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Abstract——Sixteen years ago, the Nomenclature
Committee of the International Union of Pharma-
cology approved a system for naming human seven-
transmembrane (7TM) G protein-coupled chemokine
receptors, the large family of leukocyte chemoattrac-
tant receptors that regulates immune system devel-
opment and function, in large part by mediating
leukocyte trafficking. This was announced in Pharma-
cological Reviews in a major overview of the first
decade of research in this field [Murphy PM, Baggio-
lini M, Charo IF, Hébert CA, Horuk R, Matsushima K,
Miller LH, Oppenheim JJ, and Power CA (2000)
Pharmacol Rev 52:145–176]. Since then, several new
receptors have been discovered, and major advances
have been made for the others in many areas, in-
cluding structural biology, signal transduction mech-
anisms, biology, and pharmacology. New and diverse
roles have been identified in infection, immunity,
inflammation, development, cancer, and other areas.
The first two drugs acting at chemokine receptors
have been approved by the U.S. Food and Drug

Administration (FDA), maraviroc targeting CCR5 in
human immunodeficiency virus (HIV)/AIDS, and pler-
ixafor targeting CXCR4 for stem cell mobilization for
transplantation in cancer, and other candidates are
now undergoing pivotal clinical trials for diverse
disease indications. In addition, a subfamily of atypi-
cal chemokine receptors has emerged that may sig-
nal through arrestins instead of G proteins to act
as chemokine scavengers, and many microbial and
invertebrate G protein-coupled chemokine recep-
tors and soluble chemokine-binding proteins have
been described. Here, we review this extended fam-
ily of chemokine receptors and chemokine-binding
proteins at the basic, translational, and clinical lev-
els, including an update on drug development. We
also introduce a new nomenclature for atypical
chemokine receptors with the stem ACKR (atypical
chemokine receptor) approved by the Nomencla-
ture Committee of the International Union of Phar-
macology and the Human Genome Nomenclature
Committee.

I. Introduction

The chemokine signaling system consists of chemo-
kine ligands and 7TM receptors that coordinate leu-
kocyte trafficking in the vertebrate immune system.
First appearing in teleost fish, chemokines constitute
the largest family of cytokines, and chemokine recep-
tors constitute the largest branch of the g subfamily of
rhodopsin-like 7TM receptors. Chemokine receptors
are differentially expressed by all leukocytes and many
nonhematopoietic cells, including cancer cells, and can
be divided into the following two groups: G protein-
coupled chemokine receptors, which signal by activat-
ing Gi-type G proteins (see section II), and atypical
chemokine receptors, which appear to shape chemokine
gradients and dampen inflammation by scavenging
chemokines in a G protein-independent, arrestin-
dependent manner (see section III). A key structural
determinant that distinguishes these two groups is
the sequence motif DRYLAIV, located at the end of
transmembrane domain 3, which is well conserved in
most G protein-coupled chemokine receptors, but is
poorly conserved in atypical chemokine receptors.
G protein-coupled chemokine receptors have been

reported to activate a variety of downstream phospho-
lipid-modifying enzymes, including PI3K, phospholi-
pase Cb2 and b3, phospholipase A2, and phospholipase
D; mitogen-activated protein kinases (MAPK); and tyro-
sine kinases. Further downstream, low molecular weight
G proteins such as Rac, Rho, and cdc42 may be ac-
tivated, which mediate specific aspects of cell migra-
tion, including actin polymerization, adhesion, and
membrane protrusion. The relative importance of each
of these mediators may vary for each receptor and may
be context- and cell type-dependent.

Vertebrate G protein-coupled chemokine receptors
represent the largest group of chemokine receptors,
which is subdivided into four subgroups, defined by
which of four subgroups of chemokines is bound.
Chemokine subgroups are structurally defined and
named by the number and arrangement of conserved
cysteines (Fig. 1). Vertebrate G protein-coupled chemo-
kine receptors can also be classified loosely into three
functional groups as follows: homeostatic, inflamma-
tory, and dual inflammatory/homeostatic subtypes,
according to whether they are used for immune sys-
tem development and basal leukocyte trafficking
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(homeostatic) or emergency trafficking of leukocytes to
sites of infection or tissue injury (inflammatory) or both
(inflammatory/homeostatic).
Functional chemokines and chemokine receptors are

also encoded by herpesviruses and poxviruses, which
appear to have obtained them by copying genes from
their hosts (see section IV.A). Viral chemokine recep-
tors are 7TM proteins that may signal constitutively
and in response to binding host chemokines, often by
activating a diverse repertoire of G proteins. Soluble
non–7TM chemokine-binding proteins, typically with
broad specificity for inflammatory chemokines, have
also been found in Herpesviruses and Poxviruses, as
well as in tick saliva, and may act as anti-inflamma-
tory immune evasion factors (see sections IV.A and V).
Chemokine receptors may function beneficially, for

example, in antimicrobial host defense, or harmfully,
for example, in the setting of chronic inflammation,
autoimmunity, infectious disease, and cancer. Some
pathogens, most notably HIV and Plasmodium vivax,
exploit host chemokine receptors as key cell entry
factors by deploying chemokine mimics. Chemokines
may also have nonimmunologic functions, including
regulation of organ development.
Because inflammation is important in many dis-

eases and because chemokine receptors are GPCRs that
mediate inflammatory responses, identifying diseases
in which specific chemokine receptors play an impor-
tant role in susceptibility and/or outcome for target-
ing with drugs has been a logical and attractive goal
ever since the discovery of the chemokine system. To
date, however, despite massive effort, only two drugs,
maraviroc and plerixafor, targeting chemokine re-
ceptors CCR5 and CXCR4, respectively, have been
approved by the United States Food and Drug
Administration (FDA), neither of which targets in-
flammation as an indication. This experience, potential
explanations for the failure to develop chemokine
receptor-targeted medicines in inflammation to this

point, and potential ways forward have been discus-
sed recently in several excellent reviews (Schall and
Proudfoot, 2011; Pease and Horuk, 2012). In the
present article, we provide an update of the basic,
translational, and clinical advances made for each
chemokine receptor in the past decade. General prin-
ciples of chemokine structure and function are sum-
marized in Tables 1 and 2 and Figs. 2–6, and specific
details for each receptor are described in the individual
sections.

II. Host G Protein-Coupled Chemokine Receptors

A. CXC Chemokine Receptors

1. CXCR1 and CXCR2. The first chemokine recep-
tors defined at the molecular level were human CXCR1
and CXCR2 (Holmes et al., 1991; Murphy and Tiffany,
1991), the prototypic neutrophil chemotactic recep-
tors for a group of CXC chemokines distinguished
by the presence of the amino acid motif ELR in the
N-terminal domain. The corresponding genes are clus-
tered on chromosome 2q35, along with a pseudogene
for CXCR2 named CXCR2P1 (IL8RBP). The chro-
mosomal location of this cluster and all other human
chemokines and chemokine receptors is summarized
in Fig. 3. Expression of CXCR1 and CXCR2 is tightly
regulated in neutrophils by external signals such as
tumor necrosis factor (TNF)-a, lipopolysaccharide
(LPS), Toll-like receptor (TLR) agonists, and nitric oxide
(Khandaker et al., 1999; Alves-Filho et al., 2009).

CXCL8 [known previously as interleukin (IL)-8]
binds with high affinity to and potently activates
both receptors. CXCR1 also binds CXCL6 (granulocyte
chemotactic protein-2) and possibly CXCL7 (neu-
trophil-activating protein-2), whereas CXCR2 binds
promiscuously to all seven ELR+ CXC chemokines
(Murphy et al., 2000; Stillie et al., 2009). The specificity
of these and all other chemokine receptors for ligands
and leukocytes is summarized in Fig. 6. The ELR motif
partly determines receptor specificity (Clark-Lewis
et al., 1993), and other modifications of the N9-terminal
region [e.g., CXCL8(3–73)K11R)] may increase recep-
tor affinity (Li and Gordon, 2001). Post-translational
citrullination was reported to control the activities of
CXCL5 and CXCL8 (Proost et al., 2008). Both mono-
mers and dimers of CXCL8 induce neutrophil migra-
tion in vivo, but distinct equilibria exist between them
in different tissues possibly as a result of regulation by
glycosaminoglycan (GAG) binding (Tanino et al., 2010;
Gangavarapu et al., 2012). GAG binding maps in
CXCL8 to the C9-terminal helix of the chemokine and
to the proximal loop around residues 18–23 (Kuschert
et al., 1998).

Several studies have been published identifying
nonchemokine ligands for CXCR1 and/or CXCR2, al-
though the actual significance of this is not kn-
own. Some of these, including the collagen breakdown

Fig. 1. Chemokine primary structure. Chemokines are defined by
structure, not function. They are .20% identical for any pairwise protein
sequence comparison, and after processing most are 70–80 amino acids
long. Four subdivisions are named according to the number and spacing
of conserved N-terminal cysteines, as shown; all but three of the human
chemokines are in the CXC and CC groups. The cysteines form disulfide
bonds as shown by the brackets. Amino acid sequence identity is ,30%
between members of the four major chemokine groups, but ranges from
;30 to 99% among members of the same group, indicating separate
evolutionary histories. Most chemokine receptors are restricted by group.
Most neutrophil-targeted chemokines are in the CXC group, and most
monocyte/macrophage-targeted chemokines are in the CC group. Major T
and B-cell-targeted chemokines can be found in both groups. The
leukocyte target specificity of a chemokine may be narrow or broad and
is defined by the expression pattern of its cognate receptor(s).
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product N-acetyl-proline-glycine-proline, macrophage
migration inhibitory factor, the N9-terminal domain of
human tyrosyl-tRNA synthetase, Brugia malayi aspar-
aginyl-tRNA synthetase, and the HIV matrix protein

p17, were suggested to have sequence/charge/structure
similarities to ELR+ CXC chemokines, whereas LL-37,
an a-helical peptide derived by cleavage of cathelicidin,
does not (Bernhagen et al., 2007; Giagulli et al., 2012).

TABLE 1
Chemokine nomenclature and key immunoregulatory functions

Standard Name Common Aliases
Accession Number

Key Immunoregulatory Functions
Human Mouse

CXCL1 GROa, MGSA Mouse: KC P09341 P12850 Neutrophil trafficking
CXCL2 Grob; MIP-2a Mouse: MIP-2 P19875 P10889 Neutrophil trafficking
CXCL3 Grog; MIP-2b, P19876 Q6W5C0 Neutrophil trafficking
CXCL4 Platelet Factor-4 P02776 Q9Z126 Procoagulant
CXCL4L1 PF4V1 P10720 Procoagulant
CXCL5 ENA-78 P42830 P50228 Neutrophil trafficking

Mouse: LIX
CXCL6 GCP-2 P80162 NA Neutrophil trafficking
CXCL7 NAP-2 P02775 Q9EQI5 Neutrophil trafficking
CXCL8 IL-8 P10145 NA Neutrophil trafficking
CXCL9 Mig Q07325 P18340 Th1 immune response
CXCL10 gIP-10 P02778 P17515 Th1 immune response
CXCL11 I-TAC O14625 Q8R392 Th1 immune response
CXCL12 SDF-1a a P48061 P40224 Myelopoiesis; B lymphopoiesis;

HPC, neutrophil homing to marrow
CXCL13 BLC O43927 O55038 B and T-cell trafficking in lymphoid tissue
CXCL14 BRAK O95715 Q6AXC2 Macrophage migration
Cxcl15 lungkine NA Q9WVL7 Neutrophil trafficking
CXCL16 SR-PSOX Q9H2A7 Q8BSU2 NKT cell trafficking and survival
CXCL17 Q6UXB2 Q8R3U6 Mo and DC chemotaxis
CCL1 I-309 P22362 P10146 Th2 response
CCL2 MCP-1 P13500 P10148 Innate immunity

Mouse: JE Th2 response
CCL3 MIP-1a P10147 P10855 T cell and monocyte/macrophage trafficking
CCL3L1 P16619 P10855 Innate immunity
CCL3L3 P16619 Th1 and Th2 immune responses
CCL4 MIP-1b P13236 P14097 T/DC interaction
CCL4L1 Q8NHW4 NA HIV suppression
CCL4L2 Q8NHW4 NA
CCL5 RANTES P13501 P30882 innate and adaptive immunity
Ccl6 C10, MRP-1 NA P27784 ND
CCL7 MCP-3 P80098 Q03366 Th2 immune response
CCL8 MCP-2 P80075 Q9Z121 Th2 immune response
Ccl9 MRP-2, MIP-1g NA P51670 ND
CCL10 (reserved) NA NA NA
CCL11 Eotaxin P51671 P48298 Th2 immune response
Ccl12 Mcp-5 NA Q62401 Eo, Ba, MC trafficking, and degranulation
CCL13 MCP-4 Q99616 NA ND
CCL14 HCC-1 Q16627 NA ND
CCL15 HCC-2 Q16663 NA ND
CCL16 HCC-4 O15467 NA DC maturation factor
CCL17 TARC Q92583 Q9WUZ6 Th2 immune response
CCL18 PARC P55774 NA DC attraction of T and B cells

Hematopoiesis
CCL19 ELC Q99731 O70460 T cell and DC homing to lymph node
CCL20 MIP-3a, LARC P78556 O89093 GALT development

B and DC homing to GALT
Th17 immune response
IgA humoral response in gut

CCL21 SLC O00585 P84444 T cell and DC homing to lymph node
CCL22 MDC O00626 O88430 Th2 immune response
CCL23 MPIF-1 P55773 NA ND
CCL24 Eotaxin-2 O00175 Q9JKC0 Eo migration
CCL25 TECK O15444 O35903 Thymocyte migration

Homing of memory T cells to gut
CCL26 Eotaxin-3 Q9Y258 Q5C9Q0 Th2 immune response
CCL27 CTACK Q9Y4X3 Q9Z1X0 Homing of T cells to skin
CCL28 MEC Q9NRJ3 Q9JIL2 Homing of T cells to mucosal surfaces
XCL1 Lymphotactin a P47992 P47993 Ag cross-presentation by CD8+ DCs
XCL2 Lymphotactin b Q9UBD3 NA Ag cross-presentation by CD8+ DCs
CX3CL1 Fractalkine P78423 O35188 NK, Monocyte, MF and Th1 cell migration
aStromal cell-derived factor-1 (SDF-1) a, b, g, d, « and u are splice variants of the same human gene. IP-10, interferon-induced protein of 10

kDa; I-TAC, interferon-inducible T-cell a-chemoattractant; PF, platelet factor; TECK, thymus expressed chemokine; Ag, antigen; Ba, basophil; Eo,
eosinophil; GALT, gut-associated lymphoid tissue; GCP, granulocyte chemotactic protein; HPC, hematopoietic progenitor cell; Mo, monocyte; MF,
macrophage; MC, mast cell; NA, not applicable; NAP, neutrophil-activating protein; ND, not determined; Th1, type 1 helper T cells.
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The viral chemokine vCXCL1 of human cytomegalovi-
rus (CMV) binds to both CXCR1 and CXCR2 (Luttichau,
2010) but activates neutrophils, mainly through CXCR2
(Penfold et al., 1999). Whether the neutrophil migration-
inducing activity of N-acetyl-proline-glycine-proline and
its role in chronic lung inflammation are mediated di-
rectly by CXCR1 and CXCR2 or indirectly is currently
unsettled (Snelgrove, 2011).
ELR+ CXC chemokines are categorized as inflam-

matory because they recruit neutrophils from blood to
sites of infection and inflammation, but they may also

have a homeostatic role in regulating neutrophil egress
from bone marrow to blood (Kohler et al., 2011) (Fig. 7).
ELR+ CXC chemokines also bind to the atypical
chemokine receptor ACKR1 (also known as the Duffy
antigen receptor for chemokines or DARC) and the
virally encoded chemokine receptors Kaposi’s sarcoma-
associated herpesvirus-GPCR encoded by ORF 74 of
human herpesvirus 8 (HHV8) and ECRF3 of Herpes-
virus saimiri (Rosenkilde et al., 1999) (see below).
Many members of the CXCR1/CXCR2-ELR+ CXC
chemokine axis have been identified in other species

TABLE 2
Chemokine receptor nomenclature and key immunoregulatory functions

Name CD# Common Aliases
Accession Number

Key Immunoregulatory Functions
Human Mouse

G Protein-Coupled
Chemokine Receptors
CXCR1 CD181 IL8RA P25024 Q810W6 Neutrophil trafficking
CXCR2 CD182 IL8RB P25025 P35343 B-cell lymphopoiesis

Neutrophil egress from bone marrow
Neutrophil trafficking in innate immunity

CXCR3 CD183 IP10/Mig R P49682 O88410 Type 1 adaptive immunity
CXCR4 CD184 fusin P61073 P70658 Hematopoiesis

Organopoiesis
Adaptive Immunity

CXCR5 CD185 BLR-1 P32302 Q04683 B and T-cell trafficking in lymphoid tissue to B-cell
zone/follicles

CXCR6 CD186 BONZO, STRL33 O00574 Q9EQ16 Innate lymphoid cell function
Adaptive immunity

CCR1 CD191 CC CKR1,
MIP-1a/RANTES R

P32246 P51675 Innate Immunity
Adaptive Immunity

CCR2 CD192 CC CKR2, MCP-1-R P41597 P51683 Monocyte trafficking
Type 1 adaptive immunity

CCR3 CD193 CC CKR3,
Eotaxin receptor

P51677 P51678 Type 2 adaptive immunity
Eosinophil distribution and trafficking

CCR4 CD194 CC CKR4 P51679 P51680 Homing of resident memory T cells to skin
Thymopoiesis; Th2 immune response

CCR5 CD195 CC CKR5 P51681 P51682 Type 1 adaptive immunity
CCR6 CD196 P51684 O54689 iDC trafficking; GALT development

Th17 adaptive immune responses
CCR7 CD197 EBI-1, BLR-2 P32248 P47774 mDC, and B and T-cell trafficking in lymphoid tissue to

T-cell zone
Egress of T cells from tissue

CCR8 CDw198 P51685 P56484 Thymopoiesis
Immune surveillance in skin
Type 2 adaptive immunity

CCR9 CDw199 P51686 Q9WUT7 Thymopoiesis; Homing of T cells to gut.
GALT development and function

CCR10 P46092 Q9JL21 Humoral immunity at mucosal sites
Immune surveillance in skin

XCR1 P46094 Q9R0M1 Ag cross-presentation by CD8+ DCs
CX3CR1 Fractalkine receptor P49238 Q9Z0D9 Patrolling monocytes in innate immunity

Microglial cell and NK cell migration
Type 1 adaptive immunity

Atypical Chemokine
Receptors (New
Nomenclature)
ACKR1 CD234 DARC; Duffy Q16570 Q9QUI6 Chemokine transcytosis

Chemokine scavenging
ACKR2 D6, CCR9 (unofficial),

CCR10 (unofficial)
O00590 Y12879 Chemokine scavenging

ACKR3 CXCR7; RDC1 P25106 P56485 Heart valve development
Shaping chemokine gradients for CXCR4

ACKR4 CCRL1; CCX-CKR,
CCBP2, CCR11

Q9NPB9 Q924I3 Chemokine scavenging

CCRL2 (ACKR5) CKRX, CRAM-A, O00421 O35457 Not defined
L-CCR, CRAM-B,

HCR, CCR11
PITPNM3 (ACKR6) Nir1 AAI28584.1 Breast cancer metastasis

iDC, immature dendritic cell; mDC, mature dendritic cell.

6 Bachelerie et al.



(Stillie et al., 2009); however, a murine ortholog of
CXCL8 does not exist (Fig. 4) (Zlotnik et al., 2006). The
best characterized mouse ELR+ CXC chemokines are
KC and macrophage inflammatory protein-2 or MIP-2
(now named Cxcl1 and Cxcl2, respectively), which bind
to mouse Cxcr2. Cxcr1 has been reported to respond to
mouse Cxcl5 (LIX, a mouse counterpart of human
CXCL6) (Fan et al., 2007; Stillie et al., 2009) (Fig. 4);
however, native Cxcr1 on mouse leukocytes has not
been characterized yet. A Cxcr1 knockout mouse has
been generated, but its distinct phenotype is unclear
(Clarke et al., 2011; Sakai et al., 2011).
A two-step model of ligand binding and receptor

activation has been proposed for CXCR4 (see below)
that may generally be relevant for other chemokine
receptors, including CXCR1 and 2. In particular, the
strong interaction of CXCL8 with the N9-terminal
domain of CXCR1 may lead to dissociation of this

receptor domain from the membrane with which it
interacted, followed by transition of the chemokine to
a second binding site composed of the extracellular
loops and transmembrane residues (Joseph et al.,
2010; Park et al., 2011, 2012). This step then induces
a conformational change on the receptor, allowing
subsequent activation of heterotrimeric G proteins.
Homodimerization of CXCR1 and CXCR2 and hetero-
dimerization with other receptors (for CXCR2) have
been demonstrated in transfected cells and may
regulate the activation properties of the different
partners (Martinez Munoz et al., 2009; Stillie et al.,
2009). CXCR1 is the first GPCR whose unmodified
structure has been solved in the absence of ligand or
antibody and the first to be solved by NMR spectros-
copy (Park et al., 2012). Several significant differen-
ces were observed relative to the crystal structure of
CXCR4 (see below), including a monomeric structure,

Fig. 2. Tertiary structure of chemokines, chemokine receptors, and soluble chemokine-binding proteins. Chemokines have a common fold, and are presented
as GAG-tethered molecules on the plasma membrane to leukocytes (upper left [Handel et al., 2005]). The chemokine core, which contains three b sheets
arranged in the shape of a Greek key, is overlaid by a C-terminal a-helical domain and is flanked by an N-terminal domain that lacks order. Forced
chemokine monomers are active but dimer and tetramer structures may occur, and complex quaternary structures bound to GAGs on the surface of cells may
be important for function in vivo. Chemokine heterodimers have been described, both CC/CC and CC/CXC. Although in separate groups as defined by
cysteine motifs, CXCL16 and CX3CL1 also form a unique multimodular subgroup (upper right [Imai et al., 1997b]). The model shown for these two
chemokines depicts a typical chemokine domain, a mucin-like stalk, a transmembrane domain, and a C-terminal cytoplasmic module. They can exist as
membrane-bound or cleaved forms, mediating direct G protein-independent cell-cell adhesion and chemotaxis, respectively. Two G protein-coupled
chemokine receptors, CXCR1 and CXCR4, have been structurally defined. CXCR4 (lower left) resolves as a dimer (Wu et al., 2010). Atypical chemokine
receptors, which do not appear to signal through G proteins, have not yet been defined structurally but are predicted to be 7TM proteins (lower right). Soluble
chemokine-binding proteins are produced by microbes (middle left [Alexander et al., 2002]) and invertebrates (middle right [Dias et al., 2009]).
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the presence of a C-terminal a-helix, and shifts of the
transmembrane domains.
After ligand binding to CXCR1 and CXCR2 in

neutrophils, the receptors primarily activate Gi pro-
teins (Damaj et al., 1996). Gai2 coupling determinants
on the receptors include intracellular loop 2 (ICL2)
and ICL3; the C9-terminal domain regulates receptor
activation and desensitization (Sai et al., 2006). G
protein bg subunits appear to be required for CXCL8-
mediated phagocyte migration (Neptune et al., 1999).
Many downstream mediators are induced after

CXCR1 and CXCR2 activation [e.g., PLC, phospholi-
pase D (PLD), MAPK and signal transducer and
activator of transcription 3 (STAT3)], with key roles
identified for PI3Kg (Waugh and Wilson, 2008; Stillie
et al., 2009). However, agonist-specific signaling has
been described. For instance, although CXCL1 (GROa),
CXCL7, and CXCL8 all induce Ca2+ mobilization in
neutrophils, CXCL8 is the most potent chemotactic

factor and the only activator of PLD (L’Heureux
et al., 1995). Both receptors activate Ca2+ flux and
neutrophil exocytosis; however, respiratory burst
and PLD activation has been reported to depend
exclusively on CXCR1 (Jones et al., 1996). CXCR2
may mediate migration far from the inflammatory
focus where CXCL8 concentrations may be at low
levels (Chuntharapai and Kim, 1995; McDonald
et al., 2010). Murine models have shown that ELR+

CXC chemokines induce selectin-dependent neutrophil
rolling on activated endothelium, followed by integrin-
mediated firm adhesion and transendothelial migra-
tion to inflamed sites (Huber et al., 1991; Zhang et al.,
2001a). CXCL8 also triggers firm adhesion of monocytes
to vascular endothelium under shear flow (Gerszten
et al., 1999).

CXCR1- and CXCR2-dependent migration requires
activation of many proteins that may form a “chemo-
synapse” with the receptors (Raman et al., 2009),

Fig. 3. The human chemokinome. Genes for chemokines and chemokine receptors each have common ancestors but are distributed on many
chromosomes. The two main chemokine gene clusters on chromosomes 4 and 17 (,) contain most of the chemokines that mediate inflammatory
responses. Most inflammatory chemokine receptor genes are on chromosomes 2 and 3. Homeostatic chemokine and chemokine receptor genes are
scattered on other chromosomes.
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including Rho, cdc-42, focal adhesion kinase, paxillin,
proline-rich tyrosine kinase 2, PAK1, and Rac2, as well
as vasodilator-stimulated phosphoprotein, LASP-1,
and IQGAP1. Cytoskeletal elements differentially
regulate CXCR1- and CXCR2-induced focal adhesion
kinase activation and migration (Cohen-Hillel et al.,
2006).
Agonists at high concentrations induce phosphoryla-

tion of CXCR1 and CXCR2, leading to homologous
desensitization, receptor internalization, and partial
degradation. Such processes are regulated by the
C9-terminal PDZ ligand binding motif of the receptor,
by C9-terminal phosphorylation, and by the LLKIL
motif in the C9 terminus (Baugher and Richmond,
2008). Receptor dephosphorylation fosters recycling
back to the plasma membrane after ligand removal.
Many proteins that mediate these processes have
been identified, including arrestins, G protein-coupled

receptor kinases, clathrin, dynamin, AP-2, Hip, Rab
proteins, and actin filaments. CXCR1 and CXCR2
cross-regulate each other’s downregulation in a process
mediated by positive and negative elements in their
C9-terminal domains (Attal et al., 2008). CXCR1 and
CXCR2 have also been shown to undergo and induce
cross or heterologous desensitization, sometimes dif-
ferentially, with other GPCRs and their ligands, C5a,
fMLF, PAF, and other chemokines (e.g., CCR1 and
CCR5 agonists) (Nasser et al., 2005); by opiates; and
by a 120-kDa fibronectin fragment. CXCR2 may also
cross-talk with nucleotide receptors (Werry et al.,
2003).

The precise physiologic relevance of desensitization
and receptor internalization is unclear. Several studies
have suggested that CXCR2 internalization is required
for receptor recycling and resensitization. Others have
claimed that receptor endocytosis terminates the

Fig. 4. The human and mouse chemokine gene repertoires are distinct. The syntenic positions of chemokine genes located in clusters are shown
schematically and aligned for mouse and human. Chromosome assignments of unclustered genes are listed in the upper box inset. See lower box inset
for functional codes. Updated and modified from Nomiyama et al. (2010).
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migration of cells when they reach sites of inflamma-
tion. b-Arrestin-2 has been reported to induce and
strengthen integrin-mediated leukocyte adhesion dur-
ing CXCL2-CXCR2-driven extravasation in one study
(Molteni et al., 2009) but to be a negative regulator of
migration to CXCL1 in another (Su et al., 2005). In
other studies, high blood levels of murine Cxcl1 cause
Cxcr2 desensitization and arrest of neutrophil migra-
tion (Wiekowski et al., 2001). Moreover, cross-desensi-
tization of CXCR2 by formyl peptide receptor signaling
has been reported to attenuate neutrophil migration
into inflamed airways (Sogawa et al., 2011).
In addition to neutrophils, CXCR1 and CXCR2 are

both expressed by CD14+ monocytes, CD56dim CD16+

natural killer (NK) cells, mast cells, basophils, den-
dritic cells, and freshly isolated T cells (Robertson,
2002; Geissmann et al., 2003). On T cells, CXCR1 is
detected mainly on effector CD8+ cells (Takata et al.,
2004), and CXCR1 but not CXCR2 is functional on
CD4+Foxp3+ regulatory T cells (Tregs). Many types of
nonhematopoietic cells also express one or both re-
ceptors (endothelial cells, epithelial cells, neurons,
mesenchymal stem cells). As a result, the ELR+ CXC
chemokine system has been implicated in diverse
pathologies, including infectious diseases, cardiovas-
cular disease (Aukrust et al., 2008; Zernecke et al.,
2008), cancer (see references below), central nervous
system pathologies, and pain regulation (Rittner
et al., 2008), as well as morphogenesis (Ueland
et al., 2004).
Gene targeting in mice has revealed that Cxcr2

negatively regulates expansion and development of B
cells and myeloid progenitors and mediates neutrophil-
mediated inflammatory responses to both bacteria and
parasites as well as during wound healing (Cacalano
et al., 1994; Frendeus et al., 2000). In addition, Cxcr2-
mediated neutrophil migration promotes septic injury,
autoantibody- and Lyme-mediated arthritis, lung in-
flammation, and dextran sodium sulfate (DSS)-induced
colitis (Buanne et al., 2007). In contrast, Cxcl12/2 mice
were more susceptible to DSS colitis (Shea-Donohue
et al., 2008).
In mouse, neutralization of Cxcr2 attenuates neu-

trophil-mediated host defense in a model of ascending
urinary tract infection with Escherichia coli (Olszyna
et al., 2001). Both CXCR1 and CXCR2 are reduced on
neutrophils from patients with hyper-immunoglobulin
E syndrome, who are susceptible to bacterial infections.
CXCR2 may also mediate protection against pulmonary
infection by Nocardia asteroides and Aspergillus. ELR+

CXC chemokines have also been implicated in accu-
mulation of neutrophils, CD4+ T cells, and monocytes
at sites of allergic inflammation and pulmonary di-
seases such as chronic obstructive pulmonary disease
(COPD), asthma, and cystic fibrosis (Mukaida, 2003;
Francis et al., 2004; Traves et al., 2004; Bizzarri et al.,
2006).

In neuropathology, the CXCR2/CXCL8 axis has been
implicated in diverse conditions, including ischemic
injury, trauma, and multiple sclerosis (MS) (Semple
et al., 2010). CXCR2 has been found on astrocytes,
neurons, and oligodendrocyte progenitor cells in the
setting of MS and experimental autoimmune enceph-
alomyelitis (EAE) (Semple et al., 2010); however, its
exact role in disease is controversial. For example, it
has been proposed that the concurrence of CXCR2 on
oligodendrocytes and CXCL1 induction in astrocytes is
an essential prerequisite for lesion repair (Semple et al.,
2010); however, other studies have shown that blocking
Cxcr2 has enhanced recovery in chronic models of EAE
(Liu et al., 2010).

In tumors, constitutive production of ELR+ CXC
chemokines, such as CXCL1 and CXCL8, has been
reported for many cancer cell types, and they can be
induced by inflammatory cytokines, microbial prod-
ucts, and hypoxia. The chemokines are also expressed
by associated stromal cells, endothelial cells, and leu-
kocytes. CXCR1 and CXCR2 may be expressed by
cancer cells, leukocytes, and endothelial cells (Waugh
and Wilson, 2008; Lazennec and Richmond, 2010;
Sharma et al., 2010) and may promote (1) recruitment
to tumors of neutrophils, which are protumorigenic in
some tumor systems but antitumorigenic in others
(Fridlender and Albelda, 2012); (2) tumor cell pro-
liferation, survival, and chemoresistance (Dhawan and
Richmond, 2002); (3) osteoclastogenesis (Pathi et al.,
2010); and (4) angiogenesis (Addison et al., 2000; Li
et al., 2005; Keeley et al., 2010). ELR+ CXC chemo-
kines promote angiogenesis by upregulating prolifera-
tion, survival, and migration of endothelial cells and
fostering formation of capillary-like structures. Both
CXCR1 and CXCR2 may be expressed by endothelial
cells and mediate angiogenesis (Li et al., 2005); how-
ever, CXCR2 is considered to be more important in vivo
(Addison et al., 2000; Li et al., 2005; Keeley et al., 2010).
In addition to tumors, ELR+ CXC chemokines may also
induce angiogenesis in inflammatory conditions, such
as allergen sensitization (Jones et al., 2009), and even
in the absence of any evident inflammatory insult. Un-
like ELR+ CXC chemokines, most ELR-negative CXC
chemokines are not angiogenic and some are angiostatic
(see below).

Drug development. Numerous CXCR1 and CXCR2
blocking agents as well as CXCL8 inhibitors have
been evaluated preclinically (Stadtmann and Zarbock,
2012); however, few have reached clinical trials (Tables
3 and 4). ABX-IL-8 (Abgenix, Fremont, CA) is a fully
humanized antibody against CXCL8 that reached
phase II clinical trials in psoriasis but was stopped
because of lack of efficacy. In retrospect, psoriasis may
not have been a good target, because neutrophils are
not prominent in this disease and the receptor is not
prominent on T cells, which drive the disease.
Nevertheless, ABCream (Anogen, Missassauga, ON,
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Canada) is a topical formulation marketed in China
of a CXCL8-blocking monoclonal antibody reported
to be effective in psoriasis (Bizzarri et al., 2006).
Anogens has indicated that ~50% of patients ach-
ieved a greater than 60% improvement, and up to
15% of patients achieved a greater than 90% im-
provement in disease scores after a 6-week treatment
cycle.

Several small molecule antagonists of CXCR1 and
CXCR2 have also reached the clinic (Bizzarri et al.,
2006). The first to be described in the literature was
the CXCR2-selective phenol-containing diaryl urea
named SB 225002 (GlaxoSmithKline, London, UK)
(White et al., 1998) (Fig. 8). However, this compound
and some others from this series were not devel-
oped further because of undesirable pharmacokinetics

TABLE 3
Summary of clinical development of drug candidates targeting chemokine receptors

See Figs. 8–10 for structures of representative clinical candidates.

