
PATH()LOGY ON(X)I.OGY RESI!AR('I t 
VolR, Nol 2. 1996 l'uldiGlin,g l, td. - -  KID, DO - -  

MINIREVIEW 

Inflammatory and Physiological Roles of Chemokines 

Antal ROT 

Experimental Molecular Pathology, Deparlment of  Dermatology, Sandoz Research Institute, Vienna 

Chemokines, members of the family of chemotactic 
peptides, have a well documented function in dif- 
ferent inflammatory diseases where they induce 
leukocyte emigration into lesions. Several recent 
observations indicate that, in addition to pathologi- 
cal states, chemokines are also produced and 
secreted under physiological conditions by various 
exocrine glands in amounts sufficient for their full 
biological effect. The glands involved in chemoki- 
ne production and secretion include eccrine sweat 
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glands, lactating mammary glands, lacrimal and 
salivary glands. It is suggested that analogous to 
their role in inflammatory diseases, chemokines 
produced by the exocrine glands are responsible for 
the induction of homeostatic leukocyte migration 
into mucosal epithelia and skin and also, nlammary 
glands and milk. In addition, the mechanism by 
which chemokines induce leukocyte homing under 
physiological circmnstances is discussed. (Pathology 
Oncology Research Vo] 2, Nol -2 ,  16-20, 1996) 

Ik. leukocyies 

Introduct ion 

Chemokines are members of an emerging family of 
cytokines with claemotactic activity (hence the name) for 
different leukocytes and other circulating and sessile 
cells./r Molecules are classilicd as chemokines based 
primarily on structural and not functional properties: they 
irichlde pepiides of 7-10 kD with four cysteines in con- 
served position within the molecule. Chemokines are 
divided into "C-X-C" (/1 "cz" and "C-C" or "I]" subfiunilics 
dependino on the presence or absence of an intervenine 
amino acid between the first two cysteines. More than 
thirty htlnlan chcn]okines have been described to date but 
only some of these molecule,, are well characterizecl 
(Table 1). Platelel factor 4 (Pl:4), the first chcmokinc. 
discovcrcd over 40 years ago. has been clearly surpassed 
by interlcukin-8 (IL-8) as the most widely studied o~-che- 
mokine: monocyte chemotaciic protein-I (MCP-I). 
IlliiCft)[)hLt~2C inl luniniatur 2 prolcii-L-I(z (MIP los.) and 
RANTES are considered to be the proiotype members of 
the ~ chclnokine subfamily. Recent discovery (if lympho 
taclin, a molecule with high honlology to chcmokines bul 
containing only two cysteines in c(mscrvcd position crealed 
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the precedent of a peptide with less than four cysteines 
being called a chcmt)kinc: now lymphotactin is the sole 
inember of a "C" or "y" chcmokine subfamily. The cellu- 
lar effects of chenlokines arc mediated via specific G- 
protein-coupled receptors with sevell transmembrane 
domains. Ten different cllelnokinc receptors have been 
describcd. One receptor type can hind one, several or 
many differcnl chcuiokines. Because leukocyte subsets 
can exclusively express one parlictllar chemokine 
recei)tor, the Most striking characteristic of chen]okines is 
their ability to affect ilarrow subpopulations of Icukocytcs. 
Conversely. classical chenloalliactants, e.g. forniyl pep- 
tides, CYa, LTB~, etc, are panchcmolaxiils: thcy affect a 
broad range of lcukocytcs. In general terms. (z chcnlo 
kines, th(ise collts, iiilino/he ELR sequencc in] p:.utictllal, arc 
neLitrophil chemoattraclants; wl-icreas, nlembers of the [:~- 
chemokine si.ibl'amily attract mofloeyics, cosinopllils guld 
basophils. I~ Lylnphticyie chenlo:lllr',iclants can bt.' lt)und 
,'4111011g 1110111[)OI'~-; Of al! tl ,ee >. bfi m !.es of,:hemol,:h~cs. ; 

In rive i . . f lammatorv role o f  chemokines  

Chcnlokines, IL-~ in particular, were shown lu be pro- 
duced by a wide variety of cells in different tisstie~, upon 
stimulation by several nicmbers of a broad spectrtnn of 
inflainnmtory eytokines Ifrom interleukin-I ( l l .- l)  to 
intcrlcukin-17], by microorgalfiSmS and their products, by 
h},poxi:dreoxygenafion, inoreanic crystals and t~tlaer proin 
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Table 1. H u m a n  c h e m o k i n e s *  

