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Treatment of human osteosarcoma cells, expressing CD4 and various chemokine receptors, with the glu-
cosylceramide synthase inhibitor 1-phenyl-2-hexadecanoylamino-3-morpholino-1-propanol (PPMP), blocked
target membrane glycosphingolipid (GSL) biosynthesis and reduced the susceptibility of cells to infection and
fusion mediated by envelope glycoproteins from a variety of human immunodeficiency virus type 1 (HIV-1)
isolates that utilize CXCR4 and/or CCRS. PPMP treatment of the cell lines did not significantly change the cell
surface expression of CD4, CXCR4, and/or CCRS, nor did it alter the chemokine receptor association with
CD4. PPMP-treated cells exhibited no changes in chemokine-induced Ca*>* mobilization and chemotaxis.
However, massive envelope glycoprotein conformational changes triggered by CD4 and the appropriate che-
mokine receptor on the target membrane were inhibited when the target cells were treated with PPMP.
Addition of various purified GSLs to PPMP-treated target cells showed that for all isolates tested, globotri-
aosylceramide (Gb3) was the most potent GSL in restoring the fusion susceptibility of target cells with cells
expressing HIV-1 envelope glycoproteins; addition of the monosialoganglioside GM3 yielded a slight enhance-
ment of fusion susceptibility. Our data are consistent with the notion that a limited number of specific GSL
species serve as crucial elements in organizing gp120-gp41, CD4, and an appropriate chemokine receptor into

a membrane fusion complex.

Human immunodeficiency virus type 1 (HIV-1) infects sus-
ceptible cells by fusion of the viral membrane with the cell
plasma membrane. This process is mediated by the interactions
of the HIV-1 envelope glycoprotein gp120-gp41 (11, 45, 46)
with CD4 on the host cell surface (26) and requires additional
coreceptors such as CXCR4 (X4) and CCR5 (RS) (4, 5, 14,
28), which determine the tropism of different HIV-1 isolates.
Several viral envelope glycoprotein oligomers then assemble
into a viral fusion machine (18, 23), forming a molecular scaf-
fold that brings the viral and target cell membranes into close
apposition and allow the actual fusion event (29). Previously
reported work suggests that glycosphingolipids (GSLs) may be
involved in the assembly and functioning of the HIV-1 fusion
machine. This is based on the demonstration that inhibition of
target cell GSL biosynthesis affects HIV-1 envelope glycopro-
tein-mediated cell-cell fusion (37) and that fusion activity can
be recovered following addition of human erythrocyte mem-
brane components (15, 38) or purified GSLs to the impaired
cells (35). Moreover, studies using reconstituted monolayers of
purified GSLs at the air-water interface provide evidence for
CD4-induced interactions between HIV-1 gp120 and the GSLs
globotriaosylceramide (Gb3) and the monosialoganglioside
GM3 (21). These observations have led to the hypothesis that
plasma membrane GSL microdomains are preferential sites
for assembly of the HIV-1 fusion machine (21, 36).

In this study, we have examined the effect of treating a
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variety of cell lines with an inhibitor of GSL biosynthesis,
1-phenyl-2-hexadecanoylamino-3-morpholino-1-propanol
(PPMP), on HIV-1 entry and HIV-1 envelope glycoprotein-
mediated fusion. We show here that the presence of GSL in
the target membrane is required for HIV-1 infection, that the
viral requirement for target membrane GSL is independent of
viral isolate tropism, and that addition of Gb3 to the target
membrane preferentially restores the susceptibility of cells to
fusion by envelopes of different tropisms, including primary
isolates. These data show that the HIV-1 fusion machine may
utilize target membrane GSLs.

MATERIALS AND METHODS

Materials. Fluorescent probes were obtained from Molecular Probes (Eugene,
Oreg.), and tissue culture media were obtained from Gibco-BRL (Gaithersburg,
Md.). Phospholipids were purchased from Avanti Polar Lipids (Alabaster, Ala.),
and PPMP, GSLs, and the monosialoganglioside mixture were obtained from
Matreya (Pleasant Gap, Pa.). pNL4-3Luc 1~ e, pBSTAT, pCMVsREV, pNL1.5E,
pHCMV-G, and pJRCSF were the gift of George Pavlakis and Margherita
Rosati (National Cancer Institute, Frederick Cancer Research and Development
Center, Frederick, Md.). pJRFL, pADA, pBAL, p89.6, pSV-A-MLV-env, and
pHXB2 were the gift of Daniel Littman and Vineet KewalRamani (New York
University). The monoclonal antibodies (MAbs) 5C7 and 4G10 were gifts from
L. Wu (Leukocyte, Inc., Cambridge, Mass.) and Chris Broder (U.S. Uniformed
Health Services University, Bethesda, Md.). Other reagents were from Sigma (St.
Louis, Mo.).

