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Chemokine receptors constitute an attractive family of drug tar-
gets in the frame of inflammatory diseases. However, targeting spe-
cific chemokine receptors may be complicated by their ability to
form dimers or higher order oligomers. Using a combination of
luminescence complementation and bioluminescence resonance
energy transfer assays, we demonstrate for the first time the exist-
ence of hetero-oligomeric complexes composed of at least three
chemokine receptors (CCR2, CCR5, and CXCR4). We show in T
cells and monocytes that negative binding cooperativity takes place
between the binding pockets of these receptors, demonstrating
their functional interaction in leukocytes. We also show that spe-
cific antagonists of one receptor (TAK-779 or AMD3100) lead to
functional cross-inhibition of the others. Finally, using the air
pouch model in mice, we show that the CCR2 and CCR5 antagonist
TAK-779 inhibits cell recruitment promoted by the CXCR4 ago-
nist SDF-1«, demonstrating that cross-inhibition by antagonists
also occurs in vivo. Thus, antagonists of the therapeutically impor-
tant chemokine receptors regulate the functional properties of
other receptors to which they do not bind directly with important
implications for the use of these agents in vivo.

Chemokines are small chemoattractant cytokines that con-
trol a wide variety of biological and pathological processes,
ranging from immunosurveillance to inflammation and from
viral infection to cancer (1, 2). They mediate their effects by
binding to cell surface receptors, which belong to the large fam-
ily of G protein-coupled receptors (GPCRs).* Receptor binding
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initiates a cascade of intracellular events mediated by the asso-
ciation of the receptor with a heterotrimeric G protein, pro-
moting guanine nucleotide exchange in the « subunit and acti-
vation of the G protein (3). The G proteins trigger various
effector enzymes, leading to chemotaxis and the regulation of a
wide range of other functions, which vary in different cell pop-
ulations. Because of their key role in inflammatory diseases,
chemokines and their receptors constitute an attractive family
of drug targets. However, the transfer of therapeutic com-
pounds to clinical use has been hampered by the complexity
and the functional redundancy of the chemokine system (4).
The recent demonstration that chemokine receptors form both
homo- and heteromers brings an additional layer of complexity
to this system (reviewed in Ref. 5). There is therefore a need for
a better understanding of how chemokine receptors are orga-
nized and regulated at the supramolecular level in the plasma
membrane of primary leukocytes and how this organization
affects the activity of agonists and antagonists of these recep-
tors and their subsequent intracellular signaling network.
Homodimerization has been reported for four chemokine
receptors: CCR2, CCR5, CXCR2, and CXCR4 (6 -12). A recent
report suggests that CXCR4 can also form constitutive homo-
oligomers composed of at least three protomers (13). Hetero-
merization has been demonstrated between CCR2 and CCR5
or CXCR4 (6-12). CXCR4 was reported to heterodimerize
with CCR2 but not with its closest homologue CCR5 (8), a sur-
prising result given the high sequence similarity between the
two CC-receptors, particularly within the transmembrane seg-
ments, which have been shown to constitute the dimer inter-
face in other GPCR families (14-16). Indeed, interaction of
CXCR4 and CCR5 in the immunological synapse of T cells was
recently reported, but the pharmacological consequences of
this interaction were not investigated (17). Because CCR2,
CCR5, and CXCR4 are frequently expressed at the surface of
leukocyte populations, their interactions might affect greatly
the signaling of these receptors and the activity of antagonists
acting on these important therapeutic targets. Receptor inter-
actions might also impact the role of CCR5 and CXCR4 as HIV
co-receptors. In previous studies, we investigated the func-
tional consequences of chemokine receptor dimerization and
demonstrated that interaction between CCR2 and CCR5 or
CXCR4 resulted in a negative binding cooperativity (10, 18).

cent protein; RLuc, Renilla luciferase; hRLuc, human RLuc; BSA, bovine
serum albumin; PBS, phosphate-buffered saline.
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The consequences of heteromerization on the chemokine bind-
ing properties of the receptors were also observed in native
cells, demonstrating that such heteromers exist in cells natu-
rally co-expressing these chemokine receptors.

In the present study, we build on these previous findings and
show for the first time that CCR2, CCR5, and CXCR4 can form
hetero-oligomers containing all three receptors. Consequences
of heteromerization for the in vitro and in vivo properties of
“selective” antagonists are illustrated.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Human and mouse recombinant
chemokines were from R&D Systems. AMD3100 was obtained
from Sigma, and TAK-779 was from the National Institutes of
Health AIDS Research and Reference Reagent Program, Divi-
sion of AIDS, NIAID. The anti-CCR5 (2D7) and anti-CXCR4
(12G5) antibodies were from BD Biosciences. The DOC-1 anti-
CCR2 antibody was kindly provided by Matthias Mack (Univer-
sity of Regensburg, Germany). Expression of human chemokine
receptors was analyzed by fluorescence-activated cell sorting
using phycoerythrin-conjugated anti-hCCR2 (FAB151P), anti-
hCCR5 (FAB1802P), and anti-hCXCR4 (MAB173) antibodies
from R&D Systems. Mouse leukocyte populations were deter-
mined using fluorescein isothiocyanate-conjugated anti-
mCD11c (HL3, 553801), anti-mCD3 (17A2, 555272), and
phycoerythrin-conjugated anti-mCD4 (L3T4, 555308) or anti-
ml-A/I-E (M5/114.15.2, 557000) from BD Biosciences. Cell
surface expression of mCXCR4 was detected by incubation
with an anti-mCXCR4 antibody (MAB21651, R&D Systems)
followed by the addition of an allophycocyanin-conjugated
anti-rat secondary antibody (112-136-071, ImmunoReseach).
Expression of mCCR5 was detected using biotinylated anti-
mCCR5 antibody (13-1951, eBioscience) and PerCP/Cy5.5-1a-
beled streptavidin (551419, BD Biosciences).

