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Under standing the chemokine network has become one of the
great challenges for researchersinterested in inflammatory
mechanisms and inflammation-based diseases. The complexity
and diversity of the system provide not only a daunting task
for its comprehension but also numerous opportunities for
development of new, targeted therapies. It isnow certain that
chemokines are involved asimportant mediators of allergic
inflammation; the fine details and scope of their roles are now
under investigation. Presumably, because of distinct pressures
on theimmune systems of people living in different geographic
regions, genetic variation of ligands, receptors, and regulatory
regionsin the network have emerged. Establishing the roles of
these polymorphisms in determining disease susceptibility or
progression among individuals and in distinct ethnic groups
will provide a basis for improved under standing and treatment
of allergic diseases. (J Allergy Clin Immunol 1999;104:723-42.)
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A tremendous body of information has recently accu-
mulated regarding the role of chemokines and their
receptorsin avariety of homeostatic and disease process-
es. Chemokines have been implicated in such diverse
conditions as atherosclerosis, AIDS, and asthma. Al-
though chemokines were initially appreciated to be
chemotactic cytokines, it is now apparent that their
spectrum of activities is broad and encompasses effects
on tissue morphogenesis, proliferation, and apoptosis of
a variety of cell types, recruitment and activation
of inflammatory cells, and angiogenesis. There are now
more than 40 chemokines, and more than 20 distinct
receptors have been identified. Diverse chemokines and
receptors can direct the traffic of distinct cell typesin the
immune system (eg, dendritic cells, Tyl and T2 cells,
eosinophils, neutrophils, etc) to distinct anatomic loca-
tions (eg, subregions of lymph nodes, skin, gut mucosa,
etc). The purpose of this review is to discuss chemokine
biology in general terms aswell asin the specific context
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Abbreviations used
AP-1. Activator protein-1
AURE: Adenosyl uridyl—rich element
BAL: Bronchoalveolar lavage
BDP: Beclomethasone dipropionate
CREB: Cyclic AMP—responsive element binding pro-
tein
DARC: Duffy antigen/receptor for chemokines
EBI-1: EBV-induced molecule
ELC: EBI-1ligand chemokine (MIP-3)
ENA-78: Epithelial-derived neutrophil-activating peptide
FIC: Fibroblast-induced chemokine (MCP-3)
GCP: Granulocyte chemotactic protein
GR: Glucocorticoid receptor
GRE: Glucocorticoid response element
GRO: Growth-regulated oncogene
HCC: Hemdfiltrate CC chemokine
ICAM: Intercellular adhesion molecule
IP-10:  IFN-y-inducible protein-10
I-TAC: IFN-stimulated T cell a chemoattractant
LARC: Liver and activation-regulated chemokine
(MIP-3)
LFA-1: Leukocyte function associated antigen-1
LPTN=LTN: Lymphotactin
MCP: Monocyte chemoattractant protein
MDC: Macrophage-derived chemokine
MIG: Monokine induced by |FN-y
MIP: Macrophage inflammatory protein
MRNA: Messenger RNA
m: Murine
NAP:  Neutrophil-activating peptide
NF-kB: Nuclear factor-kB
PF4: Platelet factor 4
PPBP: Proplatelet basic protein
RV: Rhinovirus
SCM: Single ¢ motif
SDF-1: Stromal cell—-derived factor
STAT: Signal transducer and activator of transcription
TARC: Thymus and activation-regulated chemokine
TCA1-3: T-cell activation gene
B-TG: B-Thromboglobulin
3" UTR: 3" Untrandated region
VCAM: Vascular cell adhesion molecule
VLA-4: Very late antigen

of alergic diseases. Special attention will be paid to the
role of genetic variability in chemokine genes and how
this may influence the susceptibility to allergic disease
among individuals of different ethnic groups.
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CHEMOKINE SUBFAMILIES

Chemokines are primarily 8- to 15-kd proteins that
can be subdivided into 4 structural branches or subfami-
lies on the basis of the number and appearance of con-
served cysteine residues in the primary sequence: CC,
CXC, C, and CX3C. A simple schematic of representa-
tives of the chemokine subfamiliesisshowninFig 1. The
first 2 subfamilies (CXC [or a] and CC [or [3]) are char-
acterized by the presence or absence of an intervening
amino acid between the first 2 of 4 conserved cyseines!
The C (or y) subfamily includeslymphotactin (LPTN=LTN)
and single c motif-1 (SCM-1), which have only 2 conserved
cysteines.2 The CX3C chemokine subfamily has only 1
member, fractalkine (also known as neurotactin), which
possesses a transmembrane domain that is joined to the
chemokine-like domain by a long mucin-rich region.3 A
comprehensive list of the members of each subfamily, the
receptors that they interact with, cell sources, target cells,
and biologic effectsis provided in Tablel. It can be seenin
Table | that the members of the CC family include the
majority of the chemokines that stimulate movement of
cells associated with the allergic response (including
eosinophils, basophils, T cells, and monocytes). For thisrea
son, subsequent sectionswill focus primarily on the roles of
CC chemokines and their receptors. For reference, gene
symbols and chromosomal locations for chemokines and
their receptors are provided in Table 1.

CHEMOKINE RECEPTORS

Receptors for chemokines belong to the 7 transmem-
brane-spanning receptor family. Most (but not all) of
these receptors are G protein—coupled receptors. Bio-
chemical studies indicate that agonist binding to
chemokine receptors can result in activation of phospho-
lipases A2 and C, phosphatidylinositol-3-kinase, protein
kinase C, signal transducer and activator of transcription
(STAT) proteins, calcium flux, and cytoskeletal remodel-
ing by a G protein—dependent process.49 Chemokine
receptors can also activate members of the tyrosine
kinase family. Activation of different chemokine recep-
tors in the same cell type may produce distinct signals,
however; for example, CCR2 engagement by monocyte
chemoattractant protein (MCP)-1 can cause histamine
release in basophils, whereas CXCR engagement by IL-
8 inhibits basophil degranulation. Also associated with
ligand binding is receptor internalization and, in some
cases, recycling.>7 Particular interest has been directed
to the role of receptor internalization in the infection of
susceptible cells by HIV, a process that can be mediated
by CCR5, CXCR4, or other chemokine receptors in a
virus strain—dependent manner. With regard to the CCR3
receptor, an important receptor in the movement of
eosinophils, basophils, and possibly T2 cells, binding of
eotaxin induces a profound and sustained receptor inter-
nalization by a Gi- and PLC-independent mechanism.”
Thereis considerable interest in the Duffy antigen/recep-
tor for chemokines (DARC), which binds both CC and
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CXC chemokines. Chemokine binding initiates rapid
internalization but no signal transduction.10 A similar
pattern has been observed for CCR9 (also known as
CCR10 and D6).11 Such promiscuous but nontriggering
chemokine receptors may dampen chemokine-mediated
inflammation (see below). Generation of chemokine
receptor knockout animals has been instructive. For
example, mice deficient in MCP-1 or its receptor, CCR2,
have impairments in host defense, hematopoiesis,
Twl/TH2 balance, monocyte-macrophage recruitment,
and formation of atherosclerotic lesions.12-14 Although
several other receptors or ligands have been knocked out,
published information on animals deficient in receptors
likely to be important in Ty1 and T2 development or
eosinophil recruitment (eg, CXCR3, CCR4, or CCR3) is
lacking.

CHROMOSOMAL ORGANIZATION OF
CHEMOKINE AND CHEMOKINE RECEPTOR-
ENCODING GENES

Genes encoding chemokines and their receptors most
likely evolved through successive gene duplication or
recombination events from a common ancestral gene,
which is reflected by their high degree of DNA and
amino acid sequence homology. CC chemokines (gene
symbol SCYA for small inducible cytokine subfamily A)
are clustered on chromosome 17g11.2-g23 (see Table I1);
exceptions are the genes encoding thymus and activa-
tion-regulated chemokine (TARC) and macrophage-
derived chemokine (MDC), which are clustered with
fractalkine (gene symbol SCYD1) on chromosome
1601315 and eotaxin 2, which is located on chromosome
7.16 These chemokines have less homology with those
located on chromosome 17. MDC and TARC hind to the
same receptor (CCR4) and share similar functions (see
below). The presence of distinct chromosomal locations
may represent early evolutionary translocation events. It
appears that evolutionarily more distant chemokine
members may have unique functions.

