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In this study we examined the effects of target membrane cholesterol depletion and cytoskeletal changes on
human immunodeficiency virus type 1 (HIV-1) Env-mediated membrane fusion by dye redistribution assays.
We found that treatment of peripheral blood lymphocytes (PBL) with methyl-B-cyclodextrin (MBCD) or cyto-
chalasin reduced their susceptibility to membrane fusion with cells expressing HIV-1 Env that utilize CXCR4
or CCRS. However, treatment of human osteosarcoma (HOS) cells expressing high levels of CD4 and core-
ceptors with these agents did not affect their susceptibility to HIV-1 Env-mediated membrane fusion. Removal
of cholesterol inhibited stromal cell-derived factor-la- and macrophage inflammatory protein 13-induced
chemotaxis of both PBL and HOS cells expressing CD4 and coreceptors. The fusion activity as well as the
chemotactic activity of PBL was recovered by adding back cholesterol to these cells. Confocal laser scanning
microscopy analysis indicated that treatment of lymphocytes with MBCD reduced the colocalization of CD4 or
of CXCR4 with actin presumably in microvilli. These findings indicate that, although cholesterol is not
required for HIV-1 Env-mediated membrane fusion per se, its depletion from cells with relatively low core-
ceptor densities reduces the capacity of HIV-1 Env to engage coreceptor clusters required to trigger fusion.
Furthermore, our results suggest that coreceptor clustering may occur in microvilli that are supported by actin

polymerization.

Human immunodeficiency virus type 1 (HIV-1) gains entry
into susceptible cells by fusion of the viral membrane with the
cell plasma membrane (8, 13). This process is mediated by the
interaction of the HIV-1 envelope (Env) glycoprotein with
CD#4 on the host cell surface and requires coreceptors, such as
CXCR4 or CCRS, that determine the tropism of different
HIV-1 isolates (4). The sequence of events leading to HIV-1
Env-mediated fusion is initiated by binding of the envelope
gp120 to the CD4 molecule, leading to conformational changes
in gp120, which results in engagement of the chemokine re-
ceptors with critical domains in gp120. The resultant conver-
sion of HIV-1 gp4l to a fusion-active state enables the expo-
sure of its fusion peptide domain. The triggering process
leading to conformational changes in HIV-1 Env protein ap-
pears to be a highly cooperative process that is affected by
receptor density as well as by Env-receptor affinity (17). Clus-
tering of a certain number of CD4 and coreceptor molecules is
presumed to be necessary for the efficient fusion of the viral
and host cell membranes (35). Since both gp120-CD4 and
gp120-chemokine receptor associations are reversible, the nec-
essary number of CD4 and chemokine receptor molecules
should almost simultaneously gather at the place of virus-host
cell membrane fusion. In experiments using cell lines, the
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HIV-1 Env-mediated fusion event may be facilitated by the
high expression of chemokine receptors and CD4 molecules on
the cell surface. In primary cells the lower number of chemo-
kine receptors (CD4* T cells) or CD4 molecules (macro-
phages) may be a limiting factor in the fusion pore formation
(16, 17). Therefore, in primary cells, existence of an active
mechanism for receptor clustering may be of particular impor-
tance.

Membrane microdomains or lipid rafts are regions of host
cell membrane enriched in glycosphingolipids, sphingomyelin,
cholesterol, glycophosphatidylinositol-anchored proteins, and
signaling proteins (25, 62). It has been hypothesized that these
rafts serve as sites for recruitment of gp120-gp41-CD4-core-
ceptor complexes in a limited area on the cell surface. There
are a number of observations that support such a model: (i)
CD4 molecules associate with rafts in the plasma membrane
(52); (ii) glycosphingolipids associate with CD4 (27, 67) and
with CXCR4 (66) on the membrane surface, and they play a
role in HIV-1 entry (29); (iii) membrane raft microdomains
mediate the acquisition of cell polarity and the asymmetrical
CCRS redistribution to the leading cellular edge (24, 43); (iv)
HIV-1 gp120-induced coclustering of CD4 and coreceptor into
domains enriched in GM1 is prevented by the removal of
cholesterol from cell plasma membranes (42, 57); and (v) de-
pletion of cholesterol from target cells inhibits their suscepti-
bility to HIV-1 infection (38, 42, 57). Since cholesterol plays a
key role in the maintenance of membrane raft microdomains,
it was argued that the inhibition of HIV-1 infection by choles-
terol depletion is due to the inability of CD4 and coreceptors
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to form clusters in the cholesterol-depleted cells. However,
alternative explanations regarding the role of cholesterol in
HIV-1 entry have been offered: (i) cholesterol is required for
HIV-1 Env-mediated membrane fusion (38) as is the case
for alphaviruses (33), (ii) cholesterol is required for proper
CXCR4 conformation and function (47), and (iii) removal of
cholesterol from cells is toxic and could have myriad effects on
cellular functions (34).

In previous studies effects of target cell cholesterol depletion
on susceptibility to HIV-1 infection or syncytium formation
(38, 42, 57) have been examined. However, in those assays
effects of target membrane cholesterol depletion may have
involved postfusion events. In this study we examined the di-
rect effects of target membrane cholesterol depletion on
HIV-1 Env-mediated membrane fusion by dye redistribution
assays developed in our laboratory (15, 45). We found that
cholesterol depletion of primary lymphocytes indeed reduces
their susceptibility to HIV-1 Env-mediated membrane fusion.
However, removal of cholesterol from cells expressing high
levels of CD4 and coreceptors did not affect their susceptibility
to HIV-1 Env-mediated membrane fusion despite the fact that
the chemotaxis function of these cells for coreceptor ligands is
impaired. Thus, our results suggest that cholesterol is required
for HIV-1 Env-mediated fusion of cells with low coreceptor
density.

