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Vesicular stomatitis virus expressing interferon-β is oncolytic
and promotes antitumor immune responses in a syngeneic
murine model of non-small cell lung cancer
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ABSTRACT
Vesicular stomatitis virus (VSV) is a potent oncolytic virus for many tumors.
VSV that produces interferon-β (VSV-IFNβ) is now in early clinical testing for solid
tumors. Here, the preclinical activity of VSV and VSV-IFNβ against non-small cell lung
cancer (NSCLC) is reported. NSCLC cell lines were treated in vitro with VSV expressing
green fluorescence protein (VSV-GFP) and VSV-IFNβ. VSV-GFP and VSV-IFNβ were
active against NSCLC cells. JAK/STAT inhibition with ruxolitinib re-sensitized resistant
H838 cells to VSV-IFNβ mediated oncolysis. Intratumoral injections of VSV-GFP
and VSV-IFNβ reduced tumor growth and weight in H2009 nude mouse xenografts
(p < 0.01). A similar trend was observed in A549 xenografts. Syngeneic LM2 lung
tumors grown in flanks of A/J mice were injected with VSV-IFNβ intratumorally.
Treatment of LM2 tumors with VSV-IFNβ resulted in tumor regression, prolonged
survival (p < 0.0001), and cure of 30% of mice. Intratumoral injection of VSV-IFNβ
resulted in decreased tumor-infiltrating regulatory T cells (Treg) and increased CD8+
T cells. Tumor cell expression of PDL-1 was increased after VSV-IFNβ treatment. VSVIFNβ has potent antitumor effects and promotes systemic antitumor immunity. These
data support further clinical investigation of VSV-IFNβ for NSCLC.

an attractive choice for therapeutic application. Preclinical
studies have shown that VSV is a potent oncolytic virus
for many tumor types including lung cancer [3]. The
tumor-specific tropism of VSV is largely based upon
a defect in the type I interferon (IFN) response of many
tumor tissues [4]. IFN activation in normal tissues rapidly
thwarts viral replication, but in cancers, viral replication
proceeds unabated and results in cell lysis. The clinical
application of VSV has been limited by the potential
for neurotoxicity previously observed in mice. In light
of this, the engineering of recombinant VSV to express
interferon-β (VSV-IFNβ) was undertaken to overcome
this limitation. This strategy is based upon the notion

INTRODUCTION
Oncolytic viruses are emerging as an effective
treatment strategy for many tumor types [1, 2]. These
viruses selectively infect and subsequently lyse cancer
cells, while remaining relatively inert to most normal
cells. Vesicular stomatitis virus (VSV) is a single-stranded
RNA virus of the Rhabdoviridae strain. Although not
a known human pathogen, VSV can cause limited illness
in livestock and encephalitis in mice. As it is not a human
pathogen, outside of livestock workers and laboratory
workers, most people have never been exposed to VSV
and harbor no pre-existing immunity to the virus making it
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that production of IFNβ during viral replication would
strengthen the antiviral type I IFN response in most noncancerous tissues [5–7]. Preclinical testing of this strategy
showed that VSV-IFNβ retained oncolytic activity and was
safely delivered to mice without observed neurotoxicity
in mesothelioma and hepatoma models [5, 7]. Currently,
a phase I clinical trial is evaluating the safety of
intratumoral VSV-IFNβ for patients with hepatoma
(NCT01628640). Parental VSV previously was shown to
replicate in non-small cell lung cancer (NSCLC) cells [3].
Experiments herein demonstrate that VSV-IFNβ also has
oncolytic activity against NSCLC in vitro and in vivo.
Moreover, in an immune competent syngeneic murine
model of NSCLC, VSV-IFNβ induces antitumor immune
responses and has potent antitumor activity.

Levels of secreted human IFNβ were measured from
supernatants 48 hours after treatment with VSV-GFP
or VSV-hIFNβ. VSV-GFP treatment resulted in slight
increases in secreted IFNβ in H838 and H2009 cells
(p < 0.05), but no statistically significant increase in
the other cell lines was observed compared to untreated
control cells (Figure 1G) demonstrating that most NSCLC
cells have defects in IFNβ production upon viral infection
as has been previously shown [9]. In contrast, VSV-hIFNβ
treatment resulted in markedly increased secretion of
hIFNβ for each cell line as compared to VSV-GFP treated
cells (Figure 1H). The resistant H838 cell line and nonmalignant Beas-2B cell line produced very little hIFNβ
compared to the other NSCLC cell lines (p < 0.0001 for
each cell line compared to Beas2B and H838). From these
results, we conclude that most IFNβ production in VSVhIFNβ-treated cells reflects viral transgene expression as
a result of viral replication.

