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INTRODUCTION
Ovarian cancer is one of the most common cancers in women 
worldwide and the leading cause of death from gynecological 
diseases in the western world.1 Despite the progress in research 
during the last decades, such as improved surgical techniques 
and chemotherapy, the prognosis of ovarian cancer patients 
remains poor.2 Current therapy for advanced stage ovarian cancer 
rarely leads to prolonged remission. Therefore, new therapies are 
urgently needed.

An emerging alternative treatment modality is oncolytic viro-
therapy.3 Oncolytic viruses specifically replicate in and destroy 
tumor cells while healthy tissue is spared. From a clinical perspec-
tive, ovarian cancer is particularly suited for oncolytic virotherapy 
because of its predominantly restricted location in the peritoneal 
cavity. Commonly, even metastases at advanced FIGO stages settle 
within the peritoneum and thus present a suitable target for onco-
lytic viruses after intraperitoneal (i.p.) injection.

The vesicular stomatitis virus (VSV) is one of the most potent 
oncolytic viruses.4 However, two major limitations have curbed its 
clinical development so far: firstly, VSV shows pronounced neu-
rotoxicity in rodent and nonhuman primate animal models and 
secondly, rapid induction of neutralizing antibodies prevents any 
effective repetitive systemic application. We previously showed that 

these limitations can be overcome by pseudotyping VSV with the 
glycoprotein of the lymphocytic choriomeningitis virus (LCMV).5,6 
The resulting virus VSV-GP is fully replication-competent, can lyse a 
broad range of different tumor cell lines in vitro and shows a strong 
antitumoral effect against glioblastoma in mouse models. The com-
plete abolishment of neurotoxicity has also recently been described 
by others for VSV variants pseudotyped with the glycoproteins of 
other viruses, e.g., Ebola or Lassa fever virus.7,8

VSV’s selectivity for replication in cancer cells is determined by 
their frequently reduced antiviral defense due to common aberra-
tions in the type I interferon (IFN) system. VSV is very sensitive to 
type I IFN-mediated innate immune defenses and its replication is 
strongly inhibited in normal cells, where an effective response is 
mounted as a first line of antiviral resistance.9–11 In contrast, tumor 
cells commonly exhibit deregulated IFN-responsiveness.12 Under 
such conditions, VSV can rapidly enact its lytic cycle and in the pro-
cess produce thousands of viral progeny ready to infect the next 
tumor cell. Importantly, analysis of the NCI60 panel of tumor cell 
lines revealed that over 81% of all tumor cell lines show defects in 
the IFN pathway leading to diminished IFN responsiveness and/
or secretion of IFN.13 Conversely, in the subset of tumor cells with 
an intact type I IFN response efficacy of VSV or VSV-GP mediated 
oncolysis might be limited.
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Previously, we described an oncolytic vesicular stomatitis virus variant pseudotyped with the nonneurotropic glycoprotein of the 
lymphocytic choriomeningitis virus, VSV-GP, which was highly effective in glioblastoma. Here, we tested its potency for the treat-
ment of ovarian cancer, a leading cause of death from gynecological malignancies. Effective oncolytic activity of VSV-GP could be 
demonstrated in ovarian cancer cell lines and xenografts in mice; however, remission was temporary in most mice. Analysis of the 
innate immune response revealed that ovarian cancer cell lines were able to respond to and produce type I interferon, induc-
ing an antiviral state upon virus infection. This is in stark contrast to published data for other cancer cell lines, which were mostly 
found to be interferon incompetent. We showed that in vitro this antiviral state could be reverted by combining VSV-GP with the 
JAK1/2-inhibitor ruxolitinib. In addition, for the first time, we report the in vivo enhancement of oncolytic virus treatment by rux-
olitinib, both in subcutaneous as well as in orthotopic xenograft mouse models, without causing significant additional toxicity. In 
conclusion, VSV-GP has the potential to be a potent and safe oncolytic virus to treat ovarian cancer, especially when combined with 
an inhibitor of the interferon response.
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The type I IFN response is mediated via the Janus kinase/signal 
transducer and activator of transcription (JAK/STAT) pathway lead-
ing to the induction of IFN responsive antiviral genes such as MxA or 
OAS1.14 In order to facilitate VSV-GP oncolysis in tumors with intact 
IFN response, modulation of the IFN pathway might be necessary, 
which can be achieved via inhibition of the JAK cascade. Ruxolitinib 
is an FDA approved drug for the treatment of myelofibrosis and 
specifically inhibits Jak1 and Jak2. Others have shown for wild type 
VSV that ruxolitinib can overcome the IFN mediated protection of 
tumor cells in vitro.15,16 However, questions of efficacy in vivo and the 
potential for increased toxicity of VSV or its variants in the context of 
pharmaceutical IFN modification remain to be studied.

Here, we present convincing evidence that the oncolytic effect of 
VSV-GP on a panel of human ovarian cancer cells can be enhanced 
via combination therapy with the Jak inhibitor ruxolitinib in vitro 
and for the first time in vivo. In contrast to other solid human tumor 
types reported in previous studies, we found the majority of human 
ovarian cancer cell lines to be responsive to the antiviral effects of 
IFN. The implications of IFN modification in combination with onco-
lytic viruses are discussed.

ReSUlTS
Ovarian cancer cells are susceptible to VSV-GP mediated oncolysis 
in vitro
A selection of human ovarian cancer cell lines, a murine ovarian 
cancer cell line and immortalized human ovarian surface epithelial 
cells (HOSE) were used to analyze the tropism of VSV and VSV-GP. 
To separate virus entry from replication cells were infected with 
serial dilutions of the single-cycle infectious VSV*ΔG virus, which 
was trans-complemented during production with the glycoprotein 
of either VSV or LCMV. This virus contained green fluorescent pro-
tein (GFP) as additional transgene. The percentage of GFP positive 
cells was determined 16 hours postinfection and the titers for both 
viruses on the different ovarian cell lines were calculated relative to 
the reference cell line BHK21 (Figure 1a). Both viruses infected all 
cell lines. VSV*ΔG-GP infected A2780 and the cisplatin-resistant vari-
ant A2780cis more efficiently than VSV*ΔG-G. For all other cancer 
cell lines VSV*ΔG-G was equally or more infectious than VSV*ΔG-GP. 
Only one of the cancer cell lines tested, OVCAR3, showed limited 
susceptibility to VSV*ΔG-GP infection. In contrast, the benign cell 
line HOSE was not easily infected by either virus.

