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Introduction

Platelets play a critical role in thrombosis and hemostasis [1, 2].
Beyond that, platelets have been recognized to act as an
interface between thrombosis and inflammation [3]. Previous
research has shown that inflammation plays a key role in the
development of coronary artery disease (CAD) and other
manifestations of atherosclerosis [4]. Recently, platelets have
been recognized to trigger atherosclerotic lesion formation,
to favor plaque instability, and to form thrombosis at areas of
vulnerable plaques, resulting in myocardial infarction and
tissue ischemia. During atherogenesis platelets interact with
a variety of vascular and blood-borne cells (e.g., endothelial
cells and leukocytes) and regulate chemotaxis, migration,
and cytokine/chemokine release, which further propagate
inflammation within vascular lesions [3, 5]. Understanding
the role of platelets in atherogenesis will allow developing
new strategies in the treatment of coronary artery disease.

Platelets Interact with Endothelium
and Propagate Inflammation

In the past, numerous studies have shown that platelets can
adhere to the intact endothelial monolayer and substantially
modulate endothelial cell function [6-8]. Thus, under certain
pathophysiological circumstances, endothelial denudation and
exposure of the subendothelial matrix are not required for
platelet adhesion to the vascular wall. Adherent platelets release
a variety of proinflammatory mediators and growth hormones
and have the potential to modify signaling cascades in vascular
cells, inducing the expression of endothelial adhesion receptors
and the release of endothelial chemoattractants [3]. In this
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manner, they might regulate the adhesion and infiltration of
leukocytes, in particular of monocytes, into the vascular wall, a
process, that is thought to play a key role in acute and chronic
inflammation. Normal “resting” endothelium represents a non-
adhesive and non-thrombogenic surface that prevents extrava-
sation of circulating blood cells. In contrast, activated
endothelial cells are pro-adhesive and promote the adhesion of
circulating blood platelets. Adhesion of platelets to the intact
but activated endothelium in the absence of previous endothe-
lial denudation involves a surface receptor-dependent process
that allows “capturing” of circulating platelets toward the ves-
sel wall even under high shear stress. Similar to the recruitment
of leukocytes [5], the adhesion of platelets to the vascular
endothelial surface is a multistep process in which platelets are
tethered to the vascular wall followed by platelet rolling and
subsequent firm adhesion. Whereas the adhesion receptors
involved in platelet attachment to the subendothelial matrix,
e.g., following rupture of an atherosclerotic plaque, have been
well defined during the past decade, few studies have focused
on the molecular determinants that promote the interaction
between platelets and the intact vascular endothelium.

During the adhesion process, platelets are activated and
release an arsenal of potent proinflammatory and promito-
genic substances into the local microenvironment, thereby
altering chemotactic, adhesive, and proteolytic properties of
endothelial cells (Fig. 35.1). These platelet-induced altera-
tions of the endothelial phenotype support chemotaxis,
adhesion, and transmigration of monocytes to the site of
inflammation. Among the various platelet-derived proinflam-
matory proteins, IL-1 has been identified as a major
mediator of platelet-induced activation of endothelial cells.
The IL-1p activity expressed by platelets appears to be asso-
ciated with the platelet surface [9], and co-incubation of
endothelial cells with thrombin-activated platelets induces
IL-1B-dependent secretion of IL-6 and IL-8 from endothelial
cells. Furthermore, incubation of cultured endothelial cells
with thrombin-stimulated platelets significantly enhances
the secretion of endothelial monocyte chemoattractant pro-
tein-1 (MCP-1) in an IL-1B-dependent manner [10, 11].
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Platelets