The genes encoding CXC chemokines (gene symbol
CYB for smdl inducible cytokine subfamily B) are clus-
tered on chromosome 4g13-g21.17 An exception is stromal
cell-derived factor-1 (SDF-1), the most divergent member
of the CXC chemokine family; it has been mapped to
chromosome 10g11.2.18 IL-8, growth-regulated onco-
gene- (GRO) a, GRO-3, GRO-y, and proplatelet basic pro-
tein (PPBP) map within a region spanning 700 kb.1°® The
gene encoding lymphotactin/SCM-1a (SCYC1) maps to
human chromosome 129; the second member of the C or y
chemokine family, SCM-1b (SCYC2), has not yet been
mapped. Fractalkine (SCYD1—al so known as neurotactin)
has been mapped to chromosome 16q13, clustered with
the CC chemokine genes TARC and MDC.1521 Most CC
and CXC chemokine genes are composed of 2 introns and
3 exons (one exception is hemofiltrate CC chemokine
[HCC]-2, which has 4 exons and 3 introns). The 3
untranglated regions (3'-UTR) of several chemokine mes-
senger RNAs (MRNA) contain potential mRNA-destabi-
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lizing adenosy! uridyl—ich elements (AURES) (eg, eotax-
in, MCP-2, liver and activation-regulated chemokine
[macrophage inflammatory protein-3, LARC], IL-8).
Most of the genes encoding the CC chemokine recep-
tors (gene symbol CMKBR 1-9 commonly known as
CCR1-9) have been mapped to chromosome 3p21.3-p24
(Table I1). CCRY1, 2, 3, and 5 are clustered within a total
distance of 350 kb on chromosome 3p21.3, whereas
CCR4 maps more distally on 3p24.2223 CCR7 was
mapped to chromosome 17g12-g21. CCR9 (which is
identical to CCR10 and hD6) has recently been identified
and mapped to 3g21.3.24 The coding region (open read-
ing frame) of the majority of chemokine receptor genes
(including DARC) resides on one single exon,2 with the
exception of CCR7 (EBV-induced molecule [EBI-1]),
which contains 2 introns interrupting the coding region
of the domain.26 The DARC encoding gene (FY) maps
to chromosome 1g22-g23. The CXC receptor genes
(CXCR1-4) mostly map to chromosome 2q (Table I1).

FUNCTIONAL ACTIVITIES OF CHEMOKINES
Chemotaxis

Chemokines have been implicated in both inflammato-
ry and homeostatic leukocyte migration. Much of our
information about the leukocyte specificity and magnitude
of the chemotactic effect comes from studies with purified
human leukocytes or cell lines studied in the Boyden
microchemotaxis chamber. With regard to chemotactic
activity, the CXC subfamily can be further subdivided into
proteins containing the amino acid motif E-L-R (Glu-Leu-
Arg) in the amino terminus (eg, see IL-8 in Fig 1) and
those that lack this motif (IFN-y-inducible protein-10 [1P-
10], monokine induced by IFN-y [MIG], platelet factor-4
[PF-4}, and SDF-1). Generaly speaking, the E-L-R—con-
taining CXC chemokines are chemoattractants for neu-
trophils but not monocytes, whereas those lacking this
motif do not act on neutrophils but attract mononuclear
cells. In contrast, CC chemokines generally attract mono-
cytes and lymphocytes but not neutrophils. Severa CC
members have been shown to induce eosinophil migration,
including eotaxin-1, eotaxin-2, MCP-2, MCP-3, MCP-4,
RANTES, MDC, and MIP-1a; many of these same
chemokines act on basophils as well.27-32 The most potent
in vitro eosinophil chemoattractants are MCP-3, MCP-4,
RANTES, eotaxin-1, and eotaxin-2.2833 Although many
of these chemokines have been shown to bind to severa
chemokine receptors (see Table 1), neutralizing antibody
experiments have demonstrated that CCR3 is the receptor
that mediates the majority of the eosinophil chemotactic
effect and is the only receptor for eotaxin-1 and eotaxin-2
identified to date.29.33:34 Although eosinophil migration in
response to eotaxin-1, eotaxin-2, MCP-4, and RANTES is
mediated by CCR3, eosinophil migration in response to
MDC appears to involve a receptor other than CCR3 or
CCR4.27 The selectivity of the CC subfamily for T cells,
monocytes, eosinophils, and basophils has led to numer-
ous studies of their rolesin alergic inflammation.

Several members of the C, CC, and CXC chemokine
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subfamilies induce T-cell migration. The chemokine
receptors expressed on naive T cells have been described
and include CXCR4, the receptor for SDF-1, and CCR7,
the receptor for EBI-1 ligand chemokine (EL C).35-37 This
finding, coupled with the fact that SDF-1 is expressed in
avariety of tissues, suggests that these receptors may be
important in basal lymphocyte trafficking. Because den-
dritic cells also apparently use CCR7 for migration to
lymph nodes, this receptor/ligand pair may aid in colocal -
izing naive lymphocytes and antigen-presenting cells.38.39
Some chemokines display selectively for activated or
memory T cells.40-43 Polarization of T cellsinto Tl and
T2 is characterized by differences in chemokine recep-
tor expression. For example, subsets of T2 cells have
been shown to selectively express CCR3 and CCR4, the
latter being a receptor for TARC and MDC.44-46 Andrew
et al4” have shown that ligands for CCR4 (MDC and
TARC) and CCRS3 (eotaxin-1 and eotaxin-2) selectively
attract T2 cells. Furthermore, MDC, TARC, eotaxin-1,
and eotaxin-2 are highly expressed in nasal polyp tis-
sues?® (Greaves et al, personal communication), possibly
explaining the large numbers of T2 cellsin these tissues.
Taken together with the evidence that CCR3 plays arole
in basophil and eosinophil recruitment, these observations
reinforce the proposal that CCR3 and CCR4 are impor-
tant chemokine receptors in alergic disease.49.%0 T,1
cells, in contrast, express higher levels of CXCR3 than do
T2 cells, which corresponds with enhanced chemotaxis
to therelevant ligands (IP-10, MIG, and IFN-inducible T-
cell a chemoattractant [I-TAC]).5152 CCR1 and CCR5
have also been reported to be markers of T, 1 cells.51-53
There is now circumstantial evidence that Ty1 and T2
cells may recruit additional polarized T cells by amplify-
ing loops involving selective chemokine induction by
IFN-y and IL-4 (Fig 2).

