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Abstract  

 

Oncolytic viruses (OV) are an emerging class of anticancer bio-therapeutics that induce 

antitumor immunity through selective replication in cancer cells.  However, the efficacy 

of OVs as single agents remains limited. We postulate that resistance to oncolytic 

virotherapy results in part from the failure of tumor cells to be sufficiently infected. In 

this study, we provide evidence that in the context of sarcoma, a highly heterogeneous 

malignancy, the infection of tumors by different oncolytic viruses varies greatly. 

Similarly, for a given oncolytic virus, productive infection of tumors across patient 

samples varies by many orders of magnitude. To overcome this issue, we hypothesize 

that the infection of resistant tumors can be achieved through the use of selected small 

molecules. Here, we have identified two novel drug classes with the ability to improve 

the efficacy of OV therapy: fumaric and maleic acid esters (FMAEs) and vanadium 

compounds. FMAEs are enhancing infection of cancer cells by several oncolytic viruses 

in cancer cell lines and human tumor biopsies. The ability of FMAEs to enhance viral 

spread is due to their ability to inhibit type I IFN production and response, which is 

associated with their ability to block nuclear translocation of transcription factor NF-κB. 

Vanadium-based phosphatase inhibitors enhance OV infection of RNA viruses in vitro 

and ex vivo, in resistant cancer cell lines. Mechanistically, this involves subverting the 

antiviral type I IFN response towards a death-inducing and proinflammatory type II IFN 

response, leading to improved OV spread, increased bystander killing of cancer cells, and 

enhanced anti-tumor immune-stimulation. Both FMAEs and vanadium compounds 

improve therapeutic outcomes of OV treatment in syngeneic tumor models, leading to 

durable responses, even in models otherwise refractory to OV and drug alone. Overall, 

we showcased novel avenues for the development of improved immunotherapy 

strategies. 
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Chapter 1 - General Introduction 

Cancer  

Cancer is not simply defined as the abnormal growth of cells, but is in fact an 

intricate and dynamic disease driven by mutation, epigenetic reprogramming, and 

crosstalk with its microenvironment. The development of cancer is shepherded by well 

described hallmarks of cancer biology such as sustained proliferative signaling, evasion 

of growth suppressors, resistance to cell death and reprogramming of energy metabolism 

(1). These factors result in, for instance, replicative immortality, induction of 

angiogenesis, and the ability to evade immune detection (1). Today, multiple strategies 

are used for the treatment of cancer, from standard surgery to cytotoxic treatment such as 

radiation and chemotherapy. In addition, there has been a rise in the field of 

immunotherapy which promotes the body's immune system to specifically target the 

cancer such as checkpoint inhibitors targeting immunosuppressive signalling pathways 

on T-cells or cancer cells (2). Despite tremendous advancement in cancer treatment 

technologies, cancer is still the leading cause of death in Canada; with an average of 565 

Canadians diagnosed with cancer every day of which 221 Canadians succumb to it. 

According to estimates, 1 out of 4 Canadians is expected to die from cancer (3, 4) . 

Oncolytic virotherapy 

 

Oncolytic virotherapy has emerged as a viable alternative to conventional cancer 

therapies, such as radiation and chemotherapy that often lack in efficacy and cause severe 

https://paperpile.com/c/WivW1d/lbZMD
https://paperpile.com/c/WivW1d/lbZMD
https://paperpile.com/c/WivW1d/1Os3m
https://paperpile.com/c/WivW1d/v3Aiu+TcJUe
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side effects. Oncolytic virotherapy refers to treatments using replicating viruses that 

preferentially infect and kill cancer cells without harming normal cells.  

Some early clinical observations of cancer patients with tumor regression or 

remission were associated with patients’ viral infections, for instance, influenza infection 

was linked to the remission of leukemia as documented in 1904 (5, 6). This was followed 

by a report in 1922 where vaccinia virus was shown to inhibit the growth of several 

mouse and rat tumors (7). This led to the first patient trials using natural viruses to treat 

cancer in the 1950s, which showed some anti-tumor effect but unacceptable toxicities (5). 

Since the advent of molecular engineering, a broad spectrum of DNA and RNA viruses 

have been selected or engineered to improve viral oncolysis and have been tested 

clinically for their anticancer properties, including adenovirus, measles virus, parvovirus, 

reovirus, vesicular stomatitis virus, seneca valley virus, and coxsackievirus (8). Despite 

the diversity of the viruses tested, only two OVs have been approved for clinical use. 

First, in 2005, Oncorine, a type-5 adenovirus with a partial deletion in the E1B gene was 

approved in China for the treatment of head and neck cancer (9). In 2015, the U.S. Food 

and Drug Administration (FDA) approved the first OV in North America for the 

treatment of melanoma, talimogene laherparepvec (T-Vec) an engineered herpes simplex 

virus (10). 

 

Mechanism of action of oncolytic viruses 

 

https://paperpile.com/c/WivW1d/eKPay+eKFi0
https://paperpile.com/c/WivW1d/8rD1E
https://paperpile.com/c/WivW1d/eKPay
https://paperpile.com/c/WivW1d/jTY8
https://paperpile.com/c/WivW1d/Mty4D
https://paperpile.com/c/WivW1d/qRSwT
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The mechanisms of action of OV therapy are multi-modal and targets several 

pathways. These can be mediated by the virus’ natural ability or through transgene 

expression. Altogether, this results in a combination of direct lysis of tumor cells, anti-

angiogenic effects, and the induction of an antitumor immune response (11). Lysis of 

cancer cells occurs following selective viral replication in the tumor. The spread of viral 

infection within malignant tissue results in the continuous amplification of the parental 

virus, until it is stopped by an antiviral immune response or a lack of susceptible cancer 

cells. Oncolytic viruses can be classified into two groups - viruses with a natural tropism 

for cancer cells or viruses that are genetically modified to selectively replicate in cancer 

cells (8). For example, the removal of the viral thymidine kinase (TK) from the herpes or 

vaccinia viruses attenuates those viruses in normal tissues due to a paucity of endogenous 

nucleotides available for efficient viral replication. In contrast, tumors functionally 

complement this gene deletion in support of their own replicative needs and thus support 

viral replication (12, 13). Viral proteins that support the attachment of the virus to host 

cells can also be modified to target the virus to specific receptors overexpressed in 

malignant tumors (14, 15). Furthermore, replacing endogenous viral promoters with 

tissue-specific promoters for viral genes that are crucial for successful replication can 

improve selectivity of OVs (16, 17).  

Owing to multiple factors, including low expression of major histocompatibility 

complex (MHC) antigens as well as cytokine secretion profiles that antagonize local 

immune responses, tumors and their microenvironments are inherently 

immunosuppressive (18). Infection of tumor cells by OVs induces release of several 

antiviral and pro-inflammatory cytokines, leading to a localized inflammatory response 

https://paperpile.com/c/WivW1d/qs0z
https://paperpile.com/c/WivW1d/jTY8
https://paperpile.com/c/WivW1d/FM6D9+m3g6h
https://paperpile.com/c/WivW1d/iLvbL+wBsc9
https://paperpile.com/c/WivW1d/dUnD5+oIvWx
https://paperpile.com/c/WivW1d/8wP7
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(8, 11). This is followed by an infiltration of various innate and adaptive immune cells 

into the tumor in addition to the activation of resident lymphocytes. MHC I proteins, 

recognized by the cytotoxic T lymphocytes (CTLs) infiltrated within the tumor, display 

the viral- and cancer-associated antigens on the cell surface, resulting in a systemic 

antitumor (and antiviral) immune response (11, 19). The generation of systemic adaptive 

antitumor immunity is thought to be critical and result in long-term protection against 

tumor recurrence (20, 21). 

Oncolytic virus platforms 

 

Most of the oncolytic viruses currently in development exhibit a relatively broad 

spectrum of antitumor activity in vitro, typically against both epithelial and hematological 

malignancies(8). Naturally occurring viruses have different entry routes, life cycles, 

structures, and tropisms manifesting in distinctive clinical symptoms. Therefore, OVs 

derived from these viruses can also be expected to be more efficient against specific 

malignancies. OVs can also be engineered to target specific cell-surface receptors or 

nuclear transcription factors to target specific malignancies (8). Evaluating and 

comparing the potency of various OV platforms is therefore a reasonable first step toward 

identifying the best candidate for clinical translation of OVs for the treatment of specific 

malignancies. For example, in human pancreatic ductal adenocarcinomas (PDA), 

oncolytic activity of VSV, adenoviruses, sendai virus, and respiratory syncytial virus 

were compared. In vitro, oncolytic VSV showed greater oncolytic activity compared to 

the other viruses, with the conclusion being that VSV may be a promising oncolytic agent 

against PDA (22), but further clinical evaluation is still to come. 

https://paperpile.com/c/WivW1d/jTY8+qs0z
https://paperpile.com/c/WivW1d/T4aX+qs0z
https://paperpile.com/c/WivW1d/bsi0+bdEg
https://paperpile.com/c/WivW1d/jTY8
https://paperpile.com/c/WivW1d/jTY8
https://paperpile.com/c/WivW1d/SjkgE
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Oncolytic herpesvirus  

Herpesviruses are dsDNA viruses with a broad spectrum of hosts. Their genomes 

range in size from about 125 to 240 kbp, and encode approximately 70 to 165 genes (23). 

Herpesviruses infection is pervasive among humans, in particular infection with herpes 

simplex virus 1 and 2 (HSV-1 and HSV-2), varicella zoster virus, Epstein–Barr virus, or 

the cytomegalovirus (24). HSV infection can undergo lytic or latent presentation. During 

lytic infection, HSV-1 genes are expressed that regulate viral DNA synthesis and create 

an environment favorable for protein synthesis, contribute to encapsulation of viral DNA, 

and promote viral envelopment (25). Globally, an estimated two-thirds of the population 

under 50 is infected with HSV-1, however the majority of people with HSV-1 infection 

are unaware they are infected (26). Interestingly, recent progress has been made 

exploiting the unique features of herpes viruses as an oncolytic virus platform. 

Particularly, HSV-1 has several advantage over other OVs, including its broad spectrum 

of infectivity of cancer cells; how it can be genetically manipulated to express multiple 

transgenes; numerous antiviral drugs (such as acyclovir) provide a safety mechanism 

against unfavorable replication of the virus; and HSV-1 does not integrate with the host 

genome even during latency (25, 27). 

T-Vec (Talimogene laherparepvec) is a genetically engineered herpes virus with 

deletions in the γ34.5 and α47 genes leading to cancer-specific replication and attenuation 

of its pathogenicity. To further promote the antitumor response, the human granulocyte-

macrophage colony-stimulating factor (GM-CSF) gene was inserted in the oncolytic 

herpesvirus (28). Based on the results of a recent phase III clinical trial with patients 

featuring metastatic melanoma lesions in the skin and lymph nodes, the U.S. FDA 

https://paperpile.com/c/WivW1d/4xJGm
https://paperpile.com/c/WivW1d/OmAg3
https://paperpile.com/c/WivW1d/DGzLj
https://paperpile.com/c/WivW1d/7w5KU
https://paperpile.com/c/WivW1d/DGzLj+NJxVd
https://paperpile.com/c/WivW1d/6QHPg
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approved T-Vec for the treatment of metastatic melanoma. The phase III clinical trial 

indicated that median overall survival and durable response rate was significantly higher 

in the T-Vec arm compared with the GM-CSF arm. The most common adverse events 

with T-Vec were fatigue, chills, and pyrexia, and, furthermore, no fatal treatment-related 

adverse events were documented (29). Based on the observation that intratumoral 

injection of T-Vec induced systemic antitumor immunity, a phase 1b clinical trial testing 

the impact of T-Vec on cytotoxic T-cell infiltration and therapeutic efficacy of the anti-

PD-1 antibody pembrolizumab was carried out. The data suggested that T-Vec can 

improve the efficacy of checkpoint inhibitor (anti-PD-1) therapy by changing the tumor 

microenvironment (30). 

Oncolytic poxviruses 

 

Poxviruses are dsDNA viruses with a large linear genome encoding 150 to 300 

genes. Its life cycle takes place within the cytoplasm of the infected cell (31). Poxviruses 

are known to have a wide host range, with the Entomopoxvirinae subfamily infecting 

insects and the Chordopoxvirinae subfamily infecting vertebrates. Poxvirus infections 

commonly lead to the formation of lesions, skin nodules, or disseminated rash, however 

poxviruses vary in virulence. The variola virus, the causative agent of smallpox, is 

human-specific and highly virulent only to humans, while closely related cowpox viruses 

naturally infect a broad range of animals and only cause relatively mild disease in 

humans (32).   

https://paperpile.com/c/WivW1d/XPSFv
https://paperpile.com/c/WivW1d/ihYe
https://paperpile.com/c/WivW1d/OZENS
https://paperpile.com/c/WivW1d/AaaeC
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The Vaccinia virus, raccoon poxvirus, yaba-like disease virus, and the myxoma 

virus have been investigated for their oncolytic potential as these viruses undergo 

productive lytic replication in most human cancer cells. Oncolytic poxviruses are 

attractive platforms for cancer therapy because of the following characteristics: safety in 

humans, ease of production, stability of virus (can be stored as dry powder for prolonged 

periods of time without significant loss of infectivity), and easy genetic manipulation for 

the expression of various anticancer transgenes as well as the replication cycle in the 

cytoplasm eliminating any risk of integration (25, 33). 

JX-594 (pexastimogene devacirepvec, Pexa-Vec) is one of several vaccina strain 

tested in clinical trials (34). To render viral replication selective to cancer cells, it was 

genetically engineered to contain a mutation in the TK gene through insertion of the 

human GM-CSF gene, which upon expression in infected cancer cells promotes the 

antitumor immune response (35, 36). Phase I and II clinical trials reaffirmed the safety 

profile of the treatment. However, in a phase IIb clinical trial comprised of patients with 

advanced stage hepatocellular carcinoma, JX-594 did not improve overall survival (33, 

37, 38). Nevertheless, JX-594 in combination with various chemotherapy agents or 

checkpoint inhibitors is currently under clinical evaluation (NCT01636284, 

NCT02562755, NCT02977156, NCT03071094). 

 

Oncolytic reovirus 

 

https://paperpile.com/c/WivW1d/DGzLj+T6TPc
https://paperpile.com/c/WivW1d/gs4ix
https://paperpile.com/c/WivW1d/C0KSD+cPtX1
https://paperpile.com/c/WivW1d/T6TPc+yAysx+J5WP6
https://paperpile.com/c/WivW1d/T6TPc+yAysx+J5WP6
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Reoviruses are non-enveloped, dsRNA viruses with a genome composed of 10 to 

12 segments encoding 10 to 14 genes. Human infection with reoviruses commonly occurs 

causing mild infections limited to the gastrointestinal or respiratory tract (31). Reoviruses 

are known to replicate preferentially in cells with the activated Ras pathway, which 

modulates cell growth, differentiation, and survival (39). This results in their inherent 

ability to selectively replicate in cancer cells given that approximately 30% of human 

tumors have an activating mutation of the Ras pathway (39, 40). The dsRNA-activated 

protein kinase (PKR) binds to dsRNA and activates downstream signals halting protein 

synthesis and viral replication. PKR is inactivated in Ras-transformed cells, promoting 

viral infection of dsRNA viruses, such as reoviruses (41). In contrast to other OV 

platforms, introducing mutation or introducing transgenes in reoviruses is not easily 

accomplished (25).  

Numerous clinical trials have been carried out using reovirus. In a phase I trial in 

patients with advanced solid tumors, common treatment-related adverse events included 

nausea, vomiting and fevers, and transient flu-like symptoms (42). However, reovirus did 

not cause any dose-limiting toxicity (with doses up to 10E10 PFU per injection). In one 

phase II trial evaluating single-agent reovirus in metastatic melanomas, there was a 

failure to meet previously defined efficacy criteria. Recently, a number of Phase II 

clinical trial evaluating reovirus combinations with chemotherapy agents also failed to 

meet previously defined efficacy criteria. Phase II and III clinical trials are presently 

underway testing reovirus combinations with various checkpoint inhibitors (43). 

 

https://paperpile.com/c/WivW1d/OZENS
https://paperpile.com/c/WivW1d/XpHzC
https://paperpile.com/c/WivW1d/NTT2Z+XpHzC
https://paperpile.com/c/WivW1d/sqxTd
https://paperpile.com/c/WivW1d/DGzLj
https://paperpile.com/c/WivW1d/yq1VD
https://paperpile.com/c/WivW1d/MCSTV
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Oncolytic rhabdoviruses  

 

Rhabdoviruses are negative ssRNA viruses with a broad host range, including 

plants, insects, fish, mammals, and reptiles. The vesicular stomatitis virus (VSV), a 

member of the Vesiculovirus genus, is an arthropod-borne virus that primarily affects 

rodents, cattle, swine, and horses, and causes a relatively localized and non-fatal illness. 

Human infection is rare and usually asymptomatic. The VSV genome is constituted of 5 

genes encoded by a negative sense, ssRNA genome, found in all rhabdoviruses in the 

order of 3′-N-P-M-G-L-5′ (31, 44). 

Viral RNA forms a helical nucleocapsid complex with the nucleoprotein (N). The 

nucleocapsid also encompasses the phosphoprotein (P), some of which is bound to the 

viral RNA-dependent RNA polymerase, the large (L) protein. The nucleocapsid complex 

and the viral polymerase complex (P and L proteins) form the ribonucleoprotein. The 

ribonucleoprotein is enveloped in a lipid bilayer, acquired from the host cell membrane 

during the budding process. The matrix protein (M) and the glycoprotein (G) are 

membrane-associated proteins. The M protein associates with the nucleocapsid and the 

lipid bilayer, maintaining the compact structure of the virion. The G protein is an integral 

membrane protein, which controls viral entry, mediated both by cell attachment via the 

LDL receptor and membrane fusion (31, 45, 46). 

VSV is highly sensitive to the effects of the antiviral cytokines known as type I 

interferons (IFN); however, the wild-type virus is quite capable of shutting off IFN 

https://paperpile.com/c/WivW1d/OZENS+9Rmta
https://paperpile.com/c/WivW1d/QKj9c+hrrE2+OZENS
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production through the actions of its M protein, which blocks host mRNA export from 

the nucleus (47). In order to make VSV sensitive to an IFN-mediated antiviral response, a 

variant was engineered with a complete deletion of methionine at amino acid position 51 

(Δ51). While normal cells have robust antiviral mechanisms, most cancer cells have 

mutations that lead to a defective IFN-mediated antiviral response, resulting in cancer-

specific replication of VSVΔ51 (48, 49). 

Maraba virus, a member of the Vesiculovirus genus, was identified from in vitro 

screening of a panel of rhabdoviruses on cancer cells as the most potent rhabdovirus 

strain (50). To increase specificity towards cancer cells, mutations of the G (Q242R) and 

M (L123W) proteins were introduced to the Maraba virus to further attenuate it in normal 

cells. This engineered virus, designated as MG1, had a 100-fold greater maximum 

tolerable dose than wild-type Maraba in a murine model, and resulted in durable cures 

when administered in syngeneic and xenograft murine tumor models (50).  

Beyond its oncolytic activity, the MG1 virus can effectively reduce metastatic 

disease following cancer surgery by boosting natural killer (NK) cell activity (51). MG1 

and VSV can also be engineered to encode tumor-associated antigen and be utilized as a 

boosting vector in a heterologous prime-boost vaccination regimen (52–55). This 

rhabdovirus-based oncolytic vaccination regimen generates an efficient antigen-specific 

T-cell immune response, extending median survival and leading to complete remission in 

murine melanoma tumor models (52). The prime-boost vaccination regimen is under 

clinical evaluation with favorable safety profiles reported thus far (NCT02285816). 

Furthermore, oncolytic VSV expressing IFNβ is under clinical evaluation for the 

https://paperpile.com/c/WivW1d/avl1F
https://paperpile.com/c/WivW1d/jZSrI+P6qlU
https://paperpile.com/c/WivW1d/qAu23
https://paperpile.com/c/WivW1d/qAu23
https://paperpile.com/c/WivW1d/qWCU2
https://paperpile.com/c/WivW1d/UCA84+xCZJv+LbHCJ+FzaGw
https://paperpile.com/c/WivW1d/UCA84
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treatment of various solid tumors, multiple myeloma and acute myeloid leukemia 

(NCT02923466, NCT03017820). 

 

Type I and type II interferon pathways  

 

IFNs are cytokines that can block viral infection, inhibit cell proliferation, and 

modulate innate and adaptive immune responses. The IFN family includes three main 

classes of cytokines: type I IFN (IFNα, IFNβ, and IFNω), type II IFN (IFNγ), and type III 

IFN (IFNλ1, IFNλ2, and IFNλ3). IFNβ is produced by most cell types, while IFNα is 

primarily generated by haematopoietic cells. IFNγ is predominantly produced by NK and 

NK T-cells for the modulation of the innate immune response, and by cytotoxic T-cells 

once antigen-specific immunity is initiated (56–58). 

Type I IFNs bind a common cell-surface receptor composed of two subunits of 

IFNα receptor 1 and 2 (IFNAR1, IFNAR2) while IFNγ binds a distinct cell-surface 

receptor also composed of two subunits, namely IFNγ receptor 1 and 2 (IFNGR1, 

IFNGR2). These receptors interact with members of the janus-activated kinase (JAK) 

family: tyrosine kinase 2 (TYK2) and JAK1 for the IFNAR, and JAK1 and JAK2 for the 

IFNGR. Activation of the receptors by IFN binding is followed by its 

autophosphorylation and activation of the associated JAK, leading to differential 

activation of STAT1 and STAT2 (signal transducer and activator of transcription) 

transcription factors by tyrosine phosphorylation.  Phosphorylation of STATs leads to 

their dimerization and nuclear translocation to activate transcription of IFN-stimulated 

https://paperpile.com/c/WivW1d/8e8r0+NmCod+pZRWB
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genes (ISGs). Some of these genes are regulated by both type I and type II IFNs, whereas 

others are selectively regulated by one or the other. Type I IFNs induce the formation of 

the ISG factor 3 (ISGF3) complex composed of a STAT1-STAT2 dimer and IRF9 that 

binds specific elements known as IFN-stimulated response elements (ISREs); while type 

II IFN primarily leads to the formation of STAT1-STAT1 dimers that bind IFNγ-

activated-sequence (GAS) elements (56).  

Type I IFN leads to the induction of hundreds of ISGs, many of which exert 

antiviral functions by directly targeting pathways and functions required during the virus 

life cycle (59). For example, oligoadenylate synthetase (OAS) and latent 

endoribonuclease (RNaseL) results in the detection and subsequent degradation of viral 

RNAs. Upon binding to dsRNA, protein kinase R (PKR) limits viral translation by 

phosphorylating the initiation factor eIF-2. PKR is an important component of IFN-

induced resistance to VSV (60, 61). Mx proteins (such as MXA) are dynamin-like 

GTPases and are effective against a broad range of RNA viruses, including VSV (62). 

MXA was shown to specifically inhibit VSV mRNA synthesis by affecting elongation of 

the viral RNA chain.  Interferon inducible transmembrane (IFITM) proteins inhibit early 

steps in the life cycles of various viruses, by blocking entry or viral particle trafficking, 

overexpression of IFITM1 inhibits replication of VSV (60).  

Upon viral infection, production of type I IFN arises in response to the stimulation 

of pattern recognition receptors (PRRs); such as RNA helicases like retinoic acid-

inducible gene I (RIG-I) that binds to cytosolic viral RNA; or by the activation various 

Toll-like receptors (TLRs) which can recognizes dsRNA (TLR3), ssRNA(TLR7/8), 

unmethylated CpG DNA (TLR9). This converges with the activation of IFN-regulatory 

https://paperpile.com/c/WivW1d/8e8r0
https://paperpile.com/c/WivW1d/537AJ
https://paperpile.com/c/WivW1d/J3vXD+1BGxk
https://paperpile.com/c/WivW1d/rC3aP
https://paperpile.com/c/WivW1d/J3vXD
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factor (IRF) family of transcription factors that induce the transcription of genes encoding 

type-I IFNs. PRR stimulation leads to activation of TANK-binding kinase 1 (TBK1) that 

is responsible for the phosphorylation of IRF3 and IRF7 on specific serine residues, 

resulting in their homodimerization or heterodimerization. These dimers then translocate 

to the nucleus and activate the transcription of type-I IFN genes (63).  

 

The NF-κB pathway 

 

In addition to IFR3 and IRF7, the transcription of type-I IFNs also requires the 

coordinated binding of nuclear factor-κB (NF-κB) transcription factor (64). The resulting 

complex is more stable and effective at bringing about transcription of IFNβ than the 

individual components bound independently to the IFN promoter (65). Recent studies 

have indicated that NF-κB is mostly required during the early phase after virus infection, 

which substantially impacts the host response to viral infection (66). Beyond IFN 

production, NF-κB plays an important role in regulating the response to pathogens, 

promoting inflammation and the regulation of cell proliferation and survival (67). Active 

NF-κB transcription factors form dimeric combinations of Rel proteins, p50, p52, RelA 

(p65), RelB, and c-Rel.  Both p50 and p52 are derived from large precursors, p105 and 

p100. With most cell types, the predominant form of NF-κB is the p50:p65 heterodimer. 

In unstimulated cells, NF-κB dimers are retained in the cytoplasm in an inactive state by 

the binding of a family of inhibitors of IκB kinase (IKK) including IκBα, IκBβ, and IκBε. 

https://paperpile.com/c/WivW1d/jXyTd
https://paperpile.com/c/WivW1d/nrKeK
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https://paperpile.com/c/WivW1d/2WeTF
https://paperpile.com/c/WivW1d/jEEsO


14 

 

The interaction with IκBs masks the nuclear localization sequence in the NF-κB complex, 

sequestering the factor within the cytoplasmic compartment (68). 

Viruses, lipopolysaccharides, cytokines, mitogens, growth factors, and stress-

inducing agents promote NF-κB translocation to the nucleus and DNA binding. Upon 

stimulus, degradation of IκB proteins is initiated through phosphorylation by the IKK 

complex, which consists of two catalytically active kinases, IKKα and IKKβ, and the 

regulatory subunit, IKKγ (NEMO). Phosphorylated IκB is targeted for ubiquitination and 

proteasomal degradation, which consequently releases the bound NF-κB dimer, resulting 

in its translocation to the nucleus (69).  

In fact, many viruses have evolved distinct strategies to control the activity of NF-

κB transcription factors (67). Furthermore, pharmacological inhibition of NF-κB activity 

is able to facilitate viral infection (70). 

 

Defects in type I IFN signaling in cancer  

 

IFN also plays an important role in immunosurveillance for malignant cells (71). 

Loss of type I IFN signaling from cancer cells, stromal cells, or immune cells promotes 

an immunosuppressive environment, resulting in tumor development (71). For instance, 

patients with breast cancer, melanoma, or gastrointestinal cancer were shown to have 

reduced type I IFN signaling in T-cells and B-cells, leading to downstream functional 

defects in T-cell activation (72). Loss of type I IFN signaling has also been found to lead 

to metastatic dissemination. IRF7-driven type-I IFN responses produced by primary 

https://paperpile.com/c/WivW1d/3bt7v
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https://paperpile.com/c/WivW1d/jEEsO
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mammary tumors was lost in bone metastatic cells. Restoration of IRF7 signaling and 

type I IFN production in highly metastatic murine tumor cells suppressed their ability to 

form metastases in bone. Similar patterns were found in patients, where elevated 

expression of IRF7-regulated genes in primary tumors was found to be associated with 

prolonged bone metastasis–free survival (73).  

Cancer cells are known to have defective antiviral immune responses, resulting in 

robust infection by OVs (74). For instance, defects in type- I IFN production and 

responses are thought to be chief in cancer cells (48, 75).  Downregulation of the IFNAR 

was associated with resistance to IFN therapy in bladder cancer; however its suppression 

was demonstrated to facilitate VSV replication and oncolysis in bladder cancers (76). The 

response to type I IFN is unfavorable to tumor formation, inducing an antiproliferative, 

antiangiogenic, antiviral, and proapoptotic environment (71, 77, 78).    

 

However, a subset of tumors retains the capacity to mount strong antiviral 

defenses, rendering OV therapy ineffective. Resistance to oncolytic VSV in pancreatic 

ductal adenocarcinoma and mesothelioma was associated with the ability of cell lines to 

produce and respond to type I IFN (79, 80). Likewise, tumor responses to type I IFN 

secreted by tumor-associated lymphocytes is sufficient to maintain a functional antiviral 

defense, causing resistance to OV infection (81). In sarcoma cell lines, resistance to 

oncolytic measles was associated with high basal expression of IFN-stimulated genes, 

such as RIG-1 and IFIT1 (82). Similarly, expression levels of the IFN-stimulated gene 

MxA correlates with acquired and innate resistance to oncolytic adenovirus (83, 84). 

 

https://paperpile.com/c/WivW1d/nO3zV
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Resistance to OV 

 

Resistance to cancer therapeutics is a major barrier to the efficient treatment of 

cancer patients. Treatment-resistant cancer cells can exist prior to treatment or evolve as a 

result of cancer therapy. Resistance to conventional cancer therapy, such as 

chemotherapy or radiotherapy, occurs through various mechanisms, including genetic 

and epigenetic changes in the cancer cell or the tumor microenvironment (85). 

