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Besides its role in viral assembly, the vesicular stomatitis virus (VSV) matrix (M) protein causes cytopathic
effects such as cell rounding (D. Blondel, G. G. Harmison, and M. Schubert, J. Virol. 64:1716–1725, 1990). DNA
cotransfection assays demonstrated that VSV M protein was able to inhibit the transcription of a reporter gene
(B. L. Black and D. S. Lyles, J. Virol. 66:4058–4064, 1992). We have confirmed these observations by using
cotransfections with an infectious clone of human immunodeficiency virus type 1 (HIV-1) and found that the
amino-terminal 32 amino acids of M protein which are essential for viral assembly were not required for this
inhibition. For the study of the potential role of M protein in the shutoff of transcription from chromosomal
DNA, we have isolated stable HeLa T4 cell lines which encode either a wild-type or a temperature-sensitive (ts)
VSV M gene under control of the HIV-1 long terminal repeat promoter. Transcription of the M mRNA was
transactivated after HIV-1 infections. A cell line which encodes the wild-type M protein was nonpermissive for
either HIV-1 or HIV-2. A cell line that encodes the ts M gene was transfected with the infectious HIV-1 DNA
or was infected with HIV-1 or HIV-2. In all cases, at 32&C, the permissive temperature for M protein, the cells
were nonpermissive for HIV replication. At 40&C, the tsMprotein was nonfunctional and both HIV-1 and HIV-2
were able to replicate at high levels. A comparison of the amounts of proviral HIV-1 DNAs and HIV-1 mRNAs
at 10 and 36 h after HIV-1 infection demonstrated that proviral insertion had not been prevented by M protein
and that the block in HIV-1 replication was at the level of proviral expression. The severe reduction of HIV-1
proviral transcripts demonstrates that the VSV M protein alone can inhibit expression from chromosomal
DNA. These results strongly support the hypothesis that the VSV M protein is involved in the shutoff of host
cell transcription. M protein was able to attenuate HIV-1 infections and protect the cell population from HIV-1
pathogenesis. The temperature-dependent switch from a persistent to a lytic HIV-1 infection in the presence
of ts M protein could be useful for studies of HIV-1 replication and pathogenesis.

The matrix (M) protein of vesicular stomatitis virus (VSV)
plays a central role in viral assembly (for reviews, see refer-
ences 12 and 41). As a multivalent protein, M protein interacts
with several viral and cellular components, including the
genomic ribonucleocapsid, cellular membranes, and tubulin (8,
10, 25, 26, 28–32, 42). Earlier attempts to select a cell line that
expresses a temperature-sensitive (ts) VSV M protein under
control of a eukaryotic promoter (6a) were not successful. Li et
al. (18) were unable to select a recombinant vaccinia virus that
expresses a wild-type (wt) VSV M protein. This indicated that
M protein may be toxic to the cell and/or to vaccinia virus.
Transient expression of M protein from plasmid DNA by T7
RNA polymerase encoded by a recombinant vaccinia virus,
however, was efficient and allowed to complement M protein
mutants of VSV (18, 19). A recombinant vaccinia virus that
expresses M protein of the closely related rabies virus has been
isolated (14). VSV M protein was expressed at high levels by a

recombinant baculovirus (17), suggesting that the viral source
of the M protein as well as the host cell and the expression
vector may influence its pathogenicity.
We have previously shown that the expression of the VSVM

protein alone, in the absence of the other viral proteins, causes
cytopathic effects, as evidenced by the rounding of polygonal
host cells (6). Cell rounding is a result of a disorganization of
the cytoskeleton which often occurs within a few hours after
VSV infections (38). Initially, we did not detect M protein
expression from a simian virus 40 (SV40) late promoter after
DNA transfection into Cos cells by using immunofluorescent
staining. This differed from the high-level expression of the
other four VSV proteins under the same conditions (6, 15, 34,
36, 40). One explanation was that M protein may be cytotoxic
and/or that it may have inhibited its own expression.
This latter interpretation was based on observations by Lyles

et al. (20), who initially detected VSV M protein in nuclei of
infected cells. Black and Lyles (4) subsequently found that
DNA cotransfections of a chloramphenicol acetyltransferase
reporter gene with excess amounts of plasmid DNA that en-
codes M protein resulted in an inhibition of reporter gene
expression at the level of transcription initiation. These obser-
vations suggested that M protein could also be responsible for
the shutoff of cellular RNA synthesis. Detailed comparative
studies by Marcus et al. (24) with several VSV M protein
mutants, however, seem to exclude a direct link between M
protein and the shutoff of interferon gene expression. These
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studies raised the question whether the inhibitory effects of M
protein as measured by DNA cotransfections could be extrap-
olated to transcriptions from chromosomal DNA. For these
reasons, it was important to study the effect of M protein on
chromosomal transcription directly. The levels of M protein
and reporter gene expression from transfected DNAs could be
affected by different mechanisms that may not relate to host
shutoff after VSV infection. Therefore, to study this aspect
without having to resort to DNA transfections, it was desirable
to be able to induce the expression of this potentially patho-
genic protein in every cell and to study its effects on chromo-
somal transcription.
In this report, we focus on the transcriptional transactivation

