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ABSTRACT

We have previously shown that secreted phospholipases A,
(sPLA,) from bee and snake venoms have potent anti-human
immunodeficiency virus (HIV) activity (Fenard et al., 1999).
These sPLA,s block HIV-1 entry into host cells through a mech-
anism linked to sPLA, binding to cells. In this study, 12 syn-
thetic peptides derived from bee venom sPLA, (bvPLA,) have
been tested for inhibition of HIV-1 infection. The p3bv peptide
(@amino acids 21 to 35 of bvPLA,) was found to inhibit the
replication of T-lymphotropic (T-tropic) HIV-1 isolates (ID5o = 2
uM) but was without effect on monocytotropic (M-tropic) HIV-1
isolates. p3bv was also found capable of preventing the cell-

cell fusion process mediated by T-tropic HIV-1 envelope. Fi-
nally, p3bv can inhibit the binding of radiolabeled stromal cell-
derived factor (SDF)-1«, the natural ligand of CXCR4, and the
binding of 12G5, an anti-CXCR4 monoclonal antibody. Taken
together, these results indicate that p3bv blocks the replication
of T-tropic HIV-1 strains by interacting with CXCR4. Its mech-
anism of action however appears distinct from that of bvPLA,
because the latter inhibits replication of both T-tropic and M-
tropic isolates and does not compete with SDF-1a and 12G5
binding to CXCR4.

HIV-1 isolates are known to display distinct cellular
tropism. Most primary HIV-1 isolates, referred to as “M-
tropic” HIV-1 isolates, can infect human macrophages and
primary T cells. On the other hand, laboratory-adapted
HIV-1 isolates, known as “T-tropic”, can infect primary
and immortalized human T cells. Besides binding to the
CD4 receptor (Dalgleish et al., 1984), this tropism is de-
termined at the level of virus entry by the use of a specific
coreceptor that belongs to the chemokine receptor family
(Chan and Kim, 1998; Berger et al., 1999; Ross et al.,
1999). The CC chemokine receptor (CCR) 5 is the major
coreceptor for M-tropic HIV-1 strains, now referred to as
R5 viruses (Alkhatib et al., 1996; Choe et al., 1996; Deng et
al., 1996; Dragic et al., 1996). On the other hand, the CXC
chemokine receptor (CXCR) 4 is the major coreceptor for
T-tropic HIV-1 strains, referred to as X4 viruses (Feng et
al., 1996). To a lesser extent, other members of the chemo-
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kine receptor family, like CCR3, CCR2b, CCRS, are also
capable of mediating HIV entry into host cells (Berger et
al., 1999; Ross et al., 1999). The chemokines and their
derivatives thus form a potent class of HIV inhibitors and
could be potential therapeutic agents (Howard et al.,
1999). These factors are able to compete with HIV-1 enve-
lope glycoprotein (gp120) for binding to the chemokine
receptor and can also down-regulate their cognate receptor
(Chan and Kim, 1998; Berger et al., 1999; Ross et al.,
1999). For instance, the CXC chemokine SDF-1a, which
binds to CXCR4, specifically blocks the replication of X4
viruses (Bleul et al., 1996; Oberlin et al., 1996). Further-
more, various low-molecular weight compounds that bind
to CXCR4 and inhibit HIV-1 replication have been identi-
fied. They include positively charged peptides (Doranz et
al., 1997), the bicyclam compound AMD3100 (Schols et al.,
1997), and T22, a strong anti-HIV peptide (Murakami et
al., 1997b).