 

In the context of OV, pre-clinical and clinical trials have showcased the 

heterogeneity in therapeutic responses to OV treatment (81, 84, 86–89). Numerous 

studies have described the diverse mechanisms underlying resistance to OVs, where poor 

infection of tumors is an important obstacle to the resistance in OV therapy. Barriers to 

viral infection can be present constitutively, halting infection before it occurs whereas 

others are triggered by OVs infection (89).  

 

Solid tumors consist of a complex microenvironment composed of normal cells 

(including fibroblasts, tumor vasculature, macrophages, and various forms of immune 

cells) and structural components (such as the ECM). The components constituting the 

tumor microenvironment can be important physical barriers that prevent the efficient 

infection of a tumor. 

 

https://paperpile.com/c/WivW1d/b8uX
https://paperpile.com/c/WivW1d/ZQizc+N8clK+p0B6n+2uXrs+Y0Lt0+L1pj
https://paperpile.com/c/WivW1d/L1pj
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The ECM can block the cell-to-cell spread of viruses, which has been observed in 

numerous OV platforms, including oncolytic adenovirus (90), herpesvirus (91), and the 

Semliki Forest virus (89). To circumvent this physical barrier, tumor injection with ECM-

degrading enzymes, such as trypsin, collagenase, or dispase, can enhance OV infection 

(92). Studies have also shown that encoding the ECM protease, matrix metalloprotease 9 

(MMP9) within the oncolytic vaccinia or herpes virus improves viral spread within the 

tumor (93, 94).  

 

The presence and recruitment of certain immune cells is an important factor in the 

resistance to OV therapy. For instance, the presence of tumor-associated myeloid-derived 

suppressor cells (MDSC) was identified as a key mediator of resistance to oncolytic 

vaccinia virus (95). Oncolytic herpesvirus was shown to trigger the recruitment of 

CD163+ phagocytic cells, thereby limiting viral infection (96). Depletion of CD163
+
 

macrophages resulted in increased infection within a glioblastoma tumor model (96). 

Furthermore, tumor-associated macrophages were demonstrated to induce a protective 

antiviral state in ovarian and breast tumors, leading to resistance to oncolytic VSV (81).   

 

 

Breaking resistance to OV: Viral sensitizers  

 

The identification of pharmacological agents that can functionally enhance OVs 

to improve therapeutic benefit has been an area of intense investigation and has been 

recognized as critical to maximize the therapeutic impact of OVs in the clinic. In 

https://paperpile.com/c/WivW1d/fnXf8
https://paperpile.com/c/WivW1d/YjU6O
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https://paperpile.com/c/WivW1d/wpJxE
https://paperpile.com/c/WivW1d/Uhx3y+3kcbz
https://paperpile.com/c/WivW1d/iPgcn
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https://paperpile.com/c/WivW1d/uqfpr
https://paperpile.com/c/WivW1d/2uXrs
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particular, multiple groups have identified pharmacological compounds that facilitate 

viral infection in cells (97). The word Viral Sensitizer (VSe) has been previously coined 

to describe this group of agents (98). Several VSes have been shown to improve OV 

activity by facilitating viral infection of cancer cells but not in normal cells (97, 99, 100). 

 

As previously discussed, dysfunctional IFN pathways are common in cancer cells, 

however a subset of malignancies retain functional IFN pathways, leading to resistance to 

OV infection. Hence, while the specific targets of many of these VSe drugs are unknown, 

studies have shown that they effectively disable cellular antiviral defenses via different 

mechanisms, often targeting type I IFN production or signaling (97).    

 

Many enzymes that are involved in epigenetic modulation are responsible for the 

regulation of both cellular and viral genes at the transcriptional level, in particular histone 

deacetylases (HDACs) that condense the chromatin structure by deacetylating histones 

(101). Notably, HDACs were shown to be required for the induction of several ISGs 

(102). Various HDAC inhibitors, including valproic acid, trichostatin A, suberoylanilide 

hydroxamic acid (SAHA), and MS-275 have been suggested to suppress type I IFN 

signaling, facilitating infection of various OVs, including HSV (103, 104), vaccinia 

(105), VSV (106), and the Semliki Forest viruses (106).  

 

The mammalian target of rapamycin (mTOR) is a master regulator of cellular 

translation, including translation of viral proteins. Furthermore, mTOR was also shown to 

specifically control the translation of IFNs (107). Consequently, rapamycin, an mTOR 

https://paperpile.com/c/WivW1d/pCh6Q
https://paperpile.com/c/WivW1d/QShgi
https://paperpile.com/c/WivW1d/pCh6Q+F6yhD+I4w6p
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https://paperpile.com/c/WivW1d/tscml
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https://paperpile.com/c/WivW1d/YkfaT+DpeLE
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https://paperpile.com/c/WivW1d/nk3JO
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inhibitor, has shown to improve OV activity on several platforms, including oncolytic 

VSV(108), HSV(109), and adenovirus(110). Rapamycin was able to suppress IFN 

production during VSV infection, increasing infection and efficacy of oncolytic VSV in 

glioma tumor models (108).  

 

Sunitinib, an FDA-approved drug, is a RTK inhibitor used for treatment of 

metastatic renal cell carcinoma and gastrointestinal stromal tumors. Interestingly, 

sunitinib has shown to impair the activity of PKR and RNaseL, two ISGs (111). Its 

combination with VSV sunitinib decreased phosphorylation of the PKR substrate, eIF2-α, 

increasing viral infection in cancer cells (112).  

 

Direct inhibition of the JAK/STAT pathway has also been tested using various 

JAK inhibitors, including ruxolitinib that is clinically applicable to the treatment of 

myelofibrosis (113). For instance, ruxolitinib was able to break the resistance to oncolytic 

VSV in several cancer cell lines (79, 114, 115). 

 

Triptolide, a natural compound derived from a traditional Chinese medicinal plant 

with anti-inflammatory properties, was reported to inhibit the innate antiviral response by 

blocking type I IFN signaling downstream of the activation of IRF3 (116). Consequently, 

triptolide enhanced infection and oncolysis of VSV in resistant cancer cells, leading to 

delayed tumor growth and prolonged survival of tumor-bearing mice (116). Recent 

literature has identified triptolide as an inhibitor of RNA polymerase II-mediated 

https://paperpile.com/c/WivW1d/WWdYv
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transcription via covalent binding to the XPB protein (117); however the direct target 

leading to IFN suppression is unknown.  

 

Several promising VSe candidates were also identified upon screening a diverse 

chemical compound library for the ability to enhance replication and spread of VSVΔ51 

in a resistant mouse breast cancer cell line (98). One class of compounds identified were 

microtubule-destabilizing agents clinically employed for the treatment of numerous 

diseases, including as chemotherapeutics for cancer. Microtubule destabilizing agents, 

such as colchicine, increased the spread of VSVΔ51 by suppressing the mRNA 

translation of type I IFN (118). 

 

VSe1 (3,4-dichloro-5-phenyl-2,5-dihydrofuran-2-one) was the top hit of the 

aforementioned high-throughput screen and increases infection of VSVΔ51 by over 

1000-fold in resistant cancer cells, resulting in increased virus-mediated cytotoxicity, and 

delayed tumor progression in murine tumor models (98). Furthermore, structure–activity 

relationship studies of VSe1 seeking to identify the relationship between the chemical 

structure and its biological activity enabled the design of VSe1 analogues that enhance 

OVs and gene therapy vectors. Lead compounds could increase VSVΔ51 infection up to 

2000-fold in vitro in resistant tumor cells while retaining selectivity for cancer cells over 

normal tissues ex vivo and in vivo (119). 

 

Several VSes have been identified, and while most studies enhanced OV infection 

in vitro and in vivo, few studies demonstrate a combination treatment that leads to a delay 

https://paperpile.com/c/WivW1d/6K3eh
https://paperpile.com/c/WivW1d/QShgi
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in tumor growth, improvement in overall survival or complete tumor regression. A 

number of the identified VSes have never been tested or are not clinically approved for 

human use, which impairs clinical translation.  

  

In addition to VSes, several studies have described drugs that potentiate the 

cytotoxic capacities of OVs. For instance small molecule inhibitor of IRE1α enhances 

oncolytic rhabdovirus-mediated cytotoxicity through the modulation of endoplasmic 

reticulum stress response pathways (120). Furthermore, Smac mimetic compounds 

(SMC), which sensitize cells to apoptosis by inhibiting the activity of inhibitor of 

apoptosis proteins (IAP), can mediate bystander killing of cancer cells through the 

cytokines (IFNβ, IFNα, TNFα) induced during OV infection (121). More recently, SMC 

were also found to promote CD8+ T-cell antitumor responses by targeting tumor-

associated macrophages, when combined with VSVΔ51(122). 

 

Fumaric acid esters 

  

Fumaric acid esters (FAEs) have been first been approved for the oral treatment 

of psoriasis in 1994 in Germany. More recently, in 2013, the U.S. FDA approved 

dimethyl fumarate (DMF), an FAE, for treatment for multiple sclerosis (MS). Several 

systematic reviews showed that the use of FAEs in the management of psoriasis or MS is 

an efficient and safe treatment option, especially for patients unresponsive to other agents 

(123–126).  DMF is an α,β-unsaturated carboxylic acid ester that is highly electrophilic 

and rapidly reacts with nucleophiles via a Michael addition reaction. Upon oral 

https://paperpile.com/c/WivW1d/mpOCT
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administration, DMF is believed to be rapidly metabolized by intestinal esterases to its 

bioactive metabolite, monomethyl fumarate (127).   

 Clinical and preclinical studies suggest that DMF has both anti-inflammatory and 

cytoprotective properties. However, the exact mechanism of action by which DMF is able 

manage MS is not fully understood. DMF has been shown to: (i) inhibit the NF-κB 

pathway; (ii) activate the antioxidant transcription factor nuclear factor (erythroid-derived 

2)-like 2 (NRF2); and (iii) at higher concentrations, induce oxidative stress (128, 129).     

 NRF2 regulates the gene expression of cytoprotective proteins, regulating the 

antioxidant response. The NRF2 transcription factor is retained in the cytoplasm by the 

kelch-like ECH-associated protein 1 (KEAP1), the functional inhibitor of NRF2 

activation (130, 131). Upon oxidative stress or the presence of electrophiles, these 

molecules can bind KEAP1 cysteine residues resulting in an allosteric conformational 

change that destabilizes the interaction of KEAP1 with NRF2. This allows NRF2 to 

accumulate and translocate to the nucleus to regulate cytoprotective gene expression 

(132). FAEs, like DMF, are highly electrophilic agents, and can covalently link to thiol 

groups (cysteine residues) on macromolecules, including KEAP1, and hence 

subsequently activate NRF2 (133). It was long hypothesized that the activation of NRF2 

was an essential step for efficient treatment of MS. However, recent reports show 

evidence that the anti-inflammatory activity of DMF in the therapy of MS patients occurs 

through alternative pathways, independent of NRF2 (134, 135). 

 Glutathione (GSH), a tripeptide formed by glutamic acid, cysteine, and glycine, 

maintains the intracellular redox balance by scavenging ROS with the aid of GSH 
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peroxidase. GSH also functions in the detoxification of xenobiotics and some endogenous 

compounds (136). In contrast to the antioxidant effect of DMF via NRF2, at high 

concentrations, DMF was shown to deplete cellular levels of GSH as it can react 

spontaneously with thiols in GSH via a Michael-type reaction, resulting in increased 

cellular ROS and the onset of cellular apoptosis (137). 

 In addition to KEAP1, DMF can also covalently bind to thiol groups on the NF-

κB transactivator subunit p65, in particular cysteine 38, which is essential for blocking its 

nuclear translocation and transcriptional activity (138). Upon stimulation of NF-κB by 

TFNα or lipopolysaccharides (LPS), DMF was shown to suppress NF-κB activity, 

resulting in suppression of inflammatory cytokine production, altered maturation and 

function of antigen-presenting cells, and immune deviation of T helper cells (Th) from 

the Th1 and Th17 profile to a Th2 phenotype (139). 

 

DMF as cancer treatment 

 

Beyond the treatment of MS and psoriasis, DMF has also shown promise in the 

treatment of several diseases, including Parkinson’s disease, asthma, inflammatory bowel 

disease, osteoarthritis, chronic pancreatitis, retinal ischemia, and various malignancies 

(129, 140). In particular, DMF has been shown to exhibit anticancer properties owing to 

its capacity to inhibit the NF-κB pathway as well as promoting oxidative stress by 

inducing cellular ROS (141).   
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Activation of the NF-κB pathway contributes to cancer progression and 

aggressiveness, and hence can be exploited to eliminate tumors (142). For instance, in 

cutaneous T-cell lymphoma (CTCL), which is resistant to cell death based on constitutive 

NF-κB activation, DMF was shown to induce cell death in primary patient-derived CTCL 

and cell lines, dependent on its activity on the NF-κB pathway. In vivo, DMF delayed 

CTCL tumor growth and prevented the establishment of metastases (143). Similarly, 

DMF was also shown to suppress NF-κB activity in multiple breast cancer cell lines, 

halting cell proliferation and delaying tumor growth (138).  

Interestingly, DMF was also demonstrated to sensitize tumors to chemotherapy 

(144, 145). Resistance to chemotherapy and radiotherapy is mediated through several 

genes regulated by the NF-κB pathway and its inhibition sensitizes tumors to cell death 

by chemotherapeutic agents and radiation (146, 147).  

In various gastrointestinal cancers, DMF was shown to induce apoptosis via 

oxidative stress (148, 149) or necroptosis by depleting cellular GSH and subsequently 

activating MAPKs (141). In an orthotopic and subcutaneous CT26 colon tumor model, 

daily administration of DMF impaired tumor growth (149).   

DMF has also been extensively tested preclinically in the treatment of 

melanomas. DMF impairs melanoma growth and metastasis in syngeneic and xenograft 

mouse tumor models (150). DMF was shown to inhibit melanoma proliferation and 

induce apoptosis by the downregulation of bcl-2 and induction of p53 and PARP-1 

cleavage (151).  Furthermore, evidence has suggested that DMF inhibits melanoma cell 
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invasion and metastasis by suppressing the expression and activities of various MMPs 

(152). 

 

Vanadium  

 

Vanadium is a transition metal ubiquitously distributed in soil, water, and air 

(153). Transition metals have the capacity to adopt multiple oxidation states, where 

vanadium in particular exists in four common oxidation states: +5, +4, +3, and +2. Under 

physiological conditions, in humans, vanadium is present in two stable oxidation states:  

+4 or +5 in the form of vanadyl cations (VO2
+
) or as vanadate ions (H2VO4

−
), 

respectively (154). Vanadate is a structural analog to a phosphate anion with a similar 

size, charge, and structure (155). By mimicking phosphate, vanadate can interact with 

various physiological substrates as a substitute to phosphate. In particular, vanadate has a 

high affinity for the active site of tyrosine protein phosphatases (PTPs), resulting in 

reversible and competitive inhibition of a broad range of PTPs (154, 156). Several studies 

have also shown the effect of vanadium compounds on the activity of other enzymes 

involving phosphate reactions, including ATPases, alkaline phosphatase, ribonucleases, 

phosphodiesterases, phosphoglucomutase, and glucose-6-phosphatase (154, 156, 157).  

Pharmacologically, vanadium compounds are of interest because of their 

antidiabetic effects attributed to its ability to inhibit protein-tyrosine phosphatase 1B 

(PTP1B), which results in the hyperactivation of the insulin receptor. Several preclinical 

studies and clinical trials of vanadium compounds for the treatment of diabetes have been 
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carried out (158). Clinical trial results were disappointing in terms of efficacy; however, 

they revealed that vanadium compounds are reasonably tolerated in humans (155, 156, 

158).  

Vanadium compounds administered orally enter the bloodstream via absorption 

from the gastrointestinal tract. Once in the bloodstream, vanadium compounds can bind 

to various metabolites, such as lactate and citrate, and proteins like transferrin, 

immunoglobulin, and serum albumin(155). Vanadium present in the +5 oxidation state 

enters cells through phosphate channels while vanadium present in the +4 oxidation state 

enters cells via passive diffusion. In the case of transferrin-binding vanadyl cations, 

vanadium can also enter the cell via endocytosis. Once in the cell, vanadate is rapidly 

reduced by cellular antioxidants (such as NADPH, glutathione, ascorbate, catechols) to 

vanadyl ions. Unabsorbed vanadium exits the body through feces whereas absorbed 

vanadium is cleared in the urine. A small proportion accumulates for longer periods of 

time in tissues with a high appetite for phosphate, such as the bone (155, 156). 

Vanadium compounds have been reported to exert a broad range of 

immunomodulatory activities (159). In T-cells, pervanadate alone was shown activate T-

cells marked by its induction of CD69 and CD25, both markers of T-cell activation. This 

effect was attributed to increased intracellular influx of calcium and greater production of 

interleukin 2 (160). Furthermore, the transcription factor, NFAT, a key regulator of T-cell 

development, was shown to be activated by vanadium and depended on ROS generation 

(161).  

https://paperpile.com/c/WivW1d/wKpO6
https://paperpile.com/c/WivW1d/wKpO6+OBOYR+0Fl28
https://paperpile.com/c/WivW1d/wKpO6+OBOYR+0Fl28
https://paperpile.com/c/WivW1d/OBOYR
https://paperpile.com/c/WivW1d/0Fl28+OBOYR
https://paperpile.com/c/WivW1d/hqv3k
https://paperpile.com/c/WivW1d/HRPM7
https://paperpile.com/c/WivW1d/aaFcr
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Vanadium compounds are promising anticancer agents 

 

The anticancer properties of vanadium compounds have been extensively 

investigated and were associated with several biochemical mechanisms (162), including 

the disruption of cellular metabolism through the generation of ROS and depletion of 

glutathione, the alterations of cellular organelles, such as lysosomes, mitochondria, 

spindle proteins, such as actin and tubulin, overall leading to their antiproliferative effects 

or cell death (157). 

Evidence also suggests that vanadium compounds may also prevent metastatic 

progression. For instance, the spread of highly metastatic Lewis lung carcinoma (A11 

cells) was suppressed by orthovanadate treatment (163). While using the highly 

aggressive CT26 murine colon tumor model, an oxidovanadium (IV) complex was 

demonstrated to prevent metastatic dissemination of colon cancer cells to the liver (164).  

The process known as epithelial-to-mesenchymal transition (EMT), which results 

in epithelial cells losing their cell polarity and reduced cell-cell adhesion and increase in 

cell motility to assume a mesenchymal cell phenotype, is also an important mediator in 

tumor progression and metastasis (165). Recently, vanadium compounds were reported to 

halt TGF-β-mediated EMT associated with a decrease in stem cell markers and 

mitochondrial potential (166).  

Preclinically, vanadium compounds were shown to have promising potential as 

anticancer therapeutics. Furthermore, anticancer properties of vanadium compounds were 

also shown to exhibit chemopreventive effects (167). Early reports show that in 1-

https://paperpile.com/c/WivW1d/GlY3M
https://paperpile.com/c/WivW1d/AQa6Q
https://paperpile.com/c/WivW1d/K2R4c
https://paperpile.com/c/WivW1d/N5Chs
https://paperpile.com/c/WivW1d/HTkoH
https://paperpile.com/c/WivW1d/pSn2o
https://paperpile.com/c/WivW1d/oSTMq
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methyl-1-nitrosurea-induced mammary carcinogenesis in rats, daily administration of 

vanadyl sulfate resulted in a decrease in cancer incidence and delayed the latency period 

of tumor appearance (168). Similar results were elicited with daily administration of 

ammonium metavanadate (169). The chemopreventive effects by vanadium compounds 

were associated with the modulation of the antioxidant response and that of drug 

metabolizing enzymes, for instance by increasing the levels of several detoxifying hepatic 

enzymes (glutathione-S-transferase and UDP-glucuronyl transferase) and the cytochrome 

P450 (169). Reports also suggested that supplementation in vanadium reduced genomic 

instability by diminishing the single-strand breaks in the DNA of mammary cells (170, 

171). 

Sarcoma: a rare cancer in need of new therapies 

 

Sarcomas are malignancies originating from mesenchymal tissues composed of 

cells that would normally mature into bone, cartilage, muscle, fat, fibrous tissues and 

vascular tissues (172). They are generally classified into either bone sarcomas or soft 

tissue sarcomas. Osteosarcoma is the most common bone sarcoma, and occurs 

predominantly in children and young adults. Both osteosarcoma and soft tissue sarcomas 

are highly metastatic, and most of the patients present metastasis upon diagnosis, hence 

worsening the prognosis of the disease (173–175). Progress in cancer therapy has resulted 

in improved overall survival of cancer patients for most malignancies. However, in 

advanced stages, sarcoma patients, particularly patients with osteosarcoma, still face 

unacceptably high morbidity and mortality rates (174, 176). Recent studies have shown 

that several OV platforms can infect and kill sarcoma cells in vitro (177–180), and 

https://paperpile.com/c/WivW1d/MZRMr
https://paperpile.com/c/WivW1d/O0aXo
https://paperpile.com/c/WivW1d/O0aXo
https://paperpile.com/c/WivW1d/uwGDM+vTIcr
https://paperpile.com/c/WivW1d/uwGDM+vTIcr
https://paperpile.com/c/WivW1d/vpXkH
https://paperpile.com/c/WivW1d/BeJIJ+1uEM4+OOvPb
https://paperpile.com/c/WivW1d/uwZmj+1uEM4
https://paperpile.com/c/WivW1d/tUtQc+flqkv+LUWHy+Wkz3n
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preclinically in animal models, resulting in delayed tumor progression (177–179, 181, 

182). Currently, a number of clinical trials investigating the treatment of sarcomas with 

OV are in progress (183). 

Rationale and aim I 

 

Although studies suggest that OVs may be a promising therapeutic avenue for 

sarcoma, recent studies have focused on the descriptions of novel or improved 

versions of various OV platforms. However, studies comparing different oncolytic 

virotherapy platforms in the highly heterogeneous sarcoma are notable by their 

absence (88, 184, 185). This limits our ability to evaluate which OV may be the most 

promising to move forward with in sarcoma clinical trials. We considered that such a 

study could further help characterize the prevalence of resistance to OVs in sarcoma 

generally. Thus in Chapter 2, our goal was to evaluate a panel of clinically relevant 

oncolytic viruses in parallel in the context of sarcoma. In particular, we designed the 

study to evaluate the heterogenity of OV infection by evaluating it directly in a 

meaningful number of human sarcoma tumors obtained by surgery. The most 

promising OV based on our in vitro results, Maraba MG-1, was then tested in an 

immunocompetent murine sarcoma model. 

 

https://paperpile.com/c/WivW1d/tUtQc+flqkv+LUWHy+OX27v+E6LcM
https://paperpile.com/c/WivW1d/tUtQc+flqkv+LUWHy+OX27v+E6LcM
https://paperpile.com/c/WivW1d/IxW7q
https://paperpile.com/c/WivW1d/0HhnJ+Y0Lt0+q5r0a
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Rationale and hypothesis II  

The identification of pharmacological agents that can functionally enhance OVs 

to improve therapeutic benefit has been an area of intense investigation and recognized as 

critical to maximize the therapeutic impact of OVs in the clinic (8). 

Identification of novel “immunosuppressive” VSes and evaluation of their in 

vivo safety and efficacy. Strategies aiming to suppress antiviral immune responses, 

specifically with immunosupressants such as cyclophosphamide, rapamycin, and histone 

deacetylase inhibitors, have shown promise in vitro but variable effects in animal models, 

in addition to undesirable adverse effects in humans (108, 186–188). FAEs, such as 

DMF, are a class of compounds with known anti-inflammatory and neuroprotective 

effects (126, 189, 190). Clinical studies on the long-term use of DMF have not revealed 

any severe long-term adverse effects (123, 191, 192). Given this and the documented 

positive effect of diverse immunosuppressants in combination with OVs, we hypothesize 

that DMF and other FAEs could enhance viral infection of several OVs, leading to 

increased therapeutic benefit. In Chapter 3, we therefore set out to evaluate the 

combination of DMF in combination with VSVΔ51 in vitro and in vivo and to identify 

the molecular mechanisms underlying the effect of FAEs on OV therapy. 

https://paperpile.com/c/WivW1d/jTY8
https://paperpile.com/c/WivW1d/9Ik19+RyCXA+WWdYv+XEpPP
https://paperpile.com/c/WivW1d/W8uzg+A1Wmk+iyhZS
https://paperpile.com/c/WivW1d/W02tL+PwDPQ+2Ox2c
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Identification of novel “immunomodulating” VSes and evaluation of their in 

vivo safety and efficacy. While numerous immunosuppressive drugs have been shown to 

facilitate viral infection using various OVs leading to delayed tumor progression, 

complete durable cures of tumors are infrequently reported using this approach. In 

contrast, combination with immune checkpoint blockade appears to lead to consistent 

improvements in durable complete responses in animal models and clinical trials (30, 

193–196). This could suggest that drugs capable of potentiating the immune responses to 

viral infection may also promote stronger antitumor immune responses, thereby leading 

to increased efficacy of OV therapy.  

PTPs play an important role in the function of immune cells in addition to the 

direct regulation of cytokine signaling (197, 198). Interestingly, numerous studies have 

shown that PTP-deficient mice have hyperactive immune states (198, 199). We speculate 

that small molecule inhibitors of PTPs could modulate immune responses to viral 

infection and enhance the therapeutic benefit of OV treatment. To this end, in Chapter 4 

we tested vanadium compounds that function as phosphatase inhibitors (156). Vanadium 

compounds were screened for their ability to modulate VSVΔ51 infection in 786-0 cells, 

a human renal carcinoma cell line, which is highly resistant to infection with oncolytic 

VSV. Compounds were tested for tissue-specific enhancement of VSVΔ51 ex vivo and 

further evaluated for their in vivo efficacy. The molecular mechanisms underlying the 

effect of vanadium compounds on OV therapy was also thoroughly studied.  

  

https://paperpile.com/c/WivW1d/L6ps+6OXT+ihYe+2M8S+s9Pd
https://paperpile.com/c/WivW1d/L6ps+6OXT+ihYe+2M8S+s9Pd
https://paperpile.com/c/WivW1d/9EGOU+c5J5Z
https://paperpile.com/c/WivW1d/c5J5Z+scUZJ
https://paperpile.com/c/WivW1d/0Fl28
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Chapter 2 - Oncolytic Maraba virus MG1 as a treatment for Sarcoma 
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Abstract 

The poor prognosis of patients with advanced bone and soft-tissue sarcoma has not 

changed in the past several decades, highlighting the necessity for new therapeutic 

approaches. Immunotherapies, including oncolytic viral (OV) therapy, have shown 

great promise in a number of clinical trials for a variety of tumor types. However, the 

effective application of OV in treating sarcoma still remains to be demonstrated. 

Although few pre-clinical studies using distinct OVs have been performed and 

demonstrated therapeutic benefit in sarcoma models, a side-by-side comparison of 

clinically relevant OV platforms has not been performed. Four clinically relevant OV 

platforms (Reovirus, Vaccinia virus, Herpes-simplex virus and Rhabdovirus) were 

screened for their ability to infect and kill human and canine sarcoma  cell lines in vitro, 

and human sarcoma specimens ex vivo. In vivo treatment efficacy was tested in a 

murine model. The rhabdovirus MG1 demonstrated the highest potency in vitro. Ex 

vivo, MG-1 productively infected more than 80% of human sarcoma tissues tested,, and 

treatment in vivo led to a significant increase in long-lasting cures in sarcoma-bearing 

mice. Importantly, MG1 treatment induced the generation of memory immune response 

that provided protection against a subsequent tumor challenge. This study opens the 

door for the use of MG-1-based oncolytic immunotherapy strategies as treatment for 

sarcoma or as a component of a combined therapy. 
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Introduction 

  

Sarcomas are a rare and heterogeneous group of aggressive malignant solid 

tumors that, unlike carcinomas originating from epithelium, arise from a variety of 

mesenchymal tissues,  such as muscle, connective tissue, and bone. Sarcomas require a 

multimodal therapeutic approach that consists of multi-agent chemotherapy, surgical 

resection and radiation. According to the National Cancer Institute, the overall 5-year 

survival rate for sarcoma patients is 50%, which drops to <20% for cases involving 

distant metastatic spread. As such, new treatment options for recurrent/metastatic 

sarcoma are direly needed. 

Immunotherapy could provide an alternative to chemotherapy yet there has 

been little focus on sarcoma in this field. This is likely due to sarcoma’s heterogeneous 

nature and the relatively smaller number of patients it affects compared to carcinomas. 

However, immune checkpoint inhibitors, which have revolutionized the 

immunotherapy field and that have been very successful to date in melanoma (e.g. 

anti-CTLA4, anti-PD-1), have so far failed as monotherapies for sarcoma(200). 

