Chapter 13
Structure and Function of Platelet Receptors
Initiating Blood Clotting

Elizabeth E. Gardiner and Robert K. Andrews

Abstract At the clinical level, recent studies reveal the link between coagulation
and other pathophysiological processes, including platelet activation, inflammation,
cancer, the immune response, and/or infectious diseases. These links are likely to
underpin the coagulopathy associated with risk factors for venous thromboembolic
(VTE) and deep vein thrombosis (DVT). At the molecular level, the interactions
between platelet-specific receptors and coagulation factors could help explain co-
agulopathy associated with aberrant platelet function, as well as revealing new
approaches targeting platelet receptors in diagnosis or treatment of VTE or DVT.
Glycoprotein (GP)Iba, the major ligand-binding subunit of the platelet GPIb-IX-V
complex, that binds the adhesive ligand, von Willebrand factor (VWF), is co-
associated with the platelet-specific collagen receptor, GPVI. The GPIb-IX-V/GPVI
adheso-signaling complex not only initiates platelet activation and aggregation
(thrombus formation) in response to vascular injury or disease but GPIba also regu-
lates coagulation through a specific interaction with thrombin and other coagulation
factors. Here, we discuss the structure and function of key platelet receptors involved
in thrombus formation and coagulation in health and disease, with a particular focus
on platelet GPIba.
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Introduction: Coagulation and Platelets

Coagulation of human plasma is initiated by activation of the intrinsic (FXII-
dependent) or extrinsic (tissue factor-dependent) pathways (Fig. 13.1a) [1]. In vivo,
release of activated tissue factor at sites of damaged vasculature provides a triggering
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Fig. 13.1 Coagulation and platelet function. a Intrinsic (FXII-dependent) and extrinsic (tissue
factor-dependent) coagulation pathways leading to the common pathway of thrombin (FIla) gen-
eration. Thrombin induces clotting via conversion of fibrinogen to fibrin, a process accelerated by
activated platelets, and b can bind to platelet GPIba (of the GPIb-IX-V complex) and activate
platelets via GPIba signaling when GPV (a thrombin substrate) is removed, and G-protein-
coupled protease-activated thrombin receptors, PAR-1 and PAR-4. Thrombin can thereby enhance
thrombus formation following adhesion of circulating platelets to extracellular matrix or activated
endothelium, or under shear stress, leading to secretion of ADP and procoagulant factors such as
polyphosphates, increased expression of platelet surface phospholipids, and activation of integrin
aypP3 that binds fibrinogen or VWF and mediates platelet aggregation. Thrombin can be activated
by vascular damage (releasing tissue factor) or by activation of FXII (intrinsic pathway) by collagen
exposure, platelet secretion of procoagulant factors such as polyphosphates, collagen (that binds
FXII under some conditions or activates prekallikrein under hyperglycemic conditions), or possibly
by pathological shear stress a. F' factor, GP glycoprotein, HK high molecular weight kininogen,
PK prekallikrein, PL phospholipids, TSP thrombospondin, VWF von Willebrand factor

mechanism for initiating coagulation [2]. For the intrinsic pathway, however, while
contact activation by negative surfaces is known to trigger coagulation in vitro, recent
evidence suggests that collagen exposure, release of procoagulant polyphosphates
from activated platelets [3], and possibly even pathological shear stress could provide
a mechanism for activating factor XII (FXII) in vivo [4]. Other mechanisms could
involve activation of prekallikrein that acts on FXII. Another intriguing possibility is
that antibacterial leukocyte DNA-containing neutrophil extracellular traps (NETs) or
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associated proteins could activate intrinsic coagulation. Both intrinsic and extrinsic
pathways activate the common coagulation pathway, involving activation of FX to
FXa which converts prothrombin (FII) to active thrombin (FIla; Fig. 13.1a).

