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Here we report that the N-pyridinylmethyl cyclam analog AMD3451 has antiviral activity against a wide
variety of R5, R5/X4, and X4 strains of human immunodeficiency virus type 1 (HIV-1) and HIV-2 (50% inhib-
itory concentration [IC50] ranging from 1.2 to 26.5 �M) in various T-cell lines, CCR5- or CXCR4-transfected
cells, peripheral blood mononuclear cells (PBMCs), and monocytes/macrophages. AMD3451 also inhibited R5,
R5/X4, and X4 HIV-1 primary clinical isolates in PBMCs (IC50, 1.8 to 7.3 �M). A PCR-based viral entry assay
revealed that AMD3451 blocks R5 and X4 HIV-1 infection at the virus entry stage. AMD3451 dose-dependently
inhibited the intracellular Ca2� signaling induced by the CXCR4 ligand CXCL12 in T-lymphocytic cells and
in CXCR4-transfected cells, as well as the Ca2� flux induced by the CCR5 ligands CCL5, CCL3, and CCL4 in
CCR5-transfected cells. The compound did not interfere with chemokine-induced Ca2� signaling through
CCR1, CCR2, CCR3, CCR4, CCR6, CCR9, or CXCR3 and did not induce intracellular Ca2� signaling by itself
at concentrations up to 400 �M. In freshly isolated monocytes, AMD3451 inhibited the Ca2� flux induced by
CXCL12 and CCL4 but not that induced by CCL2, CCL3, CCL5, and CCL7. The CXCL12- and CCL3-induced
chemotaxis was also dose-dependently inhibited by AMD3451. Furthermore, AMD3451 inhibited CXCL12- and
CCL3L1-induced endocytosis in CXCR4- and CCR5-transfected cells. AMD3451, in contrast to the specific
CXCR4 antagonist AMD3100, did not inhibit but enhanced the binding of several anti-CXCR4 monoclonal
antibodies (such as clone 12G5) at the cell surface, pointing to a different interaction with CXCR4. AMD3451
is the first low-molecular-weight anti-HIV agent with selective HIV coreceptor, CCR5 and CXCR4, interaction.

Numerous publications over the last years have demon-
strated the importance of chemokine receptors for human
immunodeficiency virus (HIV) entry. Chemokines are chemo-
tactic cytokines, which are classified as CC or CXC, depending
on the positioning of the conserved cysteine residues. The first
discovered HIV coreceptor, fusin/LESTR, now designated
CXC-chemokine receptor 4 (CXCR4), mediates entry of X4,
previously called T-tropic, or syncytium-inducing viruses (7,
30). These viruses can be inhibited by the only known natural
ligand of CXCR4, the CXC-chemokine CXCL12 (stromal cell-
derived factor 1, or SDF-1) (8, 47), which is a highly efficacious
lymphocyte chemoattractant (9). Following CXCR4, the CC-
chemokine receptor CCR5 was discovered to mediate the en-
try of R5, previously called M-tropic, or non-syncytium-induc-
ing viruses (1, 13, 23, 27, 28). The CC-chemokines, CCL3
(macrophage inflammatory protein 1�, or MIP-1�), CCL4
(MIP-1�), and CCL5 (regulated on activation normal T-cell
expressed and secreted, or RANTES), all natural ligands of
CCR5, were shown to inhibit the replication of R5 viruses (15).

Several years ago, a class of chemical compounds, the bicy-
clams, were described as potent anti-HIV agents that were
active against a broad range of HIV type 1 (HIV-1) and HIV-2

strains but not against simian immunodeficiency virus (SIV) or
any other RNA or DNA viruses (11, 21, 22). The compounds
failed to inhibit virus-cell binding and were ineffective in in-
hibiting the viral reverse transcriptase or protease (22). It was
suggested that the bicyclams interfered with a postbinding
event coinciding with the virus fusion-uncoating process (21).
The precise mechanism of action of the bicyclams remained
unknown until, following the discovery of the chemokine re-
ceptors as cofactors for HIV entry, it was demonstrated that
they specifically interact with CXCR4 (25, 56). The prototype
compound of the bicyclam class, AMD3100, is active against a
broad range of X4 HIV strains and clinical isolates (50%
inhibitory concentration [IC50], 1 to 10 nM) but not against R5
HIV-1 strains such as BaL or ADA (56). The pharmacokinet-
ics, safety, and antiviral efficacy of AMD3100 were evaluated in
phase I and II clinical trials (38, 54).

Other CXCR4 antagonists described following our reports
on the interaction of AMD3100 with CXCR4 were ALX-40-
4C, a polycationic nonapeptide solely consisting of arginine
residues (26), and T22, a synthetic derivative of basic oligopep-
tides isolated from horseshoe crabs (46). These agents also
inhibited X4 HIV-1 strains and CXCL12-induced intracellular
Ca2� signaling, and none of these molecules were capable of
interacting with the chemokine receptor CCR5 (26, 46). Fur-
thermore, a polycationic peptoid, CGP64222, which was pub-
lished as the first Tat/TAR antagonist (35), was later shown to
owe its anti-HIV activity to interaction with CXCR4 (19).

The fact that some healthy individuals, who were repeatedly
exposed to HIV infection but remained uninfected, were found
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to be homozygous for a 32-bp deletion in the CCR5 gene (20,
42, 52) triggered the search for CCR5 antagonists as potential
anti-HIV agents. Derivatives of the CC-chemokine CCL5 have
been described as CCR5 antagonists with activity against R5
HIV-1 strains (3, 60), and the first nonpeptide CCR5 antag-
onist described was TAK-779 (4). This compound inhibited
125I-CCL5 binding to CCR5-transfected cells with an IC50 of
1.4 nM. The compound did not inhibit the binding of CCL5,
CCL11 (eotaxin), CCL17 (thymus and activation-regulated
chemokine, or TARC), and CXCL12 to CCR1-, CCR3-,
CCR4-, or CXCR4-transfected cells, respectively. However,
TAK-779 inhibited the binding of CCL2 (MCP-1) to CCR2b-
transfected cells with an IC50 of 27 nM. Thus, TAK-779 is
active against R5 viruses (IC50, 2 to 4 nM) and not against
X4 viruses (4). The first orally available CCR5 antagonistic
compound with potent anti-HIV activity (IC50, 0.4 to 9 nM)
described is an oxime-piperidine compound called SCH-C
(SCH351125) (61), and it showed antiviral efficacy in a clinical
phase II study (51).