C C (~) C (y) chl'moki,'lc C X C (cz) chemokim's chcmokines 

IL-8 (NAP-l)  MCP-1 (MCAF) Lymphotactm 
I'BI'-+IBTG~CTA P-3---> MCP-2 

> N A P - 2  MCI'-3 
MGSA (Groa, NAP-3) MIP-1c~ 
Grol5 MIP-1 [~ 
Grou RANTES 
PF4 Eotaxin 
ENA-78 1-309 
TIP-10 HCC-1 
GCP-2 
7?vHG 

". Additional twelve lmman peptides are classified as chemokines 
based on their DNA sequences. 
Arrows "--+" indicale N terminal processing resulting in ditferent 
biological activity. The most common alternative names are shown in 
brackets. 

flammatory stimuli (reviewed in refs. I and 2). Due to this 
and considering the potent in vitro chemotactic activity of 
IL-8 anti other chemokines, it is not surprising that in the past 
several years these molecules have been profiled as agents 
responsible for inflammatot T leukocyte recruitment into 
different pathological lesions. Le Various experimental and 
clinical evidence suggests that chemokines generated in the 
inflamed tissues are thc driving force behind the leukocyte 
egress from circulation. ~ ~ When injected into humans and 
experimental animals, clwmokines induce the accumulation 
of those leukocyte types and subsets in the injection sites that 
are capable of responding to that partictdar chemokine ~-~ 
Also, scvcral clinical studies and experimental disease 
models have linked the production of chemokines to the 
pathogenesis of inflammatory and infectious diseases includ- 
ing septic shock, adult respiratory dislrcss syndrome, chronic 
inflammatory bowel disease, arteriosclerosis, rheumatoid 
arthritis, gout, idiopathic puhnonary fibrosis, asbestosis, and 
different viral, bacterial, fungal and parasitic infcctions and 
infestations, etc (reviewed in ref. I ). As a result, a generally 
accepted view emerged that the in vivo production ofchemo- 
kines is always associated with pathological conditions, 
mainly, various fi)rms of inflammation and malignancy. 
However, many recent observations show chemokine pro- 
duction by secretory glands under physiological and not 
pathological conditkms. This suggests the involvement of 
chemokines in homeostatic leukocyte emigration into the 
tissues bordering the external environlnent, e.g. mucosal 
surfaces and skin. The mechanisms by which chemokines 
induce physiological leukocyte homing arc also outlined. 

(Ttemokine secretion in eccrhte sweat 

In humans, the physiological process of sweating, secre- 
tion by eccrinc sweat glands, is induced in a variety of 
slressful conditions with potentially hazardous outcomes 

for the individual, including thermal, physical, emotional 
and mental stress) It is thcrefl)rc possible thai human 
sweat, in addition to its well-understood role in 
thernloregulation, also contributes to host delense. This is 
suggested by the fact that sweat contains molecules 
involved in host defense such as immunoglobulins (lg) of 
the IBA subclass 5 and ulajol + inflammatory and host 
defense cytokines, IL-1 and T N F )  '~ Recently, we investi- 
gated the leukocyte chemotactic activity of normal huumn 
eccrinc sweat. 9 Sweating in healttLV volunteers was induced 
by io,,,,ino outdoors: sweat was collected from the upper 

