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Two isoforms of human CCR2, the receptor for
monocyte chemoattractant protein-1 (MCP-1), have
been identified but their relative expression in mono-
cytes and contribution to inflammatory responses me-
diated by MCP-1 remain uncertain. All available infor-
mation on CCR2 expression is based on mRNA data
because isoform-specific antibodies were not available
until now. To analyze the relative expression of each
isoform, we made two antibodies that specifically rec-
ognized CCR2A and CCR2B. Examination of receptor
protein with these isoform-specific antibodies showed
that the total expression of CCR2B in monocytes was
about 10-fold higher than that of CCR2A with an equal
distribution between the cell surface and intracellular
pools. A detailed analysis using purified plasma mem-
branes demonstrated that about 90% of all CCR2 on
the cell surface were composed of CCR2B. The rela-
tively abundant expression of CCR2B on the cell sur-
face suggests a principal role of this isoform as a
mediator of monocyte responses to MCP-1 in
inflammation. © 2002 Elsevier Science
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The directed migration of leukocytes from the blood
to sites of inflammation is a crucial feature of the
immune system and is mediated by chemotactic cyto-
kines, also called chemokines (1-3). Monocyte che-
moattractant protein 1 (MCP-1) is the most prominent
member of the CC subfamily of chemokines (4, 5). It
very effectively induces immune responses in mono-
cytes (6), lymphocytes (7), and basophils (8). MCP-1 is
secreted by a variety of cells in response to inflamma-
tory stimuli and has been implicated in a number of
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pathological disorders including atherosclerosis (9-12)
and rheumatoid arthritis (13, 14).

The receptor for MCP-1, CCR2, belongs to the family
of G protein-coupled receptors. Two isoforms with
alternatively-spliced intracellular carboxyl tails,
CCR2A and CCR2B, were isolated from the human
THP-1 and MonoMac 6 leukemia cell lines (15, 16). The
two receptor forms differ only in their cytoplasmic car-
boxyl tails; the extracellular ligand binding domain
that involves several receptor segments is identical
between the two isoforms (17). Several of the extracel-
lular domains are involved in the functional activation
of the receptor by MCP-1 (18, 19). The nonredundant
role of the receptor in monocyte recruitment and host
defense was demonstrated in mice deficient in CCR2
(20, 21).

In the absence of suitable reagents no data is avail-
able on the expression of the two isoforms at the pro-
tein level and their relative contribution to the host
defense. Transcripts for both isoforms are present in
freshly isolated human monocytes, however, higher
levels were found for CCR2B (16). For this reason it
has received preferential scientific attention. The ex-
pression of CCR2B on monocytes is dynamic, and de-
pends on the microenvironment. Regulation of receptor
expression in addition to chemokine secretion is be-
lieved to be crucial for a controlled immune response.
Any disruption of this delicate balance in the chemo-
kine system may result in an ill-regulated immune
response. Abnormal levels of certain plasma compo-
nents including lipoproteins and homocysteine have
been shown to induce monocyte CCR2B expression
(22-24). This may intensify the inflammatory response
to MCP-1 and contribute to the pathophysiology of
chronic inflammation. Consistent with this hypothesis,
we have recently shown that CCR2 expression in cir-
culating monocytes may represent a potential thera-
peutic target for intervention of pathologic conditions
that are characterized by persistent monocyte infiltra-
tion such as atherosclerosis (25). While a reduction of
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CCR2 expression in circulating monocytes may blunt
the inflammatory response, a reduction of CCR2 ex-
pression after their recruitment from the circulation
help retain monocytes at sites of inflammation. Proin-
flammatory cytokines are such modulators of the in-
flammatory response and are very potent inhibitors of
CCR2 gene expression (26—28).

Interestingly, CCR2A is differentially regulated and
appears less affected by proinflammatory cytokines
and differentiation, suggesting a potentially distinct
role for this isoform in macrophage biology. Little is
known about the specific contribution of each CCR2
isoform to monocyte responses evoked by MCP-1 be-
cause reagents such as specific antibodies that would
allow distinguishing between the isoforms were not
available. The focus of the present work is to determine
at the protein level the expression of monocyte CCR2A
and CCR2B and to examine their cellular distribution.