As α-dystroglycan (α-DG) has previously been described as a 
receptor for LCMV,17 next we analyzed the expression of α-DG 
on the different ovarian cancer cell lines (see Supplementary 
Figure  S2). Expression of α-DG did not always correlate with the 
susceptibility of the cells to VSV*ΔG-GP infection. For instance, 
although OVCAR3 showed the lowest infectability of all cells tested, 
it was among the cells with the highest α-DG expression. In stark 
contrast, cells with a better susceptibility to VSV*ΔG-GP such as ID8, 
HOC7 or HTB77 showed very low α-DG expression. To further inves-
tigate the block of VSV-GP replication in OVCAR3 cells, we analyzed 
binding of the virus to OVCAR3 cells and compared it with A2780 
and SKOV6 cells. Despite the different expression level of α-DG on 
A2780 and SKOV6 cells, high amounts of VSV-GP bound to both cell 
lines (see Supplementary Figure S3). In contrast, only marginal bind-
ing of VSV-GP to OVCAR3 cells was observed, confirming the data 
from the tropism assay. Together, these data support the view that 
although α-DG serves as one receptor for arenavirus binding, addi-
tional mechanisms affecting binding affinity, such as state of recep-
tor glycosylation,18 determine the extent of uptake and infection.

Tumor-selective viral propagation is one of the key character-
istics of successful oncolytic virus therapy. Therefore, we studied 
and compared the replication rates of VSV and VSV-GP in ovarian 
cancer cell lines. Replication kinetic studies revealed virus pro-
duction to peak within ~24 hours in most of the analyzed cancer 
cell lines (Figure 1b and Supplementary Figure S4). Comparing 
replication of VSV with VSV-GP at 24 hours postinoculation we 
found the chimeric GP-pseudotyped VSV-GP was only slightly 
(within one log) attenuated compared with wildtype VSV in most 
cell lines tested, indicating VSV-GP maintains replication fitness 
on this tumor type (Figure 1b). The murine ovarian cancer line ID8 
showed equal permissiveness for both VSV and VSV-GP replica-
tion. Of all cell lines tested, only OVCAR3, which already showed 
very low infection rates for VSV-GP in the tropism assay above, 
showed significantly reduced replication of VSV-GP compared 
with VSV (1.3 × 105 vs. 4 × 107). The ability of VSV and VSV-GP to 
kill infected cells was assessed using a WST cell viability assay. 
With the exception of OVCAR3, all ovarian cancer cell lines were 
either completely killed or showed strong reduction in viability 
within 72 hours of infection with VSV-GP or VSV at an multiplicity 
of infection (MOI) of 0.1 (Figure 1c). Importantly, the benign cell 
line HOSE was not lysed efficiently by either virus, even when 
infected at an increased MOI of 1.

Remission of ovarian cancer xenografts treated with VSV-GP 
followed by partial recurrence
In order to test if the in vitro observed VSV-GP tumor tropism and 
lysis translates to effective tumor control in vivo a subcutaneous 
xenograft mouse model with A2780 human ovarian cancer cells 
was used. Mice were treated with two consecutive injections of 
either phosphate buffered saline (PBS), VSV or VSV-GP. PBS treated 
tumors grew continuously and all animals had to be sacrificed 
within 14 days after the first treatment (32 days post-tumor implan-
tation) due to tumor burden. In contrast, tumors in all virus treated 
animals responded efficiently to treatment with tumor regres-
sion (Figure 2). However, all VSV treated animals developed signs 
of neurotoxicity (e.g., paralyzed hind legs and circular movement) 
between days 12 and 28 post first virus injection and had to be sac-
rificed. In contrast, none of the VSV-GP treated animals developed 
any signs of neurotoxicity. However, tumor remission was only tem-
porary in most animals and 9/14 VSV-GP-treated tumors recurred 
(tumor size > 0.2 cm3) between days 30 and 56 after first treatment 
(Figure 2b), several weeks after all VSV-treated animals had already 
been sacrificed due to neurotoxicity. Despite the tumor recurrence, 
the median survival time after the first treatment was significantly 
increased from 9 days (PBS control, n = 9) and 24.5 days (VSV treated, 
n = 8) to 61 days (VSV-GP treated, n = 8) (Figure 2c,d). Hence, treat-
ment with VSV-GP provided a highly significant survival benefit (P < 
0.001, log-rank test).

Next, we wanted to see if tumor recurrence could be prevented by 
increasing the VSV-GP dose. However, with a 25-fold increased dose 
tumors still recurred (Figure 2e). To see if recurring tumors were still 
susceptible to VSV-GP treatment or if resistant cells were selected, 
mice with tumor recurrence (tumor volume ≥ 0.2 cm3) were ran-
domly divided into two groups and received a second treatment 
cycle with either two consecutive injections of PBS or VSV-GP. Due 
to the bigger size (0.2 cm3 compared with 0.1 cm3) recurring tumor 
were treated with a twofold enhanced VSV-GP dose. All virus treated 
tumors were still susceptible to treatment and showed a growth 
retardation compared with PBS treated tumors (Figure 2f ).
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IFN sensitivity of ovarian cancer cells can be overcome by the 
Jak1/2 inhibitor ruxolitinib
The majority of human cancer derivations display defects in their 
interferon-mediated antiviral defense capability.13 On the contrary, 
tumors with still intact interferon responses present a challenge for 
most oncolytic viruses. This might explain in part the tumor recur-
rence seen in the A2780 mouse model. Therefore, we analyzed the 
response to and the production of IFN among the ovarian cancer 
cell line panel. To test for IFN responsiveness, ovarian cancer cell 
lines were preincubated with type I IFN, subsequently infected 
with VSV-GP and viral production was assessed via 50% tissue cul-
ture infective dose (TCID50) assay. Cells were considered to be IFN 
responsive when virus production was inhibited by at least two logs 
compared with viral titers generated in the absence of IFN. Apart 
from A2780cis and OVCAR3 all ovarian cancer cell lines were IFN 
responsive (Figure 3a). This IFN response was overcome using high 
doses of challenge virus (Figure 3b). Additionally, all ovarian cancer 
cell lines produced IFN (Figure 3c and Supplementary Figure S5).

IFN signals via the Jak/Stat pathway. Therefore, an inhibition of the 
Jak/Stat pathway might overcome the IFN responsive phenotype of 

ovarian cancer cell lines and improve the efficacy of VSV-GP in ovar-
ian cancer. Here, we tested the Jak1/2 inhibitor ruxolitinib in combi-
nation with VSV-GP.

A2780 cells were preincubated with either 500 Units of univer-
sal type I IFN or the IFN containing supernatant from A2780 that 
had been infected with the replication defective VSV*MQΔG-GP 
variant, a potent IFN inducer. As shown above, preincubation with 
IFN or the supernatant from VSV*MQΔG-GP infected cells protected 
A2780 cells from VSV-GP infection, resulting in more than 3 logs 
lower virus titers compared with cells preincubated with medium or 
supernatant from noninfected cells (open bars in Figure 4a). When 
ruxolitinib was added virus titers were significantly enhanced and 
reached comparable levels to control cells (Figure 4a black bars). 
Western blot analysis of A2780 cells pretreated with supernatant 
from infected cells confirmed that ruxolitinib inhibited downstream 
signaling of Jak1/2 (Figure 4b). Expression of MxA was inhibited in a 
dose dependent manner. We also analyzed a broader panel of ovar-
ian cancer cell lines (A2780, OVCAR3, HTB77 or SKOV6) in a similar 
assay with survival of the cells as read-out (Figure 4c). As before rux-
olitinib was able to counteract the protective effect of IFN in A2780 