Although rare, HIV-1 infection in the �32-CCR5 individuals
can occur (31), and a recent study of a �32-CCR5 person
infected with HIV-1 demonstrated that the viral isolates from
this patient exclusively used CXCR4 for target cell entry (45).
These data demonstrate that the viral infection can be medi-
ated and persistently maintained by viruses that exclusively
utilize CXCR4. Also, �32-CCR5 HIV-1-infected persons show
a relatively rapid CD4�-T-cell decline (31), suggesting the
predominant presence of X4 viruses in these persons.

Although at least a dozen potential coreceptors have been
described (for a review, see reference 6), CXCR4 and CCR5
are the two most relevant coreceptors for HIV entry (14, 65).
Even the use of two coreceptors in vitro may add up to the use
of only one coreceptor when examined in human lymphoid
tissue ex vivo (33). As R5 viruses are predominant during the
transmission of the virus and in the asymptomatic stage of
infection, CCR5 antagonists may be useful during the early
phases of HIV infection. The X4 viruses emerge later in the
course of HIV infection, and the conversion of R5 to X4
strains often correlates with a drop in CD4� T cells and is
associated with a rapid progression to AIDS (17, 57). There-
fore, CXCR4 antagonists may be useful in delaying the onset
of disease. Thus, a therapeutic intervention targeting both CCR5
and CXCR4 may be highly valuable for inhibiting viral transmis-
sion and replication in addition to diminishing the pathogenic
effects of late-stage X4 viruses. Moreover, an increasing num-
ber of reports have shown that HIV gp120 can trigger signal-
ing and chemotactic events specifically through CCR5 and
CXCR4 and in a CD4-independent manner (41). Such effects
induced by the viral envelope would also be effectively blocked
by CCR5/CXCR4 antagonists. Here, we describe the first spe-
cific dual CCR5/CXCR4 antagonist, AMD3451 (Fig. 1), with
antiviral activity against a broad range of HIV strains and
primary clinical isolates in different cell types.

MATERIALS AND METHODS

Viruses, cells, cell lines, and cell culture. The HIV-1 IIIB strain and the HIV-2
ROD strain and the HIV-1 strains BaL and ADA were obtained through the
MRC (Centralised Facility for AIDS Reagents, Potters Bar, Hertfordshire,
United Kingdom). The HIV-1 T-tropic molecular clone NL4.3 was obtained
from the National Institute of Allergy and Infectious Disease AIDS Reagent

Program. The HIV-1 HE strain was isolated from a Belgian AIDS patient. The
HIV-1 NL4.3 strains were made resistant to AMD3100 (24) or to CXCL12 (55)
in MT-4 cells as described previously. For the isolation of primary HIV-1 iso-
lates, blood was collected from HIV-1-infected patients, isolated by Ficoll gra-
dient, and mixed with 3-day-old phytohemagglutinin (PHA)-stimulated periph-
eral blood mononuclear cells (PBMCs) from a healthy donor. Cultures were
maintained for 14 to 18 days, with the addition of fresh medium and interleukin-2
(IL-2) every 3 to 4 days. The supernatant was spun down and stored at �80°C in
0.5-ml aliquots. The coreceptor use of these clinical isolates was determined on
the astroglioma U87.CD4 cell line transfected with either CCR1, CCR2b, CCR3,
CCR5, or CXCR4, which were kindly provided by D. R. Littman. The CD4�

lymphocytic SUP-T1 and Molt-4 cell lines and the CD4� monocytic THP-1 cell
line were obtained from the American Type Culture Collection. Human osteo-
sarcoma HOS.CD4 cells that express human CD4 and the chemokine receptor
CCR1, CCR2b, CCR3, CCR4, CCR5, or CXCR4 (17) were obtained through
the National Institute of Allergy and Infectious Disease AIDS Reagent Program.
The transformed MT-4 T-cell line (36) has been described elsewhere. PBMCs
from healthy donors were isolated by density gradient centrifugation and stim-
ulated with PHA at 1 �g/ml (Sigma, Bornem, Belgium) for 3 days at 37°C. The
PHA-stimulated blasts were washed twice with phosphate-buffered saline (PBS)
and exposed to the viral stocks (1 ng of p24 antigen [Ag] per 106 cells) at 37°C
in culture medium (RPMI 1640 medium with 10% fetal calf serum). After 1 h,
the cells were washed three times with PBS. The cells were seeded at 2 � 105

cells per well into a 96-well plate and cultured in medium containing IL-2 (25
U/ml) and various concentrations of AMD3451, the bicyclam AMD3100,
CXCL12, or CCL5. The cell supernatant was collected at day 12, and HIV-1 core
Ag in the culture supernatant was analyzed by a p24 Ag enzyme-linked immu-
nosorbent assay (ELISA) kit (NEN Life Science Products Inc., Boston, Mass.).
For HIV-2 p27 Ag detection, the INNOTEST from Innogenetics (Temse, Bel-
gium) was used. Human primary monocytes/macrophages (M/M) were obtained
by previously published procedures (2, 48). Briefly, PBMCs were separated by
Ficoll-Hypaque gradient and seeded in plastic 48-well plates (Costar, Cambridge,
Mass.) at 1.8 � 106 cells/ml in RPMI 1640 (Gibco Labs, Gaithersburg, Md.) with
the addition of 50 U of penicillin/ml, 50 �g of streptomycin/ml, 2 mM L-glu-
tamine, and 20% heat-inactivated, mycoplasma-free, and endotoxin-free fetal
calf serum (HyClone, Logan, Utah). On the fifth day of culture, nonadherent
cells were removed by repeated gentle washing with warm medium. Adherent
cells obtained with this technique consisted of �98% differentiated M/M. M/M
were exposed to various concentrations of AMD3451 for 10 min; then they were
challenged with 300 CCID50 (50% cell culture infective doses) per ml of HIV-1
BaL. After 2 h of incubation, M/M were extensively washed with warm medium
to remove the excess virus and then cultured in the presence of drug under the
same conditions as before. M/M were washed and fed every 5 days with fresh
medium and replenished with compound where required. At established time
points, supernatants were collected and virus production was determined by p24
Ag ELISA. For the assessment of cytotoxicity, mock-infected M/M were treated
with various concentrations of the test compound. Assessment of the cyto-
toxic effect was performed twice weekly by visual inspection and then by
counting cells and trypan blue dye exclusion at day 14 after the beginning of
treatment.

Chemokines and MAbs. Recombinant human chemokines CXCL10 (IP-10),
CXCL12 (SDF-1), CCL2 (MCP-1), CCL3 (MIP-1�), CCL3L1 (LD78�), CCL11
(eotaxin), CCL20 (MIP-3�), CCL22 (MDC), and CCL25 (TECK) were pur-
chased from PeproTech (London, United Kingdom), and human CCL3 (MIP-
1�), CCL4 (MIP-1�), and CCL5 (RANTES) were purchased from R&D Sys-
tems (Abingdon, United Kingdom). CCL7 (MCP-3) was chemically synthesized
according to the published protein sequence (64). The anti-CXCR4 monoclonal
antibodies (MAbs), clone 12G5 (no. 170), no. 171, no. 172, and no. 173, reacting
specifically with the human CXCR4, and the anti-CCR5 MAbs (clones 2D7,

FIG. 1. Chemical structure of AMD3451.
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45502, 45523, 45531, and 45549), reacting specifically with human CCR5, were all
purchased from R&D Systems.