Transendothelial migration

Early in vitro studies by Huber et al>* suggested that IL-
8 was necessary for neutrophil transendothelial migration
induced by IL-1. Ebisawa et al®> demonstrated that
RANTES, but not IL-8, induced eosinophil transendothe-
lial migration. This migration could be inhibited by anti-
bodies against the 2 integrin, CD18. Eosinophil priming
with IL-5 resulted in a synergistic increase in transendothe-
lid migration in response to RANTES. Céll trafficking in
vivo isthought to involve severa steps, including leukocyte
rolling, firm adhesion, and transendothelial migration.
Rolling is largely mediated by selectins and their carbohy-
drate counterligands. Rolling leukocytes are able, by virtue
of their slower velacity, to sample the environment for
chemotactic gradients and adhesion molecules. Firm adhe-
sionismediated primarily by the interaction of 1 integrins
(very late antigen [VLA-4]) or the B2 integrins (leukocyte
function—associated antigen-1 [LFA-1], Mac-1, and
p150,95) on leukocytes with members of the Ig supergene
family expressed on the surface of endothelia cells. Sever-
al studies have demonstrated that endothelia cellsa so pre-
sent chemokines on their luminal surface and thereby
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TABLE |. Human chemokines: biologic features
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Chemokine Receptor Cell sources Target cells Biologic effects
CXC (a) family
BCA-1 CXCR-5 Secondary lymphoid B lymphocyte Chemotaxis
organs
B-TG ND Platelet Neutrophil Chemotaxis, activation
Monocyte-macrophage Fibroblast Chemotaxis, proliferation, activation
Chondrocyte Increased glycosaminoglycan synthesis
CTAP-III ND Platelet Neutrophil Chemotaxis, activation
Monocyte-macrophage Fibroblast Chemotaxis, proliferation, activation
Chondrocyte Increased glycosaminoglycan synthesis
Basophil Modulation of histamine release
ENA-78 CXCR-2 Epithelia cell line A549 Neutrophil Chemotaxis
Platelet
Hepatocyte
GCP-2 CXCR-1 Osteosarcoma cell Neutrophil Chemotaxis, activation
line MG63
CXCR-2 Fibroblast
GRO-q, B,y CXCR-2 Monocyte-macrophage Neutrophil Chemotaxis, activation
Fibroblast Basophil Chemotaxis, activation
Endothelial cell Fibroblast Growth factor
Synovia cell Melanoma cell Growth factor
Hepatocyte Stem cell Suppression of colony formation of
Keratinocyte immature myeloid precursors (GRO-(3, y)
Epithelial cell Endothelial cell
Neutrophil T lymphocyte Inh of angiogenesis (GRO-B, y)
T lymphocyte Chemotaxis
IL-8 CXCR-1 Monocyte-macrophage Neutrophil Chemotaxis, activation
CXCR-2 T lymphocytes Basophil Chemotaxis, inh of histamine release
B lymphocyte/B-CLL T lymphocyte Chemotaxis, inh of IL-4 synthesis
Eosinophil B lymphocyte/B-CLL ~ Chemotaxis, inh of growth and IgE produc-
Epithelia cell tion, prolonged survival of B-CLL
Endothelia cell Endothelial cell Promation of angiogenesis
Fibroblast Keratinocyte Chemotaxis, expression of HLA-DR
Hepatocyte Smooth muscle cell Chemotaxis
Keratinocyte Fibroblast Chemotaxis
Melanoma cell Bone marrow Increased survival, suppression of myeloid
Mesothelial cell progenitor cell colony formation
Smooth muscle cell
IP-10 CXCR-3 Monocyte-macrophage Act T lymphocyte Chemotaxis
T lymphocyte Monocyte Chemotaxis
Endothelial cell NK cell Chemotaxis, activation
Fibroblast CD34* bone marrow cell  Inh of hemopoiesis
Keratinocyte Endothelial cell Inh of angiogenesis
I-TAC CXCR-3 Astrocyte Act T lymphocyte Chemotaxis
Epithelia cell NK cell Chemotaxis
Keratinocyte Tyl Chemotaxis
Monocyte
Neutrophil
MIG CXCR-3 Monocyte-macrophage Act T lymphocyte Chemotaxis
NK cell Chemotaxis
CD34+ bone marrow Inh of hemopoiesis
cell
Endothelia cell Inh of angiogenesis
NAP-2 CXCR-1 Platelet Neutrophil Chemotaxis, activation
CXCR-2 Bone marrow precursor  Increased survival
Megakaryocyte Inh of megakaryocytopoiesis
PF-4 ND Platelet Neutrophil Chemotaxis, activation
Megakaryocyte Monocyte Chemotaxis
T lymphocyte Fibroblast Chemotaxis
Basophil Modulation of histamine release
Endothelial cell Inh of angiogenesis
Megakaryocyte Inh of megakaryocytopoiesis

Continued page 727
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TABLE I. CONT
Chemokine Receptor Cell sources Target cells Biologic effects
Bone marrow precursor  Increased survival
PBP ND Platelet lymphocyte Precursor of CTAP-11I and NAP-2
SDF-1 CXCR-4 Numerous tissues T lymphocyte Chemotaxis, inh of lymphocyte-trophic HIV
cell entry, adh to endothelia ICAM-1
B lymphocyte Proliferation, chemotaxis
CD34* hematopoietic Chemotaxis
progenitor cell
CC (B) family
AMAC ND Activated macrophage Naive T cell Chemotaxis
Ckps ND Aortic endothelium Monocyte Chemotaxis
Monocyte Resting T lymphocyte Chemotaxis
Liver Myeloid progenitor Inh of proliferation
Gastrointestinal tract
6-C-kine ND Lymphoid organs Thymocyte Chemotaxis
Act T lymphocyte Chemotaxis, adh to endothelial ICAM-1
Bone marrow progenitor  Inh of hematopoiesis
DC-CK1 ND Dendritic cell Naive T lymphocyte Chemotaxis
(CD45RA+)
Eotaxin CCR-3 Epithelia cell Eosinophil Chemotaxis
Endothelia cell Basophil Chemotaxis, activation
Eosinophil TH2 Chemotaxis
Fibroblast
Macrophage
Monocytic cell line U937
Eotaxin-2 CCR-3 Act monocyte Eosinophil Chemotaxis
Basophil Chemotaxis, activation
Resting T lymphocyte  Chemotaxis
Myeloid progenitor Inh of proliferation
HCC-1 ND Several norma tissues Monocyte Cat++ mobilization, enzyme release
CD34+ myeloid Enhanced proliferation
progenitor
HCC-2 CCR-1 Liver Monocyte Chemotaxis
CCR-3 Intestine T lymphocyte Chemotaxis
Lung Eosinophil Chemotaxis
1-309 CCR-8 Monocyte Monocyte Chemotaxis
Act T lymphocyte T lymphocyte Antiapoptotic
Mast cell Inh of infection by several HIV strains
MCP-1 CCR-2 Monocyte Monocyte Chemotaxis
CCR-10 Eosinophil Basophil Activation
Epithelia cell T lymphocyte Chemotaxis, inh of cytokine production
Endothelial cell (TH1 cell), differentiation of CD4+ from
Fibroblast THO to TH1 phenotype
Mast cell NK cell Chemotaxis, activation
Mesothelial cell Dendritic cell Chemotaxis
Smooth muscle cell
MCP-2 CCR-1 Osteosarcoma cell Monocyte Chemotaxis
CCR-2 Fibroblast T lymphocyte Chemotaxis, inh of CCR-5-mediated HIV
entry
Eosinophil Chemotaxis, activation
Basophil Chemotaxis, activation
NK cell Chemotaxis, activation
Dendritic cell Chemotaxis
MCP-3 CCR-1 Monocyte Monocyte Chemotaxis
CCR-2 Osteosarcoma cell T lymphocyte Chemotaxis
CCR-3 Epithelia cell Eosinophil Chemotaxis
CCR-10 Basophil Chemotaxis, activation
NK cell Chemotaxis, activation
Dendritic cell Chemotaxis
MCP-4 CCR-2 Epithelial cell Eosinophil Chemotaxis, activation
CCR-3 Endothelia cell Monocyte Chemotaxis

Continued page 728
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TABLE |. CONT
Chemokine Receptor Cell sources Target cells Biologic effects
Monocytic cell lineU937 T lymphocyte Chemotaxis
Basophil Chemotaxis, activation
MDC CCR-4 Macrophage Monocyte-derived Chemotaxis
Monocyte-derived dendritic cell
dendritic cell NK cell Chemotaxis
Thymus Monocyte Chemotaxis
Lung Eosinophil Chemotaxis, shape change
Spleen TH2 Chemotaxis
MIP-1a CCR-1 Mononuclear cell T lymphocyte Chemotaxis, differentiation of CD4+ lympho-
CCR-5 Endothelia cell cyte from THO to TH1 phenotype
Mast cell line HMC-1 Monocyte-macrophage Chemotaxis, inh of CCR-5-mediated HIV cell
Smooth muscle cell entry
B lymphocyte Increased 1gE/IgG4 production
NK cell Chemotaxis, activation
Basophil Activation
Dendritic cell Chemotaxis
Hematopoietic Modulation of proliferation
progenitor cell
MIP-13 CCR-5 Mononuclear cell T lymphocyte Chemotaxis, inh of CCR-5-mediated HIV cell
CCR-8 Endothelial cell entry
Mast cell line HMC-1 NK cell Chemotaxis, activation
Dendritic cell Chemotaxis
Megakaryocyte Inh of colony formation
B lymphocyte Increased 1gE/IgG4 production
MIP-3a CCR-6 Lymphocyte Mononuclear cell Chemotaxis
Monocyte T lymphocyte Chemotaxis
Liver Dendritic cell Chemotaxis
Myeloid progenitor Inh of proliferation
MIP-33 CCR-7 Lymphoid tissue Act T lymphocyte Chemotaxis, adh to endothelial ICAM-1
Act B lymphocyte Chemotaxis
MIP-5 CCR-1 Liver Monocyte Chemotaxis
CCR-3 Small intestine T lymphocyte Chemotaxis
Lung leukocyte Eosinophil Chemotaxis
PARC ND Lung T lymphocyte Chemotaxis
Lymphoid tissue
Monocytic cell line
RANTES CCR-1 T lymphocyte Eosinophil Chemotaxis
CCR-3 Monocyte T lymphocyte Chemotaxis
CCR-5 Platelet Monocyte Chemotaxis, inh of CCR-5-mediated HIV cell
Eosinophil fusion
Epithelia cell Basophil Chemotaxis
Endothelial cell NK cell Chemotaxis, activation
Dendritic cell B lymphocyte Increased IgE/IgG4 production
Mast cell line HMC-1 Dendritic cell Chemotaxis
Smooth muscle cell
SLC ND Lymphoid tissue T lymphocyte Chemotaxis
STCP-1 ND Activated macrophage Act T lymphocyte Chemotaxis
Lymphoid tissue
TARC CCR-4 Lymphoid tissue T lymphocyte Chemotaxis
CCR-8 Mononuclear cell TH2 Chemotaxis
TECK ND Thymic dendritic cell Activated macrophage Chemotaxis
Small intestine Dendritic cell Chemotaxis
Liver Thymocyte Chemotaxis
C (y) family
Lymphotactin XCR1 CD8+ T lymphocyte Lymphocyte Chemotaxis
yd Epithelial T Act NK cell Chemotaxis, activation
lymphocyte
Thymocyte
NK cell

