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Vesicular stomatitis virus (VSV) is a potential oncolytic virus for treating glioblastoma multiforme (GBM),
an aggressive brain tumor. Matrix (M) protein mutants of VSV have shown greater selectivity for killing GBM
cells versus normal brain cells than VSV with wild-type M protein. The goal of this research was to determine
the contribution of death receptor and mitochondrial pathways to apoptosis induced by an M protein mutant
(M51R) VSV in U87 human GBM tumor cells. Compared to controls, U87 cells expressing a dominant negative
form of Fas (dnFas) or overexpressing Bcl-X; had reduced caspase-3 activation following infection with M51R
VSV, indicating that both the death receptor pathway and mitochondrial pathways are important for M51R
VSV-induced apoptosis. Death receptor signaling has been classified as type I or type II, depending on whether
signaling is independent (type I) or dependent on the mitochondrial pathway (type II). Bcl-X; overexpression
inhibited caspase activation in response to a Fas-inducing antibody, similar to the inhibition in response to
MS51R VSV infection, indicating that U87 cells behave as type II cells. Inhibition of apoptosis ir vitro delayed,
but did not prevent, virus-induced cell death. Murine xenografts of U87 cells that overexpress Bcl-X; regressed
with a time course similar to that of control cells following treatment with M51R VSV, and tumors were not
detectable at 21 days postinoculation. Immunohistochemical analysis demonstrated similar levels of viral
antigen expression but reduced activation of caspase-3 following virus treatment of Bcl-X| -overexpressing
tumors compared to controls. Further, the pathological changes in tumors following treatment with virus were
quite different in the presence versus the absence of Bcl-X; overexpression. These results demonstrate that
MS1R VSV efficiently induces oncolysis in GBM tumor cells despite deregulation of apoptotic pathways,
underscoring its potential use as a treatment for GBM.

Vesicular stomatitis virus (VSV) is a well-studied negative-
strand RNA virus that has been identified as a potential on-
colytic virus therapy for brain tumors (29, 30, 51, 53). Oncolytic
virus therapy is an emerging therapy for cancers that currently
lack effective treatment (7, 11). Glioblastoma multiforme
(GBM) is a common and highly aggressive brain tumor that
has a median survival of approximately 1 year once diagnosed
(15). Thus, GBM is a cancer that is widely considered likely to
benefit from oncolytic virus therapy. Several clinical trials of
oncolytic viruses are ongoing or have already been conducted
in patients with GBM (14, 30, 31, 33, 45, 56). To date, at least
two VSV oncolytic viruses have been considered by the NIH
Recombinant DNA Advisory Committee, a key step toward
beginning clinical trials in a variety of cancer types (47, 48).

The selectivity of VSV for cancerous versus normal tissue
is due to defects in antiviral responses that cancers develop
during tumorigenesis that make them more susceptible to
virus infections (4, 5, 42, 43). The selectivity of oncolytic
viruses for cancer cells can be enhanced by mutating viral
genes involved in suppressing host antiviral responses,
which renders these viruses nonpathogenic in normal tissues
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but effective as oncolytic agents in cancers that have down-
regulated their antiviral responses. In the case of VSV, the
matrix (M) protein is responsible for inhibiting cellular an-
tiviral responses through the general inhibition of host gene
expression (2, 9, 10, 13, 43). Mutation of the M protein
renders the virus unable to suppress antiviral responses in
normal tissues but does not compromise the ability of the
virus to replicate in cancers that are defective in their anti-
viral responses (1, 29, 43). The cancer selectivity of M pro-
tein mutant VSV compared to VSV with the wild-type (wt)
M protein is illustrated by treatment of human cancer xe-
nografts in immunodeficient mice. Viruses with wt or mu-
tant M protein are similarly effective in reducing tumor
burden. However, most immunodeficient mice treated with
wt VSV succumb to virus infection, while those treated with
M protein mutant virus show no signs of VSV-induced dis-
ease (1, 42, 43).

One of the attractive features of VSV as an oncolytic
agent is that it is highly cytopathic and induces cell death in
nearly all productively infected cells. VSV is a potent in-
ducer of death due to the activation of multiple apoptotic
pathways (17, 23). It is important to determine which apop-
totic pathways are most crucial for VSV-induced cell killing
because many cancers differentially express proteins that
regulate apoptosis. Understanding the apoptotic pathways
induced by VSV will contribute to understanding the poten-
tial outcomes of oncolytic therapy with VSV. The goal of the
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experiments presented here was to determine the apoptotic
pathways that are important for the killing of GBM cells by
oncolytic M protein mutant VSV.

Previous studies indicated that induction of apoptosis by M
protein mutant VSV occurs through different pathways from
those used by VSV with wt M protein. The inhibition of host
gene expression by wt M protein primarily activates the mito-
chondrial pathway (6, 17, 22). In contrast, induction of apop-
tosis by M protein mutant VSV was shown to be mediated by
transmembrane death receptors, such as Fas (16). Fas activa-
tion induces formation of an intracellular death-inducing sig-
naling complex (DISC) that triggers activation of the initiator
caspase-8, ultimately leading to apoptosis via activation of ef-
fector caspases such as caspase-3. However, the mitochondrial
pathway may also be involved in some cell types (41, 46) since
targeting the mitochondrial apoptotic pathway with Bcl-2 in-
hibitors sensitizes primary chronic lymphocytic leukemia
(CLL) cells to an M protein mutant VSV-induced oncolysis
(46).

