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ABSTRACT The HIV-1 Tat protein is a potent chemoat-
tractant for monocytes. We observed that Tat shows conserved
amino acids corresponding to critical sequences of the che-
mokines, a family of molecules known for their potent ability
to attract monocytes. Synthetic Tat and a peptide (CysL24–51)
encompassing the ‘‘chemokine-like’’ region of Tat induced a
rapid and transient Ca21 inf lux in monocytes and macro-
phages, analogous to b-chemokines. Both monocyte migration
and Ca21 mobilization were pertussis toxin sensitive and
cholera toxin insensitive. Cross-desensitization studies indi-
cated that Tat shares receptors with MCP-1, MCP-3, and
eotaxin. Tat was able to displace binding of b-chemokines
from the b-chemokine receptors CCR2 and CCR3, but not
CCR1, CCR4, and CCR5. Direct receptor binding experiments
with the CysL24–51 peptide confirmed binding to cells trans-
fected with CCR2 and CCR3. HIV-1 Tat appears to mimic
b-chemokine features, which may serve to locally recruit
chemokine receptor-expressing monocytesymacrophages to-
ward HIV producing cells and facilitate activation and infec-
tion.

Extracellularly, the HIV-1 Tat protein has been found to
mimic both matrix molecules through its RGD (Arg-Gly-Asp)
sequence (1) and angiogenic growth factors through its basic
domain (2). Tat is chemotactic for human monocytes (3–5) and
monocyte-derived dendritic cells (5). Tat activity has been
postulated to be mediated by integrins (3) or interaction with
the flt-1 tyrosine kinase receptor (4). We have recently shown
that a synthetic peptide containing the cysteine-rich and core
domains of Tat, CysL24–51, retains most of the chemotactic
potential of Tat (6). This peptide of Tat contains a CCF
(Cys-Cys-Phe) sequence, a hallmark of numerous b-chemo-
kines.

The chemokines are a large subclass of the cytokine family
showing potent chemoattractant activity (for reviews see refs.
7 and 8). CC or b-chemokines are produced by a number of
different cell types and are often potent chemoattractants for
monocytes (9). The chemokines are ligands for 7-transmem-
brane spanning G-protein coupled receptors. The b-chemo-
kine receptor CCR5 and the a-chemokine receptor CXCR4
have been shown to act as coreceptors for HIV. Mutations of
CCR5 are associated with resistance to HIV infection or
progression to AIDS (for reviews see refs. 7 and 8). CCR5
usage is linked to the slowylow virus genotype, whereas
CXCR4 usage is linked to the rapidyhigh phenotype (for
review see ref. 7). Other chemokine receptors can also mediate
HIV entry; for example, CCR2 and CCR3 can act as core-

ceptors for some dual tropic HIV-1 strains (10, 11). A CCR2
polymorphism has been found to correlate with delayed
progression to AIDS (12, 13).

We report here that the HIV-1 Tat protein and the peptide
encompassing the cysteine-rich and core regions induce per-
tussis toxin sensitive Ca21 f luxes in monocytes. Receptor
desensitization and receptor binding experiments demonstrate
interaction with the b-chemokine receptors CCR2 and CCR3.
Tat activation of these receptors, in particular CCR2 whose key
role in monocyte chemotaxis has been established (14, 15),
would act to recruit chemokine expressing cells toward a
productively infected cell, favoring the spread and establish-
ment of HIV infection.

MATERIALS AND METHODS

Cells and Reagents. Buffy coats were obtained through the
courtesy of the Blood Transfusion Center of Istituto G. Gaslini
(Genoa, Italy). Monocyte-enriched populations (consisting of
.85% of the monocytes as assessed by flow cytometry) were
obtained after Ficoll and Percoll separation with standard
methods. Lymphocyte-enriched fractions were activated in
culture with phytohemagglutinin for 48 hr and then subcul-
tured in medium (RPMI 1640 with 10% fetal calf serum)
containing 100 unitszml21 of hrIL-2. Cell populations consisted
of .95% CD31 T lymphocytes after 10 days of culture.

