
REVIEW

Platelet-derived chemokines: pathophysiology
and therapeutic aspects

Hans-Dieter Flad • Ernst Brandt

Received: 23 December 2009 / Revised: 28 January 2010 / Accepted: 5 February 2010 / Published online: 7 March 2010

� Springer Basel AG 2010

Abstract The identification of chemokines in blood

platelets has strengthened our view of these cells as par-

ticipants in immune host defense. Platelet chemokines

representing prestored and rapidly releasable proteins may

play a major role as first-line inflammatory mediators. This

is evident from their capability to recruit early inflamma-

tory cells such as neutrophil granulocytes and monocytes

and even to exhibit direct antimicrobial activity. However,

insight is growing that platelet chemokines may be also

long-term regulators, e.g., by activating T lymphocytes, by

modulating the formation of endothelium and even

thrombocytopoiesis itself. This review deals with the

individual and cooperative functionality of platelet che-

mokines, as well as their potential as a basis for therapeutic

intervention in the pathology of inflammation, infection,

allergy and tumors. Within this context, therapeutic strat-

egies based on the use of antibodies, modified chemokines,

chemokine-binding proteins and chemokine receptor

antagonists as well as first clinical studies will be

addressed.
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Introduction

Their peculiar morphologic and functional features, toge-

ther with their ubiquitous abundance and immediate

availability within the circulation, define blood platelets as

perfect adaptations to their primary tasks as surveillants of

hemostasis and organizing elements in vascular tissue

repair. However, several recent discoveries have given

reason to broadening this classical view to several sur-

prising aspects. These demonstrate that platelet activation

may entail immediate as well as far-reaching consequences

in immunity, comprising the establishment of innate anti-

microbial host defense to the point of modulating the

adaptive immune response. In fact, platelets now are

viewed as innate inflammatory cells with acute host

defense functions as well as long-term regulatory roles (for

a review see [1]). Additionally it has become clear that

platelets also constitute powerful autoregulators of their

formation from precursor cells.

In recent years, two novel families of mediators have

been recognized to play major roles for the communica-

tion of platelets with vascular cells and blood leukocytes.

One of these is the tumor necrosis factor (TNF) family,

where several members, such as CD40L, FasL and

LIGHT, were shown to act as platelet-associated ligands

of their counter-receptors on a variety of immune and

vascular wall cells, resulting in a broad spectrum of

inflammatory responses [2, 3]. Interestingly, members of

the TNF family are also inducers of chemokines, which

represent a second, even larger family of multifunctional

mediators, some of which appear to be specifically

platelet-associated and functionally adapted to a role in

the vascular tissue. According to recent evidence, these

platelet-derived chemokines not only constitute first-line

mediators in inflammation, but apart from initiating host
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defense responses, are also involved in the prolongation

and limitation of defence processes. Remarkably, some of

these chemokines appear to be involved in the regulation

of platelet formation from megakaryocytes and their

progenitors. Although the spectrum of chemokines [both

C-X-C motif ligand (CXCL) and C–C motif ligand

(CCL)] that has been found to be produced and secreted

by platelets has been extended by several molecular

species, such as macrophage inflammatory protein alpha

(MIP-1a/CCL3), growth-regulated protein alpha (GROa/

CXCL1) and epithelial neutrophil-activating peptide 78

(ENA-78/CXCL5) [4, 5], the major platelet chemokines

are still represented by beta thromboglobulin (b-TG/

CXCL7) and platelet factor 4 (PF4/CXCL4), and regu-

lated upon activation and normal T cell expressed and

secreted (RANTES/CCL5) [6, 7]. Therefore, these latter

members of the chemokine family will represent the main

focus of this review. Following a brief update of their

classic roles in host defense and hemostasis, several of

their still less prominent and on some occasions unex-

pected features will be addressed and discussed. These

will include recent discoveries about their cell and

receptor interaction and novel cellular sources, as well as

their emerging role as antimicrobial agents (Fig. 1).

Platelet chemokines: a set of complementary

chemoattractants with specific roles in host defense

and hemostasis

Platelet chemokines, like many other secretable platelet

proteins including growth factors and various cytokines, are

located within a-granules. Notably, a common three-

dimensional granule targeting motif has been identified

within CXCL7, CXCL4 and CCL5 that appears to be

responsible for the localization of these major platelet che-

mokines within their storage compartments [8]. Upon proper

platelet activation (e.g., by thrombin) their release from

a-granules into the extracellular environment constitutes a

rapid process that is initiated within seconds. Together with

the ensuing clot formation and platelet aggregation, this

process brings forth not only the mechanical sealing of

vascular wounding, but also marks the onset of tissue repair

and establishes a proinflammatory environment culminating

in the recruitment and activation of various types of immune

cells. The roles of platelet chemokines in these events are

complex and often interdependent, suggesting the existence

of a system of thrombocytic mediators with structural and

functional adaptations to the conditions found within and

around the vascular tissue.

Fig. 1 Roles of major platelet-derived chemokines in the recruitment

of blood leukocytes and the regulation of megakaryocytopoiesis and

angiogenesis. Following the formation of a thrombus at an injured

vessel wall, activated platelets rapidly secrete CXCL4, CCL5 and

PBP/CTAP-III, two precursors of the active CXCL7 chemokine

NAP-2. Following processing of these precursors by thrombus-

associated neutrophils (PMN), i.e., in an environment depleted of

protease inhibitors, the arising NAP-2 cooperates with CXCL4 in

negative regulation of megakaryocytopoiesis, thus counter-acting

CXCL12, an inducer of TPO. Both CXCL12 and NAP-2 participate in

stimulating angiogenesis, while CXCL4 and especially CXCL4L1

represent strong inhibitors of angiogenesis. Although not chemotactic

itself, CXCL4 cooperates with NAP-2 and CCL5 in recruiting PMN

and monocytes (Mo), respectively, to the vessel wall. Both CCL5 and

CXCL4 also induce adherence of eosinophils (Eo), while CCL5

recruits T cells (T). Transmigration of the cells is stimulated by

extravascular NAP-2 (PMN) and CCL5 (Mo, Eo, T)
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Platelet chemokines and immune cell recruitment

Cellular targets of platelet chemokines

Regarding their differing functional properties, it appears

not surprising that the three major platelet chemokines each

belong to a different branch of the chemokine family and

altogether form a repertoire of functionally diverse

although complementary chemoattractants. Thus, CXCL7

as a member of the CXC chemokine subfamily constitutes

a potent chemoattractant and activator for neutrophil

granulocytes [9–11], consequently, recruiting those blood

leukocytes to sites of injury that are responsible for the

immediate establishment of an antimicrobial line of

defense. As CXCL7 belongs to the subgroup of ELR?

CXC chemokines, it functions through interaction with the

two Gi protein-coupled seven-transmembrane domain

(7-TMD) receptors, CXCR1 and CXCR2 [12, 13], with

CXCR1 representing a low affinity and CXCR2 a high

affinity receptor for this chemokine [14–16]. Conversely,

the lack of the ELR? tripeptide motif in CXCL4, allocating

this protein to the ELR- CXC chemokine subgroup, pre-

vents the binding of CXCL4 to the above receptors [17].

This correlates with the absence of chemotactic activity not

only for neutrophils [9, 18] but also for any other blood cell

population so far tested [19, 20] and renders CXCL4 a

somewhat unusual chemokine (chemotactic cytokine),

despite its clear structural relationship to other members of

this cytokine family. Notably CXCL4 participates in the

recruitment and activation of neutrophils and even more so

of monocytes by acting through a variety of other mecha-

nisms, which include its specific binding to and signaling

through integral chondroitin sulfate proteoglycans [21–23]

as well as the formation of heterooligomers with other

chemokines. So far, there is only one report suggesting the

existence of Gi protein-coupled 7-TMD receptor(s)

(CXCR3) for CXCL4 [24]. However, this finding with

human T cells has neither been confirmed by others since

then nor could we reproduce the data describing CXCL4

chemotactic activity for human T cells (F. Petersen,

Research Center Borstel; unpublished results). By contrast,

CCL5, a member of the CC-subfamily of chemokines, has

been found to interact with at least three species of Gi

protein-coupled receptors (CCR1, CCR3, CCR5) that are

differentially expressed on a variety of leukocytes and

lymphocytes [25]. Thus, CCL5 considerably adds to the

repertoire of immune cells that become attracted and

recruited by platelet-secreted chemokines, by acting on

monocytes [25], resting and activated T cells [26, 27],

eosinophils [28, 29], basophils [30], natural killer (NK)

cells [31] and dendritic cells (DC) [32]. Altogether the

three major platelet chemokines form a set of rapidly

releasable mediators having important roles in host defence

by addressing cells involved in innate as well as adaptive

immunity. In the following some examples are given of

how platelet-derived chemokines act in concert on distinct

leukocyte populations.

Interaction of CXCL7 and CXCL4 in neutrophil

recruitment

As a chemoattractant and activator for neutrophils [9–11],

CXCL7 is crucial in establishing the first line of cellular

defense following vascular injury. It is comprehensible that

such a signal marking the onset of an inflammatory reaction

must be under tight control. Thus, different from other

chemokines, CXCL7 is secreted as a chemotactically

inactive precursor molecule that requires proteolytic pro-

cessing to become active [33, 34]. Human platelets secrete

two CXCL7 precursors, termed platelet basic protein (PBP,

94aa) and connective tissue-activating peptide III (CTAP-

III, 85 aa), which represent N-terminally truncated deriva-

tives of pre-PBP (128 aa), the primary CXCL7 translation

product bearing a 34 aa leader sequence [6, 35–38]. Inter-

estingly, platelets themselves do not have the capacity to

process PBP or CTAP-III, but conversion of these precur-

sors into the chemotactically active neutrophil-activating

peptide 2 (NAP-2, 70 aa) is dependent on the presence of

neutrophils, the NAP-2 target cells themselves, which

expose cell-associated cathepsin G on their surface [33, 39,

40]. Cleavage of PBP/CTAP-III by this serine protease

behind the only tyrosine residue in these molecules removes

their inhibitory N terminus that was found to fold back over

the ELR? motif and to prevent interaction of the molecules

with receptors CXCR1/2 [41]. The peculiarity of this way of

NAP-2 generation consists in its potential to release a self-

amplifying process, consisting in consecutive steps of

neutrophil attraction and enhanced CXCL7 activation.

