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Fusion from without is the process through which particles of some enveloped viruses can direct fusion of
target cells in the absence of viral replication. We demonstrate here that human immunodeficiency virus (HIV)
particles can efficiently promote fusion from without. Using HeLa-CD4 cells carrying a Tat-inducible lacZ gene,

we observed syncytia as early as 6 h after exposure to HIV particles, before HIV gene expression could be
detected. Efficient syncytium formation could be obtained when cells were treated with zidovudine, which
prevented HIV replication and expression but not cell-cell fusion. Fusion was also observed when cells were

exposed to particles of a replication-defective HIV integrase mutant. Fusion from without by HIV particles
could be blocked by a monoclonal antibody specific for the V3 loop of the HIV-1 envelope glycoprotein and by
soluble CD4. This mechanism of cytopathicity, which can involve cells that do not actively replicate HIV and
can be directed by replication-defective particles, could participate in the pathogenicity of the CD4 cell
depletion that characterizes HIV infection.

Entry of enveloped viruses into their target cells requires
fusion of the viral membrane with the cell membrane. Fusion
of the human immunodeficiency virus (HIV) membrane with
that of CD4-positive target cells is preceded by attachment the
viral envelope glycoprotein gp120 to the CD4 molecule ex-

pressed at the cell surface (7, 14, 17, 20) and is mediated by the
other component of the envelope glycoprotein complex, gp41
(15, 26). Expression of the viral envelope glycoprotein at the
surface of infected cells also allows their fusion with neighbor-
ing CD4-expressing cells, leading to the formation of syncytia,
a hallmark of the cytopathic effect induced by HIV (16, 25).
Therefore, induction of cytopathic effect by HIV is believed to
be essentially dependent on expression of the gpl2O-gp4l
complex on infected cells. Here we asked the question whether
fusion of CD4-positive cells could also be directly induced by
viral particles alone, in the absence of viral gene expression.
Such direct induction of cell-cell fusion by cell-free viral
particle preparations has been widely documented for several
classes of enveloped viruses, especially paramyxoviruses.
Among retroviruses, visna virus, an ovine lentivirus, has been
reported as being able to produce particle-directed cell-cell
fusion (6). This process was coined fusion "from without," as

opposed to conventional fusion "from within," which requires
expression of the viral envelope at the surface of one of the
fusion partners (2, 12).
To easily assess both syncytium formation and viral gene

expression in the same cells, we used a line of HIV-infectible
HeLa-CD4 cells carrying the bacterial lacZ gene under control
of the HIV-1 long terminal repeat (LTR). This cell line,
termed P4, was derived from HeLa-LTR-lacZ clone Z24 (4), in
which HIV-1 LTR-driven transcription of the lacZ gene and
cytoplasmic accumulation of P3-galactosidase are strictly depen-
dent on the presence of the HIV transactivator Tat. Expression
of the CD4 molecule in Z24 cells was obtained after infection
by the murine amphotropic retroviral vector pMCD4 (a gift
from 0. Schwartz, Institut Pasteur) carrying the CD4 cDNA as
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an EcoRI-BamHI 1.7-kb fragment from pT4B (18) under the
control of the mouse phosphoglycerate kinase promoter. One
individual cell clone (P4) expressing high levels of CD4 was

sorted by flow cytometry. Monolayers of P4 cells were infected
in a final volume of 1 ml in 1.5-cm2 wells, in the presence of 20
,jg of DEAE-dextran per ml, as described for similar assays
(13, 24). The virus used in these experiments was obtained
from filtered (pore size, 0.45 ,um) supernatants of cultures of
HeLa cells harvested 48 h after transfection by an infectious
molecular clone of the HIV-1l,a isolate, pBRU3. The P4
cultures were kept exposed to the particle suspension for 24 h,
washed in phosphate-buffered saline (PBS), fixed for 5 min in
0.5% glutaraldehyde, and stained with a 5-bromo-4-chloro-3-
indolyl-3-D-galactopyranoside (X-Gal) solution for 4 h as

described previously (1). In the absence of viral particles, no

,B-galactosidase-expressing cells could be detected. Similarly,
prolonged incubation of the P4 cells in medium containing
DEAE-dextran only did not result in 3-galactosidase expres-

sion and did not provoke the formation of syncytia (Fig. la,
panel 1). When P4 cells were exposed to cell-free HIV particles
at low concentrations (less than 50 ng of total HIV p24 in the
inoculum, as determined by the DuPont p24 core enzyme-
linked immunosorbent assay), ,-galactosidase expression was