EXPERIMENTAL PROCEDURES

Materials. All cell cultures were obtained from American Tissue
Culture Collection (Manassas, VA). Cell culture medium was pur-
chased from Life Technologies Inc. (Gaithersburg, MD) and low-
endotoxin fetal calf serum was from Hyclone Laboratories, Inc. (Lo-
gan, UT). [®S]GTPI[S] (1250 Ci/mmol) was from NEN Life Science
Products, Inc. (Boston, MA). Phycoerythrin-conjugated mouse anti-
human CCR2 IgG and nonspecific 1gG were obtained from R & D
Systems Inc. (Minneapolis, MN) and fluorescein isothiocyanate-
conjugated rabbit anti-guinea pig 1gG was from Sigma (St. Louis,
MO).

Cell culture, transfection, and isolation of human monocytes.
COS-7 cells were grown in Dulbecco’s modified Eagles medium sup-
plemented with 10% fetal bovine serum, 100 ug/ml streptomycin,
100 units/ml penicillin, and 2 mM L-glutamine. The coding sequence
of CCR2A was obtained by RT-PCR using mRNA from THP-1 mono-
cytes. The consensus sequence for initiation of translation was added
and the cDNA was subcloned into the expression vector pSG5 (Strat-
agene, La Jolla, CA). Cells were transfected with Fugene 6 according
to the manufacturer’s instructions (Roche Molecular Biochemicals,
Indianapolis, IN) and assayed 2 days after transfection. THP-1
monocytes were maintained in supplemented RPMI 1640 medium
below a cell density of 0.5 X 10° cells/ml as described (22).

Human monocytes were isolated from fasting subjects by centrif-
ugation through Histopaque 1.077 (Sigma) as described (29). The
purity of the monocytes was determined by flow cytometry using
anti-CD14 antibody (Pharmingen, San Diego, CA) and was >90%.
This isolation procedure did not affect CCR2 expression determined
by flow cytometry and the expression level was comparable to that of
monocytes that were not subjected to any purification procedure but
were identified by the expression of CD14 in whole blood.

Preparation of plasma membranes. THP-1 monocytes were col-
lected by centrifugation and washed twice with PBS. The cells were
suspended in 20 mM Tris—HCI, pH 8.0, containing a cocktail of
protease inhibitors (50 units/ml aprotinin, 5 mM benzamide, 14.5
uM pepstatin, 0.1 mM leupeptin, and 0.1 mM phenylmethanesulfo-
nyl fluoride), allowed to swell on ice for 20 min and homogenized
using a Dounce homogenizer. Cell nuclei were removed by centrifu-
gation at 1500 g for 10 min at 4°C. Crude membranes were then
isolated by centrifugation at 100,000¢g for 1 h at 4°C and suspended
in 1 mM sodium bicarbonate for further purification.

The plasma membranes were purified by an aqueous two-phase
partition system in the presence of protease inhibitors (30). A mix-
ture of 1.36 g of 20% dextran T500, 0.578 g of 40% polyethylene glycol
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3350, 0.1 ml of 0.2 M potassium phosphate, pH 7.2, 0.4 ml of 1 M
sucrose was adjusted to 3.5 g with water, and crude membranes (6
mg of protein) suspended in 0.5 ml of 1 mM sodium bicarbonate were
added. The content of the two-phase system was mixed thoroughly
and the phases were separated by centrifugation at 750g for 10 min
at 4°C. The plasma membranes in the upper phase were re-purified
using the lower phase from the balance tube that contained the
identical partition system except that 0.5 ml of PBS was used instead
of membranes. The upper phase of the final spin was diluted with 2
vol of sodium bicarbonate and the plasma membranes were collected
by centrifugation at 100,000g for 30 min, washed with sodium bicar-
bonate and suspended in 150 ul PBS for subsequent analyses.