In some cell types, cross talk between the death receptor and
mitochondrial apoptotic pathways is required for efficient in-
duction of cell death. Death receptor signaling has been clas-
sified as type I or type II, depending on whether signaling is
independent of the mitochondrial pathway (type I) or depends
on amplification by the mitochondrial pathway (type II) (38,
39). The death receptor pathway can activate the mitochon-
drial pathway through caspase-8 cleavage of the proapoptotic
BH3-only protein Bid. Cleaved Bid (truncated Bid [tBid]) then
promotes destabilization of the mitochondria through activa-
tion of proapoptotic mitochondrial proteins. Previous results
from our laboratory indicated that activation of the mitochon-
drial pathway by wt VSV is due in part to the activity of Bid
(35). This raises the question of whether cross talk through Bid
can be an important mechanism of cell death induced by M
protein mutant VSV. In results presented here, we show that
human GBM cells require a type II death receptor pathway to
undergo apoptosis in the presence of an oncolytic M protein
mutant VSV, M51R VSV. Unexpectedly, inhibition of apop-
tosis by overexpression of antiapoptotic Bcl-X; had little if any
effect on the time course of clearance of human GBM xeno-
grafts in immunodeficient mice following treatment with
MS51R VSV. However, the pathological changes in tumors
following treatment with virus were quite different in the pres-
ence versus the absence of Bcl-X; overexpression. These re-
sults suggest that treatment of GBM tumors with M protein
mutant VSV may overcome common mechanisms of cancer
resistance to induction of apoptosis.

MATERIALS AND METHODS

Cell lines and virus. U87-MG cells (ATCC HTB-14, referred to here as U87
cells) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum. Stable cell lines were generated following
the transfection of plasmid DNA using Effectene reagent (Qiagen), according to
the manufacturer’s protocol. The pcDNA3-Bcl-X; and control pcDNA3 plas-
mids have been described previously (35). The pcDNA3.1(+)-puro-dnFas
(where dnFas is a dominant negative form of Fas) plasmid was generated sim-
ilarly to that described in Gaddy and Lyles (16), except that human cDNA was
used as a template, and pcDNA3.1(+)-puro was used as the vector. The pIRES2-
ZsGreenl-Bcl-X; (where ZsGreen is Zoanthus sp. green fluorescent protein and
IRES?2 is internal ribosome entry site 2) plasmid was generated by subcloning the
Bel-X, insert into the pIRES2-ZsGreenl-Lux plasmid. Cells stably transfected
with the pcDNA3- or pcDNA3.1(+)-puro-derived plasmid were selected with
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800 wg/ml G418 or 0.5 pg/ml puromycin, respectively. Clones were picked using
sterile cloning discs. Polyclonal cells stably transfected with pIRES2-ZsGreenl-
derived plasmids were sorted via fluorescence-activated cell sorting (FACS),
based on the expression of the fluorescent ZsGreenl protein. M51R VSV was
isolated and grown as previously described (24). All cell culture infections were
carried out under single-cycle infection conditions at a multiplicity of infection
(MOI) of 10 PFU per cell.

Caspase activity assay. Cells were seeded onto six-well plates at 60 to 80%
confluence. At various times, cells were infected with M51R VSV or treated with
a known inducer of apoptosis. Following infection, floating and attached cells
were harvested, and cell lysates were prepared as described previously (50). The
fluorogenic substrate DEVD-aminofluorocoumarin (DEVD-AFC; BioMol, Inc.)
was added to lysates, and fluorescence was measured over the course of an hour
at 37°C using a BMG Labtech POLARstar Omega microplate reader. A protein
assay (Bio-Rad) was performed concurrently.

Fas-activating antibody. The Fas-activating antibody, ch.11 (Upstate), was
used at a concentration of 1 ug/ml in combination with a low dose of cyclohex-
imide (CHX) (10 pg/ml) as described previously (36).

Immunoblot analysis. Cell lysates were prepared with radioimmunoprecipita-
tion assay (RIPA) buffer containing 1 mM phenylmethylsulfonyl fluoride and 1
mM benzamidine. Lysates were resolved by SDS-PAGE and then transferred to
polyvinylidene difluoride (PVDF) using the Invitrogen NuPage system. Mem-
branes were blocked in Tris-buffered saline (TBS; pH 7.5) containing 5% nonfat
milk and then probed with antibodies against Bcl-X; (Cell Signaling Technolo-
gies), Bid (Santa Cruz Biotechnology), and actin (Santa Cruz Biotechnology) as
previously described (17). Band intensities were quantified by scanning and
analysis using Quantity One (Bio-Rad) software.

Fluorescence microscopy. Cells were seeded on BD Falcon 96-well clear-
bottom imaging plates. Following infection with virus, cells were labeled with
propidium iodide (PI; Invitrogen) and Hoechst 33258 (Invitrogen) and were then
imaged using a BD Pathway 855 instrument. Image analysis was performed using
Image]J software and a macro kindly provided by Peter Antinozzi (Department of
Biochemistry, Wake Forest University). Briefly, the number of pixels with inten-
sity above the threshold established in mock-infected cells was determined for
each wavelength, and the area of positive staining was measured for each well.
The ratio of the PI-positive area to Hoechst-positive area was then calculated for
each well. This ratio is approximately equal to the fraction of total cells that are
PI positive without the complication of observer bias and with the advantage that
all of the cells in the well are analyzed, reducing the variability associated with
analyzing a limited number of microscopic fields.