Mast cell line HMC-1

Continued page 729
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TABLE |. CONT
Chemokine Receptor Cell sources Target cells Biologic effects
SCM-1 ND Mononuclear cell Lymphocyte Chemotaxis, activation
Jurkat T cell line
Spleen
CX3C family
Fractalkine CX3CR1 Endothelia cell Monocyte Chemotaxis, adh to endothelium-bound
fractalkine
T lymphocyte Chemotaxis, adh to endothelium-bound
fractalkine

BCA-1, B cell-chemokine; ND, not determined; CTAP, connective tissue—activating peptide; inh, inhibition; B-CLL, B cell chronic lymphocytic leukemia; Act,
activated; NK, natural killer; PBP, platelet basic protein; adh, adhesion; AMAC, alternative macrophage activation—associated CC chemokine; Ck38, chemokine
b8; 6-C-kine, 6-cysteine chemokine (exodus-2); DC-CK1, dendritic cell chemokine; HCC, hemofiltrate CC chemokine; PARC, pulmonary and activation-regu-
lated chemokine; SLC, secondary lymphoid tissue chemokine; STCP, stimulated T-cell chemotactic protein; TECK, thymus-expressed chemokine.

TABLE Il. Nomenclature and chromosomal locations for human chemokines and their receptors

Gene symbol Chemokine Synonym Location

CC chemokines

CYAL 1-309 (human) TCA-3 (mouse) 17911.2
SCYA2 MCP-1 MCAF, human JE 17q11.2
SCYA3 MIP-1a LD-78a 17921.1-21.3
SCYA3L LD-78b 17921
SCYA4 MIP-13 Act-2, AT744.1 17921-923
SCYAS RANTES 17911.2
SCYA6 (mouse only) C-10 MRP-1
SCYA7 MCP-3 17911.2
SCYA8 MCP-2 17911.2
SCYA9 = SCYAL0 (mouse only)  MRP-2 CCF-18, MIP-1y
SCYAll Eotaxin 17921.1-21.2
CYAL2 MCP-5 Not mapped
SCYA13 MCP-4 NCC-1 17911.2
SCYAl4 NCC-2 HCC-1 17911.2
SCYA15 NCC-3 HCC-2, MIP-5, MIP-18 17911.2
Leukotactin (LKN1)
SCYA16 NCC-4 LEC 17911.2
SCYAL7 TARC 16913
SCYA18 PARC DCCK-1, AMAC-1, MIP-4 17911.2
SCYA19 ELC-1 MIP-3, exodus-3 9p13
SCYA20 LARC MIP-3a, exodus-1 2g27-933
CYA21 SLC 6-C-kine, exodus-2 9p13
SCYA22 MDC 16q13
SCYA23 (mouse only)
SCYA24 Eotaxin-2 MPIF-2 7011.23
SCYA25 TECK 19p13.2
CXC, C, and CX3C chemokines
YB1 GRO-a oncogene, MGSA GRO-1 4qg12-q13
SCYB2 GRO-B, MIP-2A GRO-2 4012-g13
SCYB3 GRO-y, MIP-2B GRO-3 4912-q13
YB4 Platelet factor 4 PF4 4qg12-q13
SCYB4V1 PF4-like PFAL 4012-q13
SCYB5* ENA-78 4913-g21
SCYB6* GCP2 4912-g21
SCYB7 TGB/THBGB1, NAP-2, PPBP 4012-g13
CTAP-III, PBP
SCYB8 IL-8 4912-q13
SCYB9 MIG 4021
SCYB10 IP-10 INP10 4921
SCYB11 I-TAC SCYB9B 4921
SCYB12t SDF 10g11.1
SCYC1 LPTN, ATAC, SCM-1a Lymphotactin (LTN) 1921-925

Continued page 730
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Gene symbol Chemokine Synonym Location
SCYC2 SCM-1b Not mapped
CYD1 CX3Ckine Fractalkine, neurotactin 16913

(NTT, NTN)

Gene symbol Receptor Location

Receptors for CC chemokines
CMKBR1 CCR-1 3p21.3
CMKBR2% CCR-2 3p21.3
CMKBR3 CCR-3 3p21.3
CMKBR4 CCR-4 3p24
CMKBR5 CCR-5 3p21
CMKBR6 CCR-6 ND in humans
CMKBR7 CCR-7/EBI-1 17912-921.1
CMKBR8 CCR-8 3p22
CMKBR9 = CMKBR10 CCR9 = CCR10 = hD6

Gene symbol Receptor Synonym Location

Receptors for CXC, C, and CX3C chemokines
CXCR1 CXC-R1 IL8RA/IL8R1 2035
CXCR2 CXC-R2 IL8RB/IL8R2 2935
CXCR3 CXC-R3 GPR-9 8pl12-p11.2
CXCR48 CXC-R4 NPY 3R, LESTR, D2S201E, 2021

FUSIN
XCR1 XCR1 GPR5
CX3CR1 CX3CR1 CMKBRL1/V28

MCAF, Monocyte chemotactic and activating factor; Act-2, activation protein-2 (MIP-1B); MRP, MIP-related protein; LEC, liver-expressed chemokine; PARC,
pulmonary and activation-regulated chemokine; DCCK, dendritic cell chemokine; AMAC, alternative macrophage activation—associated CC chemokine; SLC,
secondary lymphoid tissue chemokine; 6-C-kine, 6-cysteine chemokine (exodus-2); MPIF, myeloid progenitor inhibitory factor; TECK, thymus-expressed
chemokine; CTAP, connective tissue—activating protein; PBP, platelet basic protein; INP10, IP-10; ND, not determined.

*As of Feb 6, 1999, only SCYB5 and SCYB6 are approved CXC chemokine gene symbols by the HUGO gene nomenclature committee.

TSCYB12A and SCYB12B are isoforms (alternative splicing).
$CCR-2A and CCR-2B isoforms are the result of aternative splicing.

