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Oncolytic viruses (OV) are an emerging class of anticancer
bio-therapeutics that induce antitumor immunity through se-
lective replication in tumor cells. However, the efficacy of
OVs as single agents remains limited. We introduce a strategy
that boosts the therapeutic efficacy of OVs by combining their
activity with immuno-modulating, small molecule protein
tyrosine phosphatase inhibitors. We report that vanadium-
based phosphatase inhibitors enhance OV infection in vitro
and ex vivo, in resistant tumor cell lines. Furthermore, vana-
dium compounds increase antitumor efficacy in combination
with OV in several syngeneic tumormodels, leading to systemic
and durable responses, even in models otherwise refractory to
OV and drug alone. Mechanistically, this involves subverting
the antiviral type I IFN response toward a death-inducing
and pro-inflammatory type II IFN response, leading to
improved OV spread, increased bystander killing of cancer
cells, and enhanced antitumor immune stimulation. Overall,
we showcase a new ability of vanadium compounds to simulta-
neously maximize viral oncolysis and systemic anticancer im-
munity, offering new avenues for the development of improved
immunotherapy strategies.

INTRODUCTION
Oncolytic viruses (OV) are an emerging class of anticancer bio-ther-
apeutics that selectively replicate in and lyse tumor cells, without
causing damage to normal cells.1,2 Multiple OVs have shown efficacy
in pre-clinical models of cancer and in clinical trials.2 Notably, the US
Food and Drug Administration (FDA) and European Medicines
Agency (EMA) have recently approved T-VEC (Imlygic) for the treat-
ment of melanoma. While OVs can lead to profound anticancer
responses as single agents, clinical data show that some patients
do not respond to OVs alone and may benefit from combination
therapies.3–5

Poor infection of tumors is an important factor in the resistance to
OV therapy. OV spread, oncolysis, and overall therapeutic efficacy
can be improved in resistant tumors among others by using pharma-
cological compounds that block the cellular innate antiviral immune
response mediated by type I interferon (IFN).6–9 Beyond direct effects
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on tumor cells, OVs can remodel the tumor microenvironment and
boost antitumor immunity by directing immune responses to the tu-
mor niche.10–13 This immunostimulatory effect can be enhanced by
integrating immune stimulatory genes into the viral genome14,15 or
by combination with other forms of immunotherapy such as immune
checkpoint inhibitors.16–19

Vanadate and other vanadium-based compounds are pan-inhibitors
of protein tyrosine phosphatases, with a wide range of biological ef-
fects.20,21 Clinically, these compounds have been mostly explored
for their antidiabetic potential, demonstrating safety for this indica-
tion in phase I/II human trials.22,23 In more recent years, a number
of vanadium compounds were also found to exhibit anticancer effects
in animal models.24–31 Numerous studies suggest that vanadium
compounds impact the immune system,32–35 for example by stimu-
lating and activating T cells.33 However, the mechanism by which va-
nadium-based compounds can modulate anticancer immunity has
not been investigated.

Given their potential immunostimulatory effects, we assessed the use
of selected vanadium compounds as complementary pharmacological
agents to OV-mediated immunotherapy. Here, we demonstrate an
unprecedented ability of these compounds to subvert the type I IFN
antiviral response toward a death-inducing and pro-inflammatory
type II IFN response, culminating in the dramatically improved anti-
cancer activity of OVs both in vitro and in vivo.
RESULTS
Vanadate Enhances the Spread of Oncolytic RNA Viruses

Contrasting results have been reported in the few studies that have
probed the effect of vanadate (Figure 1A) on viral infection.36,37 To
explore this in the context of OVs, we tested the impact of orthovana-
date on the growth of a small panel of candidate OVs. We included
Society of Gene and Cell Therapy.
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Figure 1. Vanadate Enhances VSVD51 Infection in Cancer Cells but Not Normal Cells

(A) Structure of vanadate ion present at pH 7.4. (B–F and H) Resistant 786-0 human renal cancer cells were pre-treated with vanadate for 4 hr and subsequently infected

with (B–E and H) VSVD51 (MOI, 0.01 [150 mM]), (B) measles (MOI, 0.01 [100 mM]), (B) sindbis (MOI, 10 [150 mM]), (B) HSV (MOI, 0.01 [150 mM]), (B) vaccinia (MOI, 0.01

[200 mM]). (B and C) Corresponding viral titers were determined 24 (VSVD51) or 48 (measles, sindbis, HSV, vaccinia) hr post-infection (hpi) from supernatants. (B, G, and H)

n = 3; error bars indicate SEM; t test; NS, no statistical significance; **p < 0.001; as compared to the untreated condition counterparts; (C) n = 3; significance enhancement at

100–200 mm; p < 0.0001 by one-way ANOVA; as compared to 0 mm condition). (D) Twenty-four hours post-infection, fluorescent and phase contrast images were taken of

the 786-0 cells treated withmock or 200 mMof vanadate. (E) Multi-step and (F) single-step growth curve of 786-0 pre-treatedwith vanadate and infected with VSVD51 (E) MOI

0.01 or (F) MOI 3; supernatants were tittered by plaque assay (n = 3; significant enhancement at 50–200 mm at indicated time; NS, no statistical significance; **p < 0.001,

***p < 0.0001 by two-way ANOVA; as compared to mock condition). (G) Twenty-four hours post-infection, RNA was collected from 786-0 and CT26WT, and expression of

VSV-M gene was quantified by qPCR. (H) Normal cell line GM38 was pre-treated as in (B) infected with VSVD51. Corresponding viral titers were determined 24 hpi from

supernatants. (I) CT26WT and DBT tumor cores and BALB/c mouse spleen, muscle, lung, and brain tissue cores were pre-treated with 300 mM of vanadate for 4 hr and

subsequently infected with 1 � 104 PFU of VSVD51 expressing GFP. Twenty-four hours post-infection, fluorescent images were acquired of the tumor and normal tissue

cores. Representative images from each triplicate set are shown.
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negative single-strand RNA viruses vesicular stomatitis virus
(VSVD51)38 and measles (Schwarz strain),39 a positive single-strand
RNA virus (sindbis), as well as double-stranded DNA viruses herpes
simplex virus-1 (HSV-1 mutant N212)40 and vaccinia virus (deleted
for thymidine kinase and expressing GM-CSF)41 (Figure 1B). We
found that the growth of RNA viruses including measles, sindbis,
and oncolytic VSVD51, but not DNA viruses HSV-1 and vaccinia,
was enhanced by treatment with vanadate. VSVD51 growth was
most robustly enhanced, and further testing in VSV-resistant 786-0
renal carcinoma cells revealed that vanadate increased viral output,
as measured by plaque assay, up to �400-fold over a 10–1,000 mM
dose range (Figure 1C), which was below the median lethal concen-
tration of vanadate (Figure 3A). Use of a GFP-expressing VSVD51
revealed a corresponding increase in the number of GFP-positive
Molecular Therapy Vol. 26 No 1 January 2018 57
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infected cells (Figure 1D). A similar impact on viral infection was
observed in various human and murine cancer cell lines (Figures
S1A and S1B). Single- and multi-step growth curves in 786-0 cells re-
vealed that vanadate more robustly enhanced the yield of VSVD51 at
a low MOI compared to a high MOI, indicating that vanadate pro-
motes viral spread (compare Figures 1E and 1F). Similarly, in the
presence of vanadate, VSVD51 produced larger plaques, based on
both the area of GFP-positive cells as well as the cytopathic effect
observed upon Coomassie blue staining (Figure S2). The impact of
vanadate on viral growth was more pronounced with increasing
pre-treatment time (maximum tested 24 hr), with the effect of vana-
date being negligible when provided later than 12 hr post-infection
(Figure S1C). Similarly, treatment with vanadate after infection
reduced its negative effect on vaccinia infection but did not lead to
enhancement (Figure S1D). Correlating with viral titers and GFP
expression data, Figure 1G shows that vanadate increased the produc-
tion of VSVD51 genomes in infected 786-0 cells as well as in mouse
CT26WT colon cancer cells. In contrast, viral growth was not
enhanced in normal adult human GM38 fibroblasts (Figure 1H).
Using mouse tissue cores obtained from normal lung, muscle, spleen,
and tumor tissues obtained from mice implanted with CT26WT and
DBT (glioma) cells, we further evaluated the impact of vanadate on
growth of VSVD51-GFP. Fluorescence microscopy images in Fig-
ure 1I show that vanadate preferentially increased the growth of the
virus in tumor cores with no impact on normal tissues.

