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Enhanced Oncolytic Activity against Human Glioblastoma
Cells relative to Normal Brain Cells’
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Vesicular stomatitis virus (VSV) has been shown in laboratory studies to be effective against a variety of
tumors, including malignant brain tumors. However, attenuation of VSV may be necessary to balance the
potential toxicity toward normal cells, particularly when targeting brain tumors. Here we compared 10
recombinant VSV variants resulting from different attenuation strategies. Attenuations included gene shifting
(VSV-p1-GFP/RFP), M protein mutation (VSV-M51), G protein cytoplasmic tail truncations (VSV-CT1/CT9),
G protein deletions (VSV-dG-GFP/RFP), and combinations thereof (VSV-CT9-M51). Using in vitro viability
and replication assays, the VSV variants were grouped into three categories, based on their antitumor activity
and non-tumor-cell attenuation. In the first group, wild-type-based VSV-G/GFP, tumor-adapted VSV-rp30, and
VSV-CT9 showed a strong antitumor profile but also retained some toxicity toward noncancer control cells. The
second group, VSV-CT1, VSV-dG-GFP, and VSV-dG-RFP, had significantly diminished toxicity toward normal
cells but showed little oncolytic action. The third group displayed a desired combination of diminished general
toxicity and effective antitumor action; this group included VSV-M51, VSV-CT9-M51, VSV-p1-GFP, and
VSV-p1-RFP. A member of the last group, VSV-p1-GFP, was then compared in vivo against wild-type-based
VSV-G/GFP. Intranasal inoculation of young, postnatal day 16 mice with VSV-p1-GFP showed no adverse
neurological effects, whereas VSV-G/GFP was associated with high lethality (80%). Using an intracranial tumor
xenograft model, we further demonstrated that attenuated VSV-p1-GFP targets and kills human U87 glioblas-
toma cells after systemic application. We concluded that some, but not all, attenuated VSV mutants display a

favorable oncolytic profile and merit further investigation.

In the field of oncolytic virus therapy, vesicular stomatitis
virus (VSV) has emerged as a promising candidate. Preclinical
studies have shown effectiveness against a variety of malignan-
cies of the lung, colon (34), liver (33), prostate (2), breast (9),
and white blood cells (15). The oncolytic capabilities of VSV
against brain tumors have previously been shown by us and
others, both in vitro and in vivo (8, 17, 22, 36), but viral spread
and neurovirulence in the brain remain challenging factors that
need to be addressed in the consideration of VSV as a tool to
target brain cancer.

As an oncolytic agent, VSV offers a number of advantages.
Virus binding and internalization are facilitated through ubig-
uitous receptor mechanisms, allowing a large variety of differ-
ent cancer types to be targeted (34). This is particularly im-
portant for malignant brain tumors, which often display a
histologically and genetically heterogeneous nature. As we
demonstrated in earlier studies, VSV targeted five different
human brain tumor cell lines (38), as well as primary glioblas-
toma cells derived from tissue from resective brain tumor sur-
gery (22). Another strong point of VSV oncolysis is a very fast
lytic cycle, leading to fast tumor cell killing and release of new
viral progeny in as little as 3 h; as the adaptive immune system
mounts a defense against VSV, its rapid oncolytic action may
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enhance its ability to kill a brain tumor before the immune
system eliminates the virus. In addition, systemic application
has been shown to be effective in experimental models for
targeting a variety of peripheral tumors (2, 33), widespread
metastatic tumors (9, 34), and brain tumors (17, 22).

VSV, a member of the Rhabdoviridae family, is enveloped
and has a negative-strand 11.2-kb RNA genome that comprises
five protein-encoding genes (N, P, M, G, and L) (19). It is a
nonhuman pathogen which can cause mild disease in livestock.
Infection in humans is rare and usually asymptomatic, with
sporadic cases of mild flu-like symptoms. As we compare dif-
ferent recombinant VSVs (rVSVs) with different mutational
strategies, it is helpful to appreciate the roles of the five VSV
genes. VSV has a short replication cycle, which starts with
attachment of the viral glycoprotein spikes (G) to an unknown
but ubiquitous cell membrane receptor, though nonspecific
electrostatic interactions have also been proposed to facilitate
viral binding (19). Upon internalization by clathrin-dependent
endocytosis, the virus-containing endosome acidifies, trigger-
ing fusion of the viral membrane with the endosomal mem-
brane. This leads to release of the viral nucleocapsid (N) and
viral RNA polymerase complex (P and L) into the cytosol. The
viral polymerase initiates gene transcription at the 3’ end of
the nonsegmented genome, starting with expression of the first
VSV gene (N). This is followed by sequential gene transcrip-
tion, creating a gradient, with upstream genes expressed more
strongly than downstream genes. Newly produced VSV glyco-
proteins are incorporated into the cellular membrane with a
large extracellular domain, a 20-amino-acid transmembrane
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domain, and a cytoplasmic tail consisting of 29 amino acids.
Trimers of G protein accumulate in plasma membrane mi-
crodomains, several of which congregate to form viral budding
sites at the membrane (19). Most cells activate antiviral de-
fense cascades upon viral entry, transcription, and replication,
which in turn are counteracted by VSV matrix protein (M).
VSV M protein’s multitude of functions include virus assembly
by linking the nucleocapsid with the envelope membrane, in-
duction of cytopathic effects and apoptosis, inhibition of cel-
lular gene transcription, and blocking of host cell nucleocyto-
plasmic RNA transfer, which includes blocking of antiviral
cellular responses (3).