Cell Lines and Leukocyte Populations—CHO-K1 cells were
cultured in Ham’s F-12 medium supplemented with 10% fetal
bovine serum (Invitrogen), 100 units/ml penicillin, and 100
pg/ml streptomycin (Invitrogen). The CCR5 coding sequence
was cloned between the BamHI and Xbal sites of the bicistronic
expression vector pEFIB3 (19), and the construct was trans-
fected by FUGENE 6 (Roche Applied Science) into a CHO-K1
cell line expressing apoaequorin, G, and wild-type CXCR4.
Cells expressing CCR5 were selected by 10 wg/ml blasticidin
(Invitrogen). Human peripheral blood lymphocytes were iso-
lated from bufty coats of healthy blood donors (homozygotes
for the wild type or A32 alleles of CCR5) by centrifugation on
Ficoll. CD4"-T lymphocytes were isolated by negative selection
by using a magnetic bead cell sorting kit (130-091-155; Millenyi
Biotec, Sunnyvale, CA). After this procedure, CD4™" blasts were
generated by incubating the lymphocytes with anti-CD3 (1:100;
Janssen, Cilag) and anti-CD28 (1:1000; BD Biosciences) anti-
bodies for 3 days. Cells were maintained in a medium supple-
mented with human IL-2 (2 ng/ml; R&D Systems) for an addi-
tional 7 days. Monocytes were isolated by positive selection
using a CD14 magnetic bead cell sorting kit (130-050-201; Mil-
lenyi Biotec).

Bioluminescence Resonance Energy Transfer (BRET) Assays—
The cDNAs encoding full-length EYFP, monomeric Venus, or
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Renilla luciferase (RLuc) were fused in frame to the 3’-end of
CCR2, CCR5, and CXCR4 in the pcDNA3.1 vector. Similarly,
the cDNAs encoding the L1 (amino acids 1-229) or L2 (amino
acids 230-311) fragments of RLuc8 were fused in frame to the
3'-end of each receptor. The BRET assays were performed as
described previously (10). Briefly, human embryonic kidney
cells (HEK-293T) were transfected, using a constant amount of
plasmid DNA but various ratios of plasmids encoding the
fusion protein partners (29). A control corresponding to mock-
transfected cells was included in order to subtract raw basal
luminescence and fluorescence from the data. Expression of
EYFP or monomeric Venus fusion proteins was estimated by
measuring fluorescence at 535 nm following excitation at 485
or 510 nm, respectively. Expression of RLuc fusion proteins was
estimated by measuring the luminescence of the cells after
incubation with 5 um coelenterazine H (Promega). Likewise,
bimolecular luminescence complementation (BiLC) used for
trimer experiments was measured (29). In parallel, BRET was
measured as the fluorescence of the cells at 535 nm at the same
time points using a Mithras LB940 reader (Berthold) (for the
experiment regarding “dimers” or “two-way BRET”) or a
Pherastar reader (BMQ) for experiments with the trimers or
“three-way BRET” because of its higher sensitivity.

Binding Assays—Competition binding experiments were
performed as described (10). Membrane preparations were
incubated in the assay buffer (50 mm Hepes, pH 7.4, 1 mm
CaCl,, 5 mm MgCl,, 0.5% BSA) with 0.1 nm '**I-MCP-1/CCL2,
0.1 nm "2°I-MIP-1, or 0.1 nm '?°I-SDF-1« as tracers and vari-
able concentrations of unlabeled competitors. Samples were
incubated for 1 h, and the bound tracer was separated by filtra-
tion through GEF/B filters presoaked in 1% BSA. Filters were
counted in a 7y-scintillation counter, and binding parameters
were determined with the PRISM software (Graphpad Soft-
ware) using nonlinear regression applied to single-site or two-
site binding models. The software compared the sum of square
and the degree of freedom of each regression by using the Ftest
and selected the most appropriate equation.

Dissociation Kinetics Experiments—Ligand dissociation
experiments were performed as described (18). Membrane
preparations were first incubated in assay buffer (50 mm Hepes,
pH 7.4, 1 mm CaCl,, 5 mm MgCl,, 0.5% BSA) with 0.1 nm '?°1-
MIP-18 or **’I-SDF-1ain a final volume of 500 ul. After 1h, the
membranes were centrifuged, and the unbound radioligand
was removed by aspiration. The membrane pellet was washed
once with assay buffer and resuspended in 2.5 ml of assay buffer,
with or without unlabeled ligands. At different time points, ali-
quots were collected, the bound tracer was separated by filtra-
tion through GEF/B filters presoaked for 1 h in 1% BSA, and the
filters were counted for 1 min in a y-scintillation counter. In all
experiments, the total binding and total tracer remaining at the
initiation of the dissociation phase represented less than 10% of
the amount of tracer engaged initially. The data are presented
as the ratio between bound cpm at the various dissociation time
points and total bound cpm at time zero of dissociation. The
curves were fitted with the PRISM software (Graphpad Soft-
ware) using nonlinear regression and a single-phase decay
model.
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Intracellular Calcium Mobilization Assay—Functional
responses were analyzed with an aequorin-based assay as
described previously (20). Briefly, cells were incubated for 4 h in
the dark in the presence of 5 um coelenterazine H (Promega
Corp.). Variable concentrations of chemokines were added to
cell suspension (25,000 cells/well), and luminescence was
measured for 30 s in an EG&G Berthold luminometer
(PerkinElmer Life Sciences). Half-maximal effective concentra-
tions (EC;,) were determined with the PRISM software
(GraphPad Software) using nonlinear regression applied to a
sigmoidal dose-response model.

