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Abstract

Oncolytic Viruses (OVs) are often attenuated to increase their safety profile, however this
can lead to reduced efficacy in heterogeneous malignancies and result in resistance to OV therapy.
Our group utilizes small molecule enhancers of OV therapy termed viral sensitizers. These small
molecules have been shown to enhance the replication and spread of oncolytic rhabdovirus
VSVAS1 in vitro and prolong survival in tumour-bearing mice. In this study, we evaluate the effect
of these viral sensitizers on the innate antiviral response in order to identify the mechanism of
action responsible for their viral-sensitizing properties. Our previous data suggest that VSel and
its structural analogues affect the type I IFN antiviral response and have the potential to affect
cellular redox homeostasis. We hypothesized that VSel and its structural analogues potentiate
VSVASI activity by inhibiting the type I IFN response via redox-mediated dysregulation. In this
study, we demonstrate that the viral sensitizers inhibit the nuclear translocation and transcriptional
activity of NFkB, which in turn dampens the expression of antiviral cytokines IFN-, TNFa and
IL-6. We also provide evidence supporting the possibility that the NFkB inhibition may be a result
of the formation of ROS intermediates by the viral sensitizers, which leads to reduced nuclear
translocation of NF«B subunits, thereby preventing NFkB-mediated cytokine production. Overall,
this work contributes to the identification of the mechanism of action of our viral sensitizers and
highlights the finding that oncolytic VSV infection can be enhanced through redox-mediated mod-

ulation of the innate antiviral response.
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1. Introduction

1.1 Hallmarks of Cancer

Cancer is currently the leading cause of death in Canada, responsible for 30% of all deaths
nationally. It is estimated that a staggering 50% of Canadians will develop cancer in their lifetime.
In the year 2017 alone, 206 200 Canadians will develop cancer and 80 800 Canadians will die of
cancer !. Cancer emergence relies on the rapid and uncontrolled proliferation of cells. This uncon-
trolled proliferation can be the result of genetic and/or epigenetic changes that have several causes
including exposure to carcinogens, radiation or viral infection 2>, There are several hallmarks that
collectively contribute to malignant growth: limitless replicative potential, self-sufficiency in
growth signals, insensitivity to growth inhibitory signals, evasion of apoptosis, sustained angio-
genesis, immune evasion, and tissue invasion and metastasis *. Chemotherapy coupled with surgi-
cal resection of the tumor mass is currently the most common treatment for cancer patients.
Chemotherapeutics drugs are small molecules that exploit traits that are specific to cancer cells to
selectively damage their cellular functions °. For example, alkylating agents capitalize on the rapid
DNA replication of cancer cells ¢, antimetabolites on their enhanced metabolism 7 and microtubule
inhibitors on their hyperactive cell cycle and division ®. While effective at killing cancer cells,
chemotherapeutic agents can be subject to therapeutic resistance and are also not selective enough
to entirely avoid damage to healthy cells, resulting in numerous and severe side effects such as
nausea, vomiting, diarrhea, leukopenia and even sterility °. With the objective of maximizing ther-
apeutic efficacy without significantly impacting patient quality of life, many alternative therapies
are currently being investigated for cancer treatment. Indeed, biotherapies such as oncolytic virus

(OV) therapy are emerging as promising alternatives to chemotherapy.
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1.2 OVs

1.2.1 Mechanism of Action

OVs are a growing class of biotherapeutics that are engineered to selectively infect and kill
cancer cells. The concept of OV therapy emerged from the early observation that viruses naturally
have a preferential, though non-selective, tropism for cancer cells *!°. This cancer selectivity can
be attributed to some of the hallmark changes in cancer cells (section 1.1) 4. Indeed OVs can be
engineered or selected to exploit several cancer properties such as high metabolic rates, defective
programmed cell death pathways, and defective antiviral pathways '!. Therefore cancer cells pro-
vide a unique niche for OVs to replicate, with minimal impact on normal tissues and only few

transient side effects 12,

OVs are multimodal agents that induce cancer cell death through several mechanisms. The
most direct mechanism responsible for OV-mediated cytotoxicity is the direct lysis of infected
cells as a result of the natural life cycle of many viruses. Additionally, OVs can selectively infect
the tumor vasculature, causing thrombosis which reduces blood flow to the tumour mass and leads
to apoptosis and necrosis of cancer cells even in the absence of direct infection '*!4. Furthermore,
the combination of infection, apoptosis and necrosis of the OV-infected cells results in the secre-
tion of many proinflammatory cytokines and chemokines that activate and attract immune cells to
the tumor bed '*~!¥, which can overcome the immunosuppressive nature of the tumour microenvi-

ronment and lead to anti-tumor immune attack.

1.2.2 Selecting and Designing OV Candidates

As explained above, cancer cells are often highly susceptible to viral infection. While some
naturally occurring viruses demonstrate selectivity towards malignant tissue, other viruses need to

be genetically attenuated to increase their safety profile while maintaining the ability to infect
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cancer cells. For example, a vaccinia virus (VV) variant was engineered to generate a safe OV by
knocking out thymidine kinase (TK), an enzyme that catalyzes one of the steps in the synthesis of
thymidine triphosphate. While TK is essential for VV to replicate efficiently in normal cells that
express low levels of cellular TK, the rapid division of tumour cells provides a steady supply of
nucleotides including thymidine triphosphate, therefore complementing the TK-/- virus '°. Another
example is the oncolytic Rhabdovirus Maraba MG1, a genetically engineered variant of Maraba
virus with two mutations, identified through screening a series of attenuated mutations. Unlike the
wild type (WT) variant of the virus, MG1 is impaired in its capacity to block interferon (IFN)
production in response to infection, attenuating the capacity of the virus to infect healthy tissue

while maintaining the capacity to infect malignant tissue 2.,

Aside from improving the safety profile, several studies have focused on maximizing the
extent of cancer-selective oncolysis to enhance the efficacy of OV therapies. For example, OVs
have been engineered to express transgenes that inhibit cell proliferation 2!, suicide genes *, or

fusion proteins that induce syncytium formation 2. Oncolysis can also be enhanced using combi-

nations of OVs with existing anticancer molecules such as Triptolide >* and Paclitaxel »°.

1.2.3 Oncolytic VSV

Like Maraba virus, Vesicular stomatitis virus (VSV) is a single-stranded, negative-sense
RNA virus of the family Rhabdoviridae. While VSV is an arthropod-borne virus, its hosts include
a variety of mammals including horses, cattle, swine, and rodents 2. The viral genome is 11 kb in
length and encodes a single glycoprotein (G), a nucleocapsid (N) protein, a polymerase (L) protein,
a phosphoprotein (P), and a Matrix (M) protein 2. VSV G is essential for viral attachment, fusion
and budding %’. The virion binds to Low-Density Lipoprotein Receptors (LDLR) and is then en-

docytosed into the host cell 8, where pH-dependant fusion of the viral membrane to the endosome
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occurs, which releases the ribonucleoprotein, a complex composed of the RNA genome and the
VSV P, L, and N proteins, into the cytoplasm 2°3!. The RNA-dependant RNA polymerase (L)
forms a complex with its polymerase cofactor (P) and initiates the transcription of viral mRNAs
3233 The L protein is also required for the capping, methylation, and polyadenylation of viral tran-
scripts, while the N protein encapsulates the viral RNA and protects it from degradation 34°. The

M protein is required for proper packaging of virions.

In order to contain infection and protect neighbouring cells, infected normal cells produce
antiviral factors in response to infection. Interestingly, VSV M has the capacity to block cellular
gene expression at multiple levels and therefore prevents the production of these antiviral factors
%0 Indeed, it has been reported that VSV M inhibits the transcription and nuclear export of cellular
mRNA % as well as the translation of mRNA to functional protein **°. Although VSV M pre-
vents the production of antiviral factors, VSV’s tropism towards malignant cells still partially de-
pends on the IFN response %°. Indeed, VSV’s preferential replication in IFN-defective cancer tissue
has been well established ****. To further improve VSV’s selectivity towards cancer cells, a variant
of VSV was created with a deletion of methionine 51 in the M protein (VSVAS1). This deletion
impairs VSV M’s ability to block the production of antiviral factors. Consequently, VSVASI is
rendered highly sensitive to inactivation in normal cells with an intact antiviral response, but can

productively infect cancer cells with a defects in these pathways *7.

1.3 Type I IFN Response

The innate immune response is the first line of defense against invading pathogens. In terms
of viral infection, type I IFNs play a major role in mounting the antiviral defense. IFNs are a family
of structurally related cytokines with antiviral, anti-tumour, and immunomodulatory functions 4.

Type I IFNs include IFNa and IFNP, both of which are ubiquitously expressed in most cell types
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and up-regulated upon pattern recognition receptor (PRR) stimulation “®. The regulation of type I
IFNs has been studied extensively and it is well established that IFN expression is tightly regu-
lated by three sets of transcription factors: IFN regulatory factors 3 and 7 (IRF3/7), activator pro-
tein 1 (AP1) (composed of c-jun and ATF2), and nuclear factor kappa—light-chain-enhancer of
activated B cells (NFkB) #° (Fig 1). In order to achieve maximal induction of IFN, all three tran-
scription factor sets assemble in a complex called the enhanceosome which binds to the IFNf
promoter region and triggers its expression *°. The following segment will outline the details con-

cerning the initiation and regulation of type I IFN production and response.

