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REVIEW

Chemokines and Their Receptors in Rheumatoid Arthritis

Future Targets?

Alisa E. Koch

Introduction

Rheumatoid arthritis (RA) is a chronic inflam-
matory disease leading to joint destruction (1). In RA,
migration of leukocytes into the synovial tissue (ST)
occurs. These leukocytes and other cells in the ST,
particularly RA ST fibroblasts, produce mediators of
inflammation, including chemokines (1). Chemokines,
currently numbering more than 50, are chemotactic
cytokines that are important in recruitment of leuko-
cytes and angiogenesis. They exert chemotactic activity
toward a variety of cell types (2–7). Some chemokines,
particularly CXC chemokines containing the ELR motif,
are angiogenic. The last few years have seen a rapid
development of studies aimed at targeting proinflamma-
tory chemokines or their receptors in RA and animal
models of RA (8,9). This review summarizes many of the
important developments in this field. Based on the
number of recently published studies, it is likely that the
next few years will bring several new preclinical and
clinical trials targeting chemokines.

Chemokines

Chemokines have been classified into 4 super-
gene families based on the location of cysteine residues
(Figure 1). The 4 groups are CXC, CC, C, and CX3C
chemokines (10–12). A relatively new classification sys-

tem was introduced in 2000, in which chemokines are
considered as chemokine ligands, and each chemokine
has been assigned a designation of CXCL, CCL, XCL,
or CX3CL1 (Figure 1) (10–12). In this report, both the
former and new nomenclature are noted.

CXC chemokines have 2 conserved cysteines
separated by 1 unconserved amino acid (9,13) (Figure
1). CXC chemokines classically were thought to be
involved in the chemotaxis of neutrophils. Many chemo-
kines may have arisen from reduplication of ancestral
genes (13). Hence, CXC chemokines that act on neutro-
phils are clustered on chromosome 4q12–13 (13). How-
ever, some genes of more newly discovered CXC che-
mokines that recruit lymphocytes tend to be located
away from the major clusters (13). This diversification
may reflect functional specialization. Another function
of CXC chemokines is to modulate angiogenesis
(7,14,15). In general, chemokines containing the ELR
motif, such as interleukin-8 (IL-8)/CXCL8, epithelial
neutrophil–activating peptide 78 (ENA-78)/CXCL5,
growth-related oncogene � (GRO�)/CXCL1, and con-
nective tissue activating peptide III (CTAP-III)/CXCL7,
promote angiogenesis. Conversely, ELR-lacking chemo-
kines, including platelet factor 4 (PF-4)/CXCL4,
interferon-�–inducible 10-kd protein (IP-10)/CXCL10,
and monokine induced by IFN� (Mig)/CXCL9, inhibit
neovascularization (7,15,16). Contrary to this paradigm,
the ELR-lacking stromal cell–derived factor 1 (SDF-1)/
CXCL12 is angiogenic (5,16).

CC chemokines have adjacent cysteine residues
(Figure 1) (8,13). These chemokines classically were
thought to induce monocyte chemotaxis, although many
members of this group may also recruit other cell types
such as lymphocytes. As with CXC chemokines, many of
the genes encoding CC chemokines are clustered, in this
case on human chromosome 17q11.2 (4,8,13). Genes of
CC chemokines recruiting lymphocytes are not found in
this cluster in general.
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C chemokines and CX3C chemokines have been
described based on the position of cysteine residues
(Figure 1) (1). The C family contains lymphotactin/
XCL1 and single C motif 1� (SCM-1�)/XCL2, while the
CX3C family contains fractalkine/CX3CL1.

CXC chemokines. My group and several others
have detected IL-8/CXCL8 in high quantities in the
synovial fluid (SF), ST, and sera of patients with RA
(17–20). Subsynovial macrophages, ST lining cells, and
endothelial cells express IL-8/CXCL8 (18,21,22). We
have shown that ST macrophages constitutively produce
IL-8/CXCL8 (18). Unlike macrophages, ST fibroblasts
require exogenous stimuli such as IL-1, tumor necrosis
factor � (TNF�), or lipopolysaccharide (LPS) to pro-
duce IL-8/CXCL8 (18,23). Regulation of IL-8/CXCL8
production from RA ST fibroblasts appears to be con-
trolled by NF-�B (24). Kraan et al showed that IL-8/
CXCL8 was increased in the involved joints compared
with the uninvolved joints of patients with RA (25). In a
study by Taylor et al, TNF� blockade in patients with

RA resulted in decreased 111In-labeled granulocyte mi-
gration into affected joints as well as a reduction in the
expression of IL-8/CXCL8 in the ST (26). Chemokine
networks exist in the RA joint, so that RANTES/CCL5,
monocyte chemoattractant protein 1 (MCP-1)/CCL2, or
SDF-1/CXCL12 up-regulates RA ST fibroblast expres-
sion of IL-8/CXCL8, indicating that chemokines can
regulate the expression of other chemokines in the joint
(27). A study by Patterson et al showed binding of
labeled IL-8/CXCL8 to RA ST neutrophils (28). How-
ever, although a main function of IL-8/CXCL8 may be to
recruit neutrophils, it has been increasingly difficult to
demonstrate an association between SF neutrophil
counts and IL-8/CXCL8 levels. An alternative paradigm
may be that a prominent function of RA joint IL-8/
CXCL8 is to mediate angiogenesis. Indeed, we have
shown that IL-8/CXCL8 is a potent mediator of angio-
genesis in the RA joint (14,22).

ENA-78/CXCL5 is a chemotactic factor for neu-
trophils and is angiogenic (9,15,22,29). We have shown

Figure 1. Chemokine family classification. IL-8 � interleukin-8; ENA-78 �
epithelial neutrophil–activating peptide 78; Gro� � growth-related oncogene �;
CTAP-III � connective tissue activating peptide III; Nap-2 � neutrophil-activating
peptide 2; Mig � monokine induced by interferon-� (IFN�); PF4 � platelet factor
4; ITAC � IFN-inducible T cell � chemoattractant; BCA-1 � B cell activating
chemokine 1; SDF-1� � stromal cell–derived factor 1; GCP-2 � granulocyte
chemotactic protein 2; MCP-1 � monocyte chemoattractant protein 1; LARC �
liver and activation-regulated chemokine; MIP-1� � macrophage inflammatory
protein 1�; TARC � thymus and activation–regulated chemokine; HCC-1 �
hemofiltrate CC chemokine 1; PARC � pulmonary and activation-regulated
chemokine; MDC � macrophage-derived chemokine; MPIF-1 � macrophage
procoagulant-inducing factor 1; CTACK � cutaneous T cell–attracting chemokine;
MEC � mucosae-associated epithelial chemokine; SCM-1� � single C motif 1�;
TM � transmembrane domain; Cyt � cytoplasmic domain. Adapted, with permis-
sion, from ref. 12.
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that the ENA-78 levels observed in RA SF are much
higher than those in SF from patients with osteoarthritis
(OA) (30). RA ST fibroblasts constitutively produce
ENA-78/CXCL5, and this production is augmented by
IL-1, TNF�, or IL-18 (30,31). ENA-78/CXCL5 accounts
for a portion of the angiogenic activity observed in RA
ST (22).

GRO�/CXCL1 is a potent neutrophil chemoat-
tractant found in RA SF and ST (17,23,32,33). GRO�/
CXCL1 is inducible by TNF� and IL-1� in RA ST
fibroblasts (33,34). GRO induces expression of intersti-
tial collagens by RA fibroblasts (32).

CTAP-III/CXCL7, which is derived from human
platelets (35), is angiogenic. CTAP-III/CXCL7 found in
RA ST extracts induces synthesis of glycosaminoglycans
and growth of RA ST fibroblasts (36). Cytokines such as
IL-1�, basic fibroblast growth factor, and epidermal
growth factor synergize with CTAP-III/CXCL7 in induc-
ing glycosaminoglycan synthesis (36).

Granulocyte chemotactic protein 2 (GCP-2)/
CXCL6 was recently identified as being up-regulated in
RA ST fibroblasts exposed to Toll-like receptor 2
(TLR-2) ligands (37). Concentrations of GCP-2/CXCL6
were up-regulated in RA SF compared with OA SF.

IP-10/CXCL10 is up-regulated in RA SF com-
pared with OA SF (38,39). IP-10/CXCL10 serum levels
in rheumatoid factor–positive individuals were higher
than those in control (OA or trauma) patients (38).
Serum IP-10/CXCL10 levels were reported as being
similar to normal in one study (40) but increased in
another study (38). RA ST macrophages and fibroblasts
immunostain for IP-10/CXCL10, and RA ST expresses
greater amounts of IP-10/CXCL10 messenger RNA
(mRNA) than does OA ST (39,41). TWEAK (human
TNF�-like weak inducer of apoptosis) induces IP-10/
CXCL10 production from RA ST fibroblasts (42).
Moreover, the adhesion molecules CD11b and CD18
and intracellular adhesion molecule 1 (ICAM-1) are
required for IP-10/CXCL10 induction on RA ST fibro-
blasts (39). Functionally lacking the ELR motif, IP-10/
CXCL10 is angiostatic (7). Overall, IP-10/CXCL10 may
recruit Th1 cells into RA ST (39).

