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Abstract: Chemokines play a key role in immune processes by controlling leukocyte recruitment in physiological and
pathological condition. This review discusses the regulation of the chemokine system, its role in human diseases, and its

potential relevance as a new pharmacological target.
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INTRODUCTION

Cytokines are important mediators in the pathogenesis of
many human diseases, and have assumed growing relevance
in clinical pathology as markers of disease onset, progres-
sion, and remission [1,2]. Among cytokines, chemokines, or
“chemotactic cytokines”, are particularly involved in the
pathogenesis of several immuno-mediated human diseases
[3] by virtue of their ability to coordinate leukocyte recruit-
ment and activation. This review provides an overview of the
chemokine system and its regulation, focusing on the clinical
situations in which chemokines or their receptors might as-
sume diagnostic value, and summarizes information on
pharmacological tools recently developed to target this com-
plex system.

1. The Chemokine System

Chemokines are a family of cytokines whose main bio-
logical function, as their name suggest, is to guide leukocyte
migration to the site of inflammation [4]. They are a family
of 42 small secreted proteins characterized by a conserved
protein structure called “chemokines scaffold” strictly de-
pendent on two conserved disulfide bonds connecting con-
served cysteine residues, whose relative position determines
the identification of four subfamilies [5-8]. In the CXC
chemokine subfamily these cysteines are separated by a sin-
gle intervening amino acid, while in the CC chemokine sub-
family, the first two cysteine residues are in adjacent posi-
tion. The C subfamily presents a single cysteine residue, and
CX3C chemokines, with three residues separating the cys-
teine tandem. These subfamilies have also different location
in the genome: most CC chemokines are coded by a large
multigenic cluster on chromosome 17q11.2, while most of
the CXC chemokines are coded by two large multigenic
clusters on chromosome 4q21. C and CX3C chemokines are
encoded by single genes located on chromosome 1q23, for
the C chemokine and 16q13 for the CXC chemokine [9]. So
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far, 19 receptors have been defined, 10 for CC chemokines
(CCRI to 10), 7 for CXC chemokines (CXCRI to 7), and 1
for C chemokines and CX3C chemokines (XCR1 and
CX3CRI, respectively) [10,11].

Chemokines exert their biological function through their
membrane receptors, which differently form other cytokine
receptors are rhodopsin-like G protein-coupled receptors
(GPCR). Different chemokine subfamilies act on their corre-
sponding receptors expressed on different cell subtypes. The
chemokine system is highly promiscuous, to provide flexibil-
ity and specificity in leukocyte trafficking, and pleiotropic,
with a given chemokine acting on different leukocyte popu-
lations in order to coordinate the recruitment of different but
functionally related leukocyte populations [12,13]. In gen-
eral, neutrophils are attracted by CXC chemokines through
CXCR1 and CXCR2; monocytes are mainly the major target
of CC chemokines acting through CCR1, CCR2, and CCRS;
Thl and NK cells, mainly involved of type 1 inflammation,
are attracted by to CXC chemokines through CXCR3 and to
CX3CLI1, acting through CX3CR1; Th2 and eosinophils,
associated to type 2 inflammatory responses, are recreiuted
by CCR3 and CCR4 agonists (Fig. 1).

2. Regulation of the Chemokine system

Chemokines and their receptors form a complex system
which undergoes different levels of regulation, ranging from
chemokine production and processing, to receptor expression
and coupling to G proteins (Fig. 2). Depending on their regu-
lation and production, chemokines can be distinguished in
“homeostatic” chemokines, which control leukocyte homing
and lymphocyte recirculation in normal conditions, and “in-
flammatory” chemokines, produced in response to inflamma-
tory stimuli, like Tumour Necrosis Factor (TNF) o or Inter-
feron (IFN) v, in order to recruit leukocytes during inflam-
mation (Fig. 2A) [14]. Chemokines can also be considered
molecular markers of different types of immune responses
[15,16].

