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INTRODUCTION
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The cytopathogenicity of vesicular stomatitis virus (VSV) has been attributed mainly to the host
shut-off activity of the viral matrix (M) protein, which inhibits both nuclear transcription and
nucleocytoplasmic RNA transport, thereby effectively suppressing the synthesis of type |
interferon (IFN). The M protein from persistently VSV-infected cells was shown to harbour
characteristic amino acid substitutions (M51R, V221F and S226R) implicated in IFN induction.
This study demonstrates that infection of human fibroblasts with recombinant VSV containing the
M51R substitution resulted in IFN induction, whereas neither the V221F nor the S226R
substitution effected an IFN-inducing phenotype. Only when V221F was combined with S226R
were the host shut-off activity of the M protein abolished and IFN induced, independently of
M51R. The M33A substitution, previously implicated in VSV cytotoxicity, did not affect host shut-
off activity. M-mutant VSV containing all four amino acid substitutions retained cytotoxic
properties in both Vero cells and IFN-competent primary fibroblasts. Infected-cell death was
associated with the formation of giant polynucleated cells, suggesting that the fusion activity of
the VSV G protein was involved. Accordingly, M-mutant VSV expressing a fusion-defective G
protein or with a deletion of the G gene showed significantly reduced cytotoxic properties and
caused long-lasting infections in Vero cells and mouse hippocampal slice cultures. In contrast, a
G-deleted VSV expressing wild-type M protein remained cytotoxic. These findings indicate that
the host shut-off activity of the M protein dominates VSV cytotoxicty, whilst the fusion-active G
protein is mainly responsible for the cytotoxicity remaining with M-mutant VSV.

The VSV envelope contains a single-type transmembrane

Vesicular stomatitis virus (VSV) is a prototype member of
the family Rhabdoviridae. The virus genome is composed of
a non-segmented, single-strand, negative-sense RNA
encoding five genes, which are arranged in a module-like,
non-overlapping manner. The RNA genome combines
with the nucleoprotein N, the phosphoprotein P and the
large protein L to form the helical ribonucleoprotein
(RNP) complex. This complex is connected to the envelope
via the matrix protein M, which binds to both the N
protein and the inner leaflet of the lipid-bilayer membrane
(Dancho et al., 2009). The M protein plays a key role in
VSV morphogenesis and budding (Jayakar et al., 2004).

glycoprotein (G), which has receptor-binding and fusion
activities. Following uptake of the virion by receptor-
mediated endocytosis and acidification of the endosome,
the G protein can perform fusion between the membranes
of the viral envelope and the endosome. This results in the
release of the RNP complex into the cytosol, where
transcription and replication take place. In addition to its
role in virus entry, the G protein is important for efficient
virus budding and release (Jeetendra et al., 2003).

VSV shows a very broad cell tropism and replicates rapidly
in various cell lines that are derived from different species
and tissues. Infected cells normally release high numbers of
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progeny virus (>10° p.fu. ml™") before they ultimately
die. The M protein contributes significantly to the virus-
induced cytopathic effects (Kopecky & Lyles, 2003) by
inhibiting cellular transcription and blocking nucleocyto-
plasmic RNA transport (Faria et al, 2005; Lyles, 2000;
Petersen et al., 2000; von Kobbe et al., 2000). VSV benefits
from these activities because the synthesis of type I
interferon (IFN) is efficiently suppressed in this way
(Ahmed et al., 2003).

Despite the extraordinarily high cytotoxicity of VSV, virus
mutants capable of establishing persistent infection in cell
culture have been identified (Holland & Villarreal, 1974;
Holland et al., 1976; Ramseur & Friedman, 1978; Sekellick
& Marcus, 1978, 1979; Youngner & Quagliana, 1976). A
number of factors have been implicated in the establish-
ment and maintenance of persistent VSV infections,
including the formation of defective interfering particles
(DePolo & Holland, 1986), temperature sensitivity
(Youngner & Quagliana, 1976) and IFN induction
(Nishiyama et al., 1977, 1978; Ramseur & Friedman,
1978). In addition, mutations in the M gene were detected
frequently in persistently VSV-infected cells and some of
these mutations (e.g. M51R) were shown to abolish the M
protein-mediated host shut-off (Ahmed & Lyles, 1997;
Desforges et al., 2001). Correspondingly, these mutants do
not suppress IFN synthesis and have been proposed as
oncolytic viruses for the therapy of tumours that show
defects in the type I IFN system (Barber, 2004, 2005; Lichty
et al., 2004; Stojdl et al, 2000; Wollmann et al., 2007).
Although these VSV mutants expressed M proteins devoid
of host shut-off activity, they still revealed cytotoxic
features in BHK-21 and Hela cells, suggesting that other
factors also contribute to the induction of apoptosis
(Kopecky et al, 2001). Interestingly, VSV expressing
wild-type or mutant M protein activates apoptosis through
distinct pathways (Gaddy & Lyles, 2005).

In this study, the impact of the M and G proteins on virus-
induced cytopathic effects and the induction of type I IFN
was analysed by taking advantage of recombinant VSV
mutants. Our findings indicate that both the M and G
proteins are highly cytotoxic. Consequently, VSV recom-
binants expressing a mutant M protein along with a fusion-
defective G protein or with a deletion of the G gene were
able to persist in cells for a prolonged time.

RESULTS

Generation of M-mutant viruses

A series of VSV (serotype Indiana) recombinants was
generated by reverse genetics. First of all, a recombinant
VSV expressing enhanced GFP from an additional
transcription unit located between the G and L genes of
the VSV genome was produced (Fig. 1a, VSV*). A number
of site-directed mutations were introduced into the M gene
of this vector backbone (Fig. 1b). The M33A and M51R
substitutions, both implicated in VSV cytotoxicity (Jayakar
& Whitt, 2002), were introduced into the M gene either
individually or in combination. The M51R substitution
was originally identified in the IFN-inducing VSV mutant
T1026 (Desforges et al.,, 2001) and is known to affect M
protein-mediated inhibition of host RNA synthesis
(Ahmed et al, 2003). Next, VSV recombinants that
contained either the single substitutions V221F and
S226R or both substitutions together were generated. The
double substitution V221F/S226R was previously detected
in the VSV mutant TP3, which is able to establish
persistent infections in a number of cell lines (Desforges
et al, 2001, 2002). V221F/S226R was correlated with
reduced viral host shut-off, lower pro-apoptotic activity
and induction of type I IFN (Ahmed et al., 2003; Desforges
et al., 2002). Finally, all four substitutions M33A, M51R,
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from an additional transcription unit located
between the G and L genes. Several M-mutant
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51 206 . . . -

| | | ated with the amino acid substitutions shown
M,  -..GIAPPPYEEDTSMEYAPSAPIDKSYFGVDEMDTY... ...KKASGAWVLDSISHFK in (b). VSV*MqGigs expresses the quadruple
M s B et et e e e | ) -
M e S Mg mutant along with a fusion-defective G
Muggi rrrerrmsrrnsnes R R AR RRRERE Rrvevrr vorrvenans s protein containing the A133R substitution. In
N R VSV"AG and VSV"MAG, the additional tran-
Mi&l jg Pt tereaesseetaisesatetttenetsteasns Hesnesaaes F....R... scription unit was deleted and the G gene
Mo s . Ruwisiomn  smssimeiosine R -

replaced by GFP.

http.//virsgmjournals.org

2783



M. Hoffmann and others

V221F and S226R were combined in the quadruple mutant
VSV*Mo.

