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Abstract

Chemokine receptors play a key role in directing the migration of inflammatory cells into various injured or infected organs.

However, migration of inflammatory cells into tissues can in itself be a cause and amplifier of tissue damage and disease,

particularly in chronic autoimmune or allergic disorders. On this basis, much effort is currently devoted at the identification of

molecular signals regulating the recruitment of inflammatory cells into tissues and at developing novel strategies to inhibit

discrete pathways in this process. Great progress has recently been made in identification of a number of chemokine receptors

involved in the process of leukocyte migration. The challenge is now to elucidate the specific contribution and involvement of

the different receptors in distinct inflammatory processes and diseases and to prove that interference with any of these pathways

may lead to development of novel therapeutics.
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1. Introduction

The human chemokine system comprises about 50

distinct chemokines and 20 G-protein-coupled chemo-

kine receptors (Zlotnik and Yoshie, 2000). Chemo-

kines are produced by a variety of cell types either

constitutively or in response to inflammatory stimuli.

The biological activities of chemokines range from

the control of leukocyte trafficking in basal and

inflammatory conditions to regulation of hematopoi-

esis, angiogenesis, tissue architecture and organogen-

esis (Rossi and Zlotnik, 2000; Sallusto et al., 2000).

The basis for such diversified activities rests, on one

hand, upon the ubiquitous nature of chemokine pro-

duction and chemokine receptor expression. Indeed,

virtually every cell type can produce chemokines and

expresses a unique combination of chemokine recep-

tors. On the other hand, chemokine receptors make

use of a flexible and complex network of intracellular

signaling machineries that can regulate a variety of

cellular functions ranging from cell migration, growth,

differentiation and death (Thelen, 2001).

As the size of chemokine and chemokine receptor

families rapidly reaches completeness much is still to

be uncovered in terms of functional architecture of the

chemokine system. The disparity between the large

number of chemokines and that smaller of receptors is

balanced by the promiscuity in ligand–receptor inter-
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actions, with multiple chemokines binding to the same

receptor and several chemokines binding to more than

one receptor (Rossi and Zlotnik, 2000).

Evidences for the role that many chemokines and

receptors play in the pathogenesis of different acute

or chronic inflammatory diseases are rapidly increas-

ing (Gerard and Rollins, 2001). Optimistically, every

chemokine receptor may be an interesting pharma-

cological target for therapeutic intervention. The

challenge for the future is to identify the unique

pathogenic process and specific disease in which any

given chemokine receptor may potentially be impli-

cated. In the meanwhile, current data already suggest

a critical role for chemokine receptors in the patho-

genesis of a number of relevant acute and chronic

inflammatory diseases (Proudfoot, 2002) (Table 1).

Here, we will briefly summarize the most recent

evidence for the involvement of chemokine receptors

in some of the most relevant chronic inflammatory

disorders.

Table 1

Chemokine receptors, expression pattern, ligands and involvement in disease

Receptors Ligands Receptor-expressing cells Diseases

CCR1 CCL3, CCL5, CCL7, CCL8,

CCL13, CCL14, CCL15, CCL23

monocyte, dendritic cell (immature),

T cell, neutrophil, eosinophil,

mesangial cell, platelet

MS, RA, transplant, asthma,

nephritis

CCR2 CCL2, CCL7, CCL8, CCL13 monocyte, dendritic cell (immature),

T cell, basophil, natural killer cell,

fibroblast, endothelial cell

MS, RA, transplant, asthma,

atherosclerosis

CCR3 CCL5, CCL7, CCL8, CCL11,

CCL13, CCL14, CCL15, CCL24, CCL26

eosinophil, basophil, mast cell,

T cell (Th2), platelets, airway

epithelial cell

asthma, atopic dermatitis

CCR4 CCL17, CCL22 dendritic cell, basophil, T cell

(Th2, Treg, skin-homing), platelets

asthma, atopic dermatitis

CCR5 CCL3, CCL4, CCL5, CCL8,CCL11,

CCL13, CCL14

T cell (Th1), dendritic cell, monocyte,

natural killer cell

MS, RA, transplant, nephritis,

IBD, AIDS

CCR6 CCL20 dendritic cell (immature), T cell, B cell psoriasis

CCR7 CCL19, CCL21 dendritic cell (mature), T cell, B cell,

natural killer cell

transplant

CCR8 CCL1, CCL16 T cell (Th2, Treg), monocyte,

natural killer cell, B cell,

endothelial cell

Asthma

CCR9 CCL25 T cell (gut-homing) IBD

CCR10 CCL27, CCL28 T cell (skin-homing), melanocyte,

Langerhans cell,

dermal endothelium, dermal fibroblast

Psoriasis, Atopic dermatitis

CCR11 CCL19, CCL21, CCL25 astrocyte

CXCR1 CXCL5, CXCL6, CXCL8 neutrophil, monocyte, endothelial cell,

astrocyte

sepsis, atherosclerosis, COPD,

psoriasis

CXCR2 CXCL1, CXCL2, CXCL3, CXCL5,

CXCL7, CXCL8

neutrophil, monocyte, eosinophil,

endothelial cell

sepsis, atherosclerosis, COPD,

psoriasis

CXCR3 CXCL9, CXCL10, CXCL11 T cell (Th1), B cell, mesangial cell,

smooth muscle cell, microglia

MS, RA, transplant, sarcoidosis,

COPD

CXCR4 CXCL12 T cell, dendritic cell, monocyte,

B cell, neutrophil, platelet, astrocyte

AIDS, cancer

CXCR5 CXCL13 B cell, T cell (TFH), astrocyte cancer

CXCR6 CXCL16 T cell (Th1) RA

XCR1 XCL1, XCL2 T cell

CX3CR1 CX3CL1 T cell (Th1), natural killer cell, astrocyte RA, atherosclerosis

Th, T helper cell; TFH, T follicular helper cell; Treg, regulatory T cell; MS, multiple sclerosis; RA, rheumatoid arthritis; COPD, chronic

obstructive pulmonary disease.

D. D’Ambrosio et al. / Journal of Immunological Methods 273 (2003) 3–134



2. Chemokine receptors in asthma and other

pulmonary diseases

Asthma is a chronic inflammatory disease of the

small airways that is characterized by mononuclear,

eosinophil and mast cell infiltration of the submucosa

along with mucous gland hyperplasia and subepithe-

lial fibrosis (Wills-Karp, 1999). The inflammatory

response in asthma is tightly associated with airway

hyperreactivity. CD4+ Th2 cells are believed to play a

crucial role in orchestrating airway inflammation in

asthma by regulating the production of IgE and the

growth and differentiation of mast cells, basophils and

eosinophils.

Data obtained from animal models of allergic air-

way inflammation and asthmatic patients have indi-

cated a key role for chemokines in regulating lung

inflammation (reviewed in (D’Ambrosio et al., 2001)).

Chemokines such as CCL3, CCL5 and CCL12 are up-

regulated early on after allergen challenge but cannot

easily be correlated with the recruitment of defined

leukocyte subsets (Gutierrez-Ramos et al., 2000). In

contrast, the kinetics of production of CCL2, CCL11,

CCL17 and CCL22 correlates with the recruitment of

specific leukocyte subsets expressing the receptors for

these chemokines (Jia et al., 1996; Lamkhioued et al.,

1997; Rothenberg et al., 1997; Gonzalo et al., 1998,

1999; Lloyd et al., 2000). Studies reporting neutraliza-

tion of CCL11, CCL12, CCL5, CCL2, CCL17 and

CCL22 support the contribution of each of these

molecules in allergic airway responsiveness and

inflammatory cell migration (Lukacs, 2001).