It has been observed previously that HIV-1 gp120-induced
copatching of CD4 and CXCR4 is blocked by cytochalasin D
(30). Cytochalasins also inhibit HIV-1 Env-mediated mem-
brane fusion with T-cell lines (22, 23). To further explore the
relationship between cytoskeletal organization, receptor clus-
tering, and HIV-1 Env-mediated fusion, we examined effects of
cytochalasin treatment on HIV-1 Env-mediated fusion with
primary lymphocytes and coreceptor-overexpressing cell lines.
Based on the similar pattern of inhibition by cholesterol re-
moval and cytochalasin treatment, we propose a new model for
the role of CD4 and coreceptors in triggering the HIV-1 Env-
mediated fusion reaction.

(Preliminary data from this work have been presented at the
44th Annual Meeting of the Biophysical Society, 12 to 16
February 2000 [abstr. 344].)

MATERIALS AND METHODS

Materials. Antibodies and their sources were as follows: anti-CXCR4 immu-
noglobulin G (IgG; rabbit polyclonal antibody; Santa Cruz Biotechnology, Santa
Cruz, Calif.), anti-CD4 IgG (monoclonal antibody [MAb]; Novocastra Lab, New-
castle upon Tyne, United Kingdom), and anti-Zap-70 (mouse IgG2A; BD Trans-
duction Laboratories, Lexington, Ky.). For fluorescence-activated cell sorting
analysis the following antibodies were used: phycoerythrin (PE) anti-CXCR4
1gG (MAb; PharMingen, San Diego, Calif.), PE anti-CCRS5 IgG (MAb; Phar-
Mingen), and fluorescein isothiocyanate (FITC) anti-CD4 IgG (MAb; Phar-
Mingen). Recombinant HIV-1 gp120 (ITIB) was purchased from Intracell (Issa-
quah, Wash.). For cholesterol depletion and repletion, we used, respectively,
methyl-B-cyclodextrin (MBCD) and cholesterol-MBCD complexes purchased
from Sigma (St. Louis, Mo.). All other biochemicals used were of the highest
purity available and were obtained from regular commercial sources.

Cell cultures. Human CD3* CD4" peripheral blood T lymphocytes (PBL)
were obtained from healthy donors under National Institutes of Health (NIH)-
approved guidelines. Mononuclear cells were isolated by centrifugation of the
blood on a Ficoll-Hypaque gradient (Sigma), and CD4* lymphocytes were pu-
rified by using negative selection columns to yield >95% pure cell preparations
(Miltenyi Biotec, Auburn, Calif.). Before being used for the chemotaxis and cell
fusion experiments, PBL activated with phytohemagglutinin were further cul-
tured with 1,000 U of recombinant human interleukin 2 (PeproTech, Rocky Hill,
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N.J.) per ml for 10 to 14 days. Human osteosarcoma (HOS) cells that stably
express CD4 as well as CXCR4 or CCRS5 were obtained from the NIH AIDS
Research and Reference Reagent Program. HeLa cells expressing different lev-
els of CD4 and coreceptor were gifts from David Kabat (Oregon Health Sciences
University). HeLa cells were grown in Dulbecco modified Eagle medium plus
10% fetal bovine serum (FBS) (D10). HOS cells were grown in D10 plus 1 pg of
puromycin/ml. HIV-1 envelope proteins were transiently expressed on the sur-
face of HeLa cells with the recombinant vaccinia virus constructs vPE16 (IIIB,
CXCR4 utilizing) (19a) and vCB43 (5a) (Ba-L, CCRS utilizing) as described
previously (31a).

Preparation of detergent-resistant membrane (DRM) fractions. Plasma mem-
brane rafts were obtained as previously described (52). Briefly, primary lympho-
cytes were left untreated at 37°C or incubated with 10 pg of gp120/ml for 3 min
at 37°C. Activation was stopped by ice-cold phosphate-buffered saline (PBS)
washing followed by lysis at 4°C in a buffer containing 1.4 ml of 25 mM mor-
pholineethanesulfonic acid (MES; pH 6.5), 0.15 M NaCl, 1% (vol/vol) Triton
X-100, protease inhibitors (0.1 wg of phenylmethylsulfonyl fluoride/ml, 2 pg of
aprotinin/ml, 2 g of leupeptin/ml, 1 pg of pepstatin A/ml), and 1 mM sodium
orthovanadate. The lysate was then homogenized and adjusted to 40% sucrose.
A 5 to 30% linear sucrose gradient was formed above the homogenate. The
centrifugation was carried out at 45,000 rpm for 16 to 20 h in an SW60 rotor
(Beckman Instruments, Palo Alto, Calif.). A light scattering band confined to the
15 to 20% sucrose region was observed that contained lipid raft markers such as
CD4 (51) but excluded most other cellular proteins. From the top of each
gradient 0.35-ml fractions were collected to yield a total of 12 fractions. Proteins
were quantitated by the Peterson method (53a), separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and subjected to im-
munoblot analysis. Fractions 1 and 2 were generally lacking proteins and thus
were not subjected to SDS-PAGE. Fraction 12 represents the nuclear portion.

Immunoblot analysis. Cellular proteins were resolved by SDS-PAGE under
reducing conditions and transferred to nitrocellulose membranes. Blots were
incubated for 1 h in TBST (10 mM Tris-HCI [pH 8.0], 150 mM NaCl, 0.1%
Tween 20) containing 5% powdered skim milk. After three washes with TBST,
membranes were incubated for 1 h with the primary antibody (CD4 diluted
1:250, CXCR4 diluted 1:200, and Zap-70 diluted 1:5,000) in TBST and for 1 h
with a horseradish peroxidase-conjugated secondary antibody (diluted 1:3,000).
Immunoreactivity was detected by using an enhanced chemiluminescence detec-
tion kit (Pierce, Rockford, IIL.).

