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Abstract

Monocyte chemoattractant protein-1 (MCP-1) is a potent
agonist for mononuclear leukocytes and has been impli-
cated in the pathogenesis of atherosclerosis and granulo-
matous lung disease. To determine the role of MCP-1 and
related family members in vivo, we used homologous re-
combination in embryonic stem cells to generate mice with a
targeted disruption of C-C chemokine receptor 2 (CCR2),
the receptor for MCP-1. CCR2 ™/~ mice were born at the ex-
pected Mendelian ratios and developed normally. In re-
sponse to thioglycollate, the recruitment of peritoneal
macrophages decreased selectively. In in vitro chemotaxis
assays, CCR27'~ leukocytes failed to migrate in response to
MCP-1. Granulomatous lung disease was induced in pre-
sensitized mice by embolization with beads coupled to puri-
fied protein derivative (PPD) of Mycobacterium bovis. As
compared with wild-type littermates, CCR2~'~ mice had a
decrease in granuloma size accompanied by a dramatic de-
crease in the level of interferon v in the draining lymph
nodes. Production of interferon y was also decreased in
PPD-sensitized splenocytes from CCR2™/~ mice and in na-
ive splenocytes activated by concanavalin A. We conclude
that CCR2™/~ mice have significant defects in both delayed-
type hypersensitivity responses and production of Thl-type
cytokines. These data suggest an important and unexpected
role for CCR2 activation in modulating the immune re-
sponse, as well as in recruiting monocytes/macrophages to
sites of inflammation. (J. Clin. Invest. 1997. 100:2552-2561.)
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Introduction

Directed migration of leukocytes in response to inflammatory
stimuli is crucial for the cellular and adaptive immune re-
sponse. The chemokines (chemotactic cytokines) are a grow-
ing superfamily of 8-10-kD peptides that selectively attract
and activate leukocyte populations (see references 1-5).
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Monocyte chemoattractant protein (MCP)!-1 is a member of
the C-C branch of the chemokine family, is a potent monocyte
and lymphocyte chemoattractant (6, 7), and induces histamine
release from basophils (8). In vivo studies suggest that MCP-1
recruits monocytes to sites of inflammation in a variety of
pathological conditions, including atherosclerosis (9-11), rheu-
matoid arthritis (12), and pulmonary fibrosis and granuloma-
tous lung disease (13). Recent data indicate that MCP-1 and
other C-C chemokines augment cytotoxic lymphocyte and nat-
ural killer cell activity in vitro (14, 15), suggesting a novel role
for chemokines as costimulators of T cell activation. In addi-
tion, MCP-1 and other chemokines have been shown to inhibit
the proliferation of myeloid progenitor cells both in vitro and
in vivo (16).

The effects of chemokines are mediated by a family of
closely related G protein—coupled receptors. MCP-1 initiates
signal transduction through binding to C-C chemokine recep-
tor 2 (CCR2) (17). Like most chemokine receptors, CCR2 is
activated by multiple agonists, including MCP-3 (18, 19),
MCP-4 (20, 21), and MCP-5 (22). In addition, in vitro studies
using cloned receptors indicate that CCR2 agonists also bind
and activate other receptors; for example, MCP-3 activates
CCR1 (19), and MCP-3 and MCP-4 activate CCR3 (20, 21).
However, only chemokines of the MCP family (MCP-1
through MCP-5) appear to activate CCR2. The multiplicity of
receptor usage suggests that chemokines may have redundant
functions in vivo.

Since much of the literature addressing the role of MCP-1
in disease states is correlative and because of the multiplicity
of agonists for the MCP-1 receptor, we used homologous re-
combination in embryonic stem (ES) cells to delete the gene
encoding CCR2 in mice. Mice homozygous for a deletion of
the CCR2 gene (CCR27/7) were viable, fertile, and indistin-
guishable from wild-type littermates while maintained in a
pathogen-free environment. To test the hypothesis that CCR2
is required for recruitment of leukocytes during inflammatory
reactions, we challenged CCR2™'~ mice with nonspecific in-
flammatory stimuli and with a mycobacterial antigen that in-
duces a type 1 cytokine response. Our results indicate that
CCR2 is the primary receptor for MCP-1 in the mouse and
suggest important roles in monocyte recruitment and regula-
tion of the production of inflammatory cytokines.

1. Abbreviations used in this paper: APC, antigen-presenting cell;
BFU-E; burst-forming units—erythrocyte; CCR2, C-C chemokine re-
ceptor 2; CFU-GM, colony-forming units—granulocyte/macrophage;
ConA, concanavalin A; ES, embryonic stem; GEMM, multipotential
progenitor cells; MCP, monocyte chemoattractant protein; PPD, pu-
rified protein derivative; Thl, type 1 cytokine; Th2, type 2 cytokine.



Methods

Reagents. Recombinant chemokines were obtained from R&D Sys-
tems (Minneapolis, MN) except for recombinant murine MCP-5,
which was a generous gift of Dr. Andrew Luster (Harvard Medical
School, Boston, MA) (22).

