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   Rheumatoid arthritis (RA) is a chronic inflammatory disease and is characterized by infiltration
of macrophages and neutrophils into the joint space. A chemokine receptor, CC chemokine
receptor (CCR) 2, is expressed on macrophages infiltrating into the synovium of RA patients, but
the roles of CCR2-mediated signals in RA still remain controversial. We demonstrated that abla-
tion of Ccr2 gene aggravated the polyarthritis, which develops in interleukin-1 receptor antago-
nist (IL-1ra)-deficient mice. This is associated with augmented neutrophil infiltration and
osteoclastogenesis. Due to the important role of the CCR2-mediated signals in the egress of
monocytes from bone marrow, Ccr2 gene ablation resulted in increased number of monocytes,
a precursor of osteoclasts, in bone marrow of IL-1ra-deficient mice. Intraarticular neutrophils
expressed the receptor of activator of NF-κκκκκB ligand (RANKL) and a disintegrin and metallo-
proteinase (ADAM) 8, the factors which are crucially involved in osteoclast formation. Additional
blockade of neutrophil infiltration decreased the numbers of osteoclasts and attenuated arthritis
in IL-1ra-CCR2-double deficient mice. These observations revealed that CCR2-mediated signals
can modulate arthritis development and progression by suppressing the egress of monocytes,
a precursor of osteoclasts and promoting the infiltration of neutrophils, a rich source of osteo-
clastogenic factors.
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Introduction
　Rheumatoid arthritis (RA) is a chronic inflammatory dis-

order of synovium, cartilage, and bone, of unknown etiol-

ogy, and is characterized by infiltration of various inflam-

matory cells, such as monocytes/macrophages, neutro-

phils, and lymphocytes into the synovium and periarticular

space1). The important pathogenic roles of tumor necrosis

factor (TNF)-α has been proven by the observation that

TNF antagonists induce a remarkable response rate in RA

compared with conventional therapy2). Moreover, mono-

cytes/macrophages are a rich source of TNF-α and their

numbers in the synovium correlate well with clinical symp-

toms and joint damage in RA3). Thus, inhibition of synovial

macrophage accumulation may be able to prevent disease

progression in RA.

　Chemokines are a large superfamily of small proteins

that can regulate the trafficking, accumulation and activa-

tion of various types of cells, particularly leukocytes4).

Chemokine receptors are G protein-coupled receptors and

each chemokine receptor is expressed by distinct cell types.

Thus, the identity of expressed chemokine receptors can

determine the responsiveness of leukocytes to particular

chemokines5). Monocytes/macrophages abundantly ex-

press several chemokine receptors including CCR2, CCR5,

and CX3CR1. Moreover, inflammatory monocytes/mac-

rophages, which infiltrate into inflammatory sites, express

CCR24). These observations prompted us to investigate the

roles of the CCR2-mediated signals in arthritic joint lesions.

We did this using IL-1 receptor antagonist (IL-1ra)-deficient

mice, which spontaneously develop polyarthritis resembling

human RA. Here, we will discuss the potential roles of the

CCR2-mediated signals in spontaneously developing ar-

thritis in IL-1ra-deficient mice, after briefly summarizing the

roles of IL-1 and IL-1ra in RA.

Potential involvement of IL-1ααααα, IL-1βββββ and
IL-1ra in RA
   The IL-1 family includes two agonists, IL-1α and IL-1β,

and one antagonist, IL-1ra. The genes encoding three pro-

teins reside in adjacent position in 2q13 in humans6). IL-

1α and IL-1β are first synthesized as precursors without

an apparent signal peptide by various types of cells includ-

ing neutrophils, monocytes/macrophages and synovial lin-

ing cells. These precursors of IL-1α and IL-1β are cleaved

to generate mature forms with full biological activities,

mainly, but not exclusively, by calpain and caspase-1,

respectively6). In contrast, IL-1ra protein is transcribed as

a protein with a signal peptide7).

　Although IL-1α, IL-1β, and IL-1ra show at most 30 %

sequence homology with each other, they exhibit a similar

pleated sheet structure and bind to IL-1 receptor at the

same site with a similar affinity7). Binding of either IL-1α or

IL-1β induces the association of IL-1 receptor with IL-1

receptor accessory protein, the molecule which is indis-

pensable for intracellular signal transduction7). Eventually,

IL-1α and IL-1β induce monocytes/macrophages, lympho-

cytes, synovial cells, and endothelial cells to produce vari-

ous cytokines, chemokines, and inflammatory mediators

including IL-1 itself, TNF-α, IL-17, IL-8, matrix metallopro-

teinases (MMPs), and receptor activator of nuclear factor-

κB ligand (RANKL)8). In contrast, the binding of IL-1ra can-

not induce the association between IL-1 receptor and IL-1

receptor accessory protein7). As a consequence, IL-1ra

cannot generate intracellular signals, thereby acting as a

natural competitive antagonist of IL-1α and IL-1β. Thus,

the balance between IL-1ra and IL-1 levels in local tissues

determines the relative physiologic or pathological effects

of IL-1.

