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Vesicular stomatitis virus (VSV) has been widely used to characterize cellular processes, viral resistance, and
cytopathogenicity. Recently, VSV has also been used for oncolytic virotherapy due to its capacity to selectively
lyse tumor cells. Mutants of the matrix (M) protein of VSV have generally been preferred to the wild-type virus
for oncolysis because of their ability to induce type I interferon (IFN) despite causing weaker cytopathic effects.
However, due to the large variability of tumor types, it is quite clear that various approaches and combinations
of multiple oncolytic viruses will be needed to effectively treat most cancers. With this in mind, our work
focused on characterizing the cytopathogenic profiles of four replicative envelope glycoprotein (G) VSV
mutants. In contrast to the prototypic M mutant, VSV G mutants are as efficient as wild-type virus at inhibiting
cellular transcription and host protein translation. Despite being highly cytopathic, the mutant G6R triggers
type I interferon secretion as efficiently as the M mutant. Importantly, most VSV G mutants are more effective
at killing B16 and MC57 tumor cells in vitro than the M mutant or wild-type virus through apoptosis induction.
Taken together, our results demonstrate that VSV G mutants retain the high cytopathogenicity of wild-type
VSV, with G6R inducing type I IFN secretion at levels similar to that of the M mutant. VSV G protein mutants
could therefore prove to be highly valuable for the development of novel oncolytic virotherapy strategies that
are both safe and efficient for the treatment of various types of cancer.

Vesicular stomatitis virus (VSV) is an extensively studied
virus for a large number of applications. A member of the
Rhabdoviridae family, VSV is an enveloped virus containing an
11,161-kb single-strand RNA genome of negative polarity en-
coding five proteins: a nucleocapsid (N), a phosphoprotein (P),
a matrix (M) protein, an envelope glycoprotein (G), and a
polymerase (L) (30, 37, 47). VSV is not endemic to North
America, and infection in humans is generally asymptomatic or
may induce mild flu-like symptoms (29, 37).

VSV M protein is the smallest but the most abundant pro-
tein, with around 1,800 molecules per virion (32). Considered
the key protein for assembly and budding, M is found mainly in
the cytoplasm (80%) and sometimes is linked to the plasma
membrane (10 to 20%) (51). The M protein can also be found
in the nucleus (31), where it can inhibit transcription by inter-
acting with the RNA polymerase II TFIID complex (1, 6,
13–14) and with NUP98, resulting in an inhibition of the nu-
cleocytoplasmic transport of host mRNAs (20, 34). It also
inhibits cellular translation (15) by modifying the initiation

complex eIF4F through dephosphorylation of the initiation
factors eIF4E and 4E-BP1 (10). Finally, it was also shown to
participate in apoptosis induction (12, 23–25).

Trimeric VSV G is responsible for attachment to the cellular
receptor and for fusion to the cell membrane. Binding to the
still-controversial cellular receptor induces clathrin-mediated
endocytosis (28, 44). As the pH drops in early endosomes, G
changes conformation to allow fusion between the viral enve-
lope and the endosomal membrane (36). The pH at which G is
exposed during infection will determine three different struc-
tures: the prefusion state occurring at pH 7, the active hydro-
phobic state optimal at pH 6, which initiates fusion, and the
postfusion state (35–36). Interactions between the G and M
proteins have also been shown to increase budding efficiency
(45). Apart from roles in fusion and particle assembly, G has
recently been shown to also participate in cytotoxicity (22) and,
under certain conditions, oncolysis (49).

VSV carrying mutant M proteins has been extensively stud-
ied (30). When mutated at methionine 51, the M protein fails
to block host gene expression, thereby allowing the cell to
secrete type I interferons (IFN) (16, 43). Consequently, VSV
harboring an M protein containing the M51R mutation is not
able to efficiently spread in normal tissue, whereas cancer cells,
often deficient in their ability to mount an effective antiviral
response due to deficiencies in the IFN pathway, are readily
infected (4–5, 42). This confers on VSV its exquisite oncolytic
properties (4–5, 11, 30, 41).

In the last decade, multiple viruses have been tested as
oncolytic agents, with some of these already in clinical trials.
One conclusion emerging from these studies is the need for
developing a variety of different oncolytic agents if the success-
ful treatment of a wide spectrum of cancer types is to be
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achieved. Moreover, the development of agents with diverse
oncolytic characteristics could contribute to increasing our
knowledge of the mechanisms involved in virus-mediated tu-
mor regression, as well as providing new tools for the treat-
ment of specific tumor types.