Generation of CCR2 mutant mice. Genomic DNA containing the
murine CCR2 gene was isolated from a 129/Sv strain library con-
structed in ANFIX (Stratagene, Inc., San Diego, CA) and was screened
with a probe specific for the 3’ untranslated region of the murine
CCR2 cDNA (23). A phage containing a hybridizing insert of ~ 12.0 kb
was plaque purified and digested with Notl, and the insert was sub-
cloned into the Notl site of pBluescriptSK(+) (pBS; Stratagene, Inc.).
Southern mapping revealed that the insert contained only 1.0 kb of
5" noncoding sequence. Therefore, we screened a bacteriophage P1
clone (Genome Systems, St. Louis, MO) with an insert of ~ 85 kb (data
not shown) that contains both the CCR2 and CCRS genes (23) using
a probe located 5’ to the coding region. Hybridizing fragments were
subcloned into pBS, and a BamHI fragment was obtained that ex-
tended ~ 8.0 kb upstream from the coding region of CCR2 (see Fig. 1).

To construct the short arm of the targeting vector, primers con-
taining Xhol restriction sites were used to amplify a 0.7-kb fragment
extending upstream from the amino-terminus of the receptor using
subcloned genomic DNA as a template (SA1, 5'-GCCTCGAGTGC-
CGTGGATGAACTGAGG-3', located 39 bp downstream of the
first ATG codon; SA2 5'-GCCTCGAGGGAAATCAACTTGGGT-
TCTATGC-3' located ~ 0.7 kb upstream, see Fig. 1). The PCR prod-
uct was cloned into the Xhol site of pPolllshort-neobpA-HSVTK (a
generous gift of S. Ishibashi, University of Tokyo, Japan [24]), creat-
ing pSAneoTK. To provide the 3’ region of homology, an 8.0-kb
BamHI fragment located downstream of the cDNA was cloned into
the BamHI site of pSAneoTK (Fig. 1). Transcription of the neo gene
is opposite to that of CCR2. The targeting vector was linearized 3’ to
the long arm of homology with a unique NotI site in the polylinker.

The CCR?2 targeting vector was electroporated into RF8 ES cells
cultured on LIF-producing STO feeder cells, as previously described
(25). Clones resistant to both G418 (150 pg/ml) and FIAU (0.25 mM)
were screened by PCR with primers located in the neo cassette and
upstream of the short arm of homology (GHpA 5'-GGAAGA-
CAATAGCAGGCATGC-3', SA3 5'-GCCTCGAGGCAGCCAC-
GTAGGTGTC-3') to yield a product of ~ 1.0 kb in correctly tar-
geted clones. Homologous recombination was further verified by
Southern analysis of HindIII-digested genomic DNA hybridized with
a probe located 5’ of the targeting vector (Fig. 1).

Analysis of mRNA expression. Total RNA was prepared from
spleens and peritoneal exudate cells and screened for CCR2 and
CCRS5 mRNA by reverse transcriptase PCR with primers that we
previously demonstrated to be specific for each receptor (CCR2 for-
ward 5'-GGTCATGATCCCTATGTGG-3', reverse 5'-CTGGGC-
ACCTGATTTAAAGG-3"; CCRS5 forward 5'-CGGTGTTCAATT-
TTCC-3', reverse 5'-CCATTCCTACTCCCAAGCTGC-3" [23]).
After synthesis of cDNA with an oligo-dT primer, PCR was per-
formed with a GeneAmp Kit (Perkin-Elmer Corp., Branchburg, NJ)
according to the manufacturer’s protocol. The predicted products are
242 and 148 bp for CCR2 and CCRS, respectively.

Chemotaxis assays. Peritoneal exudate cells were elicited by in-
traperitoneal injection of 3.0 ml of 3% Brewer thioglycollate medium
(Difco, Detroit, MI). 3 d later, cells were harvested by peritoneal la-
vage with ice-cold PBS, washed three times with cold PBS, and resus-
pended at 2.0 X 10° cells/ml in RPMI (Gibco/Life Sciences, Grand Is-
land, NY) containing 1.0 mg/ml bovine serum albumin (fraction V,
Sigma Chemical Co., St. Louis, MO). Chemotaxis assays were per-
formed in 48-well Boyden chambers (Neuroprobe, Cabin John, MD)
using 5-pm pore PVPF membranes (Poretics, Livermore, CA) to sep-
arate the agonist (lower chamber) from the cells (10%/well). Chambers
were incubated at 37°C in an atmosphere of 5% CO, for 90 min, and
cells that migrated through and adhered to the bottom of the filter were
stained with Diff-Quick (Dade Diagnostics, Aguada, Puerto Rico).

Five high-power fields were counted per well, and each data point
was determined in triplicate. Each agonist was tested in at least three
independent experiments. Aliquots (10,000 cells) used for chemotaxis
assays were dispersed by cytospin (500 rpm, 5 min) (Shandon, Pitts-
burgh, PA) and stained with Diff-Quick. Cell types were identified by
morphology and immunocytochemistry using F4/80 (macrophages)
(BioSource International, Camarillo, CA), Grl (neutrophils), CD11b
(macrophages and neutrophils), and CD3 (T lymphocytes) (PharMin-
gen, San Diego, CA). At least 200 cells were counted for each animal.

