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Abstract  Chcmokines. together with adhesion inole- 
cules, cytokines, anti proteases, are essential for file direc- 
tional migration of leukocytes during normal and inflam- 
matory processes, lnterleukin-8 and monocyte chemotac- 
tic protein-I are the best-characterized members of the 
C-X-C and C-C chemokine subfamilies, respectively. 
However, more than 20 human chernokines have been iden- 
tified but are only partially characterized at the biological 
level. Chemokines are involved in chemotaxis of tnonocy- 
tes. lymphocytes, neutrophils, eosinophils, basophils, nat- 
ttral killer cells, dendritic cells, anti endothelial cells. This 
revicw describes the chemokine subfamilies, the chemo- 
kine producer and target cells, their receptors, signal trans- 
duction mechanisms, and the role of chemokines during 
physiological and pathological conditions. More and more 
evidence points to a role for chemokines m chemotaxis-re- 
lated phenomena, such as the expression of adhesion mole- 
cules, the secretion of proteinases, inhibition of apoptosis, 
hematopoiesis, and angiogenesis. Chemokines are also in- 
volved in diseases such as cancer (tumor regression and 
tumor metastasis), autoirnlnune diseases, and bacterial or 
viral infection. 

K e y  words Chemotaxis .  l n t e r l e u k i n - 8  �9 

Leukocyte migration �9 Chemotactic cytokine 

Introduction 

The inflammatory response is a complex phenomenon in 
which a number of cells and molecules are involved. In- 
flammation is the body's reaction against stress conditions, 
e.g., shear stress, injury, or cellular contact with foreign 
material such as viral, bacterial, or plant products. These 
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stress conditions induce the e,~pression of proteins m a 
number of cell types, which include leukocytes, fibro- 
blasts, endothelial and epithelial cells. The inflammatory 
response involves leukocyte-endothelial cell interaction 
and cytokine production and evolves into the migration of 
particular subsets of leukocytes from the blood vessel to 
the surrounding tissue and organ,;, l.,eukocytes can be se- 
lectively attracted to the inflammatory site to defend the 
host against the invading pathogens. Additionally. lympho- 
cytes patrol continuously for foreign antigen. They migrate 
from the blood circulation through the tissues, into the 
lymph vessels and nodes, and back to the blood stream. 

Cytokines, adhesion molecules, chemokines, 
and proteases in leukocyte transendothelial migration 

The recruitment of leukocytes under normal or inflamma- 
tory conditions involves a multistep process [I-4] .  In an 
initial step, leukocytes become attached to the endothelial 
laver but are still allowed to roll along the venular wall 
{Fig. I). Attachment and rolling are promoted by vasodil- 
atation anti by the expression of a first family of adhesion 
molecules (selectins) on leukocvtes (L-selectin) and endo- 
thelial cells (E- and P-selectin). L-selectin is expressed 
constitutively on the majority of circulating lymphocytes. 
monocytes, neutrophils, and eosinophils. P-selectin is 
stored in the WeibeI-Palade bodies of endothelial cells and 
m the alpha granules of platelets. Upon induction with 
inflammatory factors such as cytokines, thrornbin, his- 
tamine, or complement fragments, P-selectin is mobilized 
to the cell surface. E-selectin protein production is rapidly 
induced in endothelial cells by a variety of stimuli includ- 
ing, l ipopolysaccharides (LPS) and cytokines such as inter- 
leukin-1,6 IlL-1,6'), tumor necrosis factor-a (TNF-c_z/. and 
interferon- 7 (IFN-71. All three selectins are composed of 
similar extracellular domains, including a lectin domain, 
art epidermal growth factor (EGF)-like domain, and sev- 
eral short consensus repeats. The extending molecular 
structure allows the interaction with leukocytes abo,,e the 
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Fig. 1 Schemat ic  representat ion of  the success tve  steps m leuko- 
cyte migrat ion through endothel ial  layers. Leukocyte  migrat ion from 
the circulation into the peripheral n s sue  is a s tepwise process.  The  
initial leukocyte-endothel ia l  interaction involves weak selectin bind- 
mg to carbohydrates  on g lycopro tem receptors.  Select ins are consti t-  
utively present on the leukocyte L-selectin and can be induced on 
the endothelial  cells (E- and P-selectin ~. When  leukocytes  are appro- 
priately tr iggered ~.e.g., by chemok i ne - r ecepmr  interaction ~. mtegr ins  
are act ivated on the leukocyte  and bind to endothelial  adhesion mole-  
cules which belong to the tmmunog lobu l in  superfamily.  Finall,.,. leu- 
kocytes  mtgrate  through the endothel ia l  layer in response  to at chem-  
okine gradient and infiltrate the t tssues,  by degrading the extracel-  
lular matrix through the secretion o f  proteases and g t3cos idases  
, C a  2+ calc ium 

glycocalyx. Leukocyte-endothelial cell adhesion occurs 
upon interaction of the lectin and EGF-like domains of the 
selectins with carbohydrates on glycoprotein receptors 
(e.g., glycosylation-dependent cell adhesion molecule-1 
and CD34j on the surface of either leukocytes IE- and 
P-selectin~ or endothelial cells (L-selectin,. However. if 
the leukocytes are not further triggered, no strong leuko- 
cyte-endothelial cell binding takes place and the leukocyte 
can still disengage from the vessel wall. 

In a second step of extravasation, stimulated leukocytes 
spread and firmly attach to the endothelial laver through 
interaction of inregrins on the leukocyte with adhesion 
molecules on the endothelial cell [2-5J. A family of low 
molecular mass chemotactic cytokines or chemokines, pro- 
duced by leukocytes as well as endothelial cells and under- 
lying inflammatory cells, is important to enhance mtegrin 
adhesiveness. Chemokines can bind to the endothelial 
layer and can acnvate leukocytes through receptors be- 
longing to the G-protein-linked receptors. Upon chemo- 
kine stimulation of leukocytes, integrm expression on the 
leukocyte membranes is upregulated, the conformation of 
the integrins is changed, and the integrins are clustered. In- 
tegrins are heterodimeric membrane glycoproteins consist- 
ing of an c~-chain and a/3-chain. The two integrin subfam- 
ilies involved in leukocyte-endothelial celt adhesion are 
characterized by common g-chains. The/31-integrins (or 

VLA proteins) are composed of  the/Ychain CD29 and the 
c~-chains cq-cz(, ICD49a-CD49f~. The fl2-integrins ,or 
leukocyte cell-adhesion molecules) LFA-I. Mac-l. and 
p150.95 combine the cornmon /3?-chain CDI8 with the 
o~-chain CDI la. b. or c. respectively. Different mtegrms 
bind to extracellular matrix proteins or to different endo- 
thelial ad/wsi(m molecules which belong to the immuno- 
globulin supe@~mily. ICAM-1 ~intercellular adhesion 
molecule-1 J or VCAM- 1 , vascular cell adhesion molecule 
1 ) are such examples. Depending on the stimulus te.g., c,~- 
tokines such as IL-1. TNF-o< or IL-41 and on the type of 
endothelium, different integrin ligands are expressed on 
the endothelial cells. Migration of certain subsets of leu- 
kocytes into tissues thus depends on the type of integrin 
expressed on the leukocyte and on the interaction with a 
specific endothelial adhesion molecule, of which the ex- 
pression depends on the type of  endothelium and on the 
stimulating cytokine. This complex mechanism helps to 
home the correct leukocyte to a specific site. 