In light of this, we characterized the cytopathic profiles of
four VSV G mutants. G5, G6, G5R, and G6R were previously
shown to possess a wild-type M protein (11) while still being
able to inhibit cellular protein translation (15) without persist-
ing in infected cells (12). These properties render them attrac-
tive candidates for oncolytic virotherapy studies. We therefore
investigated the cytopathic properties of these G mutants by
analyzing their capacity to inhibit host cell transcription and
protein synthesis. We also defined their ability to induce cell
death in several tumor lines and their capacity to trigger type
I IFN secretion in murine fibroblasts. Finally, we demonstrated
that, as for other VSV variants, virus-induced cell death closely
correlates with induction of apoptosis.

MATERIALS AND METHODS

Cells and viruses. L929 mouse fibroblasts were obtained from the American
Type Culture Collection and grown in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). B16 melanoma,
3LL carcinoma, and MC57 fibrosarcoma cells were obtained from A. Ochsen-
bein (Bern, Switzerland) and also were grown in DMEM supplemented with
10% FBS. The origin of VSV G mutants studied here was described previously
(15). G5, G5R, G6, and G6R are referred to, respectively, as TP5, TP5R1, TP6,
and TP6R1 in other studies (11, 15). G5 and G6 were isolated from non-
mutagenized VSV HR strain stocks and thus share the same background. G5R

and G6R are thermorevertants of G5 and G6, respectively (see Results for more
detailed information). HR (here designated WT [wild type]) is a heat-resistant
variant of the San Juan isolate of the Indiana serotype. The MM51R mutant,
originally named T1026 (15), or AV1 in more recent publications (43), is derived
from mutagenized HR stocks and harbors the M51R mutation in the M protein.
All viruses were propagated and titrated on Vero cells.

Viral genome sequencing and analysis. Vero cells were infected at a multi-
plicity of infection (MOI) of 10. Total RNA was isolated with the EZNA ex-
traction kit (total RNA kit; Omega Bio-Tek, Norcross, GA) according to the
manufacturer’s instructions. A cDNA copy of the viral RNA was first obtained by
reverse transcription using an oligonucleotide primer complementary to the very
3� end of the genome. The cDNA copy was then subjected to PCR with 5
different pairs of primers, yielding 5 overlapping PCR products that covered the
entire genome. Primers were derived from the VSV San Juan genome sequence
(GI 9627229), and amplifications were done using Fidelitaq DNA polymerase
(USB Corporation, Santa Clara, CA). After size verification and purification on
agarose gels, amplicons were sequenced by Génome Québec (Montreal, Can-
ada) with the Applied Biosystems 3730xl DNA analyzer using the Dye Termi-
nator technique (Applied Biosystems, Streetsville, Ontario, Canada). Sequence
alignments of G mutants with the HR parental strain, San Juan wild type, and
MM51R mutant were performed using CLUSTALW2 (27). To identify mutations
associated with the heat-resistant phenotype in our mutants, a modified in silico
quantitative trait locus analysis was performed (21). A correlation between
differences in phenotype (�P) and genotype (�G) was established. A matrix of
phenotypic similarity was created for the mutants G5, G5R, G6, G6R, and MM51R,
parental HR, and wild-type San Juan (values ranged from 0 to 1) and was defined
as �P (phenotypic differences). For every amino acid position, a matrix of amino
acid sequence differences between every mutant was created and defined as �G
(genetic differences). A Pearson correlation coefficient was then calculated for
every �G and �P value. This raw correlation coefficient (R), ranging from �1 to
1, indicates either a perfect or an inverse correlation between a mutation and the
observed phenotype. To obtain a scaled value, the mean coefficient of correlation
was subtracted from every coefficient of correlation, and this difference was
divided by the standard deviation (SD) of all coefficients of correlation. The
scaled R value obtained defines the number of SD above or below the mean R
value.

Structural analysis. Homology-based structural modeling of mutants was
based on the crystal structure of VSV glycoprotein G (PDB identifier 2J6J) in its
prefusion form (36), which shares between 97.5 and 98.5% sequence homology

with mutants (7). Structures of generated models were regularized by steepest
descent energy minimization using the GROMOS96 force field (39). Structural
comparisons of proteins were performed using the SSM algorithm (26). Figures
were prepared using the PyMOL molecular graphics system, version 1.3
(Schrödinger, LLC, Germany).

