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The membrane of human immunodeficiency virus type 1 (HIV-1) virions contains high levels of cholesterol
and sphingomyelin, an enrichment that is explained by the preferential budding of the virus through raft
microdomains of the plasma membrane. Upon depletion of cholesterol from HIV-1 virions with methyl-�-
cyclodextrin, infectivity was almost completely abolished. In contrast, this treatment had only a mild effect on
the infectiousness of particles pseudotyped with the G envelope of vesicular stomatitis virus. The cholesterol-
chelating compound nystatin had a similar effect. Cholesterol-depleted HIV-1 virions exhibited wild-type
patterns of viral proteins and contained normal levels of cyclophilin A and glycosylphosphatidylinositol-
anchored proteins. Nevertheless, and although they could still bind target cells, these virions were markedly
defective for internalization. These results indicate that the cholesterol present in the HIV-1 membrane plays
a prominent role in the fusion process that is key to viral entry and suggest that drugs capable of disturbing
the lipid composition of virions could serve as a basis for the development of microbicides.

The lipid composition of the membrane of human immuno-
deficiency virus type 1 (HIV-1) differs significantly from that of
the plasma membrane, displaying an unusually high content of
cholesterol and sphingomyelin (5). HIV-1 particles also carry
a number of cellular glycosylphosphatidylinositol (GPI)-an-
chored proteins on their surface (43) and in contrast lack
molecules such as CD45 (40). This incorporation of particular
cell membrane constituents is likely to be a direct consequence
of the preferential budding of HIV-1 through so-called raft
microdomains of the plasma membrane (40, 42).

Found in all mammalian cells, rafts are detergent-insoluble
glycolipid- and cholesterol-enriched microdomains (also known
as DIG or GEM), where GPI-anchored, doubly acylated and
palmitoylated proteins are concentrated (for recent reviews,
see references 9, 55, and 56). Rafts have been proposed to
function as platforms for the assembly of membrane-associated
macromolecular complexes that are at the heart of biological
processes as diverse as signal transduction, T-cell activation,
and virus budding (8, 9). Cholesterol plays a central function in
these events in particular by maintaining sphingolipid rafts in a
functional state, and its homeostasis is tightly regulated (10,
56).

Several membrane-associated HIV-1 proteins, including
Nef, Gag, and Env, partition with rafts (40, 51, 65). While in
the case of Gag this probably explains the site of virus budding
(40, 42), the palmitoylation of the gp160 envelope glycoprotein
of HIV-1 was recently shown to govern its raft association and
to be critical for viral infectivity (51). The convergence of viral
structural proteins in membrane microdomains thus appears to

be important for particle assembly. In return, it is tempting to
postulate that the resulting lipid composition of the viral mem-
brane plays a role in some aspect of the viral life cycle. The
results presented here indicate that this is indeed the case.

MATERIALS AND METHODS

Cells and viruses. HeLa P4 (14), HeLa P4-CCR5 (provided by O. Hartley,
Geneva, Switzerland), and 293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum. Single-
round infectious assays were performed on the long terminal repeat (LTR)-lacZ-
containing CD4� HeLa P4 cells derivatives as previously described (3). R9 is a
full-length X4-tropic HIV-1 molecular clone (18). R8BaL is a full-length R5-
tropic HIV-1 molecular clone in which the X4-tropic envelope of R9 has been
replaced by the R5-tropic envelope of strain HIV-1BaL.

Wild-type, envelope-defective, and vesicular stomatitis virus (VSV) G-pseu-
dotyped viruses were prepared by transfection of 293T cells with R9 (or R8BaL),
R9�Env (62), and R9�Env plus pMD.G (39), respectively. Virus-containing
supernatants were subjected to low-speed centrifugation to remove cells and
debris, filtered through a 0.45-�m nitrocellulose filter, and concentrated by
ultracentrifugation at 26,000 rpm in an SW28 rotor for 90 min at 4°C. Viral
pellets were resuspended in DMEM.

Wild-type, envelope-defective, and VSV G-pseudotyped green fluorescent
protein (GFP)-labeled HIV-1 particles were prepared by transfection of 293T
cells with R9 plus WXXF-GFP (63), R9�Env plus WXXF-GFP, and R9�Env
plus pMD.G plus WXXF-GFP, respectively. Virus-containing supernatants were
incubated with 10 mM methyl-�-cyclodextrin (Sigma-Fluka) or with phosphate-
buffered saline (PBS) as a diluent control for 30 min at 37°C, loaded onto a 20%
sucrose cushion, and ultracentrifuged at 26,000 rpm in an SW28 rotor for 90 min
at 4°C. Virus stocks were normalized by their reverse transcriptase activity prior
to infection.