A number of recombinant VSVs that show attenuated viru-
lence have been described. First, recombinant VSVs derived
from DNA plasmids in general show weakened virulence (30).
Nucleotide changes that alter the amino acid composition in
the M protein at position 51 result in attenuated VSV pheno-
types in vitro (6) and in vivo (2, 4, 34, 39). The VSV transmem-
brane G protein is needed for binding and internalization;
truncations in the G protein to generate a reduced number of
cytoplasmic amino acids are also attenuated (13, 31). Altering
the order of genes also attenuates the virus (4, 5, 10). G gene
deletions block the ability to produce infectious virus (8). In
addition, we previously used a protocol for adapting VSV to a
particular cell type through repetitive passage under evolution-
ary pressure, leading to the generation of VSV-rp30, a wild-
type-based VSV with an enhanced oncolytic profile (38).

In the present study, we compare the oncolytic profiles of 10
different VSV variants. This study seeks to find the best com-
promise for potential brain tumor oncolytic targeting, balanc-
ing the need for the virus to kill cancer cells but, on the other
hand, to have a weakened ability to kill normal cells.

MATERIALS AND METHODS

Human cells. The human glioblastoma cell line U87MG was obtained from
ATCC (Manassas, VA). These cells were stably transfected with the gene coding
for monomeric dsRed, allowing easy detection of red human glioblastomas
transplanted into mouse brains (see below) (22). The U-118, U-373, and A-172
cell lines were kindly provided by R. Matthews (Syracuse, NY). Normal human
glia cells were established from tissue derived from surgery specimens from
patients undergoing epilepsy surgery. Glia cell cultures were isolated through
explant cultures and tested for immunoreactivity to glial fibrillary acidic protein
(GFAP). Human cell preparation and use were approved by the Yale University
Human Investigation Committee. All cells were kept in a humidified atmosphere
containing 5% CO, at 37°C. U87 cells were fed with minimal essential medium
(MEM) supplemented with 10% fetal bovine serum, 1% sodium pyruvate, and
1% nonessential amino acids. Normal human glia cells were propagated with
MEM supplemented with 10% fetal bovine serum.

Viruses. Green fluorescent protein (GFP)-expressing VSV-G/GFP is a recom-
binant variant of the Indiana strain with an extra copy of the G protein fused to
a GFP reporter gene downstream of the original G gene (7, 14, 35). VSV-rp30
was generated from VSV-G/GFP through repeated passage and adaptation to
glioblastoma cells, as previously reported (38). VSV-M51 has a codon deletion in
the gene coding for the M protein, at amino acid position 51, reducing the viral
suppression of cellular immunity against VSV (3, 6, 34). VSV-CT1 and VSV-CT9
have the cytoplasmic side of the G protein reduced to a single amino acid and to
9 amino acids, respectively (25). Reducing the length of the cytoplasmic G
protein reduces virulence (31). We also included a VSV with multiple sites of
attenuation, including an M51 mutation together with a G protein cytoplasmic
tail truncation, creating VSV-CT9-M51 (24, 36). Shifting the order of the genes
downward has also been reported to reduce virulence (4, 10). To accomplish this,
the GFP or red fluorescent protein (RFP; from dsRed) reporter gene sequence
was added at position 1, moving all other virus genes downward, to positions 2 to
6, creating VSV-p1-GFP or VSV-p1-RFP, respectively. Insertion of a foreign
gene such as one coding for a reporter at position 1 also attenuates the virus (28).

J. VIROL.

Eliminating the G gene blocks the ability of the virus to infect cells; however, by
adding the G protein in frans, as we did here by generating the virus in cells that
express the VSV-G protein (26), the replication-restricted viruses VSV-dG-GFP
and VSV-dG-RFP will at least infect a single round of cells.

Titers for all VSV variants were determined through plaque assays on BHK
cells prior to experiments.

Viral infection and cytopathic effects. For assessing infection and the appear-
ance of cytopathic effects, cells were seeded in 12-well dishes at a density of
100,000 cells per dish in triplicate for each condition. After 12 h, fresh medium
was added to each dish, containing 10* PFU (multiplicity of infection [MOI] =
0.1) of any of the 10 VSV variants. Cultures were observed for 3 days postin-
fection (dpi). GFP was monitored with an Olympus IX 71 fluorescence micro-
scope, using a 485-nm excitation filter. Photomicrographs were taken with a Spot
RT digital camera (Diagnostic Instruments, Sterling Heights, MI) interfaced
with an Apple Macintosh computer. Contrast and color of the photomicrographs
were adjusted with Adobe Photoshop.

Cell growth and viability. U87 and human glia control cells were plated in
96-well dishes at a density of 10,000 per well, using colorless MEM without
phenol red. After 12 h, the medium was replaced with either fresh medium or
medium containing 100 TU alpha interferon (IFN-a; Sigma-Aldrich) for 6 h of
preincubation before the addition of 5,000 PFU of the indicated VSV variants.
Viability was assessed using an MTT (Molecular Probes) assay according to the
manufacturer’s instructions. Optical density was read at 570 nm, using a Dyna-
tech MR500 enzyme-linked immunosorbent assay (ELISA) plate reader (Dyna-
tech Lab Inc, Alexandria, VA), and corrected with background control subtrac-
tion. Each condition was tested in triplicate.

Quantitative real-time PCR. Normal human glia cells were grown in T25 flasks
to confluence and infected with the respective VSV variants at an MOI of 2.
After 6 h, RNA was extracted with TRIzol reagent (Invitrogen). Total RNA was
reverse transcribed using a SuperScriptIII RT kit (Invitrogen) and random hex-
amer primers (Promega, Madison, WI). Primer selection and the PCR protocol
have previously been described in detail (36, 37).

