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Abstract

Platelets play a critical role in haemostasis and thrombosis. Recent discoveries provide
evidence that platelets promote atherogenesis and augment vascular inflammation and
remodelling of the arterial wall, resulting in formation of atherosclerotic plaques. Upon
activation, platelets adhere to the endothelial monolayer and release a variety of inflamma-
tory mediators. Platelet-derived inflammatory mediators promote activation of the endo-
thelial monolayer and recruitment of circulating blood cells, including monocytes and
endothelial progenitor cells (EPCs). Further, platelets stimulate differentiation of monocyte
and endothelial progenitor cells into macrophages and foam cells. Thus, at the site of
platelet accumulation on the arterial wall, platelets form an inflammatory ‘hot spot’ that
constitutes an early trigger for atherosclerotic lesions. On the other hand, platelets also
control healing of vascular lesions by recruitment and differentiation of circulating endo-
thelial progenitor cells to promote repair of the endothelial monolayer. Thus, platelets
ensure both repair of vascular lesions (‘healing’) and foster lesion formation and progres-
sion, depending on atherosclerotic cofactors such as oxidized LDL (oxLDL). The diverse
mechanisms by which platelets accomplish a balance between vascular injury and repair
encompass a variety of inflammatory mediators and receptors. Recent clinical studies
provide evidence that an intensified and prolonged antiplatelet therapy improves clinical
prognosis of patients with atherosclerotic disease. This chapter highlights the recent
developments concerning platelets in the context of atherosclerosis and highlights the
novel therapeutic strategies.

eventual thrombus build up following plaque rupture caus-
ing thrombotic narrowing or occlusion of a vessel. However,

The pathogenesis of atherosclerosis encompasses a strong
inflammatory component that involves various cell types
including platelets and inflammatory mediators (Lusis
2000; Libby et al. 2011). Not long ago the pathophysiologi-
cal contribution of platelets to atherosclerosis was
contemplated mainly in the context of the coagulation cas-
cade, participating in the final step of atherosclerosis, and
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abundant experimental evidences have changed this point of
view and established platelets as early responders seeding
atheroprogression. Platelets are the prime responders to vascu-
lar injury and ensure haemostasis and vascular integrity to
prevent extravasal blood loss (Ruggeri 2002, 2009). Platelets
rapidly adhere to vascular lesions via adhesion receptors
(e.g. GPIb, GPVI), aggregate via the fibrinogen receptors
ompPs and become activated during the adhesion process. Usu-
ally, the intact endothelial monolayer prevents platelet attach-
ment and accumulation at the vessel wall. However, inflamed
endothelial cells (ECs) develop properties that render them
adhesive for platelets. In accordance with the ‘response-to-
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injury’ hypothesis of atherogenesis, atherosclerotic lesions
result in an orchestrated response to a localized injury to the
vascular endothelium, which subsequently triggers platelet
adhesion, aggregation and release of pro-inflammatory
mediators like regulated upon activation normal T-cell
expressed and secreted (RANTES), epithelial neutrophil-
activating  peptide  (ENA-78), IL-1B, chemotactic
(e.g. stromal-derived factor-1, SDF-1) and growth factors
(e.g. platelet-derived growth factor, PDGF) from activated
platelets. Upon activation platelets also release substantial
amounts of alarmin or danger signals which function as inflam-
matory mediators and damage-associated molecular pattern
proteins (DAMPs) (Gleissner et al. 2008; Gawaz et al. 2005;
Karshovska et al. 2013; Gawaz and Vogel 2013). Activated
platelets recruit circulating blood cells (e.g. monocytes and
endothelial progenitor cells) at the site of vascular lesions and
interact with resident vascular cells such as endothelial and
smooth muscle cells (Langer and Gawaz 2008). Under physio-
logical conditions all these mechanisms contribute to vascular
repair and preservation of vessel integrity.

Platelets adhere under pathophysiological conditions to
endothelial cells via multiple adhesion receptors including

Fig. 1 Platelets orchestrate
atherogenesis. Above: Platelets
interact with circulatory
lipoproteins. Platelets can take up
oxLDL by scavenger receptors
like CD68, CD36, LOX-1 and
CXCL16/PS-OX. Therefore
platelets serve as lipid vehicles in
circulation. Below: Activated
lipid-laden platelets in circulation
interact with the vascular
endothelium, release
pro-inflammatory factors and also
induce a proatherogenic
phenotype of ECs. Subsequently,
adherent platelets recruit
circulating monocytes, bind them
and inflame them by receptor
interactions and paracrine
pathways, thereby initiate
monocyte transmigration, their
phagoctytic uptake of lipid-
loaded apoptotic platelets and
differentiation into macrophages
and foam cells. Thus, platelets
provide the inflammatory basis
for plaque formation before
physically occluding the vessel
by thrombosis upon plaque
rupture
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selectins, integrins and immunoglobulin-type receptors
(Gawaz 2004). During the adhesion process, platelets
become activated and release an arsenal of potent inflamma-
tory and mitogenic substances into the local microenviron-
ment, thereby alter the characteristics of the endothelial
monolayer into a proatherogenic substrate (Gleissner et al.
2008; Karshovska et al. 2013). Platelet-derived chemokines
and DAMPs attract circulating monocytes and endothelial
progenitor cells towards the inflamed endothelium, which is
a critical step in atherosclerotic lesion formation
(Karshovska et al. 2013; von Hundelshausen and Schmitt
2014; Chatterjee and Gawaz 2013). Once circulating blood
cells are recruited towards the atherogenic hot spot, platelets
induce differentiation of recruited bone-marrow-derived
cells into macrophages/foam cells (Massberg et al. 2006;
Stellos and Gawaz 2007a, b; Langer et al. 2007; Stellos
et al. 2008, 2010; Daub et al. 2006). A key mechanism in
this differentiation process is the generation and uptake of
oxidized low-density lipoprotein (oxLDL). OxLDL is bound
to the surface and phagocytosed by platelets by means of
scavenger receptors like CD36, LOX-1 and CXCL16/PS-
OX, making platelets a major vehicle for oxLDL (Fig. 1)
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(Siegel-Axel et al. 2008; Magwenzi et al. 2015; Badrnya
et al. 2014). OxLDL-rich platelets are rapidly taken up by
monocytes and stimulate transformation into macrophages
and foam cells (Stellos et al. 2010; Daub et al. 2006, 2007,
Chatterjee et al. 2015a, b; Nurden 2011). Thus, platelet
adhesion, release of inflammatory mediators, recruitment
of monocytes, uptake of lipid-laden platelets by monocytes
and their differentiation into foam cells represent a critical
step in early lesion formation of atherosclerotic plaques
(Fig. 1). On the other hand, platelet interaction and phago-
cytosis by endothelial progenitor cells can induce differenti-
ation into an endothelial phenotype that favours vascular
repair and regeneration and may limit atherosclerotic lesion
progression (Massberg et al. 2006; Stellos and Gawaz 2007a,
b; Langer et al. 2007; Stellos et al. 2008, 2010; Daub et al.
2006) (Fig. 2). The key mechanisms that flip the switch
between regeneration versus disease progression remain
unknown. Thus, understanding the mechanistic basis that
modulates platelet-dependent vascular inflammation and
formation of atherosclerotic lesions is an attractive strategy
to prevent or to control the consequences of atherosclerosis
such as myocardial infarction or stroke.

Platelet Adhesion to the Endothelium

Under pathophysiological circumstances platelets adhere even
to the intact endothelial monolayer especially at the lesion-
prone sites of vessel bifurcation governed by altered shear
stress. Normal ‘resting’ endothelium represents a nonadhesive
and non-thrombogenic surface that prevents extravasation of
circulating blood cells. In contrast, activated endothelial cells
are pro-adhesive and promote the adhesion of circulating blood
platelets (May et al. 2008; Gawaz et al. 1991, 1996, 1998).
Adbhesion of platelets to the intact but activated endothelium in
the absence of previous endothelial denudation involves a
surface receptor-dependent process that allows capturing or
tethering of circulating platelets towards the vessel wall even
under high shear stress, followed by rolling and subsequent
firm adhesion. Platelets are well equipped to adhere to endo-
thelial cells in vitro and in vivo. Platelet interaction with intact
endothelium is a well-orchestrated procedure (Fig. 3). These
processes are dependent on receptor interactions via selectins,
integrins and immunoglobulin-like receptors, which induce
receptor-specific activation signals in both platelets and the
interacting cell partner involved in adhesion, for instance,
endothelial cells. Initially, platelets roll loosely on the endo-
thelial layer. Rolling is often dependent on endothelial activa-
tion induced by inflammatory assaults inflicted by infection,
mechanic erosion or ischaemia and reperfusion. High levels of
C-reactive proteins are associated with high rate of vascular
events and promote platelet adhesion to endothelial cells.
Platelets get activated during rolling interaction with the endo-
thelium and subsequently adhere more and more tightly.
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Endothelial cells in turn get activated, too, and both cells
express or secrete chemokines to perpetuate vascular inflam-
mation. Activated endothelial cells surface-express ICAM-1,
vascular cell adhesion molecule-1, E-selectin and P-selectin
and release the chemokines MCP-1, SDF-1 and interleukin-8.
Both activated platelets and endothelial cells can actively
release pro-inflammatory interleukin-1p and CDA40L.
Platelet-specific release is chiefly characterized as RANTES
and ENA-78. This vast array of secretory products, besides
mediating interaction with leukocytes and endothelium, acts as
inflammatory cues for the recruitment of immune or inflam-
matory cells, e.g. monocytes, also prompt their differentiation
into macrophages to seed the process of plaque formation and
atherosclerosis. Rolling is followed by firm adhesion that is
mediated by integrin binding. Firm platelet adhesion triggers
maximal platelet activation, instigating shape change, cyto-
skeletal rearrangement and release of potent inflammatory and
mitogenic mediators into the local microenvironment. GPIIb-
Ia (oyp,P3) is the major integrin on platelets and plays a key
role in platelet accumulation on the activated endothelium.
Among the integrins expressed on the luminal side of endothe-
lial cells, the vitronectin receptor (o, p3) plays a crucial role in
promoting platelet adhesion. Another adhesion molecule for
the contact of platelets with the vascular wall is GPIb-IX.
Taken together platelet—endothelial cell interactions involving
selectins, integrins and immunoglobulin-like adhesion
receptors perpetuate transcellular communications leading to
a pro-inflammatory status of both endothelial cells and inflam-
matory cells recruited to the site of action, thus contribute to
vascular inflammation and atherosclerosis.

The Role of Selectins The initial loose contact between
circulating platelets and the vascular endothelium (‘platelet
rolling”) is mediated by selectins, present on both endothe-
lial cells and platelets (Frenette et al. 1995, 1998a, b;
Massberg et al. 1998; Subramaniam et al. 1996). P-selectin
(CD62P) is rapidly expressed on the endothelial surface in
response to inflammatory stimuli. In addition, P-selectin is
stored in platelet a-granules and can rapidly translocate to
the platelet surface upon activation. Endothelial P-selectin
has been demonstrated to mediate platelet rolling in both
arterioles and venules in acute inflammatory processes, such
as ischaemia/reperfusion. Further, P-selectin glycoprotein
ligand 1 (PSGL-1) is expressed on platelets and can mediate
platelet—endothelial interaction in vivo (Lam et al. 2011;
Frenette et al. 2000). E-selectin, which is also expressed
on inflamed endothelial cells, allows a loose contact
between platelets and the endothelium in vivo (Frenette
et al. 1998a, b). In line with the concept of endothelial
inflammation as a trigger for platelet accumulation, the
process of platelet rolling does not require previous platelet
activation, since platelets from mice lacking P- and/or
E-selectin roll as efficiently as wild-type platelets (Frenette
et al. 1995).
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Fig. 2 Platelet chemokines in balancing atheroprogression and vascu-
lar regeneration. Platelets adhere to and interact with the injured or
inflamed endothelium (EC, endothelial cell) or exposed sub-endothelial
matrix components (EMC) and secrete CXCL12 and MIF upon activa-
tion. Platelet-derived CXCL12 mediates the migration and differentia-
tion of progenitor cells (PC) into an endothelial phenotype (endothelial
progenitor cell, EPC) to promote vascular repair or regeneration (a) and
also supports the migration of inflammatory monocytic cells (M).
Monocytes phagocytose activated platelets and CXCL12 present in
the immediate microenvironment supports their differentiation into
foam cells. This contributes to vascular inflammation and injury (c).