Vanadium Compounds Have Unique Viral-Enhancing Properties

Vanadate has been shown to inhibit tyrosine phosphatases, an activity
which is linked to its close structural and electronic analogy to phos-
phate.21,42We therefore testedwhether phosphate could induce similar
effects but foundvarious phosphate salts had no impact on viral growth
in contrast to vanadate (Figure S3A).Vanadate is a simple oxometalate.
We wanted to investigate whether other oxidized transition metals
could potentially enhance viral growth.We found that aluminum,mo-
lybdenum,manganese, or tungsten oxides could not enhance VSVD51
growth (Figure 2A). Chromium trioxide modestly enhanced viral
growth but only at a single dose (10 mM; Figure 2A) and was highly
toxic in comparison to vanadate (data not shown). The protonation
or form of vanadate at different pH had no impact on its activity
(Figure S3B). Because this suggested the virus-enhancing effect was
linked to the vanadium itself, we tested other oxidized vanadium com-
plexes, including metavanadate, vanadium(V) oxytriethoxyde (VOx),
vanadium(IV) oxide sulfate (VS), and bismaltolato oxovanadium(IV)
(BMOV) (Figure 2B). All of these compounds effectively enhanced
VSVD51 growth (Figures 2C, 2D, and S3C). Similar results were
obtained using vanadium(IV) tetra-fluoride and vanadium(III) tri-
bromide (Figure 2E). Interestingly, vanadate’s pro-viral activity was
abrogated upon inclusion of L-Ascorbic Acid or tiron, both potent
metal chelating agents (Figure 2F).

Vanadate Enhances Virus and Cytokine-Induced Death

Overall, our data suggested that vanadium compounds enhance the
spread of a subset of RNA-based OVs in cancer cells. Next, we exam-
ined whether this extended to impact oncolytic activity. Figure 3A
58 Molecular Therapy Vol. 26 No 1 January 2018
shows indeed that while vanadate had cytotoxic effects on its own
at high doses, cancer cell death was vastly enhanced upon co-infection
with a low MOI of VSVD51, which is otherwise innocuous to 786-0
cells. A similar effect was observed in various human cancer cell lines
and with various vanadium compounds (Figure S4). The mode of cell
death was found to exhibit characteristics of apoptosis as determined
by flow cytometry following staining with Annexin V and 7-amino-
actinomycin D (7-AAD) (Figure 3B). Furthermore, we found that
vanadate increased transcription of pro-apoptotic factors PUMA
and Noxa that are normally induced by p53 over the course of viral
infection43,44 (Figure 3C). Interestingly, the impact of vanadate on
cell death was independent of its promotion of viral spread, since
increased 786-0 cell death was also observed using UV-inactivated
VSV, as well as a G-less (DG) version of VSVD51 devoid of its capac-
ity to produce glycoprotein (Figure 3D). Indeed, G-less VSVD51 can
infect cells and replicate its genome but does not bud or spread
further. All together, this suggested the potential involvement of vi-
rus-induced bystander killing, and so we tested whether antiviral
IFN normally secreted following infection of 786-0 cells by
VSVD51 could produce similar effects in combination with vanadate.
Indeed, Figures 3E and 3F show that type I IFN (a and b), could lead
to cytotoxicity in 786-0 cells in the presence of vanadate. Similar ef-
fects were obtained when challenging cells with Poly I:C, a toll-like
receptor 3 (TLR3) agonist.

The possibility that the effects of vanadate on virus-induced death
could be reactive oxygen species (ROS) mediated was investigated
next. To evaluate this, we infected cells treated with vanadate and
increasing concentrations of N-acetyl cysteine (NAC), which in-
creases cellular glutathione and reduces the levels of cellular ROS.
Increasing NAC antagonized vanadate’s ability to enhance virus-
induced death (Figure 3G). Similar results were observed when cells
were treated with vanadate and with type I IFN (a and b) or Poly
I:C (Figure 3H). However, the highest dose of NAC did not abrogate
vanadate’s ability to increase viral spread (Figure 3I), again suggesting
that the cytotoxic and virus-enhancing activities of vanadate are
distinct. In addition, the enhancement of cell death mediated by
type I IFN, Poly I:C, and VSVD51 by vanadate was not observed in
normal adult GM38 or MRC5 human embryonic lung fibroblasts
(Figures 3J and 3K).

Vanadate Enhances the Oncolytic Activity of VSVD51 and

Antitumor Immunity In Vivo

Given the observation that vanadate enhanced both spread and onco-
lytic activity of VSVD51 in vitro, we wondered if the combination of
VSVD51 and vanadate could have anticancer effects in mouse models
of cancer. Reports in the literature suggest that vanadate has immu-
nomodulatory properties;34 hence, we performed our experiments
in a panel of immunocompetent syngeneic mouse tumor models re-
fractory to VSVD51 infection. In mice with established CT26WT,
4T1 (breast cancer), and DBT tumors, one single intratumoral
injection of vanadate and VSVD51 expressing luciferase robustly
enhanced virus-associated luciferase gene expression compared to vi-
rus alone, as assessed by an in vivo imaging system (IVIS; Figures 4A
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Figure 2. Viral Enhancement Is Dependent on Vanadium

786-0 cells were pre-treated for 4 hr with indicated concentrations of (A) various oxidized transitional metals and (C–E) vanadates from various sources prepared in a pH 7.4

buffer. In (A) and (C)–(E), cells were subsequently infected with oncolytic VSVD51 expressing GFP at an MOI of 0.01. (A, D, and E) Corresponding viral titers were determined

24 hr post-infection from supernatants (n = 3). (C) Corresponding GFP-positive cell counts 24 hr post-infection. (B) Structure of vanadium oxometalates are illustrated.

(F) 786-0 were pre-treated with 200 mM of vanadate or mock and treated with chelating agent ascorbic acid (L-AA) or Tiron, then infected with VSVD51 (MOI, 0.01).

Corresponding viral titers were determined 24 hr post-infection from supernatants (n = 3). Error bars indicate SEM. NS, no statistical significance; *p < 0.05, **p < 0.01,

***p < 0.001 by one-way ANOVA analysis; as compared to 0 mm or mock condition.
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and 4B). Likewise, vanadyl sulfate (commonly used as a bodybuilding
supplement) as well as BMOV evaluated pre-clinically for treatment
of diabetes,23,45 both robustly increased VSVD51 viral growth in the
DBT model over the course of 3 days post-infection (Figures 4D and
4E). Vanadate and VSVD51 combination treatment led to signifi-
cantly improved survival of DBT, CT26WT, and 4T1 tumor-bearing
mice compared to the monotherapies (Figure 4C). Approximately
80% of DBT tumor-bearing mice and 20% of CT26WT tumor-
bearing mice presented complete remission after combination treat-
ment (Figure 4C). Immune profiling of CT26WT tumors indicated
an enhanced leukocyte infiltration with significantly increased
T cells (Figure 5A), including IFNg-producing CD8+ T cells (Fig-
ure 5A), in mice treated with the combination of vanadate and
VSVD51 compared to the monotherapies. This suggested that in-
duction and/or recruitment of T cells to the tumors is improved
in the presence of vanadate combined with VSVD51, which could
contribute to tumor control. Indeed, we observed a correlation
between the amount of T cell infiltration and tumor regression (Fig-
ure 5B) in mice from the combined therapy group with the higher re-
sponders (HR) presenting increased infiltration compared to lower
responders (LR), even though the enhancement of virus-associated
luciferase gene expression was similar between them (Figure 5C).
This suggests that the amount of tumor infection is not the key deter-
minant for maximum T cell infiltration and indicates an additional
need to create a milieu that promotes T cell infiltration following
infection. Furthermore, mice that were able to completely eliminate
CT26WT tumors (Figure 4C) subsequently became immune to re-
challenge with the same cancer cells (Figure 5D), indicating that com-
bination therapy leads to long term antitumor immunity.