RESULTS
VSV-hIFNβ has oncolytic activity against
NSCLC cell lines

NSCLC cells have defects in the IFN response to
VSV-IFNβ

The cytotoxic effects of VSV-hIFNβ and VSV
expressing green fluorescence protein (VSV-GFP) were
compared among a panel of human and murine NSCLC
cell lines and the non-malignant immortalized human lung
bronchial epithelial cell line, Beas-2B. Near complete
oncolysis was observed 72 hours after NSCLC cells and
Beas-2B cells were exposed to VSV-GFP at all tested viral
concentrations (Figure 1A). Even at a low multiplicity of
infection (MOI) of 0.02, oncolysis among H2009, A549, and
H460 cells was observed after exposure to VSV-GFP (data
not shown). In contrast, VSV-hIFNβ was more cytotoxic to
murine and human NSCLC cell lines than Beas-2B cells
(Figure 1B). However, H838 cells were resistant to oncolysis
even at higher MOI. Viral titers from supernatants of infected
cells showed that viral replication correlated with cytoxic
effects (Figure 1C and 1D). Viral titers were similar among
NSCLC cells treated with VSV-GFP, however, treatment of
Beas2B and H838 with VSV-hIFNβ resulted in several logs
lower viral titer compared to the sensitive NSCLC cell lines.
Cytopathic effect occurs maximally at 24 hours on visual
inspection of infected cells as shown in Figure 1E and 1F.
Of note, most of these cell lines are K-ras mutated except
H838 and H522. H522 was highly permissive of VSVhIFNβ suggesting that K-ras mutation is not necessary for
viral replication. However, it cannot be assumed based on
these data that VSV-hIFNβ will be oncolytic for all NSCLC
subtypes, particularly those with other activating driver
mutations.
The normal innate response to viral infection
involves production of type I IFN that sets off a cascade
of events designed to prevent viral spread [8]. Therefore,
to determine the effect of VSV infection on IFNβ
production, we collected supernatant of NSCLC cells
and Beas-2B cells treated in vitro with an MOI of 0.1.
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Production of IFNβ by VSV-IFNβ appeared to
attenuate viral oncolysis in control Beas-2B cells and
NSCLC H838 cells as both of these cell lines were
sensitive to VSV-GFP, but not the other NSCLC cell
lines. Therefore, it was hypothesized that defects in the
IFN signaling pathway might play a role in the sensitivity
of NSCLC cells to VSV-hIFNβ. Therefore, we assessed
the IFN signaling pathway in the panel of NSCLC cell
lines (Figure 2A). H460, the most sensitive cell line to
VSV-hIFNβ, exhibited a severely blunted induction of
phosphorylation of STAT1 and STAT3, and little induction
of p48 upon exposure to either VSV-GFP or VSV-hIFNβ
compared to H838 cells and non-malignant Beas2B cells.
All cell lines showed induction of endogenous STAT1
expression after VSV-hIFNβ but not after VSV-GFP
treatment consistent with the effect of type I IFNβ on
STAT1 expression seen previously in NSCLC cells [10].
JAK1/2 inhibition by ruxolitinib exposure directly
upstream of STAT1 inhibits VSV-hIFNβ mediated STAT1
phosphorylation and re-sensitizes H838 cells to the VSVhIFNβ (Figure 2B & 2C). Ruxolitinib alone induced very
little cytotoxicity to H838 cells, but in combination with
VSV-IFNβ resulted in near complete oncolysis. This
correlated with nearly 3 logs higher viral titer measured
in supernatants from combination treatment compared
to VSV-IFNβ alone (Figure 2F). In contrast, in H460
cells with minimal inducement of STAT1, the addition
of ruxolitinib did not have any effect on oncolysis or
on STAT1 phosphorylation, as these cells were already
robustly sensitive to VSV-hIFNβ (Figure 2D & 2E).
A549 cells induce STAT1 phosphorylation, however,
the p48 induction is blunted. H2009, and H2030 cells
that are sensitive to VSV-hIFNβ also induce STAT1
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Figure 1: VSV-GFP and VSV-hIFNβ are cytotoxic to NSCLC cells. A. Human NSCLC cell lines and Beas2B cells (control)

were infected with VSV-GFP at the indicated MOI. Cell viability was determined after 72 hours by trypan blue exclusion. B. Human and
murine NSCLC cell lines and Beas2B cells were infected with VSV-hIFNβ and VSV-mIFNβ, respectively, at the indicated MOI. LLC and
LM2 are murine NSCLC lines; all other lines are human NSCLC. Cell viability was determined after 72 hours by trypan blue exclusion.
C and D. Viral titer was determined by collecting supernatant from NSCLC cell lines and Beas2B cells treated in vitro with an MOI of
0.1. Supernatant was collected daily after infection with either VSV-GFP (C) or VSV-hIFNβ (D) * indicates statistically significant result
comparing Beas2B and H838 to the rest of the NSCLC cell lines. E. Representative fluorescence and light micrographs of NSCLC cells
infected with VSV-GFP at 6 and 24 hours. F. Light micrographs showing cytopathic effect of VSV-mIFNβ against murine LM2 cells after
infection. G and H. Production of human IFNβ was determined by collecting supernatant from NSCLC cell lines and Beas2B cells treated
in vitro with an MOI of 0.1. Supernatant was collected at 48 hours after infection with either VSV-GFP (G) or VSV-hIFNβ (H) and tested
for the presence of hIFNβ by ELISA, and ** signifies p < 0.0001 comparing Beas2B and H838 to the other NSCLC cell lines. Numbers
above the bar graphs indicate the hIFNβ level in the supernatant (in pg/mL). Error bars indicate standard deviation.