Cell viability assay. Cell viability was assessed by MTT [3-(4,5-dimethylthi-
azol-2-yl)2 2,5-diphenyl tetrazolium bromide] assay, according to the manu-
facturer’s instructions (Roche Molecular Biochemicals). Cell viability was
evaluated, and survival was estimated relative to untreated controls as de-
scribed previously (23, 35).

RNA interference. U87 cells were transiently transfected with 15 nM Bid small
interfering RNA (siRNA) or control siRNA-A (Santa Cruz Biotechnology) using
Dharmafect 4 (Thermo Fisher, Dharmacon) transfection reagent according to
the manufacturer’s instructions. Cells were harvested for immunoblot analysis in
order to assess the quality of siRNA transfection.

Time-lapse microscopy. Cells were seeded at approximately 60 to 70% con-
fluence on 24-well dishes. Time-lapse microscopy was performed as described
previously (35). Infections were allowed to progress through 48 h.

Subcutaneous tumor model. U87 cells transfected with pIRES2-ZsGreenl-
Bel-X; or pIRES2-ZsGreenl-Lux were harvested from semiconfluent cultures.
Cells were resuspended at 2 X 10° cells/0.1 ml of phosphate-buffered saline
(PBS), and for each transgenic cell line, cells were subcutaneously injected in the
right, hind-flank of 12 female nude (nu/nu) mice (six mice per treatment group).
Animals were monitored for tumor development and weighed daily. Animals
with palpable tumors had their tumor volume measured with calipers, and the
volume was calculated as follows: volume = (width)? X length/2. After 1 week,
palpable tumors developed (50 to 100 mm?), and each animal was injected
intravenously (i.v.) twice, 3 days apart, with either M51R VSV (1 X 107 PFU) or
PBS. Mice were sacrificed when the tumor size approached the predetermined
upper size limit of 1,000 mm? or 3 weeks after injection with M51R VSV or PBS.
The mice were sacrificed at this time in order to determine whether there was
residual tumor or signs of VSV-induced pathology. The tumor site and selected
tissues (brain, spleen, and lungs) were harvested for histological analysis.

Immunohistochemistry. Tumors generated as described above were harvested
2 days after treatment with M5IR VSV or PBS and were fixed in 4% paraform-
aldehyde overnight, embedded in paraffin, and sectioned at 5 wm. Tissue sections
were immunostained for VSV glycoprotein as described previously (3). Cleaved
caspase-3 staining was done according to the same protocol, using a monoclonal
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antibody that was raised to the large fragment of active caspase-3 (catalog item
9664; Cell Signaling Technology).

Statistical analysis. For most experiments, a Holm-Sidak one-way analysis of
variance test was used to determine statistical significance (P < 0.05). For
fluorogenic caspase-3 assays, replicate experiments were assayed with uniform
instrument settings. Analysis of variance was used to determine statistical signif-
icance for those experiments where control measurements had a standard devi-
ation that was <20% of the mean. For experiments performed at different times,
instrument sensitivity was a major source of variability (standard deviation [SD]
greater than 30% of the mean). For these experiments, a paired ¢ test was used
to determine statistical significance of experimental groups compared to control
cells (P < 0.05). For analysis of tumor size as a function of time in the in vivo
experiments, a two-way repeated measures analysis of variance was used to test
for statistical significance with the Bonferroni procedure for all pairwise multiple
comparisons. Statistical analyses were performed using SigmaStat software (Sys-
tat Software, Inc.).

RESULTS

The death receptor pathway is important for MS1R VSV-
induced apoptosis in GBM cells. Previous experiments using
mouse L929 cells indicated that the death receptor pathway
was the predominant pathway by which infection with MS1R
VSV induced apoptosis (16). The purpose of the experiments
shown in Fig. 1 was to determine if the death receptor pathway
is also important for the induction of apoptosis by M51R VSV
in human GBM cells. The U87 cell line was chosen for these
experiments since it has been widely used in studies of suscep-
tibility of GBM cells to oncolysis by VSV and other viruses (19,
29, 30, 34, 40, 52, 53). U87 GBM cells were stably transfected
with either an empty vector (EV) or a vector expressing a
dominant negative form of the Fas death receptor (dnFas).
Clonal cell lines were established by antibiotic selection, and
clones expressing functional dnFas were identified by their
resistance to induction of apoptosis by Fas-activating antibody
(ch. 11). Transfected or nontransfected cells were infected with
MS51R VSV for various periods of time, cell extracts were
prepared, and caspase-3-like activity was assessed. M51R VSV
induced high levels of caspase-3-like activity in nontransfected
and empty vector control cells but induced significantly lower
levels in the dnFas cells (Fig. 1A). The extent of inhibition by
dnFas expression was similar to that observed in control ex-
periments in which U87 EV- and dnFas-expressing cells were
treated with an agonistic antibody (ch.11) to the Fas death
receptor (Fig. 1B). Thus, expression of dnFas was able to
inhibit the apoptotic pathways leading to caspase-3-like activity
in U87 cells infected with M51R VSV.