easily detected in scattered single cells or in cell doublets at 24
h after infection but there was no evidence of syncytium
formation (Fig. la, panel 2). At this low multiplicity of
infection, fusion resulting from HIV gene expression (fusion
from within) can usually be seen around 48 h after infection,
and all of the observed syncytia express high levels of 3-galac-
tosidase (data not shown). In contrast, when the P4 cells were
exposed to higher concentrations of HIV particles (more than
100 ng of p24 in the inoculum), the formation of syncytia
occurred much earlier. Figure lb shows the result of a time
course experiment following exposure of P4 cells to HIV
particles at a concentration of 150 ng of HIV-1 p24 per ml. No
syncytia can be seen after 3 h of contact (Fig. lb, panel 1). At
6 h, syncytia were readily detectable, but these syncytia did not
stain blue at this early time point (Fig. lb, panel 2). With time
(Fig. lb, panels 3 to 5), more and more cells became recruited
in syncytium formation, a process that was paralleled by
accumulation of cytoplasmic ,B-galactosidase. After 24 h, in
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FIG. 2. HIV fusion from without is induced by pelleted particles and can occur in the absence of viral replication. (a) Absence of fusion
following exposure of P4 cells to a particle-depleted culture medium from transfected HeLa cells by ultracentrifugation at 100,000 x g for 10 min.
(b) Fusion induced by particles resuspended from the ultracentrifugation pellet. (c) Fusion induced by HIV particles on P4 cells treated with 5 ,uM
AZT. P4 cells were treated with AZT for 2 h before virus inoculation. (d) Fusion induced by particles of a replication-defective HIV-1 integrase
mutant. Half-confluent P4 cells were exposed to HIV particles for 24 h, then glutaraldehyde fixed, and stained with X-Gal.

typical experiments, most of the cells in the monolayer were
associated with large blue syncytia (Fig. lb, panel 5).

Since single HIV-infected cells exposed to a low concentra-
tion of virus did not produce syncytia even 24 h after infection,
and since syncytia were readily produced after contact with
high concentrations of HIV particles as early as 6 h after
infection in the absence of detectable HIV gene expression, we
hypothesized that the formation of these syncytia was directly
induced by the HIV particles, i.e., that HIV particles at high
concentrations were able to produce fusion from without. To
test this hypothesis, P4 cells were exposed to HIV at a
concentration equivalent to 150 ng of p24 per ml, in medium
containing 5 ,uM zidovudine (AZT). At this concentration,
AZT has been shown to fully prevent HIV DNA synthesis and
further viral gene expression with the HIV-1 isolate used in our
experiments. Nonetheless, AZT treatment did not affect the
fusion process; after incubation for 24 h, almost all cells were
involved in syncytium formation but no HIV expression could
be detected in these syncytia, which remained white after
X-Gal staining (Fig. 2d). This result demonstrates that even in

the absence of HIV replication and gene expression, HIV
particles are able to produce syncytia. We therefore hypothe-
sized that replication-defective HIV-1 particles should also be
able to direct cell-cell fusion. P4 cells were therefore incubated
with particles produced following transfection of HeLa cells
with an HIV-1 proviral molecular clone carrying a single-
amino-acid change at position 186 in the integrase coding
sequence. This mutant produces normal amounts of viral
particles, but the produced virions are defective for replication.
Exposure of P4 cells with these particles yielded numerous
white syncytia, as shown in Fig. 2c, readily demonstrating
fusion from without by replication-defective HIV particles.
To ascertain whether syncytium formation was the result of

interaction with virions and not of other components of the
culture supernatants used in our experiments, viral particles
produced by transfected HeLa cells were pelletted by centrif-
ugation at 100,000 x g for 10 min, resuspended in culture
medium, and used to infect P4 cells. Only cells exposed to the
resuspended particles exhibited syncytia (Fig. 2b), whereas no
syncytia could be observed in cells incubated with the ultra-
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FIG. 3. Effect of DNM, an inhibitor of glucosidase I, on HIV fusion from without. Half-confluent P4 cells were exposed to HIV-1 particles
corresponding to 150 ng of HIV-1 p24 per ml for 12 h (b and e) or left uninfected (a and d). At the time of infection, the P4 cells were either treated
with 3 mM DNM (panels d and e) or left untreated (panels a and b). As a control for the ability of DNM to inhibit syncytium formation resulting
from expression of HIV envelope (fusion from within), half-confluent P4 cells in 48-well plates were cocultured with chronically HIV-1-infected,
envelope-expressing H9 cells (106 cells per ml in 0.5 ml) for 12 h. The H9 cells were either untreated (c) or treated with 3 mM DNM for 6 h before
the coculture as well as during the coculture (f). P4 cells were exposed to HIV particles for 24 h, then fixed with glutaraldehyde, and stained with
Giemsa.