a ~ m ,  m 

trunk into custom-made pouches during a 30 nlinute run at 
an approximate speed of 10-15 km/ll. Sweat was aspirated 
from the pouch and immediately filtered through a 0.22 
Wn millipore filter. When sweat was tested in standard 
Boyden-type neutrophil arm monocyte chemotaxis assays 
wc observed thai it was chemotactic for both neutroplfils 
and monocytcs, v The eccriue sweat was applied to a C4 
reversed-phase high pressure liquid chromatography 
(l tPLC) column and cluted by a gradicnt of acetonitrilc, 
resulting in separation of the neutrophil chemotactic activ- 
ity into several peaks. The number of peaks varied 
between three and seven, depending on the donor. One of 
these peaks was identified by EIJSA as IL 8; others could 
possibly also be C X-C chemokincs since all the 
neutrophil chemotactic peaks lacked cbemotactic activity 
for monocytes. Using a solid phase double [igand EL1SA 
technique, IL-8 was found in sweat samples from five out 
of six donors at a mean level of 178 pg/ml of sweat. There 
was only one peak of monocyte chemotactic activity pres 
ent in cach sweat sample, eluling at the same position in 
all tested sweat samples from five diflk'rent donors. This 
peak had no ehemotactic activity for neutrophils, clearly 
indicating that it is not a formyl peptide, which is 
chemotactic for both rnonocytes and neum)phils. '~ The 
sweat-derived peak of monocyle chemotactic activity was 
subsequent ly  ident i f icd  by 12LISA as monocytc  
chemotactic peptide- 1 (MCP-  1 ). 

In addition, we showed that chemokines which appcared 
in sweat were derived from sweat glands rather than hav- 
ing been washed off the stratum corneunl in the process of 
collecting sweat. To control for leukocyte chemotactic 
activity possibly present in the stratum corneum of the 
skin. cpidermal scrapings were obtained from the heels of 
normal vohmteers using a modification of a previously 
described melho(t "~ The extract of heel scrapings was 
applied to an HPI~C column and the resulting flactions 
were tested for chemotactic activity. Stratum corneum- 
derived extract containcd one broad peak of chemotactic 
activity for both monocytes and neutrophils)' suggesting 
that its nature was different from the chemotactic peaks 
found in sweat. This notion was further supported by the 
fact that the stratum corneum-derived chemoattractant did 
not show any heparin-binding on the heparin-Sepharose 
colunm, in sharp contrast to II=8 and MCP- 1. hnmunohis- 
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Figure 1. IL-8 im;;tmavcacti;,ity i;; small solivary <,~laml of 
hl l l l l l l l t  OITII 11111C0517 

toellenlistry providcd further evidence clearly indicating 
that IL-8 is secreted by, the sv,eat glands rather than being 
stratum comeum-derivcd. Frozen, acetone fixed sections 
of normal huillan skin welc stained with monoclonal anti- 
IL-8 antibody. Intense staining of the epithelium o1" the 
secretory and duclal portions of tile coil of lhe sweat 
gland, ductal epithelial eells as well as intraluminal con- 
tents was observed. There was no staining of the epider- 
mal hlycr of the skin, conlirming the prcxiously noted 
absence of IL 8 in the epidermis. <' MCP-1 and ine]anon/a 
growth stimulatory activity (MOSA/groo0 have also been 
observed in I]t/ll/la] eccrine sweat glands, j: Chemokincs 
secreted in sweat could be produced either by Ihe sweat 
glands" epithelial cells or ultrafihered from plasma after 
being produced elsewhcre and carried to the sweat glands 
via blood. To distinguish between these two possibilities, 
i l l  siIu hybridization sludies oi1 salnples of norll lal htlil/an 
skin were perforllled. <j Using this method, abtlndanI lL-8 
InRNA was delectcd in the cyioplasnl of epiihelhfl cells of 
eccrine sweat glands but not olher dermal or epidermal 
cells. This I'inding indicates that ll,-g is produced in situ 
by the epithelial cells of the cccrine sweat glands. In sum- 
111ary, nolmal htlnlall eccrinc sweat contains multiple 
chemokines including II~-g and MCP-I and possibly 
othcrs, e.g. MGSA/groo< j~ 

Chemokines in colostrum and milk and other exocrine 
seeretiotts 

Chemokine production by sweat glands is not an isolated 
phenomenon. The presence of chcmokines in the secretions 
of several other exocrine ghmds was recently tested for and 
revealed. I '~  IL-8 and also RANTES. a member of the C-C 
sublhmily of chemokincs, were found in norllla[ htlmgail 
colostrum and niilk, i~ Titers for boih cheinokincs were 
higher in colosirum (se\,eral nJ in l l ,  but both chemokhles 
could still be detected il l milk several nlonths afier delivery. 
There wa<~ no statistical difference between chemokinc 