Mig/CXCL9 levels were also elevated in RA
versus control SF and present in RA ST, particularly in
macrophages (38,43). Like IP-10/CXCL10, Mig/CXCL9
is angiostatic (7). PF-4/CXCL4 was reported to be
elevated in the serum of RA patients (44). PF-4/CXCL4
is also angiostatic (45). SDF-1/CXCL12 specifically
binds to CXCR4 and has been implicated in B cell/T
cell/monocyte recruitment into the RA ST, as well as in
mediating angiogenesis (46–50). Endothelial SDF-1/

CXCL12 is involved in SF T cell adhesion to ICAM-1
(46). SDF-1/CXCL12 plays a role in CD4� T cell
recruitment into the RA ST (49). T cells are able to
migrate beneath RA ST fibroblasts in vitro, a process
termed pseudoemperipolesis. Pseudoemperipolesis may
serve as a marker of T cell accumulation within ST (50).

Both SDF-1/CXCL12 and CXCR4 are expressed
by CD68� macrophages in the RA ST. Using a SCID
mouse engrafted with human ST in vivo, Blades et al
showed that when the graft was injected with SDF-1/
CXCL12, human U937 monocytoid cells were recruited
to the ST (48). SDF-1/CXCL12 was a more potent
stimulus for monocyte recruitment than even the potent
stimulus TNF�.

SDF-1/CXCL12, despite lacking the ELR motif,
promotes angiogenesis (16,51). RA ST fibroblasts pro-
duce SDF-1/CXCL12 under hypoxic conditions. ST
fibroblast-derived SDF-1/CXCL12 accumulates and is
immobilized on heparin sulfate molecules of endothelial
cells, where it can promote angiogenesis and inflamma-
tion (52). RA plasma contains more SDF-1/CXCL12
than does control plasma (53). SDF-1/CXCL12 accounts
for a portion of the angiogenic activity observed in RA
SF, as determined by the Matrigel plug rodent in vivo
angiogenesis assay (52).

B cell recruitment has recently gained support as
a potential target in RA. Burger and coworkers showed
that RA ST fibroblasts support spontaneous migration
of B cells beneath them via an SDF-1/CXCL12 and
CD106 vascular cell adhesion molecule 1 (VCAM-1)–
dependent mechanism (47). B cell activating chemokine
1 (BCA-1/CXCL13) binds CXCR5, which is expressed
on circulating mature B cells and a subset of memory
CD4� T lymphocytes (54). Shi and colleagues (55) and
Takemura and coworkers (56) reported that BCA-1/
CXCL13 is expressed in RA ST in follicular dendritic
cells in germinal centers. Endothelial cells and fibro-
blasts in the ST also express BCA-1/CXCL13 (56).
Hence, BCA-1/CXCR5 and SDF-1/CXCL12 interac-
tions may also recruit B cells into the inflamed joint.

CC chemokines. MCP-1/CCL2 is a potent che-
moattractant for monocytes (57), and our group previ-
ously reported that MCP-1/CCL2 levels were higher in
RA SF than in OA SF (57). MCP-1/CCL2 is detectable
in the sera of RA patients. Stimuli for RA ST fibroblast
MCP-1/CCL2 production include IL-1, TNF�, and IFN�
(23,57–61). Hypoxia decreases IL-1–induced RA ST
fibroblast MCP-1/CCL2 induction (62). Messenger
RNA for MCP-2/CCL8 has recently been detected in
RA ST fibroblasts stimulated by TLR-2 ligands (37).
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Quantities of this chemokine were larger in RA SF than
those in OA SF.

Macrophage inflammatory protein 1� (MIP-1�)/
CCL3 chemoattracts a variety of cells, including lympho-
cytes, monocytes, basophils, and eosinophils (4,8). We
previously observed that RA MIP-1�/CCL3 levels were
higher than were OA SF levels (63). SF mononuclear
cells and ST fibroblasts produce MIP-1�/CCL3 mRNA
and protein (23,63). MIP-1�/CCL3, produced by CD44
T cells, is augmented by IL-15 stimulation (64). SF
neutrophils produce more MIP-1�/CCL3 than do RA
peripheral blood neutrophils (65). MIP-1�/CCL4 gene
expression was observed in RA SF T cells (66). We have
shown that TNF� and IL-1 induce RA ST fibroblast
MIP-1�/CCL3 production (63). MIP-1�/CCL4, in con-
trast to many of the previously described chemokines,
appears to be up-regulated in OA SF compared with RA
SF (67).

MIP-3�/CCL20 is a CC chemokine that chemoat-
tracts T cells, B cells, monocytes, and immature den-
dritic cells. Large amounts of MIP-3�/CCL20 have been
detected in RA SF and RA ST. In RA ST, MIP-3�–
producing cells were often located in proximity to im-
mature dendritic cells, suggesting the capacity to recruit
these cells (68). In the ST, mainly infiltrating macrophages
and ST lining cells expressed MIP-3�/CCL20. RA ST
fibroblasts produced this chemokine in response to cyto-
kines, including TNF�, IL-1, IL-17, or IL-18 (69–71).
MIP-3� is potently chemotactic for monocytes (70).

RANTES/CCL5 chemoattracts lymphocytes and
monocytes as well as other cell types (8,72,73). RA ST
fibroblasts produce RANTES/CCL5 mRNA upon stim-
ulation with TNF�, IL-1, or IFN� (23,73–75). Thrombin
also activates RA ST fibroblast RANTES/CCL5 produc-
tion via protease-activated receptor 1 (PAR-1) (76).
RANTES/CCL5 mRNA has also been detected in RA
peripheral blood and SF T cells, as well as in the lining
layer and macrophages in RA ST (66,73). RANTES/
CCL5, as well as MCP-1/CCL2, can participate in cyto-
kine networks by inducing RA ST fibroblasts to produce
IL-8/CXCL8 and IL-6 (27).

Lymphoid aggregates are often present in in-
flamed RA ST. Buckley recently described immunohis-
tologic expression of Epstein-Barr virus–induced gene 1
ligand chemokine (ELC)/CCL19, a B cell–attracting
chemokine, in RA ST (77). It may be that this chemo-
kine along with the CXC chemokines SDF-1/CXCL12
and BCA-1/CXCL13 contribute to B lymphocyte re-
cruitment in RA synovitis.

C and CX3C chemokines. Lymphotactin/XCL1 is
expressed in CD8� T cells and is significantly increased

in CD4�,CD28� T cells from RA versus normal peri-
pheral blood (78). Blaschke et al demonstratd that in
RA ST, lymphotactin/XCL1 was mainly localized in
CD4� sublining cells (78). Incubation of lymphotacin/
XCL1 with RA ST fibroblasts resulted in down-
regulation of matrix metalloproteinase 2 (MMP-2) pro-
duction. Lymphotactin/XCL1 stimulated the
transmigration of the CD45RO�/CD45RB� T cells.
These T lymphocytes preferentially accumulate in vivo
in the joints of patients with RA (79).

Fractalkine/CX3CL1 plays a dual role, being
chemotactic for monocytes and lymphocytes and also
serving as a cellular adhesion molecule (80,81). Our
group has observed high levels of soluble fractalkine/
CX3CL1 in RA SF (81). In the peripheral blood and SF,
mainly monocytes expressed this chemokine. In RA ST,
macrophages, fibroblasts, endothelia, and dendritic cells
expressed fractalkine/CX3CL1 (81). Fractalkine/
CX3CL1 stimulation of RA ST fibroblasts resulted in
up-regulation of MMP-2 levels (81). Fractalkine/
CX3CL1 may contribute to the accumulation of
CX3CR� T cells in RA ST (27).

Fractalkine/CX3CL1 has recently received much
attention in the field of atherosclerosis. When the
fractalkine/CX3CL1 receptor CX3CR1 was deleted in
mice, atherosclerosis development was greatly reduced
(82). Similarly, in another study in humans, a CX3CR1-
M280/I249 polymorphism was associated with reduced
cardiovascular risk (83). My laboratory has also shown
that fractalkine/CX3CL1 is angiogenic (84). Because
accelerated atherosclerosis is an integral part of RA, it is
likely that targeting fractalkine/CX3CL1 or its receptor
may be useful in cardiovascular disease as well as RA.