Analysis of CCR2 transcripts. Total RNA was isolated from
THP-1 cells and human monocytes by guanidinium thiocyanate-
phenol-chloroform extraction, and CCR2A and CCR2B gene expres-
sion was estimated by semiquantitative PCR (25). A common 5’'-
sense primer (5'-ATGCTGTCCACATCTCGTTCTCG) was used in
conjunction with 2 isoform-specific 3’-antisense primers (CCR2A,
5'-CTTTCCTTTTCCACGACCATC; CCR2B, 5-TTATAAACCAGC-
CGAGACTTCCTGC) to yield CCR2A or CCR2B. All amplifications
were carried out for 30 cycles at an annealing temperature of 68°C.
The concentration of reverse-transcribed cDNA in the reaction mix-
ture was adjusted to obtain a linear correlation between template
and product. The specificity was confirmed by DNA sequencing. The
PCR products were analyzed by agarose gel electrophoresis and
densitometric scanning of the DNA bands (Image Quant, Molecular
Dynamics, Sunnyvale, CA) and normalized to the expression level of
GAPDH.

Generation of antibody and flow cytometry. Two isoform specific
antisera directed against the intracellular carboxyl-terminal tails of
CCR2A (AbCCR2-A) and CCR2B (AbCCR2-B) were generated in
guinea pigs and IgG fractions were prepared. The anti-CCR2B anti-
body AbCCR2-B has been used in our laboratory for some time (19).
It is specific for CCR2B and blocks the interaction between receptor
and G-protein, thus preventing transmembrane signaling events.
The anti-CCR2A antiserum, AbCCR2-A, was generated using a sim-
ilar approach. The carboxyl tail of CCR2A between Ser®’ and Ala*’
was expressed as fusion protein in Escherichia coli using the
pGEX-2T vector (Amersham—-Pharmacia Biotech, Piscataway, NJ).
The antigen was cleaved from the carrier protein with thrombin and
purified with glutathione-Sepharose 4B beads (Amersham-
Pharmacia Biotech). Antiserum was generated in guinea pigs and
the IgG fraction was prepared. For flow cytometry 1 X 10° cells were
suspended in 100 pl PBS containing 0.1% BSA and 0.01% NaN,
(buffer A) and incubated for 30 min at 4°C with 5 ug of anti-CCR2A
or anti-CCR2B 1gG. After 2 washes with buffer A, the cells were
incubated for another 30 min with fluorescein isothiocyanate-
conjugated secondary antibody at a 1:200 dilution, washed twice
with buffer A and analyzed by flow cytometry (Becton-Dickinson
Biosciences, San Jose, CA). In some experiments, phycoerythrin-
labeled AbCCR2 (1:20) was used that recognized both CCR2A and
CCR2B.

Chemiluminescence immunoassay for CCR2A and CCR2B. Mem-
branes of THP-1 cells (20 ng of total membranes or 5 pg of plasma
membranes) suspended in PBS were plated into 96-well MicroFluor
microtiter plates (Dynex Technologies, Inc., Chantilly, VA) and kept
overnight at 4°C. The wells were washed three times with PBS,
blocked for 10 min with PBS containing 1% BSA and incubated with
AbCCR2-A or AbCCR2-B for 1 h at room temperature at 10 ng/ml in
a total volume of 50 wl. After three washes with PBS, alkaline
phosphatase-conjugated goat anti-guinea pig 1gG (Sigma) was added
in 50 mM Tris—HCI, pH 7.4, containing 150 mM NacCl, 0.3 mM EDTA
and 1% BSA and the plates were incubated for 1 h at room temper-
ature. After three additional washes with PBS, the plates were
rinsed with distilled water, 25 ul of a 50% solution of LumiPhos 530
(Lumigen Inc., Southfield, MI) was added to each well and the plates
were incubated for 1.5 h at room temperature in the dark. Lumines-
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FIG. 1. CCR2A expression in transfected COS-7 cells. COS-7 cells were transiently transfected with CCR2A cDNA and protein
expression was analyzed by flow cytometry using phycoerythrin-labeled AbCCR2 IgG (bold line). This antibody is directed against
extracellular domains that are common to both CCR2A and CCR2B. Nonspecific fluorescence was determined with phycoerythrin-labeled
mouse isotype control 1gG (fine line). To distinguish cell surface expression from total expression, the cells were analyzed before (A) and after
(B) permeabilization with 0.3% saponin for 5 min at ambient temperature. The antibodies were used at a 1:20 dilution.

cence was determined using a MLX Microtiter Plate Luminometer
(Dynex Technologies, Inc.).

