
Neutrophils are the major effector cells of innate

immunity; they represent the first line of defense against

pathogenic microorganisms. These cells recognize and

kill microorganisms by phagocytosis followed by subse�

quent secretion of reactive oxygen species and cytotoxic

components of granules into phagosomes. Detailed

analysis of these important effector functions of neu�

trophils is not considered in this review; we just recom�

mend a recent review on this problem [1]. The contribu�

tion of neutrophils to host defense and innate immunity

extends well beyond their role as professional phagocytes.

In recent years it has become obvious that these cells play

a key role in the recruitment of other types of leukocytes

into inflamed tissue and provide links between innate and

adaptive immune responses (Scheme 1). Early studies

demonstrated biphasic innate immune responses: neu�

trophil infiltration into sites of inflammation usually pre�

ceded the appearance of mononuclear leukocytes (mono�

cytes and lymphocytes) there [2�5]. Under conditions of

experimental neutropenia, recruitment of mononuclear

leukocytes into inflamed tissue was significantly sup�

pressed and occurred with longer delay than in control.

These data suggest that neutrophils accumulated in

inflamed tissue secrete chemoattractants attracting

monocytes and lymphocytes to the site of inflammation.

Indeed, subsequent studies employing the methods

of reverse transcription polymerase chain reaction,

immunohistochemistry, and in situ hybridization demon�

strated the neutrophil accumulation at the sites of infec�

tion penetration and in damaged tissues is accompanied

by induction of expression of numerous chemokines [6,

7]. Using Hu95A microarray (Affymetrix, USA), which

can analyze the expression of 12,500 genes and detect dif�

ferentially expressed genes, gene expression profiles of

mature bone marrow neutrophils, circulating neu�

trophils, and neutrophils from inflamed tissues have been

analyzed [8]. This analysis has shown that the release of

mature neutrophils from the bone marrow to the blood

circulation is not accompanied by major changes in gene

expression. However, neutrophil migration from blood

circulation into an inflamed tissue is accompanied by

major changes in gene expression profile. Essentially, this

is accompanied by induction of expression of genes
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encoding numerous chemokines, which act on neu�

trophils, monocytes, lymphocytes, and other types of

leukocytes. Similar results were obtained by another

group, who studied alveolar transmigration of neutrophils

using an experimental model of lung inflammation [9].

Comparison of neutrophils from peripheral blood and

bronchoalveolar lavage fluid revealed that 15% of 14,131

genes analyzed by the microarray HG�U133A

(Affymetrix) exhibited differential expression. Alveolar

transmigration of neutrophils was accompanied by induc�

tion of a significant number of genes encoding

chemokines.

Besides classical chemokines encoded by genes that

are induced during neutrophil activation, activated neu�

trophils also secrete other proteins that can exhibit a

chemoattractant effect on certain types of leukocytes.

These proteins are components of neutrophil granules

and they are readily secreted during degranulation of the

activated cells. We have recently found another mecha�

nism of generation of chemotactically active proteins

during neutrophil activation; it includes shedding and

concomitant proteolytic processing of a membrane pro�

tein followed by the release of a chemotactically active

soluble form. In this review, we consider chemotactically

active proteins secreted by activated neutrophils and their

role in leukocyte recruitment in the inflammatory

response.

CLASSICAL CHEMOKINES

SECRETED BY NEUTROPHILS

Chemokines are a group of cytokines that act as the

main mediators and regulators of leukocyte migration.

They are small single�chain polypeptides (of 67�127

amino acid residues in length) exhibiting various identity

degree (20�95%) in their primary structure [10]. About 50

chemokines are known to date. Based on location of cys�

teine residues in the polypeptide chain, all chemokines

have been subdivided into four families. The largest fam�

ilies are CXC (or α�) and CC (or β�) chemokines. In the

CXC chemokines, the cysteine residues closely located to

the N�terminus are separated by one amino acid residue,

whereas in the CC chemokines these cysteines are char�

acterized by tandem localization (Scheme 2). The CXC

chemokines are further subdivided into two groups, one

of which contains the ELR motif (glutamate–leucine–

arginine) immediately before the cysteines at the N�ter�

minus (ELR+CXC chemokines), whereas the other one

lacks such motif (ELR–CXC chemokines). The family of

CX3C chemokines has just one member, a membrane�

bound glycoprotein CX3CL1 also known as fractalkine. In

the fractalkine molecule, the N�terminal cysteines are

separated by three amino acid residues. C chemokines

(lymphotoxin�α/XCL1 and lymphotoxin�β/XCL2) lack

two of four conservative cysteine residues (Scheme 2).

Chemokines are now designated by traditional abbrevia�

tions (e.g. IL�8 for interleukin�8) and also systematic

nomenclature. According to this nomenclature, the

chemokine name is formed from the name of the partic�

ular family to which this chemokine belongs (CXC, CC,

C, or CX3C), the letter L (ligand), and the number of the

corresponding gene (e.g. the systematic name of IL�8 is

CXCL8).

Except for CX3CL1 and CXCL16 containing a trans�

membrane domain, all chemokines are secretory proteins

[11]. Chemokine molecules are positively charged (they

contain many basic amino acids) and they bind to nega�

tively charged glycosaminoglycans (heparin, heparan sul�

fate, chondroitin sulfate, etc.) located on cell surface and

also present in the extracellular matrix. Thus, once

released, the chemokines are immobilized on the compo�

nents of extracellular matrix, and tend to remain concen�

trated locally, forming stable gradients. Chemokines act

on all types of leukocytes including hematopoietic pre�

cursors, mature leukocytes of nonspecific immunity, and

various types of lymphocytes. Concentration gradients of

Biphasic innate immune response. Neutrophils are the first cells

that infiltrate the site of inflammation (1). They are activated in

the inflamed tissue and secrete numerous chemoattractants (2),

which recruit other types of leukocytes (particularly monocytes

and lymphocytes) to the site of inflammation (3)
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1

2

3

LL�37, ...
GRO�α,
IL�8,

inflamed tissue

neutrophils

mononuclear
leukocytes

chemoattractants

Chemokine families. Based on the location of cysteine residues
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various chemokines between various organs and tissues

determine preferential localization of certain types of

leukocytes in particular compartments of the organism.

Receptors mediating biological effects of chemo�

kines belong to the family of G�protein coupled receptors

(receptors coupled to heterotrimeric guanosine triphos�

phate binding proteins also known as G�proteins) [10].

Chemokine receptor molecules contain seven transmem�

brane domains and share 25�80% identity in primary

structure. About 20 chemokine receptors have been found

in humans (CCR1�10, CXCR1�7, XCR1, and CX3CR1).

Usually each chemokine can interact with several recep�

tors, and each chemokine receptor can bind several lig�

ands. Activation of chemokine receptors results in disso�

ciation of Gβγ�subunits of the heterotrimeric G�protein

and subsequent activation of phospholipase Cβ, phos�

phatidylinositol�3�kinase�γ (PI3Kγ), and c�Src family

nonreceptor tyrosine kinases. This results in activation of

FAK and Pyk2 kinases regulating cytoskeleton rearrange�

ment during chemotaxis [12]. There are chemokine

receptors that bind a ligand without subsequent signal

transduction into cells; these receptors act as scavenger

receptor for chemokines [13]. Three such receptors have

been found to date: DARC (Duffy antigen�related

chemokine receptor), CCX�CKR (ChemoCentryx

chemokine receptor), and D6. They can bind various

chemokines. It is suggested that these receptors are

involved in regulation of chemokine homeostasis in tis�

sues, and they negatively regulate inflammatory respons�

es.

Chemokines can negatively regulate activation of

their own receptors (homologous desensitization) and

also receptors of other cytokines (heterologous desensiti�

zation and competitive inhibition of receptors by

chemokine antagonists). Receptor desensitization is a

consequence of activation of mechanisms uncoupling the

receptor and associated G�protein. Homologous desensi�

tization is mediated by G�protein�coupled receptor

kinases (GRKs), phosphorylating Ser/Thr residues in

intracellular C�terminal domains of the ligand�bound

receptor. Such phosphorylation results in binding of β�

arrestin with this receptor. This binding sterically inhibits

the interaction of the receptor with G�protein and causes

clathrin�dependent internalization of the ligand–recep�

tor complex [14]. Thus, the existence of a chemokine

concentration gradient results in polarization of distribu�

tion of this chemokine receptor on the plasma membrane

and directed migration of cells along the gradient of this

chemoattractant.

The heterologous desensitization of chemokine

receptors involves phosphorylation of the ligand�

unbound receptors by protein kinases, which are not

GRKs [15]. Heterologous desensitization was demon�

strated not only for chemokine receptors, but also for

other G�protein coupled receptors. This represents a

mechanism by which chemokines can influence physio�

logical processes unrelated to cell chemotaxis and, vice

versa, ligands of non�chemokine G�protein coupled

receptors can regulate chemokine�induced migration of

leukocytes. Recent studies have shown that some

chemokines act not only as agonists of certain type recep�

tors, but they also can function as physiological antago�

nists of receptors for other chemokines [16]. Chemokine

antagonists bind to chemokine receptors but do not

induce their activation, and they competitively inhibit

activation of these receptors by their agonists. Such

chemokines can differentially regulate migration and

activation of various cell populations by recruiting and/or

activating population of cells expressing one type of

receptor (for which these chemokines are agonists) and

inhibiting migration and/or activation of the population

by means of another receptor (for which these

chemokines are antagonists).

Besides the classification of chemokines that is based

on features of the polypeptide chain structure,

chemokines are functionally subdivided into homeostatic

and inflammatory ones [17]. The homeostatic chemo�

kines are constitutively expressed by certain cell type(s) in

certain compartments of the body; they control homeo�

static migration of leukocytes and provide functional

compartmentalization in lymphoid organs. The inflam�

matory chemokines are synthesized in tissues in response

to proinflammatory stimuli (LPS, TNF�α, IL�1β); they

control leukocyte recruitment into the sites of tissue dam�

age and infection entry. Cells of the nonspecific immune

system (neutrophils, monocytes, basophils, etc.), various

types of lymphocytes, and dendritic cells are the targets

for these chemokines. Some chemokines exhibit proper�

ties of both homeostatic and inflammatory chemokines.

Under certain experimental conditions in vitro and also in

vivo, neutrophils can synthesize and secrete some inflam�

matory chemokines. It should be noted that expression of

many chemokines (e.g. RANTES/CCL5, MCP�2/CCL8,

MCP�3/CCL7, I�309/CCL1) is not detected in activated

neutrophils [6]. Below we consider inflammatory CXC

and CC chemokines, which are characterized by induc�

tion of expression in activated neutrophils.