Cell culture. Human osteosarcoma (HOS) cells that stably express CD4 as well
as CXCR4 or CCRS5 were obtained from the National Institutes of Health (NIH)
AIDS Reagent Program. HOS cells which had also been transduced with a
construct containing a humanized S65T mutant of the green fluorescent protein
(GFP) under the inducible control of the HIV-2;p, long terminal repeat en-
hancer-promoter (9) (GHOST-X4, GHOST-RS, and GHOST-345), NIH 3T3-
CD4/X4 and NIH 3T3-CD4/RS5 cells, and 293T cells were the gift of Dan Littman
and Vineet KewalRamani. HeLa cells were from John Silver (National Institute
of Allergy and Infectious Diseases, Bethesda, Md.), and TF228 cells were from
Zdenka L. Jonak (SmithKline Beecham, King of Prussia, Pa.). HeLa cells were
grown in Dulbecco’s modified Eagle’s medium plus 10% fetal bovine serum
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(FBS) (D10). NIH 3T3-CD4/X4 and NIH 3T3-CD4/R5 were grown in D10 plus
3 pg of puromycin per ml. GHOST-X4, RS, and 345 cells were grown in D10 plus
500 pg of G418 per ml, 100 pg of hygromycin per ml, and 1 pg of puromycin per
ml. All cells were grown in the presence of penicillin and streptomycin. HIV-1
envelope proteins were transiently expressed on the surface of HeLa cells using
the recombinant vaccinia virus constructs vPE16 (I1IB; X4 utilizing) (16), vCB43
(Ba-L; RS utilizing) (7), and vDC-1 (89.6; X4/R5 utilizing) (10), as described
previously (23). Cells were grown for at least 7 days in medium containing PPMP
before being used in a fusion assay. GHOST-X4, GHOST-RS, and GHOST-345
cells were grown in medium containing 10 puM PPMP; NIH 3T3-CD4/X4 and
NIH 3T3-CD4/R5 cells were grown in medium containing 7.5 .M PPMP.
Infection assays. Single-round infection assays using viral particles containing
genomes with a defective env gene were conducted by the method of Cecilia et
al. (9). Viral stocks were prepared by transfecting a plasmid containing the
NL4-3 genome (pNL4-3Luc r~e™) (13), pBsSTAT, and pCMVSREV along with
a plasmid to supply the envelope in trans into 293T cells by using calcium
phosphate. 293T is a highly transfectable subclone of the 293 cell line, which is
itself an adenovirus type 5 DNA-transformed human kidney cell line. The plas-
mids that supplied the envelope in trans are as follows: the envelope glycoprotein
of amphotropic murine leukemia virus (A-MLV) comes from pSV-A-MLV-env;
the envelope glycoprotein of vesicular stomatitis virus (VSV-G) comes from
pHCMV-G; HXB2 comes from pHXB2; 89.6 comes from p89.6; BAL comes
from pBAL; ADA comes from pADA; JRFL comes from pJRFL; JRCSF comes
from pJRCSF. The sources of the various plasmids are given above. After 48 h,
the supernatant, containing HIV-1 particles with genomes derived from pNL4-
3Luc r e~ and gp120-gp41 from the envelope plasmid, was harvested, sterile
filtered, and added to GHOST cells plated on 12-well plates (1 X 10* to 2 X
10*/well). In these cells, the very low basal expression of GFP is induced many-
fold upon infection with HIV-1 or HIV-2. Three to four days after infection, the
cells were examined using an IX70 inverted microscope (Olympus, New Hyde
Park, N.Y.) with a 20X objective and a special GFP filter cube (exciter, HQ510/
10X; dichroic mirror, Q5201p; emitter, HQ535/20M) (Chroma Technology,
Brattleboro, Vt.). Infectivity was calculated as follows: % infectivity = 100 X
(number of clusters of GFP-positive cells X average number of cells per GFP-
positive cluster)/total number of cells observed. All infection assays used the
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following internal controls: mock infection, viral particles without env, viral
particles with nonfusogenic env containing the V2E mutation (18), and, as a
positive control, viral particles containing envelope glycoproteins from VSV and
A-MLV.

