reported to 

deplete GSH301–303. All of these compounds proved to be effective viral sensitizers, leading 

to over 3-log increases in VEUs in 786-0 cells (Figure 34B). As discussed previously in section 

1.4, the compound dimethyl fumarate (DMF) has been marketed as a treatment for 

psoriasis in Europe and for multiple sclerosis in Canada, the United States, and Europe. 

Once administered, DMF undergoes esterase-mediated hydrolysis to its active metabolite 

monomethyl fumarate (MMF). MMF also sensitized 786-0 cells to VSV51, albeit at much 

higher concentrations, perhaps owing to the fact that it is partially hydrolyzed and thus may 

not diffuse across the plasma membrane as efficiently as its parent compound (Figure 34C). 

  



140 
 

  



141 
 

Figure 34. Glutathione depletors sensitize 786-0 cells to VSV51. (A) Structures of GSH 
depletors. (B-C) 786-0 cells were treated with various concentrations of the compounds 

depicted in panels A and C. Four hours later, cells were infected with VSV51-FLuc (MOI 
0.005). Supernatants were collected 40 hours later and virus output was determined using a 
luciferase reporter-based viral titration assay (Materials and Methods, section 2.4)282. 
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Given the strong impact of these known GSH depletors on VSV51 replication and spread 

and the fact that VSe1 and its active analogs react with free GSH, we proceeded to evaluate 

the impact of some of these compounds in cellular GSH and GSSG levels. Whole cell lysates 

from samples treated over a period of 12 hours were collected and used to quantify GSH 

and GSSG levels by HPLC-UV. Our data revealed that while GSSG levels remained stable, 

GSH levels decreased after 1 hour of treatment with VSe1, or 28 (Figure 35). Intriguingly, 

depletion was greater with 28 and was sustained for up to at least 4 hours post-treatment. 

However, GSH depletion was ultimately short-lived and was followed by recovery and 

accumulation of GSH above control levels by 12 hours post-treatment.  
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Figure 35. VSe1 and 28 deplete intracellular glutathione. 786-0 cells were treated with 
VSe1 or 28 for 1, 4, and 12 hours before whole cell lysates were collected. Cellular GSH and 
GSSG levels were measured by HPLC-UV detection. “—“ represents vehicle treated samples, 
collected at the same time as all other samples. Error bars represent standard error from 
biological duplicates and technical duplicates. Mean values for GSH or GSSG levels were 
compared to the respective mean values for the vehicle controls. Statistical significance was 
calculated using two-way ANOVA with Dunnett’s multiple comparison (*** P < 0.001, * P < 
0.05).
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To gain a better idea of the kinetics of GSH depletion and changes in GSSG/GSH ratio 

caused by VSe1 and 28, we transfected 293T cells with a redox-sensitive GFP plasmid 

covalently linked to the catalytic domain of glutaredoxin-1 (cyto-Grx1-roGFP2), enabling 

real-time monitoring of changes in the intracellular GSSG/GSH ratio304. Upon oxidation of 

cysteines in roGFP2, light emission following excitation at 408 nm increases, while emission 

following excitation at 488 nm decreases, resulting in an increase in the ratio of emissions 

(408 nm/488 nm). This is reversed upon reduction. Increases in this ratio are directly 

proportionate to increases in the GSSG/GSH ratio by virtue of the fused Grx1 protein. Upon 

treatment with H2O2 (a positive control for this assay) or VSe1 for 2 minutes the 408/488 

ratio was increased (significantly more than vehicle controls) and subsequently decreased 

upon treatment with the reducing agent dithiothreitol (DTT) (Figure 36A, B, D). The ratio 

obtained from 293T cells transfected with a non-redox sensitive GFP plasmid (“ctrl GFP”) 

did not increase to the same magnitude, indicating that the signal seen with cells expressing 

cyto-Grx1-roGFP2 is specific to the activity of this fusion protein. Interestingly, the increase 

in the 408 nm/488 nm ratio was observed within minutes of VSe1 treatment whereas the 

increase with 28 occurred much later and was sustained for up to 4 hours (Figure 36 C, G). 

Comparatively, the increases observed with H2O2 and VSe1 treatments were much shorter 

lived and the ratios decreased after the 2-minute timepoint without the need of a reducing 

agent (Figure 36E, F). Bearing in mind that the GSH-reaction half-lives of VSe1 and 28 are 

less than 5 minutes and 96 minutes respectively (Table 5), the changes in cyto-Grx1-roGFP2 

fluorescence in this assay are consistent with the differences in electrophilicity of these two 

compounds.  
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Figure 36. Ratiometric detection of GSSG/GSH ratios. Transfected 293T cells were treated 

with VSe1 (60 M), 28 (160 M) or H2O2 (300 M). Fluorescence readings were taken prior 
to treatment and post-treatment at the indicated times. 5 mM DTT was added to quench 
the signal. Observed ratios were normalized to a scale of 0.1 to 1.0, with 0.1 representing a 
fully reduced state (minimum observed ratio) and fully oxidized state (maximum observed 
ratio). Error bars represent standard error from biological triplicates and statistical 
significance was calculated using two-way ANOVA with Holm-Sidak’s multiple comparison 
test (* P < 0.05, ** P < 0.01, **** P < 0.0001, ns = P > 0.05).  
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To better understand the relevance of GSH depletion on viral enhancement, 786-0 cells 

were cultured in buthionine sulfoximine (BSO; Figure 37A) to deplete endogenous GSH. 

BSO irreversibly inhibits -glutamylcysteine-synthase, the enzyme responsible for the rate-

limiting step of GSH synthesis305,306. GSH depletion was confirmed by HPLC-UV detection. 

786-0 cells cultured in BSO for 3 days were treated with VSe1 or 28 then infected with 

VSV51 (Figure 37B). When cells were cultured in BSO for at least 3 days, BSO treatment 

alone was able to enhance VSV51 titers approximately 10-fold compared to cells cultured 

in regular media (Figure 37C). When cells were treated with VSe1 or 28, the potency of the 

viral sensitization was increased in BSO-cultured cells, where cellular GSH is not detectable 

(Figure 37D). This suggests that, while GSH depletion alone may have some impact on 

VSV51 infection, depletion of GSH does not fully explain the virus sensitizing effects of 

VSe1 and 28. This also argues against a key role of a viral sensitizer-GSH adduct, since this 

would predict an abrogation of the effects of VSe1 and 28 in the context of GSH-depleted 

cells, as opposed to their enhancement as we have observed. 
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Figure 37. Glutathione depletion sensitizes 786-0s to VSV51, VSe1 and 28. (A) Structure 
of BSO. (B) 786-0 cells were cultured in 2mM BSO for 3 days prior to collecting whole cell 
lysates. Cellular GSH and GSSG levels were measured by HPLC-UV detection. Error bars 
represent standard error from biological duplicates and technical duplicates. Statistical 
significance was calculated using a 2-way ANOVA with Holm-Sidak multiple comparisons 
test (****P <0.001, * P <0.05, ns = P > 0.05). (C) 786-0 cells were cultured as in (B) then 

infected with VSV51-Fluc (MOI 0.05). Supernatants were collected 40 hours later and virus 
output was determined using a luciferase reporter-based viral titration assay (Materials and 
Methods, section 2.4)282. Statistical significance was calculated using unpaired t-test. (D) 
786-0 cells were cultured in DMEM or DMEM supplemented with BSO 2mM for 10 days. 