Animal procedures. For intranasal application, young mice (p16) were mildly
anesthetized with ketamine-xylazine and received 25 wl of virus solution in each
nostril. The head was kept reclined and in a lateral position to enhance virus
delivery to the roof of the nasal cavity. Mouse health and weight were monitored
daily. Animals with either significant neurological symptoms (paralysis, latero-
pulsion, etc.) or a body weight drop below 75% of the starting value were
euthanized according to institutional guidelines.

Four- to 6-week-old immunodeficient mice with a homozygous CB17-SCID
background (CB17SC-M) (Taconic Inc.) were used for tumor xenograft experi-
ments. A total of 1 X 10° U87 glioblastoma cells expressing a red fluorescence
reporter gene were injected stereotactically bilaterally into the striatum as pre-
viously described in detail (22). At 10 days postinjection, mice received a single
bolus of 100 wl phosphate-buffered saline (PBS) containing 107 PFU of VSV-
p1-GFP in the tail vein. Animals were monitored with daily measurements of
body weight, food and water consumption, and overall health. Two or 3 days
later, animals were euthanized with a pentobarbital overdose and perfused tran-
scardially with 4% paraformaldehyde. All animal experiments and postoperative
care were performed in accordance with institutional guidelines of the Yale
University Animal Care and Use Committee.

RESULTS

VSV has shown promise as an effective agent against malig-
nant brain tumors. However, previous studies revealed the
potential for infecting normal brain cells as one of the main
challenges that need to be addressed before clinical trials can
be pursued. In the current study, we compared 10 recombinant
VSV variants for both oncolytic capabilities and normal brain
cell attenuation. The VSV variants used in this study represent
a systematic comparison of attenuated rVSVs, including M
protein mutation (VSV-MS51), mutations leading to truncated
cytoplasmic tails of the VSV G protein (VSV-CT1 and VSV-
CT9), gene order shifting (VSV-p1-GFP and VSV-p1-RFP),
gene deletion (VSV-dG-GFP and VSV-dG-RFP), and combi-
nations thereof (VSV-CT9-M51). In addition to these recom-
binant VSV variants, we also tested VSV-rp30, a glioma-pas-
sage-adapted VSV variant. VSV-rp30 has two amino acid
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changes, one in the VSV P protein and another in the L
protein. The VSV-rp30 phenotype displayed enhanced infec-
tivity and oncolytic activity. The reference virus for this com-
parative study was VSV-G/GFP, a recombinant VSV that was
generated from cDNA, using sequence fragments from wild-
type VSV Indiana strains (7, 29, 35). Though closely related to
wild-type VSV, VSV-G/GFP has reduced virulence (30). A
schematic overview of the different VSV types, with their re-
spective variations from the wild type, is displayed in Fig. 1.

Potential of VSV variants to infect and kill brain tumor
cells. Since the VSV variants used in our study display features
of attenuation, we first addressed to what extent this attenua-
tion might impair the oncolytic strength of VSV shown in
previous studies. We used fluorescence microscopy to detect
expression of the GFP reporter gene in infected cells, phase-
contrast microscopy to assess the presence of cytopathic ef-
fects, and MTT assay for quantification of cell viability and
oncolytic capacity. Previous studies by us and others have dem-
onstrated a defective interferon response in cancer cells to be
a main factor in selective VSV oncolysis. On the other hand,
IFN provides protection against VSV to normal cells (23).
Hence, we tested the hypothesis that IFN would enhance the
selectivity of some VSVs and protect normal but not cancer
cells from the virus.

In the first set of experiments, U87 human glioblastoma cells
were infected at an MOI of 0.1, and signs of infection were
observed over the course of 2 days. One of the main advan-
tages of replication-competent oncolytic viruses over replica-
tion-deficient vectors is the local self-amplification of the ther-
apeutic effect, wherein even low virus concentrations can be
effective against a large volume of tumor mass through ongoing
tumor-selective production of viral progeny. In experimental
settings, using an MOI of <1 helps in assessing infectivity at a
low dose, because viral replication is required to have a strong
effect on a great number of tumor cells. Representative pho-
tomicrographs taken at 36 h postinoculation are shown in Fig.
2. Under control conditions, infection of U87 cells with VSV-
rp30, VSV-M51, VSV-CT9, VSV-CT9-M51, and VSV-p1-GFP
led to similar, widespread, nearly complete infection and the
appearance of cytopathic effects, as with wild-type-based VSV-
G/GFP, and only small differences were found between the
variants. In contrast, replication-impaired VSV-dG-GFP and
VSV-dG-RFP infected only a fraction of the cells in the culture
dish. In the presence of IFN-«, infection and spread were
slightly delayed, with little difference between VSV-G/GFP
and VSV-rp30, VSV-M51, or VSV-CT9. However, the double
mutant VSV-CT9-M51 and gene-shifted VSV-p1-GFP showed
less cytopathic effect than VSV-G/GFP. Finally, low-dose
VSV-dG-GFP and VSV-dG-RFP were strongly impaired in
infecting U87 cells in the presence of IFN.