Lung granuloma induction. Pulmonary granulomas with pre-
dominantly Th1 cytokine profiles were generated as described (13).
Briefly, mice were sensitized by subcutaneous injection near the nape
of the neck with 20 wg of Mycobacteria bovis purified protein deriva-
tive (PPD) (National Veterinary Services Laboratory, Ames, IA) in
0.25 ml of complete Freund’s adjuvant. Sensitized mice were chal-
lenged 14-16 d later by an intravenous infusion of 6,000 Sepharose 4B
beads (in 0.5 ml PBS) covalently coupled to PPD. Beads embolized to
the lungs and elicited granulomas that were examined 2, 4, and 8 d
later, after killing of the animals. The lungs were perfused with cold
RPMI and removed, excluding the trachea and major bronchi. The
right lung was snap frozen in liquid nitrogen for mRNA isolation.
The left lung was homogenized in cold RPMI in a Waring blender
with a narrow-bottom stainless-steel cup. Intact granulomas were col-
lected over a sterile stainless-steel mesh (No. 100), and the cells iso-
lated by digestion with collagenase (1,000 U/ml type IV, Sigma Chem-
ical Co.) dissolved in RPMI supplemented with 10% FBS for 30 min
in a 37°C shaking water bath, followed by passage through a stainless-
steel mesh (No. 100). Differential counts of granuloma cell suspen-
sions were obtained from duplicate cytospin preparations stained with
Wright’s stain. To measure granuloma area, lungs were inflated with
formalin, embedded in paraffin, sectioned, and stained with hematox-
ylin and eosin. Granulomas were measured by a “blinded” observer
with a morphometer and software (The Morphometer; Woods Hole
Educational Associates, Woods Hole, MA). A minimum of 20 lesions
were measured per lung.

Lymph node cytokine production. Mediastinal lymph nodes were
collected at the time of lung harvest and dispersed into single-cell sus-
pensions. After washing, the cells (5 X 10%ml) were cultured in
RPMI supplemented with 10% FBS, 10 mM glutamine, 100 wg/ml
streptomycin, and 100 U/ml penicillin in the presence or absence of 5
wng/ml PPD at 37°C for 24 h in a 5% CO, humidified atmosphere. Su-
pernatants were collected by centrifugation and stored at —45°C, and
cytokine measurements were made by ELISA as described (13).

T lymphocyte, spleenocyte, and antigen-presenting cell function.
Antigen-presenting cell (APC) monolayers were isolated from the
dispersed spleens of naive wild-type and mutant mice by adherence
to 35-mm plastic culture dishes for 2 h at 37°C. T cells were prepared
from individual spleens of PPD-sensitized mice. Red blood cells were
removed by hypotonic lysis, and T cells were isolated by the panning
method of Mage et al. (26). T cells were further depleted of APC by
passage through sterile G10 Sephadex columns (27). The T cells were
overlaid onto wild-type or mutant APC monolayers at 3 X 10%ml in
RPMI/FBS and cultured for 24 h in the presence of 5 pg/ml PPD.
Control cultures consisted of APC monolayers only and T cells with-
out APC. In some experiments, spleens from naive mice were col-
lected, dispersed into single-cell suspensions, and maintained at 1 X
107/ml in RPMI/FBS for 24 h in the presence or absence of 5 pg/ml
concanavalin A (ConA). Supernatants were collected as above for cy-
tokine assays.

Colony forming assays and peripheral blood counts. Granulocyte-
macrophage (CFU-GM), erythroid (BFU-E), and multipotential (CFU-
GEMM) progenitors were scored based on colony formation in 1%
methylcellulose culture medium supplemented with 30% FBS, 1 U/ml
recombinant human erythropoietin, 5% vol/vol pokeweed mitogen
mouse spleen conditioned medium, 50 ng/ml murine steel factor, and
0.1 mM hemin, as described (16, 28). Unseparated marrow, unsepa-
rated spleen, and low-density blood cells were plated, respectively, at
5% 1045 X 10°, and 1 X 10° cells/ml, and colonies were scored after
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Figure 1. Targeted deletion of the CCR2 gene. (A) Targeting strategy. Shown on the top line is a partial restriction map of the wild-type CCR2
gene locus. The targeting vector is shown in the center, and the predicted structure of the targeted allele after homologous recombination is
shown below. The exon containing the coding and 3’ untranslated regions is indicated as a filled box; the polll-neo gene and the tandem
HSV-TK genes are indicated by hatching. The probe used for screening of genomic DNA is shown by the thick black bar (probe). Restriction en-
zyme digestion with HindIII (H3) produces a wild-type fragment of 7.8 kb and a targeted fragment of 6.1 kb. Restriction endonuclease sites are
BamHI (B), NotI (N), and Xbal (X). (B) Generation of CCR2 mutant mice. Genomic DNA from F2 offspring of heterozygous (+/—) parents
was digested with H3 and hybridized with the probe indicated in (A). The wild-type and targeted fragments are indicated, and the genotype of
each mouse is shown above the lane. +/+, wild-type; +/—, heterozygous; —/—, homozygous mutant for CCR2. (C) Absence of CCR2 expression
in CCR27~ mice. mRNA was isolated from individual spleens of untreated mice and peritoneal exudate cells (PEC) 3 d after intraperitoneal in-
jection of thioglycollate (PEC were pooled from three wild-type and six CCR2™/~ mice) and subjected to reverse transcriptase PCR analysis with
primers specific for CCR2 (lanes /-4) and CCRS5 (lanes 5-8). The products for CCR2 (242 bp) and CCRS5 (148 bp) are indicated.

a 7-d incubation. Absolute numbers of progenitors were calculated
based on the numbers of colonies per number of cells plated and on
the nuclear cellularity of the organ. Peripheral blood cell counts were
performed by Consolidated Veterinary Services, Inc. (West Sacra-
mento, CA).

