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Summary

Cardio- and cerebrovascular diseases (CVDs), such as myocardial infarction and ischemic
stroke, are the leading cause of death worldwide, caused by overshooting platelet activation
and subsequent thrombus formation. However, at sites of vascular injury this tightly-regulated,
multistep process is critical to limit blood loss and to prevent bleeding. Anti-platelet agents,
such as aspirin or clopidogrel, have been proven to be beneficial in prevention of CVDs, but

are associated with an elevated bleeding risk and therefore are often contraindicative.

In recent years, the (hem)ITAM-bearing receptors GPVI and CLEC-2 have been identified as
critical regulators of platelet activation and thrombus formation, rendering them promising
targets for novel anti-platelet drugs. Yet, they are also involved in a plethora of
(patho)physiological processes. Consequently, interference with the (hem)ITAM signaling
cascade may lead to severe side-effects. In this context, GPV has previously been identified
as a mediator of thrombotic and hemostatic function, while its mode of action remains elusive.

Therefore, this thesis focused on the function of GPV in thrombotic and hemostatic processes.

Extensive characterization of GPV-deficient mice as well as generation and analysis of anti-
GPV antibodies and mice with a mutation rendering GPV uncleavable by thrombin (Gp5Xivkin)
revealed an unexpected role of GPV as a central modulator of platelet activation and thrombus
formation. Gp5™ as well as Gp5X"K" mice restored the thrombotic and hemostatic defect in the
absence of both (hem)ITAM receptors. The in-house generated monoclonal anti-GPV
antibodies 89F12 and 5G2 were found to reproduce the knockout phenotype and extended the
thrombus-modulatory role of GPV beyond (hem)ITAM receptors, pointing to a critical role of
thrombin-cleaved soluble GPV (sGPV). Surprisingly, recombinant sGPV had a strong
antithrombotic effect in in vivo thrombosis models as well as in in vitro flow adhesion assays
using human or murine blood, without affecting hemostasis. These data establish GPV as a
key player in platelet physiology. Although data gained from studies using genetically modified
mice cannot always directly be transferred to humans, the findings presented in this thesis may
serve as basis for the generation of novel treatment options for bleeding complications (anti-
GPV antibodies) and thrombotic diseases (sGPV) with a good safety profile. The newly

generated humanized GPV mouse provides a valuable tool to study human GPV in vivo.

A second part of this thesis focused on the analysis of protein kinase C (PKC) I/A. PKC family
of serine/threonine kinases is involved in several physiological processes regulating platelet
activation. However, little is known about atypical PKC isoforms and particularly PKCI/A has
never been studied before in platelets. Therefore, platelet- and megakaryocyte-specific PKCI/A
knockout mice were used to assess its role in platelet function in vitro and in vivo. Surprisingly,

PKCI/A was found to be dispensable for platelet function in thrombosis and hemostasis.

\
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Zusammenfassung

Kardio- und zerebrovaskulare Krankheiten, wie Myokardinfarkt und ischamischer Schlaganfall,
sind die haufigste Todesursache weltweit und werden durch lberschiel3ende Thrombozyten-
Aktivierung und anschlieBende Thrombusbildung verursacht. Andererseits st
Thrombusbildung nach Gefallverletzungen ein eng regulierter, mehrstufiger Prozess, der

wichtig ist, um Blutverlust zu begrenzen und Blutungen zu verhindern.

Thrombozytenaggregationshemmer, wie Aspirin oder Clopidogrel, haben sich in der
Pravention von kardiovaskularen Krankheiten als niitzlich erwiesen, erhéhen aber gleichzeitig

das Blutungsrisiko und sind deshalb oft kontraindikativ.

In den letzten Jahren wurden die (hem)ITAM-gekoppelten Rezeptoren GPVI und CLEC-2 als
wichtige Regulatoren der Thrombozytenaktivierung und Thrombusbildung identifiziert, was sie
zu vielversprechenden Angriffspunkten in der Entwicklung neuartiger Thrombozyten-
aggregationshemmer macht. Beide Rezeptoren sind jedoch an einer Vielzahl von weiteren
(patho)physiologischen Prozessen beteiligt, was vermuten lasst, dass eine Interferenz mit der
(hem)ITAM Signalkaskade unter Umstanden starke Nebenwirkungen hervorrufen kann. Im
Zusammenhang mit Untersuchungen zu (hem)ITAM Rezeptoren wurde GPV als wichtiger
Mediator thrombotischer und hamostatischer Prozesse identifiziert. Die Wirkungsweise von
GPV blieb bislang jedoch unklar. Studien zur physiologischen Rolle von GPV in Thrombose

und Hamostase standen daher im Fokus dieser Thesis.

Die intensive Charakterisierung von GPV-defizienten Mausen sowie die Generierung und
Analyse von anti-GPV Antikérpern und von Mausen mit einer Mutation, aufgrund derer GPV
nicht mehr von Thrombin geschnitten werden kann (Gp5X™Kim) deckten eine unerwartete Rolle
von GPV als Regulator der Thrombozytenaktivierung und Thrombusbildung auf. Gp5” und
Gp5Kvkin Mause konnten den Verlust der (hem)ITAM Rezeptoren GPVI und CLEC-2 in
Thrombose und Hamostase kompensieren. Die eigens generierten monoklonalen anti-GPV
Antikérper 89F12 und 5G2 reproduzierten den GPV-knockout Phanotyp und erweiterten die
Thrombus-modulierende Rolle von GPV dber (hem)ITAM Rezeptoren hinaus.
Zusammengenommen weisen die Ergebnisse auf eine wichtige Rolle des Thrombin-
geschnittenen, I6slichen GPV (sGPV) hin. Uberraschenderweise hat rekombinantes sGPV
einen starken antithrombotischen Effekt in Thrombosemodellen in vivo und in vitro unter
Flussbedingungen in humanem und murinem Blut, ohne die hamostatische Funktion zu
beeinflussen. Diese Daten etablieren GPV als wichtigen Akteur in der Thrombozyten-
Physiologie. Obwohl Daten aus Studien mit genetisch ver&nderten Mausen nicht direkt auf den
Menschen Ubertragbar sind, kénnen die in dieser Arbeit prasentierten Ergebnisse als

Grundlage fur die Entwicklung neuer Behandlungsmdglichkeiten mit gutem Sicherheitsprofil

Vi
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bei Blutungskomplikationen (anti-GPV Antikdrper) und bei thrombotischen Erkrankungen
(sGPV) dienen. Eine neu generierte humanisierte GPV Maus bietet zudem ein wertvolles

Werkzeug, um humanes GPV in vivo zu untersuchen.

Der zweite Teil der Thesis konzentrierte sich auf die Proteinkinase (PKC) I/A. Die Familie der
PKC aus den Serin/Threonin Kinasen ist an einer Reihe physiologischer Prozesse beteiligt,
die Thrombozytenaktivierung regulieren. Zur Rolle atypischer PKC Isoformen in
thrombozytaren Prozessen ist jedoch wenig bekannt und insbesondere zur Rolle von PKCI/A
in Thrombozyten lagen bisher keine Untersuchungen vor. Diese wurde daher in
Thrombozyten- und Megakaryozyten-spezifischen PKCi/A-knockout M&usen in vitro und in
vivo untersucht. Uberraschenderweise zeigte sich, dass die atypische PKC Isoform PKCI/A im
Gegensatz zu vielen anderen Isoformen fur die Thrombozytenfunktion bei Thrombose und

Hamostase entbehrlich ist.

VIII
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1 Introduction

Platelet activation and subsequent thrombus formation at sites of vascular injury is critical to
prevent bleeding. However, under pathophysiological conditions it may as well cause life-
threatening diseases, such as myocardial infarction (MI) and ischemic stroke [1].
Cardiovascular diseases (CVD) are the leading cause of death worldwide with more than
17 million people dying each year, accounting for more than 30% of all global deaths [2, 3]. In
Germany, more than 200.000 first-ever and 70.000 recurrent strokes occur per year with a
higher risk for men than for women [4], leading to serious disability and persistent comorbidity
[5]. Smoking, unhealthy diet, physical inactivity and harmful use of alcohol, which may lead to
elevated blood pressure and glucose levels, overweight and obesity risk, are amongst the risk
factors for developing a CVD. Consequently, anti-platelet treatment is a common strategy to
prevent coronary syndromes and secondary stroke [6]. Restoration of blood flow after Ml or
ischemic stroke is critical, e.g. by rt-PA (recombinant tissue plasminogen activator) treatment
or mechanical thrombectomy [6], but despite successful recanalization, most patients still
develop large infarcts (ischemia/reperfusion injury) [7-9]. Despite extensive research efforts in
recent years that identified platelet adhesion and degranulation rather than platelet aggregate
formation as important mediators of infarct progression, the pathomechanisms underlying this

pathology are still incompletely understood, thus limiting therapeutic options in clinics.

1.1 Platelets

Blood platelets are anucleate discoid-shaped cells with a diameter of 3-4 um in humans and
1-2 um in mice [10]. They are the smallest and second most abundant cell type in the blood.
Platelets are constantly produced by their bone-marrow resident precursors, the
megakaryocytes (MKs), to maintain a normal range of circulating platelets of 150-400 x 10%/ul
in humans and ~1000 x 10%/ul in mice [11]. The average life span is 10 days in humans and
5 days in mice [12]. Platelets are constantly replenished and thus provide an exemplary system
to study hematopoiesis. Resident macrophages in the reticuloendothelial system of the spleen

and liver clear aged, pre-activated or dysfunctional platelets from the circulation [13].

The mechanism of platelet production from MKs is not fully understood. Thrombopoietin (TPO)
is the primary regulator of MK differentiation and platelet production [14]. According to a current
concept, MKs form protrusions, so called proplatelets, which consist of platelet-sized swellings,
and release them into the bone marrow sinusoids, where they are further fragmented into
platelets likely through the shear force in the blood stream [15]. This model of thrombopoiesis

is now further supported by recent findings from studies using intravital two-photon microscopy
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[16, 17]. Since platelets lack a nucleus, de novo protein synthesis is limited to the MK-derived

MRNA content and translational machinery [18].

Most platelets never undergo adhesion before they are removed from the circulation. The
pivotal primary hemostatic function of platelets is only retrieved when they come into contact
with components of the exposed extracellular matrix (ECM) upon vascular injury, which
induces their deceleration, activation, adhesion and aggregation resulting in formation of a
stable hemostatic plug. This thrombus seals the vessel lesion, minimizes blood loss and
prevents infections. However, under pathological conditions (e.g. rupture of an atherosclerotic
plaque), uncontrolled platelet aggregation may lead to formation of an occlusive thrombus
resulting in vessel occlusion and infarction of vital organs [19]. Therefore, platelet activation is
tightly regulated by a complex interplay between activatory and inhibitory mechanisms as well
as release of soluble mediators and inactivation of receptors to ensure controlled spatial and

temporal responses [20, 21].

Besides their role in thrombosis and hemostasis, platelets are also critically involved in several
other (patho)physiological processes, such as embryonic development, wound repair,
infection, maintenance of vascular integrity, especially in the context of inflammation as well

as cancer metastasis [22-24].