Among the mechanisms involved in controlling these

events, inhibition of the PBP/CTAP-III-processing enzyme

by plasma proteinase inhibitors is of prime importance.

Thus, we found plasma down to 0.01% to completely inhibit

CXCL7 processing by suspended neutrophils [39]. How-

ever, the same cells captured within aggregates of activated

platelets exhibited hardly impaired processing capacity

even in the presence of up to 40% plasma (own unpublished

results). This demonstrates that within thrombi plasma

proteinase inhibitors may become excluded and/or

inactivated [42, 43], allowing the establishment of a pro-

inflammatory microenvironment. Thus, as far as the

formation of NAP-2 is concerned, plasma inhibitors appear

to control NAP-2 formation at its onset in order to prevent

inadequate neutrophil activation, while limitation of the

reaction once initiated appears to be brought about by other

factors. One of these is likely CXCL4, the second major

platelet chemokine simultaneously released from the same
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storage granules. Notably we found CXCL4 to act as a

potent inhibitor of neutrophil as well as cathepsin G-cata-

lyzed CXCL7 processing [44]. All evidence suggests that

CXCL4 acts as a direct inhibitor of the processing enzyme

and does not function through forming heterooligomers

with CXCL7 or through activating neutrophils to release

inhibitory factors. Interestingly, CXCL4 is inhibitory at

concentrations far below those required to induce neutro-

phil activation on its own. As a consequence of blocked

CXCL7 processing, CXCL4 acts also as a strong inhibitor

of NAP-2-induced neutrophil adhesion to endothelial cells,

although it does not inhibit NAP-2-dependent transendo-

thelial migration [45]. Although, as mentioned above,

CXCL4 is not a chemotaxin, it may assist in the recruitment

of neutrophils by inducing a very strong adhesion to resting

endothelial cells, and may even activate exocytosis of sec-

ondary granule contents in adherent or TNF-primed

neutrophils in the absence of primary granule activation

[19, 46]. Notably, we even found CXCL4 at suboptimal

concentrations to positively cooperate with NAP-2 in

inducing neutrophil adhesion to endothelial cells [45].

These observations and the fact that CXCL4 exhibits its

activating functions at much higher concentrations than its

inhibitory ones suggest a regulatory role for this chemokine

consisting in the sharpening of proinflammatory signals by

suppressing weak ones and enhancing those that are beyond

threshold.

Interaction of CXCL4 and CCL5 in monocyte recruitment

While CCL5 is known as a potent monocyte chemoat-

tractant, CXCL4 and CXCL7 do not have chemotactic

activity for these cells. Nevertheless, all three chemokines

have been shown to support monocyte recruitment by their

capacity to bind to activated human microvascular endo-

thelial cells, which increases surface immobilization and

subsequent monocyte arrest [47]. Inhibition studies using

corresponding antibodies revealed that the chemokines

cooperated in an additive manner. Deposition of platelet-

derived chemokines on endothelium may occur through

differing ways, including release of these mediators by

activated platelets or through delivery by platelet micro-

particles, which is favored by flow and may also serve as a

transcellular delivery system [48]. The fact that especially

platelet-derived chemokines but not, e.g., CXCL5 have a

prominent capacity to bind to endothelium highlights a

special importance of these mediators in intravascular cell

recruitment and suggests the expression of proteoglycans in

the vasculature that may selectively capture such chemo-

kines. Interestingly, activated platelets have been found to

secrete proteoglycans such as soluble chondroitin sulfate A

by themselves. The platelet-derived, fully sulfated form of

this molecular species, but not the less-sulfated molecule

from plasma, was observed to prevent sequestration of

CCL5 on the vascular surface as well as CCL5-mediated

firm adhesion of monocytes to endothelial cells under

physiological flow conditions [49]. A further indication

that this proteoglycan may represent an efficient counter-

regulatory element to confine leukocyte recruitment was

supported by the fact that it was capable of inhibiting

CCL5-elicited influx of calcium in CCR5-transfected CHO

cells. On the other hand, binding of platelet-derived che-

mokines to chondroitin sulfate proteoglycans expressed on

the monocyte surface was revealed to provide a basis for

cooperative action between these mediators. Such cooper-

ation exists between CXCL4 and CCL5, where CXCL4

alone was not able to stimulate arrest of monocytes to

activated endothelium under flow conditions, but greatly

enhanced cell arrest induced by CCL5 [50]. Vice versa,

CCL5 enhanced binding of CXCL4 to monocytes. Inter-

estingly, these effects were dependent on the ability of

CCL5 to form oligomers of higher order, which relies on

certain structural motifs and on its binding to proteoglycans

and may facilitate the formation of CCL5/CXCL4 het-

erooligomers. As CCL5 was shown to signal monocyte

arrest through CCR1 instead of CCR5 (the chemotaxis

receptor) [51], it was proposed that heterophilic interaction

of these chemokines promotes signaling through the former

receptor [50]. The physiological relevance of platelet-

derived chemokines for monocyte recruitment was dem-

onstrated by experiments with activated full blood where

Met-RANTES (an antagonist to CCL5) and antibodies to

CXCL4 and CXCL7 inhibited the arrest of monocytes to

activated human endothelium [48].

Platelets and their progenitors as targets of chemokines

Chemokine receptors on mature platelets

and their involvement in platelet function

There are various reports describing message as well as

surface expression for a limited set of chemokine receptors

in mature human platelets. Among these are receptors for

CXC and CC chemokines, however, functional effects of

chemokines on platelets appear to be dependent on several

parameters. In one of the earliest studies, Power et al. [5]

found mRNA expression for IL-8R A and CKR K5.5, now

termed CXCR1 and CCR4, respectively. In a more com-

prehensive study, this was confirmed by Clemetson et al.

[52]; however, surface expression was only found for

CCR4, and moreover for several additional receptors,

comprising CCR1, CCR3, CCR4 and CXCR4, while

CXCR1, CXCR2, CXCR3 and CCR5 were all negative.

Evidence for functionality of surface-expressed chemokine

receptors, as seen by intracellular Ca2? signals and platelet

aggregation, was implicated by the responsiveness of
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platelets to corresponding ligands, i.e., to chemokines MIP-

1a (CCR1), RANTES (CCR1, CCR3), eotaxin (CCR3), the

thymus and activation-regulated chemokine TARC/CCL17

and the macrophage-derived chemokine MDC/CCL22

(CCR4), as well as to the stromal cell-derived factor SDF-

1/CXCL12 (CXCR4). Notably, aggregation responses to

chemokines were relatively weak as compared to thrombin

and were partly dependent on the liberation of ADP as a

secondary signal, as well as on the interaction with platelet

surface proteoglycans [52]. More direct evidence for the

involvement of CCR4 and CXCR4 was provided by other

authors, showing that specific antibodies to these receptors

could prevent functional signaling by its respective ligands

[53, 54]. Also, CCL17 and CCL22 as well as CXCL12

were clearly shown to require the presence of low amounts

of primary platelet agonists thrombin or ADP to induce

maximal platelet aggregation under arterial flow condi-

tions, and ADP potentiates shape change, aggregation and

adhesion to collagen [55]. Inhibition of chemokine-induced

aggregation by apyrase [55] or by ADP-receptor antago-

nists [56] again highlighted the importance of ADP as a

cooperative signal. Responsiveness of platelets to CCL17

and CCL22, which are Th2-type cytokine-induced media-

tors, has been taken to suggest a role for these chemokines

in platelet activation seen in Th2 diseases, such as asthma

and atopic dermatitis. Correspondingly, the identification

of highly expressed CXCL12 in endothelium and athero-

sclerotic plaques has suggested a role for CXCL12 in the

pathogenesis of atherosclerosis and thrombo-occlusive

diseases. CCL22 may as well participate in these events, as

it has been shown that the chemokine may cooperate in

thrombus formation with oxidized low-density lipoprotein,

exposed during atherosclerotic plaque rupture [57]. Inter-

estingly, it has also been found that platelet-derived

chemokines such as CCL5 may modulate the platelet

response to external chemokines. Thus, it was shown that

CCL5 abrogated CXCL12-induced fibrinogen binding as

well as CXCL12-promoted whole blood platelet adhesion

to endothelial cells under venous flow conditions [58].

Also, CXCL12-induced platelet aggregation was inhibited

to a certain extent, but not that induced by thrombin

receptor-activating peptide or ADP, altogether suggesting

that CCL5 represents a non-competitive antagonist to

CXCL12 and thus may play a regulatory role in the platelet

response to inflammation.

Chemokines involved in platelet development

and maturation

First evidence that chemokines could play a role in platelet

development came from the observation that the major

platelet chemokines CXCL4 and CXCL7 effected negative

autocrine regulation of human megakaryocytopoiesis [59,

60]. Both CXCL4 and the CTAP-III species of CXCL7 in

normal marrow cultures caused a decrease in mixed-meg

cultures (BFU-meg and large CFU-meg). This suggested

that both proliferation and maturation of megakaryocyte

(MK) progenitor cells were inhibited, with a predominant

effect on earlier progenitor cells [60]. Subsequently others

described that the NAP-2 species of CXCL7 was two to

three orders of magnitude more potent than CXCL4 in

inhibiting formation of MK colonies and that this depended

on the presence of the ELR-motif in NAP-2 [61]. NAP-2/

CXCL4 chimera containing the ELR-motif were equally

potent to NAP-2, and also CXCL8, another ELR? CXC

chemokine, was effective. While this indicated the

involvement of chemokine receptors CXCR1 and/or

CXCR2, also several CC chemokines produced by ancil-

lary marrow cells (CCL3, MIP-1b/CCL4) had comparable

activity, suggesting both autocrine and paracrine control of

megakaryocytopoiesis by chemokines. Further evidence

for the involvement of CXCR1 and CXCR2 came from the

observation that antibodies to these receptors increased

proliferation and differentiation and restored polyploidi-

zation in MK precursors from patients with myeloid

metaplasis with myelofibrosis [62].

Interestingly, it was found that MK maturation is asso-

ciated with the expression of CTAP-III, the latter being

especially high in mature human bone MK, where it

localizes to the platelet-producing zones in the cytoplasm

[63]. Thrombopoietin (TPO) is a strong inducer of CXCL7

as well as CXCL4, and as is also seen in mice, both che-

mokines act as negative feed-back regulators by

suppressing polyploidization in the presence of TPO and

pro-platelet formation during MK maturation [64].