Cells were then treated with VSe1 or 28 for 4 hours and then infected with VSV51-Fluc 
(MOI 0.005). Supernatants were collected 40 hours later and virus output was determined 
using a luciferase reporter-based viral titration assay (Materials and Methods, section 
2.4)282. 
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3.3.7 VSe1 and compound 28 induce oxidative stress 

A fundamental role of GSH and GSTs is the regulation of cellular redox homeostasis. We 

therefore questioned whether the inhibition of GST activity and GSH depletion caused by 

VSe1 and 28 causes a shift in cellular redox status, leading to increased viral replication. ). A 

gene expression microarray was conducted in in 786-0 cells and a number of genes under 

the GO term “response to oxidative stress” were upregulated by VSe1 and the active 

analogs (Figure 38A). The microarray samples were collected 28 hours after treatment, 

whereas in the GSH depletion experiments and time course experiment (Figure 20) we 

observed that the onset of action of the compounds is likely earlier than 28 hours post-

treatment. Thus, qPCR was used to validate a selection of these genes at earlier timepoints. 

VSe1 or 28 treatments alone were able to highly upregulate HMOX-1 and OSGIN (Figure 

38B). Interestingly, the maximal induction of HMOX-1 occurred 8h post-treatment, and was 

further induced in combination with VSV51.  
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Figure 38. VSe1 and compound 28 induce oxidative stress. (A) 786-0 cells were pretreated 
with media, vehicle (DMSO), or viral sensitizer. Twenty-eight hours later, RNA was 
collected, and triplicates were pooled and hybridized on Affymetrix Human PrimeView 
Array. Shown are heat maps of genes contained within the GO term “Response to Oxidative 
Stress.” (B) 786-0 cells were treated with VSe1 (60 µM) or 28 (80 µM) for two hours prior to 

infection with VSV51-GFP (MOI 1) and RNA was extracted at 8, 16 and 24 hours post 
infection. HMOX-1 and OSGIN mRNA levels were measured by quantitative RT-PCR. Values 
were normalized to GAPDH and are relative to untreated control for each timepoint. Values 
were log transformed for statistical analysis. Error bars represent standard error from 
biological triplicates and statistical significance was calculated using two-way ANOVA with 
Dunnett’s multiple comparison (*** P < 0.001, ** P < 0.01, ns = P > 0.05). The data for B 
were generated by Nader El Sayes. 
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3.3.8 The activity of VSe1 and 28 is not likely mediated by NRF2 

NRF2 is a transcription factor known to coordinate the transcriptional upregulation of 

antioxidant response genes, including HMOX-1 and OSGIN307–309. Due to the coincidence 

between the induction of the antioxidant response and the viral sensitizing effects of VSe1 

and 28, we considered two possibilities: 1) the antioxidant response coincides with the 

production of reactive oxygen species (ROS) that is directly important for NFB inhibition; 

or 2) an antioxidant response gene product inhibits antiviral signalling through NFB. To 

assess the latter, we treated cells with ML385, a known inhibitor of NRF2 transcription that 

directly interacts with NRF2 and prevents DNA binding310.  When 786-0 cells were pre-

treated with ML385 prior to treatment with VSe1 or 28 and infection with VSV51, titers 

decreased with increasing concentrations of ML385 (including samples treated with ML385 

alone), however the potencies of VSe1 and 28 were not affected and at least 2-log increase 

in titers were still observed. Thus, while ML385 did decrease baseline infection of 786-0 

cells, ML385 did not hinder the capacity of VSe1 and 28 to sensitize 786-0 cells to VSV51. 

This suggests that while NRF2 activity may be relevant for VSV infection, NRF2 does not 

likely mediate the viral sensitizing effect of VSe1 or 28 (Figure 39). 
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Figure 39. NRF2 inhibitor ML385 does not significantly abrogate the activity of VSe1 or 28. 
786-0 cells were treated with various concentrations of ML385. Four hours later, cells were 

treated with vehicle, VSe1 or 28. Two hours later, cells were infected with VSV51-Fluc 
(MOI 0.01). Supernatants were collected 36 hours later and virus output was determined 
using luciferase reporter-based viral titration assay (Materials and Methods, section 2.4)282.
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3.3.9 Reactive oxygen species sensitize cancer cells to VSV51 

Altogether, the data presented so far suggest that VSe1 and its analogs induce 

oxidative stress, which in turn may or may not contribute to increased sensitivity to 

VSV51. To confirm the potential that VSe1 and analogs increase oxidative stress, changes 

in reactive oxygen species (ROS) levels following VSe1 treatment were analysed using 6-

carboxy-2',7'-dichlorodihydrofluorescein diacetate (C-H2DCFDA), a non-specific indicator of 

intracellular ROS levels (e.g. H2O2, O2
•-, and NO•) that fluoresces when it is hydrolysed by 

intracellular esterases and then oxidized311. 786-0 cells were pre-treated with H2O2 or VSe1 

for 4 hours, collected and treated with C-H2DCFDA while in suspension. The viability 

indicator 7-aminoactinomycin D (7-AAD) was added 30 minutes prior to FACS analysis. 

Samples treated with H2O2 and VSe1 exhibited higher levels of fluorescence from C-

H2DCFDA, indicating higher levels of ROS (Figure 40).  
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Figure 40. ROS production in 786-0 cells. 786-0 cells were treated with (A) H2O2 (3 mM), (B) 
vehicle (DMSO), or VSe1. Four hours later, cells were collected and stained with C-H2DCFDA 
and 7-AAD. Median fluorescence intensity (MFI) of C-H2DCFDA in live cells (7-AAD-) is 
presented. For (A), statistical significance was determined by an unpaired t test (P = 
0.0212). For (B), statistical significance was determined by one-way ANOVA with Dunnett’s 
multiple comparisons test (* P = 0.0417, *** P = 0.0007, N = 4 biological replicates for each 
condition).  
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To determine whether the exogenous administration of ROS could directly lead to viral 

sensitization, we pre-treated cells with H2O2 prior to infection with VSV51. Interestingly, 

H2O2 was able to sensitize 786-0 cells to VSV51 (Figure 41A). To functionally corroborate 

these results, we assessed the nuclear translocation of NFκB following co-treatment of cells 

with TNF- and H2O2. Western blot analysis revealed that NFκB p65 and p50 nuclear 

translocation was hampered by H2O2 in the same range of concentrations that enhanced 

virus output (Figure 41B).  

Given these results, we hypothesized that VSe1 may be indirectly increasing 

endogenous H2O2 via increased oxidative stress, leading to increased virus output. To test 

this theory, 786-0 cells were co-treated with 3-amino-1,2,4-triazole (3-ATZ), a catalase 

inhibitor, along with H2O2 or VSe1. Catalase converts H2O2 to water and oxygen. Thus, 

inhibiting this enzyme would lead to an accumulation of intracellular H2O2. Consistent with 

this mechanism, while treatment with 3-ATZ alone did not increase viral titers, when 

combined with H2O2, lower amounts of exogenous H2O2 were required to achieve the same 

increase in viral titers as H2O2 alone (Figure 41C). However, when 3-ATZ was combined with 

VSe1, the potency of VSe1 did not change, in contrast with what was observed for H2O2. 