Viral replication. L929 cells were infected at an MOI of 0.1 or 20 in DMEM
containing 2% FBS. Forty-five minutes postinfection, medium was removed and
cells were washed with phosphate-buffered saline (PBS), and fresh DMEM–2%
FBS was added. At each time point, supernatants were harvested and titers were
determined by plaque assay on Vero cells as described previously (11).

Analysis of viral mRNA synthesis. L929 cells were infected at an MOI of 20 or
mock infected. Forty-five minutes was allowed for adsorption of viral particles,
and DMEM containing 2% FBS was added. Parallel samples were incubated in
the presence of actinomycin D (5 �g/ml). At 2, 4, 6, and 8 h postinfection, cells
were labeled with 10 �Ci/ml of [3H]uridine ([5,6-3H]uridine; Perkin Elmer,
Woodbridge, Ontario, Canada) for 30 min and harvested. Samples were then
precipitated with 10% trichloroacetic acid on ice and washed twice with 5%
trichloroacetic acid. Acid-precipitable radioactivity was measured by scintillation
counting, subtracting counts per minute (cpm) of viral transcription (in the
presence of actinomycin D) from cpm of total transcription. Results of host cell
transcription are presented as percentages of mock-infected cells.

Analysis of viral protein production. L929 cells were infected at an MOI of 20
or mock infected as described above. At 4, 8, and 12 h postinfection, cells were
washed with PBS and pulsed for 20 min with 50 �Ci/ml of 35S-labeled methio-
nine-cysteine (Expres35S protein labeling mix; Perkin Elmer, Woodbridge, Can-
ada) in Met-Cys-deficient medium (Invitrogen, Burlington, Ontario, Canada)
supplemented with 2% FBS. Cells were then rinsed with PBS, harvested, and
lysed in radioimmunoprecipitation assay (RIPA) buffer (0.15 M NaCl, 1% de-
oxycholic acid, 1% Triton, 10 mM Tris-HCl [pH 7.4], 0.1% SDS). Lysates were
boiled, and 30 �g of labeled proteins were separated by migration on a 12%
SDS-polyacrylamide gel. The gel was incubated for 15 min in 15% glycerol and
30 min in 5-times-gel-volume Enhancer solution (Perkin Elmer, Woodbridge,
Canada), dried, transposed on Kodak film overnight at �80°C, and analyzed
using the AlphaImager 3400 software program. For total protein synthesis de-
termination, samples were precipitated with 10% trichloroacetic acid on ice and
washed twice with 5% trichloroacetic acid. Acid-precipitable radioactivity was
measured by scintillation counting.

Interferon induction. Beta interferon (IFN-�) quantification was performed
by enzyme-linked immunosorbent assay (ELISA) according to the manufac-
turer’s instructions (Mouse IFN-Beta ELISA; PBL Biomedical Laboratories,
New Brunswick, NJ) on supernatants from L929 cells infected with an MOI
of 0.1 or 20 collected at 6, 12, 24, or 36 h postinfection as described above.

Oncolysis. Mouse Lewis lung 3LL carcinoma, mouse B16 melanoma, mouse
EL4 lymphoma, human Jurkat T cell lymphoma, human HepG2 hepatocarci-
noma, mouse MC57 fibrosarcoma, and mouse L929 fibroblast cells were infected
at an MOI of 20 or mock infected as described above. Cell viability was measured
by mitochondrial activity determination at 6, 12, 24, 36, 48, and 60 h postinfection
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
assay (cell proliferation kit I MTT; Roche Diagnostics, Mississauga, Ontario,
Canada). Briefly, in 96-well plates, 10 �l/well of MTT was added at each time
point and cells were incubated for 1 h at 37°C in a 5%-CO2 atmosphere. Then,
100 �l/well of solubilization solution was added, and formazan production was
detected after an overnight incubation at 37°C by spectrophotometric analysis at
570 nm.