Platelets bind lipids like LDL and OXLDL in circulation through
scavenger receptors. Lipid-loaded activated platelets adhere to the
endothelium and release chemotactic factors like CXCL12 and MIF.
Monocytes migrate towards CXCL12 and MIF. These infiltrated
monocytes phagocytose lipid-laden apoptotic platelets and subse-
quently migrate into the intima of the vessel wall where they differen-
tiate into macrophages and foam cells (b). Thus platelet-lipoprotein
interaction (b) and platelet-derived factors can decide the balance of
vascular regeneration (a) versus vascular inflammation and atheropro-
gression (b—c)
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Fig. 3 Platelet interaction with
the vascular endothelium. Above:
Platelet—endothelium adhesion is
a multistep process involving
several adhesion receptors.
Activated endothelium surface
expresses P-selectin. Platelet
surface receptors GPIba and
PSGL-1 interact with endothelial
P-selectin and mediate platelet
rolling. Subsequent firm adhesion
is mediated through B3 integrins.
Below: Platelets recruit
inflammatory cells like
monocytes and neutrophils.
Activated platelets in circulation
form co-aggregates with
inflammatory cells and foster
their subsequent interaction with \
intact or inflamed endothelial
cells and inflame monocytes.
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The Role of GPIb-IX-V Glycoprotein Ib (GPb) mediates
platelet-endothelium adhesion (von Hundelshausen and
Weber 2007). Glycoprotein Ib has been identified as
counter-receptor for P-selectin (Etingin et al. 1993;
Theilmeier et al. 2002). Platelet rolling on the activated
endothelium can be inhibited by antibodies against both
P-selectin and GPIba (Frenette et al. 1995, 1998a, b;
Massberg et al. 1998). Interactions of selectins with their
counter-receptors are characterized by high on- and
off-rates, enabling platelets to rapidly attach to the endothe-
lial monolayer with high resistance to shear stress. However,
due to their biophysical characteristics, selectin—ligand
interactions are not sufficient to promote firm adhesion of
platelets in the bloodstream. This implicates that these
tighter interactions between platelets and the vascular wall
involve the interplay of platelets and endothelial integrins as
well as immunoglobulin-like adhesion molecules.

The Role of Integrins In the presence of soluble fibrinogen,
oypB3 mediates heterotypic cell adhesion to a,f3-expressing
cells including endothelial cells (Gawaz et al. 1991, 1996,
1997; Bombeli et al. 1998). Moreover, platelets firmly adhere

to activated endothelial cells via o33, a mechanism that can be
blocked by antagonists of 33-integrins (Gawaz et al. 1997). In
vivo, firm platelet adhesion to the endothelium can be inhibited
by anti-oq,; mADb, and platelets defective in oyp,P3 do not
firmly adhere to activated endothelial cells (Gawaz et al. 1997).

The Role of Immunoglobulin-Type Receptors The intercel-
lular adhesion molecule-1 (ICAM-1) is surface expressed on
the inflamed endothelium and acts as an endothelial fibrino-
gen receptor, promoting fibrinogen deposition at the
inflamed endothelium (Springer 1994). ICAM-1-fibrinogen
interactions have been demonstrated to promote cell adhe-
sion to activated endothelial cells (Bombeli et al. 1998).
Another immunoglobulin-type platelet receptor GPVI
mediates platelet adhesion to immobilized collagen, fibro-
nectin and vitronectin, the matrix proteins which are
exposed upon erosion of the inflamed endothelium
(Biiltmann et al. 2010; Schonberger et al. 2012).

The Role of  Platelet  Adhesion Receptors
in Atheroprogression With the help of appropriate athero-
sclerotic animal models, it has become evident that platelets
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adhere to the arterial wall early in the process of atheroscle-
rosis before atherosclerotic plaques are morphologically
detectable (Massberg et al. 2002, 2005; Huo et al. 2003).
Bone marrow transplantation experiments demonstrated that
mice receiving P-selectin-deficient platelets develop smaller
lesions (Burger and Wagner 2003). Even more drastic
findings were obtained in a model of wire-induced arterial
injury in P-selectin”/~Apoe ™'~ double knockout mice
(Manka et al. 2004). The most striking effects in inhibiting
atherosclerosis could be achieved with a combined defi-
ciency of E-selectins and P-selectins, showing 80 % and
40 % protection in the early and advanced stages of the
disease (Dong et al. 1998). Another critical adhesion mole-
cule mediating platelet contact with the vascular wall is
GPIb-IX, the significance of which is exemplified by the
fact that prolonged antibody blockade of platelet GPIba
profoundly reduced leukocyte accumulation in the arterial
intima and attenuated atherosclerotic lesion formation
(Massberg et al. 2002). The contribution of platelet GPIIb
(o) Was also validated in atherosclerotic lesion formation
in the carotid artery and aortic arch among GPIIb™"*Apoe™~
and GPIIb~'~"Apoe™™ mice where the absence of GPIIb
attenuated lesion formation at both vascular locations
(Massberg et al. 2005). Further, administration of activated
platelets and platelet-leukocyte/monocyte aggregates in
Apoe™™ mice promote formation of atherosclerotic lesions
(Huo et al. 2003). In Apoe™™ mice, platelet adhesion to
atherosclerotic arteries was significantly inhibited by
i.v. injection of soluble GPVI-Fc (Schulz et al. 2008;
Schonberger et al. 2008; Ungerer et al. 2013). Long-term
administration of an anti-GPVI antibody attenuates athero-
sclerosis in Apoe”~ mice (Schulz et al. 2008). Further, gene
transfer of GPVI-Fc to the carotid vascular wall significantly
attenuates atheroprogression and endothelial dysfunction in
atherosclerotic rabbits in vivo (Biiltmann et al. 2010). Inhi-
bition of GPVI both via GPVI-Fc and anti-GPVI antibodies
results in protection against atherosclerosis in both
cholesterol-fed rabbits and Apoe '~ mice (Biiltmann et al.
2010).

Platelet Interaction with Leukocytes

Activated platelets promote leukocyte arrest on the vascular
endothelium, which is a key process of vascular inflammation
during the progression of atherosclerosis (Lusis 2000; Libby
et al. 2011). The interaction of platelets with leukocytes has
been extensively described (Zarbock et al. 2007). Briefly,
platelets physically interact with leukocytes (Rinder et al.
1991; Gawaz et al. 1994; Ott et al. 1996; May et al. 1997)
and EPCs (Stellos et al. 2013). Platelet-leukocyte
coaggregation can foster adhesion to the intact arterial wall.

M. Chatterjee and M. Gawaz

This interaction can occur in variable sequences: first,
platelets can coaggregate with leukocytes in circulation and
thereby support leukocyte recruitment to the endothelium by
activating leukocyte adhesion receptors or by directly serving
as bridging cells. For example, platelet—-monocyte
co-aggregates can attach to the vascular endothelium by
both platelet and endothelium or by monocyte—endothelium
contacts. Second, when adhered to the endothelium, platelets
can chemoattract leukocytes and then provide a surface for
their adhesion to the vascular wall. During these interactions
involving platelets, leukocytes and the endothelium, all cell
types involved become activated in a cascade-like manner
(Fig. 3). Upon adhesion, platelets rapidly translocate
P-selectin from o-granules to the plasma membrane. This
allows leukocytes to tether to platelets via PSGL-1/P-selectin
interaction. Subsequently, monocytes or polymorphonuclear
cells firmly adhere to platelets in a Mac-1-dependent (CD11b/
CD18, aMp2) manner (Chavakis et al. 2003). On platelets,
various counter-receptors of Mac-1 have been identified:
GPIba (Simon et al. 2000), junctional adhesion molecule-C
(JAM-C, JAM-3) (Santoso et al. 2002), CD40L (Zirlik et al.
2007), ICAM-2 (Diacovo et al. 1994) as well as bridging
proteins, such as fibrinogen (bound to oppf3) (Altieri et al.
1988) or high-molecular-weight kininogen (Chavakis et al.
2003). However, the exact contribution of each receptor sys-
tem awaits clarification. During this adhesive process, recep-
tor engagement of PSGL-1 and Mac-1, together with platelet-
derived inflammatory mediators, induces complex activation
cascades in monocytes (Neumann et al. 1997; McEver and
Cummings 1997; Weyrich et al. 1996) including NFkB acti-
vation and thereby promotes monocyte or neutrophil adhesion
(by upregulation and activation of Mac-1 and VLA-4), throm-
bosis (mediated through monocyte secretion of tissue factor),
monocytic chemokine and cytokine release (IL-1p, IL-8,
MCP-1, TNF-a) (Neumann et al. 1997; McEver and
Cummings 1997; Weyrich et al. 1996; Celi et al. 1994) or
the oxidative burst of neutrophils (Zarbock et al. 2007). In
addition, engagement of PSGL-1 by P-selectin also drives
translationally regulated expression of proteins, such as the
urokinase receptor (UPAR), a critical surface protease recep-
tor and regulator of integrin-mediated leukocyte adhesion
(May et al. 1998) in vivo. Additional adhesion receptor pairs
also appear to be involved to induce vascular inflammation.
For example, we have recently identified the extracellular
matrix metalloproteinase (MMP) inducer (EMMPRIN,
CD147) as a monocyte receptor that induces MMP-9 synthe-
sis and secretion on cellular interactions (Schmidt et al. 2006;
Lindemann et al. 2007). Thus multifaceted heterotypic
platelet—endothelial cell, platelet inflammatory cell or progen-
itor cell interactions allow transcellular communication via
soluble mediators inflicting pro-inflammatory damage to the
vascular endothelium and subsequently recruit inflammatory
cells to the site of atheroprogression (Fig. 4).
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Fig. 4 Platelets have the ability to modulate atherothrombosis via initiate monocyte secretion of chemokines, cytokines and

interaction with other vascular cells. Adherent platelets inflame ECs.
By adhesion to endothelial cells, platelets induce release of
chemoattractants, upregulation of endothelial adhesion molecules and
secretion of metalloproteinases. This is mediated by interference with
the IkB and NF-xB pathway in ECs. Distinct receptor—ligand pairs
mediate the interaction of platelets with endothelial cells involving
amPs induces platelet surface exposure of P-selectin (CD62P) and
release of CD40L and IL-1P, which stimulate ECs to provide an
inflammatory milieu that supports proatherogenic alterations of the
endothelium. Platelet adhesion thereby contributes to atheropro-
gression, a process that involves complex and interacting steps, diverse
cell types and mediators. Adherent platelets recruit and inflame
monocytes. Adherent and/or activated platelets mainly interact with
monocytic PSGL-1 via P-selectin and with monocytic Mac-1 (aMf2)
via opPs (and fibrinogen bridging) or GPIba. Thereby, platelets

Platelet-Derived Inflammatory Mediators

Platelet—endothelium interaction occurs in the macro- and
microcirculation of inflamed tissue and during reperfusion of
ischaemic organs. Platelets adhere to the intact or inflamed
endothelium or exposed sub-endothelial matrix components
and release pro-inflammatory and mitogenic mediators
including cytokines, chemokines and DAMPs that alter

procoagulatory tissue factor, upregulate and activate adhesion
receptors and proteases and induce monocyte differentiation into
macrophages. Thus, platelet—-monocyte interaction provides an athero-
genic milieu at the vascular wall that supports plaque formation. On the
other hand, platelets serve as a bridging mechanism for circulating
endothelial progenitor cells and can contribute to atheroprogression
and vascular regeneration. Platelet derived inflammatory substances
like CXCL12 along with potent adhesion molecules for circulating
cells; platelets are capable of recruiting circulating endothelial progen-
itor cells (EPCs). Depending on the surrounding microenvironment,
pro-atherogenic (for instance, the development of foam cells) or vascu-
lar reparatory mechanisms (differentiation of progenitor cells towards
mature endothelial cells) can be promoted by interaction of platelets
with progenitor cells

physiological characteristics of the vascular endothelium
and either prompt tissue (Stellos and Gawaz 2007a, b) resto-
ration or inflict vascular injury (Gawaz and Vogel 2013;
Lindemann et al. 2007; Langer et al. 2007) (Fig. 2).
Proteomic analysis of platelets has identified more than
300 inflammatory mediators including growth factors,
chemokines, cytokines and angiogenic compounds that are
released into the microenvironment of accumulating
platelets (Maynard et al. 2007). Most of these inflammatory
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mediators have been evaluated for paracrine cell function
and are potent chemotactic compounds for monocytes. Some
of the platelet-derived inflammatory mediators have been
also shown to promote and modulate platelet function (auto-
crine loop) (Fig. 5). Atherosclerotic plaques are rich in
chemokines including RANTES (Gear et al. 2001).
Platelet-derived PF4 and RANTES immobilized on endo-
thelial cells induce monocyte arrest on the activated micro-
vascular or aortic endothelium (von Hundelshausen et al.
2005), promote survival of emigrated monocytes and their
differentiation into macrophages (Scheuerer et al. 2000).
Atherosclerotic plaque is enriched with CXCL12 deposited
from adherent platelets, and a counter-regulation between
CXCL12-driven domiciliation of endothelial progenitors
(Massberg et al. 2006; Stellos et al. 2008) and PF4—
RANTES-triggered recruitment of monocytes (Scheuerer
et al. 2000) might influence the outcome of vascular regen-
eration as opposed to atheroprogression. Other CXC
chemokines like fractalkine (Schifer et al. 2004) and
CXCL16 (Borst et al. 2012; Seizer et al. 2011) can heighten
atherothrombosis by prompting platelet activation, degranu-
lation and adhesion at sites of atherosclerotic developments.
Evidently, fractalkine and CXCL12 are upregulated in
neointimal SMCs, which become luminally exposed after
arterial denudation (Scheuerer et al. 2000), whereby platelet
activation under the pro-inflammatory influence of SMCs
might inflict further vascular damage. This part of the chap-
ter summarizes the celebrated platelet-derived accomplices

Fig. 5 Autocrine and paracrine

effects of platelet-derived factors \
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in atheroprogression and particularly highlights the recently
unravelled contribution of MIF, CXCL12, CXCLI16,
HMGBI1 and CyPA which have emerged as new molecular
targets.