Figure 1  Ovarian cancer cell lines are efficiently infected and killed by VSV-GP. (a) Tropism of VSV*ΔG-GP and VSV*ΔG-G was determined for different 
human ovarian cancer cell lines as well as a murine cancer cell line (ID8) and a benign cell line (HOSE). Cells were infected with serial dilutions of 
VSV*ΔG-GP or VSV*ΔG-G. As a control in each experiment, BHK21 cells were infected in the same way. Sixteen hours post infection the percentage 
of GFP positive cells was determined by flow cytometry and the titer for both viruses on each cell line was calculated. Titers are given relative to the 
reference cell line BHK21. Bars represent the mean ± SEM (standard error of mean) of one representative of at least two independent experiments 
using duplicate or triplicate samples. For the control cell line, BHK21, the mean and SEM of one representative experiment is shown. (b) For replication 
kinetics, cells were infected with an MOI of 0.1 of either VSV or VSV-GP. One hour after infection, inoculum was removed, cells were washed with PBS 
and fresh medium was added. Twenty four hours post infection, the supernatant was collected and titrated on BHK21 cells using TCID50 assay. Data 
represent mean ± SEM of at least n = 2 independent experiments using duplicates. The limit of detection for the TCID50 assay (3.16 TCID50/ml) is shown 
as dashed line in the graph. For the killing assay, ovarian cancer cell lines were seeded as monolayers and cells were infected with an MOI of 0.1 of VSV 
or VSV-GP (c). Viability was determined at indicated time points using WST-1 assay. As a reference, PBS treated cells were used. The human benign cell 
line HOSE was infected with an MOI of 1 and viability was determined after 72 hours. Bars represent mean ± SEM of one representative experiment 
of at least two independent experiments performed in decaplicates or dodecaplicates. MOI, multiplicity of infection; PBS, phosphate buffered saline; 
TCID50, 50% tissue culture infective dose; VSV, vesicular stomatitis virus.
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cells. A similar pattern was also seen in SKOV6 cells, whereas ruxoli-
tinib did not restore VSV-GP activity in IFN pretreated HTB77 and 
OVCAR3 cells.

Whereas these in vitro data of VSV-GP combination with ruxoli-
tinib corroborated findings on other oncolytic viruses in previous 
studies, the in vivo translation of the ruxolitinib-mediated enhance-
ment of oncolytic therapy has not been shown before. We therefore, 
for the first time, tested if ruxolitinib could also improve the efficacy 
of VSV-GP treatment of ovarian cancer in vivo. Subcutaneous A2780 
tumors were established in NOD/SCID mice and treated with either 
ruxolitinib or VSV-GP alone or with a combination of both. VSV-GP 
was injected twice at a dose of 5 × 106 plaque forming unit (PFU) 
with a 7-day interval. Ruxolitinib was given daily for 11 consecutive 
days starting with the first VSV-GP injection. Tumors did not respond 
to PBS or ruxolitinib treatment alone (Figure 5a and Supplementary 
Figure S6a,b). In contrast, both VSV-GP alone and VSV-GP in combi-
nation with ruxolitinib significantly reduced tumor size (Figure 5a 
and Supplementary Figure S6c,d). Tumors treated with combination 
therapy were smaller than with VSV-GP monotherapy and tumor 
recurrence was reduced to three out of nine mice in the VSV-GP plus 

ruxolitinib group compared with seven out of 10 in the VSV-GP only 
group (Figure 5b).

In the next set of experiments, we analyzed the effect of ruxoli-
tinib on VSV-GP mediated oncolysis in an orthotopic ovarian can-
cer model. Immunodeficient nude mice were transplanted i.p. with 
A2780 cells expressing luciferase to establish tumors in the ovaries 
as well as peritoneal metastasis. Four days after tumor implantation 
treatment was initiated with either ruxolitinib or VSV-GP alone or 
a combination of both. Ruxolitinib was given i.p. once a day for 11 
consecutive days starting with the first VSV-GP injection. VSV-GP 
was administered i.p. at a dose of 107 PFU at days 0, 3, and 7. The 
luciferase signal for all nontreated or ruxolitinib only treated ani-
mals increased to values above 107 radiance and all animals had to 
be sacrificed due to tumor burden prior to the 100 day follow-up 
period (Figure 6a,b). VSV-GP alone or in combination with ruxoli-
tinib led to a significant reduction of tumor bound luciferase signal 
in all animals. However, as some tumors showed only partial regres-
sion (Six out of eight for VSV-GP alone and one out of eight for the 
combination therapy), a second round of treatment was applied for 
both groups of mice. Mice received a second course identical to the 

Figure 2 VSV-GP shows effective antitumor activity in an ovarian cancer xenograft mouse model but most tumors recur. 5 × 106 A2780 cells were 
injected subcutaneously (s.c.) into both flanks of NOD/SCID mice. Tumors were treated at a size of 0.1 cm3 with intratumoral (i.t.) injection of either 
PBS, 2 × 105 PFU VSV or 2 × 105 PFU VSV-GP and treatment was repeated 1 week later. Tumor growth was measured using a caliper. At a tumor size of 
0.8 cm3 or when mice showed signs of neurotoxicity mice were sacrificed. (a, b) Graphs show the volume of individual tumors treated with PBS and VSV 
(a) or PBS and VSV-GP (b), respectively. (c) Kaplan–Meier survival curve for death due to neurotoxicity in VSV treated animals. (d) Kaplan–Meier survival 
curve for death due to tumor volume in VSV-GP treated animals. To see if recurring tumors are still susceptible to VSV-GP treatment, s.c. tumors were 
established by s.c. injection of 5 × 106 A2780 cells into one flank of NOD/SCID mice. At a size of 0.1 cm3, tumors were treated i.t. with two doses of 5 × 106 
PFU VSV-GP in a 7 day interval. Control animals received PBS injections. (e) Tumor growth was monitored until recurrence (tumor volume > 0.2 cm3) was 
observed. (f) Recurring tumors (volume > 0.2cm3) from virus treated animals were randomly divided into two groups and treated i.t. either with PBS or 
two doses of 1 × 107 PFU VSV-GP in a 7-day interval. Animals were sacrificed at a tumor size of 0.8 cm3. Data points represent mean ± SEM. Dashed lines 
in a–e indicate time point of second treatment, in f time point of first and second treatment. PBS, phosphate buffered saline; PFU, plaque forming unit; 
SEM, standard error of mean; TCID50, 50% tissue culture infective dose; VSV, vesicular stomatitis virus.

Tu
m

or
 v

ol
um

e 
cm

3

Tu
m

or
 v

ol
um

e 
cm

3

Tu
m

or
 v

ol
um

e 
cm

3

%
 S

ur
vi

va
l

0.8
a

d

b

e

c

f

0.6

0.4

0.2

0.0

100

80

60

40

20

0
0 20 40

Time after treatment (days)

PBS n = 9

VSV-GP n = 9

60

0 25 50

Time after treatement (days)

VSV n = 10

PBS n = 14

Tu
m

or
 v

ol
um

e 
cm

3

%
 S

ur
vi

va
l

0.8 100

80

60

40

20

0
0 20 40 60

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0

0.8

0.6

0.4

0.2

0.0
0 -55 0 5 10 15 2010 15

Time after treatment (days) Time after treatment (days)

PBS n = 5

VSV-GP n = 8

PBS n = 4

VSV-GP n = 4

PBS n = 14

VSV-GP n = 15

VSV n = 8

20 25 30

0 25 50

Time after treatement (days) Time after treatement (days)



5

VSV-GP oncolytic viral therapy for ovarian cancer
C Dold et al.