Next, we investigated the effect of vanadate in the CT26LacZ tumor
model, which we have previously shown to be significantly more
susceptible to infection with VSVD51.46 Here, vanadate somewhat
decreased virus-associated luminescence (Figure S5A), in line with
Molecular Therapy Vol. 26 No 1 January 2018 59

http://www.moleculartherapy.org


Mock

Va
na

da
te

VSVΔ51

M
oc

k

Poly I:C IFNa

Vi
ab

ili
ty

(%
)

-
0

+
0

+
1

+
5

+
10

0

50

100

Mock VSVΔ51

Vanadate
NAC(mM)

Ti
te

r(
pf

u/
m

l)

0 10mM
103

104

105

106

107

108

Mock
Vanadate 150uM

NAC

Vi
ab

ili
ty

(%
)

U
ni

nf
ec

te
d

VS
VΔ

51

U
V-

VS
VΔ

51

VS
VΔ

51
Δ

G

0

50

100

Mock
Vanadate 30uM

Vi
ab

ili
ty

(%
)

U
nt

re
at

ed

IF
N

a

IF
N

b

Po
ly

I:C

0

50

100

Mock
Vanadate 47uM

Vi
ab

ili
ty

(%
)

U
nt

re
at

ed

IF
N

a

IF
N

b

Po
ly

I:C

0

50

100

Mock
Vanadate 

MRC5

Vi
ab

ili
ty

(%
)

-
-

+
-

-
IFNa

+
IFNa

-
IFNb

+
IFNb

-
PolyIC

+
PolyIC

0

50

100

Mock Vanadate

NAC(10mM) 
Treatment

Vi
ab

ili
ty

(%
)

U
nt

re
at

ed

IF
N

a

IF
N

b

Po
ly

I:C

VS
VΔ

51

0

50

100

GM38

Concentration (μM)

Vi
ab

ili
ty

(%
)

0 2 4 8 16 31 63 12
5

25
0

50
0

10
00

0

20

40

60

80

100

120

VSVΔ51+Vanadate
Vanadate

A B

E F G

H

D

KI J

C

AnnexinV

7-
A

A
D

VSVΔ51 VSVΔ51+Vanadate

Mock Vanadate

200μm 200μm 200μm 200μm

200μm 200μm 200μm 200μm

PUMA Noxa

Hour post infection Hour post infection

m
RN

A
le

ve
ls

8 16 24
0

20

40

60

80

8 16 24
0

10

20

30

40

VSVΔ51
Vanadate + VSVΔ51

Mock
Vanadate

***
*** ***

**

**
* **
*

**
*

**
*

**
*

**
* ns

ns

ns
ns

ns
nsns ns*** ***

**
*

**
*

**
*

ns

ns

ns

ns

**
*

**
*

**
*

**
*

Figure 3. Vanadate Facilitates Virus-Induced Type I Interferon and ROS-Mediated Cell Death

(A) 786-0 cells were pre-treated with a range of concentrations of vanadate for 4 hr and were subsequently infected with VSVD51 expressing GFP at an MOI of 0.01. 786-0

cell viability was assayed in cells 24 hr post-infection. Results were normalized to the average of the values obtained for the corresponding uninfected, untreated cells (n = 4;

error bars indicate SEM; significance decrease in viability at 16–1,000 mm; ***p < 0.0001 by two-way ANOVA; as compared to uninfected condition). (B) 786-0 were pre-

treated with vanadate (100 mM) for 4 hr and subsequently infected with oncolytic VSVD51 expressing GFP at an MOI of 0.01. Twenty-four hours post-infection, induction of

cell death was determined by annexin V and 7-aminoactinomycin D (7-AAD) staining. Numbers indicate the percentage in each quadrant. (C) Cell lysates of 786-0 treated

with vanadate (100 mM) and VSVD51 expressing GFP were collected at indicated time points, RNA was collected, and expression of PUMA and Noxa genes was quantified

by qPCR (n = 3; error bars indicate SEM; **p < 0.01, ***p < 0.0001 by two-way ANOVA; comparing VSVD51 condition to vanadate + VSVD51 condition). (D and E) 786-0 cells

were pre-treated with vanadate for 4 hr and subsequently infected with (D) VSVD51, UV-inactivated VSVD51, VSVD51DG, or (E) treated with IFNa, IFNb, or Poly I:C. Cell

viability was assayed 48 hr post-infection or treatment. Corresponding cell morphology is presented in (F). (G–I) 786-0 cells were co-treated with vanadate and N-acetyl-L-

cysteine (NAC) for 4 hr and infected with (G–I) VSVD51 expressing GFP at an MOI of 0.01 or with (H) IFNa, IFNb, or Poly I:C, and cell viability was assayed 48 hr post-infection

or treatment. In (I), viral titers were determined 24 hr post-infection from supernatants (n = 3; error bars indicate SEM; ***p < 0.001 by two-way ANOVA; as compared tomock-

treated condition). (J and K) MRC5 (J) and GM38 (K) normal cells were pre-treated with vanadate for 4 hr and subsequently infected with VSVD51 or treated with IFNa, IFNb,

or Poly I:C. For (D), (E), (G), (H), (J), and (K), cell viability results were normalized to the average of the values obtained for the corresponding uninfected, untreated cells (n = 4;

error bars indicate SEM; NS, no statistical significance, ***p < 0.0001 by two-way ANOVA).
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Figure 4. Vanadate Increases VSVD51 Efficacy in Resistant Syngeneic Tumor Models

(A–C) CT26WT, 4T1, DBT, tumor-bearing mice were treated intratumorally with the vehicle (PBS) or 40 mg/kg of vanadate (pH 7.4 prepared from orthovanadate) for 4 hr and

subsequently treated with 1 � 108 PFU of oncolytic VSVD51 expressing firefly-luciferase intratumorally. (A and B) Twenty-four and forty-eight hours post-infection, viral

replication was monitored by IVIS. Representative bioluminescence images of mice are presented in (A), and quantification of luminescence is presented in (B). Scale

represented in photons (n = 7–27; bars indicate mean; NS, no statistical significance; *p < 0.05, ***p < 0.001 by one-tailed t test; as compared to mock-treated condition).

(C) Survival was monitored over time. Log rank (Mantel-Cox) test indicates that the combined treatment is significantly prolonged over PBS alone (CT26WT, p < 0.0001,

n = 10–16; DBT, p = 0.0084, n = 4–7; 4T1, p = 0.0209, n = 6–8). (D and E) DBT tumor-bearing mice were treated intratumorally with the vehicle (PBS), 150 mg/kg of Vanadyl

sulfate, or 80 mg/kg of BMOV and subsequently with 1 � 108 PFU of oncolytic VSVD51 expressing firefly-luciferase intratumorally. Viral replication was monitored by IVIS;

representative bioluminescence images of mice are presented in (D). (E) Quantification of luminescence (n = 4–5; error bars indicate SEM; *p < 0.05 by one-tailed t test; as

compared to PBS-treated condition).
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the observation that vanadate did not enhance viral growth in
cultured CT26LacZ cells (Figures S1A and S1B). However, the com-
bination of vanadate and VSVD51 led to a significant improvement
of survival over the monotherapies in this model, reaching nearly
90% complete remissions (Figure 5E). While enhanced bystander
killing as observed in Figure 3 in part could explain this phenome-
non, we wondered whether enhanced adaptive immune responses
could play a role in generating such a high cure rate with a single
intratumoral dose of vanadate and VSVD51. We therefore per-
formed these experiments in athymic nude mice that are devoid
of T cells. Remarkably, while VSVD51 alone still delayed tumor pro-
gression and led to cures, the combination effect was completely
abrogated in this context (Figure 5F), albeit virus-associated lumi-
nescence was not generally affected (Figure S5B). Likewise, the com-
bination therapy did not lead to enhanced efficacy in the HT29
tumors implanted in athymic nude (Figure S6C) even though
enhancement of VSVD51 viral growth was observed (Figures S6A
and S6B). These results strongly support an important role of
T cell-mediated protection observed in the above-described models
and the role of vanadate in eliciting an improved T cell response
when combined with VSVD51. However, the improved efficacy of
vanadate was not observed when the CT26LacZ tumors were
infected with non-spreading VSVD51 (VSVD51DG) (Figure S5C),
indicating that viral growth is essential for the combination therapy
effect.

To further evaluate the role of the antitumor immune response
induced by vanadate/virus treatment in tumor control, we implanted
immunocompetent mice with bilateral DBT tumors and injected only
the right tumors with the combination of VSVD51 and vanadate
(or monotherapies/PBS) (Figure 5G). Interestingly, we found that
while virus-associated luminescence was uniquely enhanced by vana-
date in the injected tumors on the right side, the tumors on the left
also shrunk following the combination therapy (Figures 5H and 5I).
Although some tumors did regress following treatment with vana-
date, all of the uninjected (left) tumors did not regress. VSVD51
monotherapy did not induce tumor regression in the injected (right)
or untreated (left) tumors. Taken together, these results reveal that
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Figure 5. Vanadate/VSVD51 Co-treatment Triggers T Cell Infiltration and Antitumor Immunity

(A–C) CT26WT tumor-bearing mice were treated intratumorally with the vehicle (PBS) or 40 mg/kg of vanadate (pH 7.4 prepared from orthovanadate) for 4 hr and sub-

sequently treated with 1 � 108 PFU of oncolytic VSVD51 expressing firefly-luciferase, intratumorally. The vanadate + VSVD51 group was divided into two groups, High and

Low responders (HR and LR), based on median tumor size 10 days post-treatment, as shown in (B). Viral replication was monitored 24 hr post-infection; quantification of

luminescence is presented in (C) (n = 5). Tumor volume 10 days post-treatment is shown in (B) (n = 5). (A) Percentage of CD45+ cells; CD3+ cells of total CD45+ cells;

IFNg-expressing CD8+ cells in each tumor was quantified by flow cytometry, 10 days post-treatment (n = 4–5; error bars indicate SEM; *p < 0.05, **p < 0.001, ***p < 0.0001,

by one-way ANOVA). (D) Survival was monitored after re-implantation of CT26WT in cured and naive mice from Figure 4C (n = 3–5). (E) Immunocompetent mice and (F) nude

mice bearing the CT26LacZ tumor were treated intratumorally with the vehicle (PBS) or 40 mg/kg of vanadate for 4 hr and subsequently treated with 1� 108 PFU of oncolytic

VSVD51 expressing firefly-luciferase intratumorally. Log rank (Mantel-Cox) test indicates that survival in the combined treatment is significantly prolonged over VSVD51 alone

in the immunocompetent mousemodel alone (immunocompetent mice, p = 0.0506, n = 6–8; nudemice no statistical significance, n = 4–10). (G) Schematic representation of

treatment schedule for bilateral DBT tumors. (H) Representative bioluminescence images of mice are presented. (I) Growth of treated (right flank) and distant (left flank) DBT

tumors (n = 4–7).
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vanadium compounds have the ability to elicit a robust, systemic pro-
tective antitumor immune response when combined with VSVD51.