Flow cytometry analysis. Spleens of naive mice were dispersed
into single-cell suspensions, and the red blood cells were lysed ac-
cording to standard protocols (29). Cells (10°) were initially incubated
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with rat antibodies against mouse FcylI and FeyIII receptors to block
nonspecific binding to Fc receptors according to the manufacturer’s
protocol (PharMingen), then stained on ice for 30-60 min with 0.5-
1.0 pg of antibody in HBSS/1.0% BSA/0.1% NaNj;. The following
monoclonal antibodies were used: hamster anti-mouse CD3/FITC;
rat anti-mouse CD4/PE, CDS/FITC, B220/PE, IgM/FITC, and
CD11b/biotin (PharMingen). Biotinylated primary antibodies were
detected by secondary incubation with streptavidin/PE (PharMingen)



for 30 min on ice. Cells were also stained with appropriate control
IgG antibodies (hamster IgG/FITC and rat IgG/PE or IgG/biotin,
also from PharMingen) to determine nonspecific binding. Cell sur-
face expression was analyzed with a FACScan® flow cytometer and
CellQuest software (Becton-Dickinson Co., Mountain View, CA).

Cytokine measurements. Interleukins 2, 4, 5, 10, and 12 (p35/40
subunits) were measured by ELISA using commercially available re-
agents (PharMingen); sensitivities were to at least 50 pg/ml. Commer-
cially available recombinant murine cytokines served as standards in
all assays (Genzyme Corp., Boston, MA, and Peprotech, Rocky Hills,
NJ). IFN-y was measured by ELISA as described (13) using a capture
antibody derived from the XMG-6 clone; sensitivity was to 50 pg/ml.
Recombinant murine IL-12 was kindly provided by Genetics Institute
(Cambridge, MA).

Statistical analysis. The data for leukocyte recruitment into the
peritoneum were analyzed using the Mann-Whitney test. All other
data were analyzed by the Student’s ¢ test (two-tailed). P values <
0.05 were considered significant.

Results

Generation of mice mutant for CCR2. To selectively delete
CCR2, we constructed a targeting vector (Fig. 1 A). This vec-
tor was designed to replace all but the first 39 nucleotides of
the coding region of the receptor with a neo cassette via ho-
mologous recombination with the CCR2 gene. After elec-
troporation into ES cells, 976 neomycin-resistant colonies
were picked, one of which contained the correctly targeted al-
lele. This clone was injected into C57BL/6 blastocysts, result-
ing in a chimeric male that transmitted the mutation to his off-
spring. Matings between heterozygous offspring resulted in

mice homozygous for the CCR2 mutation (CCR2/") (Fig. 1
B). CCR27/~ mice were born at the expected Mendelian ratios,
showed no overt developmental or morphological abnormali-
ties, and were fertile. The mice used in this study were hybrids
between C57BL/6 and 129/Sv strains.

To confirm that the mutation selectively disrupted CCR2
transcription, we isolated RNA from spleens and thioglycol-
late-elicited peritoneal exudate cells of wild-type and mutant
mice. As shown in Figure 1 C, mRNA for CCR2 was undetect-
able in CCR2™~ mice, whereas CCR5 mRNA was readily am-
plified in both wild-type and mutant mice. Since the genes en-
coding CCR2 and CCRS are in close proximity in both humans
and mice (23, 30), these results suggested that the targeting
vector did not affect expression of neighboring genes in the
chemokine receptor locus.

Recruitment of macrophages in response to inflammatory
stimuli is impaired in CCR2™'~ mice. MCP-1 is a potent chemo-
attractant for monocytes both in vitro (6, 31, 32) and in vivo
(33, 34), and expression of MCP-1 is markedly induced by in-
flammatory stimuli (35, 36). To examine the role of CCR2 in
an antigen-independent model of inflammation, we analyzed
leukocytes elicited in response to intraperitoneal administra-
tion of thioglycollate in mutant and wild-type mice. Although
significantly fewer thioglycollate-elicited cells were recovered
from CCR2™~ mice than from wild-type and heterozygous
mice, the number of resident macrophages was unaffected by
deletion of CCR2 (Fig. 2 A). The reduction in peritoneal exu-
date cells was largely accounted for by a significant decrease in
the number of macrophages with little change in the absolute
number of neutrophils, lymphocytes, eosinophils, or basophils
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(Fig. 2 B). The decrease in the number of macrophages re-
sulted in an increase in the relative number of neutrophils,
such that the ratio of inflammatory leukocytes was altered.
Thus, in peritoneal exudate cells from CCR2~~ mice, neutro-
phils were the predominant cell type (Fig. 2 C). These data
suggest that the thioglycollate-induced accumulation of mac-
rophages into the peritoneal cavity is dependent upon activa-
tion of CCR2. The most likely mechanism for this effect is up-
regulation of the expression of CCR2 agonists by peritoneal
cells. We also examined leukocytes recruited into the perito-
neum 18 h after thioglycollate injection and observed no dif-
ference in cell types between wild-type and CCR2™/'~ mice;
> 90% of the cells at this early time point were neutrophils
(data not shown), suggesting that CCR2 does not play a role in
the acute response to inflammation.