1.3.1 PRRs

The host antiviral response is initiated when PRRs are engaged by pathogen-associated
molecular patterns (PAMPs). There are several PRRs within the cytoplasm, cell surface, and en-
dosomal membranes that can be activated in response to infection by RNA viruses °*°!. Of those,
Toll-like receptors (TLRs) are a conserved family of transmembrane glycoproteins that reside on
the cell surface and endosomal membranes and respond to a variety of PAMPs 32, For example,
TLR4 is expressed on the cell surface and responds to viral components such as glycoproteins 33~
56 while TLR7 is predominantly located in endosomes where it senses viral RNA and is therefore
activated by a variety of viruses including Influenza A virus, human immunodeficiency virus, Sen-
dai virus and VSV 7% Upon stimulation, these TLRs recruit myeloid differentiation primary

response gene 88 (MyD88), initiating a downstream signalling cascade °'.

TLRs are not the only receptors responsible for detecting virus particles. In the cytoplasm,
retinoic acid-inducible gene-I (RIG-I)-like receptors (RLRs) are the predominant family of PRRs
that respond to viral RNA. This family consists of RIG-I, melanoma differentiation-associated

antigen 5 (MDAS5), and laboratory of genetics and physiology 2 (LGP2) *2. RIG-I and MDAS5 both
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contain helicase and caspase activation and recruitment domains (CARD) as well as ATP-binding
motifs. Upon infection, the helicase domains recognizes and binds to viral RNA ¢!. Binding of
viral RNA, combined with binding of ATP, induces a conformational change that exposes the
CARD and allows for interaction with the CARD of IFN promoter stimulator 1 (IPS-1), an antivi-
ral mitochondrial transmembrane protein ®'. This ultimately results in the initiation of major sig-
naling intermediates including IRFs, mitogen-activated protein kinases (MAPKs), and NF«kB 2,

all of which are important for the regulation of both the innate and adaptive immunity.

1.3.2 IRF Signaling

The IRF family of transcription factors include 9 members (IRF1-9) that share extensive
homology in their N-terminal DNA-binding domain. IRF3 and IRF7 are amongst the most char-
acterized of the family and are both key regulators of the antiviral response and induce the expres-
sion of IFNB. IRF3 is constitutively expressed at high levels in absence of infection, whereas IRF7
is expressed at much lower levels and is induced by Type I IFNs. Indeed, it is generally thought
that IRF3 contributes more to the first wave of IFNB production %2, Upon viral infection, both TLR
and RLR signalling cascades trigger the phosphorylation of serine/threonine clusters at the C-ter-
minal region of IRF3 62, which is mediated by two serine/threonine kinases: inhibitor of NFkB
kinase ¢ (IKKe) and TANK-binding kinase-1 (TBK1) ¢, Phosphorylation of IRF3 allows for
dimer formation (either homodimerization or heterodimerization with IRF7) and interaction with
the cofactors cyclic-AMP-responsive-element-binding protein (CREB)-binding protein (CBP) or
p300 in the nucleus %%, This complex will then bind to a consensus DNA sequence known as
IFN-stimulated response element (ISRE), resulting in the up-regulation of many genes involved in

immunity, including IFNp *-7°,
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1.3.3 MAPK Signalling

Upon infection, RIG-I has been demonstrated to activate MAPK kinases 4 and 7 (MKK4
and MKK7), which in turn phosphorylate the MAPK known as c-jun N-terminal kinase (JNK)
7172 INK proceeds to translocate to the nucleus, where it phosphorylates several components of

AP-1 including c-jun and ATF2 3.

The AP-1 transcription factor is a dimeric complex that can be composed of homodimers
and heterodimers of Jun, Fos, musculoaponeurotic fibrosarcoma (MAF), and activating transcrip-
tion factor ATF 7*. Due to its diverse composition, AP-1 is activated by a variety of stimuli includ-
ing cellular stress, oxidative stress, inflammatory cytokines, ultraviolet radiation, growth factors
and infection by pathogens 7*. The AP-1 heterodimer consisting of c-jun and ATF2 is most known
for its role in the up-regulation of several pro-inflammatory cytokines including IL-6, IL-8, TNFa,

and IFNB 3.

1.3.4 NF«B Signalling

NFkB is a highly characterized transcription factor, well known for its involvement in
many cellular processes including cell proliferation and survival, response to oxidative stress, and
innate and adaptive immunity °. To date, five NFxB subunits have been identified: p65 (RelA),
p105/p50, RelB, c-Rel, and p100/p52 . All five components contain a Rel homology domain
(RHD), which is essential for the formation of homo- or heterodimers and binding to DNA ele-
ments 7. A variety of different dimers can be formed in response to different stimuli. These dif-
ferent variations of the pathway have been classified as canonical, non-canonical and atypical. The
canonical pathway is most commonly engaged during viral infection, which is mediated by the
heterodimer of p65 and p50 and is activated upon stimulation of TLRs, RLRs, and tumour-necrosis

factor receptor superfamily (TNFRs) 2. In quiescent cells, the dimers are sequestered in the
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cytoplasm by a family of inhibitory proteins called inhibitors of NFkB (IxkB) 7°. IxBs contain
ankyrin repeats which bind to the DNA-binding domains of the NF«B transcription factors, ren-
dering them transcriptionally inactive 7°. Upon infection, serine residues on IkB proteins are phos-
phorylated by a complex of IkB kinases (IKKa, IKK(, and IKKY). The phosphorylated kB mol-
ecules are then ubiquitinated by a ubiquitin-conjugating enzyme and a ubiquitin-protein ligase,
which flags them for proteasome degradation and frees the NFkB heterodimers ’%”’. The hetero-
dimers then translocate to the nucleus where they bind kB elements and induce a large subset of

genes, including pro-inflammatory cytokines such as IL-6, TNFa, and IFNB 5.

While the canonical NFkB pathway responds to signals elicited by a variety of receptors,
the non-canonical pathway is activated by a specific subset of receptors belonging to the TNFR
superfamily 7°. These receptors mediate non-canonical NFkB through NFxB-inducing kinase
(NIK), which mediates p100 phosphorylation along with IKKa 7°. Upon phosphorylation by NIK,
p100 is polyubiquitinated and processed into the p52 subunit 7. In addition to acting as a precursor
for p52, p100 also acts as an inhibitor of RelB and sequesters it in an IkB-like fashion *°. Upon
p100 processing and p52 generation, RelB is released and associates with p52 to form the active
transcription factor with a role in regulating lymphoid organogenesis and self-tolerance, secondary

lymphoid organ development, B cell development, and bone metabolism .

Because of its role as a master regulator of cell cycle, proliferation and inflammation, the
NF«B subunits are heavily regulated by many post-translational modifications. The p65 subunit is
the most characterized, known to contain more than 11 phosphorylation sites, which impact its
stability, nuclear translocation, protein-protein interactions, and transcriptional activity 383, Phos-
phorylation of p65 can occur both in the cytoplasm and nucleus and is mediated by several kinases

including protein kinase A (PKA), mitogen- and stress-activated protein kinase-1 (MSK1),
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ribosomal subunit kinase-1 (RSK1), TBK1 and several IKKs 34, Phosphorylation of p65 can either
decrease or increase transcription depending on the phosphorylation sites and the stimuli . In
addition to phosphorylation, reversible acetylation has been demonstrated to play a crucial role in
the regulation p65 #>%". Unlike phosphorylation, acetylation of p65 commonly occurs in the nu-
cleus and is mediated by histone acetyltransferases and histone deacetylases. Reversible acetyla-
tion of p65 plays an important role in the regulation of its DNA-binding activity, transcriptional
activity and association with IkB molecules ®. Cysteine modifications have also been shown to
play an important role in NFkB regulation %¢. For example, p65 Cys-38 is subject to hydrogen
sulfide-linked sulfhydration, which inhibits its transcriptional activity 3°. Cysteines in both p65
and p50 are subject to other modifications including glutathionylation and redox-mediated modi-
fications, which will be discussed further in section 1.5.3. These post-translational modifications
are heavily involved in the regulation of NFkB-mediated antiviral response and their effects on

NF«B can vary depending on the target genes and stimuli 54,

1.3.5 The JAK-STAT Pathway

Type I IFNs can bind to IFNa/p receptors (IFNARs) in an autocrine or a paracrine fashion,
initiating a classical antiviral signalling cascade known as the JAK/STAT pathway. Ligand bind-
ing to IFNARs triggers the autophosphorylation of the receptor-associated janus kinase 1 (JAK1)
and tyrosine kinase 2 (TYK2) %%, which in turn phosphorylate signal transducer and activator of
transcription 1 and 2 (STAT1 and STAT2) °. Phosphorylated STAT1 and STAT2 then form a
heterodimer and associate with IRF9 to form the ISG factor 3 (ISGF3) complex 7°. ISGF3 binds
to specific elements known as I[FN-stimulated response elements (ISREs), which induces the ex-
pression of hundreds of antiviral effectors known as IFN-stimulated genes (ISGs) 7°. ISGs combat

91-94

viral infection through several mechanisms, including inhibiting virus entry , virus replication
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9597 and virus egress °%. For example, MX dynamin like GTPase 2 (MX2) is an ISG that inhibits
human immunodeficiency virus infection by preventing the reverse-transcribed viral genome from
entering the nucleus and thereby inhibits its chromosomal integration *>'%°. Another example is
IFN-induced transmembrane protein 1 (IFITM1), an ISG that is enriched in endosomes and lyso-
somes and inhibits a variety of viruses by preventing fusion of the viral membrane with endosomes,

a required step for effective entry of many viruses 11192,
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Figure 1. Pathways regulating the production and response to IFNp.