ELR+CXC chemokines. In contrast to most of other

chemokines, ELR+CXC chemokines act as chemoattrac�

tants for neutrophils; they also exhibit angiogenic proper�

ties. The main function of ELR+CXC chemokines in the

inflammatory response consists of attraction of neu�

trophils to sites of inflammation (first phase of innate

immune response), induction of granule exocytosis, and

activation of NADPH�oxidase in these cells. The inflam�

matory mediators such as IL�1β and TNF�α, as well as

bacterial cell components (e.g. lipopolysaccharides

(LPS)) induce expression of ELR+CXC chemokines in

damaged tissues or at sites of infection entry. This results

in rapid infiltration of the sites of inflammation with neu�

trophils. Activated neutrophils can also express some

chemokines of this group. Human neutrophils synthesize
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and secrete ELR+CXC chemokines: IL�8/CXCL8 and

GRO�α (growth related oncogene alpha)/CXCL1. These

cells can also express GRO�β/CXCL2 and GRO�

γ/CXCL3 genes, but the possibility of secretion of these

proteins has not been demonstrated in direct experiments

so far [6, 18].

IL�8 was the first identified chemokine secreted by

neutrophils [19]. Initially, expression of this protein by

neutrophils was demonstrated during cell activation by

LPS and during phagocytosis of IgG�opsonized

Saccharomyces cerevisiae [19]. Subsequently, many other

stimuli inducing synthesis and secretion of IL�8 by neu�

trophils have been recognized. These include: cytokines

and growth factors (TNF�α, IL�1β, IL�15, granulocyte

macrophage colony stimulating factor (GM�CSF), and

thrombopoietin), chemoattractants (N�formyl�methion�

yl�leucyl�phenylalanine (fMLP), leukotriene B4, and

anaphylotoxin C5a), corpuscular agents (microcrystals of

sodium urate and potassium pyrophosphate dihydrate),

various bacteria, fungi, and viruses (see references in [7]).

Synthesis and secretion of IL�8 are likely to represent a

stereotype neutrophil response to various activating treat�

ments. Besides neutrophils, IL�8 is also expressed and

secreted by monocytes, macrophages, T lymphocytes,

and by many non�leukocyte cell types including endothe�

lial and epithelial cells, hepatocytes, keratinocytes, and

fibroblasts [20]. As in the case of neutrophils, IL�8

expression by these cells is not constitutive and it is

induced in response to such proinflammatory stimuli as

LPS, TNF�α, and IL�1β.

GRO�α is synthesized and secreted by neutrophils

activated by LPS, TNF�α, GM�CSF, and fMLP and also

during phagocytosis of IgG�opsonized S. cerevisiae,

Mycobacterium tuberculosis, and Helicobacter pylori anti�

gens [18, 21, 22]. Interestingly, extracellular secretion of

GRO�α does not necessarily correlate with changes in

expression of mRNA of this chemokine. This inconsis�

tency can be attributed to the fact that GRO�α produc�

tion by neutrophils can be regulated at posttranscription�

al, translational, and posttranslational levels [21]. Like

IL�8, GRO�α is expressed by other cell types (mono�

cytes, fibroblasts, endothelial cells) during their activa�

tion by LPS, TNF�α, or IL�1β.

IL�8 interacts with two types of receptors (so�called

IL�8 receptors): CXCR1 and CXCR2. GRO�α interacts

only with CXCR2 [23]. In in vitro experiments, IL�8 and

GRO�α exhibit similar biological activity, but IL�8 usual�

ly causes more potent responses. These chemokines exert

chemotactic effects on neutrophils, basophils, and T and

B lymphocytes [24�27]; they also suppress apoptosis in

neutrophils and therefore extend the period of their func�

tional activity in inflamed tissues [28]. IL�8 and GRO�α
are inducers of neutrophil degranulation: they cause rapid

translocation of an intracellular pool of membrane recep�

tors from secretory vesicles to plasma membrane [29] as

well as exocytosis of primary and secondary granules in

cytochalasin B�primed cells [30]. IL�8 and GRO�α per se

cannot induce superoxide production by neutrophils, but

they exhibit a priming effect on the induction of superox�

ide production by the classical neutrophil activator fMLP.

The mechanism of such priming effect can involve IL�8

and GRO�α�induced rapid translocation of formyl pep�

tide receptors from secretory vesicles onto neutrophil

plasma membrane [29].

In in vivo experiments subcutaneous administration

of IL�8 and GRO�α induced accumulation of neutrophils

at the site of injection 2�4 h after administration of the

proteins [24, 30]. In other experiments IL�8 and GRO�α
have been shown to be the first chemokines that are

induced at the sites of acute inflammation caused, for

example, by tissue damage. Time course and spatial mode

of secretion of these chemokines coincided with neu�

trophil accumulation in the inflamed tissue [31].

Moreover, neutrophils attracted to a site of inflammation

secrete IL�8 and GRO�α [32, 33]. Summarizing all these

data, we propose the following scenario for the initial step

of leukocyte recruitment into the forming site of inflam�

mation. Tissue damage and/or infection entry induce

synthesis of IL�8 and GRO�α by various cell types pre�

sented in this region. These chemokines attract neu�

trophils, which become activated; the activated neu�

trophils secrete IL�8 and GRO�α, thus potentiating their

own infiltration into the inflamed tissue.

The key role of ELR+CXC chemokines in initiation

of the innate immune response has been demonstrated in

vivo using various experimental models in mice. It should

be noted that in mice the ELR+CXC chemokine system

significantly differs from that of in humans because mice

lack human IL�8 and CXCR1 orthologs [34]. It is sug�

gested that in mice CXCR2 functions as the ELR+CXC

chemokine receptor. Activated mouse neutrophils can

secrete an ELR+CXC chemokine, MIP�2/CXCL2 [35].

At sites of acute inflammation in mice induced by tissue

damage or infection entry, there is induction of expres�

sion of the ELR+CXC chemokines KC and MIP�2, which

are functional homologs of human IL�8 and GRO�α [36�

38]. At sites of inflammation induced by tissue damage,

fibroblasts and endothelial cells express KC, whereas

leukocytes, particularly neutrophils, migrating to the

inflamed tissue express MIP�2 [37].

CXCR2 knockout mice are characterized by

decreased ability of neutrophils to be accumulated at

experimentally induced sites of inflammation. For exam�

ple, in the case of the experimental model of acute peri�

tonitis induced by thioglycolate, neutrophil infiltration

into the site of acute inflammation was 5 times lower in

CXCR2–/– mice than in wild type mice [34]. These results

are even more demonstrative if we take into consideration

that CXCR2–/– mice are characterized by marked neu�

trophilia, and the concentration of circulating neu�

trophils is 12 times higher in these mice than in wild type

mice. Decreased ability of neutrophils to migrate toward
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sites of inflammation in CXCR2–/– mice has also been

demonstrated in the experimental model of acute

pyelonephritis induced by E. coli infection [39] and dur�

ing mechanical tissue damage [40]. In all these cases,

suppression of neutrophil infiltration into inflamed tissue

corresponded to more severe and longer duration of the

inflammatory process in CXCR2–/– mice compared with

wild type mice.

The role of particular ELR+CXC chemokines in the

immune response was also evaluated by means of neutral�

izing antibodies using the experimental model of acute

inflammation caused by subcutaneous administration of

TNF�α [41]. Such injection caused rapid accumulation

of neutrophils into the forming site of inflammation

(maximal accumulation of neutrophils was observed

within 2�4 h after TNF�α injection). However, TNF�α�

induced recruitment of neutrophils into the site of

inflammation was significantly suppressed by passive

immunization of the mice with antibodies neutralizing

biological activity of MIP�2 and KC chemokines.

Quantitative evaluation of the synthesized MIP�2 and KC

and their mRNA demonstrated that TNF�α injection

resulted in a sharp increase in these chemokines and cor�

responding mRNAs in the inflamed tissue; this increase

obviously resulted from the enhanced expression of genes

encoding these chemokines. Thus, formation of the site

of acute inflammation causes expression of ELR+CXC

chemokines, which recruit neutrophils into inflamed tis�

sue.

Thus, we conclude that ELR+CXC chemokines play

a key role in the formation of sites of acute inflammation;

they provide rapid recruitment of neutrophils into dam�

aged tissue and to regions of infection entry. Expression of

ELR+CXC chemokines by activated neutrophils in

inflamed tissue can be considered as a positive feedback

loop, which results in formation of higher concentration

gradient of these chemokines between the site of inflam�

mation and uninflamed tissue followed by subsequent

accumulation of higher number of neutrophils at the site

of inflammation.

ELR−−CXC chemokines. In contrast to ELR+CXC

chemokines, ELR−CXC chemokines are not chemoat�

tractants for neutrophils and exhibit angiostatic effects.

Activated human neutrophils can synthesize and secrete

two chemokines of this group: MIG (monokine induced

by IFN�γ)/CXCL9 and IP�10 (IFN�γ inducible protein

10 kD)/CXCL10 [42]. Neutrophils can also express the

gene encoding ELR−CXC chemokine I�TAC (IFN�

inducible T cell alpha chemoattractant)/CXCL11, but

possibility of secretion of the protein has not been

demonstrated [42]. Induction of ELR−CXC chemokine

synthesis and secretion in vitro requires a certain combi�

nation of activators. Secretion of MIG and IP�10 was

demonstrated only during costimulation of neutrophils

by interferon�γ (IFN�γ) and one of the proinflammatory

mediators (LPS, TNF�α, or IL�1β), but not during sep�

arate activation of cells by any one of these agonists [42,

43]. Expression of ELR−CXC chemokines by activated

neutrophils was demonstrated in vivo using experimental

models of various inflammatory processes in mice: cere�

bral malaria induced by Plasmodium berghei [44], delayed

type hypersensitivity induced by repeated administration

of herpes simplex virus type 1 (HSV�1) [45], and using

the model of lung granuloma induced by M. tuberculosis

[46].

IP�10, MIG, and I�TAC are ligands of the same

receptor, CXCR3. This receptor is expressed by activated

T lymphocytes (preferentially of Th1 phenotype), small

populations of monocytes and natural killer cells (NK),

dendritic cells, and some non�leukocyte cell types—

endothelial cells, microglial cells, neurons, etc. [47]. A

structural variant of CXCR3 formed as the result of alter�

native splicing, CXCR3�B, has also been found. The lat�

ter binds IP�10, MIG, I�TAC, and also PF4 (platelet fac�

tor 4)/CXCL4, but activation of this receptor does not

induce chemotaxis.

The role of IP�10, MIG, and I�TAC in mononuclear

leukocyte recruitment has been demonstrated in numer�

ous experimental models of acute inflammation in mice.

For example, the model of acute encephalomyelitis

induced by intracranial administration of mouse hepatitis

virus (MHV) has shown that most T lymphocytes that

migrate to the site of inflammation express CXCR3 [48].