HIV-1 envelope glycoprotein-mediated cell-cell fusion. Target cells were la-
beled with the cytoplasmic dye 5- and 6-([(4-chloromethyl)benzoyl]-amino)tet-
ramethylrhodamine (CMTMR) at 10 uM for 1 h at 37°C. When GSLs were
added to the cells, labeling was performed before addition of GSLs to the cell
surface. Envelope-expressing cells were labeled with 5 wM calcein AM 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 monitored microscopically as
described previously (35). The extent of fusion was calculated as: % fusion =
100 X number of bound cells positive for both dyes/number of bound cells
positive for CMTMR. When fusion assays were performed on PPMP-treated
cells, all media contained PPMP.

Extraction and analysis of cellular GSLs. Total GSLs were extracted from
cultured cells as described by Bligh and Dyer (6). Briefly, 107 GHOST-345 cells,
suspended with trypsin-EDTA in phosphate-buffered saline (PBS) from Gibco-
BRL (Gaithersburg, Md.), were pelleted at 450 X g for 5 min. The cell pellet was
resuspended in 0.5 ml of H,O, which was added to 2 ml of CHCl;-CH;O0H (2:1,
vol/vol). After vortexing, 0.5 ml CHCIl; and 0.5 ml H,O were added, and the
suspension was vortexed and centrifuged at 100 X g for 5 min to separate the two
phases. The extract in the lower phase was then removed for storage, and the
CHCI;-H,O step was repeated twice with the aqueous phase. Extracted GSLs
were pooled, dried under N,, resuspended in 100 wl of CHCl;-CH;0H (2:1,
vol/vol), and stored at —20°C until use. The total GSL composition of cells
before and after treatment with PPMP was analyzed by thin-layer chromatogra-
phy (TLC) developed in CHCl;-CH3;0H-10% KCl,q) (50:40:10, vol/vol/vol). At
the end of the run, the plate was air dried, sprayed with resorcinol (24), heated
at 100°C for 20 min to develop the spots, and scanned with a Fluor-S Multi-
Imager (Bio-Rad, Hercules, Calif.).

Flow cytometry. GHOST-345 cells, harvested with trypsin-EDTA in PBS, were
centrifuged at 450 X g and resuspended at 10° cells/ml in PBS-5% FBS-5%
normal mouse serum. After incubation for 15 min at room temperature, the cells
were washed twice in PBS-0.1% bovine serum albumin and resuspended at 107
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FIG. 1. Effect of GSL depletion on HIV-1 infection. HIV-1 particles containing the NL4-3r e~ genome and having gp120-gp41 derived from different isolates were
prepared as described in Materials and Methods. GHOST-X4 (A), GHOST-RS5 (B), GHOST-345 (C), and GHOST(3) parent cells expressing CD4 only (D) were grown
for at least 7 days prior to the assay in medium containing 10 uM PPMP. Cells were plated in 12-well plates (1.5 X 10* cells/well), and medium containing viral particles
was added. Four days after infection, the cells were examined microscopically for GFP expression as described in Materials and Methods. The percent infectivity =
100 X (number of clusters of GFP-positive cells X average number of cells per GFP-positive cluster)/total number of cells observed. Three separate experiments yielded

the same results.
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cells/ml (in 100 pl) in PBS-5% FBS-5% normal mouse serum. Phycoerythrin
(PE)-conjugated mouse immunoglobulin G (IgG) anti-CD4 (RPA-T4), PE-con-
jugated mouse IgG anti-CXCR4 (12GS5), or PE-conjugated mouse IgG anti-
CCRS5 (2D7) from Pharmingen (San Diego, Calif.) was then added to each
sample at a 1:5 dilution. Cells were incubated at 4°C for 1 hour and washed twice
in PBS-0.1% BSA. Samples were fixed in PBS-1% paraformaldehyde and re-
suspended in 1 ml of PBS to be read by a FACScalibur instrument (Becton
Dickinson, San Jose, Calif.) at 10,000 events/sample with respect to unlabeled
cells.

