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Entry of vesicular stomatitis virus (VSV), the prototype member of the rhabdovirus family, occurs by
receptor-mediated endocytosis. Subsequently, during traversal through the endosomal compartments, the VSV
G protein acquires a low-pH-induced fusion-competent form, allowing for fusion of the viral membrane with
endosomal and lysosomal membranes. This fusion event releases genomic RNA into the cytoplasm of the cell.
Here we provide evidence that the VSV G protein acquires a fusion-competent form during exocytosis in a
polarized endometrial cell line, HEC-1A. VSV infection of HEC-1A cells results in high viral yields and giant
cell formation. Syncytium formation is blocked in a concentration-dependent manner by treatment with the
lysosomotropic weak base ammonium chloride, which raises intravesicular pH. Virus release is somewhat
delayed by treatment with ammonium chloride, but virus yields gradually reach those of control cells. In
addition, inhibition of vacuolar H1-ATPases by treatment with bafilomycin A1 also inhibited cell to cell fusion
without altering virus yields. Virions released from infected HEC cells were themselves not fusion competent,
since viral entry required an active H1-ATPase and a low-pH-induced conformational change in the viral G
protein. Thus, the conformation change leading to fusion competence during exocytotic transport is reversible
and reverts during or after release of the virion from the infected cell.

Enveloped viruses initiate infection by membrane fusion
between viral and host cell membranes. In general, enveloped
viruses employ one of two alternative mechanisms to initiate
viral-host cell membrane fusion, a process which is mediated
by the viral fusion protein. Viruses belonging to the Retroviri-
dae, Paramyxoviridae, Herpesviridae, and Coronaviridae families
typically initiate fusion in a pH-independent manner (26)
whereby the virion initially binds to cell surface receptors and
subsequently the viral membrane fuses with the plasma mem-
brane of the host cell at neutral pH. The second, more complex
route of entry is characterized by cell surface binding of the
virion, followed by endocytosis and transport to the endosomal
and lysosomal compartments, where the viral fusion proteins
are activated by exposure to the low pH milieu of these com-
partments. Thus, the latter route is referred to a low-pH-
dependent fusion. Presumably, the low pH of endosomal and
lysosomal compartments is regulated by the action of vacuolar
H1-ATPases, which function also to create an active H1 gra-
dient which maintains membrane potential (31). Viruses be-
longing to the Orthomyxoviridae, Togaviridae, Rhabdoviridae,
Bunyaviridae, and Arenaviridae families typically require a low-
pH-mediated event for efficient fusion of viral and host cellular
membranes (26).

Vesicular stomatitis virus (VSV), the prototype member of
the Rhabdoviridae, is a bullet-shaped, enveloped virus contain-
ing a single-stranded RNA genome of negative polarity which
encodes five viral proteins. There is only one viral glycoprotein
present in the virion membrane, the G protein, which functions
as the virus attachment and fusion protein. The G protein is a
transmembrane protein containing two N-linked glycans (9). In
the absence of other viral proteins, the G protein can initiate
membrane fusion in a low-pH-dependent manner (17, 42). VSV
G protein-mediated fusion is readily inhibited by treatment

with lysosomotropic agents, such as chloroquine and ammo-
nium chloride (14, 43, 48). Presumably, low-pH exposure trig-
gers a conformational change in the G protein allowing it to
induce membrane fusion either between viral and host cell
membranes or between infected cells expressing the viral G
protein at the cell surface. In the latter case, brief exposure of
infected cells to low pH results in the formation of multinu-
cleated polykaryons, which can be easily quantitated (4, 32,
41). The VSV G protein does not reach the cell surface in a
fusion-competent form during the usual replication cycle.
Thus, polykaryon formation is not a normal cytopathic effect in
the life cycle of the rhadoviruses.

Most viral fusion proteins contain a fusion peptide that is
largely hydrophobic, which upon exposure to membranes can
mediate membrane fusion either in a low-pH-dependent or
pH-independent manner (26). In the case of the VSV G pro-
tein, the fusion peptide appears to reside at an internal loca-
tion of the protein between amino acids 117 and 137 and is
comprised of neutral amino acids (16, 18, 29, 57, 59). In addi-
tion to the requirement for an internal fusion peptide, the viral
G protein also requires some form of membrane anchoring in
order to promote membrane fusion (36). More recently, it was
found that conserved glycine residues within the transmem-
brane domain of the viral G protein appear to be required for
fusion activity (8). Other regions distal to the internal fusion
peptide that can influence fusion activity have been identified,
suggesting that the conformation of the fusion peptide is reg-
ulated by the three-dimensional structure of the G protein
obtained after low-pH exposure (50, 51). Interestingly, studies
with rabies virus G protein have shown that the G protein can
undergo several conformational changes that are pH depen-
dent and can influence fusion activity (20, 21, 23). The rabies
virus G protein is thought to be transported initially in an
inactive state during intracellular transport to avoid fusion in
the acidic Golgi vesicles and subsequently acquires its native
state at or near the cell surface (23). These transitional states
have also been postulated to occur with the VSV G protein,
based on kinetic studies (7, 40). However, it is unclear whether
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a similar inactive state is a transport intermediate during VSV
G transport.

In the present study, we report the ability of VSV to induce
giant cell formation in cell monolayers without prior exposure
to extracellular low-pH media. The human endometrial cell
line HEC-1A forms an epithelial monolayer that supports en-
try and release of divergent viruses at distinct plasma mem-
brane domains (3). Thus, this cell line provides a highly polar-
ized environment in which to examine the mechanisms of viral
glycoprotein sorting and of virus maturation. The results pre-
sented here suggest that in the HEC cell line the viral G
protein undergoes a conformational change during intracellu-
lar transport allowing for fusion of viral infected cells with
surrounding cells in culture, also referred to as induction of
fusion from within. These results have interesting implications
for transitional states of viral fusion peptides as well as for
mechanisms of viral pathogenesis.