For quantitative assessment of cell viability, we used a col-
orimetric MTT assay and studied the oncolytic action of 10
VSV variants on U87 cells and on normal human glia cells. To
test the hypothesis that IFN would increase the selectivity of
some of the viruses for cancer cells, cells were grown in 96-well
dishes in the presence or absence of IFN-a (100 U/ml). To
investigate which viruses performed well at a low virus concen-
tration, virus was applied at an MOI of 0.5, and the MTT assay
was performed at the indicated time points. Thirty-six hours
after inoculation of the 10 VSV variants, little effect on cell
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FIG. 1. Schematic display of wild-type VSV and 10 variants. The VSV
genome consists of a single RNA strand encoding five genes. The top
displays a schematic of the VSV wild-type genome and a color-matched
illustration of the virus structure. The next genome shows a recombinant
variant, VSV-G/GFP, in which an additional copy of the G gene is in-
serted, tagged to a GFP reporter gene. VSV-dG-GFP has the whole gene
order shifted through insertion of the GFP reporter gene at the first
position and has the complete sequence for the G protein deleted. VSV-
CT9 has a truncated G protein, shortening the 27-amino-acid chain of the
cytoplasmic G protein tail down to 9 amino acids; the GFP reporter gene
is inserted between the G and L genes. VSV-CTT1 has the G gene trun-
cated to a single amino acid in its cytoplasmic tail. VSV-M51 has a
methionine deletion at position 51 of the M protein, leading to more
susceptibility of the virus to the interferon-mediated antiviral defense; the
GFP reporter gene is inserted between the G and L genes. VSV-CT9-
MS51 combines the mutation of M51 with the CT9 mutation. VSV-pl-
GFP has a wild-type-related genome that is completely shifted by the
insertion of the GFP reporter gene at position 1 of the gene order, leading
to decreased viral transcription of downstream genes. VSV-rp30 is based
on recombinant VSV-G/GFP, with one mutation each in the P and L
proteins, leading to enhanced infection and oncolysis.

viability was seen in human glia control cells, with all viruses
(except VSV-CT9 and VSV-dG-RFP) causing a <20% de-
crease in viability (Fig. 3A). After 72 h, a significant decrease
in cell viability was noted with VSV-G/GFP, VSV-rp30, and
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FIG. 2. VSV variants infecting U87 human glioblastoma cells. A panel of representative photomicrographs shows phase-contrast and GFP
fluorescence microscopy images of cultured U87 cells after infection with VSV variants at an MOI of 0.1, at 36 h postinfection. The left two
columns show control conditions, and the right two columns show experiments performed after interferon preincubation. Interferon does not
protect U87 cells from VSV infection. Cytopathic effects were observed in phase-contrast mode. Replication-deficient VSV-dG-GFP and
VSV-dG-RFP show significantly less infection. VSV-CT1 contains no GFP reporter, and thus no fluorescence image is shown for it.

VSV-CT9. In contrast, cultures infected with VSV-M51, VSV-
CT9-M51, VSV-p1-GFP, VSV-p1-RFP, and VSV-CT1 main-
tained viabilities of over 80% compared to mock-infected con-
trol cells (Fig. 3B). On the other hand, complete protection
from infection of any VSV variant was seen in control cells
after preincubation with IFN-« (gray shaded boxes in Fig. 3A
and B). Control cultures pretreated with IFN-a lacked any
signs of GFP expression (data not shown), further supporting
the protective role of IFN in controlling VSV infection in
normal cells. In contrast, cell viability of U87 glioblastoma cells

was significantly reduced, by 25 to 60%, compared to that of
mock-treated control cells 36 h after infection with 6 of the 10
VSV variants, with VSV-rp30, VSV-M51, and VSV-CT9-M51
showing the most tumor cell killing (Fig. 3C). In the presence
of IFN, VSV-rp30, VSV-M51, and VSV-CT9-M51 caused re-
ductions of U87 cell viability of about 20%. Underscoring the
strong oncolytic potential of the viruses, tumor cell killing was
nearly complete at 72 h postinfection (hpi), despite the low
initial MOI of 0.5, in all but the two replication-restricted
viruses, VSV-dG-GFP and VSV-dG-RFP (Fig. 3D). In addi-
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FIG. 3. Cell viability of human glioblastoma and normal human glia cells after infection with VSV variants. Using an MTT cell viability assay,
the cytotoxic effects of 10 VSV variants were tested on human glia control cells and U87 glioblastoma cells. (A) At 36 hpi at an MOI of 0.5, little
effect on cell viability was seen for all VSV variants on control cells. (B) VSV-G/GFP, VSV-rp30, and VSV-CT9 showed signs of toxicity after 72 h.
The presence of IFN (shaded boxes) completely protected normal human glia cells from infection with all VSV variants. (C) Human US87
glioblastoma cells showed a pronounced loss of viability at 36 hpi with 6 of 10 VSV variants. (D) At 72 hpi, all VSV variants, except the two
replication-restricted VSV-dG mutants, completely killed U87 cells. Interferon provided little protection for U87 cells at 72 hpi (shaded box).

