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Glycosphingolipids from human erythrocytes mediate CD4-dependent fusion with cells expressing human
immunodeficiency virus type 1 (HIV-1) envelope glycoproteins. To identify the glycosphingolipid(s) which
participates in the fusion process, we have analyzed the interaction of HIV-1 gp120 (X4 and R5X4 isolates) with
reconstituted membrane microdomains of human erythrocyte glycosphingolipids. We identified globotriaosyl-
ceramide (Gb3) and ganglioside GM3 as the main glycosphingolipids recognized by gp120. In the presence of
CD4, Gb3 interacted preferentially with the X4 gp120, whereas GM3 interacted exclusively with the R5X4
gp120. These data suggest that glycosphingolipid microdomains are required in CD4-dependent fusion and
that Gb3 and/or GM3 may function as alternative entry cofactors for selected HIV-1 isolates.

The entry of human immunodeficiency virus type 1 (HIV-1)
into cells requires the sequential interaction of the viral surface
envelope glycoprotein gpl120 with the CD4 receptor and a
coreceptor (or a fusion cofactor) on the cell surface (3). The
coreceptors identified so far for HIV and simian immunode-
ficiency virus include chemokine receptors (mainly CXCR4,
CCRS, CCR3, and CCR2b) and a series of orphan receptors,
including virus-encoded receptors, all belonging to the family
of seven-transmembrane domain receptors (3, 6, 8, 11, 19, 24,
26). Following a primary interaction with CD4, a conforma-
tional change in gp120 renders cryptic regions of the viral
glycoprotein (including the V3 domain [17]) available for sec-
ondary interactions with either CXCR4 or CCRS5 (2, 3, 7).
Since seven-transmembrane domain receptors are almost flush
with the cell membrane, binding of gp120 to the coreceptor is
necessary to move the viral spike close to the target membrane
(2). Finally, gp120-coreceptor interactions trigger additional
conformational changes in the HIV-1 envelope glycoprotein
trimer that lead to exposure of the fusion peptide at the N
terminus of the transmembrane glycoprotein gp41 (2). Since
coreceptors are important determinants of virus tropism,
HIV-1 isolates are functionally classified with respect to their
ability to use a given coreceptor (1): for instance, viruses using
CXCR4 but not CCRS5 are referred to as X4, whereas isolates
using CCRS but not CXCR4 are called RS. Dualtropic viruses
able to use either CXCR4 or CCRS5 are referred to as R5X4.

Most striking is the observation that fusion of either pro-
tease- or heat-treated human erythrocyte membranes with mu-
rine cells expressing human CD4 renders these cells competent
for HIV-1 envelope-mediated membrane fusion (9, 21). These
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data show that human erythrocyte membranes contain one or
more HIV-1 entry cofactors. As a matter of fact, human eryth-
rocytes express the Duffy blood group antigen, which is a pro-
miscuous chemokine receptor (19). Nevertheless, coexpression
of Duffy and human CD4 in nonhuman cells failed to support
HIV-1-induced fusion (8). Moreover, it has been recently re-
ported that nonhuman cells expressing human CD4 become
competent for CD4-dependent HIV-1 fusion following trans-
fer of human erythrocyte glycosphingolipids (22). Taken to-
gether, these data suggest that human erythrocyte glycosphin-
golipids can serve as alternative cofactors in CD4-dependent
HIV-1 fusion (7).

To identify these cofactors, we have purified the main gly-
cosphingolipids expressed by human erythrocytes and analyzed
their interaction with HIV-1 gp120. The neutral and acidic
glycosphingolipids extracted from human erythrocytes were
partitioned in accordance with the Folch procedure and re-
solved by high-performance thin-layer chromatography (5).
The neutral glycosphingolipids of the Folch lower phase were
composed mainly of four types of lipids: ceramide monohexo-
side (GlcCer), ceramide dihexoside (LacCer), ceramide tri-
hexoside (Gb3), and tetraosylceramide (Gb4). The acidic frac-
tion of the Folch partition (aqueous upper phase) contained
essentially monosialylated gangliosides, including GM1 and
GM3. The identification of GlcCer, LacCer, Gb3, Gb4, GM1,
and GM3, based on their chromatography mobility with au-
thentic glycosphingolipid standards purified from human
erythrocytes, is consistent with previous analysis of glycosphin-
golipid expression in human erythrocytes (12). All of these
glycosphingolipids were purified by preparative high-perfor-
mance thin-layer chromatography (29).