Vanadate Inhibits the Type I Interferon Response and

Potentiates a Pro-inflammatory Response via Type II Interferon

Our in vitro results indicated that both OV spread and bystander
killing in cancer cells can be enhanced by vanadate. While this likely
contributes toward improving OV efficacy in vivo, our data sug-
gested that a critical component of the therapeutic efficacy associ-
ated to the combination regimen in immunocompetent models
involves the generation of antitumor T cell responses. To further
understand the cell-autonomous molecular mechanisms involved
in stimulating this response while being able to enhance infection,
a microarray analysis was performed in vitro. We first looked at
the gene expression profiles of 786-0 cells 24 hr following
VSVD51 or mock infection in the presence and absence of vanadate
(prepared from solutions of orthovanadate or metavanadate). In line
with our demonstration that vanadate stimulates an antitumor im-
mune response, gene set-enrichment analyses using GOrilla revealed
that vanadate alone induced inflammatory responses and immune
system processes, which were further potentiated in combination
with VSVD51 (Figure S7A). Uniquely, the infection of vanadate-
treated cells led to the increased expression of a number of pro-in-
flammatory cytokines (CCL8, CCL3, IL6, TNF, IFNb, CCL5) and
many genes typically induced by type II IFN (IFNg), including che-
mokines such as CXCL9, CXCL10, and CXCL11 (Figures 6B, 6C,
S7B, and S7C; Table S1). Among others, CXCL9 plays a key role
in leukocyte trafficking, and its mRNA was upregulated by more
than 100,000-fold during viral infection of vanadate-treated cells
compared to mock (Figure 6A). We further validated the vana-
date-mediated increase in mRNA expression of IFNg-induced che-
mokines such as CXCL9 in mouse CT26WT cells, which were used
for our in vivo models, as well as its secretion by ELISA in various
human cancer cell lines (Figures S7C and S7D). While many genes
typically induced by IFNg were upregulated upon infection of vana-
date-treated cells, IFNg itself was not upregulated at any time point
post-infection under any condition tested in 786-0 (Figures 6A
and 6B). On the other hand, IFNb mRNA was upregulated by
more than 10-fold 24 hr following infection (Figure 6A) in vana-
date-treated cells compared to virus alone. Surprisingly, genes typi-
cally induced by type I IFN were either unaffected or decreased in
these conditions (Figures 6B and 6C). Indeed, genes induced by
type I IFN, such as MX2 and IFITM1 with known antiviral function
against rhabdoviruses were robustly downregulated as early as 8 hr
post-infection (Figure 6A). Furthermore, protein expression levels
of IFITM1 were potently repressed by vanadate in infected cells
16 and 24 hr following infection (Figure S8).

Importantly, IFNb and IFNg bind to distinct receptors and lead to
differential activation of STAT1 and STAT2 (signal transducer and
activator of transcription) transcription factors. Phosphorylation of
STATs leads to their dimerization and nuclear translocation to acti-
vate transcription of IFN-stimulated genes (ISGs). Some of these
genes are regulated by both type I and type II IFNs, whereas others
are selectively regulated by one or the other. Type I IFNs induce
the phosphorylation of both STAT1 and STAT2, leading to the
formation of the ISGF3 complex composed of a STAT1-STAT2 het-
erodimer and IRF9 that binds specific promoter regions known as
IFN-stimulated response elements (ISREs), while type II IFN primar-
ily induce the phosphorylation of STAT1, leading to the formation of
STAT1-STAT1 homodimers that bind IFNg-activated-sequence
(GAS) elements.47 Consistent with a shift from a type I toward a
type II IFN response, vanadate treatment inhibited the IFNb-induced
phosphorylation of STAT2 and reduced its nuclear accumulation but
did not similarly affect STAT1, as observed by western blot (Fig-
ure 6D). Supporting this idea, immunofluorescence also revealed
that whereas activated STAT1 translocated to the nucleus following
infection of vanadate-treated cells (Figures 6E and S9), STAT2 re-
mained mostly in the cytoplasm (Figures 6E, S10, and S11). Remark-
ably, this suggests that vanadate enhances OV activity through a
previously unappreciated mechanism that converts a predominantly
antiviral type I IFN response into a type II IFN response, through the
preferential repression of STAT2 activation. This signal “rewiring”
leads to upregulation of pro-inflammatory cytokines and chemokines
that favor the generation of a T cell-dependent antitumor response.

DISCUSSION
OV therapy as a standalone treatment can be highly effective, but
treatment resistance remains a frequent occurrence. This is attributed
to a number of factors, including a need to robustly infect tumors and
ensure the initiation of a robust antitumor immune response.2 The
latter has prompted many investigators to evaluate OVs in combina-
tion with immune checkpoint inhibitors; a strategy has been shown to
be effective by several groups in both pre-clinical models and clinical
trials.16–18,48 However, this specific combination strategy is not uni-
formly effective.49

We show here that vanadium compounds can provide a significant
therapeutic benefit in CT26WT and other various aggressive, treat-
ment-refractory, murine tumor models when combined with OVs,
leading to enhanced antitumor T cell responses mediated by the in-
duction of a type II Interferon-like response in infected cancer cells.
The availability of clinically advanced vanadium candidates such as
vanadate, vanadyl sulfate, and bis(ethylmaltolato)oxovanadium(IV)
(BEOV)22,23,50 that have been used in the context of diabetes will
greatly facilitate the testing of such combination regimens in hu-
man cancer patients. In addition, oncolytic rhabdoviruses derived
from VSV and closely related Maraba are currently undergoing
clinical evaluation, including in combination with immune check-
point blockade (NCT02923466, NCT02879760). All together, this
lays the groundwork for rapid evaluation of our novel approach
in humans. However, while many OVs including T-Vec are
currently delivered intratumorally in the clinic,51 it will be relevant
to further explore alternative regimens and formulations to abro-
gate the need for intratumoral injection of vanadium compounds
ahead of virus. Oral administration of vanadium compounds is
possible and has been extensively tested in the treatment of type
II diabetes.52
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In the present work, we tested a range of different vanadium salts and
compounds. These compounds are known to undergo different
hydrolytic conversions in solution.20 Orthovanadate, metavanadate,
64 Molecular Therapy Vol. 26 No 1 January 2018
and vanadium(V) oxytriethoxide all result in a solution of H2VO4
�

at physiological pH, while the solutions prepared from vanadyl sulfate
and vanadium(IV) fluoride will result in a solution of aqueous V(IV)
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and V(V),20 and those prepared from bis(maltolato)oxovanadium(IV)
will contain bothV(IV) andV(V)maltolato complexes.45 Importantly,
all of these compounds show a robust capacity to enhance OV activity
(Figures 2C–2E). This suggests significant flexibility in the design of
new vanadium-based compounds that may be tailored for use in com-
bination with OVs. Furthermore, these results are consistent with
various forms of vanadate binding tightly to several phosphatases
with similar Ki values.

