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Oncolytic virotherapy is a clinically validated approach to treat
cancers such as melanoma; however, tumor resistance to virus
makes its efficacy variable. Compounds such as sodium ortho-
vanadate (vanadate) can overcome viral resistance and syner-
gize with RNA-based oncolytic viruses. In this study, we
explored the basis of vanadate mode of action and identified
key cellular components in vanadate’s oncolytic virus-
enhancing mechanism using a high-throughput kinase inhibi-
tor screen. We found that several kinase inhibitors affecting
signaling downstream of the epidermal growth factor receptor
(EGFR) pathway abrogated the oncolytic virus-enhancing ef-
fects of vanadate. EGFR pathway inhibitors such as gefitinib
negated vanadate-associated changes in the phosphorylation
and localization of STAT1/2 as well as NF-kB signaling. More-
over, gefitinib treatment could abrogate the viral sensitizing
response of vanadium compounds in vivo. Together, we
demonstrate that EGFR signaling plays an integral role in vana-
dium viral sensitization and that pharmacological EGFR
blockade can counteract vanadium/oncolytic virus combina-
tion therapy.

INTRODUCTION

Oncolytic virotherapy (OV) is a class of biotherapeutics that uses vi-
ruses to selectively infect, replicate within, and lyse tumor cells while
triggering a lasting anti-tumor immune response.' > OV therapy can
result in lasting cures with an improved long-term side effect profile
when compared with conventional chemotherapy modalities.* Over
the past several years, oncolytic virotherapy has made tremendous
progress toward clinical use. Hundreds of different OV products us-
ing different viral platforms and genetic payloads are currently in
clinical trial.” Notably, the clinical regulatory approval of talimogene
laherparepvec (T-VEC), a genetically engineered herpes simplex virus
(HSV-1) for the treatment of melanoma, has unveiled the potential of
OVs as a staple cancer therapeutic in years to come.*”

Unfortunately, clinical developments of OV monotherapies have
stalled in part due to frequent tumor resistance to infection.” A key
mediator of the resistance to OV therapy is the type 1 interferon
(IFN-1) response that induces antiviral gene expression and inhibits
viral spread.g’m To combat this, small molecules that transiently
modify the interferon response have been investigated in order to
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recover oncolytic efficacy.''"* Our group has identified sodium or-
thovanadate (vanadate) and other vanadium-based compounds as
being capable not only of attenuating the antiviral IFN-1 response,
but also simultaneously increasing proinflammatory activity through
type Il interferon (IFN-2) signals when co-administrated with the on-
colytic vesicular stomatitis virus (VSVA51).1>1° In addition to
reducing IFN-1 responses, vanadate treatment increases virus-
induced proinflammatory cytokines including interferon-beta (IFN-
B), tissue necrosis factor alpha (TNF-a), and interleukin 6 (IL-6).
We have previously shown that the effect of vanadate on the IFN-1
and IFN-2 response correlates with the accumulation of phosphory-
lated STAT1 (signal transducer and activation of transcription)
transcription factor in the nucleus and reduced STAT2 expression/
activation.'> However, the exact cell signaling cascade that gives rise
to this effect currently remains unknown.

Vanadium-based compounds confer their biological effects through
pan-inhibition of protein tyrosine phosphatases (PTP) in part
through competition with phosphate.'”'® PTPs normally elicit their
effects through the de-phosphorylation of substrates, counteracting
the action of kinases that phosphorylate these same substrates.
Given this homeostasis, vanadium maintains the phosphorylated
state of multiple cellular substrates, typically resulting in the persis-
tent activation of their downstream signal transduction pathways.
By shifting homeostasis toward the activity of kinases, inhibiting
PTPs using vanadium therefore leads to multiple effects, including
drug resistance reversal, inhibition of cellular proliferation, and, of
particular interest, immunomodulation.'” The objective of the cur-
rent study was to further elucidate the mechanism of action by
which vanadium-based compounds confer viral sensitizing proper-
ties with intentions to further understand OV resistance patterns
and to inform the design of improved viral sensitization strategies.
As a strategy to achieve greater mechanistic insight, we rationalized
that systematically testing the impact of kinase inhibition on vana-
date’s OV-enhancing effect might allow us to identify key shared
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PTP/kinase target substrates implicated in mediating the enhancing
effects of vanadate.

RESULTS

High-throughput kinase inhibitor screen identifies importance of
epidermal growth factor receptor in viral sensitization

We hypothesized that, as a pan-PTP inhibitor, vanadate might poten-
tiate virotherapy by promoting the phosphorylation state of one or
more proteins relevant in modulating the response to IFN-1. Inh-
ibition of related kinases would thus reverse the required phosp-
horylation states for IFN-1 inhibition (Figure 1A). To pinpoint these
relevant kinases, 800 small molecules (kinase inhibitors and various
tool compounds) were tested using a reverse screen strategy. Briefly,
786-0 cells, a human renal adenocarcinoma cell line naturally resis-
tant to VSVAS51 infection,'! were treated with an optimized vanadate
concentration previously shown to enhance the activity of VSVA51 in
these cells. Kinase inhibitor library compounds (or vehicle control)
were added prior to infection with VSVAS51 encoding firefly luciferase
(VSVAS51-FLuc). The use of VSVA51-FLuc allowed us to sim-
ultaneously measure the impact of treatments on virus output via a
secondary assay measuring viral expression unit output from super-
natants (viral expression units, akin to viral titer),”° as well as cellular
metabolic activity by resazurin assay (Alamar blue), a surrogate for
detection of cell viability and cytopathic effect. Hits from this screen
were defined as kinase inhibitors that counteracted vanadate’s viral
sensitization capacity either through a reduction in virus output or
through a reduction in the cytopathic effect, or both. Kinase inhibitors
that simultaneously prevented vanadate-mediated oncolysis to a
threshold of 60% and decreased viral output below a log fold-change
threshold of 1.5 are shown in the upper left quadrant of Figure 1B.
Addition of selected kinase inhibitor hits within the upper left quad-
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Figure 1. Identification of EGFR signaling to vanadate
viral sensitization