CD4-chemokine receptor association. Immunoprecipitation was done by a
previously reported procedure (47) with some modifications. Briefly, untreated
and PPMP-treated NIH 3T3-CD4/X4 or NIH 3T3-CD4/R5 cells were collected
and washed with PBS once. The cells were suspended in ice-cold PBS at a final
density of 5 X 10%ml. A 1-ml volume of the cell suspension was used for one
immunoprecipitation sample. The CD4-CCRS5 complexes were immunoprecipi-
tated by the anti-CCRS5 MaB, 5C7, and CD4-CXCR4 complexes were immuno-
precipitated by the anti-CXCR4 MaB, 4G10. Antibodies were added to the cell
suspension at a final concentration of 3 pg/ml and incubated with gentle mixing
for 4 h at 4°C. Cells were then collected by centrifugation and lysed using a lysis
buffer (47). After 40 min of incubation with gentle mixing, the supernatant was
obtained by centrifugation at top speed for 25 min in a refrigerated Eppendorf
centrifuge. A 10-pl sample of protein G-Sepharose beads (Sigma) prewashed
with PBS was added to each sample, and the samples were incubated at 4°C for
14 h. The protein G-Sepharose beads were then washed four times, each with 1
ml of ice-cold lysis buffer. Samples were then eluted by adding 4 X sample buffer
for sodium dodecyl sulfate-polyacrylamide gel electrophoresis and boiled for 5
min. The samples were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (10% polyacrylamide), SDS-PAGE and Western blotting was
performed using the Supersignal chemiluminescent substrate from Pierce (Rock-
ford, IIL.).

Chemotaxis assay. The migration of HOS-CD4/X4 and HOS-CD4/R5 cells
was assessed by a 48-well microchamber technique (3). Different concentrations
of SDF-1a or 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 (PVPF; pore size, 10 pm;
Poretics) precoated with 50 pg of collagen type 1 per 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 (Biochemical Sciences). Using 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 follows:
chemotaxis index = 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 ¢ test.

Measurement of CD4- and CXCR4-induced conformational changes. Fluores-
cence changes of the hydrophobicity-sensitive dye 4,4-dianilino-1,1-binaphthyl-
5,5-disulfonic acid (bis-ANS), resulting from conformational changes in gp120-
gp41 were monitored by a procedure described previously (23) with some
modifications. Untreated and PPMP-treated HeLaCD4 cells were plated on
35-mm dishes with coverslip cutouts in the center. TF228 cells, which constitu-
tively express the X4-utilizing (ITIB) gp120-gp41, were labeled with calcein-AM
as described above and then added to the culture dish. bis-ANS was added at 2
pg/ml to culture medium without serum. Once the TF228 cells were touching the
target cells as determined by bright-field and calcein fluorescence, images were
recorded using the quantitative light microscopy setup described previously (23).
The fluorescence intensity averaged from regions of interest drawn around in-
dividual gp120-gp41-expressing cells was monitored at 37°C as a function of time
following contact of effector and target cells.

Addition of GSLs to CD4* cells. The addition of GSLs to the plasma mem-
brane of cells was performed as described previously (35). Briefly, liposomes
containing Egg phosphatidylcholine:Egg phosphatidylethanolamine: GSL
(3:1.5:1, wt/wt) were prepared in PBS (Ca and Mg free) by extrusion through a
0.2-pm-pore-size filter using an extruder from Lipex Biomembranes (Vancouver,
Canada) to a final lipid concentration of 0.9 mg/ml. Target cells plated on 35-mm
dishes with coverslip cutouts in the center (at 5 X 10%dish) were infected with
the recombinant influenza virus strain X-31 (H3N2) (34) overnight at 37°C.
Target cells were treated with 5 pg of trypsin per ml for 5 min at room temper-
ature to activate the hemagglutinin (HA) on the cell surface. Liposomes were
allowed to bind to the HA-expressing target cells for 30 min at room tempera-
ture. Liposome-cell fusion was induced by a 60-s exposure of the cells to pH 5.2,
followed by incubation in D10 (pH 7.4) for 30 min at room temperature. The
modified cells were then used as targets in the cell-cell fusion assays described
above.