　Evidence has clearly shown the presence of IL-1 in the

synovial fluid of RA and the localization of IL-1 in the lining

layer of rheumatoid synovium, particularly macrophages

at the pannus-cartilage9). IL-1 can induce proteoglycan

degradation and inhibit proteoglycan synthesis by chon-

drocytes, and enhance collagen degradation in cartilage6).

IL-1α-transgenic mice consistently exhibited an inflamma-

tory arthritis similar to RA, while injection of neutralizing

anti-IL-1 antibodies reversed abnormalities present in col-

lagen-induced arthritis (CIA)10,11). These observations en-

couraged clinical trials using IL-1ra, as a therapeutic drug

for RA. Combination therapy consisting of methotrexate

and human IL-1ra has been shown to provide greater clini-

cal benefits in RA than methotrexate alone12), but most stud-

ies failed to provide evidence to indicate the apparent clini-

cal benefits of IL-1ra13). This may be due to the short half-

life of exogenously administered IL-1ra. Alternatively, high

concentrations to achieve more than 100-fold or greater

levels of IL-1ra are necessary to inhibit the biological ef-

fects of IL-1 on target cells.

　IL-1ra is localized in rheumatoid synovium, particularly in

the cells lining the joint and in the sublining area in a perivas-

cular distribution in macrophages, but the levels of IL-1ra

are not sufficient to inhibit the injurious effects of IL-17).
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However, continuous IL-1ra infusion to achieve sustained

blood levels of IL-1ra did alleviate arthritis symptoms in

CIA and antigen-induced arthritis7). IL-1ra-transgenic over-

expressing mice exhibited less severe CIA, whereas IL-1ra-

deficient mice developed more aggressive CIA14,15). More-

over, analysis of human IL-ra (gene name, Il1rn) gene poly-

morphisms revealed that homozygocity of Il1rn＊2 was as-

sociated with lower plasma IL-1ra levels and with an in-

creased number of affected articular areas in RA pa-

tients16,17). These observations implicate IL-1ra as a pro-

tective factor for RA.

　IL-1ra-deficient mice on a BALB/c background sponta-

neously develop polyarthritis18). Marked synovial and peri-

articular inflammation are observed in the affected joints,

together with articular erosion caused by invasion of granu-

lation tissues. Moreover, there is marked proliferation of

synovial lining cells and invading inflammatory cells en-

gage in forming a pannus. There is considerable bone ero-

sion and this is associated with replacement of the bone

matrix with fibroblastic cells, together with marked activa-

tion of osteoclasts18). These histological features resemble

those observed in RA patients. Thus, IL-1ra-deficient mice

can be a good animal model for the elucidation of molecu-

lar and cellular mechanisms underlying polyarthritis in RA

patients.

　Genetic studies revealed that the spontaneous arthritis

of IL-1ra-deficient mice is highly dependent on non-major

histocompatibility complex genes19). Moreover, autoimmu-

nity to type II collagen is not the major disease-inducing

event in IL-1ra-deficient mice19). In  contrast, the patho-

genic roles of TNF-α and IL-17 have been proven by the

observations that the ablation of either of these genes re-

duces the evidence of arthritis in IL-1ra-deficient mice20, 21).

Moreover, gene expression profile studies revealed that

the mRNA expression of various chemokines including

monocyte chemoattractant protein (MCP)-1/CCL2, MCP-

2/CCL8, and MCP-3/CCL7, is enhanced in the joints of

both IL-1ra-deficient mice22). Furthermore, the joints of these

mice exhibit enhanced mRNA expression of CCR2, a re-

ceptor for CCL2, CCL7, and CCL822). These observations

suggest the potential involvement of CCR2-mediated sig-

nals in polyarthritis in these mouse models.

