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ABSTRACT 

It is well established that most G protein-coupled receptors are able to form homo- and 

heterodimers, although the functional consequences of this process often remain unclear. 

CCR5 is a chemokine receptor that plays an important role in inflammatory diseases, and acts 

as a major co-receptor for human immunodeficiency viruses (HIV). CCR5 was previously 

shown to homodimerize and heterodimerize with CCR2b, a closely related receptor. In the 

present study, we have analyzed the functional consequences of this dimerization process, in 

terms of ligand binding, stimulation of intracellular cascades and internalization. BRET and 

co-immunoprecipitation assays demonstrated that CCR5 and CCR2b heterodimerize with the 

same efficiency as they homodimerize. In contrast to what has been reported earlier, no 

cooperative signaling was observed following co-stimulation of the two receptors by their 

respective ligands. However, we observed that CCR5-specific ligands which are unable to 

compete for MCP-1 binding on cells expressing CCR2b alone, efficiently prevented MCP-1 

binding when CCR5 and CCR2b were co-expressed. The extent of this cross-competition 

was correlated with the amount of CCR5 expressed in cells, as determined by FACS analysis. 

Similar observations were made for the CCR2b-selective ligand MCP-1, that competed 

efficiently for MIP-1β binding on cells expressing both receptors. Internalization assays did 

not allow us to demonstrate co-internalization of the receptors in response to agonist 

stimulation. Taken together, our observations suggest that CCR5 and CCR2b form homo- 

and heterodimers with similar efficiencies, and that a receptor dimer can only bind a single 

chemokine. 
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INTRODUCTION 

G protein-coupled receptors (GPCRs) were in the past considered as acting as monomers. 

However, dimerization has recently been described for a number of GPCRs, and it is 

presently well accepted that most, if not all GPCRs, are able to form homodimers. 

Heterodimers have been described as well for a growing number of receptors. In a few 

situations, dimerization was shown to be essential for receptor trafficking and functional 

response (Kaupmann et al., 1998; White et al., 1998), or to generate a binding site with a 

distinct pharmacology, as compared to the monomeric (or homodimeric) receptors 

(Kaupmann et al., 1998). In most other instances however, the significance of the hetero-

dimerization process observed in artificial conditions of heterologous overexpression has not 

been established, and the functional consequences of this process remains obscure. 

CCR5 is a member of the chemokine receptor family that binds MIP-1α (CCL3), MIP-1β 

(CCL4), RANTES (CCL5), MCP-2 (CCL8) and a truncated form of HCC-1 (CCL14) with 

high affinity (Blanpain et al., 1999). CCR5 shares 75% identity with another chemokine 

receptor, CCR2b. Most of the amino-acid differences are located within the extracellular 

domains and in the C-terminal, intracellular, tail. Within their predicted transmembrane 

segments, CCR5 and CCR2b share 91% identity. The CCR5 and CCR2b genes are located as 

a head to tail array in the CC-chemokine receptor cluster, in the p21 region of the human 

genome, and result presumably from a relatively recent duplication (Samson et al., 1996). 

Yet, the pharmacology of the two receptors is clearly different, as CCR2b does not bind MIP-

1α, MIP-1β, and RANTES, but binds MCP-1 (CCL2) with high affinity. MCP-2 is shared by 

the two receptors. The ligand binding specificity of these two receptors has been mapped to 

the extracellular domains, particularly the second extracellular loop, in agreement with the 

sequence variability found in these regions. In addition to its role as a chemokine receptor 
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involved in the recruitment of leukocytes in a number of pathological situations (rheumatoid 

arthritis, graft rejection, neurodegenerative diseases, ...), CCR5 also constitutes the major co-

receptor for macrophage-tropic strains of human immunodeficiency virus (HIV), which 

allows, together with CD4, binding of the viral particles to the cell surface through its 

envelope protein gp120, triggering the membrane fusion process (Berger et al., 1999; Gerard 

and Rollins, 2001). The presence in human populations of non-functional CCR5 genes, 

particularly the ∆32 allele, which encodes a truncated variant retained in the secretory 

pathway, and providing to its carriers an almost complete resistance to HIV, have highlighted 

the essential and non redundant role of this receptor in HIV entry (Samson et al., 1996; Liu et 

al., 1996; Dean et al., 1996; Smith et al., 1997; Michael et al., 1997). CCR2b and MCP-1 

were shown to play a significant role in the development of atherosclerotic lesions (Boring et 

al., 1998). As other chemokine receptors, CCR5 and CCR2b are coupled to the Gι class of 

heterotrimeric G proteins, and they inhibit adenylyl cyclase, promote intracellular calcium 

mobilization, stimulate the MAP-kinase pathways, and promote actin cytoskeleton 

remodeling and chemotaxis. 

As other receptors belonging to the same family, CCR5 and CCR2b were shown to homo-

oligomerize (Rodriguez-Frade et al., 1999; Villa-Coro et al., 2000; Issafras et al., 2002), 

using a variety of techniques, including immunoprecipitation and fluorescence (FRET) or 

bioluminescence resonance energy transfer (BRET) techniques. CCR5 and CCR2b were also 

reported to form heterodimers (Mellado et al., 2001; Hernanz-Falcon et al., 2004). However, 

there are conflicting reports regarding the influence of receptor activation on the dimerization 

process, and the functional consequences of receptor dimerization. Some studies have 

reported agonist-induced dimerization (Rodriguez-Frade et al., 1999; Mellado et al., 2001) , 

while no effects of ligands were observed in others (Benkirane et al., 1997; Issafras et al., 

2002). A study suggested that CCR5-CCR2b heterodimerization increased the sensitivity and 
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dynamic range of the chemokine response (Mellado et al., 2001). No modification of the 

binding properties of CCR5 or CCR2b, as a consequence of the dimerization process, has 

however been described so far, nor for other chemokine receptors. 

Both CCR2b and CCR5 are expressed on memory T lymphocytes and the monocyte-

macrophage lineage (Frade et al., 1997, Rabin et al., 1999; Murphy et al., 2000). If 

heterodimerization between these receptors has functional consequences, either on the 

pharmacological binding profile, the signaling efficacy, or other aspects of receptor function, 

such as internalization or recycling, it might have important implications in the physiology of 

leukocyte recruitment, the development of a variety of human diseases, and the therapeutic 

approaches targeting these receptors. We have therefore investigated the homo- and hetero-

dimerization properties of CCR5 and CCR2b, as well as its functional consequences, in order 

to clarify the conflicting reports in the recent literature.  
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MATERIEL AND METHODS 

Antibodies 

The anti-CCR5 monoclonal antibodies 2D7 and 2D7-PE were obtained from Invitrogen, 

and MC-5 was kindly provided by Mathias Mack (Munich, Germany). The CCR2 antibodies 

Doc-2, Doc-3 and Doc-4 were provided by Mathias Mack, 1D9 was a gift from Millennium 

Pharmaceuticals, SC-20 was purchased from Santa Cruz Biotechnology, and N20-PE from 

R&D Systems.  

