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Chemokines, representing a large superfamily of 8- to 15-kd
proteins, were originally discovered through their ability to
recruit various cell types into sites of inflammation. It is now
clear that these molecules play a much wider role in immune
homeostasis, playing key roles in driving the maturation, hom-
ing, and activation of leukocytes. In this review we analyze the
roles chemokines play in the development, recruitment, and
activation of leukocytes. Because signaling from the receptors
drives these processes, signal transduction from chemokine
receptors will also be reviewed. Taken together, we highlight
the various points at which chemokines contribute to allergic
inflammation and at which their targeting might contribute to
new therapies for type I hypersensitivity reactions. (J Allergy
Clin Immunol 2003;111:1185-99.)
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Various pathologic conditions, both classically defined
as immune mediated (type I hypersensitivity—allergic and
autoimmune diseases and allograft-xenograft rejection)
and others (eg, atherosclerosis and Alzheimer disease)
result in part from an inflammatory response.! Addition-
al diseases (eg, Parkinson disease and age-related macu-
lar degeneration) also exhibit clear evidence of inflam-
mation, indicating that their pathogenesis might have an
immune component or that disease progression or sever-
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BMMC: Bone marrow—derived mast cell
GPCR: G protein—coupled receptors
mMCP-6: Mouse mast cell protease 6
ODN: Oligodeoxynucleotide
PI3K: Phosphoinositol 3 kinase
SCF: Stem cell factor
STAT: Signal transducer and activator of transcription

ity might be linked to inflammation.2 Both the initial
stages of these diseases and downstream sequelae (eg,
tissue remodeling and smooth muscle hypertrophy)
depend on the recruitment to and activation of leukocytes
to the inflammatory lesion.3

Because of the wide range of diseases with an inflam-
matory component, there has been a sustained effort over
the past decades to identify or generate anti-inflammato-
ry compounds.# Indeed, many widely used drugs target
inflammation generally (eg, aspirin, glucocorticoids, and
cyclosporine) or target specific inflammatory mediators
(antihistamines, leukotriene inhibitors, and cyclooxygen-
ase 2 inhibitors).> However, these drugs (although highly
effective in specific scenarios) each have inherent flaws
(eg, in their lack of specificity, limited potency, or the
serious side effects that accompany their prolonged use).6

The discovery of chemokines, small 8- to 15-kd
polypeptides that control the movement and activation of
immunocytes, has provided attractive new targets for
anti-inflammatory drug design.” The finding that the
expression of chemokines and their receptors is under
stringent developmental and tissue-specific control sug-
gests that compounds targeted at these molecules might
permit a level of specific immune suppression previous-
ly unattainable with existing drugs.8 Finally, that the
chemokines bind to G protein—coupled serpentine recep-
tors, proved targets for new drug development, further
support the feasibility of these targets as a platform for a
new generation of anti-inflammatory drugs.’
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- é‘ TABLE I. The chemokine receptors and their ligands
g. : Systematic name Human ligand Chemokine receptors
% E_ CXC chemokine-receptor family
@ CXCLI GRO0/MGSA« CXRX2 > CXCR1
CXCL2 GROB/MGSAB CXCR2
CXCL3 GROYMGSAy CXCR2
CXCL4 PF4 Unknown
CXCLS5 ENA-78 CXCR2
CXCL6 GCP-2 CXCRI1, CXCR2
CXCL7 NAP-2 CXCR2
CXCLS8 1L-8 CXCR1, CXCR2
CXCL9 Mig CXCR3a
CXCLI10 1P-10 CXCR3a
CXCL11 I-TAC CXCR3a
CXCL12 SDF-10/B CXCR4b
CXCL13 BCA-1 CXCR5
CXCL14 BRAK/boekine Unknown
(CXCL15) Unknown Unknown
CXCLI16 CXCR6
C chemokine-receptor family
XCL1 Lymphotactin/SCM10/ATAC
SCM-1 XCR1
XCL2 SCM-1B XCR2
CXC3C chemokine-receptor family
CXC3CL1 Fracktalkine CXC3CRI1
CC chemokine-receptor family
CCLI 1-309 CCRS
CCL2 MCP-1/MCAF/TDCF CCR2
CCL3 Mip-10/LD780 CCRI1, CCRS5
CCL3L1 LD78pB CCRI1, CCRS5
CCL4 MIP-1 CCR5c
CCLS RANTES CCRI1, CCR3, CCR5
(CCLo) Unknown Unknown
CCL7 MCP-3 CCRI1, CCR2, CCR3
CCL8 MCP-2 CCR3, CCR5¢
(CCLY/10) Unknown CCRI1
CCLI11 Eotaxin CCR3
(CCL12) Unknown CCR2
CCL13 MCP-4 CCR2, CCR3
CCL14 HCC-1 CCRI1, CCR5
CCL15 HCC-2/Lkn-1/MIP-16 CCRI1, CCR3
CCL16 HCC-4/LEC/LCC-1 CCRI1, CCR2
CCL17 TARC CCR4
CCL18 DC-CK1/PARC/AMAC-1 Unknown
CCL19 MIP-3B/ELC/exodus-3 CCR7d
CCL20 MIP-30/LARC/exodus-1 CCR6
CCL21 6Ckine/SLC/exodus-2 CCR7d
CCL22 MDC/STCP-1 CCR4
CCL23 MPIF-1/CKp8/CKp8-1 CCR1
CCL24 Eotaxin-2/MPIF-2 CCR3
CCL25 TECK CCR9
CCL26 Eotaxin-3 CCR3
CCL27 CTACK/ILC CCRI10
CCL28 MEC CCR3/CCR10