of human immunodeficiency type 1 (HIV-1) as a method for
the induction of M protein expression because of its high
induction efficiency from low basal levels. As a target gene, we
have chosen the integrated HIV-1 provirus itself. With this
approach, we anticipated gaining valuable information on di-
rect effects of M protein on chromosomal DNA transcription
from the HIV provirus. In addition, if M protein is inhibitory
to HIV-1 under these conditions, this approach may also allow
us to evaluate the potential use of the VSV M protein as an
inducible antiviral agent in the context of an antiviral gene
therapy against HIV.
The presented data demonstrate that low levels of VSV M

protein can inhibit expression of the integrated HIV-1 provirus
DNA. This is the first demonstration that the M protein of
VSV, in the absence of all other viral proteins, can inhibit gene
expression from chromosomal DNA. The findings strongly
support the hypothesis that VSV M protein alone is sufficient
for the shutoff of cellular transcription after VSV infection.
The studies also show that a stable cell line which encodes a
Tat-inducible M protein can be protected by M protein from
the characteristic cytopathic effects caused by either HIV-1 or
HIV-2.

MATERIALS AND METHODS

Cells and viruses. Cells were grown in Dulbecco’s modified Eagle medium
with 10% fetal bovine serum. HIV-1 and HIV-2 stocks were prepared either after
transfections of HeLa T4 cells with the infectious DNA clone pNL4-3 for HIV-1
(1) or by infection with HIV-2 CBL-20/H9 (37). Cell supernatants were har-
vested 5 days after transfection or infection and were used as viral stocks.
Infections were carried out overnight in the presence of 20 mg of DEAE-dextran
per ml. Reverse transcriptase was inhibited by 22 mM zidovudine (AZT) present
at all times shortly before and after the infections. Infectious center assays for the
titrations of HIV-1 and -2 were carried out by using HeLa-CD4-LTR-b-gal cells
as described by Kimpton and Emerman (16). These cells and viruses as well as
HeLa T4 cells (21) were obtained from the AIDS Research and Reference
Reagents Program of the National Institute of Allergy and Infectious Diseases,
Bethesda, Md.
Plasmid DNA constructs. Plasmid pCDM8M contained the VSV wt M gene

(35) under control of a cytomegalovirus promoter. The VSV wt M gene was
inserted into the pCDM8 vector by using the unique HindIII and PstI sites
(InVitrogen, San Diego, Calif.). The deletion mutant M gene clones pMD1 and
pMD2 contain the truncated M gene under control of the SV40 late promoter as
described earlier (6).
For the inducible expression of the VSV wt and tsM proteins in HeLa T4 cells,

the insertion vectors pHywtM and pHytsM were assembled (see Fig. 2). The
coding sequence of the VSV wt or ts M gene (820 bp), which had been cloned
earlier (6) from the VSV mutant tsG33 (13, 33), was excised as a XhoI-BssH2
fragment from pKOM1 or ptsM20, respectively. The DNA fragment was blunt
ended and ligated into the blunt-ended BssH2-HpaI site of pHyDI3 to yield
either pHywtM or pHytsM, respectively (13a). With this vector, the wt and ts M
coding sequences were placed under control of the HIV-1 long terminal repeat
(LTR) promoter. For the selection of cell clones, these insertion vectors also
contain the hygromycin B resistance gene HmB under control of the Moloney
sarcoma virus LTR (5).
DNA transfection and p24 antigen release. HeLa T4 cell monolayers (5 3 105

cells) were transfected with approximately 1 mg of the infectious HIV-1 DNA
clone pNL4-3 or cotransfected with 1 mg of pCDM8M or an unrelated control
DNA, using Lipofectin as specified by the manufacturer (Gibco BRL Life Tech-
nologies Inc., Gaithersburg, Md.). In cotransfections with the deletion mutant M