8As of Feb 6, 1999, only CXCR4 is an approved CXC chemokine receptor gene symbol by the Human Gene Organisation gene nomenclature committee.

establish aloca chemokine gradient (Fig 3). It isnot clear
what presentation molecules are responsible for this,
although specific receptors and surface proteoglycans are
being considered.56-58 The migratory response to such a
gradient is referred to as haptotaxis. Some chemokines
have been shown to transiently activate integrin adhe-
siveness and thereby increase their avidity to their
cognate ligand.3059 For example, RANTES induces a
transient activation of VLA-4 on eosinophils, increasing
their adhesiveness to vascular cell adhesion molecule
(VCAM)-1, whereas MCP-3 stimulation resultsin a pro-
longed conformational change in Mac-1, leading to
increased intercellular adhesion molecule (ICAM)-1
adhesion.80 Chemokines can also affect adhesion by reg-
ulating the surface expression of integrins.61.62 For exam-
ple, MIP-1a increases the surface expression of CD11a
(LFA-1) and CD11c (p150,95) on human monocytes,
resulting in enhanced endothelial adhesion.6! Although
CC chemokines have been shown to enhance leukocyte
adhesion in several in vitro systems, they have also been
shown to reduce eosinophil adhesion.80.63 Chemokine-
induced integrin deactivation may also be important in
the movement of leukocytes into tissues.6364 Last, it has
been proposed that chemokines or their receptors may
themselves function as adhesion molecules. This has

been suggested for fractalkine and its recently identified
receptor, CX3CR1, which are both membrane bound.1
Additionally, CCR1 has been shown to be posttransla-
tionally modified to express the carbohydrate adhesion
ligand sialyl Lewis X.1

Hematopoiesis and angiogenesis

Recent studies suggest that the biologic effects of
chemokines extend far beyond just leukocyte activation
and recruitment. Chemokines have been shown to have
effects on hematopoiesis, angiogenesis, tumor immunity,
fibrosis, host defense, cell survival/apoptosis, and embry-
onic development. Several chemokines have been impli-
cated as both negative and positive regulators of prolifer-
ation and differentiation of hematopoietic stem cells and
progenitors. For example, MIP-1a suppresses the prolif-
eration of immature erythroid and myeloid progenitors
but promotes the proliferation of lineage committed
cells.8566 Other chemokines shown to inhibit the prolif-
eration of immature stem/progenitor cells in vitro or in
vivo include PF4, B-thromboglobulin (B-TG), neu-
trophil-activating peptide (NAP)-2, and 1L-8.67.68 Mice
lacking the receptor for the latter 3 chemokines, CXCR2,
demonstrated a large expansion of myeloid progenitors
compared with wild-type mice.69 Mice engineered to be
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FIG 1. Representative illustrations of chemokine subfamilies. Cysteines and disulfide bonds from which
nomenclature is determined are highlighted in blue. Stalk of fractalkine (CX3C) is not drawn to scale, as indi-
cated by parallel green lines. Transmembrane portion of fractalkine is indicated in red, and carbohydrate
groups in mucin-rich stalk are indicated by magenta forms. Sequence of amino termini for structures is

shown.
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FIG 2. Hypothetic model for selective amplification of recruitment of Tyl and T2 cells. Ty1 cells may recruit
more Ty1 cells to tissue site by release of IFN-y, resulting in production of IP-10 and MIG by tissue cells (left).
These chemokines induce migration of CXCR3-expressing Tyl cells. An analogous mechanism is displayed
for selective recruitment of TH2 cells involving IL-4 induction of MDC and TARC, which recruit CCR4 express-

ing T2 cells (right). See text for references.

deficient in SDF-1 or itsreceptor, CXCR4, exhibit defec-
tive myelopoiesis and B-cell development as well as sev-
eral deficiencies in organogenesis.”0-73

More germane to allergic disease is the CC
chemokine eotaxin, which acts synergistically with stem
cell factor to enhance the development of mature mast
cells and promotes the growth of Mac-1+ myeloid prog-
enitor cells.7475 These effects are thought to be mediat-
ed through CCRS3, which is expressed at embryonic sites
of hematopoiesis, including the yolk sac, fetal liver, and
fetal blood.”4 Furthermore, systemic administration of
eotaxin induces a rapid and profound blood eosinophil-
ia in rodents.”6.77 The addition of IL-5 resulted in a
marked synergism with eotaxin; eotaxin-induced blood

eosinophilia was significantly greater in wild-type mice
versus IL-5 —/— mice.”6

Chemokines with reported angiogenic properties
include severa ELR-containing CXC chemokines (1L-8,
epithelial-derived neutrophil-activating peptide-78 [ENA-
78], GRO-a, GRO-3, GRO-y, granulocyte chemotactic
protein [GCP]-2 and NAP-2, see Table I), which are
thought to be relevant for wound healing, tumor growth
and metastasis, and some angioproliferative diseases such
asrheumatoid arthritis.”879 Their rolein dlergic diseaseis
currently unknown. Interestingly, the CXC chemokines
lacking the ELR motif (PF-4, IP-10, and MIG) have been
shown to inhibit angiogenesis and tumor cell growth,80.81
and it has been hypothesized that it is the balance between
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FIG 3. Chemokines trigger firm leukocyte adhesion and transendothelial migration. Activation of chemotactic
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FIG 4. Theoretical regulation of chemokine-mediated inflammation by Duffy antigen/receptor for chemokines
on erythrocytes (rbc). Absence of Duffy (right) may lead to higher local concentrations of chemokines associ-
ated with endothelial presentation molecules or free in plasma (see text).

these 2 CXC subgroups that determines whether tissues
undergo vascular proliferation or regression.82

EXPRESSION OF CHEMOKINES
Cellular sources

Numerous cell types have been found to be sources
of chemokines, as summarized in Table I. Although
chemokines are highly inducible by proinflammatory and
immunomodulatory stimuli,83 constitutive expression of
chemokine mMRNAS has aso been documented in several
human tissues, with variable patterns of expression
among the different molecules. Among the chemokines
associated with allergic disease, eotaxin mRNA is most
abundant in the small intestine,84 whereas MCP-4 is
markedly expressed in lung and heart tissue.28 MDC is
primarily found in thymus, lung, and spleen, whereas
TARC has been observed in lymphoid tissue. The func-

tion of the basal chemokine expression in uninflamed tis-
sues is largely unknown; recently, constitutive eotaxin
expression has been postulated to have arole in regulat-
ing the tissue levels of eosinophilsin healthy states on the
basis of alack of intestinal villus eosinophils in eotaxin-
deficient animals.85 Many of the cell sources of chemo-
kinesin allergic disease are the same cell types that have
been implicated in the pathogenesis of dlergic disorders,
including monocytes, lymphocytes, eosinophils, baso-
phils, or resident tissue cells such as mast cells, dendritic
cells, macrophages, fibroblasts, epithelial cells, and
endothelial cells.86 In particular, epithelial-derived
chemokine production is abundant in inflamed airways
and is widely believed to be critical in the establishment
of a chronic mucosal inflammatory infiltrate because
eosinophils and other infiltrating cells are often found in
close contact with the epithelial lining.87-89 In situ
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hybridization and immunohistochemical studies of
RANTES, MCP-1, MCP-4, and eotaxin show that epithe-
lium is among the predominant staining cell type in biop-
sy specimens of inflamed upper and lower airways of
humans and mice28.29.88,90-95 (see below). Finaly, several
in vitro studies have shown that airway epithelia cells
produce substantial quantities of RANTES and other CC,
as well as CXC chemokines,28.84.96-99

Regulation of chemokine expression

Cytokines and mediators. Among cytokines with
broad proinflammatory activity, TNF-a and IL-1 have
been shown in vitro to be potent inducers of both CC and
CXC chemokine expression from a variety of cell
sources.100 |FN-y greatly potentiates the production of
RANTES®196.101 gnd MCP-428.97 and less markedly
of eotaxin® induced in epithelial cells by TNF-a. The
molecular mechanisms of the synergistic effect of IFN-y
with TNF-a are not completely known. Studies on tran-
scriptional regulation of RANTES have shown that this
synergy is at least partially dependent on cooperation
between the transcription factor STAT-1a with nuclear
factor-kB (NF-kB).102 This is notable in light of the
recent finding that STAT-1 is constitutively elevated in
epithelial cells of asthmatic compared with healthy indi-
viduals.103 Two of the cytokines derived from T2 cells,
IL-4 and IL-13, induce expression of eotaxin. Transplan-
tation of IL-4—secreting tumor cells in the skin of
immunodeficient mice led to a marked eosinophil infil-
trate and to a strong local up-regulation of eotaxin
MRNA, suggesting that eotaxin may have mediated the
eosinophil-recruiting activity of 1L-4.104 Indeed, in vitro
studies have shown that |L-4 induces eotaxin expression
in human fibroblastss as well as in epithelial cells,
where it also up-regulates the expression of MCP-4 but
not RANTES.106 ||_-13 induces the production of eotax-
in in human dermal fibroblasts'97 and in murine airway
epithelium.198 Thus IL-4 and IL-13 derived from T2
cells may lead to selective recruitment of eosinophils by
induction of VCAM-1 and release of eotaxin.10° Induc-
tion of eotaxin by IL-4 is dramatically potentiated by
TNF-a, apparently because of interactions between
STAT-6 and NF-kB response elements, which overlap in
the eotaxin promoter.110111 |nfection of epithelia cells
with respiratory viruses such as respiratory syncytial
viruses, influenza virus, rhinovirus (RV)-14 or RV-16
induces the expression of RANTES and other chemo-
kines, an event that could mediate exacerbations of asth-
maduring upper airway viral respiratory infections 112-114