Cell lines and leucocytes populations 

CHO-K1 cells were cultured in Ham’s F12 medium supplemented with 10% fetal calf 

serum (Invitrogen), 100 U/ml penicillin, 100 µg/ml streptomycin (Invitrogen), 250 µg/ml 

zeocin (Invitrogen). The CCR2b coding sequence was cloned between the BamHI and XbaI 

sites of the bicistronic expression vector pEFIB3, as described (Samson et al., 1996; 1997). 

The pEFIB3-CCR2b construct was transfected by lipofection into a CHO-K1 cell line 

expressing apoaequorin and Gα16, or the same cell line expressing the wild-type CCR5 

receptor (Blanpain et al., 1999). Cells expressing CCR2 were selected by 10 µg/ml 

blasticidine (Invitrogen) for 14 days and further maintained in the presence of 5 µg/ml 

blasticidine. Cells expressing CCR5 were maintained in the presence of 400 µg/ml G418 

(Invitrogen). The population of CHO-K1 cells coexpressing CCR5 and CCR2b were cloned 

by limiting dilution and the resulting clones were characterized by flow cytometry analysis 

and 125I-MIP-1β and 125I-MCP-1 saturation binding assays. Clones expressing different levels 

of receptors were selected on this basis. Human peripheral blood lymphocytes (PBL) were 

isolated from buffy coats of healthy blood donors by centrifugation on Ficoll. CD4+ T 
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lymphocytes were then isolated by negative selection by using a magnetic bead cell sorting 

kit (Milteny Biotec 130-091-155). Following this procedure, CD4+ blasts were generated by 

incubating the lymphocytes with a plate-coated anti-CD3 antibody (1:1000) and a soluble 

anti-CD25 (1:1000) antibody for three days. Cells were maintained in a medium 

supplemented with recombinant human IL-2 (2 ng/ml, R&D Systems) for an additional 

period of seven days. Throughout the culture period, the cell density was kept around 2 x 106 

cells/ml by appropriate dilution. 

Immunoprecipitation assays 

Cells expressing the receptor(s) were washed with ice-cold PBS, harvested and lysed in a 

solubilization buffer containing 1% Cymal-5 as described (Mirzabekov et al., 1999). G-

Sepharose beads were preincubated for 4 hours at 4°C with the anti-CCR5 or anti-CCR2b 

antibodies, and the cell lysates were incubated overnight at 4°C with the beads. The beads 

were then washed three times in the solubilization medium, pelleted, resuspended in an equal 

volume of SDS-PAGE sample buffer and incubated for 1 h at 55°C under slow agitation, 

before being loaded on 10% SDS-polyacrylamide gels. Proteins were electrotranferred to 

nitrocellulose membranes, and free binding sites were blocked by incubation in Tris-HCl 

buffered saline containing 0.1% Tween 20 and 5% nonfat dry milk. CCR5 and CCR2b were 

detected by using MC5 (1/1000), SC20 (1/200) or 1D9 (1/1000) monoclonals, followed by 

horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (MC5 and 1D9) or donkey 

anti-goat IgG (SC-20) antibodies, and visualized by chemiluminescence (Lumilight+ Western 

blotting kit, Roche Molecular Biochemicals). 
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Binding assays 

Cells expressing receptors were grown near to confluence, collected from plates in Ca2+- and 

Mg2+-free PBS, centrifuged for 5 min at 1500 g and washed with PBS. Cells resuspended in 

buffer A (15 mM Tris-HCl pH 7.5, 2 mM MgCl2, 0.3 mM EDTA, 1 mM EGTA) and 

homogenized in a glass homogenizer. The homogenates were first centrifuged for 5 min at 500 g 

and the resulting supernatants at 40,000 g for 30 min at 4°C. The cell membrane pellet was 

washed in buffer A, and resuspended in buffer B (75 mM Tris-HCl pH 7.5, 12.5 mM MgCl2, 0.3 

mM EDTA, 1 mM EGTA, 250 mM sucrose) at a protein concentration of approximately 1 

mg/mL. Protein content was assayed using the bicinchoninic acid reagent (Pierce) with bovine 

serum albumin as a standard. Crude membrane fractions were stored at –80°C before use. 

Saturation binding experiments were carried out in Minisorb tubes (Nunc) in 0.1 ml final volume 

of assay buffer (50 mM Hepes pH 7.4, 1 mM CaCl2, 5 mM MgCl2, 0.5% BSA), containing 2 µg 

membrane proteins and increasing concentrations of 125I-MIP-1β or 125I-MCP-1 (specific activity 

2200 Ci/mmol, Amersham). Total binding was measured in the absence of competitor, and 

nonspecific binding was measured with a 100-fold excess of unlabeled ligand. For competition 

binding experiments, the assay buffer was supplemented with 0.2 nM of 125I-MIP-1β or 0.1 nM 

of 125I-MCP-1 as tracers and with variable concentrations of MIP-1β, MIP-1α, RANTES, MCP-

1, MCP-2, or the 2D7 or Doc-4 monoclonal antibodies as unlabeled competitors. Samples were 

incubated for 90 min at 27 °C, and then bound tracer was separated by filtration through GF/B 

filters presoaked 0.5% polyethylenimine. Filters were counted in a β-scintillation counter. 

Binding parameters were determined with the PRISM software (Graphpad Softwares) using 

nonlinear regression applied to a single site, or two sites, binding model. The software compared 

the sum-of-square and the degree of freedom of each regression by using the F test, and selected 

the most appropriate equation.  
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Intracellular calcium mobilization assay 

The functional response to chemokines was analyzed with an aequorin-based assay as 

previously described (Blanpain et al., 1999). Briefly, cells were harvested from plates with Ca2+- 

and Mg2+-free DMEM supplemented with 5 mM EDTA and centrifuged for 2 min at 1000 g. 