Analysis of CXCR4 expression. SUP-T1 cells were incubated with AMD3100
or CXCL12 (at different concentrations) or PBS for different time periods (1 or
15 min) and at different temperatures (on ice or at room temperature), and the
cells were washed once with PBS. The anti-CXCR4 MAb (10 �g/ml) was then
added for 30 min at room temperature. The cells were washed twice in PBS and
then incubated with fluorescein isothiocyanate-conjugated goat anti-mouse an-
tibody (Caltag Laboratories, Burlingame, Calif.) for 30 min at room temperature
and washed twice in PBS. Cells were analyzed by a FACScan or a FACScalibur
(Becton Dickinson, San Jose, Calif.) flow cytometer. The percentage of positive
cells and the mean fluorescence intensity (MFI) values are indicated on each
histogram. The region for positivity was defined by using a control isotype MAb
(Becton Dickinson). The percent inhibition of MAb binding in the presence of
different concentrations of compound was calculated by using the MFI values, as
described previously (56).

HIV entry PCR. CXCR4- or CCR5-transfected cells were seeded in 24-well
plates at 106 cells per well. Virus stocks (diluted to a p24 titer of 10,000 pg/ml)
were treated with 500 U of RNase-free DNase (Roche Molecular Biochemi-
cals)/ml for 1 h at room temperature. Then the cells in each well were infected
with 1,000 pg of p24. After incubation at 37°C for 2 h, the cells were washed twice
with PBS and total DNA was extracted from the infected cells by using the
QIAamp DNA mini kit (QIAGEN, Hilden, Germany). The DNA was eluted
from the QIAamp spin columns in a final volume of 200 �l of elution buffer.
Then 10 �l of each DNA sample was subjected to 38 cycles of HIV-1 long
terminal repeat (LTR) R/U5-specific and 28 cycles of �-actin-specific PCR on a
Biometra T3 thermocycler. Each cycle comprised a 45-s denaturation step at
95°C, a 45-s annealing step at 61°C, and a 45-s extension step at 72°C. The
primers used were as follows: LTR R/U5 sense primer, 5	-GGCTAACTAGGG
AACCCACTG-3	 (nucleotides 496 to 516, according to the HIV-1 HXB-2 DNA
sequence; see reference 50); LTR R/U5 antisense primer, 5	-CTGCTAGAGA
TTTTCCACACTGAC-3	 (nucleotides 612 to 635); �-actin sense primer, 5	-TC
TGGCGGCACCACCATGTACC-3	 (nucleotides 2658 to 2679); �-actin anti-
sense primer, 5	-CGATGGAGGGGCCGGACTCG-3	 (nucleotides 2961 to 2980).
The reaction mixtures contained PCR buffer (supplied with the enzyme), 200 �M
(each) dATP, dGTP, dCTP, and dTTP (Life Technologies), 0.4 �M (each)
forward and reverse primers, and 0.5 U of SuperTaq DNA polymerase (HT
Biotechnology, Cambridge, England) in a total volume of 25 �l. After gel elec-
trophoresis through a 2% agarose gel, the amplified DNA fragments were visu-
alized by ethidium bromide. In preliminary experiments, the exponential range
of the PCR amplification curve was determined for both the HIV-1 LTR R/U5
and the �-actin PCRs by varying the amount of input DNA and the number of
PCR cycles. Based on these experiments, appropriate conditions were chosen to
perform the PCRs (37).

Measurement of intracellular calcium concentrations. Ca2� mobilization as-
says were performed by the use of a fluorometric imaging plate reader (FLIPR)
(Molecular Devices, Sunnyvale, Calif.) as described previously (49). Briefly, the
cells were loaded with the fluorescent calcium indicator Fluo-3 acetoxymethyl
(Molecular Probes, Leiden, The Netherlands) in the appropriate culture medium
for 45 min at 37°C, after which the cells were washed three times in Hanks
balanced salt solution buffer containing 20 mM HEPES and 0.2% bovine serum
albumin (pH 7.4). Chemokine-induced Ca2� flux was then simultaneously mea-
sured in all 96 wells in a black-wall microtiter plate and in real time with a
FLIPR, and data were expressed as fluorescence units versus time.

Chemotaxis assay. For the chemotaxis assay, CCR5-transfected Jurkat cells (a
CD4�-T-cell line with endogenous CXCR4 and stably transfected with human
CCR5 [MRC, Centralised Facility for AIDS Reagents]) were preincubated for
10 min with AMD3451 at the indicated concentrations. Then 5-�m-pore-size
Transwell filter membranes (Costar) were loaded with 106 cells and transferred
to a 24-well plate containing 100 ng of CXCL12/ml or 500 ng of CCL4/ml in 600
�l of buffer. The plate was then incubated at 37°C and 5% CO2 for 4 h, after
which the filter inserts were carefully removed and the migrated cells were
collected from the wells and fixed with 1% paraformaldehyde. Then each sample
was counted for 2 min in a FACSCalibur flow cytometer, and viable cells were
analyzed by the conventional forward and side scatter gating. A serial of stan-
dards (1/2 dilutions of 106 cells to 98 cells) was used to calibrate the exact amount
of cells that were in the samples by linear regression. To calculate the percentage
of migrated cells, the numbers of migrated cells in the compound-exposed sam-
ples were compared with the number of migrated cells in the untreated positive
control (no pretreatment with AMD3451).

Receptor internalization assay. U87.CD4 cells stably transfected with green
fluorescent protein (GFP)-coupled CXCR4 (U87.CD4.CXCR4-GFP) were
seeded in 0.001% poly-D-lysine-coated eight-well Lab-Tek chamber slides (Nalge

Nunc International, Naperville, Ill.) at 4 � 104 cells per well. The next day, the
cells were preincubated in cell culture medium with or without 400 �M AMD3451
for 15 min at room temperature. Then CXCL12 was added at a final concen-
tration of 1 �g/ml. After incubation at 37°C for 45 min, the chamber slides were
placed on ice and the cells were washed once with ice-cold PBS, fixed with 1%
paraformaldehyde in PBS for 5 min on ice, and washed three times with ice-cold
PBS. The chambers were removed from the glass slides, and a coverslip was
placed on the cells. On the other hand, CEM cells stably transfected with
GFP-coupled CCR5 were washed once with calcium flux assay buffer and pre-
incubated with or without AMD3451 at 400 �M for 15 min at room temperature.
After 30 min of incubation at 37°C with CCL3L1, added at a final concentration
of 100 ng/ml, cells were placed on glass slides and a coverslip was fixed on the
slide with nail polish. For both cell lines, cell-associated fluorescence was exam-
ined by a Nikon fluorescence microscope (Tokyo, Japan).