GRO, Growth related oncogene; MGSA, melanoma growth stimulatory activity; PF, platelet factor; ENA, epithelial neutrophil activating; GCP, granulocyte
chemotactic protein; NAP, neutrophil-activating peptide; Mig, monokine-induced by IFN-y; /P, IFN-g inducible protein; /-TAC, IFN-inducible T-cell a chemoat-
tractant; SDF-1, stromal cell-derived factor 1; BCA, B-cell attracting chemokine; BRAK, breast and kidney-expressed chemokine; SCM, Single C motif; ATAC,
activation-induced, chemokine-related molecule; /-309, a nameless human chemokine; MCP, monocyte chemoattractant protein; MCAF, monocyte chemotactic
and activating factor; TDCF, tumor-derived chemotactic factor; MIP, macrophage inflammatory protein; LD78, macrophage inflammatory protein-11; HCC,
human CC chemokine; Lkn, leukotactin; LEC, liver-expressed chemokine; TARC, thymus- and activation-regulated chemokine; DC-CK1, dendritic
cell-derived CC chemokine; PARC, pulmonary and activation-regulated chemokine; AMAC, alternative macrophage activation-associated CC chemokine; ELC,
(Ebl-1), EBL-I-ligand chemokine; LARC, liver- and activation-regulated chemokine; SLC, secondary lymphoid tissue chemokine; MDC, macrophage-derived
chemokine; STCP, stimulated T-cell chemoattractant protein; MPIF, myeloid progenitor inhibitory factor; CK, chemokine; TECK, thymus-expressed
chemokine; CTACK, cutaneous T cell-activating chemokine; /LC, IL-11 receptor alpha-locus chemokine; MEC, mucosae-associated epithelial chemokine.
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It is now clear that both chemokines and their recep-
tors are expressed on a myriad of cell types (albeit with
specificity).10 The expression of chemokines and their
receptors is also inducible on several cell types (during
the early stages of an inflammatory response).!! Several
other reviews have surveyed the range of cells that
express chemokines and their receptors.!2-14 In this
review, although touching on basic features of the
chemokine system, we will focus largely on the expres-
sion of chemokines and their receptors on cells relevant
to type I hypersensitivity reactions and in certain autoim-
mune diseases. Particular emphasis will be placed on the
expression of chemokines and their receptors during
mast cell development and during acute inflammation.
This information provides clues as to the role the
chemokine system plays in mast cell development and
homing and for the specificity and efficacy of pharma-
ceuticals targeted at this system.

CHEMOKINES AND THEIR RECEPTORS
Chemokines

The chemokines are a superfamily of low-molecular-
weight, secreted, heparin-binding molecules that serve as
potent chemoattractants for cells of the immune sys-
tem.12-14 There are, at the time of the writing of this
review, greater than 50 chemokines, and it is likely that
more will be identified through genome sequence mining
or classical recombinant DNA methods (Table I). The
chemokines are clearly distinct from other chemoattrac-
tants, such as the complement components C3a and C5a
and the lipid breakdown products leukotriene B4 and
platelet-activating factor. Although there is limited over-
all sequence homology between chemokines, they are
grouped within a family because they are predicted to
have a similar 3-dimensional structure (a monomeric fold
generated by a floppy N-terminus, 3 internal [3-strands,
and a C-terminal a-helix).!5 The fold is held together by
2 disulphide bridges that are found in 4-cysteine
chemokines, although this is variant in CCL21 and
XCLI1 (Fig 1).16 The floppy N-terminus is essential for
receptor activation. These 50 chemokines bind 19 func-
tional receptors, with 10 receptors exhibiting promiscu-
ity for 2 or more chemokines (Table I).

The chemokines are thought to derive from 3 or 4
ancestral genes and can be categorized into 4 supergene
families. This classification has been based on the num-
ber and spacing of conserved cysteine residues found in
the N-terminus of the polypeptides. The major
chemokine families are termed the CC and CXC
chemokines (with 50 or more members represented in
the 2 families). The C and CX3C chemokines are much
smaller families, with one or a few members per family.

Chemokine receptors

Each family of chemokines interacts with a reciprocal
family of heterotrimeric, 7-transmembrane, G protein—
coupled receptors (GPCRs) expressed almost exclusive-
ly on leukocytes. For example, there are 11 CC
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FIG 1. Three-dimensional structure of a generic chemokine recep-
tor and its ligand.1® A chemokine fold is shown with N- and C-ter-
minal o helixes and internal B strands in magenta. The 7-trans-
membrane GPCR is shown beneath.

chemokine receptors, 5 CXC receptors, 1 CX3C recep-
tor, and 1 C chemokine receptor identified thus far (Table
I). Chemokine receptors are approximately 350 amino
acids in length and have a short extracellular N-terminus
and short intracellular C-terminus. The intracytoplasmic
tails contain conserved serine and threonine residues that
become phosphorylated on receptor occupancy. The 7-
transmembrane domains are o-helical, and 3 intracellular
and 3 extracellular loops exist between the transmem-
brane domains (Fig 1). A disulphide bridge between
extracellular loops 1 and 2 confers rigidity to the recep-
tor within the lipid bilayer, and the ligand binding
domain is formed by a pocket generated between the N-
terminal tail and the extracellular loop 3. Certain recep-
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FIG 2. Signaling from chemokine receptors. After ligand binding, the
heterotrimeric GByo. proteins dissociate into Go. and Gy subunits.
Gpy can directly activate the PI3Ky and PLC. The Ga subunit can
induce Src family activation and the p85/p110 PI3K pathway. These
cascades can induce various downstream events. There is some
redundancy in the pathways used for specific downstream events.

tors, such as CCR1, will bind multiple chemokines (eg,
CCL3, CCLS5, CCL7, and CCLS8), although this rarely
occurs between chemokine families. One exception
involves the Duffy antigen receptor, which can bind mul-
tiple chemokines from different families. Others, such as
CXCRI1, bind fewer molecules, such as CXCL8 and
CXCL6. This relative specificity and the unique
chemokine receptor expression patterns on leukocyte
subsets account for much of the leukocyte subset traf-
ficking observed in inflammatory lesions. These same
characteristics (albeit complicated by chemokine interac-
tions with multiple receptors and chemokine redundan-
cy) are also what make the system an attractive one for
targeted immune suppression.

This being said, it is also important to note that the
chemokine receptor phenotype of inflammatory cells is
known to fluctuate during their differentiation and expo-
sure to external stimuli (both from secreted molecules and
from cell-cell contact).!7-18 Thus chemokine receptor
expression varies on mast cells, neutrophils, and
eosinophils depending on their stage of differentiation
and activation status.!9:20 Finally, it is also relevant to note
that many other cell types (eg, epithelial cells, endothelial
cells, and muscle cells) also express both chemokines and
their receptors.21-24 This makes the identification of the
cell source or sources of chemokines at an inflammatory
lesion complex. The expression of chemokine receptors
on other cell types helps explain changes in gene expres-
sion that occur in these cell types during an inflammatory
response and also suggests that chemokine-receptor
antagonists might have broader anti-inflammatory prop-
erties than the blockade of leukocyte trafficking.
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Because a focus of this review is the mast cell, we will
pay most attention on the CCR1, CCR3, CCR4, CCRS,
and CXCR?2 receptors that have been identified on mast
cells (Fig 2). These receptors confer on human primary
mast cells the ability to respond to CXCLS8, CCL11, stro-
mal cell-derived factor 1, and CCL3, respectively.25-28
Mast cells expressing these receptors are both able to
chemotax to appropriate ligand gradients and to exhibit
calcium fluxes on receptor engagement. In the case of
CXCR2, there is evidence that CXCR2+ mast cells might
play an important role in protection from fungal airway
infection.2? A role of CCR3* mast cells in an inflamma-
tory response comes from the analysis of CCR3~~ mice
challenged with aerosolized ovalbumin.30