GTP[S] binding assay. GTP[S] binding assay was essentially
performed as described earlier (19). Briefly, membranes from THP-1
cells were suspended at a protein concentration of 20 pg/ml in 200 ul
of 20 mM Hepes, pH 7.4, 3 uM GDP, 10 mM MgCl, and 100 mM
NaCl. The membranes were incubated with the various antibodies at
10 wg/ml for 30 min at 4°C, 5 nM [®S]GTP[S] was added and the
reaction was started with 30 nM MCP-1. After 30 min at 37°C the
incubation mix was cooled to 4°C and 10 puM unlabeled GTP[S]
(Sigma) was added. The membranes were kept on ice for 1 h to
reduce nonspecific binding and then filtered through GF/B filters
(Whatman Inc., Clifton, NJ). After three washes, the radioactivity
associated with the filters was determined by scintillation counting.

Other analytical analyses. Protein was determined by the
method of Lowry et al. (31). Data are expressed as means = SD.

RESULTS
Localization of CCR2A in Transfected COS-7 Cells

To examine the role of CCR2A in the immune re-
sponse of monocytes, we determined if CCR2A is func-
tionally expressed on the cell surface. COS-7 cells were
transiently transfected with CCR2A cDNA, and
CCR2A protein expression was analyzed by flow cy-
tometry using the anti-human CCR2 IgG, AbCCR2,
which recognizes extracellular domains that are com-
mon to both isoforms. To differentiate between intra-
cellular and surface expression, we permeabilized one
set of transfected cells prior to the antibody treatment.
Little surface expression of CCR2A was detected in
intact cells by AbCCR2 (Fig. 1A). In contrast, the an-
tibody gave a strong staining for CCR2A in permeabil-
ized cells suggesting that CCR2A remained mainly in
intracellular compartments (Fig. 1B).

Differential Expression CCR2A and CCR2B in THP-1
Cells and Circulating Human Monocytes

To determine if the expression pattern was similar
for the endogenous receptor, we first examined the

75

MRNA for CCR2A and CCR2B in cultured THP-1 cells
and freshly isolated human monocytes by semiquanti-
tative RT-PCR. As shown in Fig. 2, CCR2B was
strongly expressed in both THP-1 cells and circulating
human monocytes. CCR2A mRNA was also detectable
in both cell types, although at much lower (five- to
sixfold) levels.

The expression and distribution of CCR2 between the
plasma membrane and intracellular pools was examined
by flow cytometry on intact and permeabilized THP-1
cells. As expected, THP-1 cells displayed CCR2 on the cell
surface (Fig. 3A). However, a substantial amount of re-
ceptor protein was also found in the cytoplasm and was
accessible to the antibody only after permeabilization of
the cells (Fig. 3B). The lack of isoform-specific antibodies
has thwarted efforts to examine the relative expression
and localization of endogenous CCR2A and CCR2B in
human monocytes. Recently, we reported the generation
of a polyclonal antibody AbCCR2-B that specifically rec-

THP-1 cells human monocytes

FIG. 2. Analysis of transcripts for CCR2A and CCR2B in THP-1
cells and circulating human monocytes. The differential expression
of CCR2A (A) and CCR2B (B) in THP-1 cells and freshly isolated
human monocytes was estimated by semi-quantitative RT-PCR.
GAPDH was analyzed under identical conditions and served as in-
ternal standard. Results shown are representative of three individ-
ual experiments. To calculate relative ratios of CCR2B/CCR2A tran-
scripts, the PCR products were analyzed using agarose gel
electrophoresis and densitometric scanning of the DNA bands. The
mean values for the ratios of CCR2B/CCR2A transcripts after nor-
malization to GAPDH were 6.9 = 2.1 for THP-1 cellsand 5.5 = 0.8 for
human monocytes (n = 3).
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FIG. 3. Analysis of CCR2 cell surface and total cellular expression in THP-1 cells. The binding of AbCCR2 recognizing both CCR2A and
CCR2B (bold line), and mouse isotype control 1gG (fine line) to THP-1 cells was determined by flow cytometry. Surface expression was
estimated on intact cells (A) and compared to total cellular expression in permeabilized cells (B) after treatment with saponin as described

in the legend to Fig. 1.