Secreted phospholipases A, (sPLA,) form a structurally
related family of enzymes that catalyze the hydrolysis of
glycerophospholipids to produce free fatty acids and lyso-

ABBREVIATIONS: HIV, human immunodeficiency virus; CCR, CC chemokine receptor; CXCR, CXC chemokine receptor; gp120, HIV-1 envelope
glycoprotein; pCa.r, reduced form of pCa; sPLA,, secreted phospholipase A,; bvPLA,, bee venom sPLA,; AIDS, acquired immunodeficiency
syndrome; mAb, monoclonal antibody; B-gal, B-galactosidase; FITC, fluorescein isothiocyanate; FACS, fluorescence-activated cell sorter; SDF,
stromal cell-derived factor; T-tropic, T-lymphotropic; M-tropic, monocytotropic.
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phospholipids (Gelb et al., 1995; Dennis, 1997; Murakami et
al., 1997a; Tischfield, 1997; Lambeau and Lazdunski, 1999;
Valentin and Lambeau, 2000). A diversity of sPLA,s has
been purified from snake and insect venoms, and these en-
zymes have been shown to exert a wide array of pharmaco-
logical effects, including neurotoxicity and myotoxicity (Kini
and Evans, 1989). Recent studies have revealed that a diver-
sity of sPLA,s is also present in mammals (Cupillard et al.,
1997; Ishizaki et al., 1999; Valentin et al., 1999a, 1999Db,
2000; Gelb et al., 2000; Suzuki et al., 2000; Valentin and
Lambeau, 2000), and these sPLA,s are likely to be associated
with various physiological and pathological processes, includ-
ing host defense (Murakami et al., 1997a; Tischfield, 1997,
Lambeau and Lazdunski, 1999; Valentin and Lambeau,
2000). Furthermore, specific receptors for sPLA,s have been
identified suggesting that these enzymes may also function
as ligands (Lambeau and Lazdunski, 1999).

We have recently shown that several venom sPLA,s are
potent inhibitors of the replication of HIV-1 and HIV-2 (Fe-
nard et al., 1999). For instance, bee venom sPLA,, (bvPLA,) is
able to block the entry of both X4 and R5 viruses into host
cells at nanomolar concentrations (Fenard et al., 1999). The
inhibition does not result from a virucidal or cytotoxic effect
but involves a more specific mechanism linked to sPLA,
binding to cells (Fenard et al., 1999). In this study, we have
analyzed the inhibitory effect of several synthetic peptides
derived from bvPLA, on HIV-1 replication. A peptide of 15
amino acids that corresponds to a surface-exposed loop of
bvPLA, was found to display a potent anti-HIV-1 activity
against T-tropic HIV-1 strains and can bind to CXCR4, the
major coreceptor of these T-tropic HIV-1 strains.

Materials and Methods

Plasmids and Reagents. Plasmids for HIV-1 (pNL.ADS8, pYU2,
pHXB2, pBRU-2) and pCMVtat were kindly provided by Drs. P.
Charneau and N. Israel, respectively (Pasteur Institute, Paris,
France). pHXB2-env was obtained from Drs. Kathleen Page and Dan
Littman through the National Institutes of Health AIDS Research &
Reference Reagent Program (Rockville, MD). Peptides were synthe-
sized by the Neosystem Laboratory (Strasbourg, France). pCa was
synthesized and oxidized to allow the formation of a disulfide bond
between cysteines 9 and 31. The 12G5 anti-CXCR4 monoclonal an-
tibody (mAb) was obtained from Dr. James Hoxie (NIH AIDS Re-
search & Reference Reagent Program), 6H8 was from Dr. F.
Arenzana-Deisdedos (Institut Pasteur), and anti-human human leu-
kocyte antigen class I mAb (W6/32) was from DAKO (Glostrup,
Denmark). Human recombinant SDF-1a was from PeproTech, Inc.
(Rocky Hill, UK), and bvPLA, was prepared as described (Lambeau
et al., 1989).

Cell Culture. P4 cells are HeLa CD4" cells in which transacti-
vation by HIV-1 Tat protein induces expression of the Escherichia
coli Lac Z gene from the HIV-1 long terminal repeat (Charneau et al.,
1994). P4-CCR5 cells are P4 cells expressing the CCR5 receptor
(Fenard et al., 1999). These cells and the human embryonic kidney
293 cells (ATCC, CRL-1573) were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with 7%
fetal bovine serum (Biomedia, Boussens, France). CEM is a CD4™
T-cell line obtained from NIH AIDS Research & Reference Reagent
Program. These cells were cultured in RPMI 1640 medium (Invitro-
gen) supplemented with 10% fetal bovine serum.