Caspase-8 is one of the principal initiator caspases in the
death receptor pathway of apoptosis. To determine if the ac-
tivity of caspase-8 was involved in the induction of apoptosis in
M51R VSV-infected U87 cells, cells were left untreated or
treated with a caspase-8-specific inhibitor (zIETD), a pan-
caspase inhibitor (zZVAD), or vehicle alone (dimethyl sulfoxide
[DMSO]). Cells were then infected for various times, and cell
extracts were assayed for caspase-3-like activity (Fig. 1C).
Caspase-3-like activity was undetectable in both zZVAD- and
zIETD-treated U87 cells, consistent with the requirement for
caspase-8 activity for activation of caspase-3 in U87 cells in-
fected with M51R VSV. Collectively, the data in Fig. 1 are
consistent with results of similar experiments in 1929 cells
indicating that the death receptor pathway is a major pathway
leading to caspase-3 activation in U87 cells.

J. VIROL.

>
5

n

120 4

-

o

o
M

80 1

DEVD-ase Activity
(RFU/min)/mg of protei

N A O
o O o o
" " M M

Not EV-8 dnFas-7
transfected
B 1201
51001
20
Za
g fg 80 1
2 £ 60-
ac *
o€ 401
=]
oL
€ 20
0 T T
Not EV-8 dnFas-7
transfected
C 20,
£
[
>= 254
ge W 16hr
2% 207 | 20hr
@
o E 154 @ 24hr
Lo
S g 104 O 36hr
W=
oL
© 54
* % % % k% % %k %
0 T T 1
No DMSO zVAD zZIETD
treatment

FIG. 1. M51R VSV requires a Fas-mediated pathway to induce
apoptosis in GBM cells. (A) U87 cells that were not transfected, empty
vector clone 8 (EV-8), and dominant negative Fas clone 7 (dnFas-7)
cells were infected with MS1IR VSV for various periods of time. Cell
extracts were prepared, and caspase-3-like activity was assessed.
(B) U87, EV-8, and dnFas-7 U87 cells were treated with ch.11 for 12 h
and were analyzed as in panel A. (C) Prior to infection, U87 cells were
treated for 1 h with DMSO, zVAD, or zZIETD. Cells were infected with
MS51R VSV at various times, and cell extracts were prepared and
analyzed as in panels A and B. Asterisks indicate statistical significance
(P < 0.05) against EV or DMSO control cells at corresponding time
points among three independent experiments. Error bars indicate stan-
dard errors of the means. RFU, relative fluorescence units.

The mitochondrial pathway is important for apoptosis in-
duced by death receptor and M51R VSV in U87 GBM cells. In
addition to the death receptor pathway, the other major apop-
totic pathway is the mitochondrial pathway. In order to test the
involvement of the mitochondrial pathway, U87 cells were
stably transfected with a vector that expressed Bcl-X; . Clonal
populations were selected by antibiotic resistance, and overex-
pression of Bcl-X; was tested by immunoblotting. Two clones
that had among the highest overexpression of Bcl-X; were
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selected, and their immunoblots are shown in Fig. 2A.
Caspase-3-like activity was dramatically reduced in both U87
Bcl-X, -overexpressing clones infected with M51R VSV (Fig.
2B). These data indicate that the mitochondrial pathway of
apoptosis is also required in addition to the death receptor
pathway for M51R VSV-induced activation of caspase-3 in
GBM cells.

Death receptor signaling has been classified as type I or type
II depending on whether signaling is independent of (type I) or
depends on (type II) the mitochondrial pathway. The response
of U87 cells to infection with M51R VSV resembles a type 11
response to death receptor ligands. To determine whether the
response of U87 cells to Fas receptor ligation is similar to that
of type II cells, U87 control and Bcl-X; -overexpressing clones
were treated with ch.11 for 12 h, and caspase-3-like activity was
assessed (Fig. 2C). Bcl-X; overexpression inhibited caspase
activation in response to ch.11, similar to the inhibition in
response to M51R VSV infection. These data indicate that
U87 cells behave as type II cells in response both to Fas
receptor ligation and virus infection.

In addition to evaluating caspase activation, the induction of
cell death in M51R VSV-infected U87 cells was determined by
assessing plasma membrane integrity by propidium iodide (PI)
staining. Control or Bcl-X -overexpressing cells were mock
infected or infected with M51R VSV in the presence or ab-
sence of zVAD. At various times postinfection, cells were
double labeled with Hoechst and PI (which label the nuclei of
all cells and permeable cells, respectively) and analyzed by
quantitative fluorescence microscopy. The number of pixels
with intensity above the threshold established in mock-infected
cells was determined, and the values are expressed as the ratio
of the PI-positive area to Hoechst-positive area (Fig. 2D). At
early time points postinfection, there was very little PI labeling
above the mock-infected controls. However, by 36 h, there was
a substantial amount of PI labeling in control cells, which was
inhibited by overexpression of Bcl-X; or treatment with
zVAD. These data provide further evidence of a role for the
mitochondrial pathway in the induction of cell death in U87
cells by infection with M51R VSV.