21

Protein tyrosine phosphatases are important regulators of cellular
processes53,54 and may have complex functions during the course of
viral infection. Here, we found that the pan-tyrosine phosphatase in-
hibitor vanadate, while enhancing all of the RNA viruses in our panel
(rhabdovirus, alphavirus, paramyxoviruses), substantially inhibits
infection of DNA viruses like vaccinia and HSV. These observations
showcase the selective effects of vanadium compounds on RNA vi-
ruses, which do not encode viral phosphatases, in contrast with
both DNA viruses tested, where they serve as important virulence fac-
tors.55,56 Notably, the RNA viruses tested generally lack the ability to
counteract type I IFN signaling. When using wild-type VSV, which
more effectively overcomes the type I IFN response compared to
VSVD51, we found that the positive impact of vanadate was compar-
atively reduced in vitro (Figure S12). Numerous drugs and com-
pounds have been shown to increase the efficacy of OVs by inhibition
of type I IFN production or signaling.6,7,57,58 The ability of vanadium
compounds to convert the antiviral type I IFN to a pro-inflammatory
type II IFN response, leading not only to better OV spread but also to
greater antitumor immune stimulation during OV treatment is to our
knowledge unprecedented.

Previously, vanadate has been reported to promote death induced by
addition of type I IFN,59 supporting our observations (Figure 3).
Interestingly, we found that antioxidants could abrogate the priming
of apoptosis by vanadate (Figures 3G and 3H), suggesting a potential
role of vanadate-induced ROS60 in promoting death initiated by type I
IFN. A role for ROS in modulating IFN activity has also been previ-
ously suggested;61 however, this mechanism is unlikely to be at play
here given antioxidant treatment did not abrogate enhancement of
viral growth (Figure 3I). Instead, we found that STAT1 and STAT2
are differently activated by type I IFN in vanadate-treated cells, ulti-
mately favoring the accumulation of STAT1 in the nucleus (Figures
6D, 6E, and S9–S11). This mechanism is in line with activation of
type II IFN target genes that rely on STAT1-STAT1 homodimers
for their transcription, even in absence of IFNg. This could also
explain the enhanced capacity for type I IFN to induce cell death (Fig-
ures 3E–3G), given STAT1 has been shown to promote cell death by
interacting with TRADD, HDACs, or p53 to increase the expression
of target genes such as Noxa and PUMA as observed in this study
(Figure 3C).62,63 Notably, type I IFN, such as IFNa (INTRON A) is
widely used for the treatment of renal cancer, although therapeutic
results remain limited.64 Further studies investigating the impact of
vanadium compounds on this and other anticancer strategies that
aim to kill cancer cells through type I IFN or through recruitment
of T cells to the tumor site may be warranted.
MATERIALS AND METHODS
Drugs, Chemicals, and Cytokines

Drugs, chemicals, and cytokines and their respective supplier and sol-
vent used in this study are listed in Table S2. The aqueous chemistry
of some of these vanadium compounds lead to conversion of the orig-
inal compound into vanadate65 under the condition of the studies,
and this is also indicated in Table S2.
Cell Lines

Cells and their respective supplier and growth media used in
this study are listed in Table S3. Cells were cultured in HyQ high-
glucose DMEM (GE Healthcare Life Sciences Hyclone, Logan, UT)
supplemented with 10% fetal calf serum (CanSera, Etobicoke,
Canada), HEPES, penicillin/streptomycin (GIBCO Life Technologies,
Waltham, MA). All cell lines were incubated at 37�C in a 5% CO2 hu-
midified incubator. All cells were tested to ensure they are free of
mycoplasma contamination.
Viruses and Quantification

Rhabodviruses

The Indiana serotype of VSV (VSVD51 or wild-type) was used
throughout this study and was propagated in Vero cells. VSVD51 ex-
pressing GFP or firefly luciferase are recombinant derivatives of
VSVD51 described previously.38 All viruses were propagated on
Vero cells and purified on 5%–50% Optiprep (Sigma-Aldrich,
St. Louis, MO) gradient, and all virus titers were quantified by the
standard plaque assay on Vero cells as previously described.66

Herpes Simplex Virus

The HSV-1 N212 expressing GFP67 was a gift from Dr. Karen Moss-
man (McMaster University, Canada). HSV virus titers were quanti-
fied by the standard plaque assay on Vero cells as previously
described.67

Measles Virus

The measles virus (MV) expressing GFP (Schwartz strain) was a gift
from Dr. Guy Ungerechts (Ottawa Hospital Research Institute,
Canada). MV virus titers were quantified on Vero cells.

Sindbis Virus

The sindbis virus expressing GFP was a gift from Dr. Benjamin
tenOever (Icahn School of Medicine at Mount Sinai, NY, USA).
The Sindbis virus was quantified by the standard plaque assay in
Vero cells. Plaques were counted 3 days post-infection.

Vaccinia Virus

Vaccinia virus (Wyeth strain deleted for thymidine kinase and ex-
pressing GM-CSF) was quantified by plaque assay in U20S cells as
described previously.68
Cell Viability Assay

Themetabolic activity of the cells was assessed using alamarBlue (Bio-
Rad, Mississauga, Canada) according to the manufacturer’s protocol.
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Treated and/or infected cells in a 96-well plate (Corning, Manassas,
VA) were treated, at indicated time, with 10 mL of alamarBlue in
each well and incubated for 2 to 4 hr. Fluorescence was measured
at 590 nm upon excitation at 530 nm using a Fluoroskan Ascent FL
(Thermo Labsystems, Beverly, MA).

Microarray and Analysis

The 786-0 cells were plated at a density of 1 � 106 in 6-well dishes
and allowed to adhere overnight. The next day, cells were pre-
treated for 4 hr with orthovanadate (150 mM), metavanadadate
(150 mM), or the vehicle. Following pre-treatment, the cells were
infected with VSVD51 at an MOI of 0.01 or left uninfected.
Twenty-four hours post-infection, RNA was collected using an
RNA-easy kit (QIAGEN, Toronto, Canada). Biological triplicates
were subsequently pooled, and RNA quality was measured using
Agilent 2100 Bioanalyzer (Agilent Technologies, Mississauga,
Canada) before hybridization. Hybridization to Affymetrix Human
PrimeView Array was performed by The Centre for Applied Geno-
mics, The Hospital for Sick Children, Toronto, Canada. Microarray
data was processed using Transcriptome Analysis Console (TAC)
3.0 under default parameters of Gene Level Differential Expression
Analysis. Fold change in gene expression was calculated for each
gene in relation to uninfected, untreated control. Heatmap of
normalized expression values was generated using R package
pheatmap. Volcano plots of gene expression values were generated
using R. Gene ontology enrichments analysis was evaluated using
GOrilla69 following correction for multiple hypothesis testing (Ben-
jamini-Hochberg). Raw and processed microarray data have been
deposited in the NCBI-Gene Expression Omnibus database (GEO:
GSE97327).

Mouse Tumor Models

CT26WT, CT26LacZ, DBT, 4T1 Models

Six-week-old female BALB/c mice obtained from Charles River Lab-
oratories (Senneville, Canada) were given subcutaneous tumors by
injecting 3 � 105 syngeneic CT26WT, CT26-LacZ, or DBT cells,
or 2 � 105 4T1 cells, suspended in 100 mL PBS. Ten days (4T1),
11 days (CT26WT, CT26LacZ), or 13 days (DBT) post-implanta-
tion, tumors were treated intratumorally once with a chemical com-
pound (dissolved in PBS) or the vehicle as indicated. Four hours
later, tumors were injected intratumorally with 1 � 108 plaque-
forming units (PFU) (in 25 mL PBS) of the indicated virus. Tumor
sizes were measured every other day using an electronic caliper. Nu-
merical ear tagging system enabled unbiased data collection. Tumor
volume was calculated as = (length2 � width)/2. For survival
studies, mice were culled when tumors had reached 1,500 mm3.
For in vivo imaging, an IVIS (Perkin Elmer) was used as described
previously.8 Quantification of the bioluminescent signal intensities
in each mouse was measured using Living Image v2.50.1 software.
Mice were randomized to the different treatment groups according
to tumor size in all experiments. Mice with no palpable tumors on
initial treatment day were excluded from study. The investigators
were not blinded to allocation during experiments and outcome
assessment.
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HT29 Model

Six-week-old CD1 nude mice were given subcutaneous tumors by in-
jecting 1� 106 syngeneic HT29 cells suspended in 100 mL serum-free
DMEM. When tumors grew to approximately 5 mm � 5 mm (be-
tween 18 and 25 days post-implantation), mice were treated intratu-
morally once with a chemical compound (dissolved in PBS) or the
vehicle as indicated. Four hours later, tumors were injected intratu-
morally with 1 � 108 PFU of the indicated virus. Tumor dimensions
were measured every other day with electronic calipers.

All experiments were performed in accordance with the University of
Ottawa Animal Care and Veterinary Services guidelines for animal
care under the protocol OHRI-2265 and OHRI-2264.