HIV-1 Infection Assays. HIV-1,p,, HIV-1yy,, HIV-14xp,, and
HIV-15gy were produced after transfection of the respective plas-
mids pNL.ADS8, pYU2, pHXB2, and pBRU-2 in 293 cells using a Ca®*
phosphate mammalian transfection kit (Stratagene, Strasbourg,

France). Three days after transfection, supernatants were collected,
centrifuged (1500g, 15 min), and stored at —80°C. High-titer viral
stocks of HIV-15,; were prepared as previously described (Fenard et
al., 1999). Viral stocks were evaluated for HIV-1 viral capsid protein
content using an enzyme-linked immunosorbent assay kit (Organon
Teknica, Fresnel, France). Single rounds of viral replication were
performed as previously described (Fenard et al., 1999). Briefly,
P4-CCR5 cells, seeded in 24-well plates, were infected with HIV-1
(100 ng of p24) in the presence or absence of various effectors for 8 h,
then the incubation medium was replaced with fresh medium con-
taining 50 uM 3’-azido-3'-deoxythymidine (AZT; Sigma-Aldrich, St.
Quentin Fallavier, France). Two days later, cells were lysed, and 98
B-galactosidase (B-gal) activity was measured and used as an index
of HIV-1 replication. For syncytium formation assay, 293 cells were
cotransfected with pHXB2-env and pCMVtat and mixed 1 day later
with P4 cells (3:1 ratio) in the presence or absence of effectors. After
48 h of coculture, cells were lysed and the level of B-gal activity was
used as an index of cell-cell fusion. Time-of-addition experiments of
p3bv were performed as previously described (Fenard et al., 1999).
Briefly, p3bv was added at different times before or after infection of
P4-CCRS5 cells with HIV-15i; (up to 8 h), and cells were then pro-
cessed as described above for single round infection assay.

Binding Experiments. SDF-1a-binding experiments were per-
formed in 500 ul of binding buffer (RPMI 1640 medium, 0.1% bovine
serum albumin) containing 2 X 10° CEM cells, 50 pM '2°I-SDF-1«
(PerkinElmer Life Science Products, Courtaboeuf, France), and var-
ious concentrations of unlabeled SDF-1a or peptides. After 1 h at
25°C, incubations were layered on 500 ul of fetal bovine serum,
centrifuged for 3 min at 10,000g, and analyzed for radioactivity
associated with cell pellets. Nonspecific 2°I-SDF-1a binding was
determined in the presence of 200 nM unlabeled SDF-1a. For cyto-
metric analysis, 10 CEM cells were incubated in 200 ul of phos-
phate-buffered saline at 4°C for 30 min in the presence or absence of
effectors, and mAbs (5 pg/ml) were then added for another 30-min
incubation period. After two washes, cells were incubated at 4°C
with fluorescein isothiocyanate (FITC)-conjugated secondary anti-
body (DAKO) for 30 min. Cells were washed, resuspended in phos-
phate-buffered saline and 4% formaldehyde, and analyzed for fluo-
rescence using a FACScan flow cytometer (Becton-Dickinson,
Franklin Lakes, NJ). Binding competition studies with radiolabeled
sPLA,s were performed as previously described (Fenard et al., 1999).

Down-Regulation Experiments. Experiments were performed
as previously described (Tilton et al., 2000). Briefly, CEM cells (10°
cells/ml) were incubated at 37°C in RPMI 1640 medium supple-
mented with 5% fetal calf serum in the presence of SDF-1« (10 nM)
or p3bv (20 uM). At different times after the addition of effectors,
cells were chilled on ice and stained with mAbs against CXCR4 (6H8
and 12G5 mAbs) or isotype-matched control IgG, followed by FITC-
conjugated goat anti-mouse IgG. Cell-associated fluorescence was
analyzed with a FACScan flow cytometer.

