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ABSTRACT: Synthetic multibranched peptides derived from the V3 domain of human immunodeficiency
virus type 1 (HIV-1) gp120 inhibit HIV-1 entry into CD4+ and CD4- cells by two distinct mechanisms:
competitive inhibition of HIV-1 binding to CD4-/GalCer+ colon cells and postbinding inhibition of HIV-1
fusion with CD4+ lymphocytes. In the present study, we have characterized the cellular binding sites for
the V3 peptide SPC3, which possesses eight V3 consensus motifs GPGRAF radially branched on a neutral
polyLys core matrix. These binding sites are glycosphingolipids that share a common structural
determinant, i.e., a terminal galactose residue with a free hydroxyl group in position 4: GalCer/sulfatide
on CD4-/GalCer+ colon cells; LacCer and its sialosyl derivatives GM3 and GD3 on CD4+ human
lymphocytes. These data suggest that the V3 peptide binds to the GalCer/sulfatide receptor for HIV-1
gp120 on HT-29 cells and thus acts as a competitive inhibitor of virus binding to these CD4- cells, in full
agreement with previously published virological data. In contrast, SPC3 does not bind to the CD4 receptor,
in agreement with the data showing that the peptide inhibits HIV-1 infection of CD4+ cells by acting at
a postattachment step. The binding of SPC3 to LacCer, GM3, and GD3, expressed by CD4+ lymphocytes,
suggests a role for these glycosphingolipids in the fusion process between the viral envelope and the
plasma membrane of CD4+ cells. Since the multivalent peptide can theoretically bind to several of these
glycosphingolipids, we hypothesize that the resulting cross-linking of membrane components may affect
the fluidity of the plasma membrane and/or membrane curvature, altering the virus-cell fusion mechanism.

The third variable region (V3 loop) of HIV-11 gp120 plays
an important role in the mechanisms controlling the fusion
between the envelope of HIV-1 and the cell membrane of
the target cells (Moore & Nara, 1991; Levy, 1993; Moore
et al., 1993). In particular, the V3 loop has been considered
as a fusion domain whose role would be to initiate the fusion
process after an initial interaction between gp120 and CD4
on the surface of CD4+ cells (Freed et al., 1991). According
to this paradigm, the V3 loop might interact with an
accessory molecule (a coreceptor) which is specifically
expressed on human cells (Maddon et al., 1986; Clements
et al., 1991; Dragic et al., 1992; Lore`s et al., 1992; Broder
et al., 1993). The recent identification of a family of
â-chemokine receptors as fusion cofactors for primary and
laboratory isolates of HIV-1 (Alkhatib et al., 1996; Choe et
al., 1996; Deng et al., 1996; Dorantz et al., 1996; Dragic et
al., 1996; Feng et al., 1996) will help to validate this model.
In addition, an alternative pathway of HIV-1 infection has

been recently characterized in CD4- cells of neural and

colonic origin (Harouse et al., 1991; Yahi et al., 1992). These
cells express the glycosphingolipid galactosylceramide (Gal-
Cer), which acts as a high-affinity receptor for HIV-1 gp120
(Bhat et al., 1991; Long et al., 1994). The interaction
between GalCer and gp120 appears to involve the V3 loop
of the viral glycoprotein (Cook et al., 1994; Yahi et al.,
1994a, 1995a, 1996).

The importance of the V3 loop for HIV-1 entry into both
CD4- and CD4+ cells prompted us to use V3-derived
synthetic peptides as potential inhibitors of HIV-1 entry into
both cell types. After several unsuccessful trials with various
monomeric peptides, we have tested synthetic peptides in
which the V3 motifs were radially branched on an uncharged
polyLys core matrix, a procedure originally developed by
Tam (1988) to enhance peptide immunogenicity. The
prototype peptide in this series was SPC3, an octamer of
the HIV-1 gp120 V3 consensus sequence GPGRAF (i.e.,
[GPGRAF]8-[K] 4-[K] 2-K-âA). SPC3 inhibits HIV-1 infec-
tion in CD4+ lymphocytes and macrophages (Yahi et al.,
1994b) as well as in CD4-/GalCer+ epithelial cells (Yahi et
al., 1995a). Interestingly, SPC3 was shown to affect HIV-1
infection by at least two distinct mechanisms including
prevention of GalCer-mediated virus attachment to the
surface of CD4-/GalCer+ cells and postbinding inhibition
of virus entry into CD4+ lymphocytes (Yahi et al., 1995b).
In the latter case, the data were consistent with the recogni-
tion, by SPC3, of cell surface molecules involved in the
fusion process.

In the present study, we have determined the nature of
the cellular binding sites for SPC3 on both CD4- and CD4+

cells. We show that SPC3 binds to cellular glycosphin-
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golipids that share a common structural feature, i.e., a free
hydroxyl group in position 4 of the terminal galactose
residue. These glycosphingolipids are (i) GalCer/sulfatide
in CD4- intestinal cells and (ii) LacCer and its sialosyl
derivatives GM3 and GD3 in CD4+ lymphocytes. The
potential role of these glycosphingolipids during the fusion
process between HIV-1 and its target cells is discussed.

