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Targeting of Thl-Associated Chemokine Receptors CXCR3 and CCRS as
Therapeutic Strategy for Inflammatory Diseases
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Abstract: CXCR3 and CCRS are chemokine receptor that are predominantly expressed on the surface of Thl polarized T
cells. In a variety of human and experimental autoimmune diseases the enhanced expression of CXCR3 and CCRS bind-
ing chemokine ligands is followed by the recruitment of CXCR3- and CCRS5-positive T cells, indicating an important role
for these chemokine receptors in T cell-mediated tissue damage. In this review, we summarize a number of in vivo studies
available on the neutralization of CXCR3 and CCRS5 in inflammatory disease, and specifically focus on the potential
therapeutic effects of CXCR3 and CCRS blockade in human autoimmune disease and organ transplantation.
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INTRODUCTION

Chemokines are a family of small (8 to 12 kDa) secreted
proteins that control leukocyte trafficking under homeostatic
and inflammatory conditions. The effects of chemokines are
mediated through interaction with G protein-coupled recep-
tors that are predominantly expressed on leukocytes. CXCR3
and CCRS are chemokine receptors that are highly expressed
on the surface of Thl-polarized T cells. In a variety of hu-
man inflammatory diseases, including rheumatoid arthritis,
multiple sclerosis, glomerulonephritis, inflammatory bowel
disease and solid organ allograft rejection, the enhanced ex-
pression of CXCR3 and CCRS chemokine ligands is fol-
lowed by the recruitment of CXCR3- and CCRS-positive T
cells, indicating an important role for these chemokine recep-
tors in T cell-mediated tissue damage. Pharmacological in-
terventions with CXCR3 and CCRS signaling using neutral-
izing antibodies or modified small chemokine analogues with
antagonistic properties reduce inflammatory infiltrates and
ameliorate disease severity in experimental models of in-
flammatory disease. Today, several new neutralizing chemo-
kine fusion proteins are being developed for blocking of
CXCR3 and CCRS action, and small molecule antagonists
that interfere with CCRS are being tested in the clinical set-
ting. Chemokine receptors are promising targets in the de-
velopment of novel therapeutic strategies for human inflam-
matory diseases.

CHEMOKINES AND THEIR RECEPTORS

Chemokines are a family of structurally related cytokines
that serve as key regulators of directional leukocyte traffick-
ing under homeostatic and inflammatory conditions. Their
main function in inflammation is to mediate leukocyte mi-
gration to the site of tissue injury, while in physiological,
non inflammatory conditions they are crucial for mainte-
nance of immune surveillance and spatial organization of
secondary lymphoid organs. Apart from leukocytes, the ex-
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pression of chemokine receptors has been detected on many
different cell types, and chemokine signaling has been impli-
cated in processes such as angiogenesis, fibrosis, prolifera-
tion, and tumor metastasis (reviewed in [1]).

The chemokine family is divided into two major sub-
classes based on the position of the two conserved cysteine
residues in the N-terminal region of the molecule: CC
chemokines (with the two residues adjacent to each other)
and CXC chemokines (with a single amino acid between the
two residues). The two other chemokine subfamilies are C
chemokines (lacking the first of the two cysteines) with, to
date, only two representatives and CX3C chemokine frac-
talkine (with three interposed amino acids) [2]. According to
the ligands they bind, chemokine receptors are named and
classified into CC, CXC, C, or CX3C receptors [2]. Most
chemokine receptors bind more than one ligand. CXC recep-
tors, however, exclusively bind CXC chemokines, while CC
receptors are specific for CC chemokines.

The diverse biological effects of chemokine-induced sig-
naling are communicated through G protein-coupled recep-
tors (GPCR) with seven transmembrane domains, which link
to the Goy isotype of pertussis toxin-sensitive heterotrimeric
G proteins. Upon ligand binding, chemokine receptors exert
their effects through multiple intracellular signaling path-
ways (reviewed by [3, 4]). These include (I) activation of
phospholipase C with subsequent formation of diacylglyc-
erol, which acts on protein kinase C, and of inositol-1,4,5-
trisphosphate, which induces calcium release from intracellu-
lar stores, (II) activation of mitogen-activated protein kinases
(MAPK), (IIT) signaling through phosphatidylinositol 3 kinase
and protein kinase B, (IV) activation of small GTPases of the
Rho family, (V) focal adhesion kinases, and (VI) G protein-
independent activation of the Janus kinase / signal transducer
and activator of transcription (Jak/Stat) pathway.