In the third step, leukocytes migrate through the endo- 
thelial layer into the underlyxng tissue. Classical chemo- 
tactic factors such as complement factor 5a (C5a). leuko- 
triene Ba (LTB4), platelet-activating factor (PAF), and bac- 
terial formyl-peptides (e.g., fMLP or formyl-methionyl- 
leucyl-phenylatanine) are not specific for particular sub- 
sets of teukocytes. Recently, a number of chemotactic cv- 
tokines, or chemokines, have been identified, which selec- 
tively attract specific types of teukocvtes [6-9]. Structu- 
rally, the chemokine family can be divided in two branches, 
namely c~- or C-X-C chemokines and ~- or C-C chemo- 
kines. The C-X-C chemokines (e.g., IL-8) mainly attract 
neutrophils, while C-C chemokines (e.g., monocyte chem- 
otactic protein- 1 or MCP- 1 ) are chemotactic for a variety 
of leukocytes. Leukocytes can migrate into the underlying 
tissue by virtue of chemokine gradients. Activation of leu- 
kocvtes by chemokines stimulates the secretion of pro- 
,eases. which can degrade the subendothelial e xtracellutar 
matrix and facilitate the migration of leukocytes [10]. 

The actual mechanism by which leukocytes migrate 
through the endothelial layer is poorly studied. Certainly, 
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leukocyte adhesiveness (integrin-ligand interactions) must 
be modulated to allow thc Icukocytc to move. Uropod for- 
mation and [CAM-3 redistribution on lymphocytcs occur 
upon stimulation with chcmokines [11, 12]. Integrins can 
form the link between intracetluhir proteins and actin ill- 
aments and extracelluhir matrix protein,,, [5. 12]. In rive,  
actin distribution in the migrating leukocyte has been 
shown to be strictly regulated. When a leukoc~,te starts to 
penetrate the endothelial layer, most actin is located at the 
anterior portion of the cell. In leukocytes which have nearly 
passed the endothelial layer, actin is located at the poste- 
rior region 113]. Disruption of the cytoskeleton of endo- 
thelial cells enhances endothelial permeability and granu- 
locvte diapedesis [14]. In addition to interendothetial mi- 
gration, diapedesis also occurs through the endothelial 
cells. Schubert et al. [15] have reported that in inflamed 
human skin (using C5ad ..... ~. LTB4. IL-8. or IL-1) all junc- 
tions between adjacent endothelial cells remain intact. All 
migrating granulocytes have been ff~und to cross the endo- 
theli'tl layer in a transcellutar instead of till intercetluhu 
manner. Neutrophil.,, are surrounded by endothelial plasma 
membranes and finally are completely engul fed bv the en- 
dothelial cells without mixing of the cytoplasm of'both cell 
types or cell damage [15]. Essentially the same phenome- 
non has been obser,,ed with lymphocyte nligration through 
high endothelial venules of lymph nodes [ 16J. ripen stim- 
ulation with L'I'B a, inter- and transendotheliaI transport of 
neutrophils could be detected without leakage of macro- 
molecules from the blood [17, 18]. In contrast to L]'B~, 
fMLP and the two chemokines IL-8 and NAP-2 (neu- 
trophil-activating protein-2) are able to induce marked en- 
dothelial barrier dysfunction, permeable interendothelial 
junctions, and endothelial cell damage [ 19-221. In conclu- 
sion, teukocytes mainly migrate through transendothetial 
transport, although interendothelial diapedesis has also 
been reported. 

Chemokines: structure, function, and regulated 
production 

During the last decade, a complex family of proteins, called 
chemotactic cytokines or chernokines, with leukocyte-at- 
tracting and -activating properties has been identified 
[6--9!. They differ biologically from classical chemoattrac- 
tent factors, such as l,,'M LP and C5a, in their specificity' for 
particular leukocyte subtypes. Structurally, chemokines 
are proteins of low molecular mass (5-15 kitodaltons) 
characterized by four conserved cysteines forming two 
disulfide bridges. Most secreted human chemokines con- 
sist of 70-80 residues and occur as nonglycosylated pep- 
tides. The position of the first two cvsteines has been used 
to divide the chemokine family into two branches, the 
C-X-C (or a-) and C-C (or/J-) chemokines (Fig. 21.1-he 
first and the second cysteine residues in chemokines form 
disulfide bridges with, respectively, the third and fourth 
cysteine. The C-C chemokine 1-309 is the only identified 
human chemokine with an additional pair of cysteines. 
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Whether this third distil fide bridge has functional implica- 
tions is currently unknown. 

The genes tT~r the C-X-C and C-C chemokines are clu~,- 
tered on chronlosome 4 (Iocu-; q 12-21) and 17 t locus q I 1-21~. 
respcctively [6-9]. So far, all identified C-C chemokine 
genes and the genes for the C-X-C chernokines PF-4 (plate- 
let factor-4) and NAP-2 have been found to appear in a 
three-exon/two-intron structure. The genes of the other 
C-X-C chemokines, i.e.. 1L-8, MGSA/GRO-~ (melanoma 
..t,,rowth-stimulating activity'~, GRO-,B, GRO-;/. and 71P-It) 
(IFN-~/inducible protcin-10J, consist of four exc)ns and 
three introns. Recently. a chemokine which includes only 
the second and fourth cysteine has been discovered, The 
protein was termed lymphotactin due to its chemotactic ac- 
tivity for lymphocytes and absence of chemotactic activ- 
ity for monocytes or neutrophits /23.24]. The discovery 
of this chemokine suggests the existence of a third chcm- 
okine subfamily, the C or y-cheniokines, with the charac- 
teristic of only two of the four cysteines. The gene for lvm- 
photactin is located on human chromosome I. 

At present, 21 human chemokines have been described 
(Fig. 2). In addition, two murine C-C chemokines with two 
additional cysteines, C 10/MRP- 1 (macrophage inflamma- 
tory protein-rehited protein- 1 ) and MRP-2 [25 l, and a mu- 
rine C-X-C chemokine, stromal cell-derived factor [26J, 
have been cloned. Thus. the existence of more human 
chemokines is expected. 

Human C-X-C chemokines 

The amino acid sequences of  C-X-C chemokines show be- 
tween 20% and 90% sequence simi tarity. The C-X-C chem- 
okines can be subdivided structurally and functionally into 
two groups (Fig. 21. A conserved Glu-Leu-Arg- (ELR-I 
motif just before the first cysteine is found in most C-X-C 
chemokines, including II,-8, NAP-2, MGSA(GRO-c0,  
GRO-fl. GRO-7/. FNA-78 (epithelial neutrophil-activat- 
ing peptide-78), and GCP-2 (,granulocyte chemotactic 
protein-2). This motif has been proven to be essential for 
the biological activity of these chemokines [6, 71. All the 
EI_,R-containing chemokines are chemotactic and have ac- 
tivating properties (e.g.. degranulation and enhancement 
of the intracellular calcium concentration [Ca2+li) for neu- 
trophils if appropriately processed (Table l). PBP (plate- 
let basic protein~ or trt;ncation products thereof, namely 
CTAPIII (connective tissue activating peptide III) and 
fl-thromboglobulin, have to be cleaved proteolytically 
at the amino-terminus (NHa-terminus) into NAP-2 
~AELR...) before these proteins become chemotactic for 
neutrophils. NH2-terminal truncation of 77-residue IL-8 
into the 72-amino acid form enhances the chemotactic ac- 
ti;'ity. For other C-X-C chemokines, the length of the NH,-  
terminus seems to be less critical. We could not detect dif- 
ferences in the biological activity of the different NH2-ter- 
minal forms of human CGP-2 [27]. When the glutamic acid 
(E) of the ELR-motif  is removed from these chemokines, 
they lose their chemotactic and activating properties for 
neum)philic granulocytes [6, 7 ]. Three other C-X-C chem- 
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C-X-C chem.kines 