MATERIALS AND METHODS

Materials. SPC3, i.e., [GPGRAF]8-[K] 4-[K] 2-K-âA, was
generously provided by M. Mollard (Eurethics, Paris,
France). The peptide was purified to homogeneity, and the
amino acid analysis of the purified peptide agreed with the
deduced amino acid ratios. [3H]Suramin (49 Ci/mmol) was
purchased from Isotopchim (Ganagobie-Peyruis, France).
Lipids were from Sigma (St Louis, MO). Poly(vinyl
chloride) multiwell plates (No. 3911) were from Falcon-
Becton Dickinson (Le Pont de Claix, France). Immulon 1
multiwell plates were purchased from Poly Labo (Strasbourg,
France). The anti-V3 mAb F5 was generously provided by
F. Traincard (Institut Pasteur, Paris, France). Tissue culture
media and fetal calf serum were from BioWhittaker (Gagny,
France).
Cell Culture. Human peripheral blood mononuclear cells

(PBMCs) were obtained from healthy donors, activated with
phytohemagglutinin, and cultured in RPMI 1640 medium
containing 10% fetal calf serum and interleukin 2 as
described (Yahi et al., 1994b). CD4-positive cells were
purified from PBMCs with anti-CD4 antibodies attached on
magnetic beads Dynabeads (Dynal, France). The human
T-lymphoblastoid CEM cell line was grown in RPMI 1640
containing 10% fetal calf serum. Human colon epithelial
cell lines HT-29-D4 and Caco-2/Cl2 (Fantini et al., 1993a)
were cultured in Dulbecco’s modified Eagle’s medium/F12
(DMEM/F12) with 10% fetal calf serum.
Binding of Anti-V3 mAb to SPC3.SPC3 (10µM) was

coated on Immulon 1 multiwell plates for 1 h at 37°C. Non
specific binding sites were saturated with PBS, containing
2% bovine serum albumin for 1 h at 37°C. After washing,
the peptide was incubated with the anti-V3 mAb F5 (1.25
µg/mL) in either the absence or presence of the indicated
concentration of suramin. After 1 h at 37°C, the wells were
washed and the bound mAb was revealed with peroxidase-
conjugated rabbit anti-mouse antibodies (1:1000) using
o-phenylenediamine as substrate. The absorbance was
measured at 490 nm with a Biotek EL 311 multiwell
spectrophotometer (Osi, Les Ulis, France).
Binding of SPC3 to Lipids.Stock solutions of lipids were

prepared in chloroform/methanol (1:1, vol/vol) at a concen-
tration of 1 mg/mL. The indicated amounts of lipids (100
µL) were then allowed to adsorb on poly(vinyl chloride)
multiwell plates by evaporation of the solvent under a
chemical hood, according to Backenson et al. (1995). The
plates were treated with PBS containing 2% bovine serum
albumin overnight at 4°C to reduce nonspecific binding and
then incubated with 100µL of 10 µM SPC3. After 1 h at
37 °C, the plates were rinsed six times with 200µL of PBS
and incubated with 100µL of [ 3H]suramin (1µCi/mL). As
previously reported, suramin binds specifically to the GPGRAF
motif of SPC3 and not to unrelated peptides (Yahi et al.,
1994a). After 1 h at 37°C, the plates were washed seven
times with 200µL of PBS, each well was individualized,

and the radioactivity was determined in aâ scintillation
counter (Beckman, Marseille, France).
Binding Studies on CD4.CD4 binding studies were

performed on soluble CD4 immobilized strips from the
gp120 capture ELISA kit (Intracel Corp., London, UK). The
wells were incubated with either the anti-CD4 mAb MT151
(Boehringer Mannheim, Les Ulis, France) or SPC3 at the
indicated concentrations. The binding of MT151 was
revealed by ELISA using peroxidase-conjugated rabbit anti-
mouse antibodies as reported (Dele´zay et al., 1996). SPC3
was revealed with [3H]suramin after individualization and
counting of each well in aâ scintillation counter.
Incorporation of Sulfatide into Caco/Cl2 Cells.GalCer-

negative human colon epithelial Caco-2/Cl2 cells were
incubated for 2 h at 37°C in DMEM/F12 culture medium
containing 1 mg/mL sulfatide. After three washings with
PBS, the presence of sulfatide was determined by indirect
immunofluorescence with the anti-GalCer monoclonal anti-
body R-mAb (Rantsch et al., 1982) as previously reported
(Delézay et al., 1996).
Binding of SPC3 to LiVe Cells. The cells were incubated