To prepare cholesterol-depleted purified HIV-1 virions, concentrated virus
stocks were incubated with 10 mM methyl-�-cyclodextrin or with PBS for 30 min
at 37°C, cooled on ice, loaded onto a 20 to 60% sucrose gradient, and ultracen-
tifuged at 24,000 rpm in an SW41 rotor for 16 h at 4°C. An aliquot of the
harvested 1-ml fractions was lysed in 1% Triton for 30 min at 4°C and used to
measure refraction index and reverse transcriptase activity. Pooled fractions
corresponding to intact virions (peak of reverse transcriptase) were used to infect
HeLa P4 (R9) or HeLa P4-CCR5 (R8BaL) cells.

For [3H]cholesterol labeling of viruses, approximately 2 � 106 293T cells
plated on a 10-cm-diameter dish were incubated for 12 h posttransfection with 50
�Ci of [1�,2�-3H]cholesterol in complete DMEM for an additional 24 h. Virus-
containing supernatants were treated or not with cyclodextrin and purified by
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ultracentrifugation through a 20% sucrose cushion at 13,000 rpm for 3 h at 4°C.
The supernatant was lysed in 1% Triton, the viral pellet was resuspended in
PBS–1% Triton, and radioactivity was quantified by scintillation counting. For
nystatin treatment, viral supernatant were incubated with nystatin (Sigma-Fluka)
or dimethyl sulfoxide as a diluent control for 30 min at 37°C, and viruses were
purified by ultracentrifugation through a 20% sucrose cushion at 45,000 rpm in
SW55 Beckman rotor for 1 h at 4°C.

Protein analysis. Viral protein analyses were performed on pooled sucrose
gradient-purified virions, subjecting samples containing equivalent amounts of
reverse transcriptase to 5% to 20% gradient sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by Western blotting with the
following antibodies: cyclophilin A, anti-human cyclophilin A (Upstate Biotech-
nology Incorporated); matrix (MA) and integrase (IN), rabbit polyclonal antisera
(19); capsid (CA), mouse monoclonal antibody (obtained through the National
Institutes of Health AIDS Reagent Program from J. Allan); gp120, pool of two
monoclonal antibodies (2342 and 2343, obtained through the National Institutes
of Health AIDS Reagent Program from K. Ugen and D. Weiner); and gp41,
mouse monoclonal antibody (provided by P. Cosson). The horseradish peroxi-
dase-labeled secondary antibody was revealed by enhanced chemiluminescence
(Amersham Pharmacia).

To examine the GPI-anchored protein content of virions, particles produced in
Jurkat cells were either left untreated or incubated with methyl-�-cyclodextrin
(10 mM, 30 min at 37°C) or phospholipase C (ICN Biomedical; 6 U/ml, 2 h at
37°C), purified by ultracentrifugation through a 20% sucrose, and analyzed by
Western blot with proaerolysin and anti-proaerolysin antibodies as described (1).

Virus binding and internalization measurements. HeLa P4 cells were seeded
at 2 � 105 cells/well in 12-well plates 24 h before infection. To measure attach-
ment, cells were incubated for 1 h at 4°C before exposure to virus. Equivalent
amounts of reverse transcriptase (corresponding to a multiplicity of infection of
0.1 for the wild-type virus) of gradient-purified virus were added to target cells at
4°C for 1 h, and cells were washed five times with ice-cold PBS and treated or not
with 0.25% trypsin for 10 min at 37°C to remove surface-bound virus. After
neutralization of the protease activity with fetal calf serum-containing DMEM,
cells were washed twice with PBS and lysed in 200 �l of ice-cold PBS containing
0.5% Triton.

To measure internalization, the same conditions were used except that upon
removal of unbound virus, cells were transferred to 37°C for 2 h before trypsin
treatment and lysis as for the binding assay. At the end of each procedure,
cell-associated virus was quantified by measuring the amount of p24 CA in the
lysate by enzyme-linked immunosorbent assay (ELISA) (NEN Life Sciences).

Confocal microscopy. HeLa P4 cells were grown to 70% confluence on 12-mm-
diameter glass coverslips in 12-well plates. To measure attachment, cells were
incubated for 1 h at 4°C prior to virus exposure. Equivalent amounts of reverse
transcriptase (corresponding to a multiplicity of infection of 1 for the wild-type
virus) were added to target cells at 4°C for 1 h, cells were washed four times with
ice-cold PBS–2% bovine serum albumin, labeled with tetramethylrhodamine-
conjugated concanavalin A (TAMRA-ConA; Molecular Probes) for 2 min on
ice, washed again four times, and fixed in 4% formaldehyde for 20 min at room
temperature.

To measure internalization, virus was added to target cells at room tempera-
ture, and incubation was pursued at 37°C for 2 h. Cells were then washed four
times with ice-cold PBS-2% bovine serum albumin and labeled with TAMRA-
ConA as described above. When indicated, virus was added to target cells on ice
in the presence of Texas Red-conjugated transferrin (Molecular Probes) to label
endosomes. Incubation was performed at 37°C for either 20 min or 2 h, and cells
were washed four times in PBS–2% bovine serum albumin and fixed in 4%
formaldehyde for 20 min at room temperature.