Western blot analysis of cell lysates 6 h post-infection
showed that the substitutions had no obvious impact on M
protein expression levels (Fig. 2). In addition, the
mutations did not change the apparent molecular mass
of the M protein, with one notable exception: all mutants
containing the MS51R substitution migrated in SDS/
polyacrylamide gels somewhat faster than the parental M
protein. This band shift is typical for the M51R
substitution and has been noted previously (Desforges
et al., 2001).

Generation of G-mutant viruses

The role of the G protein in VSV-induced cytopathic
effects was studied by taking advantage of a fusion-
defective G protein. The alanine residue at position 133 is
part of the predicted bipartite fusion domain (Roche et al.,
2006, 2007) and has been shown to be critical for G
protein-mediated membrane fusion (Fredericksen &
Whitt, 1995; Sun et al., 2008). Because only fusion activity,
but not cell-surface transport, of the G protein was affected
when alanine 133 was replaced by arginine (Sun et al,
2008), this substitution was introduced into the VSV*Mq
vector background (Fig. la, VSV*MGj33). Alternatively,
the G gene was deleted completely from VSV* and
VSV*Mgq, resulting in VSV*AG and VSV*MgAG, respect-
ively. All three mutant viruses were propagated on BHK-
G43 cells, a transgenic cell line providing the VSV G
protein in trans (Hanika et al., 2005). As expected, in the
absence of G protein expression, the G-mutant vectors did
not produce infectious progeny (Fig. 3c). Western blot
analysis verified the absence of G protein in infected cell
lysates (Fig. 2).
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Fig. 2. Western blot analysis of infected BHK-21 cell lysates. At
6 h post-infection with the indicated viruses (m.o.i. of 10), cell
lysates were prepared, separated by SDS-PAGE and blotted onto
a nitrocellulose membrane. VSV G and M proteins were detected
with a polyclonal anti-VSV serum. The positions of molecular mass
markers (in kDa) are indicated.

Some M-mutant viruses are attenuated in human
fibroblasts

VSV*Mq replicated in BHK-21 cells with similar kinetics
and to similar titres as parental VSV* (Fig. 3a), indicating
that the four combined mutations are compatible with the
role of the M protein in virus morphogenesis and budding.
The replication kinetics of the M-mutant viruses with
single or double substitutions did not differ from those of
the quadruple mutant (data not shown). In normal human
dermal fibroblasts (NHDF), some M-mutant viruses
showed a different phenotype. VSV*Mq replicated to
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Fig. 3. Replication kinetics of recombinant VSV. (a, b) BHK-21
cells (a) and NHDF (b) were infected with either VSV* (blue lines,
M) or VSV*Mq (red lines, 4) using 0.05 infectious units per cell.
(c) BHK-G43 cells were treated for 6 h with mifepristone to
induce VSV G expression or were left untreated. The cells were
infected with VSV*AG (blue lines, W), VSV*MQAG (red lines, 4)
or VSV*MqGias (green lines, A) using an m.o.i. of 0.05 and
incubated in either the presence (continuous lines) or absence
(dotted lines) of mifepristone. At the indicated time points, aliquots
of cell-culture supernatant were sampled and titrated in duplicate
on BHK-21 cells. Mean virus titres of three infection experiments
are shown. (d) NHDF were infected with the indicated viruses
(m.o.i. of 0.1). The cells were fixed 24 h post-infection and
counterstained with  SYTOX Orange (Invitrogen) (red fluor-
escence). Green fluorescence indicates GFP expression by
infected cells. Bar, 75 um.
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100-fold lower titres than VSV* (Fig. 3b). Fluorescence
microscopic analysis of the cells 24 h post-infection (m.o.i.
of 0.05) revealed that VSV*Mgq, in contrast to VSV*, did
not spread in the cell monolayer beyond the primary
infected cells (Fig. 3d). Mutants VSV*Ms;, VSV*M3; 51 and
VSV*M,,1.226 also showed an attenuated phenotype in
NHDF, whereas mutants VSV*Ms3;, VSV*M,,; and
VSV*M,,6 were not attenuated (data not shown).

VSV mutants reveal differences in suppressing
cytomegalovirus (CMV) promoter-driven reporter-
gene expression

CMV promoter-driven gene expression requires transcrip-
tion by the nuclear RNA polymerase II and subsequent
export of the mRNA into the cytosol, both processes that
can be inhibited by the VSV M protein (Ahmed et al,
2003). To analyse the consequences of mutated M and/or G
proteins for viral host shut-off activity, BHK-21 cells were
transfected with the firefly luciferase gene placed under
control of the CMV promoter, and subsequently infected
with recombinant virus (m.o.i. of 10). Expression of the
reporter gene was abolished completely when the cells were
infected with VSV*, VSV*AG or VSV*Ms3, whereas about
50 % relative luciferase activity was detected in VSV*Ms,-
infected cells (Fig. 4). The double mutant VSV*M3; 5,
revealed higher relative reporter activity, but the assay did
not allow us to demonstrate the difference between
VSV*M;s; and VSV*Ms55, to be statistically significant
(P=0.054). The single amino acid substitutions V221F and
S226R did not have substantial effects on M protein-
mediated host shut-off activity. However, when the two
substitutions were combined, statistically significant levels
of reporter-gene expression were recorded (P<0.0001).
The quadruple mutant VSV*Mq permitted reporter-gene
expression levels in the same range as those for the
double mutant VSV*M335;, indicating that the remaining
inhibitory activity of VSV*M33/5; could not be reduced
further by adding the substitutions V221F and S226R.
Cells infected with either VSV*MqGjs3 or VSV*MaAG
revealed luciferase levels in the same range as those in

VSV*Mq-infected cells, suggesting that the G protein does
not contribute to the inhibition of host protein synthesis.