with various concentrations of SPC3 in PBS with 2% bovine
serum albumin for 1 h at 4°C. After several washings with
PBS, the cells were incubated with [3H]suramin (1µCi/mL)
in PBS containing 0.5% gelatin for 20 min at 37°C. The
cells were then washed in PBS and disrupted with 0.1 N
NaOH. The radioactivity associated with the cells was
determined in aâ scintillation counter.
Binding of Anti-CD4 mAbs to CEM Cells.CEM cells were

resuspended in PBS containing 0.5% bovine serum albumin
and incubated with saturating concentrations of various anti-
CD4 mAbs in the presence of the indicated amount of SPC3.
After washing in PBS, the cells were incubated with
fluorescein-conjugated anti-mouse antibodies and analyzed
by quantitative flow cytometry using the Qifikit assay
(Biocytex, Marseille, France). The number of antibody
molecules bound to the cells was determined according to a
standard assay with antibody-conjugated beads (linear in the
range of 4000-500 000 antigenic sites per bead).
Lipid Extraction and Analysis.PBMCs and immuno-

purified CD4+ lymphocytes were metabolically labeled with
[14C]galactose (2µCi/mL) for 24 h at 37°C. Lipids were
extracted with chloroform/methanol/water (4:8:3) and par-
titioned as described (Yahi et al., 1994c). The lipids
contained in the Folch lower and upper phases were resolved
on high-performance thin-layer chromatography (HPTLC)
plates (silica gel 60; Merck, Darmstadt, Germany) and
chromatographied in chloroform/methanol/water (60:35:8).
The position of glycolipids was determined by orcinol
staining of corresponding standards ran in parallel on the
same plate. The chromatography plates were analyzed with
a GS-505 phosphoimager (Biorad, Ivry sur Seine, France).

RESULTS

Specific Detection of SPC3 Using [3H]Suramin. SPC3 is
a synthetic polymeric peptide construction in which eight
V3 loop consensus motifs (GPGRAF) from HIV-1 gp120
are radially branched on an uncharged core matrix (Yahi et
al., 1995b). This multibranched peptide is recognized by
F5, a neutralizing anti-gp120 mAb directed to the tip of the
V3 loop. As shown in Figure 1, the binding of F5 to SPC3
is inhibited by increasing concentrations of suramin, a
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polysulfonyl naphthylurea previously reported to bind to the
V3 domain of HIV-1 gp120 (Yahi et al., 1994a). These data
demonstrate that the F5 mAb and suramin recognize the same
V3 loop GPGRAF motif. We took advantage of this
property to develop a detection assay of SPC3 using
radiolabeled suramin as ligand for the V3 peptide (Yahi et
al., 1994a). In this assay, the binding of [3H]suramin to
SPC3 was dose-dependent and saturable. The suramin/SPC3
stoichiometry was found to be 2:1 as determined by the Hill
plot method, indicating that SPC3, as coated on multiwell
plates, displays two binding sites for suramin (data not
shown). The interaction between SPC3 and [3H]suramin was
inhibited by unlabeled suramin, with a 50% effective
concentration of 10µM. The binding specificity of suramin
for SPC3 was further demonstrated by using irrelevant
multibranched peptides as well as SPC3 analogs with the
same net charge as SPC3 but with a shorter motif (i.e.,
GPGR, GPGRA). As previously reported (Yahi et al.,
1994a), [3H]suramin did not bind to these peptides. Taken
together, these data indicated that [3H]suramin specifically
recognizes the entire V3 consensus motif GPGRAF and that
it could be used as a specific probe for SPC3 detection and
quantitation.
SPC3 Binds to GalCer+ but Not to GalCer- Epithelial

Cells. SPC3 inhibits the GalCer-mediated entry of HIV-1
into the CD4-/GalCer+ intestinal epithelial cell line HT-29
(Yahi et al., 1995a). Based on the ability of SPC3 to inhibit
the binding of recombinant gp120 to purified GalCer, it has
been assumed that SPC3 was a competitive inhibitor of
HIV-1 attachment to the GalCer receptor. Thus, we analyzed
the binding of SPC3 to the surface of HT-29 cells. In this
experiment, HT-29 cells were first incubated with various
concentrations of SPC3, and the binding of the peptide was
then revealed with [3H]suramin as described in Materials and
Methods (Figure 2). Since [3H]suramin alone did not bind
to HT-29 cells (Baghdiguian et al., 1996), the cell-associated
radioactivity corresponded to the specific detection of SPC3
bound to the cells. This binding was dose-dependent, with
a maximal binding capacity of 0.911( 0.069 pmol of
suramin, corresponding to 137 105( 10 384 SPC3 binding

sites per cell (considering that the SPC3/suramin stoichiom-
etry was not affected by cellular binding of the peptide). In
contrast, SPC3 did not significantly bind to Caco-2/Cl2, a
GalCer- epithelial cell line (Figure 3).
Incorporation of GalCer-SO3- (Sulfatide) in Caco-2/Cl2