Chemotaxis of peritoneal exudate cells to MCP-1 and
MIP-1a. We next tested macrophages from control and
knockout mice for their ability to migrate in response to a
chemotactic gradient of known mCCR?2 ligands (22, 23). As
shown in Fig. 3 A, peritoneal exudate cells from CCR2*/* and
CCR2*~ mice migrated in response to mMCP-1 (mJE) and
mMCP-5, as well as to hMCP-1, with a characteristic biphasic
dose-response curve. In contrast, peritoneal exudate cells from
CCR2™~ mice had no chemotactic response to the CCR2 ago-
nists. These data confirmed that the gene deleted in these stud-
ies is the endogenous MCP-1 receptor and that other closely
related receptors do not provide a functional chemotactic re-
sponse to MCP ligands. In contrast, peritoneal exudate cells
from wild-type and CCR2™/~ mice migrated very similarly in
response to MIP-1a, which interacts with chemokine receptors
other than CCR2 (Fig. 3 B). This result indicates that CCR2™/~
cells are not generally impaired in their ability to migrate to a
chemotactic gradient.

Absence of myelosuppression by MCP-1 in myeloid progen-
itor cells from CCR2™~ mice. In vitro and in vivo, chemokines
inhibit colony formation by myeloid progenitor cells (16, 28,
37), suggesting that chemokines may negatively regulate the
proliferative response of the immune system. To determine
whether we had deleted the endogenous MCP-1 receptor in
hematopoietic stem cells, we isolated progenitor cells from
bone marrow, and measured CFU-GM in semisolid methylcel-
lulose cultures. As shown in Fig. 4, mJE and human MCP-1, as
well as other C-C and CXC chemokines (mMIP-1a, hIL-8), in-
hibited CFU-GM formation by bone marrow cells isolated
from wild-type mice. In contrast, CFU-GM formation by
CCR2"~ cells was not inhibited by mJE or hMCP-1, whereas
the inhibition observed with other chemokines was still intact.
Similarly, murine and human MCP-1 also inhibited BFU-E
and CFU-GEMM progenitors from +/+ mice, whereas prolif-
eration of progenitors from CCR2™'~ mice was not inhibited
(Table I). These data indicate that CCR2 is the endogenous re-
ceptor for MCP-1 in bone marrow progenitor cells. The abso-
lute number of progenitors in the marrow, spleen, and periph-
eral blood of CCR2™'~ mice was not altered (data not shown),
and peripheral blood white cell counts, including monocytes,
were also within the control range (Table II, Day 0). Taken to-
gether, these results suggest that CCR2 may not be required
for normal myelopoiesis but may play a role in modulating the
production of leukocytes during an immune response.

CCR2™~ mice have functional defects in immune re-
sponses. To explore possible roles of MCP-1 signaling through
CCR2 in an antigen-dependent model of inflammation, we in-
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Figure 3. Chemotaxis of peritoneal leukocytes from control and mu-
tant mice. (A) Chemotaxis in response to MCP family chemokines.
Cells were harvested 3 d after thioglycollate injection and incubated
with increasing concentrations of mMCP-1/JE (circles), AMCP-1 (tri-
angles), and mMCP-5 (squares). The number of control (+/+ and +/—,
open symbols) and mutant (—/—, filled symbols) cells migrating in re-
sponse to each concentration of agonist was determined in triplicate,
and data are presented as the mean*=SD. Data shown are representa-
tive of three to six experiments. (B) Chemotaxis in response to
mMIP-1a. The number of +/— (open circles) and —/— (filled circles)
peritoneal cells that migrated to each chemokine was determined as
in A.

duced granulomas in the lungs of mice by injecting Sepharose
beads coated with PPD from M. bovis. As previously reported
(13), the response to PPD antigen in the mouse is associated
with a Th1 cytokine profile in draining lymph node cells. Gran-
uloma size and lymph node cytokine profiles were determined
2,4, and 8 d after bead challenge. Granulomas from CCR2™/~
mice were significantly smaller than those from wild-type mice
at day 4, but not on day 2 or 8 (Fig. 5), and the absolute num-
ber of macrophages in these granulomas was reduced by 75
and 42% on days 2 and 4, respectively, but no reduction was
detected by day 8 (data not shown). The number of lympho-



Figure 4. Inhibition of colony
formation by myeloid progenitor
cells in wild-type and CCR2 ™/~
mice. Bone marrow cells were
cultured in methylcellulose plus
growth factors with or without
chemokines as described in
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cytes, eosinophils, and neutrophils was unchanged. These data
suggest that CCR2 agonists are required for the initial recruit-
ment of macrophages into granulomatous lesions, but that
other cytokines are predominantly responsible for recruitment
at later time points. In wild-type mice, PPD challenge in-
creased the number of circulating monocytes (to 8-10%, Table
II). In contrast, in the CCR2™~ mice this monocytosis did not
occur, and the number of circulating blood monocytes re-
mained low at all time points (1-4%, Table II). Thus, the de-
creased number of macrophages recruited to granulomas on
days 2 and 4 may result in part from a smaller pool of circulat-
ing monocytes.