Platelets harbor numerous organelles, such as glycogen stores, mitochondria and
peroxisomes, and contain a highly organized actin-based cytoskeletal network and a
peripheral band of microtubule coils, the surface-connected open canalicular system (OCS)
consisting of plasma invaginations and the dense tubular system (DTS). The OCS serves as
membrane reservoir, allowing surface area increase upon platelet activation and shape
change. The DTS, which is derived from the residual endoplasmatic reticulum (ER), is thought
to be a Ca®*-reservoir [25]. Platelets possess three different types of granula: a- and dense
granula and lysosomes [26]. a-granula are the most abundant granules in platelets and store
adhesive proteins (e.g. fibrinogen, fibronectin, thrombospondin and von Willebrand factor
(VWF)), coagulation factors and inhibitors of the coagulation cascade (e.g. plasminogen, FV,
FXIIl), chemokines (e.g. PF4), growth factors (e.g. platelet-derived growth factor (PDGF)) and
glycoproteins (e.g. allbB3). Dense granula are smaller, less abundant and contain second
wave mediators and inorganic molecules, such as adenosine diphosphate (ADP), adenosine
triphosphate (ATP), thromboxane A2 (TxA), serotonin (5-HT), Ca?*, polyphosphates and
catecholamines. Lysosomes store enzymes required for the degradation of proteins, lipids,
and carbohydrates [27-29].
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1.2 Platelet activation and thrombus formation

Platelet adhesion and subsequent thrombus formation at sites of vascular injury is a tightly-
regulated, multistep process and can be divided into three main steps (Figure 1-1): (I) tethering

and adhesion, (Il) activation/granule release and (Ill) aggregation and thrombus growth.

/7 GPIb-V-IX 7 resting

. integrins
5“ GPVI/FcRg “\ activated 9
Y CLEC-2 collagen
cLec2 O WWF
ligand fibrinogen / k b

.S
oot ‘»-»«;“T . . C )
o Je Y

tethering activation firm adhesion
thrombus growth
GPIb GPVI integrins / CLEC-2

Figure 1-1: Model for platelet adhesion to the ECM and subsequent thrombus formation. Upon
vascular injury, components of the extracellular matrix (ECM) become exposed and under high shear,
platelets tether by interaction of GPIb with collagen-bound VWF. This enables binding of GPVI to
collagen, leading to intracellular signaling and release of second wave mediators, like ADP and TxAo.
In parallel, exposed tissue factor (TF) triggers thrombin generation, which contributes to platelet
activation and phosphatidylserine exposure (PS). Finally, these cellular events trigger the conversion of
integrins to a high-affinity state, which mediate firm platelet adhesion resulting in thrombus growth. The
growing thrombus is stabilized through CLEC-2 (C-type lectin-like receptor 2), however the vascular
ligand of CLEC-2 remains elusive. Taken from Nieswandt et al., 2011 [19].

Tethering of platelets occurs under intermediate or high shear forces (1,000-10,000 s™), which
are predominantly found in arterioles or stenosed arteries. During the first step, platelets come
into contact with the exposed ECM, which comprises macromolecules such as fibronectin,
collagens and laminin [20]. Initial adhesion of platelets to the exposed ECM is mainly mediated
by interaction of collagen-bound vVWF and the adhesive receptor complex glycoprotein (GP)
Ib-V-1X (tethering) [30-32]. However, GPlba-vWF interactions are only transient and too weak
to mediate firm platelet adhesion, but rather decelerate and recruit platelets from the blood
stream, which is reflected by ‘rolling’ of platelets. [33]. This GPlba-vWF interaction enables
binding of collagen to GPVI, the central activating platelet collagen receptor [34]. GPVI-
collagen interaction induces a powerful intracellular signaling cascade (see 1.3), leading to

platelet activation and culminating in an increase in intracellular calcium levels ([Ca?*]), surface
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exposure of negatively charged procoagulant phosphatidylserine (PS), cytoskeletal
rearrangements and mobilization of a- and dense granula. This results in the release of second
wave mediators (ADP, ATP, TxA2) [19, 35]. Simultaneously, exposed tissue factor (TF) triggers
thrombin generation (extrinsic coagulation pathway) (see 1.7). These soluble agonists,
together with locally produced thrombin, contribute to firm platelet activation by stimulation of
G protein-coupled receptors (GPCRSs) [36]. Finally, firm platelet adhesion and aggregation is
mediated by a conformational change of integrins (most importantly a231 and allbp3) from a
low (inactive) affinity to a high (active) affinity state through extra- and intracellular signaling
events (inside-out signaling) [34, 37]. Activated a2B1 mediates direct binding to collagen and
laminin, whereas allbB3 binds to collagen via VWF (outside-in signaling) [38, 39]. Finally,
binding of allbB3 to fibrinogen bridges adjacent platelets, leading to incorporation of activated

platelets into the growing thrombus [40, 41].

Binding of allbB3 to ECM components finally leads to firm platelet adhesion. In addition,
binding of high-affinity B1- and B3-integrins to their ligands supports subsequent thrombus
formation: a2B1 integrin binds to collagen, a5B1 integrin to fibronectin, a6f1 integrin to laminin,
avp3 integrin to vitronectin and allbB3 integrin to fibrinogen and VWF [37, 42].

1.3 Platelet signaling

Platelet activation can occur through two major signaling pathways, depending on the initial
stimulus (Figure 1-2): signaling via GPCR (1.3.1) or the (hem)immunoreceptor tyrosine-based
activation motif (ITAM)-bearing receptors (1.3.2). Both signaling pathways culminate in
activation of phospholipase C (PLC) isoforms, leading to hydrolysis of phosphatidylinositol-4,5-
bisphosphate (PIP,) to inositol-3,4,5-trisphosphate (IP3) and diacylglycerol (DAG) [40]. Binding
of IP3to its receptor on the ER membrane induces Ca?" release from its intracellular store
leading to a decrease in Ca?* store content and an opening of the Ca?* channels in the plasma
membrane. This process is called store-operated Ca?* entry (SOCE) and is mediated by STIM1
(stromal interaction molecule 1) and Orail (Ca?* release-activated calcium channel protein 1)
[43].

Activation of platelets also results in rearrangement of the actin and tubulin cytoskeleton,

leading to formation of membrane protrusions, such as filopodia and lamellipodia [44].
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1.3.1 G protein-coupled receptor signaling in platelets

Soluble mediators, like ADP, TxA., and thrombin stimulate receptors that couple to
heterotrimeric G proteins. ADP binds to P2Y; and P2Y1, receptors that activate G4 and G;,
respectively. TxA; stimulates the TxA receptor (TP) activating G4 whereas thrombin signals
through protease-activated receptors (PAR) 1/4 on human or PAR3/4 on mouse platelets,
mainly activating Gq and G213 [36, 45-48]. Signaling through GPCR induces generation of
TxA2 and release of ADP and ATP and thereby amplifies platelet activation.
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Figure 1-2: Major signaling pathways in platelets. Soluble agonists, including ADP, TxAz, and
thrombin, activate G protein-coupled receptors. Gq proteins stimulate PLCP, while Gi2113 trigger Rho
activation and Gi and G; inhibit the adenylyl cyclase (AC). Stimulation of adhesion receptors, such as
GPVI and CLEC-2 results in PLCy2 activation. Both signaling pathways culminate in integrin activation,
platelet shape change, aggregation and secretion. TxAz thromboxane Az; TP, thromboxane receptor;
TF, tissue factor; ADP, adenosine diphosphate; PAR, protease-activated receptor; Rho-GEF, Rho
guanine nucleotide exchange factor; PI3K, phosphoinositide-3-kinase; PIP2, phosphatidylinositol-4,5-
bisphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate; IPs, inositol-3,4,5-trisphosphate; DAG,
diacylglycerol. Modified from Stegner et al., 2011 [40].
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Stimulation of G4 activates PLCP isoforms, inducing hydrolysis of PIP; to IP; and DAG, which
leads to an increase of cytoplasmic Ca?* concentrations, activation of PKC and consequently

to integrin activation and granule secretion [49].

Activation of G; through P2Y:, inhibits adenylyl cyclase (AC) activity and activates
phosphatidylinositide 3-kinase (PI3K), which in turn hydrolyses PIP, to PIP; culminating in
activation of multiple downstream effects, such as Akt signaling [50]. Finally, this leads to
integrin activation. Gz, a subtype of G, is stimulated via the epinephrine receptor (az2.) and
inhibits AC activity. However, activation of G; is not sufficient to induce platelet activation. In
contrast, activation of G1213 stimulates Rho guanine nucleotide-exchange factors (GEFs). Rho-
GEFs stimulate the exchange of GDP to GTP, leading to activation of GTPases of the Rho
family, including RhoA [36, 40]. In addition, RhoA is activated by Gq [51, 52].

1.3.2 (Hem)immunoreceptor tyrosine-based activation motif signaling in

platelets

The second major signaling pathway is initiated by the GPVI-Fc receptor y chain (FcRy-chain)
complex or by the C-type lectin-like receptor 2 (CLEC-2) and requires phosphorylation of
critical tyrosine residues in the ITAM or hemITAM, respectively. An ITAM is a highly conserved
sequence of four amino acids (aa) (YxxL/Ixe-12YxxL/l), which is repeated twice in the
cytoplasmic tail of several hematopoietic immunoglobulin (lg) receptors, among those are Fc
receptors (FcR) and C-type lectin-like receptors [53]. Human platelets express three ITAM-
bearing receptors, FcyRIIA, GPVI and the hemITAM receptor CLEC-2, murine platelets only
express GPVI and CLEC-2. The FcRy-chain contains the ITAM motif and thereby serves as
the signal transducing subunit of the GPVI/FcRy-chain. Cross-linking of the central activatory
platelet receptor GPVI with collagen induces a downstream signaling cascade: Src family
kinases Fyn and Lyn phosphorylate the ITAM-bearing FcRy-chain, which in turn leads to
recruitment and activation of the spleen tyrosine kinase (Syk). The downstream signaling
cascade involves a large number of adaptor and effector proteins, such as the linker for
activated T cells (LAT), the Src-homology (SH) 2 domain-containing leukocyte protein of
76 kDa (SLP-76) and the growth factor receptor-bound protein 2 (Grb2), ultimately culminating
in activation of effector enzymes, such as PI3K and PLCy2, leading to the aforementioned
hydrolysis of PIP, to IP; and DAG and release of intracellular Ca?* via IP3 binding to its receptor
[35, 54, 55]. The hemITAM receptor CLEC-2 utilizes similar activation pathways, involving Src
family kinases and Syk leading to activation of PLCy2 [56, 57].
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1.4 The (hem)ITAM receptors GPVI and CLEC-2

1.4.1 GPVI

GPVI, the central activating collagen receptor, is exclusively expressed on platelets and MKs
and belongs to the Ig superfamily of surface receptors [58]. It is non-covalently associated with
the disulphide-homodimeric FcRy-chain via a salt bridge. The FcRy-chain represents the
signaling subunit of the complex, since it contains the ITAM, and cross-linking by ligands leads
to ITAM-dependent signaling (see 1.3.2) [34, 59]. The FcRy-chain is critically required for

expression of GPVI and signal transduction downstream of GPVI (Figure 1-3) [60].

The cytosolic tail of GPVI has been shown to associate with calmodulin [61]. Disruption of
calmodulin binding causes downregulation of GPVI from the platelet surface [62]. Besides this,

the Src kinases Fyn and Lyn bind to the proline-rich sequence in the cytosolic tail [63].

GPVI is the major collagen receptor on human and mouse platelets. It specifically recognizes
and binds to GPO repeats (glycine, proline, hydroxyproline) in the collagen sequence [34].
Powerful GPVI activation can also be triggered by non-physiological ligands: the synthetically
GPO-rich collagen-related peptide (CRP) and convulxin, a C-type lectin from the venom of the
rattlesnake Crotalus durissus terrificus [64]. Recently, a novel extracellular GPVI ligand was
identified — the ectodomain of GPVI interacts with immobilized fibrin and thereby promotes

thrombin generation and thrombus stabilization [65, 66].