Chemotaxis assay. The migration of PBL, HOS-CD4/CXCR4, and HOS-CD4/
CCRS5 cells was assessed by a 48-well microchamber technique (3a). Different
concentrations of stromal cell-derived factor-la or macrophage inflammatory
protein 18 (MIP-1B) (PeproTech) were placed in the lower wells of the chamber.
The HOS cells (50 pl, 10°/ml) were loaded in the upper wells. The lower and
upper wells were separated by a polycarbonate filter (10-pm pore size; Neuro-
probe Inc., Gaithersburg, Md.) precoated with 50 pg of collagen type 1/ml for 2 h
at 37°C. The chamber was incubated at 37°C for 5 h in humidified air with 5%
CO,. At the end of the incubation, after removal of nonmigrating cells, the filter
was fixed and stained with Diff-Quik (Richard-Allen Scientific, Kalamazoo,
Mich.). By the use of three high-power fields under light microscopy, the cells
migrating across the filter were counted in triplicate with all samples coded. The
chemotaxis index was calculated as number of cells migrating to chemokines/
number of cells migrating to medium. The significance of the difference between
test and control groups was analyzed by a paired Student’s ¢ test.

HIV-1 envelope glycoprotein-mediated cell-cell fusion. Target cells were la-
beled with the cytoplasmic dye 5- and 6-([(4-chloromethyl)benzoyl]-amino)tetra-
methylrhodamine (CMTMR) at a concentration of 1.5 uM for 1 h at 37°C.
Envelope-expressing cells were labeled with calcein AM at a concentration of
1 pM for 1 h at 37°C. Calcein-labeled effector cells were cocultured with
CMTMR-labeled target cells for 2 h at 37°C, and dye redistribution was moni-
tored microscopically as described previously (29). The extent of fusion was
calculated as percent fusion = 100 X number of bound cells positive for both
dyes/number of bound cells positive for CMTMR.

Flow cytometry. The cells were harvested with cell dissociation buffer from
Gibco/BRL (Gaithersburg, Md.), centrifuged at 450 X g, and resuspended at 10°
cells/ml in PBS with 5% FBS and 5% normal mouse serum. After incubation for
15 min at 4°C, cells were washed twice in PBS with 0.1% bovine serum albumin
(BSA) and resuspended at 107 cells/ml (in 100 1) in PBS with 5% FBS and 5%
normal mouse serum. FITC-conjugated mouse IgG anti-CD4, PE-conjugated
mouse IgG anti-CXCR4 (12GS), or PE-conjugated mouse IgG anti-CCRS (2D7)
from PharMingen was then added to each sample at a 1:5 dilution. Cells were
incubated at 4°C for 1 h and washed twice in PBS with 0.1% BSA. Samples were
fixed in PBS with 1% paraformaldehyde and resuspended in 1 ml of PBS to be
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FIG. 1. HIV-1 Env-mediated fusion with PBL and HOSCD4X4RS5 cells. Fusion activity was monitored as described in Materials and Methods
by using HeLa cells infected with vaccinia virus vectors which express gp120-gp41 from a CXCR4-utilizing isolate (IIIB, vPE16) and a CCRS5-
utilizing isolate (Ba-L, vCB43). (A) Gray bars, untreated PBL; black bars, PBL treated with 10 mM MBCD for 30 min at 37°C; white bars,
MBCD-treated PBL loaded with 75 pg of cholesterol/ml complexed with MBCD. (B) HIV-1;;5 (gray bars) and HIV-1g,; (black bars) were
expressed in HelLa cells, and fusion with HOSCD4X4R5 cells treated with different amounts of cyclodextrin (at 37°C and for 30 min) was

monitored as described in Materials and Methods.

read by a FACScalibur (Becton Dickinson, San Jose, Calif.) at 10,000 events per
sample with respect to unlabeled cells.

Confocal laser scanning microscopy analysis. CEM cells were left untreated
or treated with 10 mM MBCD in PBS for 30 min at 37°C. After two washes with
PBS, cells were labeled with MAb T4 (anti-CD4) (Coulter Corporation, Hialeah,
Fla.) for 30 min at 4°C, or with anti-CXCR4 IgG MADb (PharMingen), followed
by secondary antibody goat Alexa Fluor 594-conjugated anti-mouse IgG (Fab'),
fragment (Molecular Probes, Eugene, Oreg.), for 30 min at 4°C. After repeated
washes with PBS-BSA (1%), fixation was carried out at 4°C for 30 min with 3%
paraformaldehyde, followed by permeabilization with 0.5% Triton X-100 for 10
min at room temperature. Cells were then incubated with Alexa Fluor 488-
conjugated phalloidin (Molecular Probes) for 30 min at 37°C and seeded on a
microscope slide with the Prolong reagent (Molecular Probes). Observation was
carried out on a Leica TCS 4D apparatus, equipped with an argon-krypton laser
and double-dichroic splitters (488-568 nm). Signals from different fluorescent
probes were taken in parallel, and colocalization was detected in white (pseudo-
color). Image acquisition and processing were realized by using the Scanware
multicolor analysis (Leica Lasertechnik GmbH, Heidelberg, Germany) and Pho-
toshop (Adobe Systems, Mountain View, Calif.) software. Several cells were
analyzed for each labeling condition, and representative results are shown.

RESULTS

To explore the role of cholesterol in HIV envelope glyco-
protein-mediated cell fusion, we used the cholesterol-solubi-
lizing agent MBCD, which stimulates cholesterol efflux from
cells. Incubation of cells with 10 mM MBCD for 30 min at 37°C
reduced cholesterol levels by 40 to 50% with no significant
effect on cell viability and surface expression of CD4 and co-
receptors. Figure 1A shows the fusion of cells expressing either
HIV-14,, or HIV-1,, envelope glycoprotein, which utilizes
CCRS or CXCR4, respectively, with activated PBL. In the case
of the R5-utilizing virus MBCD treatment resulted in about
90% inhibition of fusion, whereas the X4-utilizing virus was
inhibited by about 40%. When these cells were replenished
with cholesterol by incubation with preformed cholesterol-
MBCD complexes, HIV-1 Env-mediated fusion was fully re-
covered.