Oncolytic viruses (OVs) constitute another form of an immunotherapy 

platform that has showed promising results in a broad range of cancers. OVs are 

engineered to take advantage of several hallmarks of cancer in order to preferentially 

replicate in tumor cells. Cancer-selective infection by OVs leads to cancer cell lysis 

and the parallel production of inflammatory cytokines, leading to innate and adaptive 

immune responses against both virus and tumor(8). OV treatment can lead to profound 

anti-tumor immune responses and cures in at least a subset of patients(36, 201). 

https://paperpile.com/c/WivW1d/xRVag
https://paperpile.com/c/WivW1d/jTY8
https://paperpile.com/c/WivW1d/cPtX1+dEoDQ
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Amgen’s oncolytic HSV-1 was recently the first OV to be approved by the US food 

and drug administration (FDA) for treatment of melanoma . Following in these 

footsteps, a variety of OVs are being tested clinically, including and not limited to 

vaccinia virus, reovirus, vesicular stomatitis virus (VSV), and the closely related 

maraba MG1 (Marabex
TM

). 

Contrasting sharply with carcinoma, only few pre-clinical studies have 

evaluated the efficacy of OV therapies in sarcoma models. Nonetheless, several OVs 

have been reported to effectively infect and kill human sarcoma cells in vitro(177–

180). When tested in animal models, OV treatment delayed sarcoma progression 

(177–179, 181, 182) and a high frequency of complete response was observed in at 

least some studies(182) . 

While these studies suggest that OVs may be a promising therapeutic avenue 

for sarcoma, there have been to date no head-to-head comparisons between different 

clinically relevant OVs in the context of sarcoma. This limits our ability to evaluate 

which OV(s) may be the most promising to move forward in sarcoma clinical trials. 

Also, most studies have exclusively employed xenograft models (177, 178), which do 

not recapitulate the important role of the immune system, for better or for worse(202) , 

in the response to OV therapy. In this study, we set out to evaluate the potential of a 

subset of promising oncolytic viruses in parallel in the context of sarcoma cell lines 

and human sarcoma explants obtained following surgery. The most promising OV 

based on those results was subsequently tested in an immunocompetent animal 

sarcoma model. 

 

https://paperpile.com/c/WivW1d/tUtQc+flqkv+LUWHy+Wkz3n
https://paperpile.com/c/WivW1d/tUtQc+flqkv+LUWHy+Wkz3n
https://paperpile.com/c/WivW1d/tUtQc+flqkv+LUWHy+OX27v+E6LcM
https://paperpile.com/c/WivW1d/E6LcM
https://paperpile.com/c/WivW1d/tUtQc+flqkv
https://paperpile.com/c/WivW1d/t4AWs
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Materials and Methods 

 

Cells. Human bone osteosarcoma (U2OS; 143B), human Ewing’s sarcoma (RD-ES), 

canine osteosarcoma (D17), human synovial sarcoma (SW982), mouse sarcoma (S180), 

and African Green Monkey kidney (Vero) cells were from ATCC. 

Viruses. The vaccinia virus (VV) Western Reserve strain was from Dr. McCart (Mount 

Sinai Hospital, Toronto, Canada)(203). WyTK
-
/eGFP

+
 (VVdd) is a Wyeth VV vaccine-

derived oncolytic with disruption of thymidine kinase (TK) and vaccinia growth factor 

genes, with a green fluorescent protein (GFP) transgene expressed under a synthetic 

early-late promoter pSE/L in TK locus. VSVD51-GFP (VSVD51), has been described 

previously(48). eGFP-tagged of Maraba, MG1- eGFP (MG1), was previously 

described(50). HSV-1 N212 expressing GFP (HSV)(204)  was a gift from Dr. Karen 

Mossman (McMaster University, McMaster, Canada). Type 3 dearing reovirus 

(Reolysin) was a gift from Dr. Patrick Lee (Beatrice Hunter Cancer Research Institute, 

Halifax, Canada). 

 

In vitro cytotoxicity screen. Sarcoma cell lines (RDES; D17; SW982 and 143B) were 

plated in 96-well plates to a confluency of 90%. These cells were infected at log dilutions 

with various oncolytic virus candidates (VSVD51; MG1; HSV-1; VVdd; Reovirus 

(Reo)), as indicated. At 48 hours post- infection, the monolayers were washed, fixed, and 

stained with 1% crystal violet solution. Stained monolayers were subsequently 

solubilized in 1% sodium dodecyl sulfate. Absorbance was read at 595 nm to score for 

viable cells. 

https://paperpile.com/c/WivW1d/7eKpY
https://paperpile.com/c/WivW1d/jZSrI
https://paperpile.com/c/WivW1d/qAu23
https://paperpile.com/c/WivW1d/lwuQ6
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Sarcoma animal model. Virus replication in vivo: S180 (1x10
6
) tumors were established 

subcutaneously in 6-week-old female Balb/C mice (N=10 per group). Palpable tumors 

formed within 11 days after seeding. MG1 was administered intra-tumoraly or 

intravenously (1x10
8
pfu/mouse). Efficacy studies: S180 tumors were treated with 3 doses 

of MG1 given intra-tumorally (1x10
8
pfu/mouse) at days 8, 10 and 13, post-tumor 

implantation. Tumors were measured every 2–4 days using an electronic caliper. Tumor 

volume was calculated as (L1)
2
x(L2)/2. 

Immunohistochemistry. Formalin-fixed S180 tumors harvested from mice treated with 

MG1 or with PBS were paraffin embedded and cut into 5mm sections. Sections were 

deparafinized with 3% H2O2 in tris buffered saline (TBS) 10 min, rinsed in TBS 5 min, 

blocked with universal blocking agent Background Sniper (Biocare Medical; Brampton, 

ON, Canada) 20 min, incubated with primary antibody rabbit anti-VSV serum (12-24 

hours 4°C) in 5% normal goat serum (NGS) blocking reagent (Cell signaling 

Technology). Secondary antibody goat anti-rabbit IgG (Jackson ImmunoResearch 

Laboratory) was used in 5% NGS 1h and developed for 5 min with 3,3- 

Diaminobenzidine (DAB) chromatogen kit (Biocare Medical, Concord, CA). Uninfected 

S180 tumor tissue was used as a negative control. Slides were counterstained in 

hematoxylin for 1min and mounted on cover slips with permount. 
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Ex vivo infection. Primary cancer and normal tissue specimens were obtained from 

consenting patients who underwent tumor resection. Samples processing has been 

described previously (205) . 

 

Fluorescence microscopy.To detect GFP production from recombinant MG1, human 

samples of tumor or normal tissue infected ex vivo as described above were observed 

under Axiovert S100 Fluorescence microscope 24hpi (Carl Zeiss Ltd, Toronto, ON). 

 

Animal Care. All animals were handled in strict accordance with good animal practice 

as defined by the relevant national and local animal welfare bodies, and approved by 

appropriate committee in collaboration with the Office of Animal Ethics and Compliance 

(University of Ottawa, Animal Care Committee, OGHRI-58 protocol, Dr. Jean-Simon 

Diallo). 

 

Consent for use of Human Specimens. The institutional review board of Ottawa 

Hospital Research Institute approved all studies involving human tissue specimens 

(OHREB#2003109-01H). Declaration of Helsinki protocols were followed and patients 

gave their written, informed consent. 

 

Statistical Analysis. Students T-test was used to assess the statistical significance of 

differences observed between treatment groups in vitro and in vivo. Survival studies: 

https://paperpile.com/c/WivW1d/R0OTt
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Gehan-Breslow-Wilcoxon test was used to determine the statistical significance of the 

therapeutic effect of MG-1 compared to control. P- values <0.05 were considered 

significant. 
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Results 

  

Oncolytic Rhabdoviruses are Effective Against Sarcoma Cell Lines in vitro. 

As a first assessment of the potential of OV candidates as treatment for 

sarcoma, we compared head to head five promising OV platforms for their capacity to 

kill sarcoma cells in vitro. Herpes Simplex Virus-1 (HSVN212-eGFP; HSV), Reovirus 

(Reolysin; Reo), Vaccinia virus (VVdd-eGFP; VVdd) and two Rhabdoviruses, 

Vesicular Stomatitis Virus (VSVD51-GFP; VSVD51) and Maraba virus (MG1-eGFP; 

MG1), were tested in four different sarcoma cell lines. Human osteosarcoma (143B), 

canine osteosarcoma (D17), human Ewing’s sarcoma (RD-ES)  and human synovial 

sarcoma (SW982) were infected in vitro with different multiplicity of infection (MOI) 

of each OV. EC50 (effective concentration 50%) values were then determined at 48 

hours post-infection (Figure 2.1). While cell lines showed variable sensitivities to 

OVs, both rhabdoviruses (MG1 and VSVD51) consistently demonstrated a high 

potency in their ability to kill sarcoma cells. However, MG1 was slightly more 

effective than VSVD51 for the majority of cell lines tested (Figure 2.1a, c-e), as it 

required a lower multiplicity of infection (MOI) to induce more than 50% cell death. 

These findings are consistent with the previous report evaluating rhabdoviruses in a 

panel of adenocarcinoma cell lines(50) . Although it required a higher MOI to induce 

sufficient cell death than for MG1, VVdd also demonstrated potent killing ability in 

several sarcoma cell lines. Reovirus and HSV were only effective in RDES Ewing’s 

sarcoma cells. Indeed, this cell line was highly sensitive to all OVs tested. In contrast, 

SW982 synovial sarcoma cells were the most resistant cell line to OV infection 

https://paperpile.com/c/WivW1d/qAu23
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(Figure 2.1d). D17 and 143B osteosarcoma cell lines exhibited an intermediate 

sensitivity to OVs (Figure 2.1e), but were mostly refractory to both HSV and Reo. 

These data suggests that rhabdovirus-based OV platforms are more efficient at 

inducing virus-mediated cell death in vitro in a diverse set of sarcoma cell lines. 
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Figure 2.1. Cytopathic effect of oncolytic viruses in sarcoma cells lines in vitro. 

Sarcoma cells a) RDES, b) 143B, c) D17 and d) SW982 were plated in 96-well plates 

to a confluency of 90%. 24 hours later, cells were infected at log dilutions with 

VSVD51 (Vesicular Stomatitis Virus); MG1 (Maraba Virus); HSVN212-eGFP 

(Herpes Simplex Virus); VVdd (Vaccinia Virus); and Reolysin (Reovirus), as 

indicated. 48 hours post-infection, viable cells were assessed. Viability of cells was 

then plotted for each cell type relative to uninfected control. *: Statistical difference 

between Maraba virus and Vaccinia virus treatments. #: Statistical difference between 

Maraba virus and Vesicular Stomatitis virus treatments. (T-test p-values < 0.05). e) 

Table showing the MOI (multiplicity of infection) inducing 50% death (EC50) in 

143B, RDES, D17 and SW982 cells. 
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Human sarcoma specimens are susceptible to MG1 infection ex vivo. 

We next tested the ability of two of the most effective OV platforms in vitro, 

MG1 and VVdd, to productively infect human sarcoma specimens ex vivo. For many 

OV platforms, productive infection as defined by an infection that leads to release of 

infectious viral progeny, is considered important for the efficacy of OVs in vivo, 

particularly in the context of OVs encoding transgenes whose expression is directly 

linked to viral replication (e.g. rhabdoviruses) (98, 206, 207)  . Therefore, 

measurement of virus replication ex vivo is a great alternative to assessing virus-

mediated cancer cell killing since virus-induced cytotoxicity is difficult to accurately 

measure in live patient’s specimens(206) . Human specimens freshly collected 

following surgery were processed and analyzed according to our previously published 

method(205) . Tissues that presented low viability assessed using alamar blue prior to 

processing were excluded from the analysis. A total of 21 specimens representing 

distinct sarcoma subtypes were subsequently cored and infected ex vivo with MG1 

(Supplemental Figure 2) and 29 for VVdd (Supplemental Figure 3). Figure 2.2a shows 

the distribution of the sarcoma subtypes for MG-1-infected cores: osteosarcoma (OST, 

29%), undifferentiated pleomorphic sarcoma (UPS, 24%), chondrosarcoma (CDS, 

14%), leiomyosarcoma (LMS, 10%), rhabdomyosarcoma (RMS, 4%) and other types 

of sarcoma (O, 19%). Viral production was determined by plaque assay and expressed 

as a fold-change over input. We detected MG1 virus in 95% of the specimens tested 

(20 of the 21). Importantly, 86%  of the samples (18 of the 21) showed productive 

viral replication (Figure 2.2b; virus levels exceeding that of virus input). In contrast, 

productive infection with VVdd was much less frequent and therefore eight additional 

specimens (3 UPS, 4 O and 1 RMS) were infected only with VVdd. In total, only 58% 

https://paperpile.com/c/WivW1d/H8pZj+QShgi+5c7Av
https://paperpile.com/c/WivW1d/H8pZj
https://paperpile.com/c/WivW1d/R0OTt


45 

 

of specimens infected with VVdd (17 of the 29) had detectable VVdd by plaque assay. 

Furthermore, only 24% (7 out of 29) showed evidence of productive infection that, on 

average, was several orders of magnitude lower than that observed for MG1 

(Supplemental Figure 1). As MG1 expresses eGFP, eGFP expression was used as an 

additional measurement of tumor-specific OV infection in MG1- infected sarcoma or 

normal tissue specimens, originating from patients with diverse sarcoma etiologies. 

Regardless of sarcoma type, eGFP expressed from the MG1 virus was abundantly 

detected by fluorescent microscopy in sarcoma tissue, which corroborates and 

confirms our findings that MG1 productively infects sarcoma specimens (Figure 2.2c). 

As expected, we did not detect GFP expression in normal tissues, indicating virus 

replication is restricted to cancer cells. Collectively, these results suggest that MG1 is 

more effective than VVdd in its capacity to productively replicate in human sarcoma 

tissues ex vivo. 
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Figure 2.2. Productive infection of human sarcoma explants by MG1 and VV. a) 

Various human sarcoma subtypes including Osteosarcoma (OST), Undifferentiated 

Pleomorphic Sarcoma (UPS), Rhabdomyosarcoma (RMS), Leiomyosarcoma (LMS), 

Chondrosarcoma (CDS) and other (O) sarcoma explants were process for ex vivo 

infection with MG1-eGFP. In percentage b) 24 hours after infection with MG1-eGFP, 

explants were homogenized and titered. Fold changes in viral titer compared to input 

virus have been plotted for each patients numerated from 1 to 21. c) Green fluorescent 

pictures were taken 24 hours after infection using MG1-eGFP of sarcoma tumor and 

normal human tissue. 
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MG1 is an efficient therapeutic treatment in vivo. 

Our in vitro and ex vivo data led us to select MG1 for further in vivo evaluation 

as treatment for sarcoma. Given the potential contribution of the immune response in 

eliciting the anti-tumor effects of OV therapy, we tested MG1 on murine S180 

metastatic sarcoma cells implanted subcutaneously in immune-competent Balb/C 

mice. We first tested whether MG1 could kill S180 cells in vitro (Supplemental Figure 

4). Indeed we found that similarly to most human and canine cell lines, S180 cells 

were highly susceptible to MG1 killing (EC50 <0.0001). We subsequently tested 

whether MG1 could productively infect S180 tumors in vivo after intra- tumoral (i.t.) 

or intra-venous (i.v.) injection, as well as ex vivo in tumors collected from tumor- 

bearing mice (Figure 2.3). Similar to human specimens, ex vivo infection of tumor 

cores induced productive viral infection as depicted by plaque assay (Figure 2.3a) and 

eGFP expression (Figure 2.3b). We observed that i.v. injection of MG1 did not lead to 

a productive viral replication in the tumor (Figure 2.3a). However, we were able to 

detect virus infection after i.t. injection by both plaque assay of homogenized tumor 

and immunohistochemistry (Figures 2.3a and c). Therefore, i.t. delivery of the virus 

was chosen to assess the effectiveness of MG1 to treat Balb/C mice bearing S180 sub-

cutaneous sarcoma tumors. A schematic representation of the treatment regimen is 

showed in Figure 2.3d. Even though spontaneous remissions were observed in 40% of 

tumor- bearing mice injected with PBS (6/15), MG1 treatment slowed tumor 

progression  (Figure 2.3e) and significantly increased the number of cured mice (80%, 

11/15; P-value=0.0276; Figure 2.3f). To further investigate whether cured mice could 

reject new S180 tumors following S180 re- challenge, S180 tumor cells were re-

implanted (day 90) on the opposite flank of cured mice from both PBS and MG1 
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treated groups (PBS=6; MG1=11; Figure 2.3d). While 100% of spontaneously cured 

mice from the PBS group developed tumors a week later, only 27% (3/11) of MG1-

cured mice re-challenged with S180 cells developed tumors (Figure 2.3g) and these 

were smaller in size as compared to those from the PBS group (Figure 2.3h). 

However, similar percentage tumor take rate was observed in PBS and MG1-cured 

mice after challenge with syngeneic 4T1 breast cancer cells compared to naïve PBS 

group (Figure 2.3i). Altogether, these results suggest that MG1 delivered i.t. 

effectively replicates in S180 murine sarcoma tumors implanted in immunocompetent 

hosts, leading to eradication of 80% of tumors and protection from S180- specific re-

challenge in all cured mice. 
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Figure 2.3. Maraba virus MG1 infects and replicates in murine sarcoma S180 

tumors, leading to persistent anti-tumor effects. 

 a) Murine S180 sarcoma cells were implanted sub-cutaneously in Balb/c mice 

(2x10
6
cells). When tumors reached at least 5x5mm size, mice were injected with 10

8
 pfu 

MG1 by i.t. or i.v. route. 48 hours later, mice were sacrificed, tumors harvested, and 

homogenized for MG1 titration. In parallel, naïve mice were sacrificed and tumors 

harvested for ex vivo infection with MG1. 24 hours later, tumors were homogenized for 

MG1 titration. b) Fluorescent picture from ex vivo sample 24 hours after infection. c) 

S180 sarcoma tumor immunohistochemistry. Tumors were implanted as in a) and 

paraffin sections were prepared for rhabdovirus immuno-staining in untreated or MG1 

treated mice. Secondary antibody staining (Ctl 2ry Ab) and Haematoxilin & Eosin stain 

(H&E) were used as controls Right panel shows the higher magnification of Rhabovirus 

immuno-staining from MG1 tumor treated mouse highlighting infected portion of the 

tissue as well as corresponding H&E stain. d) Schematic representation of S180 sarcoma 

implantation and treatment schedule. S180 were established subcutaneously in 

immunocompetent in Balb/c mice. All mice had palpable tumors by day 8. On day 8, 10 

and 13, animals were injected i.t. with PBS or MG1 (1x10
8
 pfu/dose). e) Plot graph 

representing tumor growth for each mouse corresponding to the PBS and MG1 treated 

groups (N=15). f) Kaplan- Meier plot outlining the time to S180 tumor endpoint (1600 

mm
3
) from experiment described in d-e). *p=0.0437 Log Rank test comparing MG1 to 

PBS. g) Cured mice from e-f) were re- challenged with S180 (1x10
6
 cells) at day 90 and 

percentage take rate was plotted for day 97  (one week post re-challenge). h) Tumor size 

was measured at day 97 and plotted. *p=0.0209 two tailed t-test. i) 4T1 re-challenge 

percentage tumor takes rate at day 126, 10 days after tumor implantation. No significant 

differences were observed measured by unpaired t-test (p> 0.05).  
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Discussion 

  

Sarcoma currently requires a multimodal treatment approach, relying primarily 

upon surgical resection, with adjuvant chemotherapy and/or radiation therapy (208). 

This aggressive approach is quite taxing for patients. Our study suggests that the 

oncolytic rhabdovirus MG1 has potential for the treatment of sarcoma. Among several 

other clinically relevant candidate OVs, MG1 was the most potent OV based on in 

vitro cell killing across a panel of four sarcoma cell lines. Close behind MG1 was 

VSV∆51, another oncolytic rhabdovirus, followed by the vaccinia- based OV 

candidate, VVdd. However, from a heterogeneous panel of human sarcoma tissue 

processed ex vivo, we observed that MG1 outperformed VVdd in the ability to infect 

and replicate in tumor tissue. Overall, we found that the difference between Vaccinia 

and MG-1 observed in in vitro cytotoxicity assays was in line with the tissue explant 

viral growth data, wherein MG-1 grew more effectively than Vaccinia. However, we 

acknowledge there may be a number of normal cells (e.g. immune cells, endothelial 

cells, and cancer associated fibroblasts) that could further influence the capacity of 

viruses to infect tissue explants. 

  

Lastly, using the immunocompetent murine subcutaneous S180 sarcoma 

model, we showed that MG1 treatment led to significantly more durable cures 

compared to control. Upon subsequent re-challenge with the same tumor cells, mice 

previously treated with MG1 were more readily protected from tumor re-growth. One 

caveat is that S180 tumors had a high frequency of spontaneous regression, which has 

https://paperpile.com/c/WivW1d/qhTxk
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been reported by other groups (209). Also given OV treatment for sarcomas would 

likely be assessed in the context of tumor resection, it will be interesting to pursue 

subsequent studies characterizing the effect of MG1 administered perioperatively 

following tumor resection or amputation in animal models. However, there is a general 

paucity in murine sarcoma models, which makes these studies challenging. Given we 

have shown that MG1 is effective in D17 canine sarcoma cells, a canine study would 

be of particular interest given the naturally high prevalence of osteosarcoma in 

dogs(209)  and the similarity of clinical of disease progression and treatment in the 

veterinary setting. 

 

Finally, while it seems less effective than MG1 and VSVD51, VVdd was also 

capable of killing sarcoma cell lines in vitro, and was able to infect a small proportion of 

ex vivo human sarcoma samples. However, it is unclear whether the same level of 

infection with VVdd is required to elicit an anti-tumor effect as compared to MG1. Our 

group has shown in clinical  trials that intravenous injection of the vaccinia virus JX-594 

(3.10e7pfu.Kg
-1

) led to replication  of the virus in one patient with leiomyosarcoma, 

resulting in >16 weeks disease control by RECIST criteria(201). Hence, this platform 

may merit more investigation for sarcoma treatment. Overall, our study open doors to use 

viral immunotherapeutic based platform to treat sarcoma. Notably, Maraba virus MG1 is 

clearly a promising candidate, which warrants further evaluation either alone or in a 

prime-boost strategy.  

https://paperpile.com/c/WivW1d/3GHOD
https://paperpile.com/c/WivW1d/3GHOD
https://paperpile.com/c/WivW1d/dEoDQ
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Abstract 

Resistance to oncolytic virotherapy renders this treatment ineffective, and it is frequently 

associated with failure of tumor cells to get infected. Dimethyl fumarate (DMF), a 

common treatment for psoriasis and multiple sclerosis, has been also shown to have 

anticancer properties. In the present study, we show that DMF and various fumaric and 

maleic acid esters (FMAEs) enhance viral infection of several oncolytic viruses (OV) in 

cancer cell lines as well as in human tumor biopsies, improving therapeutic outcomes in 

resistant syngeneic and xenograft tumor models. This results in durable responses, even 

in models otherwise refractory to OV and drug monotherapies. The ability of DMF to 

enhance viral spread is due to its ability to inhibit type I IFN production and response, 

which is associated with its ability to block nuclear translocation of transcription factor 

NF-kB. This study demonstrates that unorthodox application of approved FDA drugs and 

biological agents can lead to improved anti-cancer therapeutic outcomes. 
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Introduction 

 

Deregulated metabolism and defective innate immune response are common 

characteristics of transformed cells(74). This makes it possible to genetically engineer or 

select oncolytic viruses (OVs), which specifically infect and kill tumor cells without 

harming normal tissues. OVs can be generated from various viral backbones using 

diverse genetic approaches, and provide capacity for expressing therapeutic or imaging 

transgenes. Some of the early OV candidates have finally made their way to the clinic 

with the approval of talimogene laherparepvec (or T-Vec) based on herpes simplex virus 

1 (HSV-1) for treatment of advanced melanoma (29).  

Pre-clinical and clinical trials have showcased the heterogeneity in the therapeutic 

response to OV treatment, in which a subset of patient tumors is refractory to infection 

with OVs (8, 81, 84, 88). The identification of pharmacological agents that can 

functionally enhance OVs to improve therapeutic benefit has been an area of intense 

investigation and has been recognized as critical to maximize the therapeutic impact of 

OVs in the clinic (8). Combination strategies with checkpoint blockade have shown 

promise recently (30, 210, 211) but do not address the frequent resistance of tumors to 

viral infection. To this end, strategies aiming to suppress antiviral immune responses, for 

example using immunosupressants such as cyclophosphamide, rapamycin, and histone 

deacetylase inhibitors, have shown promise in vitro but variable effects in animal models 

(108, 186–188). Combinations of OVs with cyclophosphamide in particular are under 

clinical evaluation, with favorable safety profiles reported thus far (NCT01598129). 

 

https://paperpile.com/c/WivW1d/h1zHW
https://paperpile.com/c/WivW1d/XPSFv
https://paperpile.com/c/WivW1d/p0B6n+2uXrs+Y0Lt0+jTY8
https://paperpile.com/c/WivW1d/jTY8
https://paperpile.com/c/WivW1d/ihYe+5qP02+jDKaN
https://paperpile.com/c/WivW1d/9Ik19+RyCXA+WWdYv+XEpPP
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Fumaric acid esters (FAE) are a class of compounds with known anti-

inflammatory and neuroprotective effects (126, 189, 190). The mechanisms involved 

have yet to be fully elucidated but are thought to be mediated through the activation of 

the antioxidative transcription factor nuclear factor (erythroid-derived 2)-like 2 (NRF2) 

pathway(189),  the inhibition of  NF-κB (212), as well as functional depletion of 

glutathione (GSH)(213, 214). FAEs (marketed as Fumaderm, Psorinovo) were first 

approved as a treatment for psoriasis in Germany. Recently, dimethyl fumarate (DMF), 

an FAE marketed as Tecfidera, was approved by the U.S. Food and Drug Administration 

(FDA) and the European Medicines Agency for the treatment of relapsing forms of 

multiple sclerosis and relapsing-remitting multiple sclerosis (191). Clinical studies on the 

long-term use of DMF have not revealed any severe long-term adverse effects (191, 192, 

215). Recent reports suggest that DMF has anticancer potential, shown to suppress tumor 

growth and metastasis (141, 144, 149–151, 216) in addition to sensitizing tumors to 

chemotherapy(144, 145). Furthermore, DMF is currently under clinical evaluation for the 

treatment of chronic lymphocytic leukemia and cutaneous T cell lymphoma 

(NCT02546440, NCT02784834).  Given this and the documented positive effect of 

diverse immunosuppressants in combination with OVs, we set out to explore the 

possibility of using DMF in combination with oncolytic virotherapy in vitro and in vivo. 

 

  

https://paperpile.com/c/WivW1d/W8uzg+A1Wmk+iyhZS
https://paperpile.com/c/WivW1d/A1Wmk
https://paperpile.com/c/WivW1d/8M30B
https://paperpile.com/c/WivW1d/jLItB+DJuvd
https://paperpile.com/c/WivW1d/W02tL
https://paperpile.com/c/WivW1d/W02tL+PwDPQ+WIKlN
https://paperpile.com/c/WivW1d/W02tL+PwDPQ+WIKlN
https://paperpile.com/c/WivW1d/Mefo+dGJYj+4sIra+cLXJh+8zO0M+w3Kpi
https://paperpile.com/c/WivW1d/uCTBS+cLXJh
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Results  

 

Dimethyl fumarate enhances tumor-specific viral spread and oncolysis in vitro 

Little is known about the effect of DMF on viral infection.  We first examined the 

impact of DMF (structure displayed in Figure 3.1A) on the growth of oncolytic vesicular 

stomatitis virus (VSVΔ51). Notably, VSV and closely related Maraba are currently 

undergoing clinical evaluation but face resistance to infection in approximately a third of 

cancers (48, 88). 786-0 renal carcinoma cells are highly refractory to VSVΔ51 infection, 

however, a 4 hour pretreatment with DMF at doses between 50 and 200 µM increased 

VSVΔ51 virus growth at a low multiplicity of infection (MOI) by more than 100-fold 

(Figure 3.1B). Virus-encoded GFP expression was also greatly enhanced, as visualized 

by microscopy (Figure 3.1C). This effect was observed with pretreatment times up to 24 

hours before infection, and after infection up to 8 hours (Supplemental Figure 1A).  More 

broadly, DMF robustly enhanced infection in a panel of human and murine cancer cell 

lines (sarcoma, osteosarcoma, breast, colon, melanoma, ovarian) with a wide range of 

sensitivity to VSVΔ51 (Figure 3.1D). DMF also improved viral output of Sindbis virus 

and oncolytic herpes virus (HSV-1 mutant N212) after treatment in 786-0 cells (Figure 

3.1, E and F).  Furthermore, we also tested the effect of DMF on adenoviruses, which in 

addition to oncolytic virotherapy have been extensively used as gene therapy vectors 

(217). Pretreatment of human lung adenocarcinoma A549 cells with DMF increased 

luciferase transgene expression of non-replicating adenovirus, E1A-deleted Ad5, over the 

course of 7 days by up to 20-fold (Figure 3.1G). 

  

https://paperpile.com/c/WivW1d/jZSrI+Y0Lt0
https://paperpile.com/c/WivW1d/8fwOM
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Figure 3.1. Dimethyl fumarate promotes viral infection. (A) Structure of dimethyl 

fumarate. (B) VSVΔ51 resistant human renal cancer cell lines 786-0 were pretreated with  

DMF or left untreated for 4 hours and subsequently infected with VSV∆51 (MOI: 0.01). 