Passive immunization of such mice with anti�CXCR3

neutralizing antibodies resulted in significant decrease in

CD4+ T lymphocyte infiltration into the inflamed tissue

(by 92% on the ninth day of infection). CXCR3�depend�

ent recruitment of liver leukocytes was studied in mice

infected with murine cytomegalovirus (MCMV) [49].

Immunoneutralization of IP�10 and MIG decreased

MCMV�specific CD8+ T lymphocyte accumulated in the

liver by 79%. Similar suppression of infiltration of virus�

specific CD8+ T lymphocytes was observed in CXCR3

knockout mice. Panzer et al. studied recruitment of T

lymphocytes into inflamed kidney tissue in nephrotoxic

nephritis induced by administration of nephrotoxic sheep

serum [50]. The development of nephrotoxic nephritis

was accompanied by significant increase in IP�10 (8.6�

fold), MIG (2.3�fold), and I�TAC (4.9�fold) in kidney.

CXCR3–/– mice were characterized by significantly lower

(by about 50%) number of T lymphocytes accumulated in

inflamed kidneys.

In various inflammatory processes, ligands of the

CXCR3 receptor play a key role in attraction of CD4+ T

lymphocytes of the Th1 phenotype to the site of inflam�

mation. Naive T lymphocytes are activated by antigen�

presenting cells followed by subsequent differentiation

into antigen�presenting clones of effector T helpers

(CD4+ T lymphocytes) [51]. These T helpers are subdi�

vided into T helpers of type 1 and type 2 (Th1 and Th2

cells, respectively); a new phenotype defined as Th17 has

also been found recently, but it is still poorly studied. As a
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rule, immune responses are “polarized”: they are charac�

terized by preferential accumulation of either Th1 or Th2

cells (causing Th1 and Th2 immune responses, respec�

tively) at the site of inflammation [52]. The T helpers Th1

and Th2 express different sets of chemokine receptors.

Th1 cells preferentially express CXCR3 and CCR5 recep�

tors, whereas Th2 cells express CCR3, CCR4, and CCR8

[53]. In this connection, it is significant that ligands of

CXCR3 receptor are antagonists of CCR3 receptor. Thus,

recruiting Th1 cells, IP�10, MIG, and I�TAC suppress

migration of Th2 cells; this results in polarization of T cell

response.

The delayed type hypersensitivity (DTH) reaction

induced in experimental mice was a useful model to study

the role of neutrophils in Th1�dependent immune

responses and attraction of CXCR3�expressing leuko�

cytes into inflamed tissue. DTH is an allergic reaction

mediated by Th1 cells. In this form of immune response,

primary administration of an antigen into the body

induces accumulation of antigen�specific clones of Th1

cells. Repeated antigen administration causes recruit�

ment of preexisting antigen�specific Th1 cells into an

antigen entry site and formation of Th1�dependent

immune response. It has been shown that neutrophils

play a significant role in the formation of the DTH site: in

mice with experimentally induced neutropenia and also

in the case of suppression of neutrophil recruitment into

inflamed tissue by anti�MIP�2 antibodies, there was

attenuation of immune responses after repeated exposure

to the antigen causing DTH [54, 55].

Molesworth�Kenyon et al. investigated the role of

neutrophils in formation of the DTH site in mice induced

by repeated subcutaneous injections of HSV�1 virus [45].

In mice with experimental neutropenia, accumulation of

leukocytes expressing CXCR3 at the site of inflammation

was decreased by 73%. Such mice were characterized by

significant decrease in production of IP�10 and MIG at

the DTH site (by 53 and 75%, respectively). Immuno�

histochemical analysis of IP�10 expression in an inflamed

tissue (MIG expression was not investigated) demonstrat�

ed that neutrophils were the main source of this

chemokine at the site of inflammation. The authors con�

cluded that activated neutrophils accumulated at the

DTH site secrete chemokines (IP�10 and MIG), recruit�

ing CXCR3�expressing leukocytes to the site of inflam�

mation.

Involvement of neutrophils in the recruitment of

CXCR3�expressing leukocytes to sites of inflammation

was also demonstrated using experimental models of

other inflammatory processes. Seiler et al. studied

involvement of CXCR3 ligands in granuloma formation

in mice under conditions of chronic inflammation

induced by M. tuberculosis [46]. Granuloma formation is

usually considered as a protective mechanism preventing

pathogen dissemination and isolating the site of chronic

inflammation. In mice with experimental neutropenia,

granuloma formation in lungs was significantly sup�

pressed. Analysis of chemokine gene expression in lungs

of mice infected with the pathogen also showed that gran�

uloma formation is accompanied by significant increase

in expression of ELR–CXC chemokine genes in the

inflamed tissue; the highest (8.29�fold) increase was

observed in expression of the MIG gene. Immunohisto�

chemical analysis of MIG expression in the forming gran�

ulomas revealed neutrophils as the main source of secret�

ed MIG. Passive immunization of mice with antibodies

neutralizing biological activity of MIG caused significant

suppression of granuloma formation. These data suggest

that ELR–CXC chemokines secreted by activated neu�

trophils play an important role not only in acute inflam�

matory responses, but also in chronic inflammation.

Chemokines of the CC family. Chemokines of the CC

family exhibit chemotactic effects (of various selectivity)

on monocytes, lymphocytes, basophils, eosinophils, and

dendritic cells, but they are not chemoattractants for neu�

trophils. In humans, 28 chemokines of this family have

already been described. Activated human neutrophils can

secrete five CC�chemokines: MCP�1 (monocyte chemo�

attractant protein�1)/CCL2, MIP (macrophage inflam�

matory protein)�1α/CCL3, MIP�1β/CCL4, MIP�3α/

CCL20, and MIP�3β/CCL19.

MCP�1 is the main chemokine regulating monocyte

recruitment to a site of inflammation. Numerous studies

have demonstrated that in various inflammatory respons�

es neutralization of biological activity of this chemokine

by anti�MCP�1 antibodies results in significant decrease

in monocyte infiltration into an inflamed tissue [56],

whereas subcutaneous injection of MCP�1 causes rapid

directed movement of monocytes into the injection sites

[57]. An important role of MCP�1 in monocyte recruit�

ment to a site of inflammation has also been demonstrat�

ed using an experimental model of inflammation in

MCP�1 knockout mice [58] and also CCR�2 (the recep�

tor of this cytokine) knockout mice [59]. MCP�1 also acts

as a chemoattractant for T lymphocytes; it is involved in

recruitment of these leukocytes into sites of inflammation

[60].

Human neutrophils synthesize and secrete MCP�1

during their in vitro costimulation by IFN�γ and LPS or

IFN�γ and TNF�α, and also in response to GM�CSF

[61, 62]. Neutrophil secretion of MCP�1 in vivo at sites of

inflammation was demonstrated using DTH in rats [60].

Repeated subcutaneous administration of an antigen

(hemocyanin of Megathura crenulata) resulted in forma�

tion of a site of inflammation characterized by rapid neu�

trophil infiltration followed by subsequent accumulation

of mononuclear leukocytes. Immunohistochemical

analysis of MCP�1 expression in the inflamed tissue

showed that neutrophils and cells of epidermal and follic�

ular epithelium are the main source of MCP�1.

Involvement of neutrophils in the MCP�1�depend�

ent recruitment of leukocytes into an inflamed tissue was
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demonstrated in experiments employing immunization of

mice with apoptotic cancer cells [63]. Intraperitoneal

administration of allogenic murine cells into mice caused

standard biphasic accumulation of leukocytes in the

forming site of inflammation. The maximum of neu�

trophil accumulation observed 3 h after cell injection rep�

resented the first phase, which was accompanied by a sec�

ond phase of accumulation of mononuclear leukocytes,

particularly cytotoxic CD8+ T lymphocytes. In mice with

experimental neutropenia, the infiltration of cytotoxic

CD8+ T lymphocytes into the site of inflammation was

totally suppressed, and this was accompanied by signifi�

cant (by about 90%) decrease of MCP�1 production in

the inflamed area. Intraperitoneal administration of

recombinant MCP�1 to such mice restored recruitment

of CD8+ T lymphocytes to the site of inflammation.

These results show that MCP�1 acts as a link between

neutrophils accumulated in an inflamed tissue and CD8+

T lymphocytes recruited into this tissue.

In vitro experiments have shown that MIP�1α and

MIP�1β are expressed by neutrophils in response to var�

ious agonists such as LPS and zymosan [64, 65]. The

LPS�induced secretion of these chemokines is sup�

pressed by the anti�inflammatory cytokine IL�10, reduc�

ing stability of MIP�1α and MIP�1β mRNA [66].

Expression of MIP�1 chemokines is also induced by

outer membrane vesicles of Neisseria meningitides (a

microorganism causing meningitis; IFN�γ significantly

potentiates this effect) [67] and by Toxoplasma gondii

antigens [68]. MIP�1α interacts with CCR1 and CCR5

receptors, whereas MIP�1β acts only on CCR5. These

chemokines exhibit overlapping biological activity: they

act as potent chemoattractants for monocytes, macro�

phages, natural killers, and immature dendritic cells.

Granulocytes are much less sensitive to the chemotactic

effect of MIP�1 chemokines: MIP�1α can recruit only

IFN�γ�activated neutrophils and a small population of

eosinophils expressing CCR1 [69]. MIP�1α and MIP�1β
also exhibit a chemotactic effect on Th1 but not on Th2

lymphocytes [70].

Von Stebut et al. directly demonstrated involvement

of MIP�1α and MIP�1β secreted by neutrophils in

macrophage recruitment into inflamed tissue [71]. They

studied involvement of neutrophils in formation of sites of

acute inflammation using an experimental model of cuta�

neous granuloma (CG) formation in mice. Subcutaneous

administration of polyacrylamide gel resulted in forma�

tion of a site of inflammation characterized by rapid infil�

tration of neutrophils followed by subsequent accumula�

tion of mononuclear leukocytes, particularly macro�

phages. In mice with experimental neutropenia, macro�

phage infiltration into the forming CGs was significantly

suppressed (by about 90%). Reconstitution of CGs in

these mice with supernatants derived from in vitro cul�

tured neutrophils restored macrophage infiltration into

these sites of inflammation. However, neutralization of

biological activity of the MIP�1α and MIP�1β
chemokines in the injected supernatants (by means of

corresponding neutralizing antibodies) abolished their

ability to restore macrophage migration. Thus, MIP�1α
and MIP�1β secreted by activated neutrophils are the

main chemokines recruiting macrophages into inflamed

tissue (at least in this model of inflammation).

Neutrophils activated by LPS and the inflammatory

cytokine TNF�α [72, 73] and Gram�positive (Staphylo�

coccus aureus and S. epidermidis) and Gram�negative

(Escherichia coli and Pseudomonas aeruginosa) bacteria

[74] can synthesize and secrete MIP�3α and MIP�3β.