The CCL2-CCR2 axis in polyarthritis of
IL-1ra-deficient mice
　Monocytes/macrophages abundantly express several

chemokine receptors, particularly CCR2. Synovial levels

of CCL2, a ligand for CCR2, is markedly increased in RA

joints23), and genetic and pharmacological interference with

the receptor has been shown to reduce disease activity in

various animal models of RA24-31). However, Brühl et al.

demonstrated that the CCR2 blockade had either benefi-

cial or detrimental effects on CIA, depending on the phase

of the disease32). Moreover, in some models, blockade of

the CCL2-CCR2 axis had either no effect on disease33) or

even aggravated the disease under some conditions

(Table 1)32, 34-37). Furthermore, several clinical studies dem-

onstrated that either anti-CCL2 or anti-CCR2 antibody failed

to improve the symptoms when given to RA patients38, 39).

The failure in improvement may arise from the incapability

of these antibodies to inhibit the infiltration of CD3+ lym-

phocytes, CD22+ lymphocytes and CD68+ macrophages

into synovial tissue38, 39). Nevertheless, the roles of the

CCL2-CCR2 axis in RA remain an open question.

   In addition to CCL2, several additional CC chemokines

can bind CCR2. Moreover, potent neutralizing anti-mouse

CCR2 antibody was not available. These circumstances

prompted us to generate mice lacking both IL-1ra and

Table 1 Summary of animal studies examining effects of

CCL2/CCR2 axis blockade on arthritis models

Abbreviations used in the table; CIA, collagen-induced arthritis; SCWA,

streptococcal cell wall-induced arthritis; LPSA, lipopolysaccharide-in-

duced arthritis; MSUA, monosodium urate sodium-induced arthritis;

ABIA, anti-collagen antibody-induced arthritis; AIA, adjuvant-induced

arthritis. ＊Ab was administrated in initiation phase, ＊＊Ab was admin-

istrated in progression phase.
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CCR2 genes (designated as IL-1ra-CCR2-doubly-deficient

mice) by mating IL-1ra-deficient mice and CCR2-deficient

mice on a BALB/c background37), in order to address the

roles of the CCL2-CCR2 axis, particularly CCR2-express-

ing cells in polyarthritis of IL-1ra-deficient mice. The inci-

dence and the time of the onset of the disease were com-

parable between IL-1ra-deficient and IL-1ra-CCR2-doubly-

deficient mice, but after 16 weeks of age, IL-1ra-CCR2-

doubly-deficient mice had higher arthritis scores, with ex-

tensive swelling and severe ankylosis in multiple joints,

compared with IL-1ra-deficient mice37). Moreover, IL-1ra-

CCR2-doubly-deficient mice exhibited exaggerated intra-

articular infiltration of neutrophils, but not macrophages,

compared with IL-1ra-deficient mice. Furthermore, signs

of joint inflammation, such as cartilage damage, bone ero-

sion, and cell infiltration were augmented in IL-1ra-CCR2-

doubly-deficient mice at ages of 16 weeks and older com-

pared with IL-1ra-deficient mice. In contrast, CCR2-defi-

cient mice on a BALB/c background did not develop any

signs of arthritis until 1 year of age37). Thus, CCR2-medi-

ated signals have a protective role in the spontaneous pol-

yarthritis of IL-1ra-deficient mice.

   Monocytes/macrophages, particularly inflammatory infil-

trating monocytes/macrophages, express mainly CCR24).

Thus, it is tempting to assume that CCR2-mediated sig-

nals can promote intraarticular inflammatory macrophage

infiltration. Supporting this notion, a low molecule weight

CCR2 antagonist decreased macrophage infiltration into

joints and improved arthritis in rat adjuvant arthritis and

mouse CIA (Table 2)29, 30). In contrast, IL-1ra-CCR2-doubly-

deficient mice exhibited similar levels of intraarticular mono-

cyte/macrophage infiltration as IL-1ra-deficient mice37).

Similar observations were obtained in CCR2-deficient mice,

which were induced to develop CIA35). Expression of sev-

eral macrophage-tropic chemokines, macrophage inflam-

matory protein (MIP)-1α/CCL3 and regulated upon acti-

vated T cells (RANTES)/CCL5 were enhanced in CIA of

CCR2-deficient mice35) (Table 2). Likewise, monocyte

chemotaxis induced by RA synovial fluid was consistently

inhibited by the antibody against CCR1, a receptor for CCL3

and CCL5, but not by antibody against CCR240).