MATERIALS AND METHODS

Cells. The HEC-1A cell line (ATCC HTB 112) and the human lung-derived
cell line A549 (ATCC CCL 185) were grown and maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS). Madin-Darby canine
kidney (MDCK), human cervical tissue-derived (HeLa), and monkey kidney-
derived (Vero C1008) cell lines were propagated in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS. Baby hamster kidney (BHK-
21) cells were grown in DMEM supplemented with 10% FBS and 5% tryptose
phosphate broth.

Subclones of the parental HEC-1A cell line were obtained by standard limited
dilution and cloning chamber methodologies. Briefly, cells were plated at low
density (50 cells per 100-mm-diameter dish) such that single well-isolated colo-
nies of cells would arise from single cells. Isolated colonies were collected by
cloning chambers and propagated in RPMI medium. Subcloned cell lines were
further evaluated for the ability to establish transepithelial resistance upon seed-
ing on permeable membrane supports as previously described (3). The HECA2
cell line was found to exhibit high transepithelial resistance (1200 ohms/cm2) and
was fully permissive to influenza A virus and VSV infections.

Viruses. The Indiana strain of VSV (VSVIND) was propagated and titered by
plaque assay in BHK-21 cells as described previously (3). This strain has under-
gone multiple laboratory passages. Several isolates of VSV with known passage
history were generously provided by Stuart Nichol at the Centers for Disease
Control and Prevention, Atlanta, Ga.: VSVNJ/CA, (New Jersey strain, California
isolate, passage 2), VSVNJ86CRB2 (New Jersey strain, Costa Rica isolate, passage
2), VSVIND (isolate L27486, passage 1), and VSVIND (isolate 8687, passage 2).
These isolates were propagated one time in BHK-21 cells, and the supernatants
were stored frozen at 270°C and used as stock virus.

Virus infections and drug treatments. HEC cells were seeded in 12-well
culture dishes (Falcon) and infected at a multiplicity of infection (MOI) of 2.
Following a 1-h incubation at 37°C, the cells were washed twice to remove
unadsorbed virus, and the infection was continued at 37°C in the presence of
RPMI supplemented with 2.5% FBS. At different time points, aliquots of super-
natants from infected cells were collected, precleared at 500 3 g to remove
cellular debris, and stored at 270°C until titration by plaque assay. Briefly,
BHK-21 cells were infected with serial 10-fold dilutions of virus suspensions.
Following a 1-h adsorption period, cells were overlaid with a solution of 0.9%
agar in DMEM supplemented with 2.5% FBS. The cells were then incubated at
37°C for 24 to 48 h, at which time the cells were overlaid with an additional agar
layer containing neutral red (0.025%). Plaques were visually counted approxi-
mately 4 h after the addition of neutral red overlay. Virus yields were expressed
as PFU per cell.

In experiments examining the effects of drug treatment on giant cell formation,
infected cells were treated with ammonium chloride (2 M stock NH4Cl prepared
in distilled H2O) or bafilomycin (Bfm) A1 (prepared as a 32 mM stock in
dimethyl sulfoxide; Sigma) beginning at 3.5 h postinfection (hpi) so that early
virus entry and replication events would not be impaired. In some experiments,
the effects of drug treatment on early virus entry mechanisms was determined;
here, drug treatment was performed 1 h prior to infection and continued through-
out the infection period.

To monitor pH differences during infections, we used ColorpHast pH indica-
tor strips (EM Science, Gibbstown, N.J.), which according to the manufacturers
have an accuracy of 0.2 to 0.3 pH units. We also periodically checked the
accuracy of these pH strips with known pH buffers. Briefly, at different time
points following infection, 100-ml aliquots were removed and immediately mon-
itored for pH with the indicator strips. In addition, we also directly measured the
pH of the incubation media (ca. 2 ml) at different time points during infection
with a standard pH meter (model 8005; VWR Scientific).

Morphological assessment of virus cytopathogenicity. At different times
postinfection, virus-infected monolayers were washed in Hanks’ balanced salt

solution, fixed for 5 min in 100% methanol, and allowed to air dry. Cells were
subsequently stained with Giemsa stain according to the manufacturer’s proto-
col. Monolayers were photographed with a Nikon Diaphot inverted microscope
equipped with epifluorescence.

Quantitation of virus fusion. To quantitate viral fusion, nuclei were stained
with the nuclear stain 49,6-diamidino-2-phenylindole (DAPI; Molecular Probes,
Eugene, Oreg.) and visualized by using a filter designed for UV fluorescence.
Both the number of giant cells (syncytia) and the number of single nuclei were
counted in random fields at 203. The average number of nuclei present per
synctia was determined by subtracting the mean number of single nuclei of
infected monolayers (not associated with syncytia) from the mean number of
single nuclei determined for mock-infected monolayers and then dividing by the
mean number of syncytia. The fusion index is thus a measure of the percentage
of cells undergoing fusion.

To monitor viral G protein cell surface expression in drug-treated cells, in-
fected cells were briefly exposed to pH 5.7 or 7.2 morpholine-ethanesulfonic acid
(MES) buffer (20 mM MES in phosphate-buffered saline [PBS], pH adjusted
with HCl or NaOH). Uninfected cells were used as control cells for fusion assays.

Immunofluorescence microscopy. Cell surface expression of the viral G pro-
tein was monitored by immunofluorescence staining of infected cell monolayers.
Briefly, at different times postinfection, cells grown on glass coverslips were fixed
in 3% paraformaldehyde. Surface expression was detected by sequential incuba-
tions of fixed cells with mouse monoclonal anti-G antibody (1) followed by Alexa
Fluor 488 (Molecular Probes)-conjugated goat anti-mouse immunoglobulin. Flu-
orescence was monitored and photographed with a Nikon TMD microscope
equipped with epifluorescence and a 35-mm camera. In some instances, the
organization of the actin microfilament network was monitored. Here, following
cell surface staining for VSV G protein, cells were permeablized with Triton
X-100 (15 min; 0.2% Triton X-100 in PBS). Actin was visualized by staining cells
with tetramethylrhodamine isothiocyanate-conjugated phalloidin (0.6 mg/ml; Sig-
ma). Nuclei were counterstained with the nuclear stain DAPI (Molecular
Probes).