(A) Schematic depicting kinase-phosphatase homeostasis
as a mechanistic principle for understanding vanadate-
mediated viral sensitization, PPase = phosphatase. (B)
Human renal carcinoma 786-0 cells were pre-treated for
4 h with vanadate (125 uM) and kinase inhibitors (1 uM),
then subsequently infected with VSVA51-FLuc (MOI 0.1).
Viability was assessed 48 h by resazurin (Alamar blue)
assay after infection and measures were normalized
against VSVA51 plate controls. Viral titers were quantified
48 hpi by high-throughput titration. Plot shows cell viability
against log fold-change in viral titers of all compounds.
Compiled viability and viral titer data highlight a subset of
23 kinase inhibitors that simultaneously prevent vanadate’s
oncolysis and viral replication, depicted in red (Table 1).
Vanadate + VSVA51 plate controls are depicted in blue
(n=2-3). Dotted lines represent viability and titer thresholds
(60% and 1.5 fold-change, respectively). (C) Pie chart rep-
resenting relative proportions of molecular targets of short-
listed kinase inhibitors identified in (B). (D) The 786-0 cells
were pre-treated + vanadate (150 puM), then infected with
VSVA51 (MOI 0.1). Cell lysates were collected 24 hpi and
probed for phosphorylated EGFR, total EGFR, phosphory-
lated ERK1/2, total ERK1/2, and GAPDH by western blot.
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rant restored cell viability and/or fold-change viral output to levels
similar to mock-treated, infected controls (Figures S1 and S2). A total
of 23 small molecule kinase inhibitors were found to antagonize van-
adate’s viral sensitizing effect (listed in Table 1). Nearly half of the
selected inhibitors (43%) target the epidermal growth factor receptor
(EGFR), while several others (13%) target the downstream mitogen-
activated protein kinase kinase (MAP2K or MEK1/2) (Figure 1C).

Inhibition of the EGFR pathway abrogates vanadate-mediated
viral infectivity

EGEFR is a receptor tyrosine kinase found on the cellular membrane,
responsible for regulation of cell proliferation and survival events.’
Given that over half of the identified hits targeted the EGFR-
MEK1/2 signaling axis, we sought to first examine the activation sta-
tus of these two kinases upon combined treatment with vanadate and
VSVA51 in 786-0 cells. Densitometry following western blotting un-
covered that the phosphorylation ratios of EGFR and the downstream
extracellular signal-regulated kinase 1/2 (ERK1/2) were increased
with vanadate and VSVA51 combinational treatment compared
with all other conditions (Figures 1D and S3).

By western blot, we found that a concentration as low as 1 pM of
the EGFR inhibitor gefitinib in human 786-0 cells was sufficient to
abrogate EGFR phosphorylation induced by vanadate alone and in
combination with VSVAS51 (Figure 2A). Similar results were obtained
using the ERK1/2 inhibitor UO126 albeit at higher concentrations
(Figure S4). EGFR inhibition using gefitinib and erlotinib, or of
MEKI1/2 (using UO126), dose-dependently decreased the vanadate-
enhanced growth of VSVAS51 tagged with a GFP marker in 786-0 cells
as determined by phase and fluorescent microscopy images captured
24 h post infection (hpi) (Figures 2B, S5, and S6). As expected, control
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Table 1. Full list of hits of the kinase inhibitor high-throughput screen

ID Drug Target(s) Developmental stage
EGFR (ERBBI1, HER1), ErbB2 .
KI1C5 Gefitinib, Iressa, ZD1839 (leljlf I—?ER 2 NEII;) ). Erb Approved: metastatic non-small cell lung cancer
KI1C6 Lapatinib ditosylate, Tykerb, GW572016 ff;;fﬁf}i{’ﬁ;ﬁ;)’ ErbB2 Approved: advanced or metastatic breast cancer
EGFR (ERBBI, HER1), KDR (VEGFR2,
. R VEGFR, FLK1), RET, ABL1 (ABL), KIT Approved: local or metastatic
KI1C10 Vandetanib, Zactima, ZD6474, AZD-6474 .
¢ andetanib, £actima (c-KIT), FLT1 (VEGFR1), FLT4 medullary thyroid cancer
(VEGFR3), TRKA (TRK)
KI1E2 Erlotinib HCI, CP-358774, OSI-774, Tarceva, EGFR (ERBBI1, HER1), ErbB2 Approved: metastatic non-small cell lung
NSC-718781, RG-1415, Ro-50-8231 (TKR1, HER2, NEU) cancer, metastatic pancreatic cancer
EGFR (ERBBI, HER1), ErbB2 ..
KI1E10 GW2974 Pre-cl 1
(TKR1, HER2, NEU) recinicd
. . EGFR (ERBBI1, HER1), ErbB2 L.
KI1F2 40 dih: hl Pre-cl 1
GW583340 dihydrochloride (TKR1, HER2, NEU) re-clinical
KI1G10 BIBX 1382 dihydrochloride, Falnidamol EGFR (ERBBI, HER1) Clinical trial: adult solid tumors
PD-153035, AG-1517, Compound 32, .
KI2B6 SU-5271, ZM-252868, WHI-P79 EGFR (ERBBI1, HER1) Pre-clinical
KI2C2 BIBW-2992, Tovok, Afatinib EGFR (ERBBI1, HER1) Approved: non-small cell lung cancer
EGFR (ERBBI, HER1), ErbB2 (TKRI, .. .
KI2C5 CI-1033, Canertinib, PD-183805, SN-26606 HiRE, (NIEU) i Irreser)sibll;b (TKR Clinical trials: breast cancer
MAP2K1 (MEK1), MAP2K2 (MEK2), Clinical trials: lung, breast, pancreatic
KI1B PD-184352, CI-104
6 84352, C1-1040 Erk2 (ERK, p38), RAF1 (c-Raf) and colorectal cancers
KI2ZB11 AZD6244, ARRY-142886, AZD-6244, MAP2K1 (MEK1), MAP2K2 (MEK2), Clinical trials: carcinoma, non-small
Selumetinib, ARRY-886 Erk2 (ERK, p38) cell lung cancer, melanoma
KI2E2 SL327 MAP2K1 (MEK1), MAP2K2 (MEK2) Pre-clinical
KI3G11 IMD 0354, IMD-0354 IKKb (IKK2) Pre-clinical
KI2Ce6 SC-514 IKKb (IKK2) Pre-clinical
KI1F4 IRAK-1/4 Inhibitor I IRAK1 (IRAK) Pre-clinical
Clinical trials: lymphoma, breast
TC2B6 NVP-AUY922, AUY922, VER-52296 Hsp90 inhibitor tical tria’s: fympRroma, breas
cancer, hematologic neoplasms
KI2B5 NU-7026, LY-293646 DNAPK (DNA-PKcs) Pre-clinical
KI2B8 Sal003 elF2a Pre-clinical
B ABLI (ABL -
K12C8 Bosutinib, SKI-606, Bosulif FSE, (SRC Z)f LYI\;’ SRC (e-SRC), Approved: leukemia
KI2D2 Ro-31-8220 mesylate, Bisindolylmaleimide IX PKC Pre-clinical
KI2E5 SU 4312, DMBI KDR (VEGFR2, VEGFR, FLK1) Pre-clinical
KI2F10 API-2, Triciribine, NSC154020, AKT1 (PKBa) Clinical trials: leukemia, ovarian and breast cancer

