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Oncolytic viruses, including the oncolytic rhabdovirus VSV-GP tested here, selectively infect and kill cancer cells and are a

promising new therapeutic modality. Our aim was to study the efficacy of VSV-GP, a vesicular stomatitis virus carrying the gly-

coprotein of lymphocytic choriomeningitis virus, against prostate cancer, for which current treatment options still fail to cure

metastatic disease. VSV-GP was found to infect 6 of 7 prostate cancer cell lines with great efficacy. However, susceptibility

was reduced in one cell line with low virus receptor expression and in 3 cell lines after interferon alpha treatment. Four cell

lines had developed resistance to interferon type I at different levels of the interferon signaling pathway, resulting in a defi-

cient antiviral response. In prostate cancer mouse models, long-term remission was achieved upon intratumoral and, remark-

ably, also upon intravenous treatment of subcutaneous tumors and bone metastases. These promising efficacy data

demonstrate that treatment of prostate cancer with VSV-GP is feasible and safe in preclinical models and encourage further

preclinical and clinical development of VSV-GP for systemic treatment of metastatic prostate cancer.

Prostate cancer (PCa) is the leading cause of cancer in men
both in the United States and Europe.1,2 Despite the high 5-
year survival rate when detected at local stage, metastatic
castration-resistant prostate cancer (mCRPC) still has a dis-
mal prognosis.3

Oncolytic viruses (OVs), which selectively infect and kill
tumor cells, have shown promising results in preclinical mod-
els and clinical trials in a wide range of tumor types both as
monotherapies and in combination with other compounds.4–6

Moreover, the OV Talimogene Laherparepvec (ImlygicVR , T-
VEC) has recently been licensed in the United States and
Europe for the treatment of melanoma.7,8 In the few early-
phase clinical trials that have included PCa patients, safety
and efficacy data were also encouraging.9 However, most of
the OVs currently under development need to be applied
intratumorally, as pre-existing or rapidly induced neutralizing
antiviral antibodies limit the systemic delivery to the tumor
tissue and thereby the efficacy in metastatic disease. Among
the OVs currently in the development pipeline, vesicular sto-
matitis virus (VSV) carrying the envelope protein (GP) of the
lymphocytic choriomeningitis virus, VSV-GP, has several
outstanding features: (i) There is practically no pre-existing
immunity against VSV-GP in the general population and
VSV-GP does not readily induce neutralizing antibodies.10

This potentially allows effective repeated systemic delivery of
VSV-GP to the primary tumor and to metastases. (ii) Natural
VSV infection generally does not cause severe disease in
humans and VSV-GP has completely lost the residual
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neurotoxicity of wild-type VSV.11 (iii) VSV-GP has a fast
replication cycle of only 6–8 hr, resulting in rapid cell lysis
and high virus titers.12 (iv) Infection is efficiently controlled
by the IFN-I-induced antiviral response,13 which has been
shown to be disrupted in most cancer types,14 making VSV
selective for a broad range of tumors.

We here report successful treatment of PCa with VSV-GP
in a panel of PCa cell lines and patient-derived primary PCa
cultures, and in mouse models. Furthermore, systemic appli-
cation of VSV-GP induced complete remission in a bone
metastasis mouse model.

Materials and Methods
Ethics statement

Permission for the use of patient specimens has been given
by the Ethical Committees of Medical University of Inns-
bruck (Nr.:UN4837:317/4.7).

Animal experiments were performed in compliance with the
national animal experimentation law (“Tierversuchsgesetz”)
and animal trial permission was granted by national authorities
(Bundesministerium f€ur Wissenschaft, Forschung und Wirt-
schaft, BMWF-66.011/0119-II/3b/2012 and BMWFW-66.011/
0041-WF/V/3b/2016).

Cell lines and viruses

PC3, PC-3M-Luc, Du145, LNCaP, VCaP, LAPC4, 22Rv1 and
the murine TRAMP-C1 cell lines were obtained from ATCC
(LGC Standards, Heidelberg, Germany) and maintained as
previously described.15 Human cell lines were routinely
authenticated by STR profiling as described before.16 Hamster
BHK-21 cells and murine L929 cells were obtained from
ATCC and used for virus production and titration as
described previously.17 BHK-21 cells were maintained in
Glasgow minimum essential medium (GMEM) (Gibco, Carls-
bad, CA) supplemented with 10% heat inactivated FCS (PAA
Laboratories, Vienna, Austria), 5% tryptose phosphate broth
(Gibco), 100 units/ml penicillin (Gibco) and 0.1 mg/ml strep-
tomycin (Gibco). L929 cells were maintained in high-glucose
DMEM (Lonza, Basel, Switzerland) supplemented with 10%
heat inactivated FCS, 4 mM L-glutamine (Gibco), 100 units/
ml penicillin and 0.1 mg/ml streptomycin.

VSV-GP, VSVncp-DG-GFP*GP, VSV-GP-GFP and VSV-
GP-Luc have been described before.17 A schematic

representation of the VSV-GP variants used is shown in Sup-
porting Information 1.