Fig. 35.1 Platelets induce
chemotactic, adhesive,
and proteolytic properties
of endothelial cells
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Fig.35.2 Platelets activate
the endothelial monolayer of
arteries and induce monocyte
chemotaxis and migration, thus
propagating atherosclerotic
lesion formation
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However, platelet IL-1 not only modifies endothelial
release of chemotactic proteins, but it also has the potential
to increase endothelial expression of adhesion molecules.
Surface expression of ICAM-1 and o 3, on endothelial cells
is significantly enhanced by activated platelets via IL-1f3
[10, 12]. Both enhanced chemokine release and upregulation
of endothelial adhesion molecules through platelet-derived
IL-1p act in concert and promote neutrophil and monocyte
adhesion to the endothelium. IL-13-dependent expression of
early inflammatory genes, such as MCP-1 or ICAM-1,
involves the activation of the transcription factor nuclear fac-
tor kappa B (NF-«B). Transient adhesion of platelets to the
endothelium initiates degradation of IkB and supports acti-
vation of NF-kB in endothelial cells, thereby inducing
NF-«B-dependent chemokine gene transcription [11].
Parallel to this finding, transfection of “decoy” kB oligonu-
cleotides or a dominant negative IKK mutant attenuates
platelet-induced nuclear translocation of NF-xB and MCP-1
secretion in endothelial cells [10]. Likewise, platelet-induced
NF-kB-activation was largely reduced by IL-1[ antagonists,
supporting the notion that platelet IL-1f is the molecular
determinant of platelet-dependent activation of the transcrip-
tion factor. Taken together, platelet-derived IL-1f initiates
NF-kB-dependent expression of chemotactic and adhesive
proteins in endothelial cells. In this manner, platelets promote
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the recruitment of both neutrophils and monocytes to the
endothelial cell surface, thus inducing inflammation.
Another platelet-derived chemokine is RANTES, which
has been identified to trigger monocyte arrest on inflamed
and atherosclerotic endothelium [13]. Deposition of plate-
let RANTES induces monocyte recruitment mediated by
P-selectin. Furthermore, release of platelet-derived CD40
ligand induces inflammatory responses in endothelium.
CD154 (CD40L), a 30-33 kDa protein, belongs to the TNF
family of cytokines, which includes TNF-o and Fas ligand.
CD40L was originally thought to be restricted to CD4*
T-lymphocytes, mast cells, and basophils. Henn et al. [14]
showed that platelets store CD40L in high amounts and
release CD40L within seconds following activation in vitro
and in vivo. Ligation of CD40 on endothelial cells by CD40L
expressed on the surface of activated platelets increased the
release of IL-8 and MCP-1, the principal chemoattractants
for neutrophils and monocytes. In addition, platelet CD40L
enhanced the expression of endothelial adhesion receptors
including E-selectin, VCAM-1, and ICAM-1, all molecules
that mediate the attachment of neutrophils, monocytes, and
lymphocytes to the inflamed vessel wall (Fig. 35.2). Hence,
like IL-13, CD40L expressed on platelets induces endothelial
cells to release chemokines and to express adhesion molecules,
thereby generating signals for the recruitment of leukocytes
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in the process of inflammation. CD40 ligation on endothe-
lial cells, smooth muscle cells, and macrophages initiates
the expression and release of matrix degrading enzymes, the
matrix metalloproteinases (MMPs). These enzymes, which
degrade extracellular matrix proteins, significantly contribute
to destruction and remodeling of inflamed tissue. Adhesion
of activated platelets to endothelial cells results in generation
and secretion of MMP-9 and of the protease receptor uPAR on
cultured endothelium [15]. The endothelial release of MMP-9
was dependent on both the fibrinogen receptor GPIIb-IIla
and CD40L because inhibition of either mechanism resulted
in reduction of platelet-induced matrix degradation activity
of endothelial cells. Moreover, GPIIb—IIla ligation resulted
in substantial release of CD40L in the absence of any fur-
ther platelet agonist. These results propose that the release of
platelet-derived proinflammatory mediators such as CD40L
is dependent on GPIIb-IIla-mediated adhesion. This mech-
anism may be pathophysiologically important to localize
platelet-induced inflammation of the endothelium at a site of
platelet-endothelium adhesion.

Platelets Interact with Leukocytes

Platelet adhesion to the endothelium or the subendothelial
matrix induces platelet activation and the release of sub-
stances that are able to cause chemotaxis and migration of
circulating leukocytes toward the site of platelet accumula-
tion. Similar to platelet adhesion to the vessel wall, leukocyte
recruitment to vascular endothelium requires multistep adhe-
sive and signaling events, including selectin-mediated roll-
ing, leukocyte activation, and integrin-mediated firm
adhesion and diapedesis [5]. On leukocytes, members of the
Bz-integrin family, LFA-1, MAC-1, and p150.95, as well as
f3,-integrins interact with endothelial counterligands such as
ICAM-1, surface-associated fibrinogen [16], or vascular cell
adhesion molecule-1 (VCAM-1) to mediate the described
heterotypic cell interaction. At sites of platelet adhesion to
the endothelium or subendothelium, leukocyte infiltration
can occur through interactions with platelets and fibrin [5].
Similar to the leukocyte-endothelium adhesion, a sequential
adhesion process of leukocytes to adherent platelets has been
proposed. Leukocyte adhesion to platelets involves surface
expression of P-selectin on activated platelets and binding to
PSGL-1, the counterreceptor present on neutrophils and
monocytes [17]. Diacovo et al. [18, 19] have previously
demonstrated that leukocytes tether, roll, and subsequently
rest on activated platelet monolayers via sequential action of
platelet P-selectin and ICAM-2 binding to their leukocyte
counterreceptors PSGL-1 and CD11b/CD18, respectively.
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This suggests that platelets attached to the vessel wall may
recruit leukocytes. In addition, P-selectin/PSGL-1-dependent
platelet-leukocyte interaction brings platelets into close
vicinity with neutrophils and may facilitate leukocyte activa-
tion by platelet proinflammatory mediators. Earlier studies
indicated that GPIba. and JAM-3 on platelets are potential
counterreceptors for MAC-1 [20] and that they mediate
mechanism of platelet-leukocyte adhesion. Furthermore,
ICAM-2 and o, B,-associated fibrinogen have also been pro-
posed to mediate MAC-1-dependent platelet-leukocyte adhe-
sion. Thus, platelets either immobilized on a surface or
activated in suspension express a complete machinery to
recruit leukocytes: (1) platelet P-selectin is a mediator of the
first contact (tethering), (2) interaction of platelet P-selectin
with its counterreceptor PSGL-1 on leukocytes induces sig-
naling events relevant for MAC-1 activation, and (3) the acti-
vated f,-integrin (MAC-1) on leukocytes allows and
reinforces firm platelet-leukocyte adhesion through binding
to counterreceptors (ICAM-2, fibrinogen bound to GPIIb—
IITa, GPIba, JAM-3) present on the platelet surface.