10|Page



1.4 Viral Sensitizers

As previously described, OVs are often attenuated to increase their safety profile and se-
lectivity towards cancer cells. However, malignancies are heterogeneous in nature and attenuation
can limit viral infection in cancer cells with sufficiently robust antiviral signalling pathways, which
is estimated to be the case in approximately one third of cancers. As previously mentioned (section
1.2.1), many strategies have been developed to potentiate the efficacy of OV therapy while main-

taining the safety profile. These strategies include bioengineering of OV variants 3?2103

, syner-
gistic combination of OVs with complementary activities '*, and co-treatment with OVs and small
molecules that sensitize cancer cells specifically to OV infection and killing (termed viral sensi-
tizers or VSes) 2423193106 "One of the first reported examples of the latter are histone deacetylase
(HDAC) inhibitors. Indeed, it has been demonstrated that HDAC inhibitors inhibit IRF3/7 signal-
ling and augment VSV-induced apoptosis in cancer cells 1%, More recently, microtubule-destabi-
lizing agents have also been used in combination with OVs. The mechanism of these compounds

is two-fold: the microtubule destabilizers disrupt type I IFN translation and also increase viral

bystander killing by promoting cell death following stimulation by virus-induced cytokines '%,

1.4.1 VSel
One promising synthetic small molecule, Viral Sensitizer 1 or VSel (3,4-dichloro-5-phe-

nyl-2,5-dihydrofuran-2-one), has been shown to enhance VSV replication and spread up to 1,000-
fold in cancer cell lines '°7. This small molecule was identified alongside microtubule destabilizers
following screening of a large chemical library to identify compounds capable of enhancing the
oncolytic activity of VSVAS51. VSel was found to be the most efficacious viral sensitizer in vitro
from those initial screens performed in resistant mouse breast cancer cells. VSel was also tested
in combination with VSVAS1 in non-malignant cells and has been shown to maintain the selectiv-

ity of VSVAS51 for cancer cells 7. In vivo, it was demonstrated to significantly delay tumour
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progression and prolong survival 7. While the molecular target responsible for the viral sensitiz-
ing properties of VSel is still unknown, early experiments showed that VSel represses 96% of
VSV-induced antiviral transcripts, many of which are ISGs. Furthermore, VSel was shown to
dampen the response to exogenous IFNa in a human glioma cell line '%7. Altogether these data

suggest that VSel either directly or indirectly targets key components of type I IFN signalling.

1.4.2 VSel Structural Analogues

Although VSel was a first and novel hit specifically identified for combination therapies
with OVs, there are several drawbacks that hinder its translational potential. Namely, the electro-
philic nature of VSel makes it unstable in aqueous media at physiological pH, making the com-
pound difficult to use therapeutically. Furthermore, VSel has poor solubility and is not well toler-
ated in animals. As a result, over 100 structural analogues of VSel have been synthesized in a
structure-activity relationship approach to optimize physiochemical properties while maintaining
the efficacy and selectivity of VSel. Over 50 of these analogues were tested in vitro and shown to
be effective and cancer-selective enhancers of VSVAS51 infection %, The analogues were catego-
rized based on their heterocycle scaffold (furans and pyrroles) (Fig 2). The results showed that the
pyrrole analogues had vastly improved physiochemical and toxicological properties relative to the
furan compounds, but had equal or superior capacity to enhance cancer-specific viral growth com-
pared to VSel in in vitro and ex vivo assays '%. VSel-28 (H-Pyrrol-2-one, 3,4-dichloro-1,5-dihy-
dro-5-hydroxy-1-[2-(4-morpholinyl)ethyl]) was selected as a lead candidate for further assessment
in combination with OV treatment in vivo. Similarly to VSel, VSel-28 significantly delayed tu-
mour progression and prolonged survival in tumour-bearing mice in combination with VSVASI
198 Furthermore, VSel-28 was tolerated in mice at doses up to 100 mg/kg, which is a great im-

provement compared to VSel which is toxic at doses exceeding 20 mg/kg.
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Figure 2. VSel and its structural analogues.

1.5 Glutathione Homeostasis

In addition to providing more drug-like candidates, the structural analogues of VSel were
used to gain insight into the molecular target(s) of these compounds. Inhibitor affinity capture
experiments were carried out revealing that VSel analogs interact with glutathione (GSH)-s-trans-
ferase-n (GSTP1). Furthermore, VSel and its analogues were demonstrated to react with supra-

) 108

physiological concentrations of free glutathione (GSH and inhibit the enzymatic activity of

GSTP1 (Krishnan/El Sayes et al. Manuscript in preparation).

1.5.1 Role of GSH and GSTs

GSH (L-y-glutamyl-L-cysteinylglycine) is a tripeptide best known for its role in detoxifi-

cation of reactive electrophiles and xenobiotics '%. The tripeptide is composed of cysteine,
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glutamic acid, and glycine, and its active component is the thiol group of the cysteine portion.
GSH regulates redox homeostasis by acting as an antioxidant, either through direct interactions
with reactive oxygen species (ROS) and electrophiles, or by acting as a cofactor for detoxification
enzymes '%. Free GSH is generally present in its reduced form, however it becomes oxidized
during periods of oxidative stress. The ratio of reduced and oxidized GSH is often used as a meas-
urement of oxidative stress within the cell !%°. Because of its role in cell detoxification, high levels
of cellular GSH is often the cause of drug resistance. Indeed, several reports demonstrate that
resistant cancer cells can be sensitized to anti-tumour agents and radiation by inhibiting GSH bio-

synthesis, which can be done for example by treatment with buthionine sulfoximine (BSO) 10112,

Conjugation of GSH to electrophiles is often catalyzed by glutathione-S-transferases
(GSTs). There are 7 different classes of GSTs: alpha (A), mu (M), pi (P), sigma (S), theta (T),
omega (0), and zeta (Z) . Most classes of GSTs include several subunits, with some containing

up to 5 distinct subunits '3

. While GSTs are most known for their role in detoxification, they are
also involved in the regulation of several pathways, either by interacting with proteins directly or
by regulating a post-translational modification known as S-glutathionylation ''*!!5 Indeed, GSTs
have been shown to participate in regulating MAPK pathways that control cell proliferation, cell

death, and innate immunity ''*. One such example is the inhibition of JNK activity by GSTP1 in a

MKK4-independent manner 6,

1.5.2 Regulation of Protein Activity by S-Glutathionylation

S-glutathionylation is a redox-dependent post-translational modification that involves the
conjugation of GSH to redox-sensitive cysteine residues on proteins by disulfide bond 7. This
bond is reversible, which is a key element of the regulatory function of protein glutathionylation.

The process of deglutathionylation is carried out by the enzyme glutaredoxin (GRX), although the
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enzyme is also capable of catalyzing protein glutathionylation under specific conditions ''”. During

the past decade, more research has focused on establishing the role of protein glutathionylation in

118-120

regulating many cellular processes including pathways involved in gene expression , cell

1 121,122 123-126

death and surviva , and energy metabolism and glycolysis

1.5.3 Glutathionylation and Viral Defense

Many pathways involved in innate immunity can be regulated by protein glutathionylation.
For example, one group has demonstrated that IRF3 is normally glutathionylated in resting cells.
Upon infection, GRX-mediated deglutathionylation of IRF3 was shown to be necessary for its
interaction with the cofactor CBP, and subsequent expression of IFNB 2. Glutathionylation has
also been reported to regulate various components of the NFkB pathway. The kinase activity of
IKKP is inhibited by glutathionylation of one of its cysteine residues (Cys-179), which results in
dampened TNFa-induced NFkB activation '?7. IxkBo is another component that can be glutathi-
onylated, which inhibits its phosphorylation and subsequent ubiquitination. This prevents the deg-
radation of IxBa and keeps the NFkB complex sequestered in the cytoplasm %%, The NF«B tran-
scriptional subunits are also susceptible to glutathionylation. For example, the p50 subunit contains
a redox-sensitive cysteine (Cys-62) in its DNA-binding domain, which upon glutathionylation in-
hibits its DNA-binding activity '*. Furthermore, several reports have demonstrated that glutathi-
onylation of p65 at Cys-38 inhibits both its nuclear translocation and its DNA-binding activity,
and that inducers of protein glutathionylation (i.e. GSH supplementation, GRX inhibitors, N-ace-

tyl-L-cysteine treatment) inhibit NFkB activity 3132,
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1.6 Rationale and Hypothesis

The heterogeneity of the tumour microenvironment constitutes a major hurdle to OV-ther-
apy. The use of VSes as potentiators of OV-therapy is one of the several strategies currently being
developed for enhancing the efficacy of the treatment while maintaining a favourable therapeutic
index. Although VSel and its analogues show therapeutic promise pre-clinically, we still lack a
comprehensive understanding of the mechanism of action responsible for the viral sensitizing
properties. Uncovering the precise mechanism of action is critical for the continued development
of combination therapies that synergize with OV-therapy as well as the development of new gen-

erations of optimal VSes. Furthermore, this knowledge is imperative for eventual clinical testing.

Our previous data suggest that VSel and its structural analogues affect the type I IFN an-
tiviral response and have the potential to affect cellular redox homeostasis. Based on these results
and given the importance of both pathways for the cellular antiviral defense, we hypothesize that
VSel and its structural analogues potentiate VSVAS]1 activity by inhibiting the type I IFN
response via redox-mediated dysregulation. Our main objective was to uncover the mechanism
of action of VSel and its analogues. To do this, we first set out to characterize the effect of VSel
and its analogues on the innate antiviral response to identify target proteins. Upon identification
of potential targets, we investigated the relationship between regulation of redox homeostasis by

the VSes and their inhibition of the innate antiviral response.
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2. Materials and Methods

2.1 Cell Lines

786-0 (human renal carcinoma), Vero (monkey kidney), and 293T (human embryonic kid-
ney) were obtained from the American Type Culture Collection (Manassas,VA) and maintained
in Dulbecco’s Modified Eagle’s medium (Corning, Manassas, VA) supplemented with 10% fetal
bovine serum (Sigma-Aldrich, St Louis, MO) and buffered with 30 mM HEPES (Thermo Fisher
Scientific, Waltham, MA). All cell lines were maintained at 37 °C with 5% CO> in a humidified

incubator.