Patients and clinical samples

Patient specimens were obtained from six patients undergo-
ing radical prostatectomy at the Department of Urology of
the Medical University of Innsbruck. Patient information is
detailed in Supporting Information, Table 1. Primary cells
were obtained and cultured as previously described.18 For
experiments, primary cells were seeded without STO mouse
embryonic fibroblast feeder layer.

Tropism assay

Cells were plated in 12-well plates to obtain monolayer cul-
tures and infected with 10-fold serial dilutions of VSVncp-
DG-GFP*GP. Sixteen hours postinfection, cells were har-
vested and analyzed for GFP expression using flow cytome-
try. Samples showing 2%–20% GFP1 cells were used to
calculate virus titers using the following formula: (%GFP1

cells) 3 (dilution factor)/(well volume) and given relative to
the reference cell line BHK-21.

Virus growth kinetics

Cell monolayers were infected with VSV-GP with an MOI of
0.1. One hour after infection, medium was removed, cells
were washed with PBS (PAA Laboratories) and fresh medium
was added. Supernatant of infected cells was collected after
24 and 48 hr for analysis of viral titers by TCID50 as
described before.17

In vitro cytotoxicity assay

Cells were plated in 96-well plates and infected with indi-
cated VSV-GP concentrations. At indicated time points,
WST-I reagent (Roche, Basel, Switzerland) was added to each
well and absorbance at 450 nm was measured after 4 hr.
Absorbance values were normalized to a nontreated sample.
For IFN-I resistance bioassay, cells were treated with a
recombinant universal type-a IFN (PBL, NJ) at 500 U/ml or
left untreated 16 hr prior to virus treatment.

Flow cytometry

Cells growing in monolayers were harvested using 5 mM
EDTA (Sigma-Aldrich, St. Louis, MO), prepared to a single
cell suspension and stained for flow cytometry analysis using

What’s new?

While oncolytic viruses are promising antitumor agents, those currently under development exhibit variability between

patients in their effectiveness against tumors. In this study, multiple prostate cancer cell lines were found to differ in their

susceptibility to killing by the oncolytic rhabdovirus VSV-GP. Despite this, VSV-GP was highly effective in prostate cancer

mouse models. When administered intratumorally or intravenously, VSV-GP produced long-term remission of subcutaneous

tumors and bone metastases. The data suggest that, with further development, VSV-GP could be a clinically valuable agent

for the systemic treatment of metastatic prostate cancer.
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the following specific antibodies: anti-a-dystroglycan from
mouse (clone IIH6C4, Merck Millipore, Darmstadt, Ger-
many) 1:500; APC-conjugated anti-mouse-IgM from goat
(Jackson ImmunoReasearch, Suffolk, UK) 1:500.

Binding assay

Cells were harvested using 5 mM EDTA and incubated at
48C with VSV-GP at an MOI ranging from 100 to 500 for 30
min. Samples were washed, fixed with 4% formaldehyde and
prepared for flow cytometry using a LCMV-GP specific anti-
body (KL25) as described above. APC-conjugated anti-mouse
IgG from goat (Life Technologies, Carlsbad, CA) was used as
secondary antibody.

IFN-beta ELISA

Cells were plated in 12-well plates to obtain monolayer cul-
tures and infected with VSV-DG-GP-GFP at an MOI 3. One
hour after infection, cultures were extensively washed with
PBS and fresh medium was added. Twenty-four hours after
infection, medium was collected and stored at 2808C until
ELISA assay was performed in duplicates using a human-
IFNb ELISA kit (Invitrogen, Karlsruhe, Germany) and fol-
lowing manufacturer’s indications. Plates were analyzed in an
ELISA microplate reader (Bio-rad, Hercules, CA).

Preparation of cell lysates and Western blot

Cells were plated in 6-well plates and treated with 100 U/ml
of recombinant universal IFN-I and cell lysates were prepared
1, 2, 4, 8, 12 and 24 hr after treatment. Cells were lysed in
ice-cold cell-lysis buffer (50 mmol/l 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 van-
adate; and 2 mmol/l Pefabloc SC) for 30 min and then cen-
trifuged (15,000g) for 10 min to remove cell debris. Lysates
were stored at 2808C until use.

Protein separation was performed by sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis (PAGE) under
standard reducing conditions on a 10% polyacrylamide gel.
Proteins were transferred by electrophoresis to a 0.45 mm
nitrocellulose membrane (Whatman, Dessel, Germany).
Membranes were blocked with TBST-BSA (TBS containing
0.1% Tween-20 and 5% Bovine Serum Albumin, Sigma-
Aldrich) and stained overnight at 48C with primary anti-
bodies. Detection was done using horseradish peroxidase
(HRP) specific secondary antibodies. Blots were developed
with ECL.19 The following antibodies were used: anti-
pSTAT1-Tyr701 from rabbit (clone 58D6, Cell Signaling
Technology, Leiden, The Netherlands), anti-STAT1 from
mouse (clone 10C4B40, Biolegend, London, UK), anti-b-actin
from mouse (clone AC-74, Sigma-Aldrich), HRP-conjugated
anti-rabbit from goat and HRP-conjugated anti-mouse from
goat (Jackson ImmunoResearch).