35S metabolic labeling of virions. Virus-infected cells (MOI 5 5) were incu-
bated in Eagle’s medium deficient in methionine and cysteine for 15 min prior to
labeling. The cells were subsequently labeled at different time points for 20 min
at 37°C with 60 mCi of 35S cell labeling mix (ICN, Dupont). Following labeling,
monolayers were washed twice with PBS and lysed in 200 ml of lysis buffer
containing 1% Triton X-100 and 0.5% sodium deoxycholate in MNT (20 mM
MES [Sigma], 100 mM NaCl, 30 mM Tris-HCl [pH 8.0])–1 mM EDTA–1 mM
phenylmethylsulfonyl fluoride.

For 35S labeling of virions, cells were incubated with 60 mCi of 35S cell labeling
mix from 5 to 20 hpi. Virions released into the media were precleared of cellular
debris by centrifugation at 500 3 g for 10 min and subsequently pelleted by
ultracentrifugation at 20,000 rpm for 1 h at 4°C, using an SW55Ti rotor. Virions
were resuspended in equal amounts of Laemmli lysis buffer (28) and stored at
270°C. Aliquots of cell extracts or virions were analyzed by sodium dodecyl
sulfate–10% polyacrylamide gel electrophoresis (SDS-PAGE) and fluorography.

Cell-cell fusion assay. HECA2 cells were seeded at low density and infected
with VSV at an MOI of 2 under subconfluent conditions. For analysis of virus-
infected cell fusion with uninfected target cells, target cells were prelabeled with
the lipophilic fluorochrome CellTracker CM-DiI (chloromethylbenzamido-di-
octadecyl indocarbocyanine) according to the protocol of the manufacturer (Mo-
lecular Probes). Briefly, cell were incubated in PBS containing 1 mg of CM-DiI
per ml for 10 min at 37°C and then incubated for 10 min at 4°C. Cell monolayers
were washed extensively to remove unincorporated dye and incubated for an
additional 1 h at 37°C in normal growth medium. Target cells were subsequently
trypsinized and added to infected monolayers at a 1:1 target-to-infected cell
ratio. To distinguish between infected and uninfected cells, infected cells were
labeled with the fluorochrome probe CellTracker Green CMFDA (5-chlorom-
ethylfluoroscein diacetate; Molecular Probes) according to the manufacturer’s
protocol at 5 hpi prior to the addition of CM-DiI-labeled target cells. In some
instances, uninfected CM-DiI-labeled target cells were added at 16 hpi. At 9, 12,
or 20 hpi, cells were fixed in 3% paraformaldehyde, and fluorescence was mon-
itored and photographed with a Nikon Axiophot microscope equipped with
epifluorescence and a 35-mm camera. CM-DiI emits an orange-red fluorescence,
whereas the CellTracker Green CMFDA emits a green fluorescence, which allow
for distinction between infected and uninfected cells as well as for cells which
have fused and exhibit dual labeling.

Electron microscopy. For negative staining, virions released into culture media
of infected BHK-21 or HECA2 cells were allowed to adhere to carbon-Formvar
grids and stained for 15 s with 1% ammonium phosphotungstate) (pH 7.4).
Specimens were viewed with a Philips CM10 transmission electron microscope.

RESULTS

Characterization of the infection of HEC and HECA2 cells
by VSV. Previous observations have demonstrated that the
HEC-1A cell line maintains a high state of transepithelial elec-
trical resistance and releases enveloped viruses at distinct
plasma membrane domains (3). Specifically, it was shown that
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similar to other cell lines with demonstrated polarity, such as
MDCK cells, influenza virus is released strictly from the apical
membrane domain, while VSV is released from basolateral
membrane domains. Interestingly, infection of HEC-1A cells
with VSV resulted in abnormal cytopathogenicity (Fig. 1b).
The most dramatic change was the appearance of multinucle-
ated giant cells beginning at 8 to 9 hpi. The amount of fusion
or giant cell formation was quantitated by determining the
number of fusion events in random 203 fields compared to
uninfected control cells. In addition, we calculated the number
of nuclei per fusion event. Typically, a fusion event was char-
acterized by four or more nuclei. In the parental HEC-1A cell
line, the levels of fusion were approximately 10 to 30% and the
number of nuclei per fusion event was approximately 10 to 15
(Fig. 1a and b). In addition, virus titers in HEC-1A cells were
surprisingly very high, with yields reaching 600 PFU per cell
(Fig. 2).

Since the HEC-1A cell line is a heterogeneous population of
cells derived from a human endometrial adenocarcinoma, we
decided to subclone this cell line to develop a more homoge-
neous population of cells. Subclones of the HEC-1A cell line
were obtained by standard limited dilution and cloning cham-
ber methodologies. The cell lines were further characterized
based on their ability to establish high transepithelial resis-
tance and sensitivities to virus infections. To our surprise, one
of the cell lines, which we have designated HECA2, exhibited
an even greater degree of giant cell formation following VSV
infection. The HECA2 cell line retains many of the properties
of the parental cell line, such as high transepithelial resistance
and permissiveness to infection with both influenza virus and
VSV. Multinucleated giant cells began to form in infected
monolayers of HECA2 cells beginning at 8 hpi, and by 24 hpi
large multinucleated giant cells containing approximately 50
nuclei were evident (Fig. 1c and d; Table 1). At this time, more
than 80% of the nuclei were associated with giant cells (Table
1). To further investigate the nature of the VSV-induced giant
cell formation, we took advantage of the high levels of giant
cell formation obtained in the HECA2 cell line for all subse-
quent studies. As can be seen in Fig. 2, VSV replication in
HECA2 cells displayed similar kinetics and produced similar
yields as in the HEC-1A parental cell line.