In the outer leaflet of the plasma membrane, glycosphingo-
lipids organize into moving platforms, or rafts, on which spe-
cific proteins attach within the bilayer (27). This lateral orga-
nization probably results from preferential packing of
sphingolipids and cholesterol, resulting in the formation of
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FIG. 1. Interaction of HIV-1 gp120 (IIIB and 89.6 isolates) with glycosphingolipid monolayers. (A) The SDS-gel electrophoresis analysis of purified HIV-1 gp120s
(from isolates IIIB and 89.6) is shown. Five micrograms of purified proteins was electrophoresed on a 10% polyacrylamide gel in the presence of SDS. The proteins
were stained with Coomassie blue. A unique diffuse band typical of a glycoprotein with an apparent molecular mass of 120 kDa was observed in both cases. (B to D)
Monolayers of Gb3, GM3, or GM1 purified from human erythrocytes were prepared at an initial surface pressure of 10 mN/m. The data show the variations of surface
pressure induced by the addition of various concentrations of HIV-1 gp120 from isolate IIIB (C) or 89.6 (D). The kinetics of interaction between glycosphingolipid

monolayers and cholera toxin (1 pg/ml) are also shown (B).

membrane microdomains. To analyze glycosphingolipid-gp120
interactions, a reconstituted monolayer of purified glycosphin-
golipid was prepared at the air-water interface as a model for
a glycosphingolipid membrane microdomain (13, 25). To de-
termine whether the glycosphingolipid organized into a mono-
molecular film, isotherms (i.e., the variations of surface pres-
sure according to apparent molecular area) were recorded at
the air-water interface for each purified glycosphingolipid. The
high compressibility of the glycosphingolipids at all film pres-
sures and the absence of discontinuities in their isotherms
show that they exist in the liquid-expanded state up to film
collapse. In our experiments, glycosphingolipid monolayers
were prepared at an initial pressure of 10 mN/m, correspond-
ing to the pressure of a compressible film (18). The interaction
of gp120 with the glycosphingolipid patch was detected by
measuring the variations of the interfacial pressure with a
Langmuir film balance, as previously reported (13, 14).

The surface envelope glycoproteins used in this study were
the recombinant gp120 (T-cell-line-adapted X4 virus, isolate
IIIB) produced in CHO cells (13), gp120 from HIV-1(LAI)
(T-cell-line-adapted X4 virus), and gp120 from HIV-1(89.6), a
dualtropic primary R5X4 virus (8). HIV-1(LAI) and HIV-
1(89.6) were produced in peripheral blood mononuclear cells

as described elsewhere (13). The viral glycoproteins were pu-
rified by lectin affinity chromatography, as reported previously
(13). Each preparation was found to be highly purified as
determined by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (Fig. 1A). The concentration of gp120 was
determined by an enzyme-linked immunosorbent assay using
rabbit polyclonal anti-gp120 antibodies as described before
(13). None of these gpl120s affected the surface pressure of
monolayers of GlcCer, LacCer, Gb4, or GM1 purified from
human erythrocytes. However, GM1 was specifically recog-
nized by cholera toxin (Fig. 1B), in agreement with previous
data obtained with monomolecular films of this glycosphingo-
lipid (4). As shown in Fig. 1, a dose-dependent increase of the
surface pressure occurred upon addition of gp120 from both
isolates ITIB (Fig. 1C) and 89.6 (Fig. 1D) under a monolayer of
Gb3 (globotriaosylceramide [Galal-4GalB1-4Glc-Cer]) or the
ganglioside GM3 (NeuAca2-3GalB1-4Glc-Cer). These data
demonstrate that the viral glycoproteins interact specifically
with the reconstituted membrane microdomains of Gb3 and
GM3. Indeed, cholera toxin used as a control protein in these
experiments did not interact with GM3 and showed a weak
interaction with Gb3 (Fig. 1B).

In the plasma membrane of human T lymphocytes, CD4 and
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TABLE 1. Effect of 3'-sialyllactose on the interaction between CD4
or cholera toxin and ganglioside monolayers”

Maximal surface
pressure variation (mN/
m) upon interaction

Protein witht-
GM1 GM3
Cholera toxin 8.2 0.5
Cholera toxin + 3'-sialyllactose 8.4 ND
CD4 0.6 9.2
CD4 + 3'-sialyllactose ND 0.4

“ Cholera toxin (1 pg/ml) or soluble CD4 (1 ng/ml) was preincubated for 30
min at room temperature with 3'-sialyllactose (1.85 mg/ml) or with buffer alone.
The proteins were then added beneath a monolayer of GM1 or GM3 at an initial
surface pressure of 10 to 11 mN/m.

® The variations in surface pressure were measured after equilibrium was
reached, and the maximal value is indicated. ND, not determined.