In asthmatic patients there is evidence of an

increased expression of CCL11 in the bronchial

mucosa and a correlation between the expression in

the bronchial mucosa of CCL11 and airway hyper-

responsiveness (Ying et al., 1997). CCR3, which

binds CCL11, CCL24 and CCL26, is expressed on

eosinophils, basophils, mast cells, Th2 cells and even

on bronchial epithelial cells (Garcia-Zepeda et al.,

1996; Gonzalo et al., 1996; Sallusto et al., 1997;

Romagnani et al., 1999; Stellato et al., 2001). How-

ever, the induction of cell infiltration and airway

hyperreactivity in CCR3-deficient mice appears to

vary depending on the route of immunization (Hum-

bles et al., 2002; Ma et al., 2002), and CCR3 was not

found on T cells infiltrating the bronchial mucosa of

asthmatic patients (Panina-Bordignon et al., 2001).

Neutralization of CCL2 showed a beneficial effect

in reducing pulmonary cell infiltrate and airway

hyper-reactivity (Campbell et al., 1999a). However,

some studies on CCR2-deficient mice, a receptor of

CCL2, showed exacerbation of the disease suggesting

a complex involvement of CCL2 in asthma patho-

genesis (MacLean et al., 2000; Kim et al., 2001b),

perhaps acting through different receptors.

The expression of CCR4 on T cells infiltrating the

lung, and of its ligands CCL17 and CCL22, by airway

epithelial cells after allergen challenge in animal

models and asthmatic patients strongly suggests the

involvement of CCR4 in allergic lung inflammation

(Gonzalo et al., 1999; Lloyd et al., 2000; Panina-

Bordignon et al., 2001). However, analysis of CCR4-

deficient mice revealed a surprisingly unchanged

cellular recruitment and induction of airway hyper-

reactivity (Chvatchko et al., 2000).

CCR8 is a receptor highly expressed on activated

Th2 cells and found on lung-infiltrating T cells of

asthmatic patients (D’Ambrosio et al., 1998; Panina-

Bordignon et al., 2001). Interestingly, disruption of

the murine CCR8 gene results in a marked reduction

of eosinophil infiltration and allergen-induced airway

hyperreactivity (Chensue et al., 2001).

Overall, these results suggest that multiple chemo-

kine receptors may have redundant functions in the

pathogenesis of allergic airway inflammation, while

highlighting a unique critical role for CCR8.

Chronic obstructive pulmonary disease (COPD) is

characterized by progressive development of airflow

limitation associated with a chronic inflammatory

process with increased recruitment of neutrophils,

macrophages and IFN-g-producing CD8+ T cells in

the lungs (O’Shaughnessy et al., 1997). Pulmonary

sarcoidosis is characterized by pulmonary infiltration

of IFN-g-producing T lymphocytes and macrophages,

and the formation of non-caseating granulomas in the

lung. A Th1-type chronic inflammatory response

appears to be a common pathogenetic feature of these

severe lung diseases. In COPD patients, levels of

CXCL8 and CXCL10 are increased and correlate with

infiltration of neutrophils and CD8+ T cells that

produce IFN-g. Analysis of chemokine receptor

expression in COPD indicates that lung-infiltrating

T cells express CXCR3, which is the receptor for

CXCL10 (Keatings et al., 1996; Saetta et al., 2002).

Similarly to COPD, the majority of T cells infiltrating
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the lungs of sarcoidosis patients produce IFN-g and

express the chemokine receptor CXCR3 (Agostini et

al., 1998). Moreover, CXCL10 is found elevated both

in the bronchoalveolar lavage (BAL) fluid and in the

lung of patients with active sarcoidosis (Agostini et

al., 2000). These data indicate a potential role for

CXCR3 in the recruitment of pathogenic Th1/Tc1

cells into chronically inflamed lungs. It is notable that

CXCL10 neutralization appears to inhibit also allergic

airway inflammation (Medoff et al., 2002), suggesting

a broad role for CXCR3 not limited to Th1-dominated

lung inflammatory responses.

3. Chemokine receptors in psoriasis and atopic

dermatitis

Psoriasis and atopic dermatitis are most common

chronic relapsing inflammatory diseases of the skin.

Psoriasis is characterized by neutrophil and T cell

infiltration of the skin associated with epidermal

thickening and hypertrophic papillary dermis (Nickol-

off et al., 2000). The hallmarks of atopic dermatitis are

the presence of edema and infiltration of the skin by T

cells, dendritic cells and eosinophils (Leung and Soter,

2001).

Expression of numerous inflammatory chemokines

has been reported in chronically inflamed skin of

psoriasis and atopic dermatitis patients. However,

great attention has been placed on chemokine recep-

tors expressed on a subset of circulating memory T

cells that exhibit selective homing to the skin and can

be identified by virtue of expression of cutaneous

lymphocyte-associated antigen (CLA) (Picker et al.,

1990a,b). CLA+ T cells preferentially express CCR4

and CCR10 (Campbell et al., 1999b; Morales et al.,

1999; Homey et al., 2000b). The CCR4 ligand CCL17

and the CCR10 ligand CCL27 are displayed by

endothelial cells of dermal venules of patients with

psoriasis or atopic dermatitis (Campbell et al., 1999b;

Homey et al., 2002). T cells infiltrating the inflamed

skin express CCR4 and CCR10, and keratinocytes,

dermal fibroblasts and dendritic cells from inflamed

skin abundantly express ligands of these receptors

(Vestergaard et al., 1999, 2000; Kakinuma et al.,

2001; Vulcano et al., 2001; Homey et al., 2002).

Although animal models of skin inflammation fail

to closely resemble the complex clinical features of

human diseases, they have been useful to study the

role of chemokine receptors in T cell recruitment in

inflamed skin. In a mouse model of cutaneous inflam-

mation, neutralization of CCL27 was shown to reduce

T cell recruitment to the skin (Homey et al., 2002).

Surprisingly, analysis of CCR4-deficient mice failed

to show defective recruitment of T cells in inflamed

skin (Chvatchko et al., 2000; Reiss et al., 2001).

However, when CCL27-neutralizing antibodies were

employed in CCR4-deficient mice the contribution of

CCR4 to the T cell recruitment became evident (Reiss

et al., 2001). These findings suggest that CCR4 and

CCR10 may play a partially redundant role in the

recruitment of T cells to the inflamed skin.

Expression of CXCR3 ligands CXCL9, CXCL10

and CXCL11 has been documented in psoriatic

lesions and CXCR3 expression was found on skin

infiltrating T cells (Flier et al., 2001). Furthermore,

expression of CCL20 by keratinocytes and CCR6+ T

cells have been reported in psoriatic human skin

(Homey et al., 2000a). Finally, enhanced expression

of CCR3 and its ligand CCL11 was found in the skin

lesions from atopic dermatitis patients (Gerber et al.,

1997; Yawalkar et al., 1999). These findings indicate

that multiple receptors may participate in regulating T

cell recruitment to the inflamed skin.

4. Chemokine receptors in rheumatoid arthritis

Rheumatoid arthritis is a chronic disease charac-

terized by a mixed Th1-type inflammatory cell infil-

trate (Th1 cells, neutrophils, monocytes) of synovial

joints associated with cartilage destruction and bone

remodeling (Davidson and Diamond, 2001; Feld-

mann, 2001).