concentration~ in milk of inothers v,'ith term ~lnd pretcrm 
dclher ies. '  Both I1. ,v and RANTES 'also appeared in 
secretions in gahictorrhoea and in tile witch's milk of thc 
newborn. Using inunuriohislochenlical sttiining IL g and 
RANTES inlnltulorcactivh> could bc detected in the 
epithelial cells of lhc acini alld dtlclS el: 1/oi111:.11 mammary 
gland aim in i l lai l lnlaly tissue afleeled by se\cral diseases. 
including ductal carcinolllas alld adenoic alld cyMic lesions 
el  iibrocystic disease. 2~ This. togelller V, ilh Ihe [act that 
Ctllltlred prhllary i l lanll l lary epithelial cells prodtlcc 11, 
(o'a, ri unpublished observation), suggests that similar to the 
findings in sweat glands, the epithelium of the i/lanlnlary 
glands is tl3e source of the secreted chen3okines. In addition 
1o colosirulll and milk. wc detected IL-8 in leal~ ~\hich ~clc 
indueed in three iiorillal heahhy volLillteers by' oxt)osill g 
their faces io thc \apors of freshly cut onion.le k ineall ~ alLle 
of 4.7 ng/ml l'or It. S \,~as illeaStlrcd. Pinally. hil i i l tnlohisto 
ehcniisiry detected 11.8 innnunoreaciivi iy in ihc epithclial 
cells of tile parotid and sublnandibular salivary glands and 
tl3e nlinor salivary glands of the oral inucosa (Ki54. I) sug- 
gesting ttle possibility tbal salivary glands also secrete 
chemokines, t~ 

Possible plo, siological role oJ" chemokittex secreted by 
exocritte glamts 

Here, \a.e provide vari{}us pieces of evidence indicating 
that chen]{}kh3es are produced and secreted by exoerinc 
glands of normal heahhy htunans (7~dde 2). l ) i f ferent 
chernc~kii-ies which are produccd by differeni exocrine 
ghind~ in diffcrcnl anlounls and ulldcr different circtinl- 
~,tallees probably play a diverse, yet to be understood. 
physiological role. In an attenlpt 1o find a unify ing moti f  ill 
the secretion of chelnokines hy different glands, we postu- 
hilt that tile secreted chcn~okines could be responsible for 
homeostatic leukocyte recluitl]]ent into llormal tissues 
bordering the external en\,ironmcnt. This implies, on the 
basis of otlr cLIrrcllt knowledge of principles guiding in- 
l]anlnlatory leukocyte recruitment, that tl~c lx)meostalic 
emigration of lymphocytes, and in some instances other 
leukocyles, into the normal tissues is also dependent on 
the [)lCSCllCi. ~ of chemokines. In IlOrlllal healthy individ- 
rials, lynlphocytes leave ti3e circti latioIi ai/d accuilltl ialc in 

Table 2. Evidence supporting chemokine secretion by 
exocrine glands 

O;7~a;; 
Chcmo- Cltemo 

Biologicol kim' kim' hnmzmo 
activity pm'iticd mRNA reactivity 

Eccrine sweat 
glands + + + + 

Manlmary gland + + 
l.acrimal gland + 
Salivary gland + 
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the nrucosal organs and skin where they fulfill Iheir role in 
immune surveilhnlce and hosl defense. Similarly. 
lymphocytes and other leukocytes home to the epithelium 
of laclating mamntary glands and after traversing the 
epithelial cell barrier also appear lit coh)slrtlln alld milk. 
While chenlokii~ were kl]oWll to bt." presen[ ill dJfferclal 
patholo<,ical lesions, until i/t)w they ,a.erc thon,,ht to be 
ai~sent front the nolnla] tissues and therefore llOt COFl 
sidcrcd as potential inducers of lymphocyte accuinulation 
into i-lormal tissues. The direct proof of a concept linking 
chemokine secretion by exocrine ghtnds and the physio- 
logical lyntphocyte homing is still missing: however, 
some circumstantial evidence supports this theory. For 
exanlple, il has been observed in human skin that 

lymphocytes accunlu/atc in the epidermis around the 
acrosyringium, an area of the epiderulis traversed by the 
eccrine sweat ducts where possible leakage of sweat into 
the epidermis could be envisaged. ~ It shonld be empha- 
sized that the outcome of chemokirle production by differ- 
eat exocrine ghtnds could he very different. When 
secreted in sweat, chemokines indnce lymphocyte acet.i- 
inulation iu the epidermis bnt leukocytes do not appear in 
the sweat itself, whereas we suggest that, when secreted 
by thc inamlnary gland, chemokines cause tire accnnlula- 
tion of neutrophils, monocytes and lymphocytes in the 
irrammary tissue and also in milk.'2'" Snch a difference is 
puzzling and may be exphiined by either the diflbrcnt 
concentrations of the secreted chemokines in sweat and 
milk or the different patterns of adhesion molecule expres- 
sion by epithelial cells in skin and the mammary glands. 