However coagulation is initiated, there is a clear role for platelets in spatial and
temporal regulation of coagulation at prothrombotic sites [5]. Circulating platelets in
the bloodstream are rapidly activated following vascular damage by exposure of col-
lagen, von Willebrand factor (VWF), or other adhesive ligands in the subendothelial
matrix or ruptured atherosclerotic plaque [6], VWEF/P-selectin on activated endothe-
lium, or VWF in stenotic vessels (Fig. 13.1b) [7]. Platelet glycoprotein (GP)Iba of
the GPIb-IX-V complex binds VWF [8] or thrombospondin (TSP), GPVIbinds colla-
gen or laminin (facilitated by activated platelet integrins, a1, or a5, respectively,
facilitating adhesion or platelet activation via GPVI) [9]. Engagement of GPIb-I1X-
V/GPVI leads to activation of the integrin oy, 3, which binds fibrinogen or VWF and
mediates platelet aggregation and fibrin formation [10]. Activated platelets secrete
agonists such as ADP which acts on purinergic G-protein-coupled receptors [11],
and secrete procoagulant factors such as polyphosphates [3] which promote coagu-
lation and generation of active thrombin [12]; expression of phosphatidylserine or
other procoagulant phospholipids on the surface of activated platelets also acceler-
ates coagulation by localization and assembly of coagulation complexes (Fig. 13.1b).
Thrombin activates platelets by using GPIba as a cofactor in the activation of platelets
via G-protein-coupled protease-activated receptors, PAR-1 or PAR-4, which in turn
promote platelet activation and degranulation. Platelet activation is also associated
with time-dependent metalloproteinase-mediated ectodomain shedding of platelet
receptors, GPIba (“glycocalicin”), GPV, and GPVI [13] (Fig. 13.1b). In this regard,
elevated levels or plasma soluble GPVI (sGPVI) associated with disseminated in-
travascular coagulation (DIC) correlate with increased levels of coagulation markers
[14]. Interestingly, GPV may be shed via cleavage at separate sites either by platelet
sheddases or by thrombin [13, 15], with loss of surface GPV being associated with
increased platelet activation by the interaction of thrombin with GPIba.

Ligand Binding to Platelet GPIba

Coagulation factors including thrombin, FXII, FXI, and high molecular weight
kininogen (HK) bind to the same ligand-binding domain of GPIba involved in bind-
ing VWF, TSP, and other ligands [16, 17]. GPIba is a multifunctional receptor which
binds prothrombotic and procoagulant ligands within a versatile “shear-activated”
ligand-binding region (Fig. 13.2). The absence or deficiency of GPIba causes the
inherited bleeding disorder, Bernard—Soulier Syndrome (BSS) [18] and along with
the loss of high-shear- and VWF-dependent platelet-to-platelet interactions [19];
platelets from individuals with BSS are generally thought to have ablated procoag-
ulant function [20]. GPIba (~ 135 kDa) consists of an N-terminal globular domain
(~ 40 kDa), a sialomucin core, an extracellular membrane-proximal tandem Cys
sequence which forms disulfide bonds to 2 GPIbf subunits (forming GPIb) [21],
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Fig. 13.2 N-terminal ligand-binding region of platelet GPIba Structural regions based on primary
sequence and crystal structure, and functional mapping of anti-GPIba monoclonal antibodies which
inhibit binding of one or more ligands. Antibodies against different epitopes, and the small-molecule
allosteric inhibitor, the cyclic peptide OS1, interact with different regions within the 282-residue
N-terminal domain illustrating the globular conformationally dependent binding sites for VWF and
possibly other ligands. Coagulation factors of the intrinsic pathway (FXII, FXI, high molecular
weight kininogen, with FXI being a substrate for both FXII and thrombin) also interact with the
N-terminal domain of GPIba