2.2 Viruses

A recombinant variant of the Indiana serotype of VSV harbouring a deletion of the methi-
onine 51 in the M protein (VSVAS1) was used throughout this study. VSVAS1 expressing green
fluorescent protein (VSVAS51-GFP) is a variant that has been previously described by Stojdl et al
47 Viruses were propagated on Vero cells and purified by 0.22uM filtration and ultracentrifugation

on an Optiprep gradient. Virus quantification was performed by plaque assay as previously de-

scribed 133,

2.3 Drugs and Cytokines

The synthesis of VSel and its analogs (VSel-2, VSel-6, VSel-10, VSel-25, VSel-27,
VSel-28, VSel-29, VSel-40, MD02172, CP02040) was done in the laboratory of Dr. Christopher
Boddy as described by Dornan et al '%. Buthionine sulfoximine (BSO), Bay 11-7085, N-aceylcys-
teine (NAC), and cinnamaldehyde were obtained from Sigma-Aldrich (St Louis, MO). H>,O> was
obtained from Fisher Scientific (Fair Lawn, NJ). IFNP was obtained from PBL Interferon Source

(Piscataway, NJ) and TNFa from R&D systems (Minneapolis, MN).
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2.4 Plaque Assay

Virus quantification was done by plaque assay and is thoroughly described in Diallo et al
133 Briefly, samples were serially diluted and incubated on Vero cells. The supernatants were then
removed and a 1:1 mixture of 1% agarose in 2x high glucose DMEM (12800017, Life Technolo-
gies, Carlsbad, CA) supplemented with 20% fetal bovine serum (Sigma-Aldrich, St. Louis, MO),
30 mM HEPES (Sigma-Aldrich, St. Louis, MO) is immediately added. The inoculated cells are
then incubated at 37°C in a 5% CO; humidified incubator for 24 hours, after which the cells are
fixed in 3:1 methanol: acetic acid and stained with a Coomassie Brilliant Blue R-250 (Sigma-
Aldrich, St. Louis, MO) solution containing 0.5 g Coomassie blue, 20% methanol and 10% acetic
acid. The plaques are counted and the virus titers are calculated based on the dilution and reported

as plaque forming units (pfu) per millilitre.

2.5 Luciferase-Based Viral Titration Assay

This assay has previously been described in detail '**. Briefly, supernatants from samples
infected with VSVAS51-FLuc were added Vero cells seeded in white-bottom 96 well plates (Corn-
ing, Kennebunk, ME, USA). At the same time, known amounts of virus (starting at 1x10® plaque
forming units (pfu) and decreasing by 1 log unit to 10 pfu) were added to adjacent columns on the
plate to generate a standard curve. Plates were centrifuged at 430xg for 5 minutes and then incu-
bated for 5 hours at 37°C. Luciferase expression was then measured and bioluminescence was
expressed in mean relative light units (mRLU; SynergyMx Microplate Reader, BioTek). To gen-
erate the standard curve, mRLU was plotted against known input pfu. Four-parameter non-linear
regression analysis generated a Hill plot from which unknown input pfu (estimate of viral titer)
was interpolated. Data transformation was conducted in R. These estimated titers are termed “viral

expression units” (VEU).
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2.6 Western Blot Analysis

Cells were lysed for 10 minutes on ice in protein extraction buffer (50mM HEPES, 150mM
NaCl, 10mM EDTA, 10mM Na4P>07, 1% NP-40 pH 7.4) supplemented with 1M NaF, 200mM
Na3;VO4 and protease inhibitor cocktail (Roche, Mississauga, Ontario, Canada) '*°>. Whole cell

lysates were centrifuged at 16,000 g for 10 minutes at 4°C.

For separation of nuclear and cytoplasmic fractions NE-PER™ nuclear and cytoplasmic
extraction reagents (Pierce Biotechnology, Rockford, IL) were used as per the manufacturer’s pro-
tocol. Following protein determination by Bradford assay (Protein Assay Solution, BioRad, Mis-
sissauga, Ontario) 20-50 pg of protein extracts were prepared in NUPAGE LDS sample buffer
(Invitrogen, Burlington, Ontario) supplemented with dithiothreitol and the lysates were then elec-
trophoresed on a 4-12% precast gradient gel (Invitrogen, Burlington, Ontario) using the XCell
SureLock® Mini-cell (Invitrogen, Burlington, Ontario) and transferred onto a nitrocellulose mem-
brane (GE Healthcare, Baie d’Urfe, Quebec). The membranes were blocked with 5% BSA or 5%
non-fat dry milk in 0.1% TBS-Tween-20 for at least 1h at RT and probed with rabbit or mouse
antibodies against NFkB p65, phospho-NF«B p65, NFkB p105/p50, IRF-3, phospho-IRF-3, c-jun,
phospho-c-jun, ATF2, phospho-ATF2, IkBa, B-Actin (all from Cell Signalling Technology, Dan-
vers, MA), a-Tubulin (Santa Cruz Biotechnology, Dallas, Texas) or glutathionylated proteins
(ab19534, Abcam, Toronto, ON) overnight at 4°C. In the case of probing for glutathionylated
proteins, cells were lysed under non-reducing conditions (no dithiothreitol or B-mercaptoethanol).
The membranes were then washed and probed with horseradish-peroxidase conjugated anti-rabbit
(Jackson Immunoresearch Labs, West Grove, PA) or anti-mouse (Cell Signalling Technology,

Danvers, MA) secondary antibodies for 1h at RT. Blots were washed and bands were visualized
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using Clarity™ Western ECL blotting substrates (Bio-Rad, Mississauga, Ontario) on HyBlot CL

autoradiography films (Denville Scientific, Holliston, MA).

Manufacturer Antibody Catalogue # Dilution
Cell Signaling NF«B p65 8242 1:1000
Cell Signaling Phospho NF«B p65 3033 1:1000
Cell Signaling NF«B p105/p50 3035 1:1000
Cell Signaling IRF3 11904 1:1000
Cell Signaling Phospho IRF3 4947 1:1000
Cell Signaling c-jun 9165 1:1000
Cell Signaling Phospho c-jun 9261 1:1000
Cell Signaling ATF2 9226 1:1000
Cell Signaling Phospho ATF2 9221 1:1000
Cell Signaling IxBa 4814 1:1000
Cell Signaling B-Actin 4970 1:1000
Santa Cruz a-Tubulin 8035 1:500
Abcam Glutathione 19534 1:500

2.7 Immunoprecipitation

250 pl of cell lysates were pre-cleared with protein G Dynabeads (Invitrogen, Burlington,
Ontario) for 30 min at RT. Beads were replaced with fresh protein G Dynabeads and rabbit-anti
NF«kB p65 antibody (Cell Signalling Technology) was added to the lysates at 1:250 for one hour
at RT. The beads were pelleted and washed three times with 1x lysis buffer prior to eluting with
100mM glycine pH 2.8 and prepared in NuPAGE LDS sample buffer (Invitrogen, Burlington,
Ontario) supplemented with dithiothreitol for western blot analysis. In the case of probing for glu-
tathionylated proteins, cells were lysed under non-reducing conditions (no dithiothreitol or -mer-

captoethanol).
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2.8 Quantitative Real-Time PCR

RNA extraction was performed using RNeasy® Mini Kit (Qiagen, Valencia, CA) according
to the manufacturer’s protocol. Then, 1 pg of purified RNA was reverse transcribed using Re-
vertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Waltham, MA).
Real-time PCR reactions were performed with QuantiTect® SYBR® Green PCR Kit (Qiagen, Va-
lencia, CA) on a 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA) with
20ng of cDNA. Relative mRNA expression was normalized to GAPDH and fold induction was

calculated relative to the untreated/uninfected controls using the Pfaffl method '3¢.

Model Gene Forward Primer (5' > 3') Reverse Primer (5' > 3'")
Human MX2 GAACGTGCAGCGAGCTTGTC AAGGCTTGTGGGCCTTAGAC
Human IFITM1 CCGTGAAGTCTAGGGACAGG GGTAGACTGTCACAGAGCCG
Human IFNp CATTACCTGAAGGCCAAGGA CAGCATCTGCTGGTTGAAGA
Human TNFao. GCTGCACTTTGGAGTGATCG GAGGGTTTGCTACAACATGGG
Human IL-6 ACCCCCAATAAATATAGGACTGGA | GAAGGCGCTTGTGGAGAAGG
Human HMOX1 ACTGCGTTCCTGCTCAACAT GGGGCAGAATCTTGCACTTT
Human OSGIN GTTCCCCTGACCCTCCTAGT GGCCGTTACCCACAATGATG
2.9 ELISA

786-0 cells were seeded at a density of 250,000 cells/well in 12-well plates and incubated
overnight at 37°C in a 5% CO; humidified incubator. Cells were then pretreated with VSes for 2
hours prior to infection with VSVAS51-GFP at an MOI of 1. Supernatants were collected 8, 16 and
24 hours post-infection. Verikine human IFNB ELISA kit (PBL Interferon Source) and Quantikine
human TNFa ELISA kit (R&D Systems) were used following the manufacturer’s protocol. Levels

of secreted IFNP and TNFa (pg/mL) were interpolated from experimental standard curves.
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2.10 Microarray