Bid is required for M51R VSV-induced apoptosis. Cross talk
between pathways during the type II response to death recep-
tor-induced apoptosis is usually mediated by the Bcl-2 family
member Bid. Bid is cleaved by caspase-8 to generate the pro-
apoptotic tBid. The cleavage of Bid to tBid was determined
through immunoblot analysis by following the disappearance
of full-length Bid (Fig. 3A). As a control for normal turnover
of Bid, cells were treated with zIETD to inhibit caspase-8
activity or were treated with vehicle (DMSO) alone. Cells were
infected for various times with M51R VSV or were treated
with ch.11. Immunoblots were quantified by densitometry, and
the results of replicate experiments are shown in Fig. 3B.
There was a dramatic decrease in the amount of full-length Bid
in U87 cells treated with ch.11, which was prevented in the
presence of zIETD. The tBid cleavage product produced in
cells treated with ch.11 could be detected directly in the same
immunoblots upon longer exposure (data not shown). How-
ever, in virus-infected cells, the amount of full-length Bid de-
clined over a more prolonged time course, and the tBid cleav-
age product could not be detected even at prolonged
exposures. Thus, if Bid is involved in response to virus infec-
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FIG. 2. Bcl-X; overexpression inhibits caspase-3 activation in MS1R
VSV-infected GBM cells. (A) U87 cells were stably transfected with a
vector that expressed Bcl-X; or an empty vector control. Clonal popula-
tions were selected, and overexpression of Bcl-X; was tested by immu-
noblotting. An immunoblot is shown for nontransfected U87 cells, empty
vector clone 26 (EV-26), and Bcl-X; -overexpressing clones 7 and 16
(Bcl-X -7 and -16). U87 control and Bcl-X; -overexpressing clones were
infected for various times (B) or treated with ch.11 antibody for 12 h (C),
and cell extracts were assessed for caspase-3-like activity. (D) U87 empty
vector control and Bcl-X| -overexpressing clones were infected for various
times in the presence or absence of the caspase inhibitor zZVAD and
stained with Hoechst dye and PI. Cells were then imaged, and the area of
Hoechst and PI staining was determined using ImageJ software. Asterisks
indicate statistical significance (P < 0.05) against EV control cells at
corresponding time points among three independent experiments. Error
bars indicate standard errors of the means.
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FIG. 3. Bid is required for apoptosis induced during M51R VSV infection in GBM cells. (A) U87 cells were pretreated with DMSO or zZIETD
prior to treatment with ch.11 (12 h) or at various times of infection with M51R VSV. Cell lysates were prepared, and Bid expression was
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immunoblotting. (D) At 48 h posttransfection, cells transfected as in panel C were infected with M51R VSV, and caspase-3-like activity was
assessed. (E) Cells transfected as in panel C were treated with ch.11 for 12 h, and caspase-3-like activity was measured. Asterisks indicate statistical
significance (P < 0.05) against DMSO or nontargeting control cells at corresponding time points among three independent experiments. Error bars

indicate standard errors of the means.

tion of U87 cells, it may be due to prolonged generation of
small amounts of tBid over the time course of virus infection.

In order to determine if Bid was required for activation of
caspase-3 by M51R VSV infection, the expression of Bid was
silenced using siRNA. U87 cells were transfected with a non-
targeting siRNA or with an siRNA targeting Bid for 48 h (Fig.
3C). Cells were then infected with M51R VSV for 20 and 24 h
or treated with ch.11 for 12 h, and caspase-3-like activity was
assessed (Fig. 3D and E). Silencing Bid expression significantly
reduced caspase-3 activation in cells infected with M51R VSV.
Cells silenced for Bid expression and treated with ch.11 anti-
body also had reduced caspase activity compared to cells that
were not transfected or transfected with nontargeting siRNA
(Fig. 3E). These results provide further evidence that establish
U87 cells as type II cells.

Inhibition of apoptosis does not protect U87 cells from cy-
topathic effects of M51R VSV infection. Previous analysis of
mouse 1929 cells indicated that inhibition of apoptosis was

sufficient to protect M51R VSV-infected cells from cytopathic
effects and cell death (16). However, inhibition of apoptosis in
U87 cells by treatment with zZVAD or overexpression of Bcl-X
failed to inhibit M51R VSV-induced cytopathic effects. Con-
trol or Bcl-X| -overexpressing cells were infected with M51R
VSV in the presence or absence of zVAD, and the time course
of induction of cytopathic effects was determined by time-lapse
phase-contrast microscopy. Figure 4 shows examples of the
same fields at 0 and 48 h postinfection. By 48 h, control cells
had undergone the morphological changes that are charac-
teristic of apoptosis, including cell rounding, membrane
blebbing, cell shrinkage, and loss of refractility. Cells treated
with zZVAD or overexpressing Bcl-X; underwent cell round-
ing but did not undergo cell shrinkage and retained their
refractility. At this time point, rounded cells may not be
dead. These data are consistent with the inhibition of some
of the morphological changes associated with apoptosis, but
treatment with zVAD, overexpression of Bcl-X;, or the
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Bcl-X -7 EV-28 + zVAD EV-28

Bcl-X -7 + zZVAD

FIG. 4. Cytopathic effects during M51R VSV infection of U87 cells
treated with zZVAD and overexpressing Bcl-X;. EV and Bcl-X| -over-
expressing clones were left untreated or were pretreated with zZVAD
and infected with M51R VSV. Cells were imaged by time-lapse phase-
contrast microscopy for at least 48 h. The zero time point and 48-h
time point from the same fields are displayed.

combination of the two was not able to inhibit the induction
of cytopathic effects by M51R VSV.