TH1-ASSOCIATED CHEMOKINE RECEPTORS IN
HUMAN DISEASE

The main function of chemokines is the tuning of selec-
tive migration of leukocyte subsets to their sites of action.
Depending on inflammatory stimulus, costimulatory events,
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and disease stage, different populations of leukocytes initiate
and maintain the inflammatory process [5].

T lymphocytes play a major pathophysiological role in
human inflammatory diseases. In particular, CD4-positive T
cells of the Thl subtype are critical to tissue damage in a
variety of autoimmune disorders. One reason for the specific
composition of the inflammatory infiltrate is the differential
expression of chemokine receptors on the surface of T lym-
phocyte subsets. T helper cell polarization of the Thl type
promotes surface expression of the chemokine receptors
CXCR3 and CCRS, while Th2 lymphocytes commonly ex-
press CCR4 and CCR3 [6-10]. These expression patterns of
chemokine receptors, however, are not strict markers of Thl
or Th2 type differentiation, since minor subsets of polarized
T cells also co-express CXCR3 and CCR4 in vivo [11]. The
chemokine receptor profile expressed by the lately discov-
ered Th-IL17 helper cell population so far remains com-
pletely unknown. It is noteworthy that the expression of
CCRS is also detectable on human monocytes and natural
killer (NK) cells, while the CXCR3 can be found on a subset
of plasmacells.

Inflammatory infiltrates in rheumatoid arthritis, multiple
sclerosis, proliferative glomerulonephritis, inflammatory
bowel disease and in solid organ transplant rejection contain
numerous CXCR3- and CCR5-positive T lymphocytes. The
recruitment of these Thl cells is preceded by selectively
upregulated expression of CXCR3 ligands and CCRS5 ligands
in the inflamed tissue.

Recent studies have furthermore shown some new impli-
cations for the CCRS5 in inflammatory disease. Production of
the chemokines CCL3 and CCL4 is important for accumula-
tion of naive CCR5-positive CD8+ T lymphocytes at sites of
interaction between CD4+ T cells and antigen presenting
cells (APCs). CCRS signaling thereby increases antigen-
dependent activation of CD8+ T cells in early immune re-
sponse [12]. Moreover, functional CCRS on the surface of
CD4+ T lymphocytes translocates to the immunological syn-
apse forming between T cells and APCs during costimula-
tion. The secretion of CCRS ligands by APCs is required to
establish a sustained and “productive” interaction. This
chemokine receptor-dependent conjugation reduces respon-
siveness of the engaged T cell to other chemoattractant
sources and enhances T cell activation and proliferation [13].
Noteworthy, a possible role for CCRS5 also during the resolu-
tion of inflammation has recently been described [14]. The
enhanced CCRS expression of the surface of neutrophils and
T cells undergoing apoptosis promotes CCRS ligand scav-
enging in experimental peritonitis and is further enhanced by
“pro-resolution” lipid mediators. CCRS5 may therefore also
be important in the termination of chemokine signaling after
cessation of the inflammatory stimulus [14].

The inhibition of Thl-associated chemokine receptor
signaling as a therapeutic strategy to reduce the inflamma-
tory infiltrate and to limit T cell-mediated tissue damage has
been shown in multiple animal models of inflammation with
variable success.