TCN, Tricibine, VQD-002

cells treated with vanadate alone showed significant GFP signal, indi-
cating high viral infection. To confirm that this effect was not due to
increased cell toxicity elicited by the kinase inhibitors in combination
with vanadate, Alamar blue assays were performed, and we observed
that cell viability did not fall below 75% viability even at the highest
concentrations of kinase inhibitors during vanadate co-treatment
(Figure 2C), doses much higher than what was found to inhibit viral
growth.

The above experiment was then repeated using vanadate-inhibitory

concentration ranges of gefitinib and UO126, and infected cell super-
natants were titered for viral output assessment by standard plaque
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assay (Figures 2D and S7). As previously reported, vanadate-treated
786-0 cells produced high viral titers compared with the mock control
and addition of increasing concentrations of EGFR inhibitor in the
presence of vanadate steadily decreased the viral titer, down by
~100-fold at 50 uM of gefitinib, a non-toxic dose (Figure 2C).
Furthermore, expression of the VSV matrix (M) and nuclear
(N) genes were significantly decreased upon addition of gefitinib
compared with vanadate-only-treated cells 24 hpi as measured by
qPCR (Figure 2E). In line with previous observations that vanadate
potentiates other RNA-based viruses, we found that EGFR inhibition
also abrogated the vanadate-mediated sensitization of 786-0 cells to
measles virus (Figures S8 and S9).
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Figure 2. Inhibition of the EGFR pathway abrogates vanadate-enhanced viral infectivity

(A) Human 786-0 renal carcinoma cells were pre-treated with or without vanadate (150 M) and varying concentrations of gefitinib (0-50 pM) as indicated for 4 h. Cells were
then treated with 10 ng/mL EGF for 10 min and lysates were probed by western blot for phosphorylated EGFR, total EGFR, and B-actin. (B and C) 786-0 cells were simul-
taneously treated with varying concentrations of gefitinib, erlotinib or UO126 (0-100 uM) and vanadate (150 uM). Four hours later, cells were infected with VSVA51-GFP (MOI
0.1). (B) Fluorescence images were captured 24 hpi. (C) Cell viability was measured by resazurin (Alamar blue) assay and expressed relative to untreated, uninfected cells. (D)
Supernatants were collected and titered by viral plaque assay (n = 3, mean + SD; *p < 0.05, *p < 0.0001; one-way ANOVA compared with the infected VSVA51 + vanadate
only condition as indicated by the filled bar). (E) 786-0 cells were treated + vanadate (150 uM) + gefitinib (10 uM), then infected with VSVA51-GFP (MOI 0.1) 4 h later. RNA was
extracted from cell lysates at 8 and 24 hpi and probed for VSV-M and VSV-N gene expression by gPCR (n = 4, mean + SD; *p < 0.05, **p < 0.01 by one-way ANOVA, n.s.
denotes no significance). (F and G) 786-0 cells were pre-treated with or without vanadate (150 uM) and varying concentrations of anti-EGFR antibody cetuximab (500
5000 ng/mL) for 4 h, then infected with VSVA51 (MOI 0.05). (F) Viral titer was determined 40 hpi by high-throughput titration (mean + SD; ns = no significance by two-
way ANOVA). (G) Representative fluorescence images were captured 24 hpi.

To test whether therapeutic antibodies against EGFR (cetuximab)  concentrations, the ability for vanadate to increase VSVAS5I viral titer
could achieve the same effect as chemical inhibitors, 786-0 cells  was greatly abrogated across all doses of cetuximab, even at a minimal
were pre-treated with vanadate and varying concentrations of cetux- ~ concentration of 400 ng/mL (Figures 2F and 2G). Altogether, these
imab (50 ng/mL-5 pg/mL) for 4 h, then infected with VSVA51 (MOI  data strongly support a key role of EGFR signaling in eliciting vana-
0.05). While cetuximab had inhibitory effects on its own at higher  date’s viral sensitizing effects.
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Figure 3. Vanadate regulates STAT1 and STAT2 through EGFR to modulate the interferon response

(A-C and E) Human renal carcinoma 786-0 cells were treated + vanadate (150 pM) + gefitinib (10 pM), then subsequently infected with or without VSVA51-GFP (MOI 0.01). (A)
Total cell lysates were collected 24 hpi and probed for phosphorylated STAT1, total STAT1, phosphorylated STAT2, total STAT2, and GAPDH by western blot. Represen-
tative blots are shown. (B) Bands were quantified by densitometry relative to the actin-loading control and expressed as a phosphorylated: total STAT1/2 ratio (n = 3, mean +
SD; ns = no significance, “*p < 0.01 by one-way ANOVA). (C) Lysates were fractionated for nuclear and cytoplasmic fractions and probed for phosphorylated STATT, total
STAT1, phosphorylated STAT2, total STAT2, lamin B1, and alpha-tubulin by western blot. (D) 786-0 cells were treated + vanadate (300 uM) + gefitinib (20 uM) for 4 h, then
with IFNB (100 U/mL) for 1 h. Cells were fixed and stained for phosphorylated STAT1 and nuclei with DAPI by immunofluorescence. Phospho-STAT1 nuclear intensity was
quantified, and mean nucleus intensity graphed (n = 3, mean + SD; ***p < 0.0001 by one-way ANOVA). Representative images can be found in Figure S11. (E) RNA was
extracted from cell lysates 24 hpi and probed for MX2 mRNA expression by gPCR (n = 3, mean + SD; ***p < 0.001 by one-way ANOVA).