Since the effects of MBCD on HIV-1 Env-mediated fusion
may be dependent on surface levels of CD4 and/or corecep-

tors, we determined the surface expression of these receptors
by fluorescence-activated cell sorting. The mean values of CD4
and coreceptor on PBL were compared with the mean values
on engineered HeLa cells with known levels of CD4, CXCRA4,
and CCRS5 (35, 54). Table 1 shows a slight change in the cell
surface expression levels of CD4 and no significant changes in
cell surface expression levels of CXCR4 and CCRS following
treatment of these cells with MBCD. In order to test the
hypothesis that cholesterol is required in the membrane to
facilitate the recruitment of CD4 and coreceptors into clusters
sufficiently large to trigger the multiplicity of HIV-1 Env mol-
ecules needed to form a fusion pore, we performed experi-
ments with cells that overexpress CD4 and coreceptors where
such clustering may occur spontaneously. We used engineered
HOS cell lines that express 5 times less CD4, but 25 times
more CXCR4 or more than 300 times more CCRS, than do
PBL (Table 1). Figure 1B shows that the treatment of these
cells with MBCD did not alter their susceptibility to HIV-1

TABLE 1. CD4 and coreceptor expression on different cells®

Expression level on target cells
(10% molecules/cell)

Cell line

CD4 CXCR4 CCRS5
PBL 70 =7 25+1 0.6 = 0.5
PBL + MBCD 506 25*1 0.8 = 0.6
HOSCD4X4R5 11+3 64 =11 249 + 28
HeLa-RC 103 10+3 ND?
HeLa-JC 150 £ 18 17 =12 ND
HeLa-J10 196 = 18 ND 6*+2
HeLa-J53 345 + 37 ND 190 = 30

“ The levels of expression of CD4 and coreceptors on the different cell lines
were assessed by flow cytometry. For each antibody, calibration curves between
the fluorescence signal and the number of molecules were established by using
cells of a known level of expression (35,54). The mean intensity and standard
deviation were determined for each cell and each antibody and related to the
level of expression with those calibration curves.

> ND, not determined.
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FIG. 2. Migration of PBL and HOSCD4X4RS5 cells in response to chemokines. Different concentrations of SDF-1a (top panels) or MIP-1B
(bottom panels) were placed in the lower wells of the chemotaxis chamber; cells were placed in the upper wells, which were separated from the
lower wells by a polycarbonate filter. The results are expressed as chemotaxis index representing the fold increase of migrating cells in response
to chemokines over the response to control medium. Significant cell migration (P < 0.05) was detected with 10 ng of chemoattractant/ml. Gray
bars, untreated cells; black bars, cells treated with 10 mM MBCD for 30 min at 37°C; white bars, MBCD-treated cells loaded with 75 pg of

cholesterol/ml complexed with MBCD. (A) PBL; (B) HOSCD4X4RS.

Env-mediated cell fusion, indicating that cholesterol may be
required as an organizing principle and not for a specific in-
teraction with the envelope glycoprotein as is the case for
alphaviruses (33), or for the fusion reaction per se (5).

It has been shown elsewhere that the acquisition and main-
tenance of both spatial and functional asymmetry (polariza-
tion) between initially equivalent cell parts in response to che-
mokines are required for cell chemotaxis. These processes are
inhibited by removal of cholesterol from the cells (24, 43).
Hence, we examined whether the chemotaxis of activated PBL
promoted by specific ligands to CXCR4 and CCRS was cho-
lesterol dependent. Figure 2A shows chemotaxis of PBL in
response to SDF-1q, the ligand for CXCR4, and to MIP-183, a
ligand for CCRS5. Treatment of these cells with MBCD inhib-
ited their ability to respond to SDF-1a or MIP-1B. However,
SDF-1a- and MIP-1B-induced chemotaxis was significantly re-
stored after replenishment of the cells with cholesterol, indi-

cating that the MBCD treatment did not result in permanent
damage of cellular functions. Figure 2B shows that chemotaxis
of HOS cells expressing CXCR4 or CCRS was inhibited by
depletion of plasma membrane cholesterol to levels that did
not alter their susceptibility to HIV-1 Env-mediated cell fu-
sion. These data, taken together, show that, while chemotaxis
mediated by CXCR4 and CCRS requires appropriate levels of
membrane cholesterol, chemokine receptor function related to
HIV-1 Env-mediated membrane fusion is less cholesterol de-
pendent.

Since the effects of cholesterol depletion may be cell line
dependent, we examined HIV-1 Env-mediated fusion before
and after MBCD treatment of the same cell lines expressing
different levels of CCRS. Figure 3 shows data obtained with
HeLa cells expressing 196 X 10° and 345 X 10° molecules of
CD4 and 6 X 10° and 190 X 10° molecules of CCR5 (J10 and
J53 cells, respectively) (35) (Table 1). Incubation of the J53
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FIG. 3. HIV-1 Env-mediated fusion of target cells with different
surface densities of CCRS. The figure shows the fusion of HIV-1g, -
expressing HeLa cells with HeLa cells expressing high (J53, gray bars)
and low (J10, black bars) levels of CCRS. The treatment with MBCD
was performed at 37°C for 30 min. Expression levels of CD4 and CCR5
are summarized in Table 1. The fusion activity was monitored as
described in Materials and Methods.