Rheumatoid Arthritis

Various studies provide evidence for the important role
of CXCR3 and CCRS receptor ligand interaction in rheuma-
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toid arthritis [reviewed in [15]. Synovial fluid levels of the
CXCR3 ligands CXCL9 and CXCL10 [16] and of the CCRS
ligands CCL3 [17], CCL4 [16], and CCLS5 [18] in patients
with rheumatoid autoimmune synovitis exceed those ob-
served in patients with other forms of arthritis. Using immu-
nohistochemistry and in situ hybridization, the production of
CCL4, CCLS5, and CXCL9 has been localized to synovial
lining cell layers and inflammatory infiltrates. The cell types
responsible for chemokine production seem to be CD3" T
cells and macrophages for CCL4 and CCLS5 [18-20]. CCL3
and CXCL10 are produced by infiltrating macrophages, and
can also be detected in resident synovial fibroblasts [17, 21].
FACS analysis of synovial fluid revealed an accumulation of
CXCR3/CCRS-double-positive T cells compared to periph-
eral blood in patients with rtheumatoid arthritis [8] and juve-
nile idiopathic arthritis [22]. CCRS is also highly expressed
on the surface of monocytes and NK cells in the synovial
fluid of patients with rheumatoid arthritis [23]. CXCR3 im-
munoreactivity in the inflamed synovial tissue is restricted to
the perivascular T cell infiltrate [16, 24], while CCRS im-
munoreactivity also localizes to macrophages [19]. Taken
together, it is appropriate to conclude that during rheumatoid
arthritis CXCR3 and CCRS ligand production in the synovial
tissue recruits CXCR3/CCRS5-positive T cells of the Thl
subtype into the affected joint, where they promote tissue
damage.

Further evidence for the importance of CCRS signaling
in the pathogenesis of rheumatoid arthritis comes from indi-
viduals with impaired CCR5 expression due to a 32 basepair
deletion in the encoding gene (CCR5 A32 allele), which in
the homozygous form leads to the complete absence of CCRS.
The incidence of the CCR5A32 allele is not significantly
different from that reported in patients with rheumatoid ar-
thritis and healthy controls. The homozygous CCRS deletion,
in contrast, was completely absent in a population of 673
rheumatoid arthritis patients, compared to a frequency of 0,9
% in controls [25]. This statistically significant difference
suggests a protective effect of the homozygous CCRS5A32
genotype, and thus the absence of CCRS5, against rheumatoid
arthritis.

Multiple Sclerosis

Chemokine-driven recruitment of T lymphocytes to de-
myelinating lesions is a central mechanism in the pathogene-
sis of multiple sclerosis [reviewed in [26]. Within the
inflammatory brain lesions of multiple sclerosis patients,
resident astrocytes show enhanced immunoreactivity for
CXCL10, especially in their perivascular end-feet processes
lining the blood brain barrier [27, 28]. CCL3, in contrast, is
predominantly expressed by infiltrating macrophages [28].
CXCL9, CXCL10, and CCLS levels in the cerebrospinal
fluid of multiple sclerosis patients are significantly higher
compared to healthy controls. Accordingly, the cerebrospinal
fluid of multiple sclerosis patients is enriched in CXCR3-
positive and CCR5-positive T lymphocytes [27]. Perivascu-
lar lymphocytic infiltrates, too, are CXCR3 and CCRS posi-
tive. CCRS is the only chemokine receptor that is addition-
ally expressed on macrophages and microglia [27, 28]. It is
tempting to speculate that the production of interferon-
inducible chemokines in astrocyte processes forming the
blood brain barrier is a critical step in goal-directed migra-
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tion of T lymphocytes into the parenchyma during chronic
neuroinflammation.

The homozygous CCRS deletion, however, fails to pro-
tect against disease susceptibility in multiple sclerosis [29],
suggesting a redundancy in the chemokine system that, even
in the absence of CCRS5, may lead to the development of
self-directed immune responses [26].

Renal Inflammation

The importance of chemokine expression for recruitment
of leukocytes in glomerulonephritis and in renal involvement
of systemic vasculitides is unquestionable [reviewed in[30].
It has been reported that the CXCR3 ligands CXCL9 and
CXCLI10 are expressed in the glomerular capillary tuft dur-
ing human proliferative glomerulonephritis, colocalizing
with proliferating mesangial cells and glomerular mononu-
clear infiltrates by in situ hybridization experiments [31].
Other authors, however, could not detect glomerular expres-
sion of CXCL9, CXCL10, or CXCL11 using the microdis-
section technique combined with RT-PCR [32], but a strong
expression of CXCR3 ligands in the tubulointerstitial mono-
nuclear infiltrates was confirmed by the use of different
techniques in several forms of proliferative glomerulonephri-
tis [31, 32].

