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Summary

Chemokines are a superfamily of small structurally related cytokines that
have evolved to form a complex network of proteins that typically regulate
leucocyte traffic but also carry very diverse sets of immune and non-immune
functions. Two general features of cytokines, redundancy and promiscuity, are
particularly prominent in chemokines. In part, these properties result from
repeated processes of gene duplication and diversification, which has led
to the present complex genomic map of chemokines, which contains cases
of non-allelic isoforms, copy number polymorphisms and classical allelic
variation. This genomic complexity is compounded with pre-translational
and post-translational mechanisms resulting in a complex network of pro-
teins whose essential functions are maintained, constituting a remarkable case
of robustness reminiscent of crucial metabolic pathways. This reflects the
adaptation of a system under strong evolutive pressure, supporting the
concept that the chemokine system is essential for the coordination, regula-
tion and fine-tuning of the type of immune response. In this first review, we
analyse currently available data on the chemokine superfamily, focusing on its
complex genomic organization. Genes encoding essential inflammatory
chemokines are grouped into defined chromosomal locations as clusters and
miniclusters that, from the genetic point of view, can be considered single
entities given their overall functions (many ligands of a cluster bind to a few
shared receptors). We will try to interpret this genomic organization of
chemokines in relation to the main functions acquired by each individual
member or by each cluster. In a second review, we shall focus on the relation-
ship of chemokine variability and disease susceptibility.
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Chemokines: a special case of complexity

Chemokines are a large superfamily of small (approximately
8–15 kDa) structurally related cytokines that regulate cell
trafficking of various types of leucocytes to areas of injury and
play different roles in both inflammatory and homeostatic
processes [1–3]. To date, 42 chemokines and 18 chemokine
receptors (CKRs) have been identified in humans, but this
number does not take into account several described variants
that can increase their effective complexity.

Chemokines share from 20% to 95% of the amino acid
sequence identity and have been grouped into four subfami-
lies, CXC, CC, CX3C and C chemokines, according to their
structural cysteine motif found near the NH2 terminus [4].
All of them adopt a similar folding pattern even in cases of

low overall sequence identity: the chemokine scaffold con-
sists of a N-terminal region followed and connected via cys-
teine bonds to its core of three b-sheets and a C-terminal
a-helix. Chemokines carry out their biological functions
through binding to seven-transmembrane domain G
protein-coupled receptors expressed on different leucocytes,
endothelial and other cell types [5–7].

Based upon the site and circumstance of their expression,
chemokines can generally be classified as either inducible
(inflammatory) or constitutive (homeostatic). Inducible
chemokines are usually expressed under inflammatory
stimuli. In contrast, constitutive chemokines are expressed in
the absence of infection or damage, controlling from cell
trafficking in the embryo and foetus to homeostatic leuco-
cyte homing for immune surveillance.
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In evolution, diversification through the generation of
multiple alleles is very common and the immune system
contains several groups of genes with prominent allelic
variation, the MHC genes being the most extreme example
in the human genome. The chemokine system constitutes a
less well-studied but very revealing case of how through
evolution, a complex network of genes has acquired a very
diverse set of related functions. In this review, we analyse the
existing correlations between the genomic organization of
the different groups of chemokines as clusters and miniclus-
ters and their linked function as we believe that this perspec-
tive will help to better understand the sometimes confusing
chemokine system.

How the chemokine network conciliates fine-tuning,
reliability and robustness with extreme variability
and phylogenic plasticity, by using redundancy and
promiscuity

To preserve the overall function, the chemokine network
is relatively insensitive to alterations of their individual
components. In fact, the chemokine superfamily has
achieved, in spite of its broad variability, a high degree of
robustness, mainly through the redundancy and binding
promiscuity of their ligands and receptors [8]. This type of
complexity is a general feature of cytokines, but reaches its
highest level in the chemokine superfamily. Chemokines are
redundant in their effects on the target cells (no chemokine
is uniquely active on one leucocyte population and usually a
given leucocyte population has receptors for different
chemokines), and the interaction with their receptors also
has considerable promiscuity (most known receptors inter-
act with multiple ligands and most ligands interact with
more than one receptor).