ognized CCR2B (19). We have employed a similar ap-
proach to produce the antibody AbCCR2-A against the
cytoplasmic carboxyl-terminal tail of CCR2A. The speci-
ficity of these antibodies was tested by flow cytometry
with transfected cells expressing CCR2A and CCR2B.
Both antibodies were specific for their respective isoform
and did not bind to control transfected cells (Fig. 4A).

AbCCR2-A specifically recognized CCR2A and did not
stain for recombinant CCR2B (Fig. 4B). Similarly,
AbCCR2-B only recognized CCR2B and did not react
with CCR2A (Fig. 4C). The absence of any cross-
reactivity provided us with the tools to examine CCR2A
and CCR2B expression at the protein level in human
monocytes.
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FIG. 4. Specificity of AbCCR2-A and AbCCR2-B. The specificity of AbCCR2-A and AbCCR2-B for their respective isoforms was
determined on permeabilized (0.3% saponin) nontransfected control COS-7 cells (A), and transfected COS-7 cells expressing CCR2A (B) or
CCR2B (C). Nonspecific fluorescence was determined with preimmune guinea pig 1gG (bold line). The dashed line represents the specific
staining mediated by AbCCR2-A 1gG, and the fine line represents the staining mediated by AbCCR2-B IgB. The antibodies were used at 5
wg/ml. The binding of the primary antibody was detected with fluorescein isothiocyanate-conjugated secondary antibody at a 1:200 dilution.
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FIG. 5. Differential expression of CCR2A and CCR2B in monocytic THP-1 cells. To determine the relative expression of CCR2A and
CCR2B, THP-1 cells were permeabilized with 0.3% saponin as described in the legend to Fig. 1 and incubated with 5 ug/ml of AbLCCR2-A (A)
or AbCCR2-B (B) 1gG, respectively. The binding of isoform-specific 1gG was analyzed by flow cytometry with fluorescein isothiocyanate-
conjugated secondary antibody at a 1:200 dilution (bold line). Nonspecific binding was estimated with 5 ug/ml of control guinea pig

preimmune IgG (fine line).

These two antibodies were used to determine the
differential expression of CCR2A and CCR2B in per-
meabilized THP-1 cells and in freshly isolated human
monocytes. As shown in Fig. 5A, THP-1 cells expressed
CCR2A at marginal levels. In comparison, CCR2B was
expressed at much higher levels and represented the
majority of MCP-1 receptors on THP-1 cells. Essen-
tially identical results for total, i.e., intracellular and
cell surface expression of CCR2A and CCR2B, were
obtained by immunoassay performed on crude mem-
branes prepared from THP-1 cells (Fig. 6A). Again,
CCR2B represented the majority of the receptor popu-

80000 -
30000 -

60000
20000

40000

10000 +
20000

Antibody bound (RLU/100ms) J»
Antibody bound (RLU/100ms) O

0 - 0 -

Pre  Ab-A  Ab-B Pre  Ab-A  Ab-B

FIG. 6. Quantitative immunoassay of CCR2A and CCR2B ex-
pressed on crude and purified plasma membranes from THP-1 cells.
Crude membranes and purified plasma membranes were isolated
from THP-1 cells as described under Experimental Procedures. The
membranes (20 ng of crude membranes and 5 ug of purified plasma
membranes) were plated into microtiter plates and incubated with
10 pg/ml of guinea pig preimmune 1gG (Pre), AbCCR2-A 1gG (Ab-A)
and AbCCR2-B 1gG (Ab-B). The binding of the antibodies was de-
termined by chemiluminescence immunoassay using alkaline phos-
phate-conjugated goat anti-guinea pig 1gG. (A) CCR2A and CCR2B
on crude membranes; (B) expression of the isoforms on purified
plasma membranes. Data are expressed as means * SD of three
independent experiments. RLU, relative light units.
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lation and only little CCR2A expression was observed.
More quantitative estimation of the cell surface expres-
sion of both isoforms was obtained by immunoassay
using highly purified plasma membranes. The results
were consistent with the data derived from flow cytom-
etry and indicated that only a small portion (about
10%) of all CCR2 receptor molecules on the cell surface
represented CCR2A (Fig. 6B).