Decreased IFN-vy production in CCR2”~ mice. To address
the role of CCR2 in cytokine production after antigenic chal-
lenge, draining lymph nodes were harvested 2, 4, and 8 d after
infusion of PPD-coupled beads and maintained in culture.
Lymph node cells from wild-type mice produced readily de-

Table 1. Effects of Chemokines on Colony Formation by
Myeloid Progenitor Cells from Bone Marrow of Wild-Type
and CCR2™~ Mice*

BFU-E CFU-GEMM

Chemokines +/+ —/—= +/+ —/=
Control Medium 23+2 25+3 6+1 T7+1
hMCP-1 16+2F 23+0.3 3+0.6F 8*+1
mMCP-1 (JE) 15+0.3* 24*3 3+0.3¢ 8+0.6
mMIP-1a 16+1* 11+0.3¢ 4+0.3¢ 2+0.3*
hIL-8 17+2¢ 11+2¢ 414 3+0.6*
hIP-10 14+2¢ 11+1% 3+0.6F 4+1%
mMIP-2 17+2% 13+1% 4+0.3* 3+0.6*
hMCP-2 28+1 26+0.6 7+0.3 8+1
hMCP-3 26+1 26+2 7+0.6 7+0.6
hGRO-a 29+3 26*3 8+2 8+2
hNAP-2 27%2 25*2 7x0.6 8+0.6

*Colony formation by 5 X 10* bone marrow cells pooled from wild-type
(+/+) (n = 3) and mutant (—/—) (n = 5) mice. Results are expressed as
mean=SEM. *P < 0.05 compared to control medium.

Methods. Colony formation
(CFU-GM) by 5 X 10* cells/ml
pooled from +/+ (n = 3) and
—/= (n = 5) mice. *P < 0.05 ver-
sus control medium.

tectable amounts of IL-2 and IFN-y when re-exposed to PPD
(Fig. 6). In contrast, the large increase in IFN-y production
that occurred on days 4 and 8 was not observed in lymph node
cells from CCR2™~ mice. IL-12 (p35/40), which promotes
IFN-vy production (for a review, see reference 38), was barely
detectable in cultures of both wild-type and CCR2™'~ lymph
node cells, and expression of Th2 cytokines (IL-4 and IL-5)
was also low and not significantly different between the two
genotypes (data not shown). These data suggest that CCR?2 is
required for maximal generation of IFN-y—producing cells
during a type 1 immune response.

To further characterize the defect leading to decreased
IFN-vy production, we isolated T cells from the spleens of wild-
type and CCR27/~ mice 4 d after exposure to PPD. As seen in
Fig. 7 A, virtually no IFN-y was produced unless the cells were
rechallenged with PPD. After re-exposure to PPD, there was a
robust response in the CCR2%/* cells, and this was increased
about twofold by the addition of APC. There was no differ-

Table I1. Blood Leukocyte Differentials in Wild-Type and
CCR27/~ Mice with PPD-induced Granulomas

Cell type (%)

Genotype  Lymphocyte Monocyte Eosinophil Neutrophil
Day 0% +/+ 89.7x6.1 2.0x0.8 1.2*1.2 7.0£6.3
—/— 88.3x2.1 2.0x1.7 1.3x1.1 8.3%3.0

Day 2 +/+ 43.7x21.6 104*3.6 22%+2.0 43.3%x20.0
—/— 59.2%+10.2 29%25%  12%15 36.2%9.0

Day 4 +/+ 69.7+14.0 8.0x1.2 33*x1.2 19.1%154

—/—= 69.0+14.7 4.0=+0.1* 14x1.6 357%15.0
Day 8 +/+ 69.3+15.0 8.5+4.2 1.5+x13 20.7+9.6
—/— 74.3%+9.7 0.7x0.6* 2.0x09 22.7%9.7

Total blood leukocyte differentials were determined for three mice of
each genotype at each time point after challenge with PPD-coated
beads. Values are mean=+SD. *Naive mice. *P < 0.05 compared to +/+
mice.
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ence between APCs from wild-type versus CCR2™'~ mice. In
contrast, IFN-y production by T cells from CCR2™'~ mice was
almost undetectable, and this response was not restored by the
addition of wild-type APC (Fig. 7 A). In parallel experiments,
PPD-stimulated IL-2 expression from CCR27/~ T cells was
also decreased, though not as greatly as IFN-y expression (Fig.
7 B). These data indicate that T cells from the spleens of
CCR27~ mice have profound defects in antigen-dependent
production of cytokines, particularly IFN-y. These data also
indicate that APC from CCR2~~ mice have normal antigen-
presenting function.
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Figure 6. Cytokine profiles of draining lymph node cells from PPD-
bead-challenged CCR2"/* and CCR2~/~ mice. Lymph nodes were
harvested 2, 4, and 8 d after granuloma induction, dispersed into sin-
gle cells, and cultured with 5 wg/ml of PPD. Cytokine levels were de-
termined by ELISA 24 h later. Cytokine production in the absence of
PPD was undetectable. Values represent mean=*SD of triplicate de-
terminations of lymph node cells pooled from three mice for each
time point. *P < 0.05.
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Figure 5. Size of PPD-induced
granulomas in wild-type and
CCR27~ mice. Lungs were fixed
2,4, and 8 d after challenge with
PPD-coated beads, and granu-
loma area was determined from
paraffin-embedded sections as
described in Methods. The num-
ber of granulomas measured,
pooled from three or four mice
for each time point, is indicated
in parentheses. *P < 0.05.