Signaling from chemokine receptors

Chemotaxis of inflammatory cells toward a chemokine
gradient requires signals coming from the short intracyto-
plasmic tails of the chemokine GPCRs.3!-32 The con-
served serine and threonine residues within these tails are
important for this signaling because mutagenesis of these
residues impairs receptor signaling. Studies of signaling
from CCRI1 indicate that phosphoinositide 3-kinase 7y is
critical for receptor signaling by using the protein kinase
C pathway.33 This is true for both leukocyte movement
(although other isoforms-pathways might also be
involved in cell movement) and costimulation during
leukocyte activation-degranulation. Other changes that
occur after receptor activation include classical calcium
fluxes within the cell and the generation of both oxygen
radicals and lipid mediators.3* Signaling from the
chemokine receptor also leads to dramatic changes in cell
shape within seconds of receptor occupancy. Membrane
ruffling is observed in scanning electron micrographs of
stimulated cells, and actin polymerization and breakdown
accounts for the extension and retraction of lamellipodia
that propel the cell toward the chemokine gradient.35.36
Chemokine signaling also induces the expression of mul-
tiple integrins on the surface of the leukocyte, allowing
for the firm adherence of the leukocyte to the endothelial
cell wall near a site of inflammation.37 There is also integ-
rin recycling at the leading edge of the migrating leuko-
cyte.38 This is followed by transendothelial migration of
the cells and their accumulation within the mucosa tissue.
Other events that are driven by chemokine receptor sig-
naling include early differentiation of hematopoietic pre-
cursors and trafficking within the immune system.39

There is now a great deal known about the molecular
events that mediate chemokine receptor signaling and
downstream events.4? In addition to cell movement,
chemokine receptor signaling activates gene expression
and can induce intracellular events, such as mast cell
degranulation (Fig 3). Signaling from chemokine recep-
tors is thought to involve a shift in a steady state equilib-
rium between an active and inactive conformational form
of the receptor toward one predominated by the active
form. This is postulated to initiate with receptor dimer-
ization and activation of the JAK/signal transducer and
activator of transcription (STAT) pathway mediated by a



J ALLERGY CLIN IMMUNOL Ono et al 1189

VOLUME 111, NUMBER 6

o 8
5
Bone Marrow Blood Connectiv $0
Stroma/ o 2
Gaslrointestinal tract .5 2
Lung
Conjunctiva = v-g
Skin
Homing
Lung 7
Canjungliva
MIP-1q _
. <
A f/; Stroma
>~ SDF-1a FesRI
CXCR4 P ;
. SCF excra MEAFERS Y .. Skin Mature Connective
T L8 - : [T i P Y Tissus Mast call
s IL-10 p— IL-3
{ | e RS
| ) I - IL-4
& . - B /oo Mucosal
WS LS ekt Y A 1L-10 -
— IL-4 o
IL-3R o IL-3R I Tissue
CCR1,  CCR3(-)
T, COR4® ..
i L ~,
Pluripotent Mast cell rentiation %"9 ®
Precursor Proganitor TGF-B1 3 9
T call cytokines #/
CD34+ CD13+ -

Mature Mucosal
Mast cell

FIG 3. Chemokine receptor expression during mast cell differentiation and homing. Changes in chemokine
receptor expression during mast cell development (pluripotent precursor to mast cell progenitor to mature
mast cells) are shown, as well as key cytokines involved in driving the differentiation process. Mast cell het-
erogeneity is shown, with differences in chemokine receptor expression shown on mucosal and connec-
tive-type mast cells. Some of the chemokines essential for the homing of mast cells to specific tissues are

also shown.

conserved DRY motif found in the intracytoplasmic tails
of the several members of the CCR and CXCR recep-
tors.4! Receptor dimerization leads to phosphorylation of
the conserved residues on the DRY motif and recruitment
of JAK1 to the receptor (tyrosine 139 in CCR2). This
phosphorylation event is not required for receptor homo-
dimerization but is essential for Gai protein coupling, cal-
cium fluxes, and cell movement. STATSb (in the case of
CCLS5 interaction with CCRS5) is then recruited to the
receptor and is in turn activated.*243 JAK?2 is also recruit-
ed to CXCR4 dimerized after stromal cell-derived factor
1ov addition, and multiple other STAT molecules (STAT1,
STAT?2, and STAT3) can be recruited to various other
chemokine receptors after JAK recruitment.44 These acti-
vated STAT molecules can then translocate into the nucle-
us of the chemokine-stimulated cell and directly activate
(and sometimes repress) gene expression. Because the
chemokine receptors are often coexpressed (eg, CCR3
and CCR1 on conjunctival mast cells), there is also a pos-
sibility that different chemokine receptors might het-
erodimerize on the surface of single- or multiple-ligand
treated cells. This might explain the synergistic or unusu-
al responses cells exhibit when treated with multiple
chemokines. This might also explain how signaling from
chemokine receptors might influence other immune
receptors (eg, FceRI or cytokine receptors).

Signaling from chemokine receptors is typically inhib-
ited by pertussis toxin, suggesting that Gi proteins are key
to the transduction of signals. Gai physically associates
with multiple chemokine receptors, but there is also evi-
dence that other pertussis toxin-resistant Gi proteins,
such as Gq or G16, might also associate with certain
receptors. The coupled Gi protein might also differ in dis-
tinct cell types. Ligand binding results in the inhibition of
adenylyl cyclase and release of intracellular calcium
stores, as would be expected for Goi-coupled GPCRs.#5
Although Gi-coupled chemokine receptors do not appear
to be competent for cell movement, other downstream
processes appear to be Gi dependent. The precise nature
of G protein subunits required for different signaling
events awaits further study. Activation of the receptor then
results in the disassociation of Gy bound to the recep-
tor into Gy and GTP-bound Gou. Janus kinase recruit-
ment to the receptor and tyrosine phosphorylation of the
receptor then recruits Gai to at least one intracellular
loop, triggering multiple signaling pathways.