RESULTS

Inhibition of GSL biosynthesis blocks target cell suscepti-
bility to HIV-1 infectivity by a broad variety of HIV-1 isolates.
The synthesis of most GSLs begins with glucosylation of cer-
amide to form glucosylceramide (GlcCer), the precursor for
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FIG. 2. TLC of GSL levels in control and PPMP-treated cells. GSLs were iso-
lated as described in Materials and Methods from GHOST-345 cells that were either
untreated or treated for at least 7 days in culture medium containing 10 uM PPMP.
Monosialoganglioside standard (10 p.g), containing GM3, GM2, and GM1, and lipid
extracts from 5 X 10° cells were spotted onto a 20- by 20-cm silica gel TLC plate
(Fisher, Malvern, Pa.), which was developed in CHCl;-CH;0H-10% KCl,, (50:
40:10, volivol/vol). After being run, the plate was air dried, sprayed with resorcinol,
and heated to develop the spots. Images were taken on a Fluor-S Multilmager using
white light epi-illumination. Purple bands, indicative of GSLs interacting with res-
orcinol, are outlined in the standard and untreated lanes. We have quantified the
extent of GSL depletion by determining the integrated grey levels from regions of
interest of the Fluor-S Multilmager scans corresponding to the arrows. For the top
arrow, the integrated grey levels are 77,806 and 32,295 in lanes 2 and 3, respectively,
and for the bottom arrow, they are 120,063 and 38,531 in lanes 2 and 3, respectively.
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FIG. 3. Flow cytometry of CD4 and chemokine receptor expression in control and PPMP-treated cells. Expression levels of CD4, CXCR4, and CCRS in
GHOST-345 cells were examined by using control (left panel) and PPMP-treated (right panel) cells. Cells were incubated for 1 h at 4°C with PE-conjugated mouse
IgG anti-CD4 (RPA-T4) (A), PE-conjugated mouse IgG anti-CXCR4 (12G5) (B), or PE-conjugated mouse IgG anti-CCRS (2D7) (C). Fluorescence was examined with
a Becton Dickinson FACScalibur at 10,000 events/sample. Control and PPMP-treated unlabeled cells were run as background. The surface concentrations of CD4,
CXCR4, and CCRS estimated from the observed median fluorescence intensities relative to median intensities for cells with known amounts of those receptors bound
to their specific antibodies are about 5.2 X 104, 2.3 X 10°, and 1.1 X 10° molecules/cell, respectively.

hundreds of different GSLs (22). This cerebroside is synthe-
sized from UDP-glucose and ceramide by the glucosyltrans-
ferase GlcCer synthase. One way to better understand the
functions of GSLs is to selectively inhibit cellular GlcCer for-
mation. Abe et al. have synthesized a variety of specific inhib-
itors of GlcCer synthase (1). We have used one of these,
PPMP, in our examination of the role of GSLs in HIV-1 entry.
Previously, we had shown that inhibition of GSL biosynthesis
in HeLaCD4 and SupT1 cells by treatment with PPMP re-
duced their susceptibility to CXCR4-dependent HIV-1 fusion
(35, 37). To examine susceptibility to HIV-1 infection, we used
GHOST(3) cell lines, which constitute an HIV-1 or HIV-2
indicator cell panel whose individual lines were engineered to
express a Tat-dependent GFP reporter cassette in conjunction
with CD4 and a specific chemokine receptor (9). To examine
the role of GSL in HIV-1 infection, we used env-comple-
mented HIV-1 pseudotypes and CD4™" target cells that stably
express CXCR4 (GHOST-X4), CCR5 (GHOST-RY), or CCR3,
CXCR4, and CCRS5 (GHOST-345). HIV-1 infection resulted
in GFP expression, which was monitored by counting stained
cells in the fluorescence microscope. Figure 1 shows the results
for the pseudotypes containing env expression vectors for
HIV-1 HXB2, 89.6, ADA, Bal., JRFL, and JRCSF. In all cases,
treatment of GHOST cells with PPMP inhibited HIV-1 infection.
Treatment of cells with PPMP did not affect the entry of viruses
pseudotyped with the envelope glycoprotein of VSV or A-MLV.

Effect of PPMP treatment on target cell lipid biosynthesis
and cell surface receptor expression. Figure 2 shows thin-layer
chromatograms of GSLs isolated from GHOST-345 cells that
were either untreated or treated for at least 7 days in culture

medium containing 10 wM PPMP as well as monosialoganglio-
side standard. The bands, indicative of GSLs interacting with
resorcinol, are outlined in the standard and untreated lanes.
The shift in alignment of cell-derived GSLs with the standards
is most probably because the standards and the cell-derived
GSLs are purified from different species. GSLs with equivalent
head groups have very different acyl chain distributions, which
will cause them to run differently in a chromatogram. How-
ever, it is clear from the TLC results that the PPMP treatment
resulted in a marked reduction of GSLs in these cells. Phos-
pholipid and cholesterol compositions were unchanged follow-
ing PPMP treatment (data not shown).