Corresponding viral titers were determined 48 hours after infection from supernatants 

(n=3; mean +/- SD, one-way ANOVA;  * p<0.05, *** p<0.001, as compared to the 

untreated condition). (C,D) Various human and murine cell lines were pretreated with 

DMF (150-250 µM) or left untreated for 4 hours and subsequently infected with VSV∆51 

(MOI: 0.01). 24 hours after infection, fluorescent images were taken of the infected 

cancer cells as shown in panel C. Corresponding viral titers were determined 48 hours 

after infection from supernatants, as shown in D (n=3-4; mean +/- SD, 2-tailed t-test; 

p<0.05 as compared to the untreated counterpart for each cell line). (E,F) 786-0 cells 

were pretreated with  DMF (150 µM) or left untreated for 4 hours and subsequently 

infected with (E) Sindbis (MOI:10) or (F) HSV-1 (MOI: 0.01).  Corresponding viral 

titers in supernatants were determined 48 hours after infection. (n=3; mean +/- SD, 2-

tailed t-test; ** p<0.01, *** p<0.001 as compared to the untreated counterpart). (G) 

Human A549 cells were pretreated as in (B) and infected with an adenovirus expressing 

firefly luciferase (Ad5) at an MOI of 1. Luciferase activity was measured over the course 

of 7 days. Results are represented as  relative light units (RLU), and background is 

indicated by a black line (n=3; mean +/- SD; p<0.05 by two-way ANOVA from day 2 to 

5). (H) Multi-step (MOI: 0.001 and 0.01) and single-step (MOI: 3) growth curves. 786-0 

cells were pretreated with DMF and infected with VSV∆51 at MOI 0.001, 0.01, or 3; 

supernatants were titered by plaque assay (n=3; mean +/- SD). (I) 786-0 cells were 

pretreated with DMF for 4 hours and infected with VSV∆51 (MOI: 0.0001). An agarose 

overlay was added after 1 hour of infection. Fluorescence microscopy of a representative 

plaque 48 hours after infection. The complete dose range is presented in Supplemental 

Figure 1B. Corresponding images of coomassie blue stain of the full wells and the graph 

of average plaque diameters illustrate the enhancement of the plaque diameters in 

presence of DMF (n=20; horizontal lines indicate means; one-way ANOVA; * p<0.05, 

*** p<0.001, as compared to the mock-treated counterpart). (J) 786-0, CT26WT, and 

B16F10 cell lines were pretreated and infected as in (B). Cell viability was assayed 48 

hours after infection.  Results were normalized to the average of the values obtained for 

the corresponding uninfected, untreated cells (n=8; mean +/- SD; ***p<0.001 by one-

way ANOVA; as compared to VSV∆51 condition).  
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Single and multi-step growth curves performed in 786-0 cells revealed that DMF 

enhanced the viral output of VSVΔ51 when using a low MOI, but not when using a high 

MOI (Figure 3.1H), indicating DMF inhibits mechanisms that impinge on viral spread 

rather than virus output per infected cell. To further explore the effect of DMF on virus 

spreading, 786-0 cell monolayers were infected with VSVΔ51 and overlaid with agarose 

to generate defined plaques of virus replication foci. DMF substantially increased the 

average plaque diameter of VSVΔ51 on fluorescent imaging and Coomassie Blue 

staining of infected cell monolayers (Figure 3.1I and Supplemental Figure 1B). To further 

assess the oncolytic effect of VSVΔ51 in the presence of DMF, we pretreated cancer cells 

with DMF before infection with VSVΔ51 at a low MOI, and cell viability was assessed 

with the metabolic dye alamarBlue, 48 hours after infection. Combined treatment with 

DMF and VSVΔ51 resulted in a decrease in cell viability in human 786-0 as well murine 

CT26WT and B16F10 cells (Figure 3.1J).  

We further assessed the ability of DMF to enhance VSVΔ51 infection ex vivo in 

mouse-derived tissues. Tumor cores from mice subcutaneously implanted with CT26WT 

murine colon cancer cells or B16F10 murine melanoma cells, as well as cores from 

normal lung, muscle, and spleen were collected and subsequently infected with VSVΔ51-

GFP in the presence or absence of 150 µM DMF. DMF robustly increased the growth of 

the virus in CT26WT and B16F10 cores by 31-fold and 13-fold, respectively, but did not 

increase virus growth in normal tissue cores (Figure 3.2A). Furthermore, DMF increased 

VSVΔ51 infection by > 10-fold ex vivo in primary human melanoma, lung, prostate, and 
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ovarian tumor samples, as observed by plaque assay and microscopy (Figure 3.2, B and 

C), as well as in various melanoma and ovarian patient-derived cancer cell lines (Figure 

3.2D). Similar to the murine normal tissue cores, DMF did not promote virus growth in 

human normal lung and muscle tissues from various patients (Figure 3.2E).  
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Figure 3.2. Dimethyl fumarate enhances infection ex vivo and in human clinical 

samples. (A) CT26WT and B16F10 tumors were grown subcutaneously in BALB/c and 

C57BL/6 mice, respectively, and excised. BALB/c and C57BL/6 mouse spleens, 

muscles, lungs, and brain tissue were also collected and cored. Tumor and normal tissue 

cores were pretreated with 150 µM of DMF for 4 hours and subsequently infected with 

1x10
4 

PFU of oncolytic VSV∆51 expressing GFP. 24 hours after infection, fluorescent 

images were acquired for the tumor or normal tissue cores. Representative images from 

each triplicate set are shown in the upper panel. Viral titers from supernatant were 

determined 48 hours after infection and are shown in the lower panel (n=3-4; mean +/- 

SD;  2-tailed t-test; ns, not significant;  * p<0.05, as compared to the untreated 

counterpart). (B) Indicated human tumor tissues were treated with DMF for 4 hours and 

subsequently infected with 1x10
4
 PFU of VSV∆51 expressing GFP. Viral titers were 

determined 48 hours after infection (n=3-4; mean +/- SD; 2-tailed t-test; * p<0.05, ** 

p<0.01 as compared to the untreated counterpart). (C) Representative fluorescent and 

brightfield images are shown for patient 8. (D) Patient-derived cell lines were treated 

with DMF for 4 hours and subsequently infected with an MOI of 0.01 of oncolytic 

VSV∆51 expressing GFP. Corresponding viral titers were determined 48 hours after 

infection (n=3; mean +/- SD;  2-tailed t-test;  * p<0.05, as compared to the untreated 

counterpart). (E) Human normal tissue was treated as in B (n=3-4; mean +/- SD; 2-tailed 

t-test). 
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In addition to DMF, various fumaric and maleic acid esters (FMAEs) exhibit 

antiinflammatory and immunomodulatory properties (218). We therefore tested whether 

other FAEs and their cis- and trans-isoforms (maleic acid esters) (Figure 3.3, A and B) 

have a similar impact to DMF on viral infection of cancer cells. Indeed, the cell-

permeable FAE diethyl fumarate (DEF), and maleic acid esters dimethyl maleate (DMM) 

and diethyl maleate (DEM) robustly enhanced VSVΔ51infection, spread, and oncolysis 

in 786-0 and CT26WT cells in vitro (Figure 3.3C, Supplemental Figure 2 and S3). 

Enhanced infection was also observed with FMAEs in CT26WT tumor cores infected ex 

vivo (Figure 3.3D). DMF is rapidly hydrolyzed to monomethyl fumarate (MMF) by 

esterases in vivo, and subsequently to fumaric acid (FA) (as displayed in Figure 

3.3B)(219). Indeed, MMF is thought to be the active metabolite of DMF in the treatment 

of multiple sclerosis(219). In 786-0 cells, MMF also enhanced infection of VSVΔ51 to a 

similar extent as DMF, albeit at higher effective doses. Fumaric acid (FA), in contrast 

with the cell-permeable esters MMF and DMF, had no impact on viral growth (Figure 

3.3C, Supplemental Figure 2). Taken together, our data indicate that DMF and other cell-

permeable FMAEs can dramatically enhance the spread of OVs in both mouse and 

human cell lines and cancer tissue explants. 

  

https://paperpile.com/c/WivW1d/To68a
https://paperpile.com/c/WivW1d/oa47P
https://paperpile.com/c/WivW1d/oa47P
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Figure 3.3. Fumaric and maleic acid esters promote infection by VSVΔ51. (A) 

Structures of fumaric acid esters (DEF) and maleic acid esters (DEM, DMM) are 

presented. (B) Metabolism of DMF. DMF is hydrolyzed into monomethyl fumarate 

(MMF), which in turn is metabolized into fumaric acid (FA). FA subsequently enters the 

TCA cycle. (C) 786-0 cells or (D) CT26WT ex vivo tumor cores were pretreated with 

various FMAEs and analogues for 4 hours, and subsequently infected with oncolytic 

VSV∆51 expressing GFP at (C) an MOI of 0.01 or (D) 1x10
4 

PFU.  24 hours after 

infection, we obtained fluorescent images of the infected 786-0 cells or CT26WT tumor 

cores. Corresponding viral titers were determined from supernatants 48 hours after 

infection (n=3; mean +/- SD; one-way ANOVA; * p<0.05, ** p<0.01, *** p<0.001, as 

compared to the untreated counterpart). 
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Dimethyl fumarate improves therapeutic efficacy of oncolytic rhabdoviruses 

Because DMF is a clinically approved drug and it broadly and robustly enhanced 

the growth and activity of VSVΔ51 in vitro in both human and mouse tumor explants, 

and did so preferentially in tumors opposed to normal tissues, we next evaluated the 

potential therapeutic benefit of combining DMF with oncolytic VSVΔ51 in vivo. To this 

end, we used both syngeneic and xenograft mouse tumor models, in which VSVΔ51 is 

ineffective as a monotherapy (119, 220–222). Mouse CT26WT and B16F10 and human 

colon cancer HT29 cells were grown subcutaneously in Balb/c, C57BL/6, or nude mice, 

respectively. Mice were injected intratumorally with DMF for 4 hours, and subsequently 

infected with VSVΔ51 expressing luciferase.  With the exception of the B16F10 model, 

DMF enhanced virus-associated luciferase gene expression specifically in tumors 24 

hours after the first injection of virus, as assessed using an in vivo imaging system (IVIS) 

(Figure 3.4, A and B). In all three models, the combination therapy considerably delayed 

tumor progression (Figure 3.4C, table S1) and significantly prolonged survival compared 

with either monotherapy (combination therapy compared to VSV∆51 alone; CT26WT: 

p=0.0008; B16F10: p=0.0039; HT29: p=0.0003) (Figure 3.4D). The combination therapy 

produced complete remission in approximately 20% of the mice in both the CT26WT and 

B16F10 models. The cured CT26WT-bearing mice that had received the combination 

regimen subsequently became immune to re-challenge with the same cancer cells (Figure 

3.4E). However, when cured CT26WT-bearing mice were challenged with a foreign 

tumor (murine 4T1 breast cancer), cured CT26WT mice grew 4T1 tumors at a similar 

rate as the naive mice (Figure 3.4F). Altogether, these results indicate the effective 

generation of a specific and long-lasting anti-tumor immunity.  

https://paperpile.com/c/WivW1d/4f3a5+WxamI+tQV09+x0Yzq
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Figure 3.4. Dimethyl fumarate enhances VSV∆51 therapeutic efficacy in syngeneic 

and xenograft tumor models. (A-D) CT26WT, B16F10, and HT29 tumor-bearing mice 

were treated intratumorally with the vehicle (DMSO) or 50 (B16F10) or 200 (CT26WT 

and HT29) mg/kg of DMF for 4 hours, and subsequently injected with 1x10
8 

PFU of 

oncolytic VSV∆51 expressing firefly luciferase or the vehicle (PBS), intratumorally. The 

treatment was administered twice or three times, as indicated by arrows in panel C. 24 

hours after infection, viral replication was monitored. (A) Representative 

bioluminescence images of mice.  (B) Quantification of luminescence in photons/sec 

(n=10-18; horizontal lines indicate means; ns, not significant; **p < 0.01 by 2-tailed t-

test, as compared to VSV∆51 infected condition; dashed lines represent average 

background intensity). (C) Tumor volume (n=9-15; data shown as mean ± SEM; SD 

values are indicated in table S1; *p < 0.05, ** p<0.01, ***p<0.001 by two-way ANOVA; 

comparing DMF+VSV∆51 to DMSO alone).  (D) Survival was monitored over time. 

Log-rank (Mantel-Cox) test indicates that the combined treatment significantly prolonged 

survival over VSV∆51 alone (CT26WT: n=10-13, p=0.0008; B16F10: n=9-14, p=0.0039; 

HT29: n=10-15, p=0.0003). (E) Tumor volume and survival were monitored after re-

implantation of CT26WT in cured and naïve mice from D (n=3-5, mean +/- SD). (F) 

Tumor volume was monitored after implantation of 4T1 cells in CT26WT-cured and 

naïve mice (n=3, mean +/- SD).   
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Fumaric and maleic acid esters inhibit the antiviral response 

To gain further insight into the possible mechanism mediating the enhancement of 

OVs by DMF and other FMAEs, microarray gene expression analysis was performed on 

786-0 cells 24 hours after infection with VSVΔ51 in the presence or absence of DMF, 

DEM, DEF, or DMM. DMF-treated cells had a similar gene expression profile to cells 

treated with the other FMAEs tested (Supplemental Figure 4A). Upon infection with 

VSVΔ51, multiple antiviral genes were up-regulated as expected; however, DMF led to 

the inhibition of many of these (IFITIM1, MX2, GBP4, IFI27, IFNA, CXCL10), and 

upregulated various genes, including a number of redox response genes (CYP4F11, 

CDK5RAP2, ANXA10 HMOX1, OSGIN1, TXNRD1, AKR1B10, AKR1B15, AKR1C1, 

AKR1C2) (Figure 3.5A and B). GOterm analysis revealed that FMAE treatment of 

infected 786-0 cells inhibited the response to virus as well as type I IFN signaling (Figure 

3.5C, Supplemental Figure 4B ). Consistent with repression of the type I IFN response, 

DMF decreased activation (phosphorylation) of both STAT1 and STAT2, 24 hours after 

infection (Figure 3.5D). Additionally, the expression of the antiviral protein IFITM1 was 

potently repressed by DMF, whereas the VSV viral proteins were increased (Figure 

3.5E). Furthermore, DMF enhanced infection of VSVΔ51, but it had no impact on 

infection of 786-0 cells by wild-type VSV (wtVSV) (Figure 3.5E). Unlike VSVΔ51, 

wtVSV robustly inhibits Type I IFN production(48), and therefore we would expect the 

effect of DMF to be redundant in the context of wtVSV if a Type I IFN response is 

indeed involved in eliciting the pro-viral effects of DMF.  

  

https://paperpile.com/c/WivW1d/jZSrI
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Figure 3.5. FMAEs inhibit antiviral cytokine production and response to type I 

interferon.  (A-C) Lysates of 786-0 cells treated with FMAEs and infected with 

VSV∆51 expressing GFP were collected at 24 hpi, and RNA or protein was extracted. 

(A) Scatter plot showing the expression of all genes in infected 786-0 in the presence (y-

axis) or absence (x-axis) of DMF. Blue dots represent genes upregulated by DMF during 

infection, red dots represent genes downregulated by DMF during infection. (B) Heatmap 

showing the expression of the differentially expressed genes belonging to the “response 

to virus” GO term. (C) List of top GO terms downregulated by FMAEs during viral 

infection. (D) Lysates of 786-0 cells, treated with DMF (150 µM)  and infected with 

VSV∆51 expressing GFP or left untreated, were collected at 24 hpi and probed for 

indicated proteins by western blot. (E) 786-0 cells were pretreated for 4 hours with DMF 

(150 µM) or mock treated and infected with VSV∆51 or wtVSV (MOI: 0.01). 

Corresponding viral titers were determined from supernatants 48 hours after infection 

(n=3; mean +/- SD). (F) 786-0 cells were treated with DMF (150 µM), MMF (1500 µM), 

or mock treated for 4 hours and infected with VSVΔ51ΔG at MOI 1. 12 or 16 hpi, 

supernatants were collected and used to precondition 786-0 cells for 4 hours, and then the 

cells were infected with VSV∆51 or wtVSV. Corresponding viral titers were determined 

24 hours after infection from supernatants (n=3; mean +/- SD). Representative 

fluorescent images are shown. (G-H) 786-0 cells were treated as in (A). (G) At 16 hpi, 

supernatants were collected and assayed by ELISA for IFNβ (n=3; mean +/- SD). (H) At 

36 hpi, supernatants were collected and assayed by ELISA for IFNα (n=3; mean +/- SD). 

(I) 786-0 cells were treated with FMAEs for 6 hours and with IFNβ or IFNα for 4 hours, 

and subsequently infected with VSVΔ51 at MOI 0.1. Corresponding viral titers were 

determined from supernatants 48 hours after infection (n=3; mean +/- SD). (J) 786-0 

cells were pretreated with 200 µM of DMF for 1 or 4 hours and treated with IFNβ (250 

U/ml) for 30 minutes, or left untreated. Cell lysates were extracted and probed for 

pSTAT1, STAT1, and β-actin by western blot. 
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To gain mechanistic insight into the effect of FMAEs on the antiviral response, 

we examined their ability to protect against virus challenge and IFN-mediated antiviral 

signaling. After treatment with FMAEs (or mock), we infected cells with a spread-

deficient version of VSVΔ51 that does not encode the viral G protein (glycoprotein 

responsible for virus budding, host cell binding, and virus entry; VSVΔ51ΔG) to 

suppress formation of de novo virions(223). Cell supernatants were collected 12 or 16 

hour post infection (hpi), and used to pretreat target cells before infection with VSVΔ51 

or wtVSV. Our results show that while the supernatant of cells infected with VSVΔ51ΔG 

could protect against subsequent viral infection with VSVΔ51 or wtVSV, the addition of 

DMF or MMF was able to completely overcome this suppressive effect for both VSVΔ51 

and wtVSV (Figure 3.5F). Indeed, we observed through ELISA a decrease in the 

production of IFNβ and IFNα after infection in the presence of FMAEs (Figure 3.5, G 

and H). Furthermore, treatment of cells with DMF and other FMAEs antagonized the 

antiviral effects of Type I IFN pretreatment on VSVΔ51 infection (Figure 3.5I). Taken 

together, these data suggest that FMAEs affect antiviral signaling by repressing 

production of Type I IFN and downstream signaling through the JAK-STAT pathway. 

Consistent with this, Western blotting revealed that in cells conditioned with IFNβ at the 

doses which inhibit VSVΔ51 infection, DMF and DEM inhibited STAT1 

phosphorylation, which is involved in transcription and response to type I IFN after viral 

infection (Figure 3.5J and Supplemental Figure 4C).  

 

Fumaric and maleic acid esters promote infection through NF-κB inhibition 

independently of GSH depletion  

https://paperpile.com/c/WivW1d/DnaFf
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Although our data clearly implicated an effect of multiple FMAEs on the antiviral 

response, the molecular chain of events leading to these effects remained unclear. DMF, 

DEM, DEF, and MMF share a common α,β-unsaturated carbon, which is attacked by 

GSH in a Michael addition reaction and which is implicated in the capacity of these 

compounds to deplete cellular GSH and activate the antioxidant response (224). We 

therefore tested the impact of dimethyl succinate (DMS) (Figure 3.6A), which lacks this 

functional moiety. We found that DMS had no impact on viral output (Figure 3.6, B and 

C), nor did the hydrolysed form of DMS, succinate (S). In contrast with FA, DMS, and S, 

all other FMAEs were able to deplete GSH (Figure 3.6D). However, the proviral activity 

of DMF was still evident after pre-depletion of cellular GSH by culturing cells for 10 

days in the presence of buthionine sulfoximine (BSO), an inhibitor of glutamate cysteine 

ligase (GCL) required for the synthesis of GSH (Figure 3.6E).  

  

https://paperpile.com/c/WivW1d/ex1j5
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Figure 3.6. DMF inhibits NF-κB translocation upon infection. (A) Structures of DMS, 

MMS, S. (B-C) 786-0 cells were pretreated with the indicated DMF analogues for 4 

hours and subsequently infected with oncolytic VSV∆51 expressing GFP at an MOI of 

0.01.  (B) 24 hours after infection, fluorescent images were taken of the infected 786-0 

cells. (C) Corresponding viral titers were determined from supernatants 48 hours after 

infection (n=3; mean +/- SD; one-way ANOVA; *** p<0.001, as compared to the 

untreated counterpart). (D) GSH concentrations were determined in 786-0 cells after a 4-

hour treatment with FMAEs (n=4; mean +/- SD; one-way ANOVA; *** p<0.001, as 

compared to the untreated counterpart). (E) 786-0 cells were grown in the presence or 

absence of BSO (2 mM) for 7 days and pretreated with DMF (200 µM) for 4 hours or left 

untreated, then infected with oncolytic VSV∆51 expressing GFP at an MOI of 0.01. 

Corresponding viral titers were determined from supernatants 48 hours after infection 

(n=3; mean +/- SD).(F) Heatmap showing the expression of the differentially expressed 

oxidative stress genes. Expression of genes was normalized to values obtained for 

untreated, uninfected control. (G) HMOX1 expression quantified by qPCR from 786-0 

cells after a 6-hour treatment with FMAEs  (n=3; mean +/- SD). (H) siNRF2 knockdown 

786-0 cells were treated with DMF or untreated and infected as in (E). Corresponding 

viral titers were determined from supernatants 24 hours after infection. RNA was 

extracted, and the expression of NRF2 and IFITM1 genes was quantified by qPCR (n=3; 

mean +/- SD). (I-J) Cytoplasmic and nuclear protein fractions were extracted from 786-0 

cells treated with DMF (200 µM) for 4 hours and (I) subsequently infected with oncolytic 

VSV∆51 expressing GFP at an MOI of 1 for 8 hours, or (J) treated with TNFα (30 ng/ml) 

for 30 min. Cell lysates were probed for multiple proteins as indicated, by western blot. 

(K) 786-0 cells were pretreated with NF-κB inhibitors targeting IKK [IKK16 (10 µM), 

TPCA1 (40 µM)] for 4 hours and subsequently co-treated with DMF (150 µM) and 

oncolytic VSV∆51 expressing GFP at an MOI of 0.01. Corresponding viral titers were 

determined from supernatants 24 hours after infection. (n=3; mean +/- SD; one-way 

ANOVA; *** p<0.001, as compared to the untreated counterpart). 
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In parallel with their impact on antiviral gene expression by microarray, FMAEs 

also induced robust expression of multiple genes involved in the antioxidant response 

(Figure 3.6F). In particular, HMOX1 expression, as determined by real-time PCR, was 

consistently up-regulated well over 100-fold by FMAEs (Figure 3.6G), but not by 

treatment with FA, DMS, or S (Figure 3.6G).  DMF and other FMAEs induce nuclear 

translocation of NRF2 via covalent modification of KEAP1, which induces antioxidant 

genes(225). This is consistent with our observation of the induction of HMOX1 and other 

NRF2 target genes by FMAEs but not FA, DMS, or S (Figure 3.6F and G). To determine 

whether the proviral effect of DMF is dependent on NRF2 activity, siRNA knockout 

against NRF2 was performed. We found that knockdown of NRF2 did not block the 

capacity of DMF to enhance VSVΔ51 infection or  inhibit antiviral factor IFITM1 

(Figure 3.6H).   Furthermore, DMF was able enhance infection in a number of cell lines 

harboring KEAP1 mutations (A549(226), CT26WT(227)) (Figure 3.1D). Altogether 

these data suggest that the ability of FMAEs to enhance infection requires the α,β-

unsaturated carbon involved in GSH depletion, but that neither GSH depletion nor NRF2 

activity are likely key mediators of this phenomenon. Given that DMF inhibits LPS-

stimulated cytokine production by inhibiting NF-κB nuclear entry(228, 229), we looked 

at nuclear and cytoplasmic fractionations of infected cells. Probing for NF-κB subunit 

p65 revealed that upon infection or TFNα stimulation, DMF inhibits phosphorylation and 

translocation of this transcription factor, involved in the transcription of IFNβ particularly 

but also in the response to type I IFN (Figure 3.6 I and J). Furthermore, DMF did not 

improve infection in cells treated with inhibitors of IκB kinase (IKK) degradation using 

chemical compounds IKK16 and TCPA1(230, 231) (Figure 3.6K).  

https://paperpile.com/c/WivW1d/45Rvn
https://paperpile.com/c/WivW1d/AdpOS
https://paperpile.com/c/WivW1d/OI9lB
https://paperpile.com/c/WivW1d/SLSnW+oeQaJ
https://paperpile.com/c/WivW1d/jYaOe+2IF0F
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Discussion  

 

In this study, we demonstrate that fumaric and maleic acid esters like DMF 

enhance OVs such as VSVΔ51 by increasing viral spread and oncolysis in resistant 

cancer cells. Furthermore, we show that DMF can overcome the innate immune response 

of cancer cells in a manner consistent with its modulation of NF-κB activity. This results 

in a decrease in cytokine production and the inhibition of the type I IFN response at 

multiple levels, including the NF-κB and JAK-STAT pathways. 

FMAEs such as DMF are electrophilic hence they can covalently link to essential 

thiol groups on various proteins, including KEAP1, which activates NRF2(189). The 

activation of antioxidative transcription factor NRF2 by DMF has been long thought to 

be a main mechanism in the treatment of multiple sclerosis (MS), however recent studies 

suggest that the anti-inflammatory activity of DMF in MS treatment occurs through 

alternative pathways, independent of NRF2 (134, 139, 228). Consistent with this, we 

show that enhancement of viral infection by DMF is not mediated by the activation of 

NRF2. However, NRF2 signaling may nevertheless play a role in some contexts, given a 

recent study implicating its involvement in sulforaphane-mediated enhancement of 

infection by VSVΔ51 in prostate cancer cells (232).  

DMF blocks the nuclear translocation and DNA binding activity of NF-κB 

transactivator subunit p65 upon stimulation with TFNα or lipopolysaccharides (LPS) 

(139, 212, 228, 229). Similarly to KEAP1, DMF also covalently binds p65 cysteines, and 

in particular cysteine 38 that is essential to block its nuclear translocation and 

transcriptional activity (216). Consistent with this, here we show that DMF is able to 

https://paperpile.com/c/WivW1d/A1Wmk
https://paperpile.com/c/WivW1d/VJf5r+ZUqju+SLSnW
https://paperpile.com/c/WivW1d/0kl0V
https://paperpile.com/c/WivW1d/ZUqju+SLSnW+oeQaJ+8M30B
https://paperpile.com/c/WivW1d/w3Kpi
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block the translocation of the NF-κB transcription factor p65 upon viral infection. RNA 

virus infection triggers the activation of interferon regulatory factor 3 (IRF3) and NF-κB, 

transcription factors downstream of the viral RNA sensors such as RIG-I-like 

receptor(233). Both IRF3 and NF-κB are required for the expression of the antiviral 

cytokine IFNβ (233). However, DMF does not block the translocation of IRF3, but 

inhibits numerous antiviral and proinflammatory cytokines, promoting the spread of viral 

infection within the tumor environment. Of note, the wtVSV matrix (M) protein has the 

ability to inhibit NF-κB activation, while mutation in the M protein found in VSVΔ51 

abrogates this function(234). In addition, oncolytic virus infection can be improved in 

vitro by using compounds that inhibit NF-κB signaling through inhibition of IKK for 

instance (79, 235) as we have confirmed here. However, the capacity of these compounds 

to enhance oncolytic virus activity in vivo has not been assessed, and they are not 

approved for human use, in contrast with DMF. 

DMF inhibits the cellular response to type I IFN, in part by decreasing IFN 

production via the modulation of NF-κB, in addition to the inhibition of STAT1 

activation upon IFN stimulation. DMF mediates suppression of STAT1 phosphorylation 

in dendritic cells (236), further supporting our findings. However, the mechanism of 

suppression of STAT1 by DMF remains unclear. Recent studies found that oxidative 

stress has a marked impact on signal transduction through the JAK-STAT pathway, 

impairing STAT1 phosphorylation(237, 238). This could suggest a mechanism whereby 

ROS induced by DMF indirectly blocks STAT1 phosphorylation and IFN signaling. 

Despite an absence of clinical data regarding an increased risk of infections in 

patients treated with FAEs(126, 239), recent reports of progressive multifocal 

https://paperpile.com/c/WivW1d/tHmfn
https://paperpile.com/c/WivW1d/tHmfn
https://paperpile.com/c/WivW1d/PZ3s0
https://paperpile.com/c/WivW1d/3zbjZ+Mowv0
https://paperpile.com/c/WivW1d/Cus4b
https://paperpile.com/c/WivW1d/gATMp+6Wq9x
https://paperpile.com/c/WivW1d/W8uzg+dieyy


81 

 

leukoencephalopathy (PML), a rare disease of the central nervous system caused by the 

polyoma JC virus(240), were associated with long term treatment with DMF in several 

patients(241–245). The susceptibility and occurrence of PML in DMF-treated patients 

have been widely debated(246–249), however this potential causative mechanism 

remains to be explored. Given our observation that DMF is able to inhibit type I IFN 

response upon infection, as well as inhibit DC maturation(229), this suggests that long-

term treatment with DMF may increase susceptibility to IFN-sensitive viruses such as 

polyomaviruses(250). Further investigation to this end is warranted.  

