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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 CD4and CD4 cells by two distinct mechanisms:
competitive inhibition of HIV-1 binding to CD#/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 Thdman
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 ¢gllgl, 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'Gi2#ls by acting at

a postattachment step. The binding of SPC3 to LacCer, GM3, and GD3, expressedbly@pHocytes,
suggests a role for these glycosphingolipids in the fusion process between the viral envelope and the
plasma membrane of CD4ells. 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 e@lifusion mechanism.

The third variable region (V3 loop) of HIV#gp120 plays colonic origin (Harouse et al., 1991; Yahi et al., 1992). These
an important role in the mechanisms controlling the fusion cells express the glycosphingolipid galactosylceramide (Gal-
between the envelope of HIV-1 and the cell membrane of Cer), which acts as a high-affinity receptor for HIV-1 gp120
the target cells (Moore & Nara, 1991; Levy, 1993; Moore (Bhat et al.,, 1991; Long et al., 1994). The interaction
etal., 1993). In particular, the V3 loop has been considered between GalCer and gp120 appears to involve the V3 loop
as a fusion domain whose role would be to initiate the fusion of the viral glycoprotein (Cook et al., 1994; Yahi et al.,
process after an initial interaction between gp120 and CD4 1994a, 1995a, 1996).

on the surface of CD%cells (Freed et al., 1991). According The importance of the V3 loop for HIV-1 entry into both

to this paradigm, the V3 loop might interact with an cpg- and CD4 cells prompted us to use V3-derived
accessory molecule (a coreceptor) which is specifically gynhetic peptides as potential inhibitors of HIV-1 entry into
expressed on human cells (Maddon et al., 1986; Clementsyi ce|l types. After several unsuccessful trials with various
etal., 1991 Dragic et al., 1992; Laret al., 1992; Broder 1,5 omeric peptides, we have tested synthetic peptides in

et ﬁl" 1393)' The recentf identificfation O}f a fgmily Ofdwhich the V3 motifs were radially branched on an uncharged
f-chemokine receptors as fusion cofactors for primary and ;i vs core matrix, a procedure originally developed by

laboratory isolates of HIV-1 (Alkhatib et al., 1996; Choe et Tam (1988) to enhance peptide immunogenicity. The

a:., iggg E eng ett "’lll" 119%%6; chl)rhar:tztet all'.’ dlStBQ?r;]'Drag:jc let prototype peptide in this series was SPC3, an octamer of
al, engetal, _ ) will help to vali a_e 'S_ MOCEL. the HIV-1 gpl120 V3 consensus sequence GPGRAF (i.e.,

In addition, an alternative pathway of HIV-1 infection has |GPGRAFL-[K] 4-[K] »-K-BA). SPC3 inhibits HIV-1 infec-
been recently characterized in CD4ells of neural and  tjon in CD4" lymphocytes and macrophages (Yahi et al.,
1994b) as well as in CD4GalCer" epithelial cells (Yahi et

t This work was supported by grants from the Agence Nationale de &l-, 1995a). Interestingly, SPC3 was shown to affect HIV-1
Recherche sur le SIDA (ANRS) and the Fondation pour la Recherche infection by at least two distinct mechanisms including
Medicale (SIDACTION). O.D. is the recipient of a SIDACTION  prevention of GalCer-mediated virus attachment to the
fellowship. N.Y. is the recipient of an ANRS fellowship. £ f CDa/GalCer cell d bindi inhibiti

® Abstract published imdvance ACS Abstractblovember 1,1996.  Surface of Ch4/GalCer cells and postbinding inhibition

1 Abbreviations: CDH, ceramide dihexoside; CTH, ceramide tri- Of virus entry into CD4 lymphocytes (Yahi et al., 1995b).
hexoside; GalCer, galactosylceramide; GluCer, glucosylceramide; |n the latter case, the data were consistent with the recogni-

DMEM, Dulbecco’s modified Eagle’s medium; ELISA, enzyme-linked  : ; :
immunosorbent assay; FITC, fluorescein isothiocyanate; HIV, human tion, by SPC3, of cell surface molecules involved in the

immunodeficiency virus; HPTLC, high performance thin layer chro- fusion process.

matography; LacCer, lactosylceramide; mAb, monoclonal antibody; |y the present study, we have determined the nature of
MIP, macrophage inflammatory protein; PBMC, peripheral blood L .
mononuclear cells; PBS, €3 Mg2*-free phosphate buffered saline: the cellular binding sites for SPC3 on both CDand CD4