Glomerular and periglomerular production of the CCR5
ligands CCL3, CCL4, and CCLS, as well as their focal ex-
pression in perivascular infiltrates, was found in several
forms of crescentic glomerulonephritis [33]. T lymphocytes
infiltrating the periglomerular area and the tubulointerstitium
show CXCR3 and CCRS5 positivity [32, 34, 35]. Renal ex-
pression of these chemokine receptors is apparently re-
stricted to infiltrating lymphocytes and macrophages. The
CXCR3 signal on mesangial cells described by Romagnani
et al. [35] could not be reproduced by others [32, 36], and
virtually no CCRS5 expression was detected on resident renal
cells [34, 37]. Interestingly, there was a correlation between
clinical parameters such as serum creatinine and proteinuria
and the number of infiltrated CXCR3/CCRS5-double-positive
cells in renal biopsy specimens [32].

Patients heterozygous for the CCR5A32 allele have an
impaired chemotactic response of monocytes to CCRS
ligands in vitro. In agreement with this finding, the CCR5A32
deletion was found to be an independent prognostic factor
for renal survival in patients with IgA nephropathy [38].
However, a recent study could not confirm a protective ef-
fect of the heterozygous CCR5A32 mutation in IgA neph-
ropathy [39].

Inflammatory Bowel Disease

The expression of chemokines plays a key role in the
chronic inflammatory condition characteristic for Crohn's
disease and ulcerative colitis [reviewed in [40]. CCRS and
CXCR3 chemokine ligands can be detected by in situ hy-
bridization and immunohistochemistry in inflamed mucosal
tissue from patients with inflammatory bowel disease [41].
The expression of these chemokines is mainly localized to
infiltrating and endothelial cells in actively inflamed mucosa
and shows a correlation with histopathologic severity of in-
flammatory lesions [41]. The associated infiltration of
CXCR3+ CD4+ T lymphocytes into the lamina propria and
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submucosa was confirmed by immunohistochemistry [42].
The intramucosal granulomas developing in Crohn's disease
are also positiv for CCL5S mRNA and the surrounding lym-
phocytes are mostly CCRS5/CXCR3-double-positiv [43]. The
flowcytometric analysis of CD4+ T lymphocytes isolated
from the lamina propria or the draining mesenterial lym-
phnodes from surgical specimens of inflammatory bowel
disease patients shows enrichment of CXCR3-postive cells
[44]. Moreover, it was demonstrated by intracellular cyto-
kine staining that the isolated population of CXCR3+ CD4+
lymphocytes from mesenterial lymphnodes exhibits a Thl
type cytokine production profile [44].

The CCR5A32 mutation, however, fails to protect against
the development of inflammatory bowel disease [45], possi-
bly indicating the predominant role of CXCR3-mediated
lymphocyte recruitment in this context.

Solid Organ Transplantation

Leukocyte infiltration of solid organ allografts induced
by upregulation of chemokine expression is characteristic of
cellular transplant rejection [reviewed in [46]. The enhanced
expression of CXCR3 and CCRS5 ligands has been demon-
strated in renal [36, 47, 48], cardiac [49, 50] and hepatic [51,
52] allografts with acute cellular rejection.

Immunohistochemical examination of rejecting renal
allograft biopsies reveals massive tubulointerstitial T lym-
phocyte infiltrates that are double-positive for CXCR3 and
CCRS5 [36]. Expression patterns of the CXCR3 ligands
CXCL10 and CXCL11 differ remarkably during acute rejec-
tion. CXCL10 is expressed by tubular cells and infiltrating
leukocytes, while CXCL11 is mainly expressed in interstitial
cells, with apparent exception of mononuclear infiltrates.
Interestingly, for both chemokines, some expression was
found by in situ hybridization in parietal cells of the Bow-
man’s capsule [36]. The production of CCRS ligands was
predominantly localized to tubular epithelial cells [47].

The expression of CXCL9, CXCL10, CXCL11, CCL5
and of their corresponding receptors CXCR3 and CCRS in
endomyocardial biopsies of heart transplant patients is in-
creased during acute rejection [49, 50]. Furthermore, expres-
sion levels of these ligand receptor pairs correlate with the
severity of rejection episodes and return to baseline after
effective treatment of rejection with steroid pulse therapy
[50]. The cellular origin of CXCR3 ligands seems to be the
small vessels of cardiac allografts. CXCL10 is predomi-
nantly expressed in vascular smooth muscle cells and infil-
trating mononuclear cells. CXCL11 originates from endothe-
lial cells and, in contrast to infiltrates of renal allografts, is
also expressed by intragraft leukocytes. CXCL9 expression
in cardiac allografts is, however, exclusively localized to
infiltrating mononuclear cells [53].