Cytokines Platelet activation results in the release of
interleukin-1 (IL-1p) and CD40 ligand (CD40L) (Gawaz
et al. 2000; Henn et al. 1998). Activated platelets rapidly
synthesize IL-1f via an extranuclear polysomal translation
mechanism (Lindemann et al. 2001). Platelet-IL1f induces
activation of human endothelial cells and smooth muscle cells
and augments neutrophil adhesion (Gawaz et al. 2002;
Massberg et al. 2003). CD40L, which belongs to the TNF
family is cleaved and released from activated platelets (Henn
et al. 1998). Platelet-CD40L induces synthesis and secretion
of chemokines, adhesion molecules and metalloproteinases in
endothelial cells and promotes neutrophil adhesion. Engage-
ment of oyp,P; on platelets upregulates CD40L and triggers
CDA40L-dependent matrix degradation by endothelial cells
(May et al. 2002). Administration of activated wild-type
platelets but not CD40L-deficient platelets stimulates athero-
sclerotic lesion formation (Lievens et al. 2010).

Macrophage Migration Inhibitory Factor (MIF) MIF is
an inflammatory cytokine with chemokine-like functions that
plays a role in atherosclerosis (Morand et al. 2006; Bernhagen
et al. 2007; StriiBmann et al. 2013). Expression of the pleiotro-
pic inflammatory mediator is enhanced and intricately
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associated with course of atherosclerotic progression. The
therapeutic impact of MIF in atherosclerosis is exemplified
by the fact that peripheral MIF depletion in Apoe™™ mice
reduces atheroprogression (Bernhagen et al. 2007). MIF is a
major platelet-derived chemotactic factor with a retarded
release kinetics secreted by the nonclassical secretory pathway
independent of ER-Golgi network, however results from
degranulation of 60 % of total MIF reserve (StriiBmann et al.
2013; Wirtz et al. 2015) following thrombin and GPVI stimu-
lation. MIF shows a diffused granular pattern of intracellular
distribution but does not share co-localization with other
a-granule constituents like PF4 and VEGF (StriiBmann et al.
2013). The chemotactic capacity of stimulated platelet
supernatants is substantiated by MIF, suggesting a role for
atherogenic cell recruitment (StriiBmann et al. 2013; Wirtz
et al. 2015). The presence of neutralizing anti-MIF antibody
significantly reduces the chemotactic potential of thrombin-
activated platelet supernatant, whereas chemotactic potential
of activated platelet supernatant derived from mif /~ mice is
drastically reduced (Wirtz et al. 2015). Moreover, endothelial
monolayers incubated with supernatants from MIF-enriched
thrombin-stimulated platelets show significantly enhanced
monocyte adhesion, supporting its potential as a platelet-
derived pro-inflammatory mediator (Wirtz et al. 2015). MIF
binds to several chemokine receptors including CXCR-2,
CXCR-4 and CXCR-7 (StriiBmann et al. 2013; Wirtz et al.
2015; Chatterjee et al. 2014a, b; Alampour-Rajabi et al. 2015).
Plasma levels of MIF are enhanced in acute coronary syndrome
and associated with the inflammatory response (Miiller et al.
2012, 2013, 2014). MIF binds to the DAN-protein gremlin-1,
and a complex formation of MIF with gremlin-1 inhibits its
chemotactic activity and reduces atheroprogression in Apoe ™'~
mice (Miiller et al. 2013). Plasma levels of MIF and gremlin-1
are associated with acuity of coronary artery disease, and the
MIF/gremlin-1 ratio might determine the grade of plaque sta-
bility in humans (Miiller et al. 2014).

Chemokines The CC and CXC chemokines such as CCL5
(RANTES), CXCL4 (PF4), CXCLS5 (ENA-78), CXCL7 (-
TG), CXCL12 (SDF-1) and CXCL16 are the most intensively
studied platelet-derived chemokines in the context of athero-
sclerosis. CCL5 (RANTES) is highly expressed and stored in
platelets (Karshovska et al. 2013). Platelet—CCLS is deposited
on the endothelial monolayer and favours monocyte activation
and adhesion (von Hundelshausen et al. 2001). CCL5 forms
heteromers with CXCL4 (PF4), and this complex synergisti-
cally supports monocyte/endothelium adhesion (Koenen et al.
2009). Administration of activated platelets in Apoe '~ mice
enhances CCL5/CXCL4 deposition on the arterial wall and
promotes atheroprogression via P-selectin (Huo et al. 2003).
Plasma levels of CXCL5 and CXCL?7 are increased in Apoef/ -
mice (Rousselle et al. 2013). CXCL5 enhances cholesterol
efflux in macrophages and seems to be atheroprotective
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(Rousselle et al. 2013). CXCL7 cleavage results in formation
of platelet basic protein (PBP), beta-thromboglobulin (B-TG)
and CTAPIIL, all of these cleaved proteins are not chemotactic.
After release those proteins are further activated by N-terminal
shortening and promote migration of neutrophils and endothe-
lial progenitor cells. CXCLI2 (SDF-1) is stored in a-granules
(Chatterjee et al. 2011) and gets surface expressed and released
upon activation (Massberg et al. 2006; Stellos et al. 2008).
Platelet—-CXCL12 expression is increased in patients with
myocardial infarction and correlates with circulating progenitor
cells (Stellos et al. 2009). Platelet—-CXCL12 and platelet surface
expression of CXCR4-CXCR?7 is associated with prognosis
and recovery of myocardial function in patients with acute
coronary syndromes (Geisler et al. 2012; Wurster et al. 2013;
Rath et al. 2014, 2015). CXCL12 is a key mediator of regener-
ative mechanisms and regulates homing and trafficking of
EPCs towards vascular and tissue lesions. Platelet—-CXCL12
enhances neovascularization by mobilization of CXCR4™ cells
in the mice hind limp ischaemia model (Jin et al. 2006)
indicating recruitment of bone marrow-derived progenitors to
support vascular repair. Platelet—-CXCL12 interacts with
CXCR4-positive EPCs and stimulates adhesion and endothelial
differentiation. Systemic application of CXCL12 promotes
mobilization of smooth muscle progenitor cells and accumula-
tion in vascular lesions resulting in a stable plaque phenotype in
Apoef/ ~ mice (Akhtar et al. 2013). Further, recombinant
SDF1-GPVI triggers chemotaxis of CXCR4+ cells, preserves
cell survival, enhances endothelial differentiation of BMCs
in vitro and reveals proangiogenic effects. In a mouse model
of myocardial infarction, administration of the bifunctional
recombinant protein SDF1-GPVI leads to enhanced recruit-
ment of BMCs, increases capillary density, reduces infarct
size and preserves cardiac function (Ziegler et al. 2012). Thus,
platelet—-CXCL12 may be an atheroprotective chemokine
which needs to be further explored. CXCL16 is a multifaceted
chemokine. Membrane-associated CXCL16/PS-OX is an
OxLDL scavenger receptor which facilitates OxLDL binding
to activated platelets, in its solubilized form exerts a stimulatory
effect on their haemostatic and thrombotic attributes and also
mediates inflammatory associations with the endothelium and
eryptotic erythrocytes to corroborate atheroprogressive
complications. Platelet-CXCL16 surface expression is further
enhanced upon activation, and in ACS patients as compared to
SAP, shows positive correlation with plasma C-reactive protein
and markers of myocardial necrosis (Borst et al. 2012; Seizer
et al. 2011). Recent results of a population-based HUNT2
cohort in Norway indicate that high levels of soluble CXCL16
is associated with risk of MI in healthy subjects (Laugsand et al.
2015). CXCL16 is detected in the human carotid atherosclerotic
lesions from complex carotid endarterectomy specimens,
sequesters circulating platelets through CXCR6 engagement
and supports vVWF-mediated platelet associations (Meyer Dos
Santos et al. 2015). Moreover, high CXCL16 expression is
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observed in the endothelium in close proximity to mural
thrombus enriched in vWF and platelet GPIba (Meyer Dos
Santos et al. 2015). CXCL16 supplementation also supports
platelet adhesion to the injured carotid artery in vivo (Borst
et al. 2012). Platelets also release CXCL16 following PAR-1
activation by TRAP and therefore could contribute to CXCL16
plasma levels (Seizer et al. 2011). Moreover, since activated
platelets release CXCL16 (Seizer et al. 2011), they might be an
enriched source of circulatory CXCL16 levels among ACS
patients, which serves as a peripheral biomarker and is
associated with long-term motility. CXCLI6~/~ mice show
decreased cholesterol efflux and attenuated atheroprogression.
The role of platelet—-CXCL16 however remains unclear and
megakaryocyte—platelet-lineage-specific CXCLI6 '~ needs to
be developed.

DAMPs Damage-associated molecular pattern molecules
(DAMPs) are a heterogeneous group of nuclear or cytosolic
host proteins that can initiate and perpetuate a noninfectious
inflammatory response. DAMPs are released or exposed on the
cell surface following tissue injury. Recently, two DAMPs
have been recognized in platelets which contribute to regula-
tion of thromboinflammatory events, namely, cyclophilin A
(CypA) (Coppinger et al. 2004; Seizer et al. 2014, 2015; Elvers
et al. 2012) and high-mobility group box 1 (HMGBI)
(Rouhiainen et al. 2000; Ahrens et al. 2015; Vogel et al.
2014, 2015a, b). Platelet-bound CypA is enhanced in stable
CAD npatients, and its surface expression is associated with
hypertension and hypercholesterolemia (Seizer et al. 2015).
In patients with acute myocardial infarction (AMI), platelet-
bound CyPA is significantly decreased (Seizer et al. 2015).
CyPA stimulates vascular smooth muscle cell migration
and proliferation, endothelial cell adhesion molecule expres-
sion and inflammatory cell chemotaxis (Seizer et al. 2015).
Apoe™™ mice develop more severe atherosclerosis compared
with Apoe ™"~ /CypA~'~ mice (Nigro et al. 2011). Platelets are a
recently recognized source of high-mobility group box
1 (HMGB1) (Rouhiainen et al. 2000; Ahrens et al. 2015;
Vogel et al. 2014, 2015a, b), the circulatory levels of which
are elevated in multiple inflammatory diseases (de Souza et al.
2012). Platelets express HMGBI1, which is translocated
towards surface following activation and subsequently released
(Rouhiainen et al. 2000; Ahrens et al. 2015; Vogel et al. 2014,
2015a, b). HMGBI expression is increased in macrophages
and SMCs at atherosclerotic lesions and is implicated in the
progression of plaque (de Souza et al. 2012). The contribution
of platelet-derived HMGBI1 to influence infiltration of inflam-
matory cells during atheroprogression remains to be seen.
Activated platelets interfere with recruitment of mesenchymal
stem cells to apoptotic cardiac cells via HMGBI1/TLR-4-
mediated downregulation of hepatocyte growth factor receptor
MET (Vogel et al. 2014). Recently, using a platelet-specific
Pf4-cre-HMGBI -/ transgenic mice, we have identified
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platelet-derived HMGBI as a critical mediator of thrombosis
and inflammation in vivo (Vogel et al. 2015a, b). HMGB1
regulates microvascular endothelial inflammation (Fiuza et al.
2003) and leukocyte recruitment (Venereau et al. 2013);
platelet-derived HMGBI1 instigates neutrophil extracellular
trap (NET) formation (Maugeri et al. 2014) and thrombosis
(Vogel et al. 2015a, b) suggesting probable inflammatory
potential of platelet-derived HMGBI1 in linking atheropro-
gression and atherothrombosis. These evidences encourage
further investigations to validate the potential of platelet-
derived HMGBI in influencing the cellular composition of
atherosclerotic plaque and thereby its immunogenicity and
vulnerability. HMGB1 is highly expressed in platelet-rich
human coronary artery thrombi (Ahrens et al. 2015) pointing
towards a central role for HMGBI1 in atherothrombosis, also
suggesting the therapeutic potential of platelet-targeted anti-
inflammatory therapeutic strategies for CAD patients.

Platelet-derived HMGB1 might confer heterotypic
plaque cellularity rendering them vulnerable, which com-
bined with a pro-thrombotic disposition is an active
accomplice in atherothrombosis and subsequent ischaemic
events.