786-0 cells seeded at a density of 1 x 10° cells in 6-well plates (Costar). 24 hours later, cells
were treated with VSel (55 uM), VSel-2 (55 uM), VSel-6 (50 uM), VSel-40 (55 uM), VSel-28
(95 uM), VSel-29 (95 uM), VSel-25 (95 uM), MD02172 (150 uM), CP02040 (150 uM), media
or vehicle (DMSO). RNA was collected 24 hours post-infection as explained above. Biological
triplicates were subsequently pooled and RNA quality was measured using Agilent 2100 Bioana-
lyzer (Agilent Technologies) before hybridization. Hybridization to Affymetrix Human Prime-
View Array was performed by The Centre for Applied Genomics at The Hospital for Sick Chil-
dren, 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. Gene

ontology (GO)-term enrichments were evaluated using GOrilla 7,

2.11 GSH and GSSG Determinations by HPLC

Levels of GSH, GSSG and their ratio were determined with an Agilent HPLC system '3,
Cells were grown in 60mm tissue culture plates with the indicated treatments. Cells were then
washed twice with ice cold PBS and lysed on ice for 20 minutes in 125mM sucrose, 1.5mM EDTA,
5mM Tris, 0.1% TFA and 0.5% MPA in mobile phase (10% HPLC grade methanol, 0.09% TFA
— 0.2 micron filtered). Lysates were clarified by centrifugation for 20 min at 14,000 g at 4°C. Each
sample was run in duplicate on a Pursuit5 C18 column (150 x 4.6 mm, 5 pm; Agilent Technolo-
gies, Santa Clara, CA) with a 1 mL/min flow rate and detected at 215nm. Standards were prepared
at the indicated concentrations in the same buffer and used to interpolate absolute quantities of

GSH and GSSG in the samples.
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2.12 IFNP Protection Assay

786-0 cells were plated at a density of 250,000 cells/well in 12-well plates and incubated
overnight at 37°C in a 5% CO; humidified incubator. Cells were cotreated with VSel (60 uM) or
VSel-28 (90 uM) and IFNP (200 U/mL), then challenged with VSVAS1 at an MOI of 0.01. Su-
pernatants were collected 40 hours post infection and viral outputs were quantified by plaque assay

as above.

2.13 Statistical Analysis
The results shown are presented as means + standard error. For all experiments, statistical
significance was considered to mean a P value less than or equal to 0.05. Graphs and statistics

were computed using Graphpad Prism 6 and Microsoft Excel.
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3. Results

3.1. VSel Structural Analogues Supress Response to IFNp

Previously published data demonstrated that VSel blocks the response to type I IFNs %7,
however, whether its structural analogues have similar effects has not yet been assessed. To inves-
tigate this possibility, 786-0 human renal carcinoma cells were co-treated with VSel analogues
and IFNP prior to VSVASI1 challenge. In the absence of exogenous IFNP, all the analogues of
VSel tested enhanced virus production up to 100-fold (Fig 3). Treatment with IFNp prior to in-
fection severely hindered infection, however VSel and its structural analogues still enhanced virus
production, albeit to varying extents. To further characterize the effects of VSel and its structural
analogues on the antiviral response, a microarray was performed on samples from 786-0 cells pre-
treated with active and inactive VSel analogues prior to VSVAS]1 infection. As expected, a large
subset of genes contained within the GO term “cellular defense response” were upregulated by
VSVASI. Furthermore, the expression of those genes was inhibited by the active, but not the in-
active compounds tested (Fig 4). To further characterize the kinetics of ISG inhibition by VSes,
we chose two ISGs (MX2 and IFITM1) that were previously studied with VSel 7. Gene expres-
sion was assessed by quantitative RT-PCR on samples treated with either VSel or VSel-28 then
infected with VSVAS1 for 8, 16 and 24 hours. As expected, the expression of MX2 and IFITM1

was highly upregulated by infection, however both VSel and VSel-28 dampened the expression

of the both ISGs (Fig 5a & b).
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Figure 3. VSel suppresses the response to IFN. Virus titers from supernatants of cells co-
treated with VSel analogues and IFNP then challenged with VSVAS51 (MOI 0.01) for 40 hours.
Concentrations: VSel (60 uM), VSel-2 (50 uM), VSel-10 (50 uM), VSel-28 (90 uM). Condi-
tions from each group (i.e. Mock and IFN) were compared to their relative untreated control.
*4%P <0.001 (Two-way ANOVA with Bonferroni multiple comparison).
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Figure 4. VSel analogues supress the expression of antiviral genes. Microarray analysis using
RNA from 786-0 cells pretreated with media, vehicle (DMSO), or viral sensitizer, then infected
with VSVAS1 (MOI 0.01) for 24 hours. Triplicates were pooled and hybridized on Affymetrix
Human PrimeView Array. Shown are heat maps of genes contained within the GO term “cellular
defense response”.
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Figure 5. VSel and VSel-28 inhibit antiviral ISGs. Quantitative RT-PCR analysis using RNA
from 786-0 cells treated with (a) VSel (60 uM) or (b) VSel-28 (90 uM) then infected with
VSVAS51 (MOI 1). RNA was extracted 8, 16 and 24 hours post-infection and the expression of
MX2 and IFITM1 were determined. ns: P > 0.05, *P < 0.05, **P < 0.01, ***P <0.001 (Two-
way ANOVA with Dunnett’s multiple comparison).
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3.2 Furan Viral Sensitizers Inhibit IFNB-Mediated STAT1 Activation

As an attempt to identify the mechanism by which the analogues dampen the anti-viral
response, and given the known involvement of the JAK-STAT pathway in regulating the expres-
sion of ISGs induced by type I IFNs, we examined the phosphorylation status and activation of
STATI. To do so, 786-0 cells were treated with VSel or its analogues prior to IFNf stimulation
to specifically activate the JAK-STAT pathway. As expected, IFNf treatment induced the phos-
phorylation of STATI. Interestingly, this phosphorylation was partially inhibited by VSel as well
as the other furan analogue VSel-2, however the pyrrole analogues (VSel-28, 29 & 20) had no
impact on the phosphorylation status of STAT1 (Fig 6). Taken together, our data suggests that the
VSe-mediated decrease in ISG expression and the antiviral effects of IFNf cannot be consistently

explained by blockage of the JAK-STAT pathway.
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Figure 6. Furan VSes inhibit IFNB-mediated STAT1 phosphorylation. STAT1 phosphor-
ylation status was analyzed by western blot using whole cell lysates from 786-0 cells treated with
VSel and analogues for two hours prior to treatment with IFNf. Lysates were collected 30 minutes
later. Arrow indicates IFN-treated control. Pyrroles and Furans were on the same blot, which
contained other samples, and can be directly compared to the untreated controls.
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3.3 VSel Analogues Inhibit Expression of IFN.

We next investigated the effect of VSel analogues on the production of IFNf. To do so,
786-0 cells were pre-treated with either VSel or VSel-28 then infected with VSVAS51 for 8, 16
and 24 hours. RT-PCR analysis revealed that VSel and VSel-28 inhibited virus-induced expres-
sion of IFN for up to 24 hours or 16 hours post-infection respectively (Fig 7a & b). Additionally,
an ELISA performed on culture supernatants confirmed the impaired production of IFN in the

presence of VSe-1 and 1-28 as well as other pyrrole analogues (VSel-10) (Fig 7¢).
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Figure 7. VSel analogues inhibit the expression of IFN. Quantitative RT-PCR analysis
using RNA from 786-0 cells treated with (a) VSel (60 uM) or (b) VSel-28 (90 uM) then
infected with VSVAS51 (MOI 1). RNA was extracted 8, 16 and 24 hours post-infection and the
expression of IFNf was determined. ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001 (Two-
way ANOVA with Dunnett’s multiple comparison). (¢) IFN production was measured by
ELISA using supernatants from 786-0 cells treated with VSel (60 uM), VSel-10 (50 uM), or
VSel-28 (90 uM) then infected with VSVAS1 (MOI 3) for 16 hours. ***P < 0.001 (One-way
ANOVA with Dunnett’s multiple comparison).
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3.4 VSel and VSel-28 Inhibit NFkB Activity

To further our understanding of how VSel and its analogues inhibit IFNf production, we
investigated the effects of VSel and VSel-28 on the activity of key regulators of [IFNP expression.
To do so, we treated 786-0 cells with VSel or VSel-28, infected with VSVAS51 for 8 hours and
assessed the nuclear levels of NFkB p65, NFkB p50, IRF3 and c-jun by western blot. Interestingly,
we found that the nuclear translocation of both the p65 and p50 subunits of NFkB were inhibited
by VSel and VSel-28, while the levels of IRF3 and c-jun in the nucleus remained unaffected (Fig
8a). This data was confirmed by testing the effects of both compounds on TNFa-induced nuclear
translocation of NFxB p65. As expected, both VSel and VSel-28 inhibited p65 translocation upon
TNFa stimulation (Fig 8b). Given this interesting phenotype, we then proceeded to investigate the
upstream regulation of NFkB activity by western blot in cells treated with VSel or VSel-28 then
stimulated with TNFa. We found that TNFa-induced phosphorylation of NFkB p65 and degrada-
tion of IkBa were unaffected by either compound (Fig 9a). Furthermore, virus-induced p65-p50
heterodimerization was still evident in presence of compounds (Fig 9b), suggesting that VSel and
VSel-28 hamper the nuclear translocation of p65 and p50 even though upstream signals from the
IKK complex occur normally. Also, virus-induced phosphorylation of IRF3, c-jun and ATF2 was
assessed and found to be unaffected by VSel and VSel-28 (Fig 9¢), confirming functional PRR
signalling upon infection.