GM3 are colocalized in the same detergent-insoluble microdo-
main (28). Using a reconstituted membrane patch of GM3 at
the air-water interface, we recently demonstrated that soluble
CD¢4 interacts with GM3 and that the binding of gp120 to CD4
complexed with GM3 unmasks the V3 domain of gp120, al-
lowing secondary interactions between V3 amino acids and the
GM3 patch (14). The soluble form of CD4 used in these
experiments is a four-domain CD4 lacking the transmembrane
domain of the protein (kindly provided by the Medical Re-
search Council, Oxford, United Kingdom). Therefore, it was
important to study how this receptor interacts with reconsti-
tuted glycosphingolipid microdomains. The increase in surface
pressure upon addition of CD4 beneath a GM3 monolayer is
interpreted as an insertion of CD4 between GM3 molecules
(14). To rule out the possibility that the surface pressure in-
crease could be due to an impurity in the recombinant prepa-
ration, CD4 was depleted with anti-CD4 antibodies (MT-151;
Boehringer, Mannheim, Germany) and protein A-Sepharose.
The CD4-depleted supernatant no longer reacted with the
GM3 monolayer. In contrast, the activity of CD4 was not
altered by immunoprecipitation with control anti-HLA anti-
bodies (data not shown). Moreover, when CD4 was preincu-
bated with 3’-sialyllactose (the oligosaccharide corresponding
to the sugar moiety of GM3; Oxford GlycoSystems, Abington,
United Kingdom), there was no increase in the surface pres-
sure of the GM3 monolayer (Table 1). The specificity of 3'-
sialyllactose as an inhibitor of GM3-CD4 association is dem-
onstrated by the incapacity of the oligosaccharide to affect the
interaction of cholera toxin with its ganglioside receptor, GM1
(Table 1). Taken together, these data suggest that CD4 binds
to GM3 through a specific interaction with its sugar moiety.
The sequential interaction of CD4 and gp120 with the gly-
cosphingolipid microdomain induces a biphasic increase in the
surface pressure. The first response corresponds to the inser-
tion of CD4 in the patch, and the second one corresponds to
the CD4-induced penetration of gp120, through its V3 domain,
in the glycosphingolipid monolayer. In a typical experiment
(Fig. 2), recombinant soluble CD4 (0.5 ng/ml) is added first
under a monolayer of glycosphingolipid (Gb3 in this case).
After a plateau value in surface pressure is reached, gp120
(from isolate IIIB in this case) is added at a concentration of
1.85 nM and the variations in surface pressure are measured
from the time of this second input. Similar experiments were
performed with a monolayer of GM3. For comparison, the
surface pressure increase induced by gp120 (1.85 nM) in the
absence of CD4 is also presented (Fig. 3). As previously re-
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FIG. 2. CD4-induced interaction of HIV-1(IIIB) gp120 with a reconstituted
microdomain of Gb3. At time zero, recombinant CD4 (0.5 ng/ml) was added
beneath a monolayer of Gb3 prepared at an initial surface pressure of 10 mN/m.
The increase in surface pressure is due to the interaction of CD4 with the Gb3
monolayer. After the surface pressure reached a plateau value, HIV-1(IIIB)
gp120 was added at a concentration of 1.85 nM. Secondary gp120-Gb3 interac-
tions are evidenced by a second phase of surface pressure increase.

ported (14), the penetration of the IIIB gp120 in a GM3 patch
is stimulated by CD4 (maximal surface pressure increase of 3.5
mN/m) (Fig. 3A). However, the effect of CD4 is far more
pronounced with gp120 from isolate 89.6 (maximal surface
pressure increase of 16.0 mN/m in the presence of CD4), which
at a concentration of 1.85 nM, does not interact with GM3 in
the absence of CD4 (Fig. 3B). In marked contrast with these
data, the gp120 from isolate 89.6 shows, at this concentration,
a very poor interaction with a reconstituted patch of Gb3 in the
absence or presence of CD4 (Fig. 3D). Yet Gb3 interacts with
the IIIB gp120 in a CD4-dependent manner (maximal surface
pressure increases of 5.8 mN/m in the presence of CD4 and
only 2.1 mN/m without CD4) (Fig. 3C).

Taken together, these data confirm that reconstituted glyco-
sphingolipid microdomains are recognized by gp120s from var-
ious HIV-1 isolates (13). CD4 interacts with GM3 and Gb3
and induces glycosphingolipid-dependent interactions with
gp120 from selected HIV-1 isolates. In the case of HIV-1(I1IB)
gp120, these secondary interactions with GM3 are specifically
abrogated with 3’-sialyllactose and monoclonal antibodies
against the V3 loop, suggesting that charged V3 amino acid
residues interact with the oligosaccharide moiety of the glyco-
sphingolipid (reference 14 and data not shown). In the pres-
ence of CD4, gp120 from IIIB (a T-cell-line-adapted X4 iso-
late) interacts preferentially with Gb3, whereas gp120 from
89.6 (a dualtropic primary R5X4 isolate) interacts exclusively
with GM3. Therefore, HIV-1 isolates might select glycosphin-
golipids of their choice in addition to the chemokine receptors
to promote fusion. It should be noted that the results obtained
with recombinant gp120 (from isolate I1IB) were fully con-
firmed by the results with gp120 purified from HIV-1(LAI)-
infected peripheral blood mononuclear cells (data not shown).
Thus, the ability of gp120 from X4 viruses to interact with Gb3
is not restricted to recombinant proteins produced in CHO
cells.