gene clones pMD1 and pMD2, a 10- to 20-fold excess of DNA relative to pNL4-3
DNA was used. Media were replaced daily, and the concentration of viral p24
antigen in cell supernatants was determined by using an antigen capture enzyme-
linked immunosorbent assay (ELISA; SRA Technologies Inc., Rockville, Md.).
Syncytium formation was evaluated daily and photographed 5 days after trans-
fection.
Selection of stable HeLa T4 cell clones that express the VSV M gene. Twenty

micrograms of plasmids pHywtM and pHytsM containing the HmB gene was
transfected into 107 HeLa T4 cells. After 48 h, the cells were trypsinized and
diluted 1:4 into Dulbecco’s modified Eagle medium containing 200 mg of hygro-
mycin B (Boehringer Mannheim, Indianapolis, Ind.) per ml. Resistant clones
were picked after 12 to 14 days and analyzed for M gene insertion.
Southern and Northern (RNA) blot analyses. High-molecular-weight cellular

DNA was isolated as specified for the Genomic DNA Isolation System (Qiagen,
Chatsworth, Calif.) and analyzed by Southern blotting. For Northern blot anal-
yses, polyadenylated RNA was isolated by the guanidine thiocyanate method
followed by oligo(dT)-cellulose chromatography. Ten micrograms of mRNA was
analyzed by standard techniques (22). Hybridization probes were made by nick
translating the VSV wt and ts M genes in the presence of [a-32P]dCTP (Amer-
sham, Arlington Heights, Ill.). Unincorporated nucleotides were removed by
Strata Clean Resin (Stratagene, La Jolla, Calif.). Hybridizations were carried out
for 18 h at 608C.
A 509-bp PCR DNA product of the human glyceraldehyde phosphodehydro-

genase (hGAPHD) gene was obtained by using the primers hGAPDH-59 (ACC
ACC ATG GAG AAG GCT GG) and hGAPDH-39 (CTC AGT GTA GCC
CAG GAT GC). For HIV-1 transcripts, part of the nef region, positions 8887 to
9200 of pNL4-3, was used as a probe. To verify that equal amounts of mRNA had
been applied to each lane of the gel, the blots were washed and rehybridized with
a probe specific for the hGAPDH mRNA.
RT-PCR. Total cellular RNA was isolated from infected cells as described by

Chirgwin et al. (9) and subsequently treated with RNase-free DNase I (Strat-
agene). One microgram of RNA was transcribed by using 2.5 U of reverse
transcriptase and 0.5 mg of primer as specified for the reverse transcriptase-PCR
(RT-PCR) kit (Perkin Elmer Cetus, Norwalk, Conn.). The cDNA was amplified
by using 30 cycles. The oligonucleotide primers for DNA amplification were
M402 (GCG GTA TTG GCA GAT CAA GGT) and M713 (AGA ATC CAG
GAC CCA CGC TCC AGA) to amplify a 312-bp fragment of the M gene DNA.
A nick-translated, 32P-labeled 820-bp complete M gene fragment was used as a
probe for Southern blot hybridization of the RT-PCR product.

RESULTS

Effect of M protein on the nuclear expression of plasmid
DNA. To study the potential inhibitory effect of M protein on
cellular transcription, we initially confirmed the findings by
Black and Lyles (4), who used DNA cotransfection assays. We
expressed wt M protein under control of a cytomegalovirus
promoter together with the infectious HIV-1 clone pNL4-3 (1),
which served as a reporter gene. As shown in Fig. 1A, cotrans-
fection of both DNAs into HIV-1-susceptible HeLa T4 cells
led to a dramatic reduction in p24 antigen released from the
cells. Viral spread was also inhibited as measured by syncytium
formation. In contrast, cotransfections of HIV-1 DNA with an
unrelated control DNA, pGem3Z, resulted in massive syncy-
tium formation that correlated with high levels of p24 antigen
release.
We have previously reported that M proteins with trunca-

tions of the amino-terminal 32 amino acids (pMD1) and the
carboxyl-terminal 56 amino acids (pMD2) drastically differed
in their levels of expression in Cos cells when expressed under
control of the SV40 late promoter. In contrast to wt M protein,
the carboxyl-terminal deletion protein MD2 allowed expres-
sion of the truncated protein whereas expression of the amino-
terminal deletion protein MD1 remained undetected, similar
to expression of the wt M protein. However, both MD1 and
MD2 could be translated in vitro and could be immunoprecipi-
tated by specific monoclonal antibodies (6). To determine
whether the inability to express the amino-terminal truncated
protein was the result of transcription inhibition and whether it
was also effective in trans, both truncated M protein genes were
cotransfected with the infectious HIV-1 DNA into HeLa T4
cells. As shown in Fig. 1B, HIV-1 p24 antigen release was
reduced only after transfection with the amino-terminal dele-
tion protein MD1. These results demonstrate that the amino-
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terminal domain of M protein, which is required for membrane
and nucleocapsid binding (10, 30, 43), neither participates in
the inhibition of HIV-1 DNA plasmid transcription nor re-
duces its own expression, as we have described earlier (6).
Inhibition of HIV-1 replication in stable cell lines express-