Vanadate regulates STAT1 and STAT2 through EGFR to modu-
late the IFN response

The IFN-1 response is dependent on the phosphorylation and subse-
quent formation of STAT1-STA2 heterodimers. When combined
with IFN response factor 9 (IRF9), the formed interferon-stimulated
growth factor 3 (ISGF3) complex then translocates to the nucleus
where it regulates the transcription of IFN-stimulated genes, including
the IFN-induced GTP-binding protein MX2. Conversely, the IFN-2
response, responsible for induction of proinflammatory genes such
as CXCL9 and CXCL10 chemokines, is propagated through phosphor-
ylated STAT1 homodimers binding to the respective IFN gamma-acti-
vated sequences (GAS).”” In a previous study, we found that vanadate
leads to increases in STAT1 phosphorylation with concomitant de-
creases in STAT2 phosphorylation levels. This correlated with a shift
from IFN-1 type toward IFN-2 type virus-induced gene expression
profiles in a variety of cell types."” Evidence suggest that activation
of the EGFR pathway and its downstream players including ERK1/2
compromise the antiviral IFN-1 defense through regulation of STAT
signaling.”** Therefore, we next sought to assess STAT dynamics in
response to EGFR inhibition.

Human 786-0 cells pre-treated with or without vanadate and/or
gefitinib were infected with VSVA51 and protein extraction was per-
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formed 24 hpi. As found in previous studies,"” probing whole-cell ly-
sates by western blot showed that following VSVA51 infection, vana-
date increases phosphorylation of STAT1 and decreases
phosphorylation of STAT2. While EGFR inhibition by gefitinib did
not impact STAT1, it was interestingly able to rescue the otherwise
decreased levels of STAT2 phosphorylation caused by vanadate/virus
infection (Figures 3A, 3B, and S10). We were then interested to see
whether EGFR inhibition could reduce vanadate/virus-induced
STAT1 nuclear translocation.””> Nuclear/cytoplasmic fractionation
in samples treated with the same regimen indeed revealed increased
phosphorylated and total STAT1 nuclear localization upon vana-
date/virus treatment, which was abrogated by EGFR blockade by
gefitinib (Figure 3C). In parallel, normalization of STAT2 nuclear
translocation in accordance with rescued STAT2 phosphorylation
by gefitinib treatment was also observed. This was further confirmed
using immunofluorescence. We found that upon stimulation using
IFNP, vanadate treatment led to concentrated nuclear localization
of phosphorylated STAT1 compared with cells only treated with
IFNB, where nuclear phospho-STAT1 signal was more diffuse
(Figures 3D and S11). However, upon addition of gefitinib, the con-
centration of nuclear phosphorylated STAT1 decreased markedly.
Finally, coinciding with these observations, the addition of gefitinib
restored the virus-induced upregulation of the downstream IFN-1
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gene MX2, which is otherwise suppressed by vanadate in response to
VSVADSI infection, as determined by qPCR (Figure 3E). Altogether,
these data support the possibility that EGFR signaling induced by
vanadate/virus treatment leads to immunomodulation and improved
viral growth by altering the phosphorylation status of STAT1/STAT2.

Vanadate promotes proinflammatory cytokine production
through EGFR-NFkB activation

To gain additional insight into the vanadate viral sensitizing mecha-
nism, we performed in silico analysis on a previously published micro-
array dataset looking at the impact of combined vanadate and VSVA51
treatment in 786-0 cells.'> We selected genes that increased or decreased
at least 3-fold in abundance in cells receiving combined vanadate and
VSVAS51 treatment. Then using the published TFactS tool,*> we found
that the top predicted transcription factor to correlate with this differen-
tial gene expression profile was STAT1, confirming our previous and
current findings. However, our in silico analysis also identified nuclear
factor (NF)-kB as the second most likely involved transcription factor
(Figures 4A, S12, S13, and S14). This was interesting given that two ki-
nase inhibitor hits from our reverse screen (Table 1) target IkB kinase
beta (IKKB). Like gefitinib and UO126, the two IKKP inhibitors,
IMD-0354 and SC-514, reduced VSVA51-GFP infectivity as measured
by GFP expression, even in the presence of vanadate (Figures 4B and
S15). This effect occurred within a broad drug treatment range leading
to no more than a 25% decrease in cell viability (Figure 4C).

We consequently sought to look at the impact of vanadate and treat-
ments antagonizing EGFR on NF-kB nuclear translocation. Indeed,
probing for NF-kB in nuclear and cytoplasmic fractions by western
blot demonstrated that vanadate increases the quantity of NF-kB avail-
able in the nucleus, an effect that was abrogated with gefitinib treat-
ment (Figure 4D). The inhibitor of NF-kB alpha (IkB-q) is a cytosolic
inhibitor protein that regulates NF-«B signaling by masking its nuclear
localization signal and its subsequent nuclear translocation.”**” Inter-
estingly, EGFR phosphorylation has also been established to increase
NF-kB signaling through the degradation of IkB-a.**’ To explore
this linkage in the context of vanadate’s viral sensitizing mechanism,
we probed whole-cell lysates for IxB-a by western blot. Combinatorial
treatment of vanadate and VSVA51 led to a significant decrease in IkB-
a protein levels, yet when EGFR was inhibited using gefitinib, cellular
levels of IxB-a were restored (Figures 4E and S16).

