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CXCR4 is one of two physiologically relevant human immunodeficiency type 1 (HIV-1) entry coreceptors.
Studies of CXCR4 mutants have not clearly identified the determinants of coreceptor function and specificity.
We therefore used a panel of monoclonal antibodies to further elucidate CXCR4 expression, structure, and
function. Our findings show the existence of conformational subpopulations of CXCR4 that are in equilibrium
on the cell surface but are not cell type specific as previously reported. HIV-1 X4 isolates can interact with
multiple CXCR4 conformations in order to gain entry into target cells.

Attachment to and entry into target cells by human immu-
nodeficiency virus type 1 (HIV-1) are mediated by consecutive
interactions of envelope glycoprotein gp120 with CD4 and a
coreceptor (reviewed in reference 2). The two biologically rel-
evant coreceptors are CCR5 and CXCR4 (reviewed in refer-
ences 2 and 10). In vivo usage of the latter by HIV-1 is asso-
ciated with late-stage disease progression and a rapid decline
in CD4� T lymphocytes (5, 15, 19). It is still unclear what
selective pressures collude to drive the outgrowth of CXCR4-
using (X4) isolates. The switch from CCR5 to CXCR4 may be
the result of immune selection, fluctuations in target cell pop-
ulations, and conformational constraints imposed by the struc-
tures of gp120 and the coreceptors. Understanding the details
of gp120 interactions with CCR5 and CXCR4 will provide
insight into the mechanism of coreceptor switching.

Our previous studies demonstrated that the stem of gp120
hypervariable loop 3 interacts with specific sulfotyrosines and
negatively charged residues in the amino-terminal domain (Nt)
of CCR5. The hypervariable loop 3 crown may bind residues in
the second extracellular loop (ECL2) (6, 7, 20, 21). In contrast,
CXCR4 domains and residues involved in gp120 attachment
have proven much more difficult to identify (reviewed in ref-
erence 11). CXCR4 mutagenesis suggests that the gp120 bind-
ing site is variable and isolate specific, involving charged and
tyrosine residues that are dispersed throughout the four extra-
cellular domains (3, 4, 14, 16, 18, 22, 24). It is still unclear
whether any particular amino acids or domains of CXCR4 are
absolutely required for viral entry and to what extent the gp120
of any given isolate is able to utilize different residues on this
coreceptor. Additionally, it has been suggested that antigeni-
cally distinct conformations of CXCR4 are present on the cell
surface, perhaps only some having coreceptor function (1).

In order to further elucidate the determinants of CXCR4
coreceptor function, a panel of seven independent anti-CXCR4
monoclonal antibodies (MAbs) was characterized for binding,

epitope specificity, and HIV-1 entry inhibition. Binding of
MAbs 701, 708, 716, 717, 718, 12G5 (R&D Systems), and 4G10
(9) to murine L1.2 hybridoma cells (23) expressing high levels
of human CXCR4 was analyzed by flow cytometry (Fig. 1).
None of the MAbs cross-reacted with murine CXCR4, as ev-
idenced by minimal binding to parental L1.2 (data not shown).
Furthermore, binding of the seven MAbs to CXCR4� L1.2 was
not altered by the presence of saturating concentrations of an
anti-mouse CXCR4 MAb (R&D Systems) (data not shown).
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FIG. 1. Binding of anti-CXCR4 MAbs to CXCR4� L1.2 cells.
CXCR4� L1.2 cells (5 � 105) were incubated with different concen-
trations of each anti-CXCR4 MAb in assay buffer (1% bovine serum
albumin and 0.05% azide in Dulbecco’s phosphate-buffered saline) at
room temperature, and binding was measured by flow cytometry after
labeling with phycoerythrin (PE)-conjugated goat anti-mouse immu-
noglobulin G (IgG; 1:100; Caltag). Each MFI is the mean of three
independent experiments � the standard deviation. Nonlinear regres-
sion (curve fit) was used to calculate the EC50 of each MAb. CXCR4�

L1.2 cells were incubated with biotinylated MAb 716 (1 �g/ml) in the
presence of unlabeled, isotype-matched, nonspecific murine IgG or
anti-CXCR4 MAbs (10 �g/ml). Binding of 716 was measured by flow
cytometry after labeling with PE-conjugated streptavidin. Percent
binding of 716 was calculated with the formula [(MFI 716 � anti-
CXCR4 MAb)/MFI 716 alone] � 100.
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All test MAbs exhibited similar half-maximal concentrations of
binding (EC50s) to CXCR4� L1.2 cells, ranging between 0.17
and 0.45 �g/ml (Fig. 1). However, maximal binding of the
MAbs varied and did not correlate with the EC50s. Saturating
concentrations of MAbs 701, 717, and 718 generated the high-
est mean fluorescence intensities (MFI, �1,200), whereas
MAbs 708, 12G5, and 4G10 yielded the lowest signals (MFI,
�400). Saturating binding of MAb 716 was intermediate (MFI,
�800). Anti-CXCR4 MAbs effectively cross-competed with
each other for binding to CXCR4, e.g., binding of MAb 716 to
CXCR4� L1.2 was inhibited strongly by MAbs 717, 718, and
701 and somewhat less by MAbs 708 and 12G5 (Fig. 1, bot-
tom). The test MAbs therefore bind human CXCR4 specifi-
cally and with high affinity and may recognize subpopulations
of coreceptor molecules on the basis of differences in saturat-
ing binding to CXCR4� L1.2 cells. MAbs with the highest
saturating binding presumably recognize the widest array of
CXCR4 subpopulations.