As another major chemokine player in platelet devel-

opment, although with quite opposite functions than the

above mediators, the ELR- CXC chemokine CXCL12 has

been recognized. According to observations by several

authors, CXCR4, the major and monospecific receptor for

CXCL12, is expressed on the MK lineage from early

progenitors to fully differentiated platelets. These reports

comprise CXCR4 mRNA expression in CD34(?) bone

marrow cells, CD16(?) cells, platelets, MK leukemia cells

and CFU-Meg [65], as well as surface expression of the

receptor on mature polyploidal MK [66], MK precursors,

and platelets [67]. Despite clear-cut expression of CXCR4

throughout all developmental stages, effects of its ligand

CXCL12 differ with respect to the differentiation state of

the respective cell population. As a general outline,

immature MKs were found to readily respond to CXCL12

by cytosolic Ca2? elevation and migration, while mature

MK and platelets did not [65, 67, 68]. There is evidence

that the upregulation in mature MK of RGS16, a negative

regulator of G protein signaling interfering with CXCR4

signal transduction, is responsible for these discrepancies
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[68]. The role of CXCL12 as an enhancer of MK devel-

opment and platelet formation is based on observations by

several authors, describing its stimulation of immature

megakaryoblast formation as well as its enhancing effect

on thrombopoietin (TPO)-induced development of MK

precursors [69, 70]. The impact of CXCL12 appears to be

selective, since in the murine system stem cell factor

(SCF)- and IL-3-dependent effects are not supported and

CXCR4 inhibitors reduce TPO-dependent growth [70].

Moreover, CXCL12 and TPO obviously regulate distinct

aspects of human megakaryopoiesis since CXCL12, unlike

TPO, does not stimulate alpha(IIb)beta(3)(?) cell prolif-

eration or differentiation or have an antiapoptotic effect,

whereas both increase adhesion of these cells to fibrinogen

and vitronectin [71]. Thus, CXCL12, platelet chemokines

CXCL4/CXCL7 and TPO altogether appear to form part of

a balanced system in the regulation of platelet development

and maturation. Interestingly, recent evidence suggests that

CXCL12, so far believed to stem from external cellular

sources, may also be secreted by platelets themselves [72],

which circumstance would allow for an additional auto-

regulatory circuit in platelet development.

Platelet chemokines in vascular repair and angiogenesis

Vascular damage constitutes an inevitable consequence of

wounding and inflammation. Apart from initiating the

inflammatory process through the recruitment and activa-

tion of blood leukocytes, platelet chemokines were also

shown to participate in physiological as well as patholog-

ical aspects of vascular repair and tissue remodeling.

According to observations in mice, injured arteries may

become recolonized not only by lateral outgrowth of resi-

dent vascular cells, but also by bone marrow-derived

progenitors of smooth muscle and endothelial cells that are

recruited to thrombi by platelet-secreted CXCL12 [72]. In

this respect it may also be interesting that some platelet-

derived growth factors like vascular endothelial growth

factor (VEGF) and basic fibroblast growth factor (bFGF)

induce massive expression of CXCR4 on human EC,

leading to enhanced chemotactic migration of these cells in

response to CXCL12 and to in vivo neovascularization as

observed in rats [73]. Concomitantly, growth factors and

hematopoietic cytokines induce CXCL12 secretion in

various cells leading to enforcement of neoangiogenic

processes, which demonstrates that CXCL12 is essential in

mediating the angiogenic effects of growth factors. In fact,

as seen in CXCL12 and CXCR4-deficient mice, the che-

mokine has a crucial role in trafficking, engraftment and

differentiation of hematopoietic stem cells, and moreover

as a product of tumor cells is responsible for neoangio-

genesis in cancer (reviewed in [74]). Furthermore, Hristov

et al. [75] have recently described that circulating

endothelial progenitor cells may contribute to reendothel-

ialization of wounded arterial areas by their expression of

chemokine receptor CXCR2, allowing for chemotactic

migration and recruitment of these cells to fibronectin or

platetet-covered surfaces through chemokines CXCL1 and

CXCL7. Interestingly, expression of these two chemokines

was not only found in platelets but also in denuded vascular

smooth muscle cells soon after injury. It is suggested that

colonization by endothelial precursor cells may be instru-

mental in preventing neointimal growth induced by, e.g.,

CCL5 through monocyte attraction following endothelial

injury [76]. Meanwhile it has been recognized that CXCR2

is not only important for cell recruitment but also for

transmitting growth signals in endothelial cells. This was

first suggested upon the observation that all ELR? CXC

chemokines are able to induce proliferation in uninflamed

microvascular endothelium [77] and that blocking of

CXCR2 in different animal models inhibited chemotaxis as

well as angiogenesis in response to ELR? CXC chemo-

kines [78]. Similarly, indicating the importance of the

CXCR2/CXCR2-ligand axis in pathology, human lung

transplantation ischemia-reperfusion injury was found to be

associated with elevated levels of CXCL3, CXCL7 and

CXCL8, and in a rat orthotopic single lung transplantation

model of cold ischemia-reperfusion injury the same authors

demonstrated that CXCR2 receptor blockade reduced lung

neutrophil sequestration and attenuated post-lung trans-

plantation cold ischemia-reperfusion injury [79]. While it is

known that apart from several ELR? CXC chemokines

growth factors such as VEGF, bFGF, platelet-derived

growth factor (PDGF) and heparanase contribute to the

proangiogenic potential of platelets, the non-ELR chemo-

kine CXCL4 has been identified as the major anti-

angiogenic component contained in platelet releasates [80].

In fact anti-angiogenic activity of CXCL4 has been

reported by several authors previously [81–83], and this

observation is in good accordance with findings describing

that other non-ELR CXC chemokines such as Mig/CXCL9,

IP-10/CXCL10 and I-TAC/CXCL11 similarly have a

potential to inhibit endothelial cell proliferation [77, 84,

85]. Due to the angiostatic properties of CXCL4 and the

latter, interferon (IFN)-inducible chemokines have come

into focus regarding their potential benefit for cancer

treatment and other diseases promoted by neovasculariza-

tion [86–88]. As a clue to exploiting the operating

principle, receptor-ligand interactions have been intensely

investigated. These studies, especially those addressing

CXCL4, resulted in the discovery of variable and complex

mechanisms being involved in the chemokines’ mode of

action. Competable activity and binding of CXCL4 and

other non-ELR chemokines to endothelial cell surface

heparan sulfate proteoglycans (HSPG) [81, 82, 84]
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suggested that these might function either directly as sig-

naling receptors or indirectly as bystander molecules.

Although this may be true for CXCL4-mediated activation

of monocytes and neutrophils that do not express G pro-

tein-coupled receptors (GPCR) for this chemokine [20, 21],

microvascular endothelial cells meanwhile were shown to

express an alternatively spliced variant of CXCR3, referred

to as CXCR3-B, that is coupled to Gs proteins instead of Gi

proteins and mediates the anti-angiogenic effect of CXCL4

as well as that of CXCL9, CXCL10 and CXCL11 [85, 89,

90]. Nevertheless, it is not yet clear whether the angiostatic

effect of the three IFN gamma-inducible chemokines and

CXCL4 is exclusively mediated by CXCR3-B, as these

mediators are angiostatic also in mice [91], despite there

being no evidence for the expression of CXCR3-B in mice.

Especially for CXCL4 the utilization of several concurrent

mechanisms in addition to CXCR3-B activation has

become evident. These are based on competition with

growth factors such as bFGF or VEGF for binding to

endothelial cell surface HSPG [82, 92] or inhibition of

growth factor dimerization by complex formation with

ligands, as seen in the murine system with FGF-2 [93].

Further studies revealed, that CXCL4 may inhibit angio-

genic growth signals in a dual manner by interfering with

growth factor-mediated receptor activation and signaling as

well as by eliciting HSPG and growth factor receptor-

independent inhibition by disrupting the MAP-kinase cas-

cade in endothelial cells [94]. Because the latter study also

demonstrated that CXCR3-B activation was not involved

in these processes, the existence of so far unidentified

CXCL4 receptor(s) was postulated. Interestingly very

recently an additional potential mechanism for anti-angi-

ogenesis operating via binding to integrins has come into

focus. According to Aidoudi et al. [95], soluble CXCL4

binds to integrins (preferentially avb3 and some related) on

endothelial cells, thereby inhibiting their adhesion to RGD

matrix proteins as well as cell migration, i.e., two prereq-

uisits required for neovasularization. Novel features

concerning CXCL4-mediated anti-angiogenesis have not

only been considered at the receptor level, but were

recently also recognized to exist at the level of ligands.

Thus, although known for about 20 years already [96], a

non-allelic variant of the CXCL4 molecule termed

CXCL4L1 (PF4var1, PF4alt) has come into focus only

recently. Differing from CXCL4 by the exchange of only

three amino acids within the C terminus, CXCL4L1 was

found to be 30-fold more active in inhibiting endothelial

cell chemotaxis and comparably more active as an inhibitor

of angiogenesis, as seen in a rat cornea micropocket assay

[97]. Later on the variant’s enhanced ability to prevent

angiogenesis was also recognized to be responsible for its

higher inhibitory efficiency for melanoma and lung carci-

noma growth and metastasis [91]. Thus, taken together in

vascular damage, platelet chemokines play important roles

not only in the trafficking and activation of inflammatory

cells but also in the recruitment and growth regulation of

endothelial cells during vascular repair.

Thrombicidins, platelet chemokines with direct

antimicrobial activity.

Not until a few years ago was a quite unexpected feature of

chemokines discovered, extending their role from classic

cell-directed cytokines to that of mediators being directly

involved in antimicrobial host defense. First evidence for a

role of chemokines as antimicrobial agents came from

studies investigating rabbit platelets for their content of so-

called ‘‘platelet microbicidal proteins’’ (PMPs), resulting in

the discovery of two thrombin-releasable cationic proteins

with potent in vitro activity against gram-positive and

gram-negative bacteria as well as Candida albicans bla-

stopores [98]. Intriguingly these proteins later turned out to

be orthologs of human CXCL4 [99], while in the meantime

corresponding studies on human platelets identified

CXCL7, CCL5 as well as CXCL4 as novel antimicrobial

agents [100, 101]. Whereas antimicrobial chemokines in

general are now termed ‘‘kinocidins,’’ those stemming

from platelets are also known as ‘‘thrombocidins’’ (TC).