Receptor Company Compound Affinity Indication Clinical Phase Status

nM

CCR1 Schering AG (Berlex) BX 471 1.0 MS, Psoriasis endometriosis II No efficacy
CCR1 Millennium MLN 3701 MS, Multiple myeloma II No longer reported
CCR1 Millennium MLN 3897 2.3 RA, Multiple myeloma II No efficacy in RA
CCR1 Pfizer CP-481,715 64 RA II No efficacy
CCR1 AstraZeneca AZD4818 5.0 COPD II No efficacy
CCR1 ChemoCentryx/GSK CCX354 1.5 RA II Ongoing
CCR1 Merck C-4462 RA II No efficacy
CCR1 Merck C-6448 MS II No efficacy
CCR2 Millennium MLN 1202a RA II No efficacy

Atherosclerosis, MS II Ongoing
CCR2 Incyte INCB8696 MS, Lupus I No longer reported
CCR2 Incyte INCB3284 3.7 RA, Type II diabetes II No longer reported
CCR2 ChemoCentryx CCX915 MS I Terminated
CCR2 ChemoCentryx CCX140 2.3 Diabetic nephropathy II Ongoing
CCR2 Merck MK-0812 5.0 RA, MS II No efficacy
CCR2 Pfizer PF-4136309 Pain II No longer reported
CCR2 BMS BMS-741672 Diabetic neuropathy II Ongoing
CCR2 Johnson & Johnson JNJ-17166864 20.0 Allergic rhinitis II No efficacy
CCR3 Pharmaxis ASM8b Asthma II Ongoing
CCR3 GlaxoSmithKline GSK766994 10.0 Asthma and allergic rhinitis II No efficacy
CCR3 Dupont DPC168 2.0 Asthma I Development halted
CCR3 BMS BMS-639623 0.3 Asthma I Ongoing
CCR3 Novartis QAP-642 Allergic rhinitis I Development halted
CCR3 AstraZeneca AZD3778 8.1 Allergic rhinitis II No longer reported
CCR4 Amgen KW-0761a Oncology II Ongoing
CCR4 GSK GSK2239633 10.0 Asthma I Ongoing
CCR5 Pfizer UK-427,857 (Maraviroc) 3.0 RA II No efficacy

AIDS Approved Registered Drug
CCR5 Schering-Plough SCH-C 2.0 RA II No efficacy

AIDS I Development halted
CCR5 Schering-Plough SCH-D 0.45 AIDS II Development halted
CCR5 GlaxoSmithKline GW2239633 3.0 AIDS III Development halted
CCR5 Incyte INCB9471 3.1 AIDS II Development halted
CCR5 Progenics Pro 140a AIDS II Ongoing
CCR5 Tobira TAK652 (cenicroviroc) 3.1e AIDS II Ongoing
CCR5 AstraZeneca AZD5672 0.26 RA II No efficacy
CCR5 Novartis NIBR-6465 0.8 AIDS I Ongoing
CCR5 Sangamo SB-728c AIDS II Ongoing
CCR5 HGS HGS004a AIDS I Ongoing
CCR9 ChemoCentryx/GSK CCX282/vercirnon 6.0 IBD, Crohn’s III Terminated
CXCR1/
CXCR2

Schering-Plough SCH 527123 3.9 COPD II Ongoing
0.049

CXCR1/
CXCR2

Dompé Reparixin 1.0 (CXCR1) Pancreatic islet transplantation III Ongoing
100 (CXCR2)

CXCR2 GlaxoSmithKline SB-656933 5.1 COPD, Cystic fibrosis I Ongoing
CXCR2 GlaxoSmithKline GSK-1325756B COPD? I Ongoing
CXCR2 AstraZeneca AZD-5069 Bronchiectasis II Ongoing
CXCR3 Amgen AMG487 8.0 Psoriasis II No efficacy
CXCR4 Genzyme/

Sanofi-Aventis
Plerixafor
(AMD3100)

74 Stem cell mobilization for
transplantation in cancer
(MM, Non-Hodgkins lymphoma)

Approved Registered Drug

CXCR4 TaiGen Burixafor Stem cell transplantation II Ongoing
CXCR4 Polyphor POL6326 Stem cell transplantation II Ongoing
CXCR4 Medarex MDX-1338a Multiple myeloma I Ongoing
CXCR4 Biokine BKT140d Stem cell transplantation I Ongoing

IBD, inflammatory bowel disease; MM, multiple myeloma; RA, rheumatoid arthritis.
aNeutralizing monoclonal antibodies.
bAntisense oligonucleotide.
cZinc finger nuclease;
dPeptide.
eAlso has potent antagonist activity at CCR2.
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(Widdowson et al., 2004). Extensive structure-activity
relationship analysis yielded the compound SB 656933
with an IC50 of 22 nM for binding to CXCR2 (Fig. 8).
This compound entered clinical trials in patients with
cystic fibrosis and chronic obstructive pulmonary disease
(Lazaar et al., 2011), where it was found to be safe and
well tolerated at all doses (2–100 mg).
The observation that 2-arylpropionic acids such as

ibuprofen were able to potently inhibit CXCL8-induced
chemotaxis in neutrophils prompted scientists at Dompé
to screen for novel inhibitors of CXCL8-induced che-
motaxis (Allegretti et al., 2005; Zarbock et al., 2008).
A class of derivatives of 2-arylphenylpropionic acids
was extensively investigated, leading to the selec-
tion of an acyl methane sulfonamide derivative named
reparixin (Dompe, Milan, Italy) (Fig. 8) as the lead com-
pound (Allegretti et al., 2005). This compound blocks
both CXCR1 and CXCR2 but is more potent at CXCR1
and inhibits CXCL8-induced neutrophil chemotaxis
with an IC50 of 1 nM. It is noteworthy that it does
not inhibit chemokine binding (Allegretti et al., 2005),
thus, its mechanism of action may involve allostery.
Two distinct allosteric sites have been proposed for CC
and CXC chemokine receptors, and several preclinical
allosteric antagonists or inverse agonists have been
experimentally demonstrated to act through an in-
tracellular allosteric site on CXCR2 close to the G
protein-coupling region (Bradley et al., 2009; Salchow
et al., 2010). Two phase II clinical trials of reparixin
in kidney and lung transplantation were negative.
However, after evidence of preclinical activity in islet
cell transplantation, a small phase II randomized, open-
label pilot study found that reparixin improved outcome
with a single infusion of allogeneic islets (Citro et al.,
2012); phase 3 trials are under way in the European
Union for allogeneic islet transplantation and in the
United States for autologous islet transplantation. In
addition, a recent report suggests that it may have some
utility in certain forms of breast cancer (Ginestier et al.,
2010).
Structure-activity studies of a lead cyclobutenedione

compound enabled scientists at Schering-Plough
(Kenilworth, NJ) to identify SCH-527123 (Fig. 8) as a

potent, orally bioavailable dual CXCR1/CXCR2 re-
ceptor antagonist (Dwyer et al., 2006). The compound
had good pharmacokinetic properties and oral bio-
availability in rat and was recently tested in an ozone-
induced airway neutrophilia clinical study in healthy
subjects (Holz et al., 2010). The drug significantly
lowered sputum neutrophil counts compared with
prednisolone or placebo. Comparable results were
obtained for total cell count, percentage of sputum
neutrophils, and for interleukin-8 and myeloperoxidase
in sputum supernatant. All treatments were safe and
well tolerated. Further evaluation in a large trial of
patients with pulmonary disorders is planned (Holz
et al., 2010).

GlaxoSmithKline (GSK) has disclosed a CXCR2 an-
tagonist GSK-1325756B (Danarixin; Fig. 8) as a com-
petitive, selective, and potent inhibitor that has just
completed phase I studies in healthy volunteers in the
United Kingdom. AstraZeneca (London, UK) disclosed
an interest in CXCR2 antagonists, and their clinical
compound AZD-5069 recently completed a Phase II
trial in patients with bronchiectasis in February 2012
in the UK, Poland, and the Czech Republic. Interim
results were summarized in Sept. 2011 in the 21st An-
nual Congress of the European Respiratory Society,
Abstract no. P3984. A second compound, AZD-8309,
was been tested in healthy volunteers in an LPS airway
challenge (Virtala et al., 2012). PA401, an inhibitor of
the GAG-mediated step involved in CXCL8-induced
CXCR1/CXCR2 activation, is a CXCL8 variant discov-
ered by ProtAffin (Graz, Austria) and is in development
for COPD.

2. CXCR3. CXCR3 is an inflammatory chemotactic
receptor specific for CXCL9 (also known as monokine
induced by g-interferon), CXCL10 (interferon-induced
protein of 10 kDa), and CXCL11 (I-TAC, interferon-
inducible T-cell a-chemoattractant) (Loetscher et al.,
1996a, 1998a; Cole et al., 1998; Lu et al., 1999). Al-
though they share one receptor, these three ligands
have nonredundant actions in vivo, the result of mul-
tiple factors, including differential ligand expression,
differential binding to the receptor, and possibly addi-
tional nonshared binding sites (Groom and Luster, 2011).

TABLE 4
Summary of clinical development of drug candidates targeting chemokines

Neutralizing monoclonal antibodies unless otherwise noted.

Chemokine Company Compound Affinity Indication Clinical Phase Status

pM

CCL2 Millennium ABN-912 NA RA II No efficacy
CCL2 Centocor CNTO 888 22 Cancer I Ongoing
CCL2a Noxxon NOX-E36a NA Diabetic nephropathy II Ongoing
CXCL8 Abgenix ABX-IL8 NA Psoriasis II No efficacy
CXCL8 Anogen ABCream NA Psoriasis Marketed in China
CXCL10 Medarex MDX-1100 NA Ulcerative colitis II Ongoing

Rheumatoid arthritis II Ongoing
CXCL12a Noxxon NOX-A12 NA Multiple myeloma, CLL II Ongoing

CLL, chronic lymphocytic leukemia; NA, not available.
aOligonucleotide.
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With regard to expression, interferon (IFN)-g indu-
ces production of all three ligands in many cell types
(Luster et al., 1985; Farber, 1990; Cole et al., 1998), but
they are also differentially regulated by other stimuli,
such as the type I interferons (IFNa/b) and nuclear
factor kB. CXCL10 is more sensitive to innate stimuli
that activate Toll-like receptor-IRF3-dependent induc-
tion of type I interferon. It is also preferentially in-
duced by hypoxia-reperfusion injury via nuclear factor
kB activation (Medoff et al., 2006) and has been shown
to play an early role in the hypoxia-induced inflamma-
tion associated with solid organ transplantation, such
as heart and lung (Hancock et al., 2001; Medoff et al.,
2006). In contrast, CXCL9 is more dependent on and
more strongly induced by IFNg.
With regard to receptor binding, there is a hierarchy

of affinity and agonist potency at CXCR3, with
CXCL11 . CXCL10 . CXCL9 (Cole et al., 1998; Weng
et al., 1998; Cox et al., 2001; Meyer et al., 2001).
Moreover, different regions of CXCR3 mediate receptor
binding, activation, and internalization for each ligand.
CXCR3 is tyrosine-sulfated on its N terminus, and this
is required for receptor binding and activation for all
three ligands, whereas the proximal 16 amino acid
residues of the N terminus are required for CXCL10
and CXCL11 binding and activation, but not for
CXCL9 activation (Colvin et al., 2006). Two distinct
domains control internalization of CXCR3 (Colvin
et al., 2004). The carboxyl-terminal domain and b-arrestin
1 are predominantly required for CXCL9- and CXCL10-
directed internalization, whereas ICL3 is required by
CXCL11 (Colvin et al., 2004). Structure-activity stud-
ies with CXCR3 ligands have identified unique regions
in each protein that are important for binding to
CXCR3 and to heparin (Campanella et al., 2003; Clark-
Lewis et al., 2003; Rosenkilde et al., 2007; Severin
et al., 2010). Binding of CXCL9, CXCL10, and CXCL11
to CXCR3 elicits increases in intracellular Ca2+ levels
and activates PI3K and MAPK (Smit et al., 2003), and
cellular responses include integrin activation, cell adhe-
sion, cytoskeletal changes, and directed cell migration
(Piali et al., 1998).
N-terminal processing of CXCR3 ligands by CD26/

dipeptidyl peptidase IV results in reduced CXCR3
binding, loss of calcium-signaling capacity through
CXCR3, and more than 10-fold reduced chemotactic
potency (Proost et al., 2001). Moreover, CXCL10 and
CXCL11 cleaved by CD26/dipeptidyl peptidase IV can
act as a chemotaxis antagonist of CXCR3. However,
the physiologic significance of this is not known, es-
pecially because the CXCR3 binding affinity of the
truncated forms is ;10-fold less than the unprocessed
forms of the CXCR3 ligands. Nonetheless, the levels of
N-terminally processed CXCL10 in the peripheral
blood are inversely correlated with the ability of pa-
tients to control Hepatitis C virus infection, and it has
been suggested that these processed forms of CXCL10

are acting as CXCR3 antagonists and interfering
with the host response to Hepatitis C (Casrouge
et al., 2011). Several CC-chemokines, particularly
CCL11 (eotaxin-1) and CCL13 (MCP-4), also compete
with moderate affinity for the binding of CXCL10 to
CXCR3 (Weng et al., 1998). CCL26 does not activate
CXCR3 but, in CXCR3-transfected cells, can block
CXCL10-mediated receptor activation and may there-
fore be a natural CXCR3 antagonist, although this has
not been demonstrated in vivo. Murine CCL21 has also
been shown to induce a weak calcium flux in CXCR3
transfected cells, although the physiologic significance
of this interaction is not known and human CCL21
does not interact with human CXCR3 (Soto et al.,
1998).

CXCR3 is expressed on CD4+ Th1 cells and CD8+

cytotoxic T lymphocytes (CTL) (Loetscher et al., 1996a,
1998a; Yamamoto et al., 2000; Kim et al., 2001b). Early
studies showed that T cells from inflamed peripheral
tissues in human autoimmune disease are highly
enriched in CXCR3 compared with circulating T cells
(Loetscher et al., 1998a; Qin et al., 1998; Shields et al.,
1999). Moreover, CXCR3 ligands are highly expressed
in the same diseased tissues. CXCR3 is not expressed
on naive T cells, but is rapidly upregulated after
dendritic cell (DC)-induced T-cell activation (Sallusto
et al., 1998b; Kim et al., 2001b; Xie et al., 2003).
CXCR3+ cells comprise 60–90% of CD8+ memory
T cells (Guarda et al., 2007; Hikono et al., 2007) and
40% of CD4+ memory T cells (Kim et al., 2003; Rivino
et al., 2004). T-bet, the master transcription factor of
Th1 and CTL commitment, directly transactivates
CXCR3 (Lord et al., 2005; Beima et al., 2006). Mouse
models have verified that CXCR3 and its ligands
regulate the migration of Th1 cells into sites of Th1-
driven inflammation (Khan et al., 2000; Xie et al.,
2003, Campanella et al., 2008a).

CXCR3 is also highly expressed on innate lympho-
cytes, such as NK cells and NK T cells (NKT), where it
may mediate early recruitment to sites of infection and
inflammation (Qin et al., 1998; Thomas et al., 2003). It
is also expressed on plasmacytoid DCs and subsets of B
cells, where it may direct migration to inflamed lymph
nodes (Cella et al., 1999; Nanki et al., 2009). Tregs that
accumulate at sites of Th1 cell-mediated inflamma-
tion have been reported to express the signature Th1
transcription factor T-bet, which is required for CXCR3
expression by these cells and for regulatory function
(Koch et al., 2009). This may partially explain modest
decreases in T-cell entry in mouse models in which
CXCR3 is genetically or pharmacologically inactivated,
despite high expression of CXCR3 receptor and ligands
in the target tissue.

Cxcr3 is required on CD8+ cells for infiltration into
the brain during Plasmodium berghei ANKA infection
for the development of cerebral malaria symptoms
(Campanella et al., 2008b; Miu et al., 2008). Cxcr32/2
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mice are protected from cerebral malaria because of
reduced CD8+ CTL sequestration in the brain. The
CXCR3 system also participates in the acute response
in the brain to Toxoplasma gondii (Khan et al., 2000)
as well as in CD8+ T-cell-mediated immunosurveil-
lance of the brain during the chronic phase (Harris
et al., 2012). T-cell infiltration of mucosal tissues is also
highly dependent on CXCR3. This is true during
herpes simplex virus-2 infection of the vaginal mucosa
(Thapa et al., 2008; Nakanishi et al., 2009; Thapa and
Carr, 2009) and during colitis. In the IL-10 null
inflammatory bowel disease model, Cxcl10 and Cxcr3
are highly expressed at sites of colitis because of local
production of the ligands, leading to the recruitment of
Cxcr3+ T cells. In this model, Cxcl10 neutralization
was beneficial (Singh et al., 2008b). In the adoptive
transfer model of colitis, CD4+CD25 T cells require
expression of Cxcr3 to cause disease in Rag12/2 mice.
Interestingly, transfer of Tregs for disease protection in
this model does not require Cxcr3, indicating that
these different subsets gain access to different loca-
tions during disease (Kristensen et al., 2006). Accu-
mulation of effector T cells at sites of autoimmune
inflammation is strongly correlated with CXCR3 ex-
pression. In addition to autoimmune rheumatoid ar-
thritis (RA) synovium where CXCR3-expressing cells
were first characterized in a human disease (Qin et al.,
1998) and subsequently shown to regulate T-cell re-
cruitment in murine models (Salomon et al., 2002;
Mohan and Issekutz, 2007), deficiency in CXCR3 also
reduces autoimmune diabetes and infiltration of T cells
into the kidney in systemic lupus erythematosus
(Frigerio et al., 2002; Menke et al., 2008; Steinmetz
et al., 2009).
More recent data have also indicated an important

role for CXCR3 in primary and secondary lymphoid
organs. CXCR3 ligands are highly upregulated in the
lymph node after infection and immunization, and
recent studies have demonstrated a role for CXCR3 in
the movement of recently activated CD4+ T cells and
central memory CD4+ T cells out of the T-cell zone
and into the interfollicular and medullary regions of
lymph nodes where they come in contact with antigen-
activated innate immune cells (Groom et al., 2012;
Sung et al., 2012; Kastenmuller et al., 2013). Similar
results have been seen in the spleen where Cxcr3 plays
an important role in bringing CD8+ T cells into contact
with antigen and inflammatory cytokines after lym-
phocytic choriomeningitis infection and vaccinia virus
infection (Hu et al., 2011; Kurachi et al., 2011). In these
models, Cxcr3 deficiency of CD8+ T cells leads to in-
effective effector T-cell generation and a resultant
expansion of the memory pool.
The CXCR3 ligands are basic proteins that bind

avidly to negatively charged glycosaminoglycan (GAG)
molecules both on the surface of cells and in the
extracellular matrix (Luster et al., 1995; Campanella

et al., 2003; Severin et al., 2010). GAG binding is
thought to be important for the retention and pre-
sentation of chemokines to their chemokine receptors
in vivo. Although the in vitro chemotactic activity of
CXCL10 and CXCL11 was shown to be GAG binding-
independent, the ability of these chemokines to in-
duce CXCR3-dependent T-cell migration in vivo was
shown to be dependent on their ability to bind GAGs
(Campanella et al., 2006; Severin et al., 2010). The
ability of CXCR3 ligands to influence the behavior of
certain nonimmune cells, such as endothelial cells and
fibroblasts, that do not express CXCR3, has been
shown to be a function of the ability of these chemo-
kines to bind to cell surface GAGs (Luster et al., 1998;
Proost et al., 2001; Tager et al., 2004; Campanella
et al., 2010; Jiang et al., 2010). However, this con-
clusion is controversial. The identification of an al-
ternative splice variant of CXCR3, termed CXCR3-B,
specifically in human endothelial cells, was suggested
as a possible explanation for CXCL10’s angiosta-
tic effects (Lasagni et al., 2003). Translation of the
putative human CXCR3-B splice variant results in an
extracellular N terminus that is 48 amino acids longer
than the originally described CXCR3 receptor (referred
to as CXCR3-A), with the remaining sequence identical
to CXCR3-A. CXCL9, 10, and 11 were shown to bind to
CXCR3-B. In addition, CXCL4 (platelet factor 4) was
shown to weakly bind CXCR3-B, although subsequent
studies using transfected cells found that it binds
CXCR3-A with the same low affinity as CXCR3-B and
that binding was chiefly mediated by cell surface GAGs
(Mueller et al., 2008). Furthermore, although CXCL4
induced intracellular calcium mobilization and Akt and
p44/p42 extracellular signal-regulated kinase phosphor-
ylation in activated human T lymphocytes, it failed to
elicit migratory responses and did not lead to loss of
surface CXCR3 expression, raising doubt about the in
vivo functional significance of this interaction (Kornie-
jewska et al., 2011).

CXCR3-B has been described to mediate the angio-
static effect of its ligands, being the preferential CXCR3
receptor reported to be expressed on endothelial cells.
Strikingly, overexpression of CXCR3-B in an endothe-
lial cell line resulted in CXCL10 inhibiting proliferation,
whereas overexpression of CXCR3-A in the same cell line
resulted in CXCL10 augmenting proliferation (Lasagni
et al., 2003).

Although the existence of an alternative splice
variant of CXCR3 provides a possible explanation for
the different functions of CXCL10, it is unclear how
a difference in only the N-terminal extracellular
domain of CXCR3-A results in intracellular signaling
that was purported to oppose CXCR3-A signaling. In
addition, although CXCL10’s antiproliferative effects
on endothelial cells have been described in mice, the
alternative CXCR3-B variant does not exist in mice, as
an in-frame stop codon before the conserved sequence
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would terminate an analogous CXCR3-B splice var-
iant in mice (Campanella et al., 2010). Furthermore,
CXCL10 is capable of inhibiting the proliferation of
murine endothelial cells that were deficient in CXCR3,
and the presence of CXCR3 protein on the surface of
human endothelial cells is controversial. Experiments
with human endothelial cells also demonstrate that
CXCL10 can inhibit endothelial cell proliferation in-
dependent of CXCR3 (Campanella et al., 2010). CXCR3-
alt is a polymerase chain reaction (PCR)-generated
splice variant of CXCR3 encoding a truncated re-
ceptor that has not been shown to signal or to be
expressed in primary cells (Ehlert et al., 2004). Thus,
the existence, relevance, and importance of putative
alternate splice forms of CXCR3 remain to be
established.
Drug development. Several synthetic CXCR3-

specific small molecule antagonists have been de-
veloped that show efficacy in animal models. SCH
546738 from Merck binds to human CXCR3 with high
affinity (kD = 0.4 nM) and displaces radiolabeled
CXCL10 and CXCL11 from human CXCR3, with an
IC50 ranging from 0.8 to 2.2 nM in a noncompetitive
manner (Jenh et al., 2012). SCH 546738 potently and
specifically inhibits CXCR3-mediated chemotaxis of
human activated T cells, with an IC90 of ~10 nM. SCH
546738 attenuated disease development in a mouse
collagen-induced arthritis model and reduced disease
severity in rat and mouse EAE models. Furthermore,
SCH 546738 alone achieved dose-dependent prolon-
gation of rat cardiac allograft survival, and similar to
what was seen with the Cxcr32/2 mouse, SCH 546738 in
combination with CsA supported permanent en-
graftment. Amgen Pharmaceuticals has developed
small (aza)quinazolinone-based CXCR3 antagonists,
the best characterized of which is AMG487, a non-
competitive antagonist (Liu et al., 2009) (Table 3;
Fig. 9). It potently inhibits CXCL11-mediated cell
migration (IC50 = 15 nM) and calcium mobilization
(IC50 = 5 nM) and exhibits .1000-fold selectivity over
a panel of other chemokine receptors. In preclinical
studies, AMG 487 blocked immune cell migration and
demonstrated excellent potency, high selectivity, and
good oral bioavailability (Johnson et al., 2007). The
drug dose-dependently inhibited cellular infiltra-
tion of immune cells into the lungs in a bleomycin-
induced model of inflammation in mice. A twice daily
dose of 3 mg/kg s.c. was as effective in inhibiting im-
mune cell migration into the lungs as genetic inacti-
vation of Cxcr3. The compound entered phase II clinical
trials for the treatment of psoriasis but failed to de-
monstrate any signs of efficacy, and the trial was ter-
minated (Horuk, 2009).
An analog of AMG487 prolonged cardiac allograft

survival in a mouse model and decreased the frequency
of interferon-g-producing cells in the recipient spleen
(Rosenblum et al., 2009). CXCR3 blockade for 30 days

synergized with short-term, low-dose anti-CD154
monoclonal antibodies to prolong survival past 50 days
in 75% of grafts and past 80 days in 25% of the cases.

Medarex has generated a neutralizing monoclonal
antibody, MSX-1100, to the CXCR3 ligand CXCL10.
The drug had low nanomolar affinity for CXCL10 and
was safe in humans. In phase II clinical trials, it dem-
onstrated efficacy in rheumatoid arthritis (Yellin et al.,
2012) but not in ulcerative colitis (Bosworth, 2010).

3. CXCR4. CXCR4 and ACKR3 (CXCR7) are the
two most highly conserved chemokine receptors among
vertebrates and are essential for life in mice (Fig. 5)
(Tachibana et al., 1998; Zou et al., 1998; Sierro et al.,
2007). They share the key homeostatic ligand CXCL12,
also known as stromal cell-derived factor-1 (SDF-1), and
in some settings act cooperatively. CXCR4 is a classic
GPCR, whereas ACKR3 (CXCR7) is an atypical receptor
signaling in a non–G protein-dependent manner (Fig. 6;
see below).

CXCR4 is the only known G protein-coupled che-
mokine receptor for CXCL12, which is constitutively
secreted by bone marrow (BM) stromal cells and many
other cell types in many other tissues. CXCL12 binding
to CXCR4 can activate all signal transduction path-
ways typical for chemokine receptors, including adhe-
sion, chemotaxis, survival, and proliferation (Busillo
and Benovic, 2007). Six different splice variants of
CXCL12 have been reported, which all vary exclusively
in the extreme C terminus. The differences in the C
termini, not being involved in either binding site one or
two of CXCR4, have minor effects on receptor in-
teraction. Most common are CXCL12a and CXCL12b.
The extended C terminus of the g-isoform contains
several basic amino acids, has a marked affinity for
GAGs, which fosters efficient formation of chemokine
gradients (Rueda et al., 2008), and is important for
revascularization and infiltration of cells into ischemic
tissue (Rueda et al., 2012). The other CXCL12 variants
(d–u) are poorly characterized.

Several nonchemokine ligands also bind CXCR4.
Most important is the envelope protein gp120 of
CXCR4 (X4)-tropic HIV. gp120 binds sequentially to
CD4 and CXCR4 to allow gp41-guided virus entry.
Accordingly, infection with X4-tropic HIV strains is
abolished by downregulation of CXCR4 on CD4+ cells
(Wilen et al., 2012) and inhibited by CXCL12 (Oberlin
et al., 1996). Thus, CXCR4 is referred to as an HIV
coreceptor. HIV-1 Env and its subunit gp120 can elicit
a complex cellular response that mimics the effects of
a chemokine, but whether Env-mediated signaling
affects HIV infection and pathogenesis remains un-
known (Balabanian et al., 2004; Melar et al., 2007; Wu
and Yoder, 2009).

Inflammatory cytokines and danger molecules re-
leased from damaged cells or tissues can bind and
activate CXCR4, including the pleotropic cytokine
macrophage migration inhibitory factor (Bernhagen
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et al., 2007), extracellular ubiquitin (Saini et al., 2011),
and high mobility group protein B1 (HMGB1). HMGB1
is a highly conserved nuclear protein known to act
as a damage-associated molecular pattern after re-
lease from dead cells. It binds CXCL12 and shifts the
efficiency of CXCR4 activation to lower concentrations
of CXCL12 (Schiraldi et al., 2012). CXCR4-mediated
signal transduction induced by its nonchemokine li-
gands triggers chemotaxis and conforms to the classic
chemokine signal transduction pathway (Thelen, 2001).
CXCR4 is the first chemokine receptor for which

highly diffracting crystals have been reported. A
heptahelical structure was confirmed from five differ-
ent crystal structures of the receptor in complex with
a small-molecule antagonist (IT1t, an isothiourea

derivative) and/or with the cyclic peptide antagonist
CVX15 derived from Limulus polyphemus (Wu et al.,
2010) (Fig. 2). Overall the conformation of the core
of CXCR4 in the crystals bound to IT1t is highly
conserved (less than 0.6Å root mean square deviation),
but shows slight differences when in complex with the
larger molecule CVX15. Compared with other avail-
able GPCR structures, CXCR4 displays some unique
structural characteristics, which cautions modeling
other chemokine receptors on available GPCR struc-
tures. Most important is the relative orientation of the
helices with their extension into the extracellular and
intracellular space. The extracellular end of helix VII
reaches two turns longer into the extracellular space
than in other GPCRs and ends with a cysteine that

Fig. 5. Structural relationship of chemokine ligand and receptor proteins in mouse and human. See color code in box inset at the bottom middle.
Structures and disease indications are listed above and below, respectively, the names of marketed drugs acting at the three indicated receptors.
Dendrograms prepared by S. Tsang, National Institute of Allergy and Infectious Diseases, National Institutes of Health.
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forms a second extracellular disulfide bridge with Cys28

located in the N terminus. The distinct extracellular
architecture of CXCR4 is consistent with the large size of
its ligand CXCL12 compared with ligands of other
crystallized GPCRs. In particular, ECL2 makes exten-
sive contact with CVX15 in the crystal structure. The
interaction with CVX15 presumably mimics the binding
of CXCL12 where the N terminus of the chemokine falls
deeply into the binding pocket.
In addition, CXCR4 lacks the short helix VIII lo-

cated in the C terminus proximal to helix VII of
other crystallized GPCRs. The region in question of

CXCR4 shows some homology to the canonical
sequence, leaving the possibility that the C termi-
nus might fold into a short helix depending on the
local environment, as exemplified recently for the
three-dimensional structure of CXCR1 in a phospho-
lipid bilayer by NMR spectroscopy (Park et al.,
2012). Moreover, CXCR4 lacks a palmitoylation con-
sensus in the C terminus, which in other class A
receptors hooks the C terminus to the membrane
(Wu et al., 2010).

In most available crystal structures, GPCRs orient in
a nonfunctional manner (e.g., antiparallel), precluding

Fig. 6. Chemokine receptor specificity for ligands and leukocytes. Abbreviations: Ba, basophil; Ca, cancer; CD4RM, resident memory CD4 T cell; EC,
endothelial cell; Eo, eosinophil; Fb, fibroblasts; iDC, immature DC; MC, mast cell; Me, melanocyte; MG, microglial cell; Mo, monocyte; MF,
macrophage; N, neutrophil; NHC, nonhematopoietic cells; PC, plasma cell; pDC, plasmacytoid DC; Tcm, central memory T cell; Th1, type 1 helper T cell;
Tn, naive T cell; eff/mem, effector/memory; thym, thymocytes.
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any conclusions about possible receptor dimerization.
However, in the case of CXCR4, a distinct contact site
comprising helix V and VI is found in five different
crystal packings. The strongest interaction of two
receptor protomers is mediated by hydrophobic side
chains of amino acids located in helix V with some
participation of Lys267 from helix VI (Wu et al., 2010).
The proposed homodimeric structure of CXCR4 is
consistent with predictions made from detergent-
solubilized receptor (Babcock et al., 2003). Many
reports using overexpression systems suggest that
CXCR4 arranges in heterodimers with some, but not
all, chemokine receptors; however, whether this occurs
in primary cells for receptors at natural abundance
remains unknown (Thelen et al., 2010). The hydro-
phobic side chains, which form the dimer interface in
CXCR4, are poorly conserved in other chemokine re-
ceptors, so it is unlikely that potential heterodimers,
including CXCR4 would display a structure similar to
the CXCR4 homodimer.
The X-ray data of CXCR4 provide further support for

the “two-step” binding model of CXCL12, where the
core domain of the chemokine binds to site one in the N
terminus of CXCR4 and the N terminus of the chemo-
kine binds site two (Crump et al., 1997). NMR studies
of the N terminus of CXCR4 (p38) in complex with
CXCL12 are consistent with site one. Of note is the role
of the tyrosine residues in the N terminus of CXCR4
(particularly Tyr21 and to a lesser extend Tyr12 and
Tyr7), which can undergo post-translational sulfation
in the Golgi apparatus. The acidic modification of the
tyrosine residues enhances the affinity for the basic
chemokine (Seibert et al., 2008). Fully sulfated CXCR4
p38 tends to promote CXCL12 dimerization, but the
dimeric chemokine is only a partial agonist at CXCR4,
not inducing chemotaxis but maintaining the ability
to mobilize calcium (Drury et al., 2011). The crystal
structure of CXCR4 can accommodate several receptor-
chemokine combinations, including monomeric (CXCL12:
CXCR4), dimeric CXCL122:CXCR42), or mixed (CXCL12:
CXCR42) conformations (Wu et al., 2010), thus leaving
open the exact stoichiometry of a functional receptor
ligand complex.
Taken together, the X-ray data unveil multiple

potential receptor conformations and ligand inter-
actions, which add to the complexity of context-
dependent CXCR4-mediated signal transduction.
Some prudence should be exercised in interpretation
of the structural data, insofar as all crystal struc-
tures of GPCRs, including CXCR4, are obtained with
extensively modified receptors, i.e., truncation at the
N and C termini as well as insertion of stabilizing
amino acids and sequences in the third intracellular
loop. This could explain the differences noted in the
structure of CXCR1, solved by NMR spectroscopy for
an unmodified unliganded receptor in liposomes (Park
et al., 2012).

In jawed vertebrates, CXCR4 is expressed through-
out development and is the only G protein-coupled
chemokine receptor essential for life. The protein is
widely expressed on nondifferentiated and differenti-
ated tissues. CXCR4 is found on almost all hematopoi-
etic cells, vascular endothelial cells, in neurons of the
central and peripheral nervous system, microglia, and
astrocytes (Murphy et al., 2000). It is also functionally
expressed by many cancer cells of hematopoietic and
nonhematopoietic origin (Balkwill, 2004). Presumably
in context with specific adhesion molecules, CXCR4, in
addition to promoting survival and growth, may direct
metastasis to selected CXCL12-rich organs, e.g.,
osteosarcoma to the lungs; breast cancer to BM, lung,
and liver; and prostate cancer mostly to BM. A role
of CXCR4 in lymph node metastasis is not clear
despite the pronounced expression of the chemokine.
It appears that other chemokine receptors, such as
CCR7, may play a more decisive role there (Balkwill,
2004).

The main activities associated with CXCR4 are cell
migration (homing) and positioning (homeostasis),
neovascularization, survival, and growth. This wide
spectrum of activities is unique for chemokine recep-
tors and suggests distinctive signal transduction pro-
perties. However, CXCR4 shares the activation of
downstream signaling pathways with other typical
chemokine receptors. The receptor couples to pertussis
toxin sensitive Gi proteins, stimulates phospholipase C
leading to calcium mobilization, triggers the MAPK
cascade and the protein kinase B/PI3K pathway, and
activates arrestin-dependent signaling (Busillo and
Benovic, 2007). The unique signaling properties prob-
ably do not depend on the activation of these common
pathways, but instead on the context of CXCR4,
differences in length of stimulation and coupling
efficiency, and the interaction with specific proteins
(Thelen and Stein, 2008). The proposed dimeric
architecture may not be shared by other chemokine
receptors and thus may provide a unique docking plat-
form. In addition, CXCR4 signaling is context-dependent,
e.g., in B-cell subsets the receptor does not trigger cal-
cium mobilization or chemotaxis, despite surface ex-
pression and signaling competence of the cells. The
concentration and aggregation state of CXCL12 also
contributes to the signaling quality (see above). Context
might also be given by neighboring chemokine receptors
that might even form functional heterodimers, as
recently proposed in support of the observation that
small molecule antagonists can inhibit the function
of chemokine receptors on which they do not directly
bind (Sohy et al., 2009). Molecular characterization
of potential receptorsomes from primary cells remains
important work for the future.