CD4 labeling was performed on fixed cells with the CD4 antiserum 806
(obtained through the National Institutes of Health AIDS Research Program
from R. Sweet) followed by an Alexa 568-conjugated secondary antibody. After
washing in PBS, coverslips were secured to microscope slides with Mowiol as the
mounting medium, and confocal microscopic analyses were performed on a
confocal laser scanning fluorescence-inverted microscope (LSM 510; Zeiss).
Each time, the two channels were recorded either together or independently to
ensure the absence of interference between the channels. For each condition, we
employed a Z stage motor to generate 12 to 16 cross-sectional planes of 0.4 �m
in size on five different areas of each slide. The most representative sections are
shown.

Monitoring of reverse transcription by PCR. The intracellular accumulation of
HIV-1 reverse transcripts was monitored essentially as previously described (3),
exposing 4 � 105 HeLa P4 cells to DNase I-treated gradient-purified viral stocks
containing equivalent amounts of reverse transcriptase, corresponding to a mul-
tiplicity of infection of 0.1 for the control virus, in the presence of 50 �M

azidothymidine (AZT) where indicated. At the indicated times postinfection,
cells were washed three times in PBS, treated with 0.25% trypsin for 10 min at
37°C, washed twice more, and lysed with the DNeasy kit lysis buffer (Qiagen
AG). PCR amplification was performed with HIV- and �-globin-specific primers
as previously described (3).

RESULTS

Depletion of viral membrane cholesterol strongly decreases
HIV-1 infectivity. As a first step towards investigating a poten-
tial role for the particular lipid composition of the HIV-1
membrane, we exposed purified virions to the drug methyl-�-
cyclodextrin, known to extract cholesterol from membranes
(46). Methyl-�-cyclodextrin was equally efficient at removing
cholesterol from wild-type HIV-1 virions and from particles
pseudotyped with VSV G (Fig. 1A). In both cases, incubation
of [3H]cholesterol-labeled virus with concentrations of methyl-
�-cyclodextrin ranging from 2 to 20 mM led to a progressive
loss of particle-associated [3H]cholesterol, with a reciprocal
increase in the amount of free [3H]cholesterol released in the
supernatant of pelleted virions (not shown).

We then measured the infectivity of the methyl-�-cyclodex-
trin-treated virions through a single-round assay with CD4�

HeLa cells as the targets (Fig. 1B). For wild-type HIV-1, the
drug-induced release of cholesterol correlated with a dramatic
loss of infectivity. Incubation with 2 mM methyl-�-cyclodex-
trin, which removed between 10% and 20% of the virion-
associated cholesterol (Fig. 1A), resulted in an 80 to 90%
diminution in titer, and with 10 mM methyl-�-cyclodextrin,
infectivity dropped by more than a hundredfold (Fig. 1B).
Methyl-�-cyclodextrin had a strikingly less severe impact on
the infectivity of VSV G-pseudotyped virions, with a mild de-
crease that stabilized at 25% of the control for 20 mM methyl-
�-cyclodextrin. Treatment with 50 mM methyl-�-cyclodextrin
led to complete loss of infectivity of VSV-pseudotyped HIV
particles (data not shown), suggesting that, at this dose, meth-
yl-�-cyclodextrin has deleterious consequences for virus stabil-
ity and/or structure. Therefore, all subsequent experiments
were performed with 10 mM methyl-�-cyclodextrin.

Since the infectivity of VSV G-pseudotyped virions was 10-
fold higher than that of those bearing HIV-1 Env, one possi-
bility to explain the mild effect of methyl-�-cyclodextrin treat-
ment could be that higher concentrations of drug are required.
In order to address this question, we produced VSV G-pseu-
dotyped virions with an infectious titer comparable to that of
HIV-1 virions by performing transfections with decreasing
amounts of VSV G-expressing plasmid (Fig. 1C). In the exper-
iment shown in Fig. 1C, we obtained a titer of 4.5 � 10�2

infectious units/cpm for HIV-1 virions and titers ranging from
2.7 � 10�2 to 1.8 � 10�3 infectious units/cpm for VSV G-
pseudotyped HIV virions. Incubation with 10 mM methyl-�-
cyclodextrin resulted in a 1.8- to 4.5-fold diminution in titer for
VSV G-pseudotyped virions, whereas in similar conditions
the infectivity of methyl-�-cyclodextrin-treated HIV-1 viri-
ons dropped by a thousandfold. These results showed that
the dramatic effect of methyl-�-cyclodextrin treatment on
HIV-1 infectivity is not due to its lower infectious potency
compared to that of VSV G-pseudotyped particles.