RANTES, regulated on activation normal T-cell expressed and secreted.cells. We show that SPC3 binds to cellular glycosphin-
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golipids that share a common structural feature, i.e., a freeand the radioactivity was determined ingascintillation
hydroxyl group in position 4 of the terminal galactose counter (Beckman, Marseille, France).
residue. These glycosphingolipids are (i) GalCer/sulfatide Binding Studies on CD4.CD4 binding studies were
in CD4" intestinal cells and (ii) LacCer and its sialosyl performed on soluble CD4 immobilized strips from the
derivatives GM3 and GD3 in CD4lymphocytes. The  gp120 capture ELISA kit (Intracel Corp., London, UK). The
potential role of these glycosphingolipids during the fusion wells were incubated with either the anti-CD4 mAb MT151
process between HIV-1 and its target cells is discussed. (Boehringer Mannheim, Les Ulis, France) or SPC3 at the
indicated concentrations. The binding of MT151 was
MATERIALS AND METHODS revealed by ELISA using peroxidase-conjugated rabbit anti-

. . el e mouse antibodies as reported (Delg et al., 1996). SPC3
gel\rf:rtgﬂ;l; ' ;sﬁgégek’)}G&GRaﬂgik [(lgjr;rﬁﬁ‘s Wszris was revealed with3H]suramin after individualization and

France). The peptide was purified to homogeneity, and the counting of gach well in ,ﬁ s.cmtlllatlon counter.
amino acid analysis of the purified peptide agreed with the Ncorporation of Sulfatide into Caco/CI2 CellsGalCer-
deduced amino acid ratios3H]Suramin (49 Ci/mmol) was negative human colon epithelial Caco-2/CI2 cells were

purchased from Isotopchim (Ganagobie-Peyruis, France).incubated for 2 h at 37C in DMEM/F12 culture medium
Lipids were from Sigma (St Louis, MO). Poly(vinyl containing 1 mg/mL sulfatide. After three washings with

chloride) multiwell plates (No. 3911) were from Falcon- PBS, the presence of sulfatide was determined by indirect
Becton Dickinson (Le Pont de Claix, France). Immulon 1 immunofluorescence with the anti-GalCer monoclonal anti-

multiwell plates were purchased from Poly Labo (Strasbourg, Pody R-mAb (Rantsch et al., 1982) as previously reported
France). The anti-V3 mAb F5 was generously provided by (Pelezay etal., 1996). _
F. Traincard (Institut Pasteur, Paris, France). Tissue culture Binding of SPC3 to Lie Cells. The cells were incubated

France). serum albumin for 1 h at 4C. After several washings with

PBS, the cells were incubated wittH]suramin (1uCi/mL)
in PBS containing 0.5% gelatin for 20 min at 3C. The
cells were then washed in PBS and disrupted with 0.1 N
containing 10% fetal calf serum and interleukin 2 as NaOH. The radioactivity associated with the cells was

described (Yahi et al., 1994b). CD4-positive cells were determined in & scintillation counter.

purified from PBMCs with anti-CD4 antibodies attached on Binding of Anti-CD4 mADbs to CEM Cell<CEM cells were
magnetic beads Dynabeads (Dynal, France). The humarresuspended in PBS containing 0.5% bovine serum albumin
T-lymphoblastoid CEM cell line was grown in RPMI 1640 and incubated with saturating concentrations of various anti-
containing 10% fetal calf serum. Human colon epithelial ¢D4 MADs in the presence of the indicated amount of SPC3.
cell lines HT-29-D4 and Caco-2/CI2 (Fantini et al., 1993a) After washing in PBS, the cells were incubated with
were cultured in Dulbecco’s modified Eagle’s medium/F12 fluorescein-conjugated anti-mouse antibodies and analyzed
(DMEM/F12) with 10% fetal calf serum. by quantitative flow cytometry using the Qifikit assay

Binding of Anti-V3 mAb to SPC3SPC3 (10«M) was (Biocytex, Marseille, France). The number of antibody
coated on Immulon 1 multiwell plates for 1 h at 3Z. Non molecules bound to the cells was determined according to a

specific binding sites were saturated with PBS, containing standard assay with antibody-conjugated beads (linear in the

2% bovine serum albumin for 1 h at 3€. After washing, range of 4006-500 000 antigenic sites per bead).

the peptide was incubated with the anti-V3 mAb F5 (1.25 Lipid Extraction and Analysis.PBMCs and immuno-
ug/mL) in either the absence or presence of the indicated purified CD4" lymphocytes were metabolically labeled with

concentration of suramin. After 1 h at 3, the wells were |- ‘Clgalactose (2Ci/mL) for 24 h at 37°C. Lipids were

washed and the bound mAb was revealed with peroxidase_extracted with chloroform/methanol/water (4:8:3) and par-

conjugated rabbit anti-mouse antibodies (1:1000) using titioned as described (Yahi et al., 1994c). The lipids
o-phenylenediamine as substrate. The absorbance wagontained in the Folch lower and upper phases were resolved

measured at 490 nm with a Biotek EL 311 multiwell ©On high-performance thin-layer chromatography (HPTLC)
spectrophotometer (Osi, Les Ulis, France). plates (silica gel 60; Merck, Darmstadt, Germany) and
Binding of SPC3 to Lipids Stock solutions of lipids were chromatographied in chloroform/methanol/water (60:35:8).