VSV mutants with compromised host shut-off
activity induce type | IFN

The effect of M- and G-mutant viruses on the induction of
type I IFN was analysed in NHDF. The magnitude of
human IFN-f secretion was quantified by ELISA (Fig. 5).
Infection of NHDF with VSV*, VSV*AG, VSV*Ms;s,
VSV*M,,; or VSV*M,,6 did not induce statistically
significant IFN-B levels (P>0.05), whereas about
10000 pg IFN-f ml~"' was detected following infection
with VSV*Ms;, VSV*Mjs51, VSV*May; a6 of VSV*Mg
(P<0.0001). The G-mutant viruses VSV*MqAG and
VSV*MqGi3; induced IEN-f at lower levels than the
propagation-competent VSV*M, (about 4000 pg ml™').
Generally, IFN-f was detected readily at 12 h post-
infection and did not increase further in the following
time. VSV*M@AG induced IFN-f more rapidly, with
statistically significant amounts already detectable at 6 h
post-infection (P<<0.0001). These findings indicate that
only VSV mutants incapable of suppressing CMV pro-
moter-driven reporter-gene expression do induce the
synthesis of type I IFN.

VSV*MQAG and VSV*MqG,3; are compatible with
Vero cell survival

At first, the impact of M and/or G gene mutations on VSV-
mediated cytotoxicity was studied in Vero cells, which are
unable to produce type I IFN (Chew et al, 2009). The
viability of the cells in the course of infection was
determined by taking advantage of the dehydrogenase
activity of metabolically active cells (Cory et al., 1991).
Infection of Vero cells with either VSV* or VSV*AG (m.o.1.
of 10) caused extensive depletion of viable cells within 24 h
(Fig. 6a). Microscopic examination of the cells revealed
pronounced cell rounding and detachment, resulting in
nearly complete destruction of the cell monolayer at 24 h
post-infection (Fig. 6¢). A rapid decline of cellular viability
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Fig. 4. Analysis of VSV-mediated reporter-
gene suppression. BHK-21 cells were trans-
fected with the firefly luciferase gene placed
under control of the CMV promoter and
subsequently infected with the indicated
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Fig. 5. Induction of IFN-f by M-mutant VSV.
NHDF were infected with the indicated viruses
(m.o.i. of 10). Cell-culture supernatant was
sampled at 6 h (black bars), 12 h (dark-grey

% bars) and 24 h (light-grey bars) post-infection
= and tested for the presence of human IFN-f by
0-,“-; ELISA. Mean values and sD of three infection
x

experiments are shown.

was also observed following infection with VSV*Msjs,
VSV*M51, VSV*M33)51, VSV*MZZI’ VSV*MZZG and
VSV*M,1,226 (Fig. 6¢, and data not shown). In contrast,
cell death progressed only moderately when the cells were
infected with VSV*Mq, indicating that the quadruple
substitutions reduced, but did not abolish, VSV cytotoxi-
city. A very different phenotype was observed following
infection with either VSV*MqAG or VSV*MnGj33. Most
cells not only survived infection with these viruses, but also
continued to propagate, as indicated by increasing
formazan production (Fig. 6a). Fluorescence microscopic
analysis revealed that all cells were still positive for GFP
3 days post-infection (Fig. 6¢).

Cell viability was correlated inversely with the activation of
caspase-3/7, a key effector protease of apoptosis (Fig. 6b).
The highest caspase-3/7 activity was recorded in Vero cells
24 h post-infection with VSV*. VSV*AG and VSV*Mgq
showed lower relative caspase-3/7 levels, yet the lowest pro-
apoptotic activity was found in cells that had been infected
with VSV*MaAG or VSV*MnG3;3. Taken together, these
results indicate that M-mutant (VSV*Mgq) as well as G-
mutant (VSV*AG) VSV retained high cytotoxicity in IFN-
incompetent cells, whereas M-mutant viruses expressing a
fusion-defective G (VSV*MqG33) or with a deletion of G
(VSV*MGAG) were compatible with cell survival and cell
division.

VSV*MoAG and VSV*MqgG,3; show reduced

cytotoxicity in human fibroblasts

The cytotoxicity of M- and G-mutant VSV was also
analysed in IFN-competent NHDF. Infection with VSV*,

VSV*AG or VSV*Mqg (m.o.i. of 10) resulted in a rapid
decline of cell viability (Fig. 6d), paralleled by high levels of
caspase-3/7 activity (Fig. 6e). Twenty-four hours post-
infection of NHDF with either VSV* or M-mutant VSV
such as VSV*Mq, most cells had fused with each other,
resulting in the formation of large polykaryons (Fig. 6f).
These syncytia were not detected in NHDF following
infection with the G-deleted or G-defective viruses.
Syncytium formation was less pronounced in infected
Vero cells (see Fig. 6¢, VSV*M3; 55, 24 h).

VSV recombinants with single or double substitutions in
the M protein were as cytotoxic for NHDF as the
quadruple mutant VSV*Mq, (data not shown). In contrast,
when NHDF were infected with either VSV*MGAG or
VSV*MqGiss, cell viability also declined, but at a slower
rate (Fig. 6d), with several GFP-positive cells still alive
3 days post-infection (Fig. 6f). These two mutant viruses
showed statistically significantly lower pro-apoptotic activ-
ity than VSV* and VSV*Mg, at 24 h (P<0.05), although
caspase-3/7 levels were still higher than those in mock-
infected cells (Fig. 6e). In contrast to Vero cells, NHDF
stopped propagating when they were infected with either
VSV*MQAG or VSV*MQGB}

Infection of mouse hippocampal slice cultures

VSV was previously shown to cause neurotropic infections
in mice, resulting in extensive neurodegeneration (van den
Pol et al., 2002). To study the effects of non-transmissible
VSV on neuronal cells, hippocampal slice cultures were
prepared from normal and IFN (o and f) receptor 1-
knockout (IFNAR”°) mice (van den Broek et al, 1995).

Fig. 6. Analysis of VSV-mediated cytotoxicity. (a, d) Vero cells (a) and NHDF (d) were infected with the indicated viruses (m.o.i.
of 10). At the indicated times, the cells were incubated for 60 min at 37 °C with the MTS tetrazolium compound; Asqp Was
recorded. Mean values and sD of three infection experiments are shown. (b, ) Caspase-3/7 activity was determined in infected
Vero cells (b) and NHDF (e) at the indicated times. The fold increase of caspase-3/7 activity relative to that in mock-infected
cells is shown. (c, f) Infected Vero cells (c) and NHDF (f) were fixed at the indicated times and counterstained with SYTOX
Orange (Invitrogen). Fluorescence microscopy was performed for detection of GFP (greyscale) and SYTOX Orange (red

fluorescence; mock-infected cells only). Bars, 30 pm.
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The slice cultures were infected with either VSV*AG or
VSV*MGAG, and GFP expression was monitored for
up to 17 days (Fig. 7a). VSV*AG revealed a very similar
phenotype in infected hippocampal slice cultures from
both wild-type and IFNAR®® mice. High-level GFP
expression was detected for 2 days; thereafter, a significant
decline of GFP expression was observed, attributable to the
cytotoxic properties of VSV*AG. Compared with VSV*AG,
VSV*MGAG mediated longer-lasting GFP expression in
wild-type mouse hippocampus. Nevertheless, GFP expres-
sion decreased gradually with time and disappeared at
day 12. In IFNAR”® hippocampus, VSV*MuAG caused
higher GFP expression levels than in wild-type hippocam-
pus, and expression levels decreased only moderately with
time (Fig. 7a). This indicates that VSV*MuAG is able to
establish a long-term persistent infection in murine
hippocampal cells.