Altogether thrombocidins were found to display a rather

broad spectrum of antimicrobial activity, including

Escherichia coli, Staphylococcus aureus, and fungi Cryp-

tococcus neoformans and Candida albicans (with the latter

being however resistant to CXCL7). Notably, among 22

different chemokines tested, CCL5 (besides CCL3 and

CCL4) was found to exhibit significant antiviral activity

against HSV-1 [99]. On the other hand, thrombocidins

exhibit characteristic differences regarding the conditions

required for activity. While CCL5, CXCL4 and the CTAP-

III species of CXCL7 exert significant microbicidity at

slightly acidic pH only, the PBP species of CXCL7 is also

active under neutral pH conditions [101]. Lacking antimi-

crobial activity at neutral pH in CXCL4 as well as CXCL7

species CTAP-III and NAP-2 has been described by

Krijgsveld et al. [100] before. However, concerning

CXCL7-based thrombocidins, platelets were found to

contain derivatives of NAP-2 and CTAP-III (TC-1 and

TC-2, respectively) with potent microbicidal activity under

neutral conditions. TC-1 and TC-2 differed from their

parent molecules by the lack of two amino acids at the C

terminus, suggesting that limited C-terminal truncation is a

prerequisite for their antimicrobial activity. Despite their

structural similarity and functional overlap with defensins,

TC-1 and TC-2 appear to utilize a killing mechanism dif-

ferent from pore formation, most likely by interacting

with intracellular target(s) [102]. A membrane-disrupting
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mechanism by rabbit PMPs different from that exerted

by defensins was also suggested by a previous study by

Yeaman et al. [103]. Taken together, the major platelet

chemokines represent a distinct category of kinocidins that

may be active under variable environmental conditions to

support host defense via the recruitment of inflammatory

cells and by the direct killing of microorganisms at the

same time. As secreted products their direct antimicrobial

activity may become effective extracellularly in inflam-

matory exudates as well as intracellularly following

opsonization and subsequent ingestion by phagocytes.

Expression of platelet chemokines by other cell types

Whereas until recently it was believed that CXCL7 and

CXCL4 constitute specific marker chemokines of the

megakaryocytic lineage, there is increasing evidence for

their expression in and secretion by a variety of other cell

types. Although being secreted to quantities far below

those stored and released by platelets, several investiga-

tions have uncovered their involvement in rather tissue-

specific functions within the environment of the respective

producer cells. In early work Iida et al. reported the

induction by LPS of leukocyte-derived growth factor

(LDGF), a cytokine identical in structure to pre-PBP, the

128 aa precursor of CXCL7 in human monocytes. Upon

recombinant expression this protein was found to act as a

fibroblast mitogenic factor in a PDGF-like manner [104].

This could however not be reproduced by others, who

described the induction of CXCL7 in monocytes upon

coculture with stromal bone marrow cells, leading to the

secretion of PBP and NAP-2 protein [105]. Moreover

human monocytes were shown to constitutively transcribe

and express CXCL7 at the protein level, the intracellular

molecule being localized to granular structures and existing

as derivatives of variable size [106]. While stimulation of

monocytes with IL-4, IL-10 or glucocorticoids led to

down-regulation [106], stimulation with LPS, zymosan or

synthetic activating peptides for proteinase-activated

receptor 1 (PAR-1) effected increased synthesis of CXCL7

and derivatives. Localization of these molecules to phag-

olysomes raised speculations that CXCL7 proteins could

constitute part of the antimicrobial arsenal of human

monocytes [107]. This view may be enforced by the finding

that correspondingly stimulated monocytes also underwent

induction and increased synthesis of the microbicidal

platelet chemokines CXCL4 and CCL5 [108]. At least an

indirect role for monocyte-derived CXCL7 in antimyco-

bacterial defense appears likely according to the finding

that enhanced synthesis of CXCL7 by BCG-stimulated

M-CSF-induced human macrophages correlated with

increased resistance of these cells to M. tuberculosis and

that CXCL7 was able to increase superoxide production as

well as resistance to M. tuberculosis in the more suscep-

tible GM-CSF-induced macrophages [109]. Apart from

monocytes/macrophages also several types of tissue cells

have been reported to express CXCL7. Increased synthesis

was found in intestinal epithelial cells from patients with

ulcerative colitis, and matrix metalloproteinases from

lamina propria myofibroblasts were found to act as prote-

olytic activators of the chemokine [110]. A novel role for

CXCL7 in metabolism of the bone was recently established

by showing that hypoxic stress (i.e., IGF2-mediated giant

osteoclast formation) is promoted by stromal bone marrow

cell-secreted CXCL7 and becomes enhanced by CXCL12

from osteoblastic cells [111]. Concerning CXCL4 both the

original chemokine and its variant CXCL4L1 have not only

been found in platelets, monocytes and T cells, but are also

expressed in human microvascular ECs, in human aortic as

well as coronary smooth muscle cells, and a human colonic

epithelial cell line [112]. Interestingly, mRNA expression

of the two genes differed in all cell populations, being

throughout more prevalent for CXCL4 than for CXCL4L1,

except in smooth muscle cells, which generally also

exhibited significantly enhanced secretion of the proteins.

The large (38%) difference of CXCL4 and CXCL4L1 in

the signal peptide region suggested individual mechanisms

of secretion in the variant proteins. This was confirmed

upon transfection into different cells, where CXCL4 was

observed to be stored in secretory granules and to become

released upon activation of protein kinase C, whereas

CXCL4L1 was continuously synthesized and secreted

through a constitutive pathway [113]. Similar findings by

others with human osteosarcoma cells also argued for de

novo synthesis instead of release from intracellular stores

of CXCL4L1 and moreover exemplified coinduction of the

(strongly angiostatic) variant but not (the less angiostatic)

CXCL4 with (the strongly angiogenic) granulocyte che-

motactic protein 2 (GCP-2/CXCL6) [112]. These and

additional findings argue for an intricate regulation of

angiogenesis and may facilitate the potential use of

CXCL4L1 in cancer therapy, as outlined later on in this

review.

Principles of chemokine-based therapeutic intervention

in the pathology of infection, allergy and tumors

At the onset of these considerations it should be recalled

that under physiological conditions the chemokine-che-

mokine receptor system has self-regulatory properties. In

the early event of inflammation, thrombus formation

occurs, and as mentioned before, the thrombus provides a

proinflammatory environment in which proteinase inhibi-

tors preventing the formation of CXCL7 are inactivated or
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neutralized [39, 42, 43]. Furthermore, platelet-derived

CXCL4 inhibits cathepsin G-catalyzed processing of

CXCL7 by directly blocking/acting on the processing

enzyme, and thus inhibits CXCL7-induced adhesion of

neutrophils to vascular endothelial cells [44, 45]. This

inhibition of neutrophil adhesion occurs at low concentra-

tion of CXCL4, whereas at high concentrations CXCL4

cooperates with CXCL7 in inducing adherence of neutro-

phils to endothelial cells. This dual role of CXCL4 points

to its regulatory role in determining the proinflammatory

microenvironment. Furthermore, platelet agonists affecting

the release of the above chemokines, such as thrombin or

ADP, also induce maximal platelet aggregation under

arterial flow conditions. In addition, ADP potentiates shape

change, aggregation and adhesion to collagen induced by

the chemokines CCL17, CCL22 and CXCL12 [54–56].

Chemokines function as key regulators of cell migration

and therefore represent proteins that might be exploited to

therapy. Their therapeutic potential includes autoimmune

diseases such as rheumatoid arthritis, multiple sclerosis,

systemic lupus erythematodes, psoriasis as well as allergic

disorders such as allergic dermatitis, asthma, inflammatory

bowel disease, transplant rejection, cancer and infectious

diseases including AIDS. Results of the last 10 years of

research using knockout mice, specific monoclonal anti-

bodies and receptor antagonists have shown that despite the

redundancy of chemokines and promiscuity of ligands

binding to receptors in inflammatory processes, therapeutic

compounds blocking individual chemokines and/or recep-

tors could be developed in animal models of disease.

Small molecule chemokine receptor antagonists

The approach to block the interaction of a chemokine with

its receptor by small molecule chemokine receptor antag-

onists was reported to be successful in vivo in an animal

model in which neutrophil accumulation in the lungs of

hyperoxia-exposed newborn rats was prevented by a non-

peptide CXCR2 antagonist [114]. A synthetic non-peptide

CXCR2 antagonist blocked macrophage inflammatory

protein 2 (MIP-2/CXCL2)-induced neutrophil migration in

vivo in mice [115]. In the meantime, based on the structure

of reparixin, a small molecular weight allosteric inhibitor

of CXCR1, a dual inhibitor of CXCRl and CXCR2 with a

longer half-life, DF2156A has been developed, which in a

cerebral ischemia-reperfusion rat model inhibited the

infiltration of neutrophils, reduced infarct size and

improved neurological functions [116]. In an athymic

nude-mouse model of human melanoma cell tumor growth,

small molecule CXCR2 and CXCR1 inhibitors increased

melanoma cell apoptosis in treated compared to control

mice [117]. In models of multiple sclerosis, a neurode-

generative disease characterized by demyelination/

remyelination episodes, the CXCL1-CXCR2 system is

involved in the regulation of migration, proliferation and

differentiation of immune and neural cells. The authors

showed that treatment of myelin oligodendrocyte glyco-

protein peptide 35–55-induced EAE mice with small

molecule antagonists against CXCR2 results in decreased

lesions and enhanced remyelination, suggesting that inhi-

bition of CXCR2 signaling may provide a therapeutic

target for demyelinating disease [118]. In chronic

obstructive pulmonary disorders, interference with CXCR2

receptor function has demonstrated inhibition of pulmon-

ary damage induced by neutrophils, antigen or irritant

induced goblet cell hyperplasia, and angiogenesis/collagen

deposition caused by lung injury [119, 120]. These studies

hold considerable promise for identifying novel and effi-

cacious treatments of pulmonary disorders. Clinical trials

evaluating small molecule CXCR2 antagonists in COPD,

asthma and cystic pulmonary fibrosis are underway.

Therapeutic targets include cognate receptors for CCL5 as

well as for ELR? CXC chemokines (Table 1).