Phospholipase C activation is triggered through Gy
and yields inositol (1,4,5) triphosphate and diacylglyc-
erol (Fig 3). Inositol triphosphate in turn mobilizes
release of calcium from intracellular stores. This calci-
um, together with diacylglycerol, then activates multiple
protein kinase C isoforms that ultimately drive down-
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FIG 4. Molecular basis of chemokine-directed cell movement. A
chemokine receptor-expressing cell responds to a chemokine
gradient by establishing cell polarity. One feature of this is the
accumulation of the PI3K product PIP3 at the leading edge of the
migrating cell. PIP3 is essential for the activation of Rac/Cdc42.
GEF catalyzes the conversion of inactive GDP-bound Rac/Cdc42 to
the active GTP form. This leads to actin polymerization and
chemotaxis. Two negative phosphatase regulators of PIP3 accu-
mulation are SH domain-containing inositol phosphatase and
PTEN, which generate Pl (3,4) P2 and PI (4,5) P2, respectively.

stream events throughout the cell. Eventual receptor
desensitization appears to operate through G
protein—coupled kinases that associate with Gy.40
Phospholipase A2 and D can also be activated on
chemokine receptor activation.#’ Arachidonic acid
release driven by phospholipase A2 is important for opti-
mal cell movement toward a chemokine gradient. The
roles for activated phospholipase D are as of yet unclear.
Recent studies have clearly demonstrated a key role
for phosphoinositol 3 kinase (PI3K) in chemokine recep-
tor signaling.8:49 Indeed, we find that CCR1-mediated
signaling in the mast cell-like cell line RBL-2H3 is
inhibited by wortmannin.>0 PI3K activity is rapidly
enhanced on ligand binding and mediates p85 associa-
tion with multiple CXCRs. This association in turn gen-
erates lipid mediators that are second messengers in the
protein kinase C, AKT (also called PKB or Rac), and Ras
pathways (Fig 4). As stated earlier, PI3Ky is important in
both cell movement and the degranulation response (as
assessed with PI3Ky-deficient mice). However, inhibi-
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tion of cell movement in these mice is only partial, sug-
gesting that other PI3K isoforms, other molecules (eg,
the p85/p110 heterodimer), or both might also participate
in cell migration. The clarification of the potential roles
of PI3Ko and PI3K$ in leukocyte migration and activa-
tion requires ongoing analysis in PI3Ko- and PI3Kd-
deficient mice.>! This work also needs to be performed
with animal models of allergic or autoimmune inflam-
mation to recreate as closely possible what occurs in vivo
in specific tissues.52:53 Alternatively, existing dominant-
negative forms of these molecules might be expressed in
specific cells, and their ability to affect chemokine-
directed movement can be assessed. This is, however,
difficult because it is often not easy to generate stable cell
lines expressing such mutant signaling molecules. In this
case the respective roles of particular PI3K isoforms
might be amenable to dissection by using specific small-
molecule inhibitors. One other scenario that must be con-
sidered is that other molecules (aside from the p110 iso-
forms) might also play an important role in cell move-
ment. For example, p125FAK or Pyk2 can bind to recep-
tor-bound p85 and become activated on ligand binding.54
This, in turn, can mediate the association of the
chemokine receptor with cytoskeletal proteins, such as
paxillin.5

Through one or more of these pathways, PI3K is clearly
important for cell polarization and movement. Future work
will need to dissect the relative contributions of PI3K-gen-
erated PIP3 (phosphatidylinositol 3,4,5-triphosphate) and
other PI3K effectors, such as Rho, Rac, and Cdc42. All 4 of
these intracellular messengers are known to mediate
changes in the actin cytoskeleton and would be expected to
participate in cell migration.5¢ Finally, it should be noted
that the mitogen-activated protein kinase cascade is also
activated on chemokine binding to their receptors.57 How-
ever, although this is likely involved in the activation of
chemokine-dependent gene expression, it does not appear
to have a major role in chemotaxis or chemokinesis.

The intracellular messengers generated from the acti-
vation of the PI3K pathway might also play roles in
chemokine-mediated changes in leukocyte differentia-
tion, activation, and effector function. The fine dissection
of these signal transduction pathways will hopefully per-
mit the design of highly specific small molecules with
potential as new anti-inflammatory compounds.

CHEMOKINES IN LEUKOCYTE
RECRUITMENT

The accumulation of immune cells at a site of allergic or
autoimmune inflammation is a hallmark of these diseases.
This typically occurs between 6 and 48 hours after allergen
exposure or breakdown of immunologic tolerance.5® The
portfolio of cells that infiltrate the tissue-organ vary signif-
icantly between allergic and autoimmune diseases,
between tissues (eg, in asthma versus conjunctivitis), and
even within a single tissue (eg, within the conjunctiva,
depending on the nature of allergen or sensitization
scheme). Although several chemoattractants exist in nature



J ALLERGY CLIN IMMUNOL
VOLUME 111, NUMBER 6

(as mentioned earlier), the chemokines play a key role in
the recruitment of leukocytes to an inflammatory lesion.
The profound effect of chemokine deficiency in specific
leukocyte recruitment in certain animal models under-
scores the importance of chemokines in this process. The
accumulation of these cells in late-phase allergic disease or
in autoimmunity is highly relevant to the disease phenotype
because these cells (often activated) contribute to the dis-
ease process, such as tissue (subepithelial) remodeling,
goblet cell proliferation or hyperplasia, and airway hyper-
reactivity (in asthma).

Recruitment of monocytes-macrophages

Most of the mucosa tissues affected by an inflamma-
tory response have pre-existing monocytes-macro-
phages. These cells are highly important for the progres-
sion of allergic-autoimmune diseases but might also play
an essential role in initiation of disease. The mononu-
clear cells found in several tissues (and in peripheral
blood) can express Fc receptors, both the low-affinity
and high-affinity IgE receptors, and are also capable of
presenting antigen. Indeed, these cells are able to express
low levels of chemokines, which can be induced further
on receptor cross-linking.5 In type I hypersensitivity the
production of chemokines by these cells and the subse-
quent binding of these chemokines to chemokine recep-
tors on allergic effector cells (mast cells and eosinophils)
has been hypothesized by us and others to constitute an
obligatory costimulatory signal in the in vivo activation
of these cells.00:61 In autoimmunity the antigen-present-
ing capacity of these cells can clearly amplify the
autoimmune response. They can take up and present ini-
tial and secondary tissue-specific antigens released at an
inflammatory lesion (eg, in insulitis), thus amplifying
and broadening the immune response. The phenotype of
the mononuclear phagocytes operative at the early stages
of disease is also key (based on the nature of cell-surface
molecules and cytokines-chemokines expressed on the
cells), helping to shape the nature of the ensuing immune
response (their regulatory capacity). As reservoirs of
mediators (eg, histamine, prostaglandins, cytokines, and
chemokines), they can also directly contribute to tissue
injury (eg, in B-cell death in type I diabetes).