Chemokine receptors
Chemokines mediate their effects via 7-transmem-

brane domain receptors that are a subset of G protein–
coupled receptors (GPCRs) (13). As shown in Table 1,
there is a great deal of redundancy and binding promis-
cuity between chemokine ligands and their receptors.
Chemokine receptors have been associated with various
subtypes of autoimmune inflammation. Thus, RA, which
is considered a Th1 disease, is associated with CXCR3
and CCR5 (85,86). Conversely, asthma is considered a
Th2 disease and is associated with CCR3, CCR4, and
CCR8 (13,85).

Among CXC chemokine receptors, CXCR1 and
CXCR2 are expressed on RA macrophages and neutro-
phils (28). We and other investigators have shown
CXCR3 to be expressed in RA joints and perhaps to be
an important receptor in homing of leukocytes into the
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RA ST (85,86). CXCR3 has been shown to mark a
subset of T lymphocytes. Ruth and colleagues reported
that most T lymphocytes in RA SFs were CXCR3� (87).
CXCR3 is expressed by endothelial cells, some dendritic
cells, and T cells in the RA ST (87,88). CXCR3 has also
been found on RA ST mast cells (41). CXCR4 is present
on a variety of cell types. Transforming growth factor �1
induces CXCR4 expression on RA ST T cells (46).

Among CC chemokine receptors, CCR5 showed
strong expression on RA ST fibroblasts and ST T
lymphocytes (85). CCR5 has been shown in several
studies to be present on mononuclear cells in SF from
patients with RA (27,86,89,90). We demonstrated lym-
phocyte chemokine receptor expression in RA, which
may play a role in inflammatory cell recruitment into the
joint. Our data suggest that CCR4 and CCR5 may be
critical to this process (87).

Recently, CCRL2, which codes for a putative
7-membrane GPCR, has been identified on RA SF
neutrophils and some macrophages (91). Inflammatory
products present in RA SF activate this receptor, indi-
cating that CCRL2 may be involved in RA pathogenesis.
The gene for this receptor is located on chromosome 3,
in close proximity to other chemokine receptors.

We compared chemokine receptor expression on

peripheral blood, SF, and ST monocyte/macrophages in
RA. We observed that monocytes mainly express CCR1
and CCR2 in normal and RA peripheral blood (92). In
contrast, CCR3 and CCR5 are up-regulated in RA SF.
The differential expression of these receptors suggests
that CCR1 and CCR2 may be involved in monocyte
recruitment from the circulation, while CCR3 and
CCR5 may be important in monocyte retention in the
joint (92).

Other chemokine receptors may also be involved
in RA. CCR6, a receptor for MIP-3�/CCL20, was detected
on infiltrating white blood cells in the RA ST (69). XCR1,
the lymphotactin/XCL1 receptor, was immunolocalized to
ST lymphocytes, macrophages, and fibroblasts.

Regarding CX3C chemokines, the fractalkine/
CX3CL1 receptor was present on RA SF CD3� lym-
phocytes and CD14� macrophages. In RA ST, macro-
phages and dendritic cells were the predominant cells
bearing CX3CR1 (81). CX3CR1 has been implicated in
both monocyte recruitment and lymphocyte recruitment
in the RA joint (81,93).

Chemokines may also bind to the Duffy receptor.
DARC binds both CC and CXC chemokines and was
originally described on red blood cells. A recent study
showed that RA ST endothelium expressed DARC (94).

Table 1. Human chemokine receptors*

Receptor Ligand

CXCR1 IL-8/CXCL8, GCP-2/CXCL6
CXCR2 IL-8/CXCL8, GRO�/CXCL1, GRO�/CXCL2, GRO�/CXCL3, CTAP-III/NAP-2/CXCL7, ENA-78/CXCL5, GCP-2/CXCL6
CXCR3 IP-10/CXCL10, Mig/CXCL9, ITAC/CXCL11, PF-4/CXCL4
CXCR4 SDF-1/CXCL12
CXCR5 BCA-1/CXCL13
CXCR6 CXCL16
CCR1 MIP-1�/CCL3, RANTES/CCL5, MCP-3/CCL7, MIP-5; HCC-1/CCL14, HCC-2/CCL15, HCC-4/CCL16; LD78�/CCL3L1,

MPIF-1/CCL23
CCR2 MCP-1/CCL2, MCP-3/CCL7, MCP-4/CCL13; HCC-4/CCL16
CCR3 Exotaxin/CCL11, exotaxin-2/CCL24, exotaxin-3/CCL26; RANTES/CCL5, MCP-2/CCL8, MCP-3/CCL7, MCP-4/CCL13;

HCC-2/CCL15, MEC/CCL28
CCR4 TARC/CCL17, MDC/CCL22
CCR5 MIP-1�/CCL3, MIP-1�/CCL4; LD78�/CCL3LI, RANTES/CCL5; MCP-2/CCL8, HCC-1/CCL14
CCR6 MIP-3�/CCL20
CCR7 MIP-3�/CCL19, 6Ckine/SLC/CCL21
CCR8 I-309/CCL1
CCR9 TECK/CCL25
CCR10 CTACK/CCL27, MEC/CCL28
CX3CR1 Fractalkine/CX3CL1
XCR1 Lymphotactin/XCL1, SCM-1�/XCL2
DARC Duffy antigen; binds some CC and CXC chemokines

*IL-8 � interleukin-8; GCP-2 � granulocyte chemotactic protein 2; GRO� � growth-related oncogene �; CTAP-III � connective tissue activating
peptide III; NAP-2 � neutrophil-activating peptide 2; ENA-78 � epithelial neutrophil–activating peptide 78; Mig � monokine induced by
interferon-� (IFN�); ITAC � IFN-inducible T cell � chemoattractant; PF-4 � platelet factor 4; SDF-1 � stromal cell–derived factor 1; BCA-1 �
B cell activating chemokine 1; MIP-1� � macrophage inflammatory protein 1�; MCP-3 � monocyte chemoattractant protein 3; HCC-1 �
hemofiltrate CC chemokine 1; MPIF-1 � macrophage procoagulant-inducing factor 1; MEC � mucosae-associated epithelial chemokine; TARC �
thymus and activation–regulated chemokine; MDC � macrophage-derived chemokine; SLC � secondary lymphoid tissue chemokine; TECK �
thymus-expressed chemokine; CTACK � cutaneous T cell–attracting chemokine; SCM-1� � single cysteine motif 1�; DARC � Duffy antigen
receptor for chemokines. Adapted, with permission, from ref. 12.
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Chemokine targeting strategies in experimental
arthritis

Temporal expression of chemokines in arthritis
models. As a prelude to determining which chemokines
to target, the temporal expression of chemokines has
been determined in animal models. For instance, ENA-
78/CXCL5, MCP-1/CCL2, and MIP-1�/CCL3 were as-
sessed during the course of rat adjuvant-induced arthri-
tis (AIA), a model for human RA, in order to
differentiate between chemokines involved in the early
events or later stages of the disease (95). Levels of both
ENA-78/CXCL5 and MIP-1�/CCL3 in the sera and joint
homogenates of rats showed an early increase, preceding
the onset of clinical symptoms. In contrast, MCP-1/
CCL2 appeared to be involved mainly in the later phase
of AIA (96). Another group of investigators observed
increased RANTES/CCL5 and MIP-1�/CCL3 produc-
tion in murine collagen-induced arthritis (CIA) com-
pared with that in normal mice (97). Determining the
time course of chemokine expression during arthritis
development should aid in pinpointing therapeutic in-
tervention points in disease.

CXC chemokines. In the last several years, sev-
eral studies targeting chemokines or their receptors
experimentally have been published. Because a mouse
homolog of IL-8/CXCL8 has not been identified, many
of these studies were performed in rabbits. A neutraliz-
ing antibody to IL-8/CXCL8 prevented neutrophil infil-
tration into rabbit LPS/IL-1–induced arthritis (98). Sim-
ilarly, an antibody to IL-8/CXCL8 inhibited LPS- or
monosodium urate crystal–induced leukocyte infiltra-
tion into rabbit knee joints (99,100). A nonpeptide oral
antagonist of the IL-8/CXCL8 receptor, CXCR2, inhib-
ited acute IL-8/CXCL8– or LPS-induced arthritis and
chronic antigen (ovalbumen)-induced arthritis in rabbits
(101). In LPS-induced rabbit arthritis, elevated SF GRO
levels preceded knee joint leukocyte infiltration, which
was inhibited 54% by GRO-specific neutralizing anti-
body, 48% by anti–IL-8, and 70% by a combination of
both antibodies (102).

Preventative anti–MIP-2/GRO�/CXCL1 in a
mouse homolog resulted in delayed onset and severity of
murine CIA (96). Finally, AMD3100, an antagonist of
the SDF-1/CXCL12 receptor CXCR4, inhibited CIA
preventively and therapeutically in IFN�-deficient
DBA/1 mice (103). Matthys et al used IFN�-deficient
DBA/1 mice in order to hasten the course of CIA
compared with that in non–cytokine-deficient animals.
Thus, these data suggest that targeting CXC chemokines

and their receptors may have an impact on experimental
arthritis and potentially on RA.