IL-8 

NAP-2 

GRO-ct 

GROq5 

GRO-7 
ENA-78 

GCP-2 
PF-4 

(IP-IO 

MIG 

% identity ~'ith IL-8 

EGAVLPRSAK~CQ~IKTYSKPFHPKFIKELRVIESGPHCANTEIIVKLSD GREL~LDPKEN-W~gQRVVEKFLKRAENS I00 

A~L2~CIKTTSG IHPKNIQSLEVIGKGTH~NQVEVIATLKD GRKICLDPDAPRIKKIVQKKLAGDESAD 48 

ASVATELRCQCLQTLQG IHPKNIQSVNVKSPGPHCAQTEVIATLKN GRKACLNPASPI'~KKIIEK/~LNSDKSN 42 

APLATKL~Q~LQTLQG IHLKNIQS~rKVKSPGPH~AQTEVIATLKN GQKACLNPAS~MVKKIIEKMLKNGKSN 41 

ASVVT~Q~LQTLQG iHLKNIQSVNVRSPGPH~AQTEVIATLKN GKKA~LNPASP~ZQKIIEKILNKGSTN 40 

AGPAAAVLR~d~V~LQTTQG VHPKMISNLQVFAIGPQ~SKVEWASLKN GKEI~LDPEAPFLKKVIQKILDGGN~EN 34 

GPVSAVLT~b~T~LRVTLR VNPKTIGKLQVFPAGPQ~SKVEV~ASLKN GKQV~LDPEAPFLKKVIQKILDSGNK 31 

EAEEDGDLQ~LCVKTTSQ VRPRHITSLEVIKAGPH~PTAQLIATLKN GRKI~LDLQAPLYKKIIKKLLES 34 

VPLSRTVR~T~ISISNQPVNPRSLEKLEIIPASQFCPRVEIIATM~KKGEKR~LNPESKAIKNLLKAVSKEMSKRSP 23 

TPWRKGR~S~ISTNQGTIHLQSLKDLKQFAPSPSCEKIEIIATLKN GVQT:LNPDSADVKEL~KKWEKQVSQKKK... 29 
...QK~4GKKHQKKKVLK'~RKSQRSRQKKTT 

C-C chemokines 

MCI'-I 

MCP-3 
EOTAXIN 

MCP-2 

?,ICP-4 

MIP-Ict 

.MIP-I~q 

HCC-I 

1-309 

MANTES 

C chemokine 

gC~-i  

% identity, v, ith MCP-I 

QPDAZNApVT~YNFTNRK ~SVQRLASYRRITSSK ~PKEAVIFKTZV AKEZ~ADPKQKWVQDSMDRLDKQTQTPKT 100 

QPVGINTSTT~_~YRFINKK IPKQRLESYRRTTSSH ~PREAVIFKTKL DKEICADPTQKWVQDFMKHLDKKTQTPKL 71 

GPASV PTT~FNLANRK IPLQRLESYRRITSGK ~PQKAVIFKTKL AKDI~ADPKKK~IQDSMXYLDQKSPTPKP 66 

QPDSVSIPIT~FNVINR/< IPIQRLESYTRITNIQ ~PKKAVIFKTKR GKEV~ADPKERWVRDSMKHLDQIFQNLKP 62 

QPDALNVPSTCCFTFSSKK ISLQRLKSY VITTSR ~PQKAV!FRTKL GKEI~ADPKEKWVQ~fMKHLGRKAHTLKT 61 

SLAA/3TPTACCFSYTSRQ IPQNFIADY FETSSQ ~SKpGVIFLTKR SRQV~ADPSE-~WVQK~'VSDLgLSA 38 

APMGSDPPTA~CFSYTARK LP~NFVVDy YETSSL ~SQPAWFQTKR SKQV~ADpSESWVQEYVYDLELN 36 

TKTESSSRGPYHPSE~FTYTTYK IPRQRIMDY YETNSQ ~SKPGIVFITKR GHSV~TNPSDKWVQDYIKDFK<EN 32 

SKSMQVPFSR~FSFAEQE IPLRAILCY RNTSSZ ~SNEGLIFKLKR GKEA~ALDTVGWVQRHRKMLRHCPSKRK 31 

SPYSSDTTP~FAYIARP LPRAHIKEY FYTSGK ~SHPAWFVTRK N-RQV~ANPEKKWVREYINSLEMS 28 

VGSEVSDKRT ~VSLTTQR LPVSRIKTy TITEG SLP.AVIFITKR GLKV~ADPQATWVRDWRSMDRKSNTR/~NMIQTKPTGTQQSTNTAVTLTG 

Fig. 2 Sequence alignment of htlTi];ll] chemokinc~,. Amino acid 
sequciices of human (2-X-C, C I ( ~ and C chcmokinex 16.23.36-3~). 
43] are aligned. The four characteri',tic cysteines and the conser,,cd 
ELR-motif in most C-X-C chemokines are ,rob'flirted. SCM-! is an 
alter~lauve name for lymphotactm [23] (IL-S imcrlcukm-8. NAP-2 
ncutrophil-acti',atirtg protein-2. GRO m{hmoma glmvtl>stimulating 
activity, E,VA-78 epithelial neulrophil-activating pe[)tide-78. (;CP-2 
granulocyte chetuotactic protein-2. Pf'-4 platelet factor-4, yIP-lO 
interferon-v-it~ducible protein- I 0. MIG monokine induced by inter- 
terou-7. MCP monocyte Ctlelllt}t~.lC|iC protein, MIP rnacrophage in- 
flammah~ry protein. HCC-I hemotiltratc-dcri~ ed C-C chemokine- l ) 

okines, PF-4. 71P-10, and MIG Ummokine induced by 
interferon gamma), lack the ELR-sequence and are not 
chemotactic for neutrophils [6, 7,281. 

The most extensively studied activity of C-X-C chem- 
okines is their chemotactic activity for neutrophils using 
the goyden microchamber migration test {Table 1). Al- 
though all C-X-C chemokiims with the ELR-motif  are 
chemotactic for neutrophils, they differ significantly in 
specific biological activity. When natural chemokines were 
compared for activation of neutrophils, IL-8 was the most 
potent chemokine in terms of chemotaxis and enzyme re- 
lease [29]. The minimal effective concentrations for IL-8 
are 0. I nM or lower. GCP-2, G RO- c~. GRO-7, ENA-78, and 
NAP-2 are only active at 10 to 100 times higher concen- 
trations, while the C-X-C chemokines without the ELR- 
motif are inactive. In addition to chemotaxis and enzyme 
release, in vitro activities of IL-8 on neutrophils include 
shape change, respiratory burst, and increase in [Ca>-]i, 
enhanced expression of adhesion molecules, and increased 
adherence to endothelial cells, to fibrinogen, and extra- 
cellular matrix proteins [6-81. So far neutrophils seem to 
be the major target cells for C-X-C chemokines, ahhough 

IL-8. yIP-10, and MIG are also chemotactic for (subsets 
of) activated T lymphocytes. IL-8 and yIP-10 were, how- 
ever. inactive in experiments o f t  cell chemotaxis through 
endothelial cell-coated membranes [3{)]. 1I_,-8 is a weak 
chemotactic agent for basophils and an inhibitor of the re- 
lease of leukotrienes and histamine from basophils. In ad- 
dition. IL-8 has been reported to inhibit IL-4-induced lgE 
production by B cells without effect on the production of 
other immunoglobulins [6-81. PF-4 is characterized by its 
high affinity for hcpa,'in and this explains its ability to pro- 
mote blood coagulation. In vb, o, the chemotactic activity 
for neutrophils of most ELR C-X-C chemokines has been 
confirmed in rabbits and/or mice [6. 8]. Finall3,. ELR 
C-X-C chemokines are stimulators of angiogenesis, while 
the three chemokines ,,~,ithout ELR-motif  are inhibitors of 
angiogenesis [31]. 