transmembrane domain, and cytoplasmic tail containing binding sites for intracel-
lular signaling/cytoskeletal proteins. GPIb is noncovalently associated with GPIX
and GPV, all members of the leucine-rich repeat family. The N-terminal globu-
lar domain of GPIba (His1-Glu282) contains four important structural domains: the
tandem leucine-rich repeats (~ 24 residues, each spanning the sequence 36-200), the
N-terminal (residues 1-35) and C-terminal (201-268) disulfide-looped sequences,
and an anionic sulfated tyrosine-rich sequence (269-282; Fig. 13.2) [22]. Using
enzymes which specifically cleave at 282/283 (mocarhagin) [23] or inhibitory anti-
GPIba monoclonal antibodies mapped to specific structural regions [22, 24] as well
as other approaches, it has been shown that GPIba 1-282 contains discontiguous
but overlapping binding sites for VWF [25], TSP [26], thrombin [27-29], FXII [30],
FXI [31], HK [32], and counter receptors on activated endothelial cells (P-selectin)
[33] or leukocytes (anP2; Mac-1) [34]. The sulfated tyrosine sequence also asso-
ciates with the ectodomain of the immunoreceptor family protein, GPVI, on human
platelets [35]. In addition, the procoagulant protein, recombinant FVIIa has been
reported to bind to the sialomucin domain of GPIba, downstream of Glu282 which
could also localize thrombin generation to activated platelets.
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Extensive biochemical, crystallographic, and molecular simulation studies have
analyzed binding of VWF to human GPIba, revealing that the leucine-rich repeat
sequence 60—128 (repeats “2—4") is critical for interacting with the VWF A1 domain
[28, 36-39]. Compared to the structure of the ligand-binding domain under resting
conditions, as the shear stress increases from low to high physiological or patho-
logical levels, the C-terminal disulfide-looped domain alters its conformation when
complexed with VWF Al. A small molecular weight inhibitor, OS1, allosterically
inhibits VWF binding to GPIba by preventing the formation of the active conforma-
tion [40], while gain-of-function mutations within the C-terminal disulfide loop also
increase binding to VWF-AL.

Specialized electrostatic “catch-slip” bonding facilitates high-affinity adhesion
of VWF to receptor as shear rate increases, thereby enabling platelets to roll, skip,
or firmly adhere to immobilized VWF in a shear-dependent manner [4, 38]. At
high physiological or pathological shear rates such as encountered in a sclerotic or
blocked artery, platelet adhesion becomes entirely GPIba dependent [41]. However,
examination of arterial thrombus formation in experimental models in vivo shows a
significantly greater dependence on platelet GPIba than VWF [42, 43], suggesting
other ligands are also important. The extent to which conformational activation of
GPIba regulates interaction of ligands other than VWF is unknown, and precise
binding sites for other ligands, including coagulation factors, are yet to be fully
resolved. It is clear, however, that ligands such as TSP, P-selectin, and oy, not only
bind to the N-terminal domain of GPIba under static conditions but also support
GPIba-dependent adhesion under flow conditions. The interaction of GPIba with
amP, involves a domain of oy (“I-domain”) homologous to the GPIba-binding Al
domain of VWE, although the binding sites for the two ligands are not identical. VWF
A1 competes for binding of TSP, and some anti-GPIba antibodies differentially block
VWEF or other ligands. It has been determined that the sulfated sequence (269-282)
is critically involved in thrombin binding, with this interaction facilitating thrombin-
dependent activation of platelet PAR-1. The extent to which co-localization of FXII,
thrombin, and the common substrate FXI on a single receptor or adjacent copies of
GPIba within the GPIb-IX-V/GPVI complex is yet to be definitively established,
although binding to GPIba promotes activation of FXI by thrombin. Interestingly,
regions of GPIba beyond the 45-kDa N-terminal portion may be involved in platelet
procoagulant function, as specific enzymatic removal of this region in murine washed
platelets did not interfere with thrombin generation [44]. Targeted disruption of the
cytoplasmic portion of GPIb-IX-V, for example, by site-directed mutagenesis, may
help elucidate how the receptor complex modulates platelet procoagulant activity.

Functional Role of Interactions Involving GPIba

Considering together the network of potential interactions of platelet GPIba illus-
trates the potential for this receptor to co-localize, sequester, or otherwise regulate
different components of platelet thrombus formation, coagulation, and platelet—
leukocyte and platelet—endothelial cell interactions (Fig. 13.3). These interactions,
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Fig. 13.3 Interactions involving GPIba In addition to other platelet surface receptors (black) with
which it is co-associated (GPVI, GPV, GPIX, FcyRIla), GPIba interacts with at least ten other pur-
ported binding partners, including adhesive proteins (blue), coagulation factors (red), and receptors
on either leukocytes (green) or activated endothelial cells (orange). Indirectly, the GPIba-related
network includes over 30 proteins. What this interaction map does not show is the spatial-temporal
nature of these interactions or how these interactions are regulated under static or high-shear con-
ditions (for example, when VWF binding is enhanced). These features are likely to control a
coordinated, localized thrombotic, inflammatory, and coagulation response to injury, atheroma,
immune disease, or infectious diseases