prepared in chloroform/methanol (1:1, vol/vol) at a concen- The position of glycolipids was determined by orcinol

tration of 1 mg/mL. The indicated amounts of lipids (100 z;agén%a(ié C(%rrzisfﬁr gfﬁg?osﬁniard;t?;\,grgaarﬁgflz(ég \t/ci?h
uL) were then allowed to adsorb on poly(vinyl chloride) plate. grapny p Y

multiwell plates by evaporation of the solvent under a a GS-505 phosphoimager (Biorad, Ivry sur Seine, France).

chemical hood, according to Backenson et al. (1995). The RESULTS

plates were treated with PBS containing 2% bovine serum

albumin overnight at 4C to reduce nonspecific binding and Specific Detection of SPC3 Using{]Suramin. SPC3 is
then incubated with 10QL of 10 uM SPC3. After 1 h at a synthetic polymeric peptide construction in which eight
37 °C, the plates were rinsed six times with 200 of PBS V3 loop consensus motifs (GPGRAF) from HIV-1 gp120
and incubated with 10@L of [3H]suramin (1uCi/mL). As are radially branched on an uncharged core matrix (Yahi et
previously reported, suramin binds specifically to the GPGRAF al., 1995b). This multibranched peptide is recognized by
motif of SPC3 and not to unrelated peptides (Yahi et al., F5, a neutralizing anti-gp120 mAb directed to the tip of the
1994a). After 1 h at 37C, the plates were washed seven V3 loop. As shown in Figure 1, the binding of F5 to SPC3
times with 200uL of PBS, each well was individualized, is inhibited by increasing concentrations of suramin, a

Cell Culture. Human peripheral blood mononuclear cells
(PBMCs) were obtained from healthy donors, activated with
phytohemagglutinin, and cultured in RPMI 1640 medium
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Ficure 1: Effect of suramin on anti-V3 mAb binding to SPC3.

The binding of F5, an anti-gp120 mAb recognizing the tip of the F/GURE 2. Binding of SPC3 to HT-29-D4 intestinal cells. CD4
V3 domain? to SPC3 wasgrgeasured by EEISA gs desgribed in GalCerr HT-29-D4 cells were incubated for 2 h with the indicated

Materials and Methods. Suramin was present at the indicated Concentrations of SPC3. After three washes, the bound peptide was
concentrations during the incubation with F5. The results are revealed with {H]suramin. Cell-associated radioactivity was meas-

expressed as the mean of two experimeftSIp). gﬁﬂr‘ggr}n%gsgﬂgitrﬁliggmﬁgnr‘;:gfgl)ts are expressed as the mean