Infection of hippocampal cultures with either VSV*AG or
VSV*MGAG resulted in GFP expression in neurons of the
pyramidal cell layer (Fig. 7b, ¢). This was evident from the
pronounced labelling of the dendrites of these neurons
(Fig. 7b, ¢) and is consistent with co-labelling of GFP-
positive cells with the neuronal marker NeuN (data not
shown). We did not observe glial fibrillary acidic protein
(GFAP)-positive cells that were positive for GFP (data not
shown), further suggesting that mainly neurons are
infected.

DISCUSSION

The cytotoxic properties of wild-type VSV have been
attributed primarily to the M protein (Desforges et al,
2002; Kopecky et al., 2001), which inhibits both cellular
transcription (Ahmed & Lyles, 1998; Black et al, 1993;
Yuan et al, 1998) and nucleocytoplasmic mRNA transport
(Faria et al., 2005; Her et al., 1997; von Kobbe et al., 2000).
The amino acid substitution M51R is known to affect this
host shut-off activity (Ahmed et al., 2003; Desforges et al.,
2001, 2002; Francoeur et al., 1987), probably by interfering
with binding of the M protein to the nuclear-export factor
Rael (Faria et al, 2005). In agreement with these previous
observations, our recombinant VSV*M;, mutant, but not
the parental VSV¥*, permitted CMV promoter-driven
reporter-gene expression and synthesis of type I IFN.

Besides the M5IR substitution, the double substitution
V221F/S226R, which is located close to the C terminus of
the M protein, has been correlated with loss of host shut-
off activity and induction of IFN (Ahmed et al., 2003). We
found evidence that this phenotype relies on the conjoined
substitutions, as neither V221F nor S226R alone allowed
CMV promoter-driven reporter-gene expression or IFN
synthesis. It is conceivable that V221 and S226 are part of a
protein domain that mediates binding of the M protein to
a nuclear factor. This interaction might require a certain
conformation of the domain, which is only affected if both
amino acid positions are mutated conjointly. The crystal

structure of the M protein (Gaudier et al., 2002) suggests
that the C-terminal domain is quite close to M51 and is
likely to be involved in the same nuclear-pore interactions
as those involving M51.

It has been reported previously that the M protein and
another viral component contribute to the induction of
apoptosis in VSV-infected cells (Kopecky et al, 2001).
Moreover, M-mutant or wild-type VSV was found to trigger
apoptosis through distinct pathways (Gaddy & Lyles, 2005,
2007). In accordance with these previous findings, we found
that Vero cells and NHDF did not survive infection with M-
mutant viruses, although host shut-off activity was reduced
significantly. Whilst all M-mutant VSV recombinants
ultimately killed the cells, cell death progressed at different
rates. For example, VSV*Mq was the least cytotoxic M-
mutant virus, which killed the cells at a slower rate than
VSV*M3j35;. As the host shut-off activities of VSV*M;; 53
and VSV*M, were equally low, this finding suggests that the
V221F/S226R substitution may have affected not only host
shut-off activity, but also cytotoxic properties of the M
protein that are not related to it.

Unlike VSV*Mq and VSV*AG, the VSV*MnAG mutant
showed significantly reduced cytotoxicity (P<<0.005) and
was able to persist in Vero cells for a prolonged time,
indicating that both the M and G proteins contribute to
VSV-induced cytotoxic effects. The fusion activity of the G
protein is probably responsible for the M protein-
independent cytotoxicity, as VSV*MqG;33 expressing a
fusion-defective G protein could also persist in Vero cells.
Indeed, infection with VSV caused the formation of large
syncytia in NHDF. The less-pronounced formation of
syncytia in Vero cells may explain why VSV*Mg showed
higher cytotoxicity in NHDF than in Vero cells.

Syncytium formation was also observed in the BHK-G43
helper cell line when G protein expression was induced.
These and previous findings (Roberts et al, 1999b) indicate
that syncytium formation is a more common feature of VSV
than thought previously. At first sight, syncytium formation
by the VSV G protein is a peculiar phenomenon, because the
glycoprotein normally mediates virus entry by a low pH-
triggered fusion process. However, previous work suggests
that the VSV G protein is an atypical fusion protein that
undergoes a reversible conformational change (Roberts et al.,
1999b). When the protein is transported to the plasma
membrane via the secretory pathway, it encounters the acidic
milieu of the Golgi apparatus and undergoes a conforma-
tional change. It reaches the plasma membrane in a fusion-
active form and therefore is able to perform cell—cell fusion.
The resulting syncytia are inevitably doomed to apoptosis, as
shown for other fusogenic viruses (Eckardt-Michel et al,
2008; Ferri et al., 2000; Higuchi et al., 2000; Lin et al., 2010).

Our findings are in line with the previous observation that
an IFN-inducing phenotype alone is not sufficient to allow
persistent VSV infections (Desforges et al., 2001). It may be
concluded from our results that persistent infections require
that VSV is free not only of host shut-off activity, but also of
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Fig. 7. Infection of mouse hippocampal slice cultures with G-deleted VSV. (a) Wild-type (WT) or IFNAR®® (KO) mouse
hippocampal slice cultures were infected with the indicated vectors. VSV-driven GFP expression was monitored by
fluorescence microscopy at daily intervals. (b, ¢) Immunohistochemical analysis of infected WT hippocampus cultures from
2 days post-infection [see (a)]. Abbreviations: CA1 and CA3, cornu ammonis 1 and 3 of hippocampus; dg, dentage gyros.
Right-hand panels represent a magnification of the region indicated in the upper left panel in (b) and (c). Bars, 150 um

(overview images); 60 pm (images at higher magnification).

uncontrolled fusion activity. This may be achieved by
mutations directly affecting the fusion activity or the
expression levels of G protein. However, the same effect
may be accomplished by mutations that lead to reduced
genome replication and/or gene transcription. In vivo,
neutralizing antibodies directed to the G protein may play
arole in persistent VSV infections as well (Fultz et al., 1982).