Nevertheless, Tecfidera has been safely used by more than 135,000 patients 

worldwide since its approval. Furthermore, Fumaderm is the most frequently prescribed 

drug for systemic treatment of psoriasis in Germany. DMF is emerging as a promising 

anticancer agent that can inhibit melanoma and colon cancer(129, 149, 150). Here we 

show that DMF can also enhance the therapeutic benefit of oncolytic virotherapy in vivo. 

The clinical availability of DMF and related FAEs and the recent approval of the first 

oncolytic virus for the treatment of melanoma (29, 251) provide a clear path towards 

clinical evaluation of this promising combination therapy.  

 

Materials and Methods 

 

Study design. In our hypothesis-driven study, we assessed the therapeutic potential of the 

clinically approved drug DMF in combination with oncolytic virotherapy in human and 

murine cancer cell lines (in vitro, ex vivo), in human-derived tumor cell lines, and in 

https://paperpile.com/c/WivW1d/Ir7y2
https://paperpile.com/c/WivW1d/Pn0UC+E2iAo+M6C34+h9f0q+hQbsa
https://paperpile.com/c/WivW1d/GKdkR+7mgzB+UK8TO+nrIUf
https://paperpile.com/c/WivW1d/oeQaJ
https://paperpile.com/c/WivW1d/9xNNV
https://paperpile.com/c/WivW1d/dGJYj+4sIra+dHbbT
https://paperpile.com/c/WivW1d/XPSFv+CcVQR
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human tumor specimens. The effect of the combination therapy on viral infection was 

assessed by plaque assay. This study was extended to syngeneic and xenograft tumor 

models refractory to OV therapy to analyze the effects of combination therapy in vivo. In 

all experiments, animals were assigned to various experimental groups at random but 

experimenters were not blinded. For survival studies, sample sizes of 9 to 18 mice per 

group were used. Mice were euthanized when tumors had reached 1,500 mm
3
. All 

outliers were included in the data analysis.  

Drugs, chemicals, and cytokines. Drugs, chemicals, and cytokines and their respective 

suppliers and solvents used in this study are listed in table S2.  

Cell lines. Cells and their respective suppliers and growth media used in this study are 

listed in table S3. Cells were cultured in HyQ high-glucose Dulbecco’s modified Eagle’s 

medium (DMEM) (Hyclone) or Roswell Park Memorial Institute (RPMI)-1640 medium 

(Corning) supplemented with 10 % fetal calf serum (CanSera) and 

penicillin/streptomycin (Gibco). All cell lines were incubated at 37 °C in a 5% CO2 

humidified incubator.  All cells were tested to ensure they are free of mycoplasma 

contamination.  

Human-derived cell lines. Ovarian cancer primary cultures were derived from the 

ascites of individuals with ovarian cancer during routine paracentesis according to 

Ottawa Health Science Network Research Ethics Board (OHSN-REB) protocol number 

20140075-01H. These cells were maintained in complete Dulbecco’s Modified Eagle’s 

medium supplemented with 10% fetal bovine serum. These cultures have been 

characterized and cryopreserved for use as experimental models.   
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Melanoma primary cultures were derived from excised surgical specimens. The surgeries 

were performed at the Ottawa Hospital and specimens were taken after the receipt of 

patient consent according to the OHSN-REB # 20120559-01. Primary cultures were 

maintained in Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 

10% fetal bovine serum. Primary cultures were established after scalpel-mediated 

homogenization of tumor specimens and filtration of the homogenate through a 70 μm 

nylon mesh cell strainer (ThermoFisher Scientific). Homogenate was maintained in 

culture with periodically refreshed medium until sufficient cellular proliferation occurred 

for experimental purposes. Both primary melanoma cultures have been characterized and 

cryopreserved for use as experimental models.  

Viruses and quantification.  

Rhabodviruses. The Indiana serotype of VSV (VSVΔ51 or wild type) was used 

throughout this study and was propagated in Vero cells. VSVΔ51 expressing GFP or 

firefly luciferase are recombinant derivatives of VSVΔ51 described previously (48). All 

viruses were propagated on Vero cells and purified on 5–50% Optiprep (Sigma) gradient, 

and all virus titers were quantified by the standard plaque assay on Vero cells as 

previously described (252). The number of infectious virus particles was expressed as 

plaque-forming unit (PFU) per milliliter (ml).  

Adenovirus. The Ad5-luciferase (adenovirus serotype 5 expressing firefly luciferase) was 

generously provided by  Dr. Jack Gauldie (McMaster University). 

https://paperpile.com/c/WivW1d/jZSrI
https://paperpile.com/c/WivW1d/TEhc2
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Herpes simplex virus. The HSV-1 N212 expressing GFP (253) was a gift from Dr. Karen 

Mossman (McMaster University, Canada). HSV virus titers were quantified by the 

standard plaque assay on Vero cells as previously described (253). 

Sindbis virus. The Sindbis virus expressing GFP was a gift from Dr. Benjamin tenOever 

(Icahn School of Medicine at Mount Sinai, NY, USA).  The Sindbis virus was quantified 

by the standard plaque assay in Vero cells. Plaques were counted 3 days after infection. 

Cell viability assay. The metabolic activity of the cells was assessed using alamarBlue 

(Bio-Rad) according to the manufacturer’s protocol. Fluorescence was measured at 590 

nm upon excitation at 530 nm using a Fluoroskan Ascent FL (Thermo Labsystems). 

Microarray and analysis. 786-0 cells were plated at a density of 1 × 10
6
 in 6-well dishes 

and allowed to adhere overnight. The next day, cells were pretreated for 4 hours with 

DEM (350 µM), DEF (350 µM), DMM (300 µM), DMF (200 µM), or the vehicle. After 

pre-treatment, the cells were infected with VSVΔ51 at an MOI of 0.01 or mock-infected. 

24 hours after infection, RNA was collected using an RNA-easy kit (Qiagen). Biological 

triplicates were subsequently pooled and RNA quality was measured using Agilent 2100 

Bioanalyzer (Agilent Technologies) before hybridization to Affymetrix Human 

PrimeView Array (The Centre for Applied Genomics, The Hospital for Sick Children, 

Toronto, Canada). Microarray data 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. Heatmaps of normalized expression values were generated 

using R package pheatmap. Volcano plots of gene expression values were generated 

https://paperpile.com/c/WivW1d/eFcWd
https://paperpile.com/c/WivW1d/eFcWd
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using R. Gene ontology enrichment analysis was evaluated using GOrilla (254) after 

correction for multiple hypothesis testing (Benjamini–Hochberg). Raw and processed 

microarray data have been deposited in NCBI-Gene Expression Omnibus database 

(GSE97328). 

Mouse tumor models.  

CT26WT model. Six-week-old female BALB/c mice obtained from Charles River 

Laboratories were subcutaneously injected with 5 × 10
5
 syngeneic CT26WT cells 

suspended in 100 μl PBS. 11 days after implantation, tumors were treated intratumorally 

(i.t.) once with 200 mg/kg of DMF (dissolved in DMSO) or the vehicle alone. 4 hours 

later, tumors were intratumorally injected with 1 × 10
8
 PFU (in 25 μl PBS) of VSVΔ51 

expressing firefly luciferase.  

HT29 model. Six-week-old female BALB/c nude mice were subcutaneously  injected 

with 5×10
6
 syngeneic HT29 cells suspended in 100 μl serum-free DMEM and 100 µl 

Geltrex (Thermo Fisher). When tumors grew to approximately 5 mm x 5 mm (11 days 

after implantation), mice were treated intratumorally once with 200 mg/kg of DMF 

(dissolved in DMSO) or the vehicle as indicated. Four hours later, tumors were injected 

intratumorally with 1 × 10
8
 PFU of VSVΔ51-expressing firefly luciferase.  

B16F10 model. Six-week-old female C57BL/6 mice obtained from Charles River 

Laboratories were subcutaneously injected with 5 × 10
5
 syngeneic B16F10 cells 

suspended in 100 μl PBS. 11 days after implantation, tumors were treated intratumorally 

(i.t.) once with 50 mg/kg of DMF (dissolved in DMSO) or the vehicle alone. 4 hours 

https://paperpile.com/c/WivW1d/LNOYU
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later, tumors were  intratumorally injected with 1 × 10
8
 PFU (in 25 μl PBS) of VSVΔ51 

expressing firefly luciferase.   

Tumor sizes were measured every other day using an electronic caliper. Tumor volume 

was calculated as (length
2
 × width)/2. For survival studies, mice were euthanized when 

tumors had reached 1,500 mm
3
. For in vivo imaging, an IVIS (Perkin Elmer) was used as 

described previously(119). The bioluminescent signal intensities for each mouse were 

quantified using Living Image v2.50.1 software. Sample size in all animal experiments 

was n ≥ 5. Mice were randomized to the different treatment groups according to tumor 

size in all experiments. Mice with no palpable tumors on initial treatment day were 

excluded from the study. The investigators were not blinded to allocation during 

experiments and outcome assessment. All experiments were performed in accordance 

with the University of Ottawa Animal Care and Veterinary Services guidelines for animal 

care under the protocol OHRI-2265 and OHRI-2264. 

Ex vivo mouse model. BALB/c mice were implanted with subcutaneous CT26WT. Mice 

were sacrificed after tumors had reached at least 10 mm x 10 mm in size. Tumor, lung, 

spleen, and brain tissue were extracted from the mice, cut into 2 mm-thick slices and 

cored into 2 mm x 2 mm pieces using a punch biopsy. Each tissue core was incubated in 

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

bovine serum and 30 mM HEPES at 37 °C in a 5% CO2 humidified incubator. Cores 

were treated for 4 hours with the indicated concentrations of chemical compounds. 

Subsequently, the cores were infected with VSVΔ51-GFP. GFP images were obtained for 

each core 24 hours after infection.  

https://paperpile.com/c/WivW1d/WxamI
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Ex vivo human samples. Tumor samples were acquired from consenting individuals 

during surgery, and specimens were manipulated as previously described (255). Approval 

was granted by the Ottawa Health Science Network Research Ethics Board for all studies 

requiring human tissue samples (OHSN-REB # 2003109-01H and OHSN-REB # 

20120559-01). Patient provided their written informed consent in accordance with 

Declaration of Helsinki guidelines. 

Immunoblotting. Cells were pelleted and lysed on ice for 30 minutes using 50 mM 

HEPES, pH 7.4, 150 mM NaCl, 10 mM EDTA, 10 mM Na4P2O7, 100 mM NaF, 2 mM 

Na3VO4, protease inhibitor cocktail (Roche), and 1% Triton X-100. For nuclear and 

cytoplasmic extracts, the NE-PER Nuclear and Cytoplasmic Extraction kit 

(ThermoFisher Scientific) was used according to the provided protocol. After protein 

determination by Bradford assay (Bio-Rad Protein Assay Solution), 20 μg of clarified cell 

lysates were electrophoresed on NuPAGE Novex 4-12% Bis-Tris precast gels 

(ThermoFisher Scientific) using the XCell SureLock mini-cell System (ThermoFisher 

Scientific) and transferred to nitrocellulose membranes (Hybond-C, Bio-Rad). Blots were 

blocked with 5% BSA or milk and probed with antibodies specific for phospho-STAT1 

(Tyr701, #9171, Cell Signaling Technology, used at 1:1000), STAT1 (#9172, Cell 

Signaling Technology, used at 1:1000), STAT2 (#72604, Cell Signaling Technology, 

used at 1:1000), phospho-STAT2 (#88410S, Cell Signaling Technology, used at 1:1000), 

IFITM1 (#60074-1-Ig, Proteintech Group, used at 1:1000, in 5% milk), VSV (a gift from 

Dr. Earl Brown, used at 1:2000), HMOX1 (#70081, Cell Signaling Technology, used at 

1:2000), or β-actin (#4970, Cell Signaling Technology, used at 1:1000). Blots were then 

probed with a goat anti-rabbit or mouse peroxidase-conjugated antibodies (Jackson 

https://paperpile.com/c/WivW1d/YsMwF
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Immunoresearch Labs). Bands were visualized using the Supersignal West Pico 

Chemiluminescent substrate (ThermoFisher Scientific).  

 

ELISA. 786-0 cells plated in 12-well dishes were pretreated with compound or the 

vehicle for 4 hours, and subsequently infected with VSVΔ51-GFP at the indicated MOI 

or left uninfected. Cell supernatants were collected at different times after infection as 

indicated. IFNα and IFNβ quantifications were performed using the Verikine Human 

IFNα or IFNβELISA kits (PBL Assay Science) as per the manufacturer's instructions. 

Absorbance values at 450 nM were measured on a Multiskan Ascent Microplate Reader 

(MXT Lab Systems). 

Quantitative real-time PCR. 786-0 cells were treated for 6 hours with the indicated 

chemical compound or vehicle. Cells were collected and RNA extraction was performed 

using the Qiagen RNeasy kit (Qiagen). RNA quantity and purity was assessed using a 

NanoDrop ND-1000 spectrophotometer (Thermo Scientific). RNA was converted to 

cDNA with RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific). 

Real-time PCR reactions were performed according to the manufacturer’s protocol with 

the QuantiTect SYBR Green PCR kit (Qiagen)  on a 7500 Fast Real-Time PCR system 

(Applied Biosystems). Gene expression was calculated relative to GAPDH or β-actin. 

Fold induction was calculated relative to the untreated/uninfected samples for each gene. 

List of qPCR primers used: 

GAPDH (For -ACAGTCAGCCGCATCTTCTT; Rev-GTTAAAAGCAGCCCTGGTGA) 

HMOX1 (For-ACTGCGTTCCTGCTCAACAT; Rev-GGGGCAGAATCTTGCACTTT) 
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NRF2 (For-CAACTACTCCCAGGTTGCCC; Rev-AGTGACTGAAACGTAGCCGA) 

IFITM1  (For-CCGTGAAGTCTAGGGACAGG; Rev-

GGTAGACTGTCACAGAGCCG) 

Supernatant transfer experiment. 786-0 cells plated in 12-well dishes were pretreated 

with FMAEs or the vehicle for 4 hours and subsequently infected with VSVΔ51ΔG-GFP 

at an MOI of 1. This virus can infect cells and replicate its genome but does not bud or 

spread further because of the lack of the viral G protein, thus preventing release of viral 

particles in the supernatant(256). 1 hour after infection, the supernatant was removed to 

eliminate residual drug and virus and replenished with growth medium supplemented 

with 10% fetal bovine serum. 12 or 16 hours after infection, supernatants were collected 

before being transferred to fresh 786-0 cells and processed for further analysis.  

siRNA. 786-0 cells plated in 12-well dishes were transfected with small interfering 

RNAs (100 nM) against NRF2 (ON-TARGETplus NFE2L2 siRNA #L-003755-00-0005, 

GE Dharmacon) or with a non-targeting scrambled siRNA (ON-TARGETplus Non-

targeting Control Pool, #D-001810-10-05, GE Dharmacon). Transfections were carried 

out according to the manufacturer's protocol (Oligofectamine, Life Technologies).  

Glutathione assay.  786-0 cells plated in a 96-well plate were pretreated with FMAEs or 

the vehicle for 4 hours, and the glutathione concentrations were determined using the 

GSH-Glo Glutathione Assay kit (Promega) as per the manufacturer's instructions. The 

luminescence-based assay is based on the conversion of a luciferin derivative into 

luciferin in the presence of glutathione, catalyzed by glutathione S-transferase (GST). 

The signal generated in a coupled reaction with firefly luciferase is proportional to the 

https://paperpile.com/c/WivW1d/MgEPe
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amount of glutathione present in the sample. The assay result was normalized using GSH 

standard solution provided with the kit. Luciferase expression was then measured on a 

SynergyMx Microplate Reader (BioTek).  

Statistics. Statistical significance was calculated using Student’s T-test with Welch's 

correction, one-way, or two-way ANOVA test, as indicated in the figure legends. For all 

statistical analyses, differences were considered significant when a p-value was below or 

equal to 0.05. The log-rank (Mantel-Cox) test was used to determine significant 

differences in plots for survival studies. Statistical analyses were performed using 

GraphPad Prism 6.0 and Microsoft Excel. 
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Abstract 

 Oncolytic viruses (OV) are an emerging class of anticancer bio-therapeutics that induce 

antitumor immunity through selective replication in tumor cells.  However, the efficacy 

of OVs as single agents remains limited. We introduce a strategy that boosts the 

therapeutic efficacy of OVs by combining their activity with immuno-modulating, small 

molecule protein tyrosine phosphatase inhibitors. We report that vanadium-based 

phosphatase inhibitors enhance OV infection in vitro and ex vivo, in resistant tumor cell 

lines. Furthermore, vanadium compounds increase anti-tumor efficacy in combination 

with OV in several syngeneic tumor models, leading to systemic and durable responses, 

even in models otherwise refractory to OV and drug alone. Mechanistically, this involves 

subverting the antiviral type I IFN response towards a death-inducing and 

proinflammatory type II IFN response, leading to improved OV spread, increased 

bystander killing of cancer cells, and enhanced anti-tumor immune-stimulation. Overall, 

we showcase a new ability of vanadium compounds to simultaneously maximize viral 

oncolysis and systemic anticancer immunity, offering new avenues for the development 

of improved immunotherapy strategies. 
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Introduction 

 

Oncolytic viruses (OV) are an emerging class of anticancer bio-therapeutics that 

selectively replicate in and lyse tumor cells, without causing damage to normal cells(8, 

74). Multiple OVs have shown efficacy in preclinical models of cancer and in clinical 

trials(8). Notably, the US Food and Drug Administration (FDA) and European Medicines 

Agency (EMA) have recently approved T-VEC (Imlygic) for the treatment of melanoma. 

While OVs can lead to profound anticancer responses as single agents, clinical data show 

that some patients do not respond to OVs alone and may benefit from combination 

therapies(29, 88, 257). 

Poor infection of tumors is an important factor in the resistance to OV therapy. 

OV spread, oncolysis, and overall therapeutic efficacy can be improved in resistant 

tumors among others by using pharmacological compounds that block the cellular innate 

antiviral immune response mediated by type I interferon (IFN)(114, 115, 118, 119).  

Beyond direct effects on tumor cells, OVs can remodel the tumor microenvironment and 

boost anti-tumor immunity by directing immune responses to the tumor niche(11, 211, 

258, 259). This immunostimulatory effect can be enhanced by integrating immune 

stimulatory genes into the viral genome(221, 260) or by combination with other forms of 

immunotherapy such as immune checkpoint inhibitors(30, 194, 195, 261). 

Vanadate and other vanadium-based compounds are pan-inhibitors of protein 

tyrosine phosphatases (PTPs), with a wide range of biological effects(154, 262). 

Clinically, these compounds have been mostly explored for their antidiabetic potential, 

demonstrating safety for this indication in phase I/II human trials(263, 264). In more 

https://paperpile.com/c/WivW1d/h1zHW+jTY8
https://paperpile.com/c/WivW1d/h1zHW+jTY8
https://paperpile.com/c/WivW1d/jTY8
https://paperpile.com/c/WivW1d/NMVHR+XPSFv+Y0Lt0
https://paperpile.com/c/WivW1d/Fjmlm+se7Hb+WxamI+nENVP
https://paperpile.com/c/WivW1d/jDKaN+qs0z+LpFJs+WZgV2
https://paperpile.com/c/WivW1d/jDKaN+qs0z+LpFJs+WZgV2
https://paperpile.com/c/WivW1d/tQV09+MWNN2
https://paperpile.com/c/WivW1d/2M8S+6OXT+ihYe+R9AWX
https://paperpile.com/c/WivW1d/c1Rx2+druco
https://paperpile.com/c/WivW1d/iRZ4Z+umRsm
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recent years, a number of vanadium compounds were also found to exhibit anticancer 

effects in animal models(162, 164, 166, 265–269). Numerous studies suggest that 

vanadium compounds impact the immune system(159, 197, 270, 271), for example by 

stimulating and activating T-cells(270). However, the mechanism by which vanadium-

based compounds can modulate anticancer immunity has not been investigated. 

Given their potential immunostimulatory effects, we assessed the use of selected 

vanadium compounds as complementary pharmacological agents to OV–mediated 

immunotherapy. Here we demonstrate an unprecedented ability of these compounds to 

subvert the type I IFN antiviral response towards a death-inducing and proinflammatory 

type II IFN response, culminating in the dramatically improved anticancer activity of 

OVs both in vitro and in vivo. 

  

  

  

  

https://paperpile.com/c/WivW1d/GlY3M+a679m+umPGI+kwNrK+N3htm+jasiF+N5Chs+pSn2o
https://paperpile.com/c/WivW1d/9EGOU+qfJ3p+hqv3k+AaMNW
https://paperpile.com/c/WivW1d/qfJ3p
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Results 

 

Vanadate enhances the spread of oncolytic RNA viruses 

         Contrasting results have been reported in the few studies that have probed the 

effect of vanadate (Figure 4.1a) on viral infection(272, 273). To explore this in the 

context of OVs, we tested the impact of orthovanadate on the growth of a small panel of 

candidate oncolytic viruses. We included negative single strand RNA viruses Vesicular 

Stomatitis Virus (VSVΔ51)(48) and Measles (Schwarz strain)(274), a positive single 

strand RNA virus (Sindbis), as well as double-stranded DNA viruses herpes simplex 

virus-1 (HSV-1 mutant N212)(275) and vaccinia virus (deleted for thymidine kinase and 

expressing GM-CSF)(276) (Figure 4.1b). We found that the growth of RNA viruses 

including Measles, Sindbis, and oncolytic VSVΔ51, but not DNA viruses HSV-1 and 

vaccinia was enhanced by treatment with vanadate. VSVΔ51 growth was most robustly 

enhanced and further testing in VSV-resistant 786-0 renal carcinoma cells revealed that 

vanadate increased viral output, as measured by plaque assay, up to ~400-fold over a 10-

1000µM dose range (Figure 4.1c), which was below the median lethal concentration of 

vanadate (Figure 4.3a). Use of a GFP-expressing VSVΔ51 revealed a corresponding 

increase in the number of GFP positive, infected cells (Figure 4.1d). A similar impact on 

viral infection was observed in various human and murine cancer cell lines 

(Supplemental Figure 1a,b). Single and multi-step growth curves in 786-0 cells revealed 

that vanadate more robustly enhanced the yield of VSVΔ51 at a low multiplicity of 

infection (MOI) compared to a high MOI, indicating that vanadate promotes viral spread 

(compare Figure 4.1e vs. f). Similarly, in the presence of vanadate, VSVΔ51 produced 

larger plaques, based on both the area of GFP-positive cells as well as the cytopathic 

https://paperpile.com/c/WivW1d/Eh6YP+TUGct
https://paperpile.com/c/WivW1d/jZSrI
https://paperpile.com/c/WivW1d/bNwcH
https://paperpile.com/c/WivW1d/3Jkmk
https://paperpile.com/c/WivW1d/cVC9I
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effect observed upon coomassie blue staining (Supplemental Figure 2). The impact of 

vanadate on viral growth was more pronounced with increasing pre-treatment time 

(maximum tested 24h), with the effect of vanadate being negligible when provided later 

than 12h post infection (Supplemental Figure 1c). Similarly, treatment with vanadate 

after infection reduced its negative effect on vaccinia infection but did not lead to 

enhancement (Supplemental Figure 1d). Correlating with viral titers and GFP expression 

data, Figure 4.1g shows that vanadate increased the production of VSVΔ51 genomes in 

infected 786-0 cells as well as in mouse CT26WT colon cancer cells. In contrast, viral 

growth was not enhanced in normal adult human GM38 fibroblasts (Figure 4.1h). Using 

mouse tissue cores obtained from normal lung, muscle, spleen and tumor tissues obtained 

from mice implanted with CT26WT and DBT (glioma) cells, we further evaluated the 

impact of vanadate on growth of VSVΔ51-GFP. Fluorescence microscopy images in 

Figure 4.1i show that vanadate preferentially increased the growth of the virus in tumor 

cores with no impact on normal tissues. 
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Figure 4.1. Vanadate enhances VSV∆51 infection in cancer cells but not normal 

cells. 

(a) Structure of vanadate ion present at pH 7.4. (b-f,h) Resistant human renal cancer cell 

lines 786-0, were pretreated with vanadate for 4 hours and subsequently infected with (b-

e,h) VSV∆51 (MOI: 0.01, [150µM]), (b) Measles (MOI: 0.01, [100µM]) , (b)Sindbis 

(MOI:10, [150µM]), (b) HSV (MOI: 0.01, [150µM]), (b) Vaccinia (MOI: 0.01, 

[200µM]). (b,c) Corresponding viral titers were determined 24 (VSV∆51) or 48 

(Measles, Sindbis, HSV, Vaccinia) hours post infection (hpi) from supernatants (b,g,h; 

N=3;Error bars indicate SEM; t-test; NS = no statistical significance, ** p<0.001, as 

compared to the untreated condition counterparts) (c; N=3; Significance enhancement at 

100 - 200µm; p<0.0001 by 1-way ANOVA; as compared to 0µm condition) (d) 24 hpi 

fluorescent and phase contrast images were taken of the 786-0 cells treated with mock or 

200µM of vanadate . (e) Multi-step, and (f) single-step growth curve of 786-0 pretreated 

with vanadate and infected with VSV∆51 (e) MOI: 0.01 or (f) MOI: 3, supernatants were 

tittered by plaque assay (N=3; Significant enhancement at 50-200µm at indicated time; 

NS, no statistical significance, ** p<0.001, *** p<0.0001 by 2-way ANOVA; as 

compared to Mock condition). (g) 24 hpi, RNA was collected from 786-0 and CT26WT, 

and expression of VSV-M gene was quantified by qPCR.  (h) Normal cell line GM38 

were pretreated as in (b) infected with VSV∆51. Corresponding viral titers were 

determined 24 hours post infection from supernatants. (i) CT26WT and DBT tumors 

cores and BALB/c mouse spleen, muscle, lung, and brain tissue cores were pretreated 

with 300µM of vanadate for 4 hours and subsequently infected with 1x10
4 

PFU of 

VSV∆51 expressing GFP. 24 hpi fluorescent images were acquired of the tumor and 

normal tissue cores. Representative images from each triplicate set are shown.  
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Vanadium compounds have unique viral enhancing properties 

Vanadate has been shown to inhibit tyrosine phosphatases, an activity which is 

linked to its close structural and electronic analogy to phosphate(262, 277). We therefore 

tested whether phosphate could induce similar effects but found various phosphate salts 

had no impact on viral growth in contrast to vanadate (Supplemental Figure 3a).  

Vanadate is a simple oxometalate. We wanted to investigate whether other oxidized 

transition metals could potentially enhance viral growth. We found that neither 

aluminum, molybdenum, manganese and tungsten oxides could enhance VSVΔ51 growth 

(Figure 4.2a). Chromium trioxide modestly enhanced viral growth but only at a single 

dose (10 µM, Figure 4.2a) and was highly toxic in comparison to vanadate (not shown). 

The protonation or form of vanadate at different pH had no impact on its activity 

(Supplemental Figure 3b). Because this suggested the virus-enhancing effect was linked 

to the vanadium itself, we tested other oxidized vanadium complexes, including 

metavanadate, vanadium(V) oxytriethoxyde  (VOx), vanadium(IV) oxide sulphate (VS) 

and bismaltolato oxovanadium(IV) (BMOV) (Figure 4.2b). All of these compounds 

effectively enhanced VSVΔ51 growth (Figure 4.2c,d, Fig S3c). Similar results were 

obtained using vanadium(IV) tetra-fluoride and vanadium(III) tri-bromide (Figure 4.2e). 

Interestingly, vanadate’s pro-viral activity was abrogated upon inclusion of L-Ascorbic 

Acid or tiron, both potent metal chelating agents (Figure 4.2f). 

 

  

https://paperpile.com/c/WivW1d/Tn25q+druco
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Figure 4.2 Viral enhancement is dependent on Vanadium. 

786-0 cells were pretreated for 4 hours with indicated concentrations of (a) various 

oxidized transitional metals, (c-e) vanadates from various sources prepared in a pH 7.4 

buffer. In a, c-e, cells were subsequently infected with oncolytic VSV∆51 expressing 

GFP at an MOI of 0.01. (a,d,e) Corresponding viral titer were determined 24 hours post 

infection from supernatants (N=3). (c) Corresponding GFP positive cell counts 24 hours 

post infection. (b) Structure of vanadium oxometalates are illustrated. (f) 786-0 were 

pretreated with 200µM of vanadate or mock and treated with chelating agent ascorbic 

acid (L-AA) or Tiron, then infected with  VSV∆51 (MOI : 0.01). Corresponding viral 

titers were determined 24 hours post infection from supernatants (N=3). (Error bars 

indicate SEM. NS, no statistical significance; *p < 0.05, **p < 0.01, ***p < 0.001 by 1 

way ANOVA analysis; as compared to 0µm or Mock condition) 
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Vanadate enhances virus and cytokine-induced death 

         Overall, our data suggested that vanadium compounds enhance the spread of a 

subset of RNA-based OVs in cancer cells. Next we examined whether this extended to 

impact oncolytic activity. Figure 3.3a shows indeed that while vanadate had cytotoxic 

effects on its own at high doses, cancer cell death was vastly enhanced upon co-infection 

with a low MOI of VSVΔ51, which is otherwise innocuous to 786-0 cells. A similar 

effect was observed in various human cancer cell lines, and with various vanadium 

compounds (Supplemental Figure 4).  The mode of cell death was found to exhibit 

characteristics of apoptosis as determined by flow cytometry following staining with 

Annexin V and 7-AAD (Figure 4.3b). Furthermore, we found that vanadate increased 

transcription of proapoptotic factors PUMA and Noxa that are normally induced by p53 

over the course of viral infection (278, 279) (Figure 4.3c). Interestingly, the impact of 

vanadate on cell death was independent of its promotion of viral spread since increased 

786-0 cell death was also observed using UV-inactivated VSV, as well as a G-less (ΔG) 

version of VSVΔ51 devoid of its capacity to produce glycoprotein (Figure 4.3d). Indeed, 

G-less VSVΔ51 can infect cells and replicate its genome but does not bud or spread 

further. Altogether, this suggested the potential involvement of virus-induced bystander 

killing and so we tested whether antiviral IFN normally secreted following infection of 

786-0 cells by VSVΔ51 could produce similar effects in combination with vanadate. 