In vivo administration of monoclonal rat anti-GPVI antibodies (JAQ1, 2, 3) leads to specific and
irreversible downregulation of GPVI from circulating platelets (“immunodepletion”), resulting in
a persistent “knock-out like” phenotype for up to two weeks and is accompanied by a transient
thrombocytopenia [67, 68]. The process underlying the antibody-induced GPVI depletion in
vivo is still incompletely understood, however, there is recent evidence that the FcyRllb
expressed on liver sinusoidal endothelial cells is critically involved in this process [69]. It was
shown that two distinct pathways exist regulating the prevalence of GPVI on the platelet
surface: internalization and ectodomain shedding by a disintegrin and metalloproteinases
(ADAMSs) [54, 67, 70, 71].

During the past years, GPVI has emerged as a potential anti-platelet target [35, 54, 72]. Data
from GPVI-deficient mice, antibody-induced GPVI depletion or GPVI blockade demonstrated
in in vivo models a profound protection from thrombosis [73], ischemia reperfusion injury after
myocardial infarction [74] and ischemic stroke [73, 75] with only a mild effect on hemostasis
[76].




The role of platelet glycoprotein V in thrombosis and hemostasis Introduction

Ca?* mobilization
integrin activation
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Figure 1-3: (hem)ITAM signaling in platelets. GPVI is non-covalently associated with the ITAM-
bearing FcRy-chain. Ligand-induced crosslinking of GPVI initiates phosphorylation of the ITAM by SFKs
leading to receptor activation, which in turn leads to recruitment and activation of Syk. The hemITAM
motif contained in CLEC-2 is phosphorylated by Syk. Syk and SFKs regulate a downstream signaling
cascade similar to that found in GPVI, involving many adaptor and effector proteins, such as LAT, SLP-
76 and Grb2. Finally, PLCy2 is activated leading to Ca?* mobilization, integrin activation and granule
secretion. SFK, Src family kinases; Syk, spleen tyrosine kinase; LAT, linker for activated T cells; Grb2,
growth factor receptor-bound protein 2; Gads, Grb2-related adapter downstream of Shc; SLP-76, SH2-
containing leukocyte protein 76; PLCy2; phospholipase C y2. Modified from Stegner et al., 2014 [54].

1.4.2 CLEC-2

The type Il transmembrane protein CLEC-2 is the second (hem)ITAM containing receptor
expressed on mouse platelets. It is highly expressed on MKs and platelets and at low levels
on some immune cells [565, 77]. Downstream signaling of CLEC-2 is induced by
phosphorylation of a single conserved YxxL maotif in its cytoplasmic tail (Figure 1-3). The only
known physiological ligand of CLEC-2, the transmembrane protein podoplanin, is not
expressed in the vasculature under healthy conditions and is not known to be involved in
primary hemostasis [78, 79]. Therefore, a yet unidentified ligand of CLEC-2 has been proposed
which should be exposed or released upon vascular injury or on growing thrombi and
contributes to CLEC-2-dependent thrombus stabilization [80]. The snake venom rhodocytin is

a non-physiological agonist mediating powerful platelet activation via CLEC-2 [81].

Since a constitutive knockout of CLEC-2 results in embryonic or perinatal lethality [82-84],
function of CLEC-2 was primarily investigated using a MK- and platelet-specific knockout
mouse or in mice where CLEC-2 has been depleted using a monoclonal rat anti-CLEC-2
antibody (INU1). Like described for JAQ1-mediated GPVI-depletion, CLEC-2 is depleted from

the platelet surface after injection of INU1, resulting in a knockout-like phenotype. This
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immunodepletion is accompanied by a severe thrombocytopenia for up to 48 h after antibody
injection and a loss of the receptor for >5 days [75, 80], which is to a large extent Syk-
independent. The receptor downregulation is, however, mediated through Src family kinases
(SFK)-triggered receptor internalization [56] and results in the complete loss of the receptor
from the platelet surface and therefore its signaling in platelets. Several studies indicate, that
CLEC-2 is a major platelet activatory surface receptor known to contribute to both embryonic
development and hemostasis [82, 85]. Lack of CLEC-2 leads to protection from occlusive
thrombus formation. While single deficiency of CLEC-2 results only in a moderate increase in
bleeding times, deficiency of both (hem)ITAM receptors reveals a functional redundant role in
hemostasis as well as in maintenance of vascular integrity [75, 86, 87]. Besides this, CLEC-2
is required for lymphatic development including blood/lymph vessel separation during
embryogenesis, maintenance of the integrity of high endothelial venules, development of

lymph nodes and in patho-physiological processes such as tumor metastasis [88-93].

Recent studies by our group identified a signaling-independent role of CLEC-2 in in vivo
hemostasis and thrombus stability, but a signaling-dependent role of CLEC-2 in lymphatic
development [94].

1.5 PKCi

The protein kinase C family belongs to the family of serine/threonine kinases. Mammalian
PKCs are encoded by nine different genes and consist of 12 isoforms, which are classified into
three subtypes based on their structural differences. A highly conserved carboxyterminal
kinase domain is linked via a hinge region to a more variable amino-terminal regulatory
domain, which contains a conserved pseudosubstrate domain [95]. PKCa, 8 and y belong to
conventional (c) PKCs and are activated in a DAG- and Ca?*-dependent manner. Novel (n)
PKCs d, €, n and 6 are DAG-dependent, but Ca?*-independent, since their C2-like domain
lacks the ability to bind Ca?*, but rather serves as a phosphotyrosine binding motif. The atypical
(a) PKCs 1 (also known as A) and C are activated independent of DAG- and Ca?*. They totally
lack a C2 domain and the C1-domain is insensitive for DAG. Like all PKC isoforms, aPKCs
can respond to PS [96]. PKC isoforms are important mediators of shape change, release of
intracellularly stored granules, and spreading on immobilized ligands upon platelet activation
[97, 98]. In particular, conventional and novel PKC isoforms were previously identified as
important mediators of central platelet signaling pathways with distinct functions in platelet
granule release (PKCaq, ¢, 0, 0) [97, 99, 100], thromboxane synthesis (PKC9, 6, n) [101-103],
spreading [97, 99, 104] and thrombus formation [97].
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However, the role of aPKCs in platelet function remains elusive. aPKCs are mostly known for
their role in immune cell responses and cell polarization. It has been shown that aPKCs are
allosterically activated in a DAG- and Ca?*-independent manner by interacting with the small
Rho GTPases Cdc42 and Racl (Figure 1-4) [95, 105, 106]. RhoA, Cdc42 and Racl are
essential for cytoskeletal rearrangements [107]. Previous studies confirmed that Cdc42 and
Racl play a crucial role in shape change during platelet spreading and for adhesion to exposed
ECM molecules. Consequently, lack of these GTPases results in impaired filopodia and

lamellipodia formation, respectively [108-112].

PKCi mediates cell polarization. It forms a complex with Par3/Par6 which then associates with
cell junctions and is important for apical membrane development [113]. Furthermore,
Welchman et al. described a role of PKCi in immune cell responses and cell migration in vivo
in C. elegans [114]. aPKCs are considered to be located downstream of PDPK1 and PI3K as
direct binding of PIP; has been proven [115], and thereby to promote cell survival in
glioblastoma cells [116]. Lack of functional PKCI/A results in embryonic lethality [117, 118],
showing the importance of aPKCs in development. Using conditional knockout mice, it has
been shown that deficiency of aPKCC specifically in immune cells leads to a defective immune
response and compromised NF-kB signaling concomitant with a reduced number of mature B
cells as well as impaired T cell differentiation [119, 120]. Studies with PKCi/A-deficient T cells

showed similar results [121].

Ptdins(34,5)P
cgc42 [ Organelle positioning
ROCKT / TAMI
Actin stress fibres Cytoskeletal polarization
Focal adhesions PARS. Actin-based protrusion formation
Actomyosin contraction RhOA MB RAC] MT stabilization
Membrane retraction T) formation
Membrane ruffles
pI90A RhoGAPT TIAMI Cell spreading

GSK3p

Figure 1-4: Simplified schematic crosstalk between aPKCs and the small GTPases RhoA, Racl
and Cdc42 during cell polarization. External signals trigger PIPs production, which in turn activates
Cdc42 and aPKC leading to formation of the Par3/Par6/aPKC complex. TIAM1 (T cell-lymphoma
invasion and metastasis-1)-PAR3 interaction in turn induces Racl activation via aPKC. Formation of the
Par3/Par6/aPKC complex is crucial for regulation of small GTPases during cell polarization. PIPs,
phosphatidylinositol-3,4,5-trisphosphate; RAP1, Ras-like protein 1; ROCK, Rho-associated coiled-coil-
containing protein kinase; GSK3[, glycogen synthase kinase 3f3. Taken from Iden et al., 2008 [106].

A recent study by our group showed that MK polarization and transendothelial platelet
biogenesis is modulated by the small GTPases Cdc42 and RhoA. While Cdc42 together with

10
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PI3K triggers cell polarization via GPIb, RhoA counteracts this process. Here, loss of PKCI/A
mimicked the absence of Cdc42, indicating that PKCI/A functions downstream of this GTPase
in GPIb-signaling [122]. Likewise, PKCI/A has been identified as a downstream mediator of

Cdc42-triggered processes in endothelial cells [106, 123].

1.6 The GPIb-V-IX Complex

The multifunctional hetero-oligomeric membrane receptor complex GPIb-V-IX is an adhesion
receptor on the platelet surface and critically involved in hemostasis, thrombaosis, cancer
metastasis and inflammation [124-127]. The complex is highly abundant with approximately
25.000 copies per platelet [128] and consists of four transmembrane subunits: GPIba (CD42b),
GPIbB (CD42c), GPIX (CD42a) and GPV (CD42d) in a ratio of 1:2:1:0.5 (Figure 1-5) [129] or
1:2:1:1 (R. Li, personal communication). They all belong to the leucine-rich repeat (LRR)
protein superfamily [130]. GPIba and GPIbf are disulfide-linked and tightly complexed with
GPIX by interacting with their transmembrane domains and GPIbB-GPIX are disulfide-linked
with their extracellular domains [131-133]. GPV is non-covalently attached to the complex, with
the transmembrane domains of GPIba and GPV forming close contacts [134]. GPIb and GPIX
are required for expression of GPV on the platelet surface [135, 136]. However, in contrast to
GPlb and GPIX, GPV is not necessary for expression of the GPIb-GPI1X complex on the platelet
surface [137]. Structural details of the GPIb-V-IX complex association still require further
elucidation, since there are also recent reports indicating that some complexes could be free
of GPV on the platelet surface and instead interact with GPVI, FcyRlla and apolipoprotein E
receptor 2 [138-140].

Lack of functional GPIb-V-IX complexes on the platelet surface is the cause of the Bernard-
Soulier syndrome (BSS), a rare congenital bleeding disorder, emphasizing the importance of
the receptor complex. BSS patients exhibit a mild thrombocytopenia accompanied by giant
platelets and MKs resulting in massively prolonged bleeding times [130, 141, 142]. Mutations
from BSS patients map to GPlba, GPIbB or GPIX genes, indicating that mutations in any of
the three subunits can abolish expression of the whole complex [130, 133]. Lack of GPlba or
GPIbB in mice reproduces a BSS phenotype [124, 143]. However, no patient with a mutation
in the GP5 gene has been observed so far. A possible explanation could be that lack of GPV
is lethal or the absence of GPV does not cause any clinical symptoms. The latter is more likely,
since mice lacking GPV are viable and do not exhibit a BSS, have normal platelet counts and

display an unaltered vVWF binding activity in platelets [144, 145].
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Figure 1-5: Schematic model of the GPIb-V-IX complex. The GPIb-V-IX complex is composed of four
different transmembrane polypeptides: GPlba, GPIbB, GPV and GPIX in a stoichiometry of 1:2:1:0.5.
GPV is non-covalently associated with the GPIb-IX complex. Two GPIb subunits form one disulfide
bond each to one GPIba subunit. Each member of the complex contains leucine-rich repeats in the
extra-cellular domain. GPlba and GPV are highly glycosylated. Many extracellular ligands bind to the
GPIb-V-IX complex, most of them to GPIba. Displayed are the three binding sites for the most prominent
ligands. The cytoplasmic domains of the single subunits interact with a number of proteins, including
calmodulin, filamin and 14-3-3¢. Modified from Clemetson, 2007 [146].