NF«B is a well-known inducer of IFN and other antiviral cytokines including IL-6 and
TNFa. In order to determine if VSel and its analogues also impaired the production of these pro-
inflammatory cytokines, we assessed their mRNA expression by RT-PCR. Consistent with our
observations on IFNf production, we found that VSel and VSel-28 inhibited virus-induced

mRNA expression of [L-6 and TNFa was for up to 24 hours or 16 hours post-infection respectively
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(Fig 10a & b). These results were further validated by measuring the levels of TNFa secreted by
the cells upon infection. As expected, both VSel and VSel-28 inhibited the secretion of TNFa as
measured by ELISA (Fig 10¢). To test the functional relevance of NFkB inhibition as a potential
mechanism of action, we tested a known inhibitor of NFkB, BAY 11-7085. This compound inhib-
its NFkB activation by inhibiting IKKs and preventing the phosphorylation and degradation of
IxBa. '¥. Interestingly, we found that BAY 11-7085 sensitized 786-0 cells to VSVAS1 infection
in a similar manner to VSel and VSel-28 and enhanced virus production by 1000-fold (Fig 11,

performed by Ramya Krishnan).
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Figure 8. VSel and VSel-28 inhibit the nuclear translocation of NFkB. (a) Western blot anal-
ysis on nuclear and cytosolic extracts from 786-0 cells treated with VSel (60 uM) or VSel-28 (90
uM) then infected with VSVAS1-GFP (MOI 1) for 8 hours. (b) Western blot analysis on nuclear
and cytosolic extracts from 786-0 cells treated with VSel (60 uM) or VSel-28 (90 uM) then in-
fected with treated with TNFa (25 ng/mL) for 30 minutes. Arrows indicate VSVAS1-infected con-
trol.
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Figure 9. VSel and VSel-28 do not effect NFkB p65 phosphorylation or dimerization with
p50. (a) Western blot analysis using whole cell lysates from 786-0 cells treated with VSel (60
uM) or VSel-28 (90 uM) then treated with TNFa (25 ng/mL) for 30 minutes. (b) NFxB p65 was
immunoprecipitated from lysates from 786-0 cells treated with VSel (60 uM) or VSel-28 (90 uM)
then infected with VSVAS51-GFP (MOI 1) for 8. Proteins were separated by SDS-PAGE then
probed for NFxB p50. (¢) Whole cell lysates from b were used to analyze the phosphorylation
status of IRF3, c-jun and ATF2 by western blot.
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Figure 10. VSel and VSel-28 inhibit the expression of NFkB target genes. Quantitative RT-
PCR analysis using RNA from 786-0 cells treated with (a) VSel (60 uM) or (b) VSel-28 (90 uM)
then infected with VSVAS1 (MOI 1). RNA was extracted 8, 16 and 24 hours post-infection and
the expression of TNFa and IL-6 were determined. (¢) TNFa production was measured by ELISA
using supernatants from a and b. ns: P > 0.05, ***P < (0.001 (Two-way ANOVA with Dunnett’s
multiple comparison).
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Figure 11. BAY 11-708S sensitizes 786-0 cells to oncolytic viral infection. 786-0 cells were pre-
treated with (a) BAY 11-7085, (b) VSel (60 uM) (¢) VSel-28 (90 uM) then infected with
VSVAS51-Fluc (MOI 0.005). Supernatants were collected 40 hours later and virus output was de-
termined using a previously described luciferase-based titration assay '**. This data was generated
by Ramya Krishnan.
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3.4 VSel and VSel-28 Deplete Cellular GSH Levels

We have previously demonstrated that VSel and analogs react with free glutathione '°® and
have generated data showing that VSel and VSel-28 inhibit the activity of multiple GSTs, includ-
ing GSTP1 with an ICso of 2.67uM for VSel (data not shown). We considered it possible that
these properties could play a role in the observed inhibitory effects of VSel and VSel-28 on NFkB
nuclear translocation. To further characterize the effects of VSel and VSel-28 on glutathione ho-
meostasis, 786-0 cells were treated with either compound then the levels of reduced and oxidized
glutathione were measured by HPLC-UV detection at different time points. We found that GSH
levels were depleted after 1 hour of treatment then robustly increased 12 hours post-treatment (Fig
12). Interestingly, VSel-28 caused a greater depletion of cellular GSH that lasted for at least 4
hours, unlike its parent compound VSel, for which the levels were already higher than baseline at
4 hours post-treatment (Fig 12). It has been demonstrated that cinnamaldehyde, an electrophile
containing an o,f-unsaturated carbonyl similar to VSel and VSel-28, causes a short-term deple-
tion in GSH levels followed by increased intracellular levels of GSH and GRX-1 in the long term,
a pattern that is similar to the one we observed. This in turn was found to correlate with increased
glutathionylation of the p65 subunit of NFkB and decreased NFkB activity and nuclear transloca-
tion 13°. To assess the involvement GSH homeostasis in anti-viral protection, we tested cinnamal-
dehyde’s effect on VSVAS1 replication in 786-0 cells and found that it enhanced virus replication
and increased virus-mediated cytotoxicity (Fig 13). While this supports a broader impact of com-
pounds with o,B-unsaturated carbonyls on the anti-viral response, it does not establish a role for
glutathionylation in mediating this effect. To investigate this more directly in our system, we as-
sessed the effect of VSel and VSel-28 on p65 glutathionylation by treating cells prior to p65

immunoprecipitation. Glutathionylation was then measured by western blot using an anti-GSH
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antibody under non-reducing conditions (Fig 14a). As a positive control, lysates were treated with
50 mM of oxidized glutathione (GSSG) to induce protein glutathionylation (lane 6, fig 14a). Our
results show the complete absence of p65 glutathionylation with and without VSel and VSel-28.
Furthermore, we tested the effect of VSel and VSel-28 on cells depleted of cellular GSH. To do
so0, 786-0 cells were cultured in BSO for 6-10 days to inhibit the synthesis of GSH. Upon verifying
that intracellular GSH was depleted by HPLC (Fig 14b, performed by Ramya Krishnan), BSO
cultured cells were pre-treated with VSel or VSel-28 then infected with VSVASI. Interestingly,
we found that the potency of VSel and VSel-28 increased upon complete depletion of GSH (Fig

14c¢).
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Figure 12. VSel and VSel-28 deplete cellular GSH. Cellular GSH and GSSG levels were meas-
ured by HPLC-UV detection using whole cell lysates from 786-0 cells treated with (a) VSel (60
uM) or (b) VSel-28 (90 uM) for 1, 4, and 12 hours.
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Figure 13. Cinnamaldehyde potentiates VSVASI1 infection and cytotoxicity. 786-0 cells were
treated with increasing doses of cinnamaldehyde then infected with VSVAS51 (MOI 0.01). (a) Vi-
rus output and (b) cell viability were measured 40 hours post infection by plaque assay and Ala-
marBlue respectively.
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Figure 14. VSel and VSel-28 do not induce NFkB p65S glutathionylation. (a) p65 was im-
munoprecipitated using lysates from 786-0 cells treated with VSel (60 pM) or VSel-28 (90 uM)
for 12 hours. p65 glutathionylation status was assessed by western blot. As a positive control,
lysates were treated with S0mM GSSG for 30 minutes to induce protein glutathionylation. (b)
Cellular GSH and GSSG levels were measured by HPLC-UV detection using whole cell lysates
from 786-0 cells cultured in DMEM supplemented with BSO (2mM) for 10 days then treated with
VSel-28 for the indicated times. ND: not detectable (c¢) Virus titers measured by luciferase-based
titration assay using supernatants from 786-0 cells cultured in DMEM supplemented with BSO
(2mM) for 10 days then treated with VSel or VSel-28 prior to infection with VSVAS51-Fluc (MOI
0.005) for 40 hours. The data for ¢ was generated by Ramya Krishnan.
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3.5 VSel and VSel-28 Induce Oxidative Stress

Since GSH and GSTs are key regulators of cellular redox homeostasis, we considered
whether the simultaneous impact of VSel or VSe1-28 on GSH levels and GST activity could cause
a shift in cellular redox state, indirectly leading to dysregulation of NF«B activity. To further assess
the effect of VSel and VSel-28 on cellular redox state, the microarray data from section 3.1 was
used to analyze the expression of genes involved in the anti-oxidant response. We found that all
the active analogues of VSel highly upregulated genes responding to oxidative stress, albeit less
substantially for pyrrole analogues (Fig 15). For example, heme oxygenase 1 (HMOX1) was con-
sistently upregulated in all active, but not inactive compounds. The kinetics of this upregulation
was further assessed by quantitative RT-PCR using RNA from cells treated with VSel or VSel-
28 prior to VSVASI infection. In line with the microarray data, HMOX-1 and OSGIN (oxidative
stress induced growth inhibitor) were highly upregulated by both VSel and VSel-28, even in ab-
sence of infection (Fig 16). Interestingly, HMOX-1 was maximally induced 8h post-treatment with

VSel and VSel-28 alone.
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Figure 15. VSel and its analogues upregulate genes that respond to oxidative stress. Micro-
array analysis using RNA from 786-0 cells treated with media, vehicle (DMSO), or viral sensitizer
for 24 hours. Triplicates were pooled and hybridized on Affymetrix Human PrimeView Array.
Shown are heat maps of genes contained within the GO term “Response to Oxidative Stress”.
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Figure 16. VSel and VSel-28 upregulate HMOX1 and OSGIN. Quantitative RT-PCR analysis
using RNA from 786-0 cells treated with (a) VSel (60 uM) or (b) VSel-28 (90 uM) then infected
with VSVAS1 (MOI 1). RNA was extracted 8, 16 and 24 hours post-infection and the expression
of HMOX1 and OSGIN were determined. ns: P> 0.05, *P <0.05, **P <0.01, ***P <0.001 (Two-
way ANOVA with Dunnett’s multiple comparison).
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3.6 H202 Enhances VSVASI1 Infection and Inhibits NFkB Activity

Our data altogether suggested that VSel and its structural analogues might impair NFxB
activity indirectly through the formation of ROS intermediates. Indeed, NFkB subunits are known
to contain redox-sensitive cysteines that can regulate NFxB activity depending on their oxidation
state %, To assess the interplay between oxidative stress and sensitization to viral infection, 786-
0 cells were treated with increasing concentrations of hydrogen peroxide (H20>) prior to VSVAS1
infection. Interestingly, H>O» was found to enhance virus output in a dose-dependant manner at
final concentrations ranging from 1 to 6 mM (Fig 17). We then tested the effects of H2O2 on NF«xB
activity and found that H>O- also inhibited virus-induced nuclear translocation of NF«xB p65 and
p50 in a dose-dependant manner (Fig 18a). We further validated this observation by assessing the
induction of genes downstream of NF«B, namely IFNB, TNFa and IL-6. Interestingly, virus-in-
duced expression of IFNf was robustly inhibited by all doses of H2O> (Fig 18b), including doses
that had little impact on VSVAS51 infection (Fig 17). On the other hand, TNFa and IL-6 expression
(Fig 18¢ and d) were inhibited in a dose-dependant manner that resembles the trend seen with
virus output (Fig 17) and NF«B nuclear translocation (Fig 18a). Finally, primers for VSV M were
also used to confirm active infection in these cells (Fig 18e). Altogether this data suggests that
oxidative stress can enhance VSVAS1 infection by impairing cytokine production through dysreg-

ulation of NF«kB activity.