Tat1–86 protein, and peptides corresponding to amino acids
20–80 of Tat, Cys20–39, CysL24–51, Basic46–60, Pep56–70, and
RGD65–80, were synthesized in solid-phase peptide synthesis by
using the FmocyDCCyHOBt strategy as described (16) (Tec-
nogen, Cesna, Italy). Purity was assessed by reverse-phase–
HPLC and mass spectroscopy. This Tat preparation has been
shown to be biologically active in a number of assays, including
HIV–long terminal repeat transactivation (16).

Calcium Signaling. For the determination of free Ca21

cytoplasmic concentration 2.5 3 106 cells per sample were
stained with 1 mM of the acetoxymethylester of Fura-2
(Sigma) (17). The fluorescence of the cellular suspension (1.5
ml in 125 mM NaCly5 mM KCly1 mM Na2HPO4y1 g/l
glucosey25 mM Hepesy1 mM CaCl2y0.5 mM MgCl2) was
monitored at 37°C with an LS-5 spectrofluorimeter (Perkin–
Elmer) equipped with a thermostatically controlled cuvette
holder and a stirring apparatus. Stimuli were added to the cell
suspension. Fluorescence was measured at 496 nm with
345-nm excitation. The concentration of free Ca21 was calcu-
lated by the method of Grynkiewicz et al. (17).

Blocking of the monocyte response to Tat was obtained by
addition of an equimolar concentration of a specific anti-Tat
monoclonal antibody (Arnika, Milan, Italy); treatment with 5The publication costs of this article were defrayed in part by page charge
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mg of trypsin at 37°C for 60 min or heat denaturation at 100°C
for 30 min also abrogated the Tat response.

The effect of pertussis or cholera toxin on Ca21 mobilization
was evaluated by preincubation of monocytes with 1 mgzml21

of pertussis or cholera toxin (Sigma) or media alone for 90 min
at 37°C.

Flow Cytometric Analysis of Calcium Fluxes. Peripheral
blood derived lymphoblasts or monocyte-derived macro-
phages were loaded with indo-1 (Molecular Probes) and
stained with fluorochrome-conjugated antibodies for 15 min at
room temperature. The labeled cells were collected on a dual
laser FACSVantage (Becton Dickinson Immunocytometry
Systems), modified with a Time Zero injection module (Cytek,
Fremont, CA) and a linear ratio offset. Data were analyzed by
using FLOWJO software program for the Macintosh (Treestar,
San Carlos, CA).

Monocyte Migration Assays. Monocytes were preincubated
with 1 mgzml21 toxin or media alone for 1 hr and migration
assessed in the presence of the toxins using the chemotaxis
microchamber technique as described (6). Chemoattractants
diluted in sfm (RMPI 1640y0.1% BSA) were used at concen-
trations assessed for having optimal chemotactic activity (400
ngzml21 Tat1–86y1 mgzml21 CysL24–51y100 ngzml21 MCP-3) and
placed in the lower chamber.

Receptor Binding Assays. Full-length cDNA for the CC
chemokine receptors 1, 2, 3, and 5 were cloned by reverse
transcription–PCR using primers based on the published se-
quences (18–21) and were transfected into CHO-K1 cells (22).
CCR4 was cloned and transfected into HEK 293 (23). Binding
assays were carried out on membrane preparations by using the
scintillation proximity assay (22). The radiolabeled ligands
used were 125I-MIP-1a for CCR1, CCR4, and CCR5; 125I-
MCP-1 for CCR2; and 125I-MCP-3 for CCR3. Increasing
concentrations of Tat (10213 to 1026 M) were added to allow
competition with the radiolabeled chemokine.

The CysL24–51 peptide was labeled with 125I (6) to a specific
activity of 950 Ciymmol and used for binding assays on the
CCR2 or CCR3 transfected Chinese hamster ovary cells
described above and with HEK 293 cells (the kind gift of P.
Murphy, National Institutes of Health, Bethesda) transfected
with CCR2 or CCR3 in the pBABE vector (from Nathaniel
Landau through the AIDS Research and Reference Reagent
Program Division of AIDS, National Institute of Allergy and
Infectious Diseases, National Institutes of Health), as well as
on untransfected controls. Binding assays were performed as
described (6). Scatchard analysis was performed by using the
LIGAND program (Biosoft, Milltown, NJ).