1.6.1 GPIb-Signaling

The GPIb-V-IX complex plays a significant role in initial platelet adhesion to the injured vessel
wall, especially under conditions of high shear flow by binding of GPIba to vVWF [30, 147, 148].
This can also elicit intracellular signals downstream of GPIlb, leading to stable platelet
adhesion, shape change and thrombus formation [147]. Besides this, multiple ligands involved
in platelet adhesion and coagulation bind to GPIba (e.g. thrombin, P-selectin, Mac-1, 2
integrins, thrombospondin and coagulation factors FXI, FXII, high molecular weight kininogen)
[149-155]. In addition, a number of snake venom toxins, e.g. botrocetin, bind to GPlba [156].
Furthermore, the GPIb-V-IX complex is associated with the signaling protein 14-3-3¢ via GPV
and GPIlba, with filamin and PI3K via GPIba and with the actin-binding protein [44, 157-161].
Binding of 14-3-3C requires a C-terminal sequence in the cytoplasmic domain of GPlba, which
is important in vVWF-induced GPIb-IX signaling and in regulating the vWF binding function of
GPIb [162, 163]. Calmodulin binds to all receptor subunits, except for GPIX, however the only
known function of calmodulin binding is the prevention of receptor downregulation by ADAM17-
mediated shedding [164, 165].

Besides the pivotal role of GPIb-V-IX in platelet adhesion, an additional role of GPIlb at

extremely high shear rates (> 10.000 s), such as found in stenosed arteries, has been
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identified. Rapid changes in blood flow causing shear-microgradients guide initial adhesion
and aggregation of discoid platelets and represent a general feature of thrombus development,
most likely through a shear-regulated GPIb-dependent mechanism, but independently of
integrin allbB3 activation [166-168].

It has been assumed for long time, that ligand-binding to the receptor complex generates
transmembrane signaling finally leading to Ca?* mobilization, cytoskeletal rearrangements and
ultimately integrin allbB3 activation implicating a signal-transducing role of the GPIlb-V-IX
complex [146, 169]. However, GPIb-V-IX signaling is rather weak compared to GPVI or GPCR-
dependent signaling. Despite this, GPIb-V-1X signaling is difficult to study, since GPIb does not
interact with its main ligand vVWF under static conditions, but instead requires high shear
conditions [170]. Ristocetin can induce GPIb-vWF interactions on human [171] and botrocetin
on both, mouse and human platelets [172] under static conditions, causing GPIb-specific
signaling events [173-175]. Nevertheless, several molecules were proposed to mediate GPIb-
dependent signaling [147, 176, 177]. It was described that vWF binding to GPIb induces
activation of the ITAM-containing receptor FcyRIla [139] and the immune receptor associated
FcRy-chain [178], but other studies did not confirm these observations [179]. Besides this, SFK
and PI3K are proposed to participate in GPlb-signaling [161, 180]. ADAP (adhesion and
degranulation promoting adapter protein) has been shown to mediate allb3-integrin activation
downstream of GPIb-V-IX upon vVWF binding [181].

Studies using mice with a mutated extracellular domain of GPlba or an inhibitory anti-GPlba
antibody, which blocks the vWF-binding site (pOp/B), demonstrated the physiological relevance
of GPIba-vWF interactions for thrombus formation under high shear flow conditions. In the
absence of functional GPlb, mice were protected from arterial occlusive thrombus formation
[127, 182] as well as in a model of ischemic brain infarction, since platelet tethering to the
injured vessel wall was abrogated. These observations together with the fact that both
prophylactic and therapeutical administration of anti-GPlba Fab fragments profoundly protect
mice from secondary infarct growth, suggested the GPIb-vWF interaction as a suitable

pharmacologic target for prevention and treatment of ischemic stroke [183-186].

1.6.2 GPV

The GP5 gene is located on chromosome 3929 in humans and on chromosome 16B2 in mice
and has a simple structure: unlike most genes that comprise multiple exons the entire coding
sequence of GPV is contained in its second exon [187]. Both, GP1b and GP9 genes exhibit a
similar exon and intron distribution [188-190]. Human and murine GPV share a nucleotide

sequence homology of 80% translating into 70% homology of the amino acid sequence [128].
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GPV is a type | transmembrane protein with a short C-terminal intracellular domain of 16 aa,
which does not contain potential phosphorylation sites [191]. It is followed by a transmembrane
domain of 25 aa, important for the correct complex assembly by interacting with GPIba, and a

long extracellular domain.

Like GPIb and GPIX, GPV belongs to the leucine rich protein superfamily and contains 15 LRR
[192, 193]. Its expression is restricted to the megakaryocyte-platelet lineage and GPV is highly
abundant on platelets (approximately 12.0000 copies/cell) [128, 194, 195]. GPV is the only
subunit of the GPIb-V-IX complex not required for the correct expression of the complex [196].
In fact, it was shown that expression of GPV on the surface of transfected cells is enhanced in
the presence of the other subunits [159] and GPV was proposed to strengthen the interaction
with VWF under high shear conditions [197]. In vitro properties and structure of GPV were
investigated through development of antibodies and recombinant proteins, by cloning of genes
coding for human, rat and mouse GPV [128, 187, 191, 193-195, 198].

GPV is highly glycosylated (7 potential N-glycosylation sites) and has a molecular weight of
82 kDa. Besides cleavage by elastase (releasing a 73 kDa fragment), ADAMs and calpain
(releasing the entire extracellular domain), GPV is cleaved by thrombin at nM concentrations
releasing a 69 kDa soluble fragment [128, 187], which leads to elevated plasma levels of the
soluble protein. Therefore, GPV was proposed as biomarker for in vivo platelet activation after
thrombotic events, such as myocardial infarction and stroke [199-203] and to follow platelet
storage for transfusion [198, 204], but high plasma levels of GPV may also be caused by high
doses of aspirin [205].

Gp5” mice were generated and described by two independent groups [144, 145]. GPV-
deficient mice did not suffer from a BSS-like phenotype. Besides this, overall platelet function
was grossly normal in the absence of GPV except for a slight hyperresponsiveness towards
intermediate and low thrombin concentrations [135, 145], which was confirmed by later studies
using Gp5” mice backcrossed on a C57Bl/6 background [206]. The hyperreactivity of GPV-
deficient platelets upon thrombin stimulation is rather due to lack of GPV as a thrombin
substrate, rendering more thrombin available to activate platelets via PAR receptors [145, 207,
208]. While one mouse strain showed shortened tail bleeding times, accelerated thrombus
formation and increased embolization in the absence of GPV [145, 209], the second mouse
strain had unaltered tail bleeding times and a decreased tendency to form arterial occlusive
thrombi [135, 144], which was ascribed to a role of GPV in collagen signaling and established
GPV as a collagen receptor [135]. The role of GPV as collagen receptor was regarded to be

negligible for platelet function [34, 146].
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Nevertheless, mice double-deficient for the major collagen receptor GPVI and GPV were
previously generated in our laboratory and analyzed in in vivo thrombosis and hemostasis
models expecting an even more severe phenotype than in GPVI-single deficient mice [73].
Surprisingly, these studies revealed an unexpected role of GPV as modulator of thrombus
formation in vivo, which contrasts previous findings that GPV is only of minor relevance for
arterial thrombus formation [206]. Strikingly, the thrombotic defects in the absence of the
platelet-activating collagen receptor GPVI could be reversed by lack of GPV leading to
occlusion times comparable to WT mice (Figure 1-6) [210]. Moreover, Gp5’ mice restored
hemostatic function in the absence of GPVI and prevented the protective effect of GPVI-
deficiency in a model of ischemic stroke [210], establishing GPV as a key modulator of
thrombosis and hemostasis in vivo. However, the function of GPV and the mechanism
underlying the compensatory effect of GPV-deficiency remain extensively elusive and were

studied in detail in this thesis.
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Figure 1-6: GPV-deficiency restores occlusive thrombus formation in GPVI-deficient mice.
Mesenteric arterioles were injured with 20% FeCls and adhesion as well as thrombus formation of
fluorescently-labeled platelets were monitored by intravital microscopy. Each dot represents one vessel,
horizontal lines indicate the median. * p<0.05; ** p<0.01; *** p<0.001 as compared to untreated WT
mice. # p<0.05; ## p<0.01 as compared to JAQ1-treated WT mice. Modified from Stegner, 2011 [210].
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1.7 Coagulation cascade and thrombin generation

Vascular injury triggers rapid activation of the coagulation cascade ultimately leading to
thrombin generation, fibrin formation and formation of a fibrin- and platelet-rich clot. Blood
coagulation can be initiated by two distinct pathways (Figure 1-7): the extrinsic and intrinsic
coagulation pathway. Both pathways consist of a sequence of tightly regulated activation steps
of plasma serine proteases and cofactors culminating in generation of thrombin and
subsequently fibrin formation. Most of these steps depend on Ca?" and take place on a

phospholipid surface [211].

The extrinsic coagulation pathway is initiated when locally exposed TF, expressed by cells
within the vessel wall and adjacent tissue or on cell-derived microparticles, comes into contact
with activated coagulation factor VII (FVIla), which in turn catalyzes the activation of traces of
FX and FIX [212]. FX and FIX amplify TF-bound FVII activation in a feedback signal leading to
thrombin generation. Thrombin cleaves FVIII and FV to FVIlla and FVa, respectively. FIXa can
bind to FVllla. This efficiently propagates coagulation by formation of the prothrombinase
complex (FXa-FVa), which subsequently cleaves prothrombin (FIl) to thrombin [213]. The
generated thrombin will activate further platelets. In parallel, the coagulation cascade is
promoted by PS exposure on activated platelets (procoagulant platelets), which enhances

assembly and activity of two major coagulation complexes [214-216].

The intrinsic coagulation pathway is initiated when FXII (Hageman factor) becomes
autoactivated on negatively charged surfaces (contact activation), such as polyphosphates
(polyP) released from dense granules in platelets or extracellular RNA [217, 218]. Surface
bound FXlla activates FXI followed by successive activation of FIX (forming the tenase
complex by binding to FVllla on PS-exposing cells) and FX. FXa/FVa produce sufficient
amounts of thrombin [219]. Furthermore, it activates the complement cascade by activation of

C1 esterases and converts prekallikrein into plasma kallikrein.

The locally produced thrombin enhances platelet activation by cleavage and activation of PARs
[45, 48, 207], which in turn initiates an intracellular signaling cascade [36]. Thrombin finally
cleaves fibrinogen to fibrin [219, 220]. Despite requirement for PARSs, platelets react poorly to

low doses of thrombin in the absence of the GPIb-V-IX complex [155].
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Figure 1-7: Schematic overview of the classical coagulation cascade. The extrinsic coagulation
pathway is initiated by exposure of tissue factor (TF) at sites of vascular injury which activates FVII
followed by activation of FX and FIX. The intrinsic pathway gets initiated by activation of FXII, which in
turn activates FXI and FIX, leading to FX activation. Both pathways culminate in the conversion of
prothrombin to thrombin, which is the key protease in the coagulation system. It activates multiple
proteases and cofactors, stimulates further platelet activation and finally, cleaves fibrinogen to fibrin.

1.8 Aim of the study

The major collagen receptor GPVI has been previously recognized as an essential regulator
of hemostasis and thrombo-inflammatory brain infarction and emerged as a promising

antithrombotic target.