Results

Antiviral Activities of bvPLA,-Derived Peptides. The
three-dimensional crystal structure of bvPLA, has been ob-
tained at a very high resolution, and this structure reveals
several domains of homology with other sPLA,s and a rigid
network of disulfide bonds that stabilizes the tertiary struc-
ture (Scott et al., 1990; Fig. 1A). Twelve overlapping syn-
thetic peptides covering the entire bvPLA, sequence were
first designed (Fig. 1B) and analyzed for their antiviral ac-
tivity in a single round infection assay using P4-CCR5 cells
infected with R5 (HIV-1,y,,) or X4 (HIV-1gg) HIV-1 viruses.
Among these peptides, the p3bv peptide (residues 21-35) was
found to have antiviral activity against HIV-155 but was
without effect on HIV-1,,, replication (Fig. 1B). The effect of
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p3bv appears specific because all other bvPLA, peptides were
without significant anti-HIV-1 activity (Fig. 1B). As shown in
Fig. 2A, the ID;, value of X4 HIV-1 virus replication (HIV-1
sru and HIV-1,x4,) for p3bv concentrations is close to 2 uM,
and replication of these X4 viruses is fully inhibited above 10
uM. The lack of effect of p3bv on the replication of R5 HIV-1
viruses was also confirmed using HIV-1,,, and HIV-1y,
(Fig. 2A).

A second set of peptides related to p3bv was then de-
signed (Fig. 3A). Since p3bv contains two cysteines, this
peptide possibly forms a dimer, and thereby interferes
with HIV-1 replication. To address this possibility, we
designed a new peptide called p3bvS in which the two
cysteines are replaced by serines. This peptide has the
same antiviral activity as p3bv (Fig. 3B), indicating that
p3bv presumably acts as a monomer to inhibit HIV-1 rep-
lication. We next designed three small peptides of nine
residues, corresponding to the N-terminal (p3bv1), middle
(p3bv2), and C-terminal (p3bv3) part of p3bv (Fig. 3A). Of
these three peptides, p3bv1l that contains the N-terminal

A

1 10 20 30 40
|IYPGTL¥V$.GH9NKSSGPNELGRFKHTDACCRTI:EMCPDVMSAG

(31) (70) (9) (63)

50 60 70 80
ESKHGLTNTASHTRLSCDCDDKFYDCLKNSADTISSYFVGKMYFN
L

(95) (37) (30)

90 100 110 120 130
LIDTK?YKLEHPVTG?GERTEGR?LHYTVDKSKPKVYQWFDLRKY

61) (113) (105)

B

peptide amino acid % of infection

name position HIVapa HIVsry
pibv 1-15 120 102
p2bv 11-25 105 98
p3bv 21-35 150 2
pabv 31-46 110 100
p5bv 41-55 110 78
p6bv 51-99 75 90
p7bv 61-99 98 90
p8bv 81-99 150 96
p9bv 91-105 100 92
p10bv 101-115 90 70
piibv 111-125 98 83
pi2bv 121-134 106 95