RESULTS AND DISCUSSION

We have recently reported that a peptide encompassing the
cysteine-rich and core region of Tat (CysL24–51) is highly active
in inducing monocyte chemotaxis (6). Examination of this
peptide suggested that this region contained structural motifs
typical of the b-chemokine family, often potent chemoattrac-

FIG. 1. Alignment of the HIV-1 Tat protein with the mature peptide sequences of the b-chemokines MCP-3, MCP-2, MCP-1, RANTES,
MIP-1a, and MIP-1b. Residues conserved between Tat and the b-chemokines shown are shaded. The location of the Tat peptides along the Tat
sequence used are indicated by brackets. The residues shown in italics (amino acids 87–101), not present in some HIV isolates, were not included
in the Tat1–86 synthetic peptide used here.

FIG. 2. (a) Induction of Ca21 mobilization in monocytes by
increasing doses of Tat1–86. As little as 100 ngzml21 (6.6 nM) produced
a significant Ca21 mobilization. (b) Inhibition of Tat1–86 induced Ca21

mobilization by anti-Tat monoclonal antibodies (Anti Tat Ab) or
trypsin digestion of Tat1–86. (c) Tat1–86 induced Ca21 mobilization in
different cell types. Tat (20 nM) induced rapid and transient Ca21

mobilization in monocytes and in the monocyte-related THP-1 cell
line, but not in T-lymphoblasts. Responses of these cells in the same
experiment to a known chemokine (10 nM MCP-3) are shown for
comparison. (d) Effect of peptides encompassing different domains of
Tat on Ca21 mobilization in monocytes. The cysteine-rich and core
domain peptide (CysL24–51) produced a lower calcium mobilization as
compared with the same molar concentration of Tat1–86 (100 nM).
Higher concentrations of this peptide did produce a strong response.
A peptide corresponding to the cysteine-rich domain (Cys20–39, 100
nM) showed a weaker, but still significant, activity. A peptide corre-
sponding to CysL24–51, but with a mutation of the CCF sequence to
SSG (CysL24–51CCFmut) showed no activity. Peptides corresponding
to the RGD and Basic domains were also ineffective at the doses shown
or even 20-fold higher doses (2 mM, not shown). The effects of
RANTES is shown for comparison.
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tants for monocytes. Alignment of Tat with several chemo-
kines indicated positioning of key residues, which have been
shown to be critical for CC chemokine function (Fig. 1). These
include a CCF motif, an SYXR motif that has been shown to
determine CXCyCC chemokine cell type selectivity (24), as
well as a strongly conserved isoleucine (Fig. 1). The greatest
similarity is seen with the MCP family. Both the C30C31FyY32
and the S46Y47XR49 residues are highly conserved over nu-
merous HIV-1 isolates and in HIV-2, even though point
mutation analysis suggests that C31, S46, Y47, and R49 are not
critical for HIV transactivation function (for review see ref.
25), suggesting a separate but critical function for these
residues. Therefore, we investigated the possibility that HIV-
Tat could bind to and signal through b-chemokine receptors by
means of this chemokine-like region.

Because free cytoplasmic Ca21 is a key intracellular medi-
ator of chemotactic signals by the chemokines (26), we ana-
lyzed whether HIV-1 Tat could induce Ca21 influx in these
cells. Addition of increasing amounts of Tat1–86 to human
monocytes loaded with the fluorescent Ca-chelator Fura-2
produced a dose-dependent, rapid, and transient increase in
the intracellular Ca21 concentration (Fig. 2a). As little as 6 nM
was sufficient to produce a significant signal. This pattern of
Ca21 mobilization is typical of chemokines, such as the re-
sponse to MCP-3 (27), shown as a positive control in Fig. 2c.
This activity was specific for Tat, as anti-Tat monoclonal
antibodies blocked the induction of Ca21 f lux by Tat on
monocytes (Fig. 2b). In addition, heat denaturation or trypsin
treatment of Tat both abrogated the induction of Ca21 f lux
(Fig. 2b). Tat1–86 also induced Ca21 mobilization in the
monocyte-related THP-1 leukemic cell line (Fig. 2c), whereas
no effects were detected on activated human T lymphocytes,
which however responded to MCP-3 (Fig. 2c).