Anti-CCR5/CXCR4 strategies in HIV

The human chemokine receptors CCR5 and CXCR4 are

attractive targets for small molecule antagonists that inhibit

HIV-1 infection. In the overall process of viral entry, the

point of attack of such antagonists occurs after the HIV

envelope gp120 has interacted with its primary receptor

CD4, but before the HIV envelope gp41 inserts the fusion

peptide into the host cell membrane. HIV-1 strains can be

categorized by co-receptor tropism, that is, their ability to

use CXCR4 or CCR5 or both for entry into cells. CCR5 has

received more attention as a potential target, because a

natural deletion (DELTA 32) in the CCR5 gene confers

natural resistance to infection by CCR5-tropic strains,

which are most frequently sexually transmitted [122].

CXCR4 has received less attention, although a switch from

CCR5 to CXCR4 tropism may occur spontaneously in

approximately 50% of HIV-infected patients and has been

associated with HIV progression [123]. The most advanced

CXCR4 antagonist AMD3100 (Mozobil) has not been

further pursued as a therapeutic modality for HIV infec-

tions, but as a highly selective CXCR4 antagonist it has

proved to be particularly promising for the mobilization of

hematopoietic stem cells in patients with hematologic

malignancies such as non-Hodgkin’s lymphoma (NHL)

[124]. Three CCR5 antagonists have been evaluated in

clinical trials—maraviroc, vicriviroc and aplaviroc. The

further development of aplaviroc was interrupted in 2005

following the observation of elevated liver enzymes and

total bilirubin in one of the HIV-infected patients receiving

the compound [123]. Maraviroc is highly selective for

CCR5 indicating potential for a clinical safety profile
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[125]. It was FDA-approved in August 2007 (Selcentry),

and a 10-day monotherapy with maraviroc at twice daily

doses of about 100 mg achieved a mean reduction of

approximately 1.6 log10 viral RNA copies per ml at a

median of 10–15 days, thus providing proof-of-concept

that CCR5 antagonism is a valuable antiretroviral thera-

peutic approach [126]. There is no clear evidence for a co-

receptor switch from CCR5 to CXCR4 under selection

pressure from maraviroc, as virus strains that have become

resistant to maraviroc still use inhibitor-bound receptor for

entry [127]. Like maraviroc, vicriviroc was given to

patients with HIV during a 14-day monotherapy at doses of

25 or 50 mg twice daily. Reductions of 1.0–1.5 log10 HIV

RNA copies per ml were achieved [128]. In another study

involving HIV-infected treatment-experienced patients, the

reduction in viral load was sustained throughout a 24-week

treatment period with doses as low as 10 or 15 mg [129].

Malignancies occurred in a number of patients; however,

the relationship of vicriviroc and malignancy has remained

uncertain [130]. Infections with a dual (CCR5 and

CXCR4)-tropic HIV-1 population or several HIV-1 popu-

lations are common among highly treatment-experienced

patients, but how these dual-tropic or mixed HIV-1 popu-

lations respond to these compounds in vivo remains to be

investigated. Ultimately, combinations of CCR5 and

CXCR4 inhibitors will be needed to cope with the dual-

tropic or mixed-tropic HIV-1 infections. It is of interest to

note that small molecule CCR5-antagonists and monoclo-

nal antibodies that recognize different epitopes on CCR5

have shown potent synergy [131, 132]. These findings

could be the basis for a new strategy for HIV-1 therapy.

The co-receptors of HIV-1, CCR5 and CXCR4 have been

targeted in T cells using ribozyme, RNAi, single-chain

antibodies (intrabodies) and zinc-finger DNA-binding

proteins (ZFNs) [132, 133, 134]. As a variation of this,

trans-dominant mutant variants of CCR5 also interfere with

HIV infection of CD4? T cells [135]. Lentiviral vectors

expressing a single-chain antibody against CCR5 in pri-

mary CD4? T cells disrupt CCR5 cell surface expression

and provide protection from CCR5-tropic viral isolates

[136]. Single-chain antibodies targeted to CXCR4 and

cyclin T1 inhibit the replication of various HIV strains

[122, 137]. Further testing is required, however, to show

that targeting such cellular factors to lymphoid cells will

not result in further immunodeficiency.

A different approach in HIV-1 therapy was taken by

Sangamo BioSciences (Richmond, CA). This company is

developing a biologic that targets the gene encoding CCR5,

preventing cells from making this co-receptor protein. A

zinc-finger DNA-binding endonuclease (ZFN) specifically

cleaves the CCR5-DNA [138]. The adenovirus vector-

borne product would be administered ex vivo to T cells

extracted from HIV-infected patients, part of these treated

cells would be re-infused into the patient, while the

remainder would be stored as a reservoir of uninfectable T

cells.

Addressing CXCR4/CXCL12 in angiogenesis/cancer

As mentioned before, the CXCL12-CXCR4 axis is

involved in the mobilization and recruitment of vascular

endothelial precursor cells at the site of neoangiogenesis.

CXCL12 induces, controls and regulates vascularization of

damaged tissues and of tumors. Its angiogenic property

consists of inducing proliferation, differentiation and of

preventing apoptosis of endothelial precursor cells [139–

141]. The central role of the CXCL12-CXCR4 axis has

prompted investigators to examine the effects of manipu-

lating CXCL12-CXCR4 signaling as a possible therapeutic

target. Recent studies indicate that the CXCL12-CXCR4

interaction is involved in several inflammatory conditions

such as in the pathophysiology of inflammatory bowel

disease (IBD) [142]. The expression of CXCR4 on

peripheral T cells was found to be significantly higher in

patients with active ulcerative colitis compared with nor-

mal controls and the levels of expression correlated with

disease activity. In the murine model of dextran sulfate

sodium (DSS)-induced colitis, colonic tissue expressed

Table 1 Small molecule chemokine receptor antagonists in phase II or III clinical trials

Target Disease Company

CCR1 Multiple sclerosis, psoriasis, rheumatoid arthritis Berlex, Schering Pfizer

CCR3 Asthma, allergic rhinitis GlaxoSmithKline

CCR5 HIV Pfizer, GlaxoSmithKline, Schering

CXCR2 COPD GlaxoSmithKline

CXCR4 HIV Genzyme

CXCR4 Cancer Eli Lilly & Company

CXCR4 Angiogenesis Eli Lilly & Company

Ref. [121] and Investigational Drugs Database (http://www.iddb.com/ and http://www.freshpatents.com/Cxcr4-antagonists-for-the-treatment-

of-medical-disorders-dt20070308ptan20070054930.php)
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CXCR4 and CXCL12. Administration of CXCR4 antago-

nists ameliorated colonic inflammation in DSS-induced

colitis. These results suggest that blockade of the CXCL12-

CXCR4 axis might have potential as a therapeutic target

for treatment of IBD. Several CXCR4 antagonists are

currently being validated for clinical use [124, 141, 143].

Chronic treatment with the CXCR4 antagonist AMD 3100

blocks CXCL12-mediated angiogenesis [144, 145]. In

tumor models inhibition of the CXCL12-CXCR4 pathway

by chronic treatment with AMD 3100 leads to efficient

reduction of tumor growth and angiogenesis by inhibiting

proliferation of CXCR4-expressing tumor cells, diminish-

ing recruitment of CXCR4? angiogenic cells and

inhibiting CXCR4-dependent metastasis. Since the inhibi-

tion of VEGF-A signaling as an anti-angiogenic strategy in

clinical protocols was only moderately successful, the

central role of CXCL12 in revascularization may be a more

successful target in cancer therapy. Alternatively, com-

bining CXCR4 blockade and VEGF-A signaling blockade

with chemotherapy could represent an alternative thera-

peutic approach in tumor therapy [146].

Within this context, it appears interesting that the widely

clinical use of stem cell mobilization by G-CSF not only

mobilizes CD34? CD133? VEGFR2? endothelial pre-

cursor cells, but also induces upregulation of CXCL12

[147–149]. Therefore, the promising efficacy of G-CSF in

supporting organ regeneration in animal studies is currently

being tested in clinical trials [150]. Alternatively, promo-

tion of CXCL12 signaling is being induced by fucoidan-

mediated CXCL12 elevation [151], or small peptide ana-

logs to CXCL12 activating the CXCR4 signaling pathway

[152], or with FTY 720, a sphingosine-1-phosphate analog

that activates CXCR4 [153] or soluble molecules priming

CXCR4? cells such as C3a [154]. Careful preclinical

studies are necessary considering also side effects of

excessive angiogenesis and atherosclerosis [155].

Modified chemokines

Natural modified chemokine CXCL4L1

As mentioned before, platelets release a non-allelic variant

of the chemokine CXCL4 named CXCL4L1 differing from

CXCL4 by the exchange of three amino acids within the C

terminus [97]. Recombinant CXCL4L1 exhibited higher

angiostatic activity than CXCL4 in various test systems

including wound-healing and migration assays for micro-

vascular endothelial cells and the rat cornea micropocket

assay for angiogenesis [91]. Furthermore, CXCL4L1 was

more efficient in animal models of melanoma and lung

carcinoma than CXCL4 in inhibiting tumor growth,

development of microvasculature and metastasis to various

organs. Preclinical trials have not been reported.

Analogs of CCL5

A further approach to block the chemokine-receptor inter-

action is using chemically modified chemokines that retain

high affinity binding to their receptor but have lost signaling

properties, i.e., they represent receptor antagonists. The

extension of the N terminus by retaining the initial methi-

onine residue in CCL5 during recombinant protein

production in bacterial cells led to the antagonist Met-CCL5

(Met-RANTES), which prevents diseases in animal models

[156]. Under physiological conditions Met-CCL5 inhibits

arrest of monocytes in whole blood to human vascular

endothelial cells [48]. A further CCL5 variant was gener-

ated by extension of the N terminus with aminooxypentane

(AOP). AOP-RANTES prevents HIV infectivity by abol-

ishing receptor recycling [157]. This prompted the

development of an even more potent CCL5 N-terminally

modified analog, PSC-RANTES, which was shown to pre-

vent Simian HIV transmission in Rhesus macaques,

indicating its potential of a topically protective compound

[158]. On the other hand, N-terminal truncation may also

generate receptor antagonists. One of these N-terminally

truncated chemokines with antagonistic properties is 9–76-

monocyte chemotactic protein-1 (MCP-1/CCL2), which is

capable of preventing spontaneous arthritis in MRL-lpr

mice [159]. In the context of mechanisms relying on the

prevention of receptor cycling, it should be mentioned that

surface expression and reexpression of a functional

CXCR2, the receptor for NAP-2 and CXCL8, was found to

be dependent on N-glycosylation of the receptor. Even

partial deglycosylation of the receptor resulted in its serine

protease-mediated disappearance from the cell surface. It

thus appears that glycosylation protects CXCR2 from pro-

teolytic attack and is required to maintain the

responsiveness of neutrophils to ELR-CXC chemokines

during inflammatory reactions [160].