Molecular Therapy — Oncolytics (2016) 16021Official journal of the American Society of Gene & Cell Therapy

first round, starting at day 38 after tumor implantation. Similar to 
the subcutaneous A2780 model, the VSV-GP-ruxolitinib combina-
tion therapy lead to a significantly higher rate of remission cases 
compared with the VSV-GP alone group (Figure 6c). Seven out of 
eight mice in the combination group were considered cured 100 
days after tumor implantation, while only three out of eight mice 
in the VSV-GP alone group showed no luciferase signal at the same 
time point (Figure 6c). Of note, the continued luciferase signal in the 
single animal from the combination group was found to present a 
subcutaneous tumor that had outgrown from the initial injection 
side of the tumor cells. This tumor most likely was caused by leak-
age of the cells after injection and might not have been accessible 
for the i.p. injected virus. For the VSV-GP alone group all noncured 
animals had intraperitoneal tumors. Figure 6d shows the weight 
of the intraperitoneal tumor nodules at the time point of sacrifice. 
Representative pictures for one mouse from each group on days 4 
and 35 post tumor cell implantation are shown in Figure 6e.

Next, we analyzed if there is an enhanced/prolonged virus replica-
tion in the tumor in the presence of ruxolitinib. Nude mice with sub-
cutaneous A2780 tumors were treated either with VSV-GP expressing  
luciferase alone or VSV-GP expressing luciferase together with 
ruxolitinib. Virus replication was monitored via IVIS (Figure 7a). We 
saw an enhanced luciferase expression, i.e., virus replication, after 
combination treatment compared with virus alone. Importantly, at 
the same time there was no off-target virus replication outside the 
tumor.

With these data showing enhanced oncolytic activity under IFN 
pathway modulation, safety considerations of potentially increased 
toxicity of oncolytic viruses in the presence of ruxolitinib need to 
be addressed. Immunodeficient nude mice were injected i.p. either 
with 109 or 108 PFU of VSV-GP expressing luciferase alone or in 
combination with ruxolitinib (for four consecutive days at a daily 
dose of 45 mg/kg starting 4 hours prior to VSV-GP injection). After 
i.p. injection of 108 or 109 PFU of virus, virus dissemination, moni-
tored via luciferase signal, was confirmed, but no major toxicity was 
observed. There was only a transient weight drop but all animals 
recovered within a few days (Figure 7b), indicating that ruxolitinib 
did not enhance toxicity of VSV-GP. The weight change in all virus 
and virus plus ruxolitinib treated animals was not statistically signifi-
cant. We also tested for virus dose related toxicities in tumor bearing 
mice. We previously showed that VSV-GP is very safe in immune-
competent mice.6 Here, we analyzed the maximal tolerated dose of 
VSV-GP in immune-deficient mice with tumors. Similar to others we 
saw strong neurotoxicity after systemic or intratumoral (i.t.) applica-
tion of wild type VSV (see Supplementary Figure S7a). Mice showed 
neurological disorders (hind limb paralysis and circling behavior) 
from 14 to 57 days after a single injection of wild type VSV and all 
mice with neurotoxic phenotype had high titers of replicating VSV 
in the brain (data not shown). In contrast, doses of up to 109 PFU 
of VSV-GP was completely safe in tumor-bearing immunodeficient 
mice. Of those VSV-GP treated animals that needed to be sacrificed 
(see Supplementary Figure S7a), none showed virus-attributable 
toxicities; instead, tumor burden was the cause for euthanasia (see 
Supplementary Figure S7b).

DISCUSSION
We have previously shown that VSV-GP has a greatly improved 
safety profile compared with the parental VSV wild type virus. 
Additionally, VSV-GP, in contrast to VSV wild type, does not induce 
vector neutralizing antibodies which should enable repeated effec-
tive application.5 In order to test whether the promising results from 
our previous study targeting glioma tumors can be reproduced for 

other tumor types, we explored here the potential of VSV-GP as 
oncolytic virus for the treatment of ovarian cancer.

Few cancer types present themselves as an ideal target for onco-
lytic virus therapy as ovarian cancer because metastases very often 
stay within the peritoneal cavity and loco-regional therapy can be 
attempted. When administered i.p. the oncolytic virus can replicate 
within this self-contained cavity and there is no need for the virus 
to spread to distant body parts. But even in this situation the lack 
of vector neutralizing antibodies, one big advantage of our newly 
generated VSV-GP, plays a major role.5,6 There are antibodies present 

Figure 3 Ovarian cancer cells respond to type I interferon and produce 
IFN upon viral infection. Ovarian cancer cell lines were seeded at 5 × 104 
and pretreated with 0, 20, 100 or 500 Units of universal type I IFN for 24 
hours. After 24 hours, cells were infected with VSV-GP at an MOI of 0.1 
(a) or 10 (b). 24 hours post infection supernatants were collected and 
titrated on BHK21 cells using a TCID50 assay. A cell line was defined as 
responsive (marked with #), when a difference of more than 2-log in viral 
titer with and without IFN pretreatment was observed. Bars represent the 
mean ± SEM of at least two independent experiments using duplicates. 
(c) For an indirect type I IFN secretion analysis, cell lines were infected 
with an MOI of 3 of the single-cycle infective, attenuated VSV*MQΔG-
GP virus or left uninfected. Supernatants, potentially containing IFN or 
other antiviral biomolecules, were collected 24 hours after infection. For 
analysis of biologically active IFN, Vero cells or L929 cells (for analysis of 
human or murine ovarian cancer cell lines respectively) were incubated 
either with the supernatant of noninfected cells (SN) or with potentially 
IFN containing supernatant from virus infected cells (VSV-SN). After 24 
hours preincubation, cells were infected with an MOI of 1 of VSV-GP and 
the supernatant was collected 24 hours post infection. Supernatants 
were titrated on IFN-nonresponsive G62 cells using a TCID50 assay to 
determine virus replication. Cells were defined as IFN producing cells 
when the difference in viral titers was more than 2-logs between SN 
and VSV-SN treated cells. Vero cells were used as negative control for 
cells not producing IFN. Bars represent the mean ± SEM of at least two 
independent experiments using triplicate samples. IFN, interferon; MOI, 
multiplicity of infection; SEM, standard error of mean; TCID50, 50% tissue 
culture infective dose; VSV, vesicular stomatitis virus.
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in malignant ascites,19 which might limit replication, spread and 
oncolysis for other oncolytic viruses that readily induce vector neu-
tralizing antibodies, e.g., adenovirus or wild type VSV.