As demonstrated by immunohistochemistry and chemo-
taxis assays, lymphocytes infiltrating into rejecting liver al-
lografts express CXCR3 and CCRS5 on their surface [51]. In
immunohistochemical staining, CXCL9, CXCL10, and
CXCL11 are mainly detectable on endothelial cells in nor-
mal hepatic tissue, with markedly enhanced signals during
episodes of acute rejection. Immunopositivity for CXCL10
and CXCL11 on biliary epithelium is only detectable during
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allograft rejection. In agreement with this finding, CXCR3-
positive lymphocytes have been shown to surround the bile
ducts in this condition [51]. Other cell types that produce
CXCR3 ligands in the rejecting liver transplant are the
monocytic Kupffer cells expressing CXCL9 and CXCL10
and, similar to rejecting cardiac allografts, mononuclear in-
filtrates, which specifically express CXCL10 and CXCL11
[51]. In the immunohistochemical examination of normal
liver tissue, vascular endothelium and biliary epithelium are
positive for CCL3 and CCL4, showing enhanced immuno-
positivity during liver allograft rejection [52]. Interestingly,
only the endothelium and infiltrating cells demonstrate
mRNA production for these chemokines, while bile ducts are
negative in in situ hybridization. This indicates that the pres-
ence of chemokines on the surface of bile duct epithelial
cells is spatially independent of the actual chemokine tran-
scription [52]. CCRS5 ligand expression in liver transplant
rejection is effectively reduced by corticosteroid pulse treat-
ment [52].

The homozygous CCR5A32 mutation is correlated with
prolonged graft survival in renal transplant recipients [54]. In
heart and liver transplantation, however, CCRS deficiency
has not been confirmed to be associated with a favorable
clinical outcome [55, 56].

CXCR3 AND CCRS TARGETING IN ANIMAL MOD-
ELS OF AUTOIMMUNE DISEASE

Manipulation of CXCR3 and CCRS5 signaling has been
studied extensively in various animal models resembling
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human autoimmune disease and organ transplantation. Bloc-
king of chemokine receptor / ligand interaction has been
attempted by using chemokine or chemokine receptor-
specific antibodies, modified chemokine analogues with an-
tagonistic properties, and non-peptide chemokine receptor
antagonists. Other possible sites of interaction with chemo-
kine signaling include inhibition of second messenger path-
ways and reduction in chemokine binding to extracellular
glycosaminoglycans [57], which is essential for correct rec-
ognition by immune cells (summarized in Fig. (1)). Further-
more, gene inactivation of either chemokines or their corre-
sponding receptors in knock-out mice has provided impor-
tant insights into the mechanisms of leukocyte trafficking.

As the N-terminal integrity of CCLS5 is crucial for recep-
tor binding and activation, aminoterminal fusion of a single
methionine (Met) or an aminooxypentane (AOP) residue
results in a protein with antagonistic properties on CCRS,
CCR1, and CCR3 [58]. Treatment with aminoterminally
modified Met-CCL5 or AOP-CCLS (Met-RANTES or AOP-
RANTES) leads to an improved course of disease and re-
duced monocyte infiltration in rat models of rheumatoid ar-
thritis [59], mesangioproliferative glomerulonephritis [60],
and renal transplant rejection [61]. In mouse models of
glomerulonephritis, the ameliorative effect of Met-CCL5
treatment appears to be less pronounced [62] or even con-
verse, resulting in aggravation of tissue damage [63]. In ex-
perimental autoimmune encephalitis of mice, an animal
model of multiple sclerosis, treatment with Met-CCL5 fails
to improve the acute phase of the disease and has only a

Parenchyma
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infiltrating or resident cell
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Fig. (1). Potential strategies in therapeutic targeting of chemokine signaling. (1) Blockade of chemokine signaling by neutralizing anti-
bodies, directed against either chemokine ligands or (2) their receptors. (3) Inhibition of ligand receptor interaction by modified chemokine
analogues with antagonistic properties or (4) small molecule antagonists. (5) Interference with chemokine binding to glycosaminoclycans
(GAG),whichis indispensable for correct signal recognition by immune cells. (6) Interaction with chemokine-induced intracellular singaling.