The pellet was resuspended in DMEM at a density of 5 x 106 cells/ml, and incubated for 4 h in 

the dark in the presence of 5 µM coelenterazine H (Promega Corporation). Cells were then 

diluted 5-fold before use. Variable concentrations of chemokines in a volume of 50 µl of 

DMEM were added to 50 µl of cell suspension (25,000 cells) per well. Luminescence was 

measured for 30 sec in an EG&G Berthold luminometer (PerkinElmer Life Sciences). Half-

maximal effective concentrations (EC50) were determined with the GraphPad Prism software 

using nonlinear regression applied to a sigmoidal dose-response model. The reported values are 

the mean ± S.E.M. of at least three independent experiments. 

BRET assays 

The cDNAs encoding EYFP and a humanized form of Renilla luciferase were fused in 

frame to the 3' end of CCR5 and CCR2b cDNAs in the pcDNA3.1 vector, as described 

previously (Issafras et al., 2002). A BRET protocol adapted to cell monolayers was 

developed (Urizar Andrieu et al., will be described in details elsewhere). Briefly, human 

embryonic kidney (HEK-293) cells, maintained in DMEM supplemented with 10% fetal 

bovine serum, were seeded at a density of 3 × 106 cells per 100-mm plates. The next day, the 

cells were transfected by the calcium phosphate precipitation method, using a constant 

amount of plasmid DNA but various ratios of plasmids encoding the fusion protein partners 

(Jordan et al., 1996). The different combinations tested were CCR5-hRluc with CCR5-EYFP 

and CCR2b-hRluc with CCR2b-EYFP for homodimerization studies, and CCR5-hRluc with 

CCR2b-EYFP and CCR2b-hRluc with CCR5-EYFP for heterodimerization studies. The 
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empty vector pcDNA3.1 was used as carrier when necessary. A control corresponding to 

mock-transfected cells was included in order to subtract the raw basal luminescence from the 

data. Twenty-four hours after transfection, the cells were collected, resuspended in the same 

medium without phenol red at a density of 300,000 cells/ml and distributed in 96-well optical 

bottom plates (Nunc, 30.000 cells/well).  

Forty-eight hours after transfection, the medium was replaced by BRET buffer (PBS 

containing 1 mM CaCl2, 1 mM MgCl2 and 1% glucose). The expression of the EYFP fusion 

proteins was estimated by measuring the fluorescence of the cells at 535 nm following 

excitation at 485 nm, using a Mithras LB 940 Multilabel Reader (Berthold). Fluorescence 

was recorded as fold over background (mock-transfected cells). The cells were incubated for 

15 min with 2.5 µM coelenterazine H (Promega), and luminescence of luciferase was 

recorded at 1, 5, 10, and 15 minutes. In parallel, BRET was measured as the fluorescence of 

the cells at 535 nm at the same time points. The BRET ratio is defined as [(emission at 510–

590)/(emission at 440–500)] – Cf where Cf corresponds to (emission at 510–590)/(emission at 

440–500) for the -hRluc construct expressed alone in the same experiment. 
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RESULTS 

Characterization of cell lines expressing CCR5 and CCR2b  

In order to characterize CCR5/CCR2b dimerization, CHO-K1 cell lines stably co-

expressing CCR5 and/or CCR2b were isolated and analyzed for the level of expression of the 

two receptors at the cell surface by FACS, using receptor-specific monoclonal antibodies, 

and by saturation binding assays using respectively 125I-MIP-1β and 125I-MCP-1 as tracers 

(data not shown). Four cell lines were selected for the different studies performed in the 

present work. A parental CCR5-expressing CHO-K1 cell line (C5) was previously 

characterized as expressing about 2.7 pmoles/mg membrane proteins in binding assays 

(Blanpain et al., 1999). This cell line was used as the recipient for CCR2b co-expression, and 

two clones (C25-12 and C25-15) expressing both receptors were selected on the basis of 

FACS and binding assays. FACS analysis did not discriminate between the parental line and 

the two daughter lines in terms of CCR5 expression. In a 125I-MIP-1β saturation binding 

assay, the Bmax was estimated to 2.9 pmoles/mg proteins for clone C25-12 and 3.4 pmoles/mg 

proteins for clone C25-15. CCR2b expression was determined by 125I-MCP-1 saturation 

binding assay to 0.62 pmoles/mg proteins for clone C25-12 and 2.4 pmoles/mg proteins for 

clone C25-15. As a control, a CCR2b-expressing CHO-K1 cell line (C2) established 

independently was characterized by a Bmax of 0.51 pmoles/mg proteins, similar to that of 

clone C25-12. FACS analysis, using anti-CCR2b mAbs, confirmed the relative expression 

level of this receptor in the three lines. The estimated KD of CCR5 and CCR2b for their 

respective ligands in binding assays (data not shown) was consistent with previously 

described values. The FACS analysis demonstrated that the clones were homogeneous in 

terms of receptor expression, and regular testing confirmed stable expression over time.   
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Co-immunoprecipitation of CCR5 and CCR2b and bioluminescence 

resonance energy transfer (BRET) assays 

We next investigated whether CCR5 and CCR2b associate with each other by conducting 

co-immunoprecipitation experiments with specific mAbs on whole-cell lysates. CCR2b 

immunoprecipitation by the Doc-2 mAb, followed by CCR2b immunodetection by the SC-20 

mAb confirmed binding and FACS data, by showing that clone C25-15 expresses more 

CCR2b than clone C25-12 (not shown). Immunodetection of CCR5 following CCR2b 

immunoprecipitation indicated that CCR5 was successfully co-precipitated with CCR2b, with 

a single immunoreactive band detected at 45 kDa. Co-immunoprecipitation of CCR5 was 

also observed when the Doc-2 monoclonal was added before lysis of the clone C25-12 cells 

(results not shown), demonstrating the association of CCR5 and CCR2b at the cell surface.  

In order to study the homo and heterodimerization of CCR5 and CCR2b in living cells, we 

applied the BRET technique. CCR5 and CCR2b were fused at their C-terminus with either 

luciferase (hRluc) or EYFP, and the constructs were co-transfected to assess homo- or hetero-

dimerization. As described previously (Issafras et al., 2002), energy transfer was observed 

between CCR5-hRluc and CCR5-EYFP, in a ligand-independent manner. A similar energy 

transfer was observed between CCR2b-hRluc and CCR2b-EYFP, as well as between CCR2b-

hRluc and CCR5-EYFP (Fig. 1B and C). In these cases as well, addition of ligands did not 

affect the energy transfer either positively or negatively (data not shown). The BRET50 value, 

which is considered to constitute a measure of the "affinity" between the two studied 

proteins, was found to be similar for CCR5-CCR5 (0.12 ± 0.04), CCR2b-CCR2b (0.26 ± 

0.11) and CCR5-CCR2b (0.09 ± 0.04) interactions. As controls, the thyrotropin receptor 