THP-1 cells are derived from human monocytic leu-
kemia cells and may display a protein expression that
is different from that of circulating human monocytes.
Therefore, the CCR2 expression pattern was also es-
tablished in freshly isolated human monocytes by flow
cytometry. As with THP-1 cells, CCR2A was barely
detectable in permeabilized monocytes and the B iso-
form represented the majority of the receptors (Fig. 7).

Inhibition of Transmembrane Signaling by
Neutralizing Anti-CCR2 Antibodies

Activation of CCR2 by MCP-1 induces functional
coupling of the receptor to heterotrimeric G protein.
The stimulation of G protein requires the interaction
with several intracellular domains of CCR2, including
the third intracellular loop and carboxyl tail (19, 32).
To determine to what extent each isoform contributes
to MCP-1-mediated responses of monocytes, we ana-
lyzed the functional coupling of each isoform to G pro-
tein in THP-1 cells by [*S]GTP[S] binding assay. Re-
cently, we demonstrated that the antibody AbCCR2-B
we made against the receptor carboxyl tail blocked
GTP[S] binding to G protein in transfected cells ex-
pressing CCR2B (19). This antibody blocked trans-
membrane signaling also in THP-1 cells and decreased
[®S]GTP[S] binding by more than 90% (Table 1). In
contrast, AbCCR2-A, made against the identical region
of CCR2A had little effect on [*S]GTP[S] binding.
AbCCR2-A, like AbCCR2-B, was made against the re-
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FIG. 7. Expression of CCR2A and CCR2B in circulating human monocytes. The expression of CCR2 (CCR2A and CCR2B) and that of
each individual isoform was estimated on freshly isolated human monocytes by flow cytometry. CCR2 cell surface and total cellular
expression was estimated on intact monocytes (A) and after permeabilization with 0.3% saponin (B), respectively. For the detection of CCR2,
phycoerythrin-labeled AbCCR2 IgG (1:20) was used that does not discriminate between the isoforms and stains for both (bold line). As
control, phycoerythrin-labeled nonspecific mouse isotype 1gG (1:20) was included (fine line). The isoform-specific expression was determined
in permeabilized monocytes with 5 ug/ml of AbCCR2-A or AbCCR2-B 1gG, respectively. The specific staining representative for CCR2A (C)
and CCR2B (D) is shown in bold. Nonspecific staining was determined with 5 ug/ml of guinea pig preimmune IgG (fine line). The binding of
primary antibodies was detected with fluorescein isothiocyanate-conjugated secondary antibody at a 1:200 dilution.

ceptor segment that is implicated in functional G
protein-coupling. Although we were not able to inde-
pendently verify in transfected cells the neutralizing
property of the antibody due to low expression of
CCR2A, a functional role for CCR2A in monocytes can
only be small. More than 90% of transmembrane sig-

TABLE 1

Inhibition of MCP-1-Mediated Transmembrane Signaling
in THP-1 Cells by AbCCR2-A and AbCCR2-B

Antibody GTP[S] binding (%)
No 100 = 9
Preimmune 93 +8
AbCCR2-A 92 +7
AbCCR2-B 9+8

Note. *S-GTP[S] binding experiments were carried out with mem-
branes from THP-1 cells either in the absence of antibody (No) or in
the presence of guinea pig preimmune 119G, AbCCR2-A, or
AbCCR2-B at 10 pg/ml. Data are presented as means = SD (n = 3).
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naling in the THP-1 cells is attributable to CCR2B, and
CCR2A can maximally account for 10% (Table 1). To-
gether, these results indicate that CCR2A is expressed
only at low levels on the cell surface and may not be
importantly involved in the responses of circulating
monocytes to MCP-1.