ing an inducible wt or tsM protein. High levels of constitutive
M protein expression in a cell line would most likely be toxic to
cells. Basal expression levels from the HIV-1 LTR are often
very low but can be greatly increased in the presence of the
transactivating HIV-1 Tat protein (7, 11, 27, 39). It was uncer-
tain, however, whether basal levels of M protein expression
from the HIV-1 LTR would even be tolerated by cells and
whether the cells would express the gene after transactivation
by HIV-1. Resolution of this question was important to deter-
mine whether M protein can inhibit chromosomal gene expres-
sion. If M protein inhibited transcription from chromosomal
DNA, it may also shut off expression of an integrated HIV-1
provirus and possibly its own expression.
We constructed two insertion vectors, pHywtM and pHytsM,

which contain the wt VSV San Juan strain M gene and the ts
VSV tsG33 M gene, respectively, under control of the HIV-1
LTR. In addition, they contained a hygromycin B resistance
gene for selection (Fig. 2). HIV-1-susceptible HeLa T4 cells
were transfected, and hygromycin B-resistant cell clones were
isolated after 2 weeks. Selection of the cell clones was carried
out at 378C. This is the normal temperature for the wt M
protein, and it is partially permissive for the ts M protein with

respect to VSV replication. We selected several cell clones
which all grew at rates similar to those of their parental cells.
There was no visual indication for cytotoxicity such as cell
rounding. Chromosomal insertion of the complete plasmid
DNAs was confirmed by Southern blot hybridizations of the
cell lines (Fig. 2).
The two cell clones 7 and 17, which encode the wt and ts M

proteins, respectively, were used for the following studies to-
gether with the control HeLa T4 cell clone 5, which contained
the insertion vector but without the M gene insert. The three
cell clones were initially challenged by transfection with the
infectious HIV-1 clone pNL4-3. After transfection, cell clones
7 and 5 were cultured at 378C. Compared with the control cell
line 5, the release of p24 antigen was drastically reduced in the
culture fluid of clone 7 cells. Syncytium formation was virtually
absent during several days in culture (Fig. 3).
After similar transfections of cell clones 17 and 5 (Fig. 4),

the cells were incubated at temperatures both permissive
(328C) and nonpermissive (408C) for the ts M protein. Cell
clone 5 was highly permissive for HIV-1 growth at both 32 and
408C, as indicated by syncytium formation and p24 antigen
release. At 328C, the cells showed reduced but still very effi-
cient syncytium formation and viral spread. In contrast, with
cell clone 17 at the temperature (328C) permissive for M pro-
tein, there was only a very low level of HIV-1 replication
compared with the control cells, and no syncytium formation
was observed. At the temperature (408C) nonpermissive for
the M protein, cell clone 17 was highly permissive for HIV-1.
These results clearly demonstrate a temperature-dependent
inhibition of HIV-1 replication caused by the presence of the ts
M protein.

FIG. 1. (A) Inhibition of HIV-1 replication by VSV wt M protein. HeLa T4
cells were cotransfected with equal amounts of the infectious HIV-1 clone
pNL4-3 and either pCDM8M DNA, which encodes the wt M protein under
control of the cytomegalovirus promoter, or pGem3Z, an unrelated control
DNA. Syncytium formation was examined 5 days after transfections. HIV-1 p24
antigen released into the medium was quantitated by using an antigen capture
ELISA. (B) Inhibition of HIV-1 replication by a truncated M protein MD1.
HeLa T4 cells were cotransfected with pNL4-3 DNA and a 20-fold excess of
either pMD1 or pMD2 DNA, which encode MD1 or MD2 protein under control
of the less efficient SV40 late promoter (6). pMD1 has the 32-amino terminal
amino acids of M protein deleted, and pMD2 lacks the carboxyl-terminal 56
amino acids of the M protein, as indicated by the shaded areas.
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To rule out the possibility that the inhibition of HIV-1 rep-
lication and spread did not only affect expression from trans-
fected vector DNA, we also challenged the two cell clones by
infection with HIV-1 as well as HIV-2 particles. Results of
infection of the wt M (clone 7) and ts M (clone 17) cell lines
with either HIV-1 or HIV-2 at 32 and 408C are shown in Fig.
5. The amounts of released p24 antigen and infectious units
released from the cells are shown. The data indicate that sim-
ilar to transfections with the infectious HIV-1 clone, infections
by HIV-1 and HIV-2 were strongly inhibited. It is important to
point out that HIV-2, although it differs greatly in its nucle-
otide and amino acid sequences from HIV-1, is able to trans-
activate expression from the HIV-1 LTR. In fact, infectious
units of HIV-2 were quantitated by transactivation of the
HIV-1 LTR in HeLa-CD4-LTR-b-gal cells (16).
Proviral transcription but not proviral integration is inhib-