Glucocorticoids. The treatment of chronic allergic dis-
eases with glucocorticoids results in a profound inhibi-
tion of the infiltration of inflammatory cells within the
affected tissue.115 A key molecular mechanism of this
action is the suppression of the activation of proinflam-
matory genes.116 Glucocorticoids have been shown in
vitro to inhibit the expression of many chemokines sus-
pected to be involved in allergic disease, including
RANTES,%.117,118 eqtaxin, 98,106 MCP-1,119-122 M CP-
4,28 and MIP-10.123 Glucocorticoids inhibit chemokine
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production at low concentrations® and in a glucocorti-
coid-specific manner.96.119,120 Syppression of chemokine
expression is thought to be an important mechanism by
which glucocorticoids prevent the accumulation of
inflammatory cellsin the airways.

Glucocorticoids can down-regul ate gene expression at
either the transcriptional or posttranscriptional level.116
DNA-dependent transcriptional regulation occurs when
the ligand-activated glucocorticoid receptor binds direct-
ly to either positive or negative DNA glucocorticoid
response elements (GRES) within the promoter region of
the targeted gene.124.125 Alternatively, glucocorticoids
can exert transrepression in a DNA-independent way,
through protein-protein interactions with other transcrip-
tion factors, such as NF-kB, activator protein-1 (AP-1),
cyclic AMP-responsive element binding protein
(CREB), octamer-binding protein-1, NF-IL-6, and oth-
ers.126-128 Sych complex formation prevents the interac-
tion of transcription factors with their promoter binding
sites, interfering with their ability to activate inflamma-
tory gene expression. Both DNA-dependent and DNA-
independent pathways have been demonstrated for the
transcriptional inhibition of chemokine expression by
glucocorticoids. Ablation of the GRE in the IL-8 pro-
moter led to the loss of glucocorticoid sensitivity of a
reporter gene in a human fibrosarcoma cell line.129 A
GRE is also present in the promoter region of eotaxin,
but its function has not yet been determined.130131 |n a
pivotal study Mukaida et all32 demonstrated that the
interaction of ligand-activated glucocorticoid receptor
(GR) with the transcription factor NF-kB was mediating
the repression of |IL-8 promoter-driven reporter gene
activity. Both NF-kB and AP-1 are known to be involved
in the up-regulation of several CC chemokines, including
MCP-1,133 RANTES,134 and eotaxin.130.131 Therefore it
can be hypothesized that expression of severa chemo-
kines induced by proinflammatory cytokines is inhibited
by glucocorticoids in part by interference with AP-1—
and NF-kB—activating pathways.

Glucocorticoids can also inhibit gene expression by
accelerating the decay of mRNA species, possibly
through interactions—still not fully characterized—with
AUREs. These are sequences present in the 3 -UTR
of mRNAs involved in the regulation of mRNA
half-life.135> AURES are present in the 3"-UTR of eotax-
in8 MCP-1,136 MIP-1a,137 and 1L-8,138 whereas
RANTES!3 and MCP-497 mRNA 3-UTRs do not
contain AUREs. In the epithelia cell line BEAS-2B, the
topical glucocorticoid budesonide markedly accel erated
the decay of eotaxin and MCP-4 mRNA while having no
effect on the RANTES mRNA half-life.96,106,140 |nter-
estingly, budesonide increased the rate of decay of
MCP-4 mRNA in epithelial cells, despite the lack of an
AURE in the 3"-UTR of the MCP-4 transcript. There-
fore it can be expected that other regulatory elements
present in the 3-UTR, or in intronic sequences of
nuclear, unspliced forms of chemokine RNA, may also
contribute to glucocorticoid-induced chemokine mRNA
destabilization.
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IN VIVO STUDIES OF CHEMOKINES
Challenge studies

Skin. Cutaneous challenge of human subjects with
RANTES induced eosinophil recruitment that was both
dose- and time-dependent with no effect on neu-
trophils.141 Furthermore, a remarkable difference in the
rate of eosinophil recruitment between nonallergic and
alergic subjects was noted. No tissue eosinophilia was
observed in challenged skin of nonallergic subjects at 30
minutes and 6 hours after challenge, whereas significant
eosinophiliawas observed in alergic subjects by 30 min-
utes, reaching near-maximum levels by 6 hours. The
peak responses at 24 hours were similar in both groups,
and the 2 groups had comparable circulating eosinophil
numbers. One possible explanation for this result is that
greater eosinophil priming in the alergic subjects may
hasten the response to RANTES. Similar conclusions
were derived from a cutaneous RANTES challenge study
performed in dogs, which demonstrated tissue eosinophil-
ia only after previous exposure to parasites.142 Studies of
rheumatoid joints, sarcoidal granulomas, inflamed endo-
metrium, and normal thymus have al demonstrated the
presence of RANTES in the absence of a significant infil-
tration of eosinophils.143-145 These findings would fit with
amode in which eosinophil priming isimportant or criti-
cal for chemokine-induced migration. Possible underlying
mechanisms include enhanced eosinophil expression of
the relevant chemokine receptors, increased ligand affini-
ty, or enhanced receptor signaling in primed eosinophils.
Eosinophilsfrom allergic subjects have, on average, 2-fold
higher surface expression of CCR3 compared with those
from nonallergic individual s.50.146

Challenge of human subjects with RANTES also
induced the recruitment of memory (CD45RO") T cells
but not monocytes (CD68+), in agreement with in vitro
studies demonstrating that RANTES induces migration of
these cell types. In a recently completed MIP-1a human
challenge study, significant recruitment of monocytes was
observed, with only modest recruitment of eosinophils
and T lymphocytes, also in agreement with in vitro
chemotaxis assays.147 The maximum tissue eosinophilia
seen in response to MIP-1a (1000 pmol) was 5-fold less
than that seen after RANTES (800 pmol) challenge. MIP-
la aso induced significant tissue neutrophilia, as
observed by Alam et al48 in a mouse footpad challenge
model. Cutaneous challenge with RANTES or MIP-1a
had no effect on mast cell histamine release because none
of the subjects had swelling or itch after injection. Both of
these chemokines induced dermal endothelial activation
as measured by enhanced E-selectin expression. This may
be an indirect or downstream effect of chemokine injec-
tion because in vitro stimulation of endothelial cell lines
failed to induce any endothelial adhesion molecules
(Beck et al, unpublished observations).

In vivo chalenge studies with chemokines relevant to
allergic disease in animas have demonstrated some impor-
tant species differences. For example, severa groups have
demonstrated that the cutaneous injection of recombinant
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human RANTES has little to no inflammatory effect in
BALB/C mice (Beck et d, unpublished observations), guinea
pigs, 149 or in Ascaris-sensitized cynomolgus macagques.1%0
Interestingly, even murine RANTES had no eosinophil-
recruiting activity in a mouse mode in which both mouse
eotaxin-1 and mouse MIP-1(3 induced significant cuta-
neous eosinophilia.15! Injection of human CC chemokines
into the skin of Ascaris-sensitized cynomolgus macaques
resulted in significant tissue eosinophilia 24 hours after
challenge, with arank order of potency of MCP-4 > eotax-
in-1>MCP-3 > MIP-10.150 Teixeira et al 151 with use of a
mouse model, also found eosinophil migration in response
to mEotaxin-1, which was greater than that seen with
mMIP-1a but found no tissue eosinophilia in response to
murine (m) MCP-1, mM CP-5 or mMIP-1(.

Airways. Challenge of guinea pigs with an aerosol of
eotaxin led to a selective increase of eosinophils in the
airways.152 Intranasal eotaxin led to the influx of large
numbers of eosinophils in the lungs of IL-5 transgenic
mice.153 In humans, intranasal RANTES challenge led to
significant increases in the number of eosinophils,
metachromatic cells, and lymphocytes but not neu-
trophils.154 Pre-exposure to allergen amplified this
response significantly.