An unexpected role of GPV as mediator of in vivo thrombus formation, hemostasis and
thrombo-inflammatory brain infarction was previously shown by our group. Lack of GPV
restored thrombus formation and hemostasis in the absence of GPVI and prevented protection
of GPVI-deficient mice in a model of ischemic brain infarction. However, the mechanism
underlying these compensatory processes remained elusive. Therefore, the aim of this thesis
was to unravel the mechanisms underlying the function of GPV in physiology and pathology.
For this, GPV-deficient mice were further characterized. In addition, a mouse with a mutation
rendering GPV uncleavable by thrombin was generated and the in vivo relevance of the

thrombin cleavage site was studied in thrombosis and hemostasis.

The results of the first part of this thesis point to a regulatory role of the cleaved (soluble) GPV
in thrombus formation and hemostasis. During thrombus formation, sGPV is released in the

plasma upon platelet activation in the presence of thrombin. In a second part of the thesis, the
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effect of soluble murine and human GPV on in vitro and in vivo thrombus formation was

analyzed.

Besides this, the protein kinase C (PKC) family is involved in several physiological processes
regulating platelet activation. Conventional and novel PKCs in platelets were previously shown
to distinctively regulate platelet function dependent on the targeted PKC isoform and on the
nature and concentration of the stimulus. Atypical PKCI/A is an important mediator of cell
polarity, carcinogenesis, embryonic development and immune cell responses and is known to
interact with the small Rho GTPases Racl and Cdc42, which are important mediators of
various platelet functions. However, the role of aPKCs in platelet physiology remained
unknown. Due to the high similarity of aPKC isoforms I/A and ¢, it previously was difficult to
dissect their distinct functions in platelets. Conditional knockout mice with MK-/platelet-specific

deficiency in PKCI/A were generated and analyzed in in vitro and in vivo assays in this thesis.
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2 Materials and Methods

2.1 Materials

2.1.1 Kits, Reagents and Cell Culture Material

Reagent

3-amino-9-ethylcarbazole (AEC) solution
2-Methyl-2-butanol

2,2,2-Tribromoethanol

A23187

Acetone

Acetic acid

Adenosine diphosphate (ADP)
Adenosine triphosphate (ATP)

Albumin Fraction V, endotoxin tested (Bovine
Serum Albumin, BSA)

Agarose

Alexa Fluor 488 reactive dye
Alexa Fluor 647 reactive dye
Ammonium persulfate (APS)
Anti-Flag® M2 affinity gel
Dylight 488-labeled annexin-A5
Apyrase (grade III)
Aquatex®

Aspirin

ATP Standard
-mercaptoethanol

Bis(sulfosuccinimidyl)suberate (BS®)

Blocking solution

BlueStar plus prestained protein marker
Bromophenol blue

Calcium chloride
Carbonate-bicarbonate buffer capsules
Cell clean

Chloroform

Collagen-related peptide (CRP)

Company

EUROPA (Cambridge, UK)
Sigma-Aldrich (Schnelldorf, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
AppliChem (Darmstadt, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Fermentas (St. Leon-Rot, Germany)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Molecular Probes (Karlsruhe, Germany)
Molecular Probes (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
In-house generated

Sigma-Aldrich (Schnelldorf, Germany)
Merck Millipore (Darmstadt, Germany)
Bayer (Wuppertal, Germany)
Chrono-log (Lemgo, Germany)

Roth (Karlsruhe, Germany)

Life Technologies (Darmstadt,
Germany)

Candor Bioscience (Wangen, Germany)
Nippon Genetics (Diren, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Sysmex Europe (Norderstedt, Germany)
AppliChem (Darmstadt, Germany)

provided by S.P Watson (University of
Birmingham, UK)
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Convulxin
Coomassie brilliant blue
3,3-dihexyloxacarbocyanine iodide (DiOCs)

Deoxynucleotide triphosphate (dANTP) mix
(10 mM)

Dimethyl sulfoxide (DMSO)

Disodium hydrogen phosphate (NazHPO,)
Dorbene

Dulbecco’s phosphate buffered saline (PBS)
Dylight 488

Ethylenediaminetetraacetic acid (EDTA)
Ethylene glycol tetraacetic acid (EGTA)
Ethanol

Fentanyl

Fetal calf serum (FCS)

Fibronectin

Flag peptide

Flumazenil

Fluorescein-5-isothiocyanate (FITC)
Forene® (Isoflurane)

Freund’'s Adjuvant complete

Freund’s Adjuvant incomplete

GeneRuler DNA Ladder Mix

Glucose
Glycerol
Glycine
Ham’s F12 medium

Hypoxanthine, aminopterin, thymidine (HAT)
Media Supplement (50x)

N-2-Hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES)
High molecular weight heparin
Horm Collagen type |

Human fibrinogen (#F3879)
Human fibrinogen (#F4883)
Human recombinant tissue factor

Immunolon® 2HB 96-well U bottom

Axxora (Lorrach, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Enzo Life (Lérrach, Germany)

Life Technologies (Darmstadt,
Germany)

Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Pfizer (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Pierce (Rockford, IL, USA)
AppliChem (Darmstadt, Germany)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
Janssen-Cilag (Neuss, Germany)
Perbio (Bonn, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Delta Select (Pfullingen, Germany)
Molecular Probes (Karlsruhe, Germany)
Abott (Wiesbaden, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Sigma-Aldrich (Schnelldorf, Germany)

Life Technologies (Darmstadt,
Germany)

Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
AppliChem (Darmstadt, Germany)
Gibco (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)

Roth (Karlsruhe, Germany)

Sigma-Aldrich (Schnelldorf, Germany)
Nycomed (Munich, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Innovin® Siemens (Erlangen, Germany)

Life Technologies (Darmstadt,
Germany)
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Indomethacin

Integrilin

Iron-llI-chloride hexahydrate (FeCls x 6H,0)
Isopropanol

Low cross buffer

Magnesium chloride (MgCl,)

Membrane amersham hybond 0.45 uM
polyvinylidene difluoride (PVDF)

Methanol
Midazolam
Midori Green™ Advanced DNA stain

Naloxon
Nonidet P-40 (NP-40)

N Protein Standard SL

NuPAGE® Novex® 4-12% Bis-Tris Gels, 1 mm,
10 well, 15 well

PageRuler® prestained protein ladder
Paraformaldehyde (PFA)
Penicillin/Streptomycin
Phenol/chloroform/isoamyl alcohol
Phenylmehtylsulfonyl fluoride (PMSF)
Polyethylene glycol 1500

Potassium chloride (KCly)

Powdered milk, blotting grade, fat free
Prostacyclin (PGl)

Protease inhibitor cocktail

Proteinase K, recombinant, PCR grade
(20 mg/ml)

Protein G sepharose

Puromycin

R-phycoerythrin (PE)
Rhodocytin

Roswell Park Memorial Institute (RPMI) 1640
medium

Sigma-Aldrich (Schnelldorf, Germany)
GlaxoSmithKline (Munich, Germany)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Candor Biosciences (Wangen,
Germany)

Roth (Karlsruhe, Germany)
VWR (Darmstadt, Germany)

Roth (Karlsruhe, Germany)
Roche (Grenzach-Wyhlen, Germany)

Nippon Genetics Europe (Diren,
Germany)

Delta Select (Pfullingen, Germany)

Roche Diagnostics (Mannheim,
Germany)

Siemens Healthcare Diagnostics
Products GmbH (Marburg, Germany)

Life Technologies (Darmstadt,
Germany)

Fermentas (St. Leon-Rot, Germany)
Roth (Karlsruhe, Germany)

Gibco (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Sigma-Aldrich (Schnelldorf, Germany)

Life Technologies (Darmstadt,
Germany)

Amersham (Freiburg, Germany)

Life Technologies (Darmstadt,
Germany)

EUROPA (Cambridge, UK)

provided by J. Eble (University of
Minster, Miinster, Germany)

Gibco (Karlsruhe, Germany)
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Rotiphorese® Gel 30 acrylamide
SKF solution for Horm collagen
Sodium azide (NaNs)

Sodium chloride (NaCl)

Sodium citrate

Sodium dihydrogen phosphate monohydrate
(NaH2PO4X HzO)

Sodium dodecyl sulphate (SDS)
Sodium hydroxide (NaOH)
Sodium orthovanadate (NasVOas)

Spectra™ multicolor high range protein ladder
Stop solution OSFA

Sulphuric acid
10x Taq Buffer (+KClI, -MgCl.)

Taq DNA polymerase (# EP0282)

2,3,5-triphenyltetrazolium (TTC)
3,3',5,5'-Tetramethylbenzidine (TMB)
Tetramethylethylendiamine (TEMED)

Thrombin from human plasma

Thrombin from human plasma
Thrombin calibrator
Tissue-Tek®

Tris(hydroxymethyl)-aminomethane (TRIS) ultra

TRIS/HCI
Triton X-100
TRIzol®

0.05% Trypsin-EDTA
Tween 20®
U46619

Western Lightning Plus-ECL, enhanced
chemiluminescence substrate

Z-Gly-Gly-Arg-AMC-HCL

Roth (Karlsruhe, Germany)

Takeda (Linz, Austria)

Sigma-Aldrich (Schnelldorf, Germany)
AppliChem (Darmstadt, Germany)
AppliChem (Darmstadt, Germany)
Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
AppliChem (Darmstadt, Germany)
Sigma-Aldrich (Schnelldorf, Germany)

Life Technologies (Darmstadt,
Germany)

Siemens Healthcare (Erlangen,
Germany)

Roth (Karlsruhe, Germany)

Life Technologies (Darmstadt,
Germany)

Life Technologies (Darmstadt,
Germany)

Sigma-Aldrich (Schnelldorf, Germany)
EUROPA (Cambridge, UK)
Roth (Karlsruhe, Germany)

Roche Diagnostics (Mannheim,
Germany)

Sigma-Aldrich (Schnelldorf, Germany)
Stago (Paris, France)

Sakura (Alphen aan den Rijn, The
Netherlands)

Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)

Life Technologies (Darmstadt,
Germany)

Gibco (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Alexis Biochemicals (San Diego, USA)
PerkinElmer (Waltham, MA, USA)

Bachem (Bubendorf, Switzerland)
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All enzymes were purchased from Life Technologies (Darmstadt, Germany) or New England
Biolabs (NEB, Ipswich, MA, USA). Primers were purchased from Metabion (Planegg-
Martinsried, Germany) or MWG-Eurofins (Ebersberg, Germany). Annexin V (Anxa5) was
generously provided by Jonathan F. Tait (Medical Center Washington, USA) and conjugated
in our laboratory. Recombinant P-selectin was previously generated and purified by Dr. David

Stegner in our laboratory.

Soluble human GPV was kindly provided by CSL Behring (Marburg, Germany) or Prof. Renhao
Li (Emory University, Atlanta, USA).

All non-listed standard reagents were purchased from AppliChem (Darmstadt, Germany),
Roth (Karlsruhe, Germany) or Sigma-Aldrich (Schnelldorf, Germany).