CXCR3 and CCRS in Inflammatory Diseases

modest ameliorative effect on the chronic-relapsing phase
[64].

Positive results, however, have been obtained with neu-
tralizing antibodies against CCL5 in adjuvant-induced arthri-
tis in rats [65]. Another elegant method of interfering with
chemokine signaling is the vaccination with DNA vectors
encoding chemokine sequences. Subsequent heterotopic
chemokine expression leads to the production of self-directed
antibodies against the specific chemokine gene product, and
is utilized to treat adjuvant-induced arthritis in rats. DNA
vaccination with either CXCL10, CCL3, or CCL5 sequences
generates a “protective immunity” against these chemokines,
resulting in the suppression of manifest arthritis [66, 67].

Neutralization of the CXCR3 chemokine CXCL10 with a
specific antibody leads to a marked reduction in T lympho-
cyte infiltration and improved renal function in a rat model
of renal endothelial injury [68]. Furthermore, mice deficient
in CXCR3 show a favorable clinical outcome and reduced
renal leukocyte infiltration in a mouse model of glomeru-
lonephritis (Panzer ef al., in press).

Heart transplant survival in mice is prolonged by applica-
tion of a monoclonal CXCL10 antibody. Unexpectedly, mice
deficient in CXCL10 develop acute rejection of wild-type
heart allografts in a similar way to that seen in wild-type
recipients [69]. Wild-type mice receiving an allograft from a
CXCL10-deficient donor, in turn, show long-term graft sur-
vival, indicating an important role for local intragraft pro-
duction of the CXCR3 ligand in the initiation of acute rejec-
tion [69]. Further evidence for the importance of CXCR3-
mediated signaling in acute rejection comes from studies on
CXCR3-deficient mice, which also show a profound resis-
tance to allograft rejection and prolongation of graft survival
[70].

In the dextran sodium sulfate-induced colitis, a murine
model of ulcerative colitis, neutralization of CXCL10 with a
monoclonal antibody amelioriates disease activity and mu-
cosal lesions [71]. Interestingly, the inflammatory infiltrate
of macrophages and CD4+ T lymphocytes remains unal-
tered, proposing a mechanism of CXCL10 blockade distinct
from impaired leukocyte recruitment. The dramatically de-
creased number of apoptotic cells in the colonic crypt mu-
cosa and the higher epithelial turnover under CXCL10 neu-
tralization suggests that CXCL10 may directly inhibit crypt
cell proliferation and thereby promote epithelial injury [71].

In experimental autoimmune encephalitis, mice deficient
in CXCL10 remain susceptible to the induction of the dis-
ease [72]. In rats, a monoclonal antibody against CXCL10
even exacerbates encephalitis, increasing CNS infiltration of
CD4+ T lymphocytes [73]. Both, treatment of murine auto-
immune encephalitis with a monoclonal antibody against
CXCR3 and CXCR3 gene deficiency aggravate the clinical
symptoms, while leaving the amount of infiltrating leuko-
cytes unaltered [74]. One explanation for these unexpected
results might lie in the impaired antigen-driven INF-y pro-
duction of activated T lymphocytes under conditions of de-
fective CXCL10 / CXCR3 signalling [72-74]. INF-y amelio-
rates murine experimental autoimmune encephalitis by in-
hibiting the proliferation of antigen-specific T cells. This
mechanism possibly depends on the induction of nitric oxide
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synthase in periphery and target tissue [74, 75]. In contrast,
inactivation of the CXCR3 ligand CXCL10 by DNA vacci-
nation and subsequent self-directed antibody production
suppresses disease activity and even ongoing autoimmune
encephalomyelitis in rats and mice [76].

Several possible reasons may account for the variable
effectivity of different blocking regimes. First, compensatory
changes of the immune system in (non-conditional) gene-
deleted mice cannot be underestimated. Second, the redun-
dancy of chemokine system (i.e. multiple ligands bind to the
same chemokine receptor) must be considered, especially in
targeting of one specific chemokine ligand. Third, the sys-
temic application of antibodies specific for either chemokine
ligands or their receptors may only incompletely block the
local receptor / ligand interaction.