(TSHR) and GABAB2 receptor fused to EYFP were used in combination with CCR5-hRluc 

and CCR2b-hRluc. A much lower energy transfer was observed in these situations, with a 

slower saturation for which no reliable BRET50 could be determined (data not shown). 
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Aequorin-based functional assay 

CCR5 and CCR2b were previously described to act synergistically when co-expressed in 

the same cells. Indeed, it was reported that co-stimulation by ligands of both receptors 

(RANTES and MCP-1) resulted in the activation of the cells (calcium mobilization) for 

chemokine concentrations 10- to 100-fold lower than those necessary to activate cells 

expressing a single receptor (Mellado et al., 2001). We therefore repeated these experiments 

in our cell lines expressing one or the two receptors, by establishing detailed concentration-

action curves using the aequorin-based calcium mobilization assay. MCP-1 and RANTES 

alone induced calcium mobilization with EC50 consistent with earlier reports (Blanpain et al., 

1999). The values were not affected by the co-expression of the two receptors, as similar 

values were obtained for the lines expressing a single receptor or both (Fig. 2A, B, Table 1). 

Furthermore, the simultaneous stimulation by MCP-1 and RANTES did not modify 

significantly these values (Fig. 2A, B and C). Finally, we also showed that the sensitivity of 

Ca2+ signaling to Pertussis toxin was similar whether the receptors were expressed 

individually, co-expressed but stimulated individually or co-stimulated (data not shown). 

Therefore, our data do not support the cooperativity hypothesis among CCR5/CCR2b 

heterodimers, but rather an independent behavior of both receptors in terms of functional 

stimulation of intracellular cascades. 

Binding assays 

We next examined the ability of the ligands of each receptor to compete for 125I-MIP-1β 

and 125I-MCP-1 binding to membranes of cells expressing CCR5 and/or CCR2b. As 

expected, MIP-1α (not shown), MIP-1β, RANTES (not shown) and MCP-2 inhibited the 

binding of 125I-MIP-1β on membranes containing CCR5 alone (Fig. 3A), while MCP-1 

competed with a low affinity (IC50 = 212 nM), as previously described (Blanpain et al., 
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1999). Similarly, MCP-1 and MCP-2 competed for the binding of 125I-MCP-1 on membranes 

containing CCR2b alone (Fig. 4A), while MIP-1α (not shown), MIP-1β (Fig. 4A) and 

RANTES (not shown) were unable to compete, in agreement with the previously described 

pharmacology of the receptor (Charo et al., 1994). Unexpectedly however, modifications in 

the competition patterns were observed on membranes prepared from cell lines co-expressing 

CCR5 and CCR2b. In the 125I-MIP-1β binding assay, MIP-1α, MIP-1β, RANTES and MCP-

2 behaved similarly, but the apparent affinity of MCP-1 was considerably increased (Fig. 3B 

and C), and the profile of the curve for the C25-12 clone (Fig. 3B) suggested two binding 

sites with high and low affinities (IC50 of 0.5 and 150 nM respectively). The parameters of 

these high and low affinity sites correspond to the affinities of MCP-1 for respectively 

CCR2b and CCR5. However, the existence of two sites was barely detectable for the C25-15 

clone that expresses a higher level of CCR2b. Conversely, in the 125I-MCP-1 binding assay, 

competition by MCP-1 and MCP-2 was unaffected by CCR5 coexpression (Fig. 4B and C), 

while a significant competition by MIP-1α (not shown), MIP-1β (Fig. 4B and C) and 

RANTES (not shown) was now observed. The calculated IC50 obtained for clones c12 and 

c15 were similar to those obtained for these chemokines in the 125I-MIP-1β binding assay. 

However, the competition was incomplete, as it represented only 55% of the specific binding 

for clone c15 that expresses high levels of CCR2b, and 70% for clone c12 that expresses 

lower levels of this receptor. These results suggest therefore that ligands from one receptor 

are able to compete for the binding of the tracer on the other, in a manner that appears to 

correlate with the expected proportion of heterodimers. We showed that a truncated variant of 

RANTES, [10-68]-RANTES, that acts as a partial agonist on CCR5, and the N-terminally 

extended variant Met-RANTES, a CCR5 antagonist, were able to compete for MCP-1 

binding as efficiently as RANTES itself on cells co-expressing CCR5 and CCR2b (Fig. 5 and 

data not shown).  
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In order to investigate whether steric hindrance at the surface of the receptor might explain 

this observation, we tested in both binding assays monoclonal antibodies that bind to CCR5 

or CCR2b, and that were previously shown to prevent chemokine binding without activating 

the receptors (Lee et al., 1999; Springael et al. in preparation) The anti-CCR5 mAb 2D7, 

which is directed against the second extracellular loop of CCR5, prevented 125I-MIP-1β 

binding on membranes containing CCR5 or the two receptors, but did not affect binding of 

125I-MCP-1 (Fig. 6). Similarly, the anti-CCR2b mAb Doc-4, which recognizes a multi-

domain epitope of CCR2b (Springael et al., in preparation), prevented 125I-MCP-1 binding 

but not 125I-MIP-1β binding (Fig. 6). 

Finally, we tested whether such cross-competition could be demonstrated for cells that 

endogenously express CCR2b and CCR5 at physiological levels. We isolated human CD4+ T 

lymphocytes and activated them with an anti-CD3 antibody and IL-2, a procedure known to 

increase their CCR5 and CCR2b content. The relative expression of both receptors was 

monitored by FACS on each blast preparation. Using 125I-MCP-1 as a tracer, specific binding 

on CCR2b was obtained, and the anti-CCR2 mAb DOC3 inhibited this 125I-MCP-1 binding, 

demonstrating further its specificity (Fig. 7). In the same assay, the addition of 300 nM MIP-

1β inhibited about 25% of the specific 125I-MCP-1 binding (Fig. 7). These data suggest that 

CCR2b/CCR5 heterodimers do indeed exist in native cells and are therefore physiologically 

relevant. 
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DISCUSSION 

We have analyzed in the present work the dimerization properties of CCR5 and CCR2b 

and their functional consequences, following co-expression of the two receptors in a 

heterologous system. As previously reported by different groups, CCR5 is able to form 

homodimers, as determined by immunoprecipitation and BRET assays. CCR5 is also able to 

heterodimerize with CCR2b. The BRET50 values calculated for CCR5 homodimers, CCR2b 

homodimers or CCR5-CCR2b heterodimers are in the same range, suggesting that the 

propensity of a CCR5 receptor to associate with another CCR5 molecule, or with a CCR2 

receptor, is similar. As a consequence, the formation of homo- or heterodimers is expected to 

be strictly dependent on the level of expression of the two receptors in the cells. The derived 

BRET50 values suggest that homo- and heterodimerization would occur for levels of 

expression found in leukocytes. Heterodimerization between CCR5 and CCR2b was also 

confirmed by co-immunoprecipitation, although the low recovery of immunoprecipitated 

heterodimers, contrasting with the high BRET signal observed between the two receptors, 

suggests that most dimers dissociate during the immunoprecipitation procedure. 