Chemotaxis Assay— The migration of CD4" T cells was per-
formed in 96-well transwell chambers (5-um pore size; Costar,
Corning, NY). The lower compartment of the chambers was
loaded with serial dilutions of MCP-1/CCL2, MIP-18, or
SDE-1a in Dulbecco’s modified Eagle’s medium/F-12 supple-
mented with 0.1% BSA. The upper compartment was loaded
with 5 X 10” cells preincubated or not with specific antagonists
(300 nm). Migration was stopped after 1 h, and cells in the lower
chamber were counted by using the ATPlite luminescence
assay kit (PerkinElmer Life Sciences). The results are expressed
as chemotaxis index (i.e. the ratio of cells migrating in response
to the chemoattractant over cells migrating toward the medium
alone).

Air Pouch Assay—The air pouch assay was performed on
7-week-old BALB/c mice. On days 1 and 3, 3 ml of sterile air was
injected under the back skin to create the pouch. On day 6, mice
were divided in groups and received an intraperitoneal injec-
tion of 0.5 ml of PBS containing or not containing TAK-779 or
AMD-3100 (10 mg/kg). Thirty minutes later, SDF-1a (2 pg)
was injected into the pouch, alone or together with TAK-779 or
AMD-3100 (10 mg/kg). Four hours later, the mice were killed in
a CO, chamber, and the air pouch was washed. The leukocytes
were collected, counted, and characterized by flow cytometry.
All experimental procedures with animals were conducted
according to standard ethical guidelines and approved by the
local ethical committee (number 222N- LA1230332).

RESULTS

Homo- and Hetero-oligomerization of CXCR4, CCRS, and
CCR2—W e investigated by BRET experiments the ability of
CXCR4 to interact with CCR5 in living cells. A significant
energy transfer was observed between CXCR4-hRLuc and
CCR5-EYFP as well as between CCR5-hRLuc and CXCR4-
EYFP (Fig. 1). As a control for its specificity, the GABAbR2
receptor fused to full-length EYFP was used, which led to a
lower energy transfer. When considering the energy transfer
between CCR5-hRLuc and CXCR4-EYFP, the addition of che-
mokine led to an increase of BRET . of about 50% (p < 0.05)
and to a 2—4-fold increase of BRET,, (p < 0.05 and p < 0.001,
respectively). In contrast, no significant BRET changes were
detected between CXCR4-hRLuc and CCR5-EYFP upon che-
mokine stimulation (supplemental Table S1). In keeping with
our previous studies, these results show that CCR2, CCR5, and
CXCR4 form homomers as well as heteromers with one
another, raising the question of their natural organization at the
surface of immune cells endogenously expressing these three
receptors.
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FIGURE 1. Heterodimerization of CCR5 and CXCR4 as measured by BRET.
HEK 293T cells were transfected with a constant amount of the CCR5-hRLuc
fusion and increasing amounts of the CXCR4-EYFP fusion (A) or a constant
amount of the CXCR4-hRLuc fusion and increasing amounts of the CCR2-
EYFP fusion (B), and heterodimerization of CCR5 and CXCR4 was investigated
by measuring the energy transfer between the two partners. Heterodimeriza-
tion was investigated in the absence of agonist (l; dotted curve) or 5 min after
the addition of 100 nm MIP-13 ((J), 100 nm SDF-1a (O), or 50 nm each MIP-183
and SDF-1« (@) at room temperature. As a control, an increasing amount of
GABADbR2-EYFP (<) was used as a BRET acceptor. All data points were per-
formed in triplicate (error bars indicate S.E.). The BRETs, and BRET,,,,, values
were calculated by nonlinear regression using a single-site saturation binding
model.

We next investigated the ability of these receptors to form
higher order oligomeric structures by using a luminescence
complementation BRET assay. The complementation assay is
based on the principle that split bioluminescent proteins, such
as RLuc, are not luminescent unless the two parts can reconsti-
tute a functional enzyme, as a result of the interaction of the
proteins to which they are fused (22). We recently used this
assay to demonstrate homo-oligomerization of the dopamine
D2 receptor (29). We generated CCR2, CCR5, and CXCR4
receptors fused at their C terminus with the L1 or L2 fragments
of RLuc8 (23) (i.e. CCR2-L1 and CCR2-L2, CCR5-L1 and
CCR5-L2, or CXCR4-L1 and CXCR4-L2). Coexpression of all
of any pair of constructs containing an L1 and L2 fusion led to
luminescence, consistent with interaction of the receptors
(supplemental Fig. S1). Co-expressing a constant amount of the
complementation constructs of each receptor with increasing
amounts of the receptors fused to full-length monomeric
Venus (24) led to specific and saturable BRET for each combi-
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FIGURE 2. Homo- and hetero-oligomerization of CCR2, CCR5, and CXCR4 as measured by a luminescence complementation BRET assay. A-C, the
interaction of a chemokine receptor dimer with a third receptor was monitored in HEK 293T cells transfected with a constant amount of CCR2-L1 and CCR2-L2
(A), CCR5-L1 and CCR5-L2 (B), or CXCR4-L1 and CXCR4-L2 (C) as a BRET donor (complemented RLuc) and an increasing amount of either CCR2-Venus (@),
CCR5-Venus (), CXCR4-Venus (O), or metabotropic glutamate receptor mGluR1-Venus (A) as the acceptor. The BRET signal resulting from the interaction
between the partners was recorded. D-F, detection of oligomers involving three different chemokine receptors. HEK 293T cells were transfected with a
constant amount of CCR5-L1 and CXCR4-L2 (O), CXCR4-L1 and CCR5-L2 (@), CCR2-L1 and CXCR4-L2 ([]), CXCR4-L1 and CCR2-L2 (M), CCR5-L1 and CCR2-L2 (»),
or CCR2-L1 and CCR5-L2 (A) as donor (complemented RLuc) and an increasing amount of CCR2-Venus (D), CCR5-Venus (E), or CXCR4-Venus (F) as a BRET
acceptor, and the BRET signal was recorded. As a control, an increasing amount of metabotropic glutamate receptor mGluR1-Venus (*) was used as a BRET
acceptor. All data points were performed in triplicate (error bars indicate S.E.). The BRET,, and BRET,,, values were calculated by nonlinear regression using a