These data, which support the concept that human erythro-
cyte membrane glycosphingolipids can function as fusion co-
factors for HIV-1 entry, are consistent with the recent charac-
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FIG. 3. CD4-induced interaction of HIV-1 gp120 with glycosphingolipid monolayers. Recombinant CD4 (0.5 ng/ml) was added beneath a GM3 (A and B) or Gb3
(C and D) monolayer prepared at an initial surface pressure of 10 mN/m. The insertion of CD4 into the GM3 or Gb3 monolayer induced a mean increase in surface
pressure of 3 to 5 mN/m (Fig. 2). After stabilization of the monolayer, gp120 from IIIB (A and C) or 89.6 (B and D) was added at a concentration of 1.85 nM. The
data show the variations of surface pressure induced by gp120. For comparison, the surface pressure increase induced by gp120 (1.85 nM) alone at an initial surface

pressure of 13 mN/m is indicated.

terization of human erythrocyte Gb3 as a functional fusion
cofactor for an X4 isolate (23). Interestingly, this glycosphin-
golipid is also the main receptor for various bacterial toxins,
including Escherichia coli verocytotoxin (20). Our data also
suggest that GM3 may function as an alternative fusion cofac-
tor for selected HIV-1 isolates, especially macrophage-tropic
or dualtropic primary isolates such as 89.6.

We are aware that these experiments suggest that human
erythrocyte glycosphingolipids GM3 and Gb3 may function as
surrogate fusion cofactors only in cells expressing CD4 but
lacking the HIV-1 coreceptor activity. However, the recent
observation that inhibitors of glycosphingolipid biosynthesis
affect HIV-1 infection through cell surface masking of CD4
suggests a role for glycosphingolipids in the fusion process
between HIV-1 and CD4" lymphocytes and/or macrophages
(30). GM3 and Gb3 are highly expressed in human macro-
phages but are also present in CD4™" lymphocytes and T-cell
lines (5, 10). These glycosphingolipids have a common struc-
tural feature, i.e., a free hydroxyl group in position 4 of a
terminal galactose residue. Based on the inhibitory effect of
3’-siallylactose on the GM3-CD4 interaction (Table 1), one
can hypothesize that CD4 binds to this structural determinant

borne by the oligosaccharide part of both GM3 and Gb3. In
the model shown in Fig. 4, the glycosphingolipid interacts with
domain 4 of CD4, which is plausible given its proximity to the
plasma membrane. Glycosphingolipids recognized by both
CD4 and gpl20 may induce the formation of a trimolecular
complex, CD4-glycosphingolipid-gp120 (14). The role of the
glycosphingolipid in this multimolecular organization could be
to facilitate the migration of the CD4-gp120 complex to an
appropriate coreceptor (e.g., CCRS or CXCR4), since CD4
and these coreceptors are not physically associated in the ab-
sence of HIV-1 (16). By moving freely in the external leaflet of
the plasma membrane, the glycosphingolipid patch may be-
have as a raft dragging the CD4 receptor and taking aboard the
viral particle (Fig. 4). The binding of the virion to the raft is
stabilized by secondary interactions between the polar heads of
glycosphingolipid molecules and the V3 loop of gp120 (5, 14,
15). The raft may then float on the cell surface until it finds an
adequate coreceptor which can displace the glycosphingo-
lipid-V3 loop interactions to its own benefit, resulting in the
initiation of the fusion process. In the absence of any available
coreceptor, the glycosphingolipid may eventually allow the
conformational change of gp41, as may be the case for human
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FIG. 4. Plasma membrane glycosphingolipid microdomains as preferential
sites of formation of the HIV-1 fusion complex. In the plasma membrane of
CD4™" cells, CD4 is present in glycosphingolipid-enriched microdomains but is
not associated with HIV-1 coreceptors. Once bound to CD4, the viral particle is
conveyed to an appropriate coreceptor by the glycosphingolipid raft, which
moves freely in the external leaflet of the plasma membrane. Ch, cholesterol;
GSL, glycosphingolipid; PC, phosphatidylcholine.

erythrocyte glycosphingolipids transferred into murine cells
expressing human CD4 (22, 23).
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