ited by M protein. To identify which stage in HIV-1 replication
was blocked, cell clones 7 (with wt M) and 5 (without wt M)
were infected with HIV-1. Infections were carried out in the
presence or absence of AZT to inhibit reverse transcription
and integration by the infecting virus. High-molecular-weight
chromosomal DNA was isolated 10 and 36 h postinfection and
analyzed for the presence of HIV-1 proviral inserts by PCRs of
a 420-bp region from the HIV-1 pol gene. In parallel reactions,
a 509-bp cellular hGAPDH gene fragment was amplified to
ensure that PCR products from the same amounts of chromo-
somal DNAs were compared.
At 10 h after infection, no proviral integration was observed

in the presence of AZT (Fig. 6A). Without AZT, cell clones 5
and 7 showed very similar amounts of integrated proviral DNA
after this single round of viral infection. Integration was inde-
pendent of the presence of the M gene. After 36 h, a slightly
greater amount of proviral DNA was observed in cell clone 5

than in cell clone 7. This finding was consistent with the ob-
served viral spread in clone 5. We conclude that the presence
of the wt M gene in clone 7 did not inhibit proviral integration
or any processes prior to integration such as viral adsorption,
entry, uncoating, reverse transcription, and the translocation of
the preintegration complex to the nucleus. A very low amount
of a PCR product was often detected in clone 7 after 36 h even
in the presence of AZT that was not seen after 10 h. This low
level may possibly be the result of a partial escape of HIV from
the inhibitory effects of AZT.
Northern blot hybridization of RNA transcripts from similar

amounts of integrated HIV-1 provirus DNAs, however,
showed a severe reduction of all HIV-1 transcripts at both 10
and 36 h after infection (Fig. 6B). The nef-specific probe iden-
tified three spliced and unspliced mRNAs including up to
full-length HIV-1 genomic RNA (arrows). These results dem-
onstrated that transcription of the HIV-1 provirus was very
much reduced in the presence of M protein. This reduction can
account for the observed inhibition of viral replication. As
expected, the level of cellular hGAPDH mRNA was the same.
It was not reduced because only a small number of cells were
infected by HIV-1 and transactivated M gene expression.
Several hybridizations for the detection of M mRNA tran-

scripts were carried out but were not successful, in part be-
cause of an unspecific RNA band that was present even in cell

FIG. 2. (A) Map of pHywtM and pHytsM DNAs used for the selection of
HeLa T4 cells expressing an inducible wt or tsM protein. Coding regions of both
the wt and ts M genes were placed under control of the HIV-1 LTR promoter.
(B) Southern blot analysis of the genomic DNA of selected cell clones 7 (wt M)
and 17 (ts M). Eight micrograms of genomic DNA from each cell line was
digested with EcoRI (lanes 3 and 7) or HindIII (lanes 4 and 8). A 32P-labeled
820-bp double-stranded DNA fragment of the ts M gene was used for hybrid-
ization. A DNA fragment of 5.3 kb was detected after EcoRI digestion, and a
2.2-kb fragment was visible after HindIII digestion, corresponding to the pre-
dicted size fragments. The same amount of genomic DNA from parental HeLa
T4 cells was digested with EcoRI (lane 1) or HindIII (lane 2). About 100 pg of
pHytsM DNA digested with EcoRI (lane 5) or HindIII (lane 6) was used as
markers.

FIG. 3. Inhibition of HIV-1 replication in HeLa T4 cells encoding a wt VSV
M gene under control of the HIV-1 LTR. Selected HeLa T4 cells with (clone 7)
and without (clone 5) the wt M gene were transfected with the infectious HIV-1
clone pNL4-3 and incubated at 378C. The amount of HIV-1 p24 antigen in the
medium harvested at the indicated times was determined by ELISA. Syncytium
formation was evaluated 5 days after transfection.
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clone 5 which masked low levels of the expected size transcript
(data not shown). Western immunoblot analyses as well as
immunofluorescent staining of HIV-1-infected or Tat-trans-
fected cells did not detect M protein when we used a polyclonal
antibody against M protein that normally detects M protein in
VSV-infected cells very well by both methods. We also did not
detect M protein even after transactivation of the tsM protein
at the nonpermissive temperature. These conditions should
favor the expression of larger amounts of M protein.
To demonstrate that M gene expression was indeed respon-