In contrast to what was reported earlier (Mellado et al., 2001, Hernanz-Falcon et al. 2004), 

the homo- and heterodimerization process was found to be independent from agonist-induced 

stimulation of the receptors. While agonist-stimulation independent CCR5 homo-

oligomerization has been demonstrated previously (Benkirane et al., 1997, Issafras et al., 

2002), our experiments have shown here that CCR2b homodimers can also form in the 

absence of stimulation by agonists. The discrepancies between these various studies might 

partially be explained by the different experimental approaches used to demonstrate 

dimerization. The immunoprecipitation experiments performed by Mellado and co-workers 

(2001) reporting the strict requirement of a ligand for dimer detection were performed after 
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treatment with a cross-linking agent. FRET experiments performed by the same group failed 

to confirm the effect of agonists on CCR5 dimerization (Hernanz-Falcon et al., 2004). In our 

hands, the proportion of dimers following immunoprecipitation of CCR5 in the absence of a 

cross-linking agent, was not influenced by ligand treatment (unpublished observations). 

However, the low recovery of dimers suggest a dissociation of the complexes during the 

immunoprecipitation procedure. It is therefore possible that the presence of a chemokine 

ligand bound to a receptor dimer increases the efficiency of cross-linking (possibly by 

bridging the chemokine to both receptors), as compared to an unoccupied dimer. The 

consequence would be a higher recovery of dimers on gels, leading to the false interpretation 

that the agonist promotes dimerization. 

Synergistic effects have previously been suggested following co-stimulation of CCR5 and 

CCR2b expressed in the same cells (Mellado et al., 2001). We did not observe such a 

synergistic effect, as the functional responses obtained for low concentrations of CCR5 and 

CCR2b ligands were strictly additive when applied together. This is actually not surprising to 

us. If positive cooperativity was occurring within an CCR5/CCR2b heterodimers, similar 

cooperativity would be expected as well within CCR5 and CCR2b homodimers. The 

coactivation of both partners of an heterodimer by different chemokines, or the coactivation 

of the two partners of an homodimer by a single chemokine, would indeed result in a similar 

functional response. 

Binding assays led however to a previously unreported observation either in homo- or 

heterodimers. Cross inhibition of ligand binding was observed between CCR5 and CCR2b 

coexpressed in the same cell line. As this observation was made on membrane preparations, 

the involvement of intracellular cascades can be excluded. We therefore attribute these 

observations to the formation of heterodimers between CCR5 and CCR2b, as seen in BRET 

experiments. The partial competition observed in the 125I-MCP-1 binding assay for MIP-1α, 
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MIP-1β and RANTES was found to be correlated to the expected proportion of 

CCR5/CCR2b heterodimers. Indeed, on membranes from clone C25-15, that expresses equal 

amounts of CCR5 and CCR2b, the expected proportion of CCR2b molecules engaged in the 

formation of heterodimers is 50%, considering that no preference exists for the formation of 

homodimers. On this clone, CCR5-specific ligands competed for 55% of specific MCP-1 

binding. Clone C25-12 expresses CCR5 at a level about 5-fold higher than CCR2b, and the 

expected proportion of CCR2b molecules involved in heterodimers is in the range of 80%, in 

agreement with the higher level of competition observed in this situation (about 70 % of 

specific binding). The situation is similar in the 125I-MIP-1β binding assay, considering that 

MCP-1 is able to bind CCR5 with low affinity. Therefore, in co-expression conditions, full 

competition is observed for MCP-1, with a high affinity site corresponding to the indirect 

competition through the dimer, and a low affinity site corresponding to direct competition.  

Similar cross-competition takes place in native cells co-expressing both receptors at 

physiological levels. Indeed, MIP-1β was able to compete for 25% of specific 125I-MCP-1 

binding on human lymphoblasts. To our knowledge, this is the first evidence that 

CCR2b/CCR5 heterodimers do exist in native cells. The use of recombinant cells co-

expressing CCR2b and CCR5 for further characterization of the pharmacological properties 

of dimers constitutes therefore a valid model of the in vivo situation. 

Previous studies have reported modifications of the pharmacological profile of receptors 

following their co-expression with other receptors and the formation of heterodimers. 

Changes in the ligand-binding properties of the adenosine A1 and the purinergic P2Y1 

receptors have been described (Yoshioka et al., 2001). Ligand-binding studies have revealed 

a significant reduction of affinity for A1 agonists and antagonists on membranes of 

cotransfected cells, and a 400-fold increase in the affinity of ADPβS, a P2Y1 agonist. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 27, 2004 as DOI: 10.1124/mol.104.003624

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


3624[1] 

 20

Modifications of the functional responses to agonists were also reported, as measured in an 

adenylyl cyclase assay. Similarly, the κ and δ opioid receptors were shown to heterodimerize, 

thereby creating a binding site with an original pharmacological profile, distinct from 

individual receptors expressed independently, both in terms of binding and of functional 

responses. This new binding site could be activated synergistically by selective ligands of 

both receptors (Jordan and Devi, 1999). These situations are however different from the 

observations reported here. First, we did not detect alterations of the functional responses of 

the co-expressed receptors; second, no evidence for binding competition on one receptor by 

the specific ligands of the other has been reported in these other studies. Although 

dimerization is likely driving the modifications of the pharmacological properties in these 

three situations, the mechanisms involved in each case is likely different. 