phosphorylation and p48 expression after treatment
(Figure 2A) in spite of their sensitivity to VSV-hIFNβ.
Therefore, though intact JAK/STAT signaling mediates
resistance in H838, intact STAT1 signaling is not sufficient
to mediate resistance in other cell lines.
Dysfunctional PKR activity and its downstream
effects mediated through eIF2α impacting translational
control have been posited as a major mechanism of
tumor tropism for a variety of oncolytic viruses [11]. We
analyzed induction of PKR and downstream eIF2 proteins
by Western blot (Figure 3A). PKR phosphorylation was
not increased in response to exposure to VSV-GFP in any
of the cell lines. However, VSV-hIFNβ infection resulted
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in increased induction of PKR phosphorylation in all of
the cell lines except H460, which expresses very low
levels of PKR. Downstream phosphorylation of eIF2α
was only seen in H460 and A549 upon exposure to VSVhIFNβ. High levels of eIF2B-e have been associated with
permissiveness to VSV in cancer cells with an intact PKR/
eif2α pathway [12], however there was no consistent
pattern observed in these cell lines.
Several other pathways have been implicated
in mediating tumor tropism of VSV including
endoplasmic reticulum (ER) stress pathways [13],
k-ras mutation [14], and cap-dependent protein
translation [15]. IREα, a key ER stress protein, has been
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Figure 2: NSCLC cells are defective in IFN response to viral infection. NSCLC cells were infected with VSV-GFP and VSV-

hIFNβ, and cell lysates were prepared after 24 hours of infection at an MOI of 0.1. A. Signaling proteins in the IFN response were assayed
by immunoblot. β-actin was used as a loading control. 0, untreated; VG, VSV-GFP; VI, VSV-hIFNβ. B–E. H838 cells and H460 cells
grown in 96-well plates were treated with VSV-hIFNβ alone at indicated MOI or in combination with ruxolitinib at indicated doses. Viable
cells were assayed 72 hours after treatment (B and D). Western blots for p-STAT1 were done in H838 cells and H460 cells (C and E) to
demonstrate inhibition of p-STAT1 in H838 cells after ruxolitinib treatment. 0 = untreated, R = ruxolitinib 250 nM V = VSV-hIFNβ MOI
0.1, VR = combination VSV-hIFNβ and ruxolitinib. F. Supernatants from cells treated in parallel to B) were collected and assayed for viral
titer at 24 and 48 hours post-infection. Data are expressed as TCID50/mL. * denotes p < 0.01 compared to VSV-hIFNβ alone.

VSV has antitumor efficacy in human xenografts

considered an inhibitor of rhabdovirus infection [13];
however, the only cell line to have increased expression
of IREα was H2030, which was very sensitive to VSVhIFNβ (Figure 3B). Likewise PERK, BIP, CHOP, Ero1Lα and Calnexin expression, other important proteins in
the ER stress pathway, were not markedly different in
sensitive and resistant cell lines, suggesting that the
ER stress pathway is not involved in mediating viral
sensitivity. Taken together, it can be concluded that
the type I IFN response is blunted in NSCLC cells and
likely accounts for the tumor tropism of VSV. Virally
produced IFNβ can still exert effects on the signaling
pathway and induce interferon-stimulated genes such as
STAT1 which is necessary for H838 cells to be resistant.
JAK/STAT activation alone is not sufficient to impair
viral replication as observed with A549, H2009, and
H2030 cells.
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In vivo effects of VSV-GFP and VSV-mIFNβ on
NSCLC tumors were tested in a nude mouse xenograft
model using A549 and H2009 cell lines (Figure 4).
Established tumors were treated by intratumoral injections
of 6.6 × 108 TCID50 on days 0, 7, and 14. On day 21,
all mice were euthanized and tumors excised. Both VSVGFP and VSV-mIFNβ showed antitumor activity in the
A549 and H2009 xenograft models (Figure 4A & 4B).
Tumor volume (Figure 4A and 4B, left) and tumor weights
(Figure 4A and 4B, middle) after 21 days were lower in
treated animals than control animals (n = 5), however
these results did not achieve statistical significance.
In both tumor models, live virus was recovered from
tumors one week after the last viral injection, suggesting
that further antitumor activity may have been observed
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Figure 3: Western blot of PKR/eIF2α and ER stress pathway. NSCLC cells were infected with VSV-GFP and VSV-hIFNβ at an
MOI of 0.1. Lysates were prepared 24 hours following infection and assayed by immunoblot. A. Immunoblot of PKR and eIF2 pathway.
B. Immunoblot of ER stress proteins. 0, untreated; VG, VSV-GFP; VI, VSV-hIFNβ. β-Actin was used as a loading control. The β-Actin in
A) was from the same lysates as the immunoblots in B).

with longer treatment (Figure 4A and 4B). In these
experiments, there was no toxicity to the mice at the doses
used. Their weights remained stable, and they did not
show any signs of neurotoxicity during the experiment
(data not shown). A similar experiment was done with
H2009 xenografts in which tumors were injected on days
0, 2, and 4 with 5 × 108 TCID50 VSV-GFP or VSV-mIFNβ
followed by observation (Figure 4C). Tumor volume
curves separated early and were significantly different
between treated and untreated mice from day 7 onwards
(p < 0.01 for each time point) (Figure 4C). Tumor weights
were also significantly decreased upon sacrifice on day 21
(Figure 4C). Replicating virus was recovered from excised
tumor tissue despite treatment 2 weeks earlier (Figure 4C,
right). These in vivo data suggest that VSV is effective in
immune deficient models of NSCLC.