Our previous study established that the combined treatment of vana-
date with VSVAS51 upregulates proinflammatory cytokines such as
IFNB several hours after the infection event.'> These proinflamma-
tory cytokines are in part stimulated through the NF-«B axis, which
is itself downstream of EGFR. We therefore tested to see whether
EGEFR inhibition was able to abrogate the expression of NF-kB target
genes. Quantification by qPCR revealed that the addition of gefitinib
negated increases in proinflammatory IFN, IL-1b, IL-6, TNF-a and
CCL5 mRNA levels induced by vanadate (Figure 4F), all of which are
in part stimulated by NF-kB.”* Moreover, one of the most striking
phenotypes of tumor cells treated with vanadate in combination
with VSVAS5I is an increase in the transcription of T cell chemoat-

tractant chemokines, namely the IFN-2-induced chemokines
CXCL9 and CXCL10."> Guided by evidence that STAT1 and NF-
kB can synergize to upregulate both genes,’">> we explored whether
vanadate also used this mechanism to increase these chemokines
through EGFR. Transcriptional expression of genes encoding im-
mune cell-attracting cytokines CXCL9 and CXCL10 were also as-
sessed by qPCR. Indeed, gefitinib negated the increased transcription
of CXCL9 and CXCL10 induced by vanadate (Figure 4F). When
secreted CXCL10 was measured by ELISA in the supernatant, the
same trend was reflected (Figure 4G). Together, these results provide
evidence to support that vanadate facilitates increased NF-kB
signaling favoring a proinflammatory profile in treated tumor cells
by regulating IkB-a through EGFR activation.

Gefitinib reduces vanadate’s effects on VSVA51 spread in vivo
Given gefitinib’s ability to abrogate sensitization to VSVA51 by
vanadate in vitro, we sought to investigate whether gefitinib could
block the effects of vanadate-enhanced VSVA51 oncolytic virother-
apy in more physiologically relevant contexts. Upon confirming
that the addition of gefitinib was able to reduce vanadate viral sensi-
tization in colon CT26WT carcinoma cells when administered pre-
and post-infection in vitro (Figures S17 and S18), we found that
CT26WT colon mouse tumor cores pre-treated with vanadate and
treated with gefitinib 4 h prior to infection were also capable of
curbing vanadate-mediated VSVA51 viral spread ex vivo
(Figures 5A and 5B). This effect was also achieved with UO126 treat-
ment in CT26WT tumors (Figure S19).

To investigate whether gefitinib could also abrogate the enhancing ef-
fect of vanadium on VSVAS51 spread in vivo, 8-week-old BALB/c mice
were implanted subcutaneously with CT26WT tumors and under-
went a similar treatment regimen consisting of vanadyl sulfate and
VSVAS51-FLuc administered intratumorally, along with gefitinib
(100 mg/kg) 4 h prior to infection. At 24 hpi, infection was assessed
using a live in vivo imaging system (IVIS). We did not investigate tu-
mor progression to avoid potential confounding anti-tumor effects of
gefitinib treatment. Consistent with our previous findings, mice
receiving combinational treatment and gefitinib after infection signif-
icantly lowered viral-associated luciferase signal compared with mice
not receiving any gefitinib (Figures 5C and 5D). Together, both our
ex vivo and in vivo data support that gefitinib can reverse the effects
of vanadate in combination with VSV in animal models.

DISCUSSION

Identification of EGFR signaling to vanadate viral sensitization
Despite the exciting multimodal therapeutic effects of OV for cancer
therapy, their success has yet to be fully realized due to variable
response rates. To potentiate their anti-tumor effects, our group
and others have previously explored the use of approved or novel
compounds that can lead to the selective and transient knockdown
of antiviral defenses to allow OVs to gain a foothold within the tu-
mor."” Vanadium-based compounds such as vanadate or vanadyl sul-
fate have shown promise for combinational therapy with RNA-based
OVs in particular, such as VSV and Newcastle disease virus
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Figure 4. Vanadate promotes proinflammatory cytokine production through EGFR-NF«B activation

(A) Previously acquired microarray data published by Selman et al.'® was analyzed using a computational script that selected genes that were of increased or decreased
abundance 3-fold upon vanadate treatment from the infected only control. Gene lists were input into TFactS.*° The p value for each analyzed transcription factor was plotted.
(B, C) 786-0 cells were simultaneously treated with varying concentrations of IMD-0354 or SC-514 (0-2000 nM) and vanadate (150 uM) (n = 2, mean + SEM). Four hours later,
cells were infected with VSVA51-GFP (MOI 0.1). (B) Fluorescence images were captured 24 hpi. (C) Cell viability was measured by resazurin (Alamar blue) assay and ex-
pressed relative to untreated, uninfected cells. (D-F) 786-0 cells were treated + vanadate (150uM) + gefitinib (10uM). Four hours later, cells were infected with VSVA51-
GFP (MOI 0.1). (D) Cells were lysed 24 hpi, fractionated for cytoplasmic and nuclear fractions, then probed for phosphorylated NF-kB/p65, NF-kB/p65, lamin B1, and a-
tubulin. (E) Whole-cell lysates extracted 24 hpi and probed for IkB-a and B-actin. (F) Cells were lysed at 24 hpi and analyzed for mRNA expression of NF-kB related and
proinflammatory genes by quantitative polymerase chain reaction (n = 3, mean = SD; **p < 0.01, **p < 0.001, ***p < 0.0001 by one-way ANOVA).

(G) Supernatant was collected 24 hpi and CXCL10 concentration was assessed by ELISA (n = 3, mean + SD; ****p < 0.0001 by one-way ANOVA).

(NDV).">”* While we have previously shown that vanadium com-
pounds elicit their OV-enhancing effects via a shift in IFN-1 toward
IFN-2 transcriptional profiles by altering STAT1/2 expression and
phosphorylation status, the specific mechanistic cascade leading to
this effect remained unclear. In this study, we used a systems
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biology approach to successfully identify the EGFR pathway and its
downstream signaling cascade as a crucial player in the viral sensi-
tizing effect of vanadium compounds. This previously unappreciated
mechanistic insight adds to our understanding of key signaling path-
ways that contribute to successful OV therapy regimens and will
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facilitate pre-clinical and clinical development of vanadium com-
pounds as enhancers of OV therapy. Our screen also identified eight
additional targets outside of EGFR that abrogated vanadium viral
sensitizing activity (Table 1), some of which can play a role in viral
lifecycle and antiviral pathway regulation (e.g., eIF2a, AKT1) and

provide avenues for further investigation.