In an interesting study, Salomon et al adminis-
tered IP-10/CXCL10 naked DNA vaccine to rats in-
duced to develop AIA (104). Rats developed protective
immunity against AIA. Moreover, self-specific anti–IP-
10/CXCL10 or rabbit anti-rat IP-10/CXCL10 adoptively
transferred disease suppression. These results suggest
IP-10/CXCL10 may be a target in RA.

In another study, my laboratory used an anti–
ENA-78/CXCL5 polyclonal antibody strategy preven-
tively in rat AIA. The severity of AIA was attenuated, as
determined by joint swelling and circumference. This
antibody was unable to reverse the disease course when
injected during the further development of arthritis,
suggesting that to be effective, antibody must be given
early in the course of arthritis development (105).

PF-4/CXCL4 is angiostatic and inhibits endothe-
lial cell proliferation (106). An antiinflammatory pep-
tide of PF-4/CXCL4 successfully inhibited mouse CIA
when administered therapeutically (106). Although the
mechanism of action of this peptide was unclear, inter-
estingly, circulating IL-1 levels decreased with treat-
ment. Hence, unlike most of the other published studies,
in the study by Wooley et al, administration of a
chemokine rather than blocking of a chemokine’s ac-
tions was beneficial. Although not examined in this
study, the angiostatic role of PF-4/CXCL4 may have
played a role in the effect of this chemokine on CIA,
because other angiogenesis inhibitors are effective in
this model.

Very few studies have examined arthritis in gene-
deficient mice. However, Terkeltaub and coworkers
observed that CXCR2 gene–deficient mice exhibited
leukocyte-deficient inflammatory responses in a murine
subcutaneous air pouch model injected with urate crys-
tals (107). These same animals showed less severe Lyme
arthritis than did normal mice in another study (108).
Because mice, in contrast to humans, express only
CXCR2, not both CXCR1 and CXCR2, the relevance to
human disease of deleting only CXCR2 remains unclear.

CC chemokines. A number of studies have tar-
geted MIP-1�/CCL3 and MCP-1/CCL2. Passive immu-
nization with anti–MIP-1�/CCL3 delayed the onset and
reduced the severity of murine CIA (96). A 67–amino
acid sequence of MCP-1/CCL2, which acts as an MCP-
1/CCL2 antagonist in vivo, abrogated arthritis in MRL/
lpr autoimmune mice (109). Injection of neutralizing
MCP-1/CCL2 resulted in reduced macrophage numbers
and arthritis in rats with CIA (110). Bindarit, an inda-
zolic derivative inhibitor of TNF� and MCP-1/CCL2,
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inhibited rat AIA (111). Injection of anti–MCP-1/CCL2
preventively resulted in decreased influx of 111In-labeled
T cells into the rat streptococcal cell wall antigen–
induced arthritic joint (112).

Administration of Met-RANTES, a CCR1/CCR5
antagonist, reduced mouse CIA (113). Likewise, anti-
RANTES/CCL5 reduced mouse CIA (114). A CCR5
nonpeptide antagonist, when used preventively, inhib-
ited mouse CIA and migration of leukocytes to the joints
(115). This inhibitor, however, also blocked binding of
ligand to CXCR3, making it difficult to determine its
precise mechanism (116). KE-298 (2-acetylthiolmethyl-
4-[4-methylphenyl]-4-oxobutanoic acid), an antirheu-
matic drug, reduced MCP-1/CCL2 and RANTES/CCL5
production and also reduced the severity of rat AIA
(117). This drug also suppressed production of these
chemokines by IL-1– stimulated RA ST fibroblasts. Very
surprisingly, a recent study showed that a CCR5 gene–
deficient mouse developed CIA to the same extent as
wild-type mice (118). The reason for the discrepant data
using CCR5-deficient mice is unclear. Nonetheless, most
available data in other models appear to indicate CCR5
is a reasonable therapeutic target in RA.

Manipulation of the CCR2 receptor has pro-
duced varied outcomes. Antibody-mediated blockade of
CCR2 during initiation of CIA in mice resulted in
markedly improved clinical signs of arthritis, while
blockade during disease progression (therapeutic ad-
ministration) worsened the clinical and histologic signs
of arthritis (119). Moreover, in a recent study, CCR2
gene–deficient mice developed severe, aggressive CIA
compared with wild-type mice (118). Interestingly, when
lethally irradiated wild-type mice received bone marrow

transplants from CCR2 gene–deficient mice, the trans-
planted mice developed frank CIA. In contrast, wild-
type mice transplanted with wild-type bone marrow did
not develop CIA, suggesting that the expression of
CCR2 in the hematopoetic compartment is a critical
component of CIA development (118). Hence, it ap-
pears that targeting CCR1/CCR5 may be useful in
experimental arthritis. Results for CCR2 blockade are
much less clear at this time and await further studies.

My laboratory has examined chemokine receptor
expression and function in rat AIA (120). Using real-
time polymerase chain reaction, we showed significant
up-regulation of CCR1, CCR2, CCR5, and MIP-1�/
CCL4 mRNA on postadjuvant injection day 18, coinci-
dent with peak joint inflammation. Increases in tyrosine
phosphorylation of CCR1 on days 14, 18, 21, and 24, of
CCR2 on days 14 and 18, and of CCR5 on days 14, 18,
and 21 were observed in rats with AIA compared with
nonarthritic rats. The joint signaling intermediates,
JAK-1, signal transducer and activator of transcription 1
(STAT-1), and STAT-3, were associated with CCR1 and
were tyrosine phosphorylated on days 14 and 18. CCR2
was associated with phosphorylated JAK-2, STAT-1,
and STAT-3 on day 18. CCR5 was associated with
STAT-1 and STAT-3 on days 18 and 21 and correlated
with JAK-1 phosphorylation and binding on day 18.
Although JNK signaling has been shown by other inves-
tigators to be important in RA synovium, it appears not
to be important in CCR5 signaling in rat AIA joints. By
immunohistologic analysis, CCR5, phosphorylated
STAT-1, and phosphorylated STAT-3 were detected on
ST lining cells, macrophages, and endothelial cells in
inflamed rat joints on day 18. Although the majority of

Figure 2. Hypothesized CC chemokine receptor signaling in joints of rats with
adjuvant-induced arthritis. STAT1 � signal transducer and activator of transcrip-
tion 1.
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phosphorylated STAT-1 and CCR5 were on ST lining
cells and macrophages, phosphorylated STAT-3 was
predominantly expressed on endothelial cells (see Fig-
ure 2). Up-regulation and activation of chemokine re-
ceptors may play a role in macrophage and endothelial
infiltration in rat AIA joints.

Combined chemokine blockade. Several studies
have addressed the blocking of multiple chemokines.
One study showed that a combination of MCP-1/CCL2
and GRO�/CXCL1 inhibition with chemokine antago-
nists resulted in more reduced arthritis than MCP-1/
CCL2 blockade alone in MRL-Faslpr mice with AIA
(121). In another study, rat AIA was diminished by DNA
vaccination with chemokine-encoding DNA vaccines to
MCP-1/CCL2, MIP-1�/CCL3, or RANTES/CCL5 (122).
These studies do not address the possible toxicities
associated with combining blocking agents, which poten-
tially could be problematic in human trials.

Chemokine targeting strategies in human RA

As a prelude to chemokine targeting in humans,
one study has shown decreased severity and incidence of
RA in patients with the CCR5 �32 allele, which codes
for a nonfunctional CCR5 allele (123,124). Another study
showed that this allele was found less frequently in patients
with RA (125). These studies underscore the idea that
targeting CCR5 in humans may be beneficial in RA.

Regarding direct targeting, antibodies to IL-8/
CXCL8, ENA-78/CXCL5, and GRO�/CXCL1 at least
partially neutralized RA SF–derived chemotactic activ-
ity for neutrophils in vitro, and antibodies to MIP-1�
neutralized RA SF-derived chemotactic activity for
monocytes (33,67). Among drugs currently available for
RA therapy, anti-TNF� reduced synovial expression of
IL-8/CXCL8 and MCP-1/CCL2 in patients with RA (26).

One trial examined the use of anti–IL-8/CXCL8
in human RA. Results of this trial were not published,
but the compound was apparently not developed fur-
ther. Because no published data exist, it is difficult to
comment on this therapeutic agent.