Since VSV fusion classically requires that the viral G protein
undergo a low-pH-mediated conformational change (26), we
considered that the extracellular medium might become acid-
ified as infection progressed. Alternatively, since VSV prefer-
entially buds from the basolateral domain, a drop in the pH at
this microdomain may be sufficient to render the viral G pro-
tein fusion competent. However, the pH of the extracellular
media remained at pH 7 or above during all time points mea-
sured. Fusion was also observed if the cells were grown on
permeable membrane supports, and we were unable to detect
an acidification of the apical or basolateral bathing medium
(data not shown). These results suggest that the viral G protein
acquires a fusion-competent form during its transport to the
cell surface.

The viral G protein is sufficient for fusion in HEC cells. To
examine whether the viral G protein alone was sufficient to
induce giant cell formation, we infected HECA2 cells with a
vaccinia virus recombinant expressing the G protein of VSV.
As expected, expression of the VSV G protein via a vaccinia
virus expression vector was sufficient to induce massive cell-to-
cell fusion in HECA2 cells (Fig. 1e). A recombinant vaccinia
virus expressing the influenza A virus nucleoprotein failed to
induce giant cell formation in these cells and was used as a
negative control (data not shown). We also examined the giant
cell-inducing ability of several strains of VSV as well as the

giant cell formation of VSV in other polarized and nonpolar-
ized epithelial cell types. All isolates of VSV tested, including
two different isolates each of the Indiana and New Jersey
serotypes, were able to induce giant cell formation in HECA2
cells, albeit to different degrees. VSV infection of the epithelial
cell lines MDCK, HeLa, and A549 or the fibroblast cell line
BHK-21 did not result in detectable levels of giant cell forma-
tion by VSVIND. However, extensive cell rounding and cell
death were observed in these cells. Together these results
suggest that the giant cell-inducing phenotype is a property of
the HEC epithelial cell type and is observed with various VSV
isolates.

VSV giant cell formation is inhibited by neutralization of
vesicular pH. It has been shown that the trans Golgi network is
an acidic compartment in certain cell types (2). In the case of
virus glycoprotein sorting, passage through acidic vesicular
compartments can lead to reversible and/or irreversible con-
formational changes in the native proteins. In the absence of
other viral proteins, some hemagglutinin (HA) subtypes of
influenza A viruses undergo irreversible conformational
changes during exocytosis, rendering them biologically inac-
tive. Coexpression of these HAs with the viral M2 protein,
which acts to neutralize intravesicular pH, alleviates the irre-
versible conformational changes to the HA and allows for
expression of biologically active HA on the cell surface (54).
Alterations to protein conformations which are induced by
low-pH exposure can be alleviated by treatment with lysoso-
motropic weak bases and ionophores such as chloroquine, am-
monium chloride, and monensin (33). These agents act indi-
rectly by raising the intravesicular pH. Since cell-to-cell fusion
of VSV-infected monolayers has also been demonstrated after
brief exposure of the monolayers to low-pH media (17, 29, 56),
we examined whether the VSV G protein undergoes a low-pH
conformational change during intracellular transport in the
HECA2 cell line. Thus, we monitored the level and extent of
giant cell formation in the presence of increasing concentra-
tions of NH4Cl. To rule out any inhibitory effects of NH4Cl on
viral entry, we added the compound at 3.5 hpi.

NH4Cl was found to inhibit giant cell formation in a con-
centration-dependent manner and resulted in a delay in the
appearance of giant cell formation. At 1 mM NH4Cl, both the
levels (relative numbers of giant cells) and degree of fusion
(no. of nuclei per giant cells) were drastically reduced (Fig. 3;
Table 1). Giant cell formation was not evident at 9 hpi, but at
24 hpi small heterokaryons with approximately 15 to 20 nuclei
were evident. This was similar to the result for untreated in-
fected cells at 9 hpi, where giant cell formation was readily
observed (Table 1). At 20 mM NH4Cl, virus-induced giant cell
formation was almost completely abrogated. This result adds
further credence to the hypothesis that the viral G protein
undergoes a low-pH-induced conformational change rendering
it fusion competent during transport to the cell surface. We
observed, however, that the neutral form of the G protein that
is transported to the cell surface in the presence of 20 mM
NH4Cl can also be rendered fusion competent by subsequent
brief treatment of these cells with pH 5.5 buffer (data not
shown).

Since ammonium chloride may have affected viral glycopro-
tein transport and virus maturation, we also collected super-
natants from infected monolayers treated with either 1 or 20
mM NH4Cl and determined viral yields by plaque assay on
BHK-21 cells. At 24 hpi, viral yields were virtually unaffected
by treatment with NH4Cl (Fig. 4). Treatment with the weak
base amantidine also had little effect on virus yields but failed
to inhibit virus-induced giant cell formation (data not shown).
When we examined the kinetics of virus release, we observed
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FIG. 1. VSV infection leads to polykaryon formation in HEC cell lines. Cells were infected at an MOI of 2. At 24 hpi, the monolayers were fixed in methanol and
stained with Giemsa stain. (a) Mock-infected HEC-1A cells; (b) HEC-1A cells infected with VSVIND; (c and d) mock- and VSVIND-infected HECA2 cells, respectively;
(e) HECA2 cells infected with a recombinant vaccinia virus vector encoding the full-length G protein of VSVIND; (f) HECA2 cells infected with VSVNJ/CA.
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that virus yields in NH4Cl-treated samples were approximately
50% of that of the untreated samples at 9 hpi but that with
time, virus yields reached those of control cells. However, even
at 36 to 48 hpi, virus-induced cell fusion was not detected in
NH4Cl-treated cells (data not shown). SDS-PAGE analysis of
35S-labeled virions released into the medium in the presence of
NH4Cl failed to reveal any significant differences in protein
levels or mobilities of G proteins (see Fig. 7). From these
results, we can conclude that NH4Cl treatment does not sig-

nificantly affect virus maturation and release but does effi-
ciently inhibit VSV-induced cell fusion of HEC cells.