Synovial fluid from inflamed joints contains several

chemokines, including CCL2, CCL3, CCL5, CXCL8

and CXCL10 (Suzuki et al., 1999; Godessart and

Kunkel, 2001; Patel et al., 2001). These chemokines

are produced by resident synovial cells as well as by

infiltrating leukocytes. CCR5 and CXCR3 have been

shown on the surface of T cells infiltrating the synovial

tissue (Qin et al., 1998; Suzuki et al., 1999; Ruth et al.,

2001). CXCR1 on neutrophils, CCR1 and CCR2 on

monocytes and CXCR6 on T cells have also been

involved in the pathogenesis of the disease (Konig et

al., 2000; Hayashida et al., 2001; Kim et al., 2001a).
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In mouse models of arthritis, neutralizing antibod-

ies to CCL2 reduced the severity of disease (Gong et

al., 1997; Ogata et al., 1997), indicating a potential

role for CCR2 in monocyte recruitment and disease

development. An antagonist of CCR1 and CCR5,

met-RANTES was also effective in reducing inflam-

mation in experimental mouse models of arthritis

(Plater-Zyberk et al., 1997; Bruhl et al., 2001). Nota-

bly, some studies have reported a reduced incidence

and severity of disease in individuals carrying the

D32-CCR5 allele, which encodes for a mutated non-

functional CCR5 (Garred et al., 1998; Zapico et al.,

2000). Involvement of other chemokine receptors

awaits validation in relevant knockout models or

through protocols employing chemokine receptor

antagonists.

5. Chemokine receptors in multiple sclerosis (MS)

Multiple sclerosis is a chronic relapsing neuro-

inflammatory disease in which a perivascular infiltrate

of T cells and macrophages appears in the central

nervous system causing demyelination and neuronal

damage (Carroll, 2001). The pathogenesis of this

disease is obscure and although it is generally

believed that a Th1-type response directed to a tis-

sue-specific antigen is the cause of disease, it is still

puzzling that the Th1-promoting cytokine IFN-h is

beneficial in reducing the frequency of relapses (Sini-

gaglia et al., 1999; Hohlfeld and Wekerle, 2001).

A large body of clinical observations indicate that

many chemokines may influence the course of MS

(Kivisakk et al., 2001; Trebst and Ransohoff, 2001).

CCL2, CCL3, CCL7, CCL8, CXCL9 and CXCL10

have been found in active lesions in the CNS and

elevated levels of CCL3 are found in the cerebrospinal

fluid of patients with relapses (Miyagishi et al., 1995;

McManus et al., 1998; Sorensen and Sellebjerg,

2001). Infiltrating macrophages express CCR2 and

CCR5, while T cells and reactive astrocytes in active

lesions express CXCR3 and CCR5 (Balashov et al.,

1999; Sorensen et al., 1999; Simpson et al., 2000).

Once again, several receptors may be implicated in the

recruitment of inflammatory cells into the brain (Sor-

ensen and Sellebjerg, 2001; Sorensen et al., 2001).

The best animal model for MS is experimental

autoimmune encephalomyelitis (EAE). This disease

can be induced in mice by immunization using

myelin-derived antigens such as oligodendrocyte gly-

coprotein (MOG). Many of the same chemokines

found in human brains affected by MS have also

been documented in EAE. Increased expression of

CCL2, CCL3, CCL4, CCL5 and CXCL10 has been

found to correlate with the severity of disease (God-

iska et al., 1995; Karpus et al., 1995). Chemokine

receptors CCR1, CCR2, CCR5 and CXCR3, which

are found expressed on T cells and macrophages

infiltrating the lesions and brain resident cells such

as astrocytes, have received most of the attention

(Fife et al., 2000, 2001a,b; Izikson et al., 2000;

Rottman et al., 2000).

Studies with neutralizing antibodies to CCL2,

CCL3 and particularly CXCL10 either inhibited the

onset or reduced severity of EAE, documenting a role

for each of these chemokines in disease development

(Karpus and Kennedy, 1997; Liu et al., 2001). Knock-

out mice for certain chemokine receptors have been

utilized to identify their relevance in EAE patho-

genesis. CCR1- and CCR2-deficient mice exhibited

a reduction in disease severity and incidence (Fife et

al., 2000; Izikson et al., 2000; Rottman et al., 2000),

while disruption of the CCR5 gene did not affect the

course of disease (Tran et al., 2000). Consistent with a

critical role for CCR2, CCL2-deficient mice or neu-

tralization of CCL2 showed a marked protective effect

on disease severity (Karpus and Kennedy, 1997;

Kennedy et al., 1997; Huang et al., 2001). Interest-

ingly, analysis of CCL3-deficient mice showed no

effect on incidence and severity of EAE, while anti-

body-mediated neutralization of CCL3 inhibited EAE

(Karpus et al., 1995; Karpus and Kennedy, 1997; Tran

et al., 2000), illustrating the different outcomes of

inhibiting the action of a chemokine throughout

development versus acute blocking in disease. Over-

all, these findings suggest that multiple chemokine

receptors may be useful therapeutic targets in MS.

6. Chemokine receptors in inflammatory bowel

disease (IBD)

Crohn’s disease and ulcerative colitis are chronic

inflammatory conditions of the gastrointestinal tract

characterized by a mixed inflammatory cell infiltrate

of the gut mucosa (Braegger and MacDonald, 1994).
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The pathogenesis of inflammatory bowel diseases has

been linked to an inappropriate immune response to

the bacterial flora of the gut. Recent findings suggest

that Crohn’s disease is associated with a Th1

response, while eosinophils and Th2 cells appear to

be involved in ulcerative colitis (Farrell and Pepper-

corn, 2002; Shanahan, 2002). Several chemokines and

chemokine receptors are potentially implicated (Ajue-

bor and Swain, 2002).

Expressions of CXCL8, CXCL5, CCL2, CCL11,

CXCL10 and CX3CL1 have been documented in

human disease and animal models of gastrointestinal

inflammation (Mazzucchelli et al., 1994; Gerber et al.,

1997; MacDermott et al., 1998; Uguccioni et al.,

1999; Muehlhoefer et al., 2000; Williams et al.,

2000; Hogan et al., 2001; Ajuebor and Swain,

2002). CCL25 and its specific receptor CCR9, which

is preferentially expressed on gut-homing (integrin

a4h7
+) intestinal memory T cells (Zabel et al., 1999;

Agace et al., 2000; Kunkel et al., 2000), are found up-

regulated in small bowel but not colonic Crohn’s

disease (Papadakis et al., 2001), suggesting that hom-

ing of T cells to distinct gastrointestinal portions is

differentially regulated in both inflammatory and

basal conditions. Consistent with the involvement of

Th1 cells in the pathogenesis of Crohn’s disease,

expression of CXCR3 has been reported on T cells

infiltrating the inflamed gastrointestinal submucosa of

patients (Yuan et al., 2001). By contrast, in patients

with ulcerative colitis associated with eosinophil infil-

tration, an increased number of CCR3+CD4+ Th2

cells was observed (Gerber et al., 1997).

Analysis of colitis induction in mice deficient in

CCR2 or CCR5 showed significant protection from

disease (Andres et al., 2000). Furthermore, in a rat

model of chronic colitis, the CCR1 and CCR5

antagonist met-RANTES reduced cellular infiltration

and inflammation (Ajuebor et al., 2001). However,

individuals carrying D32-CCR5 mutation are equally

susceptible to colitis (Martin et al., 2001), indicating

that CCR5 is not necessary for development of

disease.