Vero cells not only survived infection with G-deleted or G-
defective M-mutant VSV, but also started to proliferate,
thereby producing GFP-positive daughter cells. As the virus
mutants were defective and unable to produce infectious

progeny, the daughter cells must have received the
autonomously replicating viral RNPs in the course of cell
division. In contrast, NHDF stopped proliferating when
infected with either VSV*MoAG or VSV*MqGiss,
although they also survived infection for a prolonged time.
This effect may be attributed to the IFN-inducing
phenotype of the viruses, as type I IFN is known to exhibit
anti-proliferative activities (Platanias, 2005).

Hippocampal slice cultures represent an excellent model to
follow the fate of infected cells in a well-organized, IFN-
competent tissue. The significant decline of GFP reporter
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expression at day 3 post-infection with the G-deleted
VSV*AG was probably due to the M protein-mediated host
shut-off in both wild-type and IFNAR”® mice. This was
contrasted by the ability of the G-deleted M mutant
VSV*M%AG to mediate long-lasting GFP expression in
IFNAR”® hippocampal cells. The lower GFP signals
observed following VSV*M@AG infection of wild-type
hippocampus tissue are probably due to the autocrine
effects of type I IFN on virus replication and transcription.
Although IFN-dependent effects can be excluded in
IENAR"® hippocampus, a slow decline of GFP expression
was also apparent in this tissue 9 days post-infection with
VSV*MGAG. The reason for the decline is not known. On
one hand, it is possible that some cytotoxic properties still
remain with this virus. On the other hand, the possibility
that IFN-independent innate immune mechanisms exist
that were able to restrict VSV replication cannot be
excluded.

VSVAG replicons have been used successfully as experi-
mental vaccine vectors (Kahn et al.,, 2001; Kalhoro et al.,
2009; Kapadia et al., 2008; Majid et al., 2006; Publicover
et al., 2005; Roberts et al., 1999a; Schwartz et al., 2007).
These replicon vaccines express the wild-type M protein
and are highly cytotoxic. In contrast, VSV*MqaAG
represents a low-cytotoxic, IFN-inducing RNA replicon
that may find some new applications. For example, the
induction of type I IFN may prove advantageous for
stimulating the immune system, as these cytokines have
demonstrated adjuvant activity (Tovey et al, 2008).
Moreover, a low-cytotoxic VSV replicon may mediate
persistent antigen expression, thereby stimulating ‘immune
memory’. Finally, the localized synthesis and secretion of
type I IFN by VSV*MnAG may benefit the immunotherapy
of certain types of cancer, as type I IFN has anti-
proliferative, anti-angiogenic and pro-apoptotic properties
(De Palma et al, 2008; Ren et al., 2008).

METHODS

Cells and virus. BHK-21 cells were obtained from the German Cell
Culture Collection (DSMZ) and grown in Earle’s minimal essential
medium (EMEM) supplemented with 5% FBS. BHK-G43 cells were
maintained as described previously (Hanika et al., 2005). Vero cells
(DSMZ) were cultured with Glasgow minimal essential medium
(GMEM) supplemented with 5% FBS. NHDF were purchased from
Lonza and maintained in EMEM with 10% FBS for maximum 15
passages. Recombinant modified vaccinia virus Ankara expressing T7
phage RNA polymerase (MVA-T7), a kind gift of Gerd Sutter (Paul-
Ehrlich-Institut, Langen, Germany), was propagated and titrated on
primary chicken fibroblasts.

Generation of recombinant VSV. The plasmid pVSV*, encoding the
full-length anti-genomic (positive-strand) RNA of VSV (serotype
Indiana; GenBank accession no. J02428) with an additional transcrip-
tional unit inserted into the G-L intergenic junction, was described
previously (Kalhoro et al., 2009). The additional transcription unit of
pVSV* drives the expression of GFP. To generate M-mutant VSV, a
modified pVSV* lacking any BsfEIl endonuclease restriction sites was
used. This allowed us to replace the M gene of pVSV* by a BstEIL
restriction sequence, resulting in the plasmid pVSV*AM. Wild-type as

well as mutant M genes were inserted into the BstEII site of pVSV*AM,
resulting in different pVSV*M,,,,; vectors, including pVSV*Mq (Fig.
1b). The G-deleted genomic plasmids pVSV*AG and pVSV*MaAG
were produced from pVSV* and pVSV*Mq by excising the fragment
comprising the VSV G and GFP genes with Milul and Nhel
endonucleases and inserting the GFP gene instead. To generate a
fusion-defective VSV, we excised the haemagglutinin (HA) gene from
pVSV*AG(HA) (Kalhoro et al, 2009) with Mlul and BstEIl
endonucleases and replaced it with a mutant VSV G gene containing
the A133R substitution. This mutation was previously referred to as
A117R, due to different numbering of the amino acids in the G protein
(Sun et al., 2008). To replace the M gene by M, the Xbal/ Mlul segment
was exchanged for the corresponding region from pVSV*Mq, resulting
in pVSV*MqGi3s.

Infectious virus was generated from transfected cDNA as described
recently (Kalhoro et al., 2009). G-deleted or G-defective VSV vectors
were propagated on BHK-G43 cells in the presence of 107° M
mifepristone (Sigma). VSV expressing functionally competent G
protein was propagated on BHK-21 cells. Infectious virus titres were
determined on confluent BHK-21 cells grown in 96-well microtitre
plates. The cells were inoculated in duplicate with 40 pl of serial 10-
fold virus dilutions for 1 h at 37 °C. Thereafter, 60 pl EMEM (in the
case of propagation-incompetent VSV) or 200 ul EMEM containing
0.9 % methylcellulose (for propagation-competent VSV) was added to
each well, and the cells were incubated for 16 h at 37 °C. Infectious
titres were calculated based on the number of GFP-expressing cells or
foci per well and expressed as f.fu. ml™".

Antibodies. A rabbit anti-VSV serum was kindly provided by Georg
Herrler (TiHo Hannover, Germany). The serum was produced by
immunizing rabbits with a VSV envelope fraction that was prepared
as described by Paternostre et al. (1997).

Western blot analysis. Confluent monolayers of BHK-21 cells in
six-well plates were infected with recombinant VSV (m.o.i. of 10) and
lysed 5 h post-infection with 200 pl cell lysis buffer (New England
Biolabs). The lysate was clarified by centrifugation at 16000 g for
30 min at 4 °C, supplemented with an equal volume of 2-fold-
concentrated SDS sample buffer and heated at 95 °C for 10 min. The
lysates (10 ul) were separated by SDS-PAGE (12 % gel) under non-
reducing conditions and transferred to nitrocellulose membranes by
semi-dry blotting. The blots were incubated successively with primary
(rabbit anti-VSV, 1:5000) and secondary (IRDye 680 goat anti-rabbit
IgG, 1:10000) antibodies prior to image acquisition with the Odyssey
Infrared Imaging System (LI-COR).