Since differential patterns of anti-CXCR4 MAb binding to
CXCR4� cells have been reported (1), we compared the
binding of test MAbs to four human cell lines that naturally
express CXCR4, including HeLa (CD4� endothelial cell
line), CEMx174 (CD4� T-B hybrid cell line), Jurkat (CD4�

T-cell line), and PM1 (CD4� T-cell line). HeLa, CEMx174,
and PM1 cells express similar levels of CXCR4, whereas Jurkat
cells express fivefold higher levels of the coreceptor, as deter-
mined by relative MFI measured by flow cytometry (Fig. 2).
We observed no differences in patterns of binding to the four
cell lines at a saturating MAb concentration of 1 or 10 �g/ml
(Fig. 2 and data not shown). However, the maximal MFIs
generated by the different MAbs varied similarly to those mea-
sured on CXCR4� L1.2 cells. These observations provide fur-
ther evidence that anti-CXCR4 MAbs recognize subpopula-
tions of CXCR4 molecules but different cell lines appear to
comprise similar ratios of these subpopulations.

Next, we tested inhibition of MAb (1 �g/ml) binding to two

of the human cell lines, HeLa and CEMx174, by the small-
molecule CXCR4 antagonist AMD3100 (1 �M) (8). Binding
of MAb 4G10 to both cell lines was unaffected by the pres-
ence of AMD3100. In contrast, binding of the other anti-
CXCR4 MAbs varied between 25 and 75% in the presence of
the inhibitor (Fig. 3). No significant differences between the
inhibition patterns on HeLa and CEMx174 cells were observed
(Fig. 3). There was no significant correlation between EC50 or
maximal binding levels and potency of AMD3100 inhibition of
MAb binding.

Taken together, the binding and inhibition data suggest that
the MAbs recognize different epitopes on CXCR4. Epitope
mapping studies were therefore performed with a panel of 88
alanine point mutants of residues in all four extracellular do-
mains of CXCR4. The CXCR4 gene was cloned into a vector
comprising the T7 polymerase promoter (pcDNA3.1; Invitro-
gen), and alanine substitutions were introduced by site-di-
rected mutagenesis. Wild-type and mutant CXCR4 constructs
were appended with a carboxy-terminal hemagglutinin (HA)
tag. BHK21 cells were lipofected with mutant or wild-type
CXCR4 constructs and infected with a T7 polymerase-express-
ing vaccinia virus vector (vTF7-3) to boost expression as pre-
viously described (17). Cells were analyzed by flow cytometry
after surface labeling with anti-CXCR4 MAbs (1 �g/ml), as
well as intracellular staining with an anti-HA MAb (1:500;
Covance) (17). This internal control allowed us to directly
normalize binding of the anti-CXCR4 MAbs for mutant ex-
pression levels.

MAb binding to most of the CXCR4 point mutants was
�50% of the binding to wild-type CXCR4, and we concluded
that these residues do not contribute significantly to the frame-
work of MAb epitopes (data not shown). Certain point muta-
tions, however, reduced MAb binding by �50%, and we con-
cluded that these residues directly contribute to MAb epitopes
(Table 1). Thus, binding of 4G10 to CXCR4 depends on Nt
residues E2 and I6. Surprisingly, the other anti-CXCR4 MAbs
recognize similar epitopes, all of which comprise ECL2 resi-
dues E179 and D181 (Table 1). Residues that further contrib-
ute to the epitopes of individual MAbs are Y190 and W195 for
MAb 717, Y184 for MAb 716, Y184 and Y190 for MAb 708,

FIG. 2. Binding of anti-CXCR4 MAbs to human cell lines. CEMx174,
Jurkat, PM1, and HeLa cells were stained with a panel of anti-CXCR4
MAbs (1 �g/ml), and binding was measured by flow cytometry after
labeling with PE-conjugated goat anti-mouse immunoglobulin G as
described in the legend to Fig. 1. The MFIs obtained for Jurkat cells
were divided by 5 so that the same y-axis scale could be used for all cell
lines. Each result is the mean of three independent experiments � the
standard deviation.