2.1.2 Cell lines

CHO-GPV-EX-Flag Genecopoeia (Rockville, USA)
SP2/0 AG14 myeloma cells DMSZ (Braunschweig, Germany)

2.1.3 Material for purification of smGPV

Akta pure GE Healthcare (Chicago, USA)
Unicorn 7 (software) GE Healthcare (Chicago, USA)
Superdex 200 Increase 10/300 GL GE Healthcare (Chicago, USA)
Superdex 200 Increase 5/150GL GE Healthcare (Chicago, USA)
Superdex 75 Increase GE Healthcare (Chicago, USA)
HiTrap Capto ion exchange selection kit GE Healthcare (Chicago, USA)

HiTrap Q FF anion exchange chromatography  GE Healthcare (Chicago, USA)
column

2.1.4 Antibodies

2.1.4.1 Purchased primary and secondary antibodies

Antibodies Source
Donkey anti-rat IgG FITC (# 112095068) Jackson ImmunoResearch (West Grove,
PA, USA)
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Donkey anti-rabbit IgG HRP, MinX Jackson ImmunoResearch (West Grove,

(# 711035152) PA, USA)

Donkey anti-rat IgG HRP (# 712035153) Jackson ImmunoResearch (West Grove,
PA, USA)

Goat anti-human albumin 1gG Biomol (Hamburg, Germany)

Goat anti-human albumin IgG HRP Biomol (Hamburg, Germany)

Goat anti-mouse IgG HRP, MinX Dianova (Hamburg, Germany)

Goat anti-rabbit IgG HRP (# 7074) Cell Signaling (Danvers, MA; USA)

Hamster anti-mouse/rat CD29 (B1-Integrin)- BioLegend (Fell, Germany)
FITC (clone HMB1-1) (# 102206)

Mouse anti-Flag® HRP Sigma-Aldrich (Schnelldorf, Germany)
Mouse anti-Flag® M2 Sigma-Aldrich (Schnelldorf, Germany)
Mouse anti-human GPV (sc271662) Santa Cruz (Dallas, USA)

Platelet depletion antibody (# R300) Emfret Analytics (Eibelstadt, Germany)
Polyclonal rabbit anti-human vVWF (# A0082)  DAKO (Hamburg, Germany)

Rabbit anti-actin (# A2066) Sigma-Aldrich (Schnelldorf, Germany)
Rabbit anti-GAPDH (# 9545) Sigma-Aldrich (Schnelldorf, Germany)
Rabbit anti-human albumin (EPSISR1) Abcam (Cambridge, UK)

Rabbit anti-human albumin (EPSISR3) Abcam (Cambridge, UK)

Rabbit anti-mouse IgG FITC DAKO (Hamburg, Germany)

Rabbit anti-mouse IgG HRP (# P026002-2) DAKO (Hamburg, Germany)

Rabbit anti-sheep IgG HRP Dianova (Hamburg, Germany)

Rat anti-mouse tubulin (MAB1864) Chemicon (Hofheim, Germany)
Sheep anti-mouse GPV R&D Systems (Wiesbaden, Germany)

2.1.4.2 In-house generated monoclonal antibodies

Antibody Clone Isotype Antigen Described in
BAR-1 25B11 lgG1 o5 integrin [221]
ULF3 96H10 1gG2b CD9 unpublished
DOM?2 89F12 IgG2a mGPV [222]
DOM1 89H11 IgG1 mGPV [222]

85H5 IgG1 mGPV unpublished
93H12 IgG2a mGPV unpublished
5G2 lgG1/2a mGPV unpublished
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10C10 IgG1 hGPV unpublished
EDL1 57B10 lgG2a B3 integrin [222]
INU1 11E9 lgG1 CLEC-2 [80]
JAQ1 98A3 lgG2a GPVI [67]
JER1 10B6 lgG2a CD84 [223]
JON/A 4H5 lgG2b GPlIb/llla [224]

JONG6 14A3 IgG2b GPIlIb/llla unpublished
LEN1 12C6 IgG1 a2 integrin [60]
LEN/B 23C11 lgG2b a2 integrin [225]
pOp/B 57E12 lgG2a GPIb [182]
pOpl 3G6 lgG1 GPIbB [226]
pOp4 15E2 lgG2b GPIb [222]
pOp6 56F8 lgG1 GPIX [222]
ULF1 97H1 lgG2a CD9 [222]

WUGL1.9 5C8 IgG1 P-selectin unpublished

2.1.5 Buffer solutions and media

If not stated otherwise, all buffers were prepared in deionized water obtained from a
MilliQ Water Purification System (Millipore, Schwalbach, Germany), pH was adjusted with HCI
or NaOH.

Binding buffer (for smGPV purification), pH 7.3

NacCl 150 mM
HEPES 30 mM
Glycerol 10%
NP-40 0.1%
Protease inhibitor cocktail 1:100
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Blocking solution for Western blot

BSA or fat-free dry milk
in TBS-T

Blocking buffer for ELISA

BSA or fat-free dry milk
in PBS
CHO-GPV-EX growth medium
FCS
Ham’s F12 medium
Puromycin
CHO-GPV-EX purification medium
RPMI1640
Puromycin
Coating buffer (ELISA), pH 9.0
NaHCOs3
Coomassie staining solution
Acetic acid
Methanol
Coomassie brilliant blue
Coomassie destaining solution
Acetic acid
Methanol
Feeder cell Medium
RPMI
Freezing medium (CHO-GPV-EX cells)
FCS
Ham’s F12 medium

DMSO

5%

5%

1%
99%

7 pg/ml

7 pg/ml

50 mM

10%

40%

0.01%

10%

40%

50%
40%

10%
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Fluorescent thrombin substrate buffer (thrombin generation assay)

Z-GGR-AMC 2.5 mM
HEPES 20 mM
NacCl 140 mM
CaCl; 200 mM
BSA 6%

HBS buffer, pH 7.6
HEPES 50 mM
NaCl 150 mM

Immunoprecipitation (IP) buffer, pH 8.0

TRIS 15mM
NacCl 155 mM
EDTA 1mM
NaNs; 0.005%
NP-40 1%
Protease inhibitor cocktail 1%
HAT Medium
FCS 10%
Penicillin/Streptomycin 1%
HAT (50x) 1x

Laemmli sodium dodecyl sulfate (SDS) sample buffer (4x)

TRIS/HCI, pH 6.8 200 mM
Glycerol 40%
SDS 8%
Bromophenol blue (3',3",5',5"- 0.04%
tetrabromophenolsulfonphthalein)

B-mercaptoethanol (for reducing 20%
conditions)
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Laemmli running buffer for SDS-PAGE
TRIS
Glycine
SDS
Loading dye solution (6x) for analysis of PCR products
Tris buffer (150 mM)
Glycerol

Bromophenol blue (3',3",5',5"-
tetrabromophenolsulfonphthalein)

Lysis buffer (for DNA isolation), pH 7.2
TRIS base
EDTA
NaCl
SDS
Proteinase K (to be added directly before use)
MES buffer, pH 6.0
MES
NacCl
3-(N-morpholino) propanesulfonic acid (MOPS) buffer (20x)
MOPS
TRIS base
SDS
EDTA
PHEM buffer, pH 6.8
PIPES
HEPES
EGTA
MgCl,

NP-40

0.25M
1.92M

35mM

33%
60%

0.04%

100 mM
5mM
200 mM
0.2%

100 pg/ml

50 mM

50 mM

1M
1M
69.3 mM

20.5 mM

100 mM
5.25 mM
10 mM
20 mM

0.1%
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PFA
Phosphate buffered saline (PBS), pH 7.14
NaCl
KCI
KH2PO4
Na,HPO4x 2 H,0
Platelet rich plasma (PRP) reagent (Thrombin generation assay)
HEPES
NacCl
BSA
Tissue factor (TF)
Red blood cell (RBC) buffer, pH 7.4
HEPES
NaCl
Glucose
Separating gel buffer (Western Blot), pH 8.8
TRIS/HCI
Sodium citrate, pH 7.0
Sodium citrate
Stacking gel buffer (Western Blot), pH 6.8
TRIS/HCI
Stripping buffer (*mild”), pH 2.0
SDS
Glycine
in HCI/PBS
TAE buffer, 50x, pH 8.0
TRIS

Acetic acid

1%

137 mM

2.7mM

1.5mM

8 mM

20 mM

140 mM

0.5%

10 mM

140 mM

5mM

15M

0.129 M

05M

1%

25 mM

0.2M

5.7%
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EDTA (0.5 M, pH 8.0)
TBS-T (Wash buffer for Western Blot), pH 7.2
Tween 20
in TBS
Transfer buffer (semi-dry blot)
TRIS ultra
Glycine
Methanol
TE buffer, pH 8.0
TRIS base
EDTA
Tris-buffered saline (TBS), pH 7.3
NaCl
TRIS/HCI
Tyrode’s buffer, pH 7.4
NaCl
KCI
NaHCOs3
NaH>PO4
CacCl;
MgCl,
HEPES
BSA (to be added directly before use)
Glucose (to be added directly before use)
Wash buffer (for ELISA), pH 7.2
NaCl
Tween-20

in PBS

10%

0.1%

48 mM
39 mM

20%

10 mM

1 mM

137 mM

20 mM

137 mM

2.7 mM

12 mM

0.43 mM
0,1or2mM
1mM

5mM
0.35%

0.1%

300 mM

0.05%
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Wash buffer (for smGPV purification), pH 7.3

NacCl 150 mM

HEPES 30 mM

Glycerol 10%

NP-40 0.1%

Triton-X100 0.1%
2.1.6 Animals

Specific-pathogen free female mice (NMRI Ex-Breeder, C57BI/6J) and rats (Wistar) were
obtained from Charles River (Sulzfeld, Germany) or Janvier (Le Genest-Saint-Isle, France).

2.1.6.1 Genetically modified mice

Gp5” mice [144] were kindly provided by Prof. Francois Lanza (Inserm-Université de
Strasbourg, Strasbourg, France). Gp5X"Kn mice, which carry a point mutation in the thrombin
cleavage site of GPV, and Gp5"¢P5"erS mice, where the murine extracellular domain is replaced
by the human extracellular domain of GPV, were generated as described (see Figure 3-16 and
Figure 3-26). Gp5K"Kin and Gp5"PSMerS mice were intercrossed with Flip-positive mice to delete
the Neo-cassette. Gp5X™ki" mice were initially on a mixed Sv129/C57BI/6J background and
backcrossed to C57BI/6J background. Gp5™ and Gp6™ mice were intercrossed by Dr. David

Stegner to obtain double-deficient mice.

Gp67 mice were generated by Dr. Markus Bender in the laboratory as described previously
[73]. Clec1b™ mice [85] were kindly provided by Prof. Steve P. Watson (University of
Birmingham, Birmingham, UK). Syk" mice [56] were kindly provided by Prof. Friedemann
Kiefer (Max-Planck-Insitute for Molecular Biomedicine, Minster, Germany). RhoA" [227] and
Cdc42™ [228] mice were kindly provided by Prof. Cord Brakebusch (University of
Copenhagen, Copenhagen, Denmark). Prkci®" mice [118] were kindly provided by PD Michael
Leitges (PKC Research Consult, Kéln, Germany). To generate MK-/platelet-specific knockout
mice, the floxed mice were intercrossed with mice carrying the Cre recombinase under control
of the Pf4 (platelet factor) promoter. Talin"®P%Ce [229] Gplba-tg [124] and Muncl3-4

knockout (Unc13d™") [230] mice were described previously.

All animal studies were approved by the District Government of Lower Franconia

(Bezirksregierung Unterfranken, Wirzburg, Germany).
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2.2 Methods

2.2.1 Production of monoclonal antibodies

2.2.1.1 Immunization of mice

To generate mouse anti-GPV antibodies, Gp5’ mice, 8 weeks of age, were immunized with
either of the following antigens: washed WT (wildtype) mouse platelets, purified recombinant
soluble murine GPV (smGPV) or immunoprecipitate from WT platelet lysates using 89H11 to
generate a mouse anti-mouse antibody or with purified soluble human GPV (shGPV) to
generate a mouse anti-human GPV antibody. For this, 0.5 x 10° washed mouse platelets
(resting state, resuspended in sterile PBS) were used per mouse for each immunization.
Alternatively, immunoprecipitate from WT platelet lysates with 89H11 was used (lysate from
0.5 x 10°washed mouse platelets, pull-down with 5 pg/ml 89H11 and 50 pl protein G sepharose
per mouse). In addition, 50 pg/mouse purified smGPV was used for immunization. The antigen
was solved in Freund’s adjuvans (Freund’s adjuvans complete for the first immunization and
Freund’s adjuvans incomplete for all following immunizations). The antigen was injected
subcutaneously (s. c¢.) under isoflurane anesthesia. The immunization was repeated at least 5

times at an interval of 3-4 weeks.