cells with HeLa cells expressing the HIV-1g,; Env resulted in
about 100% fusion as determined by the dye redistribution
assay, and the extent of fusion was not affected by pretreatment
of these cells with MBCD. On the other hand, incubation of
the HeLa-HIV-15, ; Env cells with J10 cells, which express
32-fold-lower levels of CCRS5 than do J53 cells, resulted in
lower levels of fusion that were significantly inhibited by
MBCD treatment. These results clearly show that HIV-1 Env-
mediated cell fusion becomes sensitive to inhibition by MBCD
when coreceptor levels on the target cells are low.
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We next examined the effects of MBCD treatment on
CXCR4-dependent cell fusion by using HeLLa-JC and HelLa-
RC cells expressing high (150 X 10%) and low (10 X 10°) levels
of CD4, respectively (Table 1) (54). These levels are within the
range of CD4 molecules found on PBL (70 X 10%). However,
the natural levels of CXCR4 in these HeLa cells are four to six
times higher than those on the PBL that we used (Table 1).
Figure 4A shows that incubation of HeLa cells expressing high
levels of HIV-1;;5 Env (infected with recombinant vaccinia
virus) resulted in 100 and 80% cell fusion with HeLa cells
expressing high levels (JC) and low levels (RC) of CD4, re-
spectively. However, in contrast to PBL (Fig. 1), pretreatment
of target cells with MBCD did not inhibit the fusion. Presum-
ably the CXCR4 levels in HeLa cells were high enough to
render fusion of these cells with effector cells expressing high
levels of HIV-1 Env insensitive to cholesterol depletion. We
therefore examined whether these cells would become sensi-
tive to the effects of cholesterol depletion if we used effector
cells expressing relatively low levels of HIV-1 Env. We used
TF228.16 cells that are stably transfected with HIV-1,;;5 Env
(31). We determined by Western analysis that these cells ex-
press about five-times-lower levels of gp120-gp41 than do cells
infected with the HIV-1,;;5 Env vaccinia virus recombinant
VvPE16 (data not shown). The TF228.16 cells produced 40 and
80% lower fusion yields with JC and RC target cells, respec-
tively, than with cells infected with the HIV-1,;;5 Env vaccinia
virus recombinant (Fig. 4A). Moreover, the TF228-mediated
fusion was further reduced following treatment of the target
cells with MBCD. These results indicate that cholesterol de-
pletion impairs CXCR4-dependent HIV-1 Env-mediated fu-
sion at relatively low levels of Env. This impairment is, how-
ever, not due to a physical inability of the cell to undergo
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FIG. 4. Effect of Env expression on HIV-1 Env-mediated fusion. (A) Fusion of HIV-1,;;5-expressing HeLa cells (gray and left diagonally striped
bars) with vVPE16 and of TF228 cells (black and right diagonally striped bars) with HeLa cells expressing high (JC, gray and black bars) and low
(RC, striped bars) levels of CD4 (Table 1 shows levels of expression of CD4 and coreceptors). The treatment with MBCD was performed at 37°C
for 30 min. The use of vaccinia virus recombinant resulted in five-times-higher Env expression than that of the TF228 cells. (B) Inhibition of the
fusion of TF228 cells with JC HeLa cells as a function of the time of coincubation. JC cells were treated for 30 min at 37°C with 15 mM MBCD.
Upon treatment, MBCD was washed and the JC cells were incubated in PBS until their coincubation with the TF228 cells in PBS. The TF228 cells
were added to the different wells at different time points starting with the longer kinetics so that the time of incubation of the MBCD-treated cells
in PBS would be the same at the end of each kinetic point. The fusion activity was monitored as described in Materials and Methods.
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FIG. 5. HIV-1 receptors in DRMs. Primary lymphocytes (5 X 10%
cells) were kept at 37°C, left untreated (—) or incubated for 3 min with
gpl120 (10 wg/ml) (+), and then subjected to a 1% Triton X-100
sucrose gradient as described in Materials and Methods. Twelve frac-
tions were collected and quantitated by a protein assay. Equal protein
amounts (4 g for detection of CD4 [A], 100 pg for detection of
CXCR4 [B], and 8 g for detection of Zap-70 [C]) of each fraction
were resolved by SDS-PAGE and subjected to immunoblot analysis
with anti-CD4, anti-CXCR4, and anti-Zap-70 antibodies as indicated.
DRMs are represented by fractions 4 to 7 whereas soluble proteins
appear in fractions 9 to 11.

fusion and can be substantially recovered if longer times of
incubation are allowed for a fusogenic interaction to take place
among Env, CD4, and CXCR4 (Fig. 4B).

It has been hypothesized elsewhere that membrane raft mi-
crodomains mediate lateral assemblies of the receptors re-
quired for HIV-1 infection (42). The classical way to examine
the association of membrane proteins with rafts is treatment of
cells with Triton X-100 at 4°C followed by flotation of the cell
lysate on a sucrose gradient (6). The molecules that are not
solubilized by Triton X-100 under these conditions are as-
signed to the DRM domains (63). The presence of the mole-
cules of interest in the soluble and DRM fractions is then
examined by Western blot analysis. We performed this analysis
with the same number of untreated and HIV-1 gp120-treated
human primary lymphocytes. Figure SA shows that CD4 be-
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haves like a typical raft protein (51) in that it localized on the
top of the gradient in fractions 4 to 7. As a control we used the
nonraft marker in lymphocytes, Zap-70 (77), which localized in
fractions 9 to 11 (Fig. 5C). By contrast CXCR4 behaved some-
where between the typical raft and nonraft proteins in that it
localized in fractions 6 to 11 (Fig. 5B). Addition of gp120 to
these cells had a minor effect on CD4 but resulted in a shift of
CXCR4 toward fraction 5. Densitometric analysis indicates
that the amount of CXCR4 in fractions 5 to 7 is enhanced
threefold following treatment of the cells with gp120 (data not
shown).