Site-directed mutagenesis and expression of mutant receptors. Point muta-
tions were introduced in the CXCR4 receptor by oligonucleotide-directed mu-
tagenesis, and wild-type and mutant receptors were expressed in COS-7 cells as
described previously (32, 37). The His residues, His113, His203, and His281, lo-
cated in the extracellular loops or in the transmembrane domains, were individ-
ually mutated to Ala residues. In addition, four Asp residues (Asp171 [located in
transmembrane domain IV {TM-IV}], Asp182 and Asp193 [located in extracel-
lular loop 2], and Asp262 [located in TM-VI]) were mutated to Asn residues (32).

Receptor binding assays. The human chemokine Met-CXCL12 was kindly
provided by Michael A. Luther (Glaxo Wellcome). This CXCL12 contains an
additional NH2-terminal methionine; however, the protein shows the same bind-
ing properties as natural ligand CXCL12 (18, 58). 125I-labeled Met-CXCL12 was
prepared by oxidative iodination with IODO-GEN (Pierce), followed by high-
pressure liquid chromatography purification to separate unlabeled and labeled
compound. The MAb 12G5 was kindly provided by Jim Hoxie (University of
Pennsylvania, Philadelphia). 12G5 was 125I-labeled by using Bolton-Hunter re-
agent (Amersham Pharmacia Biotech) as described previously (59). The trans-
fected COS-7 cells were transferred to culture plates 1 day after transfection. The
number of cells seeded per well was determined by the apparent expression
efficiency of the individual clones, and the number of cells per well was adjusted,
aiming at 5 to 10% binding of the added radioligand. Two days after transfection,
cells were assayed by competition binding performed on whole cells for 3 h at 4°C
with 12 pM 125I-Met-CXCL12 or 32 pM 125I-12G5 plus variable amounts of
unlabeled peptide or nonpeptide compounds in 400 �l of 50 mM HEPES (pH
7.7) supplemented with 1 mM CaCl2, 5 mM MgCl2, and 0.5% (wt/vol) bovine
serum albumin (Sigma). After incubation, cells were washed quickly four times
in 4°C binding buffer supplemented with 0.5 M NaCl. Determinations were made
in duplicate.

RESULTS

Antiretroviral activity profile of AMD3451. AMD3451 was
active in MT-4 cells against laboratory X4 HIV-1 strains such
as IIIB and NL4.3, which exclusively use CXCR4 to enter the
cells. The IC50 was 1.2 �M for the IIIB strain and 1.8 �M for
the NL4.3 strain (Table 1). The IIIB strain and the NL4.3
strain were equally well inhibited by AMD3451 in the CXCR4-
transfected HOS.CD4 cells (Table 1). Surprisingly, AMD3451
was also active against the HIV-1 strains BaL and ADA, which
use CCR5 as the main coreceptor to enter the cells (1, 28)
in CCR5-transfected cell lines and in PBMCs (Table 1).
AMD3451 also inhibited HIV-1 BaL replication in purified
M/M, with an IC50 of 23.9 �M, and no cellular toxicity was
observed in M/M at 400 �M. As described, AMD3100 was
completely inactive against these R5 virus strains (56). The
virus p24 Ag production profile of HIV-1 NL4.3 (X4 virus) and
HIV-1 ADA (R5 virus) in PBMCs (from the same donor) in
the presence of increasing concentrations of AMD3451 is
shown in Fig. 2. Moreover, AMD3451 also proved active
against virus strains such as HIV-1 HE and HIV-2 ROD,
which can use both CXCR4 and CCR5 (and CCR3) to enter
the target cells. However, AMD3451 was not active against
these viruses when evaluated in CCR3-transfected U87.CD4
cells (Table 1). Thus, AMD3451 inhibited viral replication in
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CCR5- and CXCR4-transfected cells but not in CCR3-trans-
fected cells.

The development of an AMD3100-resistant NL4.3 strain
(NL4.3AMD3100res virus) in MT-4 cells by culture of the virus
in the presence of progressively increasing concentrations of
AMD3100 was previously reported (24). AMD3451 retained
its antiviral activity against this strain (IC50, 9.7 �M compared
to 1.8 �M for the wild-type NL4.3 virus) (Table 1). More re-
cently, an NL4.3 virus resistant to CXCL12 was also generated
in the same T-cell line (55). It took about 3 months to obtain
a highly CXCL12-resistant virus (NL4.3CXCL12res virus) in MT-
4 cells (IC50 of CXCL12 �2,000 ng/ml compared to 130 ng/ml
for the parental NL4.3 strain). Again, AMD3451 remained
active against the NL4.3CXCL12res virus (IC50, 6.1 �M) (Table
1). However, AMD3451 completely inhibited the NL4.3 and
NL4.3CXCL12res strains at 8 �M, whereas the NL4.3AMD3100res

virus became completely suppressed at a dose of 200 �M.
When AMD3451 was tested against four different R5 clini-

cal isolates, its IC50 only ranged between 2.8 and 7.3 �M. For
two R5/X4 clinical isolates, the IC50s were 1.8 and 3.6 �M, and
for two X4 clinical isolates, the IC50s were 2.6 and 5.9 �M
(Table 2). CCL5 at 500 ng/ml inhibited all four R5 isolates by
�95% and inhibited the two X4/R5 isolates by 34 and 59%,
respectively, but as expected, it did not inhibit the two X4
isolates (data not shown). CXCL12 at 500 ng/ml did not inhibit
the four R5 isolates and one of the X4/R5 isolates, but it
inhibited the other X4/R5 isolate by 11% and the two X4
isolates by 67 and 11%, respectively (data not shown). The
antiviral activity of the CCR5 antagonist TAK-779 against the
four clinical R5 isolates was very variable (IC50s ranging from
18 ng/ml for isolate 19 to �5,000 ng/ml for isolate 15) (data not
shown). The variable inhibitory effects of these agents on HIV-

1 replication have also been described by other groups (39, 53,
62). Thus, although AMD3451 does not seem to be a highly
potent antiviral agent, the data demonstrate its remarkable
consistency in viral inhibition. The CCID50 of AMD3451 in all
of these different cell types ranged from 80 �M (e.g., MT-4
cells) to 400 �M (e.g., PBMCs).