Ex Vivo Tumor Model

BALB/c mice were implanted with subcutaneous CT26WT or
DBT cells. Mice were sacrificed after tumors had reached at least
10 mm � 10 mm in size. Tumor, lung, spleen, and brain tissue
were extracted from the mice, cut into 2-mm thick slices, and cored
into 2 mm � 2 mm pieces using a punch biopsy. Each tissue core
was incubated in 1mL of DMEM supplemented with 10% fetal bovine
serum (FBS), 30 mM HEPES, and were incubated at 37�C in a 5%
CO2 humidified incubator. Cores were treated for 4 hr with indicated
concentration of chemical compound. Subsequently, the cores were
then infected VSVD51-GFP. GFP pictures were taken for each core
24 hr post-infection.

Flow Cytometry

Cell Death Staining

The 786-0 cells were plated in 6-well dishes and treated as indicated.
Twenty-four hours post-infection, cells were collected and stained
with Annexin V and 7-AAD according to the manufacturer’s proto-
col, using the APC Annexin V Apoptosis Detection Kit with 7-AAD
(BioLegend, San Diego, CA). Collected samples were analyzed by flow
cytometry on a BD LSRFortessa (data analyzed with the FlowJo
software).

Tumor-Infiltrating Lymphocytes

Ten days post-treatment, BALB/c tumor-bearing mice were sacri-
ficed, and the tumors were collected and dissociated using the Tumor
Dissociation Kit-Mouse (Miltenyi Biotec, Auburn, CA), according to
the manufacturer’s instructions. Red blood cells were lysed using
ACK lysis buffer. Upon resuspension in R10 buffer (RPMI, 10%
FBS), the cells were counted, and 1.5e6 cells per condition were
stained. Cells were then stained with the FVS780 (BD Biosciences,
San Jose, CA) viability for 15 min at room temperature. After washes,
cells were incubated with anti-CD16/32 in 0.5% BSA/PBS at 4�C to
block nonspecific antibody (Ab) interaction with Fc receptors. For
surface staining, cells were incubated with combinations of anti-
CD45-BV786, anti-CD3-AF700, and anti-CD8 PE-CF594 (BD Bio-
sciences) for 30 minutes at 4�C. Cells were then washed twice and
resuspended in 1% paraformaldehyde (PFA) buffer for analysis.
For intracellular staining, cells were incubated in the presence of
golgiplug for 5 hr and stained with anti-IFNg-PE according to the
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manufacturer’s protocol, using the BD Cytofix/Cytoperm Fixation/
Permeabilization Solution Kit (BD Biosciences). Collected samples
were analyzed by flow cytometry on a BD LSRFortessa and data
analyzed with the FlowJo software (TreeStar).

Immunoblotting

Cells were pelleted and lysed on ice for 30 minutes using 50 mM
HEPES (pH 7.4), 150 mM NaCl, 10 mM EDTA, 10 mM Na4P2O7,
100 mM NaF, 2 mM Na3VO4, protease inhibitor cocktail (Roche),
and 1% Triton X-100. For nuclear and cytoplasmic extracts, the
NE-PER Nuclear and Cytoplasmic Extraction kit (Thermo Fisher Sci-
entific, Rockford, IL) was used according to the provided protocol.
Following protein determination by Bradford assay (Bio-Rad Protein
Assay Solution), 20 mg of clarified cell lysates were electrophoresed on
NuPAGE Novex 4%–12% Bis-Tris precast Gels (Thermo Fisher Sci-
entific) using the XCell SureLock Mini-Cell System (Thermo Fisher
Scientific) and transferred on nitrocellulose membranes (Hybond-C,
Bio-Rad). Blots were blocked with 5% BSA or milk and probed with
antibodies specific for phospho-Stat1 (Tyr701, #9171, Cell Signaling
Technology, used at 1:1,000) and Stat1 (#9172, Cell Signaling Tech-
nology, used at 1:1,000), Stat2 (#72604, Cell Signaling Technology,
used at 1:1,000), phospho-Stat2 (#88410S, Cell Signaling Technology,
used at 1:1,000), IFITM1 (#60074-1-Ig, Proteintech Group, used at
1:1,000), VSV (a gift from Dr Earl Brown, used at 1:2,000), or b-actin
(#4970, Cell Signaling Technology, used at 1:1,000). Blots were then
probed with a goat anti-rabbit or mouse peroxidase-conjugated anti-
bodies (Jackson Immunoresearch Labs, West Grove, PA). Bands were
visualized using the Supersignal West Pico Chemiluminescent Sub-
strate (Thermo Fisher Scientific). All uncropped western blots are
available in Figure S13.

Immunofluorescence

Cells were cultured on coverslips prior to treatment with vanadate
and human IFNb subsequently. Following 1 hr incubation with
IFNb, the cells were washed with cold PBS and fixed using ice-cold
methanol:acetone (1:1). Blocking buffer (5% FBS, 0.3% triton, PBS)
and Ab dilution buffer were used (1% BSA, 0.3% triton, PBS).
The cells were stained using a rabbit anti-phospho-Stat1
(Tyr701, #9171, Cell Signaling Technology, used at 1:500), Stat2
(#72604, Cell Signaling Technology, used at 1:200), or phospho-
Stat2 (#88410S, Cell Signaling Technology, used at 1:200) and subse-
quently with a goat anti-rabbit-488 secondary Ab (#A-11008, Life
Technologies). Prolong gold anti-fade with 40,6-diamidino-2-phenyl-
indole (Molecular Probes) was used to mount the coverslips onto
slides. The images were captured using the EVOS microscope
(Thermo Fisher Scientific). Quantification for nuclear:cytoplasmic
ratio or the average nuclear fluorescence was performed on ImageJ.

Quantitative Real-Time PCR

786-0 or CT26WT cells were pre-treated for 4 hr with chemical com-
pound or the vehicle and were infected with VSVD51 at MOI 0.01 or
left uninfected. Twenty-four hours post-infection, cells were collected
and RNA extraction was performed using the QIAGEN RNeasy kit
(QIAGEN). RNA quantity and purity was assessed using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific) RNA was
converted to cDNA with RevertAid H Minus First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). Real-time PCR reactions
were performed according to the manufacturer’s protocol with the
QuantiTect SYBR Green PCR kit (QIAGEN) on a 7500 Fast Real-
Time PCR system (Applied Biosystems, Foster City, CA). Gene
expression was relative to GAPDH or b-actin. Fold induction was
calculated relative to the untreated/uninfected samples for each
gene. List of qPCR primers used in this study are listed in Table S4.

ELISA

786-0 cells plated in 12-well dishes were pre-treated with drug or the
vehicle for 4 hr and subsequently infected with VSVD51-GFP at indi-
cated MOI or left uninfected. Cell supernatants were collected at
different times post-infection as indicated. IFNa and IFNb quantifi-
cation was performed using the Verikine Human IFNa or IFNb
ELISA kit (PBL Assay Science, Piscataway, NJ) by following the man-
ufacturer’s instructions. Absorbance values at 450 nMwere measured
on a Multiskan Ascent Microplate Reader (MXT Lab Systems).

Cytokine Array

Supernatants from treated 786-0 cells were assayed screened with the
RayBio Cytokine Antibody Arrays - Human Cytokine Antibody
Array System 3 (RayBiotech, Norcross, GA). The assay was per-
formed according to the manufacturer’s instructions. Data were
analyzed using ImageJ and Analysis Tool for AAH-CYT-3
(RayBiotech).

Statistics

Statistical significance was calculated using Student’s t test or one-way
or two way ANOVA test as indicated in the figure legends. The log
rank (Mantel-Cox) test was used to determine significant differences
in plots for survival studies. Error bars represent standard error of the
mean. Statistical analyses were performed using GraphPad Prism 6.0
and Excel.
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Figure S1 | Vanadate enhances VSV∆51 infection in resistant cancer cells. 

Various human and murine cancer cell lines were pretreated for 4 hours with the indicated concentration of vanadate 

and were subsequently infected with oncolytic VSV∆51 expressing GFP at an MOI of 0.01. (a) Corresponding 

fluorescent images are presented and (b) viral titer were determined 24 hours post infection from supernatants (N=3; 

Error bars indicate SEM; 2-tail t-test; NS, no statistical significance; * p<0.05, ** p<0.001, *** p<0.0001, as 

compared to the mock condition counterpart). (c) 786-0 cells treated with 200µM of vanadate at various time pre or 

post infection with VSV∆51 (MOI: 0.01) or left untreated, supernatants were collected 24 hours post infection, and 

tittered by plaque assay (N=3; Error bars indicate SEM; 1 way ANOVA; * p<0.05, ** p<0.001, *** p<0.0001, as 

compared to the untreated condition counterpart). (d) 786-0 cells treated with 100µM of vanadate at various time pre 

or post infection with the vaccinia virus expressing GFP (MOI: 0.01) or left untreated. Corresponding fluorescent 

images are presented.  
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Figure S2 | Vanadate enhances VSV∆51 spread in cancer cells. 