In addition to the insulin-mimetic effects of vanadium that have been
well explored in clinical trials,” investigations have also suggested
direct anti-cancer effects of vanadium compounds through in vitro
and in vivo experimentation.'”**° However, their potential use in
immuno-virotherapy has only recently been uncovered.'”*> Vana-
dium-based compounds are potent competitive PTP inhibitors that
naturally impact classes of receptor tyrosine kinases, including the
ErbB family. Vanadate has been previously established to sustain

EGFR activation and its downstream signaling (Figure 1D).***'

Guided by the mounting evidence supporting the role of the EGFR
axis in oncogenesis and metastasis, several small molecule EGFR
modulators have been developed and clinically approved in the past
few decades.*? Gefitinib, lapatinib, vandetanib, erlotinib, and afatinib
are among the lead compounds identified in our screen and are clin-
ically approved for the treatment of a variety of malignancies, partic-
ularly in tumors found to have EGFR overexpression. While several
groups have explored the targeting of oncolytic viruses to take advan-
tage of EGFR upregulation in cancer for increased therapeutic
specificity,” ** EGFR inhibitors have not typically been explored to
modulate oncolytic virotherapy efficacy. Our study draws a link
between virus-induced EGFR activation, increased oncolytic virus ac-
tivity, and the ability to “tune” oncolytic virus activity by pharmaco-
logically controlling the EGFR pathway.

date-mediated OV enhancement via the EGFR
pathway, there is ample evidence demonstrating
that activation of the EGFR pathway and its downstream effectors
sidetracks the antiviral system and promotes viral propagation. For
instance, several viruses activate EGFR as part of their viral lifecycle
to allow for their propagation.*®
used in oncolytic virotherapy, in particular encode vaccinia growth
factor, which has been shown to activate EGFR.”’ In a study by
Wang et al, tyrosine phosphorylation of the key IFN effector
STING (STimulator of INterferon Genes) by EGFR was required
for its proper cellular trafficking and downstream signaling.’
Without this phosphorylation by activated EGFR, STING was alter-
natively trafficked to autophagosomes, and cells were unable to
mount a proper antiviral response against HSV infection. By the
same token, inhibition of EGFR by genetic or pharmacological means

has also been reported to activate the interferon pathway in several
23,52,53

49 . .
Poxviruses, which are currently

contexts. While sustained virus-induced EGFR signaling is
likely in part required for its OV-enhancing effect, it is likely that
vanadate requires the modulation of other signaling components.
Investigation into the other specific phosphatases that vanadate
may inhibit to confer viral sensitization effects is currently under

way for the development and refinement of this therapeutic strategy.

Analyzing the immunomodulatory mechanism of vanadate via
EGFR activation

From our findings, we elucidate three molecular events through
which vanadate sensitizes cells to oncolytic virotherapy via EGFR
activation: 1) dephosphorylation of STAT2, 2) induction of STAT1
nuclear accumulation, and 3) degradation of IkB-a to increase nu-
clear NF-kB signaling (see graphical abstract). During viral infection,
IFN-1 cytokine binding to its respective IFN receptor (IFNAR1/2)
triggers STAT1 and STAT2 phosphorylation and heterodimerization.
We demonstrate that through EGFR activation, vanadate inhibits

Molecular Therapy: Oncolytics Vol. 25 June 2022 153


http://www.moleculartherapy.org

STAT2 phosphorylation to impair IFN-1 signal transduction.
Without the phosphorylation of STAT?2, the activity of the ISGF3
complex and subsequent antiviral defenses are abolished.”* °
Accordingly, EGFR blockade restores STAT2 phosphorylation and
subsequent transcription of IFN-1 genes (Figures 3A, 3B, and 3E).
As there is little known about the direct EGFR-STAT?2 relationship,
it is likely that an intermediate effector exists. For example, hype-
ractivation of the Ras/MEK pathway downstream to EGFR has
been suggested to inhibit STAT2 transcriptional availability,”” and
contribute to VSVA51 oncolysis.”® Further investigation into this
relationship would broaden our understanding of STAT2 regulation
of the IFN-1 responses.

Our computational analysis on microarray data identified STAT1 as
the most likely involved transcriptional factor in the vanadate viral
sensitizing mechanism, in accordance with this and previous studies
(Figures 4A and S13). Several groups have already shown that activa-
tion of the EGFR cascade culminates in increased STAT1 activation
and expression.” ®' This is particularly relevant in the context of
vanadate-based oncolytic virotherapy, since we have previously
shown that vanadate’s mechanism of action involves the increased
phosphorylation and nuclear localization of STAT1 upon VSVA51
infection, both of which were also observed in this study (Figure 3)."”
In accordance with these findings, identified phosphatases targeting
STAT]I, such as Src homolog 2 domain-containing phosphatase 2
(SHP-2),°* have been linked with impaired antiviral defenses through
EGFR activation.®>%*

At first glance, increased NF-kB signaling by vanadate appears to be
counterintuitive for oncolytic potentiation as other established viral
sensitizing compounds such as dimethyl fumarate (DMF) operate
by inhibiting NF-kB nuclear translocation.®>*® However, our results
are in agreement with other studies that the JAK/STAT pathway is
the key, dominant mechanism in controlling the IFN-1 response.®”%*
In fact, retaining NF-kB nuclear availability allows vanadate to
directly upregulate the secretion of proinflammatory cytokines to ul-
timately increase immune cell infiltration to the tumor site, a unique
feature of vanadium compounds.'”” Through the cooperative
signaling of increased STAT1 (Figure 3D) and NF-kB (Figure 4D) nu-
clear availability, vanadate achieves synergistic induction of proin-
flammatory genes controlled by GAS or NE-kB promoters.”” In the
case of two IFN-2 cytokines, CXCL9 and CXCL10, the interaction be-
tween STAT1 and NF-kB has shown to increase recruitment of a third
protein, CREB-binding protein to subsequently increase RNA poly-
merase II transcription activity at their respective promoters.” ">
Indeed, we were able to demonstrate that EGFR blockade, presumably
through inhibiting vanadate’s STAT1 and NF-«B nuclear accumula-
tion, significantly reduced IFN-2 cytokine transcription and secretion
(Figures 4F and 4G).