Extracellular processing of chemokines by proteases is an
important way to regulate the activity and the function of the
chemokine system in different physiological and pathologi-
cal conditions [3,17-26]. For instance, CD26 cleaves the
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Family Chromosome Chemokine Receptor Main leukocyte targets
Old name New name
[ 4q13-q21 L8 CXCL8
4921 GCP-2 CXCLe CXCR1 PMN
NAP-2 CXCL7
Hizq1a ENA-78 CXCL5 CXCR2 PMN
GROa cXcL1
GROB cxcLz
GROy cXCcL3
CXC < 4q21 PF4 cxcL4 CXCR3B Thi, NK
IP-10 CXCL10
Mig CXCL9 CXCR3A
4q21.2 I-TAC cXCL11
10q11.1 SDF-1a/8 coxcL12 CXCR4 Widespread
4921 BCA-1 CcXCL13 CXCRS B
17p13 CXCL16 CXCR6 T act
? 5931 BRAK CXCL14 Unknown Mo
MCP-1 ccL2
17q11.2 s el CCR2 Mo, NK, Ba, iDC, T act, B
: MCP-3 ccL? » N, Ba, 1UG, .
MCP-2 ccLs
17912 MIP-18 ccL4
17q11 MIP-1aS ccLa CCRS5 Mo, Mg, Th1, T act, NK
MIP-1aP ceLaLl
17q11.2 RANTES CCLS
17912 MPIF-1 ccL23
Hce-1 ccL14 CCR1 Mo, Mg, iDC, NK
17q11.2 Hce-2 CCL15
HCC-4 CCL16
ce 17q21.1 Eotaxin ccL11 CCR3 Eo, Ba, Th2, iDC
Eotaxin-2 CCL24
7q11.23 Eotaxin-3 CCL26
- TARC ccLi7 CCR4 iDC, Th2, NK, T skin, Me
oq MOC ceLz2
2933-q37 MIP-3a CCL20 CCR6 iDC, T act, B
9p13 gtg CQCQLI 213 CCR7 mDC, Me, T naive, T act
17q12 1309 ccL1 CCR8 Mo, iDC, th2, T reg
19p13.2 TECK CCL25 CCR9 T, T muc
13 z;@cx ggti: CCR10 T act, T muc, T skin
17q11.2 PARC CCL18 —————— Unknown mDC, T naive
mph: in 1
XC 1923 LL"-M—SCM_m & T———  XCRI T, NK
CXsC 16q13 Fractalkine CX3CL1 ——— CX3CR1 Mo, iDC, NK, Tc1, Th1

Fig. (1). The chemokine system: an overview.

Chemokines (family, chromosome location, and old and new nomenclature), their receptors, and predominant receptor repertoires in differ-
ent leukocyte populations are listed. Names in bold identify inflammatory chemokines, names in italics homeostatic chemokines, underlined
names refer to molecules belonging to both realms.

Chemokine acronyms are as follows: BCA, B cell activating chemokine; BRAK, breast and kidney chemokine; CTACK, cutaneous T-cell
attracting chemokine; ELC, Epstein—Barr virus-induced receptor ligand chemokine; ENA-78, epithelial cell-derived neutrophils-activating
factor (78 amino acids); GCP, granulocyte chemoattractant protein; GRO, growth-related oncogene; HCC, hemofiltrate CC chemokine; IP,
IFN-inducible protein; I-TAC, IFN-inducible T-cell a chemoattractant; MCP, monocyte chemoattractant protein; MDC, macrophage derived
chemokine; Mig, monokine induced by gamma interferon, MIP, macrophage inflammatory protein; MPIF, myeloid progenitor inhibitory
factor; NAP, neutrophil-activating protein; PARC, pulmonary and activation-regulated chemokine; RANTES, regulated upon activation
normal T cell-expressed and secreted; SCM, single C motif; SDF, stromal cell-derived factor; SLC, secondary lymphoid tissue chemokine;
TARC, thymus and activation-related chemokine; TECK, thymus expressed chemokine.

Leukocyte acronyms are as follows: PMN, neutrophils; Eo, eosinophils; Ba, basophils; MC, mast cells; Mo, monocytes; M@, macrophages;
iDCs, immature dendritic cells; mDCs, mature DCs; T naive, naive T cells; T act, activated T cells; T skin, skin-homing T cells; T muc, mu-
cosal-homing T cells; T reg, regulatory T cells.