Because the number of monocytes and macrophages
can increase 3- to 100-fold at a site of inflammation, the
aforementioned regulatory and effector roles of these
cells become even more prominent after an inflammato-
ry response has begun. The key chemokines that attract
these cells to a site of inflammation include the follow-
ing: CCL2, CCL3, CCLS5, CCL7, CCLS, CCL13,
CCL17, and CCL22.62

Recruitment of T lymphocytes

In both allergic inflammation and autoimmunity, one
can frequently identify antigen-specific, pathogenic
CD4+ T lymphocytes, CD8* T lymphocytes, or both in
the inflammatory lesion. Although the number of T lym-
phocytes detected in a site of allergic inflammation are
relatively small (when compared with esoinophils and
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neutrophils), they likely play an important role in type I
hypersensitivity reactions. The evidence for a role for T
lymphocytes in allergic disease is comparatively
strong.03 T subset—specific cytokines are detected in
biopsy specimens and lavage fluid of inflamed tissues-
organs and correlate with disease severity. There is also,
perhaps not surprisingly, a rough correlation between the
frequency of T cells detected in an inflammatory lesion
and disease severity.4 Depletion of pan-T cells or spe-
cific subsets with neutralizing antibodies or genetically
deficient mice can abrogate the development of allergic
disease in these animal models.5 In human subjects
there is a good correlation between the levels of Ty2
cytokines produced on T-cell activation and serum IgE
levels and relative risk for asthma.®® A similar situation
exists in many autoimmune diseases. Once again, both
CD4+ and CD8+ T lymphocytes are frequently detected
in autoimmune lesions, and some of these cells exhibit
antigen specificity and the ability to induce disease on
transfer to naive hosts.67 For these reasons, it is clearly
important to understand how pathogenic T cells are
recruited to a site of inflammation.

The accumulated evidence suggests that 4
chemokines, CCL2, CCL, CCL22, and CCL17, play a
role in T-cell polarization, recruitment, or both into an
inflammatory lesion.98:69 The evidence for an important
role for CCL2 comes from in vitro T-cell differentiation
assays that indicate that CCL2 skews in vitro T-cell dif-
ferentiation toward the T2 phenotype and studies with
CCL2-deficient mice that exhibit a profound block in
Ty2 responses.’0 CCL2-deficient mice show a clear
deficit in Ty2 cells recruited to the allergen-challenged
lung and have reduced airway hyperreactivity.

CCL11, CCL22, and CCL17 appear to selectively
recruit T2 lymphocytes to sites of inflammation.”! This
chemotaxis stems from the expression of CCR3 and
CCR4 on T2 lymphocytes.”? CCR8 is also selectively
expressed on Ty2 cells and might play a role in their
recruitment into allergen-inflamed tissues through
CCL17.73 All 3 ligands are expressed from the epitheli-
um of inflamed lung tissue, and immunohistochemical
studies indicate that the T2+ cells in the lung are either
CCR4+ or, to a lesser extent, CCR8*. Neutralization of
CCL22 or CCL17 in the murine model decreased the lev-
els of T2 cytokines detected in bronchoalveolar lavage
fluid, decreased airway hyperreactivity, and also resulted
in a general decrease in the cellularity of the late-phase
infiltrate.”* Finally, adoptive transfer studies with aller-
gen-specific T2 cells strongly suggest that CCL11 plays
an important role in the initial stages of Ty2 cell recruit-
ment into the inflammatory lesion.

Recruitment of mast cells

There has been comparatively little work performed
investigating the chemokines involved in mast cell
recruitment and activation during allergic inflammation
(Fig 5). However, it is known that mast cells have the
capacity to express the CCR1, CCR2(?), CCR3, CCR4,
CCRS5, CXCR2, and CXCR4 receptors.” In vivo studies
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FIG 5. Chemokine production from activated mast cells. The production of different sets of mast cell pro-
teases during degranulation are also shown. These protease profiles help define mast cell subtypes and
have functional consequences caused by the chemoattractant capacities of the proteases.

with recombinant ligands indicate that CCL2 and perhaps
CCLS5 play an important role in mast cell recruitment and
activation in the lung.”¢ Because CCL2 binds to CCR2, it
is not clear whether CCL2’s effects are directly through
CCR2 (CCR2 expression on mast cells is equivocal) or
through another chemokine receptor. CCLS5 might recruit
mast cells to the inflammatory lesion through CCRI1,
CCR3, or CCRS5. There is also evidence that CXCLS
might be inhibitory to mast cell recruitment and activa-
tion.”7 It is known that CXCLS8 can inhibit chemokine-
dependent histamine release from mast cells and
basophils and that the levels of CXCL8 decrease in nasal
secretions from patients undergoing allergic responses.’8
In the conjunctiva we have found with CCL11-deficient
mice that the recruitment of mast cells in the late-phase
reaction is partially impaired, suggesting that this
chemokine plays a role in the recruitment of mast cells to
the inflamed eye during an allergic response. Paradoxi-
cally, these same mice (although exhibiting partial reduc-
tion in eosinophil recruitment in the lung) showed signif-
icant increases in the recruitment of mast cells into the
trachea and heightened airway hyperresponsiveness to
methacoline.” These results might reflect an alternative
pathway of mast cell (and eosinophil) recruitment in the
chronic ovalbumin model (perhaps depending more on
CXCR4) than CCR3/CCL11.

An important role for CCR3/CCL11 in mast cell hom-
ing is supported by data obtained from the analysis of
CCR3-deficient mice.80 Gerard et al found increased
numbers of intraepithelial mast cells in the trachea of
CCR3-deficient mice.80 This increase in the numbers of
mast cells was tissue specific, with no evidence for a sim-
ilar increase in other tissues (eg, in the skin). Studies are
in progress to probe the molecular basis of this tissue-spe-
cific accumulation of mast cells in CCR3-deficient mice.

Eosinophil recruitment

In allergic inflammation eosinophil recruitment from
the bone marrow and circulation to the inflamed tissue is
the most dramatic event associated with the late-phase
reaction.8! These activated eosinophils are also clearly
pathogenic, releasing multiple mediators that contribute
to chronic disease.82 In human subjects 7 chemokines
(CCL11, CCL24 and CCL26, CCLS, CCL7, CCL13, and
CCL3) and the cytokine IL-5 have been implicated in the
recruitment of eosinophils into various tissues.83 GM-
CSF can also stimulate the recruitment of eosinophils into
tumor masses in vivo when transduced into a tumor dur-
ing gene therapy.84 Several of these chemokines can be
detected in biologic fluids and homogenates obtained
after allergen challenge. In each case a low level of the
chemokine can be detected by means of ELISA in the
uninflamed tissue, and this is increased during the first 4
to 6 hours after allergen challenge. Of the chemokines-
cytokines mentioned, the strongest evidence for a direct
role in eosinophil recruitment exists for CCL11, IL-5,
CCLS5, and CCL7.85 In addition to increased levels in
allergen-inflamed tissues, there is also considerable evi-
dence with either neutralizing antibodies or in gene-defi-
cient animals that these chemokines are important for
eosinophil recruitment in the lung, skin, gut, and eye.86
The often partial decrease in eosinophilia when one of
these chemokines-cytokines (or their receptor) is targeted
suggests that 2 or more of these molecules cooperate in
eosinophil recruitment in vivo. For example, the data sug-
gest that IL-5 plays an important role in eosinophil exit
from the bone marrow; CCL11 plays an essential role in
the initial recruitment of eosinophils to the lesion, and IL-
5 (again) plays an important role for the maintenance of
eosinophilia in chronic disease.