When HIV virions were purified on a sucrose gradient after
10 mM methyl-�-cyclodextrin treatment, the inhibitory effect
of the drug was confirmed for both X4 (R9)- and R5 (R8BaL)-
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tropic viruses (Fig. 1D). With this purification procedure, all
effect of methyl-�-cyclodextrin on VSV G-pseudotyped virions
was obliterated (Fig. 1D, right panel). This suggests that the
small inhibition detected with less extensively purified material
(Fig. 1B and 1C) reflected a nonspecific disruption of the
virions at high methyl-�-cyclodextrin concentrations. More-
over, HIV-1 infectivity was also dramatically decreased when
SupT1 CD4� lymphoid cells and primary T lymphocytes were
used as targets (data not shown).

Incubation of HIV-1 virions with increasing concentrations
of nystatin, a cholesterol-chelating agent known to disperse
raft contents (50), also resulted in a dramatic reduction of HIV
infectivity (Fig. 1E). As observed with methyl-�-cyclodextrin,
nystatin had only a mild effect on VSV G-pseudotyped parti-
cles.

Cholesterol-depleted HIV-1 virions exhibit normal protein
profiles. In order to examine further the effects of cyclodextrin
on HIV-1 particles, we purified control and 10 mM methyl-�-
cyclodextrin-treated virions on sucrose gradients and com-
pared their density profiles and protein contents (Fig. 2).
Methyl-�-cyclodextrin treatment of viral particles led to the
release of some reverse transcriptase activity in the low-density
fractions of the gradient, indicating that a portion of the virions
were completely disrupted. However, for both control and
methyl-�-cyclodextrin-treated samples, a prominent peak of
reverse transcriptase activity was detected at a density between
1.14 and 1.18 g/ml, typical of HIV-1 virions (Fig. 2A).

The same kind of pattern was observed in the density pro-
files of sucrose gradient-purified methyl-�-cyclodextrin-treated
M-tropic and VSV G-pseudotyped HIV-1 particles (not illus-
trated). When we analyzed the peak fractions of the gradients
by Western blotting with various antibodies (Fig. 2B), we de-
tected no difference between control and methyl-�-cyclodex-
trin-treated virions in all the major viral proteins, including
Env (gp120 and gp41), IN, CA, and MA. Methyl-�-cyclodex-
trin-treated virions also contained wild-type amounts of cyclo-
philin A, a cellular protein that is recruited in virions by CA
(17, 60).

GPI-anchored proteins preferentially associate with the lipid
raft microdomains of the plasma membrane and as a conse-
quence decorate the surface of outgoing HIV-1 particles (40).
The removal of membrane cholesterol by methyl-�-cyclodex-
trin can induce the release of GPI-anchored molecules from
the surface of murine T lymphocytes (21). This suggested that
the methyl-�-cyclodextrin treatment of HIV-1 virions could
similarly affect their GPI-linked protein content. We addressed
this possibility by Western blot analysis, using as a probe the
bacterial protoxin proaerolysin, which specifically binds to the
glycosyl moiety of GPI-anchored proteins (1, 2, 15) (Fig. 2C).
No significant difference was detected between control and
methyl-�-cyclodextrin-treated virions in this assay either. Im-
portantly, the proaerolysin-mediated signal was completely
eliminated after treating virions with phospholipase C, an en-
zyme that cleaves the GPI anchor. Finally, electron microscopy
analyses did not reveal any significant difference between
methyl-�-cyclodextrin-treated and control virions (data not
shown).

Cholesterol-depleted HIV-1 particles are defective for inter-
nalization. Viral entry is a multistep process that involves the
binding of the viral particle to the cell surface, the fusion of the