Various human and murine cancer cell lines were pretreated for 4 hours with the indicated concentration of vanadate 

and were subsequently infected with oncolytic VSV∆51 expressing GFP, an agarose overlay was added after 1 hour 

of infection. (a) Fluorescence microscopy of a representative plaque 24 hour after infection. (b) Corresponding 

image of coomassie blue stain of the full well in (a), and (c) average plaque diameter of (b) illustrating the 

enhancement of the plaque diameters in presence of vanadate. (N=10; Bars indicate mean; ND, not detected; 2-tail t-

test; ** p<0.001, *** p<0.0001, as compared to the mock condition counterpart)  
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Figure S3 | Viral enhancement is dependent on Vanadium. 

 (a,b) 786-0 or (c) CT2WT were pretreated for 4 hours with various concentration (a) of phosphate salts or 

pyrophosphate, (b) vanadate solutions at various pH values, (c) solution of various vanadium compounds and were 

subsequently infected with oncolytic VSV∆51 expressing GFP at an MOI of 0.01. (a,b) Corresponding viral titer 

were determined 24 hours post infection from supernatants (N=3). (c) Corresponding GFP positive cell counts 24 

hours post infection. Error bars indicate SEM.  
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Figure S4 | Vanadate enhances viral oncolysis in various human cancer cell lines. 

(a) Various human cancer cell lines were pretreated for 4 hours with a range of concentration of vanadate and were 

subsequently infected with oncolytic VSV∆51 expressing GFP at an MOI of 0.01. Cell viability was assayed in 786-

0 cells 48 hours post infection.  Results were normalized to the average of the values obtained for the corresponding 

uninfected, untreated cells (N=4).  Error bars indicate SEM .(b) 786-0 were pretreated for 4 hours with a range of 

concentration of various vanadate based compounds and were subsequently infected with oncolytic VSV∆51 

expressing GFP at an MOI of 0.01. Cell viability was assayed in 786-0 cells 24 hours post infection.  Results were 

normalized to the average of the values obtained for the corresponding uninfected, untreated cells (N=4), error bars 

indicate SEM. 
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Figure S5 | Effect of vanadate and VSV∆51 treatment in the CT26LacZ murine tumor model 

CT26-LacZ tumor-bearing (a,c) immunocompetent mice and (b) nude mice were treated intratumorally with the 

vehicle (PBS) or 40mg/kg of vanadate for 4 hours, and (a,b) subsequently treated with 1x10
8
PFU of oncolytic 

VSV∆51 expressing firefly-luciferase or (c) VSV∆51∆G, intratumorally. (a,b) Representative bioluminescence 

images of mice presented, 24 hours following infection. (c) Survival was monitored over time. Log-rank (Mantel-

Cox) test indicates that the combined treatment is not significantly prolonged over VSV∆51∆G alone in the 

immunocompetent mice model (N=5). 
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Figure S6 | Effect of vanadate and VSV∆51 treatment in the HT29 human tumor xenograft model 

(a-c) HT29 tumor-bearing mice were treated intratumorally with the vehicle (DMSO) or 40mg/kg of vanadate for 4 

hours, and subsequently treated with 1x10
8
PFU of oncolytic VSV∆51 expressing firefly-luciferase, intratumorally. 

24, 48 and 72 hours post infection, viral replication was monitored.  Representative bioluminescence images of mice 

are presented.  (b) Quantification of luminescence. Scale represented in photons. (N=4-10. Bars indicates mean; *p 

< 0.05, by 1-tailed t-test; as compared to DMSO treated condition). (c) Survival was monitored over time. Log-rank 

(Mantel-Cox) test indicates that the combined treatment does not significantly prolong survival over DMSO 

treatment or virus alone (N=4-10). 
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Figure S7 | Vanadate potentiates immune system processes and increases cytokine expression following 

VSV∆51 infection of cancer cells. 

(a-d) The 786-0 and (c) CT26WT cells were pretreated for 4 hours with vehicle (buffer pH 7.4),  or with vanadate 

(from a solutions prepared from orthovanadate or metavanadate) and infected with VSV∆51 (MOI: 0.01), or left 

uninfected.  24 hours post infection RNA was extracted and supernatants were collected. (a,b) RNA was 

subsequently processed for hybridization on an Affymetrix Human PrimeView Array (N=1, pooled biological 

triplicate for each experimental condition), or (c) processed for qPCR quantification. (a) Upregulated GOterm 

graphed in presence of vanadate with or without infection. (b) Heatmap showing the expression levels of the 

differentially expressed cytokines and chemokines. Expression of genes was normalized to values obtained for 

untreated, uninfected control. Hierarchical clustering of genes from all samples was also performed. In the heatmap, 

red indicates relatively higher expression and blue indicates relatively lower expression relative to untreated, 

uninfected control (Log2 fold change). (b) Gene expression of various cytokines and chemokines in 786-0 and 

CT26wt, quantified by qPCR. (d) Quantified CXCL9 from supernatant of 786-0, SKOV3 and OVCA433, 24hour 

following infection as in (a). 
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Figure S8 | Effect of vanadate on expression of antiviral proteins IFITM1 during infection. 

Cell lysates of 786-0 treated with vanadate and VSV∆51 expressing GFP was collected at indicated time points. 

Protein was extracted and probed for IFITM1, VSV and actin by western blot. 
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Figure S9 | pSTAT1 Immunofluorescence. 

Immunofluorescence of 786-0 cells treated with vanadate (1000µM) for 4 hours and with human IFNβ (1000U) for 

1 hour. Cells were fixed and stained with DAPI (blue) and STAT1 (green) antibody. (a) Objective (× 20), scale bar, 

200 μm.  
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Figure S10 | STAT2 Immunofluorescence. 

Immunofluorescence of 786-0 cells treated with vanadate (1000µM) for 4 hours and with human IFNβ (1000U) for 

1 hour. Cells were fixed and stained with DAPI (blue) and STAT2 (green) antibody. (a) Objective (× 20), scale bar, 

200 μm. (b) Quantification of nuclear:cytoplasmic ratio and the average nuclear fluorescence in each condition 

(N=30; Bars indicate mean; 1-way ANOVA, * p<0.05, ** p<0.001, *** p<0.0001, as compared to the mock 

condition counterpart.) 
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Figure S11 | pSTAT2 Immunofluorescence. 

Immunofluorescence of 786-0 cells treated with vanadate (1000µM) for 4 hours and with human IFNβ (1000U) for 

1 hour. Cells were fixed and stained with DAPI (blue) and pSTAT2 (green) antibody. (a) Objective (× 20), scale bar, 

200 μm. (b) Quantification of nuclear:cytoplasmic ratio in each condition (N=30; Bars indicate mean; 1-way 

ANOVA, * p<0.05, ** p<0.001, *** p<0.0001, as compared to the mock condition counterpart.) 
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Figure S12 | Effect of Vanadate on wtVSV infection . 

The 786-0 cells were pretreated for 4 hours with vanadate or mock treated and infected with VSV∆51 or wtVSV 

(MOI: 0.01). Corresponding viral titer were determined 24 hours post infection from supernatants (N=3).  
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Figure S13 | Uncropped western blots.  

Uncropped western blots for (a) Fig. 6d and (b) Supplemental Figure 8.  
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Table S1 | Human Cytokine Array.   

The 786-0 cells were pretreated for 4 hours with vanadate and were subsequently infected with oncolytic VSV∆51 

expressing GFP at an MOI of 0.01. 24 hours following infection, cytokine array was performed. Normalized (with 

Background Subtraction) values to positive and negative control sample are indicated in table below.  