tion, even after preincubation with IFN-a, 7 of the 10 VSV
variants continued to infect and kill tumor cells, with a reduc-
tion in viability of 40 to 70%. The two replication-incompetent
viruses, VSV-dG-GFP and VSV-dG-RFP, showed a poor abil-

ity to kill tumor cells in the presence of IFN and also showed
only a modest effect under control conditions at a low MOI of
0.5; this was due in part to the inability of the viruses to
generate second rounds of infectivity. VSV-CT1, which showed
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strong tumor cell killing under control conditions, was not
effective at killing tumor cells in the presence of IFN. There is
an apparent difference in that replication-restricted VSV-dG
variants suppressed viability on human glia cell control cultures
but not on human U87 glioblastoma cells. Since U87 tumor
cells divide rapidly, the number of initially infected cells was
outgrown by the dividing culture in 36 and 72 h (for VSV-dG-
GFP and VSV-dG-RFP, respectively). In contrast, the propor-
tion of infected glia control cells remained approximately the
same in the course of the 3-day experiment. Together, these
initial in vitro experiments showed a number of VSV variants
to be highly attenuated for control human glia cells but inef-
fective against U87 cells. These include the two replication-
incompetent VSV-dG-GFP and VSV-dG-RFP variants and
VSV-CT1. On the other hand, we found a number of VSVs to
be excellent in their antitumor action, but with noticeable
toxicity on human control glia cells. These included VSV-G/
GFP, VSV-rp30, and VSV-CT9. Finally, a third group
emerged, with little toxicity against control cells yet reasonably
good tumor cell killing, comprised of VSV-M51, VSV-CT9-
M51, VSV-pl-GFP, and VSV-p1-RFP.

Effect of VSV attenuation on viral replication in tumor and
control cells. Local self-amplification is one of the mainstays of
oncolytic virus therapy. Viruses selectively replicating faster in
tumor cells than in normal cells would be expected to have a
stronger oncolytic profile. Here we used standard plaque assay
techniques to determine viral replication of the eight replica-
tion-competent VSV variants on U87 cells and compared it to
replication on normal human control cells. Two replication-
restricted VSV-dG variants were also included in the replica-
tion assay to provide a baseline value for noninternalized par-
ent viral particles. Cell culture supernatants were collected at
1, 2, and 3 days postinfection and frozen until further analysis.
Experiments were again performed in the presence and ab-
sence of IFN-a. Of the 10 VSV variants tested, VSV-rp30,
VSV-M51, VSV-CT9-M51, VSV-CT9, and VSV-CT1 all had
similar growth curves on normal human glia cells to that of
wild-type-based VSV-G/GFP, in contrast to VSV-p1-GFP and
VSV-p1-RFP, which showed reduced replication, by ~100-
fold, and VSV-dG-GFP and VSV-dG-RFP, which, as ex-
pected, showed no replication (Fig. 4A). In the absence of
plaque formation for replication-restricted variant titers,
VSV-dG variants were assessed by the number of individual
infected cells expressing either the red or green fluorescence
reporter gene. For all replication-competent VSV variants,
viral replication was greatly reduced by IFN-« pretreatment.

On US87 cells, viral replication was significantly higher
(~100-fold) than that on control cells for all but the two
replication-deficient viruses, VSV-dG-GFP and VSV-dG-
RFP. As on normal human glia cells, little difference was seen
between VSV-rp30, VSV-M51, VSV-CT9-M51, VSV-CT9,
VSV-CT1, and wild-type-based VSV-G/GFP (Fig. 4B). Calcu-
lating the maximum titer difference at 2 dpi for viruses under
non-IFN control conditions between normal human glia cells
and U87 cells resulted in the following ratios. These ratios are
relevant and serve as an important index of the relative levels
of VSV replication in normal and cancer cells. A large ratio
suggests a virus that shows substantially greater replication in
cancer cells than in control cells. The ratios were as follows:
VSV-G/GFP, 1:100; VSV-rp30, 1:121; VSV-M51, 1:287; VSV-
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CT9-M51, 1:341; VSV-CT9, 1:237; VSV-CT1, 1:74; VSV-pl-
GFP, 1:386; and VSV-p1-RFP, 1:602. In contrast to the case
with control human glia cells, interferon pretreatment did not
prevent viral replication in U87 cells, with viral titers reaching
similar values to those in non-IFN-treated controls by 3 dpi
(Fig. 4B).

Infection and growth suppression of additional human gli-
oma cultures. Glioblastoma tumors are characterized by het-
erogenous histology and mutation profiles. To test whether the
effects of attenuated VSV mutants on U87 glioma infection
and oncolysis can be generalized to other human glioblastoma
cell lines, we analyzed infections of three human cell lines by
the four most effective antitumor VSV variants, VSV-rp30,
VSV-M51, VSV-CT9-M51, and VSV-pl-GFP. U118, U373,
and A-172 cells were plated in 24-well dishes, infected at an
MOI of 2, and analyzed 24 h later. Cell counting revealed cell
growth suppression compared to noninfected controls for all
VSV variants tested in all tumors (Fig. SA). As in U87 cells,
VSV-rp30 displayed the strongest suppression of tumor growth
and cell lysis of up to 80% in U118 cells and 50% in both U373
and A172 cells. By 48 h, all cells were dead (data not shown).
As seen with U87 cells, the other tested VSV variants dis-
played increasingly attenuated tumor suppression, in the order
of VSV-M51, VSV-CT9-M51, and VSV-pl-GFP. Using GFP
fluorescence-reported infection, we studied the infectivity of
these VSV variants. VSV-rp30-infected cultures displayed the
highest number of infected cells compared to VSV-p1-GFP,
which showed the fewest cells infected (Fig. 5B). Together,
these data mirror the trend that was seen with U87 glioblas-
toma cells. VSV-rp30 was found to be highly effective at tar-
geting and killing glioblastoma cells, with the tested alternative
VSV variants displaying an attenuated yet still effective anti-
tumor profile.