single-site saturation binding model.

nation tested (Fig. 2, A-C). These results demonstrate that the
chemokine receptor “homodimers” identified by BiLC can
interact with at least one additional receptor of either the same
or different nature. In order to better understand the nature of
the oligomeric assemblies, we co-expressed constant amounts
of heteromeric split RLuc8 constructs (i.e. CCR2-L1 with
CCR5-L2, CCR2-L1 with CXCR4-L2, or CCR5-L1 with
CXCR4-L2) with increasing amounts of each of the receptors
fused to full-length monomeric Venus. Again, the results
showed a saturable BRET signal that was independent from the
nature of the receptor fused to the L1 and L2 fragments of RLuc
(Fig. 2, D-F). As a control for its specificity, the metabotropic
glutamate receptor mGluR1 fused to full-length monomeric
Venus was used in combination with the various constructs,
which led to a lower energy transfer (Fig. 2, A—F). Altogether,
these results show that the chemokine receptors CCR2, CCR5,
and CXCR4 form homo-oligomers as well as hetero-oligomeric
structures containing all three receptors.

Pharmacological Characterization of CHO-KI Cells Co-ex-
pressing CXCR4 and CCR5—With the aim of investigating the
pharmacological properties of CCR5/CXCR4 heteromers, we
constructed a CHO-K1 cell line stably co-expressing CXCR4
and CCR5 at about equimolar amounts. The parental cell line

NOVEMBER 6, 2009 +VOLUME 284 +NUMBER 45

expressing CXCR4 (B,,,.» 3.2 = 0.1 pmol/mg membrane pro-
teins) was used as the recipient for CCR5 co-expression. In
saturation binding assays, the B, . values of the selected cell
line were estimated to be 3.3 *= 0.4 pmol/mg proteins for
CXCR4 and 3.6 = 0.5 pmol/mg proteins for CCR5. Using mem-
branes prepared from these cells co-expressing CCR5 and
CXCR4, we observed a strong negative binding cooperativity
between the two receptor binding pockets, very similar to what
we reported previously for the CCR2/CXCR4 and CCR5/CCR2
heteromers (Fig. 3 and Table 1). The CXCR4 ligands (the che-
mokine agonist SDF-la and the chemical antagonist
AMD3100) were unable to inhibit *?*I-MIP-18 binding to
membranes prepared from cells expressing CCR5 alone, in
agreement with their reported specificity (Fig. 3C). Both ligands
were, however, able to inhibit '**I-MIP-1 binding with high
apparent affinity when CXCR4 and CCR5 were coexpressed
(Fig. 3D). Conversely, the CCR5-specific ligands (the chemo-
kine MIP-1 and the chemical antagonist TAK-779) competed
for '*’I-SDF-1a binding only in cells coexpressing both recep-
tors (Fig. 3, A versus B). The extent of the cross-competition
(~60%) is roughly compatible with the expected proportion of
receptors involved in the formation of heteromers, provided
the equal expression levels of the partners. Moreover, the
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FIGURE 3. Competition binding assays in cells co-expressing CCR5 and CXCR4. A-D, competition binding assays were performed on cells expressing CXCR4
(A), CCR5 (), or both receptors (Band D). Membranes were incubated with '2°I-SDF-1a or '2°I-MIP-18 as tracer and unlabeled MIP-13 (@), SDF-1« (O), TAK-779
(M), or AMD3100 ([]) as competitors. The data were normalized for nonspecific binding (0%), in the presence of 300 nm SDF-1a (A and B) or MIP-13 (Cand D),
and specific binding in the absence of competitor (100%). All points were run in triplicates (error bars indicate S.E.). The displayed data are representative of two
independent experiments. E-H, aequorin-based functional assay in cells co-expressing CCR5 and CXCR4. The functional responses of CHO-K1 cells expressing
CXCR4 (E), CCR5 (@), or both receptors (F and H) were measured using the aequorin-based functional assay. £ and F, cells were stimulated with SDF-1« (O),
SDF-1a + AMD3100 ([), or SDF-1a + TAK-779 (l). G and H, cells were stimulated with MIP-13 (@), MIP-13 + AMD3100 ([), or MIP-13 + TAK-779 (H).
Luminescence was recorded for 30 s. The results were normalized for base-line activity (0%) and the maximal response obtained with 25 um ATP (100%). The

displayed data are representative of three independent experiments. All points were run in triplicates (error bars indicate S.E.).