Fig. 1. Inhibition of HIV-1 replication by various synthetic peptides
derived from bvPLA,. A, amino acid sequence of bvPLA, (Scott et al.,
1990). Numbers in parentheses indicate the positions of cysteines in-
volved in disulfide bonds. *, active site histidine; B, residues involved in
the coordination of Ca®* cofactor. B, P4-CCR5 cells were infected for a
single round of viral replication with HIV-1g5; or HIV-1,p,, in the ab-
sence or presence of the different synthetic peptides (20 uM). The level of
viral replication was determined 2 days later by B-gal assay. Maximal
viral replication (100%) was measured in the absence of any peptide.
Each value represents the mean of at least three independent experi-
ments with S.D. less than 10%.
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sequence of p3bv (residues 21-29) displays the strongest
antiviral activity (ID5, = 8 uM, data not shown), indicat-
ing that the N-terminal sequence of p3bv is crucially in-
volved in antiviral activity (Fig. 3B). Since the N-terminal
sequence of p3bv is in close vicinity to the Ca®*-binding
loop of bvPLA, (Scott et al., 1990), we designed a larger
peptide called pCa (residues 6-35; Fig. 3A) that, in addi-
tion to p3bv, contains residues forming the Ca®*-binding
domain of bvPLA, (Scott et al., 1990). Furthermore, since
the Ca®*-binding loop of bvPLA, contains a disulfide bond
that links the cysteines 9 and 31 (Fig. 1A), we synthesized
both oxidized (pCa) and reduced (pCa.r) forms of this pep-
tide and assayed them for HIV-1 inhibition. As shown in
Fig. 3B, only pCa.r is able to inhibit HIV-145; replication,
indicating that pCa has to be reduced to acquire an active
conformation. pCa.r was found to inhibit the viral replica-
tion with an ID;, value of 4 uM (data not shown). This
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Fig. 2. Effects of p3bv on M- and T-tropic HIV-1 infections (A) and
cell-cell fusion (B). A, P4-CCR5 cells were infected with different HIV-1
strains in the presence of different concentrations of p3bv. HIV-1,,,, and
HIV-1y, were used as prototypes of M-tropic HIV-1 strains (R5 viruses),
HIV-15,y and HIV-1,5, were used as prototypes of T-tropic HIV-1
strains (X4 viruses). The level of viral replication was determined 2 days
later by B-gal assay. Maximal viral replication (100%) was measured in
the absence of peptide. B, the syncytia formation was analyzed using 293
cells cotransfected with the plasmids coding for HIV-1,x5, gp120 and
HIV-1 Tat protein. The next day, the 293-transfected cells were mixed
with P4 cells in the absence or presence of various concentrations of the
p3bv peptide, and the level of cell-cell fusion was estimated 48 h later by
a B-gal assay, as described under Materials and Methods. Results are
representative of two independent experiments with S.D. less than 10%.
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value is very similar to that measured for p3bv, suggesting
that the 15 N-terminal residues composing the Ca®"-loop
of bvPLA, do not play a critical role in the antiviral activ-
ity.

p3bv Prevents Cell-Cell Fusion and Acts Early dur-
ing the Viral Cycle. The possible effect of p3bv on the
inhibition of fusion between viral and cellular membranes
was evaluated using syncytium formation assay. As shown
in Fig. 2B, p3bv inhibits the cell-cell fusion process be-
tween 293 cells expressing a viral envelope protein from an
X4 virus (HIV-1yxg,) and P4 cells. Interestingly, the con-
centrations of p3bv that inhibit the fusion process are very
similar to those required for inhibition of infection, both
phenomena showing identical ID;, values of 2 uM (Fig.
2B). Conversely, p8bv, devoid of antiviral activity (Fig.
1B), is unable to prevent the formation of syncytia (data
not shown), indicating a specific effect of p3bv on the
cell-cell fusion process. This result also indicates that p3bv
may act in an early step during the viral cycle by prevent-
ing the fusion between viral and cell membranes. This

A
pibveras O@BOR®OOEOCORDOOO®

p3bvS(21.35 DOEEX®HOO® OO ®
p3bvierz) O@EEOR®OOO®

P3bv2(24.32) GREOOCEG)
p3bv3(26.35) OOOEOOROO®

(SD®©©©®®@®®
GO EERVUCOCCCONH)

pCa-3s5)

[
1001
5 | N\
%75 1\%
S NN
. NN _
O O O o o o o

Fig. 3. Antiviral effects of the peptides derived from p3bv. A, amino acid
sequence and position of the different peptides. The disulfide bond be-
tween cysteines 9 and 31 in pCa peptide is indicated by a plain. Numbers
in parentheses indicate the position of each peptide within the bvPLA,
sequence. B, anti-HIV-1 effects of the peptides shown in A. P4-CCRS5 cells
were infected with HIV-15.; in the absence or presence of peptide (20
uM) for a single round of replication as indicated in the legend to Fig. 1.
pCa.r was obtained after a treatment at 56°C during 30 min in the
presence of 50 mM dithiothreitol. Each value represents the mean of at
least three independent experiments with S.D. less than 10%.