Although redundancy among chemokines is not univer-
sal, there is a considerable degree of functional overlapping
among some of them (this also applies to CKRs). The
chemokine/CKR system robustness makes it possible that
when one given chemokine or receptor is defective there is
usually an alternative set of chemokines or CKRs that can
maintain the main biological functions. This principle has a
striking exception: the CXCL12/CXCR4 pair. CXCL12 and
CXCR4-knockout mice show embryonic lethality [9,10],
providing a clear example of the wide range of biological
effects of chemokines, whose functions extend beyond
simply attracting leucocytes, taking part in organ develop-
ment, angiogenesis, angiostasis and immune regulation.

In spite of the fact that one chemokine might act on
different cells and, conversely, a single cell responds to many
chemokines, the role of chemokines in both inflammatory
and homeostatic processes is finely regulated case-by-case by
the secretion of specific sets of chemokines and by a spatial
and temporal control of chemokine production (as well as
regulation of receptor expression on particular leucocyte
subtypes). The comparison of the properties of each of the

different ligands of a common receptor suggests the exist-
ence of additional mechanisms to limit redundancy [11].
Two ligands that share a given receptor may exhibit signifi-
cant differences in their affinity for the receptor, their ability
to bind to glycosaminoglycans (GAGs, see below), their
capacity to induce receptor desensitization, their half-life,
their susceptibility to protease modifications, or in the ter-
ritories of distribution (e.g. extracellular matrix, endothe-
lium, etc.). A new level of chemokine regulation has
emerged from the discovery that chemokines can also act as
receptor antagonists. By this dual-activity, chemokines
would attract or activate a population of cells bearing one
receptor, while at the same time preventing the recruitment
and/or activation of a different cell population via another
receptor [12].

Another important mechanism to control the chemokine
activity through regulation of chemokine levels in the body
is carried out by decoy receptors, defined as cell surface
ligand-binding proteins with high affinity and specificity for
chemokines, but which are unable to induce downstream
signalling [13]. Three of these so-called ‘silent’ receptors have
been identified, DARC [14], D6 [15–17] and CCX-CKR
[18,19], each of them interacting with a specific set of
chemokines. This chemokine scavenging is important for
maintaining chemokine homeostasis because efficient
recruitment of inflammatory cells requires low chemokine
levels in the bloodstream and high chemokine levels in the
target tissue.

In addition to chemokine G protein-coupled receptor
interactions, chemokines bind both to soluble glycosami-
noglycans (GAGs) and GAGs immobilized on cell surfaces
and the extracellular matrix. Chemokine immobilization
through the GAG interaction facilitates the formation of
haptotactic chemokine gradients and enhances their concen-
tration at the site of production [20]. Interestingly, recent in
vivo work exploiting recombinant chemokine mutants sug-
gests that oligomeric chemokine binding to GAGs is crucial
for biological responses [21]. Interaction with GAGs may
also provide another level of specificity and control to cell
migration, beyond that defined by receptor engagement, by
selective binding of certain chemokines to different types of
GAGs.

In summary, all these mechanisms seem to operate to
increase the selectivity of cell recruitment and, in more
general terms, to provide mechanisms to exert a fine control
of the variability, redundancy and promiscuity of the
chemokine network.

Genomic organization of chemokines

Genomic evolution, the first source of variability

Chemokine function probably preceded the origin of the
chemokine network as chemokine-like molecules have been
detected in sponges [22]. Numerous studies have pointed
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out that most, if not all, chemokines arose by gene duplica-
tion of a single ancestral gene. In fact, chemokine and CKR
evolution can be traced through phylogeny from early ver-
tebrates to non-human primates [23] and, overall, chemo-
kines have expanded markedly their role in orchestrating the
immune response and in organizing the lymphoid tissue.
Co-evolution of pathogens with their hosts has led to adap-
tive changes where some pathogens, e.g. viruses, encode
chemokine homologues as part of their evasion strategy
[24,25].

During the evolution, the different options for gene vari-
ability (from genomic region duplications to point muta-
tions) have produced the present genomic organization of
chemokines in humans [26]. Many chemokines (just as
many chemokine receptors) are clustered in defined chro-
mosomal locations. Two main clusters have been recognized,
both of them codifying the essential inflammatory chemok-
ines: the CXC cluster, located in chromosome 4q12–21, and
the CC cluster, located in chromosome 17q11.2 (Fig. 1). The
chemokines that map in the CXC and the CC clusters seem
to maintain some specific functions: CXC cluster chemo-
kines recruit mainly neutrophils while CC cluster members
typically attract mononuclear cells.