The CysL24–51 peptide encompassing the chemokine-like
region of Tat was also effective in mediating Ca21 influx in
monocytes (Fig. 2d). Another peptide (Cys20–39) encompassing
only the cysteine-rich domain (the CCF sequence without the
SYXR motif) showed weaker Ca21 mobilization (Fig. 2d).
Mutation of the CCF sequence in the CysL24–51 peptide to SSG
abrogated its ability to induce Ca21 f luxes (Fig. 2d), indicating
a critical role for these residues, whereas the SYXR motif may
be more critical for chemokine receptor selectivity, as previ-
ously reported (24). Similar concentrations of a peptide based
on the MIP-1a sequence covering the same region as the
CysL24–51 peptide had little activity (not shown), suggesting

that the secondary structure conferred by the additional
cysteines in Tat play an important role in receptor interaction.
The three-dimensional structure of Tat has been solved by
NMR (28) and shows no resemblance to the chemokine fold.
We therefore hypothesize that the bulk of the Tat protein acts
as a scaffold, which presents the chemokine receptor binding
region (in the loop comprised between residues 24–51) to the
receptor, thereby enabling its activation by Tat. The chemo-
kine-like activity of molecules with little similarity to chemo-
kines is not without precedent; results obtained with the HIV
envelope demonstrate that a high sequence homology is not
necessary for receptor binding and signaling (29, 30).

Although peptides corresponding to the basic domain (aa
46–60) and the RGD domain (aa 65–80) interact with other
cell types (2, 31), these peptides did not induce Ca21 influx
(Fig. 2d), even at high concentrations (2 mM). This is consis-
tent with the expected mechanisms of action for these two
peptides, i.e., activation of tyrosine kinase receptors by the
basic peptide (31) or integrin binding by the RGD peptide (1).

Ca21 mobilization induced by HIV–Tat was inhibited by an
average of 80% when extracellular Ca21 was blocked by the
addition of the Ca21 chelator EGTA. Similar inhibition by
EGTA was obtained when control chemokines were used in
the same experiments. This indicated that the increase in Ca21

concentration induced by Tat involves both extracellular and
intracellular components, in accordance with the mechanisms
through which chemokines induce Ca21 mobilization (32).

Chemokine activity is mediated through seven transmem-
brane domain receptors coupled to pertussis-toxin sensitive,
cholera-toxin insensitive, Gi-proteins (26). We therefore ana-
lyzed the effects of pertussis and cholera toxins on Tat-induced
migration and Ca21 mobilization. Pertussis toxin completely
blocked the chemotactic response to Tat, to the CysL24–51
peptide, and to the controls, MCP-3 and f-MLP (Fig. 3a).
Cholera toxin only showed a slight inhibition of the chemo-
tactic response to the CysL24–51 peptide. Accordingly, pertussis
toxin strongly inhibited the Ca21 influx induced by Tat1–86 or
by CysL24–51 peptide and completely blocked the response to
control chemokines, such as MCP-1 (Fig. 3b). Cholera toxin
had no effect on control chemokine-induced Ca21 influx, and
only marginally affected the response to Tat1–86 or the
CysL24–51 peptide. These data indicate that both the chemo-
tactic response and the Ca21 mobilization induced by Tat are
largely mediated by Gi proteins. The small pertussis resistant
Ca21 response to Tat suggests that Tat interacts with other cell

FIG. 3. (a) Effects of pertussis toxin (PTX) and cholera toxin (CTX) on monocyte migration in response to 400 ng ml21 Tat1–86, 1 mgzml21