MIP�3α and MIP�3β interact with CCR6 and CCR7

receptors, respectively. In contrast to MIP�1α and MIP�

1β, these chemokines exhibit a chemotactic effect on dif�

ferent types of leukocytes: MIP�3α is a chemoattractant

for T cell memory and immature dendritic cells, whereas

MIP�3β attracts naive and activated T lymphocytes and

mature dendritic cells.

The chemokines MIP�1 and MIP�3 produced by

activated neutrophils attract dendritic cells to a site of

inflammation and therefore play an important role in

coupling of innate and adaptive immune responses.

Immature dendritic cells are localized in peripheral tis�

sues, and they effectively capture antigens; however, acti�

vation of naive T lymphocytes and initiation of the adap�

tive immune response require their maturation and differ�

entiation of the immature cells into mature dendritic cells

[75]. Mature dendritic cells migrate from peripheral tis�

sues into lymph nodes (through the afferent lymphatic

system) and present the antigens to naive T lymphocytes,

which then differentiate into effector cells.

Immature dendritic cells constitutively express sev�

eral chemokine receptors including CCR1, CCR5, and

CCR6 [76] and therefore they can be localized at a site of

inflammation where activated neutrophils secrete ligands

interacting with these receptors (MIP�1α, MIP�1β, and

MIP�3α). Activation and maturation of dendritic cells in

sites of inflammation suppresses expression of these

receptors but induces expression of CCR7, the main

receptor involved in homing of T and B lymphocytes and

mature dendritic cells to secondary lymphoid organs. The

ligands of this receptor, SLC (CCL20) and MIP�3β, are

constitutively expressed by endothelium of the afferent

lymphatic system and induce migration of mature den�

dritic cells to secondary lymphoid organs.

Thus, MIP�3β is an inflammatory (secreted by acti�

vated neutrophils and other cell types) and homeostatic

(constitutively expressed in secondary lymphoid organs)

chemokine. It is suggested that local secretion of MIP�3β
at sites of inflammation suppresses migration of mature

dendritic cells into lymph nodes and directs cells

expressing CCR7 (B lymphocytes, effector T lympho�

cytes, and memory T cell) [75] to sites of chronic inflam�

mation followed by formation of ectopic lymphoid tissue

[73].
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CHEMOTACTICALLY ACTIVE PROTEINS

OF NEUTROPHIL GRANULES

Neutrophils contain four intracellular compartments

that are able to secrete their contents during cell activa�

tion: primary (azurophilic) granules, secondary (specific)

granules, tertiary (gelatinase) granules, and secretory

vesicles [77, 78]. Besides differences in their contents,

neutrophil secretory organelles exhibit various propensity

for exocytosis in response to cell activation. Secretory

vesicles represent the most readily mobilized compart�

ment; the ability of granules for exocytosis decreases in

the following order: tertiary, secondary, and finally pri�

mary granules (primary granules are the most difficult to

mobilize cell compartment). Granules are formed during

all stages of neutrophil maturation in bone marrow, and

they are filled with secretory proteins that are expressed at

a particular stage of differentiation. Primary and second�

ary granules are formed at the stages of promyelocyte and

myelocyte, respectively, whereas tertiary granules are

formed at the stages of metamyelocyte and band.

Secretory vesicles are then formed by endocytosis.

Primary granules contain the main cytotoxic compo�

nents of the neutrophil microbicidal system. The secre�

tion of these granules occurring during phagocytosis of

pathogenic microorganisms is highly localized to the

regions of plasma membrane involved in phagosome for�

mation [79]. However, besides the intraphagosomal

secretion, extracellular exocytosis of primary granules

also occurs. Secondary and tertiary granules contain a

wide range of proteins including those involved in cell

migration and protease inhibitors; during neutrophil acti�

vation they are secreted both intraphagosomally and

extracellularly [80]. Secretory granules represent a store

of plasma membrane receptors; they are subjected to

extracellular exocytosis at the stages of rolling and adhe�

sion of leukocytes on vascular walls [78].

For identification of proteins exhibiting chemotactic

activity, granule contents from non�activated neutrophils

were tested for their ability to induce chemotaxis of

mononuclear leukocytes. Such experiments revealed

chemotactic activity of serine protease cathepsin G,

antimicrobial proteins azurocidin/CAP37, LL�37, and

defensins HNP1 and HNP2 [81�83]. Below we consider

the neutrophil granule proteins exhibiting chemotactic

activity.

Cathelicidins. Cathelicidins are a family of antimi�

crobial proteins containing highly conservative cathelin

domains of ~100 amino acid residues [84]. Isolated

cathelin domain (or cathelin) was originally character�

ized as an inhibitor of a cysteine protease, cathepsin L,

and its name reflects this property (cathelin, cathepsin L

inhibitor). In the cathelicidin molecule the cathelin

domain has central position, and it is flanked by N�ter�

minal signal peptide and C�terminal antimicrobial pep�

tide. Although about 20 proteins of this family have been

described in mammals, only one cathelicidin, human

cationic antimicrobial protein of 18 kD (hCAP18) has

been found in humans. Cathelicidins can be considered

as protein precursors of antimicrobial peptides that are

formed during proteolytic processing. For example,

cleavage of hCAP18 by proteinase 3 results in formation

of the antimicrobial peptide LL�37 (its name reflects the

fact that it consists of 37 amino acid residues and contains

two N�terminal leucine residues) [85]. In contrast to the

cathelin domain, antimicrobial peptides formed by

cathelicidins significantly differ in primary and secondary

structures.

Besides antimicrobial activity, the cathelicidin�

derived antimicrobial peptides exhibit chemotactic activ�

ity for certain types of leukocytes. Chertov et al. showed

that the antimicrobial peptide LL�37 is a chemoattractant

for monocytes, T lymphocytes, and neutrophils. LL�37

exhibits chemotactic and antimicrobial effects at concen�

trations 10–5�10–6 M [82, 86]. Within the scope of this

review, it is important that increased concentration of

LL�37 is detected in inflamed tissue [86]. A putative sce�

nario for formation of the chemotactic gradient of LL�37

at sites of inflammation can be as follows: the LL�37 pre�

cursor, hCAP18, is localized in the secondary granules of

neutrophils; it is also expressed by monocytes, natural

killers, mast cells, epithelial cells, and keratinocytes. In

neutrophils, proteinase 3 cleaving hCAP18 with forma�

tion of LL�37 is localized in primary and secondary gran�

ules and secretory vesicles [85]. Neutrophils recruited

into inflamed tissue become activated and secrete

hCAP18 and proteinase 3. Extracellular proteolytic pro�

cessing of hCAP18 by proteinase 3 results in formation of

LL�37 and causes local increased concentration of this

chemoattractant in the inflamed tissue.

FPRL1 (formyl peptide receptor�like 1) is a receptor

mediating the chemotactic effect of LL�37 on mono�

cytes, T lymphocytes, and neutrophils. It belongs to the

group of formyl peptide receptors. In humans, three such

receptors have been found; these include one high affini�

ty receptor FPR (formyl peptide receptor) and two low

affinity receptors (FPRL1 and FPRL2). The formyl pep�

tide receptors mediate the chemotactic effect of some

other chemoattractants formed by activated neutrophils

(see below). Other cathelicidins also exhibit chemoat�

tractant properties. For example, porcine antimicrobial

peptide PR�39 (consisting of 39 amino acid residues and

containing N�terminal proline and arginine residues) is a

chemoattractant for porcine neutrophils [87].

Defensins. Mammalian defensins represent a family

of antimicrobial proteins that contain six highly conserva�

tive cysteine residues forming three disulfide bonds [88].

Based on disulfide bond topology, mammalian defensins

have been subdivided into three families: α�, β�, and θ�

defensins. Three disulfide bonds of α�defensins are

formed by three pairs of cysteines (C1�C6, C2�C4, and

C3�C5), whereas disulfide bond formation in β�defensins
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involves different pairs (C1�C5, C2�C4, and C3�C6). The

only representative of the θ�defensin family has cyclic

structure and disulfide bonds formed by C1�C6, C2�C5,

and C3�C4. In mammals, more than 50 proteins of this

family have been identified. In human neutrophils, four

defensins have been found: HNP (human neutrophil pep�

tide) 1�4. They are referred to the family of α�defensins.

HNP1�4 are localized in primary granules of neutrophils,

where they are the main protein component of these

granules (representing 25�30% of primary granule protein

and 5% of total protein of neutrophils) [78]. The antimi�

crobial and cytotoxic effects of these short peptides (29�

30 amino acid residues) are attributed to their pore form�

ing ability: they can form multimer transmembrane pores

permeabilizing microbial membranes. The antimicrobial

effect of defensins is observed in the micromolar concen�

tration range. Nanomolar concentrations of HNP1 and

HNP2 exhibit chemotactic effect on resting CD4+

CD45RA and CD8+ T lymphocytes and also on imma�

ture dendritic cells [83, 89]. Chemotactic properties have

recently been demonstrated also for HNP3 [90]. In

should be noted that reports on defensin�induced chemo�

taxis of monocytes [91] has not been reproduced in other

laboratories [83].

Chemotactic activity of neutrophil α�defensins in

vivo has been demonstrated in mice. Subcutaneous injec�

tion of 1 µg of the defensin HNP1 resulted in accumula�

tion of neutrophils and mononuclear leukocytes at the

injection site [83]. The experimental model of acute peri�

tonitis in mice induced by Klebsiella pneumoniae infec�

tion provided experimental evidence that involvement of

α�defensins in immune response is not limited to their

antimicrobial properties, but is also associated with their

chemotactic activity [92]. Injection of the defensin

HNP1 simultaneously with pathogen administration into

the peritoneal cavity of mice caused a marked decrease in

the number of bacteria in the peritoneal cavity. This anti�

bacterial effect of HNP1 was associated with significant

increase in the number of granulocytes, macrophages,

and monocytes recruited into the site of inflammation in

the peritoneal cavity. Leukocyte infiltration was the ulti�

mate precondition for the antibacterial effect of HNP1

because the antibacterial effect of HNP1 was not

observed in mice with leukocytopenia induced by

cyclophosphamide.

Being chemoattractants for T lymphocytes and

immature dendritic cells and attracting these types of

leukocytes to the site of inflammation, neutrophil α�

defensins are obviously involved in coupling of innate and

adaptive immune responses. This conclusion is supported

by results of in vivo experiments demonstrating that neu�

trophil α�defensins markedly increased antigen�specific

immune responses during their co�administration with an

antigen inducing the inflammatory process [93, 94]. Tani

et al. investigated the effect of HNP1, HNP2, and HNP3

on intraperitoneal immunization of mice with the hemo�

cyanin of M. crenulata [93]. Administration of defensins

(accompanying such immunization) significantly

increased production of hemocyanin�specific IgG anti�

bodies. Moreover, defensins significantly increased adap�

tive immune response to other administered antigens. In

another study, the effect of neutrophil defensins on adap�

tive immune response induced by a foreign antigen was

evaluated using a model of intranasal immunization of

mice [94]. It was demonstrated that during induction of

adaptive immune response caused by intranasal adminis�

tration of ovalbumin, defensins HNP1, HNP2, and

HNP3 significantly increased formation of ovalbumin�

specific IgG antibodies. Thus, defensins can act as

immune adjuvants potentiating antigen�specific immune

responses.