CCR4-agonist CCL22 and generates two truncated forms of
the chemokine, CCL22(3-69) and CCL22(5-69), with re-
duced capacity to interact with their cognate receptor CCR4,
thus blocking Th2 recruitment (Fig. 2B). The action of dif-
ferent chemokines is also controlled by the expression of
chemokine receptors expression in that several receptors are
detected exclusively in specific cell state [27,28]. Chemokine-
receptors axis is can also be controlled al the level of recep-
tor coupling to the G-protein. In certain conditions chemokine

receptors are uncoupled by the signalling machinery, and are
converted in functional decoys [29]. Moreover, beside ‘ca-
nonical’ chemokine receptors, which are usually coupled to
intracellular signals leading to cell migration, a separated
group of ‘atypical’ receptors, including the promiscuous re-
ceptor for CXC and CC chemokines DARC (Duffy Antigen
Receptor for Chemokines), the decoy receptor selective for
CC inflammatory chemokines D6, and the decoy receptor
selective for CC homeostatic chemokines CCX CKR, have
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Fig. (2). Chemokine regulation.

Chemokine regulation occurs at various levels. In terms of production, homeostatic chemokines are constitutively expressed and control
leukocyte homing in normal conditions, while inflammatory chemokines and their receptors undergo opposite regulation by pro- and anti-
inflammatory mediators (A). In certain cases chemokines undergo post-translational processing by proteases, as exemplified by the Thl-
mediated CD26-dependent processing of CCL22 that impairs receptor binding and strongly affects chemokine biological activity (B). Fi-
nally, chemokines can be internalized and degraded by chemokine decoy receptors, such as D6 receptor expressed on draining lymphatic
vessels (C). During an inflammatory process these events act in a coordinated manner in order to finely tune the local inflammatory process

and the lymph node reaction.

been described. These receptors bind their cognate ligand
with high affinity and specificity but, differently from ‘ca-
nonical’ chemokine receptors, appear to be structurally un-
coupled from G proteins, and do not induce any detectable
intracellular signal after chemokine binding. Recent in vivo
evidence clearly indicates that the biological function of this
class of receptors is to compete with signalling receptors for
the chemokine, sequester it, and target it to degradation, thus
acting as negative regulators of inflammation. For this reason
these previously referred to as “silent” receptors have been
renamed chemokine decoy receptors (Fig. 2C) [30].

3. The Role of Chemokines in Diseases

Chemokines and their receptors are major players in key
events in immuno-mediated disorders, allowing leukocytes
recruitment and sustaining acute and chronic inflammatory
reactions. A number of animal models, genetic evidences,
and clinical studies have now clearly shown the importance
of chemokines and chemokine receptors in the pathogenesis
of immune-mediated pathologies [31]. Studies in gene-
targeted mice provided he formal demonstration of a non
redundant role for inflammatory chemokines in leukocyte
recruitment associated with acute and chronic inflammatory
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responses first came from [32,33]. CXCR2"" mice indicated
a significant role of IL-8 in sustaining neutrophils-mediated
inflammatory disease, showing that neutralization of the IL-
8-CXCRI1/2 axis resulted in almost complete protection from
multiple inflammatory challenges. These results have been
confirmed by pharmacologic inhibition of CXCR1 in hu-
mans [34-38]. Conversely, CCR1”" and CCR2”" mice present
abnormal type I and type II responses, respectively, and al-
tered granulomatous inflammation, and CCR1”" mice also
have reduced pancreatitis-associated pulmonary infiltration.
CCR5™" mice have enhanced delayed hypersensitivity reac-
tions and increased humoral responses to T cell-dependent
antigenic challenge. A considerable role for chemokines in
host defence was suggested by gene-targeted animals have
also demonstrated. For example, CCR5™ mice and women
with the inactivating CCRS variant A32-CCRS display a host
inflammatory response and develop complications after
Chlamydia trachomatis infection of the genital tract [34,39],
while CXCR2”" and CCR1”" mice display an increased sus-
ceptibility to Aspergillus fumigatus. In addition, CCR5” and
CCR2™" mice are more susceptible to infection with Listeria
monocytogenes. Moreover, several evidence indicate a non
redundant role of chemokine system in several autoimmune
disorders, including rheumatoid arthritis (RA) [40], Sjogren
syndrome [41], autoimmune thyroiditis [42], multiple sclero-
sis [43], psoriasis [44], and auto-immune uveoretinitis[45].
For example, patients with RA show a correlation between
clinical disease activity and CCL2 and CCLS5 levels, which
have been proposed as markers of disease progression, and
methotrexate treatment correlates with a reduction of CCL5
levels [46]. Similarly, elevated serum levels of CXCL10
have been associated with clinical disease activity in sys-
temic lupus erythematosus [47], and CCR4 and its ligand
CCL17 have been described to play a role in leukocytes re-
cruitment in cutaneous lupus erythematosus [48].