Figure 3 shows the cell surface expression levels of CD4,
CXCR4, and CCRS5 on control and PPMP-treated cells. Al-
though there was no significant change in cell surface expres-
sion of CD4 or CXCR4, the level of CCRS expression was
reduced to about 60% of control following treatment of these
cells with PPMP.

Effect of PPMP treatment on the physiology of target cells.
Chemokines and their seven-transmembrane-domain G-pro-
tein-coupled receptors constitute a large and highly differen-
tiated signaling system involved in many biological processes,
including development, hematopoiesis, angiogenesis, and reg-
ulation of specific leukocyte trafficking (2). The activity of the
chemokine receptors has been examined by monitoring che-
motaxis in response to specific ligands. Figure 4 shows chemo-
taxis of HOS-CD4/X4 cells in response to SDF1-a, the ligand
for CXCR4, and of HOS-CD4/RS in response to MIP1-B, a
ligand for CCRS. Treatment of these cells with PPMP, which
inhibited HIV-1 entry, did not affect their ability to respond to
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FIG. 4. Migration of HOS-CD4 cells expressing X4 or R5 in response to chemokines. Different concentrations of SDF-1a (A) or MIP1-8 (B) were placed in the
lower wells of the chemotaxis chamber, and HOS-CD4/X4 (A) or HOS-CD4/R5 (B) cells were placed in the upper wells; the upper and lower wells were separated
by a polycarbonate filter. The results are expressed as a chemotaxis index (CI), representing the fold increase of migrating cells in response to SDF-1a over the response
to control medium. Significant cell migration (P < 0.05) was detected with =10 ng of chemoattractant per ml.

SDF1-a or MIP1-B. The ability of SDFl-a to trigger Ca*"
mobilization in the HOS-CD4/X4 cells and of MIP1-8 to trig-
ger Ca®" mobilization in the HOS-CD4/R5 cells was also un-
affected by pretreatment with PPMP (data not shown).

Effect of GSLs on the association between CD4 and CXCR4
or CCRS. It has been demonstrated that CXCR4 may directly
associate with the complex between CD4 and the HIV-1 en-
velope glycoprotein, suggesting that the complex between
these three molecules plays a critical role in the initial stages of
the entry process (25). More recently, it has been shown that
cell surface CD4 associates with CCRS in the absence of gp120
or other chemokine receptor- or CD4-specific ligands and that
there is a functional correlation between this association and
HIV-1 envelope glycoprotein-mediated fusion (47). Since
these molecules may be associated in membrane domains, we
examined whether GSLs are involved in this association. We
used NIH 3T3-CD4/X4 and NIH 3T3-CD4/RS5 for these ex-
periments because coimmunoprecipitation of CD4 with
CXCR4 or CCRS5 in these cells yielded a better signal in
Western blots. Figure 5 shows that treatment of NIH 3T3-
CD4/X4 and NIH 3T3-CD4/RS5 cells with PPMP for 7 days

reduced fusion yields with cells expressing HIV-1 gp120-gp41
of the appropriate specificity. The coimmunoprecipitation data
show that treatment of these cells with PPMP had no effect on
the association of CD4 with CXCR4 or CCRS5. Moreover,
treatment with PPMP did not affect the amount of gp120-
induced coimmunoprecipitation of CD4 and CXCR4. This in-
dicates that the formation of the trimolecular gp120-CD4-
CXCR4 complex, which presumably occurs at an early stage in
the fusion cascade (25), is not dependent on the presence of
GSLs in the target membrane.

Effect of PPMP treatment on CD4 and chemokine receptor-
induced conformational changes in Env. In a previous study,
we continuously monitored conformational changes of cell sur-
face-expressed HIV-1 gp120-gp41 in situ using bis-ANS, a flu-
orescent probe that binds to hydrophobic groups (23). These
conformational changes, which lead to membrane fusion, are
highly cooperative, requiring both CD4 and an appropriate
chemokine receptor. We have used the bis-ANS technique to
monitor the interactions between gp120-gp41-expressing cells
and CD4" CXCR4™ target cells, which are GSL depleted and
fusion incompetent. Figure 6 shows that the GSL-depleted
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necessary to trigger the supramolecular associations and mas-
sive conformational changes in the envelope glycoprotein re-
quired for membrane fusion.