The mechanisms by which trans-binding competition occurs within CCR5/CCR2b 

heterodimers is not determined precisely so far. In theory, it might result from a variety of 

interactions across the members of the dimer. First, the formation of heterodimers might 

modify the structure of the individual binding sites, so that the CCR2b site that would bind 

MCP-1 in the monomeric and homodimeric states now accomodates the CCR5-specific 

ligands as well. This hypothesis appears however unlikely, as the binding properties of the 

bona-fide ligands of each receptor appear unchanged following co-expression. Also, no 

competition for 125I-MIP-1β was observed using an anti-CCR2b mAb, or for 125I-MCP-1 

using an anti-CCR5 mAb, demonstrating that each iodinated tracer continues to bind to its 

specific receptor within the dimer. A second hypothesis would be that a chemokine bound to 

one of the receptors overlaps onto the binding site of the other receptor of the dimer, thereby 

preventing the simultaneous binding of a second chemokine onto the dimer. The fact that 

mAbs bound to one receptor do not prevent binding of a chemokine onto the other might be 

taken as an argument against this hypothesis. A third hypothesis would be that the binding of 
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an agonist to one of the receptors induces a conformational change in both members of the 

dimer, thereby modifying the binding site of the other receptor. The fact that [10-68]-

RANTES, a CCR5 ligand with weak agonist properties, is as effective as RANTES in 

competing for MCP-1 binding suggests however that full activation of the receptor is not 

required. As mentioned above, a last hypothesis, that would involve post-receptor signaling 

pathways, may be discarded, as our observations were made on membranes in which limited 

signaling events may occur. Our remaining working hypotheses are therefore steric hindrance 

and induced conformational change within receptor dimers. 

The functional significance of the homo- and heterodimerization of CCR5 and CCR2b 

remains to be determined. Our observations regarding the binding properties of 

CCR5/CCR2b heterodimers suggest that heterodimers and presumable homodimers as well 

are able to bind a single chemokine. It has recently been described that dimers of the 

leukotriene LTB4 receptor form in vitro a complex with a single heterotrimeric G protein 

(Baneres and Parello, 2003).  

Heterodimerization does not appear to modify the efficiency of signaling of chemokine 

receptors in CHO-K1 cells through the calcium release pathway. However, our present 

experiments do not allow to exclude that the dimerization state (homo- or hetero-) might be 

required for efficient signaling. Receptors impaired in their dimerization potential should be 

designed to test this possibility. It is also not excluded that heterodimerization of CCR5 and 

CCR2b might modify the range and/or efficacy of signaling cascades, other than the 

intracellular calcium release mediated by Gi proteins. 

Finally, the functional consequences of the fact that a chemokine receptor dimer is able to 

bind a single chemokine will have to be studied further. Indeed, most of our knowledge 

related to chemokine receptor pharmacology and function has been derived from the study of 
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receptors expressed in heterologous systems, in which they likely form homodimers. The 

design of a set of obligate receptor monomers, and the use of receptor mutants deficient in 

one of its natural properties (binding, activation, desensitization, ...) will be necessary for 

evaluating further the functional relevance of the dimerization process. Heterodimers 

between CCR5 and CCR2b, characterized by their different pharmacology, will be an ideal 

model to understand the mechanisms underlying the negative binding cooperativity. As such 

a mechanism might involve the induction of conformational changes between the dimer 

partners, these studies might also help to understand the conformational changes associated 

with receptor activation, with broad implications in the GPCR field in general. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 27, 2004 as DOI: 10.1124/mol.104.003624

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


3624[1] 

 23

Acknowledgements 

We thank Audrey Durez and Xavier Vandevuer for expert technical assistance as well as 

Michel Bouvier and Stefano Marullo for supplying biological materials. A special thanks to 

Frederic Marteau for his help on lymphocytes experiments. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 27, 2004 as DOI: 10.1124/mol.104.003624

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


3624[1] 

 24

REFERENCES 

Baneres JL and Parello J (2003) Structure-Based Analysis of GPCR Function: Evidence 

for a Novel Pentameric Assembly Between the Dimeric Leukotriene B4 Receptor BLT1 and 

the G-Protein. J Mol Biol 329:  815-829. 

Benkirane M, Jin D Y, Chun R F, Koup R A and Jeang K T (1997) Mechanism of 

Transdominant Inhibition of CCR5-Mediated HIV-1 Infection by Ccr5delta32. J Biol Chem 

272:  30603-30606. 

Berger EA, Murphy P M and Farber J M (1999) Chemokine Receptors As HIV-1 

Coreceptors: Roles in Viral Entry, Tropism, and Disease. Annu Rev Immunol 17::  657-700. 

Blanpain C, Lee B, Vakili J, Doranz B J, Govaerts C, Migeotte I, Sharron M, Dupriez V, 

Vassart G, Doms R W and Parmentier M (1999) Extracellular Cysteines of CCR5 Are 

Required for Chemokine Binding, but Dispensable for HIV-1 Coreceptor Activity. J Biol 

Chem 274:  18902-18908. 

Blanpain C, Migeotte I, Lee B, Vakili J, Doranz B J, Govaerts C, Vassart G, Doms R W 

and Parmentier M (1999) CCR5 Binds Multiple CC-Chemokines: MCP-3 Acts As a Natural 

Antagonist. Blood 94:  1899-1905. 

Boring L, Gosling J, Cleary M and Charo I F (1998) Decreased Lesion Formation in 

CCR2-/- Mice Reveals a Role for Chemokines in the Initiation of Atherosclerosis. Nature 

394:  894-897. 

Charo IF, Myers S J, Herman A, Franci C, Connolly A J and Coughlin S R (1994) 

Molecular Cloning and Functional Expression of Two Monocyte Chemoattractant Protein 1 

Receptors Reveals Alternative Splicing of the Carboxyl-Terminal Tails. Proc Natl Acad Sci 

U S A 91:  2752-2756. 

Dean M, Carrington M, Winkler C, Huttley G A, Smith M W, Allikmets R, Goedert J J, 

Buchbinder S P, Vittinghoff E, Gomperts E, Donfield S, Vlahov D, Kaslow R, Saah A, 

Rinaldo C, Detels R and O'Brien S J (1996) Genetic Restriction of HIV-1 Infection and 

Progression to AIDS by a Deletion Allele of the CKR5 Structural Gene. Hemophilia Growth 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 27, 2004 as DOI: 10.1124/mol.104.003624

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


3624[1] 

 25

and Development Study, Multicenter AIDS Cohort Study, Multicenter Hemophilia Cohort 

Study, San Francisco City Cohort, ALIVE Study. Science 273:  1856-1862. 

Frade JM, Mellado M, del Real G, Gutierrez-Ramos J C, Lind P and Martinez A (1997) 

Characterization of the CCR2 Chemokine Receptor: Functional CCR2 Receptor Expression 

in B Cells. J Immunol 159:  5576-5584. 

Gerard C and Rollins B J (2001) Chemokines and Disease. Nat Immunol 2:  108-115. 

Hernanz-Falcon P, Rodriguez-Frade J M, Serrano A, Juan D, del Sol A, Soriano S F, 

Roncal F, Gomez L, Valencia A, Martinez A and Mellado M (2004) Identification of Amino 

Acid Residues Crucial for Chemokine Receptor Dimerization. Nat Immunol 5:  216-223. 