 Condition 

Cytokine  Mock Van VSV VAN+VSV 

ENA-78 149.75 246.14 77.64 274.71 

G-CSF 0.00 22.47 0.00 0.00 

GM-CSF 147.25 765.83 0.00 148.63 

GRO 974.25 1,551.16 830.82 1,447.05 

GRO-alpha 100.25 66.08 197.37 1.34 

I-309 206.75 110.35 73.00 0.00 

IL-1alpha 118.25 93.17 82.27 0.00 

IL-1beta 254.25 228.96 257.24 165.36 

IL-2 190.75 58.81 0.00 246.93 

IL-3 184.25 426.20 332.17 689.09 

IL-4 65.75 129.18 0.00 133.40 

IL-5 0.00 13.22 0.00 97.84 

IL-6 4,663.75 11,150.84 13,903.79 13,375.43 

IL-7 25.75 159.91 89.22 78.43 

IL-8 16,791.25 15,279.01 16,587.83 14,039.57 

IL-10 172.75 152.31 18.54 99.34 

IL12-p40 206.75 92.18 91.15 156.70 

IL-13 1.75 0.00 201.62 0.00 

IL-15 0.00 37.33 176.13 30.32 

IFN-gamma 63.75 42.62 265.35 4.63 

MCP-1 6,617.75 8,770.74 8,352.24 9,187.08 

MCP-2 0.00 232.92 0.00 468.61 

MCP-3 0.00 91.52 66.05 309.07 

M-CSF 299.75 665.40 932.40 979.19 

MDC 180.25 250.76 259.95 523.58 

MIG 0.00 0.00 0.00 53.03 

MIP-1-delta 41.75 103.08 111.24 299.51 

RANTES 738.25 519.04 10,671.28 9,910.98 

SCF 278.75 129.84 225.96 264.85 

SDF-1 334.25 270.26 234.84 383.46 

TARC 185.75 382.92 396.68 390.33 

TGF-beta 1 64.75 163.21 295.87 15.98 

TNF-alpha  239.75 116.96 0.00 511.03 

TNF-beta 0.00 156.60 0.00 178.21 

EGF 0.00 476.75 307.45 502.37 

IGF-1 0.00 364.42 412.90 424.39 

Angiogenin  1,108.75 1,259.10 2,373.11 1,651.11 

Oncostatin M 155.75 680.59 656.24 1,008.47 

TPO 125.75 128.52 242.95 338.95 

VEGF 232.75 594.03 357.67 509.54 

PDGF-BB 313.25 293.05 179.61 177.02 

Leptin 62.25 185.35 130.94 142.06 

 

 

 



Table S2 | List of Drugs, chemicals and cytokines used in this study.  

Name Formula Abbreviation Solvent Form in media 

(pH 7.4) 

Supplier 

Sodium orthovanadate Na3VO4 vanadate Water H2VO4
- Sigma-Aldrich  

Ammonium metavanadate NH4VO3 metavanadate Water H2VO4
- Sigma-Aldrich  

Vanadium(IV) oxide sulfate hydrate 
(Vanadyl sulfate) 

VOSO4 · xH2O VS Water VO2+ and 
H2VO4

- 
Sigma-Aldrich  

Vanadium(V) oxytriethoxide OV(OC2H5)3 VOx DMSO H2VO4
- Sigma-Aldrich  

Bis(maltolato)oxovanadium(IV) C12H10O7V BMOV DMSO V(IV) and 

V(V) maltolato 

Complexes, and 
H2VO4

-  

Sigma-Aldrich 

Vanadium(III) bromide 
VBr3 VBr3 Water Hydrated 

V(III), VO2+ 

and H2VO4
- 

Sigma-Aldrich 

Vanadium(IV) fluoride 
VF4 VF4 Water VO2+ and 

H2VO4
- 

Santa Cruz  

potassium permanganate 
KMnO4 KMnO4 

Water   Sigma-Aldrich  

Chromium(VI) oxide  
CrO3 CrO3 Water   Sigma-Aldrich 

L-Ascorbic acid 
C6H8O6 L-AA Water   Sigma-Aldrich  

Tiron (OH)2C6H2(SO3Na)2 · 

H2O 

Tiron Water   Sigma-Aldrich 

Potassium Phosphate K2HPO4 K2HPO4 Water H2PO4
- Fisher Scientific 

Sodium phosphate monobasic 

monohydrate 

NaH2PO4 H2O NaH2PO4 H2O Water H2PO4
- Fisher Scientific 

Sodium phosphate dibasic anhydrous NaHPO4 NaHPO4 Water H2PO4
- Fisher Scientific 

Sodium phosphate monobasic anhydrous NaH2PO4 NaH2PO4 Water H2PO4
- Fisher Scientific 

Tetrasodium pyrophosphate Na4P2O7 Na4P2O7 Water   Sigma-Aldrich 

D-Luciferin, potassium salt C11H7KN2O3S2 Luciferin PBS   Biotium  

Human IFN 2a alpha  IFNa PBS   Sigma-Aldrich  

Human IFN beta  IFNb PBS   PBL  

 

 

 

  

 



Table S3 | List of cell lines used in this study. 

Cell Line Organism Tissue Cell type 
Growth 

media 
Vendor 

Catalog 

number 

Vero 

African green 

monkey Kidney  DMEM ATCC CCL-81 

786-O Human Kidney 

Renal cell 

adenocarcinoma DMEM ATCC CRL-1932 

A549 Human Lung Carcinoma RPMI ATCC CCL-185 

GM38 Human  Normal Fibroblast DMEM 

Coriell Institute for 

Medical research GM00038 

HeLa Human Cervix Adenocarcinoma DMEM ATCC CCL2 

HT29 Human Colon 

Colorectal 

Adenocarcinoma DMEM ATCC HTB-38 

JIMT-1 Human Breast Carcinoma DMEM DSMZ ACC-589 

M14 Human Skin Melanoma DMEM *  

MCF7 Human Breast Adenocarcinoma DMEM ATCC HTB-22 

MDA-MB-231 Human Breast Adenocarcinoma DMEM ATCC HTB-26 

OVCA433 Human Ovary Adenocarcinoma RPMI *  

OVCAR8 Human Ovary Adenocarcinoma RPMI *  

SKOV3 Human Ovary Adenocarcinoma RPMI ATCC HTB-77 

4T1 Mouse Breast Carcinoma DMEM ATCC CRL-2539 

CT26LacZ 

(CT26.CL25) Mouse Colon Carcinoma DMEM ATCC CRL-2639 

CT26WT Mouse Colon Carcinoma DMEM ATCC CRL-2638 

PanO2 Mouse Pancreas Carcinoma DMEM *  

DBT Mouse Brain Glioma DMEM **  

ATCC - American Type Culture Collection (Manassas, VA); DSMZ- Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (Braunschweig, Germany). None of the cell lines listed was present in the commonly misidentified cell lines 

database maintained by ICLAC. * The M14, OVCA433, OVCAR8, PanO2 cell lines were a generous gift from Dr. John Bell 

(Ottawa Hospital Research Institute, Ottawa, Ontario, Canada). ** The DBT cell line was a generous gift from Robert C. 

Rostomily, (University of Washington, School of Medicine, Seattle, WA, USA). 

 

 

 

 

 

 

 



Table S4 | List of primers used in this study. 

Model Gene Forward Primer (5'->3') Reverse Primer (5'->3') 

VSV M ATACTCAGATGTGGCAGCCG GATCTGCCAATACCGCTGGA 

Human CXCL9 AGTGCAAGGAACCCCAGTAG AGGGCTTGGGGCAAATTGTT 

 CCL8 TGCTGAAGCTCACACCCTTG GGAAACTGAATCTGGCTGAGCA 

 CCL3 TTCCGTCACCTGCTCAGAAT CAGCAGCAAGTGATGCAGAGA 

 IL6 ACCCCCAATAAATATAGGACTGGA GAAGGCGCTTGTGGAGAAGG 

 CXCL8 ACCGGAAGGAACCATCTCAC GGCAAAACTGCACCTTCACAC 

 TNF GCTGCACTTTGGAGTGATCG GAGGGTTTGCTACAACATGGG 

 CXCL10 CTGAGCCTACAGCAGAGGAAC AGGTACTCCTTGAATGCCACTT 

 CXCL11 CAGCATTTCTACTCCTTCCAAGA TGGGGAAGCCTTGAACAACT 

 CCL5 GCAGTCGTCCACAGGTCAAG TCTTCTCTGGGTTGGCACAC 

 IFNβ CATTACCTGAAGGCCAAGGA CAGCATCTGCTGGTTGAAGA 

 IFNγ TCTTTTGGATGCTCTGGTCA TTCAGCTCTGCATCGTTTTG 

 GAPDH ACAGTCAGCCGCATCTTCTT GTTAAAAGCAGCCCTGGTGA 

 MX2 GAACGTGCAGCGAGCTTGTC AAGGCTTGTGGGCCTTAGAC 

 IFITM1 CCGTGAAGTCTAGGGACAGG GGTAGACTGTCACAGAGCCG 

Mouse CXCL9 CAGTGTGGAGTTCGAGGAACC TTTGTTGCAATTGGGGCTTGG 

 CCL3 CCATATGGAGCTGACACCCC TCAGGAAAATGACACCTGGCT 

 IL6 TCCTCTCTGCAAGAGACTTCC GGTCTGTTGGGAGTGGTATCC 

 CXCL11 CAGCTGCTCAAGGCTTCCTTA CAACTTTGTCGCAGCCGTTA 

 CCL5 CTGCTGCTTTGCCTACCTCT CGAGTGACAAACACGACTGC 

 IFNβ CAGTGTGGAGTTCGAGGAACC TTTGTTGCAATTGGGGCTTGG 

 beta Actin AGGTCTCAAACATGATCTG AGGTATCCTGACCCTGAAG 
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