High-resolution immunogold electron microscopy demon-
strated that CCRS, CXCR4, and CD4 are preferentially lo-
cated on cell surface microvilli in human macrophages and T
cells, as well as in genetically engineered cells (64). Moreover,
each of these molecules appeared to form homogenous micro-
clusters, which are separated by a distance of less than a viral
diameter. Since plasma membrane protrusions have been iden-
tified as new cholesterol-based microdomains (11, 59), we rea-
soned that the depletion of cholesterol might induce changes
in these protrusions. Indeed, for MDCK cells it has been
shown elsewhere that cholesterol depletion reduces the num-
ber of membrane protrusions (10). F-actin polymerization
plays a significant role in the formation of these structures, and
cytochalasins disrupt the organization of actin filaments (20).
In order to test the hypothesis that removal of cholesterol from
the plasma membrane of lymphocytes leads to the disruption
of microvilli, resulting in a redistribution of CD4 and corecep-
tors, we examined the colocalization of actin with either CD4
or CXCR4 by confocal laser scanning microscopy. Figure 6
shows that in the control cells there are a great deal of colo-
calizations of either CD4 (Fig. 6A, upper panel) or CXCR4
(Fig. 6B, upper panel) with actin, presumably in microvilli.
These observations are consistent with the high-resolution
electron microscopy images reported by Singer and coworkers
(64). Treatment of the cells with MBCD causes a drastic re-
duction of the colocalization of CD4 or CXCR4 with actin
(Fig. 6A and B, bottom panels) consistent with a disruption of
microvilli. Treatment of human peripheral T lymphocytes with
cytochalasins B and D has also been shown elsewhere to cause
a reduction in the number of microvilli (50). Since cytochalasin
B has been shown elsewhere to inhibit HIV-1 Env-mediated
fusion with the lymphocyte cell line SupT1 (22, 23), we exam-
ined whether the effects of cytochalasin were similar to those of
MRBCD. Figure 7 shows that treatment of PBL with cytochala-
sin has a profound effect on fusion with HIV-1,;;5 Env, while
fusion with the HOS cells overexpressing CD4 and coreceptors
was not effected. Cytochalasin also inhibited chemotaxis of
these cells mediated by CXCR4 and CCRS ligands (data not
shown). These results, taken together, suggested that the do-
mains affected by cholesterol depletion might be localized in
microvilli.

DISCUSSION

Viral entry mediated by the HIV-1 Env protein appears to
be a highly cooperative process that is affected by receptor
density as well as by Env-receptor affinity (17). Kabat and
coworkers (35) found a nonlinear relationship between CCRS
density and virus infection. They estimate that about six CCRS



11590 VIARD ET AL.

+MBCD

CD4

J. VIROL.
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FIG. 6. Effect of cholesterol removal on colocalization of CD4 or CXCR4 with F actin. CEM cells were left untreated (top panels) or treated
with 10 mM MBCD at 37°C for 30 min (bottom panels). The cells were stained with anti-CD4 (A) or with anti-CXCR4 (B) followed by Alexa Fluor
594-conjugated secondary (Fab), antibodies (red) as described in Materials and Methods. Cells were then fixed, treated with 0.5% Triton X-100,
labeled with Alexa Fluor 488-conjugated phalloidin (green) at 37°C for 30 min, and examined by confocal microscopy as described in Materials
and Methods. Bar, 5 um. The white color on the images indicates CD4-actin or CXCR4-actin colocalization.

molecules are required to produce a virus-cell fusion event
leading to infection. Primary CD4" T cells typically express
fewer than 10,000 CCRS5 or CXCR4 molecules and about
65,000 CD4 molecules per cell (37). We found about the same
level of CD4 on PBL, but the levels of CXCR4 and CCRS5 were
much lower. These levels may depend on the donor and the
state of cell activation. Given a surface area of activated lym-
phocytes of about 500 wm? and about 1,000 CXCR4 or CCRS
molecules per cell, the average distance between coreceptors
will be about 0.7 wm. Thus, random collisions between core-
ceptors in a fluid mosaic membrane (65) are unlikely to gen-
erate coreceptor clusters large enough to provide the cooper-
ativity required for HIV-1 Env-mediated fusion. Therefore,
lateral assemblies of glycolipids and cholesterol, called rafts (6,
63), have been invoked to recruit gp120-gp41-CD4-coreceptor
complexes in a limited area on the cell surface (27, 29, 38, 42,
47, 57). Since depletion of cholesterol presumably disrupts the
clustering of HIV-1 receptors in rafts, we have focused in this

paper on the cholesterol dependence of HIV-1 Env-mediated
fusion. Treatment of PBL with MBCD inhibited fusion medi-
ated by envelope glycoproteins from HIV-1 isolates that utilize
CXCR4 and CCRS, as well as chemotaxis triggered by the
chemokines SDF-1a and MIP-18, respectively (Fig. 1A and
2A). The fusion activity as well as the chemotactic activity was
recovered by adding back cholesterol to the host cells. How-
ever, the link between induction of chemotaxis and suscepti-
bility to HIV-1 Env-mediated fusion was severed when we used
engineered cell lines expressing high levels of HIV-1 receptors
(55). Whereas cholesterol removal inhibited SDF-la- and
MIP-1B-induced chemotaxis of HOS cells expressing relatively
high levels of CXCR4 and CCRS, fusion with X4- and RS5-
utilizing HIV-1 Env-expressing cells was not affected (Fig. 1B
and 2B). Moreover, HeLa-CD4 cells expressing high levels of
CCRS did not alter their susceptibility to HIV-1 Env-mediated
fusion following cholesterol removal, whereas fusion with the
same cells expressing low levels of CCRS was inhibited follow-
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FIG. 7. Effects of cytochalasin on HIV-1 Env-mediated fusion. Fusion activity was monitored as described in Materials and Methods between
HeLa cells infected with a vaccinia virus vector which expresses gp120-gp41 from a CXCR4-utilizing isolate (IIIB, vPE16) and PBL or
HOSCD4X4RS5 as indicated. Gray bars, untreated cells; black bars, cells treated with 10 mM MBCD for 30 min at 37°C; white bars, cells treated

with 10 wM cytochalasin B. PBMC, peripheral blood mononuclear cells.