FIG. 3. Inhibition of anti-CXCR4 MAb binding by AMD3100. HeLa
or CEMx174 cells (5 � 105) were incubated with anti-CXCR4 MAbs
(1 �g/ml) in the presence of AMD3100 (1 �M; Sigma). Binding of
MAbs was measured by flow cytometry after labeling with PE-conju-
gated goat anti-mouse immunoglobulin G. Percent MAb binding was
calculated with the formula (MFI in the presence of AMD3100/MFI in
the absence of AMD3100) � 100. Each result represents the mean of
three independent experiments � the standard deviation.
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and D182 and Y190 for MAb 12G5 (Table 1). MAb 12G5
binding also requires an intact C28-C274 disulfide bond (Table
1). Mutations of C109 in ECL1 and C186 in ECL2 reduced
binding of all MAbs by �90%, indicating that this disulfide
bond profoundly affects the structure of the CXCR4 extracel-
lular domain without directly participating in MAb binding
(data not shown).

The observation that anti-CXCR4 MAbs have similar affin-
ities for their ligand and also recognize overlapping epitopes
(except for 4G10) suggested that they would similarly inhibit
HIV-1 entry into target cells. We therefore characterized the
ability of anti-CXCR4 MAbs to block the entry into CD4�

HeLa cells of NLluc� env� reporter viruses pseudotyped with
envelope glycoproteins of six different HIV-1 isolates: HXB2
(T-cell line adapted [TCLA], clade B), NL4-3 (TCLA, clade
B), NDK (TCLA, clade D), 84ZR085 (primary X4, clade D),
90CF402 (primary X4, clade E), and DH123 (primary R5X4,
clade B) as previously described (12, 20). Entry of all isolates
was inhibited �90% by 1 �M AMD3100 (Fig. 4). The most
potently inhibitory MAbs were 701, 718, and 717, which also
generated the greatest maximal binding to CXCR4� cells (Fig.
4). MAb 12G5 exhibited the greatest variability in potency
against different HIV-1 isolates: it strongly inhibited entry me-
diated by envelope glycoproteins of NL4-3, DH123, and NDK
but only moderately inhibited entry of HXB2, 84ZR085, and
90CF402 (Fig. 4). MAb 708 moderately inhibited the entry of
all HIV-1 isolates tested, whereas MAbs 716 and 4G10 did not
inhibit the entry of any of the isolates tested (Fig. 4). Further-
more, MAb 716 enhanced the entry of isolate 90CF402 by
�50%. The potency of entry inhibition therefore generally
correlated with the maximal binding levels of the MAbs. MAb
716 was the notable exception, since it exhibited intermediate
maximal binding but no entry inhibition. Additionally, entry of
TCLA isolates was blocked more efficiently than entry of pri-
mary X4 strains (Fig. 4). Primary R5X4 isolate DH123, how-
ever, was inhibited similarly to TCLA isolates.

The determinants of CXCR4 coreceptor function remain
elusive. In order to gain additional insight into CXCR4 struc-
ture-function relationships, we characterized a panel of seven
independent anti-CXCR4 MAbs for binding, epitope specific-

ity, and HIV-1 entry inhibition. MAbs bound to CXCR4 with
similar EC50s ranging between 0.17 and 0.45 �g/ml. These are
approximately 10-fold lower than the values reported by Bar-
ibaud et al. (1) and may be due to our use of a murine cell line
that expresses high levels of CXCR4. Furthermore, the MAbs
differed in maximal binding, indicating that they interact with
distinct subpopulations of CXCR4 molecules. CXCR4 struc-
ture may vary as a result of posttranslational modifications,
conformational fluctuations, or receptor oligomerization. Be-
cause MAbs can cross-compete for binding to CXCR4, we
interpret this to mean that they are more or less restricted in
their ability to interact with the different CXCR4 subpopula-
tions. However, we were unable to detect significant differ-
ences in MAb binding to four human CXCR4� cell lines,
indicating that they express similar distributions of CXCR4
subpopulations. In contrast, Baribaud et al. reported that anti-
CXCR4 MAbs exhibit differential patterns of binding to hu-
man cell lines, including the ones we tested. Differences in cell
lines and assay conditions may account for these observations.
Our results show the existence of CXCR4 subpopulations that
do not vary in a cell-specific manner.