17re m e c h a n i s m  o f  c h e m o k i n e  i n d u c e d  l e u k o c y t e  

emigra t i on  

Chemokines promote leukocyte emigration due to their 
ability to induce leukocyte adhesion to the endothelium 
and stimuhtte transendothelial migration. It was suggested 
previously that the firm adhesion of lymphocytes to the 
endothelium in the process of their extravasation, both into 
normal attd inllammatory tissues, requires the activatiorl 
of leukocyte inlegrins. I>Jt' Chemokines, similarly t(> other 
chemoattractants, have been shown to induce vcry rapid 
activation of leukocyte intcgrins. L: In addition, iTlany of 
the claemokines werc shown to iuduce the directional 
migration of lymphocytes and their subsets (77dde 1, 

reviewed in rcf. I ). In the process of leukocyte cndolhclial 
cell adhesion, the critical point of action of chemokines is 
after the first, selectin-ulediated, adhesiou step. I~t~ If 
chcmokines stimulate Icukocytes before their initial selec- 
till-mediated interaction with the endothcliunl, lenkocytes 
lose their ability to adhere and entigratc. ~; Thus, the sol 
uble gradients t l f  cl-iemokines, postuhtted to be the drivirlg 
fl~rce behind leukocyte emigration, inhibit rather than 
promoLc leukocyte encltl/helial cell adhesion. In order to 
achieve that integrins arc activated on only those leuko- 

cyles which have aheady est:lblished their initial interac- 
tion with/he endotheliunr, chemokines bind to the surface 
of the endothelial cells, inslead of acting in solution, as 
snggcsted boil>re, p: ts Previously. wc described snch chc- 
mokine binding sites on tire endothelial cells of the post- 
capillary venules. ~" tire scgntcnt of the circulatory tree 
where both inflamnratory and homeostatic leukocyte 
emigration takes phice. It is possihle that the proteooly- 
cans prcsent on tile endothelial cell surface of postcapil- 
lacy venules n/ediatc such binding. ~'~; Endothelial cell 
proteoglycans upon binding chemokines, in turn, can 
enhance the chemokine induced leukocyte en/igration, e: 

C o n c l u s i o n s  

We present multiple pieces of cvidence showing that, in 
addition to their well documcnted appearance in inflani- 
matory lesions, different chemokines arc produced and 
secreted in snbstantial amounts by several exocrine ghuids 
of norrnal healthy humans. These exocrine gland-derived 
chemokines should be considered a source of chemotactic 
activity responsible tor accumulation of lymphocytes, 
dendritic cells and other bone marrow-derived blood- 
bornc cells into skin, mammary glands, mucosal organs, 
etc. The mechanism by which cheniokines induce homeo- 
static lenkocytc emigration should closely emulate the 
process of inflammatory cell rccruitment. 

R e f e r e n c e s  

I. Boggiotini M, I)ewahl B aml Mover B: lnterleukin-8 and 
related chenlotactic cytokines- CXC and CC chemokines. Adv 
lnmluno155:97-179, 1994. 

2. &'hall g,l am/Bac(m KB." Chemokines, leukocyte nafficking 
and inflanamation. Curt Or, in lmmunol 6:g65-873, 1994. 

3. Zwalel117, [,{"~lt~" A alld Rot A." 111 vitro and in ,<'iv'<) aclivit)., arid 
pathophysiology of human intcrleukin-8 and related peptides. 
hal Rex, Exp Path 34:,7 4_, 1993. 

4. Otn)mm PM." Sweating and its disorders. Ann Re'<' Med 
34:42~J-452. 1983. 

5. Okada 7], K(mivhi H, ho 31, Naxuro H and A,vai .I." htentifica 
tion of secretor3, itllltmtmglobtllhl A it] hulnan sweat alld svteal 
glands. J In`<'esl Dermatol 9():648-651~ 1988. 