J ALLERGY CLIN IMMUNOL
VOLUME 111, NUMBER 6

Activation
IgE cross-linking

\ SCF

Ono et al 1193

Reactive phenotype

CCR1
CCR2
CCR3

hllergsn
\ﬁi\ mf@ izm

CCR1
CCR2
CC R3
cC R5 %k

¥

c-ki

IgE -

FIG 6. Chemokine receptor expression during acute-phase inflammation. Dynamic changes in chemokine
receptor expression on mast cells during mast cell sensitization and activation are shown. Some key
cytokines driving these changes, such as SCF and CCL11, are also shown. Chemokines are also produced
from nearby cells, such as antigen-presenting cells, endothelial cells, and fibroblasts, and these likely have
paracrine effects on mast cell expression of chemokine receptors, such as CCR3, CCR1, and CCR5.

Analysis of CCR3-deficient mice has shown clearly
that CCR3 expression on eosinophils is essential for skin
and lung eosinophilia.87 The deficit in eosinophils
observed in the lungs of these mice is also paralleled with
a failure of airway hyperreactivity to develop to metha-
coline after allergen challenge.

Molecular basis of chemokine-directed cell
movement

The previous sections of this article have discussed how
signals are transduced from activated chemokine receptors
and what chemokines are important for the recruitment of
specific leukocyte subsets to an inflammatory lesion. A
frontier in understanding cell movement involves the ques-
tion of how cell polarity is acquired after receptor engage-
ment and how membrane proteins (including chemokine
receptors) are sorted to the leading edge of the migrating
cell (Fig 6). This is key because cell motility requires that
polarity is established, with chemokine receptors and inte-
grins focused on the leading edge (and occasionally lag-
ging edge) of the cell.88 Because cell motility (and not sig-
naling per se) is disrupted when cholesterol is depleted
from the membranes of chemokine-treated cells, a work-
ing model is that chemokine receptors (along with other
lipid raft-associated proteins), through associations with
membrane raft microdomains, are sorted to what will
become the leading edge of a cell.39 This is thought to be
achieved by association of chemokine receptors with gly-

cosphingolipids and cholesterol-enriched raft precursors
in the trans-Golgi network. These rafts are then delivered
to the leading edge in carrier vesicles. Much more work
needs to be done to understand how the chemokine recep-
tor—containing rafts are properly positioned at the leading
edge of the cell. This likely is linked to the rapid change in
the distribution of F-actin that follows chemokine receptor
activation. This change from a radial array to one of spe-
cific accumulation within the cell is thought to help propel
the cell toward the source of chemokine. It will also be
important to study whether there is heterogeneity in
chemokine receptor representation within the leading edge
(aside from that which can be explained by expression dif-
ferences) and whether this model holds for different leuko-
cyte subsets. It is particularly striking that although this
process has received a good deal of attention with respect
to T and B lymphocytes, natural killer cells, antigen-pre-
senting cells, and neutrophils, very little has been done to
understand mast cell chemotaxis at this level.90-92

CHEMOKINES IN MAST CELL
DEVELOPMENT

Chemokine production from mast cells

As has been pointed out earlier, several cell types are
capable of expressing chemokines constitutively or in
response to receptor engagement. In this review we focus
on the role of the chemokine system on mast cell growth
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and effector function. Chemokine production from mast
cells has been analyzed in view of the key role this cell
plays in type I hypersensitivity reactions. This role stems
from it being a source of both preformed and newly
formed mediators of inflammation (eg, histamine, heparin,
proteases, prostaglandin D2, and leukotriene C4) that both
directly provoke clinical symptoms during the acute-phase
reaction and potentiate the late-phase reaction.?3 Because
mast cells were already known to express certain cytokine
genes on allergen-mediated FceRI cross-linking or stem
cell factor (SCF)-driven mast cell differentiation, it was
expected that mast cells might also express chemokines
during development or on activation.%#

Initial analyses focused on the effect of SCF or c-kit
receptor ligand addition to bone marrow—derived mast
cells (BMMCs).95-97 SCF binds to the c-kit receptor and
is essential for mast cell differentiation, survival, and
activation. SCF stimulation of BMMCs releases the
chemokines CCL22, CCL17, and CCL2. Murine mast
cells activated through FceRI expressed CCL3, CCL4,
and CCL2. Each of these chemokines has the potential to
both initiate and amplify inflammatory responses in mul-
tiple tissues. Concomitant engagement of the c-kit recep-
tor and FceRI resulted in cooperative activation of the
genes encoding CCL2, CCL17, and CCL22.

A very recent exhaustive study of IgE-dependent gene
activation in both BMMCs and human cord blood—
derived mast cells confirms that the genes encoding
CCL3, CCL2, and CCL4 are expressed at high levels in
activated mast cells and found that CCL1 and the 4-1BB
(CD137) costimulatory molecule are among the most
highly expressed transcripts in human and mouse acti-
vated mast cells.?8

Because chemokine expression from activated mast
cells has the potential of exerting both an autocrine effect
and a paracrine effect on nearby cells during an inflam-
matory response, it will be important to dissect the signal
transduction pathways emanating from FceRI and the c-
kit receptor that result in induction of specific chemokine
genes in mast cells and basophils.

Chemokine receptor expression on
developing mast cells

It is now clear that there is considerable mast cell het-
erogeneity at the biochemical and functional levels in
vivo.?? This heterogeneity is introduced during mast cell
differentiation and is most apparent when one analyzes
terminally differentiated mast cells. The link between
phenotypic diversity and functional differences comes
from the analysis of mast cell products, such as proteas-
es, TNF-o, and the eicosanoids. These markers differen-
tiate mast cell subsets and are now known to directly con-
tribute to mast cell effector function.

The example of mast cell proteases is quite well
defined and is used here as an example of mast cell het-
erogeneity. In human subjects there are differences in
the substrate specificities of tryptase o and BII tryptase,
and mouse mast cell protease (mMCP) 6 and mMCP-7
have very different abilities to chemoattract leukocytes
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in vivo.100-102 mMCP-6, but not mMCP-7, acts as a
neutrophil chemoattractant in the mouse trachea, peri-
toneal cavity, and conjunctiva. mMCP-7, on the other
hand, has a unique ability to cleave fibrinogen in vivo,
presumably inhibiting excessive clot formation.
Because these proteases are expressed on submucosal
or dermal mast cells, they are lacking in intraepithelial
mast cells. Thus mast cell heterogeneity defined at the
level of protease expression clearly affects these param-
eters of mast cell effector function.