Genes of the more recently identified CC and CXC
chemokines tend to be located in different chromosomal
locations, far from CC and CXC clusters. These chemokine
genes located away from the two major clusters correspond
to older genes in evolutionary terms, remaining better con-
served among species probably because of their very specific
functions (in contrast, the major CXC and CC chemokine
clusters were generated more recently). An important char-
acteristic of chemokine genes from the same cluster is that
they code for many ligands that interact with a few receptors.
Therefore, chemokine clusters are single entities based on
their overall function [4] (Fig. 2). For this reason, in this
review we have used the genomic organization as the guid-
ance for discussing the chemokine system.

Human CXC chemokines subfamily

The human CXC chemokines subfamily comprises 15
ligands and six receptors in humans, and their functions
extend well beyond the immune system. Most CXC chemok-
ines are evolutionary recent and exclusive of mammals: only
CXCL12 (SDF-1) and CXCL14 (BRAK), two homeostatic
chemokines, have unambiguous orthologues in fish, suggest-
ing that they are the phylogenetically modern representatives
of the ancestral CXC chemokine [27].

Almost all the CXC inflammatory chemokines are located
in the chromosome 4 cluster, organized into two subclusters
or groups.

1 The centromeric subcluster contains the genes coding for
CXCL1 to CXCL8 (systematic names for GROa, GROb,
GROg, PF4, ENA-78, GCP-2, NAP-2 and IL-8). All

members of this group, with the exception of CXCL4,
show the tri-peptide ELR (glutamic-leucine-arginine)
motif (next to the first conserved cysteine) implicated in
neutrophil chemotaxis through binding to CXCR1 and
CXCR2, and also conferring on them pro-angiogenic
effects. Despite their similarities, each ELR+ chemokine
has distinct effects, due in part to their divergent abilities
to bind and activate CXCR1 and CXCR2. The redundancy
in ELR+ CXC chemokines and their receptors may
provide multiple levels of regulation that allow for specific
control of inflammation [28]. Completely different from
the other chemokines of this group, CXCL4 is an anti-
angiogenic ELR-negative chemokine. CXCL4 (mainly
found in platelets) inhibits endothelial cell proliferation/
migration and angiogenesis. Growing evidence suggests
that CXCL4 biology depends on its unusually high affinity
for heparan sulphates, rather than the binding to a well-
defined CXCR [29–31]. However, recently, CXCR3-B (an
alternatively spliced variant of CXCR3) has been identi-
fied as a CXCL4 receptor [32]. Besides, CXCL4 has a non-
allelic copy named CXCL4L1 (PF4V1) whose product,
although it only differs by three amino acids, has a more
potent anti-angiogenic factor [33,34], making it a very
interesting molecule for therapy [35].

2 The telomeric subcluster of inflammatory CXC chemok-
ines in chromosome 4 includes ELR-negative chemokines
CXCL9 (Mig), CXCL10 (IP-10) and CXCL11 (I-TAC).
These three chemokines bind to CXCR3 (CXCR3-A and
CXCR3-B) and attract activated Th1 lymphocytes and NK
cells. In contrast to ELR+ chemokines, these three
chemokines are potent angiostatic factors. Therefore the
CXC chemokines are a unique family of cytokines due to
their ability to behave in an opposite manner in the regu-
lation of angiogenesis through the ELR motif and this
different activity may have an impact on the pathogenesis
of a variety of inflammatory disorders [36]. Additionally,
CXCL9, CXCL10 and CXCL11 are natural antagonists for
CCR3, suggesting that chemokines that attract Th1 cells
via CXCR3 can concomitantly block the migration of Th2
cells in response to CCR3 ligands, thus enhancing the
polarization of T cell recruitment [37]. The recently dis-
covered CXCR3 receptor variant CXCR3-B (in addition to
the classic form, CXCR3-A) could explain the different
functions of CXCL9, CXCL10 and CXCL11 on distinct cell
types.