In this study, VSV-GP was able to infect, replicate in and kill most 
ovarian cancer cell lines tested. Interestingly, the ability to infect 
cells was not linked to the expression of alpha-dystroglycan, which 
has previously been found to be the receptor for LCMV.20 However, 
not only the expression of alpha-dystroglycan, but also the glyco-
sylation status of the receptor is of special importance for LCMV 
entry.18,21 Additionally, there is evidence that LCMV can also enter 
the cell via an alternative receptor.22 Therefore, alpha-dystroglycan 
might not be a good prognostic marker to predict the infectability 
of a cell type with VSV-GP. As seen by others for VSV wild type and 
underscoring the tumor selectivity of VSV-GP we saw a low infect-
ability and killing rate for benign HOSE cells compared with ovarian 
cancer cell lines for both VSV-GP and VSV wild type.23

In contrast to high cure rates seen in our previous study in subcu-
taneous G62 and intracranial U87 glioblastoma tumors after treat-
ment with VSV-GP,6 virus-induced tumor remission in mice with 

subcutaneous ovarian A2780 xenograft model was only temporary 
in the majority of subjects (9/14 tumors). Tumor recurrence in mice 
treated with wild type VSV could not be assessed as these mice only 
showed short survival times due to VSV-mediated neurotoxicity. We 
hypothesized that the incomplete treatment success and tumor 
recurrence in vivo might be related to intact antiviral mechanisms 
in the tumor cells.

VSV infection induces a type I IFN response, which transfers cells 
into an antiviral state and makes them resistant to VSV mediated 
oncolysis. Previously, >80 % of tumor cell lines from the NCI60 
panel were shown to have a deregulated type I IFN system13 and 
the resulting weakening of antiviral defense has generally been 
regarded to be the basic mechanism for selective tumor targeting 
of VSV.4,24 In stark contrast to this notion, we have shown here that 
for ovarian cancer cell lines most cells produced IFN and responded 
to it. Although a number of studies also reported on relatively 
high rates of IFN-responsive human tumors lines from mesothe-
lioma,25 pancreas cancer26 or melanoma,27 the extent of IFN respon-
siveness in nearly all tested human ovarian cancer cell lines was 

Figure 4 Ruxolitinib can inhibit antiviral effects of IFN. (a) A2780 cells were infected with an MOI of three of the single-cycle infective, attenuated 
VSV*MQΔG-GP or left noninfected. Supernatants were collected 24 hours post infection. Fresh A2780 cells were treated with either medium, the 
supernatant of noninfected cells (SN), virus infected cells (VSV-SN), or 500 U/ml recombinant universal type I IFN. Additionally, 1 μmol/l ruxolitinib 
was added to half of the wells. After 18 hours, cells were infected with an MOI 0.1 of VSV-GP and 24 hours after infection, supernatants were collected 
and analyzed for viral replication using TCID50 assay on G62 cells. Bars represent mean ± SEM of at least two independent experiments performed in 
triplicates. ***P < 0.001 (Unpaired, two-tailed t-test). (b) A2780 cells were incubated with different concentrations of ruxolitinib alone (0.1, 1, and 5 
µmol/l) or in combination with 1ml IFN-containing supernatant from VSV*MQΔG-GP infected A2780 cells. After 24 hours lysates were prepared and 
analyzed for expression of MxA. As loading control blots were probed with an antiactin antibody. (c) A2780, OVCAR3, HTB77 or SKOV6 cells were 
preincubated with 500 U IFN for 16 hours. Cells were subsequently infected with an MOI of 0.1 with VSV-GP or remained uninfected. Half of the wells 
were additionally treated with 1 µmol/l ruxolitinib. After 48 hours, viability of cells was analyzed via WST-1 assay. Bars show mean ± SEM of hexaplicates. 
IFN, interferon; MOI, multiplicity of infection; SEM, standard error of mean; TCID50, 50% tissue culture infective dose; VSV, vesicular stomatitis virus.
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at days 0 and 7; (ii) 30 μl PBS i.t. at days 0 and 7; and with 45 mg/kg ruxolitinib diluted in 200 μl methylcellulose i.p. for 11 consecutive days starting day 
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Figure 6 Oncolytic effect of VSV-GP is enhanced by combination treatment with ruxolitinib in an orthotopic xenograft model. A2780 tumors stably 
expressing luciferase were established in nude mice by i.p. injection. After 4 days, mice were either left untreated or treated with ruxolitinib alone (for 
11 consecutive days at a dose of 45 mg/kg i.p.), with VSV-GP alone (by i.p. injection of 107 PFU at days 0, 3, and 7) or with a combination of ruxolitinib and 
VSV-GP, n = 8. VSV-GP only and VSV-GP plus ruxolitinib combination treated mice received a second treatment cycle identical to the first one starting 
at day 38 after tumor implantation. (a) At indicated time points mice were analyzed for luciferase signal using bioluminescence imaging. The graph 
shows mean ± SEM for the average radiance (p/s/cm2/sr) for each mouse. (b) Kaplan–Meier survival curve of treated animals. (c) Kaplan–Meier curve 
for response rate. Full response was defined when radiance dropped below 1,000 (background value). (d) At day of sacrifice tumors were weighted. 
The graph shows mean ± SEM. Significances were determined using a one-way ANOVA test with a Tukey’s post hoc test (ns. non-significant, ***P-value 
< 0.0001). (e) Exemplary BLI pictures for one mouse from each group are shown, upper panel shows day 4 post-tumor cell implantation, lower panel 
shows day 35 post-tumor cell implantation. ANOVA, analysis of variance; BLI, bioluminiscence imaging; PFU, plaque forming unit; SEM, standard error 
of mean; VSV, vesicular stomatitis virus.
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unexpected. The A2780 ovarian carcinoma cell line, which we used 
in our xenograft model, was very susceptible to type I IFN and in 
addition secreted high amounts of type I IFN upon VSV-GP infec-
tion. In contrast to that, G62 glioma tumor cells used in our previ-
ous study did not respond to IFN using the same assay (data not 
shown). Consequently, when we modulated the IFN signaling via 
the Jak1/2 inhibitor ruxolitinib, we saw reversal of the IFN-mediated 
inhibition of VSV-GP, leading to oncolysis in A2780 cell culture 
experiments. This is in accordance to the reports of others.15,28,29 
However, the important question of in vivo efficacy of ruxolitinib 
to enhance oncolytic virus therapy had not been addressed so far 
and potential safety issues remained unanswered. Therefore, we 
performed several in vivo studies using both subcutaneous and 
intraperitoneal/orthotopic ovarian cancer xenograft models and 
found not only enhanced efficacies of the combination of ruxoli-
tinib and VSV-GP compared with monotherapy but also no indica-
tion for increased virus toxicity in the presence of ruxolitinib. The 
first observation was somewhat expected as a confirmation of our 
in  vitro results showing increased VSV-GP activity in conjunction 
with IFN modulation. However, the display of in vivo safety of the 
combination of VSV-GP with an IFN modulator is of great signifi-
cance and merits further investigation. On one hand, the well-tol-
erated combination of VSV-GP and ruxolitinib could point towards 