Real-time PCR for IFN-induced genes

Cells plated in 6-well plates were treated with VSVncp-DG-
GFP*GP (MOI:10). RNA was isolated 24 hr post-treatment
using the RNeasy kit (Qiagen, Hilden, Germany). Synthesis of
cDNA was done with the RevertAid First Strand cDNA Synthe-
sis Kit (ThermoFisher Scientific, Waltham, MA) using polyT
oligomers. Real-time PCR was performed in 20 ml reaction mix
containing 0.05 U/ml HOT-FIREPol DNA polymerase (Solis
BioDyne, Tartu, Estonia), 2 ml 103 buffer, 3 mM MgCl2,
0.2 mM dNTPs, 200 nM forward primer, 200 nM reverse primer
and 0.5 mM Evagreen (Biotium, Fremont, CA). Preordered
primer sets were used, containing specific primers for human
IFNb, OAS1, MX1, ISG15, IFIT1 and using GAPDH as refer-
ence gene (Invivogen, San Diego, CA). Reaction was performed
in triplicates in a CFX Connect thermocycler (Bio-rad). Change
in gene expression was calculated using the DCt method and the
reference gene as calibrator or the DDCt method using the refer-
ence gene and the PBS treated samples as calibrators.20

Animal models

Tumors were implanted bilaterally by subcutaneous injection
of 2x106 Du145 cells in the flanks of Balb/c Rag22/2gc2/2

male mice (bread in-house) in a final volume of 100 ml or sub-
cutaneous injection of 5 3 106 VCaP cells in the right flank of
athymic nude male mice (Janvier, Le Genest St Isle, France)
mixed 1:1 with Matrigel (Corning, Wiesbaden, Germany) in a
final volume of 100 ml. Tumors size was measured every two
days with a caliper and tumor volumes were calculated as
length 3 width2 3 0.4. When tumors reached a size of
0.07 cm3, mice were treated as indicated in the figure legends.
Mice were euthanized when tumor size reached 0.8 cm3.

2 3 106 22Rv1 cells were injected subcutaneously in the
right flank of athymic nude male mice (Janvier) in a final
volume of 100 ml. Tumors were monitored as indicated
before. When tumors reached a size of 0.05 cm3, mice were
treated as indicated in the figure legends. Mice treated at a
tumor size of 0.07 cm3 with 107 pfus VSV-GP-Luc or VSV-
GP-GFP were used for BLI or tumors were resected and pre-
pared for histological analysis respectively.

For the syngeneic model, 2 3 106 TRAMP-C1 cells were
injected subcutaneously in the right flank of male C57BL/
6JRj mice (Janvier) in a final volume of 100 ml. Tumors were
monitored as indicated before. When tumors reached a size
of 0.07 cm3, mice were treated as indicated in the figure
legends. Mice were euthanized when tumors reached 0.8 cm3.

For the bone metastasis model, PC-3M-Luc cells were pre-
pared to a 2.5 3 107/ml cell suspension and 10 ml of this cell
suspension were injected in the left tibia of athymic nude
male mice (Janvier). Tumor engraftment and growth was
monitored by bioluminescence imaging (BLI). When biolu-
minescent signal was higher than 106 p/sec/cm2/sr, mice were
treated intravenously with a single tail vein injection of VSV-
GP (5 3 107pfus, 100 ml) or left untreated. Tumors were fur-
ther monitored every 4 days by BLI.
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Bioluminescence imaging (BLI)

BLI was performed using the Lumina In Vivo Imaging Sys-
tem (IVIS Lumina II, Perkin Elmer, Waltham, MA). Mice
were injected intraperitoneally with 1.5 mg D-Luciferin
(Promega GmbH, Mannheim, Germany) and imaged 15–30
min after substrate injection. Exposure times were adjusted
to bioluminescence intensity and ranged from 0.5 to 60 sec.
For quantification of bioluminescent signal, regions of inter-
est (ROI) were manually defined and the average intensity
within the ROI was measured as photons/sec/cm2/sr.