Differential induction of interferon downstream gene MxA.
The innate cellular immune response plays a crucial role in
controlling VSV infection in normal cells. MxXA is a potent
downstream gene of the activated interferon path. We previ-
ously found significant differences in expression profiles of
MxA after VSV-rp30 infection between five glioblastoma cell
lines and a panel of three normal human glia cell cultures (37).
To address differences in the expressional response to different
VSV variants, we tested the induction of MxA. A representa-
tive selection of different VSV mutants was used to infect
triplicate cultures of normal human control glia cells at an
MOI of 2. After 6 h, RNA was extracted and reverse tran-
scribed. Quantitative real-time PCR revealed a five- to sixfold
higher induction of MxA gene expression in cultures infected
with VSV-M51 or VSV-CT9-M51 than in those infected with
VSV-G/GFP, VSV-1p30, and VSV-1p-GFP (Fig. 5C), confirm-
ing the previously described ability of M51 mutants to increase
the cellular interferon response due to the inability to block
cellular gene expression (34).

Reduced neurovirulence of intranasally applied VSV-pl-
GFP. VSV may display neurovirulence in developing mice
upon intranasal application (18, 35). Based on our initial sets
of in vitro experiments, we sought to test an attenuated virus
that still retained a good antitumor profile, VSV-p1-GFP, on
young mice and then compare it with wild-type-based VSV-G/
GFP. Sixteen-day-old mice were given 250,000 PFU of either
VSV-p1-GFP or VSV-G/GFP in each nostril, and mice were
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FIG. 4. Replication of VSV variants on U87 cells and normal human glia cells. Virus replication was compared for each variant between brain
tumor cells and normal human glia cells, using a plaque assay. Monolayers of each culture were infected at an MOI of 1 with the respective VSV
variant, and supernatants were collected at the indicated time points. Virus replication was attenuated on human glia cells compared to that on
U87 cells, by about 2 log. Also, VSV-p1-GFP and VSV-p1-RFP showed decreased viral replication. Differences between the other variants were
marginal. (A) Note the complete block of viral replication after IFN preincubation. (B) In contrast, viral replication in U87 brain tumor cells was
higher for each variant and productive even in the presence of IFN. Graphs for replication-restricted VSV-dG variants display the baseline for the

original inoculum.

observed for neurological symptoms and weighed on a daily
basis. Figure 6A shows complete survival of 16-day-old mice
(n = 10) after VSV-p1-GFP application, compared to 80%
lethality in VSV-G/GFP-treated mice (n = 10). The corre-
sponding body weight graph (Fig. 6B) displays a steady in-
crease in weight in VSV-p1-GFP-treated mice and a significant
drop in body weight in VSV-G/GFP-treated mice; the decrease
in body weight was apparent after 5 dpi.

Intravenous application of VSV-p1-GFP targets intracra-
nial brain tumor xenografts. We and others previously pre-
sented studies using VSV-rp30 (22) and VSV-M51 (17) to
systemically target intracranial brain tumor xenografts after
intravenous virus injection. Based on our initial in vitro exper-
iments and the display of neuroattenuation after intranasal
application of VSV-p1-GFP, we sought to test the capability of
this attenuated VSV variant to find and infect intracranial U87
xenografts after a single intravenous application in a proof-of-
principle setup. As in our previous study, we used U87 cells

that were stably transfected with monomeric RFP for tumor
transplantation, allowing easy tracing and distinction from sur-
rounding normal brain parenchyma. Human glioblastoma cells
were injected bilaterally into the striatum of SCID mice. Ten
days later, mice were given a single intravenous injection of 100
wl sterile PBS containing 5 X 10° PFU of VSV-p1-GFP. Two
mice each were sacrificed at 2 dpi and 3 dpi for histological
analysis of virus infection of the tumor xenografts. All four
animals bore sizeable tumors. All tumors were selectively in-
fected with VSV-p1-GFP (Fig. 7). A smaller tumor was com-
pletely infected at 3 dpi (Fig. 7A). Figure 7B displays a section
of a larger tumor with partial infection (at 2 dpi). Finally, we
observed VSV-pl-GFP infection not only in the tumor bulk
but also in small tumor islands dispersed around the main
tumor (Fig. 7C).

The ability of VSV-p1-GFP to infect smaller tumor islands is
important, as one of the chief clinical problems associated with
glioblastoma is its tendency to migrate into normal brain tissue
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FIG. 5. Infection and growth suppression of alternate human glioma
cultures and MxA gene induction of VSV variants on control cells. Tumor
cell infectivity and growth suppression were tested for human glioblas-
toma cell types U118, U373, and A-172. VSV variants VSV-rp30, VSV-
M51, VSV-CT9-M51, and VSV-p1-GFP were applied at an MOI of 2 and
analyzed at 24 hpi. (A) As on U87 cells, VSV-rp30 had the strongest
growth-suppressing effect, and VSV-CT9-M51 and VSV-p1-GFP sup-
pressed tumor growth to a lesser extent. (B) GFP fluorescence revealed a
similar picture, with VSV-rp30 having the highest rates of infection com-
pared to the attenuated VSV variants. Bars show mean values for five
microscopic fields. Error bars indicate standard errors of the means.
(C) Using quantitative real-time PCR, the expression of the interferon-
induced antiviral gene MxA was compared after infection of cells with
VSV-G/GFP, VSV-rp30, VSV-p1-GFP, VSV-M51, and VSV-CT9-M51.
MS51 mutation-containing mutants induced about 5 to 6 times more MxA
than did VSV variants with wild-type M protein. Results are means for
triplicate cultures. Error bars indicate standard errors of the means.