   Intraarticular neutrophil infiltration and intraarticular

CXCL1 and CXCL2 levels were increased to a greater ex-

tent in IL-1ra-CCR2-doubly-deficient mice, than IL-1ra-de-

ficient mice37). Because the IL-1 axis is a potent inducer of

CXCL1 and CXCL2, the lack of IL-1ra may account for

enhanced CXCL1 and CXCL2 expression in IL-1ra-CCR2-

doubly-deficient mice. Moreover, neutrophils were a major

source of CXCL1 and CXCL2 in the joints of IL-1ra-CCR2-

doubly-deficient mice, suggesting the existence of a posi-

tive feedback mechanism between neutrophil infiltration

and these chemokines. Supporting this notion, an antibody

against CXCR2, a specific receptor for CXCL1 and CXCL2,

markedly reduced intraarticular neutrophil infiltration and

eventually decreased the arthritis scores in IL-1ra-CCR2-

doubly-deficient mice37). However, it remains unknown

whether either CCL2- or CCR2-antagonist can have simi-

lar effects on intraarticular neutrophil infiltration and bone

marrow composition in RA patients because hitherto con-

ducted clinical trials did not examine the effects of these

inhibitors on these aspects38,39).

   The blockade of the CCL2-CCR2 axis also resulted in

enhanced neutrophil migration and overexpression of neu-

trophil-tropic chemokines, CXCL1 and CXCL2, in CIA

model35). Likewise, tumor-bearing CCR2-deficient mice

exhibited enhanced CXCL1 and CXCL2 expression, com-
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Table 2 Effect of the CCL2/CCR2 axis blockade on various

aspects of arthritis models
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pared with wild-type mice41). CCL2-deficient mouse-derived

peritoneal macrophages expressed CXCL2 mRNA to a

greater extent than wild-type mouse-derived ones, when

they were stimulated with LPS42). Thus, it is plausible that

the CCR2-CCL2 axis can have a negative regulatory role

in inflammation, particularly CXCL1 and CXCL2 expres-

sion. Supporting this notion, Takada et al reported that

CCL2 contributes to gut homeostasis by recruiting IL-10-

producing macrophages into the lamina propria and that

CCL2 deficiency exacerbates dextran sulfate sodium-in-

duced acute colitis together with impaired IL-10-producing

regulatory macrophage infiltration43). Moreover, aged CCL2-

or CCR2-deficient mice developed retinal degenerative

changes arising from reduced IL-10 production by mono-

cytes44). We also observed that intraarticular expression of

IL-10 was lower in IL-1ra-CCR2-doubly-deficient mice than

IL-1ra-deficient mice (Fujii H, et al: unpublished observa-

tions). Thus, the CCR2-CCL2 axis can regulate the pro-

duction of IL-10, and the blockade or the lack of the CCR2-

CCL2 axis may impair the production of IL-10 and eventu-

ally enhance the expression of pro-inflammatory cytokines,

IL-1 and TNF, which can enhance the expression of neu-

trophil-tropic chemokines, CXCL1 and CXCL2.

   Evidence is accumulating to indicate that treatment of

CCL2 in vitro can induce the differentiation of monocytes

into osteoclasts45). However, bone mineral density was

decreased to a greater extent in IL-1ra-CCR2-doubly-defi-

cient mice, compared with IL-1ra-deficient mice37). More-

over, osteoclast numbers in synovial tissue and subchon-

dral bone marrow were progressively increased in IL-1ra-

and IL-1ra-CCR2-doubly-deficient mice and the increases

were more evident in IL-1ra-CCR2-doubly-deficient mice

than IL-1ra-deficient mice. Furthermore, the doubly-defi-

cient mice possessed a larger number of monocytes, a

precursor of osteoclasts, in bone marrow, than IL-1ra-defi-

cient mice, probably because the lack of CCR2 resulted in

the impaired egress of monocytes from bone marrow46). Of

note is that intraarticular levels of two osteoclastogenic fac-

tors, RANKL and a disintegrin and metalloproteinase

(ADAM)-8, were increased to greater extents in IL-1ra-

CCR2-doubly-deficient mice, than IL-1ra-deficient mice.

When CIA was induced in CCR2-deficient mice, RANKL

was detected in CD4-positive T lymphocytes in the drain-

ing lymph nodes35). In contrast, immunofluorescence analy-

sis demonstrated that infiltrating neutrophils, but not T lym-

phocytes were a major source of RANKL and ADAM-8.

Thus, once osteoclastogenic factors are produced by infil-

trating neutrophils, these factors may prevail in bone mar-

row and may induce monocytes in bone marrow to differ-

entiate efficiently into osteoclasts. The generated osteo-

clasts can spread from bone marrow to synovium and even-

tually accelerate arthritis progression (Fig.1). However, it

still remains unclear how osteoclasts migrate from bone

marrow to synovium.