2.2.1.2 Immunization of rats

To generate rat anti-GPV antibodies, three female WISTAR rats, 6 weeks of age, were
repeatedly immunized with 100 pg shGPV/rat, which was kindly provided by CSL Behring
(Marburg, Germany). The antigen was solved in Freund’s adjuvans complete for the first
immunization and Freund’s adjuvans incomplete for all following immunizations and injected
subcutaneously (s. c.) under isoflurane anesthesia. The immunization was repeated at least

5 times at an interval of 3-4 weeks.

2.2.1.3 Preparation of feeder cells

NMRI ex-breeder mice were used for preparation of feeder cells. 1 ml sterile prewarmed PBS
was injected intraperitoneally per mouse. Migrated immune cells (= feeder cells, mostly
macrophages) were collected 10-16 h after PBS injection. Mice were decapitated and the
peritoneum exposed without damaging. To collect feeder cells, 12 ml feeder cell medium was
injected into the peritoneum and withdrawn again without injuring the intestines. The medium
containing immune cells was filled up to 50 ml using feeder cell medium. 100 pl/well were

seeded into a 96-well plate and checked for contamination after two days.
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2.2.1.4 Generation of hybridoma cells

The mouse or rat spleen was removed under sterile conditions and filtered through a 100 pum
cell strainer to obtain a single cell suspension. The spleen cell suspension was washed twice
by centrifugation at 900 rpm for 5 min using feeder cell medium. After the last washing step,
the pellet was resuspended in 5 ml feeder cell medium. Meanwhile, mouse myeloma cells
(Ag14, 108 cells per fusion) were collected, mixed with the washed splenic cells and again
washed twice using feeder cell medium at 900 rpm for 5 min. The supernatant was removed
carefully and 1 ml polyethylene glycol (PEG) 1500, warmed up to 37°C, was added drop-wise
over a time of 2 min. This was followed by a slow addition of 10 ml feeder cell medium (37°C)
over a time of 10 min. The fused spleen/Ag14 cells were filled up to 50 ml with HAT medium
to select only the fused hybridoma cells which solely survive in this medium. 100 ul/well were
seeded onto the feeder cells. 10 and 15 96-well plates were seeded per fused mouse and rat

spleen, respectively. The cells were grown at 37°C, 5% COs,.

2.2.1.5 Screening of hybridoma clones by flow cytometry

To detect hybridoma clones producing monoclonal antibodies (mAbs) against the desired
antigen (nGPV, hGPV), hybridoma supernatant was tested by flow cytometry. 80 pl hybridoma
supernatant was incubated with 50 pl diluted washed blood for 15 min at RT. WT and Gp5™
blood was used to screen for anti-mouse GPV antibodies, WT and Gp5"¢P5"erS plood to screen
for anti-human GPV antibodies. For washing, 1 ml PBS was added and the samples
centrifuged at 1800 rpm for 5 min. After discarding the supernatant, the samples were
incubated with 50 pl 1:35 diluted rabbit anti-mouse FITC (for antibodies generated in mice) or
donkey anti-rat FITC (for antibodies generated in rats) for 15 min at RT in the dark. Afterwards,
the reaction was stopped with 500 pl PBS and the samples analyzed on a FACS Calibur

(Becton Dickinson, Heidelberg, Germany).

2.2.1.6 Subcloning and large-scale production of antibodies

Positive hybridoma clones were subcloned twice and allowed to adapt to FCS-free medium
(RPMI) in tissue culture flasks (T175). Positive hybridoma clones that stably expressed desired
monoclonal anti-GPV antibodies were cultured at 37°C and 5% CO2 until 4| of medium
containing the secreted antibody was collected. The medium was sterile filtered and
approximately 13 mg antibody was purified from the medium via affinity chromatography using

an immobilized protein G column. Bound antibodies were eluted from the column using elution
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buffer and collected into supplied neutralization buffer to prevent precipitation of the antibody.

Eluted antibodies were dialyzed against PBS over night (o/n) at 4°C.

2.2.2 CHO-GPV-EX-Flag cell line

2.2.2.1 Generation of the stable CHO-GPV-EX-Flag cell line
The extracellular domain of murine GPV was cloned into the Mm02808-M13 plasmid.

Construction of the EX-Mm02808-M13 plasmid (blue = signaling peptide):

ATGCTAAGAAGCGCCCTGCTGTCCGCGGTGCTCGCACTCTTGCGTGCCCAACCTTTTCCCTGCCCCAA
AACCTGCAAGTGTGTGGTCCGCGATGCCGCGCAGTGCTCGGGCGGCAGCGTGGCTCACATCGCTGAGC
TAGGTCTGCCTACGAACCTCACACACATCCTGCTCTTCCGAATGGACCAGGGCATATTGCGGAACCAC
AGCTTCAGCGGCATGACAGTCCTTCAGCGCCTGATGCTCTCAGATAGCCACATTTCCGCCATCGACCC
CGGCACCTTCAATGACCTGGTAAAACTGAAAACCCTCAGGTTGACGCGCAACAAAATCTCTCGTCTTC
CACGTGCGATCCTGGATAAGATGGTACTCTTGGAACAGCTGTTCTTGGACCACAATGCACTAAGGGAC
CTTGATCAAAACCTGTTTCAGCAACTGCGTAACCTTCAGGAGCTCGGTTTGAACCAGAATCAGCTCTC
TTTTCTTCCTGCTAACCTTTTCTCGAGCCTGAGAGAACTGAAGTTGTTGGATTTATCGCGAAACAACC
TGACCCACCTGCCCAAGGGACTGCTTGGGGCTCAAGTTAAGCTTGAGAAACTGCTGCTCTATTCAAAC
CAGCTCACGTCTGTGGATTCGGGGCTGCTGAGCAACCTGGGCGCCCTGACTGAGCTGCGGCTGGAGCG
GAATCACCTCCGCTCCGTAGCCCCGGGTGCCTTCGACCGCCTCGGAAACCTGAGCTCCTTGACTCTAT
CCGGAAACCTCCTGGAGTCTCTGCCGCCCGCGCTCTTCCTTCACGTGAGCAGCGTGTCTCGGCTGACT
CTGTTCGAGAACCCCCTGGAGGAGCTCCCGGACGTGTTGTTCGGGGAGATGGCCGGCCTGCGGGAGCT
GTGGCTGAACGGCACCCACCTGAGCACGCTGCCCGCCGCTGCCTTCCGCAACCTGAGCGGCTTGCAGA
CGCTGGGGCTGACGCGGAACCCGCGCCTGAGCGCGCTCCCGCGCGGCGTGTTCCAGGGCCTACGGGAG
CTGCGCGTGCTCGCGCTGCACACCAACGCCCTGGCGGAGCTGCGGGACGACGCGCTGCGCGGCCTCGE
GCACCTGCGCCAGGTGTCGCTGCGCCACAACCGGCTGCGGGCCCTGCCCCGCACGCTCTTCCGCAACC
TCAGCAGCCTCGAGAGCGTGCAGCTAGAGCACAACCAGCTGGAGACGCTGCCAGGAGACGTGTTCGCG
GCTCTGCCCCAGCTGACCCAGGTCCTGCTGGGTCACAACCCCTGGCTCTGCGACTGTGGCCTGTGGCC
CTTCCTCCAGTGGCTGCGGCATCACCCGGACATCCTGGGCCGAGACGAGCCCCCGCAGTGCCGTGGCC
CGGAGCCACGCGCCAGCCTGTCGTTCTGGGAGCTGCTGCAGGGTGACCCGTGGTGCCCGGATCCTCGE
AGCCTGCCTCTCGACCCTCCAACCGAAAATGCTCTGGAAGCCCCGGTTCCGTCCTGGCTGCCTAACAG
CTGGCAGTCCCAGACGTGGGCCCAGCTGGTGGCCAGGGGTGAAAGTCCCAATAACAGG-Flag  tag
(DYKDDDDK)

To guarantee a stable cell pool, the extracellular domain of GPV was cloned from the CS-
MmO02808-M13 into the pEZ-MmO02808-Lv203 vector and stably transfected into Chinese

hamster ovary K1 (CHO-K1) cells using a lentiviral approach. The stable transducted cell pool
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was selected using puromycin. The stable cell line expresses the extracellular domain of GPV
fused to a Flag-tag (CHO-GPV-EX-Flag). The protein (further referred to as smGPV) is

secreted into the cell culture supernatant.

2.2.2.2 Cultivation of CHO-GPV-EX cells

Adherent CHO-GPV-EX-Flag cells were initially grown in Ham’s F12 medium (containing 10%
FCS and 7 pg/ml puromycin) at 37°C, 5% CO.. The FCS concentration was gradually reduced
to a final concentration of 1% FCS. Cells were grown in a monolayer in a T175 polystyrene
flask. When cells had grown to 80-90% confluency, they were split into 5 separate tissue
culture flasks. For this, cell culture medium was removed and the cells washed with PBS. To
detach the cells, they were incubated with 1 ml trypsin/EDTA for 5 min at 37°C. The cells were
collected with 10 ml Ham’s F12 medium and centrifuged at 900 rpm for 5 min. The pellet was
resuspended in 5 ml Ham’s F12 medium and transferred to a new culture flask already

containing 50 ml culture medium.

2.2.2.3 Freezing and thawing of CHO-GPV-EX cells

CHO-GPV-EX cells were grown until 80-90% confluency, trypsinized as described (2.2.2.2),
spun down and the pellet was resuspended in 2 ml ice-cold freezing medium. Cell suspension

aliquots of 1 ml in Cryo-tubes were immediately put on dry ice and stored in liquid Na.

Frozen CHO-GPV-EX cells were shortly thawed at 37°C and resuspended in Ham’s F12
growth medium. After centrifugation at 900 rpm for 5 min, the cells were resuspended in fresh
Ham’s F12 growth medium. Cells were grown in Ham’s F12 growth medium in a T75 flask at
37°C, 5% CO..

2.2.2.4 Preparation of CHO-GPV-EX cell culture supernatant for protein purification

CHO-GPV-EX cells were grown to confluency and then further incubated for 3-4 weeks at
37°C, 5% CO2to maximize protein production and secretion into the cell culture supernatant.
After 3-4 weeks, the supernatant was collected, centrifuged at 900 rpm for 5 min and sterile
filtered.
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2.2.2.5 Purification of smGPV from CHO-GPV-EX cell culture supernatant using anti-
Flag M2 affinity gel

300 ml sterile filtered cell culture supernatant was concentrated down to approximately 20 ml
using Centricons with a cut-off at 30 kDa and spun down at 3000 rpm for 10 min at 4°C to
remove aggregated protein. The supernatant was mixed 1:1 with binding buffer. After washing
of 700 ul anti-Flag M2 affinity gel 3 times with 1 ml protein purification wash buffer (2500 rpm
for 1 min), the gel was added to the diluted cell culture supernatant and rotated for 90 min at
4°C. The gel was spun down, the supernatant removed and the gel was washed again 3 times
with 20 ml wash buffer (3000 rpm for 2 min at 4°C). Following the last washing step, the gel
was resuspended in 700 pl wash buffer. The bound GPV protein was competitively eluted with
70 pl 5 mg/ml Flag-peptide for 45 min at 4°C. The sample was spun down for 1 min. The
supernatant contained the purified smGPV, which was dialyzed against PBS for at least 24 h
at 4°C and stored at -80°C.