Chemokines and chemokine receptors have been shown
to affect several aspects of cancer development, including
leukocyte infiltration, tumour growth, angiogenesis, and me-
tastasis [49-52]. Different tumours present a different leuko-
cyte infiltrate, recruited by the corresponding chemokines
[53,54]. For example, a selective infiltration of CCR5" and
CXCR3" T lymphocytes is present in human colorectal car-
cinoma [49], while CXCR3" B cells are found at elevated
frequency in the peripheral blood of patients with MALT
lymphoma [20]. Several clinical and epidemiological evi-
dences suggest that chemokines can favour tumour develop-
ment. As an example, in ovarian and breast cancers
chemokine levels (CCL2 and CCLS) correlate with macro-
phage infiltration, lymph node metastasis and clinical ag-
gressiveness [55,56]. Chemokine receptors also play a fun-
damental role in tumour progression and metastasis. Mela-
noma cells express high levels of CXCR2 and also constitu-
tively produce its ligands CXCL1 and IL-8 that stimulates in
an autocrine way proliferation and survival [57,58]. Simi-
larly, prostate cancer cells and glioblastoma cells express
both CXCR4 and CXCL12, thus stimulating their prolifera-
tion [59,60]. Tumor progression and metastasis involves
CXCR4 in particular [61-64]. CXCR4 expression reflects
tumor progression and regulates motility of bladder cancer
cells [62], and it is also associated with lymph node metasta-
sis in oral squamous cell carcinoma [63], human naso-
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pharyngeal carcinoma [65], pancreatic cancer [66], non-
small lung cancer [67], human colorectal cancer (in associa-
tion with CCR7), and human breast cancer. Taken together,
these data clearly demonstrates a relevant function of the
chemokines system in several aspects of neoplastic diseases,
with an emerging role of CXCL12/CXCR4 axis in the me-
tastatic process.

Recent genetic evidences demonstrated that allelic vari-
ants of chemokines or chemokine receptors are associated to
altered susceptibility and prognosis in human diseases. The
first and most striking evidence came from the discovery that
the A32-CCRS5 null allelic variant of the chemokine receptor
and HIV-1 coreceptor CCRS is associated with resistance to
HIV-1 infection [68]. This allele has also effects kidney al-
lograft survival [69,70], MS relapses [71], type I diabetes
[72], and inflammatory bowel disease[73]. In addition to
A32-CCRS5, AIDS progressions is influenced by several other
polymorphisms, including allelic variants in the CCL5 pro-
moter and in the 3’-UTR region of CXCL12, both resulting
in delayed disease progression and a prolonged survival in
AIDS patients, and an allelic variant (V64I) of the minor
HIV-1 coreceptor CCR2 [74]. This CCR2 allelic variant also
influences the development of sarcoidosis and the progres-
sion of invasive cervical carcinoma. Other pathologies influ-
enced in their development and outcome by chemokine po-
lymorphisms include RA and polymorphism in CCR2 and
CCRS5, and the development of acute coronary syndrome and
CX3CRI1 polymorphic variants V2491 and T280M [70,72,
75-78].

4. The Chemokine System as a Pharmacological Target

The prominent role of chemokines in immune-mediated
diseases induced several pharmacological companies in the
last decade to evaluate different strategies targeting the
chemokine system, ranging from interference with chemokine
production to receptor antagonism (Fig. 3) [79,80].

The first pharmacological approach was based on the
inhibition of chemokine production through classical anti-
inflammatory drugs. For example, IL-8 and CCL2 produc-
tion was found to be blocked by cyclosporine and FK506
[81,82], and molecules initially developed as cytokine inhibi-
tors were also demonstrated to possess an inhibitory effect
on chemokine production [83]. At present, chemokine pro-
duction inhibition represents a promising but largely unex-
plored approach.

As for other cytokines, blocking antibodies interfering
with the chemokine binding to their receptors have also been
developed (Fig. 3), and though the need for parenteral ad-
ministration clearly represent a major limitation to the clini-
cal use of these molecules [84,85], an anti-CCR2 blocking
antibody is currently in phase I clinical trial [48].