Perspectives
   Our present study37) demonstrated that the lack of CCR2

impaired the egress of monocytes from bone marrow and

resulted in the accumulation of monocytes/macrophages

in bone marrow (Fig.1). Moreover, in contrast to several in

vitro studies demonstrating a direct osteoclastogenic ac-

tivity of CCL2, the lack of its specific receptor, CCR2, actu-

ally augments osteoclastogenesis by enhancing infiltration

of neutrophils, which are a rich source of osteoclastogenic

factors (Fig.1). Similar observations were obtained on ex-

perimental dental periapical lesions in mice47). However,

both studies use CCR2-deficient mice, which lack CCR2

protein from birth. Thus, it is difficult to assess the effects

Fig.1  Presumed pathogenic mechanisms of joint lesions in IL-

1ra deficient mice and IL-1ra-CCR2 double deficient

mice
CCR2 gene deletion impaired the egress of monocytes, a precursor

of osteoclasts, from bone marrow and as a consequence, increased

the number of monocytes retained in bone marrow. Infiltrating neutro-

phils expressed two potent osteoclastogenic factors, RANKL and

ADAM 8, which can induce monocytes in subchondral bone marrow

to efficiently differentiate into osteoclasts. Increased osteoclastogenesis

aggravated arthritis as evidenced by enhanced bone erosion and

ankylosis.
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of CCR2 deficiency on the events after the disease has

developed. Nevertheless, our present observations would

imply that a CCR2 antagonist may have contradictory ef-

fects in a context-dependent manner and therefore, pro-

vides a cautionary concern about the clinical application of

a CCR2 antagonist, which are being examined in clinical

studies targeting multiple sclerosis, systemic lupus erythe-

matosus, arteriosclerosis, and pain48).

Acknowledgments
    We would like to express sincere thanks to Dr. Joost J. Oppenheim
(NCI-Frederick, USA) for his invaluable comments on the manu-
script. In addition, we express our gratitude to Drs. Yuko Ishida and
Toshikazu Kondo (Wakayama Medical University, Wakayama,
Japan) for critical advice on the manuscript. We declare no financial
or commercial conflict of interest.

References
1) Andersson AK, Li C, Brennan FM: Recent develop-

ments in the immunobiology of rheumatoid arthritis.

Arthritis Res Ther. 2008; 10: 204.

2)Maini R, St Clair EW, Breedveld F, Furst D, Kalden J,

Weisman M, Smolen J, Emery P, Harriman G, Feldmann

M, Lipsky P: Infliximab (chimeric anti-tumour necrosis

factor alpha monoclonal antibody) versus placebo in

rheumatoid arthritis patients receiving concomitant

methotrexate: A randomised phase III trial. Attract study

group. Lancet. 1999; 354: 1932-1939.

3) Haringman JJ, Gerlag DM, Zwinderman AH, Smeets

TJ, Kraan MC, Baeten D, McInnes IB, Bresnihan B,

Tak PP: Synovial tissue macrophages: A sensitive

biomarker for response to treatment in patients with

rheumatoid arthritis. Ann Rheum Dis. 2005; 64: 834-

838.

4) Charo IF, Ransohoff RM: The many roles of chemo-

kines and chemokine receptors in inflammation. N Engl

J Med. 2006; 354: 610-621.

5)Mukaida N: Interleukin-8: An expanding universe be-

yond neutrophil chemotaxis and activation. Int J

Hematol. 2000; 72: 391-398.

6) Dinarello CA: Biologic basis for interleukin-1 in disease.

Blood. 1996; 87: 2095-2147.

7) Arend WP, Malyak M, Guthridge CJ, Gabay C:

Interleukin-1 receptor antagonist: Role in biology. Annu

Rev Immunol. 1998; 16: 27-55.

8) Iwakura Y: Roles of IL-1 in the development of rheu-

matoid arthritis: Consideration from mouse models.

Cytokine Growth Factor Rev. 2002; 13: 341-355.

9) Cauli A, Yanni G, Panayi GS: Interleukin-1, interleukin-

1 receptor antagonist and macrophage populations

in rheumatoid arthritis synovial membrane. Br J

Rheumatol. 1997; 36: 935-940.

10)Niki Y, Yamada H, Seki S, Kikuchi T, Takaishi H,

Toyama Y, Fujikawa K, Tada N: Macrophage- and neu-

trophil-dominant arthritis in human IL-1a transgenic

mice. J Clin Invest. 2001; 107: 1127-1135.