Platelets Interact with Circulating
Progenitor Cells

There is increasing evidence showing that circulating pro-
genitor cells contribute to vascular repair mechanisms and
limit atheroprogression. Impairment of progenitor-dependent
vascular repair due to either low numbers of circulating pro-
genitor cells or dysfunctional progenitor cells leads to inade-
quate vascular healing and atheroprogression. Recently, the
role of platelets for recruitment and subsequent differentia-
tion of progenitor cells has been recognized [21-23]. Adherent
platelets recruit circulating progenitor cells and induce dif-
ferentiation of the latter into endothelial cells or macrophages
and foam cells [21-23]. Further, the combination of platelets
and fibrin promoted CD34* cell migration even to a greater
extent than vascular endothelial growth factor in vitro [24].
Moreover, the chemokine stromal cell-derived factor-1
(SDF-1) was found to be secreted by activated platelets,
which supports chemotaxis and primary recruitment of
progenitor cells on the surface of arterial thrombi in vivo
[22, 23]. Moreover, cytokine-mediated deployment of SDF-1
coming from activated platelets induces revascularization
through mobilization of CXCR4 hemangiocytes [25].
Adhesion of human CD34* cells to immobilized platelets
is significantly attenuated in the presence of blocking mAbs
anti-CD162 or anti-CD62P, indicating that the platelet
P-selectin interacts with the endothelial progenitor cells
(EPCs) through interaction with P-selectin glycoprotein
ligand-1 [24, 26, 27]. Thus, platelets act as an intermediate
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mediator to tether progenitor cells, indicating that platelets
are a prerequisite for the initial step of the homing process of
CD34* cells to vascular injury.

Platelets play a critical part not only in the capture, but
also in the subsequent differentiation of murine EPCs, induc-
ing the differentiation of the latter into spindle-shaped cells
that are positive for vVWF [21]. Furthermore, human CD34
progenitor cells can form colonies on immobilized platelets
similar to immobilized fibronectin and further differentiate
into mature endothelial cells [23]. Under distinct circum-
stances, however, in vitro co-culture experiments between
platelets and human CD34* cells induce distinct morphologi-
cal changes of the latter and differentiation into macrophages
at an early phase and later on into foam cells [26].

Inhibition of Platelet Adhesion
Attenuates Atheroprogression

Enhanced chronic interaction of platelets with the arterial
wall results in endothelial inflammation and atheroprogres-
sion [3]. The platelet von Willebrand receptor GPIba. and the
collagen receptor GPVI have been demonstrated to largely
contribute to endothelial platelet adhesion in vivo in ApoE™"~
mice [28], making them good candidates for inhibition.
Inhibition of GP1b prevented adhesion of circulating plate-
lets to endothelial cells at the carotid artery of ApoE~~ mice.

Fig. 35.3 Glycoprotein VI
binds to vascular lesions and
reduces atherosclerotic lesion
formation. Glycoprotein VI
binds to vascular lesions and
reduces atherosclerotic lesion
formation. (a) Schematic of the
recombinant GPVI-Fc. (b)
Reduced neointimal formation
in GPVI-Fc-treated ApoE~"~
mice after wire-induced injury
of the

carotid artery (H&E staining,
bar 100 um) [30]. (¢) Binding
of radiolabeled GPVI-Fc to
injured carotid artery shown by
PET/CT (left) and autoradiogra-
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Inhibition of platelet adhesion by blocking monoclonal anti-
GPIb antibodies substantially attenuated atheroprogression
in ApoE~~ mice [28]. Next, we studied the role of GPVI-
mediated platelet adhesion for atheroprogression. Prolonged
administration of the soluble form of GPVI [28] substantially
reduced atheroprogression in ApoE-deficient mice. Further,
gene transfer of GPVI-Fc to the carotid vascular wall
significantly attenuated atheroprogression and endothelial
dysfunction in atherosclerotic rabbits in vivo [29]. In addi-
tion, administration of soluble GPVI-Fc preferentially bound
to sites of vascular injury and was able to inhibit neointimal
formation after wire-induced vascular injury in ApoE~~ mice
[30] (Fig. 35.3). Thus, inhibition of platelet adhesion via
GPIb- or GPVI-blockers might be a promising strategy to
attenuate lesion progression [31].

Conclusion

Platelets are central playersin thrombosis and inflammation
and contribute significantly to development of coronary
artery disease. Understanding the molecular mechanisms
of platelet-mediated inflammatory reactions within the
vessel wall discloses important aspects of the pathophysi-
ology of coronary artery disease. Platelet-mediated vascular
inflammation is an attractive therapeutic strategy to limit
atheroprogression.
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Fig. 35.3 (continued) c
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