Recently, a CCR1 small molecule antagonist was
examined in a phase Ib 2-week study. This inhibitor
resulted in a marked decrease in ST macrophages
posttherapy (126). Although this study was designed
mainly to examine the effect of the inhibitor on RA
synovial inflammation, one-third of the 16 patients ful-
filled the American College of Rheumatology 20%
criteria (127) for improvement after therapy. These
results suggest CCR1 may be a beneficial target in RA.

Conclusion

Although superficially one may conclude that
blocking chemokines or their receptors is futile due to
redundancies in the chemokine/chemokine receptor sys-
tems, careful analysis suggests that blockade of specific
chemokine/chemokine receptors may be valuable. How-
ever, several caveats must be considered. First, as with
many animal models, there are more reports of animal
studies using preventative regimens than reports of
studies using therapeutic regimens, as would be used in
RA patients, again lessening the relevance to human
disease. Second, many compounds targeting chemokine
receptors are species specific, hence resulting in difficul-
ties translating these compounds to human use. Third,
cleavage of some chemokines by metalloproteinases may
result in antagonist rather than agonist effects on their
receptors, potentially making targeting of chemokines
difficult. Nonetheless, after reviewing the existing data,
it seems that there is sound rationale for targeting CXC
chemokines, CC chemokines, and fractalkine/CX3CL1.
Among chemokine receptors, CXCR3 and CCR5 ap-
pear to be likely target candidates. Preliminary results
from a small human trial involving targeting CCR1 were
promising. Thus, evidence is mounting that targeting
chemokines may be useful therapy, either alone or
adjunctively, in RA.

ACKNOWLEDGMENTS

I thank Drs. Robert Strieter, Steven Kunkel, Zoltan
Szekanecz, Jim Rottman, and my laboratory members for
helpful discussions over the years. Apologies to those whose
work was not cited here due to space constraints. Special
thanks to Chris DeVries for helping prepare the manuscript.

REFERENCES

1. Szekanecz Z, Kim J, Koch AE. Chemokines and chemokine
receptors in rheumatoid arthritis. Semin Immunol 2003;15:15–21.

2. Proudfoot AE, Power CA, Rommel C, Wells TN. Strategies for
chemokine antagonists as therapeutics. Semin Immunol 2003;15:
57–65.

3. Harris ED Jr. Rheumatoid arthritis: pathophysiology and impli-
cations for therapy. N Engl J Med 1990;332:1277–87.

4. Szekanecz Z, Strieter RM, Kunkel SL, Koch AE. Chemokines in
rheumatoid arthritis. Springer Semin Immunopathol 1998;20:
115–32.

5. Szekanecz Z, Koch AE. Chemokines and angiogenesis. Curr
Opin Rheumatol 2001;13:202–8.

6. Koch AE, Kunkel SL, Strieter RM. Chemokines in arthritis. In:
Koch AE, Strieter RM, editors. Chemokines in disease. Austin
(TX): R. G. Landes; 1996. p. 103–16.

7. Strieter RM, Polverini PJ, Kunkel SL, Arenberg DA, Burdick
MD, Kasper J, et al. The functional role of the ELR motif in
CXC chemokine-mediated angiogenesis. J Biol Chem 1995;270:
27348–57.

TARGETING CHEMOKINES IN RA 717



8. Taub DD. C-C chemokines: an overview. In: Koch AE, Strieter
RM, editors. Chemokines in disease. Austin (TX): R. G. Landes;
1996. p. 27–54.

9. Walz A, Kunkel SL, Strieter RM. C-X-C chemokines: an over-
view. In: Koch AE, Strieter RM, editors. Chemokines in disease.
Austin (TX): R. G. Landes; 1996. p. 1–25.

10. Rossi D, Zlotnik A. The biology of chemokines and their
receptors. Annu Rev Immunol 2000;18:217–42.

11. Nelson PJ, Krensky AM. Chemokines, lymphocytes and viruses:
what goes around, comes around. Curr Opin Immunol 1998;10:
265–70.

12. Bacon K, Baggiolini M, Broxmeyer H, Horuk R, Lindley I,
Mantovani A, et al. Chemokine/chemokine receptor nomencla-
ture. J Interferon Cytokine Res 2002;22:1067–8.

13. Zlotnik A, Yoshie O. Chemokines: a new classification system
and their role in immunity. Immunity 2000;12:121–7.

14. Koch AE, Polverini PJ, Kunkel SL, Harlow LA, DiPietro LA,
Elner VM, et al. Interleukin-8 as a macrophage-derived mediator
of angiogenesis. Science 1992;258:1798–801.

15. Strieter RM, Kunkel SL, Shanafelt AB, Arenberg DA, Koch AE,
Polverini PJ. The role of C-X-C chemokines in regulation of
angiogenesis. In: Koch AE, Strieter RM, editors. Chemokines in
disease. Austin (TX): R. G. Landes; 1996. p. 195–210.

16. Moore BB, Keane MP, Addison CL, Arenberg DA, Strieter RM.
CXC chemokine modulation of angiogenesis: the importance of
balance between angiogenic and angiostatic members of the
family. J Investig Med 1998;46:113–20.

17. Hogan M, Sherry B, Ritchlin C, Fabre M, Winchester R, Cerami
A, et al. Differential expression of the small inducible cytokines
gro-� and gro-� by synovial fibroblasts in chronic arthritis:
possible role in growth regulation. Cytokine 1994;6:61–9.

18. Koch AE, Kunkel SL, Burrows JC, Evanoff HL, Haines GK,
Pope RM, et al. Synovial tissue macrophage as a source of the
chemotactic cytokine IL-8. J Immunol 1991;147:2187–95.

19. Endo H, Akahoshi T, Takagishi K, Kashiwazaki S, Matsushima
K. Elevation of interleukin-8 (IL-8) levels in joint fluids of
patients with rheumatoid arthritis and the induction by IL-8 of
leukocyte infiltration and synovitis in rabbit joints. Lymphokine
Cytokine Res 1991;10:245–52.

20. Seitz M, Dewald B, Ceska M, Gerber N, Baggiolini M. Interleu-
kin-8 in inflammatory rheumatic diseases: synovial fluid levels,
relation to rheumatoid factors, production by mononuclear cells,
and effects of gold sodium thiomalate and methotrexate. Rheu-
matol Int 1992;12:159–64.

21. Deleuran B, Lemche P, Kristensen M, Chu CQ, Field M, Jensen
J, et al. Localisation of interleukin 8 in the synovial membrane,
cartilage-pannus junction and chondrocytes in rheumatoid arthri-
tis. Scand J Rheumatol 1994;23:2–7.

22. Koch AE, Volin MV, Woods JM, Kunkel SL, Connors MA,
Harlow LA, et al. Regulation of angiogenesis by the C-X-C
chemokines interleukin-8 and epithelial neutrophil activating
peptide 78 in the rheumatoid joint. Arthritis Rheum 2001;44:
31–40.

23. Hosaka S, Akahoshi T, Wada C, Kondo H. Expression of the
chemokine superfamily in rheumatoid arthritis. Clin Exp Immu-
nol 1994;97:451–7.

24. Georganas C, Liu H, Perlman H, Hoffmann A, Thimmapaya B,
Pope RM. Regulation of IL-6 and IL-8 expression in rheumatoid
arthritis synovial fibroblasts: the dominant role for NF-�B but not
C/EBP � or c-Jun. J Immunol 2000;165:7199–206.

25. Kraan MC, Patel DD, Haringman JJ, Smith MD, Weedon H,
Ahern MJ, et al. The development of clinical signs of rheumatoid
synovial inflammation is associated with increased synthesis of
the chemokine CXCL8 (interleukin-8). Arthritis Res 2001;3:
65–71.

26. Taylor PC, Peters AM, Paleolog E, Chapman PT, Elliott MJ,
McCloskey R, et al. Reduction of chemokine levels and leukocyte

traffic to joints by tumor necrosis factor � blockade in patients
with rheumatoid arthritis. Arthritis Rheum 2000;43:38–47.

27. Nanki T, Nagasaka K, Hayashida K, Saita Y, Miyasaka N.
Chemokines regulate IL-6 and IL-8 production by fibroblast-like
synoviocytes from patients with rheumatoid arthritis. J Immunol
2001;167:5381–5.

28. Patterson AM, Schmutz C, Davis S, Gardner L, Ashton BA,
Middleton J. Differential binding of chemokines to macrophages
and neutrophils in the human inflamed synovium. Arthritis Res
2002;4:209–14.

29. Walz A, Burgener R, Car B, Baggiolini M, Kunkel SL, Strieter
RM. Structure and neutrophil-activating properties of a novel
inflammatory peptide (ENA-78) with homology to interleukin 8.
J Exp Med 1991;174:1355–62.

30. Koch AE, Kunkel SL, Harlow LA, Mazarakis DD, Haines GK,
Burdick MD, et al. Epithelial neutrophil activating peptide-78: a
novel chemotactic cytokine for neutrophils in arthritis. J Clin
Invest 1994;94:1012–8.