Inhibition of cell-to-cell fusion by the vacuolar H1-ATPase
inhibitor Bfm A1. Intravesicular pH can be regulated by sev-
eral enzymes and proton pumps. Among these, the vacuolar
H1-ATPase is perhaps the most significant with respect to
pH-mediated viral entry mechanisms, since it is a component
of endosomal and lysosomal membranes. To examine whether
an active vacuolar H1-ATPase was also responsible for lower-
ing the pH of exocytotic transport vesicles, we analyzed the
effects of Bfm A1 on the replication, transport, and release
mechanisms of VSV. Bfm A1 is a very potent and specific
inhibitor of H1-vacuolar ATPases which does not affect other
ATPases, such as mitochondrial F-class ATPases or plasma
membrane H1-ATPases of the P class (35, 49).

In VSV-infected HECA2 cells treated with Bfm A1, we
observed an almost complete inhibition of giant cell formation
at a Bfm A1 dose as low as 1 nM (Fig. 5a). As observed in
NH4Cl-treated cells, the VSV G protein is fully fusogenic in
Bfm A1-treated cells following low-pH exposure (Fig. 5d), as
evidenced by the pronounced loss of demarcation between

FIG. 2. Growth kinetics of VSV in HEC-1A and HECA2 cell lines. HEC
cells were infected with VSVIND at an MOI of 2. At different times postinfection,
released virus was titrated by plaque assay. Viral yields are expressed as PFU per
infected cell.

FIG. 3. Treatment with NH4Cl ablates fusion from within. VSVIND-infected
HECA2 cells (MOI 5 2) were cultured in the presence of 1 and 20 mM NH4Cl
beginning at 3.5 hpi. At 9 (a, c, and e) and 24 (b, d, and f) hpi, the cells were fixed
in methanol and stained with Giemsa stain. Giant cell formation was observed
and recorded with an Nikon TMD microscope equipped with a 35-mm camera.
(a and b) Untreated VSVIND-infected HECA2 cells; (c and d) infected HECA2
cells treated with 1 mM NH4Cl; (e and f) infected HECA2 cells treated with 20
mM NH4Cl.

TABLE 1. Quantitation of VSV giant cell formation
in HECA2 cells

Treatmenta No. of
S/fieldb

No. of nuclei/
synctiumc

% Nuclei
associated

with S

None
9 hpi 28 8 12.0
24 hpi 34.5 48 88.0

NH4Cl
1 mM 40.5 17 37.5
20 mM 0 0

Bfm A1
1 nM 0 0
100 nM 0 0

Virusd

VSVIND 36 57 94
VSVNJ/CA 60 30 83

a At 9 hpi, fusion was detected only in untreated cells. All other values were
determined at 24 hpi.

b The average number of giant cells or syncytia (S) was determined by counting
giant cells in random fields of 203 micrographs of DAPI-stained monolayers.
Only cells with more than four nuclei per cell were considered syncytia.

c Determined by using the formula (mockn 2 INn)/NS, where mockn is the
mean number of single nuclei determined from random fields in noninfected
monolayers (mockn 5 1,875), INn is the mean number of single nuclei per
random 203 field in infected monolayers (data not shown), and NS is the mean
number of syncytia per random field.

d In a separate experiment, HECA2 cells were mock infected or infected with
VSVIND or VSVNJ/CA. Giant cell formation was determined as described above.
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fused cells (see also Fig. 8). Thus, a block in transport due to
drug treatment is not responsible for inhibition of fusion. In
agreement with this observation, the kinetics of virus replica-
tion and viral yields in the presence of Bfm A1 were very
similar to those for untreated infected cells, which further
argues against a drug-induced defect in viral transport or as-
sembly (Fig. 6 and data not shown). Surprisingly, we found that
virus yields were actually enhanced in the presence of Bfm A1.

A more neutral form of the viral G protein may be necessary
for efficient virus assembly to occur. As was observed in
NH4Cl-treated cells, Bfm A1 treatment did not appear to af-
fect incorporation of G protein into released virions (Fig. 7).
Although less viral protein appeared to be released in drug-
treated cells, the ratio of the viral M to G proteins remained
similar. Thus, drug treatment did not significantly affect viral G
incorporation into virions. One possibility is that in the pres-
ence of Bfm A1, the specific infectivity of released virions is
higher, which might explain why higher yields but less viral
protein were observed. In agreement with these observations,
electron microscopy of negatively stained virions released from
Bfm A1-treated cells confirmed that the viral G glycoprotein
was in fact incorporated into virions, as evidenced by the spike-
like protrusions surrounding the bullet-shaped virions (data
not shown). We detected no obvious differences in virus mor-
phology due to drug treatment.

It is possible that drug treatment leads to lower levels or an
altered distribution of the viral G protein at the cell surface,
which would restrict giant cell formation. To address this pos-
sibility, we compared the cell surface distribution of the viral G
protein both in the presence and absence of drug treatment in
HECA2 cells as well as in the polarized epithelial cell lines
MDCK and Vero C1008 and the fibroblast cell line BHK-21
(Fig. 8 and data not shown). We observed no significant dif-
ferences in the cell surface distribution of the viral G protein

FIG. 4. Ammonium chloride does not affect viral yields. HECA2 cells were
infected with VSVIND at an MOI of 2 and cultured in the presence or absence
of ammonium chloride essentially as described in the legend to Fig. 3. At 24 hpi,
the virus released from HECA2 cells was titrated by plaque assay in BHK-21 cells
and expressed as PFU per cell.