The effect of inhibiting apoptosis in U87 cells upon cell
viability was assessed by an MTT assay, which uses ongoing
mitochondrial metabolism as a measure of cell viability. Treat-
ment of U87 cells with zVAD or zIETD had only a small effect
on the time course of loss of viability following M51R VSV
infection (Fig. 5A). Similarly, overexpression of Bcl-X; had
only a small effect on loss of cell viability (Fig. 5B) although the
differences from results with control cells were statistically
significant at later times postinfection for both caspase inhib-
itors and Bcl-X; overexpression. The combination of treat-
ment with zVAD and Bcl-X;_ overexpression substantially de-
layed the loss of viability (Fig. 5B). However, at much later
times postinfection, it was apparent that cell death was not
prevented but merely delayed (not shown).
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FIG. 5. Loss of viability of U87 cells following M51R VSV infec-
tion in the presence of inhibitors of apoptosis. U87 cells that were not
treated or pretreated with DMSO, zVAD, or zIETD (A) or empty
vector (EV) and Bcl-X| -overexpressing cells (B) were infected with
MS51R VSV, and cell viability was determined via an MTT assay.
(C) EV and Bcl-X, -overexpressing clones were treated with ch.11
antibody for 24 and 48 h, and cell viability was determined via MTT
assay. A single asterisks indicates statistical significance (P < 0.05)
against DMSO or nontransfected control cells at corresponding time
points; double asterisks indicate statistical significance against Bcl-X;
cells not treated with zZVAD. Data are from three independent exper-
iments. Error bars indicate standard errors of the means.

Inhibition of apoptosis by Bcl-X; overexpression and treat-
ment with zVAD also did not fully protect cells from the effects
of treatment with Fas-activating antibody ch.11 (Fig. 5C).
Treatment of nontransfected or vector control U87 cells with
ch.11 reduced cell viability to approximately 15% of control by
48 h posttreatment. Treatment of Bel-X; cells with ch.11 in the
presence or absence of zVAD resulted in less loss of viability
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(40 to 60% of control at 48 h). Similar to results with virus
infection, the cells were not fully protected from the induction
of cell death.

Overexpression of Bcl-X; does not delay viral oncolysis ir
vivo. The data presented thus far show that M51R VSV in-
duces a pathway of caspase activation that can be inhibited by
the overexpression of Bcl-X; . This overexpression significantly
delays cell death in vitro, but in terms of M51R VSV’s potential
as an oncolytic agent against GBM tumors, it was important to
assess if there is an effect of Bcl-X, overexpression in GBM
tumors in vivo. Polyclonal populations of transfected U87 cells
were used to establish tumors in vivo because we found that
clonal populations of empty vector control U87 cells formed
tumors very inefficiently (unpublished results). Polyclonal cells
were produced by transfection with a bi-cistronic vector that
expresses either firefly luciferase (ZsG LUX) or Bcl-X; (ZsG
Bcel-X;) under the control of the cytomegalovirus (CMV)
promoter and expresses the Zoanthus sp. green fluorescent
protein (ZsGreen) under the control of a downstream IRES
sequence. ZsGreen-expressing cells were isolated by fluo-
rescence-activated cell sorting. Overexpression of Bel-X in
these cells was similar to that of the clonal cell lines ana-
lyzed earlier (Fig. 6A). Immunoblot analysis confirmed that
the overexpression of Bcl-X; in the starting cell cultures was
maintained in the resulting tumors in vivo (Fig. 6A).

Transfected cells were injected subcutaneously into the
hind flanks of female nude mice. After 1 week, palpable
tumors developed (50 to 100 mm?); the animals were ran-
domized into treatment and control groups, and each animal
was injected intravenously twice, 3 days apart, with either
M51R VSV (treatment group) or PBS (control group). Tu-
mor size and mouse weight were then determined daily (Fig.
6B). Control ZsG LUX and ZsG Bcl-X; tumors grew to the
upper size limit in approximately 1 week after inoculation.
Mice that received M51R VSV had markedly reduced tu-
mors, and within 21 days after initial inoculation, mice had
no tumor present that was detectable during necropsy. Mice
did not have any apparent symptoms of VSV infection and
did not experience significant weight loss after inoculation
with virus similar to previous results (1). Interestingly, the
time course of tumor regression was similar for control and
Bcl-X, -overexpressing tumors. This result suggests that
Bcel-X, overexpression has little if any effect on oncolytic
tumor clearance in U87 GBM tumors.