Cathepsin G. Cathepsin G is one of three serine pro�

teases of the chymotrypsin family that are present in neu�

trophil granules [95, 96]. In neutrophils, this protein is

localized in primary granules and is synthesized at the

stage of promyelocyte; segmented neutrophils do not syn�

thesize cathepsin G. The small amount of membrane�

bound cathepsin G is present on the plasma membrane of

segmented neutrophils. Weak expression of cathepsin G

was also detected in monocytes and mast cells. In vitro

cathepsin G is rapidly secreted into the extracellular

space in response to activators that can induce exocytosis

of primary granules. The extracellular concentration of

catalytically active cathepsin G significantly increases in

inflamed tissues.

Cathepsin G is synthesized as a precursor of 255

amino acids that contains an N�terminal signal peptide of

18 residues (which is removed during cotranslational pro�

cessing) followed by activation prodipeptide and C�termi�

nal propeptide (11 residues) [95]. Cathepsin G is localized

in primary granules of neutrophils as a catalytically active

protease (after removal N�terminal prodipeptide Gly�

Glu). N�Terminal protein processing precedes cleavage of

the Ser244–Phe245 peptide bond and removal of the C�

terminal propeptide (the function of which remains

unknown). Cathepsin G is a cationic protein, and in pri�

mary granules it is associated with negatively charged sul�

fated proteoglycans. Since the pH optimum of this

enzyme is at neutral pH values, cathepsin G is inactive in

primary granules characterized by acidic pH.

Chemotactic properties of cathepsin G were found

in experiments on identification of chemotactically active

proteins of neutrophil granules [81]. This protein exhibits

chemoattractant properties with respect to monocytes

and macrophages [81, 97]. It was demonstrated that the

high affinity formyl peptide receptor FPR is a cathepsin

G receptor in leukocytes [98]. Interestingly, manifesta�

tion of the chemotactic effect of cathepsin G requires its

enzymatic activity, because modification of cathepsin G

with serine protease inhibitors (diisopropyl fluorophos�

phate or phenylmethylsulfonyl fluoride) also inhibits its

chemotactic activity [99]. The cathepsin G�induced
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chemotaxis of monocytes was also effectively inhibited by

a physiological inhibitor of cathepsin G, α1�antichy�

motrypsin [98]. The serpin α1�antichymotrypsin is an

acute phase protein. Its concentration in biological fluids

is in the micromolar range (5�7 µM in plasma), and at

various inflammatory states its plasma concentration can

be increased 3�4�fold. Although α1�antichymotrypsin is

present in blood plasma and interstitial fluid, subcuta�

neous administration of cathepsin G to mice results in

infiltration of mononuclear leukocytes and neutrophils

into the injection site [81]. This suggests that the concen�

tration of α1�antichymotrypsin in biological fluids is not

sufficient for suppression of chemotactic activity of

cathepsin G in the early stages of inflammatory response.

Consequently, this protein can contribute to leukocyte

recruitment to a site of inflammation in vivo.

Azurocidin/CAP37. Azurocidin, also known as

CAP37 (cationic antimicrobial protein of 37 kD), is a

member of a protein group of catalytically inactive

homologs of serine proteases [100]. The azurocidin mol�

ecule contains only one of three conservative amino acid

residues (Asp89) of the catalytic triad of the active site of

serine proteases (histidine, aspartate, and serine). His41

and Ser175 of the catalytic triad are replaced by serine

and glycine residues, respectively. The primary structure

of azurocidin/CAP37 has 45% identity with neutrophil

elastase, 42% identity with proteinase 3, and 32% identi�

ty with cathepsin G.

Azurocidin is a single chain glycoprotein that is syn�

thesized as a precursor of 251 amino acid residues.

Subsequent proteolytic processing results in removal of

N�terminal peptide (of 26 residues) and C�terminal

tripeptide and formation of the mature form of 222

residues. Azurocidin is preferentially located in primary

granules of neutrophils. However, studies have shown the

existence of easily mobilizable intracellular pool of this

protein located in secretory vesicles of neutrophils [101,

102]. Azurocidin is also expressed by endothelial cells

during their activation by proinflammatory mediators

(LPS, TNF�α, IL�1) [103]. The proinflammatory

cytokines TNF�α and IL�1β induce azurocidin expres�

sion in some types of endothelial cells [104]. Azurocidin

was also found in platelets; however, its transcription was

not detected in these cells. This suggests that azurocidin is

presumably taken up by platelet precursors from blood

plasma [105].

As in the case of neutrophil α�defensins, micromolar

concentrations of azurocidin exhibit microbicide effects,

and at concentrations of 10–8�10–10 M it exhibits

chemoattractant properties. Azurocidin is a potent

chemoattractant for monocytes; it also exhibits a chemo�

tactic effect on T lymphocytes, neutrophils, and fibro�

blasts [81, 83, 106]. In in vivo experiments, azurocidin

was subcutaneously injected into BALB/c mice, and then

cell composition at the site of injection was analyzed.

Four hours after subcutaneous administration of 1 µg of

azurocidin there was significant infiltration of neutrophils

and mononuclear cells into the site of injection. After

24 h the number of accumulated cells of innate immune

response was even higher in response to lower doses of

100 and 10 ng [83].

Recently another mechanism responsible for

involvement of azurocidin in monocyte recruitment to a

site of inflammation has been recognized. It is known that

migration of leukocytes circulating in blood to an

inflamed tissue includes several stages: formation of labile

selectin�dependent adhesive contacts with blood vessel

endothelium (rolling), tight integrin�dependent adhesion

of cells on endothelium, transendothelial migration, and

chemotaxis to the site of inflammation. Leukocyte adhe�

sion on vascular endothelium of inflamed tissue is a con�

sequence of exposure of some cell proteins on the activat�

ed endothelial cells (selectins, integrins, and their lig�

ands); these proteins form adhesion contacts with leuko�

cytes circulating in blood.

In in vitro experiments, Soehnlein et al. demonstrat�

ed that azurocidin might be one of these proteins [107].

Like chemokines, azurocidin is a heparin�binding protein

that can be immobilized on components of the extracel�

lular matrix, particularly on endothelial cells. Using the

flow chamber model of leukocyte adhesion on the acti�

vated endothelium, it was shown that azurocidin immobi�

lization on endothelial cells results in significant increase

in the number of monocytes tightly adhered to the

endothelial monolayer. Interestingly, this effect was spe�

cific for monocytes and immobilized azurocidin did not

influence adhesion of neutrophils and T lymphocytes.

How can preferential immobilization of azurocidin

occur on vascular endothelium of inflamed tissues in

vivo? First, we have already mentioned that activation of

endothelial cells by proinflammatory mediators induces

expression of azurocidin [103]. Second, in vitro experi�

ments have shown that neutrophil adhesion on endothe�

lial cells results in secretion of a readily mobilized azuro�

cidin pool from secretory granules followed by azurocidin

binding to endothelial cell surface [107]. It is reasonable

to suggest that during the first phase of innate immune

response, neutrophils migrating to the site of inflamma�

tion “leave” azurocidin of their secretory granules on the

surface of vascular endothelium of inflamed tissue, and

this potentiates subsequent monocyte recruitment to the

site of inflammation.

Urokinase. Urokinase (or urokinase�type plasmino�

gen activator, uPA) is a key component of fibrinolysis; it

plays an important role in directed cell migration [108].

This protein also exhibits a chemotactic effect on many

cell types including leukocytes of the innate immune

response. Urokinase is synthesized by vascular endothe�

lial and smooth muscle cells, epithelial cells, fibroblasts,

monocytes and macrophages, and also by malignant

tumor cells of various origin. Neutrophils contain an

intracellular pool of urokinase (localized in secondary
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granules), which is secreted during cell activation [109,

110].

Urokinase is synthesized in cells as a single polypep�

tide of 411 amino acid residues. The polyfunctional prop�

erties of this protein are associated with the presence in its

structure of three domains: N�terminal domain, which is

homologous to epidermal growth factor (residues 1�45);

central kringle domain (residues 46�143); and C�terminal

proteolytic domain containing the active site of a serine

protease of the trypsin family (residues 144�411).

Cleavage of the Lys158–Ile159 peptide bond in the uroki�

nase polypeptide chain transforms single�chain urokinase

into a double chain form exhibiting higher proteolytic

activity.

The chemotactic effect of urokinase is determined by

the interaction of N�terminal growth factor domain of

this protein with the urokinase receptor uPAR/CD87.

This receptor is a membrane protein devoid of a trans�

membrane domain and anchored on the plasma mem�

brane via glycosylphosphatidylinositol (GPI). It was

shown that formyl peptide receptors play a role of adaptor

transmembrane proteins required for signal transduction

from the urokinase–uPAR complex and induction of

chemotaxis [111]. In vitro experiments have shown that

urokinase exhibits a chemotactic effect on monocytes

[112], neutrophils [113], basophils [111], and mast [114]

and smooth muscle cells [115].

An important role of urokinase in innate immune

response has been demonstrated in experiments on uroki�

nase knockout mice [116]. In the experimental model of

lung inflammation induced by Cryptococcus neoformans,

such mice demonstrated higher sensitivity to inoculation

of this pathogen compared with control mice. At the same

time, the number of monocytes, neutrophils, and T lym�

phocytes attracted to the inflamed tissue was significantly

decreased. Decreased number of accumulated leukocytes

cannot be attributed to decreased migration ability of

these cells in urokinase knockout mice because urokinase

plays an insignificant role in chemotaxis of monocytes

and neutrophils [117, 118], and it is not expressed by T

lymphocytes. Thus, urokinase is apparently one of the

chemoattractants recruiting leukocytes to the inflamed

tissues.

It should be noted that activated neutrophils are not

the only source of urokinase in sites of inflammation.

Bacterial products, such as LPS, and also antiinflamma�

tory cytokines (e.g. IL�1β and TNF�α), the expression of

which is increased in inflamed tissues, induce synthesis

and secretion of urokinase [119, 120]. Thus, urokinase

exhibits properties of inflammatory chemokine.

Interestingly, urokinase potentiates LPS�induced activa�

tion of neutrophils [121]. This suggests that acting in

auto� and paracrine manner at sites of inflammation,

urokinase secreted by neutrophils and other cell types can

increase immune response by stimulating activation of

neutrophils.