Assessment of chemokine expression in vivo

in. Many of the CC chemokines are thought to play
arolein the recruitment and activation of eosinophilsand
lymphocytes at cutaneous sites of alergic inflammation
in humans. Increased mMRNA for RANTES, MCP-3,
MCP-4, eotaxin-1, and eotaxin-2 have been demonstrat-
ed by in situ hybridization in human cutaneous |ate-
phase reactions.155156 |n these studies eotaxin-1 and
MCP-3 mRNA* cells were maximal at 6 hours, when tis-
sue eosinophils are at their peak, suggesting that these
chemokines precede and may mediate the early tissue
eosinophilia. At a later time point (24 hours) the tissue
eosinophilia correlated with eotaxin-2 and MCP-4 mRNA*
cells.1%6 Interestingly, RANTES expression closaly mir-
rored the tissue infiltration of CD3* lymphocytes and
CD68* monocytes.155 With use of the skin blister chamber
model, Zweiman et al157 demonstrated elevated levels of
IL-8, MCP-1, and RANTES in skin chamber fluids (from
2 to 5 hours). IL-8 expression and neutrophil recruitment
were observed in this model, regardless of whether antigen
was introduced into the blister chamber. This presumably
represents a response to the injury associated with genera
tion of the blister. IL-8 levels correlated with lactoferrin
levels (a marker of neutrophils) and RANTES correlated
with the number of eosinophils.

Airways. Within the last few years, numerous studies
have documented expression of mMRNA or protein for
several CC chemokines in chronic diseases of the air-
ways characterized by tissue eosinophilia. In nasal poly-
posis intense epithelial and endothelial staining for
RANTES88158.159 gnd epithelial and leukocyte staining
for eotaxin2® and MCP-497 has been documented by
immunohistochemistry or by in situ hybridization.
RANTES,88.159 eotaxin,% eotaxin-2,48 and MCP-497
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were found to be constitutively expressed in normal
sinus mucosa, but their expression was significantly
increased in polyps compared with noninflamed sinus
mucosa.29.48,88,95,97,159,160 RANTES, eotaxin, and
MCP-4 levels were similarly elevated in polyps from
both nonatopic and atopic subjects.95,97.158-160 However,
eotaxin?® but not RANTES immunoreactivity®8 strongly
correlated with the eosinophil infiltration observed with-
in the mucosa of the polyp tissue. Nasal biopsy speci-
mens of subjects with alergic rhinitis undergoing aller-
gen challenge display a significant up-regulation of
eotaxin mRNA and protein.®>

The presence of RANTES,91.92,161-165 ggtaxin, 93,166,167
MCP-1,90.163,165 \CP-3,162164 MCP-4,28 and MIP-
101163,165 has been demonstrated at the mRNA or protein
level in bronchial biopsy specimens or bronchoal veolar
lavage (BAL) of asthmatic patients. RANTES, MCP-3,
MCP-1, and MIP-1a have been found to be significantly
elevated in asthmatic in comparison with nonasthmatic
subjects.162.163 The increase in RANTES and MCP-3
mMRNA in asthmatic patients is detectable regardless of
the presence of atopic status.164 Asthmatic patients have
also been found to have a higher concentration of eotaxin
than healthy control subjects in the BAL93 and increased
expression of eotaxin MRNA and protein in the bronchial
mucosa.93.166 \With at least one exception,168 correlation
of chemokine levels with infiltrating inflammatory cells
has been observed in the airways. RANTES and MCP-3
MRNA expression correlated with eosinophil infiltration
within the airway mucosa of unchallenged asthmatic
patientsl62 and after allergen challenge of patients with
mild asthma.92 RANTES and MCP-1 protein level s found
in the BAL of patients with mild asthma were found to
correlate with lymphocytes.163 Eotaxin mRNA-positive
cellsin the bronchial mucosa of asthmatic subjects corre-
lated with activated eosinophils identified by immunchis-
tochemistry as EG2* cells, and eotaxin expression was
inversely correlated with a marker of bronchial hyperre-
sponsiveness, the histamine provocative concentration
causing a20% fal in FEV ;.166 The eosinophil chemotac-
tic activity of BAL fluid tested in vitro can be blocked to
a varying degree with antibodies against eotaxin,
RANTES, MCP-3, or MCP-4.92,93161

Studies in murine models of alergic inflammation have
firmly established up-regulation of chemokines on lung
challenge and yielded information on the role of
chemokines in the orchestration of inflammatory cell
recruitment in alergic inflammation. Gonzalo et al%4
demonstrated that the differential accumulation of specific
leukocyte types correlates with a distinct pattern of
chemokine expression: challenge of ovabumin-sensitized
mice led to the sequential expression in the lungs of MCP-
1, eotaxin, and RANTES, which correlated with the accu-
mulation of monocytes-macrophages, eosinophils, and T
lymphocytes, respectively. In a similar model Macl ean et
al169found that theincreased eotaxin production induced in
the lungs by ovalbumin challenge is blocked by anti-CD3
antibody treatment of the animals, suggesting that eotaxin
might be the molecule mediating eosinophil recruitment
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driven by antigen-specific T-cell activation. Individual
blockade of eotaxin, MCP-5, MIP-1a, RANTES, and
MCP-1 in ovalbumin-induced airway alergic inflamma-
tion in mice indicated profound differencesin the contribu-
tion of chemokines to cellular recruitment and bronchia
hyperreactivity.170.171 Ljttle is known about chemokine
expression by Ty1 versus T2 cells either directly or indi-
rectly by activation of other cells. In a recent study Chen-
sue et all72 examined the production of RANTES after
challenge with antigens inducing a type 1 (ie, Tyl)
response (purified protein derivative) or a type 2 response
(Schistosoma mansoni egg antigen). Grester elevations of
RANTES were seen in the type 1 challenge, and anti-
RANTES modestly reduced the type 1 response yet
enhanced the type 2 response (increasing lesion size aswell
asthe appearance of 1L-4, IL-5, etc). The authors conclud-
ed that RANTES may down-regulate type 2 inflammato-
ry responses. In related studies, Li et all73 found that
adoptive transfer of antigen-specific T2 cellsled to lung
eosinophilia associated with eotaxin after challenge,
whereas Tyl cell transfer was associated with neu-
trophils and little eotaxin. The cellular source of the
eotaxin was not determined. Disruption of the eotaxin
gene has been shown by Rothenberg et al174 to suppress
the early eosinophil recruitment to the lungs after antigen
challenge but not the late eosinophil influx, although in a
different eotaxin knock-out system the eosinophil influx
in the bronchoalveolar lavage induced by ovalbumin
challenge was not modified in comparison with that of
wild-type mice.175 In the mouse, eotaxin may have a
greater role in antigen-induced eosinophilia in the gas-
trointestina tract than in the lung (Hogan and Rothen-
berg, personal communication).

Treatment for 1 week with intranasal beclomethasone
dipropionate (BDP) or fluticasone significantly inhibited
the recovery of IL-8, RANTES, and MIP-1a in nasal
secretions of 10 allergic patients after experimental aller-
gen challenge.176.177 |n a double-blind, placebo-con-
trolled study of 4 months of BDP treatment of patients of
mild asthmatics, evaluation by immunohistochemistry of
bronchial biopsy specimens showed a significant
decrease of RANTES staining within the epithelium in
the BDP-treated group but not in the placebo group.9!
The local suppression of epithelial-derived chemokines
by topical glucocorticoids may be an important compo-
nent of the clinical efficacy of topical glucocorticoids, by
preventing chemokine-driven infiltration of lympho-
cytes, eosinophils, and mast cells within the airway
mucosa.