A/J mice were injected with 1 × 106 murine LM2 cells,
which are urethane-induced lung cancer cells [16].
All mice formed tumors within 11 days of injection.
Because there was no toxicity in the nude mouse model,
we increased the dose in the immune competent model
to 1.5 × 1010 TCID50 given every other day for 3 doses.
Tumor measurements were made once weekly, and when
tumors either ulcerated through the skin or were larger than
1.5 cm3, mice were euthanized. Antitumor effects were
seen very early with a clear separation in the tumor volume
curve by day 5 (Figure 5A; p < 0.001). All control mice
were sacrificed by day 19 either for reaching the tumor
size endpoint or having ulcerated tumors. Thirty percent of
treated mice had complete regression of tumors. The mice
that had complete regression of tumors were rechallenged
with 1 × 106 LM2 cells in the opposite flank on day
33. None of the rechallenged mice developed tumors
after 90 days of observation. This finding suggests the
possibility that VSV-mIFNβ stimulates the development
of immunologic memory to cancer cells. Survival of mice
was estimated using the Kaplan-Meier method, and there
was a statistically significant improvement in survival of
the mice treated with VSV-mIFNβ (Figure 5B; p < 0.001).

VSV-mIFNβ treatment results in improved
survival in immune competent A/J mice bearing
subcutaneous lung tumors
We next tested the effects of VSV-mIFNβ in an
immune competent model. Syngeneic immune competent
www.impactjournals.com/oncotarget
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Figure 4: VSV has antitumor efficacy in human xenografts. Nude mice bearing A549 A. and H2009 B. xenografts were treated
with 6.6 × 108 TCID50 heat-inactivated VSV (HI-VSV), VSV-GFP, or VSV-mIFNβ by intratumoral injection on days 0, 7, and 14. One
week after the last injection (day 21), mice were sacrificed and tumors resected (n = 5 per group). Tumor volumes were measured with
calipers in two dimensions (A and B, left). Tumors were weighed after sacrifice (A and B, middle). Viral titer was determined from resected
tumors on day 21 (A and B, right). C. H2009 xenografts were treated with 1× PBS, 5 × 108 TCID50 VSV-GFP or VSV-mIFNβ given on
days 0, 2, and 4 followed by observation until day 21. Tumor volume was measured by calipers twice weekly (left). All mice were sacrificed
on day 21, and resected tumors were weighed (middle) and assayed for viral titer on day 21 (right). Error bars indicate standard error of the
mean (SEM), * indicates p-value < 0.05, ** indicates p-value < 0.001.

To measure viral titers, a separate cohort of mice were
treated with the same dose of intratumoral VSV-mIFNβ
and sacrificed 72 hours after the last treatment. Viral titers
were recovered from 3 of 4 mice 72 hours after treatment
(Figure 5C). Notably, none of the mice showed any signs
of toxicity at any point during the study. In a syngeneic
immune competent mouse model of NSCLC, intratumoral
VSV-IFNβ treatment results in tumor regression and
possible induction of antitumor immune response.

tumors formed, mice were given intratumoral injections
of VSV-mIFNβ or 1× PBS into the right flank only on
days 1, 3 and 5. The mice were sacrificed on day 10 and
tumor-infiltrating leukocytes (TIL) were analyzed by flow
cytometry (Figure 6). In mice treated with VSV-mIFNβ,
both locally treated and opposite flank tumors showed
an increase in (TILs) (Figure 6A–6D) coupled with a
dramatic decrease in regulatory T cells (Tregs) (Figure 6E
and 6F). Also, CD8+ T cell infiltration was increased as
well (Figure 6I). Furthermore, in the locally injected
but not in distant tumors, there was a marked decrease
in immune suppressive monocytic myeloid derived
suppressor cells (MDSC) (Figure 6G & 6H). There was no
significant change in NK cells or dendritic cell infiltration
after intratumoral injection (data not shown). Though
all mice were sacrificed at day 10, injected tumors were
already significantly smaller in VSV-mIFNβ treated mice
(Figure 6K). In mice treated with VSV-mIFNβ there was
also a trend towards smaller tumors in the opposite flank

Intratumoral injection of VSV-mIFNβ results in
an abscopal immune response
Because the prior experiment demonstrated the
possibility of an antitumor immune response, further
experiments were done to try to characterize the immune
response to intratumoral injection of VSV-mIFNβ. Using
the same syngeneic lung cancer model, LM2, A/J mice
were induced to form bilateral tumors. Once bilateral
www.impactjournals.com/oncotarget