FIG. 5. Treatment with the vacuolar H1-ATPase inhibitor Bfm A1 inhibits
VSV-induced giant cell formation. VSVIND-infected HECA2 cells (MOI 5 2)
were treated with different concentrations of Bfm A1 beginning at 3.5 hpi. At 24
hpi, the cells were fixed in methanol and stained with Giemsa stain. Giant cell
formation was completely inhibited at 1, 10, and 100 nM Bfm A1 (a, b, and c,
respectively). Giant cell formation could be induced in 10 nM Bfm A1-treated
cells following a brief exposure to pH 5.5 buffer (d).

FIG. 6. Bfm A1 does not inhibit virus yield. Following a 24-h infection with
VSVIND either in the presence or in the absence of different concentrations of
Bfm A1, the virus released from HECA2 cells was titrated by plaque assay in
BHK-21 cells. Virus yields are expressed as PFU per cell.

FIG. 7. Incorporation of viral proteins into virions in the presence or absence
of Bfm A1 and NH4Cl. BHK-21, HECA2, or HEC-1A cells were infected with
VSVIND at an MOI of 5. Beginning at 3 hpi, the cells were cultured in either 10
nM Bfm A1 or 20 mM NH4Cl. Infected cells were metabolically labeled with 60
mCi of [35S]Met-Cys per ml from 5 to 20 hpi. 35S-labeled virus released into the
medium was pelleted by ultracentrifugation and analyzed by SDS-PAGE. Lanes:
C, control untreated cells; N, NH4Cl-treated cells; B, Bfm A1-treated cells.
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either in the presence or in the absence of Bfm A1 (Fig. 8). To
further confirm that the viral G protein expressed at the cell
surface in the absence or presence of Bfm A1 was expressed at
levels sufficient to initiate cell fusion, drug-treated cells were
briefly exposed to low-pH (pH 5.7) buffer and subsequently
neutralized with incubation medium. Infected cells treated
with Bfm A1 underwent rapid cell fusion (within 15 to 20 min)
with neighboring cells (Fig. 8). This result confirms that in Bfm
A1-treated cells, the viral G protein is expressed at the cell
surface in quantities sufficient to induce giant cell formation if
triggered by exogenous low-pH treatment.

To confirm that the low pH encountered during transport
was not an artifact due to a transient drop in the pH of the
incubation medium, we analyzed cell fusion between subcon-
fluent HECA2 cells infected with VSVIND and different unin-
fected target cell lines (Fig. 9). To ablate intracellular exposure
of the viral G protein to low pH, cells were again incubated in
the presence of Bfm A1. The pH of the incubation media was
monitored throughout the infection to rule out a transitory

drop in pH. To distinguish between infected and uninfected
cells following giant cell formation, we fluorescently labeled
both infected and target cells with the fluorescent tracking dyes
CellTracker Green and CM-DiI, respectively. Thus, uninfected
cells exhibit a red-orange fluorescence and infected cells ex-
hibit a green fluorescence, making them highly distinguishable.

When uninfected HECA2 cells were used as target cells,
cell-cell fusion was readily observed at 8 to 9 hpi, as revealed by
the presence of both fluorochromes within individual giant
cells (Fig. 9). It should be noted that no detectable leakage of
dye occurred between cell lines. Surprisingly, when infected
monolayers were incubated overnight prior to the addition of
target cells, they were still able to fuse with uninfected target
cells, even though they had already formed giant cells with
neighboring cells (data not shown). This finding suggests that
giant cells still express viral G protein in a fusion-competent
conformation at the cell surface. Interestingly, we found that
uninfected HECA2 cells appeared to be more susceptible to
cell-cell fusion with infected cells (Fig. 9a to c) than BHK-21 or

FIG. 8. Cell surface distribution and fusion activity of the viral G protein following Bfm A1 treatment. HECA2, BHK-21, and Vero C1008 cells at subconfluent cell
density were infected with VSVIND at an MOI of 2. Beginning at 3 hpi, the cells were cultured either in the presence (1) or in the absence (2) of 5 nM Bfm A1. At
9 hpi, the cells were briefly exposed to either low pH (pH 5.7) or neutral pH (pH 7.2) as indicated for 1 min at room temperature, subsequently neutralized with
incubation medium, and incubated for a further 15 to 20 min at 37°C. Cells were fixed in 3% paraformaldehyde, and viral G protein was detected at the cell surface
by using a mouse monoclonal antibody to the viral G protein followed by incubation with an Alexa 488-conjugated goat anti-mouse immunoglobulin secondary antibody.
Fluorescence was monitored and photographed with a Nikon Axiophot microscope equipped with epifluorescence and a 35-mm camera.

VOL. 73, 1999 pH-INDEPENDENT FUSION ACTIVITY OF VSV 10453



MDCK cells. However, BHK-21 cells could serve as potential
targets for cell-cell fusion at later time points, albeit at signif-
icantly lower levels (Fig. 9d to f). Presumably the HECA2 cells
are more compatible in establishing cell-cell contact regions
with each other than with other cell types. As expected,
HECA2 cells treated with Bfm A1 were unable to initiate
fusion with target cells (Fig. 9c) unless they were exposed
exogenously to low pH (data not shown), again confirming that
drug treatment was maintaining the viral G protein in a neutral
nonfusogenic conformation during exocytotic transport (see
also Fig. 8). Thus, we conclude that bafilomycin A1 prevents
the conformational change which activates fusion activity,
without affecting transport of the G protein to the cell surface.

Together, the results presented here support the hypothesis
that in HEC cells the VSV G protein can acquire a fusion-
competent form during exocytotic transport and that this con-
formation is mediated by intracellular exposure to low pH.