Mast cell heterogeneity also has consequences for
innate immunity. One of the most dramatic demonstra-
tions of the mast cell’s role in innate immunity was the
finding that mast cell-deficient (W/Wv strain) mice are
highly susceptible to death from microbial insult after
cecal ligation-puncture.193 This was proved to be direct-
ly linked to the lack of mast cells because protection
could be conferred by means of adoptive transfer of wild-
type, but not TNF-o—deficient, mast cells. This has been
interpreted to suggest that TNF-o., derived from the mast
cell, acts as an important neutrophil chemoattractant, aid-
ing in the clearance of microbial pathogens. Because
SCF administration to TNF-o—deficient mice could con-
fer partial protection from microbial insult, this is sug-
gestive that other mast cell mediators (possibly mMCP-
6) might substitute for TNF-ot in the indirect recruitment
of neutrophils through CXCL8 production from
bystander cells. Thus the mMCP-6+ subset of mast cells
would participate in this facet of innate immunity. In con-
trast, mMCP-6- mast cells are important for protection
from infection with Trichinella spiralis and Nip-
postrongylus brasiliensis.

The finding of clear phenotypic and functional differ-
ences between mast cell subsets underscores the import-
ance of defining ligand receptors that drive the differentia-
tion of mast cells either directly or through the activation
of lineage commitment factors. The chemokine-receptor
system is likely to play an important role in the generation
of mast cell heterogeneity, defined both at the level of
other gene products (eg, mast cell proteases) and the
chemokines-receptors they express (Fig 2).

Studies have already begun on the expression of
chemokines and chemokine receptors during mast cell
differentiation.!04-113 These experiments make use of
both BMMCs and human in vitro—derived mast cells,
with cord blood or peripheral blood as starting materi-
al. Chemokine and chemokine receptor expression has
been studied in both systems. In BMMCs transcripts
for CCR1, CCR2, CCR3, CCR4, and CCR5 have been
detected in SCF-treated cells. Direct analysis of murine
mast cells isolated from various mouse strains indi-
cates that transcripts for CCR1, CCR2, CCR3, and
CCR6 are expressed on activation of mast cells (at least
in certain strains). Clearly, more analysis in specific
tissues and an extension to studies of chemokine recep-
tor expression at the level of protein expression are
required to obtain a clear picture of what chemokine
receptors are expressed during mast cell differentiation
and in fixed tissue mast cells.
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In the human cord blood system, cells reminiscent of
both progenitor mast cells and mature mast cells can be
generated on culture with SCF, IL-6, and IL-10. The cells
transit from a c-kitlo/CD13+/FceRIlo/IL-3Roc+/integrin 33~
phenotype (at 4 weeks) to a c-kithi/CD13+/FceRI+/integrin
3+ phenotype (at 8 weeks). The human progenitor mast
cells (4 weeks’ culture) express CXCR2, CCR3, CXCR4,
and CCRS and respond (calcium fluxes and in vitro migra-
tion assays) to the ligands CXCL8, CCL11, CCL12, and
CCL3. Only CCR3 expression is maintained in mature
human mast cells in this in vitro system. Because other
chemokine receptors have been observed on mature
human mast cells in situ (once again exhibiting hetero-
geneity between and within mucosal tissues), this diversi-
ty likely reflects the specific recruitment of mast cell sub-
sets to particular tissues (perhaps dictated in part by the
chemokine receptors they express), an effect of the specif-
ic microenviroment (both secreted and through cell-cell
contact), or both on the eventual phenotype of the mast
cell. This has been found to vary once again between mast
cells analyzed at different anatomic sites and within dif-
ferent layers of the same tissue.

The finding that mast cell heterogeneity extends to the
chemokine-receptor system and that this heterogeneity
likely has both indirect (eg, during differentiation) and
direct (eg, in mast cell activation) functional conse-
quences indicates the importance of obtaining further
information on the roles the chemokine-receptor system
play in mast cell development and effector function.

CHEMOKINES IN LEUKOCYTE ACTIVATION

Acute-phase reaction

In a previous section we have discussed experiments
that indicate that chemokine gene expression is induced in
BMMCs on FceRI or c-kit receptor engagement. Because
these receptors are engaged during the acute-phase reac-
tion in vivo, it is hypothesized that in vivo mast cells
might also express chemokines during the acute-phase
reaction. Although this appears reasonable, our own
analysis of chemokine gene expression during the acute-
phase reaction in the conjunctiva indicates that mast cells
are not a primary source of allergen-induced chemokine
during the acute phase. In situ hybridization analysis sug-
gests that the primary source of allergen-induced CCL11
and CCL3 in the conjunctiva is in fact mononuclear
cells.!14 In the skin early chemokine production has been
mapped to elastase-positive neutrophils and BB-1*
basophils and at later stages to CD68* macrophages.!!5
There was in fact an inverse correlation between CCL3+
cells and tryptase-positive mast cells. In addition, the pro-
duction of an acute wheal-and-flare reaction after intra-
dermal injection of CCL11 and CCL24 has suggested that
the chemokines (produced by other cells) might induce
mast cell degranulation through CCR3.

Our own experiments with CCL11-~ and CCL3~/~
mice are supportive of such a scenario. Although we do
not see rapid induction of chemokine gene expression
in mast cells during the acute-phase reaction, we do see
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rapid induction from mononuclear cells. These are like-
ly to be analogous to the CD68* macrophages observed
in the skin. Our observation of a profound decrease in
clinical symptoms during the acute phase in these
chemokine-deficient mice and a parallel decrease in the
mast cell degranulation index on specific allergen chal-
lenge supports the view that chemokines (produced
from nearby cells) provide obligate costimulatory sig-
nals for mast cell activation in vivo. The cell source and
nature of chemokines required for mast cell activation
in the acute phase might vary depending on mucosa tis-
sue (ie, skin vs conjunctiva), but at least in these 2
examples, the chemokine does not appear to work
through a paracrine mechanism.

Chemokine receptor expression on mast
cells during acute inflammation

Because there is evidence that both CCL3 and CCL11
might prime or costimulate IgE-dependent mast cell acti-
vation, it is also important to understand the state of
chemokine receptor expression on mast cells during the
acute-phase reaction. As has been stated earlier, mast
cells have been shown to express CCR3 and, in certain
circumstances, CCR1, CCR4, CCR5, and CXCR2.115-120
Using BMMCs as a model, one group has reported that
engagement of c-kit receptor, FceRI, or both has been
shown to increase the abundance of CCR1, CCR2,
CCR3, and CCRS transcripts. Such activated BMMCs
were argued to likely express functional CC receptors on
their cell surface because the activated cells exhibited
specific chemotaxis to their ligands: CCR1 (CCL3),
CCR2 (CCL2), CCR3 (CCL11), and CCRS (CCL4). No
chemotaxis was observed with CCL22 and CCL17
(CCR4). In contrast, a second group performing similar
studies with BMMCs and cord blood—derived human
mast cells failed to detect appreciable induction of any
chemokine receptor (with the possible exception of
CCR1 and CXCR3) in BMMCs and (CCR1, CCR6, and
CXCR3) in human cord blood—derived mast cells. Clear-
ly, additional work needs to be done to resolve whether
mast cell differentiation or activation in vitro is accom-
panied by changes in chemokine receptor expression and
whether this is relevant to the sensitivity of the mast cell
to FceRI-mediated activation. There is, of course, also a
need to ask this question with respect to the intact mast
cell during an inflammatory response.