Apoptosis induction. L929 and B16 cells were infected at an MOI of 20 or
mock infected as described above. At 6, 12, 18, and 24 h postinfection, Casp-
GLOW reagent (BioVision, Mountain View, CA) was added, and cells were then
washed with PBS and harvested. After 5 min of centrifugation at 800 � g, cells
were resuspended in 500 �l of the provided washing buffer. Cells were centri-
fuged again and fixed in washing buffer containing 2% paraformaldehyde. Fi-
nally, cells were kept at 4°C until they were analyzed by flow cytometry using a
FACSCalibur instrument (BD Biosciences) and the FlowJo software program.

Statistical analysis. An analysis of variance (ANOVA) with Tukey’s test, using
the SPSS software program, was used to determine the statistical significance of
data wherever indicated, and P values of less than 0.05 were considered signif-
icant.

Nucleotide sequence accession numbers. DNA sequences for the glycopro-
teins of mutants G5, G5R, G6, and G6R were deposited in GenBank under
accession numbers HQ588113, HQ588114, HQ588115 and HQ588116, respec-
tively. Those for the HR parental strain (GenBank accession no. HQ588112),
San Juan wild type (GenBank accession no. M35219), and MM51R mutant
(GenBank accession no. HQ593628) are also available.
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RESULTS

Sequence analysis of VSV G mutants. In order to character-
ize the potential of VSV G protein mutants as novel oncolytic
agents, we took advantage of previously isolated mutants de-
rived from the HR variant of the San Juan isolate of VSV
(Indiana serotype) (15). Mutants G5, G5R, G6, and G6R were
isolated, without prior mutagenesis by virtue of their small-
plaque-size phenotype on interferon (IFN)-inducible cells but
normal plaque size on Vero cells. Furthermore, G5 and G6

were shown to be thermosensitive, since their growth in a
plaque assay on Vero cells was equal to that of HR at 34°C but
slightly reduced at 37°C (15). The revertants G5R and G6R

were isolated by plating G5 and G6 at 39 to 41°C on Vero cells
(15). The MM51R (T1026) mutant was isolated in a different set
of experiments from a mutagenized stock of HR (38). It is
known to harbor an M51R amino acid replacement in the M
protein (11), but the remainder of its genome had not been
sequenced previously. We therefore set out to sequence the
entire genome of all four G protein mutants and compared
them to those of the parental HR virus and the MM51R mutant.
Sequence analysis revealed that amino acid changes in these
mutants were restricted to the G glycoprotein (Table 1 and
data not shown). Even though the MM51R mutant shows the
same D216G substitution in its G protein as mutants G5 and
G6 (Table 1), previous studies using viral recombinants con-
taining the mutant M protein on a wild-type background or M

protein transfection showed that the M protein on its own
confers the attenuated phenotype, suggesting that this muta-
tion does not affect viral replication (2, 6, 13).

VSV G mutants replicate efficiently. If VSV G mutants are
to be considered for oncolytic virotherapy, they should first be
able to replicate efficiently. VSV G mutants were therefore
tested for their ability to replicate on L929 cells (Fig. 1). De-
spite mutations in the surface glycoprotein, all mutants repli-
cated as efficiently as wild-type VSV regardless of the multi-
plicity of infection (MOI). We also tested replication of the M
protein mutant MM51R and observed that it could also establish
a productive infection, although this was reduced by 100-fold
compared to that of G mutants.

G mutants inhibit cellular transcription as efficiently as WT
VSV. Inhibition of cellular transcription by VSV is well docu-
mented. We next aimed at determining if mutations in the G
protein influenced this capacity. Figure 2 shows that all G
mutants efficiently inhibited cellular transcription as early as
2 h postinfection, with a reduction in RNA synthesis of more
than 50% of that of mock-infected cells. By 8 h postinfection,
cellular transcription was almost completely abolished. How-

TABLE 1. Amino acid sequences of the glycoproteins
of G mutantsa

VSV strain
Amino acid at position:

100 216 226 238 415 471

WT K D R E S Y
G5 R G Q
G5R R Q
G6 G G
G6R G
MM51R G H A H

a Amino acid differences between the glycoproteins of G mutants and that of
the WT VSV. Each amino acid is numbered according to its position on the
mature protein.

FIG. 1. Viral replication rates of VSV G mutants. L929 cells were infected at an MOI of 0.1 (A) or 20 (B). At the indicated time points,
supernatants were harvested and viral titers were determined by plaque assay on Vero cells. Data are the means � SEM for three independent
experiments.