7. Conclusions

Treatment of chronic inflammatory diseases is

based on the use of broadly acting anti-inflammatory

agents such as corticosteroids and immunosuppres-

sants. The strategy of blocking leukocyte recruitment

to the site of inflammation in organ-specific chronic

inflammatory diseases is appealing due to the poten-

tial for a more specific therapeutic intervention. Che-

mokine receptors are holding a great promise for the

development of a novel class of more specific and

powerful anti-inflammatory agents (Baggiolini and

Moser, 1997; Proudfoot, 2002). One aspect of chemo-

kine receptor biology that makes this class of recep-

tors particularly attractive is their potential specificity

of action. Although extensive redundancy in ligand–

receptor binding is observed in vitro, different ligands

may act in a topographically, temporally distinct and

hierarchical fashion in vivo. Thus, antagonism of a

given chemokine receptor could have a specific action

and avoid deleterious side effects.

Another attracting feature of chemokine receptors

is the fact that they belong to the GPCR superfamily,

which have brought the development of about 40% of

current therapeutics, thanks to their amenability to

development of small molecular weight orally active

compounds. Despite these upsides, some considera-

tions still need to be addressed and potential limita-

tions to this approach should be kept in mind. First,

the benefits of controlling inflammation by limiting

mobilization of inflammatory cells must be carefully

weighed against the costs of interrupting specific

immune system’s functions. Second, as numerous

chemokine receptors are expressed on any given cell

type, the recruitment of inflammatory cells may still

proceed in the absence of a single receptor and it may

be necessary to inhibit multiple receptors to achieve

therapeutic effects. Given these considerations, further

studies with chemokine receptor-deficient mice, neu-

tralizing antibodies or modified chemokine antago-

nists and small molecular weight antagonists are

warranted and eagerly awaited.

Acknowledgements

We would like to thank the members of BioXell for

critical comments and discussions, and Ms. Angela

Evans for her careful editorial assistance. We

apologize to the many authors whose contributions

to the topic could not be cited because of the limited

space available.

D. D’Ambrosio et al. / Journal of Immunological Methods 273 (2003) 3–138



References

Agace, W.W., Roberts, A.I., Wu, L., Greineder, C., Ebert, E.C.,

Parker, C.M., 2000. Human intestinal lamina propria and intra-

epithelial lymphocytes express receptors specific for chemo-

kines induced by inflammation. Eur. J. Immunol. 30, 819–826.

Agostini, C., Cassatella, M., Zambello, R., Trentin, L., Gasperini,

S., Perin, A., Piazza, F., Siviero, M., Facco, M., Dziejman, M.,

Chilosi, M., Qin, S., Luster, A.D., Semenzato, G., 1998. In-

volvement of the IP-10 chemokine in sarcoid granulomatous

reactions. J. Immunol. 161, 6413–6420.

Agostini, C., Adami, F., Semenzato, G., 2000. New pathogenetic

insights into the sarcoid granuloma. Curr. Opin. Rheumatol. 12,

71–76.
Ajuebor, M.N., Swain, M.G., 2002. Role of chemokines and che-

mokine receptors in the gastrointestinal tract. Immunology 105,

137–143.
Ajuebor, M.N., Hogaboam, C.M., Kunkel, S.L., Proudfoot, A.E.,

Wallace, J.L., 2001. The chemokine RANTES is a crucial me-

diator of the progression from acute to chronic colitis in the rat.

J. Immunol. 166, 552–558.

Andres, P.G., Beck, P.L., Mizoguchi, E., Mizoguchi, A., Bhan,

A.K., Dawson, T., Kuziel, W.A., Maeda, N., MacDermott,

R.P., Podolsky, D.K., Reinecker, H.C., 2000. Mice with a se-

lective deletion of the CC chemokine receptors 5 or 2 are

protected from dextran sodium sulfate-mediated colitis: lack

of CC chemokine receptor 5 expression results in a NK1.1+

lymphocyte-associated Th2-type immune response in the intes-

tine. J. Immunol. 164, 6303–6312.

Baggiolini, M., Moser, B., 1997. Blocking chemokine receptors. J.

Exp. Med. 186, 1189–1191.

Balashov, K.E., Rottman, J.B., Weiner, H.L., Hancock, W.W., 1999.

CCR5(+) and CXCR3(+) T cells are increased in multiple scle-

rosis and their ligands MIP-1 alpha and IP-10 are expressed in

demyelinating brain lesions. Proc. Natl. Acad. Sci. U. S. A. 96,

6873–6878.

Braegger, C.P., MacDonald, T.T., 1994. Immune mechanisms in

chronic inflammatory bowel disease. Ann. Allergy 72, 135–141.

Bruhl, H., Cihak, J., Stangassinger, M., Schlondorff, D., Mack, M.,

2001. Depletion of CCR5-expressing cells with bispecific anti-

bodies and chemokine toxins: a new strategy in the treatment of

chronic inflammatory diseases and HIV. J. Immunol. 166,

2420–2426.

Campbell, E.M., Charo, I.F., Kunkel, S.L., Strieter, R.M., Boring,

L., Gosling, J., Lukacs, N.W., 1999a. Monocyte chemoattractant

protein-1 mediates cockroach allergen-induced bronchial hyper-

reactivity in normal but not CCR2� /� mice: the role of mast

cells. J. Immunol. 163, 2160–2167.

Campbell, J.J., Haraldsen, G., Pan, J., Rottman, J., Qin, S., Ponath,

P., Andrew, D.P., Warnke, R., Ruffing, N., Kassam, N., Wu, L.,

Butcher, E.C., 1999b. The chemokine receptor CCR4 in vascu-

lar recognition by cutaneous but not intestinal memory T cells.

Nature 400, 776–780.

Carroll, M., 2001. Innate immunity in the etiopathology of auto-

immunity. Nat. Immunol. 2, 1089–1090.

Chensue, S.W., Lukacs, N.W., Yang, T.-Y., Shang, X., Frait, K.A.,

Kunkel, S.L., Kung, T., Wiekowski, M.T., Hedrick, J.A., Cook,

D.N., Zingoni, A., Narula, S.K., Zlotnik, A., Barrat, F.J., O’Gar-

ra, A., Napolitano, M., Lira, S.A., 2001. Aberrant in vivo T

helper type 2 cell response and impaired eosinophil recruitment

in CC chemokine receptor 8 knockout mice. J. Exp. Med. 193,

573–584.

Chvatchko, Y., Hoogewerf, A.J., Meyer, A., Alouani, S., Juillard,

P., Buser, R., Conquet, F., Proudfoot, A.E., Wells, T.N., Power,

C.A., 2000. A key role for CC chemokine receptor 4 in lip-

opolysaccharide-induced endotoxic shock. J. Exp. Med. 191,

1755–1764.

D’Ambrosio, D., Iellem, A., Bonecchi, R., Mazzeo, D., Sozzani,

S., Mantovani, A., Sinigaglia, F., 1998. Selective upregulation

of chemokine receptors CCR4 and CCR8 upon activation of

polarized human type 2 T helper cells. J. Immunol. 161,

5111–5115.

D’Ambrosio, D., Mariani, M., Panina-Bordignon, P., Sinigaglia, F.,

2001. Chemokines and their receptors guiding T lymphocyte

recruitment in lung inflammation. Am. J. Respir. Crit. Care

Med. 164, 1266–1275.

Davidson, A., Diamond, B., 2001. Autoimmune diseases. N. Engl.

J. Med. 345, 340–350.

Farrell, R.J., Peppercorn, M.A., 2002. Ulcerative colitis. Lancet

359, 331–340.

Feldmann, M., 2001. Pathogenesis of arthritis: recent research pro-

gress. Nat. Immunol. 2, 771–773.

Fife, B.T., Huffnagle, G.B., Kuziel, W.A., Karpus, W.J., 2000. CC

chemokine receptor 2 is critical for induction of experimental

autoimmune encephalomyelitis. J. Exp. Med. 192, 899–905.