DISCUSSION

The interaction of MCP-1 with respective receptors
mediates monocyte migration and recruitment into tis-
sues during inflammation. Two receptor isoforms,
CCR2A and CCR2B, have been identified, but their
relative contribution to the inflammatory response of
monocytes to MCP-1 remained unclear (15). Our find-
ings are in agreement with a previous study showing
poor surface expression of epitope-tagged CCR2A in
transfected cells (16). We have now extended these
studies to THP-1 cells and freshly isolated human
monocytes and provide evidence that the overall ex-
pression of CCR2A is very low in these cells, suggesting



Vol. 290, No. 1, 2002

a minor role for this isoform in the function of circu-
lating monocytes.

A detailed analysis of the relative expression of
CCR2A and CCR2B in human monocytes at the protein
level was not possible until now, because isoform-
specific antibodies were unavailable. CCR2A and
CCR2B are identical in their amino acid sequence ex-
cept for their alternatively spliced intracellular car-
boxyl tails (15). We exploited this difference and gen-
erated two isoform-specific antibodies. Using these two
antibodies we were able to demonstrate by flow cytom-
etry that THP-1 cells and freshly isolated human
monocytes expressed only low levels of CCR2A com-
pared with CCR2B. A more quantitative immunoassay
analysis indicated that the expression of CCR2B was
at least one order of magnitude higher than that of
CCR2A.

Our data do not entirely rule out some expression of
CCR2A on the cell surface. Indeed small amounts of
CCR2A were detectable by immunoassay. The physio-
logical role of receptors expressed at such low levels is
not clear and it remains questionable whether the re-
ceptor is functional. Stimulation of G protein-coupled
receptors with agonist activates nucleotide exchange
on G proteins. Analysis of this exchange activity can be
used as a measure of receptor-mediated G protein ac-
tivation and, consequently, also to estimate expression
of functional receptor. MCP-1 induced a robust GTP-
binding to G protein in THP-1 cells. The neutralizing
antibody, AbCCR2-B, which blocks the interaction be-
tween CCR2B and G protein (19), reduced MCP-1-
induced transmembrane signaling in THP-1 mono-
cytes by more than 90%. The antibody AbCCR2-A, like
AbCCR2-B, is directed against the receptor segment
that is believed to be critically involved in G protein
coupling. Nevertheless, AbCCR2-A had little effect on
transmembrane signaling and CCR2A is responsible
for maximal 10% of the signaling activity. Together,
these results suggest that MCP-1 functions mainly
through CCR2B.

A substantial portion of CCR2B was also found in
the cytoplasm, which most likely represents the pool of
recycled receptors. Upon agonist treatment many of
the G protein coupled receptors undergo endocytosis
into early endosomes (33, 34). Receptor internalization
may be a possible mechanism of long-term receptor
desensitization and may account for the loss of respon-
siveness due to prolonged exposure to agonist (35).
Alternatively, it has been suggested that sequestration
plays a role in receptor dephosphorylation and resen-
sitization (36). MCP-1 stimulates a redistribution of
chemokine receptors with a polarized expression to the
leading edge of migrating cells (37). Although definite
data remain elusive, intracellular pools of CCR2, as
observed in human monocytes, may serve as a source
for rapid receptor translocation to the plasma mem-
brane following stimulation with MCP-1.
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CCR2A is predominant localized in intracellular
sites and a physiological function for it in circulating
monocytes is difficult to discern. However, under con-
ditions that result in a severe reduction of CCR2B
expression, CCR2A may become functionally impor-
tant. CCR2B expression and the chemotactic response
of monocytes to MCP-1 are generally lost during dif-
ferentiation (26, 27). In contrast, CCR2A mRNA was
not significantly modulated during monocyte matura-
tion (38). It is intriguing to speculate that under cer-
tain conditions, such as in mature macrophages, the
receptor isoform A may perform functions that are
distinct from those of the B isoform in circulating
monocytes. In support of this, data show that CCR2A
and CCR2B differ in their G protein specificity (39).
This selective and differential coupling to G proteins
may result in the activation of pathways that are spe-
cific for each isoform, which could be the basis for the
diversity of the MCP-1-induced immune response
ranging from chemotaxis to respiratory burst.
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