CXCR4 plays key roles in immune system develop-
ment during both lymphopoiesis and myelopoiesis
(Fig. 7). The receptor retains hematopoietic precursors
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in the BM, mediates B-cell segregation in lymphoid or-
gans and mediates neutrophil egress from BM and BM
homing of senescent neutrophils (Murphy et al., 2000).
Cxcr4-deficient mice exhibit defective bone marrow
myelopoiesis and B-cell lymphopoiesis, as well as de-
velopmental defects in the brain, heart, and stomach
vasculature. CXCR4 signaling may also be important in
naive and memory B-cell trafficking to germinal centers.
Mice harboring a CXCL12-promoted gain of function for
Cxcr4 exhibited abnormal compartmentalization of B
cells in the periphery, with a reduction of primary
follicles in the spleen and their absence in lymph nodes
(Balabanian et al., 2012).
In humans, WHIM syndrome, a rare immunodefi-

ciency disorder, is the only disease shown to be caused
by Mendelian inheritance of mutations in a chemokine
system element (Table 5). WHIM is an acronym
for warts caused by human papillomavirus infection,
hypogammaglobulinemia, infections, and myeloka-
thexis (abnormal retention of senescent neutrophils
in the BM, which is associated with panleukopenia).
Almost all known WHIM mutations result in partial

truncation of the C terminus of CXCR4, which leads to
agonist-stimulated gain-of-function for the receptor
(Hernandez et al., 2003). The mechanism involves
enhanced G protein coupling as well as arrestin-
dependent signaling (Lagane et al., 2008) and loss of
phosphorylation sites on the C terminus important for
receptor desensitization and internalization (Busillo
and Benovic, 2007), causing retention of mature
leukocytes in the BM and possibly in other immune
organs (Hernandez et al., 2003; Gulino et al., 2004;
Balabanian et al., 2005b; Kawai et al., 2007). However,
patients are able to mobilize leukocytes to the blood
during infections and therefore develop recurrent
bacterial infections that are usually not life threaten-
ing, and may survive into adulthood. Thus, the
apparent paradox of patients with WHIM syndrome is
to exhibit a profoundly altered immune function
and yet a limited susceptibility to viral and bacterial
pathogens, with the notable exception of human
papillomavirus (Beaussant Cohen et al., 2012), the
signature pathogen in WHIM syndrome. This may
eventually be a consequence of altered immune

Fig. 7. Chemokine receptors important in leukocyte trafficking pathways. Arrows demarcate major leukocyte traffic routes between major tissue and
hematopoietic compartments. Cells along the arrows identify some of the cells that follow these routes. The receptors listed for each cell either mark
the cell or are used by the cell for trafficking on the route shown. Abbreviations: HSC, hematopoietic stem cell; Tem, effector memory T cell; Teff, effector
T cell; Tdp, double positive thymocytes; Tsp, single positive thymocytes; TFH, follicular help T cells.
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responses (Tassone et al., 2010) and the hijacking of
the CXCL12/CXCR4 signaling axis as a host suscepti-
bility factor for the virus (Chow et al., 2010).
Drug development. Given the importance of CXCR4

in HIV infection and its putative involvement in
cancer, attempts have been made to identify inhibitors
(Table 3). The class of peptide-based CXCR4 inhibi-
tors consists of antibodies, chemokine analogs, deriv-
atives of the horseshoe crab protein polyphemusin,
and endogenous defensins. From the latter group of
molecules several can block HIV replication, but only
human b defensin-3 efficiently competes for CXCL12
binding at CXCR4 (Feng et al., 2006). Human b
defensin-3 downregulates CXCR4 without activating
canonical Gi-coupled signal transduction, a rare prop-
erty for a GPCR.
Cyclic polyphemusin peptide inhibitors include T22

([Tyr5,12, Lys7]-polyphemusin II), T134, T140, and their
derivatives (Liang, 2008). From this group, the 14-
amino acid polypeptide 4F-benzoyl TN14003 (BKT140)
(Beider et al., 2011) is currently in phase I/II clinical
trials for multiple myeloma after chemotherapy and
BM transplantation.
Inhibitory CXCL12 analogs, designed based on the

importance of the N terminus for receptor activation
but not for binding (Liang, 2008), include P2G-CXCL12
(where Pro2 is replaced with Gly) (Crump et al., 1997),
(1–9)P2G2 (a short dimeric peptide that lacks the
chemokine core domain (Loetscher et al., 1998b), and
a 10-residue substituted dimer derived from the amino
acid 5–14 sequence of CXCL12 (Heveker et al., 2001).
From the panel of available antibodies that effi-

ciently block CXCR4, the best characterized is the
mouse mAb 12G5. This antibody binds to a conforma-
tional epitope on human CXCR4 comprising ECL2 and
ECL3 and inhibits HIV and CXCL12 binding. For
clinical applications, the fully human anti-CXCR4
(IgG4) from Bristol-Myers Squibb (BMS; Princeton, NJ)

(BMS) and Medarex (Princeton, NJ) (BMS-936564/
MDX-1338) is currently being tested for treatment of
multiple myeloma (phase 1) after proof-of-principle
studies indicating that detachment from bone marrow
stromal cells may sensitize cancer cells to chemother-
apy (Azab et al., 2009; Kuhne et al., 2013). Recently,
a phase I clinical trial in healthy volunteers was com-
pleted by Ablynx (Ghent, Belgium) to test the safety of
a llama-derived CXCR4-targeted nanobody, ALX-0651,
after proof-of-principle studies of this approach in block-
ing chemotaxis and HIV and mobilizing stem cells
(Jahnichen et al., 2010).

Virus-derived chemokine-binding proteins (vCKBP)
display diverse mechanisms of interfering with chemo-
kine receptor signaling. The herpes simplex virus 1
and 2 proteins gG1 and gG2 bind CXCL12a and b,
thereby enhancing chemokine-induced CXCR4 signal-
ing. Both vCKBPs increase the chemotactic potency
and directionality of CXCL12-induced migration (Viejo-
Borbolla et al., 2012). By contrast, ectromelia virus-
derived E163 does not interfere with binding and
triggering of CXCL12 at CXCR4, but instead masks
the GAG binding site of the chemokine, preventing
adhesion to cell surfaces, which is important for the
formation of chemotactic gradients (Ruiz-Arguello et al.,
2008). Kaposi’s sarcoma-associated herpesvirus (HHV8)-
encoded vMIP-II (vCCL2) is a strong antagonist of CXCR4,
preventing binding of CXCL12 and activation of the
receptor. vMIP-II also inhibits CXCR4-mediated cell
entry of HIV (Kledal et al., 1997).

Low molecular weight antagonists of CXCR4 (Liang,
2008) include the bicyclam AMD3100 (plerixafor or
Mozobil; Sanofi, Paris, France), which reversibly binds
CXCR4 and blocks CXCL12 binding and HIV infection
(De Clercq, 2009) (Fig. 5). It also promotes leukocyto-
sis, including release of precursors from bone marrow
niches. In this regard, in 2009 the FDA approved
plerixafor in combination with granulocyte macrophage

TABLE 5
Important chemokine system mutations strongly associated with human disease

Molecule Mutation Disease Phenotype Mechanism

CCR5 CCR5D32 (loss
of function)

HIV/AIDS Resistance to initial infection (2/2) Loss of HIV coreceptor CCR5 prevents cell
entry by R5-tropic HIV-1Delayed disease progression (+/2)

West Nile virus infection Increased risk of symptomatic
infection (2/2)

Reduced leukocyte trafficking to brain

Rheumatoid arthritis Reduced risk (+/2) Reduced inflammation
Chronic renal allograft

rejection
Reduced risk (2/2) Reduced inflammation

CXCR4 C-tail truncations
(gain of function)

WHIM Syndrome Warts Impaired egress of leukocytes from bone
marrowHypoglobulinemia

Infections
Myelokathexis (Mendelian AD)

CX3CR1 CX3CR1-M280 Cardiovascular disease Reduced risk (+/2) Reduced foam cell accumulation in vessel wall
Age-related macular

degeneration
Increased risk (+/2) Microglial cell accumulation in the subretinal

space
ACKR1 FYB(ES) (loss

of function)
Plasmodium vivax malaria Resistance to initial infection (2/2) Promoter mutation abolishes RBC expression

of ACKR1, which is required for cell entry
by P. vivax

CCL26 CCL26 GG Eosinophilic esophagitis Increased risk (GG) CCR3-dependent eosinophil trafficking

2/2, Homozygous; +/2, heterozygous; AD, autosomal dominant; GG, genotype GG; RBC, red blood cell.
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colony-stimulating factor (GM-CSF) for mobilization of
stem cells for BM transplantation in patients with
multiple myeloma and non–Hodgkins’ lymphoma re-
ceiving cytoreductive therapy (Pusic and DiPersio,
2010). Currently, another clinical trial is underway
testing small doses of plerixafor as mechanism-based
treatment to dial down hyperfunctional CXCR4 sig-
naling in WHIM syndrome. Repeated administration of
plerixafor is well tolerated and leads to decreased
leukopenia (Dale et al., 2011; McDermott et al., 2011).
A related substance of lower molecular weight and
charge, the monocylam AMD3465, also potently inhib-
its CXCR4 (Bodart et al., 2009).
The non–cyclam AMD11070 (ritonavir) is the first

orally bioavailable small molecule CXCR4 inhibitor
introduced to the clinic. Early results indicate that it is
well tolerated (Moyle et al., 2009). Another unrelated
chemical structure, the chalcones, also inhibit CXCL12
binding and activation of CXCR4 but by neutralizing
CXCL12 (Hachet-Haas et al., 2008).
The success of plerixafor has paved the way for a

number of companies to target CXCR4. Among these is
TaiGen with their CXCR4 antagonist TG-0054 (bur-
ixafor). The structure of the drug has not yet been
disclosed, but TaiGen has disclosed polyamine and
pyrimidines as CXCR4 antagonists in patent applica-
tions. Phase I clinical trials revealed that single-dose
administration of the antagonist more than increased
the number of circulating stem cells to the numbers
required for a successful transplant. Currently, the
antagonist is undergoing several phase II clinical trials
for the treatment of multiple myeloma and non–Hodgkin’s
lymphoma.
Isothioureas have better biopharmaceutical proper-

ties than plerixafor and are orally bioavailable. A pri-
mary compound (IT1a, NIBR1816) and several chemical
derivatives, the most potent being IT1t, which were used
for CXCR4 crystallization (Thoma et al., 2008), have
potent anti-HIV activity, compete with CXCL12 binding
in the nanomolar range, and mobilize hematopoietic
stem cells (Fiorina et al., 2011).
Other reported CXCR4 inhibitors are the polyargi-

nine ALX40-4C; the peptoids CGP64222, KRH-1636,
and KRH-2371 (Murphy et al., 2000; Liang, 2008);
POL2438 and POL3026, which are polyphemusin II-
derived sequences incorporated into a macrocyclic
template-bound b-hairpin mimetic (DeMarco et al.,
2006); and SPC3, a branched peptide consisting of eight
GPGRAF motifs that are derived from the consensus
sequence in the V3 loop of gp120 (Liang, 2008)
The CXCR4 antagonist described by Polyphor,

POL6326, is derived from their proprietary technology,
known as Protein Epitope Mimetics (DeMarco et al.,
2006). According to the company, POL6326 has suc-
cessfully completed phase I clinical trials in the Unit-
ed Kingdom with 74 healthy volunteers. The drug
was safe and well tolerated and is currently being

investigated in a phase II clinical trial for safety and
efficacy in transplantation of autologous hematopoietic
stem cells in patients with multiple myeloma after
chemotherapy.

Two other CXCR4-blocking approaches in the clinic
are worth mentioning. The first is a peptide, BKT140,
that is reported to block CXCR4 and is in phase I
clinical trials (Burger et al., 2011). The second is NOX-
A12, which is a mirror image RNA of the RNA for the
chemokine CXCL12, thus blocking expression of the
protein and preventing receptor engagement. Phase I
clinical studies were safe, and the company is currently
assessing this molecule in phase II clinical trials for the
treatment of multiple myeloma and chronic lympho-
cytic leukemia.

4. CXCR5. CXCR5 is a homeostatic receptor that
binds monogamously with the chemokine CXCL13 and
regulates adaptive immunity (Gunn et al., 1998; Legler
et al., 1998). It was the first chemokine receptor shown
to be involved in lymphocyte homing and development
of normal lymphoid tissue (Forster et al., 1996) and the
first B-cell-selective chemokine receptor (Forster et al.,
1994; Gunn et al., 1998; Legler et al., 1998).

CXCR5 has been detected on all peripheral blood and
tonsillar B cells, but not on plasmablast and plasma
cells and only on a fraction of cord blood and bone
marrow B cells (Wehrli et al., 2001; Shaffer et al.,
2002). It is also present on a small subset of peripheral
blood memory CD4+ and CD8+ T cells. In contrast, in
secondary lymphatic tissue, the majority of CD4+

T cells are positive, and in cord blood T cells are
negative (Kaiser et al., 1993; Forster et al., 1994).
Similar to other chemokine receptors, CXCR5 is dy-
namically regulated on T cells. After TCR stimulation,
CXCR5 is upregulated on memory/effector T cells,
whereas IL-2 causes downregulation (Sallusto et al.,
1999).

CXCL13 is produced selectively by high endothelial
venule endothelial cells and follicular stromal cells
and is constitutively displayed on follicular HEV. The
CXCL13/CXCR5 axis supports ;50% of the signaling
required for B-cell entry from blood to Peyer’s patch;
CXCR4 may also contribute (Okada et al., 2002, 2005).
In Cxcr52/2 mice, B cells do not migrate to lymph
node, Peyer’s patches are abnormal, and inguinal
lymph nodes are absent. CXCL13 is also required for
B1 cell homing, natural antibody production, body
cavity immunity, and lymphoneogenesis in the setting
of autoimmunity (Luther et al., 2000; Ansel et al.,
2002). Cxcr52/2 mice still can produce antibody, per-
haps in part because B cells and follicular DCs, by an
unknown mechanism, are able to form ectopic germinal
centers within T zones of the periarteriolar lymphocyte
sheath of spleen.

Drug development. No CXCR5 antagonists have
been developed yet; however, targeting this receptor in
autoimmunity is an attractive direction for the future.
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5. CXCR6. Human CXCR6 is located on chromo-
some 3 (Liao et al., 1997b; Loetscher et al., 1997) at
3p21.31, between CCR9 and XCR1, in the cluster that
contains CC, XC, and CX3C (but not CXC) chemokine
receptors (Fig. 3). It is notable that in phylogenetic
analysis, CXCR6 is most closely related not to other
CXC receptors but instead is in a cluster with CCR6,
CCR7, and CCR9 and is closest either to CCR6 (Lio
and Vannucci, 2003) or CCR9 (Nomiyama et al., 2011),
depending on the analysis. CXCR6 has orthologs in
multiple species, including reptiles (Nomiyama et al.,
2011). Human (and mouse) CXCR6 are unusual in
having a DRF sequence in place of the canonical DRY
motif at the end of the third transmembrane helix.
CXCR6 has a monogamous relationship with CXCL16,
which binds with a Kd of 1 nM (Matloubian et al., 2000;
Wilbanks et al., 2001). Analogous to its receptor,
CXCL16 is an unusual chemokine. CXCL16 is found
at 17p13.2, separate from the genes for other chemo-
kines, and phylogenetic analysis shows that CXCL16 is
not closely related to other CXC chemokines (Fig. 4)
(Huising et al., 2003). CXCL16’s most striking feature
is a transmembrane domain (Fig. 2), and CXCL16 can
be found in both membrane-bound and soluble forms,
with the latter generated from the former by the
proteolytic activity of ADAM10 (Abel et al., 2004).
Immobilized CXCL16 has been reported to mediate
CXCR6-dependent adhesion in the absence of CXCR6
signaling in some systems (Nakayama et al., 2003;
Shimaoka et al., 2004), although in other cases
adhesion required CXCR6-induced integrin activation
(Heydtmann et al., 2005). CXCL16 is additionally
notable in that it was discovered independently of its
chemokine activity as a scavenger receptor and was
originally designated as SR-PSOX (an acronym for
“scavenger receptor for phosphatidyl serine and oxi-
dized low-density lipoprotein”) (Shimaoka et al., 2000).
CXCR6 is expressed on T cells, including g/d T cells
(Deng et al., 1997; Liao et al., 1997b; Unutmaz et al.,
2000), as well as on NKT cells (Kim et al., 2002), NK
cells, and plasma cells (Nakayama et al., 2003).
Outside of the hematopoietic compartment, CXCR6 has
also been found on epithelial and nonepithelial cancers
(Wang et al., 2008; Darash-Yahana et al., 2009; Gao
et al., 2012). CXCL16 is expressed on antigen-presenting
cells such as dendritic cells, monocyte/macrophages, and
possibly B cells (Matloubian et al., 2000; Shimaoka et al.,
2000; Wilbanks et al., 2001), as well as on fibroblastic
reticular cells, activated T cells (Darash-Yahana et al.,
2009), endothelial cells (Abel et al., 2004), and cancer
cells (Hojo et al., 2007; Darash-Yahana et al., 2009; Gao
et al., 2012).
CXCR6 was initially identified as an entry corecep-

tor on T cells, along with CD4, for strains of HIV-1 and
simian immunodeficiency virus (Alkhatib et al., 1997;
Deng et al., 1997; Liao et al., 1997b), and also can be
used by primary isolates of HIV-2, particularly those

isolated from individuals without plasma viremia
(Blaak et al., 2005). Although studies have reported
primary isolates of HIV-1 that are able to use CXCR6
in virus entry (Isaacman-Beck et al., 2009; Zhang et al.,
2001b) and infection assays (Sharron et al., 2000),
there is no established role for CXCR6 in support-
ing viral infection in vivo. Nevertheless, a polymor-
phism that results in a nonconservative change in the
CXCR6 N terminus was associated with improved
survival after infection with Pneumocystis carinii
in a group of HIV-infected African-American intrave-
nous drug users (Duggal et al., 2003). In addition,
a single nucleotide polymorphism in the 39-nontrans-
lated region of CXCR6 has been associated with long-
term nonprogression to AIDS in several cohorts (Limou
et al., 2010). Whether these associations are related to
CXCR6 activity as an HIV coreceptor or, perhaps more
likely, its activity in the host immune system remains
unresolved.

CXCR6 expression on human CD4+ T cells is re-
stricted to the effector/memory population and has
been associated with the Th1 and Th17 phenotypes
(Kim et al., 2001a; Annunziato et al., 2007; Singh et al.,
2008a). CXCR6 is significantly enriched on both CD4+

and CD8+ T cells found in inflamed tissue, such as
joints in rheumatoid and psoriatic arthritis (Kim et al.,
2001a). CXCR6 is expressed on mouse (Johnston et al.,
2003) and human (Kim et al., 2002) NKT cells and is
important for survival and activation of liver NKT cells
in mice (Geissmann et al., 2005; Germanov et al.,
2008). CXCR6 is also important for the maintenance of
“memory” NK cells in the liver, which can confer
pathogen-specific protection (Paust et al., 2010). Re-
cent work suggests that CXCR6/CXCL16 are impor-
tant for regulating NKT cell accumulation in colon and
lung in mice and that CXCL16 expression at these sites
is downregulated by neonatal colonization with bacte-
rial flora (Olszak et al., 2012). Germ-free mice showed
increased numbers of NKT cells at these sites that led
to exaggerated susceptibilities in models of colitis and
asthma (Olszak et al., 2012).

A number of studies have suggested roles for CXCR6
and CXCL16 in cancer, although the data suggest that
the roles differ depending on tumor type. Expression of
CXCR6 and/or CXCL16 is increased in prostate cancer,
with expression correlating with aggressiveness (Lu
et al., 2008; Wang et al., 2008; Darash-Yahana et al.,
2009; Ha et al., 2011). Similarly, expression of CXCR6
is associated with increased inflammation and poor
prognosis in hepatocellular carcinoma (Gao et al.,
2012). The cancer-promoting effects of CXCR6/CXCL16
have been postulated to result from direct effects
on cancer cells and/or the tumorigenic activities of re-
cruited leukocytes and/or angiogenesis. On the other
hand, expression of CXCL16 in tumors has been
associated with improved outcomes and increased
antitumor immune responses in cancers of the colon,
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breast, and kidney (Hojo et al., 2007; Matsumura et al.,
2008; Gutwein et al., 2009).
Both the proinflammatory activity of CXCR6/

CXCL16 and the activity of CXCL16 as a scavenger
receptor for oxidized low-density lipoprotein have led
to interest in roles for CXCL16/CXCR6 in atheroscle-
rosis. However, data from mouse models have sug-
gested two apparently contradictory effects. In its
activity as a scavenger receptor, CXCL16 is atheropro-
tective (Aslanian and Charo, 2006; Barlic et al., 2009),
whereas in its activity in T-cell recruitment, CXCR6
(and presumably CXCL16, possibly in a soluble form) is
proatherogenic (Galkina et al., 2007).
Drug development. Notwithstanding the evidence

linking CXCR6 to a number of important diseases,
there are no published data on the development of
CXCR6 antagonists or neutralizing reagents for clini-
cal use.
6. CXCR7 (now ACKR3, see Section III.A.3)

B. CC Chemokine Receptors

1. CCR1. CCR1 is broadly expressed on both
hematopoietic and nonhematopoietic cells and binds
promiscuously to the inflammatory CC chemokines
CCL3 (also known as macrophage inflammatory pro-
tein-1a or MIP-1a), CCL5 (previously named reduced
upon activation, normal T expressed and secreted or
RANTES), CCL6, CCL9, CCL15, and CCL23 (see
nonstandard names in Table 1). All CCR1 ligands also
bind other chemokine receptors; thus, CCR1 lacks
a selective chemokine ligand. The full-length forms of
CCL6, CCL9, CCL15, and CCL23 bind with low af-
finity, but proteolytic modification at the N terminus
during inflammatory responses in vivo may increase
the affinity (Berahovich et al., 2005). Although full-
length CCL4 (MIP-1b) is not a CCR1 ligand, activated
human peripheral blood lymphocytes secrete an N-
terminally truncated form named CCL4 3-69, which is
a low-affinity CCR1 ligand, although it functions as an
antagonist. This form is truncated by CD26, a membrane-
bound ectopeptidase with dipeptidyl peptidase IV ac-
tivity (Guan et al., 2004).
CCR1 activates the classic chemokine signaling

pathway through the Gi/o class of G proteins (Murphy
et al., 2000), causing inhibition of adenylyl cyclase
and activation of phospholipase C, protein kinase
C, calcium flux, and PLA2 (Nardelli et al., 1999).
However, not all CCR1 ligands appear to mediate the
same functions. For example, although CCL3, CCL5,
and CCL16 are all able to transduce signals through
CCR1 in a human osteosarcoma line via Gi/Go,
phospholipase C, and protein kinase Cd-mediated
pathways, CCL16 can also signal via p38 MAPK, and
in contrast to the other two ligands does not induce
calcium transients (Kim et al., 2005). The CCR1 li-
gands CCL3, CCL7, CCL5, and CCL15 can all inhibit
adenylyl cyclase activity in cells transiently transfected

with CCR1. However, only CCL15 was unable to sig-
nal via Ga14- or Ga16-coupled pathways (Tian et al.,
2004).

CCR1 is expressed on monocytes, memory T cells,
basophils, and dendritic cells (Murphy et al., 2000). It
is also constitutively expressed on murine neutrophils,
whereas little to no expression is observed on unstimu-
lated human neutrophils. With regard to nonhemato-
poietic cells, CCR1 is expressed on lung airway smooth
muscle cells; normal neurons and dystrophic neurons
from patients with Alzheimer’s dementia; astrocytes;
endothelial cells, which suggest a possible role in an-
giogenesis; and in multiple myeloma cells and osteo-
clasts, hinting at a role in bone cancer (Horuk, 2001).

CCR1 is rapidly upregulated and functional in
human neutrophils treated with GM-CSF (Horuk,
2001). Conversely, CCR1 (and other CCRs) on den-
dritic cells and monocytes can be deactivated by LPS
and other activating agents in the presence of IL-10
(D’Amico et al., 2000). In this state, the receptor may
scavenge inflammatory chemokines and suppress in-
flammation. CCR1 can also be silenced by drugs,
including statins and estrogens. Statins also reduce
expression of many chemokines (CCL2, CCL3, and
CCL4) and other chemokine receptors (CCR2, CCR4,
and CCR5) in endothelial cells and/or macrophages
stimulated with TNF-a or IFN-g, respectively. This
may explain in part their anti-inflammatory activity
(Veillard et al., 2006). The mechanism may involve
inhibition of geranylgeranylation. Estrogens may re-
duce relapses in patients with multiple sclerosis
(Soldan et al., 2003), in part by inhibiting expression of
CCR1 and its ligands and that of other chemokines and
chemokine receptors (Matejuk et al., 2001).

CCR1 has a number of nonredundant functions in
host defense and inflammation (Domachowske et al.,
2000; Murphy et al., 2000; Hickey et al., 2007; Liehn
et al., 2008). Ccr12/2 mice are more susceptible to
chronic demyelination after challenge with mouse
hepatitis virus and to Aspergillus fumigatus and
T. gondii (Murphy et al., 2000), but are less susceptible
to granuloma formation in response to Schistosoma
mansoni eggs. The precise cellular mechanisms of
action are undefined. Both Ccr1 and Ccl3 appear to
also be important for protection against infection with
pneumonia virus of mice, a highly virulent mouse
paramyxovirus (Domachowske et al., 2000). In mice
lacking Ccl3 or Ccr1, virus-induced neutrophil re-
cruitment to the airway is blunted, the eosinophil
response is blocked, and mortality is markedly in-
creased. Similar to a number of other immune proteins,
CCR1 has been pirated by a virus, human cytomega-
lovirus, to create the receptor US28 (see below).

Ccr1 also plays an important role beyond host
defense and infectious disease. Ccr12/2 mice are
protected from pulmonary inflammation secondary to
acute pancreatitis (Murphy et al., 2000), associated
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with decreased TNF-a. Thus, Ccr1 may be an early
player in the systemic inflammatory response syn-
drome. Ccr1 also appears to be involved in remodeling
after myocardial ischemia (Liehn et al., 2008). Infarct
size was decreased and left ventricular function was
preserved in Ccr12/2 animals, associated with an
altered postinfarct inflammatory cytokine pattern. A
role for Ccr1 in pulmonary injury and fibrosis was
recently discovered in a model of thoracic radiation
using Ccr12/2 mice and the Ccr1 inhibitor BX471
(Yang et al., 2011). By contrast, mice lacking Ccr5 were
not protected. CCR1 is expressed in demyelinating
lesions in multiple sclerosis (Trebst et al., 2001).
Consistent with a functional role, Ccl3 neutralization
is completely protective in a relapsing-remitting EAE
model of multiple sclerosis in mice (Karpus et al., 1995)
and Ccr12/2mice have decreased incidence and severity
of disease in myelin oligodendrocyte glycoprotein-in-
duced EAE (Rottman et al., 2000). The fact that Ccl3
neutralization is more effective than Ccr1 inactivation
suggests that other Ccl3 receptors such as Ccr5 may
play a role in pathogenesis and could explain in part
the failure of CCR1 antagonists in clinical trials in MS.
CCR1 has also been reported to mediate neutrophil
recruitment to the inflamed joint in a mouse model of
rheumatoid arthritis, acting in a temporal sequence
with the leukotriene B4 receptor BLT1 (Chou et al.,
2010; Sadik et al., 2012) (Figs. 8 and 9).
Drug development. To date, eight potent and

selective CCR1 antagonists have been tested in human
clinical trials, but results have all been disappoint-
ing (Table 3; Fig. 10). BX471 (Berlex, Richmond, CA)
(Liang et al., 2000) was efficacious in preclinical
models of multiple sclerosis, heart transplantation,
renal fibrosis, and multiple myeloma (Pease and
Horuk, 2009) but was ineffective in several phase II
clinical trials, including multiple sclerosis, psoriasis,
and endometriosis. MLN3897 (Millennium, Cam-
bridge, MA) (Carson et al., 2011) inhibited CCL3-
induced immune cell recruitment in a guinea pig skin
sensitization model and impaired osteoclastogenesis by
multiple myeloma cells (Vallet et al., 2007), but was
discontinued after it failed to reach its clinical endpoint
in a phase II trial for rheumatoid arthritis (Vergunst
et al., 2009). The drug may have failed because of
incomplete receptor coverage (Dairaghi et al., 2011;
Lebre et al., 2011). CP-481,715 (Pfizer, New York, NY)
(Gladue et al., 2003) was effective in models of
inflammation in CCR1-humanized mice (Gladue
et al., 2006) and was successful in a small phase Ib
clinical trial (Gladue et al., 2006). A phase II trial in RA
was stopped after 6 weeks because the compound did
not demonstrate efficacy (Brown et al., 2007). Although
plasma exposure was published for the phase Ib trial,
where it was dosed three times a day, the formulation
was changed to allow twice a day dosing in the phase II
trial. As discussed in Schall and Proudfoot (2011),

receptor coverage may have been insufficient; however,
plasma exposure was not revealed. CCX354 (Chemo-
Centryx, Mountain View, CA) is an azaindazole that
blocks chemotaxis of THP-1 cells induced by synovial
fluid from patients with RA. CCX354 was active in two
animal models (Dairaghi et al., 2011), and phase II
clinical trial data showed that it reached its clinical
endpoints, including a reduction in both disease score
and proinflammatory markers. Merck and its sub-
sidiary Banyu developed two clinical CCR1 antago-
nists, presumably xanthene carboxamides: C-6448 for
multiple sclerosis and C-4462 for rheumatoid arthritis
(Naya et al., 2003). No efficacy data are available from
phase II clinical trials. AZD4818 (AstraZeneca) is
a spirocyclic piperidine derivative (Kerstjens et al.,
2010) that was effective preclinically and was entered
into clinical trials for the treatment of chronic obstruc-
tive pulmonary disease (COPD) by inhalation at a dose
of 300 mg twice daily for 4 weeks. Although the drug was
well tolerated, it failed to meet its clinical endpoints
(Kerstjens et al., 2010).

2. CCR2. CCR2 is a high-affinity receptor for mem-
bers of the monocyte chemotactic protein (MCP) family,
including CCL2, CCL7, and CCL13 in humans and the
corresponding murine chemokines Ccl2 (also known as
JE/MCP-1) and Ccl7 (Charo et al., 1994; Ben-Baruch
et al., 1995; Garcia-Zepeda et al., 1996; Gong et al., 1997;
Sarafi et al., 1997). CCL11 and the HIV-1 Tat protein also
are CCR2 agonists (Albini et al., 1998).

Human CCR2 gives rise to two alternatively spliced
transcripts encoding 360 (CCR2a) and 374 (CCR2b)
amino acid polypeptides that diverge only in the
C-terminal cytoplasmic region (Charo et al., 1994; Wong
et al., 1997). In cell transfectants, the two receptors
have similar ligand profiles and functional properties
(Sanders et al., 2000); however, they may be regulated
differentially in vivo (Cho et al., 2007). The function of
CCR2a, which is mostly found in intracellular compart-
ments because of the presence of a retention signal
located in its unique C-terminal domain (Wong et al.,
1997), is presently unknown. Mouse Ccr2 has 80%
amino acid identity to CCR2b and a similar expression
profile (Kurihara and Bravo, 1996).

CCR2 is expressed by immature dendritic cells,
basophils, NK cells, and T lymphocytes, but not
neutrophils or eosinophils. In mouse, Ccr2 is also
expressed by the inflammatory Ly6Chigh monocyte
subset (Ly6Chigh/CCR2+/CX3CR1low), which is actively
recruited to inflamed tissues and gives rise to macro-
phages and antigen-presenting cells. Conversely, non-
classic Ly6Clow "patrolling" monocytes, which emigrate
relatively poorly to inflammatory sites and have been
proposed to promote tissue healing and angiogenesis,
are negative for Ccr2 and instead express high levels of
Cx3cr1 (Geissmann et al., 2010). Low levels of CCR2
agonists secreted under normal conditions maintain
homeostatic migration of inflammatory monocytes from
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bone marrow into the circulation and rapidly mobilize
them under inflammatory conditions.
CCR2 is induced by IL-2 in T cells and NK cells

(Loetscher et al., 1996b; Polentarutti et al., 1997). On
the contrary, during monocyte maturation to macro-
phages and dendritic cells in response to IFNg

(Penton-Rol et al., 1998) and TLR agonists (Sica
et al., 1997; Sallusto et al., 1998a; Arias et al., 2007),
CCR2 has been reported to be downregulated, through
a redox-sensitive mechanism stimulating rapid mRNA
deadenylation and degradation (Xu et al., 1997;
Saccani et al., 2000) and direct serine protease-de-
pendent degradation of the receptor (Xu et al., 2000),
thus allowing activated cells to leave the tissue and be
recruited to draining lymph nodes (Cyster, 1999).
Opposite regulation has been reported by glucocorticoids
and IL-10 (Sozzani et al., 1998; Penton-Rol et al., 1999).
Depending upon the cell type, CCR2 may signal

through different G proteins, although in hematopoi-
etic cells Gai predominates supporting cell migration

(Kehrl, 2006). After CCR2 triggering by CCL2 on
monocyte/macrophages, the a and bg subunits dissoci-
ate and activate a signaling cascade involving phospha-
tidylinositol-3-OH kinase g, phospholipase C activation,
and calcium mobilization. Ultimately, small G proteins
are activated, leading to lamellipodium protrusion,
cell polarization, and chemotaxis (Thelen and Stein,
2008). Through signaling mechanisms independent
of G protein activation, activated CCR2 also couples
to scaffold proteins, which are required for its in-
ternalization. Among others, CCR2 associates with
the clathrin heavy-chain repeat homology protein
FROUNT, which forms clusters at the cell front during
chemotaxis (Terashima et al., 2005). Different CCR2
agonists can trigger different signaling cascades (bi-
ased agonism), suggesting that the receptor can adopt
different active conformations depending upon the
agonist engaged (Ogilvie et al., 2004). Similar to other
GPCRs, CCR2 may also form homodimers and hetero-
dimers with other chemokine receptors, at least when
expressed in transfected cells (Sohy et al., 2009). CCR2
homodimerization occurs in the absence of the ligand,
but CCL2 dimers have been shown to favor CCR2
homodimerization, which may be required for its
chemotactic activity (Rodriguez-Frade et al., 1999).
CCR2 heterodimerization has complex functional con-
sequences. CCR2/CCR5 heterocomplexes have been
shown to activate calcium responses via Gq/11 and to
support cell adhesion rather than chemotaxis (Mellado
et al., 2001). CCR2 heterodimerization may be at the
basis of the synergistic effect of CCL2 with other
chemokines (Gouwy et al., 2012), although in the case
of CCR2/CXCR4 dimers, CXCL12 has an allosteric
transinhibitory effect on CCL2 binding on CCR2 (Sohy
et al., 2007). Finally, the ability of CCR2 to dimerize
may significantly affect drug selectivity, because the

Fig. 8. Clinical candidates active at CXCR1 and CXCR2.