CHEMOTACTICALLY ACTIVE PROTEINS—

PRODUCTS OF MEMBRANE PROTEIN

SHEDDING

We have recently demonstrated a new pathway for

generation of chemotactically active proteins during neu�

trophil activation: shedding and concomitant proteolytic

processing of a membrane�bound protein with the subse�

quent release of chemotactically active form of the solu�

ble protein [122, 123]. We showed that membrane�bound

uPAR is shed from the surface of human neutrophils in

response to some activating stimuli and the released solu�

ble form is the chemotactically active truncated D2D3

form of the receptor [122, 123].

uPAR is a multiligand receptor playing an important

role in pericellular proteolysis of migrating cells, cell

adhesion, and chemotaxis [124]. uPAR is expressed by

myeloid cells (monocytes and granulocytes) and vascular

endothelial and smooth muscle cells as well as epithelial

cells and many types of tumor cells. A mature receptor

inserted into plasma membrane consists of 283 residues;

it lacks transmembrane regions and is anchored on the

membrane via GPI. Three homologous domains are rec�

ognized in uPAR: D1, D2, and D3. The N�terminal D1

domain contains a urokinase�binding site; the two other

domains bind the extracellular protein vitronectin. uPAR

also interacts in cis with various integrins [125]. A linker

region joining the D1 and D2 domains can be cleaved by

many proteases such as neutrophil elastase, plasmin,

some metalloproteinases, urokinase, etc. [126]. Thus,

plasma membrane contains both full�length uPAR,

which can bind urokinase, and the D2D3 form of this

receptor, which does not interact with urokinase.

Membrane�bound uPAR can be cleaved by GPI�

specific phospholipase D followed by generation of the

soluble form of this receptor (Scheme 3). Soluble uPAR

(suPAR) has been found in biological fluids, and its con�

centrations in these fluids significantly increase under

such pathological states as inflammation or various forms

of cancer. As in the case of the plasma membrane�bound

form of this receptor, suPAR can exist in biological fluids

as full�length and D2D3 forms. Cleavage of the linker

region between the D1 and D2 domains can occur at var�

ious sites. The D2D3 form of suPAR with exposed

SRSRY fragment (residues 88�92) of the linker region is a

chemoattractant for basophils, monocytes, and CD34+

hematopoietic stem cells (HSCs). This form of suPAR

can chemoattract basophils by interacting with the low�

affinity formyl peptide receptors FPRL1 and FPRL2

[111] and monocytes and HSCs by activating the high�

affinity formyl peptide receptor (FPR) and FPRL1,

respectively [127, 128].

Human neutrophils contain an extensive intracellu�

lar pool of uPAR localized in primary and tertiary gran�

ules and secretory vesicles [129, 130]. Neutrophil activa�

tion results in rapid translocation of uPAR from intracel�



CHEMOTACTICALLY ACTIVE PROTEINS OF NEUTROPHILS 981

BIOCHEMISTRY  (Moscow)   Vol.  73   No.  9   2008

lular compartments onto the plasma membrane [129].

Since activated neutrophils also translocate to the cell

surface the serine proteases (neutrophil elastase and

urokinase), which have previously been shown to be able

to cleave the linker region between domains D1 and D2,

we hypothesized that if neutrophil activation results in

secretion of suPAR (uPAR shedding) the resultant form

of the protein might represent a chemotactically active

D2D3 form of the soluble receptor.

Indeed, we have demonstrated that neutrophils acti�

vated by ionomycin or primed by TNF�α and then stimu�

lated by fMLP or IL�8 rapidly released the D2D3 form of

suPAR [122, 123]. To demonstrate the chemoattractant

properties of this form, we tested supernatants harvested

after stimulation of TNF�α�primed neutrophils by IL�8

for their ability to induce chemotaxis of FPRL1�transfect�

ed HEK293 (human embryonic kidney 293) cells. We

demonstrated that the immunodepletion of the D2D3

form of suPAR from these supernatants using monoclonal

antibodies directed to D2 domain significantly decreased

chemotactic response of these cells. Antibodies to D1

domain and antibodies with irrelevant specificity did not

influence the chemotactic response. Chemotaxis was

totally blocked by the hexapeptide WRW4, an antagonist

of FPRL1. Consequently, we conclude that activated neu�

trophils secrete the chemotactically active D2D3 form of

suPAR, which acts as a ligand for the receptor FPRL1.

The characteristics of many chemotactically active

proteins secreted by neutrophils in inflamed tissues and

considered in this review draw a rather complicated pic�

ture of chemoattractants recruiting leukocytes into sites

of inflammation. Synthesis and secretion of numerous

chemoattractants can cause reasonable uncertainty about

their biological functions. As in the case of any physio�

logically important mechanism, there is likely to be func�

tional redundancy of some components of the chemoat�

tractant system directing leukocytes to sites of inflamma�

tion. However, we believe that the existence of numerous

chemoattractants for the recruitment of imflammatory

cells into particular compartments of the body has also

other physiological reasons. Secretion of many chemoat�

tractants in inflamed tissues provides: first, specificity of

immune response; second, possibility of leukocyte migra�

tion to extended areas inside tissues.

Specificity of immune response, particularly its cel�

lular component, can be illustrated by numerous exam�

ples. For example, in rheumatoid arthritis Th1 cells are

the main population of CD4+ T lymphocytes in synovial

fluid of inflamed joints, whereas in the case of asthma

leukocyte infiltrates are characterized by accumulation of

CD4+ T lymphocytes of Th2 phenotype [52]. Preferential

accumulation of certain types of leukocytes in various

inflammatory processes might be reached by secretion of

various sets of chemoattractants (specific for certain

inflammatory response) in inflamed tissues. Indeed, as it

was considered in detail above, neutrophils express most

chemoattractants in response to certain sets of activating

treatments. Moreover, in vitro experiments have shown

that some stimuli (including proinflammatory ones) can

inhibit expression of some chemokines by activated neu�

trophils. For example, phagocytosis of microcrystals of

sodium urate and potassium pyrophosphate dihydrate

causing inflammatory processes in joints in gout and

pseudogout (respectively) stimulates expression of IL�8

but inhibits synthesis and secretion of MIP�1α by neu�

trophils activated by TNF�α [131]. Thus, secretion of a

certain set of chemoattractants occurs in response to cer�

tain activating treatments. Differential secretion of

chemoattractants by activated neutrophils in various

inflammatory processes can result in recruitment of cer�

tain types of leukocytes (and at certain ratios); this deter�

mines specificity of inflammatory responses.

Another physiologically relevant explanation of

secretion of numerous chemoattractants in inflamed tis�

sues consists of the following. For attraction of distant

cells, an “attracting compartment” should secrete the

necessary quantity of a chemoattractant for its detection

by attracted cells. However, during migration into a pow�

erful stream of this chemoattractant a cell may be exposed

to a saturating concentration, after which the cell loses its

ability to respond to this chemotactic factor. The latter

might represent a consequence of receptor saturation

and/or desensitization. In such case, the existence of gra�

serine
proteases

serine
proteases

D2D3 forms of suPAR

D2D3 forms of uPAR

Shedding and proteolytic processing of uPAR. Membrane�bound

uPAR can be shed from the plasma membrane to produce soluble

form, suPAR. In tumor cells, uPAR shedding is catalyzed by GPI�

specific phospholipase D (GPI�PLD). The linker region between

domains D1 and D2 in both uPAR and suPAR is susceptible to

cleavage by some serine proteases with the generation of the

D2D3 form of the receptor. Cleavage of the linker region can

occur at various sites; this results in formation of a D2D3 form of

suPAR containing the epitope SRSRY and exhibiting chemoat�

tractant properties or a D2D3 form of suPAR lacking both this

epitope and chemoattractant properties. PM, plasma membrane

Scheme 3

PM PM
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dients of other agonists generated by the same compart�

ment might cause a switch of the cell for chemotaxis via

gradients of a second, third, etc. chemoattractant. The

ability of leukocytes to respond sequentially to various

chemoattractants and also to sequentially employ various

receptors during migration via the concentration gradi�

ents of particular chemoattractants provides the possibil�

ity for multistep navigation of leukocytes via multiple

chemoattractant gradients in vivo [132, 133]. The multi�

step model of leukocyte recruitment represents a combi�

natorial mechanism by which many chemoattractants

can be involved in attraction of certain types of leukocytes

into certain compartments in tissues. The model of mul�

tistep navigation of leukocyte chemotaxis also explains

the expression of numerous chemoattractant receptors on

different types of leukocytes.

This work was supported by the Program “Leading

Scientific Schools” (NSh 644.2008.7).

REFERENCES

1. Nauseef, W. M. (2007) Immunol. Rev., 219, 88�102.

2. Page, A. R., and Good, R. A. (1958) Am. J. Pathol., 34,

645�669.

3. Doherty, D. E., Downey, G. P., Worthen, G. S., Haslett,

C., and Henson, P. M. (1988) Lab. Invest., 59, 200�213.

4. Antony, V. B., Sahn, S. A., Antony, A. C., and Repine, J. E.

(1985) J. Clin. Invest., 76, 1514�1521.

5. Zhou, J., Stohlman, S. A., Hinton, D. R., and Marten, N.

W. (2003) J. Immunol., 170, 3331�3336.

6. Scapini, P., Lapinet�Vera, J. A., Gasperini, S., Calzetti, F.,

Bazzoni, F., and Cassatella, M. A. (2000) Immunol. Rev.,

177, 195�203.

7. Cassatella, M. A. (1999) Adv. Immunol., 73, 369�509.

8. Theilgaard�Monch, K., Knudsen, S., Follin, P., and

Borregaard, N. (2004) J. Immunol., 172, 7684�7693.

9. Coldren, C. D., Nick, J. A., Poch, K. R., Woolum, M. D.,

Fouty, B. W., O’Brien, J. M., Gruber, M. P., Zamora, M.

R., Svetkauskaite, D., Richter, D. A., He, Q., Park, J. S.,

Overdier, K. H., Abraham, E., and Geraci, M. W.  (2006)

Am. J. Physiol. Lung Cell Mol. Physiol., 291, L1267�L1276.

10. Allen, S. J., Crown, S. E., and Handel, T. M. (2007) Annu.

Rev. Immunol., 25, 787�820.

11. Ludwig, A., and Weber, C. (2007) Thromb. Haemost., 97,

694�703.

12. Luttrell, L. M. (2006) Methods Mol. Biol., 332, 3�49.

13. Hansell, C. A., Simpson, C. V., and Nibbs, R. J. (2006)

Biochem. Soc. Trans., 34, 1009�1013.

14. Vroon, A., Heijnen, C. J., and Kavelaars, A. (2006) J.

Leukoc. Biol., 80, 1214�1221.