TABLE 1

Binding parameters of CHO-K1 cells expressing CCR5 and/or CXCR4
Binding parameters were measured on CHO-K1 cells expressing CCR5 and/or
CXCR4. The IC,, and percentage of inhibition were obtained from competition
binding experiments as displayed in Fig. 3. Values represent the mean * S.E. of at
least two independent experiments.

Cells Tracer Competitor 1C;, Inhibition
nm %

CCR5 125[-MIP-1B MIP-13 2.19 £ 0.57 100
TAK-779 246 =177 948 *+7.4

CXCR4 1251.SDF-1a SDF-1a 1.46 = 0.14 100
AMD-3100 2.03 £0.71 90.6 £5.3

CCR5 + CXCR4 '**I-MIP-18 MIP-1f3 2.21 £1.26 100
TAK-779  254%+022 925*15
SDF-1a 1,39+ 171 519=*6.7
AMD-3100 2.09 =126 36.7*0.1
CCR5 + CXCR4  '*°I-SDF-1a MIP-13 0.80 =0.85 59.8*25
TAK-779  1.75+ 205 65.0* 87

SDF-1a 0.35 = 0.07 100
AMD-3100 0.32+0.16 923 *7.1

cross-competition was observed both for agonist and antag-
onist molecules, suggesting that negative binding cooperat-
ivity across CXCR4/CCR5 hetero-oligomers does not
require receptor signaling or the promotion of an active
receptor conformation.

It is conceivable that the cross-competition might result
from a steric impact at the extracellular surface of one receptor
protomer on the other, although we showed this not to be the
case previously with another pair of protomers (10, 12). Using a
similar approach, we tested the impact on ligand binding of
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anti-CXCR4 and anti-CCR5 monoclonal antibodies targeted to
the extracellular surfaces of the receptors. Although the anti-
CXCR4 MABI173 prevented '*’I-SDF-1a binding to mem-
branes containing CXCR4 or the two receptors, it did not affect
12°1-MIP-1P binding. Similarly, the anti-CCR5 2D7 prevented
125]-MIP-1p binding but not '**I-SDF-1a binding (supplemen-
tal Fig. S2). In order to characterize further the negative binding
cooperativity between CXCR4 and CCR5, the rate of radioli-
gand dissociation from heterodimers was assayed in “infinite”
tracer dilution conditions as we have described previously (18).
The co-expression of CCR5 and CXCR4 in CHO-K1 cells dras-
tically increased the spontaneous dissociation rate of SDF-1«
(t, = 58.8 min versus t, > 200 min) and MIP-18 (t,, = 44.6 min
versus ti, > 200 min) (supplemental Fig. S3). Such changes in
basal dissociation rates were also detected when CCR2 was co-
expressed with CXCR4 but not following CCR2 and CCR5 co-
expression (12, 18). This accelerated dissociation probably
reflects conformational changes of the receptors according to
the partners with which they interact. We also showed that
specific CCR5 ligands (MIP-183 and TAK779) had no effect on
the dissociation of bound tracer from membranes containing
CXCR4 only. However, they slightly accelerated the dissocia-
tion of SDF-la from membrane co-expressing CXCR4 and
CCRS5 (t1, = 41.7 and 43.3 min, respectively; supplemental Fig.
S3B). Similarly, SDF-1a and AMD3100 promoted a faster dis-
sociation of MIP-18 when CCR5 and CXCR4 were co-ex-
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pressed (tiy, = 38.3 and 26.7 min, respectively; supplemental Fig.
S3D), indicating that ligand binding to one receptor in a hetero-
mer modifies further the conformation of the other.

Functional Properties of CHO-K1 Cells Coexpressing CXCR4
and CCR5—We next compared the functional response of cells
co-expressing CXCR4 and CCR5 to cell lines expressing only
CCR5 or CXCR4. Calcium mobilization following stimulation
by MIP-18 was similar for cells co-expressing both receptors or
expressing only CCR5 (Fig. 3, G and H). Similarly, the func-
tional response to SDF-1a was identical in CXCR4-expressing
cells whether CCR5 was co-expressed or not (Fig. 3, E and F).
Interestingly, co-stimulation by MIP-18 and SDF-la at
equimolar concentrations resulted in a functional response
similar to that produced by the single chemokines, consistent
with a lack of additivity. Finally, we investigated the effect of
specific CCR5 or CXCR4 antagonists in cells coexpressing both
receptors. In line with the binding data, we showed that the
specific CXCR4 antagonist AMD3100 antagonized CXCR4 but
also partially CCRS5 signaling (Fig. 3, F and H), whereas TAK-
779 inhibited CCR5 and also partially CXCR4 signaling (Fig. 3,
Fand H). The two antagonists, however, maintained their spec-
ificity when tested in cells expressing only CCR5 or CXCR4.
These results demonstrate the ability of antagonists to inhibit
the signaling of receptors on which they do not bind directly.