C-X-C chemokine,,, differ considerably with respect to 
their inducibility and cellular sources [6.29]. NAP-2 and 
PF-4 are only secreted by platelets. IL-8 can be induced on 
virtually all cells (e.g., let, kocytes, fibroblasts, endothelial 
and epithelial cells, and tumor cells) upon stimulation with 
a variety of products, including cytokines (e.g., [L-113, 
TNF-o:). other chemoattractants (e.g.. LTB 4. C5a), bacte- 
rial (e.g., LPS, I:'MLR M v c o b a c t e r i u m  taberczdosis l ,  viral 
[e.g., measles virus, double stranded (ds) RNA]. and plant 
[e.g., concanavalin A. phytohemagglutinin (PHA). and 
phorbol estersl products or other stress factors (e.g., asbes- 
tos, elastase, and silica'~ and upon leukocyte-endothelial 
adhesion [6]. Although the induction of the three GRO 
chemokines and 7IP-10 is studied less extensively than in- 
duction of IL-8. many cell types are able to produce these 
chemokines after proper stimulation (e.g., I.FN-?' for 
7IP-10). For the recently identified chemokines ENA-78. 
GCP-2, and MIG. there is little information available. 
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Table I Chemotactic activity of C-C and C-K-C chemokincs on dif- 
ferent leukocyte subclasses 16-9. 27. 29. 32. 33. 35-38, 43. 80. 81. 
102- 116 N K  natural killer. IL-~`/interleukin-8, NAP-2 neutrophit-ac- 
tivatmg protein-2. GRO melanoma growth-stimulating acuvay, ENA- 
7{-1 epithelial neutrophil-activating pep6de-78. GCP-2 granuloc3te 
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chemotactic protein-2. PF-4 platelet factor-4, t iP-10 interferon-;,'-in- 
ducible protcin-10. MIG monokine induced by interferon-y, MCP 
monocvte chemotactic protein. MIP macrophage inflammatory pro- 
rein HCC-I  hemofiltrate-derived C-C chemokine-l. ND not deter- 
mined. 2+ strong, - moderate_ • low or questionable, - absent 

C -X-C Chemoki nes IL-8 NPA-2 GRO ENA-78 GCP-2 PF-4 yIP- 10 MIG 

N" [  0 i 30C  ~, t e s  - -  - -  - -  ~ + - -  

T lymphocytes * ND ND ND ND ~ID ~ + 
B lymphocy~es - ND ND ND ND ND ND ND 
NK cells - ND ND ND ND ND _~ ND 
Dendritic cells - ND ND ND ND ND ND 
Neutrophils 2+ -*- ~- ~ _~ - 
Eosinophils - - - ND ND - ND 
Basophils - ND ND ND ND ND ND ND 

C-C Chemokines MCP-] MCP-2 MCP-3 MCP-4 Eotaxin RANTES MIP- I cz MIP-l fl 1-309 HCC- l 

Monoc~ tes 2+ 2+ 2+ . . . .  
T tymphoc} les 2+ 2+ 2+ * + ~ ND 
B lymphoc 3 tes ND ND ND ND ND - ND ND 
NK cells ~ - - ND ND - ~ ND 
Dendritic cells _* - 2+ ND ND ND ND ND ND ND 
Neutrophils - 
Eosinophits - -'- 2+ 2+ 27- 2+ _~ ND 
Basephils - ~- 2+ ND ND 2+ * ND ND 

E N A - 7 8  was first  i so la ted  f rom epi the l ia l  cel ls  but can also 
be p roduced  by f ibroblasts ,  m o n o c y t e s ,  neut rophi ls ,  and 
endo the l i a l  cel ls .  M I G  [32] and G C P - 2  [29.1 were  ini t ia l ly  
ident i f ied  f rom s t imula ted  m o n o c y t e s  and o s t e o s a r c o m a  
cells,  r e spec t ive ly .  1L-8. G R O ,  and E N A - 7 8  are s t rongly  
induced  by cy tok ines  such as IL- I  fl and TNF- tz .  bm their  
p roduc t ion  is inh ib i t ed  by I F N - y  [33]. In contrast ,  the non-  
E L R  cy tok ines  7 IP-10  and M I G  have been iden t i f ied  as 
I F N - y - i n d u c i b l e  genes  [6]. The re  exis ts  s ign i f i can t  var i -  
ance in the p roduc t ion  l eve l s  o f  the ind iv idual  C - X - C  
c h e m o k i n e s .  We s u c c e e d e d  in pur i fy ing  re la t ive ly  high 
leve ls  o f  IL-8  and G R O - o :  ( > I 0  lag/l) f rom in vi t ro  s t imu-  
lated cel l  l ines and buf fy  coats .  O the r  c h e m o k i n e s  such as 
GRO-f i ,  GRO-7 ,  G C P - 2 ,  E N A - 7 8 .  and ]ziP- 10 are p roduced  
in 10 to 100 t imes  l o w e r  a m o u n t s  [29]. 

H u m a n  C-C  c h e m o k i n e s  

To date,  no s e q u e n c e  m o t i f  wi th  such p r o n o u n c e d  b io loe -  
ical impl i ca t ions  as the E L R - m o t i f  in the C - X - C  c h e m o -  
kine f ami ly  has been  iden t i f i ed  in the C-C  c h e m o k i n e  f am-  
ily. In genera l ,  a lmos t  all C - C  c h e m o k i n e s  are c h e m o t a c -  
tic for  m o n o c y t e s  [8] and m e m o r y  T l y m p h o c y t e s  [30]. 
St ructura l ly ,  eo t ax in  and the m o n o c y t e  c h e m o t a c t i c  pro-  
teins M C P -  1. M C P - 2 .  M C P - 3 .  and M C P - 4  are the mos t  re- 
lated (Fig.  2) [34 -39] .  H o w e v e r .  the spec t rum of  ta rget  
cel ls ,  the spec i f i c  ac t iv i t i es ,  the p roduc t ion  levels ,  and the 
inducers  o f  these  f ive  C - C  c h e m o k i n e s  are qui te  d i f fe ren t  
(Table  1L M C P - 1 ,  -2. and -3 are the most  po ten t  c h e m o -  
kines  on m o n o n u c l e a r  cel ls ,  both  m o n o c y t e s  and t y m p h o -  
cytes .  M C P - 3 .  M C P - 4 .  and eo tax in ,  in contras t  to M C P - t ,  
are s t rong c h e m o t a c t i c  agen ts  for  eos inophi l s ,  and M C P - 3  
is the m o s t  po ten t  C-C  c h e m o k i n e  on dendr i t i c  cel ls .  In 

genera l .  M C P - 3  seems  to be the most  p lu r ipo ten t  c h e m o -  
kine.  ac t ing  on mul t ip le  cell  types,  inc lud ing  m o n o c y t e s .  
l ymphoc~ te s ,  eos inophi l s ,  basophi ls ,  natural k i l le r  (NK)  
ceils ,  and dendr i t ic  cells.  T h e  resul ts  f rom c h e m o t a x i s  ex-  
pe r imen t s  in Boyden  m i c r o c h a m b e r s  have  been  c o n f i r m e d  
by measu r ing  enhanced  [Ca2+/i in the target  cel ls .  M C P - 2  
is so far the only e x c e p t i o n  to this rule. We cou ld  on ly  de-  
tect  e n h a n c e d  [Ca-  ]i if the target  ce l ls  were  t reated wtth 
about  100 t imes  more  natural  or  sy nthetic M C  P-2 than nec-  
essary  for a c h e m o t a c t i c  r e sponse  [ 3 4 . 4 0 . 4 1  ]. 