centrifugation supernatant (Fig. 2a). This result demonstrates
that the fusion phenomenon observed in our previous obser-
vations was mediated by viral particles and not by a soluble
component of the culture supernatant.
To confirm that the fusion of P4 cells induced by these

particles occurred in the absence of de novo synthesis of HIV
envelope, we have examined the effect of treatment of the P4
cells with an inhibitor of glucosidase I, desoxynojirimycin
(DNM). This drug prevents full maturation of the carbohy-
drate moiety of the HIV envelope glycoprotein and has been
previously shown to block fusion of HIV envelope-expressing
cells with CD4+ target cells (9, 21). As shown in Fig. 3b and e,
DNM treatment did not affect particle-directed fusion. As a
control of drug activity, pretreatment of chronically HIV-
infected, envelope-expressing H9 cells with DNM markedly
inhibited their fusion with P4 cells (Fig. 3c and f). This shows
that blocking the fusion-inducing capacity of newly synthesized
HIV envelope in the P4 cells did not impair particle-induced
fusion and readily demonstrates that it is indeed fusion from
without.
The importance of HIV envelope glycoprotein in the pro-

cess of fusion from without was further assessed by exposing P4
cells to HIV particles in the presence of increasing concentra-
tions of monoclonal antibody 0.5,B, specific for an epitope

located within the V3 loop of HIV-1 gpl20 (19). This antibody
has been reported to completely neutralize fusion of HIV-
infected cells with uninfected cells at a concentration of 50
pug/ml and to neutralize cell-free virus infectivity at a concen-
tration of 0.1 jg/ml (19). In our assay, serial 10-fold dilutions
of the 0.53 antibody were added to the cultures simultaneously
with addition of virus. Under these conditions, 0.5p antibody at
50 pg/ml almost completely neutralized HIV-induced fusion of
P4 cells (Fig. 4a). Similarly, the ability of soluble CD4 to block
fusion of the P4 cells was examined by using recombinant
soluble CD4 produced by CHO cells. A complete inhibition of
fusion from without by HIV particles was obtained at a
concentration of soluble CD4 of 40 ,ug/ml (Fig. 4b), which
slightly exceeds the concentrations usually required to block
cell-cell fusion resulting from expression of HIV envelope (11).
In line with this finding, no fusion was observed when CD4-
negative HeLa cells were substituted for the P4 cells in our
assay. These results establish that both HIV gpl20 and CD4
are involved in the HIV fusion-from-without process.
The mechanism by which fusion of receptor-bearing cells

can be directly induced by viral particles (fusion from without)
is not well understood. Newcastle disease virus mutants that
retain one or the other of the two modes of fusion have been
described. These studies have suggested that the ability of
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virions to induce fusion from without correlates with increased
affinity for the receptors and with low neuraminidase activity of
the hemagglutinin-neuraminidase envelope protein. With
visna virus, distinct epitopes in the envelope glycoprotein
appear to be responsible for fusion from without and for
induction of neutralizing antibodies (6). For HIV, however, we
show here that an antibody to the V3 loop, known to neutralize
both virion infectivity and fusion resulting from expression of
the HIV envelope at the surface of cells (fusion from within),
can neutralize fusion from without at concentrations equiva-
lent to those necessary to obtain inhibition of fusion from
within but much higher than the minimal concentration re-
quired to neutralize virion infectivity. The V3 loop of the
HIV-1 envelope is not involved in receptor binding but appears
to be essential for a step that follows interaction with the
receptor and that leads to membrane fusion (5).
Two types of mechanisms could be invoked in the process of

particle-directed fusion. The first and more direct mechanism
would involve particles fusing simultaneously to two adjoining
cells, in effect creating a bridge between these two cells and
promoting their fusion. Alternatively, it can be proposed that
cell-cell fusion occurs only after the membranes of envelope
glycoprotein-carrying particles have fused to target cell mem-
branes and subsequently allowed the envelope glycoprotein
complexes to diffuse freely in the phospholipid bilayer at the
surface of these cells, reproducing the situation found in cells
expressing the envelope glycoprotein and involved in a process
of fusion from within.
The importance of the ability of HIV particles to direct the

formation of syncytia in vivo has yet to be documented.
However, recent reports have emphasized the high concentra-
tion of HIV particles found in the lymphoid tissues of HIV-
infected patients even during the asymptomatic phase of the
infection. These particles appear to be trapped in the lymphoid
organs by dendritic cells (8, 22), which have been shown to be
able to transmit a productive, cytopathic infection to lympho-
cytes in tissue culture (3). Although HIV particles appear to
concentrate in the lymphoid organs of HIV-infected subjects,
fairly large numbers of particles can also be detected in their
peripheral blood, and most of these particles are replication
defective (23). Therefore, the observations reported here that
HIV particles can induce cell-cell fusion in a tissue culture
system in the absence of HIV gene expression and that
replication-defective HIV particles are able to promote cyto-
pathicity could be relevant to an in vivo situation and could
account at least in part for the depletion of CD4-positive cells
that is characteristic of HIV infection in humans (10).
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