60| Page



*%¥ *%¥
*X¥
**¥
**

*%

I I
M~ © o

(Tw/n4d) 19nL *6o

H,0, (mM)

61 |Page



Figure 17. H20: potentiates VSVAS] infection in a dose-dependant manner. Virus titers were
determined by plaque assay using supernatants from 786-0 cells treated with increasing doses H.O»
then infected with VSVAS1 (MOI 0.01) for 40 hours. **P <0.01, ***P <0.001 (One-way ANOVA
with Dunnett’s multiple comparison).
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Figure 18. H20: inhibits nuclear translocation and transcriptional activity of NFkB. 786-0
cells were treated with increasing doses H>O> then infected with VSVAS1 (MOI 1). (a) Western
blot analysis using nuclear and cytosolic extracts collected 8 hours post-infection. Quantitative
RT-PCR for (b) IFNB, (¢c) TNFa, (d) IL-6 and (e¢) VSV M expression using RNA extracted 16
hours post-infection. ns: P > 0.05, **P < 0.01, ***P < 0.001 (Two-way ANOVA with Dunnett’s
multiple comparison).
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4. Discussion

4.1 Enhancing VSVASI1 Infection by Blocking the IFN Response

It is well known that VSV is an IFN-sensitive virus, and that the attenuated VSVAS51 is
even more dependant on defective IFN pathways of cancer cells to readily infect and kill them 7.
With the objective of increasing the sensitivity of resistant cancer cells to VSVAS51, various groups
have investigated several strategies to temporarily block the type I IFN response. For example, it
has been demonstrated that JAK1 inhibitors can be used to enhance VSVAS51 infection of resistant
human melanoma and sarcoma models #!''*>. Based on this as well as previously published data,
we initially hypothesized that VSel and its analogues also inhibit the response to type I IFNs 107108,
Protection assays with IFNP (Fig 3) revealed that VSel and its analogues may indeed hinder the
antiviral effects of exogenous IFNB. However, more experiments are required to determine if the
enhancement seen is a result of suppressing the response to IFNf through ISGF3 (STAT1/2 and
IRF9) or through co-regulatory factors such as NF-kB. This could be done by repeating the pro-
tection assay (Fig 3) in cells with STAT1/2 or IRF9 knockdowns. If the VSes already inhibit the
response to IFNf then there will be no further enhancement of virus titers in STAT1/2-/- or IRF9-
/- cells co-treated with IFNP and VSes. Interestingly, our microarray and quantitative RT-PCR
data (Fig 4 & 5) show that ISG induction upon type I IFN stimulation are supressed to different
levels by all active VSes. Most notably, inhibition of ISG expression by VSel (furan) lasts longer
than the inhibition by VSel-28 (pyrrole) (Fig 5). It is unclear whether this difference is similar
among other furan and pyrrole analogues, however this could easily be determined by analyzing

the kinetics of ISG inhibition by qPCR with VSel-2 (furan) and VSel-10 (pyrrole).

Given that all the tested VSes could efficiently inhibit ISG expression and that the JAK-

STAT pathway is upstream of these genes, the phosphorylation status of STAT1 was assessed (Fig
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6). Western blots revealed that the furan VSes (VSel and VSel-2) inhibits STAT1 phosphoryla-
tion upon IFNP stimulation. Therefore, we propose that the inhibition occurs within the first 2
hours of pre-treatment, since lysates are collected 30 minutes post-IFN stimulation after a 2-hour
pre-treatment period with VSes. This observation is in line with previously published data that
shows the furan compounds are more reactive than the pyrrole analogues '%. Since ISGs are in-
hibited by all compounds, but we observe an inhibition of STAT1 phosphorylation by furan VSes
alone, our data suggests that the viral sensitizing properties of our compounds do not depend on
this pathway. Despite these findings, it still remains possible that the VSes inhibit other compo-
nents of JAK-STAT signalling. To fully characterize the effect of the compounds on this pathway,
we could assess the phosphorylation status of JAK1, TYK2 and IRF9 as well as: 1. the nuclear
translocation (immunofluorescence and western blot on fractionated lysates), 2. the dimerization
(immunoprecipitation) and 3. the DNA-binding activity (EMSA or ChIP PCR) of STATI and 2.
Interestingly, inhibition of the JAK-STAT pathway may not be essential for the prevention of ISG
expression. Despite being rarely described, JAK-STAT-independent regulation of ISG expression
has been documented. Indeed, NFkB has been shown to regulate the expression of ISGs and can
also be activated by type I IFNs 43, Therefore, the inhibition of NF«B activity by the VSes could

explain their suppressive effects on ISG expression.

4.2 VSel and VSel-28 Inhibit NFkB Activity

Based on the data presented, we propose that the inhibition of ISG expression by VSel and
VSel-28 is a result of their inhibition of NFkB nuclear translocation (Fig 8a). Our results show
that the compounds inhibit both virus and TNFa-mediated NFkB nuclear translocation and that
this inhibition occurs within 2.5 hours of drug treatment and last for up to 10 hours (Fig 8), which

is in line with the inhibition of cytokine production that is observed as early as 8 hours post-
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infection (Fig 7 & 10). Interestingly, single and multi-step viral growth curves performed by an-
other lab member demonstrate that both VSel and VSel-28 increase the production of VSVAS1
as early as 8 hours (data not shown). While this kinetic suggests that inhibition of NFxB activity
by the VSes can prevent cytokine production by infected cells and sensitize them to infection, this
possibility needs to be validated further. Importantly, we continue to demonstrate that the com-
pound BAY 11-7085, an inhibitor of the NxFB pathway via inhibition of IkBa phosphorylation,
was able to sensitize cells to VSVAS1 (Fig 11). To evaluate the importance of NFkB inhibition
for the viral sensitizing activity of our compounds, we could test our inactive analogues for their
effect on NF«B activity and cytokine production. We would expect the inactive analogues to have
no impact on NF«kB activity (phosphorylation status and nuclear translocation). Furthermore, we
should find that cytokine production (ELISA and RT-PCR) is still active in the presence of the
inactive analogues. Altogether, these data would suggest that our active VSes inhibit the nuclear
translocation of NFkB and its transcriptional activity, which in turn would decrease the virus-
induced production of IFNB, TNFa and IL-6, and enhance VSVAS1 propagation in cancer cells

but not in normal cells.

As a result of its anti-apoptotic activity, NFxB is often associated with resistance to anti-
cancer drugs. Because of this property, NFkB inhibitors have been fiercely pursued with the ob-
jective of using them in combination with existing anti-cancer agents '**, Most NF«kB inhibitors
consist of protein kinase antagonists that prevent the phosphorylation of NFkB and IxBa, pro-
teasome/ubiquitination inhibitors that prevent the degradation of IkBa, or phosphatase agonists
that induce dephosphorylation of NF«kB, and therefore act upstream of nuclear translocation. Be-
cause of their broad roles, these NFkB inhibitors are rarely specific and will often affect other

signalling pathways, which raises concern when it comes to off-tissue effects and toxicity '*°.
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Indeed, even inhibitors of NFkB nuclear translocation are often antagonist of importins, and so
inhibit the translocation of other transcription factors '#¢. Notably, NFkB and IRF3 are shuttled
into the nucleus by the same importins ¢ and our data demonstrates that IRF3 nuclear transloca-
tion is still functional with VSel and VSel-28 (Fig 8a). Therefore, our VSe compounds do not
likely inhibit importin activity. Furthermore, upstream IKK signalling is functional as demon-
strated by consistent IkB degradation (Fig 9a) and p65-p50 dimerization (Fig 9b). Since pyrrole-
based VSes inhibit NFkB at the level of nuclear translocation, they could be tested in combination
with other anti-cancer drugs, radiotherapy, or even in triple combinations with anti-cancer drugs

and OVs to maximize virus-induced apoptosis of tumour cells.

We have yet to determine the effects of our viral sensitizers on the non-canonical NFxB
pathway. This can easily be determined by assessing p100 degradation and the nuclear transloca-
tion of p52 and RelB. Like other subunits of the kB family, p52 and RelB are regulated by many

17188 polyubiquitination '*°, SUMOy-

post-translational modifications including phosphorylation
lation '*°, and acetylation **!5! however redox-mediated regulation of either subunit has not been

reported. Indeed, it would be interesting to investigate the effects of the viral sensitizers on the

non-canonical NFxB pathway given its role in lymphocyte development.