Two  o ther  C-C  c h e m o k i n e s ,  the m a c r o p h a g e  i n f l a m m a -  
tory p r o t e i n s ,  MIP).  were  o r ig ina l ly  pur i f i ed  as one  fac tor  
wi th  c h e m o k i n e t i c  p roper t i es  on neu t rophi l s .  M I P  also 
induces  foo tpad  i n f l a m m a t i o n  in mice  [6, 9]. Th i s  factor  
ac tua l ly  cons is t s  o f  two rout ine  prote ins .  M I P - l c z  and 
M I P -  I ft. Human  M I P -  1 o~ and M I P -  l fl are e n c o d e d  by sev-  
eral  non-a l l e l i c  genes .  M I P - l c z  and M I P - l f i  cons is t  o f  
about  70% ident ical  a m i n o  acids  and are the first  i so la ted  
h u m a n  C - C  c h e m o k i n e s .  The i r  p roduc t ion  s e e m s  to be reg-  
u la ted  more  str ict ly than that o f  M C P -  l. T h e y  have  been 
de t ec t ed  in l ymphocy t e s ,  m o n o c y t e s ,  and f ibroblas ts .  C o n -  
s iderable  d i f fe rences  in the b io log ica l  func t ions  o f  MIP-1 c~ 
and M I P - l f l  have  been  repor t ed  ~Table 1), MIP- tc~  is 
c h e m o t a c t i c  for N K  cells ,  suppresso r  and c y t o t o x i c  T cel ls  
(CD8*) ,  whi le  M I P - I f i  ma in ly  at tracts  h e l p e r  T cel ls  
(CD4+).  To date. M I P - l t z  is the on ly  c h e m o k i n e  for  
wh ich  chemotac t i c  ac t iv i ty  on B cel ls  has been  repor ted .  
M I P - I c z  has also been desc r ibed  as a s t em ce l l  inhibi tor ,  
due  to the suppress ion  o f  the p ro l i f e ra t ion  o f  I L - 3 - d e p e n -  
den t  p r o g e n i t o r  cells.  Th is  e f fec t  is p r e v e n t e d  by M I P - l f i .  

R A N T E S  is the only C-C  c h e m o k i n e  wh ich  has been  
i so la ted  f rom plate le ts  and which  is c o n s t i t u t i v e l y  ex-  
pressed  in uns t imuta ted  T cel ls  [7 -9] .  R h e u m a t o i d  syn-  
ov ia l  fib robtasts and t umor  cel l  l ines also r e l ease  this che m- 
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okine. RANT[-IS is chemotaclic for memory T lympho- 
cytes, monocytes, NK cells, basophils, and eosinophils. 
1-309. a C-C chemokinc cloned from a T cell line. contains 
an extra pair ol:cystcincs forming a third disulfide bridge. 
I-3()9 is - in analog.~ with most other C-C ehemokines - 
chemotactic t'or t-nonocvtes and not for neutrophils. 1-309 
has also been identified as an anti-apoptotic factor for 
thvmic lymphoma cells 1421. Recently. a C-C chemokine 
has been isolated from hemofiltrate of patients with chronic 
renal failure 143]. This hem()liltrate-derived C-C chemo- 
kinc. F1CC-t. has been delected in significantly higher 
levels in human plasma than any other human chemokine 
identified lo date. The protein is. hov~ever, inactivc in 
theme[axis assays on all tested cells, including mouo- 
c,vtes, T cells, neutrophils, and eosinophils. 

Chemokine receptors and signal transduction 

Chemokines. like many  other theme[at t ic  factors, e.g., 
I'MI,P, PAF, and CYa, bind to their target cells through seven 
transmcmbrane spanning G-protein-linked receptors 
[44-471. Recently, twu C-X-C and six C-C chemokine re- 
ceptors {CCR and CXCR) have been cloned and partially 
characterized. Nlost receptors are not specific for one 
chemokine but can be activated by diffcrent chemokines, 
which bind with varying affinities. Chemokine receptors 
expresscd on leukocvtes can bind either C-C or C-X-C 
chemokines. In addition, a seven transmcmbrane spanning 
receptor" expressed on erythrocytes has been cloned, which 
can bind chemokines belonging to both subfamilies. This 
Duffy antigen receptor for chemokines (DARe)  does not 
signal through G-proteins. I)ARC is the receptor" used by 
the malaria parasite Pla.vmodium rira.r for the invasion of 
human erythrocytes. 

Chemokine receptors have an extracellular NH2-termi- 
nus and an intracellular COOH- (carboxy-) terminus. Li- 
gand-associated receptors on leukocytes can be internal- 
ized within minutes. The ligands are degraded through the 
tysosomal pathway and the receptors are re-expressed on 
t h e  cell surface. The second intracellular receptor loop, to- 
gether with the COOH-terminus and the third transmem- 
brahe domain, are involved in G-protein binding. The 
COOH-terminal region contains many Ser and Thr resi- 
dues. which are targets for phosphorylation and desensiti- 
zation of the receptors [44-46, 48]. 

C-X-C chemokine receptors 

Two related G-protein-coupled C-X-C chemokine recep- 
tors, CXCRI (tL-8-R I or IL-8-RA) and CXCR2 (IL-2-R2 
or IL-8-RB), have been identified. Both receptors are high- 
affinity receptors tk)r [L-8, but CXCRI has a somewhat 
lower affinity (two- to five-fold) for IL-8 than CXCR2. 
CXCRI can be recycled quickly (minutes), while CXCR2 
is only partially and slowly Ihours) recycled [49]. CXCR2 
also interacts with other C-X-C chemokines. All tested 
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C-X-C chemokines which contain the ELR-motif  in their 
Nit ,-terminal sequence (necessary for chemotactic activ- 
ity. on neutrophils), namely IL-8, GRO-o', ENA-78, and 
NAP-2. bind to CXCR2 with high aft[nit>. CXCR2 shares 
77% (}[  its amino acids with CXCRI .  The extracelluhtr 
Nile-terminal domains of both receptors, however, show 
low amino acid homology 124-,q ). ] 'his considerable vari- 
ance in the NH~-terminal structures of both receptors ex- 
plains their different binding characteristics to distinct 
C-X-C chcmokines. The NH ,-terminus together with the 
extracellular loops and the fourth transmembranc domain 
are important for chemokine interaction with the receptors 

. , - . ~ _ 4 )  [45, 47.5()J, while the COOH-terminus (residues ~ 17 '~  
is important for further signalling [511. 

Both [L-8 receptors are co-ordinatel,v expressed, pre- 
dominantly on neutrophils, but also on n]on(I)CVteS and on 
a subset of NK and "r cells, but not on eosinophils or en- 
ch~thclial cells {52, 53J, In addition, low expression of 
CXCRI,  but not of CXCR2, has been detected in ptatelefs 
154J. The expression of IL-8 receptors on neutrophil,,, is up- 
regulated by tMLP and I,PS. tMLP induces degranulation 
of neutrophils resulting in receptor expression on the celt 
membrane, while LPS induces de nero  receptor synthesis 
[551. LPS-enhanced IL-8 receptor expression is almost 
completely downregulated by aminopeptidases [56}. Re- 
cently. CXCR2 expression has been detected on astrocy- 
tes and on microglia [571. Therefore. IL-8 and other 
CXCR2-binding C-X-C chemokines may be important for 
the recruitment of phagocytosing microglia and antigen- 
presenting astrocytes to the inflammatory site in the cen- 
tral nervous system. 

In mice. IL-8 probably does not exist and only one mu- 
rine tL-8 receptor homologue (CXCRh or IL-8-Rh) has 
been cloned. CXCRh knock-out mice looked outwardly. 
healthy but had enlarged spleens and lymph nodes due to 
increased numbers of B cells and immature and mature 
neutrophils. No neutrophil migration could be detected in 
vitro or in r ive with two ligands for the murine CXCRh, 
the murine chemokine MIP-2. and human I t -8  [581. 

C-C chemokinc receptors 

In general, the related protein sequences o f  C-C chemo- 
kine receptors (CCR) differ mainly in their NHz-terminal 
part, which might explain the different specificity of the 
C-C chemokincs for particular receptor interactions. An 
additional factor which may enhance the specificit) of 
C-C chemokines for target cells may be the cellular distri- 
bution of the receptors (Table 2). Moreover, most CCR are 
shared for binding by several C-C chemokines with differ- 
ent affinities [34, 47]. 