rarely studied in combination, suggest how coagulation associated with platelet
thrombus formation and inflammatory responses involving activated platelets and
leukocytes in immune or infectious diseases could be coordinated by interactions
involving GPIba and adhesive or procoagulant ligands or counter-receptors under
resting or activated conditions. GPIba could provide a common regulatory receptor
controlling time-dependent transition from initial platelet adhesion, activation and
aggregation, to coagulation and inflammation in response to vascular injury or dis-
ease, for example, by progressively binding to VWF/TSP, thrombin/FXII/FXI/HK,
or P-selectin/onf,, respectively. The capacity of platelets to rapidly adhere, become
activated and degranulate in flowing blood mediated by GPIba and other receptors
would be a key property enabling the coordination of these pathophysiological pro-
cesses. It is only recently that the role of platelets and platelet receptors has been
investigated in detail in inflammation [45], coagulation [46], cancer [47—49], and
infectious diseases [50, 51].

One potential link between coagulation factors and platelet receptors involves
findings by Renne and colleagues [52], showing that while deficiency of FXII/FXI
has minimal impact on bleeding times, there is marked inhibition of occlusive platelet
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thrombus formation at high shear in the arterial circulation in experimental models. It
is unclear how FXII is activated under these conditions, but interaction with platelet
GPIba or GPIba-dependent adhesion localizing platelet activation and secretion, and
phosphatidylserine exposure could provide the means for stable occlusive thrombus
formation in the presence of FXII. The role of HK in GPIba binding and activation
of FXII is also interesting in terms of possible GPIba-mediated activation of FXII in
vivo, and the link between coagulation and platelet-leukocyte adhesion as HK also
engages the GPIba counter-receptor on leukocytes, o2 [53]. The HK binding site
on ay P, overlaps a fibrinogen-binding site, and increased the capacity for binding
GPIba, providing a potential mechanism for HK-dependent enhancement of platelet—
leukocyte adhesion [53]. The FXII activator, plasma kallikrein (PK), also interacts
with collagen under hyperglycemic conditions [54], such that collagen exposure
could lead to activation of PK/FXII as well as localizing platelet GPIb-IX-V/GPVI
via interactions with collagen/VWF. Together, this would provide a mechanism for
bridging platelets, leukocytes, and the subendothelial matrix leading to the activation
of coagulation [55].

More recently, clear roles for leukocytes in the direct upregulation of platelet pro-
coagulant function have emerged. While the majority of circulating microparticles
in healthy individuals are platelet or megakaryocyte derived [46], leukocyte-derived
microparticles originating from neutrophils, monocytes/macrophages, or lympho-
cytes as well as endothelial-derived microparticles are significantly upregulated in all
stages of atherosclerosis and circulate at a high level in the bloodstream of patients
with high atherothrombotic risk [56, 57]. Microparticles have been demonstrated
to associate with resting platelets via CD36, lowering the required threshold con-
centration of agonist to activate platelets [58] and also via engagement of platelet
GPIba by active oy, on microparticles derived from activated neutrophils [59]. In
the second study, engagement of GPIba by oyf,—bearing microparticles triggered
signaling pathways that led to surface expression of P-selectin and activation of
aypP3-mediating platelet aggregation. Both interactions provide a clear and distinct
mechanistic link between platelet prothrombotic and leukocyte inflammatory states
where microparticles from unstimulated versus activated neutrophils differentially
facilitate interaction with either activated platelets (via PSGL-1/P-selectin) or resting
platelets (via active apB2/GPIba), respectively.

Platelet GPIba also interacts with bacterial proteins, such as the Staphylo-
coccal superantigen-like protein 5 (SSL5) via the sulfated-tyrosine sequence and
carbohydrate moieties of GPIba [60, 61]. SSLS5 also interacts with extracellular im-
munoglobulin domains of GPVI [61]. These types of interactions could be involved
in platelet activation associated not only with bacterial infection and increased throm-
botic risk but also with the coagulopathy commonly associated with sepsis and other
infections. Bacterial-induced activation of leukocytes also releases DNA-containing
NETs, which may limit dispersal of bacterial, but are also associated with release of
nuclear proteins such as histones [62]. NETs have been linked to the development
of venous “red” (platelet-deficient) thrombus in experimental models of deep vein
thrombosis (DVT) [63]; however, NETs and associated proteins such as VWF Al



270 E. E. Gardiner and R. K. Andrews

domain-binding histones [64] could also promote platelet activation, secretion, and
leukocyte recruitment in arterial “white” (platelet-rich) thrombus.