31. Morel JC, Park CC, Kumar P, Koch AE. Interleukin-18 induces
rheumatoid arthritis synovial fibroblast CXC chemokine produc-
tion through NF�B activation. Lab Invest 2001;81:1371–83.

32. Unemori EN, Amento EP, Bauer EA, Horuk R. Melanoma
growth-stimulatory activity/GRO decreases collagen expression
by human fibroblasts: regulation by C-X-C but not C-C cytokines.
J Biol Chem 1993;268:1338–42.

33. Koch AE, Kunkel SL, Shah MR, Hosaka S, Halloran MM,
Haines GK, et al. Growth-related gene product �: a chemotactic
cytokine for neutrophils in rheumatoid arthritis. J Immunol
1995;155:3660–6.

34. Golds EE, Mason P, Nyirkos P. Inflammatory cytokines induce
synthesis and secretion of gro protein and a neutrophil chemo-
tactic factor but not � 2-microglobulin in human synovial cells
and fibroblasts. Biochem J 1989;259:585–8.

35. Castor CW, Andrews PC, Swartz RD, Ellis SG, Hossler PA,
Clark MR, et al. Connective tissue activation. XXXVI. The
origin, variety, distribution, and biologic fate of connective tissue
activating peptide–III isoforms: characteristics in patients with
rheumatic, renal, and arterial disease. Arthritis Rheum 1993;36:
1142–53.

36. Castor CW, Smith EM, Hossler PA, Bignall MC, Aaron BP.
Connective tissue activation. XXXV. Detection of connective
tissue activating peptide–III isoforms in synovium from osteoar-
thritis and rheumatoid arthritis patients: patterns of interaction
with other synovial cytokines in cell culture. Arthritis Rheum
1992;35:783–93.

37. Pierer M, Rethage J, Seibl R, Lauener R, Brentano F, Wagner U,
et al. Chemokine secretion of rheumatoid arthritis synovial
fibroblasts stimulated by Toll-like receptor 2 ligands. J Immunol
2004;172:1256–65.

38. Patel DD, Zachariah JP, Whichard LP. CXCR3 and CCR5
ligands in rheumatoid arthritis synovium. Clin Immunol 2001;98:
39–45.

39. Hanaoka R, Kasama T, Muramatsu M, Yajima N, Shiozawa F,
Miwa Y, et al. A novel mechanism for the regulation of IFN-�
inducible protein-10 expression in rheumatoid arthritis. Arthritis
Res Ther 2003;5:R74–81.

40. Narumi S, Tominaga Y, Tamaru M, Shimai S, Okumura H,
Nishioji K, et al. Expression of IFN-inducible protein-10 in
chronic hepatitis. J Immunol 1997;158:5536–44.

41. Ruschpler P, Lorenz P, Eichler W, Koczan D, Hanel C, Scholz R,
et al. High CXCR3 expression in synovial mast cells associated
with CXCL9 and CXCL10 expression in inflammatory synovial
tissues of patients with rheumatoid arthritis. Arthritis Res Ther
2003;5:R241–52.

42. Chicheportiche Y, Chicheportiche R, Sizing I, Thompson J,
Benjamin CB, Ambrose C, et al. Proinflammatory activity of
TWEAK on human dermal fibroblasts and synoviocytes: blocking

718 KOCH



and enhancing effects of anti-TWEAK monoclonal antibodies.
Arthritis Res 2002;4:126–33.

43. Konig A, Krenn V, Toksoy A, Gerhard N, Gillitzer R. Mig, GRO
� and RANTES messenger RNA expression in lining layer,
infiltrates and different leucocyte populations of synovial tissue
from patients with rheumatoid arthritis, psoriatic arthritis and
osteoarthritis. Virchows Arch 2000;436:449–58.

44. Yamamoto T, Chikugo T, Tanaka Y. Elevated plasma levels of
�-thromboglobulin and platelet factor 4 in patients with rheu-
matic disorders and cutaneous vasculitis. Clin Rheumatol 2002;
21:501–4.

45. Hitchon C, Wong K, Ma G, Reed J, Lyttle D, El-Gabalawy H.
Hypoxia-induced production of stromal cell–derived factor 1
(CXCL12) and vascular endothelial growth factor by synovial
fibroblasts. Arthritis Rheum 2002;46:2587–97.

46. Buckley CD, Amft N, Bradfield PF, Pilling D, Ross E, Arenzana-
Seisdedos F, et al. Persistent induction of the chemokine receptor
CXCR4 by TGF-� 1 on synovial T cells contributes to their
accumulation within the rheumatoid synovium. J Immunol 2000;
165:3423–9.

47. Burger JA, Zvaifler NJ, Tsukada N, Firestein GS, Kipps TJ.
Fibroblast-like synoviocytes support B-cell pseudoemperipolesis
via a stromal cell-derived factor-1- and CD106(VCAM-1)-depen-
dent mechanism. J Clin Invest 2001;107:305–15.

48. Blades MC, Ingegnoli F, Wheller SK, Manzo A, Wahid S, Panayi
GS, et al. Stromal cell–derived factor 1 (CXCL12) induces
monocyte migration into human synovium transplanted onto
SCID mice. Arthritis Rheum 2002;46:824–36.

49. Nanki T, Hayashida K, El-Gabalawy HS, Suson S, Shi K,
Girschick HJ, et al. Stromal cell-derived factor-1-CXC chemo-
kine receptor 4 interactions play a central role in CD4(�) T cell
accumulation in rheumatoid arthritis synovium. J Immunol 2000;
165:6590–8.

50. Bradfield PF, Amft N, Vernon-Wilson E, Exley AE, Parsonage
G, Rainger GE, et al. Rheumatoid fibroblast-like synoviocytes
overexpress the chemokine stromal cell–derived factor 1
(CXCL12), which supports distinct patterns and rates of CD4�
and CD8� T cell migration within synovial tissue. Arthritis
Rheum 2003;48:2472–82.

51. Salcedo R, Wasserman K, Young HA, Grimm MC, Howard OM,
Anver MR, et al. Vascular endothelial growth factor and basic
fibroblast growth factor induce expression of CXCR4 on human
endothelial cells: in vivo neovascularization induced by stromal-
derived factor-1�. Am J Pathol 1999;154:1125–35.

52. Pablos JL, Santiago B, Galindo M, Torres C, Brehmer MT,
Blanco FJ, et al. Synoviocyte-derived CXCL12 is displayed on
endothelium and induces angiogenesis in rheumatoid arthritis.
J Immunol 2003;170:2147–52.

53. Mittal GA, Joshi VR, Deshpande A. Stromal cell-derived fac-
tor-1 � in rheumatoid arthritis. Rheumatology (Oxford) 2003;42:
915–6.

54. Loetscher P, Moser B. Homing chemokines in rheumatoid
arthritis. Arthritis Res 2002;4:233–6.

55. Shi K, Hayashida K, Kaneko M, Hashimoto J, Tomita T, Lipsky
PE, et al. Lymphoid chemokine B cell-attracting chemokine-1
(CXCL13) is expressed in germinal center of ectopic lymphoid
follicles within the synovium of chronic arthritis patients. J Im-
munol 2001;166:650–5.

56. Takemura S, Braun A, Crowson C, Kurtin PJ, Cofield RH,
O’Fallon WM, et al. Lymphoid neogenesis in rheumatoid syno-
vitis. J Immunol 2001;167:1072–80.

57. Koch AE, Kunkel SL, Harlow LA, Johnson B, Evanoff HL,
Haines GK, et al. Enhanced production of monocyte chemoat-
tractant protein-1 in rheumatoid arthritis. J Clin Invest 1992;90:
772–9.

58. Villiger PM, Terkeltaub R, Lotz M. Production of monocyte

chemoattractant protein-1 by inflamed synovial tissue and cul-
tured synoviocytes. J Immunol 1992;149:722–7.

59. Harigai M, Hara M, Yoshimura T, Leonard EJ, Inoue K,
Kashiwazaki S. Monocyte chemoattractant protein-1 (MCP-1) in
inflammatory joint diseases and its involvement in the cytokine
network of rheumatoid synovium. Clin Immunol Immunopathol
1993;69:83–91.

60. Hachicha M, Rathanaswami P, Schall TJ, McColl SR. Production
of monocyte chemotactic protein–1 in human type B synovio-
cytes: synergistic effect of tumor necrosis factor � and interferon-�.
Arthritis Rheum 1993;36:26–34.

61. Hayashida K, Nanki T, Girschick H, Yavuz S, Ochi T, Lipsky PE.
Synovial stromal cells from rheumatoid arthritis patients attract
monocytes by producing MCP-1 and IL-8. Arthritis Res 2001;3:
118–26.