and thereby spread the cancer. Importantly, at the two time
points analyzed, GFP expression was seen nearly exclusively in
red fluorescent U87 cells, whereas the surrounding brain pa-
renchyma was left largely uninfected. In a previous study (22),
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FIG. 6. Intranasal application of VSV-G/GFP and VSV-p1-GFP.
VSV has been shown to cause neurotoxicity in young mice when
administered through an olfactory entry route. A total of 500,000 PFU
of either wild-type-related VSV-G/GFP or attenuated VSV-p1-GFP
was inoculated intranasally into young mice. The mice lost body weight
after VSV-G/GFP inoculation (B), and 8 of 10 mice ultimately suc-
cumbed (A). In contrast, littermates that received VSV-pl-GFP
gained weight steadily, and no mortality was seen. n = 10, the number
of mice initially infected with the virus.

we confirmed the activation of apoptosis in tumor cells in-
fected with VSV-rp30, using the same in vivo xenotransplant
model. We did observe similar morphological changes to those
described before. The tumors analyzed at 3 dpi showed cellular
disintegration and blebbing of infected cells, which are typical
of virally mediated oncolysis (Fig. 7A and C).

DISCUSSION

There is currently no cure for glioblastoma in the brain, and
patients diagnosed with this type of cancer generally die within
a year (21). Oncolytic viruses that can infect and destroy ma-
lignant glioblastomas have emerged as a potential approach to
combating this cancer (1). A potential complication in using
oncolytic viruses to attack cancer is the problem of infection of
normal cells. This is particularly problematic in the brain,
where neurons do not replicate, and virally mediated neuronal
loss could lead to unwanted dysfunction. We therefore gener-
ated and compared a series of VSVs to determine which had
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FIG. 7. Targeting of human brain tumor transplants after intravenous
injection of VSV-p1-GFP. Human glioblastoma cells expressing red flu-
orescent protein were stereotactically injected into the brains of SCID
mice and given 10 days to form sizeable tumors. After a single injection of
107 PFU of VSV-p1-GFP into the tail vein, the virus targeted the tumors,
as indicated by GFP fluorescence. (A) Complete spread through the
tumor mass at 3 dpi. (B) Initiating focus of viral infection at an early time
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reduced general virulence against normal brain cells but still
retained the ability to infect and destroy glioblastoma cancer
cells. An ideal oncolytic virus would show high levels of infec-
tion and replication in cancer cells but low levels in noncancer
control cells. Of the 10 VSVs examined, the group 3 types
showed an optimal phenotype, including VSV-MS51, VSV-
CT9-M51, VSV-pl1-GFP, and VSV-p1-RFP. The other VSVs
tested either showed a limited ability to destroy tumor cells
(group 2 [VSV-dG-GFP, VSV-dG-RFP, and VSV-CT1]) or
did not show sufficiently attenuated virulence against normal
cells (group 1 [VSV-G/GFP, VSV-rp30, and VSV-CT9)).

Multiple mechanisms of attenuation in top candidate onco-
lytic VSVs. Here we focus on the recombinant VSVs that
showed the greatest promise for selective infection of glioblas-
tomas. Each of these viruses had multiple sites of molecular
attenuation. The virus generated from a DNA plasmid (14) is
substantively attenuated for virulence compared with wild-type
VSV (29). Second, each virus (except VSV-CT1) included a
gene coding for a fluorescent reporter, either GFP or RFP.
Adding this transgene to the viral genome helped in identifying
infected cells but, importantly, also served to attenuate the
resultant virus. This was particularly effective when the re-
porter gene was added at the first position, resulting in greater
expression of the reporter gene than when it was placed in a
secondary position and also causing a reduction in the expres-
sion of all five of the viral structural genes (4, 5, 28, 36).
VSV-CT9-M51, with a shortened cytoplasmic tail of the G
protein and an M51 codon-deleted M gene, was further atten-
uated by a GFP reporter and by DNA derivation. The CT9
mutant by itself showed attenuated virulence, but interestingly,
the combination of the CT9 mutation together with the M51
mutation gave a virus that behaved in a fashion roughly similar
to that of virus with the M51 mutation alone.

Of significant interest, two viruses that emerged as top can-
didates were first-position reporter gene viruses, VSV-p1-GFP
and VSV-p1-RFP, that both showed promise in retaining on-
colytic capacity combined with reduced infection of normal
cells. The two fluorescent reporters are different in more than
just color. The RFP (dsRed) we used here combines to form a
red tetramer, and this tetramer may have slightly greater tox-
icity than GFP (16). This may serve to reduce replication and
budding of progeny VSV-p1-RFP and to increase the toxicity
of the virus when a cancer cell is infected. Previous studies
have shown that VSV M51 mutants are attenuated in normal
cells but still infect many cancer cells. M51 mutants have been
used to target brain cancer (17). We show here that 1p-VSV
mutants are similarly attenuated, show substantially reduced
neurotoxicity after intranasal inoculation, and are able to tar-
get glioblastoma in the brain after peripheral intravenous in-
oculation.

We used a semiquantitative measure of relative viral repli-
cation in control versus glioblastoma cells, i.e., the ratio of
replication. The largest ratios were indicative of the most ideal
viral candidates, namely, viruses that replicated more effi-

point (2 dpi). (C) Remote tumor cell clusters were also successfully
targeted by VSV-p1-GFP without infecting the surrounding, nontumor
brain parenchyma.
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ciently in cancer cells than in noncancer cells. The largest
ratios were 1:386 and 1:602, for VSV-p1-GFP and VSV-pl-
RFP, respectively. These contrasted with those of poor onco-
lytic performers, such as VSV-CT1, which had a ratio of 1:74
and was relatively ineffective at killing glioblastoma cells.