The T cell-mediated hepatitis induced by application of
concanavalin A shows a deleterious outcome in CCRS5-
deficient mice [77-79]. The proposed mechanism for aggra-
vated liver injury includes augmented production of INFy
and IL-4 by liver NKT cells with subsequent activation of
NK cells which promote the hepatocyte cell death [77, 78].
Furthermore, increased IL-4 levels induce excess production
of CCLS recruiting CD4+ T cells and NK cells via its alter-
nate receptor CCR1 [79].

In the dextran sodium sulfate-mediated colitis of mice
CCRS5 deficiency shows a protective effect with reduced
clinical severity and decreased number of epithelial ulcera-
tions [80]. This beneficial effect is contradictorily accompa-
nied by an increased number of infiltrating CD4+ T lympho-
cytes and NK cells. The elevated expression of IL-4 and IL-
10 together with decreased expression of INF-y in the in-
flamed mucosa of CCR5-deficient mice compared to control
might indicate a shift towards a Th2 type pattern of intestinal
T lymphocyte activation in these mice [80].

In a mouse model of viral CNS infection, CXCR3 defi-
ciency partially protects from the otherwise fatal CD8+ T
lymphocyte-mediated tissue damage [81]. The course of this
disease in CCRS5-deficient mice is generally unaltered. Con-
trary to expectations, CXCR3/CCRS5-double-deficient mice
are more susceptible to intracerebral infection, showing a
poor clinical outcome [81]. This opposing effect of the two
chemokine receptors, putatively synergistic in directing T
lymphocyte migration, is speculated to be caused by aug-
mented generation of CD8+ effector T cells in genetically
modified mice lacking the CCRS [81]. The exact role of the
CCRS and its ligands in viral CNS inflammation remains
therefore to some extend unclear.

Interestingly, disruption of the CCRS5 gene in mice has
neither positive nor negative effects on the characteristics of
collagen-induced arthritis [82] or autoimmune encephalitis
[83].

Given the beneficial effects of interference with the
CCRS and CXCR3 pathways in a number of animal models
and the existing data obtained from human homozygous
CCRS5A32 mutation carriers, the strategy of targeting CXCR3
and CCR5 simultaneously for effective prevention of di-
rected Thl lymphocyte migration in autoimmunity seems a
suitable approach. A couple of recent studies address the
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issue of therapeutic “double blockade” of Thl-associated
chemokine receptors in different animal models. A nonpep-
tide synthetic CCRS antagonist named TAK-779 has been
particularly useful in this context, because it also inhibits
ligand binding on and signaling through CXCR3 [84]. Sub-
cutaneous application of this antagonist in mice mitigates
collagen-induced arthritis [85], prevents allograft rejection in
cardiac and islet transplantation [86], and improves disease
outcome in models of intestinal ischemia reperfusion injury
[87] and inflammatory bowel disease [88]. Lymphocyte in-
filtration in murine cardiac allografts and inflamed intestinal
mucosa is effectively reduced by TAK-779 [86, 88] and,
likewise, by antagonization of CXCR3 with a polyclonal
antibody in CCR5-deficient mice [89].

Taken together, targeting of the Th1-associated chemokine
receptors CXCR3 and CCRS as well as their ligands is a
promising therapeutic strategy for human autoimmune dis-
ease and organ transplantation. However, care has to be
taken as the data available from experimental animal models
show inefficacy of CCRS blockade [63, 64] and even aggra-
vation by CXCR3 inhibition [73, 74] in certain autoimmune
diseases, as for example, neuroinflammation. The reasons for
the discrepancies among different animal species and differ-
ent models of CD4+ T cell-mediated autoimmune injury
remain elusive. Likewise, the effects on the systemic im-
mune response by Thl chemokine inhibition are still incom-
pletely understood.

FUTURE DIRECTION - NEW SUBSTANCES

Since macrophage-tropic HIV-1 strains use CCRS as a
coreceptor for viral cell entry, recent interest has focused on
blocking the interaction of CCRS with the viral gp120 pro-
tein. Maraviroc (UK-427,857) and vicriviroc (SCH 417690),
two novel compounds from HIV research, bind selectively to
CCRS5 and potently antagonize ligand-induced increase in
intracellular calcium, leukocyte chemotaxis, and receptor
internalization [90, 91]. Results of short-term monotherapy
of M-tropic HIV-infected individuals show that both com-
pounds have sufficient oral bioavailability when given twice
per day, are generally well tolerated, and effectively reduce
the viral load [92, 93]. The occupancy of CCRS on periph-
eral leukocytes by maraviroc was >80% after 10 days of
therapy and >60% even after 5d after drug discontinuation
[93].