Fig. 9. Clinical candidate active at CXCR3.
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specific antagonist of one receptor may lead to func-
tional cross-inhibition of the other (Sohy et al., 2009).
Mice lacking Ccr2 develop normally but display

strong phenotypes in experimental models of disease.
A pathogenetic role for Ccr2 in atherosclerosis is
clearly established by evidence of sustained reduction
in atherosclerostic lesions both in Ccr2-deficient and
Ccl2-deficient animals challenged with a Western diet
on an ApoE-deficient genetic background (Boring et al.,
1998; Gu et al., 1998). Protection is associated with
a reduced number of macrophages infiltrating the
arterial wall, consistent with the major role of Ccr2/
Ccl2 in recruitment of inflammatory Ly6Chigh/CCR2+

monocytes from the subendothelium, which expand
and accumulate in lesions (Swirski et al., 2007). An
additive effect with Ccr5 and Cx3cr1 has been de-
monstrated (Combadiere et al., 2008). Recruitment
of Ly6Clow/Ccr22 cells depends only upon Ccr5 (Tacke
et al., 2007). The role of Ccr2 in atherogenesis and
infectious disease models (see below) may involve not
only trafficking of monocytes from blood to tissue but
also from bone marrow to blood, because Ccr2-deficient
mice are profoundly monocytopenic (Serbina and
Pamer, 2006; Jia et al., 2008). Consistent with results
in experimental models, in the human setting CCL2
plasma levels after balloon angioplasty predict early
restenosis (Cipollone et al., 2001), and allelic variants
of CCL2 or its promoter were associated with gener-
alized atherosclerosis and the risk of coronary artery

disease (Szalai et al., 2001; McDermott et al., 2005;
Brenner et al., 2006). CCR2 is also involved in stroke,
as recruitment of inflammatory monocytes by posti-
schemia induced Ccl2 results in increased infarct
volume (Chen et al., 2003). As a consequence, Ccl2-
deficient animals are resistant to middle brain artery
occlusion (Hughes et al., 2002), and Ccr2-deficient
animals are protected against ischemia-reperfusion
injury (Dimitrijevic et al., 2007). Evidence from
neutralizing studies and gene-targeted animals also
indicate a nonredundant role of Ccr2 in the recruit-
ment of inflammatory infiltrates into the central
nervous system and in the development of EAE (Fife
et al., 2000; Izikson et al., 2000). In humans, CCL2
haplotypes show a correlation with predisposition to
multiple sclerosis (Ockinger et al., 2010). A nonredun-
dant role for Ccr2 on microglia has been demonstrated
in neuropathic pain models (Abbadie et al., 2003;
Zhang et al., 2007). The relationship of CCR2 to
Alzheimer’s disease is unclear. Analysis of CCL2 or
CCR2 haplotypes and disease development risk has led
to contrasting results (Conductier et al., 2010).

The relevance of CCR2 in autoimmune diseases is
controversial. As synovial macrophages are considered
key effector cells in the pathogenesis of rheumatoid
arthritis, an involvement of CCR2 was expected, but
collagen-induced arthritis was accelerated and exacer-
bated in Ccr2-deleted animals (Quinones et al., 2005).
Moreover, CCR2 targeting was not effective in patients

Fig. 10. Clinical candidates active at CCR1.
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with RA (Vergunst et al., 2008), possibly because of
compensation by other chemokine receptors or sub-
optimal timing (Lebre et al., 2011). Similarly, animal
models and genetic analysis of CCL2 and CCR2
haplotypes did not support a nonredundant role for
CCR2 in other autoimmune diseases, such as systemic
lupus erythematosus.
CCR2 triggering induces mast cell degranulation

and anti-Ccl2 can reduce eosinophil recruitment in
mouse models (Gonzalo et al., 1999). However, analysis
of the Ccl2/Ccr2 axis in type 2 polarized immune
responses has given conflicting results. Ccl2 was shown
to favor Th2 polarization (Gu et al., 2000), and Ccl2-
deficient animals have been reported to have reduced
airway hyperreactivity and to be resistant to allergen-
induced asthma (Campbell et al., 1999a), whereas
preferential development of Th2 immune responses
was observed in Ccr2-deficient animals, which also had
enhanced allergic responses (Kim et al., 2001c). As the
reasons for this disparity are still incompletely un-
derstood, it is of relevance to note that a recent report
showed that CCR2 blockade was effective in reducing
bronchial hyperresponsiveness and leukocyte recruit-
ment in a primate model of asthma (Mellado et al.,
2008). CCR2 has also been shown to be required for
appropriate type 1 polarized immune responses, as
embolization of Ccr2-deficient mice with beads coupled
to purified protein derivative resulted in smaller
granulomas and reduced production of IFNg in drain-
ing lymph nodes (Boring et al., 1997). Consistent with
this, during Mycobacterium tuberculosis infection, Ccr2
is required to recruit macrophages and dendritic cells
to the lung and to prime a protective adaptive immune
response (Peters et al., 2001, 2004). During Listeria
monocytogenes infection, Ccr2 triggering by Ccl2 and
Ccl7 produced by bone marrow mesenchymal stem cells
in response to TLR stimulation is required to mobilize
Ccr2+/Ly6Chigh monocytes from the bone marrow and
recruit them to infection sites (Serbina and Pamer,
2006; Jia et al., 2008). Similarly, after challenge with
Leishmania major in the absence of Ccr2, skewing from
a type 1 protective immune response to a susceptible
state characterized by a type 2 polarized immune
response has been reported (Sato et al., 2000). CCR2
also may play a role in AIDS pathogenesis, because
CCR2 has HIV-1 coreceptor activity (Doranz et al.,
1996) and the CCR2-64I allelic variant is consistently
associated with delayed progression (Smith et al., 1997).
Although the mechanism of action has not been defined,
it is interesting to note that this receptor variant, but
not the wild-type receptor, may heterodimerize with the
major HIV-1 coreceptor CXCR4 (Mellado et al., 1999).
CCR2+ monocytes recruited in the brain of HIV-infected
patients have also been shown to sustain virus replication
and HIV encephalitis (Ragin et al., 2006). As mentioned,
Tat is also a direct agonist at CCR2, suggesting a second
mechanism for further recruitment of target cells.

A relevant role of CCR2 in tumor biology has been
suggested by the direct production of CCL2 by tumor
cells (Bottazzi et al., 1983), the negative prognostic
value of its expression levels (Ueno et al., 2000), and its
significant correlation with the number of tumor-
associated macrophages, which have been associated
with enhanced malignancy and poor prognosis in
different human tumors (Steidl et al., 2010). After
active recruitment to tumor, tumor-associated macro-
phages have been demonstrated to be activated by the
tumor microenvironment to an alternatively activated
M2 phenotype, which supports tumor growth by
different mechanisms, including promotion of angio-
genesis and matrix remodeling and direct tumor cell
growth (Martinez et al., 2008). Recently, CCR2 has
been shown to be crucial for recruitment of inflamma-
tory monocytes at metastatic sites, but not to primary
mammary tumors, where they develop as metastasis-
associated macrophages and promote extravasation,
seeding, and persistent growth of tumor cells in a
process requiring monocyte-derived vascular endothe-
lial growth factor. Inhibition of Ccr2 signaling blocks
their recruitment, inhibits metastasis in vivo, and
prolongs the survival of tumor-bearing mice (Qian
et al., 2011). Inflammatory monocytes belong to a
heterogeneous Gr1+ population of so-called myeloid-
derived suppressor cells, which has been shown to sup-
port tumor progression via different mechanisms,
including suppression of antitumor adaptive immune
responses by regulatory T cells (Gabrilovich and
Nagaraj, 2009).

CCR2 may also be involved in chronic low-grade
inflammation of adipose tissue, suggesting a role in
obesity and related metabolic diseases (Kang et al.,
2011). It has also been implicated in age-related
macular degeneration in humans and in mouse models
(Ambati et al., 2003; Combadiere et al., 2008; Raoul
et al., 2010). CCR2-mediated macrophage recruitment
is also required for efficient muscle regeneration in
a skeletal muscle cardiotoxin-induced injury model
(Martinez et al., 2010) and for alkali-induced corneal
neovascularization (Lu et al., 2009). CCR2 triggering
has been shown to sustain RANK (receptor activator
of NF-kB) expression on preosteoclasts, and a de-
crease in number, size, and function of osteoclasts
with consequent higher bone mass is evident in
Ccr2-deficient mice, which are resistant to ovariec-
tomy-induced bone loss (Binder et al., 2009). The role of
CCR2/CCL2 in bone mass balance has recently been
supported in humans by association of CCL2 GG and
CCR2-64I allelic variants with osteoporosis risk (Eraltan
et al., 2012).

Drug development. Seven CCR2 inhibitors includ-
ing small molecule receptor antagonists and neutral-
izing antibodies to the receptor have been evaluated in
clinical trials (Table 3; Fig. 11). Merck has disclosed
MK-0812, a potent CCR2 antagonist (IC50 of 5.0 nM),
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which was their clinical candidate in phase II clinical
trials for both rheumatoid arthritis and multiple
sclerosis (Horuk, 2009). The CCR2 antagonist failed
to show any significant improvement compared with
placebo for any of the end points studied (Horuk, 2009).
Incyte (Wilmington, DE) has disclosed a number of
CCR2 antagonists, including INCB3284, which was
one of their clinical compounds in phase II clinical
studies for multiple sclerosis and lupus (Xue et al.,
2011). No data from the clinical trials were ever
reported. Pfizer has had an interest in CCR2 com-
pounds, and one of its lead candidates, PF-4136309
(structure not disclosed), has been reported to be in
phase II clinical trials for neuropathic pain. PF-
4178903 from the same company is a dual CCR2/
CCR5 antagonist with an IC50 for inhibition of CCR2
and CCR5 binding of 3.0 and 5.3 nM, respectively
(Zheng et al., 2011). It was initially selected as a clinical
candidate based on its potency and favorable pharma-
cokinetic properties, but it had major cardiovascular
liabilities that precluded further clinical development
(Hughes et al., 2011). Further optimization of this tem-
plate resulted in PF-4254196, which had no car-
diovascular liabilities and is a potent CCR2 inhibitor
(IC50 for inhibition of CCR2 binding of 8.1 nM) (Hughes
et al., 2011).
ChemoCentryx has reported an interest in CCR2

antagonists in several patent applications (Charvat
et al., 2013; Krasinski et al., 2011), and two candidate
molecules have progressed to clinical trials. The
development of CCX915 (structure not disclosed) was
terminated because of poor pharmacokinetic propert-
ies in phase I clinical trials. Their current clinical

candidate, CCX140 (structure not disclosed), is cur-
rently being evaluated in clinical trials for the treat-
ment of type II diabetes, and favorable results from
a phase II trial were recently reported (Hanefeld et al.,
2011).

Bristol-Myers Squibb has been very active in the
CCR2 antagonist field. Two phase II clinical trials have
been described for BMS-741672 (structure not dis-
closed). The first was a double-blind study for the
treatment of neuropathic pain associated with type II
diabetes, and the clinical end points were a reduction
in pain score. The second trial was a 12-week random-
ized double-blind study for the treatment of type II
diabetes, in which patients were treated with placebo or
with 50 mg of CCR2 antagonist given once a day. The
clinical end point was the reduction of glycated hemo-
globins (a marker of diabetes). Both clinical studies
ended in 2009; however, no reports have been issued.

Johnson & Johnson is interested in CCR2 antago-
nists, and a recently described approach led to the
identification of JNJ-17166864, which was highly
selective for CCR2 and had a binding affinity of
20 nM (Lagu et al., 2007). The compound had a 100-
fold reduced affinity for rodent CCR2 (IC50 for mouse of
2 mM) but was still able to demonstrate efficacy in two
mouse models of inflammation (Lagu et al., 2007). In
line with its structure as a quaternary compound, it
demonstrated poor oral bioavailability, but dosing by
nasal spray allowed it to enter human clinical trials for
allergic rhinitis (Hou et al., 2008). No clinical data from
this trial have been revealed.

Millennium developed a CCR2 neutralizing antibody
named MLN1202 as a therapeutic to treat autoimmune

Fig. 11. Clinical candidates active at CCR2.
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diseases such as rheumatoid arthritis. This approach
has had mixed success with positive results in phase II
trials for atherosclerosis (Gilbert et al., 2011) and
multiple sclerosis (Sharrack et al., 2007) but negative
results in a phase II trial for rheumatoid arthritis
(Vergunst et al., 2008). It is noteworthy that two
neutralizing monoclonal antibodies to the CCR2 ligand
CCL2 have been described (Table 4). The first, ABN-
912 from Millennium, failed to demonstrate efficacy
in phase II clinical trials for rheumatoid arthritis
(Haringman et al., 2006). The second, CNTO 888 is
a nanomolar affinity antibody from Janssen Biotech
(Philadelphia, PA) that is in phase II clinical trials for
the treatment of cancer and idiopathic pulmonary
fibrosis (Obmolova et al., 2012). Although CCR2 is the
predominant receptor on circulating monocytes and
this cell type is known to play a deleterious role in RA,
it is probably not the right receptor to target for this
indication, as discussed in Schall and Proudfoot (2011),
hence the failed clinical trials.
An interesting approach by Noxxon (Berlin, Germany)

is NOX-E36, which is a mirror image RNA of the RNA for
the chemokine CCL2. This molecule has been shown to
block expression of the protein and prevent receptor
engagement. Phase I clinical studies were safe, and the
company is currently assessing this molecule in phase II
clinical trials for the treatment of diabetic neuropa-
thy (http://www.noxxon.com/index.php?option=com_
content&view=article&id=60&Itemid=98).
3. CCR3. CCR3 was originally identified as the

eosinophil receptor for eotaxin-1 (CCL11) (Combadiere
et al., 1995; Daugherty et al., 1996; Kitaura et al.,
1996; Ponath et al., 1996). However, it is now known to
be highly promiscuous, binding the inflammatory chemo-
kines CCL3L1 (LD78b), CCL5 (RANTES), CCL7 (MCP-
3), CCL8 (MCP-2), CCL11, CCL13 (MCP-4), CCL15
(HCC-2), CCL24 (eotaxin-2), CCL26 (eotaxin-3), and
CCL28 (MEC). The “eotaxins” CCL11, CCL24, and
CCL26 are the most potent and selective (Fig. 6). Of
note, mouse Ccl26 appears to be a pseudogene, because
there is no corresponding expressed sequence tag (Pope
et al., 2005a), and CCL3L1 and CCL13 exist in humans
but not in mice (Nomiyama et al., 2010) (Fig. 4).
In addition to eosinophils, CCR3 is expressed on

basophils, Th2 lymphocytes, and mast cells (Pease,
2011), which all participate in allergic responses
(Ying et al., 2006). Interestingly, the CXCR3 agonists
CXCL9, CXCL10, and CXCL11, which promote Th1
immunity, are also natural antagonists of CCR3
(Pease, 2006). Thus, CXCR3 agonists may promote
Th1 responses not only by recruiting CXCR3-express-
ing Th1 cells but also by suppressing CCR3-mediated
cell recruitment. In vivo, intravenous administration of
Cxcl9 before an allergen challenge resulted in strong
inhibition of eosinophil recruitment to the mouse lung
(Fulkerson et al., 2004). CCL18 (PARC), whose signaling
receptors have recently been identified as PITPNM3/

Nir1 and CCR8 (see below), is also a natural antagonist
of CCR3 (van der Voort et al., 2005).

CCR3-signaling pathways primarily induce cellular
chemotaxis and intracellular calcium flux but are also
involved in eosinophil and basophil degranulation
(Uguccioni et al., 1997), angiogenesis (Salcedo et al.,
2001), cell proliferation (Beck et al., 2006), and eo-
sinophil differentiation (Lamkhioued et al., 2003).
CCR3 can also act as a coreceptor for HIV infection;
however, its role in disease is undefined (Choe et al.,
1996; He et al., 1997). CCR3 is most closely related to
CCR1, and both genes are located adjacent to each
other within the major cluster of chemokine receptors
on human chromosome 3 (Nomiyama et al., 2011).
CCR3 and CCR1 might have been generated by gene
duplication immediately after mammals diverged from
other vertebrates.

CCR3 is also highly expressed on microglial cells,
dendritic cells, and antibody-secreting plasmablasts
and plasma cells (Murphy et al., 2000; Nakayama
et al., 2003). Furthermore, constitutive CCR3 expres-
sion has been detected on airway structural cells,
including epithelial cells (Beck et al., 2006), smooth
muscle cells (Joubert et al., 2005), and endothelial
cells (Gupta et al., 1998). CCR3 expression on airway
epithelial and smooth muscle cells is upregulated by
inflammatory signaling molecules such as TNF-a
(Joubert et al., 2005). CCR3 expression has been found
to be significantly increased in patients with asthma
(Koelink et al., 2012) and atopic dermatitis (Homey
et al., 2006). A recent study found that CCR3 ex-
pression is tightly regulated by the transcription factor
GATA-1 (Kim et al., 2010), which has also been im-
plicated in eosinophil development (Rothenberg and
Hogan, 2006).

The role of Ccr3 and its ligands in asthma has been
difficult to define. In one study, Ccr3 was shown to play
an essential role in eosinophil recruitment to the lung
in acute models of experimental asthma, and Ccl11 and
Ccl24 were implicated as the major ligands involved in
this process (Pope et al., 2005a). However, in a second
study, mice deficient in Ccl11 had only partially
impaired eosinophil recruitment to the lung, probably
because of the promiscuity of Ccr3 in ligand binding
(Rothenberg et al., 1997; Yang et al., 1998). Differences
in the routes of allergen sensitization also produced
apparently conflicting data regarding the role of Ccr3
in the development of airway hyperresponsiveness.
Thus, Ccr3-deficient mice sensitized epicutaneously with
ovalbumin did not develop airway hyper-responsiveness
to inhaled allergen, whereas Ccr3-deficient mice sensi-
tized intraperitoneally exhibited increased airway hyper-
responsiveness associated with mast cell hyperplasia
(Rothenberg and Hogan, 2006). Interestingly, both Ccr3
and Ccl11 but not Ccl24 were involved in basal
trafficking of eosinophils to gut mucosa, but not to lung
(Rothenberg and Hogan, 2006).
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The sources of eotaxins in the asthmatic lung are
airway structural cells (epithelial, endothelial, and
smooth muscle cells) and inflammatory cells (macro-
phages, lymphocytes, and eosinophils) (Rothenberg
and Hogan, 2006). CCL11 may contribute more to the
early phase of allergen-induced recruitment of eosino-
phils into the airways of patients with allergic asthma,
whereas CCL24 and CCL26 mediate subsequent,
persistent bronchial eosinophilia (Ying et al., 1999;
Berkman et al., 2001; Heiman et al., 2005; Ravensberg
et al., 2005). In mice, kinetic induction patterns of
Ccl11 and Ccl24 are similar to those observed in
asthmatics, and Ccl24 has a central role in the
development of airway eosinophilia (Pope et al.,
2005b). Alveolar epithelial cells require histamine 2
receptors to produce Ccl24 in mice (Swartzendruber
et al., 2012).
CCL26 is the most overexpressed gene in patients

with eosinophilic esophagitis (EE), a disease charac-
terized by antigen-driven eosinophil accumulation in
the esophagus (Blanchard et al., 2006; Bhattacharya
et al., 2007; Bullock et al., 2007; Lucendo et al., 2008),
suggesting that CCL26 has a crucial role in eosinophil
recruitment and activation in EE. CCL11 and CCL24
were only modestly induced in EE. Consistent with
this, Ccr32/2 mice were nearly completely protected
from developing EE (Blanchard et al., 2006), whereas
Ccl112/2 mice were only modestly protected (Mishra
and Rothenberg, 2003).
CCR3 also plays a critical role in age-related macular

degeneration (AMD), a leading cause of blindness in the
elderly (Takeda et al., 2009). AMD is characterized by
choroidal neovascularization (CNV), which is the de-
velopment of abnormal blood vessels from the choroid.
CCR3 is expressed in choroidal neovascular endothelial
cells of patients with AMD. The three eotaxins are

also expressed in retinal pigmented epithelium lo-
cated adjacent to choroidal endothelial cells. Notably,
however, neither eosinophils nor mast cells are found
in human CNV. CNV induced by laser injury was
diminished in Ccr3-, Ccl11-, or Ccl24-deficient mice,
indicating that the CCR3 axis played an essential role
in endothelial cell proliferation (Takeda et al., 2009).
In sharp contrast, no CNV inhibition was observed
when Ccr3 was blocked in Matrigel CNV models
developed in mouse and rat, and Ccr3 expression was
not detected in the CNV endothelial cells in the mouse
model (Li et al., 2011). The authors argued that this
discrepancy was not because of the differences in the
CNV models used (Li et al., 2011); thus, this issue is
yet to be solved.

Drug development. To selectively inhibit CCR3 in
diseases such as asthma, pharmaceutical companies
are conducting research to discover novel small-
molecule antagonists (Pease and Horuk, 2009; Willems
and Ijzerman, 2010), monoclonal antibodies (Catley
et al., 2011), and antisense oligonucleotides. However,
none of them has been approved for clinical use (Table 3;
Fig. 12). Currently, two small-molecule CCR3 antago-
nists are being evaluated in clinical trials: GW766944
(GlaxoSmithKline) in phase II trials for asthma (Clin-
icalTrials.gov identifier NCT01160224) and GW824575
(GlaxoSmithKline) in phase I trials for asthma and
AMD (NCT01551771). In a second trial, GW766944
failed to show efficacy in phase III for the treatment of
allergic rhinitis.

Another drug, TPI-ASM8 (Pharmamix, Sydney, Aus-
tralia), which is in phase II trials for asthma
(NCT00402948), contains two modified phosphoro-
thioate antisense oligonucleotides that target CCR3
and the common b-chain of IL-3, IL-5, and GM-CSF
receptors (Gauvreau et al., 2008). Although the trials

Fig. 12. Clinical candidates active at CCR3.
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so far show that the drug is safe and efficacious
(Imaoka et al., 2011), the extent to which inhibition of
CCR3 by these inhaled drugs contributes to reducing
sputum eosinophils is not yet clear. Currently TPI-
ASM8 is being evaluated in larger phase II clinical
trials for asthma.
Dupont-Merck (Wilmington, DE) disclosed DPC168

as a potent CCR3 inhibitor, but development was
discontinued because of potent cytochrome P450 2D6
and hERG (human ether-a-go-go-related gene) activity.
BMS has an interest in CCR3 inhibitors and has
disclosed a subnanomolar compound named BMS-
639623 that is in phase I clinical development for
asthma (Santella et al., 2008). AZD3778 is a novel low
molecular weight dual CCR3 and histamine H1 re-
ceptor antagonist developed by AstraZeneca. The
compound has an IC50 of 8.1 nM for the inhibition of
eotaxin binding to CCR3 and an IC50 of 40 nM for the
inhibition of binding to the H1 histamine receptor
(Greiff et al., 2010). A phase II clinical trial in patients
with allergic rhinitis revealed that AZD3778 exerted
moderately antieosinophilic and symptom-reducing
effects thought to be through inhibition of CCR3 rather
than through its effects on the histamine receptor (Greiff
et al., 2010). Inasmuch as the effects of AZD3778 were
only modest, no further development of the compound
has been reported.
4. CCR4. CCR4 was originally cloned from a human

basophilic leukemia cell line KU-812. It was shown
to be expressed constitutively and IL-5-inducibly by
human basophils (Power et al., 1995). However, CCR4
expression by basophils was not reproduced by others
(Heinemann et al., 2000). The original report also
demonstrated that CCL2, CCL3, and CCL5 were the
specific ligands for CCR4 by using assays measuring
Ca2+-dependent chloride channel activation in CCR4-
transduced frog oocytes (Power et al., 1995). When
CCR4-transfected mammalian cells were examined,
however, these chemokines did not bind CCR4 or
induce chemotaxis or intracellular calcium flux (Imai
et al., 1997a). This was also confirmed for mouse Ccr4.
Instead, two novel CC chemokines CCL17 (previously
called TARC) (Imai et al., 1996; Godiska et al., 1997)
and CCL22 (MDC) (Imai et al., 1996; Godiska et al.,
1997) were found to be the specific ligands for CCR4
(Imai et al., 1997a, 1998). Although only 37% identical
in amino acid sequence, CCL17 and CCL22 are both
highly expressed in the thymus (suggesting their roles
in T-cell development) and encoded by genes closely
mapped on human chromosome 16q13 (suggesting their
duplication from a common ancestor) (Nomiyama et al.,
1998) (Fig. 4).
In peripheral blood, CCR4 is expressed by platelets

and mediates platelet activation in the presence of low
levels of primary agonists such as ADP or thrombin
(Clemetson et al., 2000; Kowalska et al., 2000). Other-
wise, CCR4 expression is highly restricted to T cells

(Imai et al., 1997a), and it is the predominant chemo-
kine receptor expressed by Th2 cells (Bonecchi et al.,
1998; Sallusto et al., 1998b; Imai et al., 1999;
Yamamoto et al., 2000). Although CCR4 expression is
transiently induced upon anti-CD3/anti-CD28 stimu-
lation of resting T cells, CCR4 responsiveness is
observed later in Th2-polarization (Morimoto et al.,
2005). Furthermore, CCR4 expression and responsive-
ness are strictly dependent on the presence of the IL-4/
STAT6 signaling pathways (Morimoto et al., 2005).
The local tissue site of helper T-cell differentiation is
important for the differential expression of homing
molecules. Thus, gut-homing molecules (CCR9, a4b7
integrin) are induced in gut-associated lymph nodes,
whereas skin-homing molecules (CCR4, CCR10) are
universally induced in all lymph nodes (Alvarez et al.,
2007). This may explain the apparent universal ex-
pression of CCR4 in Th2 cells.

Consistent with the Th2-dominant expression of
CCR4, the importance of the CCR4 axis in allergic
diseases such as bronchial asthma and atopic derma-
titis has been amply demonstrated using mouse models
(Gonzalo et al., 1999; Vestergaard et al., 1999; Lloyd
et al., 2000; Kawasaki et al., 2001; Mikhak et al., 2009)
and clinical samples from patients with asthma
(Panina-Bordignon et al., 2001; Hartl et al., 2005; Ying
et al., 2005; Vijayanand et al., 2010) and atopic
dermatitis (Nakatani et al., 2001; Wakugawa et al.,
2001; Nouri-Aria et al., 2002; Uchida et al., 2002;
Zheng et al., 2003). Furthermore, blood levels of its
ligands CCL17 and CCL22 correlate well with disease
severity for atopic dermatitis and serve as excellent
laboratory markers for the disease activity (Kakinuma
et al., 2001, 2002; Fujisawa et al., 2002; Horikawa
et al., 2002). The results obtained from Ccr42/2 mice
were, however, not always consistent with the expected
importance of CCR4 in Th2 responses. This may be in
part due to less selective expression of CCR4 on Th2
cells in mice (Freeman et al., 2006), differences in
strain background, and/or functional complementation
by other chemokine receptors.

In addition to Th2 cells, CCR4 expression is also
associated with T-cell subsets such as skin-homing
T cells (Campbell et al., 1999b; Andrew et al., 2001;
Kunkel et al., 2002), T regs (Iellem et al., 2001;
Hirahara et al., 2006; Baatar et al., 2007 ), and most
recently Th17 cells (together with CCR6) (Acosta-
Rodriguez et al., 2007) and Th22 cells (together with
CCR6 and CCR10) (Trifari et al., 2009). Accordingly,
the crucial role of CCR4 in skin-homing T cells has
been amply demonstrated (Campbell et al., 1999b;
Andrew et al., 2001; Kunkel et al., 2002; Soler et al.,
2003; Baekkevold et al., 2005). Furthermore, CCL17
and CCL22 are not just redundant CCR4 ligands for
skin-homing of T cells. It was originally shown that
CCL22 was able to fully desensitize CCR4 to CCL17
but not vice versa in intracellular calcium mobilization
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assays (Imai et al., 1998). Likewise, CCL22 but not
CCL17 was shown to efficiently internalize and de-
sensitize CCR4 (Mariani et al., 2004). The dominance
of CCL22 over CCL17 in CCR4 desensitization and
internalization coupled with their differential ex-
pression in inflamed skin (Campbell et al., 1999b;
Horikawa et al., 2002; Zheng et al., 2003) may
provide coordinated, sequential guidance of CCR4-
expressing T cells into inflamed skin; namely,
CCL17 acts first at CCR4 at the endothelial surface
to promote vascular recognition and emigration by
T cells, whereas CCL22 subsequently engages CCR4
within skin tissue to guide T cells to target sites
(Mariani et al., 2004).
The importance of CCR4 in Tregs has also been

amply demonstrated in humans and mice. For exam-
ple, tolerance induction in an allogeneic cardiac trans-
plantation model with anti-CD154 plus donor-specific
transfusion was shown to be accompanied by dramatic
intragraft upregulation of Foxp3 levels together with
those of Ccr4 and Ccl22. Furthermore, tolerance in-
duction could not be achieved in Ccr42/2 recipients,
suggesting that the recruitment of Foxp3-expressing
Treg cells to an allograft tissue was highly dependent
on Ccr4 (Lee et al., 2005). Similarly, in a mouse
adoptive transfer model of inflammatory bowel dis-
ease, Ccr42/2 Treg cells failed to accumulate in the
mesenteric lymph nodes and thus were unable to
suppress colitis (Yuan et al., 2007). Accumulation of
Treg cells in the skin and lung airways was also
impaired in Ccr42/2 mice, resulting in severe in-
flammatory diseases in the skin and lung (Sather
et al., 2007).
Drug development. Obviously, CCR4 is considered

to be a highly promising therapeutic target for allergic
diseases such as asthma and atopic dermatitis. Thus,
a number of small-molecule CCR4 antagonists have
been developed and evaluated in animal models of
allergic diseases, some giving highly promising results
(Pease and Horuk, 2009). Furthermore, because of the
dominant expression of CCR4 on Tregs, CCR4 blockade
may be useful for enhancing the efficacy of cancer
vaccines (Pere et al., 2011). CCR4 is also highly
expressed in peripheral T-cell malignancies such as
adult T-cell leukemia/lymphoma (ATL) (Yoshie et al.,
2002; Ishida et al., 2003) and cutaneous T-cell lym-
phomas (Ferenczi et al., 2002). CCR4 expression by
these peripheral T-cell malignancies may be related
to their cellular origin from some CCR4-expressing
T-cell subsets. It also explains their frequent involve-
ment in the skin. Furthermore, aberrant expression of
the AP-1 family member transcription factor Fra-2 is
also in part responsible for the high level expression of
CCR4 in ATL and cutaneous T-cell lymphomas
(Nakayama et al., 2008). KW-0761, a humanized
IgG1 anti-CCR4 with defucosylation to enhance ADCC
activity, was developed by Kyowa Hakko Kirin in

Japan, and its clinical trials have been conducted
against ATL and other peripheral T-cell lymphomas
with highly promising results (Antoniu, 2010; Yama-
moto et al., 2010; Ishida et al., 2012a). Accordingly, the
Japanese Pharmaceutical and Medical Devices Agency
has approved KW-0761 (mogamulizumab) in March of
2012 as a therapeutic for ATL, which is notorious for
its poor prognosis and strong resistance to conven-
tional chemotherapy. Clinical trials in other peripheral
T-cell malignancies are now ongoing. Mogamulizmab
also may be applicable to allergic diseases such as
asthma and atopic diseases (Antoniu, 2010; Yamamoto
et al., 2010; Ishida et al., 2012a) and to cancer adjuvant
therapy and is being developed by Amgen (Thousand
Oaks, CA).

A number of companies have described CCR4 antag-
onists, and these were recently reviewed (Pease and
Horuk, 2009). All of these molecules are still preclinical,
but GSK recently disclosed a series of indazole sulfona-
mides (Procopiou et al., 2012) and identified a clinical
development compound (GSK2239633) that has entered
phase I clinical trials, presumably for allergy and asthma
(Fig. 13).

5. CCR5. CCR5 is a chemokine receptor ”celebrity,”
well known throughout both the scientific community
and the general population because of its importance
as the major HIV coreceptor controlling susceptibility
to HIV infection and disease progression. Once estab-
lished, the HIV connection immediately catalyzed drug
development programs for CCR5, and in 2007, 13 years
after the receptor was first identified (Boring et al.,
1996; Combadiere et al., 1996; Meyer et al., 1996; Raport
et al., 1996; Samson et al., 1996a), resulted in FDA
approval of the antagonist maraviroc (Pfizer), the first
marketed drug targeting a chemokine receptor. Genetic
approaches in mice and humans have also indicated
a key role for CCR5 in immunologically mediated di-
sease and have suggested additional disease indications
for CCR5 blocking agents.

CCR5 shares 70% amino acid sequence identity with
CCR2, its closest GPCR relative; the two genes are
adjacent on human chromosome 3p21 (Figs. 3 and 5).
Similar to other inflammatory chemokine receptors,
CCR5 binds many ligands, including CCL2, 3, 4, 5, 7, 8,
11, 13, 14, and 16 (Fig. 6) (Blanpain et al., 1999;
Detheux et al., 2000; Nomiyama et al., 2001). Most of
these behave as potent agonists (Gong et al., 1998;
Blanpain et al., 1999); however, CCL7 is a natural
antagonist (Blanpain et al., 1999). The specificity of
ligand-receptor interaction lies within the extracellu-
lar loops, particularly ECL2 (Samson et al., 1997).
However, additional residues in the amino terminal
segment as well as post-translational modifications
there, including O-glycosylation (Bannert et al., 2001)
and tyrosine sulfation (Farzan et al., 1999; Zhou et al.,
2000; Cormier et al., 2001), are important binding
determinants.
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CCR5 also has several nonchemokine ligands de-
rived from diverse microbes. The first to be character-
ized was the gp120 envelope glycoprotein of R5 strains
of HIV. This followed the seminal discovery that CCL3,
4, and 5 were major HIV-suppressive factors (Cocchi
et al., 1995), which, together with the discovery of the
T-tropic HIV coreceptor activity of CXCR4, led to the
finding that CCR5 is a macrophage-tropic HIV cor-
eceptor (Alkhatib et al., 1996; Trkola et al., 1996) with
multiple domains that contact gp120 directly (Rucker
et al., 1996), overlapping with chemokine interaction
sites (Atchison et al., 1996). Viral macrophage in-
flammatory protein II (vMIP-II) from human herpes-
virus 8 is a potent and efficient CCR5 antagonist
(Kledal et al., 1997). More recently, mycobacterial heat
shock protein 70 was shown to recapitulate most, if not
all, of conventional CCR5 agonist activity (Floto et al.,
2006). Other examples of microbial ligands for CCR5
have been reported in poxviruses, T. gondii, and
Staphylococcus aureus (Lalani et al., 1999; Aliberti
et al., 2003; Alonzo et al., 2013; Golding et al., 2003;
Rahbar et al., 2009). The numerous connections of CCR5
withmicrobial products suggest an important role of CCR5
as a target for exploitation in microbial pathogenesis.
CCR5 is expressed on antigen-presenting cells (both

macrophages and DCs) and immune effector cells (T-
lymphocytes with memory/effector phenotype and NK
cells), as well as on peripheral blood-derived CD34+

hematopoietic progenitor cells (Alkhatib et al., 1996;
Dragic et al., 1996; Granelli-Piperno et al., 1996; Bleul
et al., 1997; Rubbert et al., 1998; Ruiz et al., 1998). In
the CD4+ T-cell lineage, it is preferentially expressed

on Th1, Th17, and Treg cells (Bonecchi et al., 1998;
Wysocki et al., 2005; Yurchenko et al., 2006; Sato
et al., 2007). CCR5 is also expressed on CD8+ T cells
(Murai et al., 1999; Nansen et al., 2000) and NK cells
(Campbell et al., 2001) and facilitates organ infiltra-
tion. Engagement of naive CD4+ T cells with antigen
presenting cells (APCs) triggers secretion of CCL3 and
CCL4, which favors CCR5-dependent guidance of naive
CD8+ T cells toward DC-CD4+ T-cell conjugates and
promotes memory CD8+ T-cell survival and function
(Castellino et al., 2006). Interestingly, CCR5-depen-
dent recruitment of polyclonal CD8+ T cells to mature
DCs engaging antigen-specific CD8+ T cells has been
reported to favor naive CD8+ T-cell priming (Hugues
et al., 2007), once more highlighting the importance of
chemokine-mediated cell-cell interaction in secondary
lymphoid organs for generation of immune responses.
Interactions between CD8+ tumor-infiltrating lympho-
cytes and tumor cells trigger CCR5 recruitment at the
immunologic synapse, leading to inhibition of T-cell
sensitivity to CCL5 chemotactic gradients and T-cell
retention (Franciszkiewicz et al., 2009). In addition,
APC-derived chemokines can act as costimulatory mol-
ecules for engaged T cells through CCR5 relocalized at
the immune synapse (Molon et al., 2005). Expression
on monocytes and dendritic cell subtypes has been in-
tensely investigated (Combadiere et al., 1996; Rubbert
et al., 1998; Sallusto et al., 1998c; Sozzani et al., 1998).
Their differentiation and maturation into potent APCs
imply downregulation of tissue-specific chemokine re-
ceptors such as CCR1, CCR5, and CCR6 and upregu-
lation of CCR7, which guides DCs from sites of Ag
exposure to the local lymph nodes via draining afferent
lymphatic vessels (Sallusto and Lanzavecchia, 2000).