Recently, a new anti-inflammatory therapeutic strategy

has been developed. Based on the mutation of the heparin-

binding site of the proinflammatory chemokine CCL5, the

ability of the protein to form higher order of oligomers was

abrogated, yet the receptor activation was retained [161,

162]. This non-glycosaminoglycan (GAG)-binding variant

of CCL5 exhibits potent inhibitory activity on endogenous

CCL5-mediated cellular recruitment. This does not occur

through desensitization of target cells but rather by pre-

vention of higher-order oligomer formation necessary for

the biological activity of CCL5 in vivo. The mutant forms

non-functional heterodimers with the native chemokine

CCL5, which, by lack of their deposition on vascular cells,

are not functional in recruiting immune cells under flow

conditions. Thus, although the mutant chemokine retains

its receptor binding activity, the mutation of the GAG-

associated interactive site renders it a ‘‘dominant negative
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inhibitor’’ of recruitment and localization of inflammatory

cells at the inflammatory site. This CCL5 mutant deficient

in GAG binding also abolishes recruitment of inflammatory

cells induced by non-specific agents such as thioglycolate.

In the murine model of multiple sclerosis, murine experi-

mental autoimmune encephalomyelitis (EAE), it reduces

the clinical score of hind limb paralysis in these animals

when given prior to disease onset. In the context of GAGs

it should be mentioned that association of some chemo-

kines with cell surface GAGs compromising their

accessibility for antibodies may also be a reason for the

inefficacy of some antibody-based therapies of chemokine

inhibition, as indicated by lacking recognition of GAG-

bound CXCL12 by antibodies directed to this region [163].

PGP: a collagen-derived inflammatory analog

A molecule that may perhaps also be addressed as a

modified chemokine is a novel CXCR ligand derived from

extracellular matrix degradation [164]. This tripeptide

N-acetyl Pro-Gly-Pro (acPGP) shares sequence and struc-

tural homology with the GP motif, a domain of all ELR-

positive alpha chemokines. It causes chemotaxis and

production of superoxide by neutrophils through binding to

CXCR1 and CXCR2. acPGP could be considered as part of

a regulatory circuit in which CXC chemokines induce a

direct first wave of neutrophil influx followed by neutrophil

protease-mediated generation of acPGP, which in turn

induces a second influx of neutrophils followed by mono-

cytes and macrophages into the inflamed tissue. The known

decrease of neutrophils in concert with increased numbers

of monocytes and macrophages may be explained by the

inactivation of chemotactic factors for neutrophils. The

authors also present preliminary evidence that acPGP has a

role in chronic obstructive pulmonary disease (COPD).

Neutralizing monoclonal antibodies

Effects in inflammation

A third approach is the development of neutralizing

monoclonal antibodies. Monoclonal antibodies to CXCL4

and CXCL7 revealed that these chemokines, although not

chemotactic for human monocytes, in early events of

inflammation nevertheless promote monocyte recruitment

by binding to proteoglycans of endothelial cells and induce

monocyte arrest [48]. As mentioned before, activated

platelets themselves were shown to secrete fully sulfated

proteoglycans such as soluble chondroitinsulfate A, which

under physiological flow conditions prevents sequestration

of CCL5 on vascular cell surfaces and CCL5-mediated

adhesion of monocytes [49]. The approach of neutralizing

monoclonal antibodies, although blocking inflammation in

a variety of animal models, had at first, most likely due to

species differences, not reached the same efficacy in human

diseases. Indeed, neutralization of chemokines CCL5 and

CXCL9 with antisera has been reported to have negative

effects in Theiler’s virus infection [165]. A more advanced

anti-chemokine antibody is an anti-CXCL8 monoclonal

antibody that was tested in a phase II trial of COPD and

showed improvement in the transition dyspnoea index

(TDI) but no improvement in the lung function, health

status, 6-min walking distance and adverse events between

groups of patients [166].

Effects in hematopoiesis

CXCL8 and other ELR chemokines (like CXCL7/NAP-2)

are also involved in the proliferation and mobilization of

hematopoietic progenitor cells [62]. The level of CXCL8 is

significantly increased in the serum of patients with

myeloid metaplasia with myelofibrosis (idiopathic myelo-

fibrosis, MMM). Hematopoietic cells including platelets

participate in the production of CXCL8. Inhibition of

autocrine CXCL8 expressed by CD34-positive cells with

either a neutralizing antibody or antisense anti-CXCL8

treatment increased the proliferation of MMM-derived

CD34-positive cells and stimulated their differentiation

into megakaryocytes (MK). Anti-CXCR1- or anti-CXCR2

antibodies to MMM-derived CD34-positive cells cultured

under MK liquid culture conditions increased proliferation

and differentiation of MMM CD41-positive MK and

restored their defective polyploidization. Thus, the

CXCL8-CXCL8 receptor system is involved in the inhi-

bition of MK growth characteristic of MMM. This finding

opens new therapeutic prospects for this still incurable

disease. In contrast to the negative effects of the CXCL8-

CXCL8 receptor system, positive effects on hematopoiesis

have been reported for CXCR4 and its ligand CXCL12. As

an adaptive process to tissue injury and inflammation in the

periphery, the chemokine receptor CXCR4 expressed on

bone marrow endothelial and stromal cells has been shown

to internalize and re-secrete functional circulating CXCL12

[167]. Thus, chemokine translocation across the blood-

bone marrow barrier allows effective transfer of functional

CXCL12 from the periphery to the stem cell niche in the

bone marrow during homeostasis and ‘‘alarm’’ situations.

This translocation of CXCL12 is similar to that shown

for CXCL8 across dermal blood vessels [168]. Certain

physiological and pathophysiological conditions are char-

acterized by an increase in CXCL12 in the bone marrow

and other organs; these include ischemia due to injury

[169], inflammation induced by infection [170], or total

body irradiation and chemotherapy [170]. Successful

recovery in these pathological conditions relies on the

mobilization and local recruitment of committed stem cells
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[171]. To our knowledge, no therapeutic strategies target-

ing this chemokine-chemokine receptor system have been

developed, although animal experimental evidence has

been obtained in the mouse [142].

Effects in HIV

Monoclonal antibodies (mAb) targeting CCR5 have been

developed to prevent infection of T cells with HIV [172].

Several of these products have entered clinical trials. A

humanized monoclonal antibody (PRO 140) developed by

Progenics Pharmaceuticals (Tarrytown, NY) entered a

phase 1b clinical trial. It was claimed to bind to the same

amino acids of CCR5 as HIV, which means that it does not

interrupt the functions of the receptor [138]. Human Gen-

ome Sciences (Rockville, MD) developed several anti-

CCR5 monoclonal antibodies. mAb 004 went into phase 1

clinical trial in January 2005 and was reported in 2007 to

be safe and well tolerated in 63 HIV patients [138].

Effects in angiogenesis/fibroproliferation

Monoclonal antibodies targeting chemokines or chemokine

receptors involved in angiogenesis have been used to

modulate a dysbalance of angiogenesis and angiostasis

under pathological conditions [173]. Idiopathic pulmonary

fibrosis, an often fatal pulmonary fibroproliferative lung

disease, is characterized by a dysregulation of tissue repair

and neovascularisation as reflected by overexpression in

the lung of the angiogenic ELR? CXC chemokine CXCL8

as compared to the angiostatic non-ELR CXC chemokine

CXCL10 [174]. In the mouse model of bleomycin-induced

pulmonary fibrosis, a depletion of the endogenous angio-

genic ELR? CXC chemokine CXCL2/3 or administration

of exogenous non-ELR CXCL10 resulted in marked

attenuation of pulmonary fibrosis, which was attributable to

a reduction in angiogenesis in the lung [175, 176]. The

human lung disorder bronchiolitis obliterans syndrome is

characterized by increased fibroproliferation around small

airways and represents the most important cause of long-

term organ dysfunction in lung transplant patients. The

elevated ELR? CXC chemokine ligand levels as demon-

strated in the corneal micro-pocket model can be decreased

by monoclonal antibody-mediated neutralization of

CXCR2 [78]. An important feature of the human disorder,

acute respiratory distress syndrome, is the dysbalance of

angiogenic ELR? CXC chemokines and angiostatic non-

ELR chemokines [177]. On this basis, ELR? CXC che-

mokines and their receptors represent potential therapeutic

targets for the treatment of chronic inflammatory/fibro-

proliferative disorders with aberrant angiogenesis. In

disorders induced by malignant tumors, CXCR3 and its

ligands both inhibit angiogenesis and mediate TH1-type

cell-mediated immunity via recruitment of CXCR3-

expressing T cells [178]. In this context it should be

mentioned that injection of 6Ckine (CCL21) into tumors

induced tumor regression, reduction of angiogenesis and

influx of CXCR3-expressing CD4? and CD4? T cells and

NK cells and DC into both the tumor and the draining

lymph nodes, an effect that requires the presence of

CCL21-induced IFNgamma, CXCL9 and CXCL10 [179,

180]. Taken together, these findings support the notion that

CXCR3 and its ligands contribute to anti-tumor defense by

two mechanisms, namely inhibition of angiogenesis and

mediation of direct anti-tumor immunity.

Effects on arteriosclerosis

In the pathogenesis of arteriosclerosis the recruitment of

monocytes to the intima and their differentiation into

macrophages are the primary cellular events during the

initiation of a vascular lesion, and this recruitment contin-

ues during the expansion and progression of the

arteriosclerotic lesion. Numerous mediators that attract

monocytes to developing lesions have been identified. One

of the early steps of this process is the binding of the che-

moattractant CCL2. Recent studies have defined distinct

subsets of monocytes that are preferentially recruited to

lesions [181, 182]. Using an antibody directed against cell

surface molecules called Ly6C antigens, a subset of

monocytes was found to accumulate preferentially in arte-

riosclerotic lesions: these cells display large amounts of

Ly6C at the cells surface as well as the chemokine receptors

CCR2, CCR5 and CX3CR1. Thus, it might be possible to

inhibit selectively the recruitment of discrete monocyte

subpopulations into the arterial cell wall, avoiding the

potentially adverse consequences of broadly inhibiting

monocyte recruitment. This finding points to the notion that

CCR2, CCR5 and CX3CR1 might represent targets for

therapy of arteriosclerosis. Recent studies have begun to

investigate how mast cells [183] and platelets [184] might

also contribute to atherosclerosis. Concerning platelets,

these may contribute by secreting chemokines (e.g., CCL2

and CCL5) that affect recruitment and differentiation of

monocytes as well as E-selectin expression by endothelium.