11)van den Berg WB, Joosten LA, Helsen M, van de Loo

FA: Amelioration of established murine collagen-in-

duced arthritis with anti-il-1 treatment. Clin Exp Immunol.

1994; 95: 237-243.

12)Cohen S, Hurd E, Cush J, Schiff M, Weinblatt ME,

Moreland LW, Kremer J, Bear MB, Rich WJ, McCabe

D: Treatment of rheumatoid arthritis with anakinra, a

recombinant human interleukin-1 receptor antagonist,

in combination with methotrexate: Results of a twenty-

four-week, multicenter, randomized, double-blind, pla-

cebo-controlled trial. Arthritis Rheum. 2002; 46: 614-

624.

13)Singh JA, Christensen R, Wells GA, Suarez-Almazor

ME, Buchbinder R, Lopez-Olivo MA, Tanjong Ghogomu

E, Tugwell P: Biologics for rheumatoid arthritis: An

overview of cochrane reviews. Cochrane Database

Syst Rev. 2009: CD007848.

14)Bakker AC, Joosten LA, Arntz OJ, Helsen MM, Bendele

AM, van de Loo FA, van den Berg WB: Prevention of

murine collagen-induced arthritis in the knee and ipsi-

lateral paw by local expression of human interleukin-1

receptor antagonist protein in the knee. Arthritis

Rheum. 1997; 40: 893-900.

15)Kagari T, Tanaka D, Doi H, Iwakura Y, Shimozato T:

Anti-type II collagen antibody accelerates arthritis via

CXCR2-expressing cells in IL-1 receptor antagonist-

deficient mice. Eur J Immunol. 2007; 37: 2753-2763.

16)Tolusso B, Pietrapertosa D, Morelli A, De Santis M,

Gremese E, Farina G, Carniello SG, Del Frate M,

Ferraccioli G: Il-1b and il-1rn gene polymorphisms in

rheumatoid arthritis: Relationship with protein plasma

levels and response to therapy. Pharmacogenomics.

2006; 7: 683-695.

17)Carreira PE, Gonzalez-Crespo MR, Ciruelo E, Pablos

JL, Santiago B, Gomez-Camara A, Gomez-Reino JJ:

Polymorphism of the interleukin-1 receptor antagonist

gene: A factor in susceptibility to rheumatoid arthritis

Mini Review　A chemokine receptor, CCR2, in arthritis animal models



130Inflammation and Regeneration    Vol.32  No.3    MAY  2012

in a spanish population. Arthritis Rheum. 2005; 52:

3015-3019.

18)Horai R, Saijo S, Tanioka H, Nakae S, Sudo K, Okahara

A, Ikuse T, Asano M, Iwakura Y: Development of

chronic inflammatory arthropathy resembling rheuma-

toid arthritis in interleukin 1 receptor antagonist-defi-

cient mice. J Exp Med. 2000; 191: 313-320.

19)Jiao Y, Jiao F, Yan J, Xiong Q, Shriner D, Hasty K,

Stuart J, Gu W: Identifying a major locus that regu-

lates spontaneous arthritis in IL-1ra-deficient mice and

analysis of potential candidates. Genet Res (Camb).

2011; Mar 18: 1-9. [Epub ahead of print]

20)Horai R, Nakajima A, Habiro K, Kotani M, Nakae S,

Matsuki T, Nambu A, Saijo S, Kotaki H, Sudo K,

Okahara A, Tanioka H, Ikuse T, Ishii N, Schwartzberg

PL, Abe R, Iwakura Y: TNF-a is crucial for the devel-

opment of autoimmune arthritis in IL-1 receptor an-

tagonist-deficient mice. J Clin Invest. 2004; 114: 1603-

1611.

21)Nakae S, Saijo S, Horai R, Sudo K, Mori S, Iwakura Y:

IL-17 production from activated t cells is required for

the spontaneous development of destructive arthritis

in mice deficient in IL-1 receptor antagonist. Proc Natl

Acad Sci USA. 2003; 100: 5986-5990.

22)Fujikado N, Saijo S, Iwakura Y: Identification of arthri-

tis-related gene clusters by microarray analysis of two

independent mouse models for rheumatoid arthritis.

Arthritis Res Ther. 2006; 8: R100.

23)Koch AE, Kunkel SL, Harlow LA, Johnson B, Evanoff

HL, Haines GK, Burdick MD, Pope RM, Strieter RM:

Enhanced production of monocyte chemoattractant

protein-1 in rheumatoid arthritis. J Clin Invest. 1992;

90: 772-779.