Plasma Membrane Results in SPC3 Binding.Some exog-
enously added glycosphingolipids can be incorporated in the
plasma membrane of various cultured cells (Schwartzmann
et al., 1983; Chigorno et al., 1985; Varani et al., 1994). The
sulfated derivative of GalCer, i.e., 3-sulfoGalCer or sulfatide,
which is far more soluble than GalCer in an aqueous medium,
has been successfully introduced in the plasma membrane
of human B-lymphocytes, rendering these cells able to bind
recombinant gp120 (McAlarney et al., 1994). In the experi-
ment presented in Figure 3, Caco-2/Cl2 cells were incubated
with sulfatide and then evaluated for SPC3 binding. The
incorporation of sulfatide resulted in a dramatic increase of
SPC3 binding. These data confirmed the specificity of our
binding assay for SPC3 and identified cell surface-associated
GalCer/sulfatide as a receptor for the V3 peptide.
SPC3 Binds to Purified Sulfatide.We then analyzed the

ability of SPC3 to recognize purified sulfatide. In this assay,
increasing amounts of sulfatide were adsorbed on the surface
of poly(vinyl chloride) multiwell plates and subsequently
incubated with a unique concentration of SPC3. [3H]suramin
was used as a revealing agent to detect the V3 peptide. As
shown in Figure 4, the binding of SPC3 to sulfatide was
specific and dose-dependent. The minimal amount of
sulfatide that was detected by SPC3 was 250 ng, while
maximal binding was reached for 2µg of sulfatide. These
data confirm that sulfatide is specifically recognized by
SPC3.
SPC3 Binds to Purified Human CD4+ Lymphocytes.Next

we investigated whether SPC3, which inhibits HIV-1 infec-
tion in CD4+ lymphocytes (Yahi et al., 1994b), could bind
to the surface of these cells. To this end, CD4+ lymphocytes
were purified from PBMC obtained from healthy volunteers
using anti-CD4 antibody-coated magnetic beads. The per-
centage of CD4+ cells obtained after purification was superior

FIGURE 1: Effect of suramin on anti-V3 mAb binding to SPC3.
The binding of F5, an anti-gp120 mAb recognizing the tip of the
V3 domain, to SPC3 was measured by ELISA as described in
Materials and Methods. Suramin was present at the indicated
concentrations during the incubation with F5. The results are
expressed as the mean of two experiments ((SD).

FIGURE 2: Binding of SPC3 to HT-29-D4 intestinal cells. CD4-/
GalCer+ HT-29-D4 cells were incubated for 2 h with the indicated
concentrations of SPC3. After three washes, the bound peptide was
revealed with [3H]suramin. Cell-associated radioactivity was meas-
ured with a scintillation counter. Results are expressed as the mean
of three independent experiments ((SD).
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to 98%, as assessed by immunofluorescence studies with
FITC-conjugated OKT4A monoclonal anti-CD4 antibody
(data not shown). These CD4+ lymphocytes were incubated
with various concentrations of SPC3, and the peptide bound
was detected with [3H]suramin. The data in Figure 5 show
that SPC3 bound to the surface of CD4 lymphocytes. The
binding was dose-dependent, with a maximal binding capac-
ity of 1.216( 0.027 pmol of [3H]suramin, corresponding to
366 016( 8 127 SPC3 binding sites per cell. Therefore,
the plasma membrane of CD4+ lymphocytes displays a wide
number of specific binding sites for SPC3.

SPC3 Does Not Bind to CD4.In a first attempt to identify
the nature of the SPC3 binding site(s) on CD4+ lymphocytes,
we studied the interaction between SPC3 and the CD4
molecule in a solid-phase assay. As shown in Figure 6B,
CD4 adsorbed on ELISA plates was easily detectable by the
anti-CD4 monoclonal antibody MT151. However, we did
not detect any binding of SPC3 to CD4, even for concentra-
tions of SPC3 up to 20µM (Figure 6A). The peptide could
however bind to sulfatide, which was used as a positive
control for SPC3 binding (Figure 6A). Moreover, preincu-
bation of CEM cells with concentrations of SPC3 up to 100
µM failed to inhibit the binding of any of five different anti-
CD4 monoclonal antibodies (MT151, Q4120, 13B8-2, BL4,
or ABT) (Table 1). Instead, an increased binding was
observed for four out of the five anti-CD4 mAbs when tested
in presence of the highest concentration of SPC3. Recipro-
cally, none of these antibodies were able to inhibit the
binding of SPC3 to either CEM cells or CD4+ lymphocytes
(data not shown). Finally, treatment of CEM cells with 100
µg/mL proteinase K resulted in the loss of detection of CD4,
while SPC3 binding was not significantly inhibited (data not
shown). Taken together, these data do not support the
hypothesis that SPC3 binds to CD4 (Benjouad et al., 1995)
and rather suggest that the V3 peptide recognizes proteinase
K-resistant molecules on the surface of CD4+ lymphocytes.
SPC3 Binds to Glycosphingolipids Extracted from CD4