62. Safronova O, Nakahama K, Onodera M, Muneta T, Morita I.
Effect of hypoxia on monocyte chemotactic protein-1 (MCP-1)
gene expression induced by interleukin-1� in human synovial
fibroblasts. Inflamm Res 2003;52:480–6.

63. Koch AE, Kunkel SL, Harlow LA, Mazarakis DD, Haines GK,
Burdick MD, et al. Macrophage inflammatory protein-1�: a
novel chemotactic cytokine for macrophages in rheumatoid ar-
thritis. J Clin Invest 1994;93:921–8.

64. Wang CR, Liu MF. Regulation of CCR5 expression and MIP-1�
production in CD4� T cells from patients with rheumatoid
arthritis. Clin Exp Immunol 2003;132:371–8.

65. Hatano Y, Kasama T, Iwabuchi H, Hanaoka R, Takeuchi HT,
Jing L, et al. Macrophage inflammatory protein 1 � expression by
synovial fluid neutrophils in rheumatoid arthritis. Ann Rheum
Dis 1999;58:297–302.

66. Robinson E, Keystone EC, Schall TJ, Gillett N, Fish EN.
Chemokine expression in rheumatoid arthritis (RA): evidence of
RANTES and macrophage inflammatory protein (MIP)-1 �
production by synovial T cells. Clin Exp Immunol 1995;101:
398–407.

67. Koch AE, Kunkel SL, Shah MR, Fu R, Mazarakis DD, Haines
GK, et al. Macrophage inflammatory protein-1�: a C-C chemo-
kine in osteoarthritis. Clin Immunol Immunopathol 1995;77:
307–14.

68. Page G, Lebecque S, Miossec P. Anatomic localization of imma-
ture and mature dendritic cells in an ectopic lymphoid organ:
correlation with selective chemokine expression in rheumatoid
synovium. J Immunol 2002;168:5333–41.

69. Matsui T, Akahoshi T, Namai R, Hashimoto A, Kurihara Y,
Rana M, et al. Selective recruitment of CCR6-expressing cells by
increased production of MIP-3 � in rheumatoid arthritis. Clin
Exp Immunol 2001;125:155–61.

70. Ruth JH, Morel JC, Park CC, Kumar P, Koch AE. MIP-3�
expression in the rheumatoid joint [abstract]. Arthritis Rheum
2000;43 Suppl 9:S78.

71. Chabaud M, Page G, Miossec P. Enhancing effect of IL-1, IL-17,
and TNF� on macrophage inflammatory protein-3� production
in rheumatoid arthritis: regulation by soluble receptors and Th2
cytokines. J Immunol 2001;167:6015–20.

72. Schall TJ, Bacon K, Toy KJ, Goeddel DV. Selective attraction of
monocytes and T lymphocytes of the memory phenotype by
cytokine RANTES. Nature 1990;347:669–71.

73. Volin MV, Shah MR, Tokuhira M, Haines GK, Woods JM, Koch
AE. RANTES expression and contribution to monocyte chemo-
taxis in arthritis. Clin Immunol Immunopathol 1998;89:44–53.

74. Rathanaswami P, Hachicha M, Sadick M, Schall RJ, McColl SR.
Expression of the cytokine RANTES in human rheumatoid
synovial fibroblasts. J Biol Chem 1993;268:5834–9.

75. Jordan NJ, Watson ML, Westwick J. The protein phosphatase
inhibitor calyculin A stimulates chemokine production by human
synovial cells. Biochem J 1995;311:89–95.

76. Hirano F, Kobayashi A, Hirano Y, Nomura Y, Fukawa E,

TARGETING CHEMOKINES IN RA 719



Makino I. Thrombin-induced expression of RANTES mRNA
through protease activated receptor-1 in human synovial fibro-
blasts. Ann Rheum Dis 2002;61:834–7.

77. Buckley CD. Michael Mason prize essay 2003: why do leucocytes
accumulate within chronically inflamed joints [review]? Rheuma-
tology (Oxford) 2003;42:1433–44.

78. Blaschke S, Middel P, Dorner BG, Blaschke V, Hummel KM,
Kroczek RA, et al. Expression of activation-induced, T
cell–derived, and chemokine-related cytokine/lymphotactin and
its functional role in rheumatoid arthritis. Arthritis Rheum
2003;48:1858–72.

79. Borthwick NJ, Akbar AN, MacCormac LP, Lowdell M, Craigen
JL, Hassan I, et al. Selective migration of highly differentiated
primed T cells, defined by low expression of CD45RB, across
human umbilical vein endothelial cells: effects of viral infection
on transmigration. Immunology 1997;90:272–80.

80. Bazan JF, Bacon KB, Hardiman G, Wang W, Soo K, Rossi D, et
al. A new class of membrane-bound chemokine with a CX3C
motif. Nature 1997;385:640–4.

81. Ruth JH, Volin MV, Haines GK III, Woodruff DC, Katschke KJ
Jr, Woods JM, et al. Fractalkine, a novel chemokine in rheuma-
toid arthritis and in rat adjuvant-induced arthritis. Arthritis
Rheum 2001;44:1568–81.

82. Lesnik P, Haskell CA, Charo IF. Decreased atherosclerosis in
CX3CR1�/� mice reveals a role for fractalkine in atherogenesis.
J Clin Invest 2003;111:333–40.

83. McDermott DH, Fong AM, Yang Q, Sechler JM, Cupples LA,
Merrell MN, et al. Chemokine receptor mutant CX3CR1-M280
has impaired adhesive function and correlates with protection
from cardiovascular disease in humans. J Clin Invest 2003;111:
1241–50.

84. Volin MV, Woods JM, Amin MA, Connors MA, Harlow LA,
Koch AE. Fractalkine: a novel angiogenic chemokine in rheuma-
toid arthritis. Am J Pathol 2001;159:1521–30.

85. Loetscher P, Uguccioni M, Bordoli L, Baggiolini M, Moser B,
Chizzolini C, et al. CCR5 is characteristic of Th1 lymphocytes.
Nature 1998;391:344–5.

86. Qin S, Rottman JB, Myers P, Kassam N, Weinblatt M, Loetscher
M, et al. The chemokine receptors CXCR3 and CCR5 mark
subsets of T cells associated with certain inflammatory reactions.
J Clin Invest 1998;101:746–54.

87. Ruth JH, Rottman JB, Katschke KJ Jr, Qin S, Wu L, LaRosa G,
et al. Selective lymphocyte chemokine receptor expression in the
rheumatoid joint. Arthritis Rheum 2001;44:2750–60.

88. Garcia-Lopez MA, Sanchez-Madrid F, Rodriguez-Frade JM,
Mellado M, Acevedo A, Garcia MI, et al. CXCR3 chemokine
receptor distribution in normal and inflamed tissues: expression
on activated lymphocytes, endothelial cells, and dendritic cells.
Lab Invest 2001;81:409–18.

89. Mack M, Bruhl H, Gruber R, Jaeger C, Cihak J, Eiter V, et al.
Predominance of mononuclear cells expressing the chemokine
receptor CCR5 in synovial effusions of patients with different
forms of arthritis. Arthritis Rheum 1999;42:981–8.

90. Suzuki N, Nakajima A, Yoshino S, Matsushima K, Yagita H,
Okumura K. Selective accumulation of CCR5� T lymphocytes
into inflamed joints of rheumatoid arthritis. Int Immunol 1999;
11:553–9.

91. Galligan CL, Matsuyama W, Matsukawa A, Mizuta H, Hodge
DR, Howard OM, et al. Up-regulated expression and activation
of the orphan chemokine receptor, CCRL2, in rheumatoid
arthritis. Arthritis Rheum 2004;50:1806–14.

92. Katschke KJ Jr, Rottman JB, Ruth JH, Qin S, Wu L, LaRosa G,
et al. Differential expression of chemokine receptors on peri-
pheral blood, synovial fluid, and synovial tissue monocytes/macro-
phages in rheumatoid arthritis. Arthritis Rheum 2001;44:
1022–32.

93. Nanki T, Imai T, Nagasaka K, Urasaki Y, Nonomura Y, Tanigu-

chi K, et al. Migration of CX3CR1-positive T cells producing type
1 cytokines and cytotoxic molecules into the synovium of patients
with rheumatoid arthritis. Arthritis Rheum 2002;46:2878–83.

94. Patterson AM, Siddall H, Chamberlain G, Gardner L, Middleton
J. Expression of the duffy antigen/receptor for chemokines
(DARC) by the inflamed synovial endothelium. J Pathol 2002;
197:108–16.

95. Szekanecz Z, Halloran MM, Volin MV, Woods JM, Strieter RM,
Haines GK III, et al. Temporal expression of inflammatory
cytokines and chemokines in rat adjuvant-induced arthritis. Ar-
thritis Rheum 2000;43:1266–77.