When cells were pre-treated for 4 hours with (Figure 41E) H2O2 or (Figure 41F) VSe1 prior 

to treatment with 3-ATZ, the potency of neither compound was affected. Altogether this 

suggests that H2O2 levels can modulate antiviral responses in a similar fashion to VSe1 and 

analogs, however the activity of VSe1 and its analogs is not primarily mediated through 

increases of intracellular H2O2. Nevertheless, we cannot currently exclude the involvement 

of other ROS species (e.g. superoxide anion) or redox imbalance.  
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Figure 41. H2O2 treatment sensitizes 786-0 cells to VSV51. (A) 786-0 cells were treated 

with H2O2 and infected 4 hours later with VSV51-Fluc (MOI 0.005). Supernatants were 
collected 40 hours later and virus output was determined using luciferase reporter-based 
viral titration assay (Materials and Methods, section 2.4)282. (B) 786-0 cells were treated 

with the indicated concentrations of H2O2 for 4 hours then infected with VSV51-GFP (MOI 
1). Nuclear and cytoplasmic extracts were collected 8 hours post-infection then probed with 
the indicated antibodies. (C) 786-0 cells were treated concurrently with H2O2 and 3-ATZ or 

(D) VSe1 and 3-ATZ. Four hours later, cells were infected with VSV51-Fluc (MOI 0.005). 
Supernatants were collected 40 hours later and virus output was determined using 
luciferase reporter-based viral titration assay (Materials and Methods, section 2.4)282. (E) 
786-0 cells were pre-treated with H2O2 or (F) VSe1 for 4 hours and then treated with 3-ATZ. 

Four hours later, cells were infected with VSV51-Fluc (MOI 0.005). Supernatants were 
collected 40 hours later and virus output was determined using luciferase reporter-based 
viral titration assay (Materials and Methods, section 2.4)282.  For (A), (C-F), experiments 
were performed with biological triplicates. The data for B were generated by Nader El Sayes 
and Michel Phan 
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DISCUSSION 

There is a growing list of OV clinical candidates for the treatment of cancer including VSV, 

vaccinia virus, reovirus, adenovirus, and herpes simplex virus-based platforms312.  

Nevertheless, it is well-recognized in the field that combination therapies will be necessary 

to overcome the heterogeneous response observed with these potentially curative 

biologics177,178,201,313,314. The novel agents we have developed in this study robustly increase 

the growth and oncolytic effects of VSV51, MG1, and HSV-1-N212 in otherwise resistant 

cancer cells and therefore cater to an unmet need in this therapeutic area. Additionally, the 

enhancement in replication of the vaccine platform MVA and enhancement of transgene 

expression by replication-defective adenovirus and AAV vectors extends the potential of 

using these small molecules for co-administration with cancer gene therapies. There are 

numerous registered clinical trials employing gene therapy vectors expressing transgenes 

for the treatment of various malignancies315,316. It is easily foreseeable that the pharmaco-

viral approach described here can be applied to therapeutically enhance attenuated viral 

vectors used for other types of gene therapy or for vaccines as well. 

 

4.1 Pyrrole-based VSe1 analogs are stable and effective alternatives to VSe1  

The physiochemical and in vitro biological characterization of structural VSe1 

analogs led to the identification of compounds with enhanced aqueous stability and 

decreased susceptibility to nucleophilic attack, while maintaining in vitro efficacy of a 

similar order to the parent compound. Disruption of the , dichloro carbonyl moiety 

significantly abrogated efficacy, indicating that this group is central to activity. Interestingly, 
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the inactivity observed with compound 16 indicates that the  and carbons must be 

substituted.  Furthermore, the diminished activity displayed by compounds 3, 4, 17, 52, 53, 

57 and 58 implies that the substituted groups at the carbon must be good leaving groups.  

As described earlier, compounds with , unsaturated carbonyl act as Michael 

acceptors and can covalently react with nucleophilic residues on proteins, such as cysteines 

and lysines. Traditionally, the pharmaceutical industry has avoided the incorporation of 

such reactive groups in drug development due to concerns for indiscriminate reactivity. 

However, targeted covalent inhibitors with relatively weaker electrophilic groups such as 

acrylamides can be effective and potentially safer than more reactive compounds, as they 

need to be in close proximity to their target cysteines to form covalent bonds, thus limiting 

the probability of reacting non-specifically with other exposed protein thiols and GSH218. 

The reactivity of compounds containing Michael acceptors can also be finely tuned by 

making minor structural changes. In one study, the authors used this concept to 

demonstrate a correlation between the ability of their compounds to inhibit growth of 

ciliate protozoa and rate of reaction with GSH (an indication of compound electrophilicity 

by way of thiol reactivity)298. Similarly, with active VSe1 pyrrole analogs, a positive 

correlation exists between the GSH reactivity half-life and the concentration at which the 

peak fold-change in VEUs is observed (Table 5, Appendix Figure 1). This means that the 

potency of this subset of compounds inversely correlates with their susceptibility for 

nucleophilic attack, further supporting the fact that the reactivity of the , unsaturated 

carbonyl is a key feature of the activity of these compounds. Such a correlation may not 

exist with furan analogs as all of the furans tested had a GSH reaction half-life of less than 5 
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minutes, regardless of the peak-fold concentration. Thus, switching from a furan to a 

pyrrole scaffold gives us a platform that can be manipulated and refined to generate 

compounds with desired properties. Pyrrole derivatives possess an improved safety profile 

compared to VSe1 as demonstrated by selective replication in ex vivo tumour tissues and 

superior in vivo tolerability in dose escalation studies. Along with their enhanced plasma 

stability, these advantages over VSe1 and furan derivatives make the pyrrole analogs much 

better suited for in vivo use. 

 

4.2 Effect on the type I IFN pathway and in vitro kinetics of VSe1 and analogs 

VSe1 and its analogs are able to enhance the replication and cytopathic effect of 

VSV51, Maraba MG1 and HSV-1 N212 in cancer cells. Notably, these viruses induce type I 

IFNs and are susceptible to type I IFN antiviral signaling80,146,167,317–319. Previously published 

data with VSe1 suggest that it dampens the type I IFN response induced by viral 

infection215. Results presented in the current study provide evidence that in 786-0 cells, 

VSe1 and its analogs inhibit the nuclear translocation of NFB, leading to decreased 

expression of its target genes IFNB, TNFA and IL6, as well as ISGs. The compounds are most 

likely acting downstream of IB phosphorylation by the IKK complex, as IB is still being 

degraded after TNF- treatment in the presence of VSe1 or 28 (Figure 27E). Furthermore, 

the IKK inhibitor TPCA-1 is also able to sensitize 786-0 cells to VSV51, and co-treatment 

with VSe1 or 28 did not enhance infection any further. Thus, it is conceivable that the action 

of VSe1 and 28 are also downstream of TPCA-1’s targets, namely IKKs. 786-0 cells are 

particularly responsive to the viral sensitizing effects of VSe1 and its active analogs. It is 
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worthwhile to note that the 786-0 cell line harbours a VHL mutation320 and is unable to 

produce wild-type VHL321. This has been linked to dysfunctional regulation of antiviral 

signaling pathways14 and inherent resistance of 786-0 cells to VSV322. 786-0 cells have also 

been shown to possess high basal NFB-DNA-binding activity323. Thus, VSe1 derivatives may 

be especially effective in tumours with high basal NFB activity.  Our findings should be 

confirmed in other cell lines that are sensitized by VSe1 and analogs (such as B16-F10, 

CT26.WT and MC-38 cell lines). Repeating these assays with inactive analogs would assist in 

drawing a correlation between the functionally reactive pharmacophores of VSe1 and its 

effects on NFB translocation and the production of IFN- and ISGs. The effect of these 

compounds on NFB could be further corroborated by seeing if the relative amount of p65 

and p50 inhibition correlates with compound dose-response curves, and if it shifts in 

parallel with the shift in potency observed when the compounds are combined with BSO. 