Regulation of Platelet Function
and Thrombosis by Platelet-Derived
Inflammatory Mediators

Upon release platelet-derived compounds can mediate both
paracrine and autocrine effects (Fig. 5). Whereas the role of
platelet-derived inflammatory mediators for paracrine
actions and tissue inflammation has been extensively
investigated, the autocrine effects of these molecules on
platelet function are far less understood. Platelets express
several chemokine receptors like CXCR-4, CXCR-6,
CXCR-7 which render them susceptible to autocrine modu-
lation imposed by factors such as CXCL12, CXCL16 and
MIF (Chatterjee et al. 2015a, b). Further, platelets express
receptors for CypA and HMGBI1 (e.g. EMMPRIN, RAGE,
TLR4) that significantly modulate platelet functions (Fig. 6).
CXCL12 substantiates platelet aggregation and thrombosis
(Abi-Younes et al. 2000; Walsh et al. 2014; Kowalska et al.
2000; Gear et al. 2001; Shenkman et al. 2004). CXCL12
enhances platelet activation through Gai-coupled CXCR4
(Abi-Younes et al. 2000; Walsh et al. 2014; Kowalska et al.
2000; Gear et al. 2001; Shenkman et al. 2004), antagonizes
adenylate cyclase activity and counteracts PGI, analogue-
induced cAMP levels (Walsh et al. 2014) and further
substantiates granular release, PLC activation triggering
aggregation. CXCL12-CXCR4-induced primary phase of
aggregation occurs through PI3K, whereas the secondary
wave involves engagement of downstream tyrosine kinases
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Fig. 6 New platelet-derived mediators in the context of
atherothrombosis and atherosclerosis. CXCL12 through CXCR4 liga-
tion substantiates platelet activation, aggregation and thrombotic
potential. MIF exerts a prosurvival effect through CXCR7 and down-
stream activation of the PI3K-Akt pathway culminating in
phosphorylation-mediated inactivation of pro-apoptotic protein BAD.
The membrane-associated form of CXCL16/SR-PS-OX functions as a
scavenger receptor facilitates OXLDL binding and sequesters CXCR6+
platelets from circulation to CXCL16-expressing endothelial cells at
atherosclerotic sites. Soluble CXCL16 acts through CXCR6-PI3K—-Akt
pathway to promote degranulation, cytoskeletal reorganization and

and prostanoids to achieve maximal irreversible aggregation
and degranulation. CXCL12 co-stimulates aggregation
induced by sub-threshold concentrations of agonists under
arterial and lower shear conditions (Abi-Younes et al. 2000;
Walsh et al. 2014; Kowalska et al. 2000; Gear et al. 2001;
Shenkman et al. 2004) and exhibits selective synergistic
aggregatory response with serotonin (SHT) but not epineph-
rine (Abi-Younes et al. 2000; Walsh et al. 2014; Kowalska
et al. 2000; Gear et al. 2001; Shenkman et al. 2004).
Chemokines are capable of heterophilic interactions exerting
synergistic or antagonizing effects. RANTES noncompe-
titively reduces the stimulatory effect of CXCL12 on aggre-
gation and adhesion to endothelial monolayers under venous
flow conditions (Shenkman et al. 2004). Mature platelets

shape change, oyp,Prr-integrin activation and adhesion to endothelial
layer. Intracellular cyclophilin A (CyPA) is involved in bidirectional
trafficking of CXCR4-CXCR7 and extracellular CyPA acting through
EMMPRIN engagement regulates aggregation, thrombotic potential of
platelets. HMGB1 enhances platelet activation, dense and a-granule
secretion, aggregatory response to GPVI stimulation and thrombus
formation. HMGBI1 exerts its effects through TLR4, myeloid differen-
tiation factor 88-dependent (MyD88), recruitment of guanylyl cyclase
(GC) towards platelet membrane and subsequent activation of cGMP-
dependent protein kinase I (cGKI) in platelets

also exhibit transmigration through endothelial layer
towards CXCL12, mediated through CXCR4-Gai—PI3K
pathway which triggers platelet activation (Kraemer et al.
2010, 2011). Platelets preferentially accumulate at areas
with high CXCL12 under flow conditions and exhibit flow-
directed migration (Kraemer et al. 2010, 2011).

The receptors of CXCL12, CXCR4 and CXCR7 are con-
stitutively expressed in platelets at transcript and protein
levels. The relative surface expression of CXCR4 appears to
be much higher than that of CXCR?7 at resting state (Chatterjee
et al. 2014b). Surface expression of CXCR4—-CXCR?7 exhibits
a unique dynamism in the presence of their ligands, CXCL12
(Chatterjee et al. 2014b) and MIF (Chatterjee et al. 2014a)
which influences their relative abundance on platelet surface,
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thereby their frequency of participation in effector functions.
CXCR4 is internalized by CXCL12 and MIF, while CXCR7 is
preferentially externalized in response to CXCLI12 but not
MIF (Chatterjee et al. 2014b). CXCL12 induced bidirectional
trafficking of CXCR4, and CXCR?7 is a coupled process
executed through the downstream signalling intermediates
like Erk1/2 and the PPlase activity of intracellular molecular
chaperone CyPA culminating in ubiquitination-driven exter-
nalization of CXCR7 (Chatterjee et al. 2014b). However,
chemokine-induced receptor trafficking in platelets is a com-
paratively new idea and warrants further investigations in
targeted pathophysiologies where platelet responsiveness and
their inflammatory potential are altered. Moreover, CXCL12-
executed effects on receptor trafficking can be influenced by
the presence of other factors in the immediate microenviron-
ment having differential binding affinities towards their cog-
nate receptors (Chatterjee et al. 2014b). CXCL12 binds to
CXCR4 on platelet surface with approximately 2000 sites/
platelet and an affinity of 24 nmol/L but shares CXCR4 with
MIF. Once released MIF can engage CXCR4 and CXCR7,
while CXCR2 surface expression is relatively low and CD74 is
absent on platelets. MIF ligates but does not influence CXCR7
availability on platelets. This discrepancy with CXCLI12 is
attributed to the absence of CD74 (which acts as a
co-receptor for MIF-CXCR4 axis) and, therefore, lack of
Erkl/2 activation downstream of CXCR4-MIF ligation,
which is essential for CXCR7 externalization (Chatterjee
et al. 2014a). At CXCLI12/MIF-enriched atherosclerotic
plaques, this dynamic receptor trafficking could influence
relative CXCR4-CXCR?7 availability with major functional
implications. Both CXCL12 and MIF are ligands for the
chemokine receptors CXCR4 and CXCR?7 (Chatterjee et al.
2014a, b; Alampour-Rajabi et al. 2015). Unlike CXCL 12, MIF
does not seem to modulate platelet activation, degranulation or
prompt release of chemokines (CXCL4, CXCL12) either
alone or in combination with other agonists (StriiBmann et al.
2013; Wirtz et al. 2015). MIF does not amend aggregation by
itself or that elicited by ADP and TxA?2 analogue or influence
integrin activation and spreading over fibrinogen (StriiBmann
etal. 2013; Wirtz et al. 2015). MIF, unlike CXCL12, is unable
to mobilize intracellular calcium pools in TxA2 receptor
presensitized platelets; however, both CXCL12 and MIF sig-
nificantly block/desensitize increases in calcium transient in
response to ADP (StriiBmann et al. 2013; Wirtz et al. 2015).
Thus, CXCL12 and MIF although sharing receptors show
distinct effects on platelet functionality, possibly executed
through distinct intracellular signalling cascades. However,
MIF, like CXCL12, as a survival factor, rescues platelets
from activation and BH3-mimetic induced apoptosis through
CXCR?7 engagement (Chatterjee et al. 2014a). The MIF-
CXCR7-triggered anti-apoptotic effect is mediated through
the  PI3K-Akt pathway  which  culminates in
phosphorylation-induced inactivation of pro-apoptotic
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effector BAD. CXCL12-induced surface availability of
CXCR7 can mediate subsequent prosurvival benefits of both
CXCR12 and MIF (Chatterjee et al. 2014a). Unlike CXCL12,
as a prosurvival agent, MIF attenuates pro-thrombotic
phosphatidylserine exposure on platelet surface, whereby
MIF-CXCR?7 also exerts an antithrombotic effect (Chatterjee
et al. 2014a). Thus, current experimental evidence points
towards a functional preference in executing haemostatic and
thrombotic functions through CXCR4 (by CXCL12), while
supports platelet survival through CXCR7 (by CXCL12 and
MIF).

CXCL16/SR-PS-OX is a transmembrane chemokine
which is cleaved and shedded from the plasma membrane
via ADAMIO (Seizer et al. 2011). Soluble CXCL16 chiefly
functions as a chemokine for inflammatory cells through
CXCR6/BONZO (Borst et al. 2012). CXCL16 can induce
platelet degranulation, oyy,Py-integrin activation, cytoskele-
tal reorganization and shape change and adhesion to the
endothelium under arterial flow conditions in vitro.
CXCL16 enhances aggregatory response to sub-threshold
ADP concentrations and fibrinogen (Borst et al. 2012).
CXCL16 effects mediated through CXCR6 lead to down-
stream activation of PI3K—Akt pathway and are therefore
significantly abrogated in CXCR6™'~ and Akt~ mice
(Borst et al. 2012) and following pharmacological inhibition
of the PI3K—-Akt pathway. Moreover, CXCL16-triggered
platelet activation is diminished in the presence of apyrase
and purinergic P,Y; and P,Y;, receptor antagonists
suggesting a feedback loop mediated through ADP (Borst
et al. 2012). Immobilized or microsphere-bound CXCLI16,
resembling membrane-tethered version of the chemokine,
enhances intracellular calcium mobilization and integrin
activation, degranulation and aggregation responses to
ADP (Borst et al. 2012; Meyer Dos Santos et al. 2015).
Therefore, CXCL16 both as a soluble mediator and
membrane-associated form can modulate activation and
haemostatic functions of platelets.

The DAMP protein CyPA is an abundantly expressed
intracellular protein which executes a variety of functions
due to its PPIase activity. Intracellular CyPA participates in
the bidirectional CXCR4-CXCR7 trafficking (Chatterjee
et al. 2014b), whereas extracellular CyPA functions as a
redox—stress-sensitive  pro-inflammatory cytokine that
contributes to atherosclerosis, cardiac hypertrophy
myocardial infarction and myocarditis (Seizer et al. 2014).
Intracellular CyPA also influences thrombotic and
haemostatic functions (Elvers et al. 2012). Cypa '~ mice
have prolonged bleeding time; exhibit impaired platelet
degranulation, spreading, cytoskeleton reorganization,
shape change and aggregation; and show attenuated throm-
bus formation despite comparable platelet counts and lack of
severe haematologic abnormalities (Elvers et al. 2012).
Therefore CyPA exerts dual effects in regulating platelet
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function: it regulates Ca** signalling, and when released into
the extracellular space, CyPA binds to its extracellular
receptor CD147 (EMMPRIN) and thereby initiates a cascade
of inflammatory processes. CyPA has been identified in the
proteomic analysis of activated platelet releasate as one of
>300 proteins, also detected at atherosclerotic plaques
where platelets accumulate (Coppinger et al. 2004). Extra-
cellular CyPA activates platelets via CD147/EMMPRIN-
mediated PI3K—Akt, leading to enhanced platelet adhesion
and thrombus formation in vitro even among Cypa '~ mice,
independent of intracellular CyPA (Seizer et al. 2015). Thus
platelet-derived CyPA 1is a potential therapeutic target in
inflammatory cardiovascular ailments.

Another platelet-DAMP protein is HMGB1. Extracellu-
lar HMGBI1 enhances platelet activation, dense and
a-granule secretion, aggregatory response to GPVI stimula-
tion, adhesion and spreading (Vogel et al. 2015a, b). Collec-
tively, these functional modulations drive a pro-thrombotic
disposition. HMGBI1 exerts its effects through TLR4, mye-
loid differentiation factor 88-dependent (MyD88) recruit-
ment of guanylyl cyclase (GC) towards platelet membrane
and subsequent activation of cGMP-dependent protein
kinase I (cGKI) in platelets. With platelets and
pro-thrombotic aspects of HMGB1 come to light, the patho-
physiological implication of platelet-derived HMGB1 needs
to be evaluated in atherosclerosis (Vogel et al. 2015a, b).

In summary, platelet-derived inflammatory mediators
play a critical role for thromboinflammation (paracrine)
and thrombomodulation (autocrine), important mechanisms
involved in vascular inflammation and atherosclerosis.