Aside from these two subclusters of CXC inflammatory
chemokines but in the same stretch of chromosome 4, we
find CXCL13, a homeostatic CXC chemokine constitutively
expressed in lymphoid follicles. It is the unique ligand of
CXCR5, and essentially contributes to B cell homing and
proper positioning of these cells within the microanatomic
compartments of secondary lymphoid organs [38] and spe-
cifically in defining the B and T cell areas in the lymphoid
follicles.

R. Colobran et al.

210 © 2007 British Society for Immunology, Clinical and Experimental Immunology, 148: 208–217



Fig. 1. Map of genomic organization of human chemokines. CC chemokines in red, CXC chemokines in green, CX3C chemokine in yellow and C

chemokines in blue. Distances between genes are expressed in Kb. Gene or cluster chromosomal location is expressed as a distance from the

beginning of chromosome (in Mb). Receptors are shown above each ligand. The orientation of each gene is showed by an arrow.
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The three remaining CXC chemokines are mapped
separately in other chromosomes. The already mentioned
CXCL12 (SDF-1, chromosome 10) is a homeostatic CXC
chemokine widely expressed and showing a broad range of
actions, affecting immune cell chemotaxis to neural
development. CXCL12 appears to be particularly important
for the regulation of homeostatic traffic and distribution of
cells in the different compartments and subcompartments of
the immune system, for instance directing naïve T cell traffic
through lymph nodes [39,40]. CXCL12 is important for HIV
infection because CXCR4, its only known receptor, is also the
membrane protein used by HIV T-tropic strains as a
co-receptor to entry into target cells [41–43].

CXCL14 (BRAK, chromosome 5) is also a homeostatic
CXC chemokine ubiquitously expressed in all normal
tissues. The structure of CXCL14 is considerably divergent
from all other chemokines, its receptor has not been identi-
fied and its activity is not yet well defined. However, it seems
that CXCL14 is chemoattractant for monocytes [44] and
dendritic cells [45,46] and recent data indicate that CXCL14
expression also inhibits tumour growth [47].

The last CXC chemokine, CXCL16 (chromosome 17) is, in
the strictest definition, a member of the CXC family but it is
distantly related to all known chemokines and might be phy-
logenetically closer to CC chemokines. Additionally, its
structure is similar to CX3CL1 in having a transmembrane
region and a chemokine domain suspended by a mucin-like
stalk [48,49]. Thus, CXCL16 not only attracts T cells and
NKT cells toward DCs but also supports their firm adhesion
to DCs [50]. Interestingly, after proteolytic cleavage by
members of the ADAM family of proteases, the chemokine
domain of CXCL16 can be released, attracting cells express-
ing the same receptor [51,52].

Human CC chemokines subfamily (and CX3C)

Within the cluster of pro-inflammatory CC chemokines in
chromosome 17, we clearly distinguish two subclusters:

1 Centromerically, we found CCL2, CCL7, CCL11, CCL8,
CCL13 and CCL1 that constitute the ‘MCP’ subcluster.
CCL2, CCL8, CCL7 and CCL13 (originally called MCP-1,
-2, -3 and -4) are closely related chemoattractants for
monocytes, activated T and NK cells; additionally CCL8,
CCL7 and CCL13 also attract eosinophils. They bind
mainly to CCR2 and CCR3, and may be pathogenic in
human diseases characterized by mononuclear and/or
eosinophilic infiltration (as atherosclerosis and asthma).
Interestingly, CCL7 is a highly potent CCR5 antagonist
[53]. CCL11 (eotaxin-1), a potent eosinophil chemoat-
tractant, maps within the MCP cluster, although the two
other members of the eotaxin gene family, CCL24
(eotaxin-2) and CCL26 (eotaxin-3), are located together
in a minicluster in chromosome 7. These three chemok-
ines recruit and activate CCR3-bearing cells such as eosi-

nophils, mast cells and Th2 lymphocytes, playing a major
role in allergic disorders. Interestingly, CCL26 is the first
human chemokine that features broad antagonistic activi-
ties as a natural antagonist to the ligands of CCR1, CCR2
and CCR5 (CCL11 can also block CCR2 [54]). This sug-
gests that CCL26 may have a modulator rather than an
inflammatory function [12,55]. Finally, the last and more
telomeric gene codes for CCL1 (I-309). CCL1 has struc-
tural features that distinguish it from other chemokines,
including an additional pair of cysteines that form a third
intramolecular disulphide bond, and a propensity to
remain monomeric at concentrations at which many
other chemokines dimerize. CCL1 is the only high-affinity
ligand for CCR8 and in spite of these peculiarities it has
similar functional features to the other members of this
subcluster, being also chemotactic for monocytes and Th2
lymphocytes [56].