Histology of 22Rv1 tumors

Animals were sacrificed at the indicated time-points. Tumors
were isolated and fixed with 4% paraformaldehyde (Carl Roth,
Karlsruhe, Germany) for 16–24 hr and subsequently equili-
brated in 30% sucrose solution (Sigma-Aldrich). Tissue was
embedded in tissue Tec O.C.T freezing medium (Sakura Fine-
tek Europe, Alphen aan den Rijn, The Netherlands) and stored
at 2808C. Tissue was then sectioned into slices of a thickness
of 4–7 mm using a cryostat (Microm HM560, ThermoFisher
Scientific), thaw-mounted onto polylysine coated slides (Ther-
moFisher Scientific) and stored at 2208C. For antibody stain-
ing, slices were thawed and dried at room temperature and
blocked 3 hr with blocking buffer containing 5% normal goat
serum (Sigma-Aldrich), 1% BSA and 0.2% Triton (Carl Roth)
in PBS. Afterward, slices were incubated overnight with anti-
active-caspase 3 antibody (R1D Systems, Minneapolis, MN)
diluted 1:200 in blocking buffer. Detection of primary antibody
was done by incubation at room temperature for 30 min with
goat-anti-rabbit antibody conjugated with Alexa594 (Life
Technologies) diluted 1:1000 in blocking buffer containing
0.25 mg/ml DAPI (Sigma-Aldrich). Finally, slices were embed-
ded in Mowiol-Dabco mounting medium (Sigma-Aldrich).
Analysis was done using a fluorescence microscope (Eclipse Ti,
Nikon CEE GmbH, Vienna, Austria) with a DS-Fi2 camera
(Nikon) and using the NIS-Elements BR 4.20 software (Nikon)

Statistical analysis

Statistical analysis was performed using GraphPad Prism
software (Version 7, GraphPad Software, La Jolla, CA) as
indicated in the figure legends. For in vitro experiments and
s.c. tumor volumes, statistically significant differences were
determined by one-way ANOVA or two-way ANOVA with
Bonferroni’s multiple comparison correction. Kaplan–Meier
survival curves were compared using the Log-rank (Mantel-
Cox) test. Statistically significant differences were encoded as
follows: *p< 0.05; **p< 0.01; ***p< 0.001.

Results
VSV-GP infects and kills PCa cell lines and primary

cultures

It has previously been shown that patients differ considerably
in their susceptibility to oncolytic virus treatment. We there-
fore analyzed the susceptibility of different PCa cell lines to

VSV-GP with the aim to elucidate potential determinants of
oncolytic virus efficacy. From a panel of 6 human and one
murine PCa cell line, VSV-GP efficiently infected and killed
4: PC3, Du145, 22Rv1 and TRAMP-C1 cells (Fig. 1a,c).
Infection of these cells yielded high virus titers in PC3 and
Du145 and more modest titers in 22Rv1 and TRAMP-C1
(Fig. 1b). Interestingly, the bone-tropic PC-3M-Luc cell line
showed comparable infection rates to the parental PC3 but
slightly reduced virus replication titers and killing rate after
VSV-GP infection (Fig. 1a–c). Effective killing was also
achieved in the LAPC4 cell line, despite less efficient infec-
tion and virus production (Fig. 1a–c). In contrast, inefficient
infection, virus production and killing were observed in
VCaP and LNCaP cells (Fig. 1a–c).

To study whether infection of VCaP and LNCaP was
restricted at the entry level, we analyzed the surface expres-
sion of a-dystroglycan (a-DG), the receptor mediating VSV-
GP entry,21 and virus binding to the cell surface. The lowest
level of a-DG expression and virus binding was indeed
observed in LNCaP cells (Fig. 2). Furthermore, increasing the
virus dose by 100-fold induced killing rates comparable to
the sensitive cell lines (Fig. 1c). Surprisingly, VCaP, showed
high levels of a-DG and the amount of virus bound was
comparable to the other more susceptible cell lines (Fig. 2),
indicating that virus replication was restricted at a post entry
level.

To further broaden our in vitro cell panel, we studied the
sensitivity of primary cultures of prostate epithelial cells from
PCa patient samples. All primary cultures tested were sensi-
tive to VSV-GP killing, yet killing rates were heterogeneous,
ranging from 60% to 20% survival (Fig. 1d).

Taken together, VSV-GP could successfully infect and kill
PCa cell lines and patient-derived primary cultures.

Interferon type I induced antiviral responses in PCa cell

lines

We have previously shown in mouse models that the efficacy
of oncolytic virus treatment can be limited by the interferon
response in cancer cells17 and interferon competence of a
tumor can determine its susceptibility to oncolytic virus ther-
apy. Therefore, we tested the responsiveness of the PCa cell
lines to IFN-I using recombinant IFN-a. Treatment with
IFN-a activated the Jak/STAT1 pathway in PC3 and VCaP
cells (Fig. 3c). However, while IFN-I treatment induced com-
plete protection to VSV-GP-induced killing in VCaP cells,
killing rates in PC3 and PC-3M-Luc cells were only attenu-
ated (Fig. 3a), indicating that these two cell lines had a
reduced sensitivity for IFN-I signaling. The murine TRAMP-
C1 cell line was also protected from VSV-GP killing upon
IFN-a treatment (Fig. 3a). Increasing the virus dose to an
MOI of 10 completely overcame the IFN-a protective effect
in TRAMP-C1 cells and partially in PC3 and VCaP cells
(Fig. 3b). In contrast, no STAT1 protein was detected in
LAPC4 and 22Rv1 cells (Fig. 3d). Consequently, VSV-GP-
induced killing rates were not influenced by IFN-I treatment