Implications for the advancement of vanadium-based oncolytic
virotherapy

Our findings introduce previously unappreciated considerations and
opportunities for the advancement oncolytic virotherapy regimens.
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By establishing EGFR as an integral regulator of oncolytic VSV
growth, it is possible that EGFR status could influence patient
response to treatment regimens employing VSV and potentially other
RNA-based OVs like measles and NDV. EGFR is frequently mutated
in cancer, its hyperactivation confers a survival benefit to cancer cells
and has been established as a resistance marker to standard cancer
therapy.”’”"* Interestingly, activation of EGFR has been shown to
be necessary for the replication of several OVs and exploited to
improve OV selectivity toward cancer cells. Alternate activation of
the downstream effector ERK1/2 has also been shown to sensitize
endothelial cells to OV therapy.” Taken together with our findings,
this further suggests the possibility that patients harboring mutations
with hyperactivated EGFR may naturally be more susceptible to
VSVAS51 oncolytic virotherapy, a hypothesis that warrants further
clinical investigation. Conversely, our results would then also natu-
rally suggest that patients who are undergoing treatment with an
EGFR inhibitor (e.g., gefitinib, erlotinib, cetuximab) are less likely
to respond to vanadium/VSVAS51 combination therapy. Further-
more, we consider that this aspect could potentially be exploited to
control immune adverse events during oncolytic VSV clinical trials.
EGEFR inhibitors are advantageous candidates in that they are already
clinically approved and additionally offer inherent anti-cancer prop-
erties; however, whether they offer better counter-therapy than other
antivirals, remains to be determined.

MATERIAL AND METHODS

Drugs and chemical reagents

The vanadium-based compound used in this study was sodium or-
thovanadate (Na;VOy,, Sigma-Aldrich, cat. 450243) dissolved in water
and pH adjusted to 10 at 150 pM. For in vivo studies, vanadium sul-
fate at 50 mg/kg (VOSO,, Sigma-Aldrich, cat. 204862) was used. The
remainder of drugs, chemicals, and cytokines used are listed in Key
Resources Table (Table S1).

Cell lines

The 786-0 (human male renal cell adenocarcinoma, cat. CRL-1932),
CT26WT (murine colon carcinoma, cat. CRL-2638), and Vero
(African green monkey kidney cells, cat. CCL-81) were acquired
from the American Type Culture Collection. These cells used
DMEM (HyClone cat.10-013) supplemented with 1% (v/v) peni-
cillin-streptomycin (Gibco), 30 mM HEPES buffer, and 10% (v/v)
serum composed of 3 parts HyClone newborn calf serum (Thermo
Fisher, cat. SH3011803) and 1 part fetal bovine serum (Gibco, cat.
12483020). Cell lines were maintained in 37°C and 5% CO, condi-
tions in a humidified incubator.

Oncolytic virus

The Indiana serotype of VSV harboring a deletion of methionine 51
in the M protein (VSVA51) and insertion of GFP or FLuc were used
throughout this study.”® All viruses were propagated on Vero cells
and purified on 5%-50% Optiprep (Sigma-Aldrich, St. Louis, MO)
gradients. All viral titers were determined by standard plaque assay
according to published protocol.”” Measles virus of the Schwartz
strain expressing GFP was obtained as a generous gift from Dr.
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Guy Ungerechts of the Ottawa Hospital Research Institute (Ottawa,
Canada).

Reverse screen strategy using kinase inhibitor library

The Ontario Institute for Cancer Research small molecule library was
generously supplied by Rima Alawar via Dr. William Stanford of the
Ottawa Hospital Research Institute. The library is composed of 480
kinase inhibitors and 320 tool compounds from various deve-
lopmental stages (e.g., approved, pre-clinical, clinical). We plated
3 x 10* 786-0 cells per well of a 96-well microplate and allowed
them to adhere overnight. Cells were pre-treated with screen com-
pounds (1 uM) and vanadate (125 uM). Four hours later, cells were
infected with VSVA51-FLuc at an MOI of 0.1. Infectivity was quan-
tified by high-throughput titration (see below) and cell viability using
resazurin (Millipore Sigma, cat. SI03200) was measured 48 hpi.*’ The
experiment was conducted in triplicate. Every microplate included a
series of positive (vanadate + VSVA51) and negative (untreated) con-
trols, with a total of 80 library compounds.

High-throughput titration

Using opaque white bottom 96-well microplates (Thermo Fisher, cat.
07-200-628), Vero cells were seeded at a density of 2.5 x 10* cells/
well; 20 pL of the supernatant from the sample of interest was trans-
ferred onto the Vero cells and incubated for 5 h at 37°C and 5% CO..
An amount of 25 L luciferin solution (2 mg/mL constituted in sterile
PBS, Cedarlane Labs, cat. 122799(PE)) was subsequently added and
mean luminescence was analyzed 30 s later. Results were normalized
against a standard curve of samples with known titers and normalized
to an uninfected, untreated well. Refer to published protocol for
further details.”

In silico analysis

Microarray data from a previous study was processed.'> A list of genes
of increased or decreased abundance more than 3-fold between the
VSVAS5I-infected condition and the vanadate and VSVA51-combi-
national condition was generated, then input into the TFactS compu-
tational database script to generate statistical values for each tran-
scription factor. Related gene lists for each respective transcription
factor were obtained from the published TFactS catalogue. Heatmaps
of relative gene expression were generated using the R-studio pheat-
map package. Refer to original published study for further details.”

Cell viability assay

Metabolic activity of cells was measured 48 hpi by adding 1:10 dilu-
tion resazurin metabolic dye (Millipore Sigma, cat. SI03200) to
treated cells and incubated for 2 h. Fluorescence was measured at
590 nm upon excitation at 530 nm using a BioTek Microplate Reader
and Gen5 2.07 software (Norgen BioTek Corp, ON, Canada). Back-
ground signal was adjusted for by subtracting readings from wells
containing only media.

Quantitative real-time polymerase chain reaction
RNA was extracted from samples using the QIAGEN RNeasy kit
(Qiagen, cat. 74106) according to the manufacturer’s protocol and

quantified using a Nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Rockford, IL). Corresponding cDNA was generated
using the RevertAid H Minus First Strand ¢cDNA Synthesis Kit
(Thermo Fisher, cat. K1632). Real-time PCR reactions were per-
formed using respective primers (Table S2), Applied Biosystems
PowerUp SYBR Green Master Mix (Thermo Fisher, cat. A25776) in
a 7500 Fast Real-Time PCR system (Applied Biosystems, Foster
City, CA). Relative gene expression was normalized to GAPDH,
and fold-induction calculated relative to an uninfected and untreated
condition.