Epitope mapping studies show that MAb 4G10 binds to
residues in the Nt of CXCR4, which was expected because this
MAb was generated against an Nt peptide (9). In contrast,
the other MAbs were raised against cell surface-associated
CXCR4 (1) and they all recognize overlapping epitopes in
ECL2. This is surprising in light of our observations that the
MAbs exhibit different maximal binding and implies that this
region of CXCR4 undergoes significant conformational
fluctuations. The anti-ECL2 MAbs also bind to a region of
CXCR4 that was previously shown to be important for its
coreceptor function. For example, we demonstrated that neg-
atively charged ECL2 residues D182, Y184, D187, and D193
participate in HIV-1 entry (14). Taken together, these findings
demonstrate that ECL2—particularly residues 179 to 193—are
the most prominent and immunodominant region of CXCR4
that is readily recognized by MAbs as well as HIV-1 gp120.
Interestingly, the small-molecule inhibitor AMD3100 blocks
binding of all anti-ECL2 MAbs but not of the anti-Nt MAb,
indicating that it disrupts the conformation of the former but
not the latter domain. We have previously proposed that bind-

FIG. 4. Inhibition of HIV-1 pseudotype entry by anti-CXCR4 MAbs.
CD4� HeLa cells were infected with NLluc� env� pseudovirions (�105

relative light units/104 cells) in the presence of anti-CXCR4 MAbs
(10 �g/ml) or AMD3100 (1 �M). Luciferase activity was measured in
cell lysates with the Promega luciferase assay at 48 h postinfection.
Percent viral entry was calculated with the formula (RLU with inhib-
itor/RLU without inhibitor) � 100. Each result is the mean of four in-
dependent experiments � the standard deviation.

TABLE 1. Epitope mapping of anti-CXCR4 MAbsa

MAb
Nt ECL2 ECL3

E2 I6 C28 E179 D181 D182 Y184 Y190 W195 C274

718 13 31
717 13 31 48
716 12 25 19
708 10 13 43 27
701 11 30
12G5 21 10 35 22 25 9
4G10 2 31

a HA-tagged CXCR4 point mutants were expressed in BHK21 cells as previ-
ously described (17). Cells were harvested 24 h posttransfection and incubated
with anti-CXCR4 MAbs (1 �g/ml), followed by fixation-permeabilization with
Cytofix-Cytoperm (Becton Dickinson) as recommended by the manufacturer.
Flow cytometry was used to detect staining with PE-conjugated goat anti-mouse
immunoglobulin G, as well as intracellular staining with a fluorescein isothio-
cyanate (FITC)-conjugated mouse anti-HA MAb (1:500; Covance). MAb bind-
ing to CXCR4 mutants was calculated as percent binding to wild-type CXCR4
with the formula [(mutant PE MFI/wild-type PE MFI) � (mutant FITC MFI/
wild-type FITC MFI)] � 100%. Results are means of three independent exper-
iments.
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ing of small-molecule CCR5 inhibitors TAK-779 and SCH-C
disrupts the conformation of ECL2 but not the Nt, thereby
disabling gp120 binding to CCR5 (13, 21). AMD3100 may act
by a similar mechanism to inhibit HIV-1 entry mediated by
CXCR4.

Anti-CXCR4 MAbs inhibited HIV-1 entry to various de-
grees. 4G10 did not inhibit entry of any test isolates, much like
MAbs to the CCR5 Nt do not (or only poorly) inhibit entry of
R5 isolates. These observations suggest that gp120 binding to
other domains of CCR5 and CXCR4 occurs prior to the in-
teraction with the Nt. Alternatively, the CXCR4 Nt may not
participate in X4 HIV-1 entry. Other anti-CXCR4 Nt MAbs
need to be tested in order to reach a definitive conclusion.
Despite the fact that all of the anti-ECL2 MAbs recognize
overlapping epitopes with similar affinities, there are signifi-
cant differences in their abilities to inhibit HIV-1 entry. Po-
tency of entry inhibition generally correlated with maximal
binding patterns, suggesting that MAbs that recognize the wid-
est range of CXCR4 conformations are the most efficient at
blocking gp120 binding to the coreceptor. This implies that the
gp120-CXCR4 interaction is not limited to a particular subset
of CXCR4 molecules. Finally, the observation that all of the
anti-CXCR4 MAbs are more potent against TCLA isolates
than against primary X4 isolates suggests that primary gp120s
bind to CXCR4 with higher affinity than TCLA gp120s do.
Alternatively, gp120s of primary X4 isolates may have lower
specificity for any one particular set of CXCR4 ECL2 residues,
allowing them to exploit multiple binding sites on this core-
ceptor.

CXCR4 is the HIV-1 entry coreceptor used by R5X4 and X4
isolates that emerge late during disease progression (2). Sev-
eral laboratories, including ours, have demonstrated that the
interaction between gp120 and CXCR4 differs from the inter-
action between gp120 and CCR5 (11). In particular, gp120
binding to CCR5 requires both the Nt and ECL2. Our present
work supports the notion that gp120 binding to CXCR4 is
largely mediated by interactions with ECL2. In addition, our
results indicate that the gp120 of any given isolate is able to
recognize an array of CXCR4 conformations. Isolate-specific
interactions with CXCR4 therefore may depend on recogni-
tion of different residues within CXCR4 ECL2.
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