Of particular interest is the finding that DC can exit from

lesions; this egress depends on CCR7 signaling and might

promote lesion regression through the removal of lipid from

the lesion [185, 186]. These findings provide a new model

of how lesions can be modulated and indicate that activation

of CCR7 could promote regression of arteriosclerosis.

Chemokine-binding proteins

The human organism, probably as reflection of environ-

mental stress, contains in its genome binding proteins that

Pathobiology of platelet chemokines 2375



cope with inflammation by neutralizing proinflammatory

cytokines. Among these are: IL-1 receptor alpha, TNF-

binding protein 1 and -2, interferon receptor alpha and

IL-18 binding protein [187–190]. There is, as yet, no evi-

dence for the existence of secreted chemokine-binding

proteins in humans. There are, however, two naturally

occurring, cell membrane-integrated chemokine-binding

proteins in humans with a possible role in the pathophysi-

ology of human diseases, the Duffy antigen (DARC) and D6.

The Duffy antigen (DARC)

The Duffy antigen, a minor blood group antigen, is a

chemokine-binding protein that binds selectively CXC and

CC chemokines with high affinity, in particular CXC

chemokines that contain the tripeptide motif glutamyl-

leucyl-arginine (ELR) [191], among those the platelet-

derived chemokines NAP-2/CXCL7 and CXCL8, but also

the CC chemokine CCL5. Duffy antigen is expressed on

the surface of erythrocytes and postcapillary venular

endothelial cells. Two in vivo animal studies have shown

that Duffy knock-out mice can exhibit differential

responses to an inflammatory stimulus such as lipopoly-

saccharide (LPS) and indicate a complex role that Duffy

antigen may play during inflammation. Dawson et al. [192]

observed an enhanced influx of neutrophils into the livers

and lungs of Duffy knock-out mice 2 h after intraperitoneal

injection of LPS. This suggests that absence of the che-

mokine ‘‘sink’’ effect associated with circulating

erythrocytes may promote distant organ inflammation after

LPS administration. However, Luo et al. [193] observed

impaired neutrophil recruitment into the peritoneum,

intestine and lungs 24 h after intraperitoneal injection of

LPS into Duffy knock-out mice. They obtained similar

results when thioglycolate was used as inflammatory

stimulus. Furthermore, transgenic mice expressing

enhanced Duffy antigen in vascular endothelial cells

exhibited diminished angiogenetic response to mouse

CXCL2, and enhanced hepatocellular toxicity and necrosis

in response to a hepatotoxic drug [194]. In a mouse model

of spontaneous prostate cancer, mice of a Duffy antigen

receptor for chemokines (DARC)-deficient background

developed larger and more aggressive tumors [195]. This

associated with increased intratumor levels of angiogenic

ELR? CXC chemokines and blood vessel density, sup-

porting the hypothesis that red blood cell expression of

DARC sequesters angiogenic chemokines thereby inhibit-

ing tumor growth. In a clinical study the expression of

Duffy antigen was found to be enhanced in the vascular

beds and alveolar septa of lung parenchyma from patients

with suppurative pneumonia [196]. All these findings

suggest that Duffy antigen may participate in the regulation

of neutrophil migration. This is in keeping with the concept

that on endothelial cells Duffy antigen may serve as a

mediator of chemokine transcytosis, thus facilitating neu-

trophil recruitment [168]. The biological role of Duffy

antigen in human suppurative pneumonia is not defined. It

could bind excessive inflammatory chemokines and thus

reduce neutrophil recruitment. Alternatively, enhanced

expression of Duffy antigen could serve a proinflammatory

role in lungs by providing chemokine transport across

vascular endothelium and thereby facilitating neutrophil

recruitment into organ specific sites.

D6

The second naturally occuring chemokine-binding protein

is D6. This promiscuous receptor binds several inflamma-

tory CC chemokines such as (also platelet-derived) CCL5,

and CCL2, CCL4, the monocyte chemotactic protein MCP-

3/CCL7 and the macrophage inflammatory protein MIP-

1alpha P/CCL3L1, a CCL3 variant with a proline residue

in position 2. The latter variant, different from genuine

human CCL3, exhibits high affinity binding to D6. D6 is

expressed in circulating cells and in some hematopoietic

cell lines, but highly expressed in lymphatic, but not in

vascular endothelial cells [197]. More recently, the

expression of D6 on leukocytes, such as myeloid progen-

itor cells, circulating DC and B cells in inflamed tissue was

stressed [198]. The possibility was considered that D6

expressed on leukocytes patrolling along the luminal face

of the vasculature might remove and degrade chemokines

presented on glycosaminoglycans of vascular endothelial

cells. Furthermore, D6-expressing leukocytes appear to

soak up most of the chemokines at the inflammatory site,

whereas D6 expressed on lymphatic endothelial cells might

restrict CCR7-mediated lymph node drainage of inflam-

matory leukocytes. In vitro studies have shown that D6 as a

constitutively recycling receptor actively internalizes its

ligands and targets them probably to endolysosomal com-

partments where they are degraded [199, 200]. More

recently, the resolution of an inflammatory response in the

skin was shown to be closely connected with the function

of D6. Unlike wild-type mice, D6-deficient mice were

unable to mount a transient inflammatory response in the

skin after induction by phorbol esters (TPA), but rather

exhibited a chronic inflammation with excess of residual

chemokines, which caused an inflammatory skin pathology

with similarities of human psoriasis, [201] production of

MIP-2/CXCL2 and the murine homolog of human CXCL8.

The expression of MIP-2/CXCL2 in the epidermis of D6-

deficient mice corresponds to human skin pathology of

psoriasis, which is also characterized by the expression of

CXCL8 mRNA in the epidermis [202]. CXCL8 may be

involved in the recruitment of neutrophils and possibly T

cells and in the regulation of keratinocyte proliferation.
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The number of neutrophils in the skin was comparable in

wild-type and D6-deficient mice, which does not corre-

spond to the increased amount of MIP-2/CXCL8 in D6-/-

mice suggesting that keratinocyte-derived MIP-2/CXCL2

may not reach the luminal face of the vessel to recruit

passing neutrophils. MIP-2/CXCL2 is not a ligand of D6,

and the increase in the epidermis may be secondary to

increased numbers of T cells and mast cells. Since the

capacity of chemokines to bind to proteoglycans in the

context of inflammatory responses is not fully understood

[159], it is conceivable to assume that in a given tissue

environment some CC chemokines may be protected from

D6-dependent degradation through proteoglycan binding.

A further protection from D6-dependent degradation is

given by the proline residue at position 2 of mature

inflammatory beta-chemokines, which is on the one hand

required for binding to D6 [203] and on the other hand

provides susceptibility to cleavage by the enzyme dipep-

tidyl-peptidase IV (CD26) [204]. Thus, CCL5, eotaxin

(CCL11), CCL22 and CXCL12 are N-terminally truncated

by CD26, which results in impaired inflammatory proper-

ties of these chemokines, whereas N-terminally truncated

chemokine (C–C motif) ligand 3-like 1 (LD78beta/

CCL3L1) exhibits increased chemotactic activity com-

pared to intact CCL3L1 [205]. Taken together, the local

concentrations of some chemokines appear to be regulated

by a dynamic and delicate system involving both CD26-

dependent down-regulation of D6-mediated degradation

and of up- or down-regulation of receptor affinity of certain

chemokines, including CCL3L1 and CCL5, CCL11,

CCL22 and CXCL12, respectively.

Regulation by CXCR1 and fragments

Previous work of our own had suggested that CXCR1 is

generally more resistant to desensitization and down-reg-

ulation, facilitates neutrophil migration to sites of high

NAP-2 and CXCL1 concentration [206] and, according to

findings by others [207], is more involved in the generation

of antimicrobial responses and respiratory burst, whereas

CXCR2 seems to mediate mainly the initial recruitment of

neutrophils from the circulation after which the receptor

loses signaling capacity and its surface expression is rap-

idly down-regulated. Hartl et al. [208] recently provided

evidence that at the inflammatory site, fragments of

CXCR1 are generated by neutrophil proteases elastase and

cathepsin G probably from residual viable neutrophils, thus

impairing the activation of their bactericidal pathways. The

fragments of CXCR1 were found to boost CXCL8 pro-

duction through their ability to activate TLR2 signaling on

bronchial epithelial cells. The binding to TLR2 was

claimed to occur via the glycan moiety of the glycosylated

receptor fragment. Thus, the soluble receptor moiety of

CXCR1 was supposed to act as an alarmin to activate the

innate immune system and warn of tissue damage and

inflammation [209]. In the chronic inflammatory disease

such as cystic fibrosis, the immune system is incapacitated

by Pseudomonas aeruginosa. These bacteria impair neu-

trophil bactericidal functions by producing toxins and

secondary metabolites including pyocyanin that accelerates

neutrophil death and inhibit removal of apoptotic neutro-

phils by macrophages [210]. This accelerated neutrophil

death, and failed clearance of neutrophils has two conse-

quences: a decreased pool of viable neutrophils able to kill

P. aeruginosa and the release of various toxic antimicrobial

molecules including proteases, which are also involved in

cleavage of CXCR1. Hartl et al. [208] showed that treating

patients with cystic fibrosis with the antiprotease alpha

1-antitrypsin resulted in improvement of bacterial killing

capacity of airway neutrophils and increased expression of

CXCR1.

Pathogen-derived immunomodulatory molecules

Viral chemokine homologues

Viruses have been found to synthesize and secrete a variety

of chemokine homologues and binding proteins [211]. The

viral chemokine homologues MIP-II (vMIP-2) and MC 148

are encoded by human herpes virus 8 (HHV8) and by

Molluscum contagiosum poxvirus, respectively. Both pro-

long cardiac allograft survival in mice by interfering with

chemokine-mediated responses [212]. A further chemokine

homologue is C18, an 18-kDa cyclophilin produced by

Toxoplasma gondii, which binds to CCR5, thus modulating

the activation of DC [213]. As CCR5 is a co-receptor for

HIV, C18 could be an immunotherapeutic drug for HIV

[214]. Similar candidates are vMIP-1, also expressed by

HHV8, and vMIP-2, which likewise block HIV infections

[215]. More recent studies elucidated the specificity of

binding of C18 and CCR5 to improve anti-HIV therapy.