CCR 1, also designated the RANTES/MIP- I cz receptor 
or C-C chemokine receptor- I (C-C CKR- 1 ), was originally 
isolated from HL60 cells. Similar to that of [L-8, this re- 
ceptor has properties of the G-protein-linked receptors of 
the seven transmembrane spanning receptor superfamily. 
The amino acid sequence is about 30c~ identical to that of 
the two IL-8 receptors. CCR 1 binds MIP-I (x, RANTES and 
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Table 2 Interaction uf C-C chemokine,,, with their receptors on Icu- 
kocytes 

Leukocyte Receplor Ligand 

Mononuclear CCR. t 
CCR-2 
CCR-4 
CCR.5 

Eosmophil CCR-I 
CCR-3 

Basophi l  CCP, .4 

MIP-I ce, RANTES. and MCP-3 
MCP-1 and MCP-3 
MIP-I c~. RANTFS, and MCP-I 
MIP-Io~. MIP-I,B. and RANTES 
,',,liP-I~'. RANTES. and MCP-3 
Eotaxin, RANTES, and MCP-3 
M1P-I r.z.. RANTES. and MCP-1 

MCP-3, and to a lower extent also MIP- 1 fl and MCP- 1, but 
not the C-X-C chemokines IL-8, GRO-ff, and NAP-2 
[59-62]. RANTES, MCP-3, and MIP-Ice are also most 
efficient in the induction of enhanced [Ca-'+]i through this 
receptor. CCR 1 is expressed on monocytes, g cells, eosin- 
ophils, and neutrophils. No CCRI could be detected on 
PHA-acth, ated T cells, although RANTES was identified 
as a T cell chemou,ctic factor. 

Two other MCP receptors. CCR2A and CCR2B (C-C 
CKR-2A and C-C CKR-2B or MCP-IRA and MCP-IRB), 
only differ in their alternatively spliced COOH-terminal 
tails [63J. They are probably splicing variants of a single 
gene. CCR2A and CCR2B respond to MCP-I and MCP-3 
in terms of enhanced [Ca2+]i and inhibition of adenylyl 
cyclase. MCP-2 showed minor effects at 100 times higtler 
concentrations, ;.aid no response was detectable with 
MIP- 1 o~, MIP- I fl, RANTES, and IL-8. CCR2A and CCR2B 
mRNA are both expressed in monocytes. In contrast to 
CCRI, no CCR2B mRNA is expressed in neutrophils and 
eosinophils [59, 64]. 

A fourth C-C chemokine receptor. CCR3 or C-C CKR-3. 
most closely related to CCR 1, has been detected on human 
eosinophils and is the receptor for eotaxin, MCP-3, and 
RANTES. CCR3 does not bind MIP-Icg or MIP-lfl [59, 
65.66]. CCR.4 (C-C CKR-4 or K5-5). which can be stim- 
ulated with MIP-lcz, RANTES, and MCP-I but not with 
IL-8 of MIP-1/3, was identified by molecular cloning from 
a human basophilic cell line tTable 2). Expression of mRNA 
for CCR4 was detected in basophils, T cells, B cells, mono- 
cytes, and platelets. Upon stimulation with IL-5, there was 
a significant upregulation of CCR4 expression in basophils 
[54,671. In contrast to CCR3, another receptor, CCR5 or C- 
C CKR-5, is selectively expressed on peripheral blood 
monocytes. CCR5 is selective for MIP-Io~, MIP-Ifl, and 
RANTES. but not for MCP-1, MCP-2, or MCP-3 [59, 68J. 

Duffy antigen receptor for chemokines 

DARC is the only identified human receptor which inter- 
acts with both C-C and C-X-C chemokmes, but not with 
the recently identified C chemokine lymphotactin. This re- 
ceptor does not signal through G-proteins or through 
changes in the [Ca2+]i. DARC binds with high affinity the 
ELR-C-X-C chemokines IL-8, NAP-2, ENA-78, and 
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GRO-o~, and the C-C chemokincs RANTES, MCP-I. and 
MCP-3. Non-ELR-C-X-C chemokines ( 71P- 10 and PF-4) 
bind with low affinity, and MlP-lgz and N'IIP-1/3 do not 
interact with this receptor. C-C and C-X-C chemokines 
compete for binding to a shared site. Binding of GRO-cz 
of IL-8 to erythrocytcs blocks the binding to and invasion 
of erythroc.vtes with the malaria parasite [45.47. 69]. In 
addition to erythrocytes, postcapillary venule endothelial 
ceils, but not endothelial cells of arteries, capillaries, or 
large veins (including umbilical vein), also express DARC 
[70}. 

The function of this chemokine receptor is currently not 
clear. DARC on erythrocyte~ might act as a sink for circu- 
lating chemokines in the blood stream. IL-S and GRO-cz 
bind to DARC-positive erythrocytes and to a much lesser 
extent to DARC-negative cells [71]. On endothelial cells. 
DARC might serve ;ts an active receptor facilitating leu- 
kocyte-endothelial cell interaction, or DARC could con- 
centrate chemokines on endothelial cells [72]. In this re- 
spect. IL-8 binding to postcapiltary ,,enules has been ob- 
served in rats. although no lt.,-8-specific receptors could 
be detected on endothelial cells and no 11.-8 was internal- 
ized [52.72]. DARC on endothelial cells might present the 
chernokines to their receptors on leukocytes. Also prote- 
oglycans on endothelium could serve as a scaffold to bind 
chemokines to the endothelium. MIP-1/~, which is a CD8 + 
T cell chemoattractant and which does not interact with 
DARC, binds to cellular proteoglycans 173}. Both binding 
to DARC or proteoglycans could prevent the dilution of 
the chemokines in the blood stream. 

Signal transduction through chemokine receptors 

Ligand binding to chemokine receptors on the leukocyte 
membrane results in signal transduction through activation 
of G-proteins. G-proteins consist of a heterotrimeric com- 
plex of the Ga-, G,:r', and G;,-subunits. Ligand-receptor 
interaction results in the exchange of" bound GDP for GTP 
on the Gc:subunit. The Gc:subunit dissociates from the 
Gp::subunit complex, and GTP-bound Ga-subunits and 
G/~:subunits can subsequently activate different enzymes. 
This can result in enhanced [Ca n;. li, activation of phospho- 
lipases, enhanced arachidonic acid concentrations, activa- 
tion of kmases, cyclic AMP generation, integrin redistri- 
bution, and eventually in uropod formation, eytoskeletal 
rearrangements, and/or chemotaxis. When GTP is hydro- 
lyzed to GDP, Ga-subunits can be recycled and bind to the 
receptor in a G,xl~,:complex. 

Most chemokines use Bordetella l)ertussis toxin-sensi- 
tive G-proteins in their signal transduction pathway. The 
signal transduction of C-X-C chemokines through CXCRJ 
and CXCR2 involves G-proteins which activate phosphol- 
ipase C (PLC) (Fig. 3). PLC generates two second messen- 
gers, inositol triphosphate (IP3) and diacylglycerol (DAG). 
from membrane-bound phosphatidylim)sitol 4,5-bisphos- 
phate. IP 3 diffuses in the cytosol and induces the release 
of Ca 2+ from intracellular stores. DAG activates protein 
kinase C (PKC) [74, 75]. In addition, both IL-8 receptors, 
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Fi14.3 Signal transduction on neutrophil granulocytes through 
C-X-C chemokine receptors (CXCRI. Schematic presentation of 
ELR-C-X-C chemokine signal transduction pathways in neutroph- 
ils. [[,-S binds x~<ith high affinity to both C-X-C chcmokine receptors 
{CXCRI and CXCR2) while the other ELR-C-X-C chemokines bind 
only CXCR2 with high affinity. Signal transduction through both 
seven transmembranc spanning receptors. CXCR I and CXCR2, m- 
vol yes pertussis toxin (Pg)-serlsitive G-proteins which active MAPK 
(mitogen-activated protein kinase) and phospholipase C (PLC). PLC 
cleaves PIP 2 (phosphatidylinositol 4,5-biphosphate) int~) t~,o second 
messengers DAG (diacyl~lycc,ol) and IP~ (inositol trisphosphate), 
resultin o - in activated PKC {protein kmase C) and enhanced intracel- % . . . 
lular Ca'*. A combination ot these phenomena leads to cytoskelctal 
changes and chemotaxis 

in a pertussis toxin-sensitive way, can activate p42/p44 mi- 
togen-activated protein kinases or extracelhflar signal-reg- 
ulated kinases [75, 76]. These kinases may activate tran- 
scription factors, phospholipase A_, (PLA2), and other 
kinases and reorganize cytoskeletal elements. 