ing the same treatment (Fig. 3). These results indicate that the
effects of MBCD treatment are not related to membrane fu-
sion per se (38) or to toxic effects (34) but rather to the
impaired capacity of gp120 to engage the HIV-1 receptor clus-
ters required to trigger the fusion event when the receptors are
at lower levels. Moreover, they are consistent with the notion
that, while adequate levels of cholesterol are required for che-
mokine receptor disposition and function (42, 43, 47), these
are not absolutely required for HIV-1 Env-mediated fusion.
Although there appears to be strong evidence for the im-
portance of lipid rafts for viral budding (3, 39, 46, 49), their
role in viral entry is not that clear. The best-studied example of
the dependence of viral fusion on target membrane cholesterol
and sphingomyelin is that of Semliki Forest virus (SFV) (33).
Kielian and coworkers showed that the fusion peptide of SFV,
but not that of influenza virus hemagglutinin, associates with
detergent-resistant membrane domains (1). However, studies
with cholesterol analogs indicate that this association reflects
specific SFV Env-lipid interactions rather than a clear require-
ment for rafts in SFV fusion. Enveloped viruses that appear to
require rafts for entry include ecotropic murine leukemia virus
(40), human T-cell leukemia virus type 1 (48), and Ebola and
Marburg viruses (3). In the case of ecotropic murine leukemia
virus the cholesterol dependence of fusion appears to be con-
fined to the receptor-bearing membrane (41), whereas in the
case of HIV-1 the Env-bearing membranes also require cho-
lesterol for efficient fusion (49). In a recent elegant series of
studies Helenius and coworkers (53) showed that simian virus
40, a nonenveloped virus, utilizes caveolae (a subset of lipid
rafts [63]) for infectious entry into host cells. They found that,
after binding to caveolae, virus particles induced transient
breakdown of actin stress fibers. These events depended on the

presence of cholesterol in the target membrane and on the
activation of tyrosine kinases that phosphorylate proteins in
caveolae.

One of the problems with the raft model for HIV-1 entry is
the controversy regarding the localization of CXCR4 in the
raft domains. DRM flotation studies show little CXCR4 in the
raft fraction in the absence of gp120 (34, 42, 57). However,
following treatment of HEK293-CD4 cells at 4°C with gp120,
Manes and coworkers (42) showed substantive recruitment of
CXCR4 into the raft fraction. By contrast, Kabat and cowork-
ers (34) show no such recruitment of CXCR4 into rafts fol-
lowing treatment of HO cells with gp120 for 1 h at 37°C. Our
data (Fig. 5) show that CXCR4 in PBL behaved somewhere
between the typical raft and nonraft proteins in that it localized
between the DRM and soluble protein fractions. However,
treatment of PBL with gp120 within a time frame and at a
temperature (3 min at 37°C) that are relevant to the HIV-1
Env-mediated fusion reaction (58) resulted in a definite shift of
CXCR4 toward the DRM fraction. It should be kept in mind
that lipid rafts are dynamic entities whose associations with
proteins are unstable and rapidly fluctuating in physiological
conditions (32, 63).

The other method of choice to identify molecules in rafts is
antibody patching and immunofluorescence microscopy (28).
A number of groups, using fluorescence microscopy, have
found CD4 and coreceptors to be randomly distributed on the
surface in an unstimulated state (2, 30, 42, 57, 71). However, at
high surface densities of CD4 and coreceptor, interactions
between these molecules can be detected by coimmunoprecipi-
tation experiments (75). Following addition of gp120, colocal-
ization of these molecules has been detected by fluorescence
microscopy (2, 30, 42, 57, 71), and their associations have been



11592 VIARD ET AL.

observed by coimmunoprecipitation experiments (36). By con-
trast, Kozak et al. (34) did not observe detectable redistribu-
tion of CD4 and CXCR4 between their separate domains
following treatment of cells with gp120 for 1 h at 37°C. The
antibody patching approach with light microscopy appears to
be a rather blunt instrument to study in situ associations be-
tween membrane molecules. High-resolution immunogold
electron microscopy, on the other hand, has revealed the lo-
calization of CCRS, CXCR4, and CD4 molecules in homoge-
neous microclusters that are separated by a distance of less
than a viral diameter (64). These molecules appear to be pref-
erentially located on cell surface microvilli. It is important to
appreciate the difference between colocalization at the reso-
lution of light microscopy (~0.2 pwm) and that of electron
microscopy where mixed microclusters of CD4 and chemokine
receptor were not observed. At the resolution of light mi-
croscopy these molecules would be seen as being coclustered.
However, the light microscopic observation appropriately places
CD4 or CXCR4 with actin at the microvilli (Fig. 6). Treatment
of cells with MBCD disrupts this pattern.

In T lymphocytes the association of CD4 with microvilli
appears to be mediated by p56™, a CD4-associated tyrosine
kinase (21). Treatment with cytochalasin D disrupted this as-
sociation, suggesting the involvement of cytoskeletal elements
in CD4 anchoring to microvilli. Moreover, the CD4-p56-<*
complex appears to be enriched within raft domains as op-
posed to conditions in which CD4 does not interact with
p56-*. However, similar localization of CD4 and coreceptors
has been seen on various p56-“*-negative cell types (64), indi-
cating that other components may mediate association of these
molecules with microvilli. To further explore the link between
the involvement of target cell lipid domains and cytoskeletal
elements in HIV-1 Env-mediated fusion, we performed inhi-
bition experiments with cytochalasin B. Figure 7 shows a sim-
ilar pattern of treatment of cells with MBCD or with cyto-
chalasin in that inhibition was seen when PBL, but not cells
overexpressing coreceptors, were used as targets. Based on
these observations, we propose a new model diagrammed in
Fig. 8 for the role of CD4 and coreceptors in triggering the
HIV-1 Env-mediated fusion reaction.

We had hypothesized that the CD4- and coreceptor-induced
triggering events leading to HIV-simian immunodeficiency
virus Env-mediated fusion are stochastic, meaning that the
events will happen in time and space according to a certain
probability distribution (58). According to the model, HIV-1
Envs are initially attached to CD4 on the tips of target cell
microvilli (64) (Fig. 8a, to a;).