Effect of Low-Density Lipoproteins on Platelet
Function

Lipoproteins are fundamental ‘players’ in atherogenesis
since they change the properties of different cells involved
in atherosclerosis and thrombosis. Low-density lipoproteins
(LDL) and its oxidized form bind to the platelet surface via
scavenger receptors SR-B, CD36, LOX-1 or CXCL16
(Siegel-Axel et al. 2008). Both oxLLDL and LDL activate
platelets and induce thrombus formation (Siegel-Axel et al.
2008). Platelets uptake and store both oxLLDL and LDL in
significant amounts in dense granules (Daub et al. 2007).
Lipid-laden platelets are phagocytosed by macrophages
(Daub et al. 2006) and induce foam cell development from
monocytes and CD34" progenitor cells (Daub et al. 2006).
The soluble scavenger receptor CD68 inhibits platelet-
dependent foam cell generation in vitro (Daub et al. 2010)
and atheroprogression in Apoe”~ mice (Zeibig et al. 2011).
Further, oxLDL-laden platelets activate the endothelium,
and the number of CD34" progenitor cells (colony-forming
units), which would otherwise transform into endothelial
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cells, is significantly reduced in the presence of oxLDL
loaded—platelets (Daub et al. 2007; Lindemann et al. 2007).
Patients with ACS show significantly enhanced oxLDL
binding on platelets as compared to patients with stable
coronary CAD. Platelet-bound oxLDL positively correlates
with the degree of platelet activation and plasma oxLDL
levels. Preincubation of isolated platelets with OxLDL, but
not with native LDL, results in enhanced platelet adhesion to
collagen and activated endothelial cells under high shear
stress in vitro, as well as after carotid ligation in Apoe™~
and wild-type mice (Stellos et al. 2012). Recently we found
that oxLDL uptake by platelets induces platelet apoptosis,
like other platelet agonists like thrombin and collagen-
related peptide (CRP). CXCL12 facilitates phagocytosis of
lipid-laden platelets by monocytes and MI1-M2
macrophages and also promotes their differentiation into
foam cells via CXCR4 and CXCR7 (Chatterjee et al.
2015a, b). Stimulation of platelets with oxLDL results in
the formation of platelet-monocyte aggregates (PMA) and
phagocytosis of platelets thereby increases oxLDL uptake by
monocytes, dependent on platelet CD36 and CXCL4 release
(Badrnya et al. 2014). Thus, platelets have the capacity to
store and to transfer significant amounts of oxLDL to sites of
atherosclerotic lesions as vehicles, which strengthens the
significance of platelets in atherogenesis.

Platelet-Based Theranostics in Atherosclerosis

Apart from inflammatory mediators as highlighted in this
chapter and summarized in Table 1, glycoprotein receptors
like GPVI offer a platform to regulate platelet
responsiveness, thrombotic propensity, inflammatory dispo-
sition and immune reactivity particularly in atheropro-
gression (Fig. 7). Platelet GPVI surface expression is
enhanced following acute ischaemic events like myocardial
infarction and cerebral stroke, thereby it serves as a bio-
marker and is associated with poor prognosis (Gawaz et al.
2014). Platelet adhesion to atherosclerotic lesions or rup-
tured plaques is primarily mediated through GPVI which
favours atherothrombosis (Gawaz et al. 2014). Several diag-
nostic biomarkers have been developed in recent years for
evaluation of thromboischaemic coronary and cerebrovascu-
lar diseases. These have significantly improved diagnosis
and patient care and facilitated individualized risk assess-
ment. A non-invasive platelet-based diagnostic and thera-
peutic strategy has emerged, which utilizes GPVI for lesion-
directed antithrombotic therapy or to counteract atheroscle-
rotic disposition. The objective of this approach is to ame-
liorate care of patients particularly in the context of cardio-
cerebrovascular medicine (Gawaz et al. 2014). Conventional
imaging modalities to define atherosclerotic vessel disease
and luminal stenosis have poor prognostic impact in
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Table 1 Platelet-derived mediators contributing to atherosclerosis and atherothrombosis

Platelet-derived

inflammatory Mechanisms effecting platelet
mediator Mediator Receptor biology Refs.
Cytokines Interleukin-1p IL-1R Induces activation of human Gawaz et al. (2000, 2002, 2005), Henn
endothelial cells and smooth muscle et al. (1998), Koenen et al. (2009),
cells and augments neutrophil Lievens et al. (2010), Lusis (2000),
adhesion Magwenzi et al. (2015), Maugeri et al.
(2014)
CD40L? Induces synthesis and secretion of Gawaz et al. (2005), Henn et al. (1998),
chemokines, adhesion molecules and Huo et al. (2003), Koenen et al. (2009),
MMPs in endothelial cells and Lievens et al. (2010), Lindemann et al.
promotes neutrophil adhesion and (2007), Magwenzi et al. (2015), May
matrix degradation by endothelial et al. (1998)
cells
MIF* CXCR-4 and Anti-apoptotic, antithrombotic and Alampour-Rajabi et al. (2015),
CXCR-7 atherosclerotic progression, plasma Chatterjee et al. (2014a), Miiller et al.
levels elevated in CAD and correlate (2012, 2014), Naghavi et al. (2003),
with disease severity Theilmeier et al. (2002), Zarbock et al.
(2007)
Chemokines
CCL type CCL-1 (I-309) CCR8 Proatherogenic Gawaz et al. (2005), Henn et al. (1998),
Koenen et al. (2009), Lievens et al.
(2010), Magwenzi et al. (2015)
CCL- CCR2 Proatherogenic, chemotactic. CCL2 Gawaz et al. (2005), Henn et al. (1998),
2 (MCP-1) presentation by platelets supports Koenen et al. (2009), Lievens et al.
monocyte adhesion in vitro and (2010), Magwenzi et al. (2015), May
neointima formation in vivo et al. (1997)
CCL-3 CCR-1, Proatherogenic, facilitates neointimal Gawaz et al. (2005), Henn et al. (1998),
(MIP-1a) CCR-2 and formation Koenen et al. (2009), Lievens et al.
CCR-3 (2010), Magwenzi et al. (2015)
CCL5 CCR-1, Proatherogenic, facilitates neointimal Gawaz et al. (2005), Henn et al. (1998),
(RANTES)?* CCR-3 and formation, platelets deliver CCLS5 Koenen et al. (2009), Lievens et al.
CCR-5 (and CXCL4) to monocyte surface (2010), Magwenzi et al. (2015),
and the endothelium, resulting in Massberg et al. (1998), Nurden (2011)
increased leukocyte adhesion
CCL-7 CCR-1, Proatherogenic Gawaz et al. (2005), Henn et al. (1998),
(MCP-3) CCR-2 and Koenen et al. (2009), Lievens et al.
CCR-3 (2010), Magwenzi et al. (2015)
CCL-17 CCR-4 and Synergistic platelet agonist, Gawaz et al. (2005), Gear et al. (2001),
(TARC)? CCR-8 proatherogenic Henn et al. (1998), Koenen et al. (2009),
Lievens et al. (2010), Magwenzi et al.
(2015)
CXCL type CXCL-1 CXCR-1 and Support arrest of human monocytic Gawaz et al. (2005), Henn et al. (1998),
(Gro-a) CXCR-2 cell lines and primary monocytes Koenen et al. (2009), Lievens et al.
under flow conditions. Oxidative (2010), Magwenzi et al. (2015)
stress, eNOS downregulation in
endothelial cells
CXCL-4 (PF4) CXCR-3B Synergistic platelet agonist, Gawaz et al. (2005), Henn et al. (1998),
proatherogenic. EC activation Koenen et al. (2009), Lievens et al.
(E-selectin expression). Induces (2010), Magwenzi et al. (2015),
monocyte activation (oxidative burst, Scheuerer et al. (2000), von
induction of CCL3, CCL4 and Hundelshausen and Schmitt (2014)
CXCLS), macrophage differentiation,
foam cell formation
CXCL-5 CXCR-2 Endothelial progenitor cell Gawaz et al. (2005), Henn et al. (1998),
(ENA-78) domiciliation, neutrophil Koenen et al. (2009), Lievens et al.
chemoattractant (2010), Magwenzi et al. (2015),
Rousselle et al. (2013)
CXCL-7 CXCR-2 Endothelial progenitor cell Gawaz et al. (2005), Henn et al. (1998),
(B-TG, NAP-2) domiciliation Koenen et al. (2009), Lievens et al.

(2010), Magwenzi et al. (2015)

(continued)
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Table 1 (continued)

Mechanisms effecting platelet
CXCRY7 internalization, survival

Receptor internalization, activation,
aggregation, pro-thrombotic,
adhesion to immobilized collagen—
fibrinogen, migration and survival.
Atheroprogression, vascular
regeneration and/or remodelling, PC
mobilization, differentiation

Platelet surface expression elevated in
ACS, plasma levels enhanced,
OxLDL binding, pro-thrombotic,
expression increased in macrophages
and SMCs at atherosclerotic lesions,
contributes to progression of plaque
Pro-inflammatory, pro-thrombotic,
proatherogenic, present in
intracoronary thrombi and

1007

Refs.
Chatterjee et al. (2014a)

Abi-Younes et al. (2000), Akhtar et al.
(2013), Chatterjee and Gawaz (2013),
Chatterjee et al. (2015b), Daub et al.
(2006), Gear et al. (2001), Geisler et al.
(2012), Jin et al. (2006), Langer et al.
(2006), Massberg et al. (2006), Rath et al.
(2014, 2015), Stellos et al. (2008, 2009,
2010, 2012), Stellos and Gawaz (2007a,
b), Walsh et al. (2014), Wurster et al.
(2013)

Borst et al. (2012), Laugsand et al.
(2015), Meyer Dos Santos et al. (2015),
Seizer et al. (2011)

Abhrens et al. (2015), Rouhiainen et al.
(2000), Vogel et al. (2014, 2015b), von
Hundelshausen et al. (2005)

Platelet-derived
inflammatory
mediator Mediator Receptor biology
CXCL-11 CXCR-7
(ITAC)*
CXCL-12 CXCR-4 and
(SDF-1)* CXCR-7
CXCL-16" CXCR-6
DAMPs HMGB1* TLR-4
RAGE
CypA? EMMPRIN
GPVI

#Autocrine effects on platelet functions are defined

predicting subsequent thromboischaemic complications
since they are caused by rupture-prone vulnerable plaques
(Naghavi et al. 2003) and luminal collagen exposure towards
the direction of circulation that are hardly detectable by
conventional imaging tools (Langer et al. 2008). The soluble
dimeric form of GPVI (GPVI-Fc) exhibits high affinity to
collagen (Massberg et al. 2004), competes with platelet
GPVI for binding collagen and thereby prevents platelet
adhesion onto collagen in vitro and in vivo (Massberg
et al. 2004; Schulz et al. 2008; Schonberger et al. 2008).
GPVI-Fc binds to collagenous components at the core of
human atheromatous plaque (Gawaz et al. 2014; Naghavi
et al. 2003; Langer et al. 2008; Massberg et al. 2004; Schulz
et al. 2008; Schonberger et al. 2008) and to vascular lesions
in mice. Therefore, thrombogenecity of atherosclerotic
plaques may be detected by using labelled GPVI. Utilizing
Y.GPVI-F¢ and in vivo scintigraphy, a sensitive,
non-invasive imaging method to detect thrombogenicity of
vascular lesions has been developed (Schonberger et al.
2008; Bigalke et al. 2013). PET imaging reveals an
increased uptake of '**I-GPVI-Fc at atherosclerotic lesions
in the aortic arch of high-fat diet-fed Apoe '~ mice (Bigalke
et al. 2013). To allow for clinical translation, %4Cu may be

atherosclerotic plaques. Anti-
HMGBI strategies prevent
atheroprogression

Platelet activation, intracellular
calcium mobilization,
pro-thrombotic, CXCR4-CXCR7
trafficking, atherogenic

Elvers et al. (2012), Seizer et al. (2014,
2015, 2016)

preferred to '**I due to its improved spatial resolution and
adequate half-life time for delayed PET studies (Gawaz et al.
2014). Similarly, after systemic administration of GPVI-Fc-
FITC, increased signals were recovered from the sites of the
injured carotid artery in Apoe ™'~ mice (Wadas et al. 2010;
Bigalke et al. 2011). Targeted contrast-enhanced ultrasound
(CEU) using target molecules that are conjugated to the
surface of microbubble (MB) agents has evolved as a
non-invasive imaging technique to evaluate atheropro-
gression, a method which provides high prospective for
early risk stratification. Recently an ultrasound-guided
molecular imaging with GPVI-targeted MB (MBgpyy) has
been utilized to detect atherosclerotic lesions in mice at the
aortic arch and truncus brachiocephalicus (Metzger et al.
2015) following systemic administration of MBgpyr.