C
an

ce
r
T
he
ra
py

an
d
P
re
ve
n
ti
on

Urbiola et al. 1789

Int. J. Cancer: 143, 1786–1796 (2018) VC 2018 UICC
Int. J. Cancer: 143, 1786–1796 (2018) © 2018 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf

of UICC



(Fig. 3a,b). In addition, 22Rv1 cells might be resistant to
IFN-I because of known heterozygous frameshift mutations
in the JAK1 gene (p.L431fs*22 and p.K142fs*26).22 Finally,
despite activation of STAT1 in the Du145 cell line, no IFN-a
induced protection was observed (Fig. 3a–c), indicating that
the IFN response was blocked downstream of STAT1.
Another important aspect of the innate immune response is
the capacity of the infected cell to produce IFN-I upon viral
infection, which can act in an auto- and paracrine fashion to
induce an antiviral response. PC3 was the only cell line able
to produce IFN-I upon virus infection (Fig. 3e). However,
expression of some IFN-stimulated genes (ISGs) upon VSV-
GP treatment was observed in both IFN-I sensitive and IFN-
I resistant cell lines (Fig. 3f), although to a considerably lesser
extent in the IFN-I resistant cells lines.

In summary, the capacity of PCa cell lines to mount an
antiviral response was heterogeneous, as were the molecular
mechanisms responsible for the lack of such response.

VSV-GP is effective in PCa subcutaneous tumor models

We then tested whether our in vitro observations correlated
with susceptibility to VSV-GP treatment in mouse models.
Initially, we investigated the xenograft model with subcutane-
ous (s.c.) Du145 tumors. Two intratumoral injections of 107

plaque forming units (PFUs) of VSV-GP were sufficient to
induce full tumor remission in all treated mice, with no
tumor relapses detected during the 100-day follow-up (Fig.
4a,b). In addition, in a dose–response experiment in s.c.
22Rv1 tumors, a single intratumoral dose of 2.3 3 108 PFUs
of VSV-GP induced response in 6/7 treated mice, 5/7

Figure 1. VSV-GP efficiently infects and kills PCa cell lines and primary cultures. (a) Tropism of VSV-GP was determined for different

human prostate cancer cell lines and a murine cancer cell line (TRAMP-C1). Cells were infected with 10-fold serial dilutions of VSVncp-

DG-GFP*GP and sixteen hours post infection, percentage of GFP1 cells was determined by flow cytometry and used to calculate the titer

on each cell line. Titers are given as relative to the titer in the control cell line BHK-21. Experiments were done at least in duplicates.

Bars represent mean 6 SEM of at least n 5 2 independent experiments. (b) Replication kinetics were determined in the same cell line

panel. Cells were infected with an MOI of 0.1 with VSV-GP. Twenty-four and forty-eight hours postinfection, supernatant was collected

and virus was titrated by TCID50 on BHK-21 cells. Bars represent mean 6 SEM of at least n 5 2 independent experiments. (c) For the kill-

ing assay, cells were infected with VSV-GP at an MOI of 0.1 or MOI of 10. Viability of infected cultures was determined 72 hr postinfec-

tion using the WST-1 assay and expressed relative to PBS treated cells. Bars represent mean 6 SEM of at least n 5 2 independent

experiments performed in dodecaplicates. (d) Killing assay was performed in monolayers of primary cultures using an MOI of 0.1 as

described in (c).
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showing tumor remission and 1/7 showing stable disease
(Fig. 4c; Supporting Information, 2). All responding mice sur-
vived until the end of the study (86 days after treatment)
(Fig. 4d). Reducing the dose to 3.3 3 105 resulted in 3/7
treated mice showing tumor growth delay, 1/7 with stable
disease and 2/7 with tumor remission and an overall survival
rate of 57.1% (Fig. 4c,d; Supporting Information, 2).

We next used two VSV-GP variants expressing firefly
luciferase (VSV-GP-Luc) or GFP (VSV-GP-GFP) to correlate
the therapeutic effect observed with viral replication in the
tumor. We were able to detect viral protein expression selec-
tively in the tumor as early as one day after treatment and
up to 9 days (Fig. 4h; Supporting Information, 3) in nude
mice bearing s.c. 22Rv1 tumors treated with a single injection
of VSV-GP-Luc. When 22Rv1 s.c. tumors were treated with
VSV-GP-GFP, we could detect virus spread within the tumor
and co-localization of GFP signal with activated caspase 3
(Fig. 4g).

We then tested whether VSV-GP was effective when
administered systemically. Intravenous treatment with 108

PFU of VSV-GP of s.c. 22Rv1 tumors induced complete
responses in 6/6 animals with an overall survival rate of
100% during the 86 days of follow-up (Fig. 4c,d; Supporting
Information, 2).