FIG. 2. Effect of VSV G mutants on cellular transcription rates.
L929 cells were infected at an MOI of 20 or mock infected. At the
indicated time points, cells were labeled with [3H]uridine (10 �Ci/ml)
and harvested. Acid-precipitable radioactivity was measured by scin-
tillation counting. Data are the means � SEM for three independent
experiments in duplicate; ***, P � 0.001.
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ever, the matrix mutant MM51R failed to efficiently inhibit cel-
lular transcription (P � 0.001 compared to results for all mu-
tants), confirming results obtained previously (2).

G mutants efficiently inhibit host protein synthesis. Having
showed that VSV glycoprotein mutants could rapidly inhibit
cellular transcription upon infection, we next assessed if this
would correlate with their ability to inhibit cellular translation.
We first determined that all G mutants efficiently synthesized
their viral proteins in a pattern similar to that of wild-type VSV
(Fig. 3A and B). We then analyzed cellular protein synthesis
during infection and observed an inhibition by all G mutants
compared to results for wild-type VSV, although these differ-
ences did not reach statistical significance (Fig. 3C). In remark-
able contrast, the MM51R mutant showed only transient G
protein synthesis and an inability to shut off host protein syn-
thesis compared to G mutants (P � 0.05 compared to results
for G5; P � 0.01 compared to results for other G mutants).

G6R induces type I interferon secretion in infected cells. In
order to develop oncolytic virotherapy as an effective and safe
treatment for cancer, healthy cells should ideally be able to
protect themselves against infection, while cancer cells should
be sensitive to viral lysis. We therefore tested the capacity of G
mutants to induce type I interferon secretion in L929 cells
following infection at an MOI of 0.1 or 20 (Fig. 4). Mutants G5,
G5R, and G6 did not induce significantly higher IFN secretion
than wild-type VSV at either MOI. However, at an MOI of 0.1,
mutant G6R showed rapid and strong IFN-� induction that was
highly significant compared to that of WT or other G mutants
(P � 0.001) and even superior to that of the MM51R mutant
(P � 0.001 at 12 h; P � 0.05 at 24 h and 36 h). When an MOI
of 20 was tested, G6R induced readily detectable levels of
IFN-�; however, this did not reach statistical significance.

G mutants induce death in several tumor cell lines. To
investigate whether the strong inhibition of cellular transcrip-
tion and translation observed for all G mutants would provide
them with increased oncolytic properties, we assessed their
abilities to kill various murine and human tumor cell lines in
vitro (Fig. 5). Their capacity to induce death of murine 3LL
pulmonary carcinoma (Fig. 5B), murine EL4 and human Jur-
kat lymphomas, or human HepG2 hepatocellular carcinoma
(data not shown) was comparable to that of WT VSV or the M
mutant. Importantly, however, all G mutants were more effi-
cient than the M mutant at killing murine B16 melanoma cells
(P � 0.001 at 48 h; P � 0.01 at 60 h), while G5R, G6, and G6R

also showed a significantly faster induction of B16 cell death
than wild-type VSV at 24 h (P � 0.01 for G5R and G6R; P �
0.05 for G6) (Fig. 5C). In addition, G5R and G6 showed in-
creased killing of MC57 fibrosarcoma cells at 48 h postinfec-
tion compared to results for WT VSV (P 	 0.01 for G5R; P �
0.05 for G6), while G5R, G6, and G6R also induced a signifi-
cantly higher level of death than the M mutant (P � 0.01) (Fig.
5D). As a control, we analyzed cell death in L929 fibroblasts
and showed that G mutants induced significantly slower death
than the M mutant in these cells (P � 0.01 for G5, G5R, and G6;
P � 0.05 for G6R at 24 h; P � 0.001 for G5, G5R, and G6 at
36 h) (Fig. 5A). Finally, G5R and G6R also induced increased
death of L929 cells compared to WT results (P � 0.0001 for
G6R; P � 0.05 for G5R). We confirmed these results using a
trypan blue exclusion assay that showed the same trend for
L929 and B16 cell lines (data not shown).