DISCUSSION

The results presented here show that VSV can induce cell
fusion in an epithelial cell line without exogenous exposure to
a low-pH environment. Our data suggest that cell fusion activ-
ity is actually a result of a low-pH-mediated conformational
change in the viral G protein, acquired as it traverses the
exocytotic transport pathway. Our results show that VSV G
protein-induced giant cell formation is readily inhibited by
treatment with the weak lysosomotropic base NH4Cl. In addi-
tion, the results with Bfm A1 suggest that an active vacuolar
H1-ATPase is required for maintaining the low intravesicular

pH during transport to the cell surface. We did not observe any
significant defects in transport of viral proteins or release of
VSV virions into the medium in the presence of these com-
pounds, suggesting that drug treatment was specifically acting
to neutralize intravesicular pH levels during transport of the
viral G protein to the cell surface.

During the course of VSV infection, HEC cells gradually
fuse to form large multinucleated giant cells. This apparent
fusion from within, or fusion of virus infected cells with neigh-
boring cells, is not a usual event in the life cycle of VSV.
Generally, VSV is considered to be highly cytocidal, resulting
in rapid cell rounding and eventual cell death. This is thought
to occur in part via virus-mediated disassembly of the host cell
cytoskeleton (30, 47, 52). The HECA2 subclone appears to be
more resistant to the cytopathic effects of VSV infection. Cell
rounding, which occurs rapidly (ca. 4 to 6 hpi) in BHK-21 cells
(30, 52), does not occur as rapidly in the HECA2 cells. This
may allow the G protein to accumulate at microdomains at the
plasma membrane that then initiate cell-to-cell membrane fu-
sion. This may be one reason why these cells fuse more effi-
ciently than the parental HEC-1A cell line, which appears to
be more sensitive to cell rounding upon infection. In agree-
ment with previous observations (52), we also observed micro-
filament disassembly in HEC cell lines following infection, but
it occurred much more slowly than in BHK-21 cells (data not
shown). Although the resistance to cytopathicity may contrib-
ute to enhanced fusion activity in HEC cells, it is clearly evi-
dent that the viral G protein must first undergo a low-pH-
mediated conformational change in order to initiate fusion.

The prerequisites for virus-induced giant cell formation are

FIG. 9. VSV-infected HECA2 cells can induce fusion with uninfected target cells. Subconfluent monolayers of HECA2 cells were infected with VSVIND at an MOI
of 2. Beginning at 3 hpi, the cells were cultured either in the presence or in the absence of 5 nM Bfm A1. Infected HECA2 cell monolayers were labeled with CellTracker
Green CMFDA (green fluorescence) for 40 min at 37°C at 5 hpi. Uninfected target cells, HECA2 (a to c) or BHK-21 (d to f), were labeled with the lipophilic
fluorochrome CM-DiI (red-orange fluorescence), trypsinized, and added to the infected cell monolayers at 6.5 hpi. Giant cell formation was monitored from 6 to 12
hpi, at which time monolayers were fixed in 3% paraformaldehyde. Fluorochrome distribution was monitored and photographed with a Nikon Axiophot microscope
equipped with epifluorescence and a 35-mm camera. (a and b) HECA2-HECA2 cell fusion at 9 and 12 hpi, respectively (pH 7.2 in the absence of Bfm A1); (c) inhibition
of HECA2-HECA2 cell fusion by treatment with Bfm A1 (12 hpi); (d) HECA2-BHK21 cell fusion at 9 hpi (pH 7.2, no Bfm A1); (e and f) HECA2-BHK21 cell fusion
at 12 hpi at pH 7.2 and 5.7, respectively. The arrow in panel d points to giant cell formation between infected HECA2 cells.
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still poorly understood. While it is clear that cellular receptors
are necessary, the lipid constituents of the host cell plasma
membrane may also play an important role (44–46). Manipu-
lation of the extent of acyl-chain saturation can be used to
control virus-induced cell fusion in a number of different cell
lines (46). In addition, lipid-supplemented media can be used
to control fusogenic responses of cells to chemical fusogens
(45). It seems highly unlikely that NH4Cl or Bfm A1 treatment
would exert such an effect on lipid composition, rendering cells
resistant to virus-mediated fusion. The differences observed
between HEC and the cloned HECA2 cell line may be the
result of different concentrations of vacuolar H1-ATPases in
the vesicular exocytotic transport machinery. Previous reports
have shown that vacuolar H1-ATPases are involved in the
entry process of several different viruses that require low-pH-
dependent entry mechanisms for infection to occur (38, 39).
The highly specific vacuolar H1-ATPase inhibitor Bfm A1 was
found to inhibit entry of such viruses as influenza virus, VSV,
and Semliki Forest virus, all of which require a low-pH-medi-
ated entry step (39). In contrast, virus entry by Sendai virus, a
member of the Paramyxoviridae family which can initiate fusion
at neutral pH, or by vaccinia virus was not effected by Bfm A1
treatment (39). We found that Bfm A1 was equally effective in
preventing entry of VSV derived from either BHK-21 or
HECA2 cells (data not shown). This finding also indicates that
the VSV that is released from HECA2 cells requires low pH to
activate its fusion activity, suggesting that the viral G protein
has reverted to a neutral nonfusogenic form during or after
release. However, we did find that higher concentrations of
Bfm A1 were needed to completely inhibit entry of VSV in
HEC and BHK-21 cells: 100 to 500 nM, compared to 1 to 10
nM Bfm A1 needed to prevent giant cell formation. This may
indicate that the vacuolar H1-ATPase is more concentrated in
endocytotic vesicles, thus requiring greater concentrations of
Bfm A1 to abrogate function. Alternatively, different isomers
of vacuolar H1-ATPase may exist in different intracellular
compartments (24).