33170

Oncotarget

Figure 5: VSV-mIFNβ treatment of LM2 in immune competent A/J mice. A. Mice (n = 10) were treated with intratumoral

injections of 1× PBS or VSV-mIFNβ at a dose of 1.5 × 1010 TCID50 every other day for 3 doses. Estimate of tumor volume based on
2-dimensional measurements are shown. At day 45, 3 mice had no visible tumors and were re-challenged with 1 × 106 LM2 cells injected
in the flank. After 30 days, no tumors grew in these mice. B. Kaplan-Meier curve of survival of mice as defined as the date mice were
sacrificed either because there tumors were larger than 1.5 cm3 or they had ulcerated tumor requiring sacrifice in accordance with ethical
standards. Data were analyzed with log rank test and curves were significantly different (p < 0.001). C. A separate group of 5 mice were
similarly treated with 1.5 × 1010 TCID50 VSV-mIFNβ and were sacrificed 72 hours later. Viral titers from resected tumors were determined
using plaque assay. Four mice were treated with VSV-mIFNβ and one mouse was given PBS (Con). Error bars indicate standard deviation.

as well though this did not reach statistical significance.
VSV-mIFNβ also resulted in a significant increase
in PDL-1 expression on tumor cells in both injected
and non-injected tumors after VSV-mIFNβ treatment
(Figure 6J). Taken together, these data strongly suggest
that intratumoral injection of VSV-mIFNβ results in a
systemic antitumor immune response and immunologic
memory. The observation of increased tumor cell PDL1 expression may limit the full potential of antitumor
immunity and might lead ultimately to tumor progression,
though this is speculative.

and increased CD8+ T cell infiltration are likely to be
important in the ultimate development of immunologic
memory. How much of the observed effect is dependent
upon the viral transgene, IFNβ, is not clear. Previous data
indicated that VSV alone (not-expressing IFNβ) induced
infiltration of MDSC [19]. In contrast, we report here
that MDSCs, particularly immune suppressive monocytic
MDSC are reduced after VSV-IFNβ treatment [20, 21].
In mesothelioma, the antitumor effect of VSV-IFNβ was
partly dependent on biologically active IFNβ [5]. There
are data to suggest that the type I IFN response may be
a necessary signal for differentiation of CD8+ T cells
to memory T cells [22–24]. Taken together, we believe
that the IFNβ transgene is quite likely important for the
immune-stimulation following VSV-IFNβ treatment.
Ongoing studies are investigating further the mechanism
by which VSV-IFNβ stimulates a therapeutic immune
response in NSCLC animal models.
The increased PDL-1 expression induced by VSVIFNβ therapy is also intriguing, particularly in light of
the recent clinical development of immune checkpoint
blockade for NSCLC. PD-1 inhibitors, nivolumab and
pembrolizumab, have now demonstrated impressive
antitumor properties in NSCLC patients leading to recent
FDA approval of nivolumab [25–28]. While response
rates are in the range of 10–25% to these drugs, the
response is higher in patients with high tumor expression
of PDL-1. Moreover, the presence of tumor-infiltrating
CD8+ T cells appear to be required for response to PD-1
blockade [29]. Therefore, our data suggest that VSVIFNβ could be synergistic with PD-1 or PDL-1 inhibitors.

DISCUSSION
The present study indicates a potential role of
VSV-IFNβ as a therapeutic agent for NSCLC. VSVIFNβ has begun clinical testing in hepatoma, and the
successful completion of this first in human study will
be crucial for further development of VSV-IFNβ for
other tumor types. Our in vitro and in vivo data show
proof-of-principle that VSV-IFNβ has oncolytic effects
on human and murine lung tumors. Our data in immune
competent mice are particularly intriguing, as they
suggest not only a direct oncolytic effect of the tumor, but
also the potential for developing anti-tumor immunity.
There have been published reports of preclinical data
in immune competent models of myeloma, melanoma,
and mesothelioma in which VSV-IFNβ infection results
in CD8+ mediated tumor cytotoxicity [5, 17, 18]. While
the data presented do not delineate a mechanism of
anti-tumor immunity, the marked decrease in Tregs
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Figure 6: Flow cytometric analysis of tumor infiltrating leukocytes in injected and contralateral non-injected tumors
after treatment with VSV-mIFNβ or 1× PBS. A. Representative histograms of CD45+ leukocytes. B. Pooled data from n = 5

mice of total tumor infiltrating leukocytes. C. Representative scatter plot of lymphocyte population from VSV-mIFNβ-treated and control
mice. FSC = Forward Scatter, SSC = Side scatter D. Pooled data from n = 5 mice of the total tumor infiltrating lymphocyte population.
E. Representative Tumor infiltrating CD4+CD25+FoxP3+ Treg cells. F. Pooled data from n = 5 mice of the percentage of tumor infiltrating
Treg cells. G. Representative histograms of tumor infiltrating monocytic MDSC (CD11b+Ly6ChiLy6G-) and polymorphonuclear MDSC
(CD11b+Ly6CintLy6G+) cells. H. Pooled data of percentage of tumor infiltrating monocytic MDSC. I. Pooled data of percentage of tumor
infiltrating CD8+ T cells. J. Pooled data of PDL-1 expression in CD45- tumor cells. Data are expressed as the Mean fluorescence intensity
(PDL-1 expression/Isotype IgG). For each of the bar graphs, error bars indicate standard deviation. * denotes p < 0.05, ** denotes p < 0.001
comparing VSV-mIFNβ treated mice to PBS-treated mice. K. Tumor weights at the time of sacrifice 10 days after 1st VSV-mIFNβ injection.
Error bars indicate standard deviation.