Fife, B.T., Kennedy, K.J., Paniagua, M.C., Lukacs, N.W., Kunkel,

S.L., Luster, A.D., Karpus, W.J., 2001a. CXCL10 (IFN-gamma-

inducible protein-10) control of encephalitogenic CD4+ T cell

accumulation in the central nervous system during experimental

autoimmune encephalomyelitis. J. Immunol. 166, 7617–7624.

Fife, B.T., Paniagua, M.C., Lukacs, N.W., Kunkel, S.L., Karpus,

W.J., 2001b. Selective CC chemokine receptor expression by

central nervous system-infiltrating encephalitogenic T cells dur-

ing experimental autoimmune encephalomyelitis. J. Neurosci.

Res. 66, 705–714.

Flier, J., Boorsma, D.M., van Beek, P.J., Nieboer, C., Stoof, T.J.,

Willemze, R., Tensen, C.P., 2001. Differential expression of

CXCR3 targeting chemokines CXCL10, CXCL9, and CXCL11

in different types of skin inflammation. J. Pathol. 194, 398–405.

Garcia-Zepeda, E.A., Rothenberg, M.E., Ownbey, R.T., Celestin, J.,

Leder, P., Luster, A.D., 1996. Human eotaxin is a specific che-

moattractant for eosinophil cells and provides a new mechanism

to explain tissue eosinophilia. Nat. Med. 2, 449–456.

Garred, P., Madsen, H.O., Petersen, J., Marquart, H., Hansen, T.M.,

Freiesleben Sorensen, S., Volck, B., Svejgaard, A., Andersen,

V., 1998. CC chemokine receptor 5 polymorphism in rheuma-

toid arthritis. J. Rheumatol. 25, 1462–1465.

Gerard, C., Rollins, B.J., 2001. Chemokines and disease. Nat. Im-

munol. 2, 108–115.

Gerber, B.O., Zanni, M.P., Uguccioni, M., Loetscher, M., Mackay,

C.R., Pichler, W.J., Yawalkar, N., Baggiolini, M., Moser, B.,

1997. Functional expression of the eotaxin receptor CCR3 in

T lymphocytes co-localizing with eosinophils. Curr. Biol. 7,

836–843.

D. D’Ambrosio et al. / Journal of Immunological Methods 273 (2003) 3–13 9



Godessart, N., Kunkel, S.L., 2001. Chemokines in autoimmune

disease. Curr. Opin. Immunol. 13, 670–675.

Godiska, R., Chantry, D., Dietsch, G.N., Gray, P.W., 1995. Chemo-

kine expression in murine experimental allergic encephalomye-

litis. J. Neuroimmunol. 58, 167–176.

Gong, J.H., Ratkay, L.G., Waterfield, J.D., Clark-Lewis, I., 1997.

An antagonist of monocyte chemoattractant protein 1 (MCP-1)

inhibits arthritis in the MRL-lpr mouse model. J. Exp. Med. 186,

131–137.

Gonzalo, J.A., Lloyd, C.M., Kremer, L., Finger, E., Martinez, A.C.,

Siegelman, M.H., Cybulsky, M., Gutierrez-Ramos, J.C., 1996.

Eosinophil recruitment to the lung in a murine model of allergic

inflammation. The role of T cells, chemokines, and adhesion

receptors. J. Clin. Invest. 98, 2332–2345.

Gonzalo, J.A., Lloyd, C.M., Wen, D., Albar, J.P., Wells, T.N.,

Proudfoot, A., Martinez, A.C., Dorf, M., Bjerke, T., Coyle,

A.J., Gutierrez-Ramos, J.C., 1998. The coordinated action of

CC chemokines in the lung orchestrates allergic inflammation

and airway hyperresponsiveness. J. Exp. Med. 188, 157–167.

Gonzalo, J.A., Pan, Y., Lloyd, C.M., Jia, G.Q., Yu, G., Dussault, B.,

Powers, C.A., Proudfoot, A.E.I., Coyle, A.J., Gearing, D., Gu-

tierrez-Ramos, J.C., 1999. Mouse monocyte-derived chemokine

is involved in airway hyperreactivity and lung inflammation. J.

Immunol. 163, 403–411.

Gutierrez-Ramos, J.C., Lloyd, C., Kapsenberg, M.L., Gonzalo,

J.A., Coyle, A.J., 2000. Non-redundant functional groups of

chemokines operate in a coordinate manner during the inflam-

matory response in the lung. Immunol. Rev. 177, 31–42.

Hayashida, K., Nanki, T., Girschick, H., Yavuz, S., Ochi, T., Lip-

sky, P.E., 2001. Synovial stromal cells from rheumatoid arthritis

patients attract monocytes by producing MCP-1 and IL-8. Ar-

thritis Res. 3, 118–126.

Hogan, S.P., Mishra, A., Brandt, E.B., Royalty, M.P., Pope, S.M.,

Zimmermann, N., Foster, P.S., Rothenberg, M.E., 2001. A

pathological function for eotaxin and eosinophils in eosinophilic

gastrointestinal inflammation. Nat. Immunol. 2, 353–360.

Hohlfeld, R., Wekerle, H., 2001. Immunological update on multiple

sclerosis. Curr. Opin. Neurol. 14, 299–304.

Homey, B., Dieu-Nosjean, M.C., Wiesenborn, A., Massacrier, C.,

Pin, J.J., Oldham, E., Catron, D., Buchanan, M.E., Muller, A.,

deWaalMalefyt, R., Deng, G., Orozco, R., Ruzicka, T., Lehmann,

P., Lebecque, S., Caux, C., Zlotnik, A., 2000a. Up-regulation of

macrophage inflammatory protein-3 alpha/CCL20 and CC che-

mokine receptor 6 in psoriasis. J. Immunol. 164, 6621–6632.

Homey, B., Wang, W., Soto, H., Buchanan, M.E., Wiesenborn, A.,

Catron, D., Muller, A., McClanahan, T.K., Dieu-Nosjean, M.C.,

Orozco, R., Ruzicka, T., Lehmann, P., Oldham, E., Zlotnik, A.,

2000b. Cutting edge: the orphan chemokine receptor G protein-

coupled receptor-2 (GPR-2, CCR10) binds the skin-associated

chemokine CCL27 (CTACK/ALP/ILC). J. Immunol. 164,

3465–3470.

Homey, B., Alenius, H., Muller, A., Soto, H., Bowman, E.P., Yuan,

W., McEvoy, L., Lauerma, A.I., Assmann, T., Bunemann, E.,

Lehto, M., Wolff, H., Yen, D., Marxhausen, H., To, W., Sedg-

wick, J., Ruzicka, T., Lehmann, P., Zlotnik, A., 2002. CCL27-

CCR10 interactions regulate T cell-mediated skin inflammation.

Nat. Med. 8, 157–165.

Huang, D.R., Wang, J., Kivisakk, P., Rollins, B.J., Ransohoff,

R.M., 2001. Absence of monocyte chemoattractant protein 1

in mice leads to decreased local macrophage recruitment and

antigen-specific T helper cell type 1 immune response in ex-

perimental autoimmune encephalomyelitis. J. Exp. Med. 193,

713–726.

Humbles, A.A., Lu, B., Friend, D.S., Okinaga, S., Lora, J., Al-

Garawi, A., Martin, T.R., Gerard, N.P., Gerard, C., 2002. The

murine CCR3 receptor regulates both the role of eosinophils and

mast cells in allergen-induced airway inflammation and hyper-

responsiveness. Proc. Natl. Acad. Sci. U. S. A. 99, 1479–1484.