CysL24–51, and 100 ngzml21 MCP-3 and f-MLP. PTX caused the marked inhibition of chemotaxis to all the chemoattractants tested, CTX did not
substantially affect migration. (b) Effects of PTX and CTX on calcium mobilization induced by 10 nM MCP-1, 20 nM Tat1–86, or 100 nM CysL24–51
peptide in monocytes.
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FIG. 4. (a) Cross-desensitization experiments with Tat1–86, the CysL24–51 peptide, and some b-chemokines on monocytes. The response to the
ligand (indicated at the top of each panel) is given as the percent of maximal response to the same concentration of ligand without desensitization.
The concentrations of the desensitization agent are indicated on the abscissa. 2, indicates no desensitization agent added. (b) Equilibrium
competition on cell membranes from Chinese hamster ovary cells expressing CCR1, CCR2, CCR3, or CCR5, and HEK 293 cells expressing CCR4,
as indicated. The competition by Tat1–86 (E) or unlabeled chemokine (F) was determined by a scintillation proximity assay binding assay as described
(22). The radiolabeled and unlabeled chemokines were MIP-1a for CCR1, CCR4, and CCR5; MCP-1 for CCR2; and MCP-3 for CCR3. (c)
Competitive ligand binding of radiolabeled CysL24–51 peptide to transfected cells expressing CCR2 or CCR3, as indicated. The competition for
125I-CysL24–51 peptide binding by unlabeled CysL24–51 peptide (F), Tat (■), or MCP-1 (Œ) was determined. Scatchard plot of unlabeled CysL24–51
peptide competition was calculated from the data and presented below binding curves.
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surface receptors as well, consistent with previous observa-
tions (1, 31).

Receptor desensitization after chemokine stimulation can
assess the usage of common receptors by different agonists (9).
Desensitization with high concentrations of the CysL24–51
peptide inhibited the Ca21 influx induced by Tat1–86; con-
versely, desensitization with high concentrations of Tat1–86
inhibited the Ca21 influx induced by the Cys20–39 or the
CysL24–51 peptides (Fig. 4a). These data indicate further that
the chemokine-like properties of Tat map to the chemokine-
like region within the molecule.

The sequence similarities between Tat and chemokines, and
their common mechanisms of signal transduction, strongly
suggested that Tat could interact with either known or novel
CC chemokine receptor(s). We therefore tested cross-
desensitization between the CysL24–51 peptide, Tat1–86, and CC
chemokines known to act on monocytes in Ca21 mobilization
experiments (Fig. 4a). The CysL24–51 peptide strongly desen-
sitized the response to MCP-1 and vice versa, whereas the
desensitization observed with MIP-1a was weaker. MCP-1 and
MCP-3 effectively desensitized the response to Tat1–86,
whereas eotaxin reduced the response to Tat by 20%. Tat1–86
partially desensitized the response to MCP-1 and could com-
pletely block the response to eotaxin by freshly isolated
monocytes. Overlapping receptor sharing is a common feature
of the chemokine family, where any one chemokine can
activate a different array of receptors (26). The partial desen-
sitization between Tat or the CysL24–51 peptide and the
chemokines MCP-1, MCP-3, and eotaxin suggests that Tat
interacts with both the same and different receptors as these
chemokines.

The ability of Tat to interact with individual known b-che-
mokine receptors expressed on freshly isolated monocytes was
demonstrated by equilibrium competition binding assays with
CCR transfected cells. Tat was able to specifically displace
radiolabeled MCP-1 from membranes of CCR2 transfected
cells and MCP-3 from membranes of CCR3 transfected cells
(Fig. 4b). Tat had no effect on ligand binding to membranes
from CCR1, CCR4, or CCR5 transfected cells (Fig. 4b), while
clear competition with control ligands was seen in parallel
experiments in all cases. Tat appeared to have a high affinity
for CCR2 (IC50 5 5 nM), whereas the affinity of Tat for CCR3
was substantially lower (IC50 5 60 nM) than that of MCP-3.