a more complex system of VSV tumor selectivity. As discussed by 
Barber, aberrant cellular pathways unrelated to IFN can also con-
tribute to tumor-selective targeting by and propagation of VSV.10 
However, the paramount importance of the IFN pathway in protect-
ing normal cells in vivo from uncontrolled VSV infection has previ-
ously been shown in studies on mice with IFN receptor knockout.30 
The possibility of an incomplete ruxolitinib-mediated IFN inhibition 
in vivo remains to be addressed in future studies that should include 
a ruxolitinib dose escalation scheme as well as alternative routes of 
drug  application. Another way to initially inhibit the innate immune 
response and thereby give the virus time to spread throughout the 
tumor is to combine the oncolytic virus with immune modulators, 
such as cyclophosphamide. Fulci and colleagues showed in a synge-
neic rat glioma model that intratumorally injected herpes simplex 
virus induces an increase of NK cells and macrophages and an IFNγ 
production within the tumor which limits virus replication. These 
effects are not seen in animals which were pretreated with cyclo-
phosphamide prior to virus injection, leading to an enhanced virus 
replication within the tumor and an enhanced tumor remission.31

The efficacy of oncolytic virotherapy is believed to depend on a 
direct virus-mediated lysis of the tumor cells on the one hand but on 
the other hand also on an improved antitumoral immune response. 
Down modulating the innate immune system by substances such as 
ruxolitinib or cyclophosphamide will give the virus a head-start and 
improve oncolysis. However, modulation of the type I IFN response 
will also limit antitumoral CTL response. This constellation will need 
to be addressed in future studies employing immune-competent 
models.

For over a decade, a large number of studies have substantiated 
the high potential VSV has as a fast acting and very potent onco-
lytic virus. However, due to its inherent neurotropism/neurotoxicity 
attenuations to the VSV genome had been necessary before early 
clinical development could commence. Some of these attenuating 
modifications are currently tested in clinical trials either as oncolytic 
virus (ClinicalTrials.gov Identifier: NCT01628640) or as viral vector 
vaccine (NCT02287480 and NCT01859325) and have been proven 
to be safe for use in humans.32–35 These include the incorporation of 
IFN-β, shuffling of viral genes, cytoplasmatic truncation of the VSV-G 
and exchange of the VSV-G with the glycoprotein of another virus. 
However, inhibition of the type I IFN response—such as the coappli-
cation of ruxolitinib, might not be possible for attenuated variants of 
wild type VSV in vivo due to safety concerns. We showed that VSV-GP 
has a greatly enhanced safety profile compared with wild type VSV. 
Doses up to 109 PFU were completely well tolerated in immmuno-
deficient, tumor-bearing NOD/SCID mice, whereas wild type VSV 
already caused neurotoxicity at 102 PFU, the lowest dose tested. In our 
hands, even in combination with ruxolitinib, blocking the type I IFN 
response, no toxicity for VSV-GP was observed. Moreover, the path 
of application via i.p. injection of both, VSV-GP and ruxolitinib under-
scores the strong safety notion. Peritoneal lining presents a sensitive 
target for widespread virus absorption. As tumor selectivity is medi-
ated via IFN competence of healthy tissue, this might result in a mas-
sive replication of virus in healthy tissue and consequently damage 
of nontumor cells in the presence of ruxolitinib. In our study, even in 
the presence of IFN modulation, no clinical signs of widespread non-
tumor directed viral infection could be observed. This is particularly 
noteworthy because of VSV-GP’s broad tissue tropism. This might be 
due to an incomplete blockage of IFN signaling by ruxolitinib. Other 
oncolytic viruses previously applied via the i.p. route show a much 
more restricted tissue tropism and peritoneal linings might not pres-
ent a natural target for those.36,37

Figure 7 Combination of VSV-GP and ruxolitinib enhances virus 
replication in the tumor and is safe in immunodeficient mice. (a) A2780 
tumors stably expressing luciferase were established in nude mice by 
subcutaneous injection. At a tumor size of 0.1 cm3 mice were either 
treated with VSV-GP alone or VSV-GP plus ruxolitinib. Ruxolitinib was 
injected once a day at a dose of 45 mg/kg ruxolitinib diluted in 200 
μl methylcellulose i.p. starting 4 hours prior to the virus injection for 
11 subsequent days. VSV-GP was injected at a dose of 5 × 106 PFU 
intratumorally on days 0 and 7. Virus replication was monitored daily via 
IVIS. Dashed line indicates time point of second treatment. Graph shows 
mean ± SEM of four (VSV-GP only) or six mice (combination group). 
(b) Nude mice were injected i.p. with 108 or 109 PFU of VSV-GP containing 
luciferase. One half of each group additionally received ruxolitinib by i.p. 
injection once a day (45 mg/kg) for four consecutive days starting 4 hours 
prior to virus injection, n = 4 for 109 PFU, n = 6 for 108 PFU, and n = 1 for 
mock. Mice were weighed at indicated time points. The weight of each 
mouse prior to virus injection was set to 1. The graph shows mean ± SEM. 
PFU, plaque forming unit; SEM, standard error of mean; VSV, vesicular 
stomatitis virus.
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In summary, we have demonstrated the feasibility and safety of 
intraperitoneal treatment with VSV-GP for ovarian cancer. The thera-
peutic window for VSV-GP is greatly enhanced compared with wild 
type VSV and a toxic dose in immunocompetent mice has not yet 
been reached.6 Importantly, in treatment settings when tumors 
retain some functional antiviral defense, interferon modulators 
such as ruxolitinib promise to enhance the efficacy of VSV-GP treat-
ment. Together, this makes VSV-GP a promising candidate for onco-
lytic virotherapy of ovarian cancer, allowing repetitive loco-regional 
application for metastastatic intraperitoneal lesions in combina-
tions with drugs blocking the type I IFN response and thereby 
increasing virus replication.