polysulfonyl naphthylurea previously reported to bind to the
V3 domain of HIV-1 gp120 (Yahi et al., 1994a). These data sites per cell (considering that the SPC3/suramin stoichiom-
demonstrate that the F5 mAb and suramin recognize the sametry was not affected by cellular binding of the peptide). In
V3 loop GPGRAF motif. We took advantage of this contrast, SPC3 did not significantly bind to Caco-2/CI2, a
property to develop a detection assay of SPC3 using GalCer epithelial cell line (Figure 3).
radiolabeled suramin as ligand for the V3 peptide (Yahi et  Incorporation of GalCer-S@ (Sulfatide) in Caco-2/CI2
al., 1994a). In this assay, the binding éH[suramin to Plasma Membrane Results in SPC3 Bindirfgjome exog-
SPC3 was dose-dependent and saturable. The suramin/SPG3nously added glycosphingolipids can be incorporated in the
stoichiometry was found to be 2:1 as determined by the Hill plasma membrane of various cultured cells (Schwartzmann
plot method, indicating that SPC3, as coated on multiwell et al., 1983; Chigorno et al., 1985; Varani et al., 1994). The
plates, displays two binding sites for suramin (data not sulfated derivative of GalCer, i.e., 3-sulfoGalCer or sulfatide,
shown). The interaction between SPC3 att]guraminwas  which is far more soluble than GalCer in an aqueous medium,
inhibited by unlabeled suramin, with a 50% effective has been successfully introduced in the plasma membrane
concentration of 1@M. The binding specificity of suramin ~ of human B-lymphocytes, rendering these cells able to bind
for SPC3 was further demonstrated by using irrelevant recombinant gp120 (McAlarney et al., 1994). In the experi-
multibranched peptides as well as SPC3 analogs with thement presented in Figure 3, Caco-2/CI2 cells were incubated
same net charge as SPC3 but with a shorter motif (i.e., with sulfatide and then evaluated for SPC3 binding. The
GPGR, GPGRA). As previously reported (Yahi et al., incorporation of sulfatide resulted in a dramatic increase of
1994a), fH]suramin did not bind to these peptides. Taken SPC3 binding. These data confirmed the specificity of our
together, these data indicated th#d]suramin specifically binding assay for SPC3 and identified cell surface-associated
recognizes the entire V3 consensus motif GPGRAF and thatGalCer/sulfatide as a receptor for the V3 peptide.
it could be used as a specific probe for SPC3 detection and SPC3 Binds to Purified SulfatideWe then analyzed the
quantitation. ability of SPC3 to recognize purified sulfatide. In this assay,
SPC3 Binds to GalCerbut Not to GalCer Epithelial increasing amounts of sulfatide were adsorbed on the surface
Cells. SPC3 inhibits the GalCer-mediated entry of HIV-1 of poly(vinyl chloride) multiwell plates and subsequently
into the CD4/GalCer intestinal epithelial cell line HT-29  incubated with a unique concentration of SPC3]$uramin
(Yahi et al., 1995a). Based on the ability of SPC3 to inhibit was used as a revealing agent to detect the V3 peptide. As
the binding of recombinant gp120 to purified GalCer, it has shown in Figure 4, the binding of SPC3 to sulfatide was
been assumed that SPC3 was a competitive inhibitor of specific and dose-dependent. The minimal amount of
HIV-1 attachment to the GalCer receptor. Thus, we analyzed sulfatide that was detected by SPC3 was 250 ng, while
the binding of SPC3 to the surface of HT-29 cells. In this maximal binding was reached for@) of sulfatide. These
experiment, HT-29 cells were first incubated with various data confirm that sulfatide is specifically recognized by
concentrations of SPC3, and the binding of the peptide wasSPC3.
then revealed with®H]suramin as described in Materials and SPC3 Binds to Purified Human CD4.ymphocytesNext
Methods (Figure 2). SincéHl]suramin alone did not bind  we investigated whether SPC3, which inhibits HIV-1 infec-
to HT-29 cells (Baghdiguian et al., 1996), the cell-associated tion in CD4" lymphocytes (Yahi et al., 1994b), could bind
radioactivity corresponded to the specific detection of SPC3 to the surface of these cells. To this end, CDymphocytes
bound to the cells. This binding was dose-dependent, with were purified from PBMC obtained from healthy volunteers
a maximal binding capacity of 0.91% 0.069 pmol of using anti-CD4 antibody-coated magnetic beads. The per-
suramin, corresponding to 137 18510 384 SPC3 binding  centage of CD# cells obtained after purification was superior

SPC3 concentration (uM)
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FicuRe 3: Binding of SPC3 to Caco-2/CI2 cells after incorporation F'G”URE o Bindfi.n% cf;f SPC3 to Tgrgﬁl/lncCD{Iymphtg%yéis. Ct%ﬁd ]
of sulfatide. CD4/GalCer Caco-2/CI2 cells were either treated € ‘?‘V&’%e p#rltileb rcém ??]rma s wer ‘iJns'n% atnoll with tﬁn ilnc?i yt d
(closed histograms) or not treated (open histograms) with sulfatide €03!€d Magnetic beads. 1he cells were incubate € indicate

for 2 h at 37°C. After thorough washings, the cells were incubated CoNcentration of SPC3 and the bound peptide was revealed with
with the indicated concentration of SPC3 and the peptide bound to [Hsuramin. Results are expressed as the mean of three independent

the cells was revealed witH]suramin. Results are expressed as experiments £5D).
the mean of three independent experimedSD). SPC3 Does Not Bind to CD4n a first attempt to identify
2.0 the nature of the SPC3 binding site(s) on CDy¢mphocytes,
' 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 2QM (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
uM 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-
S — i cally, none of these antibodies were able to inhibit the

0 50 100 150 200 binding of SPC3 to either CEM cells or CH4ymphocytes

Sulfatide concentration (ug/ml) (data not shown). Finally, treatment of CEM cells with 100
FicURe 4: Binding of SPC3 to purified sulfatide. Sulfatide was #9/ML proteinase Kresulted in the loss of detection of CD4,
dissolved in methanol at the indicated concentrations, distributed While SPC3 binding was not significantly inhibited (data not
in 96-well multiwell plates (10@L/well) and evaporated overnight ~ shown). Taken together, these data do not support the
under a chemical hood. After blocking of nonspecific binding with  hypothesis that SPC3 binds to CD4 (Benjouad et al., 1995)

PBS containing 2% bovine serum albumin, the wells were serially ; ; ;
incubated with 10uM SPC3 and JH]suramin. After throrough and rather suggest that the V3 peptide recognizes proteinase

washing in PBS, the radioactivity bound to the wells was counted K-Tesistant molecules on the surface of CDgmphocytes.
in a scintillation counter. Results are means of two experiments SPC3 Binds to Glycosphingolipids Extracted from CD4

performed in duplicate SD) Lymphocytes.We thus considered the possibility that the
SPC3 binding site(s) on CD4lymphocytes could be
hnonproteic plasma membrane components. Among these
molecules, glycosphingolipids have focused our attention