To confirm specific interactions of the chemokine-like re-
gion of Tat with CCR2 and CCR3, the binding of radiolabeled
CysL24–51 peptide to CCR2 or CCR3 transfected cells was
examined. The CysL24–51 peptide does not contain the domains
of Tat known to interact with integrins (RGD, ref. 1) or
tyrosine kinase receptors (basic, ref. 31), thus binding to these
receptors can be excluded. This peptide has been previously
shown to bind specifically to monocyte cell surfaces (6) with an
IC50 of 32 nM, and was displaced by unlabeled Tat with an IC50
of 1.25 nM. Radiolabeled CysL24–51 peptide specifically bound
to both CCR2 and CCR3 transfected cells, as assessed by
displacement with excess unlabeled peptide (Fig. 4c). No
specific binding was found for untransfected parental cells (not
shown). Scatchard analysis of the binding data of the CysL24–51
peptide to CCR2 and CCR3 transfected cells indicated single
affinity binding sites (Fig. 4c). Dissociation constants (Kd)
were 66.4 6 8.4 nM for the CysL24–51 peptide binding to CCR3
transfected cells and 27.3 6 5.2 nM for CysL24–51 peptide
binding to CCR2 transfected cells. Further investigation of
125I-CysL24–51 peptide-CCR2 binding showed that the Kd for
radiolabeled peptide displacement by Tat on CCR2 trans-
fected cells was 1.4 6 0.3 nM, while that for MCP-1 was 0.6 6
0.1 nM. These values are in agreement with those obtained
using radiolabeled chemokine displacement, with IC50s for
CCR2 of 5 nM for Tat and 0.4 nM for MCP-1 (Fig. 4b).

The binding of Tat and the CysL24–51 peptide to CCR2 and
CCR3 as well as other receptors is in agreement with the

inhibition of Tat and CysL24–51 peptide-induced Ca21 influxes
in monocytes by desensitization with MCP-3, MCP-1, and
eotaxin (Fig. 4a). The dissociation constant of Tat for CCR2
(1.4 6 0.3 nM) is also close to that of the overall dissociation
constant for Tat on monocyte cell surfaces (3.1 6 0.2 nM) (6).
In addition to CCR2 and CCR3, other Gi protein coupled
receptors might be involved in Tat interactions with mono-
cytes, as indicated by the incomplete inhibition of Tat1–86 or
CysL24–51 peptide-induced Ca21 f luxes by chemokines.

Monocyte-derived macrophages are readily infected by
HIV. Tat is able to induce Ca21 f luxes in monocyte-derived
macrophages (Fig. 5), as determined by flow cytometry. This
Ca21 f lux was comparable to that induced by Mip1b on the
same cells (Fig. 5). No Ca21 f lux was induced by Tat in either
CD41 or CD81 T-lymphoblasts, although these cells re-
sponded well to MCP-1 (Fig. 5) or MCP-3 (Fig. 2). HIV-
envelope signaling through CCR5 and CXCR4 requires CD4
as well (29, 30). It is not known whether additional molecules
may affect signaling through CCR receptors by Tat in lym-
phocytes.

Tat has been found in the serum of HIV-1 infected patients
in concentrations as high as 1 ngyml (33), in the range of serum
levels of many chemokines in HIV infected patients (34),
suggesting that the chemokine-like activity of Tat may be
biologically relevant. Comparable levels of Tat were found in
the media of HIV infected H9 cells (33), and we have shown
that substantial biologically active Tat inducing monocyte
migration is released from Tat producing cells (6). Tat access
to the extracellular space has been proposed to occur via an
alternative secretion pathway (see ref. 35), but substantial
levels of Tat may also come from the rapid turnover of the
major HIV infected cellular compartment (for review see ref.
36). Local levels of Tat could exceed that found in the serum
in the tissues where viral replication occurs (the lymph nodes),
and the levels of Tat observed in the serum might reflect the
level of viremia in the patient. Because Tat has been shown to
bind to heparan sulfate (2), the concentration on cell surfaces

FIG. 5. Ca21 f luxes generated by Tat on monocyte-derived mac-
rophages or CD41 or CD81 T-lymphoblasts (as indicated) assessed by
multiparameter flow cytometry analysis. The response of monocytes
to MIP-1b and of CD41 T-lymphoblasts to MCP-1 is shown for
comparison.
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in the tissue could even be higher, as has been hypothesized for
the chemokine family (37).

We have shown here that extracellular Tat induces Ca21

f luxes in monocytes and macrophages. Tat binds CCR2 with
high affinity and with lower affinity to CCR3. The ability of Tat
to signal through b-chemokine receptors would additionally
attract monocytes toward virus producing cells, which may
favor a rapid spread of infection. In addition, it has been
postulated that HIV signaling through chemokine receptors
may also enhance HIV infection (30). Our data indicate that
the Tat protein actively participates in this stimulation. Our
present findings underline a wider importance of the chemo-
kine system in HIV pathogenesis.
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