In a proof-of-principle experiment, we transplanted human
glioblastomas into the brains of mice. After peripheral tail vein
inoculation with VSV-p1-GFP, we found that all tumors were
selectively infected with the virus, yet the surrounding brain
appeared largely uninfected. We have previously shown that
peripheral inoculation with VSV does not target noncancer
mouse or human control cells transplanted into the brain and
does not target local brain injury at the same 10-day interval as
that between cancer cell implantation and virus inoculation
(22).

Interferon selectively protects normal cells from rVSV. A
primary mechanism of protection of normal cells against RNA
viruses such as VSV is the activation of innate IFN pathways
(23). Several studies have suggested that many cancer cells
have defective IFN response pathways (34). Together, these
findings suggest that IFN may selectively enhance the survival
of normal cells over tumor cells in the presence of VSV. We
found that IFN was effective at protecting normal cells from all
VSV variants tested. However, in the presence of interferon,
the oncolytic action against brain tumor cells was impaired
with the strongly attenuated variants, VSV-CT1, VSV-dG-
GFP, and VSV-dG-RFP. Three rVSVs (VSV-rp30, -CT9, and
-G/GFP) showed more toxicity and greater replication on nor-
mal cells than did the other rVSVs. IFN completely reduced
infection and replication in normal cells by all VSV variants.
IFN has already been approved for use in the human CNS for
treatment of multiple sclerosis (12), indicating that it has a
reasonably strong safety margin within the brain. Thus, treat-
ment of human brain tumors with recombinant VSVs may
derive further benefit from coapplication of IFN in the brain to
enhance the selectivity of the virus for the tumor, particularly
with those viruses (VSV-G/GFP, VSV-rp30, and VSV-CT9)
where infection of noncancer cells may be a problem. Al-
though IFN may reduce infection by VSV, it did not greatly
alter the ratio of infections in normal versus tumor cells for the
top VSV candidates.

Mutation or deletion of the amino acid at position 51 of the
M protein impairs the virus’s capability to shut down host cell
gene expression while remaining functional for virus assembly
(6). Effective mutations at position 51 of the matrix protein, by
amino acid substitution (arginine for methionine) (6) or
methionine deletion (24, 34), prevent the normal ability of
VSV to block nuclear pores and thereby block cellular mRNA
transport through the nuclear membrane. Without inhibition
of gene expression, cells infected by VSV-M51 mutants mount
a significantly greater interferon response, hence creating a
stronger antiviral defense. This makes normal cells more re-
sistant to VSV infection. However, tumor cells, which are often
deficient in their interferon pathways (34, 37), largely remain
susceptible to VSV oncolysis, even with M51 attenuation.
VSV-M51 lacks some of VSV’s inherent oncolytic potency
in vivo, in part due to an effective activation of the systemic
immune response to virally infected cells that can reduce the
time interval during which VSV can act to infect tumors (39).
In addition, whereas VSV and, probably, first-position mutants
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induce apoptosis through the caspase-independent mitochon-
drial pathway, VSV-M51 may induce apoptosis through a
caspase-dependent pathway (11), which may have conse-
quences for antitumor targeting. Thus, although the M51 and
first-position mutants both performed well, their mechanisms
of attenuation are different. Another strategy that may facili-
tate targeting of cancer cells is the inclusion of an interferon
gene directly in the VSV genome (20); this has not been tested
on brain cancers.

VSV G protein mutations. The 29-amino-acid cytoplasmic
tail of VSV G mediates sorting and anchoring of the viral core
to the cellular membrane before initialization in the budding
process. The cytoplasmic portion of the G protein can be
truncated, leading to an attenuated phenotype (31). Although
the CT1 mutant may show an attenuated phenotype in vivo (13,
25), low titers of this virus were not effective at killing glioblas-
toma cells in our study. The VSV-CT9 mutant, with a G pro-
tein cytoplasmic domain truncated down to 9 amino acids, was
only mildly impaired in viral budding but showed a greater
degree of infection of glioblastomas than did the VSV-CT1
mutant. However, neither of these two VSV G-protein-trun-
cated viruses was as effective as those viruses in the lead group.

The extreme version of VSV-G modification is the complete
deletion of the glycoprotein gene, as in VSV-dG-GFP and
VSV-dG-RFP. In the absence of VSV glycoprotein, viral bud-
ding is severely impaired, with viral particle yields around 30
times lower than those with the G protein present (32).
Though virus progeny can still be produced and leave the cell
(31, 36), the absence of G protein spikes leaves the viral par-
ticle incapable of binding to any new cell, thereby terminating
the viral infectious cycle. This virus is effective at killing the
cells it infects, but as its progeny are not infective, it would
primarily be useful as a direct tumor toxin (8). While increas-
ing its safety profile in the brain, it would ultimately eliminate
only those cancer cells directly infected upon direct inoculation
into the tumor. However, VSV-dG-GFP may still generate an
immune response and merits further consideration relating to
whether it might be effective in stimulating an antitumor im-
mune response after selective infection of tumors. VSV can
enhance destruction of tumors both by direct oncolytic actions
and by recruiting the immune system to attack tumor cells (27).

In conclusion, our data suggest that in addition to the mu-
tated M51 VSV variants that have previously been shown to
show promise for targeting cancer cells with reduced infection
of normal cells (17), VSVs with a reporter gene in the first
position, VSV-p1-GFP and VSV-p1-RFP, show a similarly at-
tenuated infection of normal cells but retain the ability to
target and infect brain cancer both in vitro and in vivo.
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