Recovery of fusion activity of GSL-depleted cells following
reconstitution with purified GSLs. Purified GSLs were recon-
stituted into PPMP-treated cells by influenza virus HA-medi-
ated fusion of liposomes containing a specific GSL with the
target cells. It has previously been shown that addition of
exogenous GM1 (31) or GM3 (19) to target cells leads to
down-regulation of CD4 and, for GM1, to inhibition of HIV-1
infectivity (12). However, control experiments with untreated
cells showed no change in cell surface CD4 expression or
susceptibility to HIV-1 envelope glycoprotein-mediated fusion
following incorporation of GSLs using our method (data not
shown). We had previously reported that Gb3 was the most
potent GSL in its ability to restore fusion activity with cells
expressing the CXCR4-utilizing envelope glycoprotein (35).
To examine possible strain specificity of Gb3, we tested various
isolates for their ability to fuse with GSL-depleted GHOST-X4
or RS cells. Figure 7 shows the specificity of these cells for the

FIG. 5. Effect of GSL depletion on the CD4-chemokine receptor association.
(A) CD4-CCRS association. 3T3-CD4-CCRS cells treated (+) and not treated
(—) with PPMP were solubilized, and CD4 was isolated by coimmunoprecipita-
tion by the anti-CCRS antibody 5C7. The gels shown are Western blots obtained
with rabbit anti-CD4 and goat anti-CCRS antibody. The numbers below the gels
represent intensity ratios determined using a Molecular Imager (Bio-Rad). (B)
CD4-CXCR4-gp120 association. 3T3-CD4-CXCR4 cells treated (+) and not
treated (—) with PPMP were solubilized, and CD4 was isolated by coimmuno-
precipitation by anti-CXCR4 antibody 4G10 in the presence (+) or absence (—)
of rgp120;;5. The gels shown are Western blots obtained with rabbit anti-CD4
and mouse anti-CXCR4 antibody. The numbers below the gels represent inten-
sity ratios determined using a Molecular Imager. (C) Inhibition of fusion with
cells expressing the R5-utilizing envelope glycoprotein (Ba-L). (D) Inhibition of
fusion with cells expressing the X4-utilizing envelope glycoprotein (IIIB).

cells failed to produce a response in the bis-ANS assay. These
observations, taken together with the results of the coimmu-
noprecipitation experiments (Fig. 5), demonstrate that while
the GSLs have no effect on the intrinsic associations between
individual molecules of CD4 and CXCR4 or CCRS, they are

envelope glycoproteins of their respective HIV-1 isolates and
their inhibition by pretreatment of the target cells with PPMP.
Although Gb3 appeared to be the most potent in restoring the
fusion activity of CXCR4 and/or CCR5-utilizing envelope gly-
coproteins, some enhanced activity over background was also
seen upon reconstitution with GM3.

DISCUSSION

In this study we demonstrated that GSLs are involved in the
entry of a broad range of HIV-1 isolates into cell lines express-
ing CD4, CXCR4, and/or CCR5. We discovered this result by
inhibiting the synthesis of GlcCer, the precursor for a plethora
of different GSLs (22). GlcCer-based sphingolipids have been
identified as important mediators of a variety of cellular func-
tions, including proliferation, differentiation, development,
and cell-cell recognition (20). We show that cell lines cultured
in the presence of PPMP, a competitive inhibitor of GlcCer
synthase (1), exhibit a reduction in overall GSL content (Fig.
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2). The inhibition of GSL biosynthesis did not affect cell sur-
face expression of CD4 or CXCR4 but caused a slight decrease
in the level of CCRS5 expression. Since it has been shown that
the susceptibility of cells with high surface concentrations of
CD4 and CCRS to infection by HIV-1 RS isolates is indepen-
dent of CCRS levels (33), the observed inhibition of infectivity
of RS isolates (Fig. 1) by PPMP treatment is not caused by the
observed reduction of CCRS levels. Because PPMP is very
specific for GlcCer synthase (1), it is unlikely that it affects the
cell surface complement of glycosoaminoglycans or other ad-
hesion factors which are known to play important roles in
virus-cell attachment prior to initiation of the fusion reaction
(44). This specificity also implies that there are no changes in
tyrosine sulfation of the N-terminal domains of CCRS, which

recently has been shown to facilitate HIV-1 entry (17). Our
observation that the susceptibility of PPMP-treated cells to
fuse with cells expressing R5 envelope glycoprotein can be
completely recovered following reconstitution with purified
GSLs (see Fig. 7) indicates that neither the reduced level of
CCRS, nor a possible modification of tyrosine sulfation of
CCRS5, nor a change in the cell surface complement of glyco-
soaminoglycans or other adhesion factors is a probable cause
of the fusion inhibition. Moreover, signaling of these cells via
chemokine receptors was not altered by inhibition of GSL
biosynthesis (Fig. 4).