AMD3451 inhibits viral entry. A PCR-based HIV-1 entry
assay was set up to verify that AMD3451 efficiently blocks HIV
infection at a very early step. A semiquantitative HIV-1 LTR
R/U5-specific PCR was performed on total DNA isolated from
U87.CD4.CXCR4 and U87.CD4.CCR5 cells at 2 h after infec-
tion with the X4 HIV-1 NL4.3 strain and the R5 HIV-1 ADA

FIG. 2. Dose-dependent inhibition of HIV-1 NL4.3 (X4 virus) and
HIV-1 ADA (R5 virus) replication in PBMCs by AMD3451. The data
shown are the mean IC50s of the results from four experiments.

TABLE 1. Antiviral activity of AMD3451 against
HIV strains in different cell linesa

Strain Phenotype
(coreceptor use) Cell type AMD3451

IC50 (�M)

HIV-1 ADA R5 PBMC 6.0
HIV-1 BaL R5 HOS.CD4.CCR5 8.3

U87.CD4.CCR5 17.6
M/M 23.9

HIV-1 IIIB X4 MT-4 1.2
HOS.CD4.CXCR4 3.2

HIV-1 NL4.3 X4 MT-4 1.8
HOS.CD4.CXCR4 6.9
U87.CD4.CXCR4 17.6
PBMC 3.0

HIV-1
NL4.3AMD3100res X4 MT-4 9.7
HIV-1 NL4.3CXCL12res X4 MT-4 6.1
HIV-1 HE R3, R5, X4 MT-4 26.5

HOS.CD4.CXCR4 7.9
HOS.CD4.CCR5 6.1
U87.CD4.CCR3 �40

HIV-2 ROD R3, R5, X4 MT-4 9.0
U87.CD4.CCR3 �40

a Effect of AMD3451 on the replication of HIV strains in different cell lines,
PHA-stimulated PBMCs, and M/M. The virus yield was monitored in the cell-
free supernatant 4 to 14 days after infection by viral p24 HIV-1 Ag or p27 HIV-2
Ag ELISA. Results represent mean values of the results from at least three
separate experiments. The phenotypes (coreceptor use) of the viruses were
determined for their ability to replicate in U87.CD4 cells transfected with CCR3,
CCR5, or CXCR4. The data shown are the mean IC50 of the results from at least
three separate experiments.

TABLE 2. Antiviral activity of AMD3451 against HIV-1
clinical isolates in PBMCsa

Clinical HIV-1
isolate no.

Phenotype
(coreceptor use)

AMD3451
IC50 (�M)

6 R5 7.3
14 R5 2.8
15 R5 5.7
19 R5 4.7
16 R5, X4 1.8
18 R5, X4 3.6
10 X4 2.6
17 X4 5.9

a Effect of AMD3451 on the replication of primary HIV-1 isolates in PHA-
stimulated PBMCs. The virus yield was monitored in the cell-free supernatant 10
to 12 days after infection by viral p24 Ag ELISA. The phenotypes (coreceptor
use) of the clinical isolates were determined by their ability to replicate in
U87.CD4 cells transfected with CCR5 or CXCR4. The data shown are the mean
IC50 of the results from at least three different experiments.
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strain, respectively. Synthesis of the LTR R/U5 DNA tran-
script, also known as strong-stop DNA, is the first step of the
reverse transcription process and is accomplished at a very
early stage of the infection, immediately after viral entry and
uncoating. When the cells were preincubated with AMD3451
at 200 �M, viral entry was strongly inhibited in both trans-
fected cell lines (Fig. 3). As a control for the viral entry assays,
AMD3100 (1 �M) (but not TAK-779 [Takeda, Osaka, Japan])
inhibited the entry of the X4 virus, whereas TAK-779 (2 �M)
(but not AMD3100) inhibited the entry of R5 virus (Fig. 3).
Thus, AMD3451 inhibits both X4 and R5 HIV-1 infection at
the level of virus entry into the cells.

Ca2� mobilization studies. The specific and potent inhibi-
tory effect of AMD3451 on the different HIV strains and iso-
lates suggested a dual interaction of AMD3451 with both
HIV-1 coreceptors CXCR4 and CCR5. Therefore, the effect of
AMD3451 on chemokine-induced calcium mobilization was
examined in the lymphocytic SUP-T1 and monocytic THP-1
cell lines, in chemokine receptor-transfected HOS, U87, and
HEK293 cell lines, in PHA/IL-2-stimulated PBMCs, and in
purified monocytes. Figure 4 shows the dose-dependent inhib-
itory effect of AMD3451 on the Ca2� flux induced by CXCL12
in SUPT-1 cells and in U87.CD4.CXCR4 cells and on the
Ca2� flux induced by CCL4 in U87.CD4.CCR5 cells. Similar
observations were made in CXCR4- and CCR5-transfected
HOS.CD4 cells. AMD3451 at 200 �M completely blocked
the Ca2� signaling induced by 30 ng of CXCL12/ml in
HOS.CD4.CXCR4 cells. At 60, 20, and 6 �M, AMD3451
inhibited the CXCL12-induced Ca2� flux by 78, 40, and 18%,
respectively, in these cells (data not shown). In HOS.CD4.CCR5
cells, a complete inhibition of the Ca2� flux induced by CCL5
was observed when the cells were preincubated with AMD3451
at 200 �M. AMD3451 at 60 and 20 �M inhibited the CCL5-
induced Ca2� flux by 45 and 19%, respectively. Comparable
results were obtained in the CCR5-transfected HEK293 cells
(data not shown).

AMD3451, at 200 �M, did not inhibit the Ca2� flux induced
by CCL3 in HOS.CD4.CCR1 cells, the Ca2� flux induced by
CCL11 in U87.CD4.CCR3 cells, or the Ca2� flux induced by
CCL22 in HOS.CD4.CCR4 cells. Furthermore, the compound
(200 �M) was unable to inhibit the Ca2� flux induced by CCL2
and CCL7 (ligands for CCR2 and CCR1/CCR2/CCR3, respec-
tively) in the monocytic THP-1 cell line (data not shown).

FIG. 3. PCR-based detection of virus (HIV-1 NL4.3 and HIV-1
ADA) entry into U87.CD4.CXCR4 and U87.CD4.CCR5 cells. Two
hours after infection with HIV-1, total DNA was extracted from the
cells and analyzed by PCR with HIV-1-specific primers from the LTR
R/U5 region. Lane 1, positive control; lane 2, 200 �M AMD3451; lane
3, 1 �M AMD3100; lane 4, 2 �M TAK-779. DNA recovery was con-
trolled by PCR with �-actin-specific primers. The data shown are from
one representative experiment out of two.