Functional Oligomerization of CCR2, CCRS5, and CXCR4 in
Native Cells—We next investigated whether the negative bind-
ing cooperativity could be demonstrated in cells endogenously
co-expressing CCR2, CCR5, and CXCR4. For that purpose,
human CD4™ T lymphocytes were isolated and activated with
anti-CD3 antibodies (OKT3) and interleukin-2. Specific **°I-
MCP-1, *I-MIP-18, and '?°I-SDF-la binding could be
detected on these cells, as demonstrated by the competition
achieved with the corresponding unlabeled chemokine, a
chemical antagonist, or specific blocking antibodies for each
receptor (Fig. 4, A-C). '**I-MCP-1 binding to CCR2 was inhib-
ited by MCP-1, MCP-3, and TAK779 but also partially by MIP-
18, SDF-1a, and AMD-3100, which are CCR5- and CXCR4-
specific ligands (Fig. 4A4). Similarly, '*’I-MIP-1f binding to
CCR5 was fully inhibited by CCR5 ligands but also partially
inhibited by CCR2 ligands (MCP-1 and MCP-3) or CXCR4
ligands (SDF-1a and AMD3100) (Fig. 4B). Finally, '*’I-SDF-1a
binding to CXCR4 was partially inhibited both by CCR2 and
CCR5 ligands (Fig. 4C). Altogether, these data suggest that neg-
ative binding cooperativity takes place between the binding
pockets of each receptor and that CXCR4/CCR5, CXCR4/
CCR2, and CCR2/CCR5 heteromers and probably CCR2/
CCR5/CXCR4 heteromers as well exist in native cells. We also
performed those experiments in purified blood monocytes and
reached similar conclusions regarding the negative binding
cooperativity among CCR2, CCR5, and CXCR4 (supplemental
Fig. S5, A-C).

We next performed competition experiments with human
CD4™" T lymphocytes prepared from a donor homozygous for
the A32 allele of CCR5 (Fig. 5). The CCR5A32 allele encodes a
truncated and nonfunctional CCR5 variant that is not trans-
ported to the cell surface (25, 26). Fluorescence-activated cell
sorting analysis and '*’I-MIP-1p binding confirmed that these
cells failed to express cell surface CCR5 (data not shown). In
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CCR5A32 T cells, MIP-18 was unable to compete for '*°I-
MCP-1 or ***I-SDF-1a binding to CCR2 and CXCR4 receptors,
respectively (Fig. 5, A and B). However, '*’I-MCP-1 binding to
CCR2 was still completely inhibited by CCR2 ligands and par-
tially inhibited by the CXCR4 agonist and antagonist. Similarly,
12°].SDF-1a binding to CXCR4 was still inhibited both by
CXCR4 and CCR2 ligands. These observations demonstrate
that the absence of functional CCR5 did not impair the negative
binding cooperativity between CCR2 and CXCR4 but com-
pletely abolished the cross-inhibition by CCR5-specific ligands.

We also investigated whether in native cells antagonists
could block the functional response of receptors to which they
do not bind by using an ex vivo chemotaxis assay (Fig. 4, D—F).
Cell migration of CD4™" T blasts toward MCP-1 or MIP-18 was
totally inhibited by TAK-779 but also partially inhibited by the
CXCR4-specific antagonist AMD3100 (Fig. 4, D and E). Simi-
larly, migration toward SDF-1a was fully blocked by AMD3100
and partially blocked by TAK-779 (Fig. 4F). CCR5A32 T cell
migration was observed toward SDF-1a and MCP-1 (Fig. 5, C
and D) but not MIP-18. The inhibition of SDF-1a-induced
migration by TAK-779 was less significant than for cells
expressing wild type CCR5 (Fig. 5F versus Fig. 4F). This is attrib-
uted to the exclusive effect of TAK-779 through CCR2 in the
absence of functional CCR5. Functional cross-inhibition of
chemotaxis was also shown in monocytes (supplemental Fig.
S5, D—F). Altogether, these data indicate that CCR2, CCR5, and
CXCR4 heteromers exist in native cells and that negative bind-
ing cooperativity takes place between each of the receptors.
Importantly, these data also demonstrate that chemokine
receptor heteromerization results in a cross-inhibitory effect by
small molecule antagonists on the functional responses of
receptors on which they do not bind.

Cross-inhibition of Cell Recruitment in Vivo—Finally, we
investigated using the air pouch model in mice whether antag-
onists could also cross-inhibit cell migration in vivo. Air
pouches were raised on the back of BALB/c mice, and an injec-
tion of PBS containing or not containing TAK-779 or
AMD3100 was made into the air pouches. Thirty minutes later,
SDE-1a was injected into the pouches, and recruitment was
performed for 4 h. Leukocytes were collected, counted, and
characterized by flow cytometry (Fig. 6). Injection of PBS only
or PBS containing TAK-779 and AMD3100 induced a basal
recruitment of cells co-expressing CXCR4 and CCR5, such as
CD11c*/I-A-IE" dendritic or CD3"/CD4™ T cells. The injec-
tion of SDF-1a induced a stronger cell recruitment that was
completely inhibited by preinjection of the CXCR4-specific
antagonist AMD3100. In line with the in vitro and ex vivo bind-
ing experiments and ex vivo cell recruitment assays, preinjec-
tion of the CCR2 and CCR5 antagonist TAK-779 also strongly
blocked the recruitment of cells into the pouch. Altogether,
these data show that TAK-779 inhibits the CXCR4-dependent
cell recruitment in vivo.

DISCUSSION

Chemokine receptors play a key role in the pathogenesis of
autoimmune diseases, inflammation, and viral infection. Sev-
eral approaches are currently being pursued with the aim of
blocking the deleterious effects of specific chemokines, includ-
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FIGURE 4. Competition binding and chemotaxis assays on CD4* lymphoblasts. Competition binding assays were performed on CD4™" lymphoblasts by
using '?°I-MCP-1 (A), "*°I- MIP-1 (B), or '**I-SDF-1« (C) as tracer and chemokines (300 nm), antagonists (300 nm), and monoclonal antibodies (10 wg/ml) as
competitors. The data were normalized for nonspecific binding (0%) and specific binding in the absence of competitor (100%). Statistical significance as
compared with the 100% values was tested by two-way analysis of variance followed by Tukey’s test (***, p < 0.001). The displayed data are the mean of five
independent experiments performed with lymphoblasts prepared from five different donors. All data points were performed in triplicate (error bars indicate
S.E.).D-F,CD4™" lymphoblasts were either left untreated (M) or exposed to 300 nm TAK779 (C]) or AMD3 100 (®) for 30 min, and the chemotactic response of cells
to MCP-1 (D), MIP-1p (E), or SDF-1« (F) was determined. The data are representative of three independent experiments. All points were run in duplicates (error

bars indicate S.E.).