FIG. 1. Alteration of viral membrane cholesterol strongly de-
creases HIV-1 infectivity. (A and B) [3H]cholesterol-labeled wild-type
(R9) and VSV G-pseudotyped (R9�E/VSV G) virions were treated
with increasing concentrations of methyl-�-cyclodextrin (CD). (A) Vi-
rions were subsequently concentrated by ultracentrifugation, and the
amounts of pelletable and free [3H]cholesterol were determined by
scintillation counting. For “pellets,” the numbers on the ordinate cor-
respond to the ratio of pelleted to pelleted plus free cholesterol.
(B) Infectivity of the above virions was determined in a single-round
assay on CD4� HeLa P4 cells. Results are representative of at least
five experiments. Infectivity of the untreated virus was given in each
case the arbitrary value of 100%. (C) Infectivity of wild-type (R9) and
VSV G-pseudotyped (R9�E/VSV G) virions produced by transfection
with decreasing amounts of VSV G-expressing plasmid: 10 �g and 0.5
�g for R9�E/VSV G0.1 and R9�E/VSV G.2, respectively. Viral su-
pernatants were treated or not with 10 mM methyl-�-cyclodextrin and
concentrated by ultracentrifugation, and virion infectivity was deter-
mined on HeLa P4 cells. (D) Infectivity of control and cholesterol-
depleted virions purified on a sucrose gradient after treatment with 10
mM methyl-�-cyclodextrin, expressed in infectious units per unit of
reverse transcriptase activity. Infectivity of R9 and R9�E/VSV G viri-
ons was measured on HeLa P4 cells, while R8BaL virions were tested
on HeLa P4-CCR5 cells. (E) Virus supernatants were treated with in-
creasing concentrations of nystatin and purified by ultracentrifugation
through a 20% sucrose cushion. Infectivity was determined as de-
scribed for panel B.
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viral and cellular membranes, and finally the delivery of the
viral inner components into the cytoplasm of the target cell. In
order to determine whether viral membrane cholesterol plays
a role in this sequence of events, we first used a modified
version of an entry assay that dissects binding and fusion (52).
Two studies have reported that when target cells are exposed
to high doses of HIV, a significant fraction of virions are
internalized by endocytosis and are subsequently degraded (35,
53). In order to minimize background due to this nonspecific
process, infections were performed at a multiplicity of infec-
tion of 0.1. Virus attachment was measured at 4°C, a temper-
ature at which both membrane fusion and endocytosis are very
ineffective; virus internalization was then examined by incubat-
ing the virus-cell mixture at 37°C. In either case, trypsin was
used to remove virions that were surface bound but not inter-
nalized. CD4� HeLa cells served as targets, and an envelope-
defective mutant (R9�E) was included as a negative control,
the values for which could be subtracted from those obtained
with the test viruses and represented the extent of nonspecific
endocytosis in our assay conditions.

Methyl-�-cyclodextrin treatment induced an approximately
2.5-fold decrease in the ability of HIV-1 particles to bind target
cells, indicating that it only slightly perturbed the ability of the
viral envelope to interact with its cell surface receptors (Fig. 3).
The cholesterol-depleted virions, however, were markedly de-

FIG. 2. Cholesterol-depleted purified particles exhibit normal pro-
tein profile. (A) Reverse transcriptase (RT) activity in sucrose density
gradient fractions of native and methyl-�-cyclodextrin-treated R9
HIV-1 virions. (B) Immunoblot analysis with the indicated antisera of
pooled fractions corresponding to intact virions of untreated (0 mM
methyl-�-cyclodextrin [CD]) and methyl-�-cyclodextrin-treated (10
mM methyl-�-cyclodextrin) R9. Cyp A, cyclophilin A. (C) GPI-an-
chored protein profile of untreated, methyl-�-cyclodextrin-treated,
and phospholipase C (PLipase)-treated virions with the proaerolysin/
anti-proaerolysin overlay procedure (top). The same membrane was
probed by Western blotting with an anti-CA antibody (bottom).

FIG. 3. Cholesterol-depleted particles show a strong internaliza-
tion defect. Virus attachment and internalization measured on HeLa
P4 cells for wild-type (R9) and envelope-defective (R9�E) viruses
after treatment of the virions with cyclodextrin (CD) where indicat-
ed. Results are representative of four independent experiments. The
multiplicity of infection was 0.1. After binding (at 4°C) or internaliza-
tion (at 37°C), cells were exposed to trypsin (�TRYP) or to PBS
(�TRYP). The amount of cell-associated p24 after incubation with
wild-type virus at 4°C was given the arbitrary value of 100%.

VOL. 76, 2002 VIRAL MEMBRANE CHOLESTEROL AND HIV-1 ENTRY 10359



fective for internalization, with less than 5% residual activity
compared with the untreated virus.

To illustrate further the defect in internalization observed
with cholesterol-depleted HIV particles, we analyzed the bind-
ing and internalization of GFP-labeled virions by confocal mi-
croscopy (Fig. 4, 5 and 6). For this, viruses were produced from
cells expressing a GFP derivative carrying a Vpr-binding tag,
allowing the incorporation of this fusion protein into the viral

particles and the subsequent visualization of internalized viral
nucleoprotein complexes by confocal microscopy, as described
previously (63).

In a first set of experiments, wild-type, methyl-�-cyclodex-
trin-treated, and envelope-defective HIV viruses were tested in
parallel with CD4� HeLa cells as targets. Inocula contained
equivalent amounts of reverse transcriptase for each virus,
corresponding to a multiplicity of infection of 1 for the un-
treated wild type. Virus attachment was examined at 4°C, while
virus entry was monitored after 2 h of incubation at 37°C. After
fixation with formaldehyde, a CD4-specific antibody was used
to stain receptor molecules associated with the cell surface.