Enzyme-linked immunosorbent assay

The 786-0 cells were treated with respective drugs for 4 h and infected
with VSVAS5IL. After 24 h, supernatants of cells were collected and
analyzed for CXCL10 concentration using the Human CXCL10/IP-
10 DuoSet Assay kit (R&D Systems, cat. DY266). The assay was per-
formed according to the manufacturer’s protocol with a 1:30 dilution.
Absorbance was read using the Multiskan Ascent Microplate Reader
(MXT Lab Systems) at 450 nm and corrected for plate imperfections
at 540 nm.

Immunoblotting and immunoprecipitation

Samples were washed twice with cold PBS and lysed for 10 min at 4°C
using 50 mM HEPES, 150 mM NaCl, 10 mM EDTA, 10 mM
Na4P207, 100 mM NaF, 2 mM Na3VO4, protease inhibitor cocktail
(Roche), phosphatase inhibitor cocktail (Cell Signaling Technology,
cat. 5870 S), and 1% Triton X-100. Cells were scraped and the
collected lysate was centrifuged. For nuclear and cytoplasmic frac-
tionation, the NE-PER Nuclear and Cytoplasmic Extraction Kit
(Thermo Fisher Scientific) was used according to the manufacturer’s
protocol. Supernatant was collected and the protein quantified using
the Pierce BCA Protein Assay Kit (Thermo Fisher, cat. 23225); 20 pg
was loaded with 4X NuPAGE LDS Sample Buffer (Thermo Fisher,
cat. NP0007) into 4% to 15% Mini-PROTEAN Gels (Bio-Rad, Missis-
sauga, ON), electrophoresed using the Mini Trans-Blot Cell system
(Bio-Rad, Mississauga, ON), and transferred onto nitrocellulose
membrane using the Trans-Blot Turbo RTA Mini Transfer Kit ac-
cording to the manufacturer’s protocol (Bio-Rad, cat. 1704270). Blots
were subsequently blocked with 5% BSA and probed with respective
primary and secondary antibodies as listed in the Key Resources
Table (Table S1). Bands were visualized using Clarity Western ECL
Substrate (Bio-Rad, cat. 1705061) on a ChemiDoc Touch Imaging
System (Bio-Rad, Mississauga, ON).

Immunocytochemistry

Cells were seeded on 12-mm glass round coverslips (Thomas Scienti-
fic, cat. 64-0712), then treated with specified reagents. After washing
twice with PBS* (PBS with 1 mM CaCl, and 500 uM MgCl,), cells
were fixed using 4% paraformaldehyde for 30 min, permeabilized us-
ing a 0.2% Triton-X 100 in 200 mM glycine/PBS* solution for 8 min,
then quenched in 200 mM glycine/PBS*. Samples were then blocked
using 5% BSA/PBS* for 1 h at room temperature, then incubated with
respective primary antibody overnight in a humidified chamber at
4°C as listed in the Key Resources Table (Table S1). Corresponding
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secondary antibodies were applied for 1 h, then samples were
mounted onto glass slides and counterstained using Prolong gold
anti-fade with DAPI (Molecular Probes). Slides were imaged using
Zeiss Axiocam HRM Inverted fluorescent microscope (Zeiss, Tor-
onto, Canada) and Axiovision 4.0 software. Images were processed
using Image]. Nuclear: cytoplasmic signal quantification processes
were performed using CellProfiler (Massachusetts Institute of Tech-
nology, Cambridge, USA).

Ex vivo tumor model

Eight-week-old healthy, female Balb/c mice were implanted with sub-
cutaneous CT26WT cells. Mice were sacrificed after reaching a tumor
volume of 1000 mm?>. Tumor tissues were extracted from the mice,
cut into 2-mm slices and 2 mm x 2 mm cores were taken using a
punch biopsy tool. Cores were maintained in humidified incubators
at 37°C, 5% CO, in DMEM supplemented with 10% serum,
30 mM HEPES, 1% (v/v) penicillin-streptomycin, and 0.25 mg/L am-
photericin B. Cores were treated with their respective drugs at indi-
cated timepoints, then infected with VSVA51-GFP (3e4 pfu/core
for CT26WT). Fluorescence images were taken 24 hpi and superna-
tant stored at —80°C 48 hpi for viral titer plaque assay.

In vivo tumor models

Female 8-week-old Balb/c mice (Charles River Laboratories) were im-
planted subcutaneously with CT26WT cells and tumors allowed to
progress to 100 mm?, about 11 days. Tumors were treated intratu-
morally with vanadyl sulfate (50 mg/kg) and/or gefitinib (100 mg/
kg) at various time points. Tumors were then injected with
VSVAS51-FLuc (1e8 pfu/tumor) intratumorally. After 24 h, mice
were anesthetized and imaged using a live in vivo imaging system
(Perkin Elmer). Bioluminescent signal intensity was quantified and
analyzed using Living Image v2.50.1 software. All experiments were
performed in accordance with the University of Ottawa Animal
Care and Veterinary Service guidelines for animal care under the pro-
tocols OHRI-2264 and ORI-2265.

Quantification and statistical analysis

Statistical analyses were performed using Prism 8 (GraphPad, San
Diego, CA) software. Experiments involving viral titer, absolute lumi-
nescence, and relative mRNA expression were log-transformed before
statistical tests were performed as indicated by the figure legends,
including Student’s t test, and one-way and two-way ANOVA,
according to experimental conditions. Error bars represent the SEM
unless otherwise noted. A p value less than 0.05 was considered
statistically significant.

Data and materials availability

The lead contact for this project who will be responsible for distribu-
tion of materials, datasets, and protocols used in the manuscript is
Boaz Wong (boaz.wong@uottawa.ca). This study did not generate
new unique reagents. All raw data, including uncropped western
blot images and data values, have been deposited at Mendeley Data
and are publicly available as of the date of publication (https://doi.
0rg/10.17632/zzpvtnmdw?7.1). This paper does not report original
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code. The microarray data that were analyzed have previously been
deposited in the NCBI-Gene Expression Omnibus database (GEO:
GSE97327). Any additional information required to reanalyze the
data reported in this paper is available from the lead contact upon
request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.omt0.2022.04.004.
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