IL-8-induced signal transduction pathways in T lym- 
phocytes seem to be partially different from the signalling 
events in neutrophils [77}. [L-8 seems to work on T lym- 
phocytes mainly through CXCR2. or the shared receptor 
among all C-X-C chemokines containing the ELR-motif. 
In T lymphocytes, no rapid rise in [Ca-'+li is detected. In 
contrast, Ca 2+ mobilization is slowly elevated but is long- 
lasting. In addition to PLC and PKC activity, activation of 
PLD in a Ca:"- and PKC-dependent way has also been de- 
tected. Although stimulation of neutrophils with fMLP re- 
sulted in marked PLD activity, no such activity could be 
detected on lk-8-stimulated neutrophils [77]. Finally, in- 
tegrin redistribution (ICAM-3) and uropod formation upon 
chemokine stimulation of lymphocytes are dependent on 
G-protein signalling through chemokines and on cyclic 
AMP activation [11]. 

The signal transduction mechanisms of C-C chemo- 
kines on monocytes are partially different from those of 

the C-X-C chemokines receptors. MCP- I and MCP-3 stim- 
ulation of monocvtes results in an enhanced [Ca2+]i and in 
activated (phosphorylated) cytosolic PLA> The [Ca2~]i is 
increased, mainly due to the influx of Ca 2" into the cell 
[40]. This is in contrast to the release of Ca 2+ from intra- 
celhthtr stores in neutrophils in response to ELR-C-X-C 
chemokines. Activated cytosolic PLA, results in the re- 
lease of arachidonic acid from phosphatidylcholine and is 
necessary for monocyte chemotaxis [78]. MCP-2 is to date 
the only chemokine lbr which signalling through cholera 
toxin-sensitive G-proteins ha.s been described on mono- 
cytes [401. 

It can be conchtded that cell-specific expression of 
chemokine receptors (qualitatively and quantitatively) 
determines the response of target cells to the respective 
chemokines. Moreover, one chemokine can activate sev- 
eral receptors (e.g.. IL-8) and one receptor can interact with 
different chemokines (e.g., CXCR2). In addition, signal 
transduction through one chemokine receptor may differ 
depending on the cell type (e.g., CXCR2 on neutrophils or 
lymphocytes) and activation of one receptor may desensi- 
tize the signalling of other receptors. The chemokine- 
receptor interactions are only partially elucidated. Most 
receptors have only recently been identified and for some 
chernokines (e.g., MIP-l/J) the existence of other specific 
receptors is expected. In addition, chemokines can bind to 
extracellular matrix proteins and to a receptor on erythro- 
cytes and endothelial cells. This network of responses, to- 
gether with the differences in chemokine induction and 
production, suggests a complex in vivo situation. 

Role of chemokines in normal 
and pathological processes 

Not only are chemokines important in acute and chronic 
inflammation, but they have also been implicated in lyre- 



P. Prot+st et al.: '['hc role of chcnlokinc,, in inl'lammatitm 

phocyte trafficking during '1" cell devch)pment and matu- 
ration in germinal centers, ct)agulation, hematopoiesis, an- 
giogenesis, wonnd healing, autoimmune disease, allergy. 
and malignanc+v. Here. examples are given of normal and 
pathological conditions in which chcmokines have been 
proven to play a crucial role. 

ttematopoiesis 

Several chemokines may have a function in blood cell de-- 
velopment. The most exten.,,ively studied chemokine in this 
respect is MIP- I oz. Stem cell inhibitor appeared to be iden- 
tical to the C-C chemokine MIP-I (_z. which inhibits in a re- 
versible manner the cell cycle of hematopoietic progeni- 
tor cells. The inhibitory effect of MIP-ltz is blocked '+vith 
MIP-Ifl  [8]. M I P - l a  protects muhipotent hematopoictic 
progenitor cells in a chemotherapy model using repeated 
cycles of cytotoxic hydroxyurea. In addition, MIP-1 ~ mo- 
bilizes hematopoietic stem cells from the bone marrow to 
the blood. A MIP-I(_z mutant, which, in contrast to natural 
M[P-lee does not fornl rnultirners in solution, is now be- 
ing tested in clinical trials to assess its value in chemother- 
apy and as a mobilizer of hematopoietic stem and progen- 
itor cells [79]. 

IL-8, PF-4. GRO-/3. yIP-10, and MCP-I (but not 
GRO-o~. GRO-y, NAP-2, MIP-lj~, and RANTES) also sup- 
press the colony formation of myeloid progenitor cells 
stimulated with granulocyte-macrophage ct)lony-stimulat- 
ing factor and stem cell factor [8. 80]. A combination of 
the suppressive chemokines was active at _l.000-fold 
lower concentrations than at individual chemokine dos- 
a,,es.+_.. A sin~le~ intravenous or int,'aperitoneal injection of 
IL-8 induces a rapid mobilization of neutrophils and he- 
matopoietic stem cells in rnice and rabbits [6.8 I, 82]. This 
observation might be useful in peripheral bh)od-derived 
stem cell transplantation. Indeed. in in vivo experiments, 
transplantation of mononuclear cells from IL-8-treated 
mice into lethally irradiated mice restllted in a threefold 
higher survival rate than with transplanted mononuclear 
cells from untreated mice [82]. 

Angiogenesis 

The formation of novel blood vessels is an essential pro- 
cess in several normal and pathological processes, includ- 
ing embryonic de,,elopment, wound healing, chronic in- 
flammation, and tumor cell growth [83]. During wound re- 
pair, angiogenesis is normally rapidly initiated, tightly con- 
trolled, and abruptly terminated. Thus, it is interesting that 
members of the C-X-C chemokine family can be stimula- 
tors (IL-8) or irrhibitors (PF-41 of angiogenesis [84, 85]. 

Recently, the presence or absence of the ELR-sequence 
in the NH2-terminal region of C-X-C chemokines has been 
shown to be crucial for the angiogenic or angiostatic 
activity, respectively [1311. IL-8, GCP-2, GRO-cz, and 
ENA-78, all ELR-C-X-C chemokines, are potent chemo- 
tactic cytokines for endothelial cells and are angiogenic 
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proteins in the corneal micropocket model in rabbits. 
PF-4, TIP-10. and MIG. C-X-C chernokines without the 
El~R-motif, can inhibit endothelial cell (but not ncutro- 
philic) chemotaxi~ and rat cornea neovascularization in re- 
sponse to ELR-C-X-C chemokines or basic fibroblast 
grov.'th factor. Moreover. a mutation of three anlino acids 
in IL-8 (ELI+. into TVR or DI.Q) changes lL-8 into an in- 
hibitor (ifangiogenesis and a mutation of M1G I KGR into 
ELR) transform.,, MIG into an angiogenic factor. The dif- 
ference between the two C-X-C chemokine subfamilies 
with respect to artgiogenic activity ma,, explain the inhib- 
itory action and important role of interferons in angiogen- 
esis. Production of EI.R C-X-C chemokines t ll,-g and 
EN,\-78) is inhibited by IFN- 7, whi le / IP-10  and MIG are 
both upregulated by IFN-;t [331. 

Tumorigenesis 

In tumor biology, chemokines may have a tumor-promot- 
ing and/or tumor-regressing effect. Chcmokines are con- 
stitutively expressed in a variety of tumor cells. Upon in- 
duction of tumor cells, levels of chemokine production can 
be enhanced significantly. We have been able to isolate 
most of the currently known human chemokines from 
MG-63 osteosarcoma cells or THP-I  monocytic cells. In 
fact, many chemokines {e.g.. MCP-2, MCP-3, and GCP-2) 
have originally been isolated from these tumor cell lines 
[29. 35]. Moreover. in many solid tumors, tumor-asso- 
ciated let, kocvtes are found, which were probabl? attracted 
through tumor cell-derived chemotactic factors [861. 