FIG. 4. Dose-dependent inhibitory effect of AMD3451 on CXCL12-
induced Ca2� flux in SUP-T1 cells (top) and U87.CD4.CXCR4 cells
(middle) and on CCL4-induced Ca2� flux in U87.CD4.CCR5 cells
(bottom). After loading with the fluorescent calcium indicator Fluo-3,
the cells were preincubated for 10 min with AMD3451 at the indi-
cated concentrations and then stimulated with chemokine (10-ng/ml
CXCL12 or 5-ng/ml CCL4). The transient increase in intracellular
calcium concentration was recorded by monitoring the change in flu-
orescence of the cells as a function of time by using the FLIPR. Each
data point represents the average fluorescence of four identical micro-
plate wells. The data shown are from one representative experiment
out of three.
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AMD3451 also failed to block the calcium response elicited by
the CCR9 ligand CCL25 (TECK) in T-lymphoid Molt-4 cells
and the calcium fluxes induced by the CCR6 ligand CCL20 and
the CXCR3 ligand CXCL10 (IP-10) in PHA/IL-2-stimulated
PBMCs (data not shown). In freshly isolated monocytes,
AMD3451 at a concentration of 200 �M inhibited the Ca2�

flux induced by the CXCR4-specific chemokine CXCL12 and
the CCR5-specific chemokine CCL4, but not that of CCL5
(ligand for CCR5, but also for CCR1 and CCR3), CCL3 (li-
gand for CCR5, but also for CCR1), CCL2 (CCR2 ligand), or
CCL7 (CCR1/CCR2/CCR3 ligand) (Fig. 5). Thus, AMD3451
clearly interacts with CXCR4 and CCR5, but no interaction
could be observed with CCR1, CCR2, CCR3, CCR4, CCR6,
CCR9, or CXCR3. Importantly, AMD3451 by itself did not
induce Ca2� flux in the HOS.CD4 transfected cells or THP-1
cells at concentrations up to 400 �M.

AMD3451 inhibits CXCL12- and CCL4-induced chemotaxis.
The capacity of AMD3451 to inhibit CXCL12- or CCL4-in-
duced migration of CCR5-transfected CXCR4� Jurkat cells
was also investigated (Fig. 6). CXCL12 elicited a strong che-
motactic response in these cells, and the percentage of cells
that migrated towards CXCL12 gradually decreased when the
cells were preincubated with AMD3451 at increasing concen-
trations. In addition, AMD3451 also dose-dependently inhib-
ited the CCL4-induced migration of the cells. A 50% inhibition
of both chemotactic responses was obtained with AMD3451 at
a concentration of 
40 �M.

AMD3451 blocks CXCL12- and CCL3L1-induced inter-
nalization of CXCR4 and CCR5. By means of fluorescence
microscopy, we also demonstrated the inhibitory effect of
AMD3451 on the chemokine-induced endocytosis of CXCR4
and CCR5 in stably transfected U87.CD4 cells expressing

FIG. 5. Effects of AMD3451 on the Ca2� flux induced by CXCL12, CCL2, CCL3, CCL4, CCL5, and CCL7 in freshly isolated human
monocytes. After loading with the fluorescent calcium indicator Fluo-3, the cells were preincubated for 10 min with (open symbols) or without
(closed symbols) compound and then stained with chemokine (50 ng/ml). The transient increase in intracellular calcium concentration was
recorded by monitoring the change in fluorescence of the cells as a function of time by using the FLIPR. Each data point represents the average
fluorescence of four identical microplate wells. The data shown are from one representative experiment out of three.
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GFP-coupled CXCR4 and CEM cells expressing GFP-coupled
CCR5. As shown in Fig. 7 (left panel), the fluorescent chemo-
kine receptors were mainly concentrated on the cell membrane
in unstimulated cells. Upon stimulation with 1 �g of CXCL12/
ml and 100 ng of CCL3L1/ml, the chemokine receptors CXCR4
and CCR5, respectively, became sequestered in endosomal ves-
icles, which were visible as bright spots accumulating near the
nucleus (Fig. 7, middle panel). When cells were first preincu-
bated with AMD3451 at a final concentration of 400 �M, no
internalization of both CXCR4 and CCR5 could be observed
(Fig. 7, right panel)

AMD3451 does not inhibit the binding of CXCR4- or CCR5-
specific MAbs. The MAb 12G5 specifically reacts with the sec-
ond extracellular loop of human CXCR4 and recognizes this
receptor on many T-cell lines (44). To learn more about the
site of interaction of AMD3451 with the CXCR4 protein, we
compared the effect of AMD3451 on MAb 12G5 binding with
that of the specific CXCR4 antagonist AMD3100 in Molt-4
cells (Fig. 8A). As previously reported, AMD3100 interfered in
a dose-dependent manner with the cell surface binding of MAb
12G5 (56). At 1 �M, AMD3100 showed a marked inhibition
(92%) of the binding of MAb 12G5 to CXCR4 in Molt-4 cells
(Fig. 8A). However, with AMD3451 at a concentration of 200
�M, no inhibition of MAb 12G5 binding was observed; on the
contrary, an enhancement of the binding of the MAb occured

(Fig. 8A). Irrespective of whether the preincubation of the
cells with the compound was performed for 15 or 60 min, on
ice, at room temperature, or at 37°C, similar results were
obtained. This also demonstrates that AMD3451 is unable to
induce the internalization of CXCR4. Comparable results
were obtained with the other anti-CXCR4 MAbs, no. 171, 172,
and 173, which all recognize the second extracellular loop of
CXCR4. In addition, as demonstrated in Fig. 8B, binding stud-
ies with 125I-12G5 in wild-type CXCR4-transfected cells show
that the binding of the CXCR4-specific antibody is enhanced
for 50% at a concentration of 0.67 �M. This increase was also
observed in earlier studies for the monocyclam AMD3389 (32).
We also determined the effect of AMD3451 on the binding of
different CCR5-specific antibodies. AMD3451 did not inter-
fere with the binding of any of the MAbs (clones 2D7, 45502,
45523, 45531, and 45549) binding to CCR5 in U87.CD4.CCR5
or HOS.CD4.CCR5 cells (data not shown).

Effect of different CXCR4 mutants on binding of AMD3451.
Our previous studies revealed that both Asp171 (in TM-IV)
and Asp262 (in TM-VI), located at each end of the main ligand-
binding crevice of CXCR4, are essential for the binding of
AMD3100 to the receptor and for the ability of the com-
pound to inhibit the signaling induced by the chemokine ligand
CXCL12 (32, 37). As shown in Table 3, all of the single mu-
tations were expressed well in the COS-7 cells, and all bound
the chemokine ligand Met-CXCL12 with an affinity similar to
that of the wild-type CXCR4 receptor (as represented by max-
imum specific binding). The affinity of AMD3451, as deter-
mined in competition for 125I-Met-CXCL12 binding, was also
unaffected by all of these mutations, except for the Asn sub-
stitution of Asp171 located in the extracellular part of TM-IV,
which impaired cyclam binding 12-fold (Fig. 9 and Table 3).
The IC50s for AMD3451 against CXCL12 binding were 0.42
and 5.3 �M in the wild-type CXCR4- and [D171N]
CXCR4-transfected cells, respectively (Table 3).