Although formation of the trimolecular gp120-CD4-chemo-
kine receptor complex was not affected by PPMP treatment
(Fig. 5), lack of GSLs on the target membrane did block the
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massive conformational changes in gp120-gp41 which result
from specific interactions between gp120-gp41, CD4, and che-
mokine receptor (Fig. 6). Inhibition of GSL biosynthesis in the
target membrane reduced fusion activity with env-expressing
cells (Fig. 7), as well as the infection by HIV-1 from a variety
of isolates (Fig. 1). PPMP treatment of envelope glycoprotein-
expressing cells did not affect their subsequent fusion with
appropriate (untreated) target cells (data not shown), indicat-
ing that the GSL effect is unidirectional. Inhibition of GSL
biosynthesis did not affect the entry of virus pseudotyped with
the envelope glycoproteins from VSV or A-MLV (Fig. 1).
Moreover, HIV-2 envelope glycoprotein-mediated fusion is
not affected by treatment of target cells with PPMP (37). Al-
though alphaviruses depend on target cell sphingolipids (and
cholesterol) for their entry into the cells (30, 41) while
paramyxoviruses and orthomyxoviruses (39, 43) depend on
specific gangliosides, the combination of GSLs with receptors
and coreceptors to form a fusion complex appears to be quite
unique to HIV-1 entry.

We found that Gb3 > GM3 > GD3 in their ability to
restore the fusion activity of all HIV-1 isolates tested. In con-
trast, Hammache et al. (21) reconstituted monolayers of puri-
fied GSLs at the air-water interface and observed that Gb3 was
stronger than GM3 in its interaction with the X4 gp120
whereas GM3 interacted preferentially with the X4R5 gp120.
In T lymphocytes, the monosialoganglioside GM3 represents
the main ganglioside constituent of the plasma membrane
(72% of total gangliosides); Gb3 is not detectable (data not
shown). Nevertheless, HIV-1 envelope glycoprotein-mediated
cell fusion is inhibited following PPMP treatment of SupT1
cells (a T-cell line) and other cell lines normally devoid of Gb3.
Although addition of Gb3 to GSL-depleted cells results in
fusion recovery, even in backgrounds where Gb3 is normally
absent, other glycosphingolipids, presumably GM3, may fulfill
the necessary role in mediating HIV-1 fusion.

How could GSLs play a role in HIV-1 entry? Recent studies
suggest that sphingolipid-rich and cholesterol-rich domains
may exist as phase-separated “rafts” in the membrane, which
serve as sites enriched in signal transduction assemblies (8, 40).
According to a model proposed by Hammache et al. (21), the
GSLs recognized by both CD4 and gp120 induce the formation
of a trimolecular complex of CD4, GSL, and gp120 in such
rafts. The observation that CD4 is found in GM3-enriched
domains on the lymphocyte plasma membrane (27, 42) is con-
sistent with this hypothesis. Typically GSLs exhibit long satu-
rated acyl chains, which are thought to drive self-assembly with
cholesterol to form liquid ordered domains capable of orga-
nizing membrane proteins such as CD4, CXCR4, and CCR5.
Although PPMP inhibits the assembly of the oligosaccharide
head group in GSLs, the cells are not depleted of ceramide,
which may continue to function in domain formation (32).
Consequently, domain formation is not sufficient for GSL
function in HIV-1 entry. Rather, a Gb3-like oligosaccharide
head group acts specifically with CD4 and CCRS or CXCR4
and gp120-gp41 to facilitate membrane fusion. These com-
plexes are presumably enriched in rafts, leading to a higher
local concentration within a cell surface microdomain. In the
absence of GSLs, the trimolecular gp120-CD4-chemokine re-
ceptor complexes are still formed (Fig. 5) but the massive
conformational changes required for fusion do not occur (Fig.
6). We hypothesize that secondary interactions between the V3
loop of gp120 and the polar heads of GSL molecules lead to
the conformational changes in gp120-gp41 that allow the dis-
sociation of gp120 from gp41. This step enables gp41 to form
the viral hairpin (11, 45) and promotes assembly of the gp41

J. VIROL.

molecules into the fusion complex. Further experiments are
needed to test the validity of this hypothesis.
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