Further experiments are required to determine if in addition to blocking NFB 

translocation, VSe1 and analogs also affect the phosphorylation and translocation of ATF-2, 

the dimerization partner of c-jun. The inhibition of NFB target genes (TNFA, IL6, IFNB) that 

was observed can be corroborated by examining the effect of the compounds on the 

transcriptional activity and DNA binding of all components of the IFNB enhanceosome 

(NFB, cJun/ATF-2, IRF3/7, CBP/p300) by electromobility shift assays (EMSA) and chromatin 

immunoprecipitation (ChIP).  

It has been reported that TNF- and IFN- act in synergy to inhibit viral replication 

and spread, as well as cell proliferation in normal human fibroblasts and primary cell 

cultures324,325. However the combination failed to induce a cytostatic or antiviral state in 
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cancer cells, even in cell lines that were able to respond to TNF- and IFN- stimulation324. 

Hence, the synchronized inhibition of TNF- and IFN- that we observe offers a potential 

explanation for why VSe1 and its analogs are able to enhance viral replication and spread in 

cancer cells, but not in normal tissues (Figure 15). Even if the compounds are able to inhibit 

TNF- and IFN- in normal tissues, low levels of both cytokines may be adequate to confer 

a synergistic antiviral response.   

The effect of VSe1 or 28-induced cytokine depletion can be tested by transferring 

supernatants from cancer cells infected with VSV51 alone or VSV51 in combination with 

viral sensitizer on to new cells, and then infecting these new cells. Using a G-less version of 

VSV51 (which is capable of replicating in cells, but incapable of producing infectious viral 

progeny326) would ensure that the effects observed are due to virus-induced cytokine 

production, and not the transfer of infectious virions. Cells incubated with supernatant 

from VSV51-G-less alone would, in theory, be protected from virus challenge due to the 

presence of IFN- and TNF- in the supernatant. Cells incubated with supernatant from 

VSV51-G-less and viral sensitizer should be more susceptible to virus infection due to 

diminished levels of these cytokines. Transferring supernatants on to normal cells such as 

GM38 fibroblasts, followed by infection with wild-type VSV, would also test the theory that 

low levels of TNF- and IFN- are still able to induce an effective antiviral response in non-

cancerous cells. 

Our data indicate that VSe1-derived compounds need to be administered and take 

effect before an anti-viral response is initiated, demonstrated by the fact that VSe1 does 

not significantly enhance virus replication when 786-0 cells are treated 12 hours post-
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infection with a low MOI of VSV51. This fits with evidence from literature showing that in 

786-0 cells infected with a low MOI of VSV51, very little IFN- is secreted during the first 

12 hours post-infection, and then levels spike at 24 hours post-infection216. The time-course 

experiment in Figure 23 implies that the compounds need to be present before this spike in 

IFN- occurs. Presumably, once NFB, AP-1 and IRF3/7 have initiated the transcription of 

IFNB and downstream ISGs, treating cells with VSe1 analogs is not able to overcome their 

antiviral effects. The results from the IFN- competition assay showing that VSe1 and its 

analogs are able to overcome the antiviral effects of IFN- treatment (Figure 25) indicates 

that, in addition to blocking the action of NFB, these compounds may also act downstream 

of IFN- signaling. However, this experiment was performed by treating cells exogenously 

with IFN- and VSe1 analogs concurrently, prior to infection with VSV51. Thus, the 

compounds would have had a chance to bind to any targets upstream of IFN- before an 

antiviral response was induced. The kinetics of antiviral ISG expression is likely specific to 

cell type and the nature of the stimulant. For example, in Huh7 hepatoma cells, ISG 

expression starts to increase 4 hours after IFN- treatment and peaks between 6- 8 hours 

before rapidly decreasing327,328. A similar pattern has been reported in human lymphatic 

endothelial cells329. In Huh7 cells, treatment with IFN- resulted in a similar time to peak 

ISG expression, but expression was sustained for up to 24 hours328. In the case of treatment 

with compounds 2 or 28 in combination with IFN-, viral titers were only partially recovered 

compared to untreated controls, indicating that antiviral signaling was still effective to an 

extent.  
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Treatment with VSe1 and 28 prior to viral infection ultimately leads to decreased 

virus-induced ISG expression. It has also been reported that NFB can bind to ISRE motifs 

on ISG promoters and drive their transcription330. Thus, additional experiments are required 

to determine if VSe1 and its analogs decrease ISG expression via NFB, or by also affecting 

elements downstream of IFN- secretion. The phosphorylation, dimerization, translocation 

and transcriptional activity of components of the JAK-STAT pathway (i.e. IFNAR, JAK1, TYK2, 

STAT1, STAT2, and IRF9) in the context of VSV51 infection should be assessed. Assuming 

the kinetics of ISG expression in response to IFN- treatment in 786-0 cells is similar to 

Huh7 cells, pre-treating cells with IFN- for several hours prior to treatments with the 

compounds (and vice-versa), followed by infection with VSV51, would help to verify if 

VSe1 and its analogs are acting upstream or downstream of  IFN- signaling. Silencing or 

overexpressing individual components of these pathways with CRISPR or RNAi-based 

strategies and then seeing if our viral sensitizers can still enhance infection would inform us 

if the compounds are working upstream or downstream of the altered gene. 

The enhancement of viral replication, as demonstrated by the single-step growth 

curves, also corroborates the fact that the compounds are most effective before an anti-

viral response is fully generated, i.e. earlier in VSV’s life cycle. It would be valuable to 

further characterize the onset of action of these compounds by examining key points in the 

life cycle of VSV. In addition to their clear impact on antiviral defenses, some of our data 

suggest that the compounds may impact viral entry. Specifically, the microarray performed 

in 786-0 cells shows that the mRNA expression of SLC7A11 (solute carrier family 7 member 

11, also known as cysteine transporter (xCT)), a factor reported to play a role in the entry of 
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VSV331, is enhanced after treatment with the compounds (Figure 38, Appendix Figure 2). 

The magnitude of this observed effect is small and may be underestimated, much like it was 

for redox genes such as HMOX-1, given that samples for the microarray were collected 24 

hours after treatment and infection. SLC7A11 has been shown to be required for the entry 

of Kaposi’s sarcoma-associated herpesvirus (KSHV)332 and is upregulated by the 

transactivator protein (Tat) encoded by human immunodeficiency virus-1 (HIV-1)333. With 

respect to VSV, SLC7A11 was found to be upregulated in monocytes as soon as 6 hours post 

infection with a high MOI and CRISPR-mediated knockdown abrogated viral infection331. 

The increase in intracellular GSH observed following VSe1 or 28 mediated depletion in 

Figure 35 also supports the hypothesis that these compounds could upregulate SLC7A11, 

since SLC7A11 is a cysteine-glutamate transporter that is involved in the maintenance of 

intracellular GSH levels334–337.The upregulation of SLC7A11 in response to our compounds 

and the effect of SLC7A11 inhibition (via CRISPR or RNAi) on VSV51 titers needs be 

validated in our 786-0 model. It would be logical to examine changes in protein expression 

within 12 hours of treatment and infection with a high MOI of VSV51.  