DISCUSSION

CCR5 and CXCR4 are the principal chemokine receptors
used in association with CD4 by HIV to enter its target cells (6,
28, 30). The coreceptors are important determinants of viral
tropism and pathogenesis and are obvious targets for antiviral
drug development. CXCR4 is the coreceptor used by X4 HIV
strains to enter its target cells (7, 30), whereas CCR5 is the
main coreceptor for R5 HIV strains (1, 13, 15, 23, 27, 28).
CXCL12, the natural ligand for CXCR4, has been shown to
inhibit X4 virus strains and primary isolates through CXCR4
blockage (8, 47). However, variability in its antiviral activity has
been observed (43), and CXCL12 has been found to stimulate
the replication of certain R5 HIV isolates (43). Also, the CCR5
ligand CCL5, which can inhibit R5 viral replication, in certain
conditions does not inhibit but even enhances the replication
of certain HIV strains (34).

AMD3451 is consistently active against a broad range of X4
HIV-1 and HIV-2 strains, R5 HIV-1 strains, R5/X4 HIV
strains, and primary isolates in different cell lines, PBMCs,
and M/M (Tables 1 and 2; Fig. 2 and 3). We have never ob-
served an enhancement of viral replication in the presence of
AMD3451. In addition, AMD3451 is active against several SIV

FIG. 6. Concentration-dependent inhibitory effect of AMD3451 on
CXCL12- and CCL4-induced chemotaxis of CCR5-transfected Jurkat
cells. The cells were preincubated for 10 min with AMD3451 at the
indicated concentrations. Then 5-�m-pore-size filter inserts were
loaded with 106 cells and transferred to a 24-well plate containing
100-ng/ml CXCL12 or 500-ng/ml CCL4 in 600 �l of buffer. Transmi-
gration of the cells from the insert to the lower compartment, contain-
ing the chemokine, was monitored microscopically. After 4 h of incu-
bation, the membrane inserts were removed and the cells in the wells
were collected and counted by flow cytometry. The percentage of
migrated cells matches the ratio of the numbers of migrated cells in the
lower wells to the number of migrated cells in the positive control (no
pretreatment with AMD3451). The exact number of cells in the lower
wells was calculated by linear regression with a standard curve. The
data shown are from one representative experiment out of two.
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strains, such as SIVagm, which also uses CCR5 as the main
coreceptor to enter human T cells (data not shown).

The antiviral activity profile of AMD3451, together with our
finding that AMD3451 acts at the level of virus entry into
the cells, suggests that the compound may interact with both
CXCR4 and CCR5, the most important coreceptors for HIV
entry. We first provided evidence to support this hypothesis at
the level of chemokine signaling through CCR5 and CXCR4.
AMD3451 inhibited CXCL12-induced intracellular Ca2� sig-
naling in a dose-dependent fashion in different cell types. Also,
AMD3451 dose-dependently inhibited the Ca2� flux induced
by the CC-chemokines CCL5 or CCL4 in CCR5-transfected
cells. The IC50 of AMD3451 required to inhibit the CXCL12-
induced and CCL5- or CCL4-induced Ca2� flux was between
10 to 40 �M, which was somewhat higher than the average IC50

of the compound to inhibit HIV infection. Besides CXCR4
and CCR5, AMD3451 did not interact with any other chemo-
kine receptor (CCR1, CCR2, CCR3, CCR4, CCR6, CCR9, or
CXCR3) that was evaluated in this study. By itself, AMD3451
did not induce an intracellular Ca2� response at concentra-
tions up to 400 �M, indicating that the compound is devoid
of agonistic activity. Chemotaxis provided additional evidence
for the dual CXCR4/CCR5 antagonism of AMD3451. Both
CXCL12- and CCL4-induced migration of CXCR4� CCR5�

cells was concentration-dependently blocked by AMD3451, al-
though again at relatively higher concentrations than those for

antiviral activity. However, for the specific CXCR4 antagonist
AMD3100 as well, the CXCL12-induced chemotactic response
was inhibited at about 1 to 10 �M, which is 
1,000-fold higher
than its active antiviral concentration range (IC50, 1 to 10 nM)
(56). Remarkably, there seemed to be a slight enhancement of
the chemokine-induced migration of cells that were preincu-
bated with low concentrations of compound (i.e., concentra-
tions of AMD3451 too low to inhibit chemotaxis). This phe-
nomenon can certainly not be assigned to any stimulating
(agonistic) effect of the compound itself. In addition, the com-
pound is not present in the lower well during the chemotaxis
assay, as is the case for the chemokine, so it cannot function as
an attractant. The exact reason for this weak enhancement of
chemotactic activity of the cells in the presence of low com-
pound concentrations is not yet known, but it is probably
just caused by variability within the experiment. In addition,
AMD3451 at 400 �M could completely block the CXCL12-
and CCL3L1-induced internalization of CXCR4 and CCR5.
Moreover, AMD3451 did not inhibit, but rather enhanced, the
binding of the CXCR4-specific MAb 12G5 at the cell surface.
This is in sharp contrast with the observations made for the
bicyclams. Here, a close correlation between anti-HIV activity
and inhibition of MAb 12G5 binding was found for more than
20 different bicyclam derivatives (29). Compounds with the
highest MAb 12G5 binding inhibitory capacity exhibited the
most potent anti-HIV activity (10, 29). The second extracellu-