Indeed, Figures 3e-f show that Type I IFN (α and β), could lead to cytotoxicity in 786-0 

cells in the presence of vanadate. Similar effects were obtained when challenging cells 

with poly I:C, a toll like receptor 3 (TLR3) agonist.  

https://paperpile.com/c/WivW1d/hHbmW+BVTo1
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Figure 4.3. Vanadate facilitates virus-induced type I interferon and ROS mediated 

cell death. 

(a) 786-0 cells were pretreated with a range of concentrations of vanadate for 4 hours and 

were subsequently infected with VSV∆51 expressing GFP at an MOI of 0.01. 786-0 cell 

viability was assayed in cells 24 hours post infection.  Results were normalized to the 

average of the values obtained for the corresponding uninfected, untreated cells (N=4; 

Error bars indicate SEM; Significance decrease in viability at 16 - 1000µm; ***p<0.0001 

by 2 way ANOVA; as compared to uninfected condition). (b) 786-0 were pretreated with 

vanadate (100µM) for 4 hours and subsequently infected with oncolytic VSV∆51 

expressing GFP at an MOI of 0.01. 24 hours post induction of cell death was determined 

by annexin V and 7-aminoactinomycin D (7-AAD) staining. Numbers indicate the 

percentage in each quadrant. (c) Cell lysates of 786-0 treated with vanadate(100µM) and 

VSV∆51 expressing GFP  were collected at indicated time points, RNA was collected, 

and expression of PUMA and Noxa genes was quantified by qPCR  (N=3; Error bars 

indicate SEM;  **p < 0.01, ***p<0.0001 by 2 way ANOVA; comparing VSV∆51 

condition to vanadate+VSV∆51 condition). (d-e) 786-0 cells were pretreated with 

vanadate for 4 hours and subsequently infected with VSV∆51, UV-inactivated VSV∆51, 

VSV∆51∆G, or treated with IFNa, IFNb or PolyI:C. Cell viability was assayed 48 hours 

post infection or treatment. Corresponding cell morphology is presented in panel (f). (g-i) 

786-0 cells were co-treated with vanadate and N-acetyl-L-cysteine (NAC) for 4 hours and 

infected with VSV∆51 expressing GFP at an MOI of 0.01 (g,i) or with IFNa, IFNb or 

PolyI:C (h) and cell viability was assayed 48 hours post infection or treatment. In (i), 

viral titers were determined 24 hours post infection from supernatants (N=3; Error bars 

indicate SEM;  ***p<0.001 by 2way ANOVA; as compared to mock treated condition). 

(j-k) MRC5 (j) and GM38 (k) normal cells were pre-treated with vanadate for 4 hours 

and subsequently infected with VSV∆51 or treated with IFNa, IFNb or PolyI:C. For (d, e, 

g, h, j, k) cell viability results were normalized to the average of the values obtained for 

the corresponding uninfected, untreated cells (N=4; Error bars indicate SEM; NS, no 

statistical significance, ***p<0.0001 by 2-way ANOVA). 
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The possibility that the effects of vanadate on virus-induced death could be 

reactive oxygen species (ROS) -mediated was investigated next. To evaluate this, we 

infected cells treated with vanadate and increasing concentrations of N-Acetyl Cysteine 

(NAC), which increases cellular glutathione and reduces the levels of cellular ROS. 

Increasing NAC antagonized vanadate’s ability to enhance virus-induced death (Figure 

4.3g). Similar results were observed when cells were treated with vanadate and with Type 

I IFN (α and β) or poly I:C (Figure 4.3h).  However, the highest dose of NAC did not 

abrogate vanadate’s ability to increase viral spread (Figure 4.3i), again suggesting that the 

cytotoxic and virus-enhancing activities of vanadate are distinct. In addition, the observed 

enhancement of cell death mediated by Type I IFN, poly I:C, and VSVΔ51 by vanadate  

was not observed in normal adult GM38 or MRC5 human embryonic lung fibroblasts 

(Figure 4.3j,k). 

 

Vanadate enhances the oncolytic activity of VSVΔ51 and anti-tumor immunity in vivo 

Given the observation that vanadate enhanced both spread and oncolytic activity 

of VSVΔ51 in vitro, we wondered if the combination of VSVΔ51 and vanadate could 

have anti-cancer effects in mouse models of cancer. Reports in the literature suggest that 

vanadate has immunomodulatory properties(159), hence we performed our experiments 

in a panel of immunocompetent syngeneic mouse tumor models refractory to VSVΔ51 

infection. In mice with established CT26WT, 4T1 (breast cancer) and DBT tumors, one 

single intratumoral injection of vanadate and VSVΔ51 expressing luciferase robustly 

enhanced virus-associated luciferase gene expression compared to virus alone, as 

https://paperpile.com/c/WivW1d/hqv3k
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assessed by an in vivo imaging system (IVIS, Figure 4.4a,b). Likewise, vanadyl sulfate 

(commonly used as a bodybuilding supplement) as well as BMOV evaluated pre-

clinically for treatment of diabetes(264, 280), both robustly increased VSVΔ51 viral 

growth in the DBT model over the course of 3 days post infection (Figure 4.4d,e). 

Vanadate and VSVΔ51 combination treatment led to significantly improved survival of 

DBT, CT26WT, and 4T1 tumor-bearing mice compared to the monotherapies (Figure 

4.4c). Approximately 80% of DBT tumor-bearing mice and 20% of CT26WT tumor-

bearing mice presented complete remission after combination treatment. (Figure 4.4c).  

 

  

https://paperpile.com/c/WivW1d/FOLuy+umRsm
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Figure 4.4. Vanadate increases VSV∆51 efficacy in resistant syngeneic tumor 

models. 

(a-c) CT26WT, 4T1, DBT, tumor-bearing mice were treated intratumorally with the 

vehicle (PBS) or 40mg/kg of vanadate (pH 7.4 prepared from orthovanadate) for 4 hours, 

and subsequently treated with 1x10
8 

PFU of oncolytic VSV∆51 expressing firefly-

luciferase, intratumorally. (a-b) 24 and 48 hour post infection, viral replication was 

monitored by IVIS. Representative bioluminescence images of mice are presented in (a), 

and quantification of luminescence are presented in (b). Scale represented in photons. 

(N=7-27. Bars indicates mean; NS, no statistical significance;  *p < 0.05,  ***p<0.001 by 

1-tailed t-test; as compared to mock treated condition) (c) Survival was monitored over 

time. Log-rank (Mantel-Cox) test indicates that the combined treatment is significantly 

prolonged over PBS alone (CT26WT p< 0.0001, N=10-16; DBT p=0.0084, N=4-7; 

4T1p=0.0209, N=6-8). (d,e) DBT tumor-bearing mice were treated intratumorally with 

the vehicle (PBS), 150mg/kg of Vanadyl sulfate, or 80mg/kg of BMOV and subsequently 

with 1x10
8 

PFU of oncolytic VSV∆51 expressing firefly-luciferase, intratumorally. Viral 

replication was monitored by IVIS, representative bioluminescence images of mice are 

presented in (d). (e) Quantification of luminescence (N=4-5. Error bars indicate SEM;  *p 

< 0.05 by 1-tailed t-test; as compared to PBS treated condition).  
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Immune profiling of CT26WT tumors indicated an enhanced leukocyte infiltration with 

significantly increased T cells (Figure 4.5a), including IFNγ producing CD8+ T cells 

(Figure 4.5a), in mice treated with the combination of vanadate and VSVΔ51 compared 

to the monotherapies. This suggested that induction and/or recruitment of T cells to the 

tumors is improved in the presence of vanadate combined with VSVΔ51, which could 

contribute to tumor control. Indeed, we observed a correlation between the amount of T 

cell infiltration and tumor regression (Figure 4.5b) in mice from the combined therapy 

group with the higher responders (HR) presenting increased infiltration compared to 

lower responders (LR), even though the enhancement of virus-associated luciferase gene 

expression was similar between them (Figure 4.5c). This suggests that the amount of 

tumor infection is not the key determinant for maximum T cell infiltration and indicates 

an additional need to create a milieu that promotes T cell infiltration following infection. 

Furthermore, mice that were able to completely eliminate CT26WT tumors (Fig 4.4c) 

subsequently became immune to rechallenge with the same cancer cells (Fig 4.5d), 

indicating that combination therapy leads to long term anti-tumor immunity. 
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Figure 4.5. Vanadate /VSV∆51 co-treatment triggers T-cell infiltration and anti-

tumor immunity. 

(a-c) CT26WT tumor-bearing mice were treated intratumorally with the vehicle (PBS) or 

40mg/kg of vanadate (pH 7.4 prepared from orthovanadate) for 4 hours, and subsequently 

treated with 1x10
8 

PFU of oncolytic VSV∆51 expressing firefly-luciferase, 

intratumorally. The Vanadate + VSV∆51 group was divided in 2 groups, High and Low 

responders (HR and LR), based on median tumor size 10 days post treatment, as shown 

in (b). Viral replication was monitored 24 hour post infection; quantification of 

luminescence is presented in (c) (N=5). Tumor volume 10 days post treatment are shown 

in (b) (N=5). (a) Percentage of CD45+ cells; CD3+ cells of total CD45+ cells; IFNγ 

expressing CD8+ cells in each tumor was quantified by flow cytometry, 10 days post 

treatment. (N=4-5; Error bars indicate SEM; * p<0.05, ** p<0.001, ***p<0.0001, by 1-

way ANOVA). (d) Survival was monitored after re-implantation of CT26WT in cured 

and naïve mice from Figure 3.4c (N=3-5). (e) Immunocompetent mice and (f) nude mice 

bearing the CT26LacZ tumor were treated intratumorally with the vehicle (PBS) or 

40mg/kg of vanadate for 4 hours, and subsequently treated with 1x10
8 

PFU of oncolytic 

VSV∆51 expressing firefly-luciferase, intratumorally. Log-rank (Mantel-Cox) test 

indicates that survival in the combined treatment is significantly prolonged over VSV∆51 

alone in the immunocompetent mouse model alone (Immunocompetent mice p=0.0506, 

N=6-8; Nude mice no statistical significance, N=4-10). (g) Schematic representation of 

treatment schedule for bilateral DBT tumors. (h) Representative bioluminescence images 

of mice are presented. (i) Growth of treated (right flank) and distant (left flank) DBT 

tumors (N=4-7). 
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Next, we investigated the effect of vanadate in the CT26LacZ tumor model, 

which we have previously shown to be significantly more susceptible to infection with 

VSVΔ51(281). Here vanadate somewhat decreased virus-associated luminescence 

(Supplemental Figure 5a), in line with the observation that vanadate did not enhance viral 

growth in cultured CT26LacZ cells (Supplemental Figure 1a,b). However, the 

combination of vanadate and VSVΔ51 led to a significant improvement of survival over 

the monotherapies in this model, reaching nearly 90% complete remissions (Figure 4.5e). 

While enhanced bystander killing as observed in Fig 3 in part could explain this 

phenomenon, we wondered whether enhanced adaptive immune responses could play a 

role in generating such a high cure rate with a single intratumoral dose of vanadate and 

VSVΔ51. We therefore performed these experiments in athymic nude mice that are 

devoid of T-cells. Remarkably, while VSVΔ51 alone still delayed tumor progression and 

led to cures, the combination effect was completely abrogated in this context (Figure 

4.5f), albeit virus-associated luminescence was not generally affected (Supplemental 

Figure 5b). Likewise, the combination therapy did not lead to enhanced efficacy in the 

HT29 tumors implanted in athymic nude (Supplemental Figure 6c) even though 

enhancement of VSVΔ51 viral growth was observed (Supplemental Figure 6a,b). These 

results strongly support an important role of T cell-mediated protection observed in the 

above-described models and the role of vanadate in eliciting an improved T cell response 

when combined with VSVΔ51. However, the improved efficacy of vanadate was not 

observed when the CT26LacZ tumors were infected with non-spreading VSVΔ51 

(VSVΔ51ΔG) (Supplemental Figure 5c), indicating that viral growth is essential for the 

combination therapy effect. 

https://paperpile.com/c/WivW1d/PiHuC
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To further evaluate the role of the anti-tumor immune response induced by 

vanadate / virus treatment in tumor control, we implanted immunocompetent mice with 

bilateral DBT tumors and injected only the right tumors with the combination of 

VSVΔ51 and vanadate (or monotherapies / PBS) (Figure 4.5g). Interestingly, we found 

that while virus-associated luminescence was uniquely enhanced by vanadate in the 

injected tumors on the right side, the tumors on the left also shrunk following the 

combination therapy (Fig 4.5h,i). Although some tumors did regress following treatment 

with vanadate, all of the uninjected (left) tumors did not regress. VSVΔ51 monotherapy 

did not induce tumor regression in the injected (right) or untreated (left) tumors. Taken 

together, these results reveal that vanadium compounds have the ability to elicit a robust, 

systemic protective anti-tumor immune response when combined with VSVΔ51. 

  

Vanadate inhibits the type I Interferon response and potentiates a proinflammatory 

response via type II interferon.  

Our in vitro results indicated that both OV spread and bystander killing in cancer 

cells can be enhanced by vanadate. While this likely contributes towards improving OV 

efficacy in vivo, our data suggested that a critical component of the therapeutic efficacy 

associated to the combination regimen in immunocompetent models involves the 

generation of anti-tumor T-cell responses. To further understand the cell-autonomous 

molecular mechanisms involved in stimulating this response while being able to enhance 

infection, a microarray analysis was performed in vitro. We first looked at the gene 

expression profiles of 786-0 cells 24 h following VSVΔ51 or mock infection in the 
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presence and absence of vanadate (prepared from solutions of orthovanadate or 

metavanadate). In line with our demonstration that vanadate stimulates an anti-tumor 

immune response, gene set-enrichment analyses using GOrilla revealed that vanadate 

alone induced inflammatory responses, and immune system processes; which were 

further potentiated in combination with VSVΔ51 (Supplemental Figure 7a). Uniquely, 

the infection of vanadate treated cells led to the increased expression of a number of 

proinflammatory cytokines (CCL8, CCL3, IL6, TNF, IFNβ, CCL5) and many genes 

typically induced by type II IFN (IFNγ), including chemokines such as CXCL9, 

CXCL10, and CXCL11 (Figure 4.6b,c and Supplemental Figure 7b,c and Table S1). 

Among others, CXCL9 plays a key role in leukocyte trafficking and its mRNA was up-

regulated by more than 100,000 fold during viral infection of vanadate-treated cells 

compared to mock (Figure 4.6a). We further validated the vanadate-mediated increase in 

mRNA expression of IFNγ induced chemokines such as CXCL9 in mouse CT26WT cells 

which were used for our in vivo models, as well as its secretion by ELISA in various 

human cancer cell lines (Supplemental Figure 7c,d). While many genes typically induced 

by IFNγ were up-regulated upon infection of vanadate-treated cells, IFNγ itself was not 

up-regulated at any time-point post infection under any condition tested in 786-0 (Figure 

4.6a,b). On the other hand, IFNβ mRNA was up-regulated by more than 10-fold 24h 

following infection (Figure 4.6a) in vanadate treated cells compared to mock. 

Surprisingly, genes typically induced by Type I IFN were either unaffected or decreased 

in these conditions (Figure 4.6b,c). Indeed, genes induced by Type I IFN, such as MX2 

and IFITM1 with known antiviral function against rhabdoviruses, were robustly 

downregulated as early as 8h post-infection (Figure 4.6a). Furthermore, protein 
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expression levels of IFITM1 was potently repressed by vanadate in infected cells 16 and 

24h following infection (Supplemental Figure 8).  
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Figure 4.6. Vanadate re-wires antiviral type I IFN signaling towards pro-

inflammatory type II IFN response. 

(a-c) Cell lysates of 786-0 treated with vanadate and VSV∆51 expressing GFP were 

collected at indicated time points. RNA was extracted and probed for expression of (a) 

ifnβ, ifnγ, mx2, ifitm1 and cxcl9 genes by qPCR (N=3; Error bars indicate SEM;  **p < 

0.01, ***p<0.0001 by 2 way ANOVA; comparing the VSV∆51 condition to the 

Vanadate+VSV∆51 condition). (b) RNA was used for gene expression microarray 

analysis. Data is normalized to untreated control, indicating log2 fold change in gene 

expression of genes documented to be induced by Type I or Type II IFN. (Bars indicate 

mean; 1-way ANOVA; NS, no statistical significance, *** p<0.0001, comparing 

combination treatment to virus alone condition), (c) Heatmap showing the expression 

levels of the differentially expressed IFN stimulated genes. Expression of genes was 

normalized to values obtained for mock-treated, infected control. Color scale indicates 

log2 fold change. (d) 786-0 cells were pretreated with vanadate (1000µM) for 4 hours 

and challenged with IFNβ (100U/ml). One hour later, fractionated cell lysates were 

probed for pSTAT1, STAT1, pSTAT2, STAT2 and actin. (e) Immunofluorescence for 

pSTAT1 and pSTAT2 was performed in 786-0 cells treated with vanadate (1000µM) for 

4 hours and with human IFNβ (1000U) for 1 hour. Quantification of the average nuclear 

fluorescence associated to pSTAT1 or pSTAT2 in each condition (N=30; Bars indicate 

mean; 1-way ANOVA, * p<0.05, ** p<0.001, *** p<0.0001, as compared to the mock 

condition counterpart). Microscopy images can be found in Figures S9-11. 
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Importantly, IFNβ and IFNγ bind to distinct receptors and lead to differential 

activation of STAT1 and STAT2 (Signal Transducer and Activator of Transcription) 

transcription factors.  Phosphorylation of STATs leads to their dimerization and nuclear 

translocation to activate transcription of IFN-stimulated genes (ISGs). Some of these 

genes are regulated by both type I and type II IFNs, whereas others are selectively 

regulated by one or the other. Type I IFNs induce the phosphorylation of both STAT1 

and STAT2, leading to the formation of the ISGF3 complex composed of a STAT1-

STAT2 heterodimer and IRF9 that binds specific promoter regions known as IFN-

stimulated response elements (ISREs); while type II IFN primarily induce the 

phosphorylation of STAT1, leading to the formation of STAT1-STAT1 homodimers that 

bind IFNγ-activated-sequence (GAS) elements(56). Consistent with a shift from a type I 

towards a type II IFN response, vanadate treatment inhibited the IFNβ-induced 

phosphorylation of STAT2 and reduced its nuclear accumulation but did not similarly 

affect STAT1 as observed by Western blot (Figure 4.6d). Supporting this idea, 

immunofluorescence also revealed that whereas activated STAT1 translocated to the 

nucleus following infection of vanadate-treated cells (Figure 4.6e, Supplemental Figure 

9), STAT2 remained mostly in the cytoplasm (Figure 4.6e, Supplemental Figure 10,11). 

Remarkably, this suggests that vanadate enhances OV activity through a previously 

unappreciated mechanism that converts a predominantly antiviral type I IFN response 

into a type II IFN response, through the preferential repression of STAT2 activation. This 

signal “rewiring” leads to up-regulation of proinflammatory cytokines and chemokines 

that favour the generation of a T cell dependent anti-tumor response. 

  

https://paperpile.com/c/WivW1d/8e8r0
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Discussion 

  

OV therapy as a standalone treatment can be highly effective but treatment 

resistance remains a frequent occurrence. This is attributed to a number of factors, 

including a need to robustly infect tumors and ensure the initiation of a robust anti-tumor 

immune response(8). The latter has prompted many investigators to evaluate OVs in 

combination with immune checkpoint inhibitors; a strategy has been shown to be 

effective by several groups in both preclinical models and clinical trials(30, 193–196). 

However this specific combination strategy is not uniformly effective(282). 

We show here that vanadium compounds can provide a significant therapeutic 

benefit in CT26WT and other various aggressive, treatment-refractory, murine tumor 

models when combined with OVs, leading to enhanced anti-tumor T-cell responses 

mediated by the induction of a Type II Interferon-like response in infected cancer cells. 

The availability of clinically-advanced vanadium candidates such as vanadate, vanadyl 

sulfate and bis(ethylmaltolato)oxovanadium(IV) (BEOV)(263, 264, 283) that have been 

used in the context of diabetes will greatly facilitate the testing of such combination 

regimens in human cancer patients. In addition, oncolytic rhabdoviruses derived from 

VSV and closely related Maraba are currently undergoing clinical evaluation, including 

in combination with immune checkpoint blockade (NCT02923466, NCT02879760). 

Altogether, this lays the groundwork for rapid evaluation of our novel approach in 

humans. However, while many OVs including T-Vec are currently delivered 

intratumorally in the clinic(284), it will be relevant to further explore alternative 

regimens and formulations to abrogate the need for intratumoral injection of vanadium 

https://paperpile.com/c/WivW1d/jTY8
https://paperpile.com/c/WivW1d/L6ps+6OXT+ihYe+2M8S+s9Pd
https://paperpile.com/c/WivW1d/DDtlD
https://paperpile.com/c/WivW1d/iRZ4Z+umRsm+Rr3FD
https://paperpile.com/c/WivW1d/1gu3f
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compounds ahead of virus.  Oral administration of vanadium compounds is possible and 

has been extensively tested in the treatment of type II diabetes(285). 

In the present work, we tested a range of different vanadium salts and compounds. 

These compounds are known to undergo different hydrolytic conversions in 

solution(154). Orthovanadate, metavanadate and vanadium(V) oxytriethoxide all result in 

a solution of H2VO4
-
 at physiological pH, while the solutions prepared from vanadyl 

sulfate and vanadium(IV) fluoride will result in a solution of aqueous V(IV) and 

V(V)(154), and those prepared from bis(maltolato)oxovanadium(IV) will contain both 

V(IV) and V(V) maltolato complexes(280). Importantly, all of these compounds show a 

robust capacity to enhance OV activity (Figure 4.2c-e). This suggests significant 

flexibility in the design of new vanadium-based compounds that may be tailored for use 

in combination with OVs. Furthermore, these results are consistent with various forms of 

vanadate binding tightly to several phosphatases with similar Ki values(262). 

  Protein tyrosine phosphatases are important regulator of cellular processes (286, 

287) and may have complex functions during the course of viral infection. Here we found 

that the pan-tyrosine phosphatase inhibitor vanadate, while enhancing all of the RNA 

viruses in our panel (Rhabdovirus, Alphavirus, Paramyxoviruses), substantially inhibits 

infection of DNA viruses like vaccinia and HSV. These observations showcase the 

selective effects of vanadium compounds on RNA viruses, which do not encode viral 

phosphatases, in contrast with both DNA viruses tested where they serve as important 

virulence factors(288, 289). Notably, the RNA viruses tested generally lack the ability to 

counteract Type I IFN signaling. When using wild-type VSV, which more effectively 

overcomes the type I IFN response compared to VSVΔ51, we found that the positive 

https://paperpile.com/c/WivW1d/Bthd1
https://paperpile.com/c/WivW1d/c1Rx2
https://paperpile.com/c/WivW1d/c1Rx2
https://paperpile.com/c/WivW1d/FOLuy
https://paperpile.com/c/WivW1d/druco
https://paperpile.com/c/WivW1d/ZkLoI+nwaYP
https://paperpile.com/c/WivW1d/ZkLoI+nwaYP
https://paperpile.com/c/WivW1d/0lkgu+SfTlf
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impact of vanadate was comparatively reduced in vitro (Supplemental Figure 12). 

Numerous drugs and compounds have been shown to increase the efficacy of OVs by 

inhibition of Type I IFN production or signalling(108, 114, 118, 188). The ability of 

vanadium compounds to convert the antiviral Type I IFN to a pro-inflammatory Type II 

IFN response, leading not only to better OV spread but also to greater anti-tumor immune 

stimulation during OV treatment is to our knowledge unprecedented. 

Previously vanadate has been reported to promote death induced by addition of 

type I IFN(290), supporting our observations (Figure 4.3). Interestingly, we found that 

antioxidants could abrogate the priming of apoptosis by vanadate (Figure 4.3g,h), 

suggesting a potential role of vanadate-induced ROS(291) in promoting death initiated by 

Type I IFN. A role for ROS in modulating IFN activity has also been previously 

suggested(292), however, this mechanism is unlikely to be at play here given antioxidant 

treatment did not abrogate enhancement of viral growth (Figure 4.3i). Instead, we found 

that STAT1 and STAT2 are differently activated by Type I IFN in vanadate-treated cells, 

ultimately favouring the accumulation of STAT1 in the nucleus (Figure 4.6d-e, 

Supplemental Figure 9-11). This mechanism is in line with activation of Type II IFN 

target genes that rely on STAT1-STAT1 homodimers for their transcription, even in 

absence of IFN-γ. This could also explain the enhanced capacity for Type I IFN to induce 

cell death (Figure 4.3e-g), given STAT1 has been shown to promote cell death by 

interacting with TRADD, HDACs, or p53 to increase the expression of target genes such 

as Noxa and Puma as observed in this study (Figure 4.3c)(293, 294). Notably, type I IFN, 

such as IFNα (INTRON® A) is widely used for the treatment of renal cancer, although 

therapeutic results remain limited(295). Further studies investigating the impact of 

https://paperpile.com/c/WivW1d/XEpPP+WWdYv+Fjmlm+se7Hb
https://paperpile.com/c/WivW1d/WXgLa
https://paperpile.com/c/WivW1d/YXaH7
https://paperpile.com/c/WivW1d/GVh4G
https://paperpile.com/c/WivW1d/wo7gv+28x8n
https://paperpile.com/c/WivW1d/FdrUO
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vanadium compounds on this and other anti-cancer strategies that aim to kill cancer cells 

through type I IFN or through recruitment of T-cells to the tumor site may be warranted. 
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Materials and Methods 

  

Drugs, chemicals and cytokines. Drugs, chemicals and cytokines and their respective 

supplier and solvent used in this study are listed in Table S2. The aqueous chemistry of 

some of these vanadium compounds lead to conversion of the original compound into 

vanadate(296) under the condition of the studies, and this is also indicated in Table S2. 

Cell lines. Cells and their respective supplier and growth media used in this study are 

listed in Table S3. Cells were cultured in HyQ high-glucose Dulbecco’s modified Eagle’s 

medium (GE Healthcare Life Sciences Hyclone, Logan, UT) supplemented with 10 % 

fetal calf serum (CanSera, Etobicoke, Canada), HEPES, penicillin/streptomycin (Gibco 

Life Technologies, Waltham, MA). All cell lines were incubated at 37 °C in a 5% CO2 

humidified incubator.  All cells were tested to ensure they are free of mycoplasma 

contamination. 

Viruses and quantification. 

Rhabodviruses.The Indiana serotype of VSV (VSV∆51 or wild type) was used 

throughout this study and was propagated in Vero cells. VSV∆51-expressing GFP or 

firefly luciferase are recombinant derivatives of VSV∆51 described previously(48). All 

viruses were propagated on Vero cells and purified on 5–50% Optiprep (Sigma-Aldrich, 

St. Louis, MO) gradient and all virus titres were quantified by the standard plaque assay 

on Vero cells as previously described(252). 

https://paperpile.com/c/WivW1d/VXMX1
https://paperpile.com/c/WivW1d/jZSrI
https://paperpile.com/c/WivW1d/TEhc2
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Herpes simplex virus. The HSV-1 N212 expressing GFP(253) was a gift from Dr. Karen 

Mossman (McMaster University, Canada). HSV virus titres were quantified by the 

standard plaque assay on Vero cells as previously described(253). 

Measles virus. The Measles virus (MV) expressing GFP (Schwartz strain) was a gift from 

Dr. Guy Ungerechts (Ottawa Hospital Research Institute, Canada). MV virus titres were 

quantified on Vero cells. 

Sindbis virus. The Sindbis virus expressing GFP was a gift from Dr.Benjamin tenOever 

(Icahn School of Medicine at Mount Sinai, NY, USA).  The Sindbis virus was quantified 

by the standard plaque assay in Vero cells. Plaques were counted 3 days post-infection. 

Vaccinia virus. Vaccinia virus (Wyeth strain deleted for thymidine kinase and expressing 

GM-CSF) was quantified by plaque assay in U20S cells as described previously(201). 