15. Vazquez�Prado, J., Casas�Gonzalez, P., and Garcia�Sainz,

J. A. (2003) Cell Signal., 15, 549�557.

16. Loetscher, P., and Clark�Lewis, I. (2001) J. Leukoc. Biol.,

69, 881�884.

17. Sallusto, F., and Mackay, C. R. (2004) Curr. Opin.

Immunol., 16, 724�731.

18. Kim, J. S., Jung, H. C., Kim, J. M., Song, I. S., and Kim,

C. Y. (2000) Dig. Dis. Sci., 45, 83�92.

19. Bazzoni, F., Cassatella, M. A., Rossi, F., Ceska, M.,

Dewald, B., and Baggiolini, M. (1991) J. Exp. Med., 173,

771�774.

20. Mukaida, N. (2000) Int. J. Hematol., 72, 391�398.

21. Gasperini, S., Calzetti, F., Russo, M. P., De Gironcoli, M.,

and Cassatella, M. A. (1995) J. Inflamm., 45, 143�151.

22. Riedel, D. D., and Kaufmann, S. H. (1997) Infect. Immun.,

65, 4620�4623.

23. Ahuja, S. K., and Murphy, P. M. (1996) J. Biol. Chem., 271,

20545�20550.

24. Wang, J. M., Xu, L., Murphy, W. J., Taub, D. D., and

Chertov, O. (1996) Methods, 10, 135�144.

25. Jinquan, T., Moller, B., Storgaard, M., Mukaida, N.,

Bonde, J., Grunnet, N., Black, F. T., Larsen, C. G.,

Matsushima, K., and Thestrup�Pedersen, K. (1997) J.

Immunol., 158, 475�484.

26. Jinquan, T., Frydenberg, J., Mukaida, N., Bonde, J.,

Larsen, C. G., Matsushima, K., and Thestrup�Pedersen,

K. (1995) J. Immunol., 155, 5359�5368.

27. Geiser, T., Dewald, B., Ehrengruber, M. U., Clark�Lewis,

I., and Baggiolini, M. (1993) J. Biol. Chem., 268, 15419�

15424.

28. Dunican, A. L., Leuenroth, S. J., Ayala, A., and Simms, H.

H. (2001) Shock, 13, 244�250.

29. Metzner, B., Barbisch, M., Parlow, F., Kownatzki, E.,

Schraufstatter, I., and Norgauer, J. (1995) J. Invest.

Dermatol., 104, 789�791.

30. Moser, B., Clark�Lewis, I., Zwahlen, R., and Baggiolini,

M. (1990) J. Exp. Med., 171, 1797�1802.

31. Engelhardt, E., Toksoy, A., Goebeler, M., Debus, S.,

Brocker, E. B., and Gillitzer, R. (1998) Am. J. Pathol., 153,

1849�1860.

32. Eck, M., Schmausser, B., Scheller, K., Toksoy, A.,

Kraus, M., Menzel, T., Muller�Hermelink, H. K., and

Gillitzer, R. (2000) Clin. Exp. Immunol., 122, 192�199.

33. Gillitzer, R., Ritter, U., Spandau, U., Goebeler, M., and

Brocker, E. B. (1996) J. Invest. Dermatol., 107, 778�782.

34. Cacalano, G., Lee, J., Kikly, K., Ryan, A. M., Pitts�Meek,

S., Hultgren, B., Wood, W. I., and Moore, M. W. (1994)

Science, 265, 682�684.

35. Xing, Z., Jordana, M., Kirpalani, H., Driscoll, K. E.,

Schall, T. J., and Gauldie, J. (1994) Am. J. Respir. Cell Mol.

Biol., 10, 148�153.

36. Roche, J. K., Keepers, T. R., Gross, L. K., Seaner, R. M.,

and Obrig, T. G. (2007) Am. J. Pathol., 170, 526�537.

37. Armstrong, D. A., Major, J. A., Chudyk, A., and Hamilton,

T. A. (2004) J. Leukoc. Biol., 75, 641�648.

38. Moore, T. A., Newstead, M. W., Strieter, R. M., Mehrad,

B., Beaman, B. L., and Standiford, T. J. (2000) J.

Immunol., 164, 908�915.

39. Godaly, G., Hang, L., Frendeus, B., and Svanborg, C.

(2000) J. Immunol., 165, 5287�5294.

40. Devalaraja, R. M., Nanney, L. B., Du, J., Qian, Q., Yu, Y.,

Devalaraja, M. N., and Richmond, A. (2000) J. Invest.

Dermatol., 115, 234�244.

41. Tessier, P. A., Naccache, P. H., Clark�Lewis, I., Gladue, R.

P., Neote, K. S., and McColl, S. R. (1997) J. Immunol.,

159, 3595�3602.

42. Gasperini, S., Marchi, M., Calzetti, F., Laudanna, C.,

Vicentini, L., Olsen, H., Murphy, M., Liao, F., Farber,

J., and Cassatella, M. A. (1999) J. Immunol., 162, 4928�

4937.



CHEMOTACTICALLY ACTIVE PROTEINS OF NEUTROPHILS 983

BIOCHEMISTRY  (Moscow)   Vol.  73   No.  9   2008

43. Tamassia, N., Calzetti, F., Ear, T., Cloutier, A., Gasperini,

S., Bazzoni, F., McDonald, P. P., and Cassatella, M. A.

(2007) Eur. J. Immunol., 37, 2627�2634.

44. Chen, L., and Sendo, F. (2001) Parasitol. Int., 50, 139�143.

45. Molesworth�Kenyon, S. J., Oakes, J. E., and Lausch, R. N.

(2005) J. Leukoc. Biol., 77, 552�559.

46. Seiler, P., Aichele, P., Bandermann, S., Hauser, A. E., Lu, B.,

Gerard, N. P., Gerard, C., Ehlers, S., Mollenkopf, H. J., and

Kaufmann, S. H. (2003) Eur. J. Immunol., 33, 2676�2686.

47. Liu, L., Callahan, M. K., Huang, D., and Ransohoff, R.

M. (2005) Curr. Top. Dev. Biol., 68, 149�181.

48. Stiles, L. N., Hosking, M. P., Edwards, R. A., Strieter,

R. M., and Lane, T. E. (2006) Eur. J. Immunol., 36, 613�

622.

49. Hokeness, K. L., Deweerd, E. S., Munks, M. W., Lewis, C.

A., Gladue, R. P., and Salazar�Mather, T. P. (2007) J.

Virol., 81, 1241�1250.

50. Panzer, U., Steinmetz, O. M., Paust, H. J., Meyer�

Schwesinger, C., Peters, A., Turner, J. E., Zahner, G.,

Heymann, F., Kurts, C., Hopfer, H., Helmchen, U., Haag,

F., Schneider, A., and Stahl, R. A. (2007) J. Am. Soc.

Nephrol., 18, 2071�2084.

51. Kaiko, G. E., Horvat, J. C., Beagley, K. W., and Hansbro,

P. M. (2008) Immunology, 123, 326�338.

52. Kidd, P. (2003) Altern. Med. Rev., 8, 223�246.

53. Kim, C. H. (2004) Curr. Drug Targets Immune Endocr.

Metab. Disord., 4, 343�361.

54. Kudo, C., Yamashita, T., Terashita, M., and Sendo, F.

(1993) J. Immunol., 150, 3739�3746.

55. Tumpey, T. M., Fenton, R., Molesworth�Kenyon, S.,

Oakes, J. E., and Lausch, R. N. (2002) J. Virol., 76, 8050�

8057.

56. Miyazaki, S., Matsukawa, A., Ohkawara, S., Takagi, K.,

and Yoshinaga, M. (2000) Inflamm. Res., 49, 673�678.

57. Yamashiro, S., Takeya, M., Kuratsu, J., Ushio, Y.,

Takahashi, K., and Yoshimura, T. (1998) Int. Arch. Allergy

Immunol., 115, 15�23.

58. Lu, B., Rutledge, B. J., Gu, L., Fiorillo, J., Lukacs, N. W.,

Kunkel, S. L., North, R., Gerard, C., and Rollins, B. J.

(1998) J. Exp. Med., 187, 601�608.

59. Kuziel, W. A., Morgan, S. J., Dawson, T. C., Griffin, S.,

Smithies, O., Ley, K., and Maeda, N. (1997) Proc. Natl.

Acad. Sci. USA, 94, 12053�12058.

60. Rand, M. L., Warren, J. S., Mansour, M. K., Newman, W.,

and Ringler, D. J. (1996) Am. J. Pathol., 148, 855�864.

61. Yoshimura, T., and Takahashi, M. (2007) J. Immunol., 179,

1942�1949.

62. Burn, T. C., Petrovick, M. S., Hohaus, S., Rollins, B. J.,

and Tenen, D. G. (1994) Blood, 84, 2776�2783.

63. Shiratsuchi, Y., Iyoda, T., Tanimoto, N., Kegai, D.,

Nagata, K., and Kobayashi, Y. (2007) J. Leukoc. Biol., 81,

412�420.

64. Kasama, T., Strieter, R. M., Standiford, T. J., Burdick, M.

D., and Kunkel, S. L. (1993) J. Exp. Med., 178, 63�72.

65. Schroder, A. K., von der Ohe, M., Kolling, U., Altstaedt,

J., Uciechowski, P., Fleischer, D., Dalhoff, K., Ju, X.,

Zenke, M., Heussen, N., and Rink, L.  (2006) Immunology,

119, 317�327.

66. Kasama, T., Strieter, R. M., Lukacs, N. W., Burdick, M.

D., and Kunkel, S. L. (1994) J. Immunol., 152, 3559�3569.

67. Lapinet, J. A., Scapini, P., Calzetti, F., Perez, O., and

Cassatella, M. A. (2000) Infect. Immun., 68, 6917�6923.

68. Bliss, S. K., Marshall, A. J., Zhang, Y., and Denkers, E. Y.

(1999) J. Immunol., 162, 7369�7375.

69. Maurer, M., and von Stebut, E. (2004) Int. J. Biochem. Cell

Biol., 36, 1882�1886.

70. Siveke, J. T., and Hamann, A. (1998) J. Immunol., 160,

550�554.

71. Von Stebut, E., Metz, M., Milon, G., Knop, J., and

Maurer, M. (2003) Blood, 101, 210�215.

72. Scapini, P., Crepaldi, L., Pinardi, C., Calzetti, F., and

Cassatella, M. A. (2002) Eur. J. Immunol., 32, 3515�3524.

73. Scapini, P., Laudanna, C., Pinardi, C., Allavena, P.,

Mantovani, A., Sozzani, S., and Cassatella, M. A. (2001)

Eur. J. Immunol., 31, 1981�1988.

74. Akahoshi, T., Sasahara, T., Namai, R., Matsui, T., Watabe,

H., Kitasato, H., Inoue, M., and Kondo, H. (2003) Infect.