2.2.3 Mouse genotyping

2.2.3.1 Mouse genotyping using flow cytometry

Gp57 and Gp6™ as well as Gp5”/Gp6”" DKO (double knockout) mice were genotyped using
flow cytometry. To determine the surface expression levels of GPV or GPVI, mice were bled
from the retro-orbital plexus to 50 ul in 300 ul heparin. 50 pl of the 1:10 diluted whole mouse
blood was incubated with FITC-conjugated anti-GPV antibody 89H11 or anti-GPVI antibody
JAQL1 for the respective single knockout mice and with both for the Gp5”/Gp6” DKO mice
using saturating antibody concentrations for 15 min at RT. The reaction was stopped with

500 ul PBS and analyzed on a FACSCalibur (Becton Dickinson, Heidelberg, Germany).

2.2.3.2 lIsolation of genomic DNA from mouse ears

Ear punches were lysed in 500 pl lysis buffer containing 100 pg/ml Proteinase K. The samples
were incubated at 56°C and constantly shaken o/n at 900 rpm or for 3 h at 14000 rpm
(Eppendorf Thermomixer). Phenol/chloroform/isoamyl alcohol mixture (25:24:1) (500 pl) was
added to each sample to remove cellular proteins and lipids and, after vigorous shaking,
samples were centrifuged at 10000 rpm for 10 min at room temperature (RT) in an Eppendorf
5417R tabletop centrifuge. After centrifugation, the aqueous nucleic acid containing upper
phase (approximately 450 pl) was transferred into a new tube containing 500 pl isopropanol to
precipitate the DNA/RNA. The samples were vigorously shaken and centrifuged at 14000 rpm
for 10 min at 4°C. The resulting DNA pellet was washed and dehydrated with 500 ul 70%
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ethanol by centrifugation at 14000 rpm for 10 min at 4°C. The pellet was dried at 37°C and
finally solubilized in 50 ul TE buffer at 37°C under shaking conditions (350 rpm). 1-2 ul of DNA

was used for a polymerase chain reaction (PCR).

2.2.3.3 Mouse genotyping using PCR

Genotyping was accomplished by PCR using different mixtures of primers and PCR programs

as indicated below.

Pipetting scheme for detection of the Gp5K"allele by PCR (25 ul final volume)

1u DNA template

2.5 ul 10x Taq buffer (+ KCI, - MgCly)

2.5l MgCl. (stock: 25 mM)

0.4 ul dNTPs (stock: 10 mM)

1l forward primer (1:10 diluted in H,O, stock: 100 pM)
1l reverse primer (1:10 diluted in H>O, stock: 100 pM)
0.25 ul Taq polymerase (5 U/ul)

15.75 pl H.0O

Primers to genotype Gp5X™Ki" mice:

Gp5K" fwd: 5 — TTC ATC TGG AGA AGC CCT GT -3’

Gp5Knrev: 5 — CAC TGG AAA CCAAGC TGT CA -3’

Resulting band sizes:

WT locus: 197 bp

Floxed locus: 265 bp (after deletion of the Neo-cassette)
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Program for Gp5K™kin PCR:

96°C 3 min

94°C 0:30 min

60.5°C 0:30 min ¢35 cycles
72°C 1 min

72°C 10 min

4°C 0

Pipetting scheme for detection of the Gp5"©r5 allele by PCR (25 pl final volume)

PCR hGPV (before deletion of the Neo-cassette)

1u DNA template

2.5 ul 10x Dream Taq buffer (+ KCI, - MgCl.)

0.5 ul MgCl. (stock: 25 mM)

1l dNTPs (stock: 10 mM)

1l forward primer (1:10 diluted in H,O, stock: 100 pM)
1 reverse primer (1:10 diluted in H>O, stock: 100 pM)
0.13 ul Dream Taq polymerase (0.5 U/ml)

17.87 pl H.0

Primers for genotyping of Gp5"¢P° mice:

GPV-FRT_fwd: 5 - CTC CTG TGT GTT GTAGCTCG CTC -3

GPV-FRT_rev: 5 — GCT TGT GAAATG ATG TGG CTG TCACC -3’

Resulting band sizes:

mGPV: 222 bp
hGPV: no band (with Neo-cassette still present)

hGPV: 307 bp (after deletion of the Neo-cassette)
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Program for Gp5"°?® PCR:

95°C

95°C

59.6°C

72°C

72°C

4°C

3 min
0:30 min
0:30 min ¢ 35 cycles

1:00 min

10 min

s o]

PCR hGPV (after deletion of the Neo-cassette)

1l
2.5 ul
2.5 ul
1l
1l
1l
1l
0.5 ul

14.5 pl

DNA template

10x Taq buffer (+ KCI, - MgCly)

MgCl; (stock: 25 mM)

dNTPs (stock: 10 mM)

forward primer (1:10 diluted in H2O, stock: 100 pM)
reverse primer mGPV (1:10 diluted in H>O, stock: 100 pM)
reverse primer hGPV (1:10 diluted in H2O, stock: 100 pM)
Taq polymerase (5 U/ul)

H20

Primers for genotyping of Gp5"¢P° mice:

GPV_TG fwd: 5 - GATATG CTC TGAGCC TG TTTTTIGC -3’

MGPV_rev: 5 — CGC AAT ATG CCCTGG TCCATTCG -3

hGPV_rev: 5 — CAG GTT CTC CAG ATT CGT GAAGAGACTG -3’

Resulting band sizes:

mGPV: 237 bp

hGPV: 556 bp (after deletion of the Neo-cassette)
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Program for Gp5"°?® PCR:

94°C

94°C

55°C

72°C

72°C

4°C

2 min
0:30 min
0:30 min ¢ 35 cycles

0:30 min

10 min

s o]

Pipetting scheme for the Flip PCR (20 ul final volume)

2 ul
2.0 ul
2.0 ul
0.2 pl
0.1l
0.1 pl
0.1l
0.1pl
0.25 ul

13.125 pl

DNA template

10x Taq buffer (+ KCI, - MgCly)

MgCl; (stock: 25 mM)

dNTPs (stock: 10 mM)

0IMR0042 (undiluted, stock: 100 pM) — internal control_f
0IMR0043 (undiluted, stock: 100 pM) — internal control_r
0IMR1348 (undiluted, stock: 100 pM)

0IMR1349 (undiluted, stock: 100 pM)

Taq polymerase (5 U/pl)

H.O

Primers for detection of the Neo-cassette (Flp primer):

0IMRO0042 (internal control_f): 5 — CTA GGC CAC AGA ATT GAAAGATCT -3

0IMR0043 (internal control_r): 5’ — GTA GGT GGA AAT TCTAGCATCATCC -3’

0IMR1348: 5 — CAC TGA TAT TGT AAG TAG TTT GC -3’

0IMR1349: 5 — CTA GTG CGA AGT AGT GATCAG G -3

Resulting band sizes:

WT locus (internal control): 324 bp

40



The role of platelet glycoprotein V in thrombosis and hemostasis

Materials and Methods

WT locus: no band

hGPV: 725 bp (when the Neo-cassette is not yet removed)

Program for the Flip PCR:

94°C 5 min

94°C 0:30 min *

58°C 0:30 min ¢ 35 cycles
72°C 0:45 min

72°C 5 min

4°C 0

Pipetting scheme to genotype Prkc#/A"" mice by PCR (25 ul final volume)

1l DNA template

25yl 10x Taq buffer (+ KCI, - MgCly)

2.5 ul MgCl. (stock: 25 mM)

1l dNTPs (stock: 10 mM)

1u PKCI/A forward primer (1:10 diluted in H>O, stock: 100 pM)
1l reverse WT primer (1:10 diluted in H2O, stock: 100 pM)
1ul reverse Ko primer (1:10 diluted in H2O, stock: 100 pM)
0.25 ul Taqg polymerase (5 U/ul)

14.75 pl H.O

Primers to genotype Prkc/A" mice:

PKCI/A fwd: 5 — TTG TGA AAG CGA CTG GATTG -3

WTrev:5 — AAT TGT TCATGT TCAACACTG CT -3’

Korev:5 —CTT GGG TGG AGA GGC TATTTC -3
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Resulting band sizes:

WT locus: 355 bp

Floxed locus: 1000 bp

Program for PKCi/A PCR:

96°C

94°C

58°C

72°C

72°C

4°C

3 min

0:30 min

0:30 min

1 min

10 min

[ce]

- 35 cycles

Pipetting scheme for detection of the Pf4-Cre transgene by PCR (25 ul final volume)

1l
2.5 ul
2.5 ul
1l
1l
1l
0.25 ul

15.75 pl

Primers:

Pf4-Cre fwd: 5’ — CCC ATA CAG CACACCTTITTG -3’

DNA template

10x Taq buffer (+ KCI, - MgCly)

MgCl. (stock: 25 mM)

dNTPs (stock: 10 mM)

forward primer (1:10 diluted in H2O, stock: 100 pM)

reverse primer (1:10 diluted in H,O, stock: 100 pM)

Taq polymerase (5 U/ul)

H.0

Pf4-Crerev: 5 — TGC ACA GTC AGCAGG TT -3

Resulting band sizes:

WT locus: no band
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Pf4-Cre positive: 450 bp

Program for Pf4-Cre PCR:

95°C 5 min

95°C 0:30 min *

58°C 0:30 min ¢~ 35 cycles
72°C 0:45 min

72°C 5 min

4°C o

2.2.3.4 Agarose gel electrophoresis

1.5% agarose gels were prepared by adding 1.5 g agarose to 100 ml 1x TAE buffer. The
agarose in TAE buffer was boiled in a microwave. After all agarose was completely dissolved,
the TAE-agarose was allowed to cool down to approximately 60°C before 5 ul Midori green
per 100 ml solution was added and the fluid was poured into a tray with a comb. The sleigh
was laid in a chamber filled with 1x TAE buffer. 4 pl 6x loading dye solution was added to 20 pl
DNA and the samples were loaded into the gel slots, a DNA ladder was loaded on each side
of the gel to enable size determination of the PCR products. For size separation, DNA samples
were run for 45 min at 120-160 V and UV light was used to detect DNA bands after each run.

2.2.3.5 mRNA isolation, cDNA synthesis and reverse transcriptase PCR (RT-PCR)

Washed platelets were prepared as described (2.2.5.4). Platelets from the same genotype
were pooled and resuspended in TRIZOL. In parallel, 100 mg brain tissue was homogenized
in TRIZOL. Chloroform was added to extract RNA and precipitated by incubation with
isopropanol. mMRNA was washed twice in 70% ethanol and resuspended in DEPC H,0O
containing RNase inhibitor. cDNA synthesis from platelet and tissue mRNA was performed
using super script reverse transcriptase lll. RT-PCR primers were designed using Primer-Blast
[231].

RT-PCR Primer for Actb (B-actin):
5" TAGCTGCGTTTTACACCCT 3’

5 TTTGGGGGATGTTTGCTCCA 3
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RT-PCR Primer for Prkcz (PKCQ):
5" AGCAGGAGAGCCAACCTTCTA 3

5 TCTACTGGAGGCTCTTGGGA 3

2.2.4 Biochemistry

2.2.4.1 Immunoblotting (Western Blotting)

For Western blot analysis, 2 x 10° platelets were resuspended in 100 pl IP buffer containing
1% NP-40 and protease inhibitors. After incubation for 20 min at 4°C and centrifugation at
14000 rpm for 5 min to remove detergent-insoluble debris, the supernatant was mixed with 4x
SDS sample buffer and boiled for 5 min at 95°C. Samples were separated by SDS-PAGE on
10% polyacrylamide gels in Laemmli buffer and transferred onto a PVDF membrane for 1 h
with 0.8 mA/cmz using semi-dry transfer systems. To prevent unspecific antibody binding, the
membrane was blocked with 5% non-fat dