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We recently reported that a cationic peptide, T22 ([Tyr5,12, Lys7]-polyphemusin II), specifically inhibits
human immunodeficiency virus type 1 (HIV-1) infection mediated by CXCR4 (T. Murakami et al., J. Exp. Med.
186:1389–1393, 1997). Here we demonstrate that T22 effectively inhibits replication of T-tropic HIV-1, includ-
ing primary isolates, but not of non-T-tropic strains. By using a panel of chimeric viruses between T- and
M-tropic HIV-1 strains, viral determinants for T22 susceptibility were mapped to the V3 loop region of gp120.
T22 bound to CXCR4 and interfered with stromal-cell-derived factor-1a–CXCR4 interactions in a competitive
manner. Blocking of anti-CXCR4 monoclonal antibodies by T22 suggested that the peptide interacts with the
N terminus and two of the extracellular loops of CXCR4. Furthermore, the inhibition of cell-cell fusion in cells
expressing CXCR4/CXCR2 chimeric receptors suggested that determinants for sensitivity of CXCR4 to T22
include the three extracellular loops of the coreceptor.

Viral receptors facilitate the invasion of target cells by viral
particles. CD4 is a primary receptor for attachment of human
immunodeficiency virus type 1 (HIV-1), and a member of the
chemokine receptor family is a coreceptor for target cell entry
(21, 43). HIV-1 isolates can be grouped into three general
phenotypic categories based on their cell tropism: T-cell line-
tropic (T-tropic) HIV-1 strains can infect peripheral blood T
lymphocytes and leukemic T-cell lines and can arise late in the
evolution of AIDS. Macrophage-tropic (M-tropic) strains of
HIV-1 (2, 18, 25) can infect peripheral blood T lymphocytes
and macrophages but not T-cell lines. Dual-tropic HIV-1 iso-
lates can infect peripheral blood T lymphocytes, T-cell lines,
and macrophages. In terms of coreceptor usage, T-tropic
HIV-1 strains primarily use a CXC chemokine receptor,
CXCR4 (29), whereas M-tropic HIV-1 strains use mainly
CCR5 (2, 14, 18, 25). Dualtropic HIV-1 strains can use
CXCR4 and CCR5, as well as CCR3 and CCR2b (14, 24).
Recently, several other seven transmembrane-spanning pro-
teins that are structurally similar to chemokine receptors, most
of which are orphan receptors, have been found to be able to
mediate HIV-1 entry into CD41 T cells (13, 19, 24, 27, 30, 38,
51, 54). In addition, CD4-independent, chemokine receptor-
dependent infection with some HIV-1 or HIV-2 strains has
been reported (26, 28, 31), suggesting a major role of the
chemokine receptor in HIV entry. Therefore, the chemokine

receptors constitute an important target for the development
of anti-HIV drugs. It has also been documented that specific
ligands for these receptors are able to inhibit HIV infection.
Pre-B-cell growth-stimulating factor/stromal-cell-derived fac-
tor (SDF-1) (47, 66), the ligand for CXCR4, inhibits entry of
T-tropic, but not M-tropic, HIV-1 strains (7, 49). In contrast,
natural ligands for CCR5, regulated upon activation, normal T
cell expressed and secreted (RANTES), macrophage inflam-
matory protein-1a (MIP-1a), and MIP-1b, inhibit entry of
M-tropic HIV-1 but not T-tropic viruses (15, 67, 71). These
findings suggest a novel strategy for the design of anti-HIV
drugs. Recently, RANTES derivatives have been shown to be
specific inhibitors of infection with M-tropic HIV-1 as a CCR5
antagonist (6, 58). We recently found that T22 ([Tyr5,12, Lys7]-
polyphemusin II), a synthetic derivative of basic peptides iso-
lated from blood cells of horseshoe crabs, is a specific antag-
onist for both T-tropic HIV-1 infection and signal transduction
through ligand binding (45). Two other small molecular
CXCR4 antagonists have also been reported recently (23, 56).
It is important to understand the mechanism by which CXCR4
inhibitors act and to develop improved chemokine receptor
inhibitors. In the present study, we show that T22 directly binds
to extracellular loops of CXCR4 and inhibits its functions in
binding and signaling of SDF-1a, as well as coreceptor activity
for T-tropic HIV-1 strains.

MATERIALS AND METHODS

Reagents. T22, tachyplesin I, polyphemusin II, and 4Ala-T-I were produced by
using Fmoc (9-fluorenylmethoxycarbonyl) solid-phase or solution-phase peptide
synthesis as described elsewhere (40, 59, 64). The synthetic peptides were puri-
fied by high-performance liquid chromatography (HPLC) and gel filtration and
were identified by mass spectroscopy and amino acid analyses after acid hydro-
lysis and LAP digestion. SDF-1a was synthesized by stepwise disulfide-forming
reactions as described previously (62). 125I-labeled human recombinant SDF-1a
was obtained from Dupont-NEN (Boston, Mass.). The labeling was performed
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by using a lactoperoxidase procedure and the [125I]SDF-1a is purified by re-
versed-phase HPLC.

Construction of chimeric HIV-1 clones. Two molecular clones of HIV-1,
NL4-3 and JR-CSF, were described previously (1, 35). Most HIV-1 chimeras
were constructed by using fragments from NL4-3 and JR-CSF. Chimeric viruses
CNC-DX, CNC-MX, NCN-SN, NCN-SM, and NCN-MN were made as de-
scribed previously (12). Viruses CNC-AX, CNC-AD, NCN-AX, and NCN-DX
were made by similar methods. NL-CSFV3, in which the V3 region of NL4-3 was
replaced by that of JR-CSF, was constructed as follows. A pair of synthetic
oligonucleotides containing StuI, MluI, XbaI, and NheI sites were inserted into
pNL4-3-10-17 to create MluI and XbaI sites. The StuI-to-MluI (region 6822 to
7102) fragment from NL4-3 (obtained by PCR), the MluI-to-XbaI (position
7199) fragment from JR-CSF (synthetic oligonucleotides), and the XbaI-to-NheI
(position 7250) fragment from NL4-3 (synthetic oligonucleotides) were sequen-
tially substituted into the modified pNL4-3-10-17 to form a full-length chimeric
plasmid DNA. To confirm that the above manipulations do not affect viral
infectivity and cell tropism, the MluI-to-XbaI fragment of NL-CSFV3 was re-
placed by that of NL4-3. The reconstituted NL4-3 was indistinguishable from the
original NL4-3 in infectivity and cell tropism. Viral stocks were prepared after
electroporation of COS cells and titrated in phytohemagglutinin (PHA) (Seika-
gaku Corp., Tokyo, Japan)-stimulated human peripheral blood mononuclear
cells (PBMC) as previously described (34).

Construction of chimeric receptors. Chimeric receptors composed of CXCR4
and CXCR2 were constructed by the PCR-ligation-PCR approach as described
previously (39).

Cells and culture conditions. HeLa S3, MT-2, MT-4, and MOLT-4 cells were
maintained in RPMI 1640 supplemented with 10% fetal bovine serum (FBS).
HeLa cells were maintained in Dulbecco minimal essential medium (DMEM)
containing 10% FBS. QT6 cells stably expressing CD4 containing a cytoplasmic
tail deletion were provided by A. Koito (University of Tsukuba, Tsukuba, Japan).
These cells were maintained in DMEM containing 10% FBS and 300 mg of G418
per ml. PBMC were isolated from human immunodeficiency virus (HIV) sero-
negative healthy donors by using Ficoll-Hypaque (Pharmacia Biotech, Uppsala,
Sweden) and grown in RPMI 1640 containing 20% FBS and 100 U of recombi-
nant interleukin-2 (IL-2) (Shionogi Co., Osaka, Japan) per ml after stimulation
with 1 mg of PHA per ml for 2 to 3 days. Culture media were supplemented with
100 U of penicillin and 100 mg of streptomycin per ml.

Monocyte-derived macrophage (MDM) culture. Monocytes were enriched
from PBMC by adherence to plastic (100-mm-diameter dishes) coated with
human AB serum (Flow Laboratory, McLean, Va.) in RPMI 1640 medium
containing 20% FBS at 37°C for 24 h. One day later, nonadherent cells were
removed, and the adherent cells were cultured for 2 days in RPMI 1640 con-
taining 15% FBS and 5% giant cell tumor supernatant (IGEN, Rockville, Md.).
Adherent macrophages were treated with 0.5 mM EDTA in phosphate-buffered
saline (PBS) for 10 min to transfer cells to 24-well plates at a density of 2.5 3 105

cells/well and then used for infection experiments.
Viruses. The origins of the primary clinical isolates were as follows. TMD-1

and TMD-2 were simultaneously isolated from PBMC or plasma, respectively, of
a patient with AIDS (73). YU-1 and YU-2 were isolated from a patient with
AIDS-related complex and an HIV-1-positive healthy carrier, respectively (75).
YU-9 and YU-10 were isolated from two other patients with AIDS (74). All of
the primary clinical isolates were obtained by a coculture procedure by using
HIV-1 seronegative PBMC. SF13 (10, 11) and SF162 (57) were provided by T.
Shioda (University of Tokyo, Tokyo, Japan). Ba-L was obtained from the AIDS
Research and Reference Reagent Program. All viruses were propagated in
PHA-stimulated PBMC cultures from a single donor. At 7 or 10 days after
infection, culture supernatants containing the viruses were recovered, filtered
through a membrane (0.22 mm [pore size]), and the amount of HIV-1gag p24 was
measured by enzyme-linked immunosorbent assay (ELISA) (Cellular Products,
Buffalo, N.Y.). Aliquots of the viral stocks were stored at 280°C. The titer of
each virus stock was determined by endpoint titration of fivefold limiting dilution
in triplicate on PHA-stimulated PBMC from a single donor. The 50% tissue
culture infectious dose (TCID50) was calculated by the method of Reed and
Muench (52).

HIV-1 infection. PBMC, MDM, MT-2, and MT-4 cells were exposed to virus
suspensions at a multiplicity of infection (MOI) of 0.001. After 2 h (PBMC and
MDM cells) or 1 h (MT-2 cells and MT-4 cells) of adsorption at 37°C, the cells
were washed three times with serum-free RPMI 1640 medium, and fresh me-
dium was then added. Amounts of HIV-1gag p24 in the culture supernatants were
measured by ELISA 7 days (PBMC and MT-4 cells) or 14 days (MDM cells and
MT-2 cells) after infection.

Cell fusion assay with fluorescent dye. The use of recombinant vaccinia virus
(RVV) to transiently express CD4 and HIV-1 gp120/gp41 was as described
previously (33). A spinner culture of HeLa S3 cells was infected with gp120/gp41
encoding RVV (vR10EN) and monolayer HeLa cells were infected with human
CD4 encoding RVV (vRT4) at an MOI of 10. After 1 h of adsorption of these
viruses, the cells were washed with PBS without calcium and magnesium
[PBS(2)] and cultured for 15 to 20 h at 37°C. Lipid mixing and content mixing
were measured by the fusion assay as described previously (20). Briefly, gp120/
gp41-expressing HeLa S3 cells were washed with PBS(2) and resuspended in
PBS(2) at a density of 2 3 105/ml. The cells were labeled with the lipophilic
fluorescent probe, octadecyl rhodamine B chloride (R18; 1 mg/ml; Molecular

Probes, Inc., Eugene, Oreg.). After being washed with PBS(2) containing 1%
bovine serum albumin and 0.02% EDTA, the cells were resuspended in PBS(2)
containing 0.5 mM CaCl2 [PBS(1)] and overlaid on CD4-expressing HeLa cells.
Transfer of the fluorescent dye from HeLa S3 cells into adherent HeLa cells was
observed through membrane fusion (lipid mixing) after 1 h of cocultivation. The
appearance of multinuclear giant cells was observed through migration of nuclei
(content mixing) after 5 h of cocultivation. Cells were fixed with PBS(2) con-
taining 3% paraformaldehyde for 15 min at room temperature and were then
observed under a 163 objective lens of a fluorescence microscope.

Cell-cell fusion assay. A previously described b-galactosidase-based gene re-
porter assay that used a-complementation of the enzyme was modified to quan-
titate cell-cell fusion events. Briefly, the a-subunit of b-galactosidase and the
HIV-1 IIIB envelope protein were introduced into effector HeLa S3 cells by
RVV. Target QT6 cells stably transfected with a form of CD4 lacking the
cytoplasmic tail were infected with RVV encoding the v-subunit of b-galactosi-
dase and transfected with chimeric receptors by using Fugene 6 (Boehringer
Mannheim). After overnight incubation, effector cells were added to the target
cells to initiate fusion in the presence or absence of anti-HIV peptides. At 16 to
20 h after this mixing, the cells were lysed and assayed for b-galactosidase
activity.

Inhibition of MAb binding to MOLT-4 cells by T22 and its lead peptides. One
million MOLT-4 cells were treated with various concentrations of T22 and 3 mM
4Ala-T-I for 1 h at 37°C. The cells were washed three times with PBS(2) and
stained for 30 min with 5 mg of the anti-CXCR4 monoclonal antibody (MAb),
12G5 (28), or the anti-CXCR4 rat MAb R6-48 (65) per ml. The cells were then
stained for 30 min with fluorescein isothiocyanate-conjugated anti-mouse immu-
noglobulin G (IgG) or anti-rat IgG at 4°C. The mean fluorescence of stained cells
was measured by use of a FACScalibur apparatus (Becton Dickinson).

Measurement of CXCR4 downregulation. The downregulation of CXCR4 on
MOLT-4 cells was determined as described previously (3). Briefly, one million
MOLT-4 cells were treated with various concentrations of SDF-1a or with 200
nM of T22 or 4Ala-T-I for 30 min at 37°C. The cells were washed with acidic
glycine buffer to remove the bound peptides and stained with 12G5, and CXCR4
expression was measured by fluorescence-activated cell sorter analysis.

SDF-1a radioligand binding assay. MOLT-4 cells (106) were incubated at 4°C
for 1 h in the presence of 0.4 nM 125I-labeled SDF-1a and increasing concen-
trations of unlabeled SDF-1a (0.1 to 1,000 nM) in 100 ml of RPMI medium
containing 1% bovine serum albumin (binding buffer). The cells were washed
three times with the binding buffer. The amount of bound 125I-labeled SDF-1a
was determined by using a gamma counter.

Chemotaxis assay. The chemotaxis assay was carried out as described previ-
ously (4). Briefly, 106 PHA and interleukin-2 (IL-2)-activated PBMC were
washed with PBS(2) and suspended in RPMI 1640 containing 0.25% human
albumin (Sigma) in the presence or absence of various concentrations of SDF-1a
and T22 and 3 mM 4Ala-T-I. They were then added to the top chamber of a
5-mm-pore-size polycarbonate Transwell culture insert (Costar, Cambridge,
Mass.) and pretreated for 30 min at 37°C in a CO2 incubator. The bottom of the
chamber contained 100 nM SDF-1a. The cells were cultured at 37°C for 3 h, and
the number of cells that transmigrated into the lower chamber was then counted
microscopically.

RESULTS
Restriction of T-tropic HIV-1 infection by T22. We previ-

ously reported that T22 blocks infection by laboratory-adapted
HIV-1 strains such as HTLV IIIIB and NL4-3 (48). For the
purpose of evaluating anti-HIV therapeutic potential, we felt it
was important to analyze clinical isolates. Thus, we examined
the effect of T22 on the infectivity of primary clinical HIV-1
isolates and other molecularly cloned strains. These included
three T-tropic (NL4-3, TMD-1, and YU-10), five M-tropic
(JR-CSF, SF162, Ba-L, TMD-2, and YU-9), and one dual-
tropic (SF13), and two uncharacterized HIV-1 strains (YU-1
and YU-2). YU-1, YU-2, YU-9, YU-10, TMD-1, and TMD-2
are primary clinical isolates. T22 blocked infection of PBMC
with primary T-tropic HIV-1 strains such as TMD-1 and
YU-10 with similar efficiency as NL4-3 (Table 1), whereas T22
failed to inhibit infection by non-T-tropic HIV-1 strains, even
at concentrations as high as 3 mM. T22 did not interfere with
the infectivity of a dual-tropic strain, SF13, in PBMC, although
this peptide efficiently inhibited the infection of SF13 in MT-4
cells (data not shown). Thus, T22 is effective against all T-
tropic HIV-1 strains tested, including primary clinical isolates.

The V3 loop region of gp120 is a determinant of T22 sensi-
tivity. To localize viral determinants responsible for sensitivity
to T22 treatment, we used a variety of infectious chimeric viral
DNA clones composed of complementary segments of NL4-3
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(T-tropic) and JR-CSF (M-tropic). Determination of the 50%
inhibitory concentration (IC50) of T22 against chimeric viruses
indicated that the sensitivity of the chimeras to T22 is deter-
mined by the presence of the DraIII-MstII (positions 6603 to
7314) fragment of NL4-3 (Fig. 1). T22 efficiently inhibited
infection with CNC-DX in which most of the env regions of
JR-CSF were replaced by those of NL4-3. In contrast, the
CNC-MX chimeras, in which the latter half of env (not includ-
ing the V3 loop region) of JR-CSF was replaced with that of
NL4-3, was not sensitive to T22. Thus, the env region from V1
to V3 seems to be responsible for viral sensitivity to T22 treat-
ment. Figure 1 also showed that loss of the V3 loop region
from T-tropic virus caused resistance to T22 treatment. T22
did not inhibit non-T-tropic NL-CSFV3 in which only the re-
gion encoding the 33-amino-acid NL4-3 V3 loop was substi-
tuted with that of JR-CSF. A clear correlation was observed
between T-cell-line tropism and the sensitivity to T22 treat-
ment. Thus, these data indicate that viral sensitivity to T22
treatment is conferred by the V3 loop region.

To confirm that resistance of M-tropic HIV-1 strains to T22
treatment is achieved at the entry phase of viral replication, we
analyzed viral DNA synthesis by using a semiquantitative PCR
assay at 24 h after infection. DNA synthesis by T-tropic NL4-3
and CNC-DX was blocked by T22 treatment in a dose-depen-
dent manner. In contrast, the level of viral DNA synthesis after
infection by non-T-tropic strains such as JR-CSF and NL-
CSFV3 was not affected by T22 (data not shown).

T22 inhibits lipid mixing of membrane in HIV-1 Env in-
duced cell-cell fusion. As reported previously, we found that
T22 exerts its anti-HIV activity as a CXCR4 antagonist. There-
fore, we attempted to determine the stage at which T22 acts.
By using a fluorescent lipid marker, we were able to distinguish
two stages, lipid and content mixing, in a coculture of HIV-1
gp120/gp41 (Env)-expressing and CD4-expressing cells. One
hour after cocultivation, redistribution of the fluorescent lipid
marker R18 was observed, but multinuclear giant cells were
not formed yet, indicating that lipid mixing took place within
1 h after cocultivation. A 30 nM concentration of T22 signifi-
cantly suppressed lipid mixing. The IC50 of T22 on lipid mixing
was estimated to be 12 nM by counting more than 200 cells.
T22 also blocked content mixing and syncytium formation be-
tween both cells subsequent to lipid mixing (data not shown).
These results show that T22 inhibits HIV-1 induced cell-cell
fusion at the stage of lipid mixing.

T22 inhibits SDF-1a function through binding to CXCR4.
We previously showed that T22 specifically inhibits Ca21 mo-
bilization induced by the ligand of CXCR4, SDF-1a. To extend
this finding, the effect of T22 on chemotaxis of PHA, and
IL-2-stimulated PBMC induced by SDF-1a was examined. T22
effectively inhibited SDF-1a-induced chemotaxis in a dose-
dependent manner with an IC50 of 30 nM. SDF-1a, as a pos-
itive control, showed desensitization of chemotaxis with an
efficiency similar to that of T22 (Fig. 2). 4Ala-T-I (NH2-
KWAFRVAYRGIAYRRAR-CONH2), a negative control
peptide, did not affect chemotaxis at a 3 mM concentration
(data not shown). This inhibitory mechanism for the effect of
T22 appeared to be through its binding to CXCR4. [125I]SDF-
1a binding to MOLT-4 cells was inhibited by T22 in a dose-
dependent manner (Fig. 3). The IC50 of unlabeled SDF-1a was
10 nM. T22 apparently inhibited the binding with a higher
efficacy than did SDF-1a. 4Ala-T-I did not affect ligand bind-
ing to CXCR4 even at 3 mM (data not shown). These results
suggest that T22 interferes with HIV-1–CXCR4 interactions
by binding to CXCR4. Binding of T22 to CXCR4 did not
downregulate the receptor at a T22 concentration of 200 nM,
whereas SDF-1a downregulated CXCR4 in a dose-dependent
fashion as described previously (data not shown). These results
suggest that the anti-HIV mechanism of T22 was mediated via
receptor competition with HIV-1.

T22 binding region of CXCR4. Next, we attempted to iden-
tify the T22 binding region of CXCR4. Cells were pretreated
with T22 and the binding activity of CXCR4-specific MAbs to
CXCR4 was measured. Two MAbs, R6-48 and 12G5, were
used. 12G5 binds the first extracellular loop (ECL1) and ECL2
of CXCR4 (28); the binding epitope of R6-48 was determined
to be at the N terminus of CXCR4 by analyzing a panel of
chimeric receptors and by using a peptide inhibition assay
(data not shown). Pretreatment with T22 efficiently blocked
binding of both antibodies to the target cells (Fig. 4). A neg-
ative control peptide, 4Ala-T-I, did not inhibit the binding of
either antibody, even at a 3 mM concentration. This inhibition
appeared to be specific for CXCR4, since T22 treatment did
not affect the binding of Leu-3a (an MAb that recognizes the
gp120 binding site on CD4) and OKT4 (another CD4-specific
MAb) (data not shown). These results suggest that T22 directly
binds extracellular regions of CXCR4 which are at least over-
lapping with epitopes recognized by R6-48 (N terminus), and
12G5 (ECL1 and ECL2).

TABLE 1. Host range, cytopathic properties, and sensitivity to T22 of various HIV-1 isolates

Virus
strain

HIVgag p24 (ng/ml) Cytopathicity
in MT-2a

IC50 (mM) of T22
in PBMCb

PBMC MT-4 MT-2 Macrophage

NL4-3 69 2,391 914 ,0.1 11 0.04
TMD-1 135 64 24 ,0.1 1 0.03
YU-10 24 756 20 ,0.1 1 0.08
JR-CSF 18 ,0.1 ,0.1 1.2 2 .3
SF162 20 ,0.1 ,0.1 66 2 .3
Ba-L 88 ,0.1 ,0.1 58 2 .3
TMD-2 87 ,0.1 ,0.1 13 2 .3
YU-9 172 ,0.1 ,0.1 11 2 .3
YU-1 18 ,0.1 ,0.1 ,0.1 2 .3
YU-2 16 ,0.1 ,0.1 ,0.1 2 .3
SF13 29 1,173 1,727 2 1 .3

a HIV-1-induced cytopathicity in MT-2 cells was assessed by measuring the formation of syncytia 14 days after infection. 1, ;20% cells; 11, .80% cells showing
syncytia.

b Anti-HIV activity of T22 was determined by measuring HIV-1gag p24 antigen in culture supernatant of PBMC at 7 days postinfection. Results are representative
of at least two independent infection experiments.
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Three extracellular loops are involved in the sensitivity of
HIV-1 to T22. To further define determinants of CXCR4 that
are involved in its interaction with T22, we used a cell-cell
fusion assay between HIV-1 IIIB Env-expressing HeLa cells
and QT6 cells expressing CD4 and CXCR4 or chimeric recep-
tors composed of complementary regions of CXCR4 and
CXCR2. First, we confirmed the fusion efficiency of each chi-
meric receptor. We observed a similar fusion efficiency com-
pared to the previous report with other T-tropic HIV-1 Env
(39), indicating that all extracellular loops contributed to
CXCR4 coreceptor function in HIV-1 IIIB Env-mediated cell-
cell fusion (data not shown). We then investigated the inhibi-
tory activity of T22 on IIIB Env-mediated cell-cell fusion. We
used chimeric receptors, 2444, 2444b, 4442, 2442, and 2244,
which showed more than 20% CXCR4 fusion activity. A 0.6
mM concentration of T22 completely inhibited the fusion me-
diated by 4444, 2444, and 2444b, whereas the inhibition of the
fusion mediated by 4442, 2442, and 2244 was only partial (Fig.
5). These results indicated that ECL1, ECL2, and ECL3 of
CXCR4 contributed to the sensitivity of CXCR4 coreceptor
activity to T22.

DISCUSSION

In this study, we demonstrated that T22 inhibits replication
of T-tropic strains of HIV-1, including primary isolates, but not
of non-T-tropic strains in PHA-stimulated PBMC (Table 1).
Viral determinants for T22 susceptibility were mapped to the
V3 loop region of gp120 by using a panel of chimeric viruses
between T-tropic NL4-3 and M-tropic JR-CSF (Fig. 1). We
also showed that T22 interfered with SDF-1a–CXCR4 inter-
actions (Fig. 2 and 3) without downregulating CXCR4 surface
expression. Inhibition of anti-CXCR4 MAb (R6-48 and 12G5)
binding by T22 suggested that the peptide interacts with the N
terminus and two ECLs of CXCR4 (Fig. 4). These findings
that T22 blocks SDF-1a and MAb binding to CXCR4 closely
parallel previous observations made with AMD3100 and
ALX40-4C (22, 23, 37). Moreover, T22-induced inhibition of
cell-cell fusion in cells expressing CXCR4/CXCR2 chimeric
receptors suggested that determinants for sensitivity of
CXCR4 to the peptide include all three ECLs of CXCR4 (Fig. 5).

The bicyclam AMD3100, a small CXCR4 antagonist, has
recently been demonstrated to interact with aspartic acids of
CXCR4 ECL2 (37). It is interesting to compare the mechanism

FIG. 1. Comparison of HIV-1 replication in PHA-stimulated PBMC and MT-4 cells by using infectious HIV-1 molecular clones NL4-3, JR-CSF, and chimeric
constructs of these clones. Mean values are shown for HIV-1gag p24 in the culture supernatant at 7 days postinfection. Anti-HIV activity of T22 was also determined
for each clone in PBMC, and the IC50 is expressed. The results are representative of three independent experiments.
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of T22 action with other CXCR4 inhibitors and helpful to
develop ideal CXCR4 inhibitors. The data mentioned above
are very reminiscent of those obtained with AMD3100. Do
these compounds with different structures have the same anti-

HIV mechanism? The analysis of target sites for AMD3100
focused on ECL2, since this extracellular loop seems to be
important for the HIV-1 coreceptor activity. However, we at-
tempted to identify the regions on which T22 acts for two
reasons: (i) even though ECL2 is crucial for coreceptor activity
for T-tropic HIV-1, we cannot rule out the possibility that T22
also acts on other extracellular regions, and (ii) it has recently
been found that charged residues in ECL2 of CXCR4 do not
contribute to coreceptor activity with dual-tropic and T-tropic
HIV-1 Env, a result different from that reported in the
AMD3100 study (70).

Initially, we investigated the inhibitory activity of T22 on the
binding of two anti-CXCR4 MAbs, which have different

FIG. 2. Effect of T22 on the chemotactic response of PHA-stimulated PBMC
induced by SDF-1a. A total of 106 PHA- and IL-2-activated PBMC were washed
with PBS(2) and suspended in RPMI 1640 containing 0.25% human albumin in
the presence or absence of various concentrations of SDF-1a and T22 and 3 mM
4Ala-T-I. They were then added to the top chamber of a 5-mm (pore-size)
polycarbonate Transwell culture insert and incubated for 30 min at 37°C. The
bottom chamber contained 100 nM SDF-1a. The cells were cultured at 37°C for
3 h. The number of cells that transmigrated into the lower chamber was counted
microscopically. The results are representative of three independent experiments.

FIG. 3. Inhibition of 125I-labeled SDF-1a binding to CXCR4 by T22.
MOLT-4 cells (106) were incubated at 4°C for 1 h in the presence of 0.4 nM
125I-labeled SDF-1a and increasing concentrations of T22 or unlabeled SDF-1a
in 100 ml of RPMI medium containing 1% BSA (binding buffer). The cells were
washed three times with the binding buffer. The amount of bound 125I-labeled
SDF-1a was determined by using a gamma counter. Specific binding (70,000 cpm
on average in the absence of inhibitors) was determined by subtracting from each
datum point the amount of nonspecific binding (10,000 cpm on average) ob-
served in the presence of 1 mM unlabeled SDF-1a. The results are representative
of three independent experiments.

FIG. 4. Effect of T22 on reactivity of anti-CXCR4 MAbs with MOLT-4 cells.
MOLT-4 cells (106) were treated with various concentrations of T22 or else 3 mM
4Ala-T-I for 1 h at 37°C. The cells were washed and stained with anti-CXCR4
MAbs as described in Materials and Methods. Antibody binding is indicated as
a percentage of the mean fluorescence of stained cells observed in the absence
of the peptides. Results are representative of at least two independent experi-
ments.

FIG. 5. Anti-HIV activity of T22 on fusion between cells expressing HIV-1
IIIB Env and cells expressing CD4 and either CXCR4 or CXCR2/CXCR4
chimeras. Cell-cell fusion was measured as follows. The a-subunit of b-galacto-
sidase and HIV-1 IIIB envelope protein were introduced into effector HeLa S3
cells by RVV. Target QT6 cells stably transfected with a form of CD4 lacking the
cytoplasmic tail were infected with RVV encoding the v-subunit of b-galactosi-
dase and transfected with chimeric receptors. After overnight incubation, both
target and effector cells were preincubated with various concentrations of T22 for
30 min before the cells were mixed. Then, 16 to 20 h after being mixed, the cells
were lysed and assayed for b-galactosidase activity. The results shown are rep-
resentative of two independent experiments. The nomenclature of the CXCR4
chimeras is as follows: 2442, for example has the N terminus and the third
extracellular regions of CXCR2 and the first and second extracellular regions of
CXCR4.
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epitopes. T22 inhibited the binding of both MAbs, one of
which recognizes the N terminus and the other of which binds
ECL1 and 2 with the same efficacy (Fig. 4). There are two
possible explanations for the above results: (i) T22 binds to the
N terminus and ECL1 and/or ECL2 and (ii) T22 binding to
CXCR4 leads to a global conformational change of CXCR4
which affects the R6-48 and 12G5 binding epitopes. As a result,
neither antibody binds to CXCR4 after T22 treatment. Con-
sidering our results with chimeric coreceptors, the first expla-
nation is likely, but we as yet cannot rule out the second
possibility.

To further examine determinants of CXCR4 binding to T22,
we used cell-cell fusion between HIV-1 IIIB Env-expressing
cells and cells expressing CD4 and CXCR4 or CXCR4/CXCR2
chimeric receptors. Our study with chimeric receptors sug-
gested that T22 acts at least on ECL1 and ECL3 of CXCR4
(Fig. 5). Although T22 was capable of inhibiting the coreceptor
activity of chimeras that lacked ECL1 or ECL3, it was not
possible to implicate ECL2 in the loss-of-function experiments
because all of the active chimeras contained this domain of
CXCR4. The exact site(s) of T22 binding in CXCR4 remains
unclear; a more precise mapping of the T22 binding site(s) will
require the use of 125I-labeled T22 and a number of additional
chimeric and mutant forms of CXCR4. Very recently Arakaki
et al. reported that T134, a T22 derivative, effectively inhibits
replication of AMD3100-resistant HIV-1 isolates, suggesting
that the action sites of T22 and AMD3100 are not the same
(5).

The viral determinant for T22 inhibition was mapped to the
V3 loop region of gp120, and HIV-1 replication was blocked at
an early step of infection (Fig. 1). Considering previous reports
that the V3 loop region is essential for the determination of
HIV-1 coreceptor usage, the above results are consistent with
our recent observation that T22 is an antagonist for CXCR4
functions as both an HIV-1 coreceptor and a chemokine re-
ceptor. This finding also supports the notion that T22 is a
CXCR4 inhibitor because the role of the V3 loop in the inter-
action of gp120 with coreceptors has been strongly suggested
by a number of studies (16, 67, 71). However, the recently
reported crystal structure of an HIV-1 gp120 core protein in
complex with CD4 and a neutralizing antibody suggested that
a conserved region adjacent to the V3 loop is important for
chemokine receptor binding (36, 53, 72). Furthermore, a pre-
vious study in which escape mutants of AMD3100 had se-
quence changes in gp120 both within and outside the V3 loop
also demonstrates the importance of gp120 regions outside the
V3 loop (17). It was previously suggested that a b-sheet-type II

b-turn-b-sheet (antiparallel b-sheet) structure and the position
and number of basic amino acids in T22 are crucial for its
anti-HIV activity (61, 63). The conformation of the V3 loop in
solution, which is reported as a turn-b-strand-b-turn-b-strand
helix (8, 9, 68, 69), and the existence of basic amino acids at
certain positions are critical for virus infectivity (32, 50). Given
the structural similarity between T22 and the V3 loop of T-
tropic HIV-1 described above, we hypothesize that T22 binds
to CXCR4 by mimicking the V3 loop of T-tropic HIV-1. The
recent report that a cyclic V3 peptide effectively inhibits infec-
tion by T-tropic HIV-1 by binding to CXCR4 supports this
hypothesis (55).

We have recently reported pharmacophore identification of
T22 (60). The number of Arg residues near the N terminus of
T22 is closely related to its antiviral activity. Tyr-Arg-Lys in the
N-terminal portion is also closely associated with anti-HIV
activity, probably by maintaining the b-structure of the pep-
tide. To illustrate this point, inhibition of T-tropic HIV-1 rep-
lication, anti-CXCR4 MAb and SDF-1a binding among T22
and its lead peptides, tachyplesin I and polyphemusin II, are
summarized in Fig. 6. The anti-HIV activities (IC50) of
tachyplesin I, polyphemusin II, and T22 in PBMC are 4.0, 0.44,
and 0.040 mM, respectively. The anti-HIV activity of these
peptides is well correlated with the inhibitory activity of these
peptides on 12G5 and SDF-1a binding. Furthermore, poly-
phemusin II showed a similar inhibition pattern with lower
activity in cell-cell fusion experiments with CXCR4 chimeras,
suggesting that polyphemusin II also acts on ECL1 and ECL3
of CXCR4 with lower affinity (data not shown). Thus, we
demonstrated that the pharmacophore of T22 in anti-HIV
activity is attributed to its affinity to certain regions of CXCR4,
which is recognized by its natural ligand SDF-1a and the MAb
12G5.

The site of T22 inhibition was shown to be the early stage of
virus-cell fusion. By monitoring the lipid mixing stage sepa-
rately from the later stages by using a lipophilic fluorescent
probe, we could show that T22 completely inhibits lipid mixing,
resulting in the blocking of content mixing and of syncytium
formation. It has been reported that amphipathic peptides,
including a lead compound of T22, exert their antibacterial
activity by permeabilizing the plasma membrane and perturb-
ing the metabolism of treated cells (41, 42). This was not the
cause of inhibition of HIV-1 infectivity, since T22 inhibits
HIV-1 replication at the concentration much lower than toxic
one. Moreover, virions pseudotyped with the vesicular stoma-
titis virus G protein or the amphotropic murine leukemia virus
envelope protein were not influenced by T22 treatment (data

FIG. 6. Amino acid structure, inhibitory activity against HIV-1 replication, 12G5 binding, and SDF-1a binding of tachyplesin I, polyphemusin II, and T22. HIV-1
replication, 12G5 binding, and SDF-1a binding were measured as described in Table 1, Fig. 4, and Fig. 3, respectively. The amino acid differences which are critical
for anti-HIV-1 activity are highlighted (open letters). The Tyr-Arg-Lys repeat in T22 is underlined.
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not shown). Thus, we conclude that the inhibition of virus-cell
or cell-cell fusion by T22 is HIV Env specific. It is interesting
to note that a gp41 peptide, which can act on the stage of
virus-cell fusion, also inhibits lipid mixing more efficiently than
content mixing (44).

We demonstrated that T22 inhibits the infection of PBMC
by all T-tropic HIV-1 strains examined, including clinical pri-
mary isolates, and impairs infection of a T-cell line by a dual-
tropic HIV-1 strain, SF13 (Table 1). These results imply that
T22 might reduce virus spread in vivo by blocking CXCR4
coreceptor activity. Several other chemokine receptors, such as
Bonzo/STRL33, Bob/GPR15, GPR1, US28, and APJ, most of
which are orphan receptors, have been found to be able to
mediate entry of HIV-1, HIV-2, and simian immunodeficiency
virus (13, 19, 24, 27, 30, 38, 51, 54). It is interesting and
important to know whether T22 also acts on those receptors,
although we know that T22 does not block MCP-1-induced
Ca21 mobilization in CCR2b-transfected cells, RANTES-in-
duced Ca21 mobilization in CCR5-transfected cells, and
CCR5-mediated entry of HIV-1 JR-CSF (46).

In summary, we showed here that a cationic peptide, T22,
specifically inhibits replication of T-tropic HIV-1 by acting on
extracellular regions of CXCR4. Further studies, discussed
above, will help to develop more potent anti-HIV drugs which
target the HIV coreceptors.
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