sible for the observed antiviral effect against HIV-1, we carried
out RT-PCRs of total RNA from HIV-1-infected and unin-
fected cells of cell clones 5, 7, and 17 (Fig. 7). Subsequent
hybridization of the RT-PCR product from M mRNA with an
M-gene-specific DNA clearly identified a DNA fragment of
the expected size. The product was detected only in cells con-
taining either the wt or the ts M protein gene. As expected, it

was absent in cell clone 5. Transcription of the M mRNA was
dependent on HIV-1 infection and the resulting Tat transac-
tivation, as can be seen for both cell clones 7 and 17.
With clone 17, mRNA encoding the ts M protein was most

abundant in HIV-1-infected cells at the nonpermissive temper-
ature. These were conditions which could potentially have re-
sulted in a more efficient M protein staining. But as indicated
above, M protein was not detected. M mRNA was not detected
at 328C or was detected only at very low levels even after
HIV-1 infection. This may be the combined result of a lower
transactivation and expression efficiency at 328C, which, how-
ever, still resulted in a very effective inhibition of HIV-1 rep-
lication compared with cell clone 5. We conclude that very low
levels of VSV M protein can inhibit HIV-1 replication by
blocking the transcription of the integrated HIV-1 provirus.
Temperature-controlled switch from a persistent to a lytic

HIV-1 infection. Cell clone 17, infected with HIV-1 at 328C,
the functional temperature for M protein, did not show any
visible evidence of HIV-1 infection. At days 3, 6, 9, and 12 after
infection, parallel cell cultures were shifted to 408C, the non-
permissive temperature for M protein. Every time the cells
were shifted to 408C, the cells produced high levels of HIV-1
within 1 or 2 days followed by massive syncytium formation

FIG. 4. HeLa T4 cell clone 17 is nonpermissive for HIV-1 replication at the
functional, permissive temperature for M protein (328C). HeLa T4 cells with
(clone 17) or without (clone 5) the ts M gene under control of the HIV-1
promoter were challenged by transfection with the infectious HIV-1 clone
pNL4-3. Two sets of parallel cultures were maintained at the temperature per-
missive (328C) or nonpermissive (408C) for M protein. The amount of p24
antigen released from the cells was determined by ELISA. Syncytium formation
was evaluated 5 days after transfection.
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similar to those shown in Fig. 3 and 4. These observations
suggest that the initial HIV-1 infection of cell clone 17 at 328C
is maintained as a persistent infection with very low levels of
p24 released. This infection can quickly be activated to become
a very productive and lytic infection by simply shifting the
temperature to 408C, which inactivates VSVM protein. We did
not observe a delay in the spread of HIV-1 that increased with
later times of the temperature shift. This indicated that at least
during the 12 days of the experiment, there was no major
decrease in the number of HIV-1-infected cells within the cell
population.

DISCUSSION

In this study, we have addressed two points: the role of the
VSV M protein in viral pathogenesis and the potential use of
M protein as an antiviral protein against HIV.
Role of M protein in viral pathogenesis. The observation

that M protein enters the nuclei of infected cells (20) did not
initially appear of obvious relevance for viral replication itself,
since VSV is able to replicate in anucleated cells. Cotransfec-
tions of vector DNAs encoding the M gene with a reporter
gene demonstrated that M protein was able to inhibit tran-
scription initiation from a chloramphenicol acetyltransferase
reporter gene plasmid (4). This important finding had obvious
implications for the potential role of M protein in the inhibi-
tion of cellular transcription. It could provide a rationale for
the presence of M protein in the nucleus. The experiments,
however, did not directly address the shutoff of chromosomal
DNA transcription. To study this aspect, it was necessary to
express M protein as well as a chromosomal reporter gene
without having to rely on DNA cotransfections.
For this reason, we have selected cell lines which encode

inducible wt and ts M genes that allowed us to study the effect
of M protein on chromosomal expression. We focused on the
expression of the HIV-1 provirus, which acted as a chromo-
somal reporter gene. The isolation of high-molecular-weight
chromosomal DNA only 10 h after infection ruled out reinfec-
tions and ensured that the HIV-1 transcripts were transcribed
from the same number of proviral genomes. Proviral expres-