When infection was performed at 4°C, both cholesterol-
depleted and control particles were detected at the cell mem-
brane, partly colocalizing with CD4 (Fig. 4A and 4C). At 37°C,
wild-type-infected cells exhibited prominent intracellular green
spots, corresponding to internalized viral nucleoprotein com-
plexes (Fig. 4B). In contrast, with cholesterol-depleted parti-
cles, small green dots were detected almost exclusively at the
cell periphery, with very little intracellular GFP signal (Fig.
4D). The control envelope-defective virus induced a minimal
degree of fluorescent signal after infection at either 4 or 37°C

FIG. 4. Confocal microscopic analysis of virus attachment and in-
ternalization. GFP-labeled wild-type (A and B), methyl-�-cyclodex-
trin-treated (C and D), and envelope-defective (E and F) viruses were
used to infect CD4� HeLa cells. Inocula contained equivalent amounts
of reverse transcriptase corresponding to a multiplicity of infection of
1 for the wild-type untreated control. (A, C, and E) Virus attachment,
assessed after incubating the virus with the cells at 4°C for 1 h. (B, D,
and F) Virus internalization, examined after 2 h at 37°C. CD4 staining
(red) was performed after fixation and without permeabilization to
label only molecules present at the cell surface.

FIG. 5. Confocal microscopic analysis of intracellular virus. GFP-
labeled wild-type (A) and methyl-�-cyclodextrin-treated (B) HIV-1
particles and R9�E/VSV G (C) and methyl-�-cyclodextrin-treated
R9�E/VSV G (D) viruses were used to infect CD4� HeLa cells.
Inocula contained equivalent amounts of reverse transcriptase corre-
sponding to a multiplicity of infection of 1 for the wild-type untreated
control. Virus internalization was examined after 2 h at 37°C. TAMRA-
ConA was used to stain cell membranes.
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(Fig. 4E and 4F). With this virus, multiplicities of infection of
at least 100 had to be used to recover an intracellular signal
(not illustrated), confirming that nonspecific virion endocytosis
did not significantly affect our results.

A second set of experiments were also performed, testing in
parallel wild-type HIV-1 or VSV G-pseudotyped particles,
with or without methyl-�-cyclodextrin treatment, and enve-
lope-defective viruses as negative controls, with the same tar-
gets as in Fig. 4 (Fig. 5 and 6). First, TAMRA-ConA was used
to label the cell surface (Fig. 5). As already observed in Fig. 4,
when infections were performed at 4°C, both control and cho-
lesterol-depleted particles were detected at the cell membrane
(data not shown). At 37°C, cells exposed to wild-type HIV-1
exhibited prominent intracellular fluorescent dots (Fig. 5A),
whereas with cholesterol-depleted particles, the GFP signal
was detected mostly at the cell periphery and minimally inside
the cells (Fig. 5B). When cells were infected with VSV G-
pseudotyped virions, GFP fluorescent spots were prominent in
the cell cytoplasm, with or without prior methyl-�-cyclodextrin
treatment (Fig. 5C and 5D).

To examine further the potential interference of nonspecific

endocytosis with our assay, virus internalization was examined
at a higher multiplicity of infection (10 infectious units per cell)
in the presence of Texas Red-conjugated transferrin to label
endosomes (Fig. 6). Internalization was extremely rapid with
VSV G-pseudotyped particles, inducing a strong intracellular
GFP signal that was visible after only 20 min, whether or not
methyl-�-cyclodextrin had been used (Fig. 6A and 6B). With
this virus, similar images were obtained after 2 h (data not
shown). Based on the analysis of four independent Z stacks
containing an average of 10 cells per stack, the percentage of
GFP molecules colocalizing with transferrin at 20 min was
29.15% (� 5.52%) and 34.35% (� 12.71%) for wild-type and
methyl-�-cyclodextrin-treated VSV G-pseudotyped virions, re-
spectively. These values suggest that cyclodextrin treatment
had no impact on the ability of VSV G-pseudotyped virions to
enter target cells by endocytosis.

With the wild-type HIV-1 virions, very few GFP-labeled
particles were detected inside the cells after 20 min (data not
shown). At 2 h, the intracellular virus-specific signal was prom-
inent for the untreated virus (Fig. 6C) and less important for
the methyl-�-cyclodextrin-treated virions, which remained
mostly peripheral (Fig. 6D). Still, in both cases, some intracel-
lular virus colocalizing with transferrin was observed. Based on
the analysis of seven independent Z stacks containing an av-
erage of eight cells per stack, the percentage of colocaliza-
tion between the GFP and transferrin signals was 17.14%
(� 8.07%) and 26.68% (� 5.58%) of the total signal for the
wild-type and methyl-�-cyclodextrin-treated HIV-1 virions, re-
spectively. Thus, with cholesterol depletion, nonspecific endo-
cytosis is not only not prevented, but also ends up representing
a greater proportion of the total virus-specific signal.