Oncolysis correlates with apoptosis induction in cells in-
fected with G mutants. Finally, to determine if the observed
cell death was due to increased apoptosis, caspase activation
was analyzed by flow cytometry using a fluorescent irrevers-

FIG. 3. Effect of VSV G mutants on cellular protein synthesis rates.
L929 cells were infected at an MOI of 20 or mock infected. Cells were
labeled with [35S]methionine/cysteine (50 �Ci/ml) at 4, 8, and 12 h
postinfection. Lysates were subjected to SDS-PAGE, and labeled pro-
teins were quantified. (A) Representative image of an autoradiography
film showing radiolabeled proteins at 8 h postinfection. Positions of
viral proteins are indicated on the right. (B) The labeled G proteins in
images similar to that of panel A were quantified using the AlphaImager
3400 software program. Results, corrected for the background level, are
shown as a percentage of the WT-infected control at 4 h postinfection and
are the means � SEM for four independent experiments. (C) Acid-
precipitable radioactivity was measured by scintillation counting for the
determination of total protein synthesis. Results are shown as a percent-
age of those for the mock-infected control and are the means � SEM for
three independent experiments. �, P � 0.05; ��, P � 0.01.
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ible inhibitor of caspase that binds to activated caspases
(CaspGLOW assay). Infection of L929 cells with VSV induced
similar increases in apoptosis over time for all G mutants and
for WT VSV. In contrast, the MM51R mutant showed a dra-
matic increase of activated caspases as early as 12 h postinfection
(P � 0.001) (Fig. 6A), correlating with the viability assay (Fig. 5).
We also examined apoptosis induction in the B16 melanoma cell

line (Fig. 6B) and demonstrated that contrary to what we ob-
served with L929 cells, some G mutants induce significantly more
programmed cell death than WT VSV or the MM51R mutant (for
G6 compared to WT results, P � 0.05; for G5R, G6, and G6R

compared to MM51R results, P � 0.01), also correlating with the
viability assay (Fig. 5). We did not observe significant necrosis in
any cell line tested or virus used (data not shown).

FIG. 4. Interferon induction by VSV G mutants. L929 cells were infected at an MOI of 0.1 (A) or 20 (B). At the indicated time points,
supernatants were collected and IFN-� quantification was performed by ELISA. Data are the means � SEM for four independent experiments
in duplicate. ���, P � 0.001.

FIG. 5. Cell viability modulation due to infection by VSV G mutants. L929 (A), 3LL (B), B16 (C), or MC57 (D) cells were infected at an MOI
of 20. Cell viability was measured by mitochondrial activity using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay.
At the indicated time points, formazan production was detected by spectrophotometric analysis at 570 nm. Data are the means � SEM for six
replicates from three independent experiments.
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DISCUSSION

VSV is widely studied in the context of a growing interest for
using viruses for vaccination (8–9, 18, 40) and the treatment of
various cancers (4–5, 30). Glycoprotein G of VSV is responsi-
ble for viral fusion and entry into target cells. Both of these
processes are critical for vaccination and oncolysis (48) and
likely are involved in cytotoxicity and apoptosis induction (25).
To develop such applications for an eventual use in humans, it
is paramount to further study the multiple characteristics of
VSV G and the various potential effects of G mutants on
infected cells. Here we have presented sequence analyses of
four new VSV G protein mutants and have characterized their
cytopathic properties.

Mutations responsible for the phenotypes of mutants G5,
G5R, G6, and G6R were found to map to the G glycoprotein of
VSV, since comparison with the parental HR isolate revealed
no amino acid change in any other viral genes (Table 1). To
determine whether these mutations could be linked to known
phenotypic differences between mutants, a modified quantita-
tive trait locus analysis was conducted and revealed that mu-
tation at position 216 best correlated with thermosensitivity
(see Fig. S1A in the supplemental material). Comparison of
structural models and predicted total energy between mutants
and the HR parental virus revealed that the acquisition of the
G216D mutation by G5R and G6R resulted in a lower total
energy for G6R, a structure closer to that of the HR parental
strain as well (see Fig. S1B). The presence of an aspartic acid
at position 216 in each thermoresistant variant (HR, G5R, and
G6R) is predicted to form an ionic bond (see Fig. S1C) that
could have a stabilizing effect on the protein structure and
could explain thermoresistance. It is tempting to speculate that
such differences in protein stability and/or structure could also
possibly explain other phenotypic differences between G mu-
tants and their revertants, such as their capacity to induce
interferon secretion; however, a detailed mutagenesis analysis
will be required to directly assess this possibility. Interestingly,
the E238Q or E238G mutation found in G mutants is proximal
to the dominant neutralizing epitope of VSV, which could