Immun., 71, 524�526.

75. Quah, B. J., and O’Neill, H. C. (2005) J. Cell Mol. Med., 9,

643�654.

76. Sozzani, S. (2005) Cytokine Growth Factor Rev., 16, 581�592.

77. Borregaard, N., Sorensen, O. E., and Theilgaard�Monch,

K. (2007) Trends Immunol., 28, 340�345.

78. Faurschou, M., and Borregaard, N. (2003) Microbes

Infect., 5, 1317�1327.

79. Tapper, H., Furuya, W., and Grinstein, S. (2002) J.

Immunol., 168, 5287�5296.

80. Naucler, C., Grinstein, S., Sundler, R., and Tapper, H.

(2002) J. Leukoc. Biol., 71, 701�710.

81. Chertov, O., Ueda, H., Xu, L. L., Tani, K., Murphy, W. J.,

Wang, J. M., Howard, O. M., Sayers, T. J., and

Oppenheim, J. J. (1997) J. Exp. Med., 186, 739�747.

82. Yang, D., Chen, Q., Schmidt, A. P., Anderson, G. M.,

Wang, J. M., Wooters, J., Oppenheim, J. J., and Chertov, O.

(2000) J. Exp. Med., 192, 1069�1074.

83. Chertov, O., Michiel, D. F., Xu, L., Wang, J. M., Tani, K.,

Murphy, W. J., Longo, D. L., Taub, D. D., and

Oppenheim, J. J. (1996) J. Biol. Chem., 271, 2935�2940.

84. Zanetti, M. (2004) J. Leukoc. Biol., 75, 39�48.

85. Sorensen, O. E., Follin, P., Johnsen, A. H., Calafat, J.,

Tjabringa, G. S., Hiemstra, P. S., and Borregaard, N.

(2001) Blood, 97, 3951�3959.

86. Durr, U. H., Sudheendra, U. S., and Ramamoorthy, A.

(2006) Biochim. Biophys. Acta, 1758, 1408�1425.

87. Huang, H. J., Ross, C. R., and Blecha, F. (1997) J. Leukoc.

Biol., 61, 624�629.

88. Menendez, A., and Brett Finlay, B. (2007) Curr. Opin.

Immunol., 19, 385�391.

89. Yang, D., Chen, Q., Chertov, O., and Oppenheim, J. J.

(2000) J. Leukoc. Biol., 68, 9�14.

90. Grigat, J., Soruri, A., Forssmann, U., Riggert, J., and

Zwirner, J. (2007) J. Immunol., 179, 3958�3965.

91. Territo, M. C., Ganz, T., Selsted, M. E., and Lehrer, R.

(1989) J. Clin. Invest., 84, 2017�2020.

92. Welling, M. M., Hiemstra, P. S., van den Barselaar, M. T.,

Paulusma�Annema, A., Nibbering, P. H., Pauwels, E. K.,

and Calame, W. (1998) J. Clin. Invest., 102, 1583�1590.

93. Tani, K., Murphy, W. J., Chertov, O., Salcedo, R., Koh, C.

Y., Utsunomiya, I., Funakoshi, S., Asai, O., Herrmann, S.

H., Wang, J. M., Kwak, L. W., and Oppenheim, J. J.  (2000)

Int. Immunol., 12, 691�700.

94. Lillard, J. W., Jr., Boyaka, P. N., Chertov, O., Oppenheim,

J. J., and McGhee, J. R. (1999) Proc. Natl. Acad. Sci. USA,

96, 651�656.



984 PLIYEV

BIOCHEMISTRY  (Moscow)   Vol.  73   No.  9   2008

95. Korkmaz, B., Moreau, T., and Gauthier, F. (2008)

Biochimie, 90, 227�242.

96. Pham, C. T. (2006) Nat. Rev. Immunol., 6, 541�550.

97. Moriuchi, H., Moriuchi, M., and Fauci, A. S. (2000) J.

Virol., 74, 6849�6855.

98. Sun, R., Iribarren, P., Zhang, N., Zhou, Y., Gong, W.,

Cho, E. H., Lockett, S., Chertov, O., Bednar, F., Rogers,

T. J., Oppenheim, J. J., and Wang, J. M.  (2004) J.

Immunol., 173, 428�436.

99. Yang, D., Chertov, O., and Oppenheim, J. J. (2001) Cell

Mol. Life Sci., 58, 978�989.

100. Watorek, W. (2003) Acta Biochim. Pol., 50, 743�752.

101. Tapper, H., Karlsson, A., Morgelin, M., Flodgaard, H.,

and Herwald, H. (2002) Blood, 99, 1785�1793.

102. Witko�Sarsat, V., Cramer, E. M., Hieblot, C., Guichard,

J., Nusbaum, P., Lopez, S., Lesavre, P., and Halbwachs�

Mecarelli, L. (1999) Blood, 94, 2487�2496.

103. Lee, T. D., Gonzalez, M. L., Kumar, P., Chary�Reddy, S.,

Grammas, P., and Pereira, H. A. (2002) Am. J. Pathol.,

160, 841�848.

104. Ruan, X., Chodosh, J., Callegan, M. C., Booth, M. C.,

Lee, T. D., Kumar, P., Gilmore, M. S., and Pereira, H. A.

(2002) Invest. Ophthalmol. Vis. Sci., 43, 1414�1421.

105. Jenne, D. E. (1994) Am. J. Respir. Crit. Care Med., 150,

S147�S154.

106. Pereira, H. A., Shafer, W. M., Pohl, J., Martin, L. E., and

Spitznagel, J. K. (1990) J. Clin. Invest., 85, 1468�1476.

107. Soehnlein, O., Xie, X., Ulbrich, H., Kenne, E., Rotzius,

P., Flodgaard, H., Eriksson, E. E., and Lindbom, L.

(2005) J. Immunol., 174, 6399�6405.

108. Crippa, M. P. (2007) Int. J. Biochem. Cell Biol., 39, 690�

694.

109. Heiple, J. M., and Ossowski, L. (1986) J. Exp. Med., 164,

826�840.

110. Granelli�Piperno, A., Vassalli, J. D., and Reich, E. (1977)

J. Exp. Med., 146, 1693�1706.

111. De Paulis, A., Montuori, N., Prevete, N., Fiorentino, I.,

Rossi, F. W., Visconte, V., Rossi, G., Marone, G., and

Ragno, P. (2004) J. Immunol., 173, 5739�5748.

112. Resnati, M., Guttinger, M., Valcamonica, S., Sidenius, N.,

Blasi, F., and Fazioli, F. (1996) EMBO J., 15, 1572�1582.

113. Gudewicz, P. W., and Gilboa, N. (1987) Biochem. Biophys.

Res. Commun., 147, 1176�1181.

114. Sillaber, C., Baghestanian, M., Hofbauer, R., Virgolini, I.,

Bankl, H. C., Fureder, W., Agis, H., Willheim, M., Leimer,

M., Scheiner, O., Binder, B. R., Kiener, H. P., Bevec, D.,

Fritsch, G., Majdic, O., Kress, H. G., Gadner, H., Lechner,

K., and Valent, P. (1997) J. Biol. Chem., 272, 7824�7832.

115. Mukhina, S., Stepanova, V., Traktouev, D., Poliakov, A.,

Beabealashvilly, R., Gursky, Y., Minashkin, M., Shevelev,

A., and Tkachuk, V. (2000) J. Biol. Chem., 275, 16450�

16458.

116. Gyetko, M. R., Chen, G. H., McDonald, R. A.,

Goodman, R., Huffnagle, G. B., Wilkinson, C. C., Fuller,

J. A., and Toews, G. B. (1996) J. Clin. Invest., 97, 1818�

1826.

117. Gyetko, M. R., Sitrin, R. G., Fuller, J. A., Todd, R. F.,

3rd, Petty, H., and Standiford, T. J. (1995) J. Leukoc. Biol.,

58, 533�538.

118. Gyetko, M. R., Todd, R. F., III, Wilkinson, C. C., and

Sitrin, R. G. (1994) J. Clin. Invest., 93, 1380�1387.

119. Takahashi, K., Uwabe, Y., Sawasaki, Y., Kiguchi, T.,

Nakamura, H., Kashiwabara, K., Yagyu, H., and

Matsuoka, T. (1998) Am. J. Physiol., 275, L47�L54.

120. Marshall, B. C., Xu, Q. P., Rao, N. V., Brown, B. R., and

Hoidal, J. R. (1992) J. Biol. Chem., 267, 11462�11469.

121. Kwak, S. H., Mitra, S., Bdeir, K., Strassheim, D., Park, J.

S., Kim, J. Y., Idell, S., Cines, D., and Abraham, E. (2005)

J. Leukoc. Biol., 78, 937�945.

122. Pliyev, B. K., and Tkachuk, V. A. (2007) in Abstr. XIth Int.

Workshop on Molecular and Cellular Biology of Plasminogen

Activation, Saltsjobaden, p. 26.

123. Pliyev, B. K. (2008) Mol. Cell. Biochem., in press.

124. Ragno, P. (2006) Cell Mol. Life Sci., 63, 1028�1037.

125. Kugler, M. C., Wei, Y., and Chapman, H. A. (2003) Curr.

Pharm. Des., 9, 1565�1574.

126. Montuori, N., Visconte, V., Rossi, G., and Ragno, P.

(2005) Thromb. Haemost., 93, 192�198.

127. Resnati, M., Pallavicini, I., Wang, J. M., Oppenheim, J.,

Serhan, C. N., Romano, M., and Blasi, F. (2002) Proc.

Natl. Acad. Sci. USA, 99, 1359�1364.

128. Selleri, C., Montuori, N., Ricci, P., Visconte, V., Carriero,

M. V., Sidenius, N., Serio, B., Blasi, F., Rotoli, B., Rossi,

G., and Ragno, P. (2005) Blood, 105, 2198�2205.

129. Plesner, T., Ploug, M., Ellis, V., Ronne, E., Hoyer�

Hansen, G., Wittrup, M., Pedersen, T. L., Tscherning, T.,

Dano, K., and Hansen, N. E. (1994) Blood, 83, 808�815.

130. Pedersen, T. L., Plesner, T., Horn, T., Hoyer�Hansen, G.,

Sorensen, S., and Hansen, N. E. (2000) Ultrastruct.

Pathol., 24, 175�182.

131. Hachicha, M., Naccache, P. H., and McColl, S. R. (1995)

J. Exp. Med., 182, 2019�2025.

132. Foxman, E. F., Campbell, J. J., and Butcher, E. C. (1997)

J. Cell Biol., 139, 1349�1360.

133. Oelz, D., Schmeiser, C., and Soreff, A. (2005) Math. Med.

Biol., 22, 291�303.