sion was compared in the presence or absence of a Tat-induc-
ible M gene. The results demonstrated that the expression of
spliced and unspliced mRNAs from the HIV-1 provirus was
drastically reduced in cells encoding the wt M protein without
affecting any of the prior steps from viral entry to proviral
insertion (Fig. 6). In the presence of functional M protein, a
very low level of HIV-1 expression was still detected and was
probably necessary for the transactivation of the provirus as
well as M gene expression (Fig. 7). In the absence of HIV-1
infection, there was no detectable expression of wt M. With the
ts M protein-encoding cell line 17, M gene expression was
tolerated at low levels even without HIV-1 transactivation.
Several attempts to demonstrate M protein expression by

either immunofluorescent staining or Western blotting did not
detect M protein, suggesting that very low levels of M protein
expression were sufficient to inhibit proviral expression. The
observed ts phenotype of the ts M protein itself and its result-
ing inhibitory effect on HIV allowed us to rule out any tem-
perature-sensitive antiviral mechanisms by the cell itself which
could have affected HIV-1 proviral expression. This tempera-
ture-dependent HIV inhibition together with the inducible M
mRNA expression strongly suggests that M protein itself is
indeed the inhibitor. These results are consistent with earlier
studies on the expression of the ts and wt M proteins in Cos
cells when the SV40 late promoter was used instead or the
HIV-1 LTR (6). The coding regions of these DNA clones were
used in the study described here to evaluate the potential roles
of both wt and ts M proteins in cytopathogenesis.
Our data, therefore, strongly support the hypothesis that the

VSV M protein is able to inhibit chromosomal expression as
measured by the expression of the integrated HIV-1 provirus.
Proviral DNA as part of the chromosomal structure is tran-
scribed by RNA polymerase II directed by nuclear transcrip-
tion factors. The precise mechanism of inhibition by M protein
is unknown. It may involve interactions of M protein with one
of these components. DNA cotransfection assays demon-
strated that the transcription from three different viral promot-
ers can be affected by M protein. This finding suggests that
shared factors or mechanisms, which could include the RNA
polymerase core proteins themselves, may be affected. It is still

FIG. 5. Inhibition of HIV-1 and HIV-2 replication after infection of cell clones 7 (wt M) and 17 (ts M). Both cell lines were infected with either HIV-1 or HIV-2
and incubated at either 32 or 408C as indicated. The amount of p24 antigen released into the medium during 5 days in culture was determined by ELISA for HIV-1.
Infectious units were determined by an infectious center assay using HeLa-CD4-LTR-b-gal cells for HIV-1 and HIV-2 (16).
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uncertain, however, whether the expression of all cellular
genes is affected to the same extent (see below).
The VSV matrix protein has several structural domains

which have been partially characterized, such as the amino-
terminal domain that interacts with the nucleocapsid as well as
with cellular membranes (30, 43). By deleting the amino-ter-
minal 32 amino acids of M protein, part of these domains were
eliminated. Unlike with the deletion of the 56 carboxyl-termi-
nal amino acids, expression of this truncated protein was still
able to inhibit HIV-1 replication in cotransfection assays (Fig.
1B). The truncated protein, however, was not detected by
immunofluorescence, similar to wt M protein (6), suggesting
that the remainder of the molecule was still inhibitory. These
observations are also consistent with the recent expression of
M protein deletion mutants by Ye et al. (43) and by Black et al.
(3), who demonstrated that amino acid positions 4 to 21 of M
protein are not required for the inhibition of host-directed
transcription and the nuclear localization of the truncated pro-
tein. Our earlier observations that the ts M protein could be

expressed in Cos cells only at the nonpermissive temperature
together with the reversibility of ts M protein expression in
these cells are also consistent with the temperature-dependent
HIV inhibition in cell line 17 (Fig. 4 and 5). These findings
strongly suggest that M protein also inhibits its own expression.
Marcus et al. (24) sequenced several VSV M gene mutants

and their revertants as well as different VSV strains and cor-
related their sequences with the ability of these viruses to
induce and/or suppress interferon expression. The authors
concluded that M protein as well as leader RNA do not reg-
ulate interferon induction. One of the mutants which was com-
pared by Marcus et al. was tsG33. Its M gene was inserted and
expressed in cell line 17 used in this study. At the permissive
temperature, this tsM protein inhibited HIV replication in the
cell line as well as its own expression. It was shown earlier that
M protein does not affect cellular translation (2). If M protein
is involved in the suppression of interferon induction, it would
most likely function on the transcriptional level. The fact that
a single VSV particle can both induce and suppress interferon
production (23) makes it more difficult to assign specific viral
gene products for this function. tsG33 is a good inducer of
interferon, and there was no indication for a suppression of
interferon gene expression by this mutant (24). These results
could indicate that M protein may not indiscriminately inhibit
chromosomal transcription. In fact, it may not affect interferon
expression at all.
Until now, the expression from only a few viral promoters

such as those of SV40, cytomegalovirus, and HIV have been
shown to be inhibited by M protein. A study of the expression
of other cellular promoters in the presence of M protein will be
needed to distinguish whether M protein affects the main core
functions of RNA polymerase II or whether it is selective, for
example, through specific transcription factors. For the inter-
feron induction-suppression phenotypes, whether an increased
level of interferon induction can overcome transcription inhi-
bition by M protein must also be evaluated. Alternatively,
during a VSV infection, interferon induction may, depending