To ascertain that the loss of infectivity of methyl-�-cyclodex-
trin-treated HIV-1 resulted from an entry problem, we moni-
tored by PCR the synthesis of viral reverse transcripts in newly
infected cells (Fig. 7). At 2 h postinfection, wild-type-infected
cells exhibited readily detectable levels of minus-strand strong-
stop DNA, the earliest product of reverse transcription ampli-
fied here by the R/U5 primer pair. At 5 h postinfection, these
cells further started to accumulate late reverse transcripts syn-
thesized after the second of the two reverse transcriptase tem-

FIG. 6. Assessment of viral endocytosis. GFP-labeled wild-type
R9�E/VSV G (A), methyl-�-cyclodextrin-treated R9�E/VSV G (B),
wild-type HIV-1 (C), and methyl-�-cyclodextrin-treated HIV-1 (D) vi-
ruses were used to infect CD4� HeLa cells. Inocula contained equiv-
alent amounts of reverse transcriptase corresponding to a multiplicity
of infection of 10 for the wild-type untreated control. Virus internal-
ization was performed in the presence of Texas Red-conjugated trans-
ferrin to label endosomes and examined after 20 min (A and B) or 2 h
(C and D) at 37°C.

FIG. 7. PCR-based monitoring of reverse transcription. HeLa P4
cells were infected with wild-type HIV-1 in the absence (R9) or pres-
ence (R9/AZT) of AZT or with cholesterol-depleted (R9�CD) virus.
The R/U5 primer pair amplifies the minus-strand strong-stop DNA,
while R/Gag detects late products generated after the second template
switch. �-Globin primers were used as a control to monitor the cellular
DNA content of lysate samples.
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plate switches leading to proviral DNA synthesis, amplified
here by the R/Gag primer pair. At 24 h, there was a slight
decrease in the total amount of viral DNA in wild-type-in-
fected cells, consistent with previous observations (25). This
decrease probably reflects the degradation of at least some
unintegrated DNA (25). In cells exposed to the cholesterol-
depleted virus and up to 24 h postinfection, no viral DNA was
detectable.

AZT treatment of wild-type-infected cells prevented the syn-
thesis of elongated reverse transcripts, confirming that these
products reflected de novo reverse transcription. However,
AZT did not affect the levels of minus-stand strong-stop DNA,
either because this particular DNA species was already present
in the virions (30, 61) or because AZT is a chain terminator,
the inhibitory effect of which is directly proportional to the
length of the synthesized DNA and hence has little impact on
very short reverse transcriptase products. In either case, the
finding of early reverse transcripts in wild-type-infected cells
but not in cells exposed to cholesterol-depleted virions con-
firms that the latter virus fails to enter its targets productively.

DISCUSSION

The HIV-1 envelope glycoprotein (Env) comprises a recep-
tor-binding surface moiety, gp120, noncovalently associated to
a fusogenic transmembrane protein, gp41, both assembled in
trimers. Env mediates HIV-1 entry, which can be divided into
three steps. First, the virus attaches to the cell surface through
the recognition and binding of specific cell surface receptors, in
particular CD4, by gp120. After a structural modification of
gp120 allowing the engagement of a coreceptor (most com-
monly the CCR5 or CXCR4 chemokine receptors), a confor-
mational change is triggered in gp41, revealing its fusogenic
potential. Finally, the viral and cellular membranes fuse with
each other to deliver the virion inner components into the
cytoplasm (16).

Here, we present a series of evidence demonstrating that
HIV-1 entry critically depends on the high cholesterol content
of the viral membrane, itself the result of the selective budding
of this virus through lipid rafts. Following treatment with mem-
brane cholesterol-extracting drugs such as methyl-�-cyclodex-
trin, HIV-1 virions could still bind target cells but could not be
internalized. We did not succeed in consistently reintroducing
the cholesterol in the membrane of methyl-�-cyclodextrin-
treated HIV-1 particles, which would have helped ascertain
that the loss of this lipid was solely responsible for this defec-
tive phenotype. However, biochemical and ultrastructural
analyses revealed that the treated virions did not present ob-
vious defects in their structure and protein content. Further-
more, the conserved infectivity of the methyl-�-cyclodextrin-
or nystatin-treated VSV G-pseudotyped virus indicates that
these drugs did not cause a disruption of the virions and in-
hibited no replication step other than viral entry. Our results
are in agreement with the recent study of Zheng et al., who
showed that Nef increases virion infectivity in a manner that
depends on cholesterol and GM1 in lipid rafts (70), and con-
firm the previously described importance of rafts in HIV-1
infectivity (29, 42).