Nevertheless, the observation of upregulation of cer-
tain chemokine receptors (with particular attention to
CCR1) on SCF or IgE receptor engagement indicates
that mast cells at the site of inflammation might also
exhibit enhanced levels of chemokine receptor and thus
become more susceptible to chemokine stimulation. This
might play both an obligate initial role in mast cell acti-
vation and acute disease (as observed in the skin and eye)
or might amplify or prolong inflammation after exposure
to allergen. It is clearly important to carefully probe
changes in the levels of chemokine receptor expression
on mast cells during both the sensitization and acute
phases of allergic disease.
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CHEMOKINES AND CHEMOKINE RECEPTOR
AS TARGETS IN THE TREATMENT OF
ALLERGIC DISEASES

The specificity of chemokines and the tissue-specific
expression of chemokine receptors on leukocytes render
them as perhaps the leading targets for anti-inflammatory
drug design. Their targeting also appears to be feasible
because chemokine-deficient or chemokine receptor—defi-
cient mice are generally healthy. This being said, there is
still the possibility that individuals treated with chemokine
receptor antagonists (of which there are already scores) or
humanized neutralizing antibodies will experience unwant-
ed side effects. The finding that CCR1~~ mice have a
decreased resistance to Toxoplasma gondii infection is one
example that we must consider carefully because of poten-
tial negative consequences of therapies directed at this sys-
tem.!2! The other concern is that there might be a hetero-
geneous response both between species and within human
subjects. Thus targeting of a particular chemokine receptor
might exhibit no side effects in a murine model but might
do so in a human model. Because CCR2 or CCR3 defi-
ciency has been associated with increased susceptibility to
airway hyperreactivity in mice, there is clearly reason to
proceed with care, despite the attractiveness of the system.

One other clear problem is that many chemokines can
act through several receptors. Thus blockade of one
chemokine receptor might not substantially reduce
leukocyte recruitment and inflammation if the inflamma-
tory cell also expresses alternate receptors for the
chemokine. Similarly, the frequent redundancy in
chemokines expressed at a site of inflammation might
hamper attempts to stem leukocyte recruitment through
blockade of the chemokine. For example, blockade of
CCL11 might be ineffective if CCLS5 is also expressed at
a site of inflammation. Despite these problems, there are
sufficient positive data coming from in vivo tests of
chemokine-receptor antagonists to indicate that the
approach is likely to have merit in specific settings.

Chemokines

Although most companies are targeting the chemokine
receptors, it is also clearly possible to target chemokines
directly. The feasibility of this has been demonstrated by
us and others in rodent models, in which neutralizing
antibodies to CCL3 (as one example) have been able to
inhibit type T hypersensitivity reactions in vivo.!22 Other
reagents that target human chemokines have either been
generated or are in the process of being developed, and
these also hold promise for the therapy of inflammatory
diseases. One example of such an antibody is CAT213,
an antibody genetically engineered by Cambridge Anti-
body Technologies plc (Cambridge, United Kingdom),
with specificity for CCL11.123 Tt will be of interest to
determine how this and other chemokine-directed anti-
bodies perform in preclinical and clinical trials.

An alternative approach to target chemokines is at the
level of their production. For example, it is known that
treatment of rodents (systemically or locally) with

J ALLERGY CLIN IMMUNOL
JUNE 2003

immunostimulatory oligodeoxynucleotides (CpG-ODNs
among other things) can inhibit the inducible expression
of chemokine genes. This has also been observed when
specific cell types (eg, antigen-presenting cells) are treat-
ed with CpG-ODNs in vitro. Indeed, we have found that
CpG-ODN-treated mice have lost the capacity to express
chemokines in the conjunctiva after specific allergen
challenge and that these mice are protected from acute-
and late-phase inflammation. 124

Chemokine receptors

Clearly most of the effort in generating new drugs tar-
geted at the chemokine-receptor system has been placed
on the identification, synthesis, or both of chemokine
receptor antagonists.125:126 This effort has already yield-
ed dozens of candidate inhibitors that are already in the
public domain and in various phases of preclinical trials,
human trials, or both. The relative specificity of
chemokine receptors as targets (in comparison to second
messengers, for example) has made the antagonism of
the receptors a major priority in next-generation
immunotherapeutics. The known and in-house com-
pounds have tremendous specificity and affinity and in
general have exhibited few adverse reactions.

There is already clear evidence that chemokine recep-
tor antagonism through small-molecule inhibitors holds
promise. CXCR2 antagonism profoundly affects neu-
trophil recruitment and might be beneficial for arthritis
and chronic obstructive pulmonary disease.!2” CCR2
antagonism inhibits monocyte recruitment in vivo and
might be useful in the treatment of atherosclerosis.!28
CCRI1 antagonism (through multiple inhibitors; eg,
BX471 [Berlex]) has potential indications in renal fibro-
sis and allergic inflammation.!29 CCRS5 antagonists (inter-
fering with macrophage development and granulocyte
activation) might be useful in the treatment of multiple
sclerosis and seasonal allergy.!30 CX3CRI1 antagonism is
expected to have an effect on monocyte effector function
and might therefore have indications in transplantation
and coronary artery disease.!31 Finally, CCR3 antagonism
is hoped to be useful in the treatment of type I hypersen-
sitivity reactions. Clear data on the effects of CCR3
antagonists in in vivo models of allergic disease are piv-
otal because there is reason to believe that such com-
pounds can either ameliorate or exacerbate disease.!32-134

CONCLUSIONS

Within the past decade, since the discovery of
chemokines, there has been tremendous progress in our
understanding of this remarkable superfamily of immune
mediators. Although these products first attracted atten-
tion as chemoattractants for immune cells, they are now
known to play key roles in immune cell differentiation
and activation. The expression of chemokines also has
roles in downstream events, such as tissue remodeling.
Because of the clear role this superfamily plays in aller-
gic and autoimmune inflammation (not to mention trans-
plantation and viral infection), it is well recognized that
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targeting the system has considerable potential with
respect to new drug design. Several steps can be targeted
in the design of such drugs: the chemokines themselves
(both before and after synthesis), their receptors,
chemokine signaling, and perhaps intracellular mecha-
nisms of leukocyte movement. We are currently at the
stage at which a large panel of antagonists directed at
each of these steps has been generated and at which some
promising preclinical data have emerged. In the next sev-
eral years, data from clinical trials will also emerge,
delivering key verdicts on whether and in what settings
such new compounds will have therapeutic value.
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