FIG. 6. HIV-1 provirus insertion and expression in cell clones 7 and 5. (A)
HIV-1 proviral insertion after infection of cell clone 7 encoding a VSV wt M
gene. Cell clones 7 with and 5 without the M gene were infected with HIV-1 in
the presence or absence of 22 mM AZT. In parallel cultures and at 10 and 36 h
after infection, high-molecular-weight chromosomal DNA was isolated, and the
amounts of inserted proviral HIV-1 DNA were compared by semiquantitative
PCR of a specific 420-bp fragment of the HIV-1 pol region. The PCR products
were detected by hybridization using a pol-specific probe. A 509-bp PCR product
of the cellular hGAPDH gene was used as a control for the amounts of genomic
DNA used in the reactions. (B) HIV-1 proviral expression in cell clones 7 and 5.
Parallel flasks of the cultures shown in panel A were used to prepare poly(A)1

RNA for Northern blot hybridizations of all HIV-1 mRNAs. A DNA probe of
the nef region was used as a hybridization probe. The same RNA blot was
rehybridized for the detection of hGAPDH mRNA. The arrows mark the three
expected and detectable HIV-1 transcripts. The slowest transcript is genome-size
RNA.

FIG. 7. Transactivation of wt and tsM gene expression. Total mRNA of cell
clones 5, 7, and 17, cultured at the indicated temperatures, was purified before
and 36 h after HIV-1 infection. The RNA was reverse transcribed by using an
oligo(dT) primer. The reverse transcript was amplified by PCR as described in
Materials and Methods. The 312-bp PCR products had the expected size and
were detected by hybridization with a nick-translated probe of the complete VSV
M gene.
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on the mutant used, occur prior to a shutoff of cellular tran-
scription, which would require both an accumulation of M
protein and a translocation to the nucleus. Therefore, with the
interferon induction-suppression phenotype, the timing and
efficiency of interferon induction could be very different for
each virus strain and may be affected by other viral gene prod-
ucts in addition to M protein.
VSV M protein as an antiviral against HIV? M protein was

able to protect not only the HIV-infected cell but indirectly
also the entire cell population. There was no evidence for toxic
effects of M protein at basal, uninduced levels of expression
even after HIV-1 as well as HIV-2 infections. This indicates
that M protein levels which were sufficient for HIV-1 inhibition
may be tolerated by the cell. This obviously represents a par-
adox. It is unknown at this time for how long the cell can
tolerate the presence of low levels of functional M protein.
Clearly, low levels did not cause a rapid clearance of HIV-1-
infected cells from the population.
The highly effective inhibition of HIV suggests that M pro-

tein could potentially be used as an HIV-induced antiviral
agent against HIV itself. Such a strategy may be used in the
context of an antiviral gene therapy. There are obvious limita-
tions with such an approach which are not limited to the
delivery of the gene in the first place. For example, an expected
immune response against cells expressing low levels of M pro-
tein may clear these cells from the patient.
Interestingly, HIV-1 infection of the M gene-containing cell

lines 7 and 17 resulted in an attenuation of HIV-1 replication
and the establishment of what appears to be a persistent in-
fection with low levels of viral p24 antigen and infectious par-
ticle release without evidence of any visible cytopathic effects.
Temperature shifts of the HIV-1-infected cell line 17 to 408C
revealed that HIV-1 was continuously present at any time
during the 12 days in culture. There was no evidence for a
clearance of HIV-1-infected cells during this time at 328C.
These results suggest that a balance between the cytotoxicity of
M protein and a low level of M protein expression was estab-
lished at the permissive temperature that allowed a persistent
state of the infection to be maintained. This balance could be
altered by a simple change in temperature to inactivate the ts
M protein, which in turn allowed HIV-1 expression and repli-
cation to occur.
In summary, while the potential use of the M gene as an

HIV antiviral agent raises several questions, the use of these
cell lines or other cell lines which encode inducible M protein
genes could be useful not only in the continued detailed study
of M protein function but also in experiments that may benefit
from a temperature-controlled induction of HIV-1 replication
and pathogenesis.
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