FOIITtC-co?]ngated (_)rET4ACrgonoclrcl) nal tant|-CD4} angbto %y since (i) SPC3 recognizes GalCer/sulfatide on the surface
(data not shown). These CDlymphocytes were incubate of CD4" intestinal cells and (ii) this class of molecules has

with various concentrations of SPC3, and the peptide boundpeen gyggested to mediate the fusion induced by HIV-1 via
was detected with"H]suramin. The data in Figure 5 show 4 interaction with the V3 loop of gp120 (Lazaro et al., 1994;
that SPC3 bound to the surface of CD4 lymphocytes. The pragic et al., 1995). Neutral and acidic glycosphingolipids
binding was dose-dependent, with a maximal binding capac-were extracted from purified CD4 lymphocytes after

ity of 1.216+ 0.027 pmol of fH]suramin, correspondingto  metabolic labeling with ¥C]galactose and separated by
366 016+ 8 127 SPC3 binding sites per cell. Therefore, HPTLC (Figure 7). In agreement with previous studies
the plasma membrane of CD#/mphocytes displays a wide  (Stein & Marcus, 1977; Macher et al., 1981; Symington &
number of specific binding sites for SPC3. Hakomori, 1985; Yuasa et al., 1990; Reivinen et al., 1994),

Suramin bound (pmol)

0.0

to 98%, as assessed by immunofluorescence studies wit
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3.0 Table 1: Effect of SPC3 on the binding of anti-CD4 mAbs to CEM
| A cells
=~ 2.5+ SPC3
g antibody specificity (uM)  sites/cell
e 5, BL4 D4 domain of CD4 0 29726
' 0.1 29 396
2 1 28 846
3 15 10 32222
8 100 47149
ABT D1 domain of CD4, region CDR2 0 29 769
£ 10/ 01 24724
£ 1 30 067
e 1 10 34149
@ 0.5 100 46 955
13-B82 D1 domain of CD4, region CDR3 0 30787
0.1 30762
0.0 - 1 30 836
0 1.25 2.5 5 10 20 10 30 886
100 49 889
SPC3 concentration (uM) Q4120 D1 domain of CD4, region CDR2 0 28 433
100 28 603
MT-151 D1 domain of CD4, region CDR3 0 29 869
200l B 100 35997
—_ ALB12 CD45 0 81 867
g 2 The number of sites per cell was determined for each antibody by
guantitative immunocytometry using the Qifikit kit as described in
8 1.50 1 Materials and Methods. The anti-CD45 mAb was used as a positive
s control. SPC3 was present at the indicated concentrations in competition
with the antibodies.
3
c 1.00 1 . . . .
S multiwell plates and probed with SPC3, usirfgiJsuramin
° as revealing agent. SPC3 bound to these lipids with a
3 0.50 maximal binding capacity of 0.34& 0.020 and 0.256t
< = 0.002 pmol of SPC3Q of, respectively, lower and upper
: phase lipids extracted from PBMC and 0.2890.017 and
0.2654+ 0.012 pmol of SPC3Q of, respectively, lower and
°-°°1 ST e T o upper phase lipids extracted from CEM cells (Figure 8).

Identification of the Glycosphingolipids Recognized by
_ o SPC3. In order to identify the glycosphingolipids recognized
Ficure 6: SPC3 does not bind to CD4. (A) SPC3 binding to py SPC3 in the lymphocyte extracts, we first evaluated the
sulfatide but not to CD4. Multiwell plates precoated with either ability of SPC3 to bind to a series of purified glycosphin-

soluble CD4 (open circles) or sulfatide (closed circles) were L . ; e
incubated with various concentrations of SPC3 and the bound 90lipids. In these experiments, each glycosphingolipid was

peptide was then detected wifitijsuramin. The data are expressed adsorbed at various concentrations on poly(vinyl chloride)
as the mean of duplicate experimentsSD). (B) Detection of CD4  multiwell plates and then probed with SPC3. Typical curves

with the monoclonal anti-CD4 antibody MT151. Multiwell plates  5re shown in Figure 9. The data are summarized in Table

precoated with soluble CD4 were incubated with various concentra- . . . ..
tions of MT151 (closed squares) or of R-mAb as control (open 2. The ceramide moiety of glycosphingolipids was not