When tumor cells transfected with MCP- 1 or RANTES 
are transplanted into animals, no tumor growth is detected. 
while the parent cells formed large tumors. T cell function 
and macrophage migration have been found necessary for 
the tumor-inhibitory effect of these chemokincs [9, 86]. 
Tumor growth and metastases largely depend on the gen- 
eration of novel blood vessels. PF-4, ?'IP-10. and MIG in- 
hibit angiogenesis and ma? thus inhibit tumor growth. Thus 
certain C-C and C-X-C chemokines may have inhibitory 
effect.', on tumor growth and may be useful in therapy in 
combination with other inhibitors of angiogenesis such as 
angiostatin [83]. 

For metastasis, tumor cells have to find their way to the 
blood circulation. Leukocytes can be attracted by the chem- 
okines which are constitutively produced by tumor cells. 
During their migration, activation of leukocytes by chem- 
okines results in the release of proteases, restllting in the 
degradation of extracellular matrix proteins. In addition. 
the tumor-associated leukocytes may provide the tumor 
with additional stimuli (cytokines) for an upregulated 
chemokine production. Since tun]or-associated leukocytes 
have been found to produce several growth and angiogenic 
factors (e.g., platelet-derived growth factor, EGF, and an- 
giogenic ELR-C-X-C chemokines), these cells may' pro- 
mote tumor growth and met;tstasis [86]. Thus. the immune 
system may provide the turnor cells with the necessary 
tools to find their way to the circulation through a coun- 
tercurrent principle, in which the leukocytes actively mi- 
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grate and generate "'channels" for the metastasi,qng tumor 
ceils [sg]. 

In conclusion, chemokines rnay provide tumor-pronlot- 
ing and/or tumor-regressing signals, depending on the type 
and amount of chemokines produced. Chemokines may be 
important fcictors for the balance or inibahlncc bet~een the 
run,or-promoting and -regressing activities. 

Inflammation 

P. l->rno,,t ctal.: l'hc role of chcinokiues in Jnfhimnl;ilh)n 

duced Ihrou~,tl an ;.iutoinlnttine mechanism, mediated by 
cylotoxic T cells. In MIP-lcz knock-out mice. 10 da,~s 
after infection with Coxsackic virus t73. the viral titers are 
similar to those el'control mice. However. knock-out mice 
do not develop nl.,,.ocarditi>. This indicates that the virus is 
not directly i'esl~onsihle for the disease. M IP-lc_z. probably 
recruits the early I after 5 days I detectable macrophages and 
neutrophils, x~hich in turn can process Icleavej self-pro- 
teins. The generated peptides are recognized as foreign ma- 
terial by attracted cytoloxic "P l vrnphocytes. 

lnflamniation implies the recruitrnenl of leukoc) tes. "lhu.-. 
it is obvious that leukocyte chemotactic and activating pro- 
teins play an important role in inflanlmato,~ diseases. 
Since their discox ery. chemokincs (also designated pro-in- 
i'lammatory cytokincsj have been associated ~.idl inflam- 
inati~m. They can be detected in body fluids and on histo- 
logical sections (both at the protein alld tuRN.-\ lexel) in a 
variety of inflanirnatorv diseases 16. 7. 91. In addition to 
the detection c)f chclnokines, inert cvidencc for the role of 
chemokines in inI]ammation is derived fiom two types of 
neutralization experiments tSl. In experimental collagen- 
induced arthritis, adininistration of anti-It-8 antibodies to 
the inflammatory .joint reduces the inilammation. When 
anti-lL-g antibodies are combined with the re-establish- 
ment of the blood flow in ischemic lungs, these antibodies 
are able to lower significantl) the rcperfusion-induced in- 
jury. 

A tl{Oi m r n u n e  diseases 

In autoimmune diseases such as multiple sclerosis {N'IS). 
arthritis, and psoriasis, different leukocyte subtypes are re- 
cruited to the inflammatory site. In psoriatic scales and i11 
the arthritic synovium a varietx of chemokines, including 
MCP- 1. I t-8,  and GRO, have been identified [6-81. Chem- 
okines might be responsible for the migration of leuko- 
cytes to these inflammatory sites and could locally stimu- 
late leukocvtes to release proteases. The latter are able to 
cleave proteins into autoreactive peptides [88}. In this re- 
spect, gclatinase B. an enzyme which can be released from 
neutrophils and mononuclear cells upon stimulation with 
chemokines [29, 89.90i, is able to cleave myelin basic pro- 
tein and to generate encephalitogenic autoantigens [91 ]. In 
MS. these autoantigens stimulate the autoreactive T cells. 
which in turn can produce cytokines such as IFN-7. IFN-7 
can upregulate the production of chemokines, particularly 
C-C chemokines, which again attract mononuclear cells. 
Since mainly rnononuctear cells are detected in MS lesions. 
it is not surprising that [FN- 7 is a damaging cytokine in 
this disease. In contrast, in hyperacute experimental aller- 
gic encephalomyelitis mainly neutrophits are involved 
[88]. Here. IFN-7'is beneficial, corresponding to the inhib- 
itory effect of IFN- 7 on the production of C-X-C chemo- 
kines with chemotactic activity on neutrophils like [L-8. 

More direct evidence for the role of chemokines in au- 
toimmune diseases has been found in MIP-1o~ knock-out 
mice [92]. In myocarditis, cardiac lesions are primarily in- 

Infectious di<~eases 

Chemokines may play an important role in the recruitment 
oi- Icukocvtes to ,, irallv iri footed site~,. Cheinokines are pro- 
duced by a variety of cell types (mononuclear cells, fibro- 
bh>,t> . . . .  ) upon stimulation with virus or dsRNA 16. 34. 
93.94]. When MIP- I ~z knock-out mice are infected with 
influenza virus, much higher virus titers and less inflam- 
nlation (lower mononuclear cell counts) are detectable 
after a few days than in control mice 192]. Viral clearance 
in control mice is faster than in MIP-I (zknock-outs. Thus, 
MIP-1 ce plays an important role in influenza virus-induced 
pneumonitis, clue to its chemotactic effect on mononuclear 
cells. Recently, C-C chemokines and their receptors have 
been linked to the infection of CDa* cells with human iin- 
munodeficiency virus I HIV). Three CD8 + T cell products, 
the C-C chemokines M IP-Icz, M I P-I/3, and RANTES, but 
not MCP-I. have been identified as HIV-suppressive fac- 
tors [951. A combination of neutralizing monoclorial anti- 
bodies against thesc three chemokines inhibited the HIV- 
suppressive activity of CD8 + T cells. Seven transmem- 
brahe G-protein-coupled receptors, including fusin and the 
C-C chernokine receptor CCR-5, have been identified as 
co-receptor (together with CDa) for virus binding and 
virus-target cell membrane fusion [96-99l. 

LPS and bacteria have been reported as powerful induc- 
ers of chemokincs. IL-8 was originally discovered in 
monocytes induced by LPS. The most extensively studied 
chemokines, IL-8 and MCP-I,  are induced by LPS in leu- 
kocytes, chondrocytes, endothelial and smooth muscle 
cells [6 .7 .34l .  Epithelial cells, which are primary targets 
for bacterial infection, can secrete IL-8 upon infection with 
a ,,ariety of bacteria, but not upon LPS challenge [I00]. 
The production levels of chemokines with bacterial infec- 
tions may vary depending on the type of infected cells. 
Moreover. depending on the kind of infection, different 
chemokines may be produced. In addition, circulating 
MCP-I,  MCP-2. and IL-8 levels are elevated in sepsis pa- 
tients [ 101 I. MCP- 1 and IL-8 levels tire increased both dur- 
ing Gram-positive and Gram-negative infection. 
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