Viral entry can be assessed by several methods. After a short (e.g. 1 hour) 

incubation to allow for virion binding and internalization, cells could be lysed and 

intracellular viral genomes could be quantified using RT-qPCR. There are caveats to this 

method, as it would not provide information on whether the genomes are from virions that 

are bound to the cell surface, internalized in endosomes, or in the cytoplasm after 

endosomal fusion. This could be explored in more detail by covalently labeling virions with 

a fluorophore as well as organelles of interest (e.g. plasma membrane and endosomes)338. 
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Live-cell microscopy would allow us to track the progress of virions after inoculation. 

Altering incubation conditions (e.g. infecting at 4 C, and then warming to 37 C) could also 

allow us to distinguish between binding and endocytosis339. The localization of virions to 

specific sub-cellular compartments could also be analysed by labelling virions with 

[35S]methionine and analysing fractions of infected cells separated by centrifugation.  

The results from the single-step growth curves imply that the compounds are 

increasing viral replication. The impact on viral replication versus spread can be further 

teased apart by seeing if the compounds are able to enhance VSV51-G-less titers. 

Additionally, qPCR can be used to assess increases in viral genomes over a 24-hour period, 

bearing in mind that this method would also quantify genomes from defective interfering 

particles and may not correlate with final infectious titers from fully formed virions. It 

would also be worthwhile to examine if VSV51 itself is altered by treatment with VSe1 or 

analogs, or even if the compounds are incorporated into virions. Changes to VSV51 virion 

structure, protein sequence and structure could be assessed by electron microscopy, mass 

spectrometry and x-ray crystallography. The presence of viral sensitizers in VSV51 

preparations could be identified by mass spectrometry as well.  

 

4.3 GSH and GSTP1-1 are not direct mediators of VSe1-induced viral sensitization 

Results from affinity-based chromatography studies directed us towards GSTs and 

GSH as possible targets of VSe1 and its derivatives. Indeed, we found that VSe1 inhibits the 

enzymatic activity of GSTP1-1, GSTA4 and GSTM5-5, and that high concentrations of 

compounds 10, 28 and the 10-GSH adduct inhibit GSTP1-1. VSe1, 10 and 28 were also able 
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to inhibit GSTP1-1 activity when incubated without GSH, indicating that the observed 

inhibition could be due to both the compounds alone and GSH-adducts. The dialysis 

experiment in Figure 27B also suggests that the nature of this inhibition is irreversible. IC50 

values for irreversible inhibitors measured after a set incubation time length are largely 

arbitrary as these compounds interact with their targets in a time-dependent fashion, and 

different incubation time lengths would give different IC50 values219. Thus, if VSe1 and the 

analogs presented in Table 7 are irreversible inhibitors, these inhibition data must be taken 

into context of the incubation lengths for these experiments, which was 5 minutes. This is 

supported by the fact that longer incubation times were required to see significant 

inhibition with 10 and 28. 

Despite the confirmation that these compounds inhibit GSTP1-1, the knockdown of 

GSTP1 by siRNA transfection indicates the mechanism of action of VSe1 cannot be 

attributed to GSTP1-1 inhibition alone. We know that VSe1 also inhibits GSTA4-4 and 

GSTM5-5. It would be informative to examine the changes in VSV51 titers after knocking 

down these GST enzymes as well. Given the redundancy between the conjugating activities 

of GSTs, it may be necessary to knock-down multiple GST enzymes. This could be done by 

co-transfecting multiple siRNAs, using a viral vector that encodes for multiple short-hairpin 

RNAs (shRNAs), or by designing a siRNA that targets a conserved region of the GST family, 

such as the G site.  

While GSTP1 knockdown did not impact VSV51 growth, ezatiostat nevertheless 

enhanced the sensitivity to VSV51. Ezatiostat is a GSH analog and is presumed to be a 

potent, specific inhibitor of GSTP1-1, with its active metabolite having an IC50 of 400 nM. 
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However, at the concentrations able to enhance VSV51, it is likely inhibiting other classes 

of GSTs (specifically GSTA1-1, GSTM1-1 and GSTM2-2)272,340, and could potentially also have 

off-target effects that do not relate to GST inhibition. It would be important to confirm 

whether ezatiostat is still capable of sensitizing cells to VSV51 after GSTP1 knockdown. 

Interestingly, depletion of cellular GSH by BSO significantly increases viral titers; 

however, the magnitude of this effect is small in comparison to VSe1 and highly active 

analogs, and the potency of VSe1 and 28 actually improves in the absence of GSH. 

Altogether, this indicates that GSTP1-1 and its substrate GSH are not dominant players in 

the mechanism by which VSe1 sensitizes cells to VSV51. However, their respective 

inhibition and depletion would cause an imbalance in redox homeostasis and oxidative 

stress. In this state, the cell may be more susceptible to VSV51 infection. This is further 

supported by the increase in VSV51 titers observed with H2O2. Oxidative stress has been 

known to affect protein function and signaling341–343. In particular, cysteine residues are 

prone to oxidation at the thiol group.  This has been shown to affect protein-protein 

interactions and signal transduction344. Thiol oxidation is often followed by reversible, GST-

catalysed, S-glutathionylation, which prevents irreversible over-oxidation and preserves 

redox homeostasis344.  GSH depletion and inhibition of GSTs could theoretically lead to 

irreversible thiol over-oxidation which would significantly impact downstream activity. The 

lack of impact in viral titers when VSe1 was combined with the catalase inhibitor 3-ATZ 

implies that increased intracellular H2O2 is not implicated in VSe1’s mechanism of action. If 

it was, we would have expected the potency of VSe1 to increase when combined with 3-

ATZ, due to increased intracellular H2O2. However, as this was an indirect method of 
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assessing the impact of VSe1 on endogenous H2O2 levels, this should be confirmed by direct 

measurement of H2O2. This can be done using HyPer, a fluorescent probe that is transfected 

into cells and can be used to ratiometrically detect changes in intracellular H2O2
345. To 

further examine the effect of H2O2 in 786-0 cells, catalase can also be inhibited via CRISPR 

or RNAi, or overexpressed following plasmid transfection. We would expect that inhibition 

would recapitulate the results shown in Figure 41, and overexpression would require higher 

concentrations of H2O2 to enhance VSV51 titers. Based on our current knowledge, we 

would also predict that alterations in catalase expression would not affect the potency of 

VSe1. 

 

4.4 VSe1 and 28 induce cellular oxidative stress 

 The changes in HMOX-1 and OSGIN gene expression and increase in C-H2DCFDA 

fluorescence altogether strongly indicate that VSe1 and 28 increase cellular oxidative stress. 

The induction of HMOX-1 and OSGIN is maximal 8 hours post-infection, which is when 

inhibition of p65 and p50 was observed. It would be informative to examine both HMOX-1 

and OSGIN gene and protein expression, as well as NFB translocation at various timepoints 

within a 24 hour period to confirm if the kinetics of both phenomena is the same. 