Since many of the CD4 molecules form cell surface micro-
clusters, it is likely that the initial interactions between the HIV
Env trimers (7, 72) and multiple CD4 molecules will be coop-
erative (Fig. 8b,). These multiple interactions will then result
in the “cocking” of HIV Env so that binding sites on gp120
become available for coreceptor engagement (18, 19, 23, 44,
60, 70, 74). The activated Envs then need to take hold of a
cluster of coreceptors (35) to trigger the fusion reaction. The
probability of coreceptor engagement is enhanced by localiza-
tion of both CD4 and the coreceptors on microvilli; CCRS5 and
CXCR4 molecules are often found within a viral diameter of
many of the CD4 microclusters (64). The changes in the cy-
toskeletal organization induced by interactions between HIV-1

J. VIROL.

Env and CD4 may lead to a transient intermixing between CD4
and coreceptor, enabling the triggered Env to engage corecep-
tors (Fig. 8b,—c,). This process then leads to gp41 six-helix
bundle formation and fusion (23) (Fig. 8d,). Pretreatment of
cells with MBCD (10) or inhibitors of F-actin polymerization
(50) prevents the raft formation and cytoskeletal reorganiza-
tion, possibly disrupting the microvilli (Fig. 8a, and a;—b, and
bs). As a consequence CD4-triggered Env becomes less capa-
ble of engaging coreceptors on cells expressing low levels of co-
receptor (Fig. 8c, and d,). However, the effect of these treat-
ments can be overcome by providing levels of coreceptor in
target membranes high enough to engage CD4-triggered Envs
(Fig. 8c; and d;). Based on our model, HIV-1 Env-mediated
fusion might eventually occur with cholesterol-depleted cells if
sufficient time is provided for the random interactions that
bring Env-CD4 complexes in juxtaposition with coreceptor.
This prediction has been borne out by the experiment pre-
sented in Fig. 4B showing reduced inhibition of HIV-1 Env-
mediated fusion with cholesterol-depleted targets after longer
incubation times. In experiments with HIV-1 virions we would
not expect such a recovery because at longer times fusion-
incompetent virus may be directed toward the nonproductive
endocytic pathway (61).

We have observed that fusion mediated by CD4-indepen-
dent HIV-1 Envs that engage coreceptors directly is also cho-
lesterol dependent (S. Ablan, A. Puri, and R. Blumenthal,
unpublished observations). Absent CD4 on the target mem-
brane, glycosphingolipids may serve as initial attachment sites
for HIV-1 Env (29), and cholesterol may support a membrane
domain (presumably on microvilli) where glycosphingolipids
and coreceptors can be juxtaposed to form a fusion-competent
complex. The observation that CXCR4 and CCRS associate
with GM3-enriched domains on lymphocytes (24, 66) is con-
sistent with this notion.

Cell surface microvilli appear to play a crucial role in cell
adhesion and fusion processes (73). In the case of HIV-1
Env-mediated fusion we have observed by image-enhanced
Nomarski differential interference contrast optics that cells
made contact by using microspikes to “touch” and adhere to
the neighboring cells prior to fusion (14). Pseudopod extension
and condensation of F actin at cell-cell adhesion sites during
HIV-1 Env-mediated fusion indicate the involvement of the
cytoskeleton in the adhesion and/or subsequent fusion event
(69). The notion that plasma membrane protrusions, rich in
actin, are new cholesterol-based microdomains (11, 59) may
provide a link between the observed cholesterol and F-actin
dependence of HIV-1 Env-mediated fusion. For lymphocytes it
has been shown previously that CD4 cross-linking activates
tyrosine kinases that then induce simultaneous association of
CD4 and p56™°* with cytoskeleton (26).

The model may provide a rationale for the observed rela-
tionship between HIV-1 gp120-induced signaling and HIV-1
entry-fusion (68). It has been reported elsewhere that the ty-
rosine kinase inhibitor herbimycin A inhibits syncytium forma-
tion among Jurkat cells infected with HIV-1 (9). Also, another
tyrosine kinase inhibitor, genistein, was reported previously to
inhibit syncytium formation between HIV-1,;;5 Env-expressing
Jurkat cells and the U937 cell line (76). Although the precise
mechanisms by which tyrosine kinase inhibitors reduce HIV-1
Env-mediated fusion are unclear, the fact that genistein inhib-
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FIG. 8. Model for the effect of the cell surface disposition of CD4 and coreceptor on the triggering of HIV-1 Env-mediated fusion. CD4 is located on the tip of a
microvillus whereas CXCR4 or CCRS is located more toward the base (64). Interaction of gp120 on HIV-1 or on HIV-1 Env-expressing cells with CD4 has two
consequences: (i) triggering of conformational changes in Env that expose binding sites for coreceptor (70, 74) and (ii) signaling events that lead to rearrangements
of actin in the microvilli (26). As a result the triggered Env is able to engage coreceptor, leading to gp41 six-helix bundle formation and fusion (23). Treatment of cells
with MBCD or inhibitors of F-actin polymerization disrupts the microvilli. As a consequence CD4-triggered Env becomes less capable of engaging coreceptors on cells
expressing low levels of coreceptor. However, the effect of these treatments can be overcome in cells expressing levels of coreceptor high enough to engage
CD4-triggered Env.
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its cytoskeletal changes induced by CD4 cross-linking (26) may
point to the role of tyrosine kinases in HIV-1 Env-mediated
fusion. Other signaling events induced by binding of HIV-1
Env to its receptors include tyrosine phosphorylation of mito-
gen-activated protein kinase and extracellular signal-regulated
kinase (56) and of the protein tyrosine kinase Pyk-2 (12).
According to our model, tyrosine kinase signaling may be need-
ed for actin cytoskeleton rearrangements and subsequent
CD4-chemokine receptor commingling. The precise molecular
rearrangements involved following the interactions of HIV-1
Env with target cells need to be further explored.
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