A role of vacuolar H1-ATPases in exocytotic transport of
viral proteins has been described for Semliki Forest virus and
VSV infection of BHK-21 cells (38); the authors reported that
viral glycoprotein transport and virus maturation can be
blocked by treatment with Bfm A1. In contrast, our results
indicate that Bfm A1 does not significantly affect VSV matu-
ration or release in HECA2 cells. We observed no significant
differences between control and drug-treated cells with respect
to the distribution of the virus G protein at the cell surface. In
addition, the kinetics of VSV release were not found to be
altered in response to low concentrations of Bfm A1, even
though cell-to-cell fusion was completely abrogated. It should
be noted that in the previous studies (38, 39), Bfm A1 was used
at concentrations higher (100 to 500 nM) than we employed.
These higher concentrations may have a more generalized
effect on cellular transport machinery in BHK-21 cells, which
may remain functional in the HEC cells at the lower concen-
trations used here. In fact, in BHK-21 cells treated with Bfm
A1, dilation and vacuolization of the Golgi apparatus was
observed (38). Another explanation for the observed differ-
ences may lie in the fact that HECA2 is a polarized epithelial
cell line whereas BHK-21 cells are of fibroblast origin. Vacu-
olar H1-ATPase compartmentalization may differ between ep-
ithelial and fibroblast cell lineages.

It is not unusual for viral glycoproteins to encounter low-pH
environments during exocytotic transport. Influenza A virus
HAs of some strains which are cleaved intracellularly acquire a
low-pH-defective conformation when expressed without the
viral M2 protein or in the presence of amantidine (6, 25, 54,

55). The coexpression of the viral M2 protein neutralizes ve-
sicular pH during exocytotic transport, maintaining the viral
HA in an inactive, neutral conformation (55). Both ammonium
chloride and chloroquine can alleviate the effects of low-pH
exposure on HA conformation observed in the absence of the
M2 protein (37). Thus, influenza A viruses have evolved with
helper proteins, which help to regulate intravesicular pH dur-
ing transport of viral glycoproteins. In the case of VSV G
protein, unlike influenza virus HA, the low-pH-induced con-
formational change leading to activation of fusion activity ap-
pears to be readily reversible, as demonstrated in our studies as
well as previous reports (4, 5, 41). Therefore, the glycoproteins
of these viruses are able to undergo transport through intra-
vesicular acidic compartments without an irreversible confor-
mational change which could lead to inactivation of their bio-
logical function. Similarly, HAs from other strains of influenza
virus reach the cell surface without prior cleavage-activation of
the HA. Expression in the absence of the viral M2 protein does
not appear to lead to irreversible conformational changes in
these HAs during transport. These uncleaved HAs are individ-
ually expressed as biologically active molecules once they are
proteolytically activated at the cell surface (37, 41). Thus, the
uncleaved precursor appears to be more resistant to the acid
environment of the exocytotic pathway than the cleaved pro-
tein. Likewise, acid-stabile mutants of influenza virus HA are
able to retain functional activity when M2 function is ablated
by amantidine treatment (53).

The rabies virus G glycoprotein has also been reported to
undergo low-pH-induced conformational changes during
transport (21, 23, 57). It has been proposed that the rabies
virus G protein undergoes a series of transitional intermediates
during transport (20, 21). In the Golgi apparatus, the G protein
undergoes a conformational transition that is triggered by low
pH to the inactive form. This transitional state presumably
protects the G protein from unwanted intracellular fusion with
acidic vesicles. The viral G protein is then thought to shift back
to a more native state close to or at the cell surface. The VSV
G protein may undergo a similar transition during transport in
HECA2 cells. The VSV-G fusion-competent form is likely just
an intermediate, since released virions do not appear to pos-
sess intrinsic fusion activity. Thus, we favor a mechanistic view
of cell fusion in HECA2 cells whereby the VSV G protein
undergoes transitory conformational changes as it traverses the
exocytotic transport machinery. First, the G protein acquires a
low-pH form during exocytotic transport, probably in Golgi
compartments. This low-pH form is expressed on the cell sur-
face and can induce syncytium formation but gradually transi-
tions back to the native or neutral state after it is expressed at
the cell surface or incorporated into virions. The rhabdovirus
G proteins are homotrimeric transmembrane proteins (22, 27).
There also appears to be constant interchange between G
monomers and oligomers at equilibrium (58). Interestingly, the
oligomeric state of the VSV G protein can be stabilized at low
pH (12, 15), which also renders it resistant to proteolytic di-
gestion by trypsin (19). The VSV G protein isolated from
HECA2-infected cells was fully sensitive to trypsin digestion
when lysed in pH 7.0 buffer, whereas it was completely pro-
tected against degradation when lysed in pH 5.5 buffer. This
finding suggests that the low-pH, fusion-competent form of the
VSV G protein in HECA2 cells can readily revert to the neu-
tral, trypsin-sensitive form.

Acquiring a fusion-competent form at or near the cell sur-
face may allow the virus to spread from cell to cell without the
need for virion release. This might allow the virus to escape the
effects of neutralizing antibody. Interestingly, antibody escape
mutants of rabies virus with altered virulence have been iso-
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lated (10, 11). These virulent escape mutants support cell-to-
cell spread of infection in the presence of neutralizing anti-
serum, whereas the nonvirulent mutants were significantly
delayed in replication kinetics (13). In vivo, infection of the
mouse brain spreads more rapidly with pathogenic or virulent
mutants than during infection by nonpathogenic mutants (13).
Interestingly, Morimoto and coworkers (34) have presented
evidence that the virulent escape mutants are able to initiate
pH-independent syncytium formation in certain neuroblas-
toma cell lines (34). This may suggest that acquisition of a
fusion-competent form of the viral G protein in vivo will aid in
progression of infection in certain tissues. Therefore, the
HECA2 cell line is of interest for further investigation of the
role of host cell components in promoting virus-induced cell-
to-cell fusion.
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