Izikson, L., Klein, R.S., Charo, I.F., Weiner, H.L., Luster, A.D.,

2000. Resistance to experimental autoimmune encephalomyeli-

tis in mice lacking the CC chemokine receptor (CCR)2. J. Exp.

Med. 192, 1075–1080.

Jia, G.Q., Gonzalo, J.A., Lloyd, C., Kremer, L., Lu, L., Martinez,

A.C., Wershil, B.K., Gutierrez-Ramos, J.C., 1996. Distinct ex-

pression and function of the novel mouse chemokine monocyte

chemotactic protein-5 in lung allergic inflammation. J. Exp.

Med. 184, 1939–1951.

Kakinuma, T., Nakamura, K., Wakugawa, M., Mitsui, H., Tada, Y.,

Saeki, H., Torii, H., Asahina, A., Onai, N., Matsushima, K.,

Tamaki, K., 2001. Thymus and activation-regulated chemokine

in atopic dermatitis: serum thymus and activation-regulated che-

mokine level is closely related with disease activity. J. Allergy

Clin. Immunol. 107, 535–541.

Karpus, W.J., Kennedy, K.J., 1997. MIP-1 alpha and MCP-1 differ-

entially regulate acute and relapsing autoimmune encephalo-

myelitis as well as Th1/Th2 lymphocyte differentiation. J.

Leukoc. Biol. 62, 681–687.

Karpus, W.J., Lukacs, N.W., McRae, B.L., Strieter, R.M., Kunkel,

S.L., Miller, S.D., 1995. An important role for the chemokine

macrophage inflammatory protein-1 alpha in the pathogenesis of

the T cell-mediated autoimmune disease, experimental autoim-

mune encephalomyelitis. J. Immunol. 155, 5003–5010.

Keatings, V.M., Collins, P.D., Scott, D.M., Barnes, P.J., 1996.

Differences in interleukin-8 and tumor necrosis factor-alpha

in induced sputum from patients with chronic obstructive pul-

monary disease or asthma. Am. J. Respir. Crit. Care Med.

153, 530–534.

Kennedy, K.J., Smith, W.S., Miller, S.D., Karpus, W.J., 1997.

Induction of antigen-specific tolerance for the treatment of

ongoing, relapsing autoimmune encephalomyelitis: a compar-

ison between oral and peripheral tolerance. J. Immunol. 159,

1036–1044.

Kim, C.H., Kunkel, E.J., Boisvert, J., Johnston, B., Campbell, J.J.,

Genovese, M.C., Greenberg, H.B., Butcher, E.C., 2001a. Bon-

zo/CXCR6 expression defines type 1-polarized T-cell subsets

with extralymphoid tissue homing potential. J. Clin. Invest.

107, 595–601.

Kim, Y., Sung, S., Kuziel, W.A., Feldman, S., Fu, S.M., Rose Jr.,

C.E., 2001b. Enhanced airway Th2 response after allergen chal-

lenge in mice deficient in CC chemokine receptor-2 (CCR2). J.

Immunol. 166, 5183–5192.

Kivisakk, P., Trebst, C., Eckstein, D.J., Kerza-Kwiatecki, A.P., Ran-

sohoff, R.M., 2001. Chemokine-based therapies for MS: how do

we get there from here? Trends Immunol. 22, 591–593.

D. D’Ambrosio et al. / Journal of Immunological Methods 273 (2003) 3–1310



Konig, A., Krenn, V., Toksoy, A., Gerhard, N., Gillitzer, R., 2000.

Mig, GRO alpha and RANTES messenger RNA expression in

lining layer, infiltrates and different leucocyte populations of

synovial tissue from patients with rheumatoid arthritis, psoriatic

arthritis and osteoarthritis. Virchows Arch. 436, 449–458.

Kunkel, E.J., Campbell, J.J., Haraldsen, G., Pan, J., Boisvert, J.,

Roberts, A.I., Ebert, E.C., Vierra, M.A., Goodman, S.B., Geno-

vese, M.C., Wardlaw, A.J., Greenberg, H.B., Parker, C.M.,

Butcher, E.C., Andrew, D.P., Agace, W.W., 2000. Lymphocyte

CC chemokine receptor 9 and epithelial thymus-expressed che-

mokine (TECK) expression distinguish the small intestinal im-

mune compartment: epithelial expression of tissue-specific

chemokines as an organizing principle in regional immunity.

J. Exp. Med. 192, 761–768.

Lamkhioued, B., Renzi, P.M., Abi-Younes, S., Garcia-Zepada,

E.A., Allakhverdi, Z., Ghaffar, O., Rothenberg, M.D., Luster,

A.D., Hamid, Q., 1997. Increased expression of eotaxin in

bronchoalveolar lavage and airways of asthmatics contributes

to the chemotaxis of eosinophils to the site of inflammation. J.

Immunol. 159, 4593–4601.

Leung, D.Y., Soter, N.A., 2001. Cellular and immunologic mecha-

nisms in atopic dermatitis. J. Am. Acad. Dermatol. 44, S1–S12.

Liu, M.T., Keirstead, H.S., Lane, T.E., 2001. Neutralization of the

chemokine CXCL10 reduces inflammatory cell invasion and

demyelination and improves neurological function in a viral

model of multiple sclerosis. J. Immunol. 167, 4091–4097.

Lloyd, C.M., Delaney, T., Nguyen, T., Tian, J., Martinez, A.C.,

Coyle, A.J., Gutierrez-Ramos, J.C., 2000. CC chemokine recep-

tor (CCR)3/eotaxin is followed by CCR4/monocyte-derived

chemokine in mediating pulmonary T helper lymphocyte type

2 recruitment after serial antigen challenge in vivo. J. Exp. Med.

191, 265–274.

Lukacs, N.W., 2001. Role of chemokines in the pathogenesis of

asthma. Nature Rev. Immunol. 1, 108–116.

Ma, W., Bryce, P.J., Humbles, A.A., Laouini, D., Yalcindag, A.,

Alenius, H., Friend, D.S., Oettgen, H.C., Gerard, C., Geha, R.S.,

2002. CCR3 is essential for skin eosinophilia and airway hyper-

responsiveness in a murine model of allergic skin inflammation.

J. Clin. Invest. 109, 621–628.

MacDermott, R.P., Sanderson, I.R., Reinecker, H.C., 1998. The

central role of chemokines (chemotactic cytokines) in the im-

munopathogenesis of ulcerative colitis and Crohn’s disease. In-

flamm. Bowel Dis. 4, 54–67.

MacLean, J.A., De Sanctis, G.T., Ackerman, K.G., Drazen, J.M.,

Sauty, A., DeHaan, E., Green, F.H., Charo, I.F., Luster, A.D.,

2000. CC chemokine receptor-2 is not essential for the develop-

ment of antigen-induced pulmonary eosinophilia and airway

hyperresponsiveness. J. Immunol. 165, 6568–6575.

Martin, K., Heinzlmann, M., Borchers, R., Mack, M., Loeschke, K.,

Folwaczny, C., 2001. Delta 32 mutation of the chemokine-re-

ceptor 5 gene in inflammatory bowel disease. Clin. Immunol.

98, 18–22.

Mazzucchelli, L., Hauser, C., Zgraggen, K., Wagner, H., Hess, M.,

Laissue, J.A., Mueller, C., 1994. Expression of interleukin-8

gene in inflammatory bowel disease is related to the histological

grade of active inflammation. Am. J. Pathol. 144, 997–1007.

McManus, C., Berman, J.W., Brett, F.M., Staunton, H., Farrell, M.,

Brosnan, C.F., 1998. MCP-1, MCP-2 and MCP-3 expression in

multiple sclerosis lesions: an immunohistochemical and in situ

hybridization study. J. Neuroimmunol. 86, 20–29.