Recently, intratumoral Newcastle disease virus (NDV)
has been shown to sensitize murine melanoma to immune
checkpoint blockade, highlighting the promise of this
approach [30].
The lack of response in IFN signaling after infection
with VSV-GFP indicate that the type I IFN response to
viral infection is indeed defective in many NSCLC cell
lines as has been previously demonstrated [9, 31]. The
differential effect of VSV-GFP and VSV-hIFNβ on H838
cells strongly suggested that a component of the IFNβ
pathway is responsible for resistance. This notion is
further supported by inhibition of JAK/STAT signaling,
which completely sensitizes H838 cells to VSV-hIFNβ
oncolysis. However, it is difficult to suggest a predictive
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biomarker as IFN signaling appeared to be similar
amongst most of the cell lines tested. H460 which was the
most sensitive to VSV-hIFNβ was markedly abnormal in a
variety of IFN signaling proteins, however, H2009, A549,
and H2030 displayed similar IFN signaling characteristics
to H838 despite retaining sensitivity to VSV-hIFNβ.
Therefore, different components of the IFN pathway
might be defective in sensitive cell lines precluding
the use of a single biomarker. A type I IFN signature
has been previously applied to patients receiving IFNβ
therapy for multiple sclerosis, and perhaps such a tool
could be identified that would predict resistance to VSVhIFNβ [32]. Such studies could be critical as VSV-hIFNβ
undergoes further clinical development.
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Despite evidence from other models that inhibition
of protein translation would inhibit oncolytic virotherapy,
our data suggest otherwise. Phosphorylation of eIF2α
(presumed to inhibit translation) was increased upon
VSV-hIFNβ only in H460 and A549, which were the
most permissive for viral replication indicating that
this phosphorylation was insufficient to impair viral
replication. Perhaps the phosphorylation of eIF2α occurs
too late to stop viral translation or the signal is not strong
enough. On the contrary, the resistant cell line, H838, was
not induced to phosphorylate eIF2α following VSV-hIFNβ
infection despite being resistant to VSV-hIFNβ. Therefore,
eIF2α phosphorylation is not required for resistance to
VSV-hIFNβ infection.
In the above experiments, VSV-mIFNβ was
delivered by intratumoral injection. For NSCLC, VSVhIFNβ would be ideally delivered intravenously to patients
as the majority of patients have metastatic disease. Recent
work in mouse models has demonstrated that VSV is
sequestered in lymph tissue upon IV delivery resulting
in much less of the therapeutic reaching tumor sites
even in mice without circulating anti-VSV neutralizing
antibodies [33]. As a result, alternate approaches to
delivering VSV systemically may need to be employed.
Cyclophosphamide can be given to mice to reduce
neutralizing antibody titers and has been shown to increase
the half-life of circulating VSV [34], however in some
models cyclophosphamide can have a negative impact
on antitumor activity of VSV [19]. Utilizing viral carriers
also has promise for virotherapy and has been applied to
VSV therapy successfully in animal models [35]. The
data presented in this manuscript provide a rationale
for using intratumoral injection of VSV-IFNβ to drive a
systemic immune response and thereby avoid the pitfalls
of systemic treatment. The current phase I trial of VSVhIFNβ utilizes intratumoral injections into liver tumors
with imaging guidance. Thus, data from this phase I trial
could be translated to CT-guided intratumoral injections
of lung tumors in order to have a local effect, but also
potentially a systemic immune effect. The recent FDA
approval of talimogene laherparepvec by intratumoral
injection highlights the potential of using intratumoral
injections for systemic disease [36].
In summary, the work presented here demonstrates
the potential of VSV-IFNβ as a novel therapeutic agent
for treatment of NSCLC. Further studies of VSV-IFNβ,
particularly with regards to the immunostimulatory
properties, are currently being explored to optimize
clinical translation for patients with NSCLC.

Technologies) containing 10% calf serum (Biofluids).
H838 cells were grown in RPMI 1640 supplemented with
10% calf serum, 10 mM HEPES, 1 mM sodium pyruvate,
4.5 g/L glucose, and 1.5 g/L sodium bicarbonate. Beas2B
cells, non-transformed, immortalized human bronchial
epithelial cells, were maintained in keratinocyte-serum free
medium supplemented with recombinant epidermal growth
factor and bovine pituitary extract (Life Technologies).
Cell lines were authenticated by short tandem repeat
profiling performed by an independent laboratory (Johns
Hopkins Cell Authentication Facility). African green
monkey kidney Vero cells (CCL-81) were maintained in
DMEM supplemented with 5% calf serum. Lewis lung
carcinoma cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% calf serum. The
medium for the murine (A/J mouse) urethane induced lung
cancer (LM2) [16] cells was minimal essential mediumalpha supplemented with L-glutamine and 10% calf serum.
All cell lines were from the American Tissue Culture
Collection except for LM2, which was kindly provided by
the laboratory of Dr. Alvin M. Malkinson, Department of
Pharmaceutical Sciences, University of Colorado, Denver,
Colorado. Cells were maintained at 37°C in 5% CO2.

Viruses
VSV (Indiana Strains) were engineered to produce
green fluorescence protein (VSV-GFP) or human or mouse
interferon-β (hIFNβ or mIFNβ, respectively) at the Mayo
Clinic Viral Vector Core Facility (Rochester, MN) as
previously described [6, 18]. All viral stocks were grown
in Vero cells and titered using limiting dilution assays or
standard plaque assay on Vero cells.