GPVI critically influences atherothrombosis. It ensues
thrombus growth and stability in a coordinated action with
thrombin. Targeting the GPVI axis does not compromise
physiological haemostasis, which is mainly ensured by the
GPIb—vWF axis (Gawaz et al. 2014). GPVI-Fc owing to its
preferential deposition at sites of injured vessels therapeuti-
cally blocks GPVI-binding sites on exposed collagen (Fig. 7)
at atherosclerotic lesions (Gawaz et al. 2014; 143-145, 149)
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Fig. 7 Platelet theranostics to diagnose and combat atherosclerosis.
GPVlI is an ~62 kDa protein belonging to the immunoglobulin super-
family. The diagnostic and therapeutic potential of GPVI-based
molecules combines to generate GPVI theranostics. Soluble dimeric
GPVI-Fc can bind to extracellular matrix collagen in atheromatous
plaque. Thrombogenecity of atherosclerotic plaques or non-invasive
detection of vascular lesions at risk might be executed by using vari-
ously labelled GPVI derivatives like '**I-GPVI-Fc, *Cu-GPVI-Fc,

and thereby counteracts stable arrest and aggregation of
platelets without affecting bleeding times. Further, prolonged
administration of GPVI-Fc attenuates atheroprogression
(Gawaz et al. 2014) and arterial remodelling after mechanical
injury in Apoe™’~ mice. High-frequency ultrasound (HFU)-
guided disruption of MBgpy; injected in Apoe '~ mice by
rapid ultrasonic ‘burst’ enhances GPVI accumulation at ath-
erosclerotic lesions, covers the collagen-enriched surface
therein, interferes with accumulation of GPIba-positive
platelets, checks lipid-rich plaque formation and exhibits
noticeable reduction in plaque area limiting atherosclerotic
development (Metzger et al. 2015). Therefore, GPVI-Fc,
which ensures targeted delivery appears to be a promising
diagnostic and therapeutic agent to combat atherothrombotic
and inflammation involving platelet vascular interactions
mediated through collagen and GPVI.

GPVI-Fc-FITC, GPVlI-targeted microbubble agent (MBgpy;) and
their subsequent monitoring by PET imaging, optical imaging and
contrast-enhanced ultrasound (CEU). Schematic representation of
MBgpy; is elaborated in the figure. MBgpy; competes with platelet
surface GPVI for binding collagen and attenuates platelet adhesion to
immobilized collagen. High-frequency ultrasound (HFU)-guided dis-
ruption of MBgpy; enables localized drug delivery at target site, signif-
icantly checks atherosclerotic development

Does Uncontrolled Platelet Activation Promote
Atherosclerosis in Humans?

There is convincing experimental evidence that platelets are
a major driver of atherosclerosis. There are several support-
ive arguments that platelets initiate atherosclerotic lesions,
foster atheroprogression and are critical in development of
atherothrombosis leading to acute coronary or cerebrovascu-
lar events. Much clinical data has been published that link
increased systemic platelet activation and hyperreactivity
with poor clinical prognosis and clinical progression of
coronary artery disease. Platelet reactivity is influenced by
various clinical risk factors including diabetes mellitus,
increased body mass index, left ventricular ejection fraction,
renal failure, acute coronary syndrome, advanced age and
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congestive heart failure (Geisler et al. 2008). Previously, a
simple clinical risk score, Residual Platelet Aggregation
after Deployment of Intracoronary Stent (PREDICT), was
developed to identify patients with coronary artery disease at
risk for increased platelet reactivity (Geisler et al. 2008;
Droppa et al. 2015). The score encompasses different
variables including acute coronary syndrome, older age,
diabetes mellitus and renal and left ventricular function
impairment. After weighing these variables according to
their effects size in multivariate analysis, the score ranged
from O to 9 with higher score levels being significantly
associated with both platelet reactivity and cardiovascular
outcome. Thus, comorbidity has a major impact on individ-
ual responsiveness to antiplatelet drugs. Clinical studies
have shown that an increase in activation of circulating
platelets is associated with the severity of coronary artery
disease and progression of atherosclerosis (Gawaz et al.
2005). Platelet reactivity correlates with coronary plaque
burden and calcification as assessed by cardiac computed
tomography (Burgstahler et al. 2009). Further, systemic
platelet activation is associated with progression of carotid
artery disease in patients with diabetes (Fateh-Moghadam
et al. 2005) and cardiac transplant vasculopathy (Fateh-
Moghadam et al. 2000) within 1 year. Recently, the
ADAPT-DES study showed that platelet reactivity is
associated with atherosclerotic plaque burden and unstable
plaque morphology in patients with coronary artery disease
(Wang et al. 2016). In a clinical study, Trip and coworkers
showed that spontaneous platelet aggregation in vitro is a
useful biologic marker for the prediction of coronary events
and mortality in survivors of a myocardial infarction (Trip
et al. 1990). A recent systematic review and meta-analysis of
individual patient data on major adverse cardiac events
(MACE) outcomes (ACS, ischaemic strokes and vascular
deaths) in relation to platelet reactivity and its interaction
with cardiovascular risk levels were reported (Reny et al.
2015). 6478 patients, out of which 421 who experienced
MACE (6.5 %) during a median follow-up of 12 months,
were studied. The strength of the association between the
risk of MACE and platelet reactivity increased significantly
with the number of risk factors present (age > 75 years,
ACS at inclusion, diabetes and hypertension). Thus, it
seems that the level of cardiovascular risk factors determines
platelet reactivity and occurrence of MACE.

Currently, targeting cholesterol plasma levels in cardiovas-
cular patients is the cornerstone in secondary prevention of
atherosclerosis. To date statins and newly introduced PCSK9
inhibitors are established therapies for clinical progression
of atherosclerosis. Besides lipid-lowering strategies, an
intensified antiplatelet therapy is critical in treatment of patients
with advanced atherosclerosis. Several oral antiplatelet drugs
such as aspirin, P2Yy, inhibitors (clopidogrel, prasugrel,
ticagrelor) or PAR-1 antagonists (vorapaxar) as mono- or
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combination therapy are established treatment options for sec-
ondary prevention in patients with CAD. Since antiplatelet
therapy not only reduces the thromboischaemic risk but also
decreases ongoing platelet-driven systemic inflammation, pos-
sibly it also influences atheroprogression and occurrence of
vulnerable plaques. Recent large clinical studies (PEGASUS,
TRA2P, DAPT, OPTIDUAL) suggest that a prolonged and
intensified antiplatelet therapy reduces progression of CAD as
evidenced by reduction of ischaemic events, however, at the
cost of higher bleeding event rates. Thus, targeting molecular
mechanisms of thromboinflammation may turn out as innova-
tive strategy for disease control among cardiovascular patients
in the future.

Take-Home Message

Platelets accumulated at the site of vascular lesion or
lesion-prone areas form a regulatory ‘hot spot’ that
determines trigger for atherosclerotic lesions, plaque
instability and subsequent atherothrombotic vessel
occlusion.

Platelet—endothelial and inflammatory  cell
interactions mediated through ever-expanding array
of adhesion molecules, pro-inflammatory, mitogenic
factors and DAMPs promote atherogenesis and vascu-
lar remodelling.

Platelets recruit progenitor cells to the injured
endothelium and platelet-derived mediators determine
the balance between vascular inflammation and
regeneration.

Intensified and prolonged antiplatelet therapy
improves clinical prognosis of patients with athero-
sclerotic disease.

Advanced diagnostic and therapeutic strategies tar-
get platelet inflammatory biomarkers and mediators to
diagnose atherosclerotic predisposition and prevent
subsequent thromboischaemic complications.

References

Abi-Younes S, Sauty A, Mach F, Sukhova GK, Libby P, Luster AD
(2000) The stromal cell-derived factor-1 chemokine is a potent
platelet agonist highly expressed in atherosclerotic plaques. Circ
Res 86:131-138

Ahrens I, Chen YC, Topcic D et al (2015) HMGB1 binds to activated
platelets via the receptor for advanced glycation end products and is
present in platelet rich human coronary artery thrombi. Thromb
Haemost 114:994-1003

Akhtar S, Gremse F, Kiessling F, Weber C, Schober A (2013) CXCL12
promotes the stabilization of atherosclerotic lesions mediated by



1010

smooth muscle progenitor cells in Apoe-deficient mice. Arterioscler
Thromb Vasc Biol 33:679-686

Alampour-Rajabi S, El Bounkari O, Rot A et al (2015) MIF interacts
with CXCR7 to promote receptor internalization, ERK1/2 and
ZAP-70 signaling, and lymphocyte chemotaxis. FASEB J
29:4497-4511

Altieri DC, Bader R, Mannucci PM, Edgington TS (1988) Oligospe-
cificity of the cellular adhesion receptor Mac-1 encompasses an
inducible recognition specificity for fibrinogen. J Cell Biol
107:1893-1900

Badmya S, Schrottmaier WC, Kral JB et al (2014) Platelets mediate
oxidized low-density lipoprotein-induced monocyte extravasation
and foam cell formation. Arterioscler Thromb Vasc Biol 34:571-580

Bernhagen J, Krohn R, Lue H et al (2007) MIF is a noncognate ligand
of CXC chemokine receptors in inflammatory and atherogenic cell
recruitment. Nat Med 13:587-596

Bigalke B, Phinikaridou A, Andia ME et al (2013) PET/CT and MR
imaging in a murine model of progressive atherosclerosis using
64Cu-labelled glycoprotein VI-Fc. Circ Cardiovasc Imaging
6:957-964

Bigalke B, Pohlmeyer I, Schonberger T et al (2011) Imaging of injured
and atherosclerotic arteries in mice using fluorescence-labelled
glycoprotein VI-Fc. Eur J Radiol 79:¢63-69

Bombeli T, Schwartz BR, Harlan JM (1998) Adhesion of activated
platelets to endothelial cells: evidence for a GPIIbllla-dependent
bridging mechanism and novel roles for endothelial intercellular
adhesion molecule 1 (ICAM-1), alphavbeta3 integrin, and
GPIbalpha. J Exp Med 187:329-339

Borst O, Miinzer P, Gatidis S et al (2012) The inflammatory chemokine
CXC motif ligand 16 triggers platelet activation and adhesion via
CXC motif receptor 6-dependent phosphatidylinositide 3-kinase/
Akt signaling. Circ Res 111:1297-1307

Biiltmann A, Li Z, Wagner S et al (2010) Impact of glycoprotein VI and
platelet adhesion on atherosclerosis—a possible role of fibronectin.
J Mol Cell Cardiol 49:532-542

Burger PC, Wagner DD (2003) Platelet P-selectin facilitates athero-
sclerotic lesion development. Blood 101:2661-2666

Burgstahler C, Geisler T, Lindemann S et al (2009) Elevated coronary
calcium scores are associated with higher residual platelet aggrega-
tion after clopidogrel treatment in patients with stable angina
pectoris. Int J Cardiol 135:132-135

Celi A, Pellegrini G, Lorenzet R et al (1994) P-selectin induces the
expression of tissue factor on monocytes. Proc Natl Acad Sci U S A
91:8767-8771

Chatterjee M, Borst O, Walker B et al (2014a) Macrophage migration
inhibitory factor limits activation-induced apoptosis of platelets via
CXCR7-dependent Akt signaling. Circ Res 115:939-949

Chatterjee M, Gawaz M (2013) Platelet-derived CXCL12 (SDF-1a):
basic mechanisms and clinical implications. J Thromb Haemost
11:1954-1967

Chatterjee M, Huang Z, Zhang W et al (2011) Distinct platelet packag-
ing, release, and surface expression of proangiogenic and
antiangiogenic factors on different platelet stimuli. Blood
117:3907-3911

Chatterjee M, Rath D, Gawaz M (2015a) Role of chemokine receptors
CXCR4 and CXCR7 for platelet function. Biochem Soc Trans
43:720-726

Chatterjee M, Seizer P, Borst O et al (2014b) SDF-1a induces differen-
tial trafficking of CXCR4-CXCR?7 involving cyclophilin A, CXCR7
ubiquitination and promotes platelet survival. FASEB J
28:2864-2878

Chatterjee M, von Ungern-Sternberg SN, Seizer P et al (2015b)
Platelet-derived CXCL12 regulates monocyte function, survival,
differentiation into macrophages and foam cells through differential
involvement of CXCR4-CXCR?7. Cell Death Dis 6, €1989

M. Chatterjee and M. Gawaz

Chavakis T, Santoso S, Clemetson KJ et al (2003) High molecular
weight kininogen regulates platelet-leukocyte interactions by bridg-
ing Mac-1 and glycoprotein Ib. J Biol Chem 278:45375-45381

Coppinger JA, Cagney G, Toomey S et al (2004) Characterization of
the proteins released from activated platelets leads to localization of
novel platelet proteins in human atherosclerotic lesions. Blood
103:2096-2104

Daub K, Langer H, Seizer P et al (2006) Platelets induce differentiation
of human CD34" progenitor cells into foam cells and endothelial
cells. FASEB J 20:E1935-E1944

Daub K, Lindemann S, Langer H et al (2007) The evil in atherosclero-
sis: adherent platelets induce foam cell formation. Semin Thromb
Hemost 33:173-178

Daub K, Siegel-Axel D, Schonberger T et al (2010) Inhibition of foam
cell formation using a soluble CD68-Fc fusion protein. J Mol Med
(Berl) 88:909-920

de Souza AW, Westra J, Limburg PC, Bijl M, Kallenberg CG (2012)
HMGBI in vascular diseases: its role in vascular inflammation and
atherosclerosis. Autoimmun Rev 11:909-917

Diacovo TG, deFougerolles AR, Bainton DF, Springer TA (1994) A
functional integrin ligand on the surface of platelets: intercellular
adhesion molecule-2. J Clin Invest 94:1243-1251