Decreased IFN-vy production in CCR2™~ ConA-stimulated
splenocytes. To determine whether CCR2 was directly in-
volved in the production of Thl cytokines or alternatively
whether the decreased cytokine production was due to an indi-
rect effect, such as differences in leukocyte trafficking or lym-
phocyte development in CCR2™~ mice, spleen cells from na-
ive mice were stained with antibodies specific for T cells, B
cells, and macrophages and analyzed by flow cytometry. No
significant differences were observed between +/+ and —/—
mice in the expression of CD3, CD4, and CDS8 (T cell mark-
ers), B220 and IgM (B cells), or CD11b (macrophages and
neutrophils) (data not shown). We next used ConA, a potent
polyclonal activator of T cells, to stimulate IFN-y production
by naive splenocytes. As seen in Fig. 8, ConA induced high
levels of IFN-y production by splenocytes from wild-type mice,
but this response was reduced by 60% in CCR2 —/— mice. In
contrast, splenocytes from the CCR2-deficient mice produced
significantly more IL-2 than those of wild-type animals, indi-
cating that cells from CCR2™~ mice were not generally defec-
tive in cytokine production. These results suggest that the de-
crease in IFN-y expression by CCR2™'~ T cells is not simply a
result of defects in lymphocyte trafficking to lymphoid tissue.
Since splenocytes contain both APC and T cells, these experi-
ments do not reveal which cell type(s) require CCR2.

Discussion

In this study, we have used homologous recombination in ES
cells to generate mice that are genetically deficient for the
chemokine receptor CCR2. The CCR2™/~ mice were viable,
developed normally, and showed no overt morphological or
behavioral defects. Examination of the hematopoietic system
revealed no defects in the number of myeloid progenitor cells
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Figure 7. Cytokine production by T cells from PPD-challenged wild-
type and CCR27/~ mice. (A) IFN-y. (B) IL-2. T lymphocytes and
APC were isolated from the spleens of wild-type (left) and CCR27/~
mice (right) 4 d after granuloma induction, cultured in the presence
or absence of PPD (5 pg/ml antigen), and cytokine levels were mea-
sured after 24 h. Cytokine levels in control cultures (before depletion
of APC) were similar to those in which purified APC were added
back to isolated T cells (data not shown). Values represent means and
95% contidence levels for four individual mice of each genotype.
*P < 0.05.

or in the development of lymphocyte subsets. Although the
mice exhibited no obvious phenotype in the unstressed state,
exposure to both antigenic and nonantigenic challenges re-
vealed significant defects in monocyte/macrophage recruit-
ment and immunological responses, most notably a profound
impairment in IFN-y production. These data indicate that acti-
vation of CCR2 by MCP-1 and related chemokines is critically
involved in recruiting macrophages at sites of inflammation,
and support an important role for CCR2 in modulating the im-
mune response and cytokine production.

In humans, there are two well-characterized receptors for
MCP-1, CCR2A, and CCR2B, which are splice variants of a
single gene (39). In the mouse, we have detected only a single
MCP-1 receptor (23). The targeting strategy used in this study
would also have eliminated splice variants of murine CCR2 if
they existed. Several lines of evidence indicated that the en-
dogenous functional MCP-1 receptor was deleted in CCR27~
mice. First, thioglycollate-elicited peritoneal leukocytes from
CCR2'~ mice had a selective defect in their ability to migrate
towards MCP-1 and other known CCR2 ligands, but re-
sponded well to MIP-1a. Similar results were obtained with
casein-elicited peritoneal leukocytes (Boring, L., unpublished
observations). Second, both murine and human MCP-1 sup-
pressed myelopoiesis in wild-type mice but not in CCR27/~
mice. Finally, recruitment of macrophages into the peritoneum
of CCR2™~ mice was markedly impaired after an inflamma-
tory insult, a result very similar to that observed in the mMCP-1
(JE) knockout mouse (Rollins, B.J., personal communication).

Given the high degree of both structural similarity and in
vitro responses of leukocytes to C-C chemokines, significant
redundancy of function was likely to be present in vivo. It was
thus somewhat surprising that deletion of CCR2 led to a pro-
found defect in the recruitment of leukocytes into the perito-
neum. This result indicated that in vivo, MCP-1 signaling
through CCR2 provides a unique function. Nonredundant
chemokine functions were also observed in MIP-la—deficient
mice, which were resistant to coxsackievirus-induced myo-
carditis (40).

Using an antigen-dependent model of lung inflammation,
we found that CCR2 played a role in both granuloma induc-
tion and modulation of the immune response. In CCR2™/~
mice, PPD-induced lung granulomas were significantly re-
duced in size 4 d after bead challenge, and this reduction was
accompanied by a selective decrease in macrophage recruit-
ment into the granulomas on days 2 and 4. This result provides
further evidence that CCR2 participates in the recruitment of
monocytes/macrophages to sites of inflammation. That the
macrophage content of the granulomas returned to control
levels at later time points in the CCR2™/~ mice indicated that
receptors other than CCR2 also mediate monocyte recruit-
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Figure 8. Cytokine production by ConA-stimulated naive spleno-
cytes from wild-type and CCR2~/~ mice. Spleens from unchallenged
mice were dispersed in culture and stimulated with ConA (5 pg/ml).
Cytokine levels were measured 24 h later. Values represent means
and standard deviation from six individual mice for each genotype.
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ment. PPD bead challenge also resulted in a marked monocy-
tosis in wild-type mice but not in the CCR2™'~ mice. These
data suggest that antigen-induced monocyte recruitment into
the circulation, as was found for thioglycollate-induced recruit-
ment into the peritoneum, is highly dependent on activation of
CCR2. The failure of the CCR2™~ mice to develop monocyto-
sis may partially explain the decreased macrophage content of
the induced granulomas.