Having seen that susceptible tumor in vitro were also sus-
ceptible in vivo, we next used a xenograft model with VCaP
s.c. tumors to investigate potential in vivo effects in those
tumors which were resistant in vitro. Treatment with two
intratumoral injections of 107 pfus resulted in stable disease
in 3/5 mice and tumor growth delay in 2/5 mice (Fig. 4e,f). It
is important to note that 2/5 tumors treated with PBS also
showed growth delay.

Finally, we studied the therapeutic outcome of VSV-GP
treatment in an immune-competent C57BL/6 model bearing
syngeneic TRAMP-C1 s.c. tumors. Treatment with three

intratumoral doses of 108 VSV-GP pfus resulted in tumor
growth delay and a significant increase of the median survival
compared to control mice (Fig. 5a,b). Using the VSV-GP-Luc
variant, we detected replication of VSV-GP in the TRAMP-
C1 tumors 24 hr after virus administration (Fig. 5c). How-
ever, VSV-GP presence in the tumor was shorter than in the
xenograft model, indicated by a significant drop of the
reporter signal three days after treatment (Fig. 5c).

In conclusion, VSV-GP was efficient in the in vivo PCa
models tested, independently of the susceptibility observed in
vitro. In addition, no signs of viral pathogenicity were
observed, despite the immunodeficiency status of some of the
models used.

Systemic treatment with VSV-GP is effective in a bone

metastasis model

These results encouraged us to test the feasibility of VSV-GP
treatment in a metastasis model. One of the most frequent
metastatic presentations of PCa is bone metastasis,23 which
requires systemic treatment. Therefore, we chose a well-
established bone metastasis model of PCa16 to test the feasi-
bility of VSV-GP treatment in the metastatic setting. Mice
carrying PC-3M-Luc bone tumors in the left tibia were
treated with a single intravenous injection of 5 3 107 PFUs
VSV-GP. Luciferase signal from the tumor was used to mea-
sure tumor burden. Tumor remission was observed in 4/5
treated mice (Fig. 6). The one mouse not responding to the
first VSV-GP treatment was treated 24 days after the first
treatment with a second intravenous injection of the same
dose of VSV-GP. This led to a decrease of the luciferase sig-
nal and reduction of the tumor burden (Fig. 6; Supporting
Information, 4). These results indicate that bone metastasis
could be treated effectively and safely by systemic application
of VSV-GP.

Figure 2. a-dystroglycan surface expression and virus binding is reduced on LNCaP. (a) Surface expression of a-dystroglycan was analyzed

by flow cytometry using specific antibodies or only secondary antibody as control. (b) Binding capacity of VSV-GP to prostate cancer cells

was analyzed. Cells were prepared to a single-cell suspension using nonenzymatic methods and infected with VSV-GP at 48C or treated

with PBS for control. After 30 min, cells were washed several times, fixed, stained with antibodies specific for GP and analyzed by flow

cytometry.
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Figure 3. IFN-I induced antiviral response in PCa cell lines. (a,b) Capacity of PCa cell lines to mount an IFN-I-induced antiviral response was

studied. Cell monolayers were treated with 500 U/ml of IFN-I or PBS for 16 hr prior to infection with VSV-GP at an MOI of 0.1 (a) or MOI of

10 (b). Cell viability of the infected cultures was determined 72 hr postinfection using WST-I reagent as indicated before. (c) Monolayers of

PC3, Du145 and VCaP cell lines were treated with 100 U/ml IFN-I. At indicated time-points, lysates were prepared and analyzed for STAT1

expression and phosphorylation, using b-actin as loading control. Representative blots and quantification of signal density relative to b-

actin are shown. (d) Representative blots of 22Rv1 and LAPC4 cells treated as in (d). (e) Production of IFN-I by infected cultures was deter-

mined. Cell monolayers were infected with VSVncp-DGGFP* GP at MOI of 3 or mock treated with PBS. Supernatant was collected 24 hr post-

infection and concentration of IFN-b was measured using a specific ELISA. Bars represent mean IFN-b concentration 6 SEM in VSVncp-DG-

GFP*GP treated supernatants (***p<0.001 compared to noninfected). (f) Monolayers of prostate cancer cell lines were treated with

VSVncp-DG-GFP*GP at an MOI of 3 or mock treated with PBS. mRNA was extracted 24 hr post-treatment, reverse-transcribed to cDNA and

expression of indicated genes was analyzed by real-time PCR. Fold expression of the selected genes was calculated relative to GAPDH and

the mock treated sample.
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Discussion
Here, we found that VSV-GP is highly effective in lysing
prostate cancer cell lines and in the treatment of prostate

cancer xenografts in mice. VSV-GP systemic treatment
induced long-term complete remission in an s.c. and bone
metastasis mouse model of PCa. Oncolytic activity was found

Figure 4. VSV-GP shows efficacy in PCa xenograft subcutaneous models. (a,b) 2 3 106 Du145 cells were injected subcutaneously into both

flanks of Balb/c-rag2/2g2/2 mice. Tumors were treated at a size of 0.07 cm3 with intratumoral injection of either 107 pfus VSV-GP or