potentially modulate the kinetics of neutralizing antibody in-
duction, leading to differences in the amount of virus reaching
and infecting tumor cells (46). This aspect is beyond the scope
of our in vitro studies but will eventually need to be tested in
vivo. The similar replication rates observed between G mutants
and wild-type VSV suggest that these mutations in G do not
interfere with receptor binding or with other functions in-
volved in viral replication (Fig. 1). Furthermore, cytopathic
effects induced by G mutants in terms of transcription (Fig. 2)
and translation (Fig. 3) inhibition were as strong as those
induced by WT VSV. This is in agreement with previous results
associating these properties with the M protein, unchanged in
the G mutants studied here (1–2). Specific interactions be-
tween G and M proteins on the viral particle have been ob-
served (17) and have been shown to be required for final
assembly of the viral particle at budding sites (45) and for the
release of nucleocapsids following endocytosis (33). Again,
results showing normal replication rates of VSV G mutants
argue against a modification of these interactions, although
this was not tested directly.

Of central importance for the use of VSV for oncolytic
virotherapy, and somewhat surprisingly in view of the wild-type
M protein, the G6R mutant induced significant type I inter-
feron secretion in L929 infected cells that was similar to or
even higher than that with the MM51R mutant. This is partic-
ularly true at low MOI. This suggests that a different mecha-
nism, not involving the M protein, is responsible for type I
interferon secretion in infected cells between these two mu-
tants. Such efficient IFN production will prime an antiviral
state in tumor-surrounding healthy cells and should maintain
the selectiveness of G6R for cancer cells deficient in the anti-
viral IFN pathway, presumably allowing the safe use of G6R in
oncolytic virotherapy experiments. A further indirect indica-
tion for the safety of these G mutants was provided by our
inability to detect any signs of toxicity following the inoculation
of up to 1.5 � 109 PFU of each G mutant into C57BL/6 mice
(data not shown). However, the complete innocuity of G mu-
tants in comparison to WT VSV or the M mutant remains to

FIG. 6. Caspase activation by VSV G mutants. L929 (A) or B16 (B) cells were infected at an MOI of 20 or mock infected. At the indicated
time points, kinetics of caspase activity was determined by labeling the cells with the CaspGLOW reagent. Data are the means � SEM for three
independent experiments.
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be formally demonstrated in further in vivo studies. In addi-
tion, how G6R maintains the ability to inhibit cellular transcrip-
tion and translation while allowing IFN production will also
need to be determined. Previous studies have correlated IFN
production and, more widely, primary immune responses fol-
lowing VSV infection with MyD88 stimulation (50) through
either TLR4 (19) or TLR7 (3), depending on the cell type and
viral strain considered. Mutations in G6R could therefore po-
tentially modulate the triggering of such innate pattern recog-
nition receptors, thus modifying the progression of the infec-
tion. This aspect is presently under study to explain differences
observed between the cytopathogenicities of VSV G and M
mutants.

Finally, for oncolytic virotherapy to be effective, cytotoxicity
eventually needs to trigger cell death. We established that VSV
G mutants induce cell death more efficiently in certain tumor
cell lines than wild-type VSV or the M mutant (Fig. 6). We also
determined that this killing efficiency differed dramatically be-
tween viral strains and tumor lines tested as previously shown
in other models (24). We showed that these differences corre-
lated with a potent induction of apoptosis by VSV mutants, as
was previously observed with the TP6 (G6) mutant by Des-
forges et al. on neuroglioma cells (12). These results emphasize
the need to develop a wide range of oncolytic viruses that could
be customized for tumor types or origins in specific treatment
protocols.

In conclusion, VSV G mutants represent promising onco-
lytic viruses due to their efficient replication and strong cyto-
pathogenicity for various cancer cell lines. With the capacity to
induce IFN in normal cells, conferring selectivity for cancer
cells, and mutations proximal to the major VSV neutralizing
epitopes, some of these mutants could be useful for further
increasing our knowledge of the mechanisms involved in on-
colysis. Further studies are under way to examine the in vivo
oncolytic properties of these VSV G mutants using various
murine tumor models. This will enable us to determine the full
potential of VSV G mutants for oncolytic virotherapy.
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