Lung granulomas induced by M. bovis PPD are associated
with a Thl (IL-2, IFN-y) cytokine response. Several lines of
evidence indicate that CCR2 is necessary for robust IFN-y
production in PPD-challenged mice. First, examination of
cytokine profiles by draining lymph node cells from CCR2™/~
mice revealed impaired IFN-y production, whereas the wild-type
mice showed a large, time-dependent increase in this cytokine.
Second, T cells isolated from PPD-sensitized CCR2™/~ mice
had a dramatic reduction in PPD-induced IFN-y production
and, to a lesser extent, reduced IL-2 production. This reduc-
tion was not corrected by inclusion of wild-type APCs, indicat-
ing that the genotype of the T cells, rather than the APCs, was
critical in mediating upregulation of IFN-y. It is noteworthy
that the reductions in IFN-y and IL-2 were not apparent in
lymph node cells at day 2, presumably the early stage of T cell
activation. Thus, we speculate that CCR2 is involved in pro-
moting T cell maturation beyond the IL-2—-producing stage.

There is increasing evidence that chemokines participate in
the differentiation of lymphocytes towards Thl- or Th2-type
phenotypes. Taub et al. found that chemokines act as costimu-
lators and enhance IL-2 production by T cell clones (15). Using
lymphocytes derived from T cell receptor transgenic mice, Kar-
pus et al. (41) demonstrated that chemokines induced distinct
cytokine profiles upon exposure of naive cells to the antigen.
Cells stimulated through the T cell receptor and incubated
in the presence of MIP-la had enhanced IFN-y production,
whereas cells incubated in the presence of MCP-1 had en-
hanced IL-4 production. In earlier studies, these investigators
provided in vivo data suggesting that MIP-1a played a role in
the pathogenesis of Th1-dependent experimental autoimmune
encephalomyelitis (42), whereas MCP-1 was involved in medi-
ating oral tolerance (43). Taken together, these data suggested
that MCP-1 contributed primarily to the development of the
Th2 phenotype, whereas exposure to MIP-1a led to a Th1 phe-
notype. Consistent with this, we have previously found that use
of a neutralizing antibody to MCP-1 was more effective in re-
ducing the size of schistosome egg antigen—induced granulo-
mas, which are associated with a Th2 response, than PPD-
induced lesions (13). Results reported in the current paper,
however, support a role for MCP-1 in the development of a
Th1 response. There are several possible explanations for why
other studies have failed to reveal a role for MCP-1/CCR2 in
Th1 responses. First, much of the earlier data was obtained by
using neutralizing antibodies to block MCP-1, and the block-
ade may not have been complete. Second, there are at least
two more recently described ligands for CCR2 in the mouse
(MCP-3 = Marc/fic [44] and MCP-5 [22]), and it is not clear if
the MCP-1 antibodies also neutralized these chemokines. Third,
complete congenital absence of CCR2 may influence the sta-
tus of other cells, such as natural killer and mast cells, that po-
tentially participate in immune regulation and thereby alter
normal lymphocyte maturational pathways. The use of homol-
ogous recombination to delete CCR2 has revealed a novel role
for MCP-1 (and possibly MCP-3 and MCP-5) in regulating the
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immune response to PPD and perhaps other antigens that in-
duce delayed-type hypersensitivity. Studies to determine if
Th2 responses (e.g., schistosome egg antigen-induced granu-
loma formation) are altered in the CCR2™~ mouse are cur-
rently in progress.

The decrease in IFN-y production seen in the PPD model
may reflect either a direct effect of MCP-1/CCR2 on T cells or
an indirect effect, such as CCR2-dependent lymphocyte traf-
ficking to lymph nodes or spleen. No differences in the total
numbers of lymphocytes between wild-type and CCR2™'~ mice
were seen; nor were there any differences between subsets of
T cells, B cells, or macrophages between the two groups. These
results make it less likely that the data can be explained by
trafficking defects of either T cells or APCs. It was still possi-
ble, however, that fewer PPD-reactive T cells were available in
the spleens of knockout versus wild-type animals. To address
this possibility, we used ConA to activate naive splenocytes.
As was found with PPD, cells from CCR2™~ mice produced
far less IFN-y in response to ConA than did wild-type litter-
mate controls. These results suggest that CCR2 is required for
IFN-y production by spleen cells and imply that splenocytes
produce MCP-1 in response to ConA stimulation. In prelimi-
nary experiments, we have indeed found ConA-dependent
production of MCP-1 in the conditioned media of these cul-
tures and further noted that MCP-1 levels are reduced in the
CCR27'~ cells (Chensue, S., unpublished data). Further exper-
iments will be required to determine which cell type(s) secrete
and respond to MCP-1.

Previous studies have shown that cytokines regulate ex-
pression of chemokine receptors, including CCR2 (45). Our
results indicate that chemokine receptor expression also regu-
lates cytokine expression and lymphocyte differentiation to-
wards Th1 or Th2 phenotypes. Elucidating the signal transduc-
tion pathways responsible for this differentiation and assessing
the potential for selectively controlling the development of
such lymphocyte phenotypes represent exciting areas of future
investigation.
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