Lymphocytes.We thus considered the possibility that the
SPC3 binding site(s) on CD4+ lymphocytes could be
nonproteic plasma membrane components. Among these
molecules, glycosphingolipids have focused our attention
since (i) SPC3 recognizes GalCer/sulfatide on the surface
of CD4- intestinal cells and (ii) this class of molecules has
been suggested to mediate the fusion induced by HIV-1 via
an interaction with the V3 loop of gp120 (Lazaro et al., 1994;
Dragic et al., 1995). Neutral and acidic glycosphingolipids
were extracted from purified CD4+ lymphocytes after
metabolic labeling with [14C]galactose and separated by
HPTLC (Figure 7). In agreement with previous studies
(Stein & Marcus, 1977; Macher et al., 1981; Symington &
Hakomori, 1985; Yuasa et al., 1990; Reivinen et al., 1994),

FIGURE3: Binding of SPC3 to Caco-2/Cl2 cells after incorporation
of sulfatide. CD4-/GalCer- Caco-2/Cl2 cells were either treated
(closed histograms) or not treated (open histograms) with sulfatide
for 2 h at 37°C. After thorough washings, the cells were incubated
with the indicated concentration of SPC3 and the peptide bound to
the cells was revealed with [3H]suramin. Results are expressed as
the mean of three independent experiments ((SD).

FIGURE 4: Binding of SPC3 to purified sulfatide. Sulfatide was
dissolved in methanol at the indicated concentrations, distributed
in 96-well multiwell plates (100µL/well) and evaporated overnight
under a chemical hood. After blocking of nonspecific binding with
PBS containing 2% bovine serum albumin, the wells were serially
incubated with 10µM SPC3 and [3H]suramin. After throrough
washing in PBS, the radioactivity bound to the wells was counted
in a scintillation counter. Results are means of two experiments
performed in duplicate (( SD)

FIGURE 5: Binding of SPC3 to human CD4+ lymphocytes. CD4+
cells were purified from normal PBMC using anti-CD4 antibody-
coated magnetic beads. The cells were incubated with the indicated
concentration of SPC3 and the bound peptide was revealed with
[3H]suramin. Results are expressed as the mean of three independent
experiments ((SD).
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the Folch lower phase contained various neutral glyco-
sphingolipids including GluCer (glucosylceramide) and Lac-
Cer (lactosylceramide), while the Folch upper phase con-
tained several gangliosides including GD3 and GM3. Nei-
ther GalCer nor sulfatide could be evidenced in these extracts,
as previously reported (Stein & Marcus, 1977). For com-
parison, the pattern of glycosphingolipids extracted from
normal PBMC was also presented (Figure 7). Some interest-
ing differences between these extracts could be seen,
illustrating the efficiency of the purification process of CD4+

lymphocytes. For instance, CD4+ lymphocytes were en-
riched in ganglioside GD3, while ceramide trihexosides
(CTHs) were more represented in PBMC. Lipid extracts
from CEM cells were also characterized. Interestingly, these
cells expressed mainly the ganglioside GM3 but not GD3
(not shown). Lipids from the Folch lower and upper phases
of PBMC and CEM cells were adsorbed onto the surface of

multiwell plates and probed with SPC3, using [3H]suramin
as revealing agent. SPC3 bound to these lipids with a
maximal binding capacity of 0.348( 0.020 and 0.256(
0.002 pmol of SPC3/µg of, respectively, lower and upper
phase lipids extracted from PBMC and 0.289( 0.017 and
0.265( 0.012 pmol of SPC3/µg of, respectively, lower and
upper phase lipids extracted from CEM cells (Figure 8).

Identification of the Glycosphingolipids Recognized by
SPC3. In order to identify the glycosphingolipids recognized
by SPC3 in the lymphocyte extracts, we first evaluated the
ability of SPC3 to bind to a series of purified glycosphin-
golipids. In these experiments, each glycosphingolipid was
adsorbed at various concentrations on poly(vinyl chloride)
multiwell plates and then probed with SPC3. Typical curves
are shown in Figure 9. The data are summarized in Table
2. The ceramide moiety of glycosphingolipids was not
recognized by SPC3. Besides sulfatide, three glycosphin-
golipids displayed high binding capacity for the peptide:
LacCer and its sialosylderivatives GM3 and GD3. The
common feature of these glycolipids is a free hydroxyl group
in position 4 of the terminal galactose residue. As a matter
of fact, substitution of this group by a neutral sugar (asialo-
GM2 or CTH) resulted in a significant decrease of binding.
Interestingly, the additional presence of a sialic acid residue
(e.g., in GM2) further decreased the binding capacity for
SPC3. Moreover, glycolipids with longer sugar moieties
(e.g., globoside, asialo-GM1, GM1, and GT1b) were not
recognized. These data emphasized the specificity of the
binding of SPC3 to glycosphingolipids.