CCR5 is also expressed on nonhematopoietic cells,
including endothelial cells (Edinger et al., 1997),
neurons (Galasso et al., 1998), astrocytes (Andjelkovic
et al., 1999), epithelial cells (Dwinell et al., 1999), and
vascular smooth muscle cells (Schecter et al., 2000).
However, functional roles are not well established.
Recently, it was shown that CCR5 is a major chemo-
tactic mediator for murine endothelial progenitor cells
(EPC), suggesting that it may regulate neovasculariza-
tion and wound healing (Ishida et al., 2012b).

Genetic approaches studying the null CCR5D32
allele were instrumental in determining the patho-
physiological relevance of this receptor in human
biology (Table 5). CCR5D32, the most frequent human
CCR5 coding sequence mutation, is a deletion of 32
base pairs between nucleotides 554 to 585 that causes
a frame shift after amino acid 184. The truncated
protein has only four transmembrane domains and is
not expressed on the cell surface. CCR5D32 allelic
frequencies vary substantially by geographic origin
and range from 1% to more than 15% among whites.
Approximately 1% of North American Caucasians is
homozygous for this null allele yet appears healthy,

Fig. 13. Clinical candidate active at CCR4.
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suggesting compensatory mechanisms to alleviate
CCR5 deficiency. Homozygotes are almost totally re-
sistant to HIV-1 infection (Dean et al., 1996; Huang
et al., 1996; Liu et al., 1996; Samson et al., 1996b;
Zimmerman et al., 1997). Its key role in HIV infection
and the relative innocuousness of its deficiency define
CCR5 as an ideal target for developing HIV entry
blockers. This has been underscored by the “Berlin
patient,” a case of acute myeloid leukemia that
occurred in the context of pre-existing HIV-1 infection.
After chemotherapy in 2008, the patient was trans-
planted with hematopoietic stem cells from an HLA-
matched donor homozygous for CCR5D32 and has had
no PCR-detectable virus in blood or tissue since then
off antiretroviral therapy, suggesting that viral reser-
voirs may have been eliminated (Hutter et al., 2009).
CCR5 blocking agents may also be used to delay HIV
disease progression. Since the allele appeared in
Europe long before the HIV epidemic, an ancient
selective factor, possibly bubonic plague or smallpox,
has been suspected (Lucotte and Mercier, 1998;
Galvani and Slatkin, 2003). Additional single nucleo-
tide polymorphisms (snp) have been identified in the
CCR5 promoter region that form at least 10 haplotypes
(Martin et al., 1998) and illustrate cumulative and
interactive influences in AIDS progression.
CCR5D32 has also been associated with a pro-

tective role in HCV infection with mild fibrosis and
reduced portal inflammation (Hellier et al., 2003;
Goulding et al., 2005). In contrast, homozygous
CCR5D32 was shown to be a strong risk factor for
symptomatic West Nile virus infection (Glass et al.,
2006; Lim et al., 2008). In view of the importance of
targeting CCR5 in anti-HIV therapies, these find-
ings raise questions about the safe use of CCR5-
blocking agents in the context of HIV/West Nile
virus coinfection.
Studies using CCR5-deficient mice are complex and

reveal that functional roles depend on the nature of the
insult (microbial, metabolic, tumor) and the site of the
lesion. Ccr52/2 mice appear healthy and develop
normally in a pathogen-free environment (Zhou et al.,
1998) but have abnormal immune responses in several
pathologic conditions. Ccr52/2 mice showed altered T-
cell activity (Kohlmeier et al., 2008), impaired macro-
phage function, and fewer infiltrating leukocytes at
infected sites than control mice (Glass et al., 2001,
2005). At the microbiological level, they showed re-
duced efficiency in clearance of L. monocytogenes
infection (Zhou et al., 1998), encephalomyocarditis
virus (Christmann et al., 2011), and genital herpes
simplex virus (Thapa et al., 2007) and increased
mortality rates associated with fatal pneumonitis after
influenza infection (Dawson et al., 2000a; Tyner et al.,
2005) and West Nile virus infection (Glass et al., 2005).
In addition to triggering leukocyte recruitment, the
CCR5-CCL5 axis provides antiapoptotic signals for

macrophage survival during infection (Tyner et al.,
2005). On the other hand, Ccr52/2 mice are able to
control M. tuberculosis infection and show an effi-
cient Th1 response (Algood and Flynn, 2004). They
are protected from mucosal ulcerations in a model of
intestinal inflammation (Andres et al., 2000) and
from chronic fungal asthma (Schuh et al., 2002) and
behave similarly to control mice in EAE (Tran et al.,
2000).

CCR5 deficiency limits atherosclerotic plaque forma-
tion in atherosclerosis-prone mice by reducing the
systemic immuno-inflammatory response that leads to
profound changes in lesion composition during the
initial stages of plaque development (Potteaux et al.,
2006; Braunersreuther et al., 2007). Furthermore,
Ccr52/2 mice were protected from insulin resistance,
glucose intolerance, and hepatic steatosis induced by
high-fat feeding (Kitade et al., 2012). This protection
was associated with both reduction of the macrophages
infiltrating the adipose tissue and their polarization
into M2 macrophages. In contrast, Ccr52/2 mice
showed signs of adverse remodeling and early pro-
gression to heart failure in a model of ischemia-
reperfusion injury. Impaired myocardial wound healing
was concomitant with reduced macrophage activation
(Zamilpa et al., 2011).

Drug development. Many strategies have been de-
veloped to block CCR5 therapeutically, including
intrakines, which sequester the receptor in the endo-
plasmic reticulum and prevent surface expression
(Yang et al., 1997); chemokine analogs with antagonist
activity, such as methionyl-RANTES (Proudfoot et al.,
1996); and aminooxypentane-linked-RANTES (Simmons
et al., 1997), chemokine analogs with defective glycos-
aminoglycan binding activity (Johnson et al., 2004);
and RNA interference (Martinez et al., 2002). To date,
only one CCR5 blocking agent, the small molecule
maraviroc (Pfizer), originally known as UK-427,857
(Figs. 5 and 14), has succeeded as an approved drug
(Wood and Armour, 2005). Maraviroc is potent against
all known CCR5-tropic HIV-1 strains, with a mean IC90

value of 2 nM in antiviral assays (Dorr et al., 2005), and
acts by an allosteric mechanism, suggesting that the
transmembrane cavity remains accessible for maraviroc
in CCL3-bound and gp120-bound CCR5 (Garcia-Perez
et al., 2011). Maraviroc was FDA approved in HIV/AIDS
for treatment-experienced individuals with HIV-1 strains
resistant to multiple antiretroviral drugs. More recently,
it was approved for individuals with drug-sensitive
HIV-1 strains as a first-line drug in combination with
other antiretroviral drugs. The structure of the CCR5-
maraviroc complex has recently been solved (Tan et al.,
2013).

Schering-Plough has disclosed its clinical CCR5
inhibitor SCH 351125, also known as SCH-C. This
compound was a potent CCR5 inhibitor, but phase I
studies were suspended due to QTc prolongation in
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patients, increasing their risk of developing ventricular
arrhythmias and potentially resulting in sudden death
(Este, 2002). Further development of this compound
led to SCH-D (vicriviroc), a methoxymethyl analog,
which had improved receptor selectivity and no car-
diovascular liabilities (Tagat et al., 2004). Unfortunately
the development of the drug experienced multiple pro-
blems in clinical trials for HIV/AIDS, and the program
was terminated.
GSK also had an interest in CCR5 antagonists. Their

most advanced compound, GW873410 (aplaviroc), is
a spiroketopiperazine (Maeda et al., 2004) and a potent
CCR5 inhibitor (Kd of 3.0 nM) (Maeda et al., 2004).
Aplaviroc potently blocked the binding of a wide
spectrum of laboratory and primary R5 HIV isolates;
however, phase II trials were halted in 2005 because of
serious liver toxicity (Nichols et al., 2008), and GSK
abandoned the program (Moyle, 2006).
Takeda has disclosed a number of CCR5 antagonists,

including their clinical candidate TAK-652 (cencri-
viroc), which is a potent (IC50 of 3.0 nM for CCL3),
metabolically stable, and orally bioavailable CCR5
antagonist (Baba et al., 2005). The compound was
active against HIV-1 clinical isolates with an EC50 of

61 pM (Baba et al., 2005). Phase I clinical studies in
healthy volunteers have shown the drug to be safe,
with a mean half-life of 35 to 40 hours, supporting once
a day dosing (Baba et al., 2005). Currently TAK-652 is
in phase II clinical trials to treat AIDS (Lalezari et al.,
2011).

Incyte has disclosed CCR5 antagonists for the
treatment of AIDS including INCB9471 (Shin et al.,
2011), which is highly selective and potent (IC50 of
16 nM in calcium flux assays). It also has highly potent
anti-HIV-1 activity with an IC90 of 9.0 nM for all
CCR5-tropic viruses, whereas it is inactive against
X4-tropic HIV-1 strains. Phase I studies showed the
drug was safe and well tolerated, and phase II studies
in patients with HIV who were infected with R5-tropic
virus were positive (Cohen et al., 2007). Despite these
promising data, Incyte has halted all further internal
development of this program.

AstraZeneca has disclosed a number of CCR5
antagonists, some of which had cardiovascular liabil-
ities. Further optimization resulted in their clinical
compound AZD567, which had excellent CCR5 potency
(binding Ki = 0.17 nM) and no cardiovascular problems.
Although the compound had excellent, once daily oral

Fig. 14. Clinical candidates active at CCR5.
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pharmacokinetic properties and exhibited high levels
of receptor occupancy and maximal inhibition of CCR5,
for unclear reasons it had no efficacy in a phase IIb
study in patients with rheumatoid arthritis (Gerlag
et al., 2010). Novartis is in phase I clinical trials with
a CCR2/CCR5 dual antagonist (Miltz et al., 2008), but
the structure has not been disclosed.
Progenics (Tarrytown, NY) is developing a humanized

monoclonal antibody to CCR5 (PRO 140) as a potent
inhibitor of viral entry for the treatment of R5 HIV-1-
infected individuals. A small phase IIa clinical trial
showed the drug was safe (Jacobson et al., 2009), and it
has been given “fast track” designation by the FDA.
Human Genome Sciences has described a fully human
IgG4 monoclonal antibody against CCR5, HGS004, that
has potent HIV coreceptor blocking activity (Lalezari
et al., 2008). Phase 1 clinical studies demonstrated that
HGS004 was safe and well tolerated by patients (Lalezari
et al., 2008). However, the finding that some patients
treated with high doses of HGS004 showed a switch
from CCR5- to CXCR4-tropism was of concern.
The natural HIV-1 resistance conferred by CCR5D32,

both in preventing initial infection and in treating
established infection, as in the case of the Berlin pa-
tient, has spurred interest in specific zinc finger
nuclease targeting of CCR5 in HIV/AIDS (Urnov et al.,
2010). Sangamo Biosciences (Richmond, CA) is in phase
II clinical trials to treat AIDS using this approach with
an agent named SB-728.
6. CCR6. Human CCR6 is found at 6q27 (Liao et al.,

1997c), outside the clusters of chemokine receptor
genes, and CCR6 orthologs have been identified in
multiple species, including zebrafish. Phylogenetic
analysis of human chemokine receptors puts CCR6 in
a cluster with CXCR6, CCR7, and CCR9 (Lio and
Vannucci, 2003). CCR6 is the only receptor identified
thus far for the chemokine CCL20 (previously called
MIP-3a) (Baba et al., 1997; Greaves et al., 1997; Liao
et al., 1997a; Power et al., 1997), which binds to CCR6
with a Kd of 0.9 nM (Baba et al., 1997). CCR6 has also
been reported to be a receptor for human and mouse
b-defensins, antibacterial peptides produced at muco-
sal surfaces (Yang et al., 1999), although there are
contradictory data (Soruri et al., 2007). CCL20 is
expressed by leukocytes, epithelial cells and endothe-
lial cells, and expression can be induced by cell
activation and/or inflammatory cytokines (Schutyser
et al., 2003). CCR6 is expressed by subsets of dendritic
cells, particularly in their immature state (Dieu et al.,
1998), on blood B cells and subsets of effector/memory
CD4+ and CD8+ T cells (Liao et al., 1999), including
regulatory T cells (Kleinewietfeld et al., 2005), on blood
g/d T cells (Glatzel et al., 2002), on subsets of NKT cells
(Thomas et al., 2003) and on NK cells and other innate
lymphoid cells (Cella et al., 2009).
The biology of CCR6 has been best studied for B

cells, dendritic cells, and T cells. CCR6 is expressed on

virtually all mature human B cells, but is absent from
germinal center B cells (Liao et al., 2002). In mice,
CCR6 on B cells has been found to be important for
gut-associated lymphoid tissue—for formation of iso-
lated lymphoid follicles (McDonald et al., 2007) and for
M cells over Peyer’s patches (Ebisawa et al., 2011).
Ccr6-deficient mice have also been shown to have
defects in numbers of antibody-producing cells in the
gut mucosa after oral immunization (Cook et al., 2000).
Recent work in sheep has suggested that CCR6 may
also be important for trafficking of B cells to the skin
(Geherin et al., 2012).

In cultured cells from humans, CCR6 has been found
on dendritic cells derived from CD34+ progenitors
(Greaves et al., 1997; Power et al., 1997) as well
as from monocytes, and has been suggested to be
important in the trafficking of Langerhans cell pre-
cursors to epidermis (Charbonnier et al., 1999). In
mice, Ccr6 is expressed on myeloid, but not CD8a+

dendritic cells, and at low levels on Langerhans cells
(Kucharzik et al., 2002). Although Ccr62/2 mice have
normal numbers of Langerhans cells (Cook et al., 2000;
Varona et al., 2001; Le Borgne et al., 2006), data
suggest a role for Ccr6 in recruiting Langerhans cell
precursors under inflammatory conditions. Ccr6 was
found to be essential (1) for recruiting dendritic cells to
the dome of the Peyer’s patch and the subsequent
activation of CD4+ T cells after infection with an
enteric pathogen (Salazar-Gonzalez et al., 2006), (2) for
recruiting monocyte-derived dendritic cells into epithe-
lial sites under inflammatory conditions where they
cross-prime CD8+ T cells (Le Borgne et al., 2006), and
(3) for priming CD4+ T cells by blood phagocytes after
bacterial infection of the skin (Ravindran et al., 2007).
Together, the data suggest an important role for CCR6
in the recruitment of dendritic cells to inflammatory
tissue sites.

CCR6+ human effector/memory T cells were found to
express markers for trafficking to both skin and gut
(Liao et al., 1999), and Ccr6 was also found on subsets
of T cells in the mouse (Kucharzik et al., 2002). A
significant recent discovery is that CCR6 is expressed
on all T cells that can express the cytokine IL-17 and is
therefore part of the phenotype of Th17 cells (Acosta-
Rodriguez et al., 2007; Singh et al., 2008a). Beyond
Th17 cells, the relationship between CCR6 expression
and IL-17 production extends to CD8+ T cells (Singh
et al., 2008a) as well as g/d T cells (Gray et al., 2011).
The relationship between CCR6 and IL-17 secretion is
analogous to that between CXCR3 and IFNg secretion
and between CCR4 and IL-4 secretion: the cytokine-
producing cells are subsets of the chemokine receptor
expressing cells, although most receptor+ cells are still
not able to produce the relevant cytokine.

Genome-wide association studies have revealed
possible roles for CCR6 in inflammatory/autoimmune
diseases in which Th17 cell-related responses are of
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potential importance, including Crohn’s disease, rheu-
matoid arthritis, generalized vitiligo, and Graves’
disease (Wang et al., 2009; Kochi et al., 2010; Quan
et al., 2010; Chu et al., 2011 ). Ccr6 has been shown to
contribute to the pathogenesis of a number of mouse
models of autoimmune disease, including arthritis
(Hirota et al., 2007), experimental allergic encephalo-
myelitis (EAE) (Reboldi et al., 2009), acute graft-versus
host disease (Varona et al., 2005), and psoriasis
(Hedrick et al., 2009). On the contrary, other studies
have shown that Ccr6 is protective in some autoim-
mune models, including in EAE (Villares et al., 2009)
and inflammatory bowel disease (Kitamura et al.,
2010), through its role on regulatory T cells. Ccr6 has
also been reported to contribute to allergic inflamma-
tion through its expression on T cells and/or dendritic
cells (Lukacs et al., 2001; Lundy et al., 2005).
Drug development. Despite the data to date linking

CCR6 to a number of important diseases, no publica-
tions have described CCR6 antagonists or neutralizing
reagents for clinical use.
7. CCR7. CCR7 regulates trafficking of DCs and B

and T lymphocytes and is a major homeostatic chemo-
kine receptor critical for lymph node development
and efficient adaptive immune responses. Its only two
ligands, CCL19 (previously called ELC) and CCL21
(SLC), are produced constitutively in overlapping
microenvironments of lymphoid tissue and are not
agonists for other G protein-coupled chemokine recep-
tors (Campbell et al., 1998; Yoshida et al., 1997,
1998a). CCL21 is produced by endothelial cells of
afferent lymphatics, endothelial cells in high endothe-
lial venules in lymph node, and fibroblastic reticular
cells in T-cell zones of lymph node. CCL19 is produced
by afferent lymphatics and stromal cells in lymph
node. Neither CCR7 ligand is expressed in B-cell areas
or sinuses of lymph nodes or by blood-derived leuko-
cytes (Willimann et al., 1998). CCL21 is immobilized
on the reticular network by GAG interaction with its
extended C-terminal domain. The chemokine domain
appears to be cleaved from the GAG binding domain by
an undefined protease. CCL19 lacks a C-terminal
domain extension and may preferentially function
chemotactically as a soluble ligand, not haptotactically
bound to surfaces, as shown for CCL21 (Weber et al.,
2013). Ex vivo experiments with lymph node sections
suggest that DCs migrate to T-cell zones by using
immobilized CCL21 for adhesive random migration
and soluble CCL21 for chemotactic steering, both
acting through CCR7 activation on DCs (Schumann
et al., 2010; Wendland et al., 2011).
CCR7 expression on DCs is dynamically regulated.

Immature DCs in peripheral tissues express inflam-
matory chemokine receptors, but not CCR7. Upon
antigen exposure, the cells mature and undergo
a receptor switch downregulating inflammatory che-
mokine receptors and upregulating CCR7, which

mediates migration of mature DCs, as well as T cells,
via afferent lymphatics to draining lymph nodes in
response to CCL21 expressed on lymphatic endothelial
cells (Gunn et al., 1998). CCR7 also mediates recircu-
lation of naive and central memory T cells from blood
into lymph node T-cell zones across high endothelial
venules expressing CCL19 and CCL21 (Gunn et al.,
1998; Sallusto et al., 1998b; Yanagihara et al., 1998;
Cyster, 1999; Kellermann et al., 1999; Saeki et al.,
1999; Sallusto et al., 1999; Sozzani et al., 1999). Both
chemokines are displayed on the luminal and ablumi-
nal sides of the high endothelial venules and are
appropriately positioned to mediate transendothelial
migration from the blood of CCR7+ cells (Okada et al.,
2002, 2005). In Peyer’s patches, B-cell entry is also
dependent on CCR7.

CCR7 is also dynamically regulated during thymo-
cyte maturation and may regulate thymocyte traffick-
ing (Suzuki et al., 1999). Evidence for chemoattraction
of activated T lymphocytes by maturing dendritic
cells via upregulation of CCR7 ligands has also been
reported (Tang and Cyster, 1999). Studies with knock-
out mice have suggested that CCR7-dependent cortex
to medulla migration of positively selected thymocytes
may be essential for establishing central tolerance but
not for maturation or export of thymocytes in vivo
(Kurobe et al., 2006).

Ccr72/2 mice and the plt/plt (paucity of lymph node
T cells) mouse, which is naturally deficient in Ccl19
and the Ccl21 isoforms expressed in secondary lym-
phoid organs (Nakano and Gunn, 2001) (Fig. 4; Table
1), have similar phenotypes: atrophic T-cell zones
populated by few naive T cells. This plus the failure
of mature DCs to migrate to lymph node from the skin
of Ccr72/2and plt/plt mice, explains why contact
sensitivity, delayed type hypersensitivity, and anti-
body production follow a delayed course and why these
mice show increased sensitivity to various pathogens.
However, CCR7 expression is not absolutely required
for the induction of adaptive immune responses.
Moreover, because of the defect in negative selection
of thymocytes and in lymph node homing and function
of regulatory T cells, immune responses may even take
an exaggerated course in Ccr72/2 mice, leading to
development of spontaneous autoimmunity (Kurobe
et al., 2006; Schneider et al., 2007; Forster et al., 2008).

CCR7 also appears to be important for lymphocyte
movement within the lymphoid microenvironment.
Follicular help T cells lack CCR7 but express CXCR5,
which appears to facilitate migration from the T zone
after activation to the follicles in response to CXCL13
where they provide help for B-cell maturation and
antibody production. Reciprocally, B cells activated by
antigen in the follicles upregulate CCR7 and move
toward the T zone in response to CCL21 (Reif et al.,
2002). Thus, B-T interaction may be facilitated by
reciprocal movement of these cells, which may be
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determined in part by the balance of chemokines made
in adjacent lymphoid zones. Other regulators of B-T
contact include oxysterols and their GPCR, EBI2
(Pereira et al., 2009; Gatto et al., 2011; Hannedouche
et al., 2011; Liu et al., 2011; Yi et al., 2012).
There is also evidence that T-cell zone chemokines

such as CCL21 are bound to the surface of lymph node
DCs in vivo and function to capture and prime naive
T cells for activation by peptide-MHC. Thus, T cells are
costimulated “in trans” and sequentially after initial
engagement with their chemokine-rich environment
(Friedman et al., 2006).
Upon activation, the classic polarized effector sub-

sets Th1 and Th2 downregulate CXCR5 and CCR7 and
upregulate inflammatory chemokine receptors (Sallusto
et al., 1998b). This switch facilitates exit from lymph
node via efferent lymphatics and homing to inflamed
sites. As B cells differentiate into plasma cells they also
downregulate CXCR5 and CCR7 and exit lymph node.
CCR7+ effector memory cells have been detected in
inflamed tissues and CCR7 facilitates their exit into
lymphatics (Bromley et al., 2005; Debes et al., 2005;
Schneider et al., 2007; Forster et al., 2008).
Drug development. Antagonists and specific disease

indications have not been identified yet for CCR7.
8. CCR8. Human and mouse CCR8 are 355 and 353

amino acid polypeptides, respectively, that share 71%
amino acid identity (Goya et al., 1998). Both genes are
encoded on a single exon. Human CCR8 is located on
chromosome 3, whereas mouse Ccr8 is on chromosome
9. Human CCR8 was originally molecularly identified
as an orphan receptor (Napolitano et al., 1996; Samson
et al., 1996c; Zaballos et al., 1996) and subsequently
functionally characterized as the sole receptor for
CCL1 (previously called I-309) (Roos et al., 1997;
Tiffany et al., 1997; Goya et al., 1998). Later, the
HHV8-derived viral chemokine vMIP-1 was identified
as an agonist (Dairaghi et al., 1999; Endres et al.,
1999).
CCL1 is produced by activated monocytes and

lymphocytes (Miller et al., 1989, 1990) and is constitu-
tively expressed in dermal microvessels and epidermal
antigen-presenting cells (Schaerli et al., 2004). Mouse
CCL8 (MCP-2) was recently identified as a second
mammalian chemokine ligand for both mouse and
human CCR8 (Islam et al., 2011). Although it is
a member of the MCP subfamily, mouse Ccl8 does not
signal through Ccr2. Human CCL8 in contrast is not
a CCR8 agonist (Islam et al., 2011). Moreover, syntenic
analysis reveals that mouse Ccl8 and human CCL8 are
not orthologs and that mouse Ccl8 lacks a human
counterpart (Fig. 4) (Zlotnik and Yoshie, 2012). Thus
the nomenclature for these chemokines is misleading.
Other anomalies of the CCR8 receptor system include
the finding that, although human and mouse CCL1 are
both high-affinity ligands and potent agonists for
mouse Ccr8, mouse Ccl1 does not signal through

human CCR8 and only binds human CCR8 with low
affinity (Goya et al., 1998; Dairaghi et al., 1999).
Interestingly, human CCL7 (MCP-3), an MCP family
chemokine, but not mouse Ccl7, was noted to bind
human CCR8 with intermediate affinity and with
higher affinity than mouse Ccl1. Furthermore, human
CCL7 is an antagonist for vMIP-1 but not for human
CCL1 activity on human CCR8 (Dairaghi et al., 1999;
Fox et al., 2006). Several other ligands originally
assigned to CCR8 have not been confirmed (Bernardini
et al., 1998; Howard et al., 2000; Fox et al., 2006).
Recently, CCL18 was also found to act at CCR8 (Islam
et al., 2013).

In human and mouse tissues, CCR8 is highly
expressed constitutively in thymus and at lower levels
in spleen (Napolitano et al., 1996; Zaballos et al., 1996;
Tiffany et al., 1997). Leukocytes that express CCR8 in
the steady state include human and mouse monocytes
and macrophages (Zaballos et al., 1996; Tiffany et al.,
1997; Hoshino et al., 2007), thymocytes (Annunziato
et al., 2002), and regulatory T cells (Iellem et al., 2001;
Kremer et al., 2001; Soler et al., 2006; Ahern et al.,
2009; Zheng et al., 2009). Additionally, human gd
T cells (Cipriani et al., 2000; Ebert et al., 2006; Zhou
et al., 2012); human skin-resident memory CD4, CD8,
and gd T cells (Schaerli et al., 2004; Ebert et al., 2006);
and a subset of mouse monocyte-derived dendritic
cells are reported to express CCR8 (Qu et al., 2004;
Jakubzick et al., 2006). CCR8 is also reported to be
expressed by endothelial cells (Bernardini et al., 2000;
Haque et al., 2001) and vascular smooth muscle cells
(Haque et al., 2004).

CCR8 is notable for its association with Th2
lymphocytes and Th2 cell-mediated allergic diseases
(D’Ambrosio et al., 1998; Zingoni et al., 1998; Panina-
Bordignon et al., 2001). CCR8 is abundantly expressed
on activated highly polarized in vitro differentiated
Th2 cells (D’Ambrosio et al., 1998; Zingoni et al., 1998;
Islam et al., 2011). CCR8 is also reported to be highly
expressed on Th2 cells infiltrating the airway mucosa
of humans with asthma (Panina-Bordignon et al.,
2001), on T cells recovered from the BAL of patients
with asthma (Mutalithas et al., 2010), and on lesional
skin infiltrating leukocytes during atopic inflammation
(Gombert et al., 2005). CCR8 expression on Th2 cells is
restricted to more terminally differentiated Th2 cells
previously exposed to antigen (D’Ambrosio et al., 1998;
Iellem et al., 2001; Wei et al., 2010; Islam et al., 2011).
Chromatin immunoprecipitation-sequencing analysis
to study the epigenome during T helper lineage
differentiation found that the CCR8 gene was in a rare
category of genes containing both STAT4-repressive
and STAT6-activating binding sites (Wei et al., 2010).
STAT4 binding in the upstream region of the CCR8 gene
was inhibitory and associated with strongly repressive
epigenetic marks (Wei et al., 2010). Thus, successive
rounds of polarization would enable removal of the
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inhibitory regulation of STAT4 on CCR8 expression,
facilitating STAT6 induction of CCR8 expression in
more terminally differentiated Th2 cells.
Both ex vivo human studies and in vivo mouse

studies support an important role for CCR8-mediated
leukocyte trafficking to skin in both the steady state
and during inflammation (Schaerli et al., 2004;
Gombert et al., 2005; Ebert et al., 2006; Islam et al.,
2011). In the steady state, a large fraction of skin
resident memory T cells, gd T cells, and NK cells
express CCR8, and the CCR8 pathway is thus
purported to promote immune surveillance in the skin
(Schaerli et al., 2004; Clark et al., 2006; Ebert et al.,
2006). In vivo mouse studies also support a role for the
CCR8 pathway in leukocyte migration to skin draining
lymph nodes as well as to the mediastinal lymph nodes
(Qu et al., 2004; Jakubzick et al., 2006; Islam et al.,
2011).
Two skin-tropic viruses encode two high-affinity

chemokine antagonists at CCR8 (Kledal et al., 1997;
Dairaghi et al., 1999; Luttichau et al., 2000). MC148
(vMCC-I) from Molluscum contagiosum is specific for
human but not mouse CCR8 (Luttichau et al., 2000,
2001). In contrast, HHV8-encoded vMIP-II is a broad-
spectrum antagonist at CCR8 and several other
chemokine receptors.
Multiple mouse studies support a role for the Ccr8

pathway in promoting chronic allergic inflammation,
including a mast cell-mediated model of chronic asth-
ma, a model of chronic fungal asthma, and a model of
chronic atopic dermatitis (Buckland et al., 2007; Gonzalo
et al., 2007; Islam et al., 2011). Recent studies have
found that more terminally differentiated Th2 cells
highly produce IL-5, express CCR8, and promote chronic
eosinophilic inflammation through the recruitment of IL-
5-enriched CCR8+ Th2 cells (Islam et al., 2011; Upad-
hyaya et al., 2011).
However, the role of CCR8 in Th2 cell migration has

been controversial. Robust CCR8 levels permissive for
agonist activity are only induced transiently after TCR
activation of highly differentiated Th2 cells generated
by multiple rounds of polarization. TCR activation also
leads to autocrine production of CCL1, which accu-
mulates in vitro, leading to receptor desensitization.
In vivo models have also yielded conflicting results
regarding the importance of Ccr8 in acute models of
allergy and Th2 airway inflammation. In shorter acute
models, only one study supported a role for Ccr8 in
promoting allergic airway inflammation (Chensue
et al., 2001), whereas other studies did not (Chung
et al., 2003; Goya et al., 2003; Mikhak et al., 2009).
However, in a 46-day mast cell-dependent model, Ccr8-
expressing effector Th2 cells were shown to play a role
in chronic allergic airway inflammation (Gonzalo et al.,
2007). The relative importance of CCR8-regulated
responses in different models of allergic airway in-
flammation may be dependent on the kinetics of in vivo

antigen-specific memory T-cell generation. Shorter acute
models may not capture the differentiation and re-
activation of Ccr8+ highly differentiated Th2 cells,
which may require multiple rounds of antigen rechal-
lenge characteristic in models of chronic inflammation.

In addition to cell migration, studies also support
a role for the CCR8 pathway in preventing apoptosis
and promoting angiogenesis (Van Snick et al., 1996;
Bernardini et al., 2000; Haque et al., 2001; Ruckes
et al., 2001; Denis et al., 2012). Truncation of the C
terminus of CCL1 by carboxypeptidase M is reported to
enhance its CCR8-mediated calcium flux and anti-
apoptotic activity (Denis et al., 2012). In this regard,
vMIP-1 and vMIP-II were reported to promote auto-
crine and paracrine cell survival (Choi and Nicholas,
2008). CCR8-dependent activation of the RAS/MAPK
pathway mediates antiapoptotic activity of CCL1 and
vMIP-I (Louahed et al., 2003). CCL1 has also been
reported to induce the migration of human umbili-
cal vein endothelial cells as well as the production
of metalloproteinase-2, which allows these cells to re-
model the vascular matrix (Haque et al., 2001, 2004).
CCR8 and CCL1 are also induced under conditions
associated with vascular smooth muscle cell prolifera-
tion and migration, suggesting that the CCR8 pathway
may have a role in vessel wall pathology (Haque et al.,
2000, 2004). It has also been reported that CCR8 can
function as an HIV-1 coreceptor, although its activity
in primary cells and in pathogenesis remains undefined
(Horuk et al., 1998). However, a recent genome-wide
associationmultivariate survival analysis study of a treat-
ment naive cohort identified significant associations for
CCR3, CCR8, and CCRL2 polymorphisms, in addition
to the known CCR5 and CCR2 associations, with an
increased risk of progression to AIDS (An et al., 2011).