ing the development of small molecule antagonists, the design-
ing of N-terminally modified chemokines, and the generation
of blocking antibodies (1, 2). However, the complexity and the
functional redundancy of the chemokine system have repre-
sented significant hurdles in this development. Moreover,
recent studies showing that the pharmacological properties of a
given receptor subtype can be influenced by the array of its dimer-
ization or oligomerization partners adds a layer of complexity to
this system. There is, therefore, an urgent need for a better under-
standing of receptor organization at the surface of immune cells
and how this organization influences receptor function.

We showed using BRET assays that the chemokine recep-
tors CCR5 and CXCR4 form both homo- and heteromers in
living cells. These results are in perfect agreement with two
recent FRET studies (16, 21) but contradict a previous BRET
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study claiming that CXCR4 was not able to heteromerize
with CCR5 (8).

The parameters of energy transfer (BRET,, and BRET )
for the CCR5/CXCR4 interaction were in the same range as
those reported for CCR2/CXCR4 and CCR2/CCR5 heteromers
(Table S2) (10, 12). The BRET ., value for the CXCR4/CXCR4
interaction was 10-fold higher than that obtained for CXCR4/
CCR2 or CXCR4/CCR5 interactions. Such a high BRET signal
was previously reported in the study of Percherancier et al. (11)
and might indicate either a higher propensity of CXCR4 to
dimerize or a more efficient energy transfer between CXCR4-
linked BRET probes, resulting from the relative positioning of
the energy donor and acceptor.

Stimulation by specific chemokine agonist influences BRET
energy transfer between CCR5 and CXCR4 in a manner that
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FIGURE 5. A and B, competition binding and chemotaxis assays on CCR5A32
CD4" lymphoblasts. Competition binding assays were performed on CD4"
lymphoblasts by using '2*I-MCP-1 (A) or '**I-SDF-1a (B) as tracer and chemo-
kines (300 nm), antagonists (300 nm), and monoclonal antibodies (10 wg/ml)
as competitors. The data were normalized for nonspecific binding (0%) and
specific binding in the absence of competitor (100%). All data points were
performed in triplicate (error bars indicate S.E.). Cand D, CD4* lymphoblasts
were either left untreated (@) or exposed to 300 nm TAK779 (H) or AMD3100
() for 30 min, and the chemotactic response of cells to MCP-1 (C) or SDF-1«
(D) was determined. The data are representative of three independent exper-
iments. All points were run in duplicates (error bars indicate S.E.).

depends on the relative position of energy transfer donor and
acceptor. This feature was reported for other chemokine recep-
tor heteromers (11, 12) and attributed to conformational
changes reflected differently according to the structural partic-
ularities of each receptor-probe chimera used in the assay. It is
now widely accepted that BRET changes upon ligand stimula-
tion more likely reflect conformation changes rather than
dimer association or dissociation.

Furthermore, we showed, using luminescence complemen-
tation BRET, that these receptors can also form higher order
homo- and hetero-oligomeric structures, containing at least
three receptors at the same time. To our knowledge, this is the
first demonstration of hetero-oligomerization of three different
chemokine receptors. In line with the classical BRET assay, a
much higher BRET . value was obtained for CXCR4 homo-
oligomers. Chemokine receptors might thus be part of large
oligomeric complexes reminiscent of the rhodopsin arrays
observed by atomic force microscopy in photoreceptors (27,
28) and recently demonstrated for the D2 dopamine receptor
(29). Such arrays might also include other chemokine receptors
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as well as other GPCRs or even other classes of membrane pro-
teins. The exact three-dimensional organization of chemokine
receptor oligomers is not known precisely. It was proposed by
Guo et al. (29) that the D2 dopamine receptor forms homo-
oligomers through at least two distinct contact interfaces
involving TM4 and TM1 plus helix 8. Oligomerization of
GPCRs implies the existence of multiple receptor interfaces,
but whether these interfaces are similar in different receptor or
even in homo- and hetero-oligomers remains to be determined.

Using recombinant cells, we showed that co-expression of
any two of these receptors results in strong negative binding
cooperativity (i.e. the specific ligands of one receptor inhibit the
binding of a radiolabeled chemokine to the other). We hypoth-
esize that such negative binding cooperativity is a direct conse-
quence of allosteric modulation across the receptor heteromer
interface. Negative cooperativity was also observed in native
leukocyte populations, such as CD4 ™ lymphoblasts and mono-
cytes, which endogenously express the three receptors. Nega-
tive binding cooperativity was monitored for antagonists in
recombinant systems and native cells, and in both intact cells
and membrane fractions (supplemental Fig. S4). These obser-
vations support the view that negative binding cooperativity
does not require classical intracellular signaling or the induc-
tion of a fully active conformation in the ligand-bound receptor.
These experimental data do not support a recent model pro-
posed by Chabre et al. (30) suggesting that cooperativity is
dependent of protein-G availability. Given our similar pharma-
cological observations in recombinant systems expressing sev-
eral receptors and in native cells, we infer that oligomerization
of chemokine receptors also occurs in native cells. However, the
formal demonstration of such organization in leukocytes will
be much more difficult to achieve by biophysical means. Our
results also showed that the cooperativity between the bind-
ing sites of chemokine receptors is not an artifactual conse-
quence of their overexpression in recombinant systems and
that recombinant cells constitute adequate models for study-
ing the pharmacological consequences of receptor homo-
and heteromerization.