On the basis of these results, one could hypothesize that
the glycosphingolipids recognized by SPC3 in lymphocyte
lipid extracts correspond to LacCer, GM3, and GD3. LacCer
and GM3 were the major glycosphingolipid species found
in, respectively, the Folch lower and upper phases of CEM
extracts. These glycolipids were purified to homogeneity
by preparative HPTLC and evaluated for SPC3 binding. As

FIGURE 6: SPC3 does not bind to CD4. (A) SPC3 binding to
sulfatide but not to CD4. Multiwell plates precoated with either
soluble CD4 (open circles) or sulfatide (closed circles) were
incubated with various concentrations of SPC3 and the bound
peptide was then detected with [3H]suramin. The data are expressed
as the mean of duplicate experiments ((SD). (B) Detection of CD4
with the monoclonal anti-CD4 antibody MT151. Multiwell plates
precoated with soluble CD4 were incubated with various concentra-
tions of MT151 (closed squares) or of R-mAb as control (open
squares). The bound antibodies were detected with peroxidase-
conjugated rabbit anti-mouse antibodies. The data are expressed
as the mean of duplicate experiments ((SD).

Table 1: Effect of SPC3 on the binding of anti-CD4 mAbs to CEM
cells

antibody specificity
SPC3
(µM) sites/cell

BL4 D4 domain of CD4 0 29 726
0.1 29 396
1 28 846
10 32 222
100 47 149

ABT D1 domain of CD4, region CDR2 0 29 769
0.1 24 724
1 30 067
10 34 149
100 46 955

13-B8-2 D1 domain of CD4, region CDR3 0 30 787
0.1 30 762
1 30 836
10 30 886
100 49 889

Q4120 D1 domain of CD4, region CDR2 0 28 433
100 28 603

MT-151 D1 domain of CD4, region CDR3 0 29 869
100 35 997

ALB12 CD45 0 81 867
a The number of sites per cell was determined for each antibody by

quantitative immunocytometry using the Qifikit kit as described in
Materials and Methods. The anti-CD45 mAb was used as a positive
control. SPC3 was present at the indicated concentrations in competition
with the antibodies.
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shown in Figure 10, both LacCer and GM3 purified from
CEM cells were recognized by SPC3. These data strongly
suggest that the proteinase K-resistant lymphocytic binding
sites for SPC3 include LacCer and its monosialosyl derivative
GM3. In addition, it is likely that GD3, i.e., the disialosyl
LacCer derivative found in the upper phase of normal CD4+

lymphocytes, is also recognized by SPC3.

DISCUSSION

The multibranched V3 loop-derived peptide SPC3 is a
potent inhibitor of HIV infection in human lymphocytes and
macrophages as well as in CD4- human colon epithelial cells
(Fantini et al., 1993a; Yahi et al., 1994a, 1995a). Virological
data suggested that the peptide is a competitive inhibitor of
HIV-1 binding to the GalCer receptor of CD4- HT-29 cells,
whereas it acts at a postbinding step in CD4+ lymphocytes
(Yahi et al., 1995b). The aim of the present study was to
identify the cell surface molecules recognized by SPC3 on
CD4- and CD4+ HIV-1 target cells.
We found that SPC3 binds to cell surface glycosphin-

golipids that share a common structural feature, i.e., a free

hydroxyl group in position 4 of a terminal galactose
residue: GalCer/sulfatide, LacCer, GM3, and GD3. One of
these glycolipids, i.e., GalCer/sulfatide, has been previously
characterized as an alternative receptor allowing HIV-1 entry
into CD4- neural and colonic cells (Harouse et al., 1991;
Fantini et al., 1994). The surface envelope glycoprotein
gp120 binds to GalCer/sulfatide with high affinity, and the
infection of CD4-/GalCer+ cells is blocked by anti-GalCer
antibodies (Yahi et al., 1992; Harouse et al., 1995). Thus,
it can be reasonably assumed that SPC3 inhibits HIV-1
infection of GalCer+ HT-29 cells by competing for the
occupation of GalCer/sulfatide binding sites. This hypothesis
is in full agreement with the virological data showing that
SPC3 is actually a competitive inhibitor of HIV-1 infection
of these cells (Yahi et al., 1995a).
In contrast, SPC3 does not inhibit the binding of HIV-1

to CD4+ lymphocytes, and the presence of the peptide only
during HIV-1 exposure does not inhibit the infection of these
cells (Yahi et al., 1995b). In agreement with these findings,
we could not demonstrate any SPC3 binding to the CD4
receptor, either in cell-free assays or on live cells. Confirm-
ing these data, digestion of cell surface CD4 with proteinase