Drug development. Berlex has identified a potent
nonpeptide agonist of CCR8, ZK-756326, that could
competitively displace CCL1 (Haskell et al., 2006).
Unlike mouse Ccl1, ZK-756326 bound to and activated
a form of mouse Ccr8 that was mutated to eliminate
O-linked sulfation at tyrosines 14 and 15. Therefore,
ZK-756326 is most probably not binding in the same
manner as CCL1 but can activate the switch mecha-
nism involved in transducing signaling events (Haskell
et al., 2006). Another nonpeptide agonist, LMD-009,
was also described as a full CCR8 agonist and
competitively displaced CCL1 (Jensen et al., 2007;
Scholten et al., 2012). The naphthalene-based com-
pounds from Millennium were among the first CCR8
antagonists to be presented (Jenkins et al., 2007) and
recently their probe-dependent allosteric interactions
with CCR8 were described (Rummel et al., 2012).
AstraZeneca has developed CCR8 antagonists based on
a diazospiroundecane scaffold that had nanomolar
potencies and inhibited T cell, dendritic cell, and
eosinophil migration to CCL1 (Connolly et al., 2012).
The lead antagonist, AZ084, appears to act as an
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allosteric inhibitor with a Ki at 0.9 nM (Connolly et al.,
2012). No clinical trials have been reported.
9. CCR9. CCR9 is a homeostatic receptor specific

for CCL25 (previously called thymus expressed chemo-
kine) (Zaballos et al., 1999; Norment et al., 2000;
Zlotnik et al., 2006), a chemokine strongly expressed in
the thymus and to a lesser extent in the small intestine
(Vicari et al., 1997). To understand the significance of
CCR9, it is important to have a basic understanding
of T-cell development in the thymus. This process
commences when early T-cell progenitors, originating
in the bone marrow, enter the thymus. These pro-
genitor thymocytes do not yet express CD4 or CD8
markers and are therefore “double negative” (or DN).
Four subsets of these progenitors have been identified
based on the expression of CD44 and CD25 (Godfrey
et al., 1993), now called DN1, DN2, DN3, and DN4.
DN1 represents the earliest thymus immigrant pro-
genitor cells, which have not yet committed to the
T-cell lineage. DN2 thymocytes start to rearrange the
b chain of the T-cell receptor and, after this step,
become committed to the T-cell lineage (Godfrey et al.,
1994). However, DN2 thymocytes have only ;33%
probability of rearranging this chain in frame (to
express a functional b chain), but they have two
chromosomes that can undergo this rearrangement.
So, if they fail to rearrange in frame the b chain in one
chromosome they can try to rearrange the other. Either
way, many DN2 thymocytes will fail to rearrange their
TCR b chain in frame and are destined to die within
the thymus, because they will never be able to express
a productive T-cell receptor. This requires a “quality
control” step where developing DN3 thymocytes are
selected on the basis of successful expression of TCR b
chain that they express in combination with a “pre-T
alpha” chain (because they have not yet rearranged the
“real” TCR a chain in a process called “beta selection”).
It was the nature of this process that Norment et al.
(2000) were studying when they found that CCR9 was
strongly upregulated during this process. CCR9 (then
known as GPR-9-6) exhibited typical characteristics of
other chemokine receptors, including a “DRY” box that
allows the receptor to interact and signal through Gai.
It was likely that CCR9 would bind a thymus-specific
chemokine. The main candidate was CCL25, originally
described as thymus expressed chemokine, and this
turned out to be the case.
The functional implication of this observation is that

chemokines and their receptors are active participants
in the intrathymic migration of developing thymocytes
to the appropriate sites where they will receive signals
to further their differentiation and selection into
mature T cells, a process that terminates when the
T cells are eventually exported from the thymus. Once
DN3 cells “pass” b-selection and express CCR9, they
can successfully migrate to another thymus region
under the influence of CCL25 to become DN4 cells,

start rearranging the TCR a chain, and eventually
become CD4+CD8+ thymocytes that will undergo posi-
tive and negative selection to become the single positive
CD4+ or CD8+ thymocytes, which are the precursors of
mature T cells. In support of these important functions
of CCR9 in T-cell development, a Ccr92/2 mouse
exhibits altered T-cell development (Wurbel et al.,
2001; Uehara et al., 2002).

CCR9 has also been implicated recently in the
original homing of bone marrow hematopoietic pre-
cursor cells to the thymus. A triple knockout mouse
(Ccr7, Ccr9, and Cxcr4) exhibits defective thymic
colonization by these precursors (Krueger et al., 2010),
and therefore it is likely that more than one chemokine
mediates this step. In any case, the CCL25/CCR9
axis is part of this important process (Desanti et al.,
2011).

The importance of the CCL25/CCR9 axis in T-cell
development is likely to extend beyond original
thymus colonization and beta selection, because some
CD4+CD8+ and single positive CD4+ and CD8+ thymo-
cytes also express CCR9 and migrate in response to
CCL25 (Zaballos et al., 1999; Wurbel et al., 2000).
However, the specific details on the role of CCR9 on
these stages of thymocyte development require further
study.

CCL25 expression was also originally observed in
the small intestine (Vicari et al., 1997). It was soon
realized that certain T cells that home to the intestine
express CCR9 and respond to CCL25 (Papadakis et al.,
2000). These cells also express the a4b7 integrin so
they are known as CCR9+a4b7+ T cells, and they home
specifically to the small intestine (Papadakis et al.,
2000; Kunkel et al., 2003). These cells have been
implicated in the pathogenesis of certain autoimmune
gut inflammatory diseases such as Crohn’s disease or
ulcerative colitis (Koenecke and Forster, 2009). For
these reasons, several companies have become in-
terested in developing CCR9 antagonists. A subset of
dendritic cells that may represent precursors to
mature dendritic cells also expresses CCR9 (Segura
et al., 2009). CCR9 expression has also been found in
plasmacytoid dendritic cells that home to the small
intestine (Wendland et al., 2007).

CCR9 has also been shown to play an important role
in the metastasis of certain melanomas. Chemokines
have been implicated in the metastasis of a diverse
number of cancers (Zlotnik et al., 2011). Several
chemokine receptors have been implicated; these
include CXCR4, which is the most widely expressed
chemokine receptor in cancers and is likely to mediate
metastasis to the lung, liver, and bone marrow; and
CCR7, which likely mediates metastasis to the lymph
nodes. CCR9 is not a widely expressed receptor in
cancer, but it is expressed in a subset of melanomas
(Letsch et al., 2004). Normally, melanoma metasta-
sizes to lymph node, lung, liver, and other organs but
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not small intestine. In fact, small intestine is not
a common metastatic destination for most cancers.
However, in a small fraction of patients, melanoma
expresses CCR9, and interestingly, these patients often
exhibit metastasis to the small intestine. CCR9 may be
the key determinant of metastasis to this site where
CCL25 is normally expressed. The association between
CCR9 expression and small intestine metastasis
in melanoma is very significant clinically (Richmond,
2008).
Drug development. ChemoCentryx has disclosed

CCR9 antagonists for the treatment of Crohn’s disease.
Their clinical candidate, CCX282 (Fig. 15), has been
reported to have IC50 values of 5.4 nM for inhibition
of Ca2+ mobilization and 3.4 nM for inhibition of
chemotaxis of cells expressing CCR9; the IC50 was
33 nM in the presence of 100% human serum (Walters
et al., 2010). The compound has clear selectivity
against a panel of 25 other GPCRs tested. Oral ad-
ministration was efficacious in murine models of ileal
Crohn’s disease and ulcerative colitis (Walters et al.,
2010). In a 4-week phase II clinical trial of patients
with moderate-to-severe Crohn’s disease, a single daily
dose of 250 mg of the compound was well tolerated and
displayed clear signs of clinical activity as recorded
by a reduction in blood levels of C-reactive protein
(Keshav, 2006). In 2006, a phase II/III clinical trial to
further assess the safety and efficacy of the antagonist
in patients with moderate-to-severe Crohn’s disease
was initiated. The study revealed that the 500 mg
once daily dose of CCX282 in patients with small
bowel and/or colonic Crohn’s disease was consistently
superior to placebo across multiple efficacy endpoints.
GlaxoSmithKline exercised its option to obtain an ex-
clusive license to compound CCX282 and launched four

pivotal phase III clinical trials. The company announced
on its website in August, 2013 that the compound had
failed to meet clinical endpoints in the first trial and
that further development has been terminated.

10. CCR10. CCR10 is the receptor for two homeo-
static chemokines: CCL27 (previously called CTACK)
(Morales et al., 1999) and CCL28 (previously called
MEC) (Wang et al., 2000). CCL27 and CCL28 are in
different chromosomal locations, likely because of
a recent translocation (Zlotnik et al., 2006), but may
represent the offspring of an ancient chemokine gene
that bound “ancient” CCR10 (Figs. 3–5). CCR10,
through its interaction with its two ligands, mediates
diverse processes, from homeostatic leukocyte traffick-
ing to skin cancer. Additionally, CCR10 is arguably one
of the most important chemokine receptors in the
mucosal immune system.

In skin, there are several populations of cells that
express CCR10, including dermal fibroblasts, der-
mal microvascular endothelial cells, melanocytes, and
T cells (Homey et al., 2000). CCR10+ T cells also ex-
press cutaneous lymphocyte antigen (CLA), a surface
marker that mediates homing to skin. It is widely
believed that the combination of CCR10 responding to
gradients of CCL27 and CLA surface expression are
key factors that allow these T cells to take up residence
within normal skin (Clark et al., 2006)). CCR10+ T cells
have been identified in both psoriatic lesions and
atopic dermatitis (Homey et al., 2000; Homey, 2005).
Additionally, CCR10 is expressed on T cells in
cutaneous T-cell lymphoma (Notohamiprodjo et al.,
2005) and T cells in Sezary syndrome (Sokolowska-
Wojdylo et al., 2005), a rare cutaneous T-cell lym-
phoma. It is important to note that these CCR10+CLA+

T cells do not express the gut homing receptor a4b7
and therefore only localize to CCL27 gradients in skin
(Hudak et al., 2002). The interaction between CCL25
and CCR9 is responsible for the recruitment of a4b7
cells to the gut.

Under normal conditions, melanocytes robustly ex-
press CCR10, and melanoma cells continue to express
high levels of CCR10. Because of the high level of
CCL27 in skin, melanoma cells will likely continue
residing within skin. However, if the chemokine
receptor profile of melanoma cells changes, the cancer
may metastasize. This is best exemplified by metasta-
sis of melanoma to the small intestine associated with
a shift in receptor expression from CCR10 to CCR9
(Amersi et al., 2008).

CCR10 has a unique interaction with its second
ligand CCL28. IgA-secreting plasmablasts are CCR10+

and therefore respond to CCL28 gradients. CCL28 is
predominantly expressed in the salivary gland, mam-
mary gland, female reproductive tissues, and gut. Thus,
it is not surprising to find populations of IgA-secreting
plasmablasts in each of these sites. However, there are
two interesting features to the CCL28/CCR10 axis thatFig. 15. Clinical candidate active at CCR9.
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suggest it is critical in shaping the humoral immune
response at mucosal sites.
The first begins at birth. Within the female mam-

mary gland, constitutive CCL28 expression is very
low under homeostatic conditions. However, CCL28 is
sharply upregulated upon onset of lactation. This is
associated with a large influx of CCR10+ IgA-secreting
plasmablasts, which extravasate into the breast tis-
sue and persist after birth (Bourges et al., 2008;
Morteau et al., 2008). IgA produced by these cells
translocates into milk and is passed to the infant
(Bourges et al., 2008; Morteau et al., 2008). Therefore,
the CCL28-CCR10 axis may be involved in the
transfer of humoral immunity from mother to child
during breast-feeding.
A recent study using a Ccr102/2 mouse suggests

that CCL28 and CCR10 may not be the only chemo-
kine/receptor pair involved in the recruitment of IgA
plasmablasts, at least in the gut (Morteau et al., 2008).
Although Ccr102/2 mice were unable to recruit IgA-
secreting plasmablasts to the mammary gland upon
onset of lactation, IgA responses within the gut were
unaffected, suggesting that within the gut another
chemokine/receptor axis may be responsible for IgA
responses, or, alternatively, that Ccl28 may engage
IgA-secreting plasmablasts through a second chemo-
kine receptor that has yet to be identified.
Drug development. No CCR10-blocking agents have

been reported yet.

C. CX3C Chemokine Receptors

1. CX3CR1. CX3CR1 was originally cloned as a
355-amino acid orphan receptor (Harrison et al., 1994;
Combadiere et al., 1995; Raport et al., 1995) and its
ligand CX3CL1 (previously called fractalkine), the only
member of the class of chemokines characterized by
3 amino acids between the first two cysteines, was
identified soon thereafter (Bazan et al., 1997; Imai
et al., 1997b; Pan et al., 1997). CX3CR1 is the only
known human receptor for CX3CL1, although CX3CL1
also binds to the human cytomegalovirus (HCMV)
receptor US28. CX3CR1 has highest similarity to
CCRs, which is consistent with its gene location on
human chromosome 3p21 in the major CCR cluster
(Combadiere et al., 1995). CX3CR1 is considered a
“monogamous” inflammatory receptor for CX3CL1,
although recently CCL26, a chemokine highly selective
for CCR3, was found to be a 10-fold less potent agonist
at CX3CR1 (Nakayama et al., 2010). This has not yet
been confirmed by other groups. Two microbial pro-
ducts also bind CX3CR1 as follows: (1) vMIP-II, a
broad-spectrum viral chemokine receptor antagonist
encoded by HHV8, which blocks CX3CR1-dependent
activities in vivo and in vitro (Chen et al., 1998), and (2)
the G glycoprotein of respiratory syncytial virus, which
binds to and triggers chemotaxis of CX3CR1+ cells
(Tripp et al., 2001).

CX3CL1 exists in both soluble and membrane-
anchored forms, providing a two-in-one leukocyte
recruitment system: membrane-anchored CX3CL1
promotes strong selectin- and integrin-independent
adhesion of leukocytes that express CX3CR1, whereas
soluble CX3CL1, which is produced by the cleavage of
native CX3CL1, is a potent chemoattractant acting at
CX3CR1 (Imai et al., 1997b; Fong et al., 1998). Along
with strong expression on monocytes (Geissmann
et al., 2003) and NK cells (Imai et al., 1997b), CX3CR1
is present on lymphocytes, microglial cells (Nishiyori
et al., 1998), and neurons (Meucci et al., 2000). CX3CR1
has HIV coreceptor activity (Reeves et al., 1997; Rucker
et al., 1997), and its interaction with gp120 is blocked
specifically by CX3CL1 (Combadiere et al., 1998). How-
ever, the pattern of HIV strains that can use CX3CR1 is
restricted, suggesting that this receptor may not play
a key role in HIV.

Antibodies have been useful to delineate CX3CR1
expression in humans; however, none is currently
available for that purpose in mouse. Instead, trans-
genic mice expressing green fluorescent protein under
control of the Cx3cr1 promoter have been the pre-
dominant tool to track expression in mice (Jung et al.,
2000). This has revealed that Cx3cr1 is mainly
expressed on monocytes, microglial cells, and NK cells.
But interestingly, Cx3cr1 is hardly detected on murine
T lymphocytes, whereas subpopulations of both CD4
and CD8 T lymphocytes are CX3CR1+ in human.
Notably, it was shown to be expressed on activated and
differentiated CCR72CD45RA2 memory T lympho-
cytes (Combadiere et al., 2003a) and to regulate the
function of cytotoxic effector lymphocytes, including
NK cells, gd T cells, and terminally differentiated CD8+

T cells (Nishimura et al., 2002). CX3CR1 is highly
expressed on a subset of terminally differentiated NK
cells (Sciume et al., 2011). In addition, human and
mouse platelets carry functional CX3CR1, and its
expression is enhanced by inflammatory stimuli,
allowing platelet recruitment to the lesion site (Postea
et al., 2012).

Expression of CX3CR1 is a powerful tool to identify
leukocyte subsets. For instance, distinct surface
Cx3cr1 levels delineates two functional subsets of
murine blood monocytes: “inflammatory” monocytes
and “resident monocytes,” which express, respectively,
low and high levels of Cx3cr1 (Geissmann et al., 2003).
This dichotomy appears conserved in humans as
CD14+CD162, and CD14lowCD16+ monocytes may re-
semble “inflammatory” and “resident” monocytes. In
combination with CD103 (aE integrin), Cx3cr1 was
proposed to define different subsets of DCs in the
lamina propria of the gut. However, although CD103 is
a convenient marker to identify DCs producing retinoic
acid and TGFb in the lamina propria of the small
intestine (Coombes et al., 2007), the expression of
Cx3cr1 on DCs remains controversial. Initially
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described as a marker for myeloid-derived mucosal
DCs (Hapfelmeier et al., 2008; Niess et al., 2005;
Bogunovic et al., 2009; Schulz et al., 2009) that sample
the lumen of the small intestine, its selectivity was
highly debated (Medina-Contreras et al., 2011)
because Cx3cr1+ cells are highly heterogeneous. Re-
cently, five subpopulations were defined in the lamina
propria (Rivollier et al., 2012). F4/80hi Cx3cr1hi macro-
phages positive or negative for CD11c produce large
amounts of IL-10 and are poor APCs. In contrast, DCs
express low to intermediate levels of Cx3cr1 and can be
divided into three subsets: CD11c+CD103+Cx3cr12

CD11b2 that cross-present antigens to CD8+

lymphocytes, CD11c+CD103+Cx3cr12CD11b+ and
CD11c+CD1032Cx3cr1+CD11b+, with both latter pop-
ulations able to efficiently present antigens to CD4+

T cells. CX3CR1 is expressed in brain (Jung et al.,
2000) and on retinal microglial cells (Combadiere et al.,
2007). Among cutaneous DC populations, CD11clow F4/
80+ Langerhans cells express high levels of Cx3cr1
(Jung et al., 2000). CX3CR1 is also expressed on
plasmacytoid dendritic cells (Auffray et al., 2009).
Because of the preferential expression of CX3CR1 on

cells of the innate immune system, it was anticipated
that this receptor may play a key role in many
inflammatory disorders. Cx3cr1-deficient mice are
fertile and develop normally in a pathogen-free
environment (Haskell et al., 2001; Combadiere et al.,
2003b) but reveal altered inflammatory and immune
functions in disease models. Cx3cr12/2 mice are
partially protected from atherosclerosis (Combadiere
et al., 2003b; Lesnik et al., 2003) and have reduced
numbers of macrophages in the vessel wall. The mech-
anism appears to involve Cx3cr1 effects on both
monocyte recruitment into atherosclerotic plaque and
survival of monocytes, macrophages, and foam cells,
favoring plaque progression (Landsman et al., 2009).
Monocyte survival depends on membrane-tethered
CX3CL1 and not on the shed soluble form, suggesting
dedicated activities related to the structural form of
the ligand (Kim et al., 2011; reviewed in White and
Greaves, 2012).
Reduced macrophage number in the gut lamina

propria of Cx3cr12/2 mice is associated with increased
translocation of commensal bacteria to mesenteric
lymph nodes and with exacerbated lesions in a model
of inflammatory bowel disease (Medina-Contreras
et al., 2011). On the other hand, in the setting of
dysbiosis where the commensal microbiome is dam-
aged, for example by oral antibiotics, Cx3cr1high DCs
may transport pathogens from the lamina propria
to draining lymph nodes (Diehl et al., 2013). Two
recent reports have identified regulatory activities
for a subset of CX3CR1+ macrophages that suppress
T-cell responses (Zhang et al., 2012), leading to pre-
vention of intestinal inflammation (Kayama et al.,
2012).

CX3CL1 has been detected on diverse subpopula-
tions of neurons and has been proposed to interact with
CX3CR1-expressing resident macrophages in the brain
to control neuroinflammation. Cx3cr1 deficiency was
reported to promote microglial neurotoxicity in differ-
ent neuropathologic murine models such as bacterial
product-triggered inflammation, Parkinson’s disease,
amyotrophic lateral sclerosis, and tau pathology
(Cardona et al., 2006; Bhaskar et al., 2010). In
contrast, Cx3cr1 deficiency was protective in a focal
cerebral ischemia model with smaller infarcts and
reduced inflammation (Denes et al., 2008) and in
a mouse model of Alzheimer’s disease (Fuhrmann
et al., 2010) where neuronal loss was prevented.
These contradictory results suggest that the CX3CR1/
CX3CL1 axis may have complex biologic effects de-
pending on the host insult. The CX3CR1-CX3CL1 axis
is a key regulator of neuron-microglial cell commu-
nication, and there is now strong evidence that it
participates in pain modulation (reviewed (D’Haese
et al., 2010; Clark et al., 2011). The effects of this
interaction system are not clearly understood, because
CX3CR1 may have central proalgesic (Milligan et al.,
2004) and peripheral antialgesic (Holmes et al., 2008)
activities.

The role of CX3CL1-CX3CR1 in inflammatory lung
disorders such as chronic obstructive pulmonary
diseases and pulmonary hypertension was recently
reviewed (Zhang and Patel, 2010). This appears to
involve recruitment of immune cells to lung vessel
walls and parenchyma. Cx3cr12/2 mice displayed
severe morbidity and mortality after vaccinia virus
infection associated with a defect in lung DC recruit-
ment and reduced T-cell effector functions (Bonduelle
et al., 2012). These studies open up novel therapeutic
strategies targeting myeloid cell recruitment. Aside
from the prominent expression of CX3CR1 on cells of
myeloid origin, recent work provided compelling
evidence for functional expression of CX3CR1 on Th2
T cells in asthma (Mionnet et al., 2010). Cx3cr12/2

mice were protected, and transfer of control CD4+

T cells in these mice restored lung disease. It was
proposed that CX3CR1 provides survival signals to Th2
cells in the lung, favoring their pathogenic functions.
This is consistent with overexpression of CX3CR1 tran-
scripts in patients with asthma (Laprise et al., 2004).

The first genetic tools to evaluate the biologic role of
CX3CR1 in human disease were two common single
nucleotide polymorphisms in the open reading frame of
CX3CR1, each of which changed a single amino acid,
V249I and T280M, in transmembrane domains 6 and 7
and may affect receptor function. They are in strong
linkage disequilibrium and define common V249T280
and rare I249M280 haplotypes. The CX3CR1 M280
allele was associated with accelerated onset of AIDS
among HIV+ individuals (Faure et al., 2000). CX3CR1
polymorphisms were associated with reduced risk
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of atherosclerosis independent of other established
risk factors and uncorrelated with disease severity
(McDermott et al., 2001, 2003; Moatti et al., 2001). The
CX3CR1-I249 allele was associated with increased
glioblastoma multiforme survival and with reduced
tumor infiltration (Rodero et al., 2008). The first
evidence in humans that chemokines have a genetic
role in age-related macular degeneration (AMD) in-
volved CX3CR1 (Tuo et al., 2004). A small-scale study
(85 case patients and 105 controls) found CX3CR1-I249
and -M280 alleles at a higher frequency in people with
AMD than in control subjects. Another study deciphered
the role of retinal microglia cells, their relation to
CX3CR1 polymorphisms, and their contribution to AMD
(Combadiere et al., 2007). The authors showed first that
microglial cells expressed the CX3CR1 gene and con-
firmed that the CX3CR1-M280 allele was associated
with an increased risk of AMD. Interestingly, microglial
cells accumulated in the subretinal space, specifically at
sites of retinal degeneration and choroidal neovascula-
rization in patients with AMD. The causal mechanism
of these clinical effects may involve a delicate balance
between excessive adhesion (Daoudi et al., 2004) and
reduced chemotaxis (McDermott et al., 2003; Comba-
diere et al., 2007) of CX3CR1-expressing leukocytes. All
these studies implicate CX3CR1 in human pathologies
and more specifically in inflammatory conditions in-
volving cells of the myeloid lineage.
Drug development. Because of the pleiotropic role

of the CX3CR1-CX3CL1 axis, it was not initially
ranked as a priority target for drug development.
However, a number of studies have evaluated whether
CX3CR1-blocking agents may have effects in the
treatment of inflammatory disorders in animal models.
Treatment with CX3CR1-blocking antibodies signifi-
cantly prolonged cardiac allograft survival (Robinson
et al., 2000), reduced inflammation and fibrosis, and
preserved renal function in a renal ischemia-reperfu-
sion model (Furuichi et al., 2006) but delayed skin
wound healing (Ishida et al., 2008) and decreased
tumor cell clearance (Robinson et al., 2003). CX3CL1
analogs with antagonist properties were developed
(Inoue et al., 2005; Dorgham et al., 2009) and provided
efficient tools to block CX3CR1-mediated functions in
vivo. They limited lupus nephritis progression (Inoue
et al., 2005) and reduced epithelial ovarian tumor cell
proliferation (Gaudin et al., 2011). Inhaled CX3CR1
antagonist or intraperitoneal injection of CX3CR1
antibody protects mice from asthma (Mionnet et al.,
2010). These results underline the therapeutic poten-
tial of this chemokine axis. However, to date no
CX3CR1-targeted therapeutics have been evaluated
in humans.

D. XC Chemokine Receptors

1. XCR1. Although XCR1 is encoded by a gene
within the CCR cluster on human chromosome 3p21, it

does not bind CC chemokines. Instead, it is the specific
receptor for XCL1 and XCL2 (previously called lym-
photactin a and b), which are encoded by a pair of
genes located on human chromosome 1q24.2 and differ
by only two amino acids at positions 7 and 8 of the
mature proteins (Yoshida et al., 1996, 1998b). Because
no significant functional difference has been shown
between XCL1 and XCL2, XCL1 will be used to
represent both proteins hereafter.

XCL1 is an exceptional chemokine because it has
only two canonical cysteines instead of four and can
form only one disulfide bond. Interestingly, XCL1
adopts two distinct structures in equilibrium in phy-
siologic solution conditions: one has the canonical
chemokine fold and functions as an XCR1 agonist but
fails to bind heparin, whereas the second structure
binds heparin with high affinity but fails to activate
XCR1 (Tuinstra et al., 2008). Furthermore, in both
human and mouse XCR1, the DRY motif (typically,
DRYLAIV), which is commonly found in the second
intracellular loop of other chemokine receptors and
known to be crucial for G protein coupling, is altered to
HRYLSVV, suggesting a possible difference in down-
stream signaling pathways of XCR1 from those of other
chemokine receptors (Yoshida et al., 1998b, 1999).

XCL1 was originally reported to be produced by
CD8+ T cells (Kelner et al., 1994; Kennedy et al., 1995;
Muller et al., 1995; Yoshida et al., 1995). XCL1 is now
known to be produced by activated CD8+ T cells,
dendritic epidermal invariant Vg3Vd1 T cells, intesti-
nal intraepithelial gd T cells, and NK cells (Boismenu
et al., 1996; Muller et al., 1995; Hedrick et al., 1997).
Human CD8+ ab T cells, especially a minor sub-
population lacking CD5 expression, were reported to
be the major producer of XCL1 (Stievano et al., 2003).
Activated CD8+ T cells and NK cells secrete XCL1
together with CCL3, CCL4, and CCL5, suggesting
some functional cooperation among these chemokines
(Dorner et al., 2002).

XCL1 was also originally described as a chemo-
attractant for lymphocytes but not for monocytes or
neutrophils (Kelner et al., 1994; Kennedy et al., 1995).
It was therefore considered to be the first bona fide
lymphocyte-specific chemokine, hence the original
naming of lymphotactin, and also to represent a new
class of chemokine (now termed the XC subfamily).
Independently, two other groups also reported the
human counterpart of lymphotactin but explicitly
mentioned that they were unable to demonstrate any
chemotactic activity of the recombinant protein on
lymphocytes or any other cell types examined (Muller
et al., 1995; Yoshida et al., 1995). Later, it was further
shown that natural XCL1 produced by activated CD8+

T cells only induced locomotion (chemokinesis), not
chemotaxis, of purified CD4+ and CD8+ T cells (Dorner
et al., 1997). Nevertheless, many researchers reported
potent chemotactic activity of XCL1 on CD8+ T cells,
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NK cells, B cells, and neutrophils (Boismenu et al.,
1996; Maghazachi et al., 1997; Huang et al., 2001).
As for XCR1, it was first reported to be strongly

expressed in placenta but weakly in spleen and
thymus, and XCL1 and XCL2 were equipotent agonists
in chemotaxis and calcium flux assays in XCR1-
transfectants (Yoshida et al., 1998b). Mouse Xcr1 was
also shown to mediate chemotactic and calcium flux
responses to Xcl1 (Yoshida et al., 1999). However, even
after the discovery and initial characterization of
XCR1, the precise cell types that express XCR1 long
remained unknown because of the lack of good
reagents for surface XCR1. Although XCR1 mRNA
was reported to be expressed by CD8+ T cells, NK cells,
and neutrophils, consistent with some but not all of the
published results for the presumed target cells of XCL1
(Yoshida et al., 1999; Cairns et al., 2001; Huang et al.,
2001; Stievano et al., 2003; Luttichau et al., 2007), the
actual levels of expression were very low. Thus,
these data may be due mostly to PCR amplification of
contaminating DNA in the RNA samples. Recently,
Dorner et al. (2009) discovered that, unlike most other
chemokine receptor genes, which are encoded by one
exon, the XCR1 gene has two exons. Thus, Dorner et al.
devised a new set of primers spanning a large intron of
mouse Xcr1 and finally demonstrated strong expres-
sion of Xcr1 exclusively in CD8+ dendritic cells (DCs).
Other cell types examined, CD4+ T cells, CD8+ T cells,
NK cells, plasmacytoid DCs, etc., were all negative,
consistent with early microarray data (Robbins et al.,
2008). Signals by other DC subsets were also very low
(Dorner et al., 2009).
Resident DCs in mouse spleen and other lymphoid

tissues commonly express CD11c and can be subdi-
vided into three subsets: CD4+ DCs (;70%), CD8+ DCs
(;20%), and double-negative DCs (;10%) (Vremec
et al., 2000). Among them, CD8+ DCs are involved in
antigen cross-presentation, in which exogenous anti-
gen is presented in the context of MHC class I instead
of the classic MHC class II pathway. Cross-presentation
is crucial for activation of antigen-specific CD8+

T cells in the host defense against intracellular
pathogens, when DCs are not directly infected, and
also in the recognition of tumor antigens (Kurts et al.,
2010). In fact, Dorner et al. (2009) showed that,
although XCR1 is exclusively expressed on murine
CD8+ DCs, CD8+ T cells abundantly produce XCL1
after antigen recognition on CD8+ DCs, which might
lead to stable T cell-DC interactions as well as
recruitment of more CD8+ DCs to the site of antigen
recognition for immune amplification. Indeed, absence
of XCL1 impaired the development of cytotoxic CD8+

T cells to antigens cross-presented by CD8+ DCs
(Dorner et al., 2009). Soon, the unique expression
pattern of XCR1 observed in the mouse was shown
to be conserved in humans, because human blood
BDCA3+ DC, which had been previously reported to be

the counterparts of mouse spleen CD8+ DCs (Robbins
et al., 2008), exclusively express XCR1. Human DCs
are subdivided into CD104+ plasmacytoid DCs and
conventional (or myeloid) CD11c+ DCs, the latter
consisting of a CD16+ subset (;70%), a CD1c+ (also
called BDCA-1 from blood dendritic cell antigen-1)
subset (;30%), and a CD141+ (thrombomodulin, also
called BDCA-3) subset (,5%) (Ziegler-Heitbrock et al.,
2010). Human CD141+/BDCA-3+ DCs are the only cells
in human blood expressing XCR1 and have been
proven to be superior to other DC subsets in cross-
presentation of soluble or cell-associated antigen to
CD8+ T cells (Bachem et al., 2010). Thus, CD141+ DCs
are the human counterparts of mouse CD8+ DCs.
Similarly, Crozat et al. (2010) have shown that XCR1 is
a conserved discriminating marker for the CD8a+-type
DCs in human, mouse, and sheep, whereas XCL1
mRNA is selectively expressed by NK cells and CD8+

T cells, particularly antiviral central memory CD8+

T cells. Furthermore, when challenged with an in-
tracellular bacterial pathogen Lysteria monocytogenes,
Xcr12/2 mice have decreased early CD8+ T-cell re-
sponses associated with higher bacterial loads early in
infection (Crozat et al., 2010). Crozat et al. (2011) also
have shown that dermal CD103+ DCs, which share
with spleen CD8a+ DCs a high efficiency for antigen
cross-presentation, also express XCR1 (Crozat et al.,
2011).

In the thymus, DCs accumulate in the medulla and
contribute to the establishment of self-tolerance.
Thymic DCs are also shown to express XCR1, whereas
medullary thymic epithelial cells express XCL1
(Lei et al., 2011). Xcl12/2 mice are defective in the
medullary accumulation of thymic DCs and the thymic
generation of naturally occurring regulatory T cells.
Furthermore, the Xcl1 expression by medullary thymic
epithelial cells, the medullary accumulation of thymic
DCs, and the generation of naturally occurring regu-
latory cells are all diminished in Aire-deficient mice
(Lei et al., 2011). Thus, in the thymus, the XCL1-XCR1
axis is involved in DC-epithelial cell interactions and
development of naturally occurring regulatory cells.

Prior to the identification of the correct target cells of
XCL1, and probably because of its attractive name
“lymphotactin,” many researchers considered XCL1
as a suitable chemokine to recruit cytotoxic T cells
for cancer immunotherapy and even succeeded to
demonstrate its powerful adjuvant effect in cancer
immunotherapy (Dilloo et al., 1996; Ju et al., 2000;
Cairns et al., 2001). Later studies, in which XCL1 and
other chemokines were carefully compared side by
side, however, found no such adjuvant effect of XCL1
gene therapy (Gao et al., 2005b; Okada et al., 2006;
Kanagawa et al., 2007). These discrepancies could be
partly attributed to differences in the tumor models
and delivery systems used. However, now that XCR1
expression in lymphocytes such as CD8+ T cells and
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NK cells has been shown to be negative, the efficient
recruitment of these killer type cells to tumor tissues
via a direct action of XCL1 is unlikely. Still, the XCL1-
XCR1 axis may be most useful for the development of
effective cancer immunotherapy after all, given that
XCR1 would provide an excellent molecular tool for the
efficient delivery of tumor antigens to CD8a+-type DCs
for cross-presentation to CD8+ T cells in vivo (Kroczek
and Henn, 2012).
Probably because of the importance of the XCL1-

XCR1 axis in cross-presentation, XCR1 appears to be
an important target for many viruses. The M3 gene of
mouse g-herpesvirus murine gamma herpesvirus-68
(MHV68) encodes a chemokine-binding protein that is
expressed during latency and binds a broad-spectrum
of chemokines including mouse Xcl1 (van Berkel et al.,
2000). Thus, MHV68 may use M3 to suppress the host
cross-presentation machinery to evade immune recog-
nition. HHV8 encodes vCCL2 and vCCL3. vCCL2 is
a broad spectrum antagonist of human chemokine
receptors including XCR1, whereas vCCL3 is a highly
selective agonist for XCR1, (Luttichau et al., 2007).
Thus, HHV8 may have a sophisticated mechanism to
exploit the XCR1 system during its life cycle by
exerting both positive and negative effects on XCR1.
HHV6A encodes a CC-chemokine receptor homolog
named U51A, which is constitutively active in inositol
phosphate turnover and also mediates chemotactic and
calcium mobilization responses to various CC chemo-
kines, and XCL1 (Catusse et al., 2008). U51A may
promote virus dissemination within the host by en-
hancing migration of infected cells to sites of chemokine
production and/or evasion of host immune recognition
by chemokine diversion and downregulation.
Drug development. Given the longtime confusion

and the lack of understanding of the biologic functions
of the XCL1-XCR1 axis, it is not surprising that there
are still no reports on the development of small-
molecule XCR1 antagonists. However, the recent iden-
tification of the correct cell types that express XCR1 has
finally set research on the XCL1-XCR1 axis in the right
track. Because of the importance of cross-presentation
in immune responses to intracellular pathogens and
tumors, XCR1 may eventually provide an excellent
surface molecule to deliver antigens to CD8+-type DCs
for cross-presentation to CD8+ cytotoxic T cells (Kroczek
and Henn, 2012). The XCL1-XCR1 axis may also be
involved in some diseases involving cytotoxic T cells
such as organ-specific autoimmune diseases and could
be a future target for drug development.

III. Host Atypical Chemokine Receptors

Several molecules are highly homologous to typical
chemokine receptors and bind chemokines but do not
signal through G proteins. Previously called decoys,
interceptors, scavengers, or chemokine-binding proteins,

the preferred term is now atypical chemokine receptors,
which has been formalized in the new Nomenclature
Committee of the International Union of Pharmacology-
and Human Genome Organization Gene Nomenclature
Committee-approved nomenclature stem ACKR# intro-
duced below.