Issafras H, Angers S, Bulenger S, Blanpain C, Parmentier M, Labbe-Jullie C, Bouvier M 

and Marullo S (2002) Constitutive Agonist-Independent CCR5 Oligomerization and 

Antibody-Mediated Clustering Occurring at Physiological Levels of Receptors. J Biol Chem 

;277:  34666-34673. 

Jordan BA and Devi L A (1999) G-Protein-Coupled Receptor Heterodimerization 

Modulates Receptor Function. Nature 399:  697-700. 

Jordan M, Schallhorn A and Wurm F M (1996) Transfecting Mammalian Cells: 

Optimization of Critical Parameters Affecting Calcium-Phosphate Precipitate Formation. 

Nucleic Acids Res 24:  596-601. 

Kaupmann K, Malitschek B, Schuler V, Heid J, Froestl W, Beck P, Mosbacher J, Bischoff 

S, Kulik A, Shigemoto R, Karschin A and Bettler B (1998) GABA(B)-Receptor Subtypes 

Assemble into Functional Heteromeric Complexes. Nature 396:  683-687. 

Kuner R, Kohr G, Grunewald S, Eisenhardt G, Bach A and Kornau H C (1999) Role of 

Heteromer Formation in GABAB Receptor Function. Science 283:  74-77. 

Lee B, Sharron M, Blanpain C, Doranz B J, Vakili J, Setoh P, Berg E, Liu G, Guy H R, 

Durell S R, Parmentier M, Chang C N, Price K, Tsang M and Doms R W (1999) Epitope 

Mapping of CCR5 Reveals Multiple Conformational States and Distinct but Overlapping 

Structures Involved in Chemokine and Coreceptor Function. J Biol Chem 274:  9617-9626. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 27, 2004 as DOI: 10.1124/mol.104.003624

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


3624[1] 

 26

Liu R, Paxton W A, Choe S, Ceradini D, Martin S R, Horuk R, MacDonald M E, 

Stuhlmann H, Koup R A and Landau N R (1996) Homozygous Defect in HIV-1 Coreceptor 

Accounts for Resistance of Some Multiply-Exposed Individuals to HIV-1 Infection. Cell 86:  

367-377. 

Mellado M, Rodriguez-Frade J M, Vila-Coro A J, Fernandez S, Martin d A, Jones D R, 

Toran J L and Martinez A (2001) Chemokine Receptor Homo- or Heterodimerization 

Activates Distinct Signaling Pathways. EMBO J  20:  2497-2507. 

Michael NL, Louie L G, Rohrbaugh A L, Schultz K A, Dayhoff D E, Wang C E and 

Sheppard H W (1997) The Role of CCR5 and CCR2 Polymorphisms in HIV-1 Transmission 

and Disease Progression. Nat Med 3:  1160-1162. 

Mirzabekov T, Bannert N, Farzan M, Hofmann W, Kolchinsky P, Wu L, Wyatt R and 

Sodroski J (1999) Enhanced Expression, Native Purification, and Characterization of CCR5, 

a Principal HIV-1 Coreceptor. J Biol Chem 274:  28745-28750. 

Murphy PM, Baggiolini M, Charo I F, Hebert C A, Horuk R, Matsushima K, Miller L H, 

Oppenheim J J and Power C A (2000) International Union of Pharmacology. XXII. 

Nomenclature for Chemokine Receptors. Pharmacol Rev 52:  145-176. 

Rabin RL, Park M K, Liao F, Swofford R, Stephany D and Farber J M (1999) Chemokine 

Receptor Responses on T Cells Are Achieved Through Regulation of Both Receptor 

Expression and Signaling. J Immunol 162:  3840-3850. 

Rodriguez-Frade JM, Vila-Coro A J, de Ana A M, Albar J P, Martinez A and Mellado M 

(1999) The Chemokine Monocyte Chemoattractant Protein-1 Induces Functional Responses 

Through Dimerization of Its Receptor CCR2. Proc Natl Acad Sci U S A 96:  3628-3633. 

Rucker J, Samson M, Doranz B J, Libert F, Berson J F, Yi Y J, Smyth R J, Collman R G, 

Broder C C, Vassart G, Doms R W and Parmentier M (1996) Regions in Beta-Chemokine 

Receptors CCR5 and CCR2b That Determine HIV-1 Cofactor Specificity. Cell 87:  437-446. 

Samson M, Labbe O, Mollereau C, Vassart G and Parmentier M (1996) Molecular 

Cloning and Functional Expression of a New Human CC-Chemokine Receptor Gene. 

Biochemistry ;35:  3362-3367. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 27, 2004 as DOI: 10.1124/mol.104.003624

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


3624[1] 

 27

Samson M, Libert F, Doranz B J, Rucker J, Liesnard C, Farber C M, Saragosti S, 

Lapoumeroulie C, Cognaux J, Forceille C, Muyldermans G, Verhofstede C, Burtonboy G, 

Georges M, Imai T, Rana S, Yi Y, Smyth R J, Collman R G, Doms R W, Vassart G and 

Parmentier M (1996) Resistance to HIV-1 Infection in Caucasian Individuals Bearing Mutant 

Alleles of the CCR-5 Chemokine Receptor Gene. Nature 382:  722-725. 

Samson M, LaRosa G, Libert F, Paindavoine P, Detheux M, Vassart G and Parmentier M 

(1997) The Second Extracellular Loop of CCR5 Is the Major Determinant of Ligand 

Specificity. J Biol Chem 272:  24934-24941. 

Smith MW, Dean M, Carrington M, Winkler C, Huttley G A, Lomb D A, Goedert J J, 

O'Brien T R, Jacobson L P, Kaslow R, Buchbinder S, Vittinghoff E, Vlahov D, Hoots K, 

Hilgartner M W and O'Brien S J (1997) Contrasting Genetic Influence of CCR2 and CCR5 

Variants on HIV-1 Infection and Disease Progression. Hemophilia Growth and Development 

Study (HGDS), Multicenter AIDS Cohort Study (MACS), Multicenter Hemophilia Cohort 

Study (MHCS), San Francisco City Cohort (SFCC), ALIVE Study. Science 277:  959-965. 

 Springael JY, Wagner K, El-Asmar L, Godard M, Parmentier M, and Mack M. mAbs 

raised against human CCR2b reveals multiple conformational states involved in receptor 

function (2004) in preparation 

Vila-Coro AJ, Mellado M, Martin d A, Lucas P, del Real G, Martinez A and Rodriguez-

Frade J M (2000) HIV-1 Infection Through the CCR5 Receptor Is Blocked by Receptor 

Dimerization. Proc Natl Acad Sci U S A 97:  3388-3393. 