Dong ZM, Chapman SM, Brown AA et al (1998) The combined role of
P- and E-selectins in atherosclerosis. J Clin Invest 102:145-152

Droppa M, Tschernow D, Miiller KA et al (2015) Evaluation of clinical
risk factors to predict high on-treatment platelet reactivity and
outcome in patients with stable coronary artery disease
(PREDICT-STABLE). PLoS One 10, e0121620

Elvers M, Herrmann A, Seizer P et al (2012) Intracellular cyclophilin A
is an important Ca(2+) regulator in platelets and critically involved
in arterial thrombus formation. Blood 120:1317-1326

Etingin OR, Silverstein RL, Hajjar DP (1993) von Willebrand factor
mediates platelet adhesion to virally infected endothelial cells. Proc
Natl Acad Sci U S A 90:5153-5156

Fateh-Moghadam S, Bocksch W, Ruf A et al (2000) Changes in surface
expression of platelet membrane glycoproteins and progression of
heart transplant vasculopathy. Circulation 102:890-897

Fateh-Moghadam S, Li Z, Ersel S, Reuter T et al (2005) Platelet
degranulation is associated with progression of intima-media thick-
ness of the common carotid artery in patients with diabetes mellitus
type 2. Arterioscler Thromb Vasc Biol 25:1299-1303

Fiuza C, Bustin M, Talwar S et al (2003) Inflammation-promoting
activity of HMGB1 on human microvascular endothelial cells.
Blood 101:2652-2660

Frenette PS, Denis CV, Weiss L et al (2000) P-selectin glycoprotein
ligand 1 (PSGL-1) is expressed on platelets and can mediate
platelet-endothelial interactions in vivo. J Exp Med 191:1413-1422

Frenette PS, Johnson RC, Hynes RO et al (1995) Platelets roll on
stimulated endothelium in vivo: an interaction mediated by endo-
thelial P-selectin. Proc Natl Acad Sci U S A 92:7450-7454

Frenette PS, Moyna C, Hartwell DW et al (1998a) Platelet endothelial
interactions in inflamed mesenteric venules. Blood 87:1238-1324

Frenette PS, Moyna C, Hartwell DW, Lowe JB, Hynes RO, Wagner DD
(1998b) Platelet-endothelial interactions in inflamed mesenteric
venules. Blood 91:1318-1324

Gawaz M, Brand K, Dickfeld T et al (2000) Platelets induce alterations
of chemotactic and adhesive properties of endothelial cells
mediated through an interleukin-1-dependent mechanism.
Implications for atherogenesis. Atherosclerosis 148:75-85

Gawaz M, Langer H, May AE (2005) Platelets in inflammation and
atherogenesis. J Clin Invest 115:3378-3384

Gawaz M, Neumann FJ, Dickfeld T et al (1997) Vitronectin receptor
(alpha(v)beta3) mediates platelet adhesion to the luminal aspect of
endothelial cells: implications for reperfusion in acute myocardial
infarction. Circulation 96:1809-1818



Platelets in Atherosclerosis

Gawaz M, Neumann FJ, Dickfeld T et al (1998) Activated platelets
induce monocyte chemotactic protein-1 secretion and surface
expression of intercellular adhesion molecule-1 on endothelial
cells. Circulation 98:1164-1171

Gawaz M, Neumann FJ, Ott I, May A, Schomig A (1996) Platelet
activation and coronary stent implantation. Effect of antithrombotic
therapy. Circulation 94:279-285

Gawaz M, Page S, Massberg S et al (2002) Transient platelet interac-
tion induces MCP-1 production by endothelial cells via I kappa B
kinase complex activation. Thromb Haemost 88:307-314

Gawaz M, Vogel S, Pfannenberg C, Pichler B, Langer H, Bigalke B
(2014) Implications of glycoprotein VI for theranostics. Thromb
Haemost 112:26-31

Gawaz M, Vogel S (2013) Platelets in tissue repair: control of apoptosis
and interactions with regenerative cells. Blood 122:2550-2254

Gawaz M (2004) Role of platelets in coronary thrombosis and reperfu-
sion of ischemic myocardium. Cardiovasc Res 61:498-511

Gawaz MP, Loftus JC, Bajt ML, Frojmovic MM, Plow EF, Ginsberg
MH (1991) Ligand bridging mediates integrin alpha IIb beta
3 (platelet GPIIB-IIIA) dependent homotypic and heterotypic cell-
cell interactions. J Clin Invest 88:1128-1134

Gawaz MP, Mujais SK, Schmidt B, Gurland HJ (1994) Platelet-
leukocyte aggregation during hemodialysis. Kidney Int 46:489-495

Gear AR, Suttitanamongkol S, Viisoreanu D, Polanowska-Grabowska
RK, Raha S, Camerini D (2001) Adenosine diphosphate strongly
potentiates the ability of the chemokines MDC, TARC, and SDF-1
to stimulate platelet function. Blood 97:937-945

Geisler T, Fekecs L, Wurster T et al (2012) Association of platelet-
SDF-1 with hemodynamic function and infarct size using cardiac
MR in patients with AMI. Eur J Radiol 81:e486-e490

Geisler T, Grass D, Bigalke B et al (2008) The Residual Platelet
Aggregation after Deployment of Intracoronary Stent (PREDICT)
score. J Thromb Haemost 6:54—61

Gleissner CA, von Hundelshausen P, Ley K (2008) Platelet chemokines
in vascular disease. Arterioscler Thromb Vasc Biol 28:1920-1927

Henn V, Slupsky JR, Grife M et al (1998) CD40 ligand on activated
platelets triggers an inflammatory reaction of endothelial cells.
Nature 391:591-594

Huo Y, Schober A, Forlow SB (2003) Circulating activated platelets
exacerbate atherosclerosis in mice deficient in apolipoprotein E. Nat
Med 9:61-67

Jin DK, Shido K, Kopp HG et al (2006) Cytokine-mediated deployment
of SDF-1 induces revascularization through recruitment of CXCR4
+ hemangiocytes. Nat Med 12:557-567

Karshovska E, Weber C, von Hundelshausen P (2013) Platelet
chemokines in health and disease. Thromb Haemost 110:894-902

Koenen RR, von Hundelshausen P, Nesmelova IV et al (2009)
Disrupting functional interactions between platelet chemokines
inhibits atherosclerosis in hyperlipidemic mice. Nat Med 15:97-103

Kowalska MA, Ratajczak MZ, Majka M et al (2000) Stromal cell-
derived factor-1 and macrophage-derived chemokine: 2 chemokines
that activate platelets. Blood 96:50-57

Kraemer BF, Borst O, Gehring EM et al (2010) PI3 kinase-dependent
stimulation of platelet migration by stromal cell-derived factor
1 (SDF-1). J Mol Med (Berl) 88:1277-1288

Kraemer BF, Schmidt C, Urban B et al (2011) High shear flow induces
migration of adherent human platelets. Platelets 22:415-421

Lam FW, Burns AR, Smith CW, Rumbaut RE (2011) Platelets enhance
neutrophil transendothelial migration via P-selectin glycoprotein
ligand-1. Am J Physiol Heart Circ Physiol 300:H468-75

Langer H, May AE, Daub K et al (2006) Adherent platelets recruit and
induce differentiation of murine embryonic endothelial progenitor
cells to mature endothelial cells in vitro. Circ Res 98:e2—e10

Langer HF, Gawaz M (2008) Platelet-vessel wall interactions in ath-
erosclerotic disease. Thromb Haemost 99:480-486

1011

Langer HF, Haubner R, Pichler BJ et al (2008) Radionuclide imaging: a
molecular key to the atherosclerotic plaque. J Am Coll Cardiol
52:1-12

Langer HF, May AE, Vestweber D, De Boer HC, Hatzopoulos AK,
Gawaz M (2007) Platelet-induced differentiation of endothelial
progenitor cells. Semin Thromb Hemost 33:136-143

Laugsand LE, Asvold BO, Vatten LJ et al (2015) Soluble CXCL16 and
risk of myocardial infarction: the HUNT study in Norway. Athero-
sclerosis 244:188-194

Libby P, Ridker PM, Hansson GK (2011) Progress and challenges in
translating the biology of atherosclerosis. Nature 473:317-325

Lievens D, Zernecke A, Seijkens T et al (2010) Platelet CD40L
mediates thrombotic and inflammatory processes in atherosclerosis.
Blood 116:4317-4327

Lindemann S, Kriamer B, Daub K, Stellos K, Gawaz M (2007) Molec-
ular pathways used by platelets to initiate and accelerate atherogen-
esis. Curr Opin Lipidol 18:566-573

Lindemann S, Tolley ND, Dixon DA et al (2001) Activated platelets
mediate inflammatory signaling by regulated interleukin 1beta syn-
thesis. J Cell Biol 154:485-490

Lusis AJ (2000) Atherosclerosis. Nature 407:233-241

Magwenzi S, Woodward C, Wraith KS et al (2015) Oxidized LDL
activates blood platelets through CD36/NOX2-mediated inhibition
of the cGMP/protein kinase G signaling cascade. Blood
125:2693-2703

Manka D, Forlow SB, Sanders JM et al (2004) Critical role of platelet
P-selectin in the response to arterial injury in apolipoprotein-E-
deficient mice. Arterioscler Thromb Vasc Biol 24:1124-1129

Massberg S, Brand K, Gruner S et al (2002) A critical role of platelet
adhesion in the initiation of atherosclerotic lesion formation. J Exp
Med 196:887-896

Massberg S, Enders G, Leiderer R et al (1998) Platelet endothelial cell
interactions during ischemia/reperfusion: the role of P-selectin.
Blood 92:507-515

Massberg S, Konrad I, Bultmann A et al (2004) Soluble glycoprotein
VI dimer inhibits platelet adhesion and aggregation to the injured
vessel wall in vivo. FASEB J 18:397-399

Massberg S, Konrad I, Schurzinger K et al (2006) Platelets secrete
stromal cell-derived factor lalpha and recruit bone marrow-derived
progenitor cells to arterial thrombi in vivo. J Exp Med
203:1221-1233

Massberg S, Schiirzinger K, Lorenz M et al (2005) Platelet adhesion via
glycoprotein IIb integrin is critical for atheroprogression and focal
cerebral ischemia: an in vivo study in mice lacking glycoprotein IIb.
Circulation 112:1180-1188

Massberg S, Vogt F, Dickfeld T, Brand K, Page S, Gawaz M (2003)
Activated platelets trigger an inflammatory response and enhance
migration of aortic smooth muscle cells. Thromb Res 110:187-194

Maugeri N, Campana L, Gavina M et al (2014) Activated platelets
present high mobility group box 1 to neutrophils, inducing
autophagy promoting the extrusion of neutrophil extracellular
traps. J Thromb Haemost 12:2074-2088

May AE, Kilsch T, Massberg S, Herouy Y, Schmidt R, Gawaz M
(2002) Engagement of glycoprotein IIb/Illa (alpha(IIb)beta3) on
platelets upregulates CD40L and triggers CD40L-dependent matrix
degradation by endothelial cells. Circulation 106:2111-2117

May AE, Kanse SM, Lund LR, Gisler RH, Imhof BA, Preissner KT
(1998) Urokinase receptor (CD87) regulates leukocyte recruitment
via beta 2 integrins in vivo. J Exp Med 188:1029-1037

May AE, Neumann FJ, Gawaz M, Ott I, Walter H, Schomig A (1997)
Reduction of monocyte-platelet interaction and monocyte activa-
tion in patients receiving antiplatelet therapy after coronary stent
implantation. Eur Heart J 18:1913-1920

May AE, Seizer P, Gawaz M (2008) Platelets: inflammatory firebugs of
vascular walls. Arterioscler Thromb Vasc Biol 28:55-10



1012

Maynard DM, Heijnen HF, Horne MK, White JG, Gahl WA (2007)
Proteomic analysis of platelet alpha-granules using mass spectrom-
etry. J Thromb Haemost 5:1945-1955

McEver RP, Cummings RD (1997) Perspectives series: cell adhesion in
vascular biology. Role of PSGL-1 binding to selectins in leukocyte
recruitment. J Clin Invest 100:485—491

Metzger K, Vogel S, Chatterjee M et al (2015) High-frequency ultra-
sound-guided disruption of glycoprotein VI-targeted microbubbles
targets atheroprogressison in mice. Biomaterials 36:80-89

Meyer Dos Santos S, Blankenbach K, Scholich K et al (2015) Platelets
from flowing blood attach to the inflammatory chemokine CXCL16
expressed in the endothelium of the human vessel wall. Thromb
Haemost 114:297-312

Morand EF, Leech M, Bernhagen J (2006) MIF: a new cytokine link
between rheumatoid arthritis and atherosclerosis. Nat Rev Drug
Discov 5:399-410

Miiller 1, Schonberger T, Schneider M et al (2013) Gremlin-1 is an
inhibitor of macrophage migration inhibitory factor and attenuates
atherosclerotic plaque growth in ApoE’/ ~ mice. J Biol Chem
288:31635-31645