POTENTIAL USE OF CHEMOKINE
ANTAGONISTS IN ALLERGIC DISEASE

Pharmaceutical companies have vigorously pursued
chemokine antagonists with the hope that a variety of
disorders, including alergic diseases, can be aleviated.
Nowhere have these efforts been greater than in the area
of AIDS and HIV, where interest in the potential thera-
peutic or prophylactic value of antagonists of chemokine
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receptor HIV entry cofactors, especially CCR5 and
CXCR4, is high. For allergic diseases, CCR3 and its lig-
ands have attracted significant interest as targets because
of their role in eosinophil recruitment and possibly the
recruitment of mast cellsand T,,2 cells. Teixeiraet a,151
with use of ovalbumin-sensitized mice, demonstrated
that the eosinophil recruitment seen in response to cuta-
neous ova challenge could be reduced by nearly half with
the coadministration of a neutralizing antibody to eotax-
in-1, whereas anti-MIP-1a antibody had no effect. Simi-
lar results were obtained in a lung challenge model by
Gonzalo et al%4171 and Conroy et al178 with antieotaxin.
Significant inhibition of eosinophil influx after antigen
challenge was also obtained in mice by pretreatment with
anti-M CP-3/fibroblast-induced chemokine (FIC) anti-
body.179 In contrast, Lukacs et al170 found that anti-M|P-
1a reduced airway eosinophilia by more than 50%. They
also found that anti-MCP-1 blocked the increase in air-
way reactivity.170 The chemokine metRANTES is a
potent and effective antagonist of CCR3 that can block
antigen-induced eosinophiliain mice.151 An antibody to
CCR3 has been found by Sabroe et a1 to inhibit the
appearance of eosinophils in eotaxin-challenged guinea
pigs. Several companies have developed low-molecular-
weight antagonists for CCR3, and clinical trials are like-
ly to be forthcoming soon. As information evolves
regarding selective chemokine receptor expression on
Ty2 cells, additional targets may become obvious (eg,
CCR4, see above).

ETHNIC VARIATIONS IN CHEMOKINE
BIOLOGY: IMPLICATIONS FOR ALLERGIC
DISEASES

The prevalence of alergic airway disease as well as
asthma severity and mortality are particularly high
among African Americans, even after adjustment for
demographic and socioeconomic factors.181-184 Atopic
dermatitis also appears to be more prevalent among phe-
notypically black populations,185 and higher total IgE
levels have been observed in individuals of African
descent compared with Caucasians. 186187 These findings
strongly suggest that distinct genetic factors render indi-
viduals of African descent more susceptible to atopic dis-
orders than Caucasians are. Among potential candidate
genes for asthma and asthma-associated traits in African
populations are CC chemokines and chemokine recep-
tors. In a genome-wide screen for asthma susceptibility
loci in 3 different ethnic groups, evidence for linkage of
asthma to chromosome 17g11.2, the location in which
the CC chemokine gene cluster maps, was exclusively
observed in African American families. No evidence for
linkage of asthma or asthma-related traits to chromo-
some 17 has been observed in 3 independent genome-
wide searches for asthma genes in white families.188-190

Recently, regulatory regions of the RANTES and
eotaxin genes were screened for mutations that may
affect transcriptional activity or transcript stability. A
polymorphism in the proximal RANTES promoter that
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results in the formation of a new binding site for the
GATA binding transcription factor family was identi-
fied.191 GATA 1-3 are expressed primarily in cells of
hematopoietic origin and are centrally involved in
hematopoietic cell differentiation.192 Gel shift experi-
ments showed binding of GATA 1-3 to the novel GATA
binding site in the mutant RANTES promoter. Also,
studies of reporter constructs indicate a 5-fold greater
constitutive transcriptional activity of the mutant pro-
moter when transfected into hematopoietic cell lines (the
Jurkat T-cell line or the HMC-1 mast cell line, both
GATA expressing) but not in an epithelial cell line
(BEAS-2B-GATA nonexpressing).191 Taken together,
these studies demonstrate a functionally relevant poly-
morphism in the promoter for RANTES. Five popula-
tions of different ethnic origin were subsequently
screened for wild-type and mutant alleles. Significant
ethnic differences in allele and genotype frequencies
were observed. The mutation was most frequent in indi-
viduals of African ancestry (allele frequency >0.4 in
African Americans and Afro-Carribbeans compared with
>0.2 in American whites).

Although no association of the mutation with asthma
was detected, the mutant allele was observed significant-
ly more frequently in German children with atopic der-
matitis than in unaffected control subjects.191 All Ger-
man genotyped children were participants of the German
Multicenter Allergy Study.193 Whether associations exist
with atopic dermatitis in African-descended populations
has not yet been tested because this phenotype has not
been assessed in the available populations. Clearly, more
studies will be required to evaluate the importance of this
polymorphism in the induction or maintenance of aller-
gic inflammation.

Recent studies focusing on the 3"-UTR of eotaxin indi-
cate a remarkable degree of polymorphism, with distinct
profiles of alleles between African-descended and white
individuals.191 Preliminary studies suggest associations of
some of these aleles with asthma in African-descended
populations, whereas a lesser degree of polymorphism
and no allelic association with asthma or asthma-related
phenotypes were observed in whites. Becausethe 3'-UTR
contains sequences that may dramatically ater the half-
life of eotaxin MRNA (see above), functional studies of
selected polymorphisms are currently in progress.

Several other differences in CC chemokine receptor
biology have been described in individuals of African ver-
sus white descent. A 32-bp deletion in the CCR5 receptor,
which is a common receptor for RANTES, MIP-1a, and
MIP-1f and is a coentry factor for macrophage-tropic
HIV strains, 19419 js found in >10% of whites, whereas
this mutation is completely absent in African popula-
tions.196 Second, in contrast to white individuals, the
DARC is not expressed on red blood cells in the mgjority
of African people.197 This confers an evolutionary advan-
tage because Duffy-negative erythrocytes are resistant to
infection with the malarial parasite Plasmodium vivax,198
which is endemic in most of Africa. As discussed above,
Duffy has been shown to bind with high affinity to
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chemokines of both the CXC and CC classes and is
expressed on erythrocytes, endothdlial cells of postcapil-
lary venules, and Purkinje cells of the cerebellum.199
Because of Caucasian admixture, more than 30% of
African Americans do express Duffy on red blood cells
(and are classified as Duffy positive).20 The physiologic
role of this receptor on erythrocytes has not been clearly
defined. No signal transduction in response to chemokines
on cdlls transfected with cloned Duffy could be observed
by Neote et a,201 suggesting that Duffy may function asa
clearance receptor for chemokines in blood and tissues.
This hypothesis is intriguing with regard to evidence for
linkage of asthma to the CC chemokine cluster occurring
exclusively in populations of African descent.188 Higher or
longer exposure to chemokines within blood vessels
because of the absence of Duffy on erythrocytes might
contribute to asthma pathogenesis (Fig 4). Theimportance
of Duffy is evidenced by the conservation of this gene
among species.10

The molecular basisfor the Duffy-negative phenotype,
Fy(a-b-), has been identified by Tournamille et al.202 A
point mutation in the Duffy promoter (T-46C) selective-
ly abolishes erythrocyte gene expression by disrupting a
GATA-binding motif. This finding enabled the develop-
ment of a PCR-based technique for retrospective deter-
mination of Duffy-positive and Duffy-negative allelesin
large populations of African descent with varying
degrees of Caucasian admixture.191 Preliminary results
of subsequent studies indicate that an interaction of
genes on chromosome 1g22 (FY-Duffy locus) and on
chromosome 17qg11.2 (CC chemokine gene cluster) may
determine susceptibility to asthma and allergic rhinitisin
individuals of African ancestry (Nickel et al, unpublished
observations). To test the hypothesis that Duffy can mod-
ify chemokine-mediated inflammation, cutaneous chal-
lenges with chemokines in Duffy-positive and Duffy-
negative individuals are underway.

No evidence for linkage of asthma or asthma-associat-
ed phenotypes to chromosome 3p21-p22 (CC chemokine
receptor gene cluster) or chromosome 7q11.2 (eotaxin-2)
has been reported in 3 genome-wide searches.188-190
Inconclusive results from genome-wide searches for
other asthma susceptibility genes demonstrate the diffi-
culties of genetic analysis of complex genetic traits with
varying penetrance and phenotypic pleiotropy. However,
screening of candidate genes with obvious biologic
importance in the pathogenesis of asthma or the response
to asthma medication has shown important associations
of genetic variants with distinct asthma-related pheno-
types?03.204 and will remain a most valuable approach in
genetic studies of asthma and atopy.

We thank Ms Bonnie Hebden for untiring and skilled assistance
in preparation of this manuscript and Dr Thomas J. Schall, who pro-
vides a constant source of inspiration.
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