A. ACKR1 (Previously Duffy Antigen Receptor
for Chemokines)

ACKR1 is a heptahelical cell membrane protein,
structurally similar but with low homology (less than
25% amino acid identity) to classic chemokine recep-
tors (Chaudhuri et al., 1993; Neote et al., 1994). Also,
in sharp contrast to classic chemokine receptors,
ACKR1 lacks within the second intracellular loop the
entire DRYLAIV consensus motif (Neote et al., 1994),
which is required for binding of G proteins. Accord-
ingly, no conventional chemokine-induced intracellular
signaling responses have been recorded downstream of
ACKR1 (Horuk et al., 1993b; Neote et al., 1994), hence
its designation as an ACKR or atypical chemokine
receptor (Nibbs et al., 2003; Graham et al., 2012).
However, complex cell responses take place after
ACKR1 ligation by cognate chemokines (Pruenster
et al., 2009), suggesting that it may activate alter-
natives to classic intracellular signaling pathways.
ACKR1 is the most promiscuous among all chemokine
receptors: it binds, albeit with a broad range of af-
finities, over 20 different chemokines from both the
CC and CXC subfamilies, primarily from the inflam-
matory functional group (Chaudhuri et al., 1994;
Horuk et al., 1994; Szabo et al., 1995; Gardner et al.,
2004) (Fig. 6). ACKR1 is also the oldest known
chemokine receptor. It was discovered in 1950 as
a blood group antigen and named “Duffy” after the
eponymic polytransfused patient with hemolysing
antibodies against an allogeneic erythrocyte antigen,
Fya (Cutbush and Mollison, 1950; Cutbush et al.,
1950); the predicted antithetical Fyb antigen was
described shortly afterward (Ikin et al., 1951). In
addition to erythrocytes, ACKR1 is constitutively
expressed by endothelial cells of venules and small
veins, but not arteries or capillaries (Chaudhuri et al.,
1994, 1997; Peiper et al., 1995; Rot, 2005), as well as on
a subset of neurons, particularly cerebellar Purkinje
cells (Chaudhuri et al., 1994; Horuk et al., 1997), but
not by any leukocyte subsets. There is debate about
whether it is expressed on epithelial cells (Chaudhuri
et al., 1997). The two antithetical Duffy erythrocyte
antigens, Fya and Fyb, are the products of two
polymorphic alleles FYA and FYB present on chromo-
some 1. They differ only in a single nucleotide, G
versus A within codon 42, encoding glycine and as-
partic acid in Fya and Fyb, respectively (Chaudhuri
et al., 1995; Iwamoto et al., 1995). ACKR1’s extracel-
lular N-terminal domain, which bears the blood group
determinants, is linked with the fourth extracellular
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domain via a disulfide bond. These domains together
create an active chemokine binding pocket (Tourna-
mille et al., 1997; Tournamille et al., 2003). The third
major ACKR1 polymorphism results from a T to C
substitution at nucleotide-67 within the promoter
region of the FYB allele at the binding site of the
erythroid transcription factor GATA-1 (Tournamille
et al., 1995). This polymorphism, designated as
erythroid silent, FYB(ES), effectively abolishes the
transcription of ACKR1 in erythroid cells, leading to
a “Duffy-negative” phenotype, but not in any other
sites of ACKR1 expression (Peiper et al., 1995), The
emergence and overwhelming prevalence of the FYB
(ES) polymorphism in West Africa, in some regions
reaching 100%, has been strongly associated with
resistance of Duffy-negative individuals to Plasmo-
dium vivax malaria (Miller et al., 1975, 1976). In-
deed micronemes of the merozoite of this plasmodium
strain, but not Plasmodium falciparum, express a spe-
cific Duffy-binding protein that binds ACKR1 and
mediates parasite adhesion to erythrocytes required
for their subsequent invasion (Horuk et al., 1993a).
However, the role of Duffy-binding protein-ACKR1
interaction in parasite infectivity and the development
of vivax malaria is not absolute. In regions of Africa
populated by mixed Duffy-positive and -negative peo-
ple, e.g., Madagascar, Duffy-negative individuals can
carry parasites asymptomatically and develop fully
symptomatic vivax malaria (Menard et al., 2010). This
suggests that the resistance to vivax malaria in re-
gions of West Africa may be conveyed by the FYB(ES)
polymorphism at a population level by reduced par-
asite transmission from infected humans to mosquito
vectors. Recently the relationship of ACKR1 to malaria
has been extended to P. falciparum, at least in vitro.
In this setting, platelets are toxic to the parasite and
the toxic factor is CXCL4 (previously called platelet
factor 4). CXCL4 binds to ACKR1 and is delivered
by it to the internalized parasite (McMorran et al.,
2012)
In related developments, P. falciparum-infected er-

ythrocytes have been reported to bind endothelial cell
CX3CL1 in vitro (Hatabu et al., 2003), suggesting the
parasite expresses a CX3CR1 mimic. Conversely, the G
glycoprotein of respiratory syncytial virus has been
reported to function as a CX3CL1 mimic binding to
CX3CR1 to induce chemotaxis and possibly to promote
viral entry and pathogenesis (Amanatidou et al., 2006;
Harcourt et al., 2006; Johnson et al., 2012), and human
cytomegalovirus encodes US28, a chemokine receptor
able to bind CX3CL1, possibly to mediate viral at-
tachment to target cells (see below).
ACKR1 plays diverse pathophysiological roles in

chemokine homeostasis, largely dependent on its
cellular expression site. Erythrocyte ACKR1 was tra-
ditionally considered to act as a chemokine “sink,”
dampening the levels of circulating inflammatory

chemokines, thus suppressing systemic leukocyte ac-
tivation (Darbonne et al., 1991; Neote et al., 1993;
Dawson et al., 2000b; Reutershan et al., 2009).
Curiously, erythrocyte ACKR1 also maintains chemo-
kine levels in blood, not only on the erythrocyte
surface, but also in plasma, both in normal conditions
and during inflammation, although the latter finding
was not observed by all investigators (Jilma-Stohla-
wetz et al., 2001; Fukuma et al., 2003; Lee et al., 2006;
Mayr et al., 2008). Currently it is not clear what may
be the teleologic role of ACKR1 as a chemokine blood
reservoir. It was suggested that different chemokines
compete for ACKR1 binding to erythrocytes and thus
modify the equilibria of free and bound chemokines
and influence specific responses to them (Mei et al.,
2010). Such equilibria can also be shifted by other
physiologic substances, e.g., heparin and serum serine
proteases, able to displace chemokines from ACKR1
(Schnabel et al., 2010).

ACKR1 plays an entirely different role in venular
endothelial cells. These cells can bind, internalize, and
transport chemokines from the basolateral to apical
membrane, leading to chemokine immobilization and
presentation on the luminal microvilli (Rot, 1992;
Middleton et al., 1997; Hub and Rot, 1998). ACKR1
was recently shown to mediate all these chemokine
interactions (Pruenster et al., 2009), thus contributing
inflammatory pathomechanisms in different organs
(Zarbock et al., 2007; Pruenster et al., 2009). In con-
trast to other atypical chemokine receptors, ACKR2/D6
in particular (discussed below), chemokine internali-
zation by ACKR1 does not lead to their lysosomal
degradation (Pruenster et al., 2009). Nevertheless,
chemokine internalization by ACKR1 may reduce
their availability in pericellular microenvironments.
This may be a potential mechanism for how ACKR1
downmodulates angiogenesis induced by ELR CXC
chemokines (Du et al., 2002; Horton et al., 2007).
Alternative mechanisms may involve heterodimeriza-
tion of ACKR1 and classic signaling chemokine re-
ceptors, leading to attenuation of their signaling
(Chakera et al., 2008).

Drug Development. ACKR1 blocking agents have
not been developed yet.

B. ACKR2 (Formerly D6 or CCBP2)

ACKR2, a close homolog of CCRs, is encoded with-
in the CCR gene cluster and binds inflammatory
chemokines promiscuously, but only ones from the
CC subfamily (Bonini et al., 1997; Nibbs et al., 1997;
Graham, 2009). However, ACKR2 lacks the canonical
DRYLAIV motif in ICL2 (altered to DKYLEIV),
possesses the atypical amino acid N instead of D in
transmembrane domain 2, and is unable to signal, in
the classic sense, in response to any of its known ligands.
ACKR2 has therefore been classified as an “atypical”
chemokine receptor (Graham et al., 2012). Interestingly,
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an ACKR2 homolog in chicken (XP_418499) lacks the
DKYLEIV alteration, suggesting that the apparent loss
of signaling competence may be peculiar to mammalian
ACKR2.
Biochemically, ACKR2 is sulfated on N-terminal

tyrosine residues and possesses a single N-terminal
glycosylation site that is not required for function
(Blackburn et al., 2004). In contrast to other che-
mokine receptors, which require ligand binding to
induce phosphorylation, ACKR2 appears to be con-
stitutively phosphorylated on the intracellular C-
terminal domain, suggesting that it is in a perma-
nently active configuration with regard to receptor
internalization and recycling (McCulloch et al.,
2008).
ACKR2 is expressed constitutively in the skin, gut,

lung, and placenta, which are all tissue “barrier” sites.
In placenta, it is strongly expressed on the syncytio-
trophoblast layer, an expression pattern that is
established early during pregnancy (Martinez de la
Torre et al., 2007; Madigan et al., 2010). In adult
tissues, ACKR2 is expressed on some but not all
lymphatic endothelial cells, in both peripheral tissues
and lymphoid organs (Nibbs et al., 2001; Lee et al.,
2011). In addition, ACKR2 is expressed by a range of
leukocyte subtypes, most notably dendritic cells and
innate-like B cells (McKimmie et al., 2008; Hansell
et al., 2011).
ACKR2 binds promiscuously all inflammatory CC-

chemokines, but not homeostatic CC-chemokines or
other classes of chemokines (Fig. 6) (Bonecchi et al.,
2004; Savino et al., 2009). A number of analyses (Nibbs
et al., 1999; Savino et al., 2009) have highlighted the
importance of a proline residue in position 2 (P2) in
chemokines for binding. This suggests that chemokine
binding to ACKR2 can be manipulated by the protease
CD26, which is capable of removing the two most
amino-terminal amino acids from proteins bearing a
P2 amino acid. Intriguingly, primates, including hu-
mans, have evolved a variant of the inflammatory
CC-chemokine, CCL3, that lacks the P2 residue and
which therefore is unable to bind with high affinity to
ACKR2 (Menten et al., 1999; Nibbs et al., 1999). The
importance of this variant for the regulation of the
primate inflammatory response is currently unknown.
Promiscuous ligand binding and apparent lack of

signaling suggest a novel role for ACKR2 in regulating
inflammatory chemokine responses. A range of in vitro
analyses have convincingly demonstrated that it is
incapable of supporting chemokine-dependent direc-
tional migration of cells and that its primary role is to
scavenge, and degrade, inflammatory CC-chemokines
(Fra et al., 2003; Blackburn et al., 2004; Bonecchi et al.,
2004; Weber et al., 2004). ACKR2 constitutively in-
ternalizes and recycles from the cell surface via in-
tracellular vesicles using mechanisms that may be
dependent upon arrestin recruitment (Galliera et al.,

2004; Weber et al., 2004). ACKR2 recycles in a ligand-
independent manner, but is able to bind and inter-
nalize ligand and target it for lysosomal degradation.
Under resting conditions, the vast majority of ACKR2
is in intracellular vesicles, with only 3–5% on the cell
surface (Blackburn et al., 2004). ACKR2 + vesicles
correspond to Rab5+ and Rab11+ early and recycling
endosomes (Galliera et al., 2004; Weber et al., 2004).
Upon ligand engagement, there is upregulation of cell
surface ACKR2 in response to exposure to ligand, re-
sulting in more efficient internalization and scaveng-
ing (Bonecchi et al., 2008). This observation suggested
that ACKR2 can signal in response to ligand. Consis-
tent with this, ACKR2 redistribution to the cell surface
and its chemokine-scavenging activity was recently
shown to require activation of a b-arrestin1-dependent,
G protein-independent signaling pathway, leading to
the phosphorylation of the actin-binding protein cofilin
through the Rac1-p21-activated kinase 1-LIM kinase 1
cascade (Borroni et al., 2013).

ACKR22/2 mice display no obvious resting pheno-
type, but marked phenotypes are revealed in models of
inflammatory pathologies (Graham, 2009; Graham
et al., 2012). In general, ACKR22/2 mice are unable
to efficiently remove inflammatory CC-chemokines
from inflamed sites and therefore to resolve inflam-
matory responses. Thus in models of skin inflamma-
tion (Graham, 2009; Graham et al., 2012; Jamieson
et al., 2005; Martinez de la Torre et al., 2005),
ACKR22/2 mice display markedly exaggerated in-
flammatory responses and indeed, in one model,
develop a pathology reminiscent of human psoriasis
(Jamieson et al., 2005). Exaggerated inflammatory
responses are seen in all tissues of ACKR22/2 mice in
which ACKR2 is normally expressed, including the gut
(Bordon et al., 2009; Vetrano et al., 2010) and lung
(Whitehead et al., 2007; Di Liberto et al., 2008). In
addition, expression of ACKR2 on the syncytiotropho-
blast layer in the placenta appears to be important for
protecting the embryo during maternal inflammatory
responses (Martinez de la Torre et al., 2007; Madigan
et al., 2010). Thus, increased miscarriage rates have
been reported in ACKR22/2 mice administered LPS or
autoantibodies.

ACKR2 has also been shown to be aberrantly
expressed in a range of human pathologic contexts.
An ACKR2 polymorphism has been associated with
extent of liver inflammation in HCV-infected patients
(Wiederholt et al., 2008). This is consistent with animal
models indicating exaggerated inflammatory responses
in ACKR22/2 mice in models of liver inflammation
(Berres et al., 2009). Strikingly, ACKR2 appears to be
upregulated in peripheral blood leukocytes in a range
of inflammatory pathologies including systemic sclero-
sis (Codullo et al., 2011) and psoriasis (Singh et al.,
2012), suggesting an attempt by these patients to re-
gulate circulating peripheral inflammatory chemokine
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levels. This is clearly evident in patients with systemic
sclerosis who show an inverse correlation between
leukocyte ACKR2 expression levels and circulating
inflammatory chemokine levels (Codullo et al., 2011).
In addition, in psoriasis, ACKR2 is prominently ex-
pressed by keratinocytes in apparently healthy
looking uninvolved skin. Elevation of ACKR2 expres-
sion in keratinocytes is largely driven by interferon-g,
which, to date, is the strongest regulator of ACKR2
expression reported (Singh et al., 2012). In the context
of cancer, animal models of skin (Nibbs et al., 2007)
and gut (Vetrano et al., 2010) tumorigenesis have
indicated an important role for ACKR2 as a tumor-
suppressor gene, and, in this context, its major
function is to limit tumor-promoting inflammatory
responses. A number of clinical studies revealed an
inverse correlation between ACKR2 expression and
disease-free survival in a range of tumor contexts (Wu
et al., 2008). Most recently, ACKR2 has been shown to
be expressed in infarcted myocardium and to be
important for preventing excessive inflammation and
vascular remodeling in this context (Cochain et al.,
2012). Finally, elevated expression of ACKR2 was
reported in alveolar macrophages in patients with
COPD (Bazzan et al., 2013). That elevated expression,
positively correlated with markers of immune activa-
tion and negatively with lung function, suggests that
ACKR2 may have roles in the pathogenesis of chronic
inflammatory conditions such as COPD.
Drug Development. Antagonists targeting ACKR2

have not yet been reported.

C. ACKR3 (Alias CXCR7)

ACKR3 is an atypical chemokine receptor first
identified as the orphan receptor RDC1 in a dog cDNA
library (Libert et al., 1990). Deorphanization was
facilitated by similarity of its sequence to chemokine
receptors and localization of human RDC1 to chromo-
some 2 in the vicinity of CXCR2 and CXCR4 (Fredriksson
et al., 2003; Thelen and Thelen, 2008). Similar to CXCR4,
ACKR3 binds CXCL12. Unlike CXCR4, it is not monog-
amous, but is also able to bind CXCL11, but not other
CXCR3 ligands (Fig. 6) (Balabanian et al., 2005a; Burns
et al., 2006). Of importance for its biologic function,
ACKR3 has ~10-fold higher affinity than CXCR4 for
CXCL12 (Crump et al., 1997; Balabanian et al., 2005a;
Burns et al., 2006).
ACKR3 transcripts are detected in hematopoietic

cells, mesenchymal cells, and neuronal tissue (Su et al.,
2002). Among hematopoietic cells, ACKR3 mRNA is
found in various primary leukocyte subsets including
the human B-cell compartment and in mouse splenic
marginal zone B cells and type 2 transitional marginal
zone cells (Graham et al., 2012; Humpert et al., 2012;
Wang et al., 2012).

Similar to Cxcr4, targeted disruption of Ackr3 in
mice is perinatal lethal. However, mortality is due to
stenotic defects in all four heart valves, a phenotype
not observed in Cxcr4 knockout mice (Sierro et al.,
2007; Gerrits et al., 2008; Yu et al., 2011). The same
phenotype occurs when Ackr3 is deleted only in
endothelium, suggesting that the function of the
receptor is most critical in these cells (Sierro et al.,
2007). It is noteworthy that C57BL/6 mice, which were
used for Ackr3 deletion, are naturally null mutants for
Cxcl11. This indicates that the lethal cardiac pheno-
type is not caused by a defective Cxcl11/Ackr3 in-
teraction and that the critical ligand is Cxcl12 or
another as yet undiscovered factor (Sierro et al., 2007).
However, the stenotic cardiac valve phenotype in Ackr32/2

mice does not occur in Cxcl122/2 mice, which instead
have the same phenotype as Cxcr42/2 mice, suggesting a
functionally monogamous Cxcl12/Cxcr4 ligand/receptor
pair (Thelen and Thelen, 2008).

Evidence for a functional role of Ackr3 in vivo also
comes from studies in zebrafish, where the migration of
lateral-line primordium is abrogated upon deletion of
Cxcl12 or Ackr3 or of Cxcr4 together with Ackr3 but
less affected upon deletion of Cxcr4 alone, compati-
ble with the notion that Ackr3 activation may play
a functional role in this process (Dambly-Chaudiere
et al., 2007; Valentin et al., 2007). In the case of pri-
mordial germ cell migration, the mechanism of Ackr3
function appears to involve scavenging of Cxcl12 by
stromal cells expressing Ackr3 behind the migrating
front of primordial germ cells, which carves a gradient
required for migration. Primordial germ cells arrive at
sites where Cxcl12 is translated from mRNA but do not
continue to migrate forward if the scavenger activity of
Ackr3 does not create a guidance cue (Boldajipour
et al., 2008).

Ackr3 continuously cycles between the plasma
membrane and endosomal compartments where the
receptor deploys the cargo for lysosomal degradation.
The cycling of the receptor is ligand independent, but is
also enhanced in the presence of cognate chemokine,
a property originally identified for ACKR2 (Luker
et al., 2010; Naumann et al., 2010). The enhanced
cycling of Ackr3 in the presence of Cxcl12 can be seen
as an agonist-driven response and thus fulfills the
criteria of a signaling receptor. For this reason, it
was given the name CXCR7. However, the signal
transduction pathway involves stimulated arrestin
recruitment and chemokine-enhanced coupling to the
internalization machinery, for which activation of
heterotrimeric G proteins by GPCRs is dispensable
(Thelen, 2001) and the physiologic role of which
remains unknown. Thus it behaves more like an
atypical chemokine receptor and has therefore been
renamed ACKR3.

The precise molecular pathway for ACKR3 signaling
remains unclear (Zabel et al., 2009; Gravel et al., 2010).
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Several studies indicate that ACKR3 does not couple to
or activate G proteins or trigger typical chemokine
receptor signal transduction pathways (Graham et al.,
2012). The conserved DRYLAIV motif located at the
cytoplasmic extension of helix III, according to the
structure of CXCR4 (Wu et al., 2010), is assumed to be
essential for G protein coupling. ACKR3 displays a less
pronounced divergence from the canonical sequence
than other atypical chemokine receptors (Thelen and
Thelen, 2008); however, if this motif is mutated to the
canonical sequence the receptor still fails to trigger
calcium flux in response to ligand binding (Graham
et al., 2012), indicating that additional sequence
elements are missing or the orientation of the helices is
incompatible with effective G protein coupling. Be-
cause the receptor internalizes via arrestin, it is
possible that ACKR3 to some extent and in a particular
context may trigger arrestin-dependent signaling lead-
ing to ERK activation (Rajagopal et al., 2010) as
observed in cortical GABAergic interneurons (Wang
et al., 2011).
The physiologic importance of ACKR3-mediated

scavenging of CXCL12 is not limited to zebrafish
(Graham et al., 2012). Mammalian ACKR3 acts as
a critical scavenger on brain microvessel endothelium.
Under normal physiologic conditions perivascular
CXCL12 acts as a kind of glue, preventing the few
emigrating leukocytes to enter the parenchyma. Dur-
ing inflammation, IL-17- and IL-1-dependent upregu-
lation of ACKR3 on the abluminal surface of the brain
microvessel endothelium leads to marked depletion of
perivascular CXCL12 and therefore to a loss of the
localization signal for leukocytes. In EAE, inhibition of
ACKR3 with the small molecule CCX771 sufficiently
restores perivascular CXCL12 to prevent the disease
(Cruz-Orengo et al., 2011).
The marked expression of ACKR3 in ganglia of the

central nervous system suggests additional functio-
nal relevance (Schonemeier et al., 2008; Thelen and
Thelen, 2008). Indeed, migration of interneurons re-
quires expression of both CXCR4 and ACKR3 and
is impaired in the absence of either receptor. On the
one hand, signaling by both receptors has been
suggested to contribute to directed migration by
activation of G protein and MAPK pathways down-
stream CXCR4 and ACKR3, respectively (Wang et al.,
2011). On the other hand, ACKR3 has also been shown
to be essential for maintaining CXCL12 levels that are
optimal for CXCR4-dependent migratory responses, its
absence leading to excessive concentrations of CXCL12
that cause downregulation of CXCR4 and ultimately to
a defect in migration (Sanchez-Alcaniz et al., 2011;
Wang et al., 2011).
By analogy, growth and spreading of breast cancer

cells depends on the expression of CXCR4 and ACKR3.
Both receptors are mostly expressed on different tumor
cells, where ACKR3, acting in trans, regulates the level

of CXCL12 in the tumor, thereby controlling the
activity of the growth-promoting and migration-in-
ducing receptor CXCR4 (Luker et al., 2012). The pro-
pensity of CXCL12 to dimerize at higher concentrations,
and the finding that dimers fail to trigger chemotaxis
(Drury et al., 2011) further indicates a critical role for
ACKR3 in tuning CXCR4 responses.

An alternative nonmutually exclusive principle of
CXCR4 regulation by ACKR3 comes from investiga-
tions in which both receptors are ectopically expressed.
The proposed heterodimerization of CXCR4 and ACKR3,
which seems to depend on the expression levels of
both receptors, indicates a negative cooperative effect
of ACKR3 on CXCR4-G protein coupling (Levoye et al.,
2009) and a shift in biased signaling toward the
arrestin axis (Rajagopal et al., 2010; Decaillot et al.,
2011). However, whether these data can be extrapo-
lated to receptors expressed in native contexts remain
to be demonstrated.

ACKR3 expression is enhanced during pathologic
processes such as inflammation and cancer and is
broadly expressed on cancers of hematopoietic origin,
such as lymphomas, and of mesenchymal origin, such
as sarcomas, prostate and breast cancer, and gliomas
(Sun et al., 2010; Calatozzolo et al., 2011; Graham
et al., 2012). However, the role of ACKR3 in the
neoplasms remains unclear. Interestingly, ACKR3
expression on tumor cells is frequently accompanied
by CXCR4. For tumor growth, survival, and metasta-
sis, a functional CXCL12/CXCR4 axis is important
(Balkwill, 2004). Given the potential regulatory prop-
erties of ACKR3 for this signaling axis it can be
anticipated that ACKR3 is critical for tumor develop-
ment and thus may represent a target for therapeutic
intervention. The consequences of targeting ACKR3
with inhibitors are complex and potentially opposed,
ranging from blocking metastasis due to local accumu-
lation of CXCL12, which at elevated concentrations is
not able to trigger cell migration and downregulates
CXCR4 (Drury et al., 2011), to promoting dissemina-
tion by disrupting adhesion-mediating CXCL12/
CXCR4 signaling. In an even more complex environ-
ment in which multiple chemokines and receptors can
regulate tumor cell migration, additional outcomes are
possible. For example, administration of CXCL12 to
CXCR4+/ACKR3+ cancer cells potentiates their trans-
endothelial migration toward the homeostatic chemo-
kines CCL19 and CXCL13, which are both expressed in
lymph nodes. CXCL12-mediated enhanced migration
is abrogated when ACKR3 is inhibited but is markedly
less sensitive to CXCR4 antagonists. Therefore, it is
plausible that targeting ACKR3 could prevent lymph
node entry of CXCR4+/ACKR3+-positive tumor cells
(Zabel et al., 2011). The physiologic relevance of CXCL11
scavenging by ACKR3 is not known but could be re-
levant for the regulation of CXCR3-mediated immune
responses.
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Drug Development. Small molecule inhibitors of
ACKR3 have been manufactured by Chemocentryx,
including CCX771 and its prototypes CCX754 and
CCX733, which compete for CXCL12 binding to
ACKR3 in the low nanomolar range (;5 nM), but are
agonists with respect to arrestin recruitment (Luker
et al., 2009; Zabel et al., 2009). CCX662 is in preclinical
development for treatment of glioblastoma multiforme.
Although the CCX compounds show characteristics of
competitive agonists, monoclonal antibodies can effi-
ciently block CXCL12 binding and have minor ef-
fects on arrestin recruitment and could act as true
inhibitors.
ACKR3 binds CXCL12 differently from CXCR4.

Some high-affinity antagonists of CXCR4, such as
AMD3100 and TC14012, may act as competitive
agonists at ACKR3 but at very elevated concentrations
(EC50 350 nM for TC14012 and 140 mM for AMD3100)
(Gravel et al., 2010). Thus, although in this particular
case cross-reactivity is unlikely, the specificity of drugs
targeting either ACKR3 or CXCR4 has to be exten-
sively tested. Ubiquitin, which does not share the
binding site with CXCL12 at CXCR4, does not bind to
ACKR3 (Saini et al., 2011).

D. ACKR4 (Formerly CCRL1 and CCX CKR)

ACKR4 is located within the CCR cluster on human
chromosome 3p21 (Gosling et al., 2000). ACKR4 was
first reported to bind CCL19, CCL21, and CCL25 and
was therefore provisionally named “CCR10” (Gosling
et al., 2000). It was then reported to bind and mediate
cell migration in response to MCP-4, MCP-2, and MCP-
1 and was provisionally named “CCR11” (Schweickart
et al., 2000). Because subsequent studies failed to
confirm signaling, it was renamed CCRL1 and finally
ACKR4. It is now accepted that ACKR4 binds to the
homeostatic chemokines CCL19, CCL21, and CCL25
and with lower affinity to CXCL13 (Fig. 6). In humans,
a pseudogene is located on human chromosome 6q24.1.
In both mouse and human, ACKR4 gives rise to alter-
native transcripts, either including or not an extended
59-untranslated region derived from the neighboring acyl
coenzyme A dehydrogenase gene (Townson and Nibbs,
2002).
After ligand engagement ACKR4 internalizes and

drives its ligands to degradation (Comerford et al.,
2006), thus representing the homeostatic counterpart
to the inflammatory CC chemokine scavenger receptor
ACKR2 and suggesting involvement in chemokine-
mediated aspects of the adaptive immune response.
Also in common with ACKR2 is the absence in ACKR4
of the conserved DRYLAIV motif in the second in-
tracellular loop, here altered to DRYVAVT, which may
be responsible for its inability to trigger cell migration
(Mantovani et al., 2006).
In both human and mouse, ACKR4 transcripts are

detected in heart, lung, and gut, but not leukocytes

(Gosling et al., 2000; Townson and Nibbs, 2002).
ACKR4 reporter mice revealed expression of the re-
ceptor in skin keratinocytes and a variety of secondary
lymphoid organs, as well as in thymic epithelial cells,
and also failed to demonstrate expression in leukocytes
but did not confirm expression in heart tissues
(Heinzel et al., 2007). Ackr42/2 mice are healthy and
viable (Heinzel et al., 2007; Comerford et al., 2010) and
confirmed a role for Ackr4 in in vivo scavenging of
chemokines, because elevated levels of its ligands were
detected in serum and lymph node (Comerford et al.,
2010). Ackr42/2 mice also revealed a role for Ackr4 in
adaptive immunity, because deficient mice displayed
more rapid disease onset in the EAE model attribut-
able to an increased Th17 response. This is consistent
with a previously reported role for ACKR4 in basal
trafficking of dendritic cells to lymph nodes and of
embryonic thymic precursors to the thymus (Heinzel
et al., 2007).

Limited information is available on the involvement
of ACKR4 in human pathology. Ciliated bronchial
epithelial cells from patients with pulmonary sarcoid-
osis express ACKR4, and its upregulation paralleled
disease severity (Kriegova et al., 2006). ACKR4 ex-
pression also was reported in hepatic and breast cancer
cell lines (Takatsuka et al., 2011; Zeng et al., 2011),
and in breast cancer ACKR4 levels are associated with
disease-free survival. Moreover, downregulation corre-
lated with breast carcinoma invasiveness, lymph node
metastasis, and poor survival rate (Feng et al., 2009;
Zeng et al., 2011).

Drug Development. ACKR4 blocking agents have
not been developed yet.

E. CCRL2 (ACKR5, Reserved)

CCRL2 (ACKR5, reserved, pending confirmation;
aliases CKRX, HCR, and CRAM) is located in the
CCR cluster on human chromosome 3 (Fan et al.,
1998), and its putative murine ortholog, L-CCR, is
located in the syntenic location on chromosome 9
(Shimada et al., 1998). In humans, two variants have
been reported, originally called CRAM-A and CRAM-B
(chemokine receptor for activated macrophages A and
B), that differ in the N-terminal region of the receptor.
CCRL2 shares over 40% amino acid identity with
CCR1, CCR2, CCR3, and CCR5. A study published in
2003 reported chemotaxis and calcium flux in cells
expressing CCRL2 after stimulation with CCL2, CCL5,
CCL7, and CCL8 (Biber et al., 2003); however, no
evidence for direct binding was provided and the study
has not been confirmed. More recently, CCL19 (Leick
et al., 2010) and the chemoattractant protein chemerin
(Zabel et al., 2008) were reported to bind CCRL2, but
unlike the corresponding signaling receptors, CCR7 for
CCL19 and ChemR23 and GPR1 for chemerin, these
interactions did not induce cell migration or calcium
transients. Similar to other atypical chemokine
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receptors, the apparent inability of CCRL2 to signal is
in line with the nonconserved sequence in the
canonical DRY motif in the second intracellular loop
(Mantovani et al., 2006). Having considered these
results and properties of CCRL2, the subcommittee
on atypical chemokine receptor nomenclature has
decided to reserve the name ACKR5 awaiting confir-
matory reports of chemokine binding and lack of or
atypical signaling.
Human CCRL2 is expressed by most leukocyte

subtypes, including monocyte/macrophages, neutro-
phils, dendritic cells, T and B lymphocytes, NK cells,
mast cells, and CD34+ bonemarrow precursors in humans
(Migeotte et al., 2002; Yoshimura and Oppenheim, 2011),
whereas the mouse receptor is expressed by dendritic
cells and macrophages but not eosinophils and T cells
(Otero et al., 2010). Both in humans and mice, CCRL2
expression in dendritic cells and neutrophils is rapidly
upregulated by LPS, TNF, and other inflammatory
stimuli (Migeotte et al., 2002; Zuurman et al., 2003;
Galligan et al., 2004; Otero et al., 2010). LPS also induced
CCRL2 in astrocytes and microglia, both in vitro and in
vivo (Zuurman et al., 2003), and its expression was also
induced in EAE (Brouwer et al., 2004) and in bronchial
epithelium and lung macrophages in ovalbumin-induced
airway inflammation (Oostendorp et al., 2004).
Ccrl22/2 mice are healthy and viable and display

enhanced tissue swelling and leukocyte infiltration in
a model of passive immunoglobulin E-mediated cuta-
neous anaphylaxis (Zabel et al., 2008). They also show
partial protection in a model of ovalbumin-induced
airway inflammation (Otero et al., 2010). In this model,
adoptive transfer experiments demonstrated a key role
for dendritic cells, which failed to traffic to mediastinal
lymph nodes to prime Th2 responses. In a different
model based on in vivo challenge with LPS, induction
of Ccrl2 in endothelial cells and enhanced ChemR23-
dependent recruitment of NK cells in the airways was
reported (Monnier et al., 2012). Whether these pheno-
types relate to the role of CCRL2 as a chemerin
receptor is unknown, but it is interesting to note that
circulating levels of chemerin are significantly high-
er in Ccrl22/2 mice (Monnier et al., 2012). Because
CCRL2 was shown to bind a portion of chemerin not
involved in binding and activation of ChemR23 and
CCRL2-expressing cells preloaded with chemerin in-
duced functional responses in cells transfected with
ChemR23, CCRL2 was suggested to regulate chemerin
bioavailability, enriching its concentration at inflam-
matory sites and presenting it to the functional
receptor ChemR23 (Zabel et al., 2008). CCRL2 is
expressed in some stages of B-cell maturation, and
CCL5 stimulation can modulate the level of its
expression. CCL5 can induce ERK1/2 phosphorylation
and actin polymerization in a G protein-independent
manner on these cells that do not express known CCL5
receptors (Hartmann et al., 2008). Thus, this signaling

pathway at the receptor level remains undefined.
Finally, in B cells, CCRL2 was shown to bind CCL19
and to impair CCR7-dependent ERK1/2 phosphoryla-
tion and calcium flux in response to CCL19 but not
CCL21 (Catusse et al., 2010). This resembles signaling
interference previously reported for ACKR1 (Chakera
et al., 2008) and ACKR2 (Bonecchi et al., 2004).

Drug Development. Information on the role of
CCRL2 in human pathologies is hampered by the
absence of blocking reagents. However, CCRL2 expres-
sion was found in neutrophils and macrophages re-
covered from synovial fluids of patients with arthritis
(Galligan et al., 2004), and genetic studies on CCRL2
nonconservative allelic variants suggest its involve-
ment in pneumocystis pneumonia development in
patients with AIDS (An et al., 2011).