The finding that chemokine receptors belong to the
GPCR family, a class of receptors which represent the main
target of the last 30 years of drug discovery, has focused the
majority of efforts at the development of molecules interfer-
ing with receptor activation. This approach was initially
strengthened by results obtained with chemokine variants.
As mentioned, N-terminal CD26-mediated processing is one
of the main chemokine inactivation mechanisms, and several
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Fig. (3). Pharmacological inhibition of the chemokine system.

Chemokines exert their biological function through their G protein-coupled receptors. Chemokine receptor activation occurs in sequential
steps. First, the chemokine core domain binds the N-terminal of the receptor, then the N-terminal of the chemokine interacts with a receptor
activation site leading to receptor conformational changes and activation, and finally the activated receptor acts a GDP-GTP exchange factor
for G proteins, which dissociate the alpha and beta-gamma subunits and activate intracellular signaling (A). Different pharmacological
strategies can be used to interfere with this process. Blocking monoclonal antibodies sterically impair ligand binding (B), N-terminal trun-
cated chemokines bind the receptor and compete with the biologically active full length ligand (C), and small molecule competitive antago-
nists compete with the chemokine for the binding site of the receptor (D). In all these cases, the ligand recognition is impaired. Receptor
signaling can also be blocked by non-competitive inhibitors (E), which binds the receptor in an allosteric site preventing receptor conforma-

tional change and activation without interfering with chemokine binding.

N-truncated chemokines have been produced and proved to
be able to interfere with receptor activation by full length
agonists [3]. N-terminal modified chemokine variants have
also been produced. The CCLS variants Met-RANTES (pre-
senting an additional methionine residue at the N-term) [86]
and AOP-RANTES (with an amino-oxipenthane at the N-
term) [87] have been shown to act as potent CCR3 antago-
nists (Fig. 3).

These results paved the way to the search for small mole-
cule receptor antagonists able to interfere with ligand recog-
nition by the receptor (competitive inhibitors). Indeed, in the
last ten years, chemokine receptor antagonists have been
developed as new pharmacological tools for the therapy of
different immune-mediates diseases, including asthma, athe-
rosclerosis, and RA (Fig. 3 and Table 1). As for several
GPCRs, including receptors for somatostatin, tachykinin,
neuropeptide Y, and cholecystokinin [88], a significant frac-
tion of chemokine receptor inhibitors are represented by
piperidine-containing compounds. This chemical group rep-
resents one of the most common templates identified for
GPCRs, suggesting the existence of a conserved binding
pocket within the transmembrane region of GPCRs, structur-
ally related to the binding pocket occupied by retinal in the
rhodopsin crystal structure [89]. Consistently with this, site-
directed mutagenesis studies on several chemokine receptors
have mapped the binding residues for chemokine receptor
inhibitors in the immediate vicinity of the structurally con-
served retinal-binding site of rhodopsin [90-95]. A second
common feature of these compounds is the presence of a