squares). The bound antibodies were detected with peroxidaseS€cognized by SPC3. Besides sulfatide, three glycosphin-
conjugated rabbit anti-mouse antibodies. The data are expressedolipids displayed high binding capacity for the peptide:
as the mean of duplicate experimentsSD). LacCer and its sialosylderivatives GM3 and GD3. The
the Folch lower phase contained various neutral glyco- common feature of these glycolipids is a free hydroxyl group
sphingolipids including GluCer (glucosylceramide) and Lac- in position 4 of the terminal galactose residue. As a matter
Cer (lactosylceramide), while the Folch upper phase con- Of fact, substitution of this group by a neutral sugar (asialo-
tained several gangliosides including GD3 and GM3. Nei- GM2 or CTH) resulted in a significant decrease of binding.
ther GalCer nor sulfatide could be evidenced in these extracts Interestingly, the additional presence of a sialic acid residue
as previously reported (Stein & Marcus, 1977). For com- (€.9., in GM2) further decreased the binding capacity for
parison, the pattern of glycosphingolipids extracted from SPC3. Moreover, glycolipids with longer sugar moieties
normal PBMC was also presented (Figure 7). Some interest-(€.9., globoside, asialo-GM1, GM1, and GT1b) were not
ing differences between these extracts could be seenrecognized. These data emphasized the specificity of the
illustrating the efficiency of the purification process of CD4  binding of SPC3 to glycosphingolipids.

lymphocytes. For instance, CD4ymphocytes were en- On the basis of these results, one could hypothesize that
riched in ganglioside GD3, while ceramide trihexosides the glycosphingolipids recognized by SPC3 in lymphocyte
(CTHs) were more represented in PBMC. Lipid extracts lipid extracts correspond to LacCer, GM3, and GD3. LacCer
from CEM cells were also characterized. Interestingly, these and GM3 were the major glycosphingolipid species found
cells expressed mainly the ganglioside GM3 but not GD3 in, respectively, the Folch lower and upper phases of CEM
(not shown). Lipids from the Folch lower and upper phases extracts. These glycolipids were purified to homogeneity
of PBMC and CEM cells were adsorbed onto the surface of by preparative HPTLC and evaluated for SPC3 binding. As

Antibody concentration (mg/ml)
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FiGure 7: Analysis of the glycosphingolipid composition of PBMC and CD¥mphocytes. Glycosphingolipids were extracted from
normal PBMC and purified CD#lymphocytes after metabolic labeling witH€C]galactose (2:Ci/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 trihnexosides; 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.

shown in Figure 10, both LacCer and GM3 purified from hydroxyl group in position 4 of a terminal galactose
CEM cells were recognized by SPC3. These data stronglyresidue: GalCer/sulfatide, LacCer, GM3, and GD3. One of
suggest that the proteinase K-resistant lymphocytic binding these glycolipids, i.e., GalCer/sulfatide, has been previously
sites for SPC3 include LacCer and its monosialosyl derivative characterized as an alternative receptor allowing HIV-1 entry
GM3. In addition, it is likely that GD3, i.e., the disialosyl into CD4 neural and colonic cells (Harouse et al., 1991;
LacCer derivative found in the upper phase of normal €D4 Fantini et al., 1994). The surface envelope glycoprotein

lymphocytes, is also recognized by SPC3. gp120 binds to GalCer/sulfatide with high affinity, and the
infection of CD4/GalCer" cells is blocked by anti-GalCer
DISCUSSION antibodies (Yahi et al., 1992; Harouse et al., 1995). Thus,

it can be reasonably assumed that SPC3 inhibits HIV-1

The multiboranched V3 loop-derived peptide SPC3 is a infection of GalCer HT-29 cells by competing for the
potent inhibitor of HIV infection in human lymphocytes and occupation of GalCer/sulfatide binding sites. This hypothesis
macrophages as well as in CDBuman colon epithelial cells  is in full agreement with the virological data showing that
(Fantini et al., 1993a; Yahi et al., 1994a, 1995a). Virological SPC3 is actually a competitive inhibitor of HIV-1 infection
data suggested that the peptide is a competitive inhibitor of of these cells (Yahi et al., 1995a).
HIV-1 binding to the GalCer receptor of CDHT-29 cells, In contrast, SPC3 does not inhibit the binding of HIV-1
whereas it acts at a postbinding step in COyimphocytes to CD4" lymphocytes, and the presence of the peptide only
(Yahi et al., 1995b). The aim of the present study was to during HIV-1 exposure does not inhibit the infection of these
identify the cell surface molecules recognized by SPC3 on cells (Yahi et al., 1995b). In agreement with these findings,
CD4~ and CD4 HIV-1 target cells. we could not demonstrate any SPC3 binding to the CD4