Firefly luciferase gene reporter assay. BHK-21 cells were seeded
in 96-well cell-culture plates (2 x 10* cells per well) and cultured for
24 h at 37 °C. The cells received 50 pl fresh EMEM/5 % FBS per well
before they were transfected with 10 ul medium containing 0.2 ul
Lipofectamine 2000 transfection reagent (Invitrogen) and 0.1 pg
recombinant pCDNA3.1 plasmid (Invitrogen) containing firefly
luciferase cDNA. Subsequently, 60 ul recombinant VSV was added
(m.o.i. of 10) and incubated for 6 h at 37 °C. The supernatants were
aspirated and the cells were incubated for 30 min at 4 °C with 30 pl
cell lysis buffer (Biotium Inc.). Cell-lysate aliquots (6 pl) were
transferred to white 96-well microtitre plates and luminescence was
recorded for 1 s after injection of D-luciferin substrate (Biotium Inc.)
with a Centro LB 960 luminometer (Berthold Technologies).

Detection of type | IFN. NHDF were grown in 24-well plates.
Confluent cells were infected for 1 h at 37 °C (m.o.i. of 10). The cells
were washed twice and incubated with 0.6 ml EMEM/5% FBS at
37 °C. Aliquots of the supernatants were sampled at 6, 12 and 24 h
post-infection and stored at —80 °C. Three samples per time point
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were assayed for IFN-f in a 96-well format using a Human Interferon
ELISA kit (PBL).

Cell-viability assay. Vero cells or NHDF were grown for 24 h at
37 °C in 96-well cell-culture plates (2 x 10* cells per well in 0.2 ml
medium and 5% FBS), infected for 1 h at 37 °C with the indicated
VSV vectors (m.o.i. of 10) and further cultured with daily changes of
medium. At the indicated time points, the cells were incubated for
60 min at 37 °C with 100 pl PBS and 20 pl MTS reagent (CellTiter 96
Aqueous Non-radioactive Cell Proliferation Assay; Promega). The
absorbance (A49) of the aqueous soluble formazan product was
determined at 37 °C. Quadruplicate wells were analysed at each time
point for the respective virus vector.

Caspase assay. NHDF or Vero cells were grown for 24 h in 96-well
plates (2x10* cells per well) and infected for 1 h at 37 °C with
recombinant VSV (m.o.i. of 10). At the indicated times, the medium
was aspirated and the cells were incubated for 10 min at 37 °C with
50 pl trypsin solution. The cells were suspended with 50 pl EMEM/5 %
FBS and 25 pl of each cell suspension was transferred to white 96-well
plates and incubated with 25 pl Caspase-Glo-3/7 reagent (Promega) for
30 min at room temperature. Luminescence was recorded for 5 s per
well using a Centro LB 960 luminometer (Berthold Technologies).

Organotypic slice cultures. Wild-type and transgenic IFNAR”® mice
(Muller et al., 1994) were originally obtained from M. Aguet, Zurich,
Switzerland, and kept in the specific-pathogen-free facility at the
Institute of Virology, Freiburg, Germany. Hippocampi were dissected
from neonate mouse pups (day 1), cut into 400 pum horizontal sections
and maintained as described previously (Mayer et al., 2005). The slice
cultures were infected immediately after preparation with 1.5 pl virus
stock, corresponding to about 10° ffu. For immunofluorescence
analysis, slice cultures were fixed with 4% paraformaldehyde and
processed as described previously (Mayer et al., 2005). Cellular antigens
were stained by incubating free-floating 50 pm sections with either
monoclonal anti-NeuN antibody (Chemikon; MAB377; 1:100) or
rabbit polyclonal serum directed against GFAP (Dako; Z0334; 1:500).
Alexa Fluor 546-conjugated goat anti-mouse IgG antibody (Molecular
Probes; diluted 1:200) and Cy3-conjugated goat anti-rabbit IgG
(Jackson ImmunoResearch; 111-165-045; diluted 1:400) were used as
secondary antibodies. Nuclei were stained with DAPI (Sigma; 1:5000).

Statistical analysis. Statistical analysis was performed using the
paired Student’s #-test, and P<<0.05 was considered significant.

ACKNOWLEDGEMENTS

This work was supported by grants from Deutsche
Forschungsgemeinschaft (SFB 587) and the Wilhelm Sander
Foundation. We thank Peter Stiheli for providing IENAR”® mice
and Georg Herrler for providing anti-VSV serum.

REFERENCES

Ahmed, M. & Lyles, D. S. (1997). Identification of a consensus
mutation in M protein of vesicular stomatitis virus from persistently
infected cells that affects inhibition of host-directed gene expression.
Virology 237, 378-388.

Ahmed, M. & Lyles, D. S. (1998). Effect of vesicular stomatitis virus
matrix protein on transcription directed by host RNA polymerases I,
I, and III. ] Virol 72, 8413-8419.

Ahmed, M., McKenzie, M. O., Puckett, S., Hojnacki, M., Poliquin, L. &
Lyles, D. S. (2003). Ability of the matrix protein of vesicular
stomatitis virus to suppress beta interferon gene expression is

genetically correlated with the inhibition of host RNA and protein
synthesis. J Virol 77, 4646-4657.

Barber, G. N. (2004). Vesicular stomatitis virus as an oncolytic vector.
Viral Immunol 17, 516-527.

Barber, G. N. (2005). VSV-tumor selective replication and protein
translation. Oncogene 24, 7710-7719.

Black, B. L., Rhodes, R. B., McKenzie, M. & Lyles, D. S. (1993). The
role of vesicular stomatitis virus matrix protein in inhibition of host-
directed gene expression is genetically separable from its function in
virus assembly. ] Virol 67, 4814—4821.

Chew, T., Noyce, R, Collins, S. E., Hancock, M. H. & Mossman, K. L.
(2009). Characterization of the interferon regulatory factor 3-
mediated antiviral response in a cell line deficient for IFN production.
Mol Immunol 46, 393-399.

Cory, A. H,, Owen, T. C., Barltrop, J. A. & Cory, J. G. (1991). Use of an
aqueous soluble tetrazolium/formazan assay for cell growth assays in
culture. Cancer Commun 3, 207-212.

Dancho, B., McKenzie, M. O., Connor, J. H. & Lyles, D. S. (2009).
Vesicular stomatitis virus matrix protein mutations that affect
association with host membranes and viral nucleocapsids. J Biol
Chem 284, 4500-4509.

De Palma, M., Mazzieri, R., Politi, L. S., Pucci, F., Zonari, E., Sitia, G.,
Mazzoleni, S., Moi, D., Venneri, M. A. & other authors (2008).
Tumor-targeted interferon-o. delivery by Tie2-expressing mono-
cytes inhibits tumor growth and metastasis. Cancer Cell 14, 299—
311.

DePolo, N. J. & Holland, J. J. (1986). Very rapid generation/
amplification of defective interfering particles by vesicular stomatitis
virus variants isolated from persistent infection. J Gen Virol 67, 1195—
1198.