view was confirmed by time-of-addition experiments indi-
cating that p3bv acts early during the HIV-1 cycle with a
half-time effect of about 1.5 h (data not shown).
Inhibition of SDF-la and 12G5 mAb Binding to
CXCR4 by p3bv. Since p3bv specifically inhibits the repli-
cation of X4 viruses and yet has no effect on the replication of
R5 viruses, it was possible that this peptide interacts with
CXCR4, the major coreceptor of X4 viruses. This possibility
was addressed by first analyzing the inhibitory effect of p3bv
on the binding of '?°I-SDF-1« to CXCR4. Specific SDF-1«
binding was observed in CEM cells, and unlabeled SDF-1«
was found to inhibit the binding of '?°I-SDF-1a with a high
affinity of 6 nM (Fig. 4A), similar to that previously mea-
sured for the interaction of 12°I-SDF-1« to the CXCR4 recep-
tor (Crump et al., 1997). Interestingly, p3bv was also able to
inhibit the binding of ***I-SDF-1« with a K, 5 value close to 2

A

5500
E
S 4500
<
5
S8
E 3500
W
2 Ko.s
w 2500 |SDF-1 ol 6nM
s psbv L} 2uM
vaLAg-’— /
1500 | | | 1
0T e 8 7 % =
B log [competitor], M
100 7
m i F
= 80 e
Q % ,i"’ 7
€
& 601 / / %
: 77
5 o / / Z
5 % % %
2 20 7 7 7
o 7N/ 7/
> > T > ]
@ T m oa » &8 8
I 24 & O a B &,
W6/32 12G5

Fig. 4. Effects of p3bv and bvPLA, on binding of ***I-SDF-1a and 12G5
mAb to CXCR4. A, inhibition of '?°I-SDF-1« binding to CEM cells by p3bv
and bvPLA,. CEM cells (4 X 105 cells/ml) were incubated with iodinated
SDF-1«a (50 pM) in the absence or presence of various concentrations of
unlabeled SDF-1a, p3bv, or bvPLA,. After 1 h, incubations were layered
onto a cushion of fetal bovine serum, centrifuged, and the radioactivity
associated with cellular pellets was counted. B, inhibition of 12G5 bind-
ing to CXCR4. CEM cells (5 X 10° cells/ml) were incubated for 45 min at
4°C in the absence or presence of each peptide (20 uM) or SDF-1 (250
nM). The monoclonal antibodies 12G5 or W6/32 (5 ng/ml) were then
added for 30 min. After several washes, the binding of antibodies was
detected using an FITC-conjugated secondary antibody. The percentage
of positive cells was determined using a FACS scan analyzer. Results are
representative of three different experiments with S.D. less than 10%.
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uM (Fig. 4A), indicating that p3bv binds to CXCR4 receptors.
This result appeared in marked contrast with bvPLA,, which
was unable to inhibit the binding of 2°I-SDF-1« (Fig. 4A)
even at concentrations up to 10 uM. Furthermore, competi-
tion binding experiments between radiolabeled sPLA, (Fe-
nard et al., 1999) and unlabeled peptide (up to 10 uM) indi-
cate that p3bv does not compete with sPLA, binding (data
not shown). This result suggests that the binding sites of
p3bv and sPLA, are distinct. To further demonstrate that
p3bv binds to CXCR4, we analyzed the effects of this peptide
on the binding of 12G5, a mAb specific for CXCR4. The
binding of 12G5, as measured by FACS analysis, was com-
pletely inhibited by p3bv (Fig. 4B), confirming that p3bv
binds to CXCR4 receptors. The effect of p3bv on 12G5 anti-
body is specific, since it does not prevent the binding of
W6/32, a mAb known to recognize the human leukocyte an-
tigen class I surface antigen (Fig. 4B). Finally, the binding of
12G5 is also inhibited by pCa.r, which has antiviral activity,
but not by the oxidized form of pCa and by the p8bv peptide,
which has no effect on HIV-1 infection (Figs. 3 and 4B). A
possible effect of p3bv on the down-regulation of CXCR4 was
analyzed by flow cytometry using two mAbs (6H8 and 12G5)
that recognize different surface-exposed epitopes of CXCRA4.
6H8 mAb is known to be specific for the N terminus of
CXCR4 (Tilton et al., 2000) and shows only borderline inter-
ference with SDF-1a or p3bv binding (Fig. 5; Tilton et al.
2000). On the other hand, both ligands compete with 12G5
mAb. As shown in Fig. 5, p3bv does not induce CXCR4
down-regulation since, in the presence of a saturating