 Both HMOX-1 and OSGIN are downstream targets of NRF2 signaling. It has been 

reported by one group that the activation of HMOX1 leads to the inhibition of p65 

translocation346. Thus we hypothesized that inhibiting NRF2 would abrogate the effect that 

VSe1 and 28 have on VSV51 titers. However, this was not the case. Another lab member 

also determined that knocking down NRF2 via siRNA did not alter VSV51 titers or the 
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enhancement of titers after DMF treatment347. This observation may be unique to 786-0 

cells, as another group has shown that silencing NRF2 in A549 cells, where it is 

constitutively active, did lead to decreased titers348. Although we observed a moderate, yet 

overall decrease in titers in 786-0 cells with the NRF2 inhibitor ML385, combinations with 

VSe1 or 28 still yielded titers that were comparable to VSe1 or 28 alone. To support this 

observation, it will be important to confirm if ML385 inhibits NRF2 transcriptional activity 

and HMOX-1 expression in 786-0 cells at the concentrations tested. These results do not 

necessarily rule out the involvement of HMOX-1 itself, as other stress-induced transcription 

factors such as heat shock factors and AP-1 bind to the HMOX-1 promoter349. Thus, the role 

of HMOX-1 should be definitively ruled out by gene silencing. 

 Increased oxidative stress has been associated with VSV infection. In Vero cells, wild-

type VSV (wtVSV) infection led to the accumulation of lipid peroxidation products and 

treatment with the antioxidant butylated hydroxyanisole protected against VSV infection350. 

Other groups have shown that treatment with wtVSV M protein increases ROS levels and 

up-regulates antioxidant enzymes in MKN28 human gastric cancer cells (although the ROS 

were not specifically identified)351 and that treatment of A549 cells expressing the 

oncogene CUG2 (cancer upregulated gene 2) with H2O2 enhanced wtVSV-induced 

apoptosis352. CUG2 has been associated with increased levels of STAT1 phosphorylation and 

confers resistance to wtVSV353,354.  Another group has shown that ROS may have an effect 

on the antiviral state induced by IFN-. HeLa cells transfected with CuZn-superoxide 

dismutase (CuZnSOD), the enzyme responsible for detoxifying O2
•- by converting it to 

H2O2
241, had a biphasic effect on IFN--mediated control of viral infection355. HeLa clones 
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with moderate levels of CuZnSOD activity were more resistant to effects of IFN-and 

susceptible to VSV,355 whereas clones with high CuZnSOD activity were more responsive to 

the effects of IFN- and were able to resist virus-induced cytoxicity355. The authors 

concluded that this implicated O2
•- in promoting the antiviral state induced by IFN-. 

However, increased CuZnSOD activity would theoretically lead to an accumulation of 

intracellular H2O2, which in our hands augments VSV51 titers. Thus, it would be edifying to 

investigate whether VSV51 increases specific types of ROS. While VSV infection in 293T 

cells expressing cyto-Grx1-roGFP2 did not induce a significant change in the GSSG/GSH ratio 

over a 24 hour period (Appendix Figure 3), this should be confirmed by measuring GSH and 

GSSG by HPLC/UV-Vis. Oxidative stress, H2O2 and O2
•- levels can be measured as well. 

 Altogether, we have demonstrated that VSe1 and its analogs impede the activity and 

function of GSTs and GSH, which are key mediators of cellular redox homeostasis, and this 

is associated with increased oxidative stress. Furthermore, VSe1 and 28 inhibit the 

translocation of the NFB subunits p65 and p50. However, we have not established a clear 

link or cause-and-effect relationship between these two phenomena and their impact on 

enhancement of VSV51 titers. 

 

4.5 Oxidative stress and NFB activity. 

 The effect of oxidative stress on NFB signaling is controversial356,357. There are 

numerous reports that reactive oxygen and nitrogen species (ROS/RNS) activate358–360 or 

inhibit361,362 NFB activity. The diversity of reported effects could be due to cell-type 

specific effects, intracellular location-specific effects, differences between the upstream 
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pathways that are investigated, and different stimuli used to activate these 

pathways356,357,363. Despite this, it has been well established that the oxidation and/or 

subsequent covalent modification of specific cysteine residues of subunits p65 and p50 

inhibit nuclear translocation and transcriptional activity235,238,240.  In fact, Cys38 in p65 

(located at its DNA-binding interface364) has been shown to be covalently modified by 

compounds containing , unsaturated carbonyls, such as DMF235,365. As demonstrated in 

Figure 34, DMF is an effective viral sensitizer and also decreases the nuclear translocation 

of p65 in a number of cell lines235,366–368, including 786-0 cells347. A similar mechanism could 

reasonably explain many of our observations, in particular the increased potency of VSe1 

and 28 in the absence of GSH, following BSO treatment. 

 Other proteins in the type I IFN pathway have also shown to have cysteines that are 

prone to electrophilic modification. For example, CBP/p300 has redox-sensitive cysteines 

and oxidative stress has been shown to increase complex formation between this co-

activator and transcription factors363,369. Additionally, one of the subunits of the type I IFN 

receptor, IFNAR1, is palmitoylated on Cys463 and this is required for downstream STAT1 

and STAT2 activation236. When this residue is mutated to alanine, palmitoylation does not 

occur and IFN- mediated activation of STAT1 and STAT2 is inhibited236. If an electrophile 

forms an adduct with Cys463, this would theoretically block palmitoylation and also inhibit 

STAT1 and STAT2 activation. JAK1 also contains a reactive cysteine (Cys1077) in its kinase 

domain and forms adducts with the compound bardoxolone methyl ester (CDDO-Me), 

resulting in inhibition of downstream pathways237.  Interestingly, CDDO-Me also inhibits 

NFB activation by inhibiting the activation of the IKK complex370 and we have found that it 
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sensitizes 786-0 cells to VSV51 infection (Appendix Figure 4).  In addition to blocking the 

translocation of NFB, VSe1 and analogs diminish the antiviral effects of exogenously 

administered IFN- (notwithstanding certain caveats, as discussed in section 4.2). If these 

compounds do covalently modify cysteines on the aforementioned proteins in the JAK-STAT 

pathway, it could offer an explanation for this observation.  

 Activity-based protein profiling (ABPP) would be the method of choice for assessing 

whether or not VSe1-based compounds covalently modify proteins. The method used to 

perform the affinity capture where GSTP1 was identified was not designed to detect 

covalent binding partners and was more likely to yield hits 35 kDa or smaller, due to the 

permeability of the Amino PEGA beads to which the small molecule probes (27 and 58) 

were attached. For ABPP, active and inactive VSe1 probes that are amenable to “click-

chemistry” reactions would be used (Appendix Figure 5). After in situ labeling of 

intracellular targets or incubating probes with cell lysate, a copper(I) catalysed reaction 

between the alkyne group on the probe and an azide-conjugated reagent, such as biotin-

azide, would be carried out, forming a triazole linker between the probe and biotin371. This 

would be followed by a pull-down of biotin-conjugated probe-protein complexes with 

streptavidin beads. At this point, eluted samples could be analysed by mass spectrometry 

or run on SDS-PAGE to compare proteins pulled down with the positive and negative 

probes. This technique can also be used with purified proteins of interest containing point 

mutations to confirm if a particular residue is covalently modified by our compounds. The 

relevance of hits that interact specifically with the positive probe can be verified with gene 

silencing/overexpression studies and x-ray crystallography of the protein-inhibitor complex. 
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4.6 In vivo mechanism of pyrrole analogs 

 Combination regimens of VSV51 and compounds 10 or 28 led to delays in tumour 

progression and increased survival, particularly in the immunocompromised HT29 model, 

where complete cures were observed. Efficacy in the immunocompetent CT26.WT and B16-

F10 models could be enhanced by incorporating these compounds into treatment 

strategies involving OVs that have proven to be effective. The ICV treatment strategy 

(described in section 1.2.5) has been used in the B16-F10 model, leading to delayed tumour 

progression and enhanced survival, although complete cures were not observed157,163. 