We found that SPC3 binds to cell surface glycosphin- receptor, either in cell-free assays or on live cells. Confirm-
golipids that share a common structural feature, i.e., a freeing these data, digestion of cell surface CD4 with proteinase
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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

o - fibroblasts transfected with the human CD4 gene (Maddon
Ficure 8: Binding of SP PBM n EM lipids. Total . .
gI;::Josp{rglingolip()jidéJ c%ntsair?e?j tl?] the Fc(:)lcah (Ijovcv:er (op%gssymot%ls) etal, 1986)' .O'n th,e other hand, the mcorpo'ratlon of these
and upper phases (closed symbols) from normal PBMC (circles) 9lycosphingolipids into Caco-2/CD4cells, which are re-
and CEM (squares) extracts were coated at the indicated concentrasistant to HIV-1 entry (Fantini et al., 1994), did not allow
tions in 96 multiwell plates. After evaporation of the solvent, the vijrus fusion (data not shown). Finally, G-protein-coupled
plates were saturated with PBS containing 2% bovine Serum geyen_transmembrane domain receptors belonging to the
albumin and subsequently analyzed for SPC3 binding. The pept|def iV of B-ch i h b v identi-
bound was revealed witifHiJsuramin. The data are expressed as f"‘m' y 0 ﬂ_c emokine receptqrs ave been recepty identi
the mean of duplicate experimentsgD). fied as fusion cofactors allowing the entry of primary and

laboratory HIV-1 isolates into CD4cells (Alkhatib et al.,

0.6 A

0.4 4

0.2 1

Suramin bound (pmol)

0.0 T T T
1.0 1.5 2.0
Amount of glycolipid (ug/well)

0.5

0.0 2.5

0.6 1996; Choe et al., 1996; Deng et al., 1996; Dorantz et al.,
1996; Dragic et al., 1996; Feng et al., 1996). These data
—- 05 are consistent with the previous finding that some of these
© ] chemokines (RANTES, MIPd, MIP-13) could inhibit
g_ 04 HIV-1 infection at an early stage of HIV-1 cycle (Cocchi et
= - al., 1995). Although the exact role Bfchemokine receptors
= in HIV-1 fusion remains to be elucidated, it is tempting to
3 031 speculate that they could mediate V3 loop binding to the
a plasma membrane of the target cell (Choe et al., 1996). This
£ 02 consideration raised the interesting possibility that SPC3
s could also act through binding {8-chemokine receptors.
5 However, we believe that the main binding sites for SPC3
o 017 on CD4" lymphocytes are glycosphingolipids for the fol-
lowing reasons: (i) the important number of SPC3 binding
0.0 sites on human CD4lymphocytes, i.e., more than 350 000

0.00 0.50 1.00 1.50

Amount of glycolipid (ng/well)

sites/cell, is not compatible with a chemokine receptor
(Samson et al., 1996); (ii) in contrast with SPC3, the presence

FiGURe 9: Binding of SPC3 to purified lipids. GT1y, gm1  ©f RANTES, MIP-Ja, and MIP-15 during HIV-1 exposure
(a), GM2 (@), asialo-GM2 ), LacCer @), GD3 ©), and GM3 resulted in a significant inhibition of HIV-1 entry into CD4
(a) were coated on poly(vinyl chloride) multiwell plates and cells (Dragic et al., 1996), showing that the peptide and the
assayed for SPC3 binding. The peptide bound was revealed withchemokines act through distinct mechanisms; (iii) SPC3
[*H]suramin. The results are expressed as the mean of twojnpipits the infection of CD4 lymphocytes and macrophages
independent experiments. Error bars were omitted for clarity. by various isolates of HIV-1 (clades B and D) and HIV-2
K did not affect SPC3 binding to these cells. Therefore, we exhibiting different phenotype and tropism characteristics
could not confirm the results reported by Benjouad et al. (Fantini et al., 1993b, Yahi et al., 1994). Since pheno-
(1995) suggesting a possible interaction between SPC3 andypically distinct isolates differ in coreceptor usage, it is likely
the CDR-3 domain of CD4. Our data, however, are that a large family of fusion cofactors may exist (Weiss &
consistent with recent studies that have challenged theClapham, 1996). Thus, it is difficult to reconcile the anti-

involvement of the CDR-3 region of CD4 during HIV-1
fusion (Broder & Berger, 1993; Moore, 1993). In addition,

HIV properties of SPC3 with the recognition of a wide
variety of coreceptors. Finally, high concentrations (up to

our virological data suggested that SPC3 acts at a postbinding2 ©g/mL) of RANTES, which binds to CC-CKR1, CC-

step on CD4 lymphocytes, probably by interacting with cell

CKR3, CC-CKR4, and CC-CKR®B-chemokine receptors

surface components involved in the fusion process (Yahi et (Samson et al., 1996), did not affect SPC3 binding to human
al., 1995b). The requirement of a human specific accessoryPBMC (data not shown). In conclusion, it can be reasonably
binding site or fusion “coreceptor”, probably recognized by assumed that SPC3 binds mainly to LacCer, GM3, and GD3
the V3 loop of gpl120, has been considered following the and that these glycosphingolipids have to be distinguished
observation that CD4 by itself was not sufficient to allow from the HIV-1 coreceptors.
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Table 2: Binding of SPC3 to Sphingolipids