MATeRIAlS AND MeTHODS
Cell lines
BHK21 cells (American Type Culture Collection, Manassas, VA) were main-
tained in Glasgow minimum essential medium (GMEM) (Gibco, Carlsbad, 
CA) supplemented with 10% fetal calf serum (FCS; PAA Laboratories, Cölbe, 
Germany), 5% tryptose phosphate broth (Gibco, Carlsbad, CA), 100 units/
ml penicillin (Gibco), and 0.1 mg/ml streptomycin (Gibco). A2780, HOC7 
and SKOV6 human ovarian cancer cells were kindly provided by C. Dittrich 
(University of Vienna, Vienna, Austria).38 A2780 and A2780cis (Sigma -Aldrich, 
St. Louis, Missouri) were maintained in RPMI-1640 (Gibco) supplemented 
with 10% FCS, 2 mmol/l L-glutamine (Gibco), 100 units/ml penicillin, and 
0.1 mg/ml streptomycin. For A2780cis every 2–3 passages 1 µmol/l cisplatin 
was added to the medium. HOC7 and SKOV6 were cultivated in MEM (Gibco) 
supplemented with 10% FCS, 2 mmol/l L-glutamine, 100 units/ml penicillin, 
0.1 mg/ml streptomycin, and 1× nonessential amino acids (Gibco). HTB77 
cells (ATCC) were maintained in McCoy’s 5A medium (Gibco) supplemented 
with 10% FCS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin. OVCAR3 
cells (ATCC) were maintained in RPMI-1640 supplemented with 20% FCS, 2 
mmol/l L-glutamine, 100 units/ml penicillin, 0.1 mg/ml streptomycin, and 
0.01 mg/ml insulin (Sigma-Aldrich). The benign human ovarian surface epi-
thelial cell line HOSE,39 a generous gift from N. Auersperg (Department of 
Obstetrics and Gynecology, University of British Columbia, Vancouver), were 
cultivated in TCM 199 supplemented with 10% FCS, 2 mmol/l L-glutamine, 
100 units/ml penicillin, and 0.1 mg/ml streptomycin. ID8 cells, kindly 
provided by G. Kopf (University of Kansas, Kansas City, KS), were kept in 
Dulbecco’s modified essential medium (DMEM) with 4% FCS, 100 U/ml peni-
cillin, 100 g/ml streptomycin, 5 g/ml insulin, 5 g/ml transferrin, and 5 ng/ml 
sodium selenite (Sigma-Aldrich). 293T, Vero, G62, L929 were maintained in 
DMEM supplemented with 10% FCS, 2 mmol/l L-glutamine, 100 units/ml 
penicillin, and 0.1 mg/ml streptomycin.

Viruses
VSV, VSV-GP, VSV*ΔG (recombinant VSV Indiana strain lacking the viral enve-
lope protein G), and VSV*MQΔG (recombinant attenuated VSV with four 
mutations in the M protein and a deletion of the G protein), were described 
previously.6,40–42 VSV-GP expressing luciferase was generated by amplifying 
the Photius pyralis luciferase from pGL4.51 via PCR adding unique restriction 
sites. The resulting transgene was added into a VSV-GP variant containing an 
additional intergenic region on position five between GP and L. Infectious 
virus was recovered using a helper virus-free rescue protocol as described 
elsewhere.43 L929 or BHK21 cells were used for amplification of replication 
competent VSV variants and BHK21 or 293T cells expressing LCMV-GP or 
VSV-G for ΔG variants. A schematic overview of all VSV variants, used in this 
study, can be found in see Supplementary Figure S1.

The gammaretroviral vector RV-Luc-IRES-puro was generated by ampli-
fying the Photinus pyralis luciferase from an expression plasmid (pGL4.51, 
Promega, Madison, WI) with primers 5′-TGA TGA TGA GTC GAC GCC ACC CAC 
CAT GGA AGA TGC C-3′ and 5′-TCA TCA TCA TCA GAA TTC TTA CAC GGC GAT 
CTT GCC-3′. The resulting product was ligated via SalI/EcoRI into MP91-mcs-
IRES-Puro.44 Retroviral vectors were produced as described previously45 and 
used to generate A2780 cells stably expressing luciferase.

Tropism assay
1 × 105 cells were seeded per well of a 24-well plate. The following day 
10-fold serial dilutions of VSV*ΔG-GP and VSV*ΔG-G were prepared. Cells 

were infected in duplicate or triplicate samples. In each assay BHK21 was 
used as an internal reference control. 12 to 16 hours after infection, cells 
were detached form the wells and analyzed via flow cytometry for GFP 
expression. Virus titers for each cell line were calculated and given relative to 
the reference cell line BHK21.

TCID50 assay
A TCID50 assay was performed using the method of Spearman–Karber as 
described previously.46 Briefly, 10-fold serial dilutions of virus were prepared. 
100 μl of each dilution was added in quadruplicates to confluent BHK21 or 
G62 cells (as indicated in the figure legends) in 96-well plates and incubated 
for 24–48 hours at 37°C until a cytopathic effect was visible. Numbers of 
infected wells were counted and TCID50-values were calculated.

Anti-α-DG staining
Cells were detached from the culture vessel using ethylenediaminetetraac-
etate (EDTA) and stained with a α-DG-specific antibody from mouse (clone 
IIH6C4, Merck Millipore) and an APC-conjugated mouse IgM-specific antibody 
from goat (Life Technologies). After washing with fluorescent activated cell 
scanning (FACS) buffer cells were fixed with 3.7% formaldehyde. The propor-
tion of α-DG positive cells was determined by flow cytometric analysis using a 
FACS Canto II and DIVA software (Version 6.1.3).

Virus binding assay
Cells were detached from the culture vessel using EDTA and 1 × 105 cells per 
sample were transferred into each FACS tube. Cells were incubated with 
an MOI of 100 or 500 of VSV-GP or with buffer only as negative control for 
15 minutes on ice. Subsequently, samples were washed five times with FACS 
buffer, fixed with formaldehyde and stained with an LCMV GP specific anti-
body (KL25) and fluorescence labeled secondary antimouse antibody. Cells 
were analyzed using a FACS Canto II and DIVA software.

Replication kinetic
Cells were seeded in 24-well plates with 1 × 105 cells/well and incubated 
overnight at 37°C. The next day, medium was removed and cells were 
infected with a MOI of 0.1 of either VSV or VSV-GP. Cells were incubated for 
1 hour with the inoculum and subsequently washed twice with PBS. One ml 
of fresh medium was added to the cells and cells were incubated at 37°C. 
Zero hour values were collected directly after washing. Further supernatants 
were collected after 10, 24, and 48 hours. Samples were stored at −80°C until 
viral titers were determined via TCID50 assay on BHK21 cells.

IFN response
Cells were incubated for 18 hours in medium containing 500, 100, 20 or 0 U 
recombinant universal type I IFN (PBL assay science, Piscataway Township, 
NJ) at 37°C. Afterwards, cells were infected with VSV-GP at an MOI of 0.1 or 
10. Twentyfour hours after infection, the supernatants were collected and 
stored at −80°C. Viral titers were analyzed on BHK21 cells using TCID50 assay. 
A cell line was defined as responsive, when a difference of more than 2-log in 
viral titer between INF-treated and nontreated cells was observed.

IFN production
IFN production was determined via bioassay, modified after,47 or enzyme-
linked immunosorbent assay. For both assays IFN was induced by infecting 
cells with an MOI of 3 of VSV*MQΔG pseudotyped with the LCMV GP pro-
tein, VSV*MQΔG-GP. The cells were incubated for 2 hours with the inoculum 
and subsequently washed twice with PBS to remove residual viral particles 
and fresh medium was added. Twenty four hours after infection, superna-
tant was harvested and frozen at −80°C. For the bioassay supernatants from 
virus infected or mock-infected cells were preincubated on Vero or L929 
cells (for testing of human or mouse cell lines respectively) for 18 hours. 
Cells were subsequently challenged by infection with an MOI of 1 of VSV-GP. 
Supernatants were collected after 24 hours and viral titers were determined 
via TCID50 assay. Cells were defined as IFN producing cells when the differ-
ence in viral titers was more than 2-logs between cells preincubated with 
supernatant from mock-infected or virus-infected cells. Vero cells were 
used as negative control for cells not producing IFN. The human IFN beta 
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enzyme-linked immunosorbent assay (Invitrogen, Carlsbad, CA) was per-
formed according to the manufacturer’s protocol.