Desforges, M., Charron, J.,, Berard, S., Beausoleil, S., Stojdl, D. F.,
Despars, G., Laverdiere, B., Bell, J. C, Talbot, P. J. & other authors
(2001). Different host-cell shutoff strategies related to the matrix
protein lead to persistence of vesicular stomatitis virus mutants on
fibroblast cells. Virus Res 76, 87—102.

Desforges, M., Despars, G., Berard, S., Gosselin, M., McKenzie,
M. O, Lyles, D. S,, Talbot, P. J. & Poliquin, L. (2002). Matrix protein
mutations contribute to inefficient induction of apoptosis leading to
persistent infection of human neural cells by vesicular stomatitis
virus. Virology 295, 63-73.

Eckardt-Michel, J., Lorek, M., Baxmann, D., Grunwald, T., Keil, G. M.
& Zimmer, G. (2008). The fusion protein of respiratory syncytial virus
triggers p53-dependent apoptosis. J Virol 82, 3236—3249.

Faria, P. A., Chakraborty, P., Levay, A., Barber, G. N., Ezelle, H. J.,
Enninga, J., Arana, C., van Deursen, J. & Fontoura, B. M. (2005). VSV
disrupts the Rael/mrnp41 mRNA nuclear export pathway. Mol Cell
17, 93-102.

Ferri, K. F., Jacotot, E, Geuskens, M. & Kroemer, G. (2000).
Apoptosis and karyogamy in syncytia induced by the HIV-1-envelope
glycoprotein complex. Cell Death Differ 7, 1137-1139.

Francoeur, A. M., Poliquin, L. & Stanners, C. P. (1987). The isolation
of interferon-inducing mutants of vesicular stomatitis virus with

altered viral P function for the inhibition of total protein synthesis.
Virology 160, 236—245.

Fredericksen, B. L. & Whitt, M. A. (1995). Vesicular stomatitis virus
glycoprotein mutations that affect membrane fusion activity and
abolish virus infectivity. J Virol 69, 1435-1443.

Fultz, P. N., Shadduck, J. A, Kang, C. Y. & Streilein, J. W. (1982).
Vesicular stomatitis virus can establish persistent infections in Syrian
hamsters. J Gen Virol 63, 493—-497.

http.//virsgmjournals.org

2791



M. Hoffmann and others

Gaddy, D. F. & Lyles, D. S. (2005). Vesicular stomatitis viruses
expressing wild-type or mutant M proteins activate apoptosis through
distinct pathways. J Virol 79, 4170-4179.

Gaddy, D. F. & Lyles, D. S. (2007). Oncolytic vesicular stomatitis virus
induces apoptosis via signaling through PKR, Fas, and Daxx. J Virol
81, 2792-2804.

Gaudier, M., Gaudin, Y. & Knossow, M. (2002). Crystal structure of
vesicular stomatitis virus matrix protein. EMBO ] 21, 2886-2892.

Hanika, A., Larisch, B., Steinmann, E., Schwegmann-Wessels, C.,
Herrler, G. & Zimmer, G. (2005). Use of influenza C virus
glycoprotein HEF for generation of vesicular stomatitis virus
pseudotypes. | Gen Virol 86, 1455-1465.

Her, L. S, Lund, E. & Dahlberg, J. E. (1997). Inhibition of Ran
guanosine triphosphatase-dependent nuclear transport by the matrix
protein of vesicular stomatitis virus. Science 276, 1845-1848.

Higuchi, H., Bronk, S. F., Bateman, A., Harrington, K., Vile, R. G. &
Gores, G. J. (2000). Viral fusogenic membrane glycoprotein
expression causes syncytia formation with bioenergetic cell death:
implications for gene therapy. Cancer Res 60, 6396—6402.

Holland, J. J. & Villarreal, L. P. (1974). Persistent noncytocidal
vesicular stomatitis virus infections mediated by defective T particles
that suppress virion transcriptase. Proc Natl Acad Sci U S A 71, 2956~
2960.

Holland, J. J,, Villarreal, L. P., Welsh, R. M., Oldstone, M. B., Kohne, D.,
Lazzarini, R. & Scolnick, E. (1976). Long-term persistent vesicular
stomatitis virus and rabies virus infection of cells in vitro. ] Gen Virol
33, 193-211.

Jayakar, H. R. & Whitt, M. A. (2002). Identification of two additional
translation products from the matrix (M) gene that contribute to
vesicular stomatitis virus cytopathology. J Virol 76, 8011-8018.

Jayakar, H. R, Jeetendra, E. & Whitt, M. A. (2004). Rhabdovirus
assembly and budding. Virus Res 106, 117-132.

Jeetendra, E., Ghosh, K., Odell, D,, Li, J., Ghosh, H. P. & Whitt, M. A.
(2003). The membrane-proximal region of vesicular stomatitis virus
glycoprotein G ectodomain is critical for fusion and virus infectivity.
J Virol 77, 12807-12818.

Kahn, J. S., Roberts, A., Weibel, C., Buonocore, L. & Rose, J. K.
(2001). Replication-competent or attenuated, nonpropagating vesi-
cular stomatitis viruses expressing respiratory syncytial virus (RSV)
antigens protect mice against RSV challenge. J Virol 75, 11079-11087.

Kalhoro, N. H., Veits, J., Rautenschlein, S. & Zimmer, G. (2009). A
recombinant vesicular stomatitis virus replicon vaccine protects
chickens from highly pathogenic avian influenza virus (H7NI).
Vaccine 27, 1174-1183.

Kapadia, S. U., Simon, I. D. & Rose, J. K. (2008). SARS vaccine based
on a replication-defective recombinant vesicular stomatitis virus is
more potent than one based on a replication-competent vector.
Virology 376, 165-172.

Kopecky, S. A. & Lyles, D. S. (2003). The cell-rounding activity of the
vesicular stomatitis virus matrix protein is due to the induction of cell
death. J Virol 77, 5524-5528.

Kopecky, S. A., Willingham, M. C. & Lyles, D. S. (2001). Matrix
protein and another viral component contribute to induction of
apoptosis in cells infected with vesicular stomatitis virus. J Virol 75,
12169-12181.

Lichty, B. D., Power, A. T., Stojdl, D. F. & Bell, J. C. (2004). Vesicular
stomatitis virus: re-inventing the bullet. Trends Mol Med 10, 210-216.
Lin, E. H., Salon, C., Brambilla, E., Lavillette, D., Szecsi, J., Cosset,
F. L. & Coll, J. L. (2010). Fusogenic membrane glycoproteins induce

syncytia formation and death in vitro and in vivo: a potential therapy
agent for lung cancer. Cancer Gene Ther 17, 256-265.

Lyles, D. S. (2000). Cytopathogenesis and inhibition of host gene
expression by RNA viruses. Microbiol Mol Biol Rev 64, 709-724.