4.3 VSel and VSel-28 Inhibit Cytokine Production

While the VSes differ in their effects on the JAK-STAT pathway, we found that all of them
could robustly inhibit the production of IFNJ (Fig 7¢). We chose one furan (VSel) and one pyrrole
(VSel-28) to further characterize their effects on cytokine production and found that both ana-
logues could also inhibit the production of TNFa and IL-6 (Fig 10). Interestingly, inhibition of
both TNFa and IFN could explain the selectivity of our compounds to cancer cells. Indeed, TNFa

has been shown to synergize with IFN to protect normal fibroblasts against viral infection, a
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phenomenon that was not evident in cancer cells '°2. Given that both cytokines are inhibited by
VSel and VSel-28, this may partially explain the cancer-selective effects of the VSes, since even
low levels of the two cytokines should be sufficient to synergize and could explain why normal
cells remain protected but not cancer cells. Although the inhibition of antiviral cytokine production
is in line with the viral sensitizing properties of the VSes, we still haven’t proven that the two
phenomena are linked. To investigate this, we could use virus-conditioned media instead of direct
virus infection or treatment with IFN only. Virus-conditioned media should contain the antiviral
cytokines produced by infected cells and protect the fresh cells from VSVASI1 infection, while
conditioned media from cells pre-treated with VSes and then infected should contain less cytokines
and so should not protect the cells from VSVAS1 infection as effectively. To generate the condi-
tioned media, we could either use VSVAS1 G-less, a variant of VSV that cannot bud out of the
cell, or infect cells with VSVAS1 and subsequently filter out the virus using centricon filters with
a cut-off smaller than the virus (100kDa). The conditioned media could also be used on normal
cells to test our hypothesis that TNFa and IFNP synergy is sufficient to protect normal cells against

infection.

It would also be interesting to assess the effects of the VSes on the adaptive immune re-
sponse, given that TNFa and IL-6 have important roles in regulating various processes from anti-
gen presenting cell maturation to T-cell activation '>>'%°, For example, IL-6 has been shown to
inhibit apoptosis and cytotoxic T-Cell-mediated killing of virus-infected cells 5137, Therefore,
inhibition of IL-6 production by VSel and VSel-28 could potentially enhance the killing of the
infected tumour cells by cytotoxic T cells. However, we have yet to determine if VSel and VSel-
28 inhibit the production of these cytokines in surrounding normal cells, which also play an im-

portant role in regulating the activation and recruitment of immune cells.
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4.4 Impact of Cellular GSH Levels on Viral Sensitization

As previously mentioned (section 1.5.3), glutathionylation of NFkB has been reported to
inhibit both its nuclear translocation and its DNA-binding activity, and glutathionylation can be
induced using small molecules such as cinnamaldehyde '3!3 We demonstrate here that cinnamal-
dehyde can also enhance OV infection and oncolysis of 786-0 human renal carcinoma cells (Fig
13), although at much higher concentrations than those used in the aforementioned study. How-
ever, we have yet to assess the effects of cinnamaldehyde on NF«B activity at the concentration
we used in our model. Although our results show that VSel and VSel-28 modulate cellular GSH
levels similarly to cinnamaldehyde (Fig 12), the extent of the GSH depletion and the kinetics
slightly differ from one another. Indeed, VSel-28 depletes cellular GSH more effectively than
VSel, and the depletion lasts for at least 4 hours (Fig 12). When NF«B glutathionylation was
assessed by immunoprecipitation, we found that neither VSel nor VSel-28 seem to affect gluta-
thionylation of p65 (Fig 14a), therefore suggesting that VSel and VSel-28 inhibit NF«B by other

means.

To better understand the relevance of GSH depletion in eliciting the viral enhancing effects
of VSel and VSel-28, cells were cultured in buthionine sulfoximine (BSO) for 6-10 days to inhibit
the synthesis of GSH. Upon confirming that GSH levels were depleted by HPLC (Fig 14b), cells
were infected with VSVAS1 and virus output quantified. We found that BSO slightly enhanced
virus replication, however to lesser levels when compared to our VSes (data not shown). Further-
more, we assessed the combination of BSO and VSel or VSel-28 on virus output and found that
the potency of both VSes increased upon depletion of cellular GSH by BSO (Fig 14c¢). Given the
known role of GSH in drug resistance, we propose that GSH blocks the activity of VSel and VSel-

28 by binding to and inactivating the compounds. Interestingly, we noticed that the renal
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carcinoma cell line 786-0 has relatively high basal levels of GSH. Furthermore, the concentration
of VSel and VSel-28 optimal for sensitizing 786-0 cells (60uM VSel and 80uM VSel-28) is 2-
3 times higher than the optimal concentration in several other cancer cell lines, including
OVCA433 (human ovarian cancer) and CT26wt (murine colon carcinoma). To support our hy-
pothesis that GSH impairs VSel and VSel-28 activity, it would be interesting to assess the levels
of GSH in other cell lines to see if they correlate with the active doses of the compounds required
to sensitize the cells to infection. Given that cellular GSH impairs VSel and VSel-28 activity, our
data demonstrates that depletion of GSH is not involved in the mechanism of action of the VSes,

and that cellular GSH may hinder their ability to sensitize cells to OV infection.

4.5 ROS-Mediated Inhibition of NFkB Activity

Aside from their effects on GSH homeostasis, we found that the active VSel analogues
highly upregulate several genes involved in the redox response (Fig 15). The induction of HMOX1
and OSGIN by VSel and VSel-28 is most robust at 8 hours, again matching the kinetics of inhi-
bition of NF«B activity and cytokine production (Fig 16). Interestingly, many viruses induce the
cellular accumulation of ROS '*%15% and in some cases, increased ROS production was even found
to be favorable for virus infection . In line with this, we found VSVAS51 infection to be enhanced
by the addition of exogenous H>O; in 786-0 cells (Fig 17), although the toxicity to the cells at
those concentrations has yet to be determined. Interestingly, NFxB subunits have been reported to
contain redox-sensitive residues in their DNA-binding domains that serve important regulatory
functions *°. Indeed, one report demonstrated that the p50 subunit contains a redox-sensitive cys-
teine (cys-62) that is highly oxidized in the cytoplasm but reduced in the nucleus and that the
reduction of cys-62 was essential for the DNA-binding activity of p50 . In line with this, our

data demonstrates that NFkB nuclear translocation and transcriptional activity is inhibited by H>2O»
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in a dose-dependant manner (Fig 18). Therefore, it is possible that VSel and VSel-28 inhibit
NF«B nuclear translocation through the formation of ROS intermediates that bind redox-sensitive
residues on either the p50 or p65 subunit of NFxB to prevent cytokine and ISG expression. Indeed,
induction of ROS would also result in the upregulation of ROS-induced genes such as HMOX1

and OSGIN and impact GSH homeostasis as described above.

IFNP production is also regulated by IRF3 and AP1, however their implication in TNFa
and IL-6 induction is not described to date. Interestingly, while we show that H>O> inhibits TNFa
and IL-6 production in response to infection in a dose-dependant manner, it inhibits IFNf produc-
tion at all tested concentrations (Fig 18b). This suggests that H,O» could also interfere with IRF3
or AP1 activity, since even partial inhibition of two or more regulators would reduce the required
concentration of H>O2 needed to inhibit IFNf production. Furthermore, H>O> has been shown to

162 which demonstrates a broad antagonistic effect

inhibit STAT1 phosphorylation in liver cells
of H20O: on antiviral pathways. Our results show that H>O> inhibits IFNf production at as little as
1 mM, a concentration at which virus output was only slightly enhanced. This indicates that inhi-
bition of IFN production alone cannot fully sensitize 786-0 cells to infection. It is tempting to

suggest that the combined inhibition of the secretion of IFNP and TNFa or other factors produced

in response to virus infection is required to achieve robust viral sensitization.

4.6 Direct Inhibition of NFkB by VSel and VSel-28

Although our data indicate that VSes might inhibit NFkB through the formation of ROS
intermediates, we have not yet ruled out the possibility of the VSes directly binding and inhibiting
proper function of NFkB. Since the compounds are variably electrophilic in nature (particularly
VSel), it is possible for them to bind nucleophilic cysteine residues of pS0 and/or p65. To test this,

new ‘clickable’ VSe analogues were synthesized with functional groups that support
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thermodynamically-favored reactions that lead specifically to one product (a process known as
click chemistry). These modified analogues can be used to attach fluorophores or biotin groups to
the compound even after a compound has reacted with another target (e.g. a protein). The clickable
VSe analogue has been tested in vitro and maintains its viral sensitizing ability, albeit at higher
concentrations (data not shown). Using these clickable variants, we could treat cells prior to infec-
tion with VSVAST1 and collect lysates, at which point click-chemistry could be used to attach fluor-
ophores to the VSes. p65 or p5S0 can then be immunoprecipitated and loaded onto a polyacrylamide
gel. If the VSes bind either NFkB subunit, we should detect a fluorescent signal at their respective
molecular weights. As previously mentioned, biotin can also be conjugated to the clickable VSes.
This would allow us to pull down VSes from cell lysates of using streptavidin and mass spectrom-
etry could be used to identify any interacting partner. These experiments would determine if there
is a direct interaction between the VSes and NF«B, and also identify other potential targets of our

VSes.
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5. Conclusion

OV therapy is a promising biotherapeutic approach for the treatment of cancer, however
resistance and heterogeneity of tumors hinder its potential. Our group has previously identified
and synthesized VSes that sensitize cells to OV infection. In this study, we demonstrate that these
VSes are potent inhibitors of NFkB nuclear translocation and transcriptional activity, which in turn
inhibits the production of the antiviral cytokines IFNB, TNFa and IL-6. We also provide evidence
supporting the possibility that inhibition of NFkB by the VSes may be a result of the formation of
ROS intermediates that that lead to reduced nuclear translocation of NFkB subunits, thereby pre-

venting NFxB-mediated cytokine production.

The results obtained in this study provide important insights for uncovering the specific
mechanism of action of our VSes. Furthermore, we demonstrate a novel finding that OV infection
of resistant cancer cells can be enhanced through redox-mediated modulation of innate antiviral
response. Altogether, the findings of this study contribute to the continued development of com-
bination therapies that synergize with OV-therapy as well as the development of new generations

of optimal VSes.
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