24)Gong JH, Ratkay LG, Waterfield JD, Clark-Lewis I: An

antagonist of monocyte chemoattractant protein 1

(MCP-1) inhibits arthritis in the mrl-lpr mouse model. J

Exp Med. 1997; 186: 131-137.

25)Ogata H, Takeya M, Yoshimura T, Takagi K, Takahashi

K: The role of monocyte chemoattractant protein-1

(MCP-1) in the pathogenesis of collagen-induced ar-

thritis in rats. J Pathol. 1997; 182: 106-114.

26)Schimmer RC, Schrier DJ, Flory CM, Laemont KD,

Tung D, Metz AL, Friedl HP, Conroy MC, Warren JS,

Beck B, Ward PA: Streptococcal cell wall-induced

arthritis: Requirements for IL-4, IL-10, IFN-γ, and

monocyte chemoattractant protein-1. J Immunol. 1998;

160: 1466-1471.

27)Matsukawa A, Miyazaki S, Maeda T, Tanase S, Feng

L, Ohkawara S, Yoshinaga M, Yoshimura T: Produc-

tion and regulation of monocyte chemoattractant pro-

tein-1 in lipopolysaccharide- or monosodium urate crys-

tal-induced arthritis in rabbits: Roles of tumor necrosis

factor alpha, interleukin-1, and interleukin-8. Lab In-

vest. 1998; 78: 973-985.

28)Brodmerkel CM, Huber R, Covington M, Diamond S,

Hall L, Collins R, Leffet L, Gallagher K, Feldman P,

Collier P, Stow M, Gu X, Baribaud F, Shin N, Thomas

B, Burn T, Hollis G, Yeleswaram S, Solomon K, Fried-

man S, Wang A, Xue CB, Newton RC, Scherle P, Vaddi

K: Discovery and pharmacological characterization of

a novel rodent-active CCR2 antagonist, incb3344. J

Immunol. 2005; 175: 5370-5378.

29)Shahrara S, Proudfoot AE, Park CC, Volin MV, Haines

GK, Woods JM, Aikens CH, Handel TM, Pope RM:

Inhibition of monocyte chemoattractant protein-1 ame-

liorates rat adjuvant-induced arthritis. J Immunol. 2008;

180: 3447-3456.

30)Rafei M, Berchiche YA, Birman E, Boivin MN, Young

YK, Wu JH, Heveker N, Galipeau J: An engineered

GM-CSF-CCL2 fusokine is a potent inhibitor of CCR2-

driven inflammation as demonstrated in a murine model

of inflammatory arthritis. J Immunol. 2009; 183: 1759-

1766.

31)Laborde E, Macsata RW, Meng F, Peterson BT,

Robinson L, Schow SR, Simon RJ, Xu H, Baba K,

Inagaki H, Ishiwata Y, Jomori T, Matsumoto Y, Miyachi

A, Nakamura T, Okamoto M, Handel TM, Bernard CC:

Discovery, optimization, and pharmacological charac-

terization of novel heteroaroylphenylureas antagonists

of c-c chemokine ligand 2 function. J Med Chem. 2011;

54: 1667-1681.

32)Brühl H, Cihak J, Schneider MA, Plachy J, Rupp T,

Wenzel I, Shakarami M, Milz S, Ellwart JW,

Stangassinger M, Schlondorff D, Mack M: Dual role of

CCR2 during initiation and progression of collagen-in-

duced arthritis: Evidence for regulatory activity of

CCR2+ T cells. J Immunol. 2004; 172: 890-898.

33)Min SH, Wang Y, Gonsiorek W, Anilkumar G,

Kozlowski J, Lundell D, Fine JS, Grant EP: Pharma-

cological targeting reveals distinct roles for CXCR2/

CXCR1 and CCR2 in a mouse model of arthritis.

Biochem Biophys Res Commun. 2010; 391: 1080-

Mini Review　A chemokine receptor, CCR2, in arthritis animal models



131Inflammation and Regeneration    Vol.32  No.3    MAY  2012

1086.

34)Brown CR, Blaho VA, Loiacono CM: Susceptibility to

experimental Lyme arthritis correlates with kc and

monocyte chemoattractant protein-1 production in

joints and requires neutrophil recruitment via cxcr2. J

Immunol. 2003; 171: 893-901.