Majid, A. M,, Ezelle, H., Shah, S. & Barber, G. N. (2006). Evaluating
replication-defective vesicular stomatitis virus as a vaccine vehicle.
] Virol 80, 6993-7008.

Mayer, D., Fischer, H., Schneider, U., Heimrich, B. & Schwemmle, M.
(2005). Borna disease virus replication in organotypic hippocampal
slice cultures from rats results in selective damage of dentate granule
cells. J Virol 79, 11716-11723.

Muller, U., Steinhoff, U., Reis, L. F., Hemmi, S., Pavlovic, J,
Zinkernagel, R. M. & Aguet, M. (1994). Functional role of type I
and type II interferons in antiviral defense. Science 264, 1918-1921.

Nishiyama, Y., Ito, Y., Shimokata, K. Nagata, |, Kurachi, N. &
Sugiura, Y. (1977). Comparative studies on cytopathic effects induced
by vesicular stomatitis virus in two cell types. Microbiol Immunol 21,
693-702.

Nishiyama, Y., Ito, Y. & Shimokata, K. (1978). Properties of the
viruses selected during persistent infection of L cells with VSV. J Gen
Virol 40, 481-484.

Paternostre, M., Viard, M., Meyer, O., Ghanam, M., Ollivon, M. &
Blumenthal, R. (1997). Solubilization and reconstitution of vesicular
stomatitis virus envelope using octylglucoside. Biophys ] 72, 1683—
1694.

Petersen, J. M., Her, L. S., Varvel, V., Lund, E. & Dahlberg, J. E. (2000).
The matrix protein of vesicular stomatitis virus inhibits nucleocyto-
plasmic transport when it is in the nucleus and associated with
nuclear pore complexes. Mol Cell Biol 20, 8590—-8601.

Platanias, L. C. (2005). Mechanisms of type-I- and type-II-interferon-
mediated signalling. Nat Rev Immunol 5, 375-386.

Publicover, J., Ramsburg, E. & Rose, J. K. (2005). A single-cycle
vaccine vector based on vesicular stomatitis virus can induce immune
responses comparable to those generated by a replication-competent
vector. J Virol 79, 13231-13238.

Ramseur, J. M. & Friedman, R. M. (1978). Prolonged infection of L
cells with vesicular stomatitis virus. Defective interfering forms and
temperature-sensitive mutants as factors in the infection. Virology 85,
253-261.

Ren, C., Kumar, S., Chanda, D., Kallman, L., Chen, J., Mountz, J. D. &
Ponnazhagan, S. (2008). Cancer gene therapy using mesenchymal
stem cells expressing interferon-beta in a mouse prostate cancer lung
metastasis model. Gene Ther 15, 1446-1453.

Roberts, A., Buonocore, L., Price, R, Forman, J. & Rose, J. K.
(1999a). Attenuated vesicular stomatitis viruses as vaccine vectors.
J Virol 73, 3723-3732.

Roberts, P. C., Kipperman, T. & Compans, R. W. (1999b). Vesicular
stomatitis virus G protein acquires pH-independent fusion activity
during transport in a polarized endometrial cell line. J Virol 73,
10447-10457.

Roche, S., Bressanelli, S., Rey, F. A. & Gaudin, Y. (2006). Crystal
structure of the low-pH form of the vesicular stomatitis virus
glycoprotein G. Science 313, 187-191.

Roche, S., Rey, F. A, Gaudin, Y. & Bressanelli, S. (2007). Structure of
the prefusion form of the vesicular stomatitis virus glycoprotein G.
Science 315, 843—848.

Schwartz, J. A, Buonocore, L., Roberts, A., Suguitan, A., Jr, Kobasa,
D., Kobinger, G., Feldmann, H., Subbarao, K. & Rose, J. K. (2007).
Vesicular stomatitis virus vectors expressing avian influenza H5 HA
induce cross-neutralizing antibodies and long-term protection.
Virology 366, 166—173.

Sekellick, M. J. & Marcus, P. I. (1978). Persistent infection. I.
Interferon-inducing defective-interfering particles as mediators of cell

2792

Journal of General Virology 91



VSV cytotoxicity

sparing: possible role in persistent infection by vesicular stomatitis
virus. Virology 85, 175-186.

Sekellick, M. J. & Marcus, P. I. (1979). Persistent infection. II.
Interferon-inducing temperature-sensitive mutants as mediators of
cell sparing: possible role in persistent infection by vesicular stomatitis
virus. Virology 95, 36-47.

Stojdl, D. F., Lichty, B., Knowles, S. Marius, R., Atkins, H.,
Sonenberg, N. & Bell, J. C. (2000). Exploiting tumor-specific defects
in the interferon pathway with a previously unknown oncolytic virus.
Nat Med 6, 821-825.

Sun, X, Belouzard, S. & Whittaker, G. R. (2008). Molecular
architecture of the bipartite fusion loops of vesicular stomatitis virus
glycoprotein G, a class III viral fusion protein. J Biol Chem 283, 6418—
6427.

Tovey, M. G., Lallemand, C. & Thyphronitis, G. (2008). Adjuvant
activity of type I interferons. Biol Chem 389, 541-545.

van den Broek, M. F., Muller, U., Huang, S., Zinkernagel, R. M. &
Aguet, M. (1995). Immune defence in mice lacking type I and/or type
II interferon receptors. Immunol Rev 148, 5-18.

van den Pol, A. N, Dalton, K. P. & Rose, J. K. (2002). Relative
neurotropism of a recombinant rhabdovirus expressing a green
fluorescent envelope glycoprotein. J Virol 76, 1309-1327.

von Kobbe, C., van Deursen, J. M., Rodrigues, J. P., Sitterlin, D.,
Bachi, A., Wu, X., Wilm, M., Carmo-Fonseca, M. & lzaurralde, E.
(2000). Vesicular stomatitis virus matrix protein inhibits host cell
gene expression by targeting the nucleoporin Nup98. Mol Cell 6,
1243-1252.

Wollmann, G., Robek, M. D. & van den Pol, A. N. (2007). Variable
deficiencies in the interferon response enhance susceptibility to
vesicular stomatitis virus oncolytic actions in glioblastoma cells but
not in normal human glial cells. J Virol 81, 1479-1491.

Youngner, J. S. & Quagliana, D. O. (1976). Temperature-sensitive
mutants of vesicular stomatitis virus are conditionally defective
particles that interfere with and are rescued by wild-type virus. J Virol
19, 102-107.

Yuan, H,, Yoza, B. K. & Lyles, D. S. (1998). Inhibition of host RNA
polymerase II-dependent transcription by vesicular stomatitis virus
results from inactivation of TFIID. Virology 251, 383-392.

http.//virsgmjournals.org

2793