Given that the compounds are able to robustly boost viral replication in vitro, a potential 

application that could be explored is their use during preparation of the ICV when tumour 

cells are infected with VSV. 

 Curiously, despite the enhancement in efficacy conferred by combining 28 with 

VSV51 in the B16-F10 and HT29 models, no enhancement of viral replication was detected 

by IVIS (Appendix Figure 6). This does seem to contradict the fact that these compounds 

are able to enhance VSV51 replication in vitro and in the CT26.WT model. It is possible 

that if the mice were administered a lower dose of virus (i.e. 1x107 pfu instead of 1x108 

pfu), a more significant difference would have been observed. Another potential caveat 

relates to the fact that luminescence is rapidly lost upon death of cells given that the 

luciferase-luciferin reaction requires ATP. This means that dead cells do not contribute to 

the signal, which is relevant, given that we typically observe increased cytotoxicity in the 

combination treatment in our in vitro assays. Indeed, it is for this very reason that we used 

a secondary infection protocol to measure viral output by VEU in the luciferase reporter-
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based titration assay. It is unclear whether this effect is at play in HT29 and B16-F10 

models.  

Considering that VSV51 has the ability to induce a strong anti-tumour immune 

response (as described in section 1.2.5), it may be that the observed improvement in 

efficacy could be due to 28 enhancing the immune stimulating properties of VSV51. In 

particular, the improved efficacy observed in the HT29 model in athymic nude mice 

suggests that the compounds may be affecting processes that drive the innate immune 

response, as these mice are unable to produce T cells and fully functional B cells, and are 

thus unable to generate successful adaptive  immune responses372. The ensuing 

implications are that cells involved in the innate immune response, such as NK cells, are the 

primary mediators of the anti-tumour immune response in this context. An examination of 

tumour infiltrating leukocytes (TILs) in both models suggests that the combination of 28 

with VSV51 is associated with enhanced infiltration of activated NK cells, which could 

contribute to tumour eradication (Appendix Figure 6). This could also explain why 10 

administered intraperitoneally in combination with intra-tumoural VSV51 lead to delayed 

tumour progression (Figure 17) even though 10 was not detected in the tumour. Systemic 

administration of the compound may have an effect on NK cell activation. The impact on NK 

cell activation on efficacy with this treatment regimen can be further evaluated by 

depleting NK cells prior to treating mice to see if we lose the benefit of the combination 

treatment. Furthermore, increased NK cell activity should be confirmed with functional 

assays, such as NK cell killing assays.  
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Processes that would abrogate virus-induced anti-tumour activity, such as the 

production of antiviral neutralizing antibodies and increased infiltration of regulatory T 

cells, would be at play in the immunocompetent models, but not in the HT29 model. Thus, 

an examination of these factors in the CT26.WT and B16-F10 models could explain the 

observed differences in efficacy. 

 Given that our compounds inhibit the translocation of NFB and production IFN-, 

the increase in activated NK cells in these models may seem contradictory, since NK cells 

typically require type I IFN for activation373–376. However, the effects of the compounds on 

NFB activation and type I IFN signaling may be cell type specific376, which is why it is critical 

to examine these effects in the different types of immune cells and tumours grown in situ. 

Moreover, the inhibition of type I IFN production and signaling may be temporary. In fact, in 

786-0 cells treated with 28 and VSV51, TNF- and IFN- mRNA levels are initially reduced, 

but start to increase 24 hours post-infection (Figure 28, Appendix Figure 7). It is 

conceivable that the initial inhibition of NFB and type I IFN signaling provides the virus a 

head start to replicate and spread efficiently and then the cell overcompensates by up-

regulating components of these pathways. Examining in vivo NFB activation and type I IFN 

production over a period of several days could confirm this theory. The in vivo distribution 

of the compounds should also be assessed. We have demonstrated that after IT injection, 

the parent compound is detectable in serum, and thus could potentially accumulate in 

other organs and tissues. These experiments would complement the examination of the 

effects of VSe1 and its analogs on non-tumour tissue in an in vivo setting and could also 

allow us to predict possible off-target pharmacological and toxicological effects. 
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5. Concluding Remarks 

Oncolytic viruses are poised to make a significant impact in the clinic and revolutionize 

cancer therapy. The OV field is entering a critical phase where it is crucial to establish real-

world efficacy in order to obtain regulatory approval. The strategy of combining OV therapy 

and drug therapy is proving to be a valid approach of boosting OV efficacy in patients. The 

work presented here describes a new class of molecules that can be broadly utilized to 

enhance OV activity, and provides insight into the mechanism of action by which these 

electrophilic molecules inhibit innate antiviral signalling. Furthermore, this study 

underscores how such molecules can be tempered to maintain the safety profile of OVs 

such as VSV51, while improving oncolytic efficacy.  Thus far, our efforts have been 

focussed on elucidating the effects of these compounds on the type I IFN pathway. Future 

work should continue to identify the specific cellular and viral components involved, and 

establish a causal link between the actions of these compounds at a molecular level and 

their enhancement of the oncolytic effects of VSV51 in vivo. Ultimately, the knowledge 

gained from this study contributes to the growing repertoire of combination therapy 

strategies to enhance OV therapy and overcome heterogeneity in clinical responses. 
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Appendix A- Additional Figures 

 

 

Appendix Figure 1. Correlation between a subset of pyrrole VSe1 analogs and GSH 

reactivity. Pyrrole analogs with a hydroxyl group substituted at C5, that are active (PFE in 

VEU > 10-fold) at 200 M or lower were plotted against their GSH reactivity half-lives. 

Spearman correlation R2= 0.6742, p<0.0001. 
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Appendix Figure 2. Fold-change in expression of SLC7A11. 786-0 cells were pre-treated 

with media, vehicle (DMSO), or viral sensitizer. Twenty-four hours later, RNA was collected 

and triplicates were pooled and hybridized on Affymetrix Human PrimeView Array. Fold-

change in gene expression is shown relative to the uninfected, media control. 
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Appendix Figure 3. Ratiometric detection of GSSG/GSH after VSV51 infection. (A) 293T 

cells were transfected with cyto-Grx1-roGFP and then infected with VSV51-RFP and 

infection was monitored by fluorescence microscopy pictures 24 hours post-infection. (B-E) 

Transfected 293T cells were infected with VSV51-RFP or treated with H2O2 (300 M). 

Fluorescence readings were taken prior to treatment and post-treatment at the indicated 

times. 5 mM DTT was added to quench the signal.   
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Appendix Figure 4. Bardoxolone methyl ester sensitizes 786-0 cells to VSV51. 786-0 cells 

were pre-treated with bardoxolone methyl ester (4 M) for 4 hours prior to infection with 

VSV51 (MOI 0.01). Twenty-four hours later, supernatants were collected and virus titers 

were quantified by plaque assay. Statistical significance was calculated with an unpaired t 

test (****P < 0.0001). These results were generated by Mohammed Selman. 
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Appendix Figure 5. Structure and activity of 28-based probes for activity-based protein 

profiling experiments. (A) Active (54) and inactive (56) probes. (B) The viral-sensitizing 

effect of the active and inactive probes was assessed with a luciferase reporter-based viral 

titration assay in 786-0 cells. 
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Appendix Figure 6. Effect of 28 on VSV51-associated luminescence and on innate 

immune cell infiltration in HT29 and B16F10 models. (A-B) HT29 cells were subcutaneously 

engrafted into female CD1 nude mice and (C-D) B16F10 cells were subcutaneously 

engrafted into female C57/B6 mice. When tumors reached 5 mm x 5 mm in size, mice were 

given 25 μL of vehicle (DMSO) or 40 mg/kg of 28 by intratumoural injection. Four hours 

later, mice were treated with 1x108 plaque-forming units of VSV51-FLuc. Virus replication 

was monitored twenty-four hours later by measuring luminescence using an IVIS 

(representative images are shown, color scale bar represents photons) and tumor radiance 

was quantified. Statistical significance was determined with an unpaired t-test (ns = P > 

0.05). (E-F) Mice were treated as described above, with vehicle, PBS, 28 and VSV51-GFP. 