Cell viability assay. The metabolic activity of the cells was assessed using alamarBlue 

(Bio-Rad, Mississauga, Canada) according to the manufacturer’s protocol. Treated and/or 

infected cells in a 96-well plate (Corning, Manassas, VA) were treated, at indicated time, 

with 10µL of alamarBlue in each well and incubated for 2 to 4 hours. Fluorescence was 

measured at 590nm upon excitation at 530nm using a Fluoroskan Ascent FL (Thermo 

Labsystems, Beverly, MA). 

  

Microarray and analysis. The 786-0 cells were plated at a density of 1 × 10
6
 in 6-well 

dishes and allowed to adhere overnight. The next day, cells were pretreated for 4hours 

with orthovanadate(150µM), metavanadadate (150µM) or the vehicle. Following pre-

https://paperpile.com/c/WivW1d/eFcWd
https://paperpile.com/c/WivW1d/eFcWd
https://paperpile.com/c/WivW1d/dEoDQ
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treatment, the cells were infected with VSVΔ51 at an MOI of 0.01 or left uninfected. 

Twenty-four hours post infection, RNA was collected using an RNA-easy kit (Qiagen, 

Toronto, Canada). Biological triplicates were subsequently pooled and RNA quality was 

measured using Agilent 2100 Bioanalyzer (Agilent Technologies, Mississauga, Canada) 

before hybridization. Hybridized to Affymetrix Human PrimeView Array was performed 

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

Microarray data was 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. 

Heatmap of normalized expression values were generated using R package pheatmap. 

Volcano plots of gene expression values were generated using R. Gene ontology 

enrichments analysis was evaluated using GOrilla(254) following correction for multiple 

hypothesis testing (Benjamini–Hochberg). Raw and processed microarray data have been 

deposited in the NCBI-Gene Expression Omnibus database (GSE97327). 

Mouse tumor models. CT26WT, CT26LacZ, DBT, 4T1 models. Six-week-old female 

BALB/c mice obtained from Charles River Laboratories (Senneville, Canada) were given 

subcutaneous tumors by injecting 3 × 10
5
 syngeneic CT26WT, CT26-LacZ, or DBT 

cells, or 2 × 10
5
 4T1 cells, suspended in 100μl PBS. 10 days (4T1), 11 days (CT26WT, 

CT26LacZ) or 13 days (DBT) post implantation, tumors were treated intratumorally once 

with a chemical compound (dissolved in PBS) or the vehicle as indicated.  Four hours 

later, tumors were injected intratumorally with 1 × 10
8
 p.f.u. (in 25 μl PBS) of the 

indicated virus. Tumor sizes were measured every other day using an electronic caliper. 

Numerical ear tagging system enabled unbiased data collection.  Tumor volume was 

https://paperpile.com/c/WivW1d/LNOYU
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calculated as =(length
2
 × width)/2. For survival studies, mice were culled when tumors 

had reached 1,500 mm
3
. For in vivo imaging, an IVIS (Perkin Elmer) was used as 

described previously(119). Quantification of the bioluminescent signal intensities in each 

mouse was measured using Living Image® v2.50.1 software. Mice were randomized to 

the different treatment groups according to tumor size in all experiments. Mice with no 

palpable tumors on initial treatment day were excluded from study. The investigators 

were not blinded to allocation during experiments and outcome assessment. 

HT29 model. Six-week-old CD1 nude mice were given subcutaneous tumors by injecting 

1×10
6
 syngeneic HT29 cells suspended in 100 μl serum-free DMEM. When tumors grew 

to approximately 5 mm x 5 mm (between 18 – 25 days post-implantation), mice were 

treated intratumorally once with a chemical compound (dissolved in PBS) or the vehicle 

as indicated. Four hours later, tumors were injected intratumorally with 1 × 10
8
 PFU of 

the indicated virus. Tumor dimensions were measured every other day with electronic 

calipers. 

All experiments were performed in accordance with the University of Ottawa Animal 

Care and Veterinary Services guidelines for animal care under the protocol OHRI-2265 

and OHRI-2264. 

Ex vivo tumor model. BALB/c mice were implanted with subcutaneous CT26WT or 

DBT cells. Mice were sacrificed after tumors had reached at least 10mm x 10mm in size. 

Tumor, lung, spleen and brain tissue were extracted from the mice, cut into 2 mm thick 

slices and cored into 2mm x 2mm pieces using a punch biopsy. Each tissue core was 

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

https://paperpile.com/c/WivW1d/WxamI


127 

 

10% fetal bovine serum, 30 mM HEPES and were incubated at 37 °C in a 5% CO2 

humidified incubator. Cores were treated for 4 hours with indicated concentration of 

chemical compound. Subsequently the cores were then infected VSVΔ51-GFP. GFP 

pictures were taken for each core 24 hours post infection. 

  

Flow cytometry. 

Cell death staining. The 786-0 cells were plated in 6-well dishes, and treated as indicated. 

24hour post infection, cells were collected and stain with Annexin V and 7-AAD 

according to the manufacturer's protocol, using the APC Annexin V Apoptosis Detection 

Kit with 7-AAD (BioLegend, San Diego, CA). Collected samples were analysed by flow 

cytometry on a BD LSRFortessa (data analysed with the FlowJo software). 

  

Tumor-infiltrating lymphocytes. 10 days post treatment, BALB/c tumor bearing mice 

were sacrificed and the tumors were collected and dissociated using the Tumor 

dissociation Kit-mouse (Miltenyi Biotec, Auburn, CA),  according to the manufacturer’s 

instructions. Red blood cells were lysed using ACK lysis buffer. Upon resuspension in 

R10 buffer (RPMI, 10% FBS), the cells were counted and 1.5e6 cells per condition were 

stained. Cells were then stained with the FVS780 (BD Biosciences, San Jose, CA) 

viability, for 15min at room temperature. After washes, cells were incubated with anti-

CD16/32 in 0.5% BSA/PBS at 4°C to block nonspecific Ab interaction with Fc receptors. 

For surface staining, cells were incubated with combinations of anti-CD45-BV786, anti-

CD3-AF700 and anti-CD8 PE-CF594 (BD Biosciences) for 30 minutes at 4oC. Cells 

were then washed twice and resuspended in 1% PFA buffer for analysis. For Intracellular 
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staining, cells were incubated in the presence of golgiplug for 5h, and stained with anti-

IFNγ-PE according to the manufacturer's protocol, using the BD Cytofix/Cytoperm 

Fixation /Permeabilization Solution Kit (BD Biosciences). Collected samples were 

analysed by flow cytometry on a BD LSRFortessa and data analysed with the FlowJo 

software (TreeStar). 

  

  

Immunoblotting. Cells were pelleted and lysed on ice for 30 minutes using 50 mM 

HEPES, pH 7.4, 150 mM NaCl, 10 mM EDTA, 10 mM Na4P2O7, 100 mM NaF, 2 mM 

Na3VO4, protease inhibitor cocktail (Roche) and 1% Triton X-100. For nuclear and 

cytoplasmic extracts the NE-PER™ Nuclear and Cytoplasmic Extraction kit 

(ThermoFisher Scientific, Rockford IL) was used according to the provided protocol. 

Following protein determination by Bradford assay (Bio-Rad Protein Assay Solution), 

20 μg of clarified cell lysates were electrophoresed on NuPAGE® Novex® 4-12% Bis-

Tris precast Gels (ThermoFisher Scientific) using the XCell SureLock® mini-cell System 

(ThermoFisher Scientific) and transferred on nitrocellulose membranes (Hybond-C, Bio-

Rad). Blots were blocked with 5% BSA or milk and probed with antibodies specific for 

phospho-Stat1 (Tyr701, #9171, Cell Signalling Technology, used at 1:1000) and Stat1 

(#9172, Cell Signalling Technology, used at 1:1000), Stat2 (#72604, Cell Signalling 

Technology, used at 1:1000), phospho-Stat2 (#88410S, Cell Signalling Technology, used 

at 1:1000), IFITM1 (#60074-1-Ig, Proteintech Group, used at 1:1000), VSV (a gift from 

Dr Earl Brown, used at 1:2000) or β-Actin (#4970, Cell Signalling Technology, used at 

1:1000). Blots were then probed with a goat anti-rabbit or mouse peroxidase-conjugated 
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antibodies (Jackson Immunoresearch Labs, West Grove, PA). Bands were visualized 

using the Supersignal West Pico Chemiluminescent substrate (ThermoFisher Scientific). 

All uncropped western blots are available in Supplemental Figure 13. 

  

Immunofluorescence. Cells were cultured on coverslips prior to treatment with vanadate 

and human IFNβ subsequently. Following 1h incubation with IFNβ , the cells were 

washed with cold PBS and fixed using ice-cold methanol:acetone (1:1). Blocking buffer 

(5% FBS, 0.3% triton, PBS) and antibody dilution buffer were used (1% bovine serum 

albumin, 0.3% triton, PBS). The cells were stained using a rabbit anti-phospho-Stat1 

(Tyr701, #9171, Cell Signalling Technology, used at 1:500), Stat2 (#72604, Cell 

Signalling Technology, used at 1:200), or phospho-Stat2 (#88410S, Cell Signalling 

Technology, used at 1:200) and subsequently with a goat anti-rabbit-488 secondary 

antibody (#A-11008, Life Technologies). Prolong gold anti-fade with 4’,6-diamidino-2-

phenylindole (Molecular Probes) was used to mount the coverslips onto slides. The 

images were captured using the EVOS microscope (ThermoFisher Scientific). 

Quantification for nuclear:cytoplasmic ratio or the average nuclear fluorescence was 

performed on ImageJ. 

  

Quantitative real-time PCR. 786-0 or CT26WT cells were pretreated for 4 h with 

chemical compound or the vehicle , and were infected with VSVΔ51 at MOI 0.01 or left 

uninfected. 24 hours post infection, cells were collected and RNA extraction was 

performed using the Qiagen RNeasy kit (Qiagen). RNA quantity and purity was assessed 

using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific) RNA was converted 
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to cDNA with RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific). 

Real-time PCR reactions were performed according to the manufacturer’s protocol with 

the QuantiTect SYBR Green PCR kit (Qiagen)  on a 7500 Fast Real-Time PCR system 

(Applied Biosystems, Foster City, CA). Gene expression relative to GAPDH or b-actin. 

Fold induction was calculated relative to the untreated/uninfected samples for each gene. 

List of qPCR primers used in this study are listed in Table S4. 

ELISA. 786-0 cells plated in 12-well dishes, were pretreated with drug or the vehicle for 

4 h, and subsequently infected with VSVΔ51-GFP at indicated MOI or left uninfected.  

Cell supernatants were collected at different times post infection as indicated. IFN alpha 

and IFN beta quantification was performed using the Verikine Human IFN alpha or IFN 

beta ELISA kit  (PBL Assay Science, Piscataway, NJ) by following the manufacturer's 

instructions. Absorbance values at 450 nM were measured on a Multiskan Ascent 

Microplate Reader (MXT Lab Systems). 

Cytokine Array. Supernatants from treated 786-0 cells were assayed screened with the 

RayBio® Cytokine Antibody Arrays - Human Cytokine Antibody Array System 3 

(RayBiotech, Norcross, GA). The assay was performed according to the manufacturer's 

instructions. Data were analyzed using ImageJ and Analysis Tool for AAH-CYT-3 

(RayBiotech). 

Statistics. Statistical significance was calculated using Student’s T-test, one-way or two 

way ANOVA test as indicated in the figure legends. The Log-rank (Mantel-Cox) test was 

used to determine significant differences in plots for survival studies. Error bars represent 
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standard error of the mean. Statistical analyses were performed using GraphPad Prism 6.0 

and Excel. 
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Chapter 5 - General discussion 

 

Cancer is a diverse, heterogeneous disease that requires novel approaches for its 

effective treatment. Over the past two decades, oncolytic virotherapy has emerged as a 

promising treatment alternative to the current standard of care for cancer patients. 

Nevertheless, efficacy in clinical trial remains limited. In Chapter 2 we have emphasized 

the heterogeneity of cancers, and in particular sarcomas, in their capacity to be infected 

by oncolytic viruses. Importantly, studies in Chapters 3 and 4 have contributed multiple 

new ways to improve the efficacy of oncolytic virotherapy in the face of this 

heterogeneity.  

 

Crosstalk between type I and II interferon pathways 

 

The balance between the type I and type II interferon pathways plays a critical 

role in the coordination of the innate and adaptive immune systems (56, 297, 298).  Type 

I IFN leads to the assembly of the ISGF3 complex; composed of STAT1, STAT2, and 

IRF9. Type II IFN leads the homodimerization of STAT1 to form the GAF complex. 

ISGF3 and GAF bind respectively to the IRSE and GAS regulatory elements upstream of 

type I and II IFN inducible genes, and activate the expression of distinct sets of antiviral 

genes. While stimulation with type I IFN, leads to a type I IFN response inducing an 

antiviral state(57); we demonstrate in Chapter 4 that vanadate can convert the type I IFN 

mediated antiviral response to a proinflammatory type II IFN response, resulting in 

https://paperpile.com/c/WivW1d/8e8r0+LPFG+zJMT1
https://paperpile.com/c/WivW1d/NmCod
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increased viral infection and in a greater anti-tumor immune stimulation during OV 

treatment.   

 

Several molecular and pharmacological approaches have been studied for their 

ability to suppress or activate the interferon signaling pathways (299). However, this 

pharmacological conversion of a type I IFN response to a type II IFN response is to our 

knowledge unprecedented. A similar phenotype was observed in a previous study 

revealing that the antiviral response of IκB kinase epsilon (IKKε)-deficient cells showed 

a reduced type I IFN response and an enhanced type II IFN response, rendering cells less 

resistant to viral infection (300). IKKε was shown to reduce STAT1 homodimerization 

and stabilized the interaction between STAT1 and STAT2, leading to shift the balance of 

STAT1 from GAF to ISGF3 transcriptional complex.  

 

Type I IFN alone has also been observed to signal through GAS, this crossover in 

signaling is modulated by the SHP-1 phosphatase that is known to target Tyk2 for 

dephosphorylation. Overexpression of SHP-1 was shown to suppress type I IFN signaling 

through GAS, while expression of a mutant SHP-1 reversed that effect, indicating the 

role of SHP-1 in regulating the crossovers between the type I and type II IFN signaling 

pathway (301). 

 

Vanadate is not known to inhibit kinases such as IKKε, but its capacity to inhibit 

phosphatases is well documented. Given this, SHP-1 activity may be an important target 

of vanadium compounds, and further investigation is warranted to see if it is involved in 

https://paperpile.com/c/WivW1d/tU3Zt
https://paperpile.com/c/WivW1d/2rcWB
https://paperpile.com/c/WivW1d/SDjEM


134 

 

the phenomena presented in Chapter 4.  Because of its inhibition of cellular phosphatase, 

vanadate is predicted to increase phosphorylation levels of cellular protein. Surprisingly 

however, we found that vanadate suppresses STAT2 phosphorylation (Tyr690) upon 

stimulation with IFNβ, while leaving STAT1 phosphorylation intact. This suppression of 

STAT2 bolsters the shift of STAT1 from the ISGF3 to GAF transcriptional complex, 

inducing a potent proinflammatory response. Similar observations were reported in 

STAT2 deficient cells (302). Furthermore, STAT2 deficient mice also exhibit increased 

susceptibility to viral infection and enhanced replication of vesicular stomatitis virus 

(303).  The molecular mechanism underlying the suppression of STAT2 activity by 

vanadate was not determined but could involve the indirect regulation of upstream 

kinases by phosphatases for example.  

 

Generally, regulatory processes that affect STAT2 also impact STAT1, 

simultaneously altering both type I and II IFN signaling (304, 305). To our knowledge, a 

phosphatase dephosphorylating STAT2 directly has yet to be identified (306).  

Identification of a regulator of STAT2 activity that is decoupled from that of STAT1- 

may provide clues to the regulation of IFN signaling by vanadate. Recently, threonine 

387 was identified as novel phosphorylation site of STAT2 that negatively regulates the 

formation of the ISGF3 complex. The majority of STAT2 in cells is constitutively 

phosphorylated on threonine 387, while a cyclin-dependent kinase is hypothesized to 

mediate its phosphorylation. Mutation of this novel site potentiated the expression of 

IFN-stimulated genes, and was more effective in protecting cells against viral infection 

(307). The ability of vanadate to inhibit tyrosine phosphatases is well documented, but 

https://paperpile.com/c/WivW1d/G9oZ4
https://paperpile.com/c/WivW1d/ItVRV
https://paperpile.com/c/WivW1d/NeKbw+7J2xp
https://paperpile.com/c/WivW1d/izLlC
https://paperpile.com/c/WivW1d/YKtPf
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some reports also demonstrate the capacity of vanadium compounds to inhibit 

serine/threonine phosphatase activity of various proteins (308–310). Whether vanadate 

affects threonine 387 phosphorylation site is currently unknown, but may give us 

indication of how vanadate suppresses STAT2 activity. 

 

The antiapoptotic and proapoptotic effects of vanadate  

 

Studies on the modulation of apoptosis reveal the intricate effect of vanadate on 

cell death. Upon induction of cell death using radiation, vanadate was shown to block the 

induction of apoptosis, by suppressing p53 transactivation and suppressing the 

conformational change of Bax normally resulting in loss of mitochondrial membrane 

potential and activation of caspases (311). Furthermore, the suppression of p53-mediated 

apoptosis by vanadate resulted in the protection of mice from lethal dose of radiation 

(312, 313). This mechanism by which vanadate can suppress apoptosis is not well 

understood, but was shown to be independent of its effect on PTPs (311). Vanadate may 

be useful for inhibiting DNA damage-induced apoptosis, as a radio-protector, but may 

hinder the efficacy of radiation in cancer treatment.  

In contrast to the reported negative effect of vanadate on radiation therapy, 

various vanadium compounds were described as anti-cancers agents because of their 

capacity to induce cell death via several mechanisms on their own. The generation of 

reactive oxygen species by vanadate, was shown to induce cell cycle arrest (314) and 

apoptosis in several cancer models (315). Intriguingly this was found to be dependent on 

the transactivation of p53 (316). Furthermore, vanadate induced caspase-dependent 

https://paperpile.com/c/WivW1d/QagM1+lyGUr+ZWwk3
https://paperpile.com/c/WivW1d/v9AMQ
https://paperpile.com/c/WivW1d/nhh73+R4XSl
https://paperpile.com/c/WivW1d/v9AMQ
https://paperpile.com/c/WivW1d/dH70g
https://paperpile.com/c/WivW1d/TttaS
https://paperpile.com/c/WivW1d/swKRO
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apoptosis in thyroid papillary carcinoma cell lines through the PI3K/Akt/mTOR 

cascade(317). Dioxovanadium complexes were shown to inhibit cancer cell growth by 

activation of the receptor interacting protein kinase 3 (RIPK3), leading to the induction of 

necroptosis, an inflammatory programmed cell death (318).  

 

In Chapter 4, we found that vanadate promoted cell death upon exposure to 

cytokine. Exogenous type I IFN or its induction by poly I:C or viral infection has little to 

no effect of cell viability in the cancer cell lines used in our study. However in the 

presence of vanadate, these cytokines and TLR agonists led to a potent proapoptotic 

response. Vanadate has previously been reported to facilitate IFNα-mediated apoptosis 

(319), supporting our observations. This effect was found to be specific to type I IFN, as 

vanadate did not trigger apoptosis upon TFNα stimulation (319). Furthermore vanadate 

induced caspase 3 activity upon IFN treatment, however it did not require p53 to induced 

IFN mediated apoptosis (319). Analogously, we found that vanadate potentiated cell 

death upon infection in several human tumor cell defective in p53 activity (p53 mutant 

cell lines: JIMT1, OVCA8, MDA-MB-231; HPV positive cell line: Hela). In the study by 

Gamero et al., cells in which components of the JAK-STAT pathway (STAT1, STAT2, 

JAK1, and TYK2) were knocked down did not undergo apoptosis in the presence 

vanadate and IFNα, suggesting STAT dependent pathway leading to apoptosis (319). 

They found, as we did here, that antioxidants could abrogate the priming of apoptosis by 

vanadate. This suggests that interferon can mediate apoptosis through the generation of 

ROS. Several reports have suggested a critical role for ROS in modulating interferon 

mediated apoptosis (320–323). 

https://paperpile.com/c/WivW1d/tWTck
https://paperpile.com/c/WivW1d/cPAz9
https://paperpile.com/c/WivW1d/TiOFL
https://paperpile.com/c/WivW1d/TiOFL
https://paperpile.com/c/WivW1d/TiOFL
https://paperpile.com/c/WivW1d/TiOFL
https://paperpile.com/c/WivW1d/IyW4A+F2CaO+iwpmi+kGXVG
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Expanding OV tropism  

 

Each virus utilizes one or several specific cell surface receptors to gain entry, and 

the clinical indications will likely depend on the presence of specific viral entry receptors 

on the cancer cell (10). For example the Coxsackie virus and rhinoviruses are known to 

rely on cell surface entry receptor ICAM1 (324, 325). Coxsackievirus (CAVATAK™), 

an RNA virus, was shown to exhibit oncolytic activity both in vitro and in preclinical 

animal models. Its efficacy is limited by low expression of ICAM1 in most tumors. 

Interestingly, we show that vanadate can potentiate expression of ICAM1 upon infection 

(Chapter 4, Figure 4.6); similar results were observed with different vanadium compound 

(326). Chapter 3 and 4 focuses on improving OV therapy in part by boosting viral spread, 

but a recent report suggests that improving entry or attachment of OV to cancer cells, in 

addition to viral spread, can drastically improve OV infection (115). It would be of 

interest to explore and assess the potential of vanadium compounds to further expand 

tropism and improve efficacy of OVs utilizing ICAM1 as a port of entry into the cancer 

cell by testing them in combination with Coxsackie virus or rhinoviruses(327). 

 

Improving Oncolytic rhabdovirus therapy in the treatment of Sarcoma 

 

Our studies in chapter 2 as well as those of others have suggested that OVs are a 

promising therapeutic avenue for the treatment of sarcoma (176, 183, 328–331). Our 

studies particularly bolster the potential for oncolytic rhabdoviruses such as oncolytic 

VSV and MG1 (180, 332, 333). Single-agents have shown limited promise in clinical 

https://paperpile.com/c/WivW1d/qRSwT
https://paperpile.com/c/WivW1d/wrVR1+zPuQD
https://paperpile.com/c/WivW1d/ieKK4
https://paperpile.com/c/WivW1d/nENVP
https://paperpile.com/c/WivW1d/uD4XB
https://paperpile.com/c/WivW1d/kC6CQ+uwZmj+uiICI+IxW7q+vWbZx+WK9qh
https://paperpile.com/c/WivW1d/wIkMp+oiDwO+Wkz3n
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sarcoma models and viral tumor penetration is particularly complex in osteosarcomas 

because of to the general anatomy of bone tissues (328). Interestingly, in humans, once 

absorbed, vanadium compounds accumulate preferentially in bone, with a half-life of 5 

days, compared to half a day in blood (334). The deposition of vanadium in bone is due 

to its structural similarity with phosphate (334). Furthermore, numerous novel vanadium 

compounds were shown to inhibit cell proliferation and differentiation of various human 

osteosarcoma cell lines (265, 335–337). Hence, to further improve oncolytic virotherapy 

in sarcoma and osteosarcoma, and given the biological capacity of vanadium compounds, 

evaluation of the therapeutic potential of using vanadium compounds in combination 

with oncolytic VSV for the treatment of sarcoma may lead to a more robust treatment.  

 

Cancer therapy targeting the NF-κB pathway  

 

The NF-κB pathway in cancer cells promotes tumor initiation and development 

by maintaining a chronic inflammatory microenvironment, by preventing apoptosis, 

regulating tumor angiogenesis, promoting tumor metastasis and remodeling of the tumor 

metabolism (142). Targeting NF-κB as a cancer therapy has been extensively investigated 

in the past decades (338). Interestingly, constitutive activation of the NF-κB pathway 

occurs in almost 70% of pancreatic ductal adenocarcinoma (PDA) cases, promoting its 

tumorigenesis (339). The molecular mechanisms underlying NF-κB activation in PDA 

has been linked to the G12D mutation in KRAS (340). Most cancer therapies have shown 

little efficacy in treating PDA, making it one of the most lethal abdominal malignancies 

(341). Considering that oncolytic VSV has shown some efficacy in pancreatic ductal 

https://paperpile.com/c/WivW1d/kC6CQ
https://paperpile.com/c/WivW1d/ghMGy
https://paperpile.com/c/WivW1d/ghMGy
https://paperpile.com/c/WivW1d/ZpuUw+a5kZg+eEHLQ+a679m
https://paperpile.com/c/WivW1d/W9Xhq
https://paperpile.com/c/WivW1d/3zIrV
https://paperpile.com/c/WivW1d/lpYZt
https://paperpile.com/c/WivW1d/PdbYJ
https://paperpile.com/c/WivW1d/Nn0EP
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adenocarcinoma model in vitro (22), investigating the benefits of the combination therapy 

with NF-κB inhibitor DMF with oncolytic rhabdoviruses as described in chapter 3, may 

lead to development of new treatment strategies for PDA.  

 

Treatment delivery  

 

In both the case of the treatment of multiple sclerosis with DMF or of type II 

diabetes with vanadium compounds, the drugs are formulated for oral administration. 

However, in our studies in Chapter 3 and 4, we opted for intratumoral delivery of 

vanadium compounds and DMF to ensure co-delivery of virus and drug. We considered 

that oral gavage may limit the delivery of DMF or vanadate and consequently their ability 

to enhance viral replication within the tumor, because of to the physical barriers that the 

drug must face before reaching the tumor (such as digestive system, liver), and poor 

tumor vascularization. Furthermore, given that currently approved oncolytic viruses (such 

as T-Vec) are administered intratumorally, we considered it relevant to deliver the drug 

by the same route. Nevertheless it will be important to explore oral administration routes 

and other dosing regimens ahead of clinical trials. 

 

Treatment schedules and dosing vary in the different in vivo tumor models 

employed in our studies owing to their baseline characteristics, which are different on 

several levels (drug class, toxicity of the drug, mouse strain, cancer origin, species, and 

baseline sensitivity to monotherapies). For example, the estimated lethal dose in 50% of 

animals (LD50) for vanadate in mice is 60 mg/kg, while the LD50 for DMF in female 

https://paperpile.com/c/WivW1d/SjkgE
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mice is 990 mg/kg when administered intraperitoneally. Furthermore, variation in the 

dosing regimen was based either on toxicity (in the case of vanadate), or because of 

varying efficacies of the single treatment, which had to be taken into account in order to 

detect potential synergies (in the case of DMF). In Chapter 2, 3, and 4, the dosing for 

VSVΔ51 was 1e8 PFU/injection for all tumor models given we know this dose (with 

anywhere from 1-3 injections within a period of 1 week) to be modestly effective on its 

own in the all OV-resistant models presented. Overall, we feel this is rather positive 

given it indicates flexibility in the potential dosing and scheduling regimen used, which 

would need to be altered when translating from mouse models to human trials.   

Beyond oncolytic immunotherapy  

 

In chapters 3 and 4, we have identified and characterized the mechanism by which 

pharmacological drugs based on vanadium or FMAEs are able to break resistance to 

oncolytic virotherapy. Interestingly, recent studies have described the mechanism of 

treatment resistance to checkpoint inhibitors, arguably the most impactful cancer 

immunotherapy in recent history (342).  

 

Similarly to oncolytic viruses, prolonged IFN signaling leads to resistance to 

immune checkpoint blockade using anti-PD1 (343). Persistent IFN signaling allows 

tumors to acquire STAT1-related epigenomic changes and increases expression of ISGs 

and ligands for multiple T-cell inhibitory receptors. Both type I and II IFN signaling 

results in overactivation of T-cell, and can lead to resistance to anti-PD1 (343). 

Interestingly, Benci et al. demonstrate that resistance to anti-PD1 can be overcome 

https://paperpile.com/c/WivW1d/8U0sm
https://paperpile.com/c/WivW1d/RdDCz
https://paperpile.com/c/WivW1d/RdDCz
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pharmacologically using JAK inhibitors. We showed in Chapter 3 that fumaric acid esters 

such as DMF can inhibit IFN production and response in cancer cells. Furthermore, 

studies have shown the profound effect of DMF on the activity of T-cells(135). 

Therefore, DMF may prove to be an efficient way to overcome resistance to anti-PD1 

treatment. Future assessment of this therapeutic combination may lead to promising 

treatment alternative for cancer patients.  

 

In contrast to anti-PD1 treatment, non-responders to anti-CTLA-4 treatment in 

patients with metastatic melanoma were found to have tumors with genomic defects in 

genes involved in the type II IFN signaling pathway (344). Additionally, mice bearing 

melanoma tumors with knockdown of IFN-γ receptor 1 (IFNGR1) have diminished 

response to anti-CTLA-4 therapy (344). Interestingly, we show that vanadate can 

potentiate type II IFN response, upon viral infection. Similarly, a vanadium compound 

was found to boost IFN-γ signaling, resulting in increased STAT1 transcriptional activity 

(326). Hence, the molecular mechanisms underlying resistance to anti-CTLA4, leads to 

the hypothesis that vanadium compound could break resistance and further potentiate the 

effect of checkpoint inhibitor anti-CTLA4.  