We also showed that in leukocytes derived from a CCR5 A32/
A32 donor, MIP-18 had no effect on the binding of MCP-1 and
SDEF-1a, demonstrating that the expression of functional CCR5
at the cell surface is essential for mediating the negative coop-
erative effects of CCR5 ligands. In contrast, the negative bind-
ing cooperativity between CCR2 and CXCR4 was still observed
in these cells, demonstrating that the lack of CCR5 did not
disrupt the oligomerization status of the two other receptors.
These results support the existence of a complex organization
of chemokine receptor oligomers at the surface of primary leu-
kocytes, depending on their relative expression levels and their
affinity for one another.

Importantly, we showed both in recombinant cell lines and in
primary leukocytes that specific antagonists of one receptor
inhibit the binding of chemokines to the others, apparently as a
consequence of their heteromerization. This heterologous
binding inhibition resulted in significant impairment of cal-
cium mobilization and cell chemotaxis. These results illustrate
how the pharmacological properties of a given molecule can be
influenced by the range of dimers/oligomers in which its target
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FIGURE 6. In vivo cell recruitment assay (air pouch). Air pouches were raised on the backs of 7-week-old BALB/c mice. Mice were given an injection into the
pouches of 0.5 ml of PBS containing or not TAK-779 or AMD3100 (10 mg/kg). Thirty minutes later, SDF-1a (2 ug in 0.5 ml) was injected into the pouches. After
4 h, mice were killed, and the cells recruited to the pouches were collected and counted. A, graph showing the amount of cells collected from the pouchin a
representative experiment. B-D, cell surface expression of CCR5 and CXCR4 and leukocyte populations were determined by fluorescence-activated cell sorting
analysis. The recruitment index corresponds to the number of cells recruited divided by the number of cells collected after PBS injection alone. Statistical
significance as compared to the SDF-1« condition was tested by two-way analysis of variance followed by Tukey’s test (**, p < 0.01; ***, p < 0.001). The
displayed data are the mean of three different experiments performed with a total of 10-17 mice (error bars indicate S.E.).

receptor is involved, which will depend on the potential part-
ners coexpressed in the same cells. Using the air pouch model in
mice, we established that the cross-inhibition by antagonists
has major consequences on the migration of cells in vivo. We
showed that the CCR2 and CCR5 antagonist TAK-779 inhibits
both lymphocyte and dendritic cell recruitment into the pouch
in response to SDF-1a-induced stimulation of CXCR4. In line
with the binding and the ex vivo chemotaxis experiments, this
experiment demonstrates that TAK-779 inhibits CXCR4
receptor function in vivo although it does not bind to CXCR4 or
inhibit its activity when this receptor is expressed alone. These
results provide further support that small molecule antagonists
can inhibit the function of receptors on which they do not bind
directly, as the result of heteromerization, with important
implications for the activities of chemokine receptor antago-
nists in vivo (31).

Although the exact molecular mechanisms underlying this
regulation remain unknown, they probably involve a concerted
conformational change of the antagonist target and the associ-
ated receptors. In this context, it should be noted that
AMD3100 and TAK-779 were shown to display weak agonist
and inverse agonist properties, respectively (32, 33), indicating
that these molecules indeed affect the conformation of their
respective targets. It is not yet known whether cross-inhibition
will be a property shared by all antagonists of these receptors or
restricted to some molecules only. Detailed functional testing
of a larger range of antagonists will be required to address this
issue. It seems, however, that antagonists might affect the con-
formation of heterodimers through different mechanisms. For
instance, selective antagonists of the 8-opioid receptor were
shown to modulate the pharmacology of the u-opioid receptor
by increasing the number of binding sites and enhancing the
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receptor signaling (34, 35). In another study, Ellis et al. (36)
showed that antagonists of the cannabinoid CB1 and orexin-1
receptors regulate the cellular localization and the function of
receptors.

It should be noted that both in recombinant systems and in
primary leukocytes, the inhibition of the functional responses
appears more important than the 50% inhibition of ligand bind-
ing. This observation suggests that the functional interaction
between receptor units could extend beyond the direct alloster-
ic interaction within heteromers. It could, for instance, involve
the propagation of conformational changes to additional recep-
tor dimers as a result of oligomerization or protomer exchange,
thereby affecting the binding and functional properties of these
receptors. This model could explain some of the data showing
the ability of unlabeled ligands to promote the complete disso-
ciation of prebound chemokines from cells co-expressing two
receptors, whereas in competition binding assays at equilib-
rium, only a fraction of the specific binding is inhibited by the
same (10, 18). However, we cannot exclude formally the possi-
bility of cross-talk between downstream signaling events as
contributing to the inhibition of the functional response of
receptors.

The heteromerization of GPCRs in general and chemokine
receptors in particular has important implications in the field of
drug development and in understanding receptor function in
native environments. Antagonist molecules characterized as
selective for one receptor may in fact inhibit the functional
response of other receptors in the same leukocyte. Cross-inhi-
bition may imply either an increased therapeutic benefit, as a
result of the partial blockade of other receptors contributing to
an inflammatory process, or lead to development of unexpected
and detrimental side effects. Future evaluation of the therapeu-
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tic benefit of targeting chemokine receptors or other GPCR
classes will therefore have to consider the existence of oli-
gomerization, which will greatly influence the practice of mod-
ern pharmacology.
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