Forty hours after treatment tumours were excised, dissociated (Tumor Dissociation Kit and 

gentleMACSTM Dissociator, Miltenyi Biotec) and processed for analysis by flow cytometry. 

Each experiment was performed twice, producing similar results. Results from one 

experiment are shown. Samples were stained with Fixable Viability Stain 780 (#565388, BD 

Biosciences) and antibodies specific for mouse CD45 (#564225, BD Biosciences), CD3 

(#561388, BD Biosciences), CD122 (#12-1222-81, eBioscience), CD49b (#560628, BD 

Biosciences) and CD69 (#563290, BD Biosciences). After gating on live cells, samples were 

gated as follows: CD45+  CD3-  CD122+CD49b+  CD69+. For each tumour model, 

average values for each group were compared to each other with a one-way ANOVA and 

statistical significance was calculated with Holm-Sidak’s multiple comparisons test (for (E) * 

P = 0.0306; for (F) * P = 0.0233). 
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Appendix Figure 7. Expression of IFN- over time. 786-0 cells were treated with 28 (80 M) 

then infected with VSV51-GFP (MOI 1). RNA was extracted 8, 16 and 24 hours post-

infection and quantitative RT-PCR was used to measure relative levels of IFN- mRNA. 

Values were normalized to GAPDH and are relative to untreated control for each timepoint. 

Error bars represent standard error from biological triplicates and statistical significance 

was calculated using two-way ANOVA with Dunnett’s multiple comparisons test (*** P < 

0.001, ns = P > 0.05). Values were log-transformed before analyzing statistical significance. 

These results were generated by Nader El Sayes. 
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Appendix B- Dose response curves for compounds in Table 5 

Fold-changes in VEUs (black solid line) is to be read on the left y-axis. Relative metabolic 

activity (cytotoxicity) is to be read on the right y-axis. Grey solid lines represent compound 

alone and grey-hashed lines represent compound plus virus. Error bars represent standard 

error. 

 



216 
 

 

 

 

 



217 
 

 

  



218 
 

 

  



219 
 

 

  



220 
 

 

  



221 
 

 

  



222 
 

 

  



223 
 

 



224 
 

Appendix C- Licenses 

Creative Commons Attribution 3.0 License (CC BY). 

A copy of this license is presented below, and can also be found at 

https://creativecommons.org/licenses/by/3.0/legalcode. 
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Creative Commons Attribution 3.0 License (CRC 3.0, by,nc,nd). 

A copy of this license is presented below, and can also be found at 

https://creativecommons.org/licenses/by-nc-nd/3.0/legalcode 

 

  

https://creativecommons.org/licenses/by-nc-nd/3.0/legalcode
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 Creative Commons Attribution 4.0 International License 

 A copy of the license is presented below, and can also be found at 

https://creativecommons.org/licenses/by/4.0/legalcode. 

 

 

https://creativecommons.org/licenses/by/4.0/legalcode
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Appendix D: 

Dornan MH1, Krishnan R1, Macklin AM1, Selman M, El Sayes N, Son HH, Davis C, Chen A, Keillor K, Le 

PJ, Moi C, Ou P, Pardin C, Canez CR, Le Boeuf F, Bell JC, Smith JC, Diallo JS, Boddy CN. “First-in-class 

small molecule potentiators of cancer virotherapy.” Scientific Reports. 26;6:26786 (2016) doi: 

10.1038/srep26786. 

1
Equal contribution 

 

This article was published under a CCY BY license (Creative Commons Attribution 4.0 

International License). A copy of the license is available here: 

https://creativecommons.org/licenses/by/4.0/legalcode 

  



238 
 

 

  



239 
 

  



240 
 

  



241 
 

  



242 
 



243 
 

  



244 
 

  



245 
 

  



246 
 

  



247 
 

 

  



248 
 

  



249 
 

  



250 
 

   



251 
 

   



252 
 

   



253 
 

   



254 
 

   



255 
 

   



256 
 

   



257 
 

   



258 
 

  

  



259 
 

  

  



260 
 

  

  



261 
 

  

  



262 
 

Appendix E: 

Forbes NE, Krishnan R, Diallo JS. "Pharmacological modulation of anti-tumor immunity 
induced by oncolytic viruses." Frontiers in Oncology 4, 191 (2014) doi: 
10.3389/fonc.2014.00191. 
 
 
This article was published under a Creative Commons Attribution License (CC BY) which can 
be found in Appendix C and here: https://creativecommons.org/licenses/by/3.0/legalcode 
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Appendix F: 

Garcia V, Krishnan R, Davis C, Batenchuk C, Le Boeuf F, Abdelbary H, Diallo JS. "High-
Throughput Titration of Vesicular Stomatitis Virus Using a Luciferase Reporter Assay." 
Journal of Visualized Experiments. 91, e51890 (2014) doi:10.3791/51890. 
 
This article was published under a Creative Commons Attribution License (CRC 3.0, 
by,nc,nd) which can be found in Appendix C and here: 
https://creativecommons.org/licenses/by-nc-nd/3.0/legalcode 
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Appendix G:  

Arulanandam R, Batenchuk C, Varette O, Zakaria C, Garcia V, Forbes NE, Davis C, Krishnan 
R, Karmacharya R, Cox J, Sinha A, Babawy A, Waite K, Weinstein E, Falls T, Chen A, Hamill J, 
De Silva N, Conrad DP, Atkins H, Garson K, Ilkow C, Kaern M, Vanderhyden V, Sonenberg N, 
Alain T, Le Boeuf F, Bell JC, Diallo JS. “Microtubule disruption synergizes with oncolytic 
virotherapy by inhibiting interferon translation and potentiating bystander killing.” Nature 
Communications. 6:6410 (2015) doi: 10.1038/ncomms7410. 
 
This article was published under a CCY BY license (Creative Commons Attribution 4.0 
International License). A copy of the license is available in Appendix C and here: 
https://creativecommons.org/licenses/by/4.0/legalcode 

 
  



285 
 

  

  



286 
 

  



287 
 

   



288 
 

  



289 
 

  



290 
 

   



291 
 

   



292 
 

   



293 
 

   



294 
 

   



295 
 

   



296 
 

 



297 
 

   



298 
 

   



299 
 

Appendix H: Additional publications 

1. Selman M, Rousso C, Bergeron A, Son HH, Krishnan R, El Sayes NA, Varette O, Chen A, 

Tzelepis F, Bell, JC, Crans D, Diallo JS. “Multi-modal potentiation of oncolytic 

virotherapy by vanadium compounds.” Molecular Therapy. 26(1):56-69 (2018). doi: 
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