How to explain the cholesterol requirement for HIV-1 en-
try? Cholesterol depletion of HIV-1 virions does not signifi-

cantly affect the virus’s ability to bind target cells. It could thus
be that the gp41 conformational change that initiates fusion is
critically affected by the lipid composition of the membrane
holding the membrane-spanning domain of Env. In particular,
the triple coiled-coil, six-helix bundle structure that results
from the juxtaposition of three gp41 “fusion peptides” and
whose formation is rate limiting for fusion may be stabilized in
the context of a cholesterol-rich, highly organized lipid bilayer
(12, 38, 66). Furthermore, membrane fusion is a cooperative
process, and it is currently estimated that four to six corecep-
tors (27), multiple CD4 molecules (28), and from three to six
Env trimers are needed to form a fusion pore. The lateral
movements of Env implied by this model, with a possible “cap-
ping” of the virus at the virus-cell interface by juxtaposed Env
trimers, may be facilitated in the context of a membrane that
contains a high cholesterol/phospholipid ratio.

By analogy, cyclodextrin-induced cholesterol depletion of
target cell membrane has been shown to inhibit HIV entry (29,
33), and this blockade correlated with a loss of the gp120-
induced lateral association of CD4 and CXCR4 (33). A similar
type of requirement may apply to the viral membrane. Finally,
the altered fluidity of the cholesterol-depleted viral membrane
could prevent its fusion with the cell membrane in spite of a
successful deployment of the gp41 fusion peptide. It could be
argued that the minimal effect of cholesterol depletion on the
infectivity of HIV (VSV G) pseudotypes and on their efficiency
of entry into target cells makes this last hypothesis less likely.
However, in this case, fusion occurs in the endosome, where
requirements may differ somewhat.

A recent study found that the infectivity of Moloney murine
leukemia virus was more severely affected by cholesterol de-
pletion when the particles were coated with VSV G than with
the ecotropic envelope protein (45). Although Moloney mu-
rine leukemia virus and HIV may have distinct requirements,
we note that in this other study, methyl-�-cyclodextrin treat-
ment was performed on producer cells and not on viral parti-
cles, drug concentrations (up to 2.5 mM) were lower than in
our experiments, and virions were not gradient purified. Here,
we found that the infectivity of gradient-purified methyl-�-
cyclodextrin-treated VSV G-pseudotyped HIV particles did
not differ significantly from that of untreated virus.

While a number of studies have examined the importance of
the lipid composition of target cell membranes in the entry of
various enveloped viruses (4, 6, 7, 20, 23, 31, 41, 59, 67), this
question has seldom been directed at the viral membrane. The
lipid composition of viral membranes has been the focus of
extensive investigations and for a number of viruses, including
retroviruses, has been shown to differ from that of the host
plasma membrane ((37, 44, 47, 48, 58; reviewed in reference 4).
Lipid rafts likely constitute the preferential site of assembly
and release of several enveloped viruses besides HIV-1, includ-
ing orthomyxoviruses such as influenza virus (54, 69) and
paramyxoviruses such as measles virus (34, 64). Plasma mem-
brane cholesterol is also important for the budding of alpha-
viruses like Semliki Forest virus and Sindbis virus (31, 32, 36).

Very recently, Bavari et al. identified rafts as the gateways
for the entry and exit of filoviruses such as Ebola and Marburg
viruses (6). It is therefore noteworthy that influenza virus, the
paramyxoviruses, and Ebola virus use the same fusion mecha-
nism as HIV-1, all having envelope glycoproteins that form
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six-helix bundles bringing the fusion peptide (and the cellular
membrane) in close proximity to the transmembrane domain
(and the viral membrane) (reviewed in references 13 and 57).
Based on these similarities, it would be interesting to test
whether entry of these other viruses also depends on the pres-
ence of cholesterol in their lipid bilayer.

Peptides and small-molecule inhibitors that block viral fu-
sion by interfering with the conformational change of gp41 to
a fusion-active state have recently been described (11, 22, 26,
49, 68). One such peptide, termed T20, has been shown to
reduce virus loads significantly in vivo and is currently in clin-
ical trials (24). By analogy, the results of the present study raise
the interesting possibility that drugs affecting the metabolism
of cholesterol might represent useful complements to currently
available antiviral therapies. The systemic administration of
drugs extracting membrane cholesterol could pose important
toxicity problems unless compounds that preferentially alter
viral rather than cellular membranes can be identified. How-
ever, the topical administration of such drugs may be less
problematic, implying that cholesterol-depleting substances
could serve as bases for the development of microbicides. In
that respect, the ability of nystatin to abolish HIV infectivity is
remarkable, because this polyene antibiotic has been used suc-
cessfully for many years for the topical treatment of vaginal
candidiasis. It may well be that its use or that of functionally
related compounds could be redirected to the prevention of
sexual HIV transmission. Testing this hypothesis in an animal
model such as the simian immunodeficiency virus-rhesus ma-
caque system is an obvious next step, the result of which might
open new perspectives for HIV prophylaxis.
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