basic group, of different chemical nature in the different
classes, suggesting an interaction with a negatively charged
region of the receptor target. Consistently with this, most
chemokine receptors contain an acidic residue in the upper
third of the transmembrane helix (TM) 7, and at least for
spiroperidine-based CCR2 antagonists a direct interaction
with E291 has been demonstrated [96]. Small molecule an-
tagonists targeting several chemokine receptors are under
development by many companies (for a recent review see
ref. [97,98] and the reference therein). For instance, a num-
ber of CCR1 antagonist have been developed, the most po-
tent of which showed activity in murine models of multiple
sclerosis, heart transplant rejection and renal fibrosis [99].
CCR2 is also a target for the development of small molecule
antagonists, in particular for the treatment of chronic in-
flammatory diseases [65]. The most relevant target is repre-
sented by CCRS, for which several antagonists have been
developed by a number of different companies as anti-HIV
therapeutics, and are currently under phase II development
[100] [98]. In the same field, a CXCR4 selective inhibitor
which blocks replication of X4 strains of HIV-1 by binding
to CXCR4 has been developed and subsequently substituted
by a derivative for cardiotoxicity [101]. Interestingly, muta-
tional analysis of CXCR4 identified a crucial role of three
acidic residues in TM4 and TM6 and mapped the binding
pocket of this inhibitor. This features could be recreated in
the structurally distinct CXCR3, confirming the existence of
a common binding site for these compound in chemokine
receptors [102,103] (Table 1).
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Table 1. Chemokine Small Molecule Antagonists
COMPOUND Mechanism Receptor Diseases Phase Ref.
UCB-35625
Allosteric CCR1/CCR3 Allergic diseases I 113
(Banyu)
BTX471
Competitive CCR1 MS, renal fibrosis 1I 98
(Berlex)
INCB-3284
Competitive CCR2 RA 1 65
(Incyte)
766994 o o
Competitive CCR3 Asthma, allergic diseases 11 96,97, 99
(Glaxo-Smith-Kline)
Sch-C
Competitive CCRS AIDS, cancer 11 96,97, 99
(Schering-Pluogh)
Sch-D
Competitive CCR5 AIDS, cancer 1 96,97, 99
(Schering Plough)
TAK-799
Competitive CCRS AIDS, cancer 11 96,97, 99
(Takeda)
873140 o
Competitive CCR5 AIDS, cancer 11 96,97, 99
(Glaxo-Smith-Kline)
UK-427857 o
Competitive CCR5 AIDS, cancer v 96,97, 99
(Pfizer)
Reparixin
Allosteric CXCRI1/CXCR2 RI injury I 110
(Dompe)
656933
Competitive CXCR2 COPD I 96,97
(Glaxo-Smith-Kline)
T-487 MS,RA, psoriasis,
Competitive CXCR3 1T 96,97
(Amgen) organ transplant
AMD3100 o AIDS, cancer,
Competitive CXCR4 v 100-102
(Anormed) bone marrow transplant

A new emerging class of inhibitors is represented by al-
losteric non competitive receptor inhibitors. These molecules
are able to bind the receptor in the allosteric site, distinct
from the receptor binding site recognized by the ligand (or-
thosteric site) [104,105] thus locking the receptor in an inac-
tive form without displacing the chemokine and prevents
downstream signalling in terms of G protein activation, in-
tracellular calcium mobilization, and chemotaxis. Allosteric
inhibitors usually display high binding selectivity, avoiding
the risk of cross-reactivity with others GPCRs [106-108],
and a wider modulation of receptor activity, thus represent-
ing an interesting pharmacological tool to regulate receptor
activities [109,110] (Fig. 3 and Table 1). The first example
of this type in the chemokine system is an inhibitor of the IL-
8 receptors CXCR1 and CXCR2 which inhibits neutrophils
recruitment in several in vivo animal models and is at present
under phase II development for post-reperfusion damage
prevention [111]. The identification of the interaction site of
this molecule on CXCRI1 represents a potential model for the

development of other chemoattractant receptors allosteric
antagonists, as a general strategy to modulate the activity of
these receptors [112,113]. A second compound acting at
least partially through an allosteric mechanism has reported
to target CCR1 and CCR3, thus preventing eosinophil re-
sponse to CCL3, CCL13, and CCL11, and it has been candi-
date for the treatment of allergic diseases [95,111,112,114].

CONCLUSION

The chemokine system plays a crucial role in innate im-
munity and in the inflammatory responses. This complex
system is regulated at multiple levels, including chemokine
production and processing, chemokine-receptor interaction,
and receptor signalling. Data obtained with gene-targeted
animals indicate that although in vitro this complex system is
characterized by an important degree of redundancy, in vivo
specificity for different pathologies do exists, and several
evidences have now linked chemokines to most common
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human diseases. These data have candidate the chemokine
system as a new target for pharmacological therapy, making
the development of small molecule chemokine receptor an-
tagonists a main target of the pharmacological industry in the
last years.

ABBREVIATIONS

TNF = Tumour Necrosis Factor
IFN = Interferon

DARC = Duffy Antigen Receptor for Chemokines
RA = rheumatoid arthritis

CCL = CC chemokine ligand
CXCL = CXC chemokine ligand
CX3CL = CX3C chemokine ligand
XCL = C chemokine ligand

CCR = CC chemokine receptor
CXCR = CXC chemokine receptor
CX3CR = CX3C chemokine receptor
XCR = C chemokine receptor
GPCR = G protein-coupled receptor
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