6. Diditsjean L, Grltag D. Fnd~err Y,, Gras,vi .I. l)aver .IM aml 
5attrell J H." Biologically acti`<e interleukin I in human cccrinr 
sweat: >tic-dependent variations in a/b ratios alld siress-in- 
dLlccd increased excretion. Cytokmc 2:438-446. 199[}. 

7. Sam K and Sam b'." lnterleukin-lcz in hunmn swcat is func- 
tionally active and derived from the cccrinc sweat gland. Am J 
Ph.ysiol 266:950-958. 1994. 

8. Boehm KD, Ymz JK, Garner C, Stmhl KP and Ehnels CA." ]11 
situ detection of cytokine messenger RNAs in the cccrme 
sweat gland of mwmal ]lUl/lan skin. Lymph Cylok Res 13:9-13, 
1994. 

9. Jones AP. l,l,~'bl~ LMC, Amh'r~on AO. Leomtrd E7 am/Rot  A." 
Normal hunlo.il swea[ contains interleukin-8. J Leukocyte Biol 
57:434-437. 1995. 

Vol 2. No 1-2, 1996 



20 ROT 

10. (_'am F R, Fim'ham N. Ro~s J, Bird C and (;-em'ing A." Potent 
inflammatory properties in human skin of interleukin-lot-like 
material isolated fi'om normal skin. J lilvest Dermatol 94:735- 
741, 1990. 

1 I. Tetlelbach ~K Namwv L, Ellis D, Kin~ I, and Richmond A: 
Localization of MGSAIgroc* protein in Ctltaneous lesions. J. 
Cutan Pathol 2():259-2GG, 1993. 

12. Rot A, ,hines" AP and WebD LMC: Some aspects of NAP-1flL 
8 pathophysiology 11: Chemokine secretion by the exocrine 
glands. Adv Exp Med Biol 351:77 85, 1993. 

13. Michie ~;4, SehalI T, Harvey D amt Rot A: Physiological 
secretion of chemokines in human breast milk (submitted). 

14. Foster CA, Yokogeki K, Ral~persber~,er K, Konin,e F WMe 
Platger B, Rieqer A, ColiA, an J/z'. BO![f K and Stingl G." Human 
epidermal T ceils predominately belong to the lineage express- 
ing 7/8T cell receptor. J Exp Med 171:997-1013, 1990. 

15. Picker LI and Butcher EC: Physiological and molecular rnech- 
anisms of lymphocyte homing. Annu Rev hnmunol 10:561 
591, 1992. 

19. 

20. 

21. 

22. 

Sl?rinq, er 7A: Traffic signals for lymphocyte recircuhition and 
leukocyte emigration: the muhistep paradigm Cell 76:301- 
314, 10t)& 
Rot A: Endothelial cell binding of NAP-I/IL-8: role in 
neutmphil emigration, hnmunol Today 13:291-294. 1902. 
Rot A: Chemokines link the two steps of leukocyte adhesion to 
endothelium. Inn'nutlologist 1:145-149. 1993. 
Rol A: Binding of tleutrophil attraclant/activation protein I (in- 
ierleukin 8) 1o resident dermal cells. Cytokine 4:347-352. 1992. 
T~mak~t Y Adams DII and Shaw S: Proleoglycans oil 
endothelial cells present adhesion inducing cytokines Io leuko- 
cytes, lmmunolToday 14:ll 1-115, 1993. 
Rot A, Hnb F, , Mitklleum J, t o n s  1"7 Rabeck C. Thierer K, 
Wintle .1, WMO B, Zsdk M and Dukor P: Some aspccts of IL 8 
pathophysiology Ilk Chemokine interaction with endothelial 
ceils. J Leukocyte Biol 59, 39-44, 1996. 
B'~'bh LMC. Eluenvruber MU. Clark-Len'is I, Ba~giolini M 
and Rot A." Binding to heparan sulfate or heparin enhances 
neutrophil responses to interleukin-8. Pmc Nall Acad Sci USA 
90:7158-7162, 1993. 

PATHOI,OGY ONCOLOGY RESEARCH 