TAK-779, another nonpeptide compound, effectively
inhibits CCLS5 binding to CCRS and ligand-mediated intra-
cellular calcium release from intracellular stores [94]. Later
on, it was found that TAK-779 does not only inhibit
chemokine binding to CCRS5 but also to CXCR3. The com-
pound shows profound inhibition of receptor internalization
and chemotaxis mediated by CCRS and CXCR3 ligands in
vitro [84], and has been successfully used in animal models
of inflammation [85-87]. A CXCR3-specific small molecule
antagonist has recently been developed by means of high
throughput screening. It shows a distinct inhibitory potency
in chemotaxis assays, but poor oral bioavailability is still a
limiting factor. Prior to in vivo experiments, further struc-
tural optimization will be needed [95].

In vivo depletion of CCR5-expressing cells is considered
another potential therapeutic strategy for HIV infection and
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severe autoimmune disease [96]. An anti-CCRS5-anti-CD3-
bispecific single-chain antibody was created to redirect cyto-
toxic T cells to CCRS-positive target cells. /n vitro applica-
tion of this fusion protein to freshly isolated human periph-
eral blood mononuclear cells or synovial fluid of rheumatoid
arthritis patients results in depletion of monocyte and lym-
phocyte populations [96]. Furthermore, a fusion protein of
CCL5 linked to a truncated version of the Pseudomonas exo-
toxin A (PE38) was generated. Incubation of CCRS5-expres-
sing Chinese hamster ovary cells with the CCL5-PE38 con-
struct led to complete cytolysis of these cells, while CXCR4-
transfected cells, serving as a control, remained unaffected
[96]. Selective down-modulation of CCRS5 on CD4+ cells
(but not on CD8&+ cells) in vitro is achieved by application of
a fusion protein of CCL5 and the variable domain of a CD4-
specific antibody [97]. In the future, this particular experi-
mental approach could be useful in immune cell-specific
targeting of certain chemokine receptors, and it might help to
minimize the anticipated side effects caused by unwanted
inhibition of chemokine receptors on “protective” immune
cells and resident cells.

Engineered proteins equipped with a glycosylphosphati-
dylinositol (GPI) domain can be transferred into cell surface
membranes retaining their native protein function [98]. This
method, previously referred to as “cell painting”, was used to
create a local CCR5 antagonist that consists of a Met-CCL5
dimer linked to a GPI anchor at the C-terminus [99]. The
resulting fusion protein Met-CCL5(dimer)-GPI was demon-
strated to be incorporated into the cell membrane of mi-
crovascular endothelial cells in vitro. Furthermore, it locally
inhibited CCLS5-induced transendothelial migration of a
monocyte line [99]. Local application of such an antagonist
to a vascularized graft before engraftment could provide pro-
tection from leukocyte-mediated vascular damage in the ini-
tial phase of transplantation, which is critical to long-term
prognosis of transplant survival.

CONCLUSIONS

In summary, accumulating data from experimental and
clinical studies clearly indicate that the chemokine receptors
CXCR3 and CCRS5 are among the main regulators of Thl
cell recruitment in autoimmune disease. Since chemokine-
induced chemotaxis is a multi-step process, involving a large
number of molecules and signaling cascades, several poten-
tial targets exist for innovative antiinflammatory therapies in
human inflammatory disease. At present, much effort is be-
ing made by the pharmaceutical industry to identify and
characterize small molecule chemokine receptor antagonists
without intrinsic activity, such as the CCRS receptor blocker
used in the treatment of HIV patients [92, 93]. This class of
agents seems to be most promising for the therapeutic block-
ade of CXCR3 and CCRS5 action in the treatment of T cell-
mediated inflammatory disease and transplant rejection. It
will be very interesting to see whether CCR5 and CXCR3
targeting will be established as a new therapeutic tool for the
treatment of human T cell-mediated inflammatory disease in
the next years.
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