PBS. Treatment was repeated 7 days later. Mean of tumor volume (a) and Kaplan–Meier survival curve (b) are shown. (c,d) 2 3 106 22Rv1

cells were injected subcutaneously into the right flanks of nude mice. Tumors were treated at a size of 0.05 cm3 with intratumoral injection

of either 3.3 3 105 pfus VSV-GP, 2.3 3 108 pfus VSV-GP or PBS or with intravenous injection of 108 pfus VSV-GP. Mean of tumor volume

(c) and Kaplan–Meier survival curve (d) are shown. (e,f) 5 3 106 VCaP cells mixed 1:1 with matrigel were injected subcutaneously into the

right flank of nude mice. Tumors were treated at a size of 0.07 cm3 with an intratumoral injection of either 107 pfus VSV-GP or PBS. Treat-

ment was repeated 7 days later. Mean of tumor volume (e) and Kaplan–Meier survival curve (f) are shown. (g) Subcutaneous 22Rv1 tumors

were treated at a size of 0.07 cm3 with an intratumoral injection of 108 pfus VSV-GP-GFP. Tumors were isolated at indicated time points

and fixed. Cryo-slices were prepared and probed with fluorescently labelled antibodies recognizing activated caspase 3. Antibody signal

and viral GFP signal were analyzed under the fluorescence microscope. (h) Subcutaneous 22Rv1 tumors treated at a size of 0.07 cm3 with

an intratumoral injection of 108 pfus VSV-GP-Luc. Representative BLI pictures of treated mice are shown.
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to be inhibited by type I interferon in interferon-competent
PCa cell lines and by low level virus receptor expression in
one PCa cell line.

In cell cultures, mouse models and in clinical trials, the
efficacy of oncolytic viruses has varied considerably with
some patients responding dramatically while in many
patients no effect has been seen.5 Clinical data for PCa is
limited, but Yu et al. have shown in a PTEN2/2 mouse PCa
model that sensitivity of prostate cancer to the oncolytic virus
VSV changes with tumor progression, varying from sensitive
in early stages to resistant in established tumors to sensitive
again in CRPC.24 The reason for this general variability of
oncolytic virus efficacy is not fully understood and bio-
markers that predict responsiveness of an individual cancer

patient are urgently needed. These markers could not only
help stratify patients for treatment, but also would point to
mechanisms that limit the therapeutic activity of oncolytic
viruses. Understanding these mechanisms is crucial to further
improve virotherapy regimen.

Naturally, one major factor determining the efficacy of
oncolytic virus therapy is the susceptibility of the specific
cancer to virus infection and killing, which, as shown here,
can differ considerably between prostate cancer cell lines
(Fig. 1). This heterogeneity was further studied using a com-
plementary in vitro panel consisting in primary cultures of
prostate epithelial cells from PCa patients. Unfortunately, the
epithelial cell population obtained using the current culture
protocols shows features of intermediate and basal epithelial

Figure 5. VSV-GP increases mean survival of TRAMP-C1 tumor-bearing mice. (a,b) 2 3 106 TRAMP-C1 cells were injected subcutaneously

into the right flank of C57BL/6JRj mice. Tumors were treated at a size of 0.07 cm3 with intratumoral injection of either 108 PFUs VSV-GP or

PBS. Treatment was repeated 7 and 14 days later. Mean of tumor volume (a) and Kaplan–Meier survival curve (b) are shown. (c) Subcuta-

neous TRAMP-C1 tumors treated at a size of 0.07 cm3 with an intratumoral injection of 108 pfus VSV-GP-Luc. Representative BLI pictures of

treated mice are shown.

Figure 6. VSV-GP causes tumor remission in a PCa bone metastasis model. Bone tumors were established by injection of 2.5 3 105 PC-3M-

Luc cells in the left tibia of nude mice. Tumor growth was monitored by BLI of the luciferase signal. Mice were treated when luciferase sig-

nal reached a threshold level of 106 p/sec/cm2/sr with a single intravenous injection of 5 3 107 pfus VSV-GP or left untreated. (a) Repre-

sentative BLI pictures, (b) Kaplan–Meier survival curve and (c) kinetics of luciferase signal are shown.
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cells, while a fully differentiated luminal culture has not yet
been achieved.25,26 Although pathologists diagnose prostate
cancer based on the absence of basal cell markers, there are
many studies demonstrating the role of basal cells in PCa ini-
tiation and progression.27,28 Therefore, we think that the pri-
mary cells used in this study, despite not completely
resembling the situation in the patient, are a suitable model
to complement our in vitro studies in cell lines supporting
the finding of heterogenic responses to VSV-GP (Fig. 1).