125 -

100§

75 1]

CXCR4 cell surface expression (%)

1 1 I
0 0 1 2 3

time (hours)

Fig. 5. Effect of p3bv on the down-regulation of CXCR4. CEM cells were
incubated at 37°C in RPMI 1640 medium supplemented with 5% fetal calf
serum in the presence of 10 nM SDF-1« (filled symbols) or 20 uM p3bv
(open symbols) for the indicated times. Cell surface-exposed CXCR4 was
detected with mAb 12G5 (circles) or mAb 6H8 (squares). mAb 6H8, but
not mAb 12G5, recognizes the NH, terminus of CXCR4 and shows only
borderline interference with SDF-1a binding. Cells were then stained
using FITC-conjugated goat anti-mouse IgG and detected with a FACS-
can flow cytometer. The percentage of CXCR4 surface expression was
calculated from the relative fluorescence intensity. Results are represen-
tative of at least three independent determinations.
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amount of this peptide, the surface expression of CXCR4 is
not modified when detected with 6H8 mAb. On the contrary,
SDF-1 promotes a rapid down-regulation of CXCR4 (Fig. 5).
Taken together, these results suggest that the p3bv peptide
specifically interacts with CXCR4, but does not promote its
down-regulation, and that this interaction is responsible for
the inhibition of X4 HIV-1 strains.

Discussion

Various peptides and small molecules have been previ-
ously described for their ability to block HIV replication
through binding to CXCR4 (Doranz et al., 1997; Murakami et
al., 1997b; Schols et al., 1997). These molecules act by inhib-
iting the binding of gp120 to CXCR4 or by down-regulating
the expression of CXCR4. We describe here a novel peptide
called p3bv, which inhibits HIV-1 replication through bind-
ing to CXCR4 with an ID,, value close to 2 uM. Furthermore,
we show that p3bv does not induce down-regulation of
CXCR4. This result indicates that p3bv probably blocks
HIV-1 replication by preventing the interaction between
CXCR4 and viral components (i.e., the HIV-1 envelope pro-
tein).

The p3bv peptide is derived from bvPLA,, which was pre-
viously described as a very potent inhibitor of replication of
various HIV-1 isolates (Fenard et al., 1999). However, p3bv
appears as a weaker inhibitor than bvPLA,, since the 1D,
value of bvPLA, is close to 0.6 nM (Fenard et al., 1999). The
relatively weak ID,, value of p3bv does not appear to result
from rapid uptake or degradation of the peptide, since pre-
treatment of cells with p3bv for up to 6 h before virus addi-
tion results in similar levels of HIV-1 inhibition compared
with experiments performed without pretreatment (data not
shown). This result also confirms that p3bv does not induce
down-regulation of CXCRA4.