FIGURE 7: Analysis of the glycosphingolipid composition of PBMC and CD4+ lymphocytes. Glycosphingolipids were extracted from
normal PBMC and purified CD4+ lymphocytes after metabolic labeling with [14C]galactose (2µCi/mL) for 24 h at 37°C. The crude lipid
extracts were partitioned according to the Folch procedure into a lower and an upper phase which were run on a HPTLC plate using
chloroform/methanol/water (60:35:8) as the mobile phase. The position of migration of lower phase neutral glycosphingolipids is indicated
as follows: GL1, ceramide monohexosides (GluCer); GL2, ceramide dihexosides (LacCer); GL3, ceramide trihexosides; GL4, tetraosyl
ceramides. The position of migration of upper phase gangliosides (GM1, GM3, GD3) is indicated. The arrow refers to material at the depot
point that has not migrated. The radioactive signals were quantified by phosphoimaging as indicated in Materials and Methods.
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K did not affect SPC3 binding to these cells. Therefore, we
could not confirm the results reported by Benjouad et al.
(1995) suggesting a possible interaction between SPC3 and
the CDR-3 domain of CD4. Our data, however, are
consistent with recent studies that have challenged the
involvement of the CDR-3 region of CD4 during HIV-1
fusion (Broder & Berger, 1993; Moore, 1993). In addition,
our virological data suggested that SPC3 acts at a postbinding
step on CD4+ lymphocytes, probably by interacting with cell
surface components involved in the fusion process (Yahi et
al., 1995b). The requirement of a human specific accessory
binding site or fusion “coreceptor”, probably recognized by
the V3 loop of gp120, has been considered following the
observation that CD4 by itself was not sufficient to allow

HIV-1 entry into mouse fibroblasts transfected with the
human CD4 cDNA (Maddon et al., 1986).
The data reported in the present study show that SPC3

recognizes at least three glycosphingolipids expressed by
CD4+ lymphocytes, i.e., LacCer, GM3, and GD3. Based
on the ability of gp120 to recognize several related glyco-
lipids including GalCer (Harouse et al., 1991), sulfatide
(McAlarney et al., 1994), LacCer (Long et al., 1994), lactosyl
sulfatide (Furuta et al., 1994), or seminolipid (Brogi et al.,
1996), it is tempting to speculate that the HIV-1 coreceptor
is a member of the glycosphingolipid family. However, the
glycosphingolipids recognized by SPC3 cannot be considered
as coreceptors for HIV-1, for the following reasons. On the
one hand, these molecules are not specific to human cells
and, in particular, are expressed by mouse cells (Yuasa et
al., 1990). Therefore, the presence of these glycosphin-
golipids is not sufficient to support HIV-1 fusion with mouse
fibroblasts transfected with the human CD4 gene (Maddon
et al., 1986). On the other hand, the incorporation of these
glycosphingolipids into Caco-2/CD4+ cells, which are re-
sistant to HIV-1 entry (Fantini et al., 1994), did not allow
virus fusion (data not shown). Finally, G-protein-coupled
seven-transmembrane domain receptors belonging to the
family of â-chemokine receptors have been recently identi-
fied as fusion cofactors allowing the entry of primary and
laboratory HIV-1 isolates into CD4+ cells (Alkhatib et al.,
1996; Choe et al., 1996; Deng et al., 1996; Dorantz et al.,
1996; Dragic et al., 1996; Feng et al., 1996). These data
are consistent with the previous finding that some of these
chemokines (RANTES, MIP-1R, MIP-1â) could inhibit
HIV-1 infection at an early stage of HIV-1 cycle (Cocchi et
al., 1995). Although the exact role ofâ-chemokine receptors
in HIV-1 fusion remains to be elucidated, it is tempting to
speculate that they could mediate V3 loop binding to the
plasma membrane of the target cell (Choe et al., 1996). This
consideration raised the interesting possibility that SPC3
could also act through binding toâ-chemokine receptors.
However, we believe that the main binding sites for SPC3
on CD4+ lymphocytes are glycosphingolipids for the fol-
lowing reasons: (i) the important number of SPC3 binding
sites on human CD4+ lymphocytes, i.e., more than 350 000
sites/cell, is not compatible with a chemokine receptor
(Samson et al., 1996); (ii) in contrast with SPC3, the presence
of RANTES, MIP-1R, and MIP-1â duringHIV-1 exposure
resulted in a significant inhibition of HIV-1 entry into CD4+

cells (Dragic et al., 1996), showing that the peptide and the
chemokines act through distinct mechanisms; (iii) SPC3
inhibits the infection of CD4+ lymphocytes and macrophages
by various isolates of HIV-1 (clades B and D) and HIV-2
exhibiting different phenotype and tropism characteristics
(Fantini et al., 1993b, Yahi et al., 1994). Since pheno-
typically distinct isolates differ in coreceptor usage, it is likely
that a large family of fusion cofactors may exist (Weiss &
Clapham, 1996). Thus, it is difficult to reconcile the anti-
HIV properties of SPC3 with the recognition of a wide
variety of coreceptors. Finally, high concentrations (up to
2 µg/mL) of RANTES, which binds to CC-CKR1, CC-
CKR3, CC-CKR4, and CC-CKR5â-chemokine receptors
(Samson et al., 1996), did not affect SPC3 binding to human
PBMC (data not shown). In conclusion, it can be reasonably
assumed that SPC3 binds mainly to LacCer, GM3, and GD3
and that these glycosphingolipids have to be distinguished
from the HIV-1 coreceptors.