One mechanism of resistance to VSV-GP infection was
found to be the lack of its receptor, as shown for LNCAP
cells (Fig. 2). Virus receptor expression in cancer tissue could
indeed be a practical biomarker. In addition, a major factor
that can limit virus spread in cancers is the innate antiviral
immune response induced by type I interferons. Although
Stojdl et al. showed that around 80% of the tested tumor cell
lines had lost the capacity to mount an antiviral response
upon IFN-I exposure,12,14 several tumor cell lines are still
responsive to IFN-I.17,29,30 Also in PCa, Dunn et al. showed
loss of IFN-I response in some cell lines,31 while other stud-
ies have shown that IFN-I induced genes are active and play
an important role in protecting cells from VSV infection.32

Using a larger panel of PCa cell lines, we have now observed
considerable heterogeneity in the IFN-I induced antiviral
response. Thus IFN-I responsiveness is expected to be a pre-
dictor for the susceptibility to virotherapy in PCa patients.
However, our in-depth studies showed that IFN-I responsive-
ness in PCa is caused by various molecular alterations in dif-
ferent cell lines, which makes biomarker development for
interferon-competence challenging. Nevertheless, resistance to
VSV-GP in interferon competent cancers could potentially be
overcome by combining oncolytic virus therapy with inhibi-
tors of the interferon response. Accordingly, we have previ-
ously shown that treatment efficacy for an IFN-I-competent
ovarian carcinoma xenotransplant in mice was enhanced by
co-application of a JAK 1/2 inhibitor.17

We then selected the three cell lines that were susceptible
to VSV-GP killing and had reduced interferon competence,
Du145, 22Rv1 and PC-3M-Luc, for efficacy testing in xeno-
transplant mouse models. VSV-GP was found to selectively
replicate in Du145 and 22Rv1 tumors, which induced long-
term complete remission of up to 100% and long-term sur-
vival with no visible toxicity (Fig. 4). Immunofluorescence
analysis of tumor sections showed that viral replication co-
localized with the activation of caspase 3, in line with previ-
ous data showing that VSV induces apoptosis in the infected
cancer cell.33 This impressive potency compares favorably
with other oncolytic virus studies investigating VSV to treat
of PCa mouse models. Although VSV also targets the
tumor34,35 and reduces tumor size,36,37 treatment is limited
by the potential of fatal viral encephalitis, not seen for VSV-
GP.38 Interestingly, subcutaneous tumors derived from VCaP,
a cell line that in vitro appeared to be IFN-I responsive and
less susceptible to VSV-GP oncolysis, still showed some ther-
apeutic responses when treated with VSV-GP (Fig. 4).

Despite not being a complete remission, the significant delay
in tumor growth observed was not expected. One possible
explanation might be that while the recombinant interferon
used in our in vitro assays shows cross-species activity, the
interferon generated by the mouse host does not.39 Conse-
quently, the modest interferon production in VCaP cells
might not suffice in countering the VSV-GP activity. In addi-
tion, lack of correlation between the in vitro and in vivo out-
comes has been previously reported in the OV context by
other groups,40,41 indicating that the final therapeutic out-
come is not only shaped by the permissivity of the tumor
cells but also by the context where they are found. In the
same line, treatment of the syngeneic TRAMP-C1 tumors,
which in vitro were highly sensitive to VSV-GP infection and
killing, resulted in a measurable but limited therapeutic
response (Fig. 5). Our in vitro screening had revealed that
this cell line was capable of efficiently mounting an IFN-I
induced antiviral response. As in the syngeneic context, in
contrast to the xenograft models, the tumor can be stimu-
lated by the cytokines produced by the host, we believe that
upon VSV-GP infection of TRAMP-C1 bearing mice, the
virus-induced IFN-I protects the tumor from further VSV-
GP replication and killing, limiting the therapeutic response.
The predictive value of an active IFN-I response and the
influence on the therapy of the tumor microenvironment in
the syngeneic context is an issue that will be addressed in
future studies.

Our final objective was to test if VSV-GP is also effective
when used systemically, which, in contrast to intratumoral
application, would allow effective targeting of metastatic dis-
ease. Using the 22Rv1 model, we showed that a single intra-
venous dose of VSV-GP was sufficient to cause remission of
localized s.c. tumors in all treated mice (Fig. 4). Furthermore,
we studied VSV-GP efficacy in a well-established bone metas-
tasis model consisting in the intratibial inoculation of PC-3M
cells that express the firefly luciferase as a marker for imag-
ing.16 A single intravenous injection of VSV-GP was able to
reach the metastatic sites and cause remission of the estab-
lished tumors within 30 days after treatment initiation (Fig.
6). Again, this impressive potency compared favorably with
other oncolytic viruses. An adenovirus-based oncolytic virus
was found to significantly reduce tumor growth rates, but
failed to induce complete tumor remission.42,43 Furthermore,
systemic treatment with a recombinant fusogenic herpes sim-
plex virus (HSV) reduced both primary tumor and metastatic
burden in a lung metastasis model for PCa,44 but again with
no complete remission.

In conclusion, VSV-GP as a single therapeutic agent was
found to be highly effective and safe both in in vitro and in
vivo xenograft PCa models upon systemic treatment. Espe-
cially, the long-term complete remission of bone marrow
metastases supports the further development of VSV-GP for
the treatment of patients with CRPC, for which current treat-
ment options are limited.
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