Viral antigen expression and caspase-3 activation in tumors
were analyzed by immunohistochemistry using antibodies spe-
cific for the VSV envelope glycoprotein (G protein [VSV-GJ)
and cleaved caspase-3, respectively. Tissue sections were ob-
tained 24 h after the second inoculation from animals bearing
ZsG LUX and ZsG Bcl-X; tumors. Tumors taken from ani-
mals treated with M51R VSV had focal areas with positive
staining for VSV-G (Fig. 7A). There was no obvious difference
between tumors derived from ZsG LUX and ZsG Bcl-X; cells
in either the extent or intensity of viral antigen staining. Inter-
estingly, the foci of viral antigen staining were associated with
different cytopathic effects depending on whether the tumors
were derived from U87 ZsG LUX or ZsG Bcl-X; cells. VSV-G
staining in control ZsG LUX tumors was coincident with areas
containing condensed nuclei and nuclear fragments, indicative
of apoptotic cell death. This contrasts with the cytopathic ef-
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FIG. 6. Bcl-X, overexpression does not delay tumor clearance in
vivo. U87 cells transfected with a plasmid expressing Bcl-X; (U87 ZsG
XL) or luciferase (U87 ZsG Lux) were injected subcutaneously into
the hind flanks of female nude (nu/nu) mice. Palpable tumors were
allowed to develop for 7 days, and mice were then inoculated intrave-
nously with either M51R VSV or PBS. Mice were inoculated again 3
days later. (A)Tumors from the PBS treatment group were harvested
7 days after the initial inoculation, by which time the tumors had
reached the predetermined maximum size limit. The levels of expres-
sion of Bcl-X; were determined by immunoblotting. Shown are data
comparing the original cell lines with two tumors derived from each.
(B)Tumor size was determined daily. Arrows indicate days of inocu-
lation. All PBS-treated animals developed tumors that grew to the
upper size limit and were subsequently sacrificed. Treatment with
MS51R VSV reduced both luciferase- and Bcl-X| -expressing tumors to
undetectable levels. There was no significant difference between lucif-
erase- and Bcl-X| -expressing tumors in either the M51R VSV or PBS
treatment groups as determined by repeated-measures analysis of vari-
ance. The differences between the M51R VSV and PBS treatment
groups were statistically significant (P < 0.05) beginning on day 4 for
luciferase-expressing tumors and on day 5 for Bcl-X, -expressing tu-
mors. Error bars indicate standard errors of the means.

fects observed in the ZsG Bcl-X; tumors, in which few apop-
totic bodies could be seen in VSV-G-positive areas. Instead,
foci of VSV-G-positive staining were associated with large
syncytia (Fig. 7, arrows). Infiltrating inflammatory cells could
also be observed in both tumor types but was more obvious in
ZsG Bcl-X, tumors (Fig. 7, arrowheads) without the back-
ground of apoptotic cells. When stained for cleaved caspase-3,
labeling was more prevalent in infected ZsG LUX tumors than
in ZsG X, tumors (Fig. 7B). The small but detectable amount
of cleaved caspase-3 in the ZsG Bcl-X; tumors was found only
in syncytia. This low level of staining is consistent with residual
caspase-3 activity observed in infected Bcl-X| -overexpressing
U87 cells in vitro. In mock-infected tumors, cleaved caspase-3
could be detected in very few individual cells. These in vivo
results are consistent with the conclusion that apoptosis in-
duced by M51R VSV is inhibited when Bcl-X; is overex-
pressed in GBM cells.
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FIG. 7. Expression of viral antigen and cleaved caspase-3 in control and Bcl-X, -overexpressing tumors infected with M51R VSV in vivo.
(A) Representative micrographs of tumor sections immunostained for VSV glycoprotein (VSV-G). Red indicates positive immunoreactivity. Large
syncytia were seen in infected Bel-X; tumor cells (black arrow). (B) Tumor sections were stained for cleaved caspase-3. Low to moderate staining
in Bcl-X,; tumor cells was only seen where syncytia had formed (black arrow). Immune infiltrating cells could be clearly identified at the site of

syncytium formation (arrowhead). Bar, 30 pm.

DISCUSSION

Much of the attractiveness of VSV as an oncolytic agent is
the potency with which it induces apoptosis in infected cells.
However, the pathways leading to the biochemical features of
apoptosis, such as caspase activation, appear to vary among
different cell types. Previous experiments in other cell types
have implicated either the death receptor or mitochondrial
pathways as the major mechanisms of cell death in response to
M protein mutant VSV (16, 17, 23, 41, 46). The data presented
here indicate that M51R VSV induces apoptosis via both the
death receptor and mitochondrial pathways in U87 GBM cells.
The evidence for involvement of the death receptor pathway
includes experiments showing that dnFas and chemical
caspase-8 inhibition delay activation of apoptosis in response
to M51R VSV infection in U87 cells (Fig. 1). However, Bcl-X
overexpression in U87 cells inhibited caspase-3 activation in
the presence of M51R VSV infection as well (Fig. 2). This
contrasts with previous results from our laboratory, which de-
termined the pathways activated by M51R VSV in mouse L929
cells (16, 17). In L929 cells, the mitochondrial pathway was
activated by M51R VSV infection; however, inhibiting the
mitochondrial pathway had no effect on the induction of apop-
tosis.

The difference in the relative importance of the mitochon-
drial pathway in 1929 versus U87 cells can be readily explained
by analogy to the type I versus type II response to death
receptor ligands. Collectively, our results indicate that 1.929
cells respond to M51R VSV infection in the manner of type I
cells and that U87 cells respond in the manner of type II cells.
The type II cell death response is thought to occur in cells

where death-induced signaling complex (DISC) signaling is
impaired, either due to poor formation of the DISC itself (38,
39) or because of upregulated inhibitors of the downstream
caspase cascade (20, 49). These type II cells thus require an
amplification of the death stimulus through the mitochondrial
pathway (20, 38, 39, 49). The communication between these
two pathways is known to occur through Bid (54, 55). Consis-
tent with this mechanism, silencing Bid expression with siRNA
in U87 cells inhibited induction of apoptosis in the presence of
MS5IR VSV (Fig. 3).