However, the recent demonstration of the important pro-

tective role of CCR5 in nerve tissue against West Nile virus

infection might counteract the endeavor of an effective

therapy based on blockade of CCR5 [216].

Pathogen-derived chemokine-binding proteins

There are also several pathogen-derived chemokine-bind-

ing proteins. Viral chemokine-binding proteins have been

identified in pox virus and herpes viruses and bind a broad

range of chemokines [217, 218], while human cytomega-

lovirus encodes a highly specific CCL5 decoy receptor

[219]. Viral chemokine-binding proteins have been dem-

onstrated to exhibit anti-inflammatory activity in animal

models of inflammatory diseases. The myxoma virus-
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derived M-T7 reduces macrophage and T cell invasion at

sites of vascular injury and the 35-kDa chemokine-binding

protein of poxvirus decreases inflammatory activity in

models of chronic transplant vasculopathy and airway

inflammation [220]. Recently, a novel chemokine-binding

domain has been identified in the tumor necrosis factor

receptor produced by variola (smallpox) virus [221]. This

smallpox virus-encoded chemokine receptor (SECRET)

domain binds chemokines involved in skin and mucosal

inflammation and is part of the virus-encoded TNF recep-

tors called cytokine response modifier B (CrmB) and

CrmD. The finding of an additional chemokine-binding

domain present in its soluble TNF receptor structure sug-

gests that the anti-inflammatory properties of these soluble

TNF receptors are enhanced and, in fact, represent a novel

viral strategy. Furthermore Schistosoma mansoni secretes a

chemokine-binding protein with anti-inflammatory activity

[222]. An anti-CXCL8 activity was also described in the

saliva of ticks [223]. Possibly, the parasite prevents local

inflammatory reactions by neutrophils to protect its germs.

Saliva from ticks (Rhipicephalus sanguineus) was dem-

onstrated to inhibit the chemotaxis induced by CCL3 and to

impair chemotaxis of immature DC by down-regulating

cell surface CCR5 [224]. A chemokine-binding protein of

ticks was cloned, characterized and termed evasin-1, and

was shown to inhibit chemotaxis induced by CCL3, CCL4

and the closely related chemokine CCL18 [225]. In addi-

tion, evasin-3 structurally unrelated to evasin-1 was found

to bind to CXCL8 and CXCL1 [226]. Administration of

recombinant evasin-1 and -3 in vivo was demonstrated to

exhibit potent anti-inflammatory properties in mouse

models of inflammatory diseases such as psoriasis, bleo-

mycin-induced pulmonary fibrosis and antigen-induced

arthritis [226]. The high selectivity of some evasins for

distinct chemokines renders them promising tools for

potential therapeutic intervention.

Concluding remarks

In recent years platelet-derived chemokines such as

CXCL1, CXCL4, CXCL5, CXCL7 and CCL3 and CCL5

and their receptors have been structurally and functionally

characterized. This structural and functional analysis has

revealed their role in inflammatory conditions, bacterial

and viral infections, tumor development and autoimmune

disorders. To get an insight into the role of platelet-derived

chemokines and their receptors in physiological and path-

ophysiological conditions, it was necessary to define the

producer cell, the target cell and target structure, the cells

and their cellular products that are involved in the gener-

ation and processing of platelet chemokines, and the

elements regulating these processes.

A general conclusion from all experimental studies is

that the presence, function and biological activity of a

chemokine is dependent on three parameters: the causative

stimulus, the local environment and the time kinetics of the

ensuing recruitment of cells.

A first conclusion from studies on platelets is that these

cells actively participate as mediators of a first-line defense

by early release of chemokines and chemokine precursors

and thus are engaged in the recruitment of myeloid and

lymphoid cells. In this process the generation of CXCL7

from its precursor is regulated by the chemokine itself, by

other platelet chemokines, by the net activity of protei-

nases/anti-proteinases and by free and cell-associated

chondroitin sulfate proteoglycan, in the local environment

at a defined time. Second, it is shown that the chemokines

CXCL4, CXCL7 and CXCL12, in addition to thrombo-

poietin, are regulatory components in platelet development

and maturation. Third, vascular repair and neoangiogenesis

in wound healing, inflammation and cancer are mediated

by CXCL1 and CXCL7, which were shown to be expressed

also in vascular smooth muscle cells and to recruit endo-

thelial precursor cells by binding to CXCR2. Fourth, the

exciting finding of thrombocidins exhibiting antimicrobial

activity may lead to their topical application in infectious

conditions. The molecular analysis of cellular sources, cell-

associated or soluble target structures and biological

activities of chemokines led to studies on their roles in

pathophysiological conditions and to the development of

concepts of therapeutic intervention in disease models and

in a variety of diseases. The principles underlying such

strategies have been dealt with in this review. They com-

prise small molecule chemokine receptor antagonists,

chemically modified chemokines, neutralizing monoclonal

antibodies, chemokine-binding proteins and pathogen-

derived immunomodulatory, i.e., chemokine-chemokine

receptor interaction modifying molecules. Although most

of these principles still await careful assessment in clinical

trials, alone or in combinations, they open new avenues of

therapy in view of the observation of increasing resistance

of microbial pathogens to antibiotics virostatics and of

cancer to anti-cancer drugs.
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der JM (1992) Cytokine RANTES released by thrombin-

stimulated platelets is a potent attractant for human eosinophils.

J Exp Med 176:587–592

30. Kuna P, Reddigari SR, Schall TJ, Rucinski D, Viksman MY,

Kaplan AP (1992) RANTES, a monocyte and T lymphocyte

chemotactic cytokine releases histamine from human basophils.

J Immunol 49:636–642

31. Loetscher P, Seitz M, Clark-Lewis I, Baggiolini M, Moser B

(1996) Activation of NK cells by CC chemokines. Chemotaxis,

Ca2? mobilization, and enzyme release. J Immunol 156:322–

327

32. Sozzani S, Luini W, Borsatti A, Polentarutti N, Zhou D, Pie-

monti L, D‘Amico G, Power CA, Wells TN, Gobbi M, Allavena

P, Mantovani A (1997) Receptor expression and responsiveness

of human dendritic cells to a defined set of CC and CXC che-

mokines. J Immunol 159:1993–2000

33. Brandt E, Van Damme J, Flad HD (1991) Neutrophils can

generate their activator neutrophil-activating peptide 2 by pro-

teolytic cleavage of platelet-derived connective tissue-activating

peptide III. Cytokine 3:311–321

34. Walz A, Baggiolini M (1990) Generation of the neutrophil-

activating peptide NAP-2 from platelet basic protein or

Pathobiology of platelet chemokines 2379



connective tissue-activating peptide III through monocyte pro-

teases. J Exp Med 171:449–454

35. Begg GS, Pepper DS, Chesterman CN, Morgan FJ (1978)

Complete covalent structure of human beta-thromboglobulin.

Biochemistry 17:1739–1744

36. Holt JC, Rabellino EM, Gewirtz AM, Gunkel LM, Rucinski B,

Niewiarowski S (1988) Occurrence of platelet basic protein, a

precursor of low affinity platelet factor 4 and beta-thrombo-

globulin, in human platelets and megakaryocytes. Exp Hematol

16:302–306

37. Majumdar S, Gonder D, Koutsis B, Poncz M (1991) Charac-

terization of the human beta-thromboglobulin gene. Comparison

with the gene for platelet factor 4. J Biol Chem 266:5785–5789

38. Zhang C, Gadue P, Scott E, Atchison M, Poncz M (1997)

Activation of the megakaryocyte-specific gene platelet basic

protein (PBP) by the Ets family factor PU.1. J Biol Chem

272:26236–26246

39. Harter L, Petersen F, Flad HD, Brandt E (1994) Connective

tissue-activating peptide III desensitizes chemokine receptors on

neutrophils. Requirement for proteolytic formation of the neu-

trophil-activating peptide 2. J Immunol 153:5698–5708

40. Car BD, Baggiolini M, Walz A (1991) Formation of neutrophil-

activating peptide 2 from platelet-derived connective-tissue-

activating peptide III by different tissue proteinases. Biochem J

275:581–584

41. Malkowski MG, Lazar JB, Johnson PH, Edwards BF (1997) The

amino-terminal residues in the crystal structure of connective

tissue activating peptide-III (des10) block the ELR chemotactic

sequence. J Mol Biol 266:367–380

42. Campbell EJ, Senior RM, McDonald JA, Cox DL (1982) Pro-

teolysis by neutrophils. Relative importance of cell–substrate

contact and oxidative inactivation of proteinase inhibitors in

vitro. J Clin Invest 70:845–852

43. Travis J, Salvesen GS (1983) Human plasma proteinase inhib-

itors. Annu Rev Biochem 52:655–709

44. Schiemann F, Grimm TA, Hoch J, Gross R, Lindner B, Petersen

F, Bulfone-Paus S, Brandt E (2006) Mast cells and neutrophils

proteolytically activate chemokine precursor CTAP-III and are

subject to counterregulation by PF-4 through inhibition of

chymase and cathepsin G. Blood 107:2234–2242

45. Schenk BI, Petersen F, Flad HD, Brandt E (2002) Platelet-

derived chemokines CXC chemokine ligand (CXCL)7, CTAP-

III, and CXCL4 differentially affect and cross-regulate neutro-

phil adhesion and transendothelial migration. J Immunol

169:2602–2610

46. Petersen F, Bock L, Flad HD, Brandt E (1999) Platelet factor

4-induced neutrophil-endothelial cell interaction: involvement

of mechanisms and functional consequences different from

those elicited by interleukin-8. Blood 94:4020–4028

47. Baltus T, von Hundelshausen P, Mause SF, Buhre W, Rossaint

R, Weber C (2005) Differential and additive effects of platelet-

derived chemokines on monocyte arrest under flow conditions.

J Leukoc Biol 78:435–441

48. Mause SF, von Hundelshausen P, Zernecke A, Koenen RR,

Weber C (2005) Platelet microparticles: a transcellular delivery

system for RANTES promoting monocyte recruitment on

endothelium. Arterioscler Thromb Vasc Biol 25:1512–1518

49. Mack M, Pfirstinger J, Weber C, Weber KS, Nelson PJ, Rupp T,
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