96. Kasama T, Strieter RM, Lukacs NW, Lincoln PM, Burdick MD,
Kunkel SL. Interleukin-10 expression and chemokine regulation
during the evolution of murine type II collagen-induced arthritis.
J Clin Invest 1995;95:2868–76.

97. Thornton S, Duwel LE, Boivin GP, Ma Y, Hirsch R. Association
of the course of collagen-induced arthritis with distinct patterns
of cytokine and chemokine messenger RNA expression. Arthritis
Rheum 1999;42:1109–18.

98. Harada A, Sekido N, Akahoshi T, Wada T, Mukaida N, Matsus-
hima K. Essential involvement of interleukin-8 (IL-8) in acute
inflammation. J Leukoc Biol 1994;56:559–64.

99. Nishimura A, Akahoshi T, Takahashi M, Takagishi K, Itoman M,
Kondo H, et al. Attenuation of monosodium urate crystal-
induced arthritis in rabbits by a neutralizing antibody against
interleukin-8. J Leukoc Biol 1997;62:444–9.

100. Akahoshi T, Endo H, Kondo H, Kashiwazaki S, Kasahara T,
Mukaida N, et al. Essential involvement of interleukin-8 in
neutrophil recruitment in rabbits with acute experimental arthri-
tis induced by lipopolysaccharide and interleukin-1. Lymphokine
Cytokine Res 1994;13:113–6.

101. Podolin PL, Bolognese BJ, Foley JJ, Schmidt DB, Buckley PT,
Widdowson KL, et al. A potent and selective nonpeptide antag-
onist of CXCR2 inhibits acute and chronic models of arthritis in
the rabbit. J Immunol 2002;169:6435–44.

102. Matsukawa A, Yoshimura T, Fujiwara K, Maeda T, Ohkawara S,
Yoshinaga M. Involvement of growth-related protein in lipopo-
lysaccharide-induced rabbit arthritis: cooperation between
growth-related protein and IL-8, and interrelated regulation
among TNF�, IL-1, IL-1 receptor antagonist, IL-8, and growth-
related protein. Lab Invest 1999;79:591–600.

103. Matthys P, Hatse S, Vermeire K, Wuyts A, Bridger G, Henson
GW, et al. AMD3100, a potent and specific antagonist of the
stromal cell-derived factor-1 chemokine receptor CXCR4, inhib-
its autoimmune joint inflammation in IFN� receptor-deficient
mice. J Immunol 2001;167:4686–92.

104. Salomon I, Netzer N, Wildbaum G, Schif-Zuck S, Maor G, Karin
N. Targeting the function of IFN�-inducible protein 10 sup-
presses ongoing adjuvant arthritis. J Immunol 2002;169:2685–93.

105. Halloran MM, Woods JM, Strieter RM, Szekanecz Z, Volin MV,
Hosaka S, et al. The role of an epithelial neutrophil-activating
peptide-78-like protein in rat adjuvant-induced arthritis. J Immu-
nol 1999;162:7492–500.

106. Wooley PH, Schaefer C, Whalen JD, Dutcher JA, Counts DF. A
peptide sequence from platelet factor 4 (CT-112) is effective in
the treatment of type II collagen induced arthritis in mice.
J Rheumatol 1997;24:890–8.

107. Terkeltaub R, Baird S, Sears P, Santiago R, Boisvert W. The
murine homolog of the interleukin-8 receptor CXCR-2 is essen-
tial for the occurrence of neutrophilic inflammation in the air
pouch model of acute urate crystal–induced gouty synovitis.
Arthritis Rheum 1998;41:900–9.

108. Brown CR, Blaho VA, Loiacono CM. Susceptibility to experi-
mental Lyme arthritis correlates with KC and monocyte chemoat-
tractant protein-1 production in joints and requires neutrophil
recruitment via CXCR2. J Immunol 2003;171:893–901.

109. Gong JH, Ratkay LG, Waterfield JD, Clark-Lewis I. An antag-

720 KOCH



onist of monocyte chemoattractant protein 1 (MCP-1) inhibits
arthritis in the MRL-lpr mouse model. J Exp Med 1997;186:
131–7.

110. 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 arthritis in rats. J Pathol 1997;
182:106–14.

111. Guglielmotti A, d’Onofrio E, Coletta I, Aquilini L, Milanese C,
Pinza M. Amelioration of rat adjuvant arthritis by therapeutic
treatment with bindarit, an inhibitor of MCP-1 and TNF�
production. Inflamm Res 2002;51:252–8.

112. Schrier DJ, Schimmer RC, Flory CM, Tung DK, Ward PA. Role
of chemokines and cytokines in a reactivation model of arthritis
in rats induced by injection with streptococcal cell walls. J Leukoc
Biol 1998;63:359–63.

113. Plater-Zyberk C, Hoogewerf AJ, Proudfoot AE, Power CA,
Wells TN. Effect of a CC chemokine receptor antagonist on
collagen induced arthritis in DBA/1 mice. Immunol Lett 1997;
57:117–20.

114. Barnes DA, Tse J, Kaufhold M, Owen M, Hesselgesser J, Strieter
R, et al. Polyclonal antibody directed against human RANTES
ameliorates disease in the Lewis rat adjuvant-induced arthritis
model. J Clin Invest 1998;101:2910–9.

115. Yang YF, Mukai T, Gao P, Yamaguchi N, Ono S, Iwaki H, et al.
A non-peptide CCR5 antagonist inhibits collagen-induced arthri-
tis by modulating T cell migration without affecting anti-collagen
T cell responses. Eur J Immunol 2002;32:2124–32.

116. Gao P, Zhou XY, Yashiro-Ohtani Y, Yang YF, Sugimoto N, Ono
S, et al. The unique target specificity of a nonpeptide chemokine
receptor antagonist: selective blockade of two Th1 chemokine
receptors CCR5 and CXCR3. J Leukoc Biol 2003;73:273–80.

117. Inoue T, Yamashita M, Higaki M. The new antirheumatic drug
KE-298 suppresses monocyte chemoattractant protein (MCP)-1
and RANTES production in rats with adjuvant-induced arthritis
and in IL-1�-stimulated synoviocytes of patients with rheumatoid
arthritis. Rheumatol Int 2001;20:149–53.

118. Quinones MP, Ahuja SK, Jimenez F, Schaefer J, Garavito E, Rao

A, et al. Experimental arthritis in CC chemokine receptor 2-null
mice closely mimics severe human rheumatoid arthritis. J Clin
Invest 2004;113:856–66.

119. Bruhl H, Cihak J, Schneider MA, Plachy J, Rupp T, Wenzel I, et
al. Dual role of CCR2 during initiation and progression of
collagen-induced arthritis: evidence for regulatory activity of
CCR2� T cells. J Immunol 2004;172:890–8.

120. Shahrara S, Amin MA, Woods JM, Haines GK, Koch AE.
Chemokine receptor expression and in vivo signaling pathways in
the joints of rats with adjuvant-induced arthritis. Arthritis Rheum
2003;48:3568–83.

121. Gong JH, Yan R, Waterfield JD, Clark-Lewis I. Post-onset
inhibition of murine arthritis using combined chemokine antag-
onist therapy. Rheumatology (Oxford) 2004;43:39–42.

122. Youssef S, Maor G, Wildbaum G, Grabie N, Gour-Lavie A,
Karin N. C-C chemokine-encoding DNA vaccines enhance
breakdown of tolerance to their gene products and treat ongoing
adjuvant arthritis. J Clin Invest 2000;106:361–71.

123. Garred P, Madsen HO, Petersen J, Marquart H, Hansen TM,
Freiesleben Sorensen S, et al. CC chemokine receptor 5 poly-
morphism in rheumatoid arthritis. J Rheumatol 1998;25:1462–5.

124. Zapico I, Coto E, Rodriguez A, Alvarez C, Torre JC, Alvarez V.
CCR5 (chemokine receptor-5) DNA-polymorphism influences
the severity of rheumatoid arthritis. Genes Immun 2000;1:288–9.

125. Gomez-Reino JJ, Pablos JL, Carreira PE, Santiago B, Serrano L,
Vicario JL, et al. Association of rheumatoid arthritis with a
functional chemokine receptor, CCR5. Arthritis Rheum 1999;42:
989–92.

126. Haringman JJ, Kraan MC, Smeets TJ, Zwinderman KH, Tak PP.
Chemokine blockade and chronic inflammatory disease: proof of
concept in patients with rheumatoid arthritis. Ann Rheum Dis
2003;62:715–21.

127. Felson DT, Anderson JJ, Boers M, Bombardier C, Furst D,
Goldsmith C, et al. American College of Rheumatology prelim-
inary definition of improvement in rheumatoid arthritis. Arthritis
Rheum 1995;38:727–35.

TARGETING CHEMOKINES IN RA 721