Miiller II, Miiller KA, Karathanos A et al (2014) Impact of counterbal-
ance between macrophage migration inhibitory factor and its inhib-
itor Gremlin-1 in patients with coronary artery disease.
Atherosclerosis 237:426-432

Miiller 11, Miiller KA, Schonleber H et al (2012) Macrophage migration
inhibitory factor is enhanced in acute coronary syndromes and is
associated with the inflammatory response. PLoS One 7, €38376

Naghavi M, Libby P, Falk E et al (2003) From vulnerable plaque to
vulnerable patient: a call for new definitions and risk assessment
strategies: Part II. Circulation 108:1772-1778

Neumann FJ, Marx N, Gawaz M et al (1997) Induction of cytokine
expression in leukocytes by binding of thrombin-stimulated
platelets. Circulation 95:2387-2394

Nigro P, Satoh K, O’Dell MR et al (2011) Cyclophilin A is an inflam-
matory mediator that promotes atherosclerosis in apolipoprotein
E-deficient mice. J Exp Med 208:53-66

Nurden AT (2011) Platelets, inflammation and tissue regeneration.
Thromb Haemost 105(Suppl 1):S13-33

Ott I, Neumann FJ, Gawaz M, Schmitt M, Schomig A (1996) Increased
neutrophil-platelet adhesion in patients with unstable angina. Cir-
culation 94:1239-1246

Rath D, Chatterjee M, Borst O et al (2015) Platelet surface expression
of stromal cell-derived factor-1 receptors CXCR4 and CXCR?7 is
associated with clinical outcomes in patients with coronary artery
disease. J Thromb Haemost 13:719-728

Rath D, Chatterjee M, Stellos K et al (2014) Expression of SDF-1
receptors CXCR4 and CXCR?7 on circulating platelets from patients
with acute coronary syndrome and its association with left ventric-
ular functional recovery. Eur Heart J 35:386-394

Reny JL, Fontana P, Hochholzer W et al (2015) Vascular risk levels affect
predictive value of platelet reactivity for the occurrence of MACE in
clopidogrel treatment. Systematic review and collaborative meta-
analysis of individual patient data. Thromb Haemost 115:844-855

Rinder HM, Bonan JL, Rinder CS, Ault KA, Smith BR (1991)
Activated and unactivated platelet adhesion to monocytes and
neutrophils. Blood 78:1760-1769

Rouhiainen A, Imai S, Rauvala H, Parkkinen J (2000) Occurrence of
amphoterin (HMG1) as an endogenous protein of human platelets
that is exported to the cell surface upon platelet activation. Thromb
Haemost 84:1087-1094

Rousselle A, Qadri F, Leukel L et al (2013) CXCLS5 limits macrophage
foam cell formation in atherosclerosis. J Clin Invest 123:1343—-1347

Ruggeri ZM (2002) Platelets in atherothrombosis. Nat Med
8:1227-1234

Ruggeri ZM (2009) Platelet adhesion under flow. Microcirculation
16:58-83

M. Chatterjee and M. Gawaz

Santoso S, Sachs UJ, Kroll H et al (2002) The junctional adhesion
molecule 3 (JAM-3) on human platelets is a counterreceptor for the
leukocyte integrin Mac-1. J Exp Med 196:679-691

Schifer A, Schulz C, Eigenthaler M et al (2004) Novel role of the
membrane-bound chemokine fractalkine in platelet activation and
adhesion. Blood 103:407—412

Scheuerer B, Ernst M, Durrbaum-Landmann I et al (2000) The
CXC-chemokine platelet factor 4 promotes monocyte survival and
induces monocyte differentiation into macrophages. Blood
95:1158-1166

Schmidt R, Biiltmann A, Ungerer M et al (2006) Extracellular matrix
metalloproteinase inducer regulates matrix metalloproteinase activ-
ity in cardiovascular cells: implications in acute myocardial infarc-
tion. Circulation 113:834-841

Schonberger T, Siegel-Axel D, Bussl R et al (2008) The
immunoadhesin glycoprotein VI-Fc regulates arterial remodelling
after mechanical injury in ApoE’/ ~ mice. Cardiovasc Res
80:131-137

Schonberger T, Ziegler M, Borst O et al (2012) The dimeric platelet
collagen receptor GPVI-Fc reduces platelet adhesion to activated
endothelium and preserves myocardial function after transient
ischemia in mice. Am J Physiol Cell Physiol 303:C757-766

Schulz C, Penz S, Hoffmann C et al (2008) Platelet GPVI binds to
collagenous structures in the core region of human atheromatous
plaque and is critical for atheroprogression in vivo. Basic Res
Cardiol 103:356-367

Seizer P, Fuchs C, Ungern-Sternberg SN et al (2016) Platelet-bound
cyclophilin A in patients with stable coronary artery disease and
acute myocardial infarction. Platelets 27:155-158

Seizer P, Gawaz M, May AE (2014) Cyclophilin A and EMMPRIN
(CD147) in cardiovascular diseases. Cardiovasc Res 102:17-23

Seizer P, Stellos K, Selhorst G et al (2011) CXCL16 is a novel
scavenger receptor on platelets and is associated with acute coro-
nary syndrome. Thromb Haemost 105:1112-1114

Seizer P, Ungern-Sternberg SN, Schonberger T et al (2015) Extracellu-
lar cyclophilin A activates platelets via EMMPRIN (CD147) and
PI3K/Akt signaling, which promotes platelet adhesion and throm-
bus formation in vitro and in vivo. Arterioscler Thromb Vasc Biol
35:655-663

Shenkman B, Brill A, Brill G, Lider O, Savion N, Varon D (2004)
Differential response of platelets to chemokines: RANTES
non-competitively inhibits stimulatory effect of SDF-1 alpha.
Thromb Haemost 2:154-160

Siegel-Axel D, Daub K, Seizer P, Lindemann S, Gawaz M (2008)
Platelet lipoprotein interplay: trigger of foam cell formation and
driver of atherosclerosis. Cardiovasc Res 78:8—17

Simon DI, Chen Z, Xu H et al (2000) Platelet glycoprotein ibalpha is a
counterreceptor for the leukocyte integrin Mac-1 (CD11b/CD18). J
Exp Med 192:193-204

Springer TA (1994) Traffic signals for lymphocyte recirculation and
leukocyte emigration: the multistep paradigm. Cell 76:301-314

Stellos K, Bigalke B, Borst O et al (2013) Circulating platelet-
progenitor cell coaggregate formation is increased in patients with
acute coronary syndromes and augments recruitment of CD34+
cells in the ischaemic microcirculation. Eur Heart J 34:2548-2556

Stellos K, Bigalke B, Langer H et al (2009) Expression of stromal-cell-
derived factor-1 on circulating platelets is increased in patients with
acute coronary syndrome and correlates with the number of CD34*
progenitor cells. Eur Heart J 30:584-593

Stellos K, Gawaz M (2007a) Platelet interaction with progenitor cells:
potential implications for regenerative medicine. Thromb Haemost
98:922-929

Stellos K, Gawaz M (2007b) Platelets and stromal cell-derived factor-1
in progenitor cell recruitment. Semin Thromb Hemost 33:159-64

Stellos K, Langer H, Daub K et al (2008) Platelet-derived stromal cell-
derived factor-1 regulates adhesion and promotes differentiation of



Platelets in Atherosclerosis

human CD34" cells to endothelial progenitor cells. Circulation
117:206-215

Stellos K, Sauter R, Fahrleitner M et al (2012) Binding of oxidized
low-density lipoprotein on circulating platelets is increased in
patients with acute coronary syndromes and induces platelet adhe-
sion to vascular wall in vivo—brief report. Arterioscler Thromb
Vasc Biol 32:2017-2020

Stellos K, Seizer P, Bigalke B, Daub K, Geisler T, Gawaz M (2010)
Platelet aggregates-induced human CD34" progenitor cell prolifer-
ation and differentiation to macrophages and foam cells is mediated
by stromal cell derived factor 1 in vitro. Semin Thromb Hemost
36:139-145

StriiBmann T, Tillmann S, Wirtz T, Bucala R, von Hundelshausen P,
Bernhagen J (2013) Platelets are a previously unrecognised source
of MIF. Thromb Haemost 110:1004-1013

Subramaniam M, Frenette PS, Saffaripour S, Johnson RC, Hynes RO,
Wagner DD (1996) Defects in hemostasis in P-selectin-deficient
mice. Blood 87:1238-1242

Theilmeier G, Michiels C, Spaepen E et al (2002) Endothelial von
Willebrand factor recruits platelets to atherosclerosis-prone sites
in response to hypercholesterolemia. Blood 99:4486-4493

Trip MD, Cats VM, van Capelle FJ, Vreeken J (1990) Platelet hyperre-
activity and prognosis in survivors of myocardial infarction. N Engl
J Med 322:1549-1554

Ungerer M, Li Z, Baumgartner C et al (2013) The GPVI-Fc fusion
protein Revacept reduces thrombus formation and improves vascu-
lar dysfunction in atherosclerosis without any impact on bleeding
times. PLoS One 8, e71193

Venereau E, Schiraldi M, Uguccioni M, Bianchi ME (2013) HMGB1
and leukocyte migration during trauma and sterile inflammation.
Mol Immunol 55:76-82

Vogel S, Bodenstein R, Chen Q et al (2015a) Platelet-derived HMGBI1
is a critical mediator of thrombosis. J Clin Invest 125:4638—4654

Vogel S, Borger V, Peters C et al (2015b) Necrotic cell-derived high
mobility group box 1 attracts antigen-presenting cells but inhibits
hepatocyte growth factor-mediated tropism of mesenchymal stem
cells for apoptotic cell death. Cell Death Differ 22:1219-1230

Vogel S, Chatterjee M, Metzger K et al (2014) Activated platelets
interfere with recruitment of mesenchymal stem cells to apoptotic
cardiac cells via high mobility group box 1/Toll-like receptor
4-mediated down-regulation of hepatocyte growth factor receptor
MET. J Biol Chem 289:11068-11082

1013

von Hundelshausen P, Koenen RR, Sack M et al (2005) Heterophilic
interactions of platelet factor 4 and RANTES promote monocyte
arrest on endothelium. Blood 105:924-930

von Hundelshausen P, Schmitt MM (2014) Platelets and their chemokines
in atherosclerosis-clinical applications. Front Physiol 5:294

von Hundelshausen P, Weber C (2007) Platelets as immune cells:
bridging inflammation and cardiovascular disease. Circ Res
100:27-40

von Hundelshausen P, Weber KS, Huo Y et al (2001) RANTES depo-
sition by platelets triggers monocyte arrest on inflamed and athero-
sclerotic endothelium. Circulation 103:1772-1777

Wadas TJ, Wong EH, Weisman GR et al (2010) Coordinating
radiometals of copper, gallium, indium, yttrium, and zirconium
for PET and SPECT imaging of disease. Chem Rev 110:2858-2902

Walsh TG, Harper MT, Poole AW (2014) SDF-1a is a novel autocrine
activator of platelets operating through its receptor CXCR4. Cell
Signal 27(1):325-328

Wang L, Mintz GS, Witzenbichler B et al (2016) Differences in
underlying culprit lesion morphology between men and women:
an IVUS analysis from the ADAPT-DES study. JACC Cardiovasc
Imaging 9:498-499

Weyrich AS, Elstad MR, McEver RP et al (1996) Activated platelets
signal chemokine synthesis by human monocytes. J Clin Invest
97:1525-1534

Wirtz TH, Tillmann S, StriiBmann T et al (2015) Platelet-derived MIF:
a novel platelet chemokine with distinct recruitment properties.
Atherosclerosis 239:1-10

Wurster T, Stellos K, Haap M et al (2013) Platelet expression of
stromal-cell-derived factor-1 (SDF-1): an indicator for ACS? Int J
Cardiol 164:111-115

Zarbock A, Polanowska-Grabowska RK, Ley K (2007) Platelet-neutro-
phil-interactions: linking hemostasis and inflammation. Blood Rev
21:99-111

Zeibig S, Li Z, Wagner S et al (2011) Effect of the oxLDL binding
protein Fc-CD68 on plaque extension and vulnerability in athero-
sclerosis. Circ Res 108:695-703

Ziegler M, Elvers M, Baumer Y et al (2012) The bispecific SDF1-GPVI
fusion protein preserves myocardial function after transient ische-
mia in mice. Circulation 125:685-696

Zirlik A, Maier C, Gerdes N et al (2007) CD40 ligand mediates
inflammation independently of CD40 by interaction with Mac-1.
Circulation 115:1571-1580



	Platelets in Atherosclerosis
	Introduction
	Platelet Adhesion to the Endothelium
	Platelet Interaction with Leukocytes
	Platelet-Derived Inflammatory Mediators
	Regulation of Platelet Function and Thrombosis by Platelet-Derived Inflammatory Mediators
	Effect of Low-Density Lipoproteins on Platelet Function
	Platelet-Based Theranostics in Atherosclerosis
	Does Uncontrolled Platelet Activation Promote Atherosclerosis in Humans?
	References