White JH, Wise A, Main M J, Green A, Fraser N J, Disney G H, Barnes A A, Emson P, 

Foord S M and Marshall F H (1998) Heterodimerization Is Required for the Formation of a 

Functional GABA(B) Receptor. Nature 396:  679-682. 

Yoshioka K, Saitoh O and Nakata H (2001) Heteromeric Association Creates a P2Y-Like 

Adenosine Receptor. Proc Natl Acad Sci U S A ;98:  7617-7622. 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on October 27, 2004 as DOI: 10.1124/mol.104.003624

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


3624[1] 

 28
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Legends to figures 

 

Figure 1. BRET assays. HEK-293 cells were transfected with a constant amount of  the 

hRluc fusion and increasing amounts of  the EYFP fusion, and homo- and heterodimerization 

of CCR5 and CCR2b was investigated by measuring the energy transfer between the two 

partners. (A) CCR5-hRluc and  CCR5-EYFP constructs. (B) CCR2b-hRluc and CCR2b-

EYFP constructs. (C) CCR2b-hRluc and CCR5-EYFP constructs. The abscissa represents the 

measured expression of CCR5-EYFP or CCR2b-EYFP divided by the measured expression 

of CCR5-hRLuc or CCRb hRLuc. The ordinate is a measure of the fraction of the hRluc 

fusion partner involved in an interaction with the EYFP fusion partner, defined as the BRET 

ratio. The BRET50 values were calculated by non linear regression using a single site 

saturation binding model.  

Figure 2. Aequorin-based functional assays. Functional responses of receptors in cells 

co-expressing CCR5/CCR2b (clones C25-12 and C25-15) or each receptor alone were 

measured using the aequorin-based functional assay. Clones C25-12 (B) and C25-15 (C) 

were incubated with a range of concentrations of RANTES, MCP-1 or a mixture of both 

chemokines, and luminescence was recorded for 30 s. CHO-K1 cells expressing CCR5 or 

CCR2b alone were incubated with their respective ligands and used as positive controls (A). 

The results were normalized for the basal luminescence of the cells in absence of agonist (0 

%) and the maximal response obtained for each receptor with the reference chemokine (100 

%). The functional parameters (EC50, Emax) were determined by non linear regression using 

the Graphpad Prism software and a sigmoidal dose-response model. The displayed data are 
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representative of three independent experiments. All data points were performed in duplicates 

(error bars: s.e.m). 

Figure 3. MIP-1β competition binding assay. Competition binding assays was 

performed on clone C5 expressing CCR5 alone (A) or clones C25-12 (B) and C25-15 (C) co-

expressing CCR5 and CCR2b, using 125I-MIP-1β  as tracer, and MIP-1β, MCP-1 and MCP-2 

as competitors. The data were normalized for nonspecific binding determined in the presence 

of 300 nM MIP-1β (0%), and specific binding in the absence of competitor (100%). The 

displayed data are representative of at least three independent experiments. All data points 

were performed in triplicates (error bars: s.e.m).  

Figure 4. MCP-1 competition binding assay. Competition binding assays was 

performed, on clone C2 expressing CCR2b alone (A) or clones C25-12 (B) and C25-15 (C) 

co-expressing CCR5 and CCR2b, using 125I-MCP-1  as tracer, and MIP-1β, MCP-1 and 

MCP-2 as competitors. The data were normalized for nonspecific binding determined in the 

presence of 300 nM MCP-1 (0%), and specific binding in the absence of competitor (100%). 

The displayed data are representative of at least three independent experiments. All data 

points were performed in triplicates (error bars: s.e.m). 

Figure 5. Competition binding assays using CCR5 antagonist. Competition binding 

assays was performed, on clone C2 or C5 expressing CCR2b or CCR5 alone and clones C25-

12  or C25-15 co-expressing CCR5 and CCR2b, using 125I- MIP-1β (A.) or125I-MCP-1 (Β.) 

as tracer, and Met-RANTES as competitors. The data were normalized for nonspecific 

binding determined in the presence of 300 Met-RANTES (0%), and specific binding in the 

absence of competitor (100%). The displayed data are representative of at least three 

independent experiments. All data points were performed in triplicates (error bars: s.e.m). 
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Figure 6. Competition binding assays using CCR5- and CCR2b-specific mAbs. 

Different concentrations of 2D7 and Doc-4 (0, 0.1, 1, 5 and 10 µg/ml) were tested for their 

ability to compete with the binding of 125I-MIP-1β (A) or 125I-MCP-1 (B) to clones C12-25 

and C15-25 and CHO-K1 cells expressing CCR5 or CCR2b alone. The data were normalized 

for nonspecific binding determined in the presence of 300 nM MIP-1β or MCP-1 (0%), and 

specific binding in the absence of competitor (100%). The displayed data are representative 

of at least three independent experiments. All data points were performed in triplicates (error 

bars: s.e.m). 

Figure 7. MCP-1 competition binding assay on CD4+ lymphoblasts. Competition 

binding assays was performed on CD4+ by using 125I-MCP-1 as tracer, and MCP-1 (300 nM), 

MIP-1β (300 nM) or DOC-3 (5 µg/ml) as competitors. The data were normalized for specific 

binding in the absence of competitor (100%). The displayed data are representative of three 

independent experiments performed with lymphoblasts from different donors. Values of 

bound 125I-MCP-1 in the presence of competitors compared to the condition in the absence 

competitors were statistically different according to a two ways ANOVA test followed by 

Tukey’s test (*** mean p <0.001). All data points were performed in triplicates (error bars: 

s.e.m). 
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EC50 (nM) 
 

C5 
 

 
C2 

 
C25-12 

 
C25-15 

 
RANTES 

 

 
0.19 ± 0.04 

 
- 

 
0.17 ± 0.02 

 
 0.13 ± 0.03 

 
MCP-1 

 

 
- 

 
0.21 ± 0.06 

 
0.07 ± 0.01 

 
0.040 ± 0.006 

 
RANTES+MCP-1 

 

 
- 

 
- 

 
0.055 ± 0.005 

 
0.065 ± 0.007 

 
 
 
 
Table 1. Functional parameters of cell lines. The EC50 of the functional response of the cell lines 

was determined by non linear regression using the Graphpad Prism software and a sigmoidal dose-

response model. The displayed data are representative of at least three independent experiments 

(mean ± s.e.m). 
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