F. PITPNM3 (Also Known as the CCL18/PARC
Receptor; New Name: ACKR6, Reserved)

CCL18 was reported recently to signal through
PITPNM3/Nir1, a member of the phosphatidyl-inositol
transfer protein (PITP) family, not the GPCR super-
family (Chen et al., 2011). The PITP family is comprised
of multimodular 6TM proteins, with an eponymous
PITP domain, an acidic region that binds Ca+2, and
a C-terminal PYK2-binding domain. A PITPNM3
homolog named RdgB has been implicated in vision in
Drosophila, and mutation in the PYK2-binding domain
of PITPNM3 causes autosomal dominant cone dystro-
phy (CORD5) in humans. PITPNM3 has now been im-
plicated in breast cancer metastasis, acting in response
to CCL18 release from tumor-associated macrophages
(Chen et al., 2011). CCL18 is expressed by monocytes,
macrophages, and dendritic cells; was originally
named pulmonary and activation-regulated chemokine
(PARC); and is thought to mediate T-cell attraction to
DCs. As mentioned above, a typical 7TM G protein-
coupled receptor has been recently identified for
CCL18, namely CCR8 (Islam et al., 2013). The name
ACKR6 has been reserved for PITPNM3 pending
confirmation of atypical chemokine receptor properties.

Drug Development. Blocking agents for this re-
ceptor have not been developed yet.

G. C5L2

The C5L2 gene (C5a-like receptor 2, also called
GPR77) is located on chromosome 19 in the human
genome in the same cluster with C5aR1 and formyl
peptide receptors (Ohno et al., 2000). At the structural
level, C5L2 shares with C5aR 35% amino acid identity
and an acidic ligand-binding N-terminal domain. C5L2
recognizes with high affinity the anaphylatoxins C5a
and at lower affinity its desarginated form C5a des-arg
(Cain and Monk, 2002), whereas its ability to bind C3a
and C3a des-arg, also called acylation-stimulating pro-
tein, is still controversial (Kalant et al., 2003; Johswich
et al., 2006). It has not been reported to bind chemokines,
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but appears to play a role for C5a that is similar to the
atypical chemokine receptors and is therefore dis-
cussed here.
In contrast to C5aR, C5L2 is uncoupled from G

protein signaling pathways. After binding to C5a, it is
weakly phosphorylated and does not induce calcium
flux, chemotaxis, or MAPK activation (Okinaga et al.,
2003). Similar to ACKR2, C5L2 undergoes constitu-
tive clathrin-dependent ligand-independent internali-
zation, and after engagement by C5a it was shown to
support its internalization and degradation (Scola
et al., 2009). Interestingly, as for atypical chemokine
receptors, in both human and murine C5L2, the DRY
motif in the second intracellular domain is modified,
but reconstituting this sequence only partially restored
the receptor ability to induce calcium transients (Scola
et al., 2009). Collectively, these results suggest a decoy
function of C5L2 for C5a and C5a des-arg. Conversely,
it was shown recently that in human neutrophils C5L2
is mostly stored in intracellular compartments, where
as a consequence of C5aR activation, it associates to
beta-arrestin 2 and negatively regulates C5aR signal-
ing (Van Lith et al., 2009; Bamberg et al., 2010). C5L2
thus appears to belong to the emerging subfamily of
beta arrestin-coupled atypical chemoattractant recep-
tors whose function is to tune biologic activities of
canonical G protein-coupled chemoattractant receptors.
C5L2 transcripts have been detected in human liver,

lung, spleen, kidney, brain, heart, thyroid, skin, skeletal
muscle, and adipose tissue, whereas in the mouse its
expression is more restricted (Okinaga et al., 2003). In
both species, the predominant expression is in bonemar-
row and mature leukocytes and in particular neutro-
phils, macrophages, and dendritic cells (Ohno et al.,
2000; Chen et al., 2007), where it is negatively regulated
by TLRs (Raby et al., 2011).
The biologic role of C5L2 has been investigated in

different experimental models. In sepsis, increased
expression of C5L2 on neutrophils, lung, and liver and
a fourfold increase in IL-6 levels after C5L2 blockade
was reported in a rat model, suggesting that this
receptor limits the inflammatory response caused by
C5aR (Gao et al., 2005a). Consistent with this, a
negative correlation between C5L2 levels and clinical
outcome in septic patients has been reported (Huber-
Lang et al., 2005). Conversely, the same group reported
that in the cecal ligation and puncture mouse model of
sepsis, C5L2 and C5aR synergistically contribute to
sepsis, with the contribution of C5L2-dependent re-
lease of HMGB1 because C5L2 blockade or absence in
gene-targeted animals improved survival and attenu-
ated production of proinflammatory mediators (Rit-
tirsch et al., 2008), whereas a second group reported
that C5L2-deficient animals are hypersensitive to LPS-
induced septic shock (Chen et al., 2007). Conflicting
results also were reported in a model of acute lung
injury induced by immune complexes (Gerard et al.,

2005; Chen et al., 2007). C5L2-deficient animals also
showed an increased proinflammatory phenotype in
a diet-induced insulin resistance model, with decreased
insulin sensitivity and glucose uptake in adipose tissue
and skeletal muscle (Fisette et al., 2013). Finally, C5L2
deficiency resulted in reduced airway hyperresponsive-
ness and airway inflammatory response in an ovalbu-
min-induced allergic asthma model (Chen et al., 2007;
Zhang et al., 2010), but increased IL-17A production
and airway neutrophil numbers in a house dust mite-
induced allergic asthma model (Zhang et al., 2010).
Taken collectively, results in vivo highlight a complex
interplay between C5aR and C5L2, with C5L2 modu-
lating the local inflammatory responses mediated by
C5aR with different outcomes depending upon the
experimental setting and the final outcome taken into
consideration.

Drug Development. C5L2 blocking agents have not
been developed yet.

IV. Microbial Chemokine Receptors and
Chemokine-Binding Proteins

A. Virus-Encoded Chemokine Receptors and
Chemokine-Binding Proteins

Viruses have evolved numerous survival strategies,
including acquiring host immunoregulatory genes and
redesigning them to encode immune evasion factors.
This is common for large DNA viruses, i.e., herpesvi-
ruses and poxviruses, which have a strong preference
for chemokine and chemokine receptor genes (Rose-
nkilde et al., 2001; Ahuja et al., 1994; Wells and
Schwartz, 1997). In addition, some of these viruses
secrete soluble broad spectrum chemokine-binding
proteins (so-called scavengers) for sequestration of
host chemokines (Lalani and McFadden, 1997). Here
we focus on virus-encoded 7TM receptors with con-
firmed chemokine-binding properties (Tables 6 and 7).

1. US28 from Human Cytomegalovirus. Human
cytomegalovirus (HCMV) encodes four 7TM receptors
as follows: US27, US28, UL33, and UL78. The first
three are structurally most homologous to chemokine
receptors (Rosenkilde et al., 2001). US27 and UL33
remain orphan receptors, whereas US28 was the first
viral chemokine receptor to be identified. Its agonists
include CX3CL1, CCL2, CCL3, CCL4, CCL5, and CCL7
(Gao and Murphy, 1994; Kuhn et al., 1995; Billstrom
et al., 1998; Kledal et al., 1998; Vieira et al., 1998).
CX3CL1 acts as both a partial inverse agonist
(Casarosa et al., 2001; McLean et al., 2004) and an
agonist, depending on the internalization properties of
US28 (Waldhoer et al., 2003), whereas its CC chemo-
kine ligands are agonists, inducing Gaq/11 activation,
calcium flux, Ga12/13-mediated vascular smooth muscle
cell migration, and MAPK signaling (Gao and Murphy,
1994; Billstrom et al., 1998; Vieira et al., 1998;
Streblow et al., 1999; McLean et al., 2004; Melnychuk
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et al., 2004). US28 also exhibits ligand-independent
constitutive signaling, e.g., through Gaq/11 and MAPK
(Casarosa et al., 2001; Waldhoer et al., 2002; McLean
et al., 2004). In model systems, US28 promotes HIV
cell entry (Pleskoff et al., 1997), vascular smooth
muscle cell migration (Streblow et al., 1999, 2001),
and carcinogenesis (Maussang et al., 2006, 2009;
Bongers et al., 2010; Slinger et al., 2010; Soroceanu
et al., 2011). Allosteric inverse agonists have been
discovered for US28 (Casarosa et al., 2003; Hulshof
et al., 2003, 2005, 2006; Vischer et al., 2010; Kralj
et al., 2011), but their ability to affect HCMV disease
pathogenesis remains unknown.
2. U12 and U51 from HHV6. HHV6 is a widespread

b herpesvirus that causes persistent infection (Kondo
et al., 1991; Isegawa et al., 1998) and encodes two
chemokine receptor homologs, U12 and U51 (Gompels
et al., 1995). U12 binds CCL2, CCL3, CCL4, and CCL5,
with the latter being most potent in a calcium flux
assay (Isegawa et al., 1998), whereas U51 binds CCL2,
CCL5, CCL7, CCL11, CCL13, CCL19, XCL1, and the
HHV8 encoded chemokine vMIP-II (Milne et al., 2000;
Catusse et al., 2008). U51 displays constitutive activity
through Gaq/11 pathways, whereas ligand binding
induces chemotaxis and Gai/o activation (Fitzsimons
et al., 2006; Catusse et al., 2008). Expression of U51

leads to downregulation of CCL5 secretion and FOG-2,
a repressor of the Th2 response (Milne et al., 2000;
Catusse et al., 2008), in addition to being important for
HHV6 replication and dissemination (Zhen et al.,
2005).

3. U12 and U51 fromHHV7. HHV7 is also widespread
and a cause of persistent infection (Wyatt et al., 1991;
Latchney et al., 2004). The HHV7 genome encodes two
chemokine receptor homologs, U12 and U51 (Nicholas,
1996). Some studies have demonstrated that in K562
cells both receptors elicit calcium flux induced by
CCL17, CCL19, CCL21, or CCL22 (Nakano et al.,
2003; Tadagaki et al., 2005, 2007), whereas in murine
L1.2 cells little response was seen without the coex-
pression of CCR4 or CCR7 (Tadagaki et al., 2007). In
line with the above, a chemotactic response was induced
by U12 in response to CCL19 and CCL21 (Tadagaki
et al., 2005); however, this was not observed in the
murine L1.2 cell line (Tadagaki et al., 2007).

4. E1 from EHV2. Equine herpesvirus 2 (EHV2) is
a widespread g herpesvirus that can be isolated from
almost all apparently normal horses (Telford et al.,
1995). The significance of EHV2 as a pathogen remains
uncertain, although it has been associated with con-
junctivitis, respiratory tract disease, and general
malaise (Telford et al., 1995). EHV2 encodes at least

TABLE 6
Properties of virus-encoded 7TM signaling chemokine receptors

Family Virus Gene Selectivity/Pharmacology Cellular and Biologic Functions

b-Herpesvirus HCMV US28 CC and CX3C constitutively active Chemokine scavenger
Attachment and cell fusion
Smooth muscle cell migration

HHV6 U12 CC Unknown
U51 CC Downregulation of CCL5 expression

HHV7 U12 CC Unknown
U51 CC Unknown

g2-Herpesvirus EHV2 E1 CCL11 Unknown
HHV8 ORF74 CXC Lytic expression

Constitutively active, but regulated
by CXC agonists and inverse agonists

Possibly involved in Kaposi’s sarcoma
Antiapoptotic, angiogenic and tumorigenic

HVS ECRF3 or ORF74 CXC Constitutively active Unknown
MHV68 ORF74 CXC Lytic expression

Reactivation from latency
EHV2 ORF74 CXCL6 Unknown

Constitutively active
Poxviruses YLDV 7L CCL1 Unknown

HVS, Herpesvirus saimiri; ORF, open-reading frame; YLDV, Yaba-like disease virus.

TABLE 7
Virus-encoded 7TM receptors with sequence homology to chemokine receptors, whose ligands remain undefined

Homology Family Virus Gene Pharmacology Important Functional Features

CCR-like b-Herpesvirus HCMV US27 Unknown Located on viral envelope
UL33 Constitutively active Expressed in viral particle and on virus-infected cells

MCMV M33 Constitutively active Virulence factor. Important for viral replication in
salivary glands

RCMV R33 Constitutively active Virulence factor. Important for viral replication in
salivary glands

Poxvirus YMTV 7L Unknown Unknown
145R Unknown Unknown

CXCR-like g2-Herpesvirus AtHV ORF74 Unknown Unknown

AtHV, Ateline herpesvirus; CMV, cytomegalovirus (H = human; M = mouse; R = rat); YMTV, Yaba monkey tumor virus.
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two chemokine receptors, E1 and ORF74-EHV2, in
addition to a 7TM receptor with no resemblance to the
chemokine system (E6-EHV2). E1 has highest homol-
ogy to CCRs (Telford et al., 1995), and its only
identified ligand is CCL11, which induces calcium flux
and chemotaxis (Camarda et al., 1999). ORF74-EHV2
is described below.
5. 7L from Yaba-like Disease Virus. Yaba-like

disease virus, which belongs to the Yatapoxvirus genus
of the Chordopoxvirinae, infects primates and causes
vesicular skin lesions (Knight et al., 1989; Najarro
et al., 2003). The virus encodes two 7TM receptors, 7L
and 145R, that have extraordinarily high homology to
CCR8, 73 and 68%, respectively (Najarro et al., 2003).
7L-mediated G protein activation was observed in
response to the CCR8 agonists human CCL1 and
mouse Ccl1 as well as to human CCL4 and CCL7 and
mouse Ccl3, Ccl4, Ccl7, and Ccl21. In addition, the
HHV8-encoded chemokines vMIP-I and vMIP-II bind
to 7L (Najarro et al., 2003, 2006). When the 7L gene
was inserted into the genome of vaccinia, virulence was
reduced (Najarro et al., 2006). The ligands for 145R are
not known.
6. ECRF3 from Herpesvirus saimiri. ECRF3 from

Herpesvirus saimiri was characterized as the first
g-herpesvirus-encoded CXC chemokine receptor in
1993 (Ahuja and Murphy, 1993). H. saimiri is a T-cell
lymphotropic virus giving rise to asymptomatic in-
fection in the natural host, the squirrel monkey
(Saimirii sciureus), and fatal lymphoproliferative dis-
ease upon transmission to certain other primates
(Nicholas et al., 1992). The gene ECRF3 is located
in ORF74, which is conserved among members of
the rhadinovirus lineage (g2-herpesvirus) (Albrecht,
2000; Rosenkilde et al., 2001). All ORF74s have
highest structural homology to human CXCR2 (Ahuja
and Murphy, 1993; Arvanitakis et al., 1997; Bais
et al., 1998; Rosenkilde et al., 1999; Verzijl et al.,
2004). Consistent with this, ECRF3 binds ELR+

CXC chemokines (Rosenkilde and Schwartz, 2004;
Strieter et al., 1995), with the potency order CXCL6
. CXCL1 . CXCL8 . CXCL7. It signals constitu-
tively through Gai/o and Ga12/13, but activates Gaq/11,
Gai/o and the transcription factors NFAT, cAMP re-
sponse element-binding protein, and nuclear factor-kB
in a ligand-dependent manner. In addition to agonistic
CXC-chemokines, the broad spectrum CC-chemokine
antagonist vMIP-II encoded by HHV8 (Kledal et al.,
1997) binds with high affinity and inhibits basal Gai

signaling as an inverse agonist. No other antagonists
have yet been described for ECRF3.
7. ORF74 from Human Herpesvirus 8. HHV8, or

the Kaposi’s sarcoma-associated herpesvirus, is less
widely distributed in the population than most other
herpesviruses. Primary HHV8 infection is usually
asymptomatic, but is associated with three neoplasms:
Kaposi’s sarcoma, primary effusion lymphoma, and

multicentric Castleman’s disease. Similar to other g2-
herpesviruses, HHV8 encodes only one 7TM receptor,
and it is located in ORF74. HHV8 ORF74 (first known
as Kaposi’s sarcoma-associated herpesvirus-G protein-
coupled receptor) binds multiple human CXC-chemo-
kines (CXCL1-3, 5, 7–8, and 12) with high affinity, in
addition to vMIP-II (Arvanitakis et al., 1997; Geras-
Raaka et al., 1998; Gershengorn et al., 1998; Rose-
nkilde et al., 1999, 2000). Like US28, HHV8 ORF74
activates a broad spectrum of signaling pathways in
a constitutive manner (G proteins, protein kinases,
MAPKs, and transcription factors) (Arvanitakis et al.,
1997; Bais et al., 1998; Geras-Raaka et al., 1998;
Rosenkilde et al., 1999, 2000; Schwarz and Murphy,
2001; Smit et al., 2002). In addition, it is regulated by
various chemokine ligands, with CXCL1-3 acting as
agonists; CXCL5, -7, -8 being neutral antagonists; and
CXCL10, -12, and vMIP-II acting as inverse agonists
(Gershengorn et al., 1998; Rosenkilde et al., 1999).
HHV8 ORF74 acts as a strong paracrine activator,
because cells expressing this receptor secrete various
growth, angiogenic, and proinflammatory cytokines
(Montaner et al., 2001; Pati et al., 2001; Schwarz and
Murphy, 2001; Shepard et al., 2001). These pharmaco-
logical features correlate with several in vivo studies
placing HHV8 ORF74 centrally in relation to the
oncogenic properties of HHV8 (Bais et al., 1998; Yang
et al., 2000; Holst et al., 2001; Guo et al., 2003;
Montaner et al., 2003; Jensen et al., 2005). No small-
molecule ligands exist for native HHV8 ORF74, yet by
site-directed mutagenesis and incorporation of metal-
ion binding sites it has been shown that both its
constitutive and ligand-mediated activity can be modu-
lated by small molecule ligands, indicating that it may
be a good drug target (Rosenkilde et al., 1999, 2000).

8. ORF74 from Murine Gammaherpesvirus-68.
Murine gammaherpesvirus-68 (MHV-68) is a natural
pathogen of murid rodents and represents a well-
established model for g-herpesvirus infections in
humans because of its close resemblance to HHV8
and Epstein-Barr virus (Blaskovic et al., 1980; Tripp
et al., 1997). It encodes both a CXC-chemokine receptor
in ORF74 (MHV68 ORF74) and a soluble chemokine-
binding protein, M3. Similar to HHV8 ORF74, chemo-
kine agonists activate MHV68 ORF74 to signal
through multiple pathways, including Gai/o, Gaq/11,
and MAPKs (Verzijl et al., 2004). However, in contrast
to HHV8 ORF74, no constitutive activity has been
observed for this receptor. Interestingly, experiments
done with MHV68 ORF74 knockout virus have shown
that it is necessary for the reactivation of virus from
latency (Lee et al., 2003; Moorman et al., 2003).

9. ORF74 from Equine Herpesvirus 2. E1 and
ORF74 are the two chemokine receptors encoded by
the equine g-herpesvirus 2 (EHV2) (Telford et al.,
1995). EHV2 ORF74 is homologous to other ORF74
receptors from g-herpesviruses in addition to being
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functionally similar, as it binds human CXCL6 (Rose-
nkilde et al., 2005) with subsequent activation of the
Gai/o pathway (Rosenkilde et al., 2004). EHV2 ORF74
also signals constitutively through this same pathway
(Rosenkilde et al., 2004). EHV2 ORF74 is unusual in
lacking a positive charge in the highly conserved DRY-
motif in the bottom of TM-3 (Mirzadegan et al., 2003;
Rosenkilde et al., 2005; Jensen and Rosenkilde, 2009;
Jensen et al., 2012). This motif, and in particular the
positive charge (position III:261, or 3.50), is important
for 7TM receptor activation, as emphasized by direct
interaction with G protein in the recent crystal struc-
ture of an active 7TM receptor, the b2-adrenergic re-
ceptor, in complex with the Gas-subunit (Rasmussen
et al., 2011). As recently described, there is a larger
variation in the DRY motif among virus-encoded 7TM
receptors compared with human class A 7TM recep-
tors, yet still the positive charge in position III:26/3.50
seems largely conserved (Jensen et al., 2012). However,
a DTW-motif is found in EHV2 ORF74 and reintro-
duction of the DRY-motif results in decreased signaling
(Rosenkilde et al., 2005). Small molecule inverse ago-
nists with micromolar potencies have been identified
for EHV2 ORF74 (Rosenkilde et al., 2005).
10. Virus-Encoded Chemokines and Chemokine-

Binding Proteins. Agonists as well as antagonists
are found among the virus-encoded chemokines, which
range from highly selective to very broad-spectrum
ligands. Thus, UL146 from HCMV, U83 from HHV6,
and vMIP-I and -III from HHV8 are all agonists
(Dairaghi et al., 1999; Endres et al., 1999; Penfold
et al., 1999; Stine et al., 2000; Zou et al., 1999;
Luttichau et al., 2003, 2007), whereas vMIP-II from
HHV8 and MC148 from Molluscum contagiosum virus
act as antagonists and inverse agonists (Kledal et al.,
1997; Damon et al., 1998; Rosenkilde et al., 1999;
DeBruyne et al., 2000; Luttichau et al., 2001;

Rosenkilde and Schwartz, 2004; Luttichau, 2010;
Rummel et al., 2012). The broad-spectrum antago-
nism by vMIP-II has been demonstrated in vivo in
a rat model of experimental glomerulonephritis,
where it significantly reduced leukocyte infiltration
into the glomeruli (Chen et al., 1998). The virus-
encoded chemokine-binding proteins (vCKBPs) have
no known cellular homologs and their evolutionary
sources therefore remain obscure. Yet, considering
their origin and chemokine binding profile (and
pattern of chemokine scavenging and subsequent
immune-function modulation), a distinct pattern of four
groups appear (vCKBPI-IV). These are all described in
detail in Table 8.

In summary, the virus-encoded 7TM chemokine
receptors are generally more promiscuous with respect
to ligand binding and signaling pathways than their
human counterparts. Moreover, many display consti-
tutive signaling to levels not observed among classic
host chemokine receptors. Importantly, chemokine and
small-molecule antagonists and inverse agonists have
been identified for several viral chemokine receptors,
illustrating that they—like the endogenous pool of
7TM receptors— are generally easily targeted by drugs
and thus suitable for the pharmaceutical industry
provided proper target validation. In contrast, the
virus-encoded chemokines and chemokine-binding pro-
teins may serve as templates for development of novel
anti-inflammatory drugs.

B. Protozoan Chemokine-Binding Proteins

S. mansoni is a nematode parasite that infects
humans and causes schistosomiasis, a disease that is
relatively common in third world countries. Using
a cross-linking band shift assay with [125I]CXCL8 and
[125I]CCL3, a chemokine-binding protein (CKBP)
named smCKBP was identified in schistosome egg

TABLE 8
Virus-encoded chemokine scavengers

Name Family Virus Gene Chemokine Specificity Biologic Functions

vCKBP-I Leporipoxvirus Myxoma virus M-T7 S-T7 XC, CC, and CXC Viral immune evasion. Anti-
inflammatory. Interferes with
chemokine-GAG interaction and
chemokine-receptor interaction.

Shope fibroma virus

vCKBP-II Orthopoxvirus and
parapoxvirus

Myxoma virus, vaccinia virus,
cowpoxvirus ectromelia virus,
camel- and rabbitpox virus,
shope fibroma virus,
racoonpox virus, variola
virus, myxoma virus.

M-TI 35kDaP35
vCCI B29R G5R

CC Viral immune evasion. Anti-
inflammatory. Blocks chemokine-
receptor interaction.

vCKBP-III g2-Herpesvirus MHV68 M3 XC, CC, CXC,
and CX3C

Important for latency. Blocks
chemokine-GAG interaction and
chemokine-receptor interaction.

vCKBP-IV a-Herpesvirus Equine herpesvirus 1+3 bovine
herpesvirus 1+5 rangiferine
herpesvirus 1 caprine
herpesvirus 1 cervine
herpesvirus 1

gG XC, CC, and CXC Interferes with chemokine-GAG
interaction and chemokine-
receptor interaction.

MHV68, Murid herpesvirus 68.
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secretions but not from other stages of the worm’s life
cycle (Smith et al., 2005). The molecular identity of
smCKBP, achieved by a proteomic approach, revealed
a novel sequence unrelated to chemokines, chemokine
receptors, and other known proteins. smCKBP was
shown to bind highly promiscuously to some CC
chemokines, notably CCL3 and CCL5 but not CCL11;
a CXC chemokine, CXCL8; and the CX3C chemokine,
CX3CL1.
smCKBP also was tested in a number of animal

disease models (Smith et al., 2005). Recombinant
smCKBP was able to block ear swelling caused by
neutrophil infiltration in a contact hypersensitivity
model in mice and was also effective in blocking
neutrophil infiltration in a CXCL8-induced model of
pulmonary inflammation. In an experimental granulo-
matous inflammation model in which mice were in-
jected intravenously with live schistosome eggs after
treatment with anti-smCKBP rabbit sera, there was an
approximately twofold increase in granuloma size
relative to the granulomas in animals treated with
nonreactive serum. Animals in which smCKBP was
blocked had a significant increase in the proportion of
neutrophils and macrophages and reduced number of
eosinophils within the granuloma, suggesting that
secretion of smCKBP by live eggs profoundly modu-
lates the differential recruitment of cells and the size of
the egg granuloma. On the other hand, recombinant
smCKBP did not alter disease in EAE or collagen-
induced arthritis models. Taken together these results
suggest that smCKBP has specific in vivo activity in
suppression of acute or local inflammation, although it
cannot be ruled out that lack of effect in the chronic
models could be caused by generation of a host anti-
smCKBP antibody response.

V. Tick Chemokine-Binding Proteins

Ticks are bloodsucking ectoparasitic arthropods that
feed on the blood of mammalian and nonmammalian
terrestrial vertebrates. To survive, ticks need to re-
main undetected on their host for periods of up to 2
weeks. To do this, they secrete a plethora of pharma-
cologically active compounds in their saliva, including
factors that block platelet aggregation, vasoconstric-
tion, and blood clotting; molecules with analgesic
properties; as well as anti-inflammatory and immuno-
modulatory molecules, including chemokine-binding
proteins (Fig. 2; Table 9).
Tick salivary gland extracts (SGE) purified by fast-

performance liquid chromatography from Dermocentor
reticulatus, Rhiphicephalus appendiculatus, and
Amblyomma variegatum fed for 3–5 days on mice,
guinea-pigs, or rabbits, respectively, were shown to
bind [125I]CXCL8 and inhibit CXCL8 activity in re-
ceptor binding and chemotaxis assays using human

neutrophils (Hajnicka et al., 2001; Vancova et al.,
2007). An analysis of D. reticulatus, A. variegatum,
and Ixodes ricinus showed that antichemokine activ-
ities in SGE differ among tick species and between
males and females (Vancova et al., 2010). In this
study, D. reticulatus and I. ricinus SGE were collected
after 5 days of feeding on mice, and A.variegatum SGE
was collected after 12 days of feeding on rabbits, and
extracts were tested for the presence of inhibitory
activities against CXCL8, CCL2, CCL5, CCL3, and
CCL11. In the case of D. reticulatus, male SGE
inhibited all of these chemokines, whereas female SGE
inhibited all chemokines tested except CCL5. Interest-
ingly SGE from I. ricinus females were able to inhibit
only CXCL8 with low potency, whereas male SGE
showed inhibitory activity for all of the chemokines.
This is consistent with the altruistic behavior of “mate
guarding,” in which the male tick helps its mate to feed
by secreting immunomodulators into the site where its
mate is feeding–the size of the egg batch is determined
by blood-meal size–thus ensuring survival.

The CKBPs present in saliva from Rhipicephalus
sanguineus, the common brown dog tick, were identi-
fied by a cDNA expression cloning strategy (Frauen-
schuh et al., 2007) using a cross-linking assay to
[125I]CCL3. Only one positive pool was identified, and
after four rounds of sequential deconvolution and
screening, a single cDNA clone responsible for the
CCL3 binding activity was identified and named
Evasin-1. During deconvolution, a second sequence
was identified, named Evasin-2, that also was thought
to be a CCL3-binding protein, but further study of the
recombinant protein did not confirm this. To date
Evasin-2 function and specificity for chemokines
remains undefined (A. Proudfoot and C. Power,
unpublished results). Subsequently, using the same
cloning strategy, a CXCL8-binding protein was
identified and named Evasin-3, and a CCL5 and
CCL11-binding protein was identified and named
Evasin-4.

Evasins bind their chemokine ligands with high
affinity. Compared with viral CKBPs and smCKBP,
Evasin-1 and Evasin-3 are more selective. Evasin-1
binds only CCL3, CCL4, and CCL18, whereas Evasin-3
binds only ELR+ CXC chemokines. Both bind and
neutralize the rodent counterparts of their human
chemokine ligands. In contrast, Evasin-4 bound to the
majority of the proinflammatory CC chemokines tested
(Deruaz, 2008).

The fact that Evasin-1 binds CCL18 is intriguing.
CCL18 shows a high degree of homology to CCL3 and
CCL4 and it has been postulated that it arose from
duplication of the CCL3 gene (Hieshima et al., 1997;
Atamas et al., 2003; Chang et al., 2010; Azzaoui et al.,
2011; Chenivesse et al., 2012; Schraufstatter et al.,
2012). The chemoattractant properties of CCL18 are
not impressive, at least in vitro. Another peculiarity of
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CCL18 is that like CXCL8, it does not have a murine
homolog. Nevertheless, both of these chemokines
recruit cells when injected into mice (Luzina et al.,
2006). So although the precise role of CCL18 in
humans is unclear, the fact that ticks express a binding
protein that specifically neutralizes its activity sug-
gests that it may have an important role in host
defense against pathogens. Evasin-1 may thus be
a useful tool to elucidate the biologic role of CCL18.
The anti-inflammatory properties of the Evasins

have been tested in a variety of animal models
summarized in Table 9. Treatment of mice either
prophylactically or therapeutically with Evasin-1 at-
tenuated lung fibrosis, probably because of effects on
neutrophil infiltration mediated by CCR1/CCL3, in
a bleomycin model of pulmonary fibrosis (Russo et al.,
2011). Evasin-1 treatment also reduced T lymphocyte
recruitment and prevented mortality in an acute graft
versus host disease model in mice (Castor et al., 2010).
Evasin-3 antagonizes neutrophil recruitment mediated
by CXCR2 ligands and has shown efficacy in CXCL1-
dependent models, such as modified bovine serum
albumin-induced arthritis (Déruaz et al., 2008). In
addition, Evasin-3 also reduced infarct size and
neutrophil recruitment in a mouse model of ischemia/
reperfusion injury (Montecucco et al., 2010). Administration

of Evasin-4 in a DSS colitis model greatly ameliorated
clinical score, weight loss, and overall tissue destruc-
tion and mortality (Vieira et al., 2009). These effects
are probably related to its ability to block several CC
chemokines, including those responsible for eosinophil
recruitment.

An important difference between mature Evasins
and viral CKBPs is their small size (Evasin-1, 94 aa;
Evasin-3, 66 aa; and Evasin-4, 104 aa). All appear to be
heavily glycosylated, although small amounts of
nonglycosylated proteins appear to also be present
in saliva (Frauenschuh et al., 2007). Glycosylation
does not appear to play a role in Evasin activity
in vitro. It can therefore be postulated that glycosy-
lation may serve as a means of extending the half-life
of these proteins in vivo or rendering them invisible to
the host’s immune system (Li and d’Anjou, 2009).

Evasin-1 and Evasin-3 are unrelated at the primary
amino acid sequence level and have distinct crystal
structures (Dias et al., 2009). In fact, both have com-
pletely novel folds lacking a structural homolog in the
Protein Data Bank database. Evasin-4 shows the same
disulfide topology as Evasin-1, suggesting that these
two proteins are probably structurally related although
the structure of Evasin-4 has not yet been elucidated.
The structure of the Evasin-1:CCL3 complex is available.

TABLE 9
Characteristics of recombinant tick Evasins

Evasin Chemokine Affinity by SPR IC50
c Therapeutic Efficacy In Vivo

nM

Evasin-1 CCL3 0.16a 2.0 Dermal inflammation in Ackr22/2 mice
Bleomycin induced lung fibrosis
Intestinal ischemia reperfusion
GVHD

CCL4 0.81 4.0 Resistance to Leishmania major infection
CCL18 3.2 nd

Evasin-3 CXCL1 0.85a 20 mBSA induced arthritis
CXCL3 0.97 nd Intestinal ischemia reperfusion
CXCL5 3.57 nd Myocardial ischemic reperfusion
CXCL6 2.00 nd Atherosclerotic ischemic stroke
CXCL8 0.43 3.35
KC 0.42 nd
MIP-2 5.78 nd
CINC 0.64 nd
Rat-Gro-b 0.42 nd

Evasin-4 CCL2 naa nab 540 DSS colitis
CCL3 0.09 33 3.3 Contact hypersensitivity
CCL5 0.06 194 4.8
CCL7 0.7 nd 5.0
CCL8 0.25 nd 3.1
CCL11 0.26 128 4.9
CCL14 0.14 nd 2.4
CCL15 2.31 nd 88
CCL16 0.2 nd 304
CCL17 0.61 126 69
CCL18 0.03 32.0 nd
CCL22 0.43 30.4 38
CCL23 4.43 14 2.2
CCL26 0.88 46.1 68

SPR, surface plasmon resonance; na, no binding; nd, not determined; GVHD, graft versus host disease; mBSA,
modified bovine serum albumin.

aIn this column, SPR with Evasin immobilized.
bIn this column, SPR with chemokines immobilized.
cAgonist concentrations for in vitro chemotaxis.
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However, despite extensive analysis the exact protein-
protein interactions that determine the strength of the
CKBP-chemokine interaction have remained unclear
(Dias et al., 2009).
At least five putative Evasin-1 and Evasin-3 homo-

logs have been identified by in-depth sequence analysis
of the R. sanguineus sialotranscriptome (Anatriello
et al., 2010). Expressed sequence tags that are Evasin-
3-like have been identified in I. scapularis, I. ricinus,
and D. andersoni (Vancova et al., 2010), and potential
Evasin homologs have been deposited in the Genome
database for Boophilus microplus and I. scapularis (C.
Power, unpublished results). At least 18 Evasin homologs
have been identified for A. maculatum (Karim et al.,
2011). Whether any of these homologs encodes a CKBP
has not yet been determined.
The unique miniaturized scaffolds of the Evasins,

which have evolved to bind specific chemokines, have
the potential to be engineered to have specific chemo-
kine binding profiles and to be developed as drugs for
anti-inflammatory, autoimmune diseases, and cancer
and are also proving to be useful tools for the elu-
cidation of chemokine function in vitro and in vivo.

VI. Conclusions

A potential lesson to be learned from the study of
atypical chemokine receptors and microbial and tick
chemokine-binding proteins is that effectively interfer-
ing with inflammatory chemokine-mediated disease
processes may require targeting of multiple chemo-
kines or chemokine receptors simultaneously or se-
quentially. Biologic specificity of each chemokine
receptor can often readily be demonstrated when an
intervention precedes a challenge in animal models
(e.g., in a gene knockout mouse), but once an inflamma-
tory response is in full progress, as is the case for most
human diseases subject to clinical trials, the process
may evolve to one driven by chemokine redundancy.
This may explain the difficulty in developing safe and
effective medicines for immunologically mediated
disease by targeting one chemokine or one chemokine
receptor at a time. The successes of maraviroc and
plerixafor for CCR5 and CXCR4, respectively, are
atypical and not related to inflammation. The next
phase of drug development may profit by testing
blocking strategies that are robust in whole blood and
tissue, by intervening as early as possible in the best-
validated diseases in humans and by targeting where
possible more than one chemokine or receptor.
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