Medoff, B.D., Sauty, A., Tager, A.M., Maclean, J.A., Smith, R.N.,

Mathew, A., Dufour, J.H., Luster, A.D., 2002. IFN-gamma-in-

ducible protein 10 (CXCL10) contributes to airway hyperreac-

tivity and airway inflammation in a mouse model of asthma. J.

Immunol. 168, 5278–5286.

Miyagishi, R., Kikuchi, S., Fukazawa, T., Tashiro, K., 1995. Macro-

phage inflammatory protein-1 alpha in the cerebrospinal fluid of

patients with multiple sclerosis and other inflammatory neuro-

logical diseases. J. Neurol. Sci. 129, 223–227.

Morales, J., Homey, B., Vicari, A.P., Hudak, S., Oldham, E., He-

drick, J., Orozco, R., Copeland, N.G., Jenkins, N.A., McEvoy,

L.M., Zlotnik, A., 1999. CTACK, a skin-associated chemokine

that preferentially attracts skin-homing memory T cells. Proc.

Natl. Acad. Sci. U. S. A. 96, 14470–14475.

Muehlhoefer, A., Saubermann, L.J., Gu, X., Luedtke-Hecken-

kamp, K., Xavier, R., Blumberg, R.S., Podolsky, D.K., Mac-

Dermott, R.P., Reinecker, H.C., 2000. Fractalkine is an

epithelial and endothelial cell-derived chemoattractant for in-

traepithelial lymphocytes in the small intestinal mucosa. J.

Immunol. 164, 3368–3376.

Nickoloff, B.J., Schroder, J.M., von den Driesch, P., Raychaudhuri,

S.P., Farber, E.M., Boehncke, W.H., Morhenn, V.B., Rosen-

berg, E.W., Schon, M.P., Holick, M.F., 2000. Is psoriasis a T-cell

disease? Exp. Dermatol. 9, 359–375.

Ogata, H., Takeya, M., Yoshimura, T., Takagi, K., Takahashi, K.,

1997. The role of monocyte chemoattractant protein-1 (MCP-1)

in the pathogenesis of collagen-induced arthritis in rats. J. Path-

ol. 182, 106–114.

O’Shaughnessy, T.C., Ansari, T.W., Barnes, N.C., Jeffery, P.K.,

1997. Inflammation in bronchial biopsies of subjects with

chronic bronchitis: inverse relationship of CD8+ T lymphocytes

with FEV1. Am. J. Respir. Crit. Care Med. 155, 852–857.

Panina-Bordignon, P., Papi, A., Mariani, M., Di Lucia, P., Casoni,

G., Bellettato, C., Buonsanti, C., Miotto, D., Mapp, C., Villa, A.,

Arrigoni, G., Fabbri, L.M., Sinigaglia, F., 2001. The C-C che-

mokine receptors CCR4 and CCR8 identify airway T cells of

allergen-challenged atopic asthmatics. J. Clin. Invest. 107,

1357–1364.

Papadakis, K.A., Prehn, J., Moreno, S.T., Cheng, L., Kouroumalis,

E.A., Deem, R., Breaverman, T., Ponath, P.D., Andrew, D.P.,

Green, P.H., Hodge, M.R., Binder, S.W., Targan, S.R., 2001.

CCR9-positive lymphocytes and thymus-expressed chemokine

distinguish small bowel from colonic Crohn’s disease. Gastro-

enterology 121, 246–254.

Patel, D.D., Zachariah, J.P., Whichard, L.P., 2001. CXCR3 and

CCR5 ligands in rheumatoid arthritis synovium. Clin. Immunol.

98, 39–45.

Picker, L.J., Michie, S.A., Rott, L.S., Butcher, E.C., 1990a. A

unique phenotype of skin-associated lymphocytes in humans.

Preferential expression of the HECA-452 epitope by benign

and malignant T cells at cutaneous sites. Am. J. Pathol. 136,

1053–1068.

Picker, L.J., Terstappen, L.W., Rott, L.S., Streeter, P.R., Stein, H.,

Butcher, E.C., 1990b. Differential expression of homing-associ-

D. D’Ambrosio et al. / Journal of Immunological Methods 273 (2003) 3–13 11



ated adhesion molecules by T cell subsets in man. J. Immunol.

145, 3247–3255.

Plater-Zyberk, C., Hoogewerf, A.J., Proudfoot, A.E., Power, C.A.,

Wells, T.N., 1997. Effect of a CC chemokine receptor antagonist

on collagen induced arthritis in DBA/1 mice. Immunol. Lett. 57,

117–120.

Proudfoot, A.E., 2002. Chemokine receptors: multifaceted thera-

peutic targets. Nature Rev. Immunol. 2, 106–115.

Qin, S., Rottman, J.B., Myers, P., Kassam, N., Weinblatt, M.,

Loetscher, M., Koch, A.E., Moser, B., Mackay, C.R., 1998.

The chemokine receptors CXCR3 and CCR5 mark subsets of

T cells associated with certain inflammatory reactions. J. Clin.

Invest. 101, 746–754.

Reiss, Y., Proudfoot, A.E., Power, C.A., Campbell, J.J., Butcher,

E.C., 2001. CC chemokine receptor (CCR)4 and the CCR10

ligand cutaneous T cell-attracting chemokine (CTACK) in

lymphocyte trafficking to inflamed skin. J. Exp. Med. 194,

1541–1547.

Romagnani, P., De Paulis, A., Beltrame, C., Annunziato, F., Dente,

V., Maggi, E., Romagnani, S., Marone, G., 1999. Tryptase-chy-

mase double-positive human mast cells express the eotaxin re-

ceptor CCR3 and are attracted by CCR3-binding chemokines.

Am. J. Pathol. 155, 1195–1204.

Rossi, D., Zlotnik, A., 2000. The biology of chemokines and their

receptors. Annu. Rev. Immunol. 18, 217–242.

Rothenberg, M.E., MacLean, J.A., Pearlman, E., Luster, A.D.,

Leder, P., 1997. Targeted disruption of the chemokine eotaxin

partially reduces antigen-induced tissue eosinophilia. J. Exp.

Med. 185, 785–790.

Rottman, J.B., Slavin, A.J., Silva, R., Weiner, H.L., Gerard, C.G.,

Hancock, W.W., 2000. Leukocyte recruitment during onset of

experimental allergic encephalomyelitis is CCR1 dependent.

Eur. J. Immunol. 30, 2372–2377.

Ruth, J.H., Rottman, J.B., Katschke Jr., K.J., Qin, S., Wu, L.,

LaRosa, G., Ponath, P., Pope, R.M., Koch, A.E., 2001. Selec-

tive lymphocyte chemokine receptor expression in the rheu-

matoid joint. Arthritis Rheum. 44, 2750–2760.

Saetta, M., Mariani, M., Panina-Bordignon, P., Turato, G., Buonsan-

ti, C., Baraldo, S., Bellettato, C.M., Papi, A., Corbetta, L., Zuin,

R., Sinigaglia, F., Fabbri, L.M., 2002. Increased expression of

the chemokine receptor CXCR3 and its ligand CXCL10 in pe-

ripheral airways of smokers with chronic obstructive pulmonary

disease. Am. J. Respir. Crit. Care Med. 165, 1404–1409.

Sallusto, F., Mackay, C.R., Lanzavecchia, A., 1997. Selective ex-

pression of the eotaxin receptor CCR3 by human T helper 2

cells. Science 277, 2005–2007.