On the platelet surface, GPVIinteracts with the sulfated region of GPIba that binds
thrombin [35], and could also influence coagulation in other ways. GPVI contains
two extracellular immunoglobulin domains, and is co-associated with the accessory
signaling receptor, FcRy, required for GPVI surface expression [65-67]. The anti-
GPIba monoclonal antibody SZ2, inhibits collagen-dependent platelet activation
via GPVI [68]. Masking GPVI also attenuates collagen-induced or tissue factor-
dependent thrombin generation, thrombus formation [69], or pulmonary throm-
boembolism [70]. GPVI engagement could promote phosphatidylserine exposure on
activated platelets [71-73], induce procoagulant platelet-derived microparticles [73],
or activate platelets leading to secretion of procoagulant factors such as polyphos-
phates. However, GPVI blockade can also inhibit tissue factor-mediated coagulation
in the absence of collagen or other known GPVI ligands [69], while GPVI ligands
also induce dose-dependent increases in FXa and thrombin generation, regulated
by a subpopulation of platelets with increased coagulation factor binding that is not
related to increased phosphatidylserine exposure [71]. These mechanisms require
further analysis in combination with interactions involving coagulation factors and
GPIba, which is co-associated with GPVI [35]. GPVI also binds to extracellular ma-
trix metalloproteinase (MMP) inducer (EMMPRIN; CD147), like GPVI, a member
of the immunoreceptor family expressed on activated platelets, monocytes, and tumor
cells [74]. The GPVI-EMMPRIN interaction could contribute to platelet-mediated
coagulation at sites of monocyte recruitment, for example, at atherosclerotic sites of
the vasculature [75], or in the context of tumor growth.

Plasma GPIba and GPVI

Although the extracellular domain of platelet GPIba is important for ligand bind-
ing, constitutive ectodomain shedding of GPIba results in high levels of soluble
GPIba ectodomain (glycocalicin) in normal plasma (approximately two thirds of
total GPIba in blood) [76]. The functional consequences of glycocalicin-binding
ligands are not addressed by existing studies, and it possibly has a regulatory role in
some circumstances or is less efficacious than surface-expressed GPIba within the
GPIb-IX-V/GPVI adheso-signaling complex. Similarly, shedding of platelet GPVI
liberating plasma soluble GPVI [77, 78] could downgrade the capacity for GPVI-
dependent platelet activation or microparticle generation. Unlike GPIba, levels of
sGPVI in healthy plasma are relatively low (approximately one sixth of total blood
GPVI) [79], but are elevated under prothrombotic [80-82] or procoagulant [14]
conditions and may serve as a platelet-specific biomarker as an indicator of risk, for
example, in the case of infectious diseases or immune disease [78]. In this regard, the
platelet Fc receptor, FcyRlIla, utilises intracellular signaling pathways equivalent to
GPVI/FcRy, and engagement of FcyRIla induces GPVI shedding [83]. Through this
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mechanism, antiplatelet autoantibodies, for example, targeting platelet factor 4/hep-
arin complexes as seen in heparin-induced thrombocytopenia can activate platelets
via FcyRlIla [84, 85], to release platelet-derived microparticles [86] and increase
platelet thrombin generation [87].

Conclusions: Targeting Platelets in Human Disease

Whether selectively targeting platelet GPIb-IX-V/GPVI ligand binding, platelet ac-
tivation or secretion to inhibit the impact of platelets on coagulation to aid in the
therapeutic control of thrombosis [88, 89], or coagulopathy where platelets and
platelet/leukocyte or platelet/endothelium interactions are implicated in procoagulant
activity, warrants further investigation [90]. Further analysis, particularly centered
on studies in human vascular systems of interactive sites, changes in binding under
shear conditions, and the influence of other ligands under different conditions is re-
quired [91] to exploit these possibilities. It is also worth noting how multifunctional
interactions of thrombin, FXa, and other factors beyond coagulation, broaden the
range of interactions of platelet GPIb-IX-V/GPVI in human pathophysiology.
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