Unexpectedly, we found that p3bv behaves differently
than bvPLA,. Indeed, p3bv can only inhibit the replication
of X4 viruses, whereas bvPLA, is able to inhibit both X4
and R5 viruses (Fenard et al., 1999). Furthermore, p3bv
inhibits cell-cell fusion (Fig. 2), whereas bvPLA, was pre-
viously shown to be unable to inhibit cell-cell fusion under
similar experimental conditions (Fenard et al., 1999). Fi-
nally, as monitored by the interaction of SDF-1a and 12G5
antibody with CXCR4, p3bv appears to be a ligand for
CXCR4 (Fig. 4). This result appears in marked contrast
with bvPLA,, which is unable to inhibit the binding of
SDF-1« (Fig. 4A) and 12G5 (data not shown) even at high
concentrations up to 10 uM. Taken together, these differ-
ences suggest that the mechanisms of HIV inhibition by
bvPLA, and p3bv are distinct. Alternatively, these discrep-
ancies suggest that the mechanism of HIV-1 inhibition by
bvPLA, is a complex process involving multiple steps that
cannot be solely explained by the binding of p3bv to the
CXCR4 coreceptor.

In our previous study, we have shown that the mechanism
of antiviral activity by bvPLA, is presumably linked to a
high-affinity binding of the sPLA, to host cells (K, ; = 0.08
nM) (Fenard et al., 1999). Our above results indicate that
bvPLA, has no affinity for CXCR4, and thus this receptor is
probably not the primary cellular target of bvPLA,. CXCR4,
however, appears to bind p3bv derived from bvPLA,, and this
binding is most likely explained by the HIV-1 inhibitory
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effect of this peptide. This suggests that within the bvPLA,,
the p3bv region does not have the same conformation as that
of the synthetic p3bv peptide. This hypothesis is supported in
part by the fact that the reduced, but not oxidized, form of
pCa inhibits HIV-1 infection and binding to CXCR4, illus-
trating the importance of the conformation of the p3bv region
(Figs. 3 and 4).

The crystal structure of bvPLA, indicates that the most
active part of the p3bv peptide (i.e., the p3bv1 peptide) is
located within a surface loop that is likely to be conforma-
tionally flexible. This surface loop is close to the interfacial
recognition surface, membrane lipids (Scott et al., 1990),
and also to the residues that have been involved in the
binding of bvPLA, to rat brain N-type sPLA, receptors
(Nicolas et al., 1997). Since the high-affinity sPLA, bind-
ing sites found in HIV-1 host cells appear related to rat
brain N-type sPLA, receptors (Fenard et al., 1999), it is
possible that bvPLA, first binds to its primary target
through residues that are close to the p3bv1 peptide loop
and then conformational changes occur, allowing the
sPLA, to interact with other cellular or viral targets. In
particular, this primary binding may change the confor-
mation of the p3bv1l region, which in turn can interact with
the CXCR4 receptor. Another possibility could be that the
bvPLA, is internalized and degraded after its high-affinity
binding to host cells and that this degradation generates
bvPLA,-derived peptides, such as the p3bv peptide. Inter-
estingly, a region that is very similar to p3bv has been
identified as a specific epitope for T cells after immuniza-
tion with bvPLA, (Mori et al., 1993).

In conclusion, here we describe a novel peptide called p3bv
that is derived from bvPLA, and inhibits T-tropic, but not
M-tropic HIV-1, through its binding to CXCR4. Our results,
however, suggest that the mechanisms of HIV inhibition by
the p3bv peptide are probably different from the original
bvPLA, complete protein. Comparisons of the antiviral prop-
erties of p3bv with those of bvPLA, suggest that the mecha-
nism of inhibition of HIV-1 by bvPLA2 is a more complex
process, which may involve several steps and various bvPLA,
domains distinct from p3bv that can act separately or in
concert to inhibit entry of X4 and R5 viruses into host cells.
Finally, the recent identification of a novel human sPLA,
that belongs to group III sPLA,s and displays a significant
homology with bvPLA,, in particular in the p3bv peptide
region (Valentin et al., 2000), suggests a role of this type of
sPLA, in HIV infection. Whether this human sPLA, has an
antiviral activity similar to bvPLA, will be particularly in-
teresting to analyze in the future.
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