Sallusto, F., Mackay, C.R., Lanzavecchia, A., 2000. The role of

chemokine receptors in primary, effector, and memory immune

responses. Annu. Rev. Immunol. 18, 593–620.

Shanahan, F., 2002. Crohn’s disease. Lancet 359, 62–69.

Simpson, J., Rezaie, P., Newcombe, J., Cuzner, M.L., Male, D.,

Woodroofe, M.N., 2000. Expression of the beta-chemokine re-

ceptors CCR2, CCR3 and CCR5 in multiple sclerosis central

nervous system tissue. J. Neuroimmunol. 108, 192–200.

Sinigaglia, F., D’Ambrosio, D., Rogge, L., 1999. Type I interfer-

ons and the Th1/Th2 paradigm. Dev. Comp. Immunol. 23,

657–663.

Sorensen, T.L., Sellebjerg, F., 2001. Distinct chemokine receptor

and cytokine expression profile in secondary progressive MS.

Neurology 57, 1371–1376.

Sorensen, T.L., Tani, M., Jensen, J., Pierce, V., Lucchinetti, C.,

Folcik, V.A., Qin, S., Rottman, J., Sellebjerg, F., Strieter,

R.M., Frederiksen, J.L., Ransohoff, R.M., 1999. Expression of

specific chemokines and chemokine receptors in the central

nervous system of multiple sclerosis patients. J. Clin. Invest.

103, 807–815.

Sorensen, T.L., Sellebjerg, F., Jensen, C.V., Strieter, R.M., Ransoh-

off, R.M., 2001. Chemokines CXCL10 and CCL2: differential

involvement in intrathecal inflammation in multiple sclerosis.

Eur. J. Neurol. 8, 665–672.

Stellato, C., Brummet, M.E., Plitt, J.R., Shahabuddin, S., Baroody,

F.M., Liu, M.C., Ponath, P.D., Beck, L.A., 2001. Expression of

the C-C chemokine receptor CCR3 in human airway epithelial

cells. J. Immunol. 166, 1457–1461.

Suzuki, N., Nakajima, A., Yoshino, S., Matsushima, K., Yagita, H.,

Okumura, K., 1999. Selective accumulation of CCR5+ T lym-

phocytes into inflamed joints of rheumatoid arthritis. Int. Immu-

nol. 11, 553–559.

Thelen, M., 2001. Dancing to the tune of chemokines. Nat. Immu-

nol. 2, 129–134.

Tran, E.H., Kuziel, W.A., Owens, T., 2000. Induction of experi-

mental autoimmune encephalomyelitis in C57BL/6 mice defi-

cient in either the chemokine macrophage inflammatory protein-

1 alpha or its CCR5 receptor. Eur. J. Immunol. 30, 1410–1415.

Trebst, C., Ransohoff, R.M., 2001. Investigating chemokines and

chemokine receptors in patients with multiple sclerosis: oppor-

tunities and challenges. Arch. Neurol. 58, 1975–1980.

Uguccioni, M., Gionchetti, P., Robbiani, D.F., Rizzello, F., Peruzzo,

S., Campieri, M., Baggiolini, M., 1999. Increased expression of

IP-10, IL-8, MCP-1, and MCP-3 in ulcerative colitis. Am. J.

Pathol. 155, 331–336.

Vestergaard, C., Yoneyama, H., Murai, M., Nakamura, K., Tamaki,

K., Terashima, Y., Imai, T., Yoshie, O., Irimura, T., Mizutani, H.,

Matsushima, K., 1999. Overproduction of Th2-specific chemo-

kines in NC/Nga mice exhibiting atopic dermatitis-like lesions.

J. Clin. Invest. 104, 1097–1105.

Vestergaard, C., Bang, K., Gesser, B., Yoneyama, H., Matsushima,

K., Larsen, C.G., 2000. A Th2 chemokine, TARC, produced by

keratinocytes may recruit CLA+CCR4+ lymphocytes into le-

sional atopic dermatitis skin. J. Invest. Dermatol. 115, 640–646.

Vulcano, M., Albanesi, C., Stoppacciaro, A., Bagnati, R., D’Amico,

G., Struyf, S., Transidico, P., Bonecchi, R., Del Prete, A., Alla-

vena, P., Ruco, L.P., Chiabrando, C., Girolomoni, G., Mantova-

ni, A., Sozzani, S., 2001. Dendritic cells as a major source of

macrophage-derived chemokine/CCL22 in vitro and in vivo.

Eur. J. Immunol. 31, 812–822.

Williams, E.J., Haque, S., Banks, C., Johnson, P., Sarsfield, P.,

Sheron, N., 2000. Distribution of the interleukin-8 receptors,

CXCR1 and CXCR2, in inflamed gut tissue. J. Pathol. 192,

533–539.

Wills-Karp, M., 1999. Immunologic basis of antigen-induced air-

way hyperresponsiveness. Annu. Rev. Immunol. 17, 255–281.

Yawalkar, N., Uguccioni, M., Scharer, J., Braunwalder, J., Karlen,

S., Dewald, B., Braathen, L.R., Baggiolini, M., 1999. Enhanced

D. D’Ambrosio et al. / Journal of Immunological Methods 273 (2003) 3–1312



expression of eotaxin and CCR3 in atopic dermatitis. J. Invest.

Dermatol. 113, 43–48.

Ying, S., Robinson, D.S., Meng, Q., Rottman, J., Kennedy, R.,

Ringler, D.J., Mackay, C.R., Daugherty, B.L., Springer, M.S.,

Durham, S.R., Williams, T.J., Kay, A.B., 1997. Enhanced ex-

pression of eotaxin and CCR3 mRNA and protein in atopic

asthma. Association with airway hyperresponsiveness and pre-

dominant co-localization of eotaxin mRNA to bronchial epithe-

lial and endothelial cells. Eur. J. Immunol. 27, 3507–3516.

Yuan, Y.H., ten Hove, T., The, F.O., Slors, J.F., van Deventer, S.J.,

te Velde, A.A., 2001. Chemokine receptor CXCR3 expression in

inflammatory bowel disease. Inflamm. Bowel Dis. 7, 281–286.

Zabel, B.A., Agace, W.W., Campbell, J.J., Heath, H.M., Parent,

D., Roberts, A.I., Ebert, E.C., Kassam, N., Qin, S., Zovko,

M., LaRosa, G.J., Yang, L.L., Soler, D., Butcher, E.C., Po-

nath, P.D., Parker, C.M., Andrew, D.P., 1999. Human G pro-

tein-coupled receptor GPR-9-6/CC chemokine receptor 9 is

selectively expressed on intestinal homing T lymphocytes,

mucosal lymphocytes, and thymocytes and is required for

thymus-expressed chemokine-mediated chemotaxis. J. Exp.

Med. 190, 1241–1256.

Zapico, I., Coto, E., Rodriguez, A., Alvarez, C., Torre, J.C., Alvar-

ez, V., 2000. CCR5 (chemokine receptor-5) DNA-polymor-

phism influences the severity of rheumatoid arthritis. Genes

Immun. 1, 288–289.

Zlotnik, A., Yoshie, O., 2000. Chemokines: a new classification

system and their role in immunity. Immunity 12, 121–127.

D. D’Ambrosio et al. / Journal of Immunological Methods 273 (2003) 3–13 13


	Introduction
	Chemokine receptors in asthma and other pulmonary diseases
	Chemokine receptors in psoriasis and atopic dermatitis
	Chemokine receptors in rheumatoid arthritis
	Chemokine receptors in multiple sclerosis (MS)
	Chemokine receptors in inflammatory bowel disease (IBD)
	Conclusions
	Acknowledgements
	References