sphingolipid structure binding®

ceramide Cer -
sulfatide Gal(3-SQ)p1-1Cer +++
LacCer Galp1-4Glgs1-1Cer +++
ceramide trihexoside " Gal-4GaB1-4Glg31-1Cer ++
globoside GalNAG1-3Gab1-4GaBi1-4Glg31-1Cer -
GM1 Galp1-3GalNA@1-4[NeuAax2-3]4GaP1-4Glg31-1Cer -
asialo-GM1 Gg#1-3GalNAg1-4Gapl1-4Glg51-1Cer -
GM2 GalNAg1-4[NeuAax2-3]Gaf31-4Glg31-1Cer +
asialo-GM2 GalNAB1-4Gaf1-4Glgs1-1Cer ++
GM3 NeuAa2-3Galf1-4Glg31-1Cer +++
GD3 NeuAm2-8NeuAm2-3Galf1-4Glgs1-1Cer +++
GT1b NeuA@2-3Gafi1-3GalNA@G1-4[NeuAa2-8NeuAar2-3]Gap1-4Glg31-1Cer -

2 talics indicate the minimum motif required for optimal binding, with special emphasis on a free hydroxyl group in posiifogafactose.
b —, no binding to 2ug of lipid; +, positive binding to 2«g of lipid; ++, positive binding to 0.5g of lipid; +++, positive binding to less than
0.5 ug of lipid.

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

GMS3 (CEM)

GM3 (standard)

LacCer (CEM)

LacCer (standard) : microdomains, SPC3 may alter membrane fluidity, leading
0.00 0.10 0.20 0.30 to the inhibition of membrane fusion. Although this
Suramin bound (pmol) interpretation needs experimental confirmation, it could

Ficure 10: Binding of SPC3 to LacCer and GM3 purified from ~ €Xplain why the GPGRAF monomeric peptide, which is

CEM cells. LacCer and GM3 were purified by preparative thin- unable to cross-link plasma membrane glycolipids, has no

layer chromatography and assayed for SPC3 binding viith- [ antiviral activity. Indeed, the anti-HIV effect requires at least

suramin as revealing agent. For comparison, the experiment waspyo GPGRAF motifs branched on the same core (Yahi et

also done with standard LacCer and GM3 purified from bovine Lo : -

brain and canine blood, respectively. The results of a single al., 1994b). The.CI’OSS—llnkl.ng of egcosphlngoI_lp|(;Js by

experiment, which was repeated three times with similar results, SPC3 C.OU“.j also 'nFerfere W'_th the membrang distribution

are shown. of proteins involved in the fusion process. Forinstance, we
. . . .. found that high concentrations of SPC3 increased the binding

Since the functional part of SPC3, i.e., the GPGRAF motif, - - .
mimics the tip of the V3 loop of HIV-1 gp120 (both are of anti-CD4 antibodies to CD4 on the surface of CEM cells

: - . (Table 1). Although this observation cannot account for the
recognized by a neutralizing ant|-gp129 mAb), the data antiviral effect of SPC3 (which occurs at much lower
rep.orted here suggest a role forglycosph|ngol|.p|d_s.|n HIV-1 concentrations), it may suggest a physical association
fuIS|on. r;r he rleczn':)report;ha{cy(closedrlne, an inhibitor of ) between CD4 and specific glycosphingolipids. SPC3 binding
glycosphingolipid biosynthesis (Sundaram & Lev, 1984), : Qs o ;
could block HIV-1 infection (Mizrachi et al., 1996) is in to these glycosphingolipids could thus interfere with the

agreement with this hvbothesis.  Indeed. an important packing of CD4. In this respect, it would be interesting to
grec . nyp ol ! P determine whether chemokines receptors (i.e., HIV-1 core-
requirement for induction of fusion is an increase in the

.y . ; ceptors), or other proteins involved in HIV-1 fusion, are
hydrophob_lcr[y Of. the membrane, which can be _achleved associated with specific glycosphingolipids. Alternatively,
either by increasing the lateral membrane tension or by

increasing the curvature of the membrane (Monck & Fernan- it has been proposed that glycosphingolipids may activate

dez, 1996). For these reasons, the lipid composition of thethe fusion process through induction of a conformational

lasma membrane of the taraet cell can determine the f S.Onchange in the viral fusion glycoprotein (Nieva et al., 1994).
P . ; ) 9 . ! USIONcyrrent studies of the molecular interactions between HIV-1
capacity of various viruses, including HIV-1 (Larsen et al.,

1993). GalCer, for instance, has been shown to promotegplzo and GalCer/sulfatide will help to clarify this point.

membrane fusion of Semliki Forest virus (Nieva et al., 1994), ACKNOWLEDGMENT
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