FIGURE 8: Binding of SPC3 to PBMC and CEM lipids. Total
glycosphingolipids contained in the Folch lower (open symbols)
and upper phases (closed symbols) from normal PBMC (circles)
and CEM (squares) extracts were coated at the indicated concentra-
tions in 96 multiwell plates. After evaporation of the solvent, the
plates were saturated with PBS containing 2% bovine serum
albumin and subsequently analyzed for SPC3 binding. The peptide
bound was revealed with [3H]suramin. The data are expressed as
the mean of duplicate experiments ((SD).

FIGURE 9: Binding of SPC3 to purified lipids. GT1b (0), GM1
(2), GM2 (b), asialo-GM2 (×), LacCer (9), GD3 (O), and GM3
(4) were coated on poly(vinyl chloride) multiwell plates and
assayed for SPC3 binding. The peptide bound was revealed with
[3H]suramin. The results are expressed as the mean of two
independent experiments. Error bars were omitted for clarity.
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Since the functional part of SPC3, i.e., the GPGRAF motif,
mimics the tip of the V3 loop of HIV-1 gp120 (both are
recognized by a neutralizing anti-gp120 mAb), the data
reported here suggest a role for glycosphingolipids in HIV-1
fusion. The recent report thatL-cycloserine, an inhibitor of
glycosphingolipid biosynthesis (Sundaram & Lev, 1984),
could block HIV-1 infection (Mizrachi et al., 1996) is in
agreement with this hypothesis. Indeed, an important
requirement for induction of fusion is an increase in the
hydrophobicity of the membrane, which can be achieved
either by increasing the lateral membrane tension or by
increasing the curvature of the membrane (Monck & Fernan-
dez, 1996). For these reasons, the lipid composition of the
plasma membrane of the target cell can determine the fusion
capacity of various viruses, including HIV-1 (Larsen et al.,
1993). GalCer, for instance, has been shown to promote
membrane fusion of Semliki Forest virus (Nieva et al., 1994),
while neutral glycolipids terminating in galactose (e.g.,
GalCer & LacCer) were found to mediate myxovirus-induced
membrane fusion (Huang, 1983). Moreover, the presence
of gangliosides in the target cell membrane may accelerate
the formation of an active fusion complex and enhance the
rate of the fusion process (Wilschut and Bron, 1993).
Finally, HIV-1 infection and/or cytopathic effect can be
inhibited by GM3 (Matsuda et al., 1993) and sulfated
gangliosides (Handa et al., 1991). Taken together, these data
suggest that specific gangliosides, especially GM3, are
involved in the fusion process driven by HIV-1.

There are several mechanisms by which glycosphingo-
lipids may influence viral fusion. The physical behavior of
glycolipids in microdomains of the plasma membrane
(Thompson & Tillack, 1985), together with their local
association with sphingomyelin and cholesterol (Brown &
Rose, 1992), may confer an adequate membrane fluidity
compatible with the fusion event. By cross-linking gly-
cosphingolipids such as LacCer, GM3, and/or GD3 in these
microdomains, SPC3 may alter membrane fluidity, leading
to the inhibition of membrane fusion. Although this
interpretation needs experimental confirmation, it could
explain why the GPGRAF monomeric peptide, which is
unable to cross-link plasma membrane glycolipids, has no
antiviral activity. Indeed, the anti-HIV effect requires at least
two GPGRAF motifs branched on the same core (Yahi et
al., 1994b). The cross-linking of glycosphingolipids by
SPC3 could also interfere with the membrane distribution
of proteins involved in the fusion process. For instance, we
found that high concentrations of SPC3 increased the binding
of anti-CD4 antibodies to CD4 on the surface of CEM cells
(Table 1). Although this observation cannot account for the
antiviral effect of SPC3 (which occurs at much lower
concentrations), it may suggest a physical association
between CD4 and specific glycosphingolipids. SPC3 binding
to these glycosphingolipids could thus interfere with the
packing of CD4. In this respect, it would be interesting to
determine whether chemokines receptors (i.e., HIV-1 core-
ceptors), or other proteins involved in HIV-1 fusion, are
associated with specific glycosphingolipids. Alternatively,
it has been proposed that glycosphingolipids may activate
the fusion process through induction of a conformational
change in the viral fusion glycoprotein (Nieva et al., 1994).
Current studies of the molecular interactions between HIV-1
gp120 and GalCer/sulfatide will help to clarify this point.
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