Inhibitors of apoptosis (treatment with zZVAD and overex-
pression of Bcl-X, ) do not completely block induction of cy-
topathic effects in M51R VSV-infected U87 cells (Fig. 4).
There are two possible explanations for this result: either there
is incomplete inhibition of apoptosis with these inhibitors, or
alternative pathways are being activated during infection. It
has been shown that VSV induces autophagy in infected cells
(27, 28), and we have observed autophagy induction by LC3 I
to II cleavage during infection in U87 cells via immunoblotting
(data not shown). However, autophagy as a cell death mecha-
nism remains unclear (26). We have also performed experi-
ments to inhibit programmed necrosis, or necroptosis, an al-
ternative form of cell death known to be activated during
inhibition of death receptor-induced apoptosis (18). Treat-
ment of U87 cells with necrostatin-1 (an inhibitor of necrop-
tosis) and zVAD did not protect cells from cytopathic effects
and cell death (data not shown). There are other potential
mechanisms of cell death that may be initiated by the presence
of a VSV infection and are potentially important; however, the
evidence presented here indicates that even in the presence of
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apoptotic inhibitors, U87 cells infected with M51R VSV even-
tually die. This result also contrasts with results obtained in
1.929 cells infected with M51R VSV, in which inhibition of
induction of apoptosis allows the cells to survive the infection
and eventually to clear the virus infection (Daniel F. Gaddy
and Douglas S. Lyles, unpublished results). This raises the
possibility that inhibition of apoptosis in type I cells allows the
cells to survive while inhibition in type II cells does not, per-
haps due to extensive damage to mitochondria through the
type II mechanism.

Many cancers, including GBM tumors, have deregulated
mitochondrial apoptosis pathways, often overexpressing anti-
apoptotic proteins such as Bcl-X; (25, 44). This has been a
challenge when GBM tumors are treated with chemotherapy
since overexpression of Bcl-X; or other inhibitors of apoptosis
usually leads to inhibition of tumor regression in response to
treatment. However, we observed efficient tumor regression
following treatment with M51R VSV of nude mice bearing
U87 tumors that overexpress Bcl-X; (Fig. 6A). This unex-
pected result of tumor clearance is likely due to the fact that
overexpression of Bcl-X; delays, but does not prevent, cell
death in response to virus infection. The time course of tumor
regression, which occurs over 2 to 3 weeks (Fig. 6B), may be
too long for the rate at which individual cells die to be a
significant factor in this system. This result bodes well for the
potential of M51R VSV as an oncolytic agent in that, even in
the presence of Bcl-X; overexpression, oncolytic VSV can
reduce tumor burden. However, in a model of CLL, treatment
with a small-molecule inhibitor of Bcl-2 accelerated the induc-
tion of cell death and accelerated tumor clearance in response
to oncolytic VSV (46). Thus, in some tumor systems, the rate
at which individual cells die in response to virus infection can
be a factor in the rate of tumor regression.

Interestingly, tumors derived from U87 cells that overex-
press Bcl-X; do not appear to have the same pathological
changes as control cells when infected in vivo. Instead, Bel-X -
overexpressing cells form large syncytia in vivo (Fig. 7). VSV-
infected cells do not normally form syncytia in most cell types;
however, mutant viruses have been developed in order to har-
ness this property from other viruses for increased VSV onco-
lytic potency (12). Ebert et al. found that a fusogenic VSV
mutant extended survival of mice harboring hepatocellular car-
cinoma xenografts compared to mice treated with the non-
fusogenic VSV. They also cite experiments which indicate that
these infected syncytia are more inflammatory and will result in
a stronger immune response that is likely to aid in tumor
clearance (32). Further, it may be possible to modulate how
infected cells die in order to increase the immune response
directed against tumor tissue. For example, when mitochon-
drial protein HMGBI is released by a necrotic cell as opposed
to an apoptotic cell, it undergoes an oxidation that modifies
HMGBI from a tolerogenic protein to an immunostimulatory
protein (8, 21, 37). Thus, complete tumor clearance by direct
viral oncolysis may not be necessary if, instead, an approach
that induces a cell death mechanism alerts the immune system
to the presence of a tumor. With the cell death pathway de-
scribed here, such an approach may improve the outcomes of
oncolytic virus therapy for GBM.

Two different oncolytic VSVs have recently been considered
by the NIH Recombinant DNA Advisory Committee (47, 48).

J. VIROL.

This is an important step in terms of the clinical development
of oncolytic VSV. Observations presented here will likely ad-
vance future development of clinically approved therapy by
showing that common mechanisms of resistance to chemother-
apy, such as Bcl-X; overexpression, do not necessarily lead to
resistance to therapy with oncolytic viruses. They also provide
a mechanistic basis for approaches such as use of small-mole-
cule inhibitors of Bcl-2 family members that either increase the
rate of tumor clearance (46) or redirect cell death in an at-
tempt to increase antitumor immunity (32). These strategies
should be explored further as oncolytic VSV enters clinical
development.
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