2 The second subcluster of pro-inflammatory CC chemok-
ines in chromosome 17 is 1·5 Mb telomeric to the MCP
one. To simplify, in this subcluster we find CCR1/CCR5
ligands that we can in turn subdivide into the HCC and
MIP groups. (a) The HCC group contains CCL14, CCL15,
CCL16 (the systematic names of HCC1, HCC2, HCC4),
CCL23 (MPIF) and CCL5 (RANTES). CCL14, CCL15,
CCL16 and CCL23 are clustered within a 40-kb long
region whereas CCL5 (a very promiscuous chemokine,
binding with high affinity to CCR1/CCR3/CCR5) is
located approximately 100 Kb away (with several non-
related genes within). The HCC genes are relatively large,
from 3·1 Kb (CCL14) to 8·8 kb (CCL5), compared with
other CC chemokine genes, such as CCL4 and CCL2
(< 2 kb). Moreover, in contrast to most other human CC
chemokine genes that comprise three exons, the CCL15
and CCL23 have four exons. In fact, their high nucleotide
homology indicates that they have been generated recently
by duplication [57]. All these chemokines share the
binding to CCR1, even though most of them can bind to
other CCRs. This group is functionally more heteroge-
neous (see Fig. 2) than the MIP group or the MCP sub-
cluster [58–63]. (b) The MIP group is composed of
CCL18 (PARC), CCL3 (MIP-1a), CCL3L (LD78b), CCL4
(MIP-1b) and CCL4L. This is a very interesting gene mini-
cluster that could serve as a model of chemokine
evolution. CCL3 and CCL4 were formed by duplication of
a common ancestral gene [64] and both have a second
non-allelic copy, CCL3L and CCL4L, originated by a
second duplication of the entire DNA block that contains
the two genes. Next to them, can also be found a CCL3
5′-truncated pseudogene, named CCL3LP (LD78g) [65].
The CCL3L-CCL4L tandem shows also an additional vari-
ability: they have a copy number polymorphism (CNP)
that means that these genes are present in variable
numbers in the genome. Regarding this CNP, there are not
only interindividual and interpopulation differences in
the copy number of the CCL3L-CCL4L tandem, but,
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interestingly, there are also haplotypes with different
numbers of individual genes [66]. Moreover, a recent
study demonstrated that there are two main allelic vari-
ants of CCL4L: CCL4L1, the originally described variant,
and CCL4L2, in which one base substitution at the accep-
tor splice site of intron 2 originates a new complex pattern
of splicing variants [67]. Functionally, CCL3/CCL3L and
CCL4/CCL4L are highly related. They both bind to CCR5,
but CCL3 binds also to CCR1 with high affinity [64,68].

The other member of this group and the most centro-
meric one, CCL18, is larger than average (7·2 kb versus
general size of 2–3 kb) as a result of a first intron of 6·0 kb,
which contains two pseudo-exons. This feature, together
with the presence of two adjacent regions within the
CCL18 gene sharing high-sequence similarity with the
CCL3 gene, suggests that the CCL18 gene may have been
generated by fusion of two CCL3-like genes with deletion
and selective use of some exons [69]. CCL18 apparently
functions as an inflammatory/inducible or constitutive/
homeostatic chemokine depending on the circumstances:
it is mainly expressed by a broad range of monocytes/
macrophages and DC, and it is constitutively present at
high levels in human plasma (probably contributing to the
physiological homing of lymphocytes and DC and to the
generation of primary immune responses) [70]. Impor-
tantly, the CCL18 receptor has not been yet identified.
This chemokine exhibits CCR3 antagonistic activity [71].