 

Concluding thoughts  

 

The most successful cancer therapies are those that target more than one aspect of 

tumor biology. A tremendous effort in the field of cancer treatment has been devoted to 

the development and evaluation of multi-modal therapies, for instance, through 

https://paperpile.com/c/WivW1d/DU0ey
https://paperpile.com/c/WivW1d/P0eNn
https://paperpile.com/c/WivW1d/P0eNn
https://paperpile.com/c/WivW1d/ieKK4
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bifunctional antibodies simultaneously targeting PD-L1 and TGF-β, combination of 

different immune checkpoint inhibitors, or the combination of checkpoint inhibitors with 

antibody-drug conjugates, oncolytic viruses, or with antiangiogenic therapy (196, 345–

350). We show that our newly identified VSes promote viral spread, cytotoxicity and in 

the case of vanadium compounds, we also demonstrate an enhanced antitumor immunity. 

Therefore combining viral sensitizers such as vanadium compounds or DMF with OVs 

are promising multifunctional therapeutic candidates.  

Our work also showcases the capacity to chemically re-wire the interferon 

signaling pathways leading to more effective oncolytic virotherapy. This novel interferon 

re-wiring may also contribute in the advancement of treatments of bacterial infection, 

skin lesions or immune disorders such as chronic granulomatous disease (297, 351). 

Overall this work has contributed to the cancer therapy field by identifying novel 

drug treatment strategies to overcome resistance to oncolytic virotherapy, in addition to 

identifying oncolytic rhabdoviruses as a promising treatment for sarcoma.  

 

 

 

 

 

https://paperpile.com/c/WivW1d/dqg6+mWJC+vOkn+5k6f+s9Pd+yHeA+TSr0
https://paperpile.com/c/WivW1d/dqg6+mWJC+vOkn+5k6f+s9Pd+yHeA+TSr0
https://paperpile.com/c/WivW1d/LPFG+GGms
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Appendices I – Chapter 2 Supplemental information 

 

Supplemental Figure 1: Various human sarcoma subtypes including Osteosarcoma 

(OST), Undifferentiated Pleomorphic Sarcoma (UPS), Rhabdomyosarcoma (RMS), 

Leiomyosarcoma (LMS), Chondrosarcoma (CDS) and other (O) sarcoma explants were 

process for ex vivo infection with VVdd-eGFP. 48 hours after infection with VVdd, 

explants were homogenized and titered. Fold changes in viral titer compared to input 

virus have been plotted for each patient with a specific number. Patient number #1 in 

Maraba plot correspond to patient number #1 in vaccinia plot. Note: Some patients have 

been processed only for Vaccinia or for Maraba virus.  
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Supplemental Figure 2: 

Table summarizing specific number patients, age, gender, pathology, potential use of 

neoadjuvant, Maraba virus increase compared to virus input (Fold increase). 
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Supplemental Figure 3: 

Table summarizing specific number patients, age, gender, pathology, potential use of 

neoadjuvant, Vaccinia virus increase compared to virus input (Fold increase). 
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Supplemental Figure 4: 

S180 sarcoma murine tumor cell line was plated in 96 wells plate and infected with 

Maraba virus at various MOI. Cell viability have been assessed using Alamar Blue assay 

24 hours after infection and plotted. 
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Appendices II – Chapter 3  Supplemental information  

Supplementary Materials 

 

Supplementary Figure 1 | Dimethyl fumarate promotes viral spread.  

(A) 786-0 cells were treated with 150 µM of DMF at various times before or after 

infection with VSV∆51 (MOI: 0.01) or untreated. Supernatants were collected 24 hours 

after infection and titered by plaque assay (n=3; mean +/- SD; 2-tailed t-test; * p<0.05, ** 

p<0.01, as compared to the mock condition counterpart). (B)  786-0 were pretreated with 

DMF for 4 hours and infected with VSV∆51 (MOI: 0.0001). An agarose overlay was 

added after 1 hour of infection. Fluorescence microscopy shows a representative plaque 

48 hours after infection. Corresponding images show coomassie blue stain of the full 

wells. 
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Supplementary Figure 2 | Fumaric and maleic acid esters enhance VSV∆51 infection 

in 786-0 and CT26WT cancer cell lines. 

(A) 786-0 cells were treated with various FMAEs at the indicated concentrations for 4 

hours and subsequently infected with VSV∆51 (MOI: 0.01). 16, 20, and 24 hours after 
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infection, fluorescent and phase contrast images were taken of the infected 786-0 cells. 

(B) 786-0 and CT26WT cells were treated as in A, supernatants were collected 48 hours 

after infection and titered by plaque assay (n=3; mean +/- SD). 

 

 

Supplementary Figure 3 | Fumaric and maleic acid esters enhance VSV∆51 spread 

in cancer cells. 

(A-B) 786-0 were pretreated for 4 hours with various FMAEs and subsequently infected 

with VSV∆51 expressing GFP. An agarose overlay was added after 1 hour of infection. 

(A) Fluorescence microscopy of a representative plaque 24 hours after infection. 

Corresponding images of coomassie blue stain of the full well and (B) a graph showing 

average plaque diameter illustrate the enhancement of the plaque diameters in presence of 

DMF (n=20; horizontal lines indicate means; one-way ANOVA; *** p<0.001, as 

compared to the mock condition counterpart).  
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Supplementary Figure 4 | Fumaric and maleic acid esters inhibit response to type I 

interferon.   

(A-B) 786-0 cells were treated with FMAEs and infected with VSV∆51 expressing GFP, 

and subsequently RNA was extracted at 24 hpi. (A) Heatmap shows the expression of all 

the differentially expressed genes. (B) Summary of gene ontology relationships, 

indicating GO terms significantly (p-value scale indicated) downregulated by FMAEs 

during viral infection.  (C) 786-0 cells were pretreated with DEM (100 to 500 µM) for 4 

hours and treated with IFNβ (250 U/ml) for 30 minutes. Proteins were extracted and 

subsequently probed for pSTAT1, STAT1, and β-actin by western blot. 
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Supplementary Table 1. Standard deviation values for tumor volumes in Figure 4C.  

  B16F10 

Day DMSO DMF VSV 

DMF+VS

V 

0 

177.64

4 

159.73

4 

153.70

9 160.619 

2 

232.84

9 

277.15

9 

393.52

6 129.978 

4 

388.34

8 

310.62

7 

386.85

5 72.5561 

6 

658.21

1 

751.93

5 

492.50

6 128.841 

8 

1166.1

5 

718.93

7 

743.24

6 312.845 

11 

192.01

8 

1273.2

4 

866.48

3 366.908 

     

  CT26WT 

Day DMSO DMF VSV 

DMF+VS

V 

0 

50.734

1 

23.286

8 

59.368

4 71.1136 

2 

48.115

6 

103.94

9 

51.908

5 27.6197 

4 

191.35

1 

116.14

9 

124.16

8 67.2113 

6 201.58 

232.03

4 263.93 61.5816 

8 
283.47 350.74 313.59

156.107 
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7 9 5 

12 

686.48

4 

523.45

4 

751.55

1 373.339 

     

     

  HT29 

Day DMSO DMF VSV 

DMF+VS

V 

0 

45.418

5 30.366 

43.164

2 46.0185 

2 

65.077

1 23.311 34.218 29.6766 

4 

57.373

4 

23.109

9 

117.19

3 118.603 

6 

93.800

9 

42.567

5 

117.25

2 119.602 

8 

95.169

7 

37.364

9 

160.15

9 82.4382 

12 

149.75

9 

70.526

3 

261.30

5 55.8793 

14 186.6 

78.852

9 

318.84

6 135.389 

19 

254.34

5 

129.08

9 421.99 189.064 

22 

338.37

7 

201.38

7 

443.70

2 152.971 

27 

374.75

5 

229.59

6 

379.34

1 194.364 

33 
629.57 524.04 494.45

246.646 
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7 5 3 

38 

435.18

7 

673.15

3 

684.56

7 260.016 
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Supplementary Table 2. List of drugs, chemicals, and cytokines used in this study. 

 

Name Abbreviatio

n 

Solvent Supplier 

Diethyl maleate DEM DMSO Sigma-Aldrich  

Diethyl fumarate DEF DMSO Sigma-Aldrich 

Dimethyl maleate DMM DMSO Sigma-Aldrich  

Diethyl fumarate  DMF DMSO Sigma-Aldrich 

Monomethyl fumarate MMF Water Sigma-Aldrich 

Fumaric acid FA DMSO Sigma-Aldrich  

Dimethyl succinate DMS DMSO Sigma-Aldrich  

Sodium succinate 

dibasic hexahydrate 

S Water Sigma-Aldrich  

IKK16 

IKK16 

DMSO Cayman Chemical 

TPCA1 

TPCA1 

DMSO Abcam 

L-Glutathione, reduced GSH Water Cayman Chemical  

N-acetyl-L-cysteine NAC Water Sigma-Aldrich  

L-Buthionine-

sulfoximine 

BSO Water Sigma-Aldrich  

D-Luciferin, potassium 

salt 

Luciferin PBS Biotium  

Human IFN 2a alpha IFNα PBS Sigma-Aldrich  

Human IFN beta IFNβ PBS PBL 

Human TNF alpha TNFα PBS R&D Systems 
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Supplementary Table 3. List of cell lines used in this study. 

Cell Line Organism Tissue Cell type 

Growth 

media Vendor 

Catalog 

number 

Vero 

African green 

monkey Kidney  DMEM ATCC CCL-81 

786-0 human Kidney 

Renal cell 

adenocarcinoma DMEM ATCC CRL-1932 

A549 human Lung Carcinoma RPMI ATCC CCL-185 

HT29 human Colon 

Colorectal 

Adenocarcinoma DMEM ATCC HTB-38 

M14 human Skin Melanoma DMEM *  

OVCA433 human Ovary Adenocarcinoma RPMI *  

SKOV3 human Ovary Adenocarcinoma RPMI ATCC HTB-77 

CT26WT mouse Colon Carcinoma DMEM ATCC CRL-2638 

EKVX human Lung 

Non-small cell lung 

carcinoma RPMI *  

76-9 Mouse  Rhabdomyosarcoma RPMI **  

HT1080 human  Fibrosarcoma DMEM *  

H226 human Lung 

Squamous cell lung 

carcinoma RPMI ATCC CRL-5826 

B16F10 mouse Skin Melanoma DMEM ATCC CRL-6475 

EMT6 mouse Breast Carcinoma DMEM ATCC CRL-2755 

K7M2 Mouse 

Bone 

*derived 

from 

metastatic 

site (lung) Osteosarcoma DMEM ATCC CRL-2836 

ATCC - American Type Culture Collection; None of the cell lines listed are present in 

the commonly misidentified cell lines database maintained by ICLAC. * The M14, 

OVCA433, HT1080 and EKVX cell lines were provided by Dr. John Bell (Ottawa 

Hospital Research Institute, Ottawa, Ontario, Canada). ** The rhabdomyosarcoma cell 
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lines were generously provided by Dr. Martin Holcik (Children’s Hospital of Eastern 

Ontario Research Institute (CHEO), Ottawa, ON, Canada). 
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Appendices III – Chapter 3 Supplemental information 

 

Figure S1 | Vanadate enhances VSV∆51 infection in resistant cancer cells.  

Various human and murine cancer cell lines were pretreated for 4 hours with the 

indicated concentration of vanadate and were subsequently infected with oncolytic 

VSV∆51 expressing GFP at an MOI of 0.01. (a) Corresponding fluorescent images are 

presented and (b) viral titer were determined 24 hours post infection from supernatants 

(N=3; Error bars indicate SEM; 2-tail t-test; NS, no statistical significance; * p<0.05, ** 

p<0.001, *** p<0.0001, as compared to the mock condition counterpart). (c) 786-0 cells 

treated with 200µM of vanadate at various time pre or post infection with VSV∆51 

(MOI: 0.01) or left untreated, supernatants were collected 24 hours post infection, and 

tittered by plaque assay (N=3; Error bars indicate SEM; 1 way ANOVA; * p<0.05, ** 
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p<0.001, *** p<0.0001, as compared to the untreated condition counterpart). (d) 786-0 

cells treated with 100µM of vanadate at various time pre or post infection with the 

vaccinia virus expressing GFP (MOI: 0.01) or left untreated. Corresponding fluorescent 

images are presented. 
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Figure S2 | Vanadate enhances VSV∆51 spread in cancer cells. 

Various human and murine cancer cell lines were pretreated for 4 hours with the 

indicated concentration of vanadate and were subsequently infected with oncolytic 

VSV∆51 expressing GFP, an agarose overlay was added after 1 hour of infection. (a) 

Fluorescence microscopy of a representative plaque 24 hour after infection. (b) 

Corresponding image of coomassie blue stain of the full well in (a), and (c) average 

plaque diameter of (b) illustrating the enhancement of the plaque diameters in presence of 

vanadate. (N=10; Bars indicate mean; ND, not detected; 2-tail t-test; ** p<0.001, *** 

p<0.0001, as compared to the mock condition counterpart)  
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Figure S3 | Viral enhancement is dependent on Vanadium. 

 (a,b) 786-0 or (c) CT2WT were pretreated for 4 hours with various concentration (a) of 

phosphate salts or pyrophosphate, (b) vanadate solutions at various pH values, (c) 

solution of various vanadium compounds and were subsequently infected with oncolytic 

VSV∆51 expressing GFP at an MOI of 0.01. (a,b) Corresponding viral titer were 

determined 24 hours post infection from supernatants (N=3). (c) Corresponding GFP 

positive cell counts 24 hours post infection. Error bars indicate SEM.  
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Figure S4 | Vanadate enhances viral oncolysis in various human cancer cell lines. 

(a) Various human cancer cell lines were pretreated for 4 hours with a range of 

concentration of vanadate and were subsequently infected with oncolytic VSV∆51 

expressing GFP at an MOI of 0.01. Cell viability was assayed in 786-0 cells 48 hours 

post infection.  Results were normalized to the average of the values obtained for the 

corresponding uninfected, untreated cells (N=4).  Error bars indicate SEM .(b) 786-0 

were pretreated for 4 hours with a range of concentration of various vanadate based 

compounds and were subsequently infected with oncolytic VSV∆51 expressing GFP at 

an MOI of 0.01. Cell viability was assayed in 786-0 cells 24 hours post infection.  Results 

were normalized to the average of the values obtained for the corresponding uninfected, 

untreated cells (N=4), error bars indicate SEM. 
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Figure S5 | Effect of vanadate and VSV∆51 treatment in the CT26LacZ murine tumor 

model 

CT26-LacZ tumor-bearing (a,c) immunocompetent mice and (b) nude mice were treated 

intratumorally with the vehicle (PBS) or 40mg/kg of vanadate for 4 hours, and (a,b) 

subsequently treated with 1x10
8
PFU of oncolytic VSV∆51 expressing firefly-luciferase 

or (c) VSV∆51∆G, intratumorally. (a,b) Representative bioluminescence images of mice 

presented, 24 hours following infection. (c) Survival was monitored over time. Log-rank 

(Mantel-Cox) test indicates that the combined treatment is not significantly prolonged 

over VSV∆51∆G alone in the immunocompetent mice model (N=5). 
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Figure S6 | Effect of vanadate and VSV∆51 treatment in the HT29 human tumor 

xenograft model 

(a-c) HT29 tumor-bearing mice were treated intratumorally with the vehicle (DMSO) or 

40mg/kg of vanadate for 4 hours, and subsequently treated with 1x10
8
PFU of oncolytic 

VSV∆51 expressing firefly-luciferase, intratumorally. 24, 48 and 72 hours post infection, 

viral replication was monitored.  Representative bioluminescence images of mice are 

presented.  (b) Quantification of luminescence. Scale represented in photons. (N=4-10. 

Bars indicates mean; *p < 0.05, by 1-tailed t-test; as compared to DMSO treated 

condition). (c) Survival was monitored over time. Log-rank (Mantel-Cox) test indicates 

that the combined treatment does not significantly prolong survival over DMSO 

treatment or virus alone (N=4-10). 
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Figure S7 | Vanadate potentiates immune system processes and increases cytokine 

expression following VSV∆51 infection of cancer cells. 

(a-d) The 786-0 and (c) CT26WT cells were pretreated for 4 hours with vehicle (buffer 

pH 7.4),  or with vanadate (from a solutions prepared from orthovanadate or 

metavanadate) and infected with VSV∆51 (MOI: 0.01), or left uninfected.  24 hours post 

infection RNA was extracted and supernatants were collected. (a,b) RNA was 

subsequently processed for hybridization on an Affymetrix Human PrimeView Array 

(N=1, pooled biological triplicate for each experimental condition), or (c) processed for 

qPCR quantification. (a) Upregulated GOterm graphed in presence of vanadate with or 

without infection. (b) Heatmap showing the expression levels of the differentially 

expressed cytokines and chemokines. Expression of genes was normalized to values 

obtained for untreated, uninfected control. Hierarchical clustering of genes from all 

samples was also performed. In the heatmap, red indicates relatively higher expression 

and blue indicates relatively lower expression relative to untreated, uninfected control 

(Log2 fold change). (b) Gene expression of various cytokines and chemokines in 786-0 

and CT26wt, quantified by qPCR. (d) Quantified CXCL9 from supernatant of 786-0, 

SKOV3 and OVCA433, 24hour following infection as in (a). 
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Figure S8 | Effect of vanadate on expression of antiviral proteins IFITM1 during 

infection. 

Cell lysates of 786-0 treated with vanadate and VSV∆51 expressing GFP was collected at 

indicated time points. Protein was extracted and probed for IFITM1, VSV and actin by 

western blot. 
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Figure S9 | pSTAT1 Immunofluorescence. 

Immunofluorescence of 786-0 cells treated with vanadate (1000µM) for 4 hours and with 

human IFNβ (1000U) for 1 hour. Cells were fixed and stained with DAPI (blue) and 

STAT1 (green) antibody. (a) Objective (× 20), scale bar, 200 μm.  
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Figure S10 | STAT2 Immunofluorescence. 

Immunofluorescence of 786-0 cells treated with vanadate (1000µM) for 4 hours and with 

human IFNβ (1000U) for 1 hour. Cells were fixed and stained with DAPI (blue) and 

STAT2 (green) antibody. (a) Objective (× 20), scale bar, 200 μm. (b) Quantification of 

nuclear:cytoplasmic ratio and the average nuclear fluorescence in each condition (N=30; 

Bars indicate mean; 1-way ANOVA, * p<0.05, ** p<0.001, *** p<0.0001, as compared 

to the mock condition counterpart.) 
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Figure S11 | pSTAT2 Immunofluorescence. 

Immunofluorescence of 786-0 cells treated with vanadate (1000µM) for 4 hours and with 

human IFNβ (1000U) for 1 hour. Cells were fixed and stained with DAPI (blue) and 

pSTAT2 (green) antibody. (a) Objective (× 20), scale bar, 200 μm. (b) Quantification of 

nuclear:cytoplasmic ratio in each condition (N=30; Bars indicate mean; 1-way ANOVA, 

* p<0.05, ** p<0.001, *** p<0.0001, as compared to the mock condition counterpart.) 
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Figure S12 | Effect of Vanadate on wtVSV infection . 

The 786-0 cells were pretreated for 4 hours with vanadate or mock treated and infected 

with VSV∆51 or wtVSV (MOI: 0.01). Corresponding viral titer were determined 24 

hours post infection from supernatants (N=3).  
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Figure S13 | Uncropped western blots.  

Uncropped western blots for (a) Figure 4.6d and (b) Supplemental Figure 8.  
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Table S1 | Human Cytokine Array.   

The 786-0 cells were pretreated for 4 hours with vanadate and were subsequently infected 

with oncolytic VSV∆51 expressing GFP at an MOI of 0.01. 24 hours following infection, 

cytokine array was performed. Normalized (with Background Subtraction) values to 

positive and negative control sample are indicated in table below.  

 Condition 

Cytokine  Mock Van VSV VAN+VSV 

ENA-78 149.75 246.14 77.64 274.71 

G-CSF 0.00 22.47 0.00 0.00 

GM-CSF 147.25 765.83 0.00 148.63 

GRO 974.25 1,551.16 830.82 1,447.05 

GRO-alpha 100.25 66.08 197.37 1.34 

I-309 206.75 110.35 73.00 0.00 

IL-1alpha 118.25 93.17 82.27 0.00 

IL-1beta 254.25 228.96 257.24 165.36 

IL-2 190.75 58.81 0.00 246.93 

IL-3 184.25 426.20 332.17 689.09 

IL-4 65.75 129.18 0.00 133.40 

IL-5 0.00 13.22 0.00 97.84 

IL-6 4,663.75 11,150.84 13,903.79 13,375.43 

IL-7 25.75 159.91 89.22 78.43 

IL-8 16,791.25 15,279.01 16,587.83 14,039.57 

IL-10 172.75 152.31 18.54 99.34 

IL12-p40 206.75 92.18 91.15 156.70 

IL-13 1.75 0.00 201.62 0.00 

IL-15 0.00 37.33 176.13 30.32 

IFN-gamma 63.75 42.62 265.35 4.63 

MCP-1 6,617.75 8,770.74 8,352.24 9,187.08 

MCP-2 0.00 232.92 0.00 468.61 

MCP-3 0.00 91.52 66.05 309.07 

M-CSF 299.75 665.40 932.40 979.19 

MDC 180.25 250.76 259.95 523.58 

MIG 0.00 0.00 0.00 53.03 

MIP-1-delta 41.75 103.08 111.24 299.51 

RANTES 738.25 519.04 10,671.28 9,910.98 

SCF 278.75 129.84 225.96 264.85 

SDF-1 334.25 270.26 234.84 383.46 

TARC 185.75 382.92 396.68 390.33 

TGF-beta 1 64.75 163.21 295.87 15.98 

TNF-alpha  239.75 116.96 0.00 511.03 

TNF-beta 0.00 156.60 0.00 178.21 

EGF 0.00 476.75 307.45 502.37 

IGF-1 0.00 364.42 412.90 424.39 

Angiogenin  1,108.75 1,259.10 2,373.11 1,651.11 

Oncostatin M 155.75 680.59 656.24 1,008.47 

TPO 125.75 128.52 242.95 338.95 

VEGF 232.75 594.03 357.67 509.54 

PDGF-BB 313.25 293.05 179.61 177.02 

Leptin 62.25 185.35 130.94 142.06 
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Table S2 | List of Drugs, chemicals and cytokines used in this study.  

Name Formula Abbreviation Solvent Form in media (pH 

7.4) 

Supplier 

Sodium orthovanadate Na3VO4 vanadate Water H2VO4
- Sigma-Aldrich  

Ammonium metavanadate NH4VO3 metavanadate Water H2VO4
- Sigma-Aldrich  

Vanadium(IV) oxide sulfate 

hydrate 

(Vanadyl sulfate) 

VOSO4 · xH2O VS Water VO2+ and H2VO4
- Sigma-Aldrich  

Vanadium(V) oxytriethoxide OV(OC2H5)3 VOx DMSO H2VO4
- Sigma-Aldrich  

Bis(maltolato)oxovanadium(IV) C12H10O7V BMOV DMSO V(IV) and V(V) 
maltolato Complexes, 

and H2VO4
-  

Sigma-Aldrich 

Vanadium(III) bromide 
VBr3 VBr3 Water Hydrated V(III), VO2+ 

and H2VO4
- 

Sigma-Aldrich 

Vanadium(IV) fluoride 
VF4 VF4 Water VO2+ and H2VO4

- Santa Cruz  

potassium permanganate 
KMnO4 KMnO4 

Water   Sigma-Aldrich  

Chromium(VI) oxide  
CrO3 CrO3 Water   Sigma-Aldrich 

L-Ascorbic acid 
C6H8O6 L-AA Water   Sigma-Aldrich  

Tiron (OH)2C6H2(SO

3Na)2 · H2O 

Tiron Water   Sigma-Aldrich 

Potassium Phosphate K2HPO4 K2HPO4 Water H2PO4
- Fisher Scientific 

Sodium phosphate monobasic 

monohydrate 

NaH2PO4 H2O NaH2PO4 H2O Water H2PO4
- Fisher Scientific 

Sodium phosphate dibasic 
anhydrous 

NaHPO4 NaHPO4 Water H2PO4
- Fisher Scientific 

Sodium phosphate monobasic 
anhydrous 

NaH2PO4 NaH2PO4 Water H2PO4
- Fisher Scientific 

Tetrasodium pyrophosphate Na4P2O7 Na4P2O7 Water   Sigma-Aldrich 

D-Luciferin, potassium salt C11H7KN2O3S2 Luciferin PBS   Biotium  

Human IFN 2a alpha  IFNa PBS   Sigma-Aldrich  

Human IFN beta  IFNb PBS   PBL  
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Table S3 | List of cell lines used in this study. 

Cell Line Organism Tissue Cell type 
Growth 

media 
Vendor 

Catalog 

number 

Vero 

African 

green 
monkey Kidney  DMEM ATCC CCL-81 

786-O Human Kidney 

Renal cell 

adenocarcin

oma DMEM ATCC CRL-1932 

A549 Human Lung Carcinoma RPMI ATCC CCL-185 

GM38 Human  
Normal 

Fibroblast DMEM 

Coriell 

Institute for 

Medical 
research GM00038 

HeLa Human Cervix 
Adenocarcin

oma DMEM ATCC CCL2 

HT29 Human Colon 

Colorectal 

Adenocarcin

oma DMEM ATCC HTB-38 

JIMT-1 Human Breast Carcinoma DMEM DSMZ ACC-589 

M14 Human Skin Melanoma DMEM *  

MCF7 Human Breast 

Adenocarcin

oma DMEM ATCC HTB-22 

MDA-MB-

231 Human Breast 

Adenocarcin

oma DMEM ATCC HTB-26 

OVCA433 Human Ovary 

Adenocarcin

oma RPMI *  

OVCAR8 Human Ovary 

Adenocarcin

oma RPMI *  

SKOV3 Human Ovary 

Adenocarcin

oma RPMI ATCC HTB-77 

4T1 Mouse Breast Carcinoma DMEM ATCC CRL-2539 

CT26LacZ 

(CT26.CL25

) Mouse Colon Carcinoma DMEM ATCC CRL-2639 

CT26WT Mouse Colon Carcinoma DMEM ATCC CRL-2638 

PanO2 Mouse Pancreas Carcinoma DMEM *  

DBT Mouse Brain Glioma DMEM **  

ATCC - American Type Culture Collection (Manassas, VA); DSMZ- Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (Braunschweig, Germany). None of the cell lines listed was present in the commonly misidentified cell 

lines database maintained by ICLAC. * The M14, OVCA433, OVCAR8, PanO2 cell lines were a generous gift from 

Dr. John Bell (Ottawa Hospital Research Institute, Ottawa, Ontario, Canada). ** The DBT cell line was a generous gift 

from Robert C. Rostomily, (University of Washington, School of Medicine, Seattle, WA, USA). 
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Table S4 | List of primers used in this study. 

Model Gene Forward Primer (5'->3') Reverse Primer (5'->3') 

VSV M ATACTCAGATGTGGCAGCCG GATCTGCCAATACCGCTGGA 

Human CXCL9 AGTGCAAGGAACCCCAGTAG AGGGCTTGGGGCAAATTGTT 

 CCL8 TGCTGAAGCTCACACCCTTG GGAAACTGAATCTGGCTGAGCA 

 CCL3 TTCCGTCACCTGCTCAGAAT CAGCAGCAAGTGATGCAGAGA 

 IL6 ACCCCCAATAAATATAGGACTGGA GAAGGCGCTTGTGGAGAAGG 

 CXCL8 ACCGGAAGGAACCATCTCAC GGCAAAACTGCACCTTCACAC 

 TNF GCTGCACTTTGGAGTGATCG GAGGGTTTGCTACAACATGGG 

 CXCL10 CTGAGCCTACAGCAGAGGAAC AGGTACTCCTTGAATGCCACTT 

 CXCL11 CAGCATTTCTACTCCTTCCAAGA TGGGGAAGCCTTGAACAACT 

 CCL5 GCAGTCGTCCACAGGTCAAG TCTTCTCTGGGTTGGCACAC 

 IFNβ CATTACCTGAAGGCCAAGGA CAGCATCTGCTGGTTGAAGA 

 IFNγ TCTTTTGGATGCTCTGGTCA TTCAGCTCTGCATCGTTTTG 

 GAPDH ACAGTCAGCCGCATCTTCTT GTTAAAAGCAGCCCTGGTGA 

 MX2 GAACGTGCAGCGAGCTTGTC AAGGCTTGTGGGCCTTAGAC 

 IFITM1 CCGTGAAGTCTAGGGACAGG GGTAGACTGTCACAGAGCCG 

Mouse CXCL9 CAGTGTGGAGTTCGAGGAACC TTTGTTGCAATTGGGGCTTGG 

 CCL3 CCATATGGAGCTGACACCCC TCAGGAAAATGACACCTGGCT 

 IL6 TCCTCTCTGCAAGAGACTTCC GGTCTGTTGGGAGTGGTATCC 

 CXCL11 CAGCTGCTCAAGGCTTCCTTA CAACTTTGTCGCAGCCGTTA 

 CCL5 CTGCTGCTTTGCCTACCTCT CGAGTGACAAACACGACTGC 

 IFNβ CAGTGTGGAGTTCGAGGAACC TTTGTTGCAATTGGGGCTTGG 

 beta Actin AGGTCTCAAACATGATCTG AGGTATCCTGACCCTGAAG 
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