Cell lysate preparation following VSV treatment

MATERIALS AND METHODS

Human NSCLC (H460, A549, H838, H2009 and
H2030) and immortalized Beas2B cells (6 × 106) were
seeded onto 15 cm plates and grown in their appropriate
medium. Following overnight incubation cells were
rinsed with Opti-MEM (Gibco, Life Technologies) and
then incubated with either only Opti-MEM or Opti-MEM
containing an MOI equaling 0.1 of VSV-gfp or VSVhIFNβ. The cells were harvested 24 hours later from the
plates by scraping after washing once with PBS (phosphate
buffered saline), after which cells were collected by
centrifugation (14K rpm, 14 seconds), washed again with
ice cold PBS followed by another round of centrifugation
and resuspended in 1× Cell Lysis Buffer (Cell Signaling)
containing 1 mM phenylmethanesulfonyl fluoride (SigmaAldrich). The protein concentrations were determined by
Bradford assay and stored at −80°C.

Cell lines and cell culture

Western blot analysis

The medium for NSCLC cell lines, H460, A549,
H2009 and H2030 was RPMI 1640 (Gibco, Life

Protein samples were separated by 10% SDSPAGE (polyacrylamide gel electrophoresis) or by
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Cell viability assays

8–15% gradient gels. Following protein transfer to
PVDF the membranes were blocked in 5% non-fat dry
milk for 1 hour at room temperature in Tris-buffered
saline-Tween (TBST: 0.15 M NaCl; 0.01 M Tris-HCl,
pH 7.6; 0.05% Tween 20). The membranes were then
incubated for 1 hour at ambient temperature or overnight
at 4°C with the chosen primary antibody. The primary
antibodies employed from Cell Signaling were rabbit
α-STAT1 [#9172], rabbit α-Phospho-STAT1 (Tyr701)
antibody [#9171], mouse α-STAT3 [#9139], rabbit
α-Phospho-STAT3 (Tyr705) antibody [#9145], rabbit
α-PKR antibody, rabbit α-PERK antibody [#3192],
rabbit α-Ero1-Lα antibody [#3264], mouse α-CHOP
antibody [#2895], rabbit α-Calnexin antibody [#2679],
rabbit α-IRE1α antibody [#3192] and rabbit α-BiP
antibody [#3177] each at a 1:1000 dilution. Other
primary antibodies utilized were rabbit α-p48 antibody
[sc-496] from Santa Cruz Biotechnology at 1:500 dilution
and mouse α-β-actin [A1978] (Sigma) at a 1:10,000
dilution. Preceding and following incubation with the
appropriate horseradish peroxidase labeled secondary
antibody, the blots were washed three times for 5 minutes
in TBST. Detection was performed utilizing ECL Plus
Western Blotting System (Amersham Biosciences) to
visualize the bands of interest.

Cells were seeded as triplicate sets into 6-well
plates with 150,000 cells per well for Beas2B, H460,
A549, H838, H2009 H2030, LLC and 200,000 cells per
well for LM2. Following overnight incubation cells were
rinsed with Opti-MEM (Gibco, Life Technologies) and
then incubated with Opti-MEM containing the indicated
multiplicity of infection (MOI) of VSV-gfp or VSV-IFNβ
for two hours. LLC and LM2 were treated with VSV that
secreted the murine form of IFNβ (VSV-mIFNβ), while
the human NSCLC cells were treated with VSV that
secreted the human form (VSV-hIFNβ). Fresh medium
was then added and 72 hours later, the cell number
determined by counting viable cells after exposure to
trypan blue. Cell survival is shown as a percentage of
untreated cells.

Combination VSV-hIFNβ and ruxolitinib
Five thousand H460 or H838 cells were seeded onto
96-well plates in triplicate. After overnight incubation,
cells were treated with the indicated concentrations
of Ruxolitinib (Selleck Chemicals), VSV-mIFNβ at
the specified multiplicity of infection (MOI), or with
both agents. Control cells were treated with identical
concentration of vehicle (0.4% DMSO). Cell viability
was determined following seventy-two hour incubation
employing Cell Counting Kit-8 (Dojindo Molecular
Technologies) following manufacturers protocol.
Cell survival was normalized to vehicle-treated cells.
Experiments were performed in triplicate. In a parallel
experiment performed as just described, cell supernatant
samples were harvested from each well 24 and 48 h
following infection of both H460 and H838 cell lines with
and without ruxolitinib treatment and stored at −80°C for
determination of viral titers.