The rest of the CC chemokines are located in other chro-
mosomes either as a single member or constituting a
minicluster. CCL27 (CTACK), CCL19 (ELC) and CCL21
(SLC) are grouped in a minicluster in chromosome 9. CCL19
and CCL21 share only 32% amino acid identity but consti-
tute a genetically and functionally highly related subgroup of
homeostatic CC chemokines. They are the only two ligands
of CCR7, and they have a potent chemotactic activity for
naive T cells and B cells. They clearly play a pivotal role in
naive lymphocyte homing and traffic within lymphoid
tissues [72,73]. Unrelated to CCL19 and CCL21, CCL27
mediates the migration of lymphocytes into the skin,
through binding to the CCR10 [74].

The two closely related chemokines CCL22 (MDC) and
CCL17 (TARC) map in chromosome 16 together with
CX3CL1 (Fractalkine), the only member of CX3C subfamily.
CCL17 and CCL22, the two known ligands of CCR4, are a
pair CC chemokines highly expressed in the thymus. It is
known that they selectively attract Th2 type memory T cells
into the inflammatory sites and regulate Th2-related
immune responses [75,76]. Interestingly, the CX3CL1 gene is
situated between the CCL17 and CCL22 genes. Although the
three-dimensional structure of the chemokine domain of
CX3CL1 is different from that of CC chemokines, it was
identified thanks to its amino acid homology with members
of the CC chemokine family [77]. Unlike other chemokines,
CX3CL1 carries the chemokine domain on top of an

extended mucin-like stalk and can exist in two forms: as a
transmembrane chemokine/mucin hybrid protein and as a
soluble chemotactic polypeptide generated by proteolytic
cleavage by members of the ADAM family of proteases [78].

CCL20 (LARC, chromosome 2) is the only chemokine
known to interact with CCR6, a property shared with the
anti-microbial peptides b-defensins [79]. Like CCL18,
CCL20 is considered a constitutive and inducible chemokine.
Constitutive expression of CCL20 was originally demon-
strated in the liver, mucosa-associated and lymphoid tissues
and induction in monocytes as well as many other cells [80].

CCL25 (TECK, chromosome 19) is the only chemokine
binding to CCR9. It is constitutively and selectively
expressed at high levels in the thymus and small intestine.
CCL25 has been reported to chemoattract dendritic cells,
thymocytes and activated macrophages and probably plays a
significant role in the recruitment of developing thymocytes
to discrete compartments within the thymus and, in general,
in T lymphocyte development [81,82].

The last CC chemokine, CCL28 (MEC, chromosome 5), is
most homologous to CCL27, displaying about 40% identity
and sharing binding to CCR10 although CCL28 also binds to
CCR3. It is expressed not in the skin as CCL27 but, instead in
diverse mucosal tissues, suggesting that CCL28 may play an
important role in the physiology and/or recruitment of spe-
cialized cells into mucosal tissues [83–85].

Human C chemokines subfamily

The C chemokines subfamily, located in a minicluster in
chromosome 1, has only two highly homologous genes
encoding XCL1 (lymphotactin-a) and XCL2 (lymphotactin-
b). These two chemokines that differ by only two amino acid
residues both bind to XCR1, and have some homology with
a number of CC chemokines, especially with CCL8 and
CCL3. The major structural feature of XCL1/2 is that they
lack two of the four-cysteine residues characteristics of the
chemokines (and therefore have only one disulphide bond).
XCL1/2 are potent chemoattractants of T and NK cells, but
not of monocytes or neutrophils, and they are the major
products of activated CD8+ T cells [86,87].

Concluding remarks

The human chemokine superfamily forms a complex and
robust network of genes and proteins playing very diverse
roles but also displaying a lot of functional interactions
between them. Current genomic organization of human
chemokine genes provides a useful tool to better understand
the complexity of this superfamily. Based on an exhaustive
genomic map of all human chemokines, we have linked the
genetic organization (clusters and miniclusters) with the
main functions, focusing on inflammatory chemokines.
Future studies on the relationship between genetics and
function should focus on other important mechanisms of
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variability, such as polymorphisms and alternative splicings,
as they may lead to disease susceptibility. In this context, it
would be important not only to deal with each chemokine
separately but also to take into account all genetically and
functionally related members (a second review will mainly
focus on these aspects).
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