35)Quinones MP, Ahuja SK, Jimenez F, Schaefer J,

Garavito E, Rao A, Chenaux G, Reddick RL, Kuziel

WA, Ahuja SS: Experimental arthritis in CC chemokine

receptor 2-null mice closely mimics severe human

rheumatoid arthritis. J Clin Invest. 2004; 113: 856-866.

36)Bruhl H, Cihak J, Plachy J, Kunz-Schughart L,

Niedermeier M, Denzel A, Rodriguez Gomez M, Talke

Y, Luckow B, Stangassinger M, Mack M: Targeting of

Gr-1+, CCR2+ monocytes in collagen-induced arthri-

tis. Arthritis Rheum. 2007; 56: 2975-2985.

37)Fujii H, Baba T, Ishida Y, Kondo T, Yamagishi M,

Kawano M, Mukaida N: Ablation of the Ccr2 gene ex-

acerbates polyarthritis in interleukin-1 receptor antago-

nist-deficient mice. Arthritis Rheum. 2011; 63: 96-106.

38)Haringman JJ, Gerlag DM, Smeets TJ, Baeten D, van

den Bosch F, Bresnihan B, Breedveld FC, Dinant

HJ, Legay F, Gram H, Loetscher P, Schmouder R,

Woodworth T, Tak PP: A randomized controlled trial

with an anti-CCL2 (anti-monocyte chemotactic protein

1) monoclonal antibody in patients with rheumatoid

arthritis. Arthritis Rheum. 2006; 54: 2387-2392.

39)Vergunst CE, Gerlag DM, Lopatinskaya L, Klareskog

L, Smith MD, van den Bosch F, Dinant HJ, Lee Y,

Wyant T, Jacobson EW, Baeten D, Tak PP: Modula-

tion of CCR2 in rheumatoid arthritis: A double-blind,

randomized, placebo-controlled clinical trial. Arthritis

Rheum. 2008; 58: 1931-1939.

40)Lebre MC, Vergunst CE, Choi IY, Aarrass S, Oliveira

AS, Wyant T, Horuk R, Reedquist KA, Tak PP: Why

CCR2 and CCR5 blockade failed and why CCR1 block-

ade might still be effective in the treatment of rheuma-

toid arthritis. PLoS One. 2011; 6: e21772.

41)Sawanobori Y, Ueha S, Kurachi M, Shimaoka T,

Talmadge JE, Abe J, Shono Y, Kitabatake M, Kakimi

K, Mukaida N, Matsushima K: Chemokine-mediated

rapid turnover of myeloid-derived suppressor cells in

tumor-bearing mice. Blood. 2008; 111: 5457-5466.

42)Ferreira AM, Rollins BJ, Faunce DE, Burns AL, Zhu

X, Dipietro LA: The effect of MCP-1 depletion on

chemokine and chemokine-related gene expression:

Evidence for a complex network in acute inflamma-

tion. Cytokine. 2005; 30: 64-71.

43) Takada Y, Hisamatsu T, Kamada N, Kitazume MT,

Honda H, Oshima Y, Saito R, Takayama T, Kobayashi

T, Chinen H, Mikami Y, Kanai T, Okamoto S, Hibi T:

Monocyte chemoattractant protein-1 contributes to gut

homeostasis and intestinal inflammation by composi-

tion of il-10-producing regulatory macrophage subset.

J Immunol. 2010; 184: 2671-2676.

44)Chen M, Forrester JV, Xu H: Dysregulation in retinal

para-inflammation and age-related retinal degenera-

tion in CCL2 or CCR2 deficient mice. PLoS One. 2011;

6: e22818.

45)Kim MS, Day CJ, Morrison NA: Mcp-1 is induced by

receptor activator of nuclear factor-κB ligand, promotes

human osteoclast fusion, and rescues granulocyte

macrophage colony-stimulating factor suppression of

osteoclast formation. J Biol Chem. 2005; 280: 16163-

16169.

46) Serbina NV, Pamer EG: Monocyte emigration from

bone marrow during bacterial infection requires sig-

nals mediated by chemokine receptor CCR2. Nat

Immunol. 2006; 7: 311-317.

47) Garlet TP, Fukada SY, Saconato IF, Avila-Campos

MJ, da Silva TA, Garlet GP, Cunha Fde Q: CCR2 de-

ficiency results in increased osteolysis in experimen-

tal periapical lesions in mice. J Endod. 2010; 36: 244-

250.

48)Horuk R: Chemokine receptor antagonists: Overcom-

ing developmental hurdles. Nat Rev Drug Discov. 2009;

8: 23-33.

Mini Review　A chemokine receptor, CCR2, in arthritis animal models