Preparation of cell lysates and western blot analysis
A2780 cells were pretreated with IFN-containing supernatant of 
VSV*MQΔG-GP infected cells ± different concentrations of ruxolitinib and 
cell lysates were prepared 24 hours later. Nontreated A2780 cells were 
used as control. Cells were lysed in ice-cold cell-lysis buffer (50 mmol/l 
N-2-hydroxyethylpiperazine-N9-2-ethanesufonic acid (HEPES), pH 7.5; 150 
mmol/l NaCl; 1% triton X-100; 2% aprotinin; 2 mmol/l EDTA, pH 8.0; 50 mmol/l 
sodium fluoride; 10 mmol/l sodium pyrophosphate; 10% glycerol; 1 mmol/l 
sodium vanadate; and 2 mmol/l Pefabloc SC) for 30 minutes. Subsequently, 
cell lysates were centrifuged (13,000×g) for 10 minutes to remove cell debris 
and lysates were stored at −80°C until use.

Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) 
of protein lysates was performed under standard reducing conditions on a 
10% polyacrylamide gel. Proteins were electrophoretically transferred to 0.45 
µm nitrocellulose membranes (Whatman, Dassel, Germany). Membranes 
were blocked with MPBST (PBS containing 5% skim milk and 0.1 % Tween-
20) and stained over night at 4°C with an MxA-specific rabbit monoclonal 
antibody (Mx1; 631–645, Sigma-Aldrich, St.Louis, MO) or a β-actin-specific 
rabbit monoclonal antibody (clone AC-74, Sigma-Aldrich, St.Louis, MO) 
diluted in PBST containing 5% bovine serum albumin (BSA). Detection was 
performed with a peroxidase conjugated rabbit-specific antibody from goat 
(Jackson ImmunoResearch Laboratories, West Grove, PA), diluted in PBSTM. 
Blots were developed with ECL.48

In vitro cytotoxicity assay
Cell viability was assessed using the WST-1 reagent assay. Cells were plated 
in 96-well plates to obtain monolayer cultures. Cells were infected 24 hours 
later with an MOI of 0.1 of either VSV-GP or VSV. Survival of cancer cells was 
examined at indicated time points post infection using the WST-1 cell pro-
liferation agent (Roche, Basel, Switzerland) by measuring wavelength at 
450 nm (substrate) and 655 nm (reference). The benign cell line HOSE was 
infected with an MOI of 1 and viability of cells was analyzed 72 hours later. 
Mock infected cells were used as control and set to 100%. The assay was per-
formed using decaplicates or duodecaplets in at least n = 2 independent 
experiments.

Toxicity in mice
NOD.CB17-Prkdcscid/J mice (NOD/SCID mice) were purchased at Harlan and 
bred at the animal facilities of the Medical University Innsbruck. For toxic-
ity in tumor-bearing mice, 5 × 106 A2780 cells were implanted subcutane-
ously (s.c.) into the right flank of each mouse. When tumors reached a size 
of 0.1 cm3, animals were treated with a single dose of VSV (102 or 104 PFU) or 
VSV-GP (108 or 109 PFU) by intravenous or i.t. injection. Mice were sacrificed 
when tumor volume reached 0.8 cm3 or when signs of neurotoxicity or other 
severe disease were observed.

For assessing toxicity of VSV-GP in combination with ruxolitinib female 
athymic nude-Foxn1nu mice (nude mice) from Harlan were used. On day 0 
mice were injected with 45 mg/kg ruxolitinib diluted in 200 μl 0.5% methyl-
cellulose i.p. or left untreated. After 4 hours, mice received a single injection 
of VSV-GP at a dose of 108 or 109 PFU via i.p. injection. Ruxolitinib injection 
was continued until day 4 at a dose of 45 mg/kg once a day. Mice were ana-
lyzed via bioluminiscence imaging (BLI) for distribution of virus.

Subcutaneous A2780 mouse model
Female NOD.CB17-Prkdcscid/J mice (NOD/SCID mice) (Harlan) were injected 
s.c. with 5 × 106 A2780 human ovarian cancer cells either into one or both 
flanks of the animal. Tumor volume (length × width2 × 0.4) was monitored 
by measuring tumors using a caliper. At a tumor size of 0.1 cm3 (primary 
tumors) or 0.2 cm3 (relapses) animals were treated by i.t. injection of 30 µl 
of either PBS or VSV or VSV-GP (doses as indicated in the figure legends). 
Animals received a second identical dose 7 days after the first treatment. 
When tumor size reached a volume 0.8 cm3 or animals showed signs of neu-
rotoxicity, then mice were sacrificed.

Orthotopic A2780 mouse model
Female athymic nude-Foxn1nu mice (nude mice) were purchased at Harlan. 
5 × 106 A2780 cells stably expressing luciferase were injected i.p. into nude 

mice (day -4). Four days after cell injection (day 0) animals were treated with 
(i) mock, (ii) 45 mg/kg ruxolitinib diluted in 200 μl 0.5% methylcellulose 
i.p. for 11 consecutive days (day 0–11), (iii) 107 PFU VSV-GP i.p. at days 0, 3, 
and 7 after initiation of treatment (corresponds to days 4, 7, 11, after tumor 
implantation), and (iv) 107 PFU VSV-GP i.p. at days 0, 3, and 7, after initiation 
of treatment (corresponds to days 4, 7, and 11 after tumor implantation) and 
45 mg/kg ruxolitinib diluted in 200 μl 0.5% methylcellulose i.p. for 11 con-
secutive days (day 0–11). Mice from groups three and four received a second 
therapy round with either 107 PFU VSV-GP i.p. at days 42, 45, and 49 or 107 
PFU VSV-GP i.p. at days 42, 45, and 49; and 45 mg/kg ruxolitinib diluted in 
200 μl 0.5% methylcellulose i.p. for 11 consecutive days starting from day 
42. Tumor growth was monitored by BLI at indicated time-points. Animals 
were sacrificed when the radiance measured via bioimaging was twice in a 
row above the cut-off of 3 × 108 p/s/cm2/sr, the animal lost more than 20% 
weight or looked sick.

Bioluminescence imaging
BLI was performed using the Lumina In Vivo Imaging System (IVIS Lumina, 
Perkin Elmer, Waltham, MA). Mice were injected i.p. with 1.5 mg of D-luciferin 
(Promega). Exposure time ranged from 0.5 to 60 seconds depending on the 
bioluminescence intensity. For bioluminescence quantification, a region of 
interest was manually drawn to encompass the bioluminescence signal and 
the average intensity was recorded as photons/s/cm2/sr.

Statistical analysis
Statistical analysis was performed using GraphPad prism software (Version 5,  
GraphPad Software, La Jolla, CA) as indicated in the figure legends. 
Significance was determined by Student’s t-test, analysis of variance test, 
and log-rank test.
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