FIG. 7. Inhibitory effect of AMD3451 on CXCL12- and CCL3L1-induced endocytosis of CXCR4 (top) and CCR5 (bottom), respectively.
U87.CD4.CXCR4-GFP and CEM.CCR5-GFP cells were preincubated for 15 min in the absence (left and middle panels) or presence (right panels)
of 200 �M AMD3451. Then the cells were stimulated, except there was no stimulus under the control conditions (left panels). U87.CD4.CXCR4-GFP
cells were stimulated with 1-�g/ml CXCL12 (top), and CEM.CCR5 cells were stimulated with 100-ng/ml CCL3L1 (bottom). After incubation at
37°C, the subcellular localization of the fluorescently labeled CXCR4 and CCR5 proteins was examined in the different cell samples by fluores-
cence microscopy. The pictures were obtained from one representative experiment which was repeated twice with comparable results.
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lar loop of CXCR4 offers the main epitope for MAb 12G5 (40,
44), although other regions of the receptor may also influence
its binding affinity. This MAb can neutralize HIV-1 and HIV-2
infections, even if CD4 independent (44), but its antiviral
activity is variable, depending on the cell line and virus
strain used (9). The enhancement of MAb 12G5 binding by
AMD3451 may indicate that the interaction of AMD3451 with
CXCR4 may influence extracellular loop 2, which holds im-
portant epitopes for 12G5 (5), in a way favorable for antibody
recognition. This phenomenon was also observed for the mono-
cyclam AMD3389 (32). Also, substitutions in a homologous
region of extracellular loop 2 of CXCR4 and CCR5 are de-
scribed to alter coreceptor activities for HIV-1 membrane fu-
sion and virus entry (12). Another anti-CXCR4 MAb, recog-

nizing the amino-terminal domain of the receptor (2B11), was
not significantly influenced in its binding to CXCR4 in the
presence of AMD3451.

Although sometimes the concentrations of AMD3451 used
in the assays to evaluate its antagonistic properties are as high
as the CCID50 obtained in the antiviral assays, it is important
to mention that in these assays the compound is in contact with
the cells for only a few hours, and in these assays, no toxicity
of the compound at the highest concentration (400 �M) was
observed whatsoever.

The dual specificity of AMD3451 towards CXCR4 and
CCR5 is both functionally and structurally interesting. Earlier
studies by Labrosse et al. demonstrated that substitution of any
of the four aspartic acids of the second loop of CXCR4 re-
sulted in a marked resistance to AMD3100 (40), which could
be expected if AMD3100 directly interacts with these amino
acids. More-recent studies identified Asp171 and Asp262, lo-
cated at each end of the main ligand-binding crevice of the
CXCR4 receptor, as being the molecular anchor points for the
two cyclam moieties of AMD3100 (32, 37). Here, we demon-
strate that AMD3451 inhibition of Met-CXCL12 binding is

FIG. 8. (A) Opposite effects of AMD3451 and AMD3100 on the
binding of anti-CXCR4 (12G5) MAb to Molt-4 cells. After preincu-
bation for 30 min on ice with or without the compounds at the indi-
cated concentrations, the cells were stained with phycoerythrin-conju-
gated 12G5 MAb and analyzed by flow cytometry. The upper panel
shows the aspecific background fluorescence of Molt-4 cells, as deter-
mined by an isotype control MAb. The second panel shows Molt-4 cells
stained with the antibody in the absence of any compound. The MFI
of the cell population is indicated in each histogram. The data shown
are from one representative experiment out of four. (B) Effect of
AMD3451 on competition binding of anti-CXCR4 antibody 12G5. The
binding assay was performed with COS-7 cells transfected with wild-
type (wt) CXCR4 with 125I-12G5 as a radioligand. The data are shown
as means � standard errors of the means (n � 3).

FIG. 9. Effect on AMD3451 competition for CXCL12 binding of
the Asp-to-Asn substitution at position 171 in the CXCR4 receptor.
The binding assay was performed with COS-7 cells transfected with
wild-type (WT) CXCR4 or CXCR4 [D171N] with 125I-Met-CXCL12
as a radioligand. The data are shown as means � standard errors of the
means (n � 3).

TABLE 3. Affinity of Met-CXCL12 and AMD3451 for the
wild-type CXCR4 receptor and His- and Asp-substituted

CXCR4 receptor mutantsa

CXCR4
form

AMD3451 Met-CXCL12
Bmax �
SEMKi � SEM IC50

(�M) n Kd � SEM IC50
(nM) n

Wild type �6.37 � 0.09 0.42 5 �9.26 � 0.10 0.55 17 32 � 5
H113A �5.70 � 0.25 2.02 2 �9.47 � 0.16 0.34 9 13 � 4.7
D171N �5.28 � 0.38 5.30 5 �9.13 � 0.28 0.74 8 14 � 4
D182N �6.25 � 0.21 0.56 3 �8.98 � 0.20 1.04 8 113 � 50
D193N �6.47 � 0.15 0.34 3 �8.89 � 0.26 1.28 6 109 � 45
H203A �5.61 � 0.29 2.47 3 �9.11 � 0.25 0.77 6 21 � 14
H281A �5.56 � 0.15 2.77 4 �9.32 � 0.15 0.48 11 42 � 25
D262N �6.24 � 0.12 0.57 3 �8.86 � 0.17 1.38 9 28 � 11

a The data were obtained from competition binding on COS-7 cells expressing
the wild-type and mutant CXCR4 receptors by using 125I-Met-CXCL12 as a
radioligand. Bmax, maximum specific binding (fmol/105 cells).
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dependent on Asp171 but independent of Asp262. These data
are in line with those observed for other monocylam com-
pounds, such as AMD3389 (32). Our finding that AMD3100
and AMD3451 have opposite effects on anti-CXCR4 MAb
binding at the cell surface (i.e., inhibition by AMD3100 versus
enhancement by AMD3451) also points to a different mode of
interaction of both compounds with the receptor protein. This
is further supported by the observation that the AMD3100-
resistant HIV-1 NL4.3 strain remains sensitive to AMD3451.

Focusing on CCR5, there is no aspartic acid residue corre-
sponding to either Asp171 or Asp262 of CXCR4. Moreover, the
lower net positive charge of the V3 domain of HIV-1 gp120 of
R5 HIV-1 strains compared to that of X4 HIV-1 strains (16)
and, subsequently, the different gp120-coreceptor interaction
also points to a slightly different interaction mechanism of
AMD3451 with CXCR4 and CCR5. In addition, we compared
the effect of AMD3451 on binding with the chemokine recep-
tor CCR5 with that of the recently described CCR5-antagonist
SCH-C (63). Unlike SCH-C, AMD3451 did not interfere with
the binding of the anti-CCR5 MAb clones 45523 and 45531,
and both compounds showed no hindrance of the binding of
the anti-CCR5 MAb clones 2D7, 45502, and 45549. Thus, the
exact interaction site(s) of AMD3451 with CCR5 and CXCR4
is still unclear and subject to further studies.

It may be possible to delay or prevent the progression of
AIDS by pharmacological blockade of the HIV coreceptors. Al-
though the HIV coreceptor repertoire is still expanding, CXCR4
and CCR5 are the two coreceptors that are the most relevant
for HIV infection in vivo. Thus, because of its dual interaction
with both CXCR4 and CCR5 and, consequently, its potential
to block cellular infection of X4, R5, and R5/X4 viruses,
AMD3451 can be considered an important antiviral lead com-
pound for the further development of an effective microbicide.
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