In vitro and in vivo viral titer
For in vitro titers, cells were treated as above with
an MOI of 0.1 and medium samples removed at 24,
48 and 72 hours and stored at −80°C. For in vivo titer
determinations, flank tumors were aseptically removed,
frozen and stored at −80°C. Portions of each tumor
analyzed were weighed and placed in a gentleMACS
M tube containing 2 mL of PBS on ice. Samples were
homogenized using a gentleMACS dissociator (Miltenyl
Biotec Inc.) following the manufacture’s instructions.
Samples were clarified by centrifugation (3000 × g,
5 min.). Titers were measured by infection of Vero cells
(7000 cells/well) in 96-well plates with 1:5 serial dilutions
of medium samples containing VSV. The tissue culture
infective dose 50 (TCID50) were assessed employing the
Spearman and Karber method [37]. The TCID50 for the
tumor homogenates was normalized to volume (mL) and
tumor weight (g) and expressed as the mean +/− SD. For
some of the tumor samples the titer was measured utilizing
a viral plaque assay to determine plaque-forming units
per mL per gram tumor (pfu/mL/g). Vero cells (6 × 105/
well) were seeded onto 6 well plates and inoculated with
serial dilutions in triplicate of tumor homogenates, then
overlayed with (0.5%) agarose-DMEM medium mixture.
Twenty four hours later cells were fixed with a 3:1 ratio of a
methanol-acetic acid mixture, agarose overlay removed and
cells stained with coomassie brilliant blue (Sigma). Plaque
numbers were counted, normalized to volume (mL) and
tumor weight (g) and expressed as the mean +/− SD [38].
www.impactjournals.com/oncotarget

IFN-β ELISA
NSCLC Cells were treated as described above for
the cell viability assay and culture medium harvested
and stored at −80°C for cells subjected to VSV at an
MOI of 0.1 for 48 hours. The level of Human IFN-β
was quantified in the medium by employing VeriKine
human IFNβ ELISA kit according to manufacturer’s
instructions (PBL Assay Science). Positive and negative
controls are included in the kit and all samples were done
in triplicate.

Flow cytometry
A/J mice were sacrificed 5 days after last treatment.
Tumors and spleens were homogenized using a mouse
Tumor Dissociation Kit (Miltenyi Biotec) according to
manufacturer’s instructions. Cell suspensions were stained
according to manufacturer instructions. Intracellular staining
33174
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for FoxP3 was performed using the Foxp3/Transcription
Factor Staining Buffer Set (eBioscience: 00-5523).
The stained cells were analyzed on an LSRII
flow cytometer (BD Biosciences). Cells were gated
and identified as follows: CD8 T-cells (CD8+), NK
cells (CD8−, CD4−, CD49b+), T-regulatory cells (CD4+,
CD25+, FoxP3+), monocytic MDSCs (CD45+, CD11b+,
Ly6CHi), granulocytic MDSCs (CD45+, CD11b+,
Ly6GHi), and dendritic cell (CD11b+, CD11c+, CD8+).
Antibody conjugates were purchased from BioLegend:
αCD8/FITC (100705), αCD4/PerCP-Cy5.5 (100539),
αCD49b/PE/Cy7 (108921), αCD45.2/PE (109808),
αCD11b/BV650 (101239), αPDL1/PE-Cy7 (124313),
αPDL1/ PE-Cy7 isotype (400617), αCD25/BV650
(102038), BD Pharmingen: αLy6C/PerCP/Cy5.5
(560525) and αLy6G/AF700 (561236), and eBioscience:
FoxP3/AF700 (56-5773-80). Dead cells were excluded
from analysis using Fixable Viability Dye eFluor 780
(eBioscience 65-0865-14).

deviation or standard error of the mean as indicated in the
figure legends. Statistical analysis of in vitro and in vivo
data were done using 2-sided paired t-tests with p value
< 0.05 taken as significant. Survival of mice was estimated
using the Kaplan-Meier method. Kaplan-Meier curves
were generated in GraphPad Prism software (v. 6.0).
Statistical analysis of the differences between control and
treated groups were performed using the log-rank test.
A p value < 0.05 was taken as significant.
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2.5 × 106 A549 or 2.5 × 106 H2009 (Figure 4B) or
2 × 106 (Figure 4C) H2009 cells in 0.1 mL 1× PBS were
injected into the flanks of 4–6 week old nude mice (nu/
nu; NCI). When tumors were 0.5 cm3 the mice received
intratumoral injections once weekly for three weeks or
every other day for three treatments of heat inactivated
VSV-mIFN-β (n = 5), VSV-gfp (n = 5) or VSV-mIFN-β
(n = 5) at 5 × 108 or 6.6 × 108 TCID50 in a 0.1 mL
volume. Tumor sizes were measured on the indicated
days after the start of treatment. The long (D) and the
short diameter (d) were measured with a digital caliper
(Fisher). Tumor volume (mm3) was determined as V = d2
× D × 0.5. Mice were sacrificed on day 21 following the
start of treatment and the excised tumors were weighed.
For the syngeneic model, 1 × 106 LM2 cells were injected
into either unilateral or bilateral flanks of 6 week old A/J
(The Jackson Laboratory, Maine, USA) mice using a 25
gauge needle. These mice were treated with intratumoral
injections of 1× PBS (n = 10) or VSV-mIFN-β (n = 10)
at 1.5 × 1010 TCID50 in a 0.1 mL volume every other
day for three total treatments. Mice were sacrificed when
tumors reached 1.5 cm3 or if tumors ulcerated. Mice
given bilateral flank tumors were injected unilaterally as
above, however, these mice were sacrificed 5 days after
last intratumoral injection and tumors were excised for
further analysis. All procedures involving animals were
performed according to guidelines of the Institutional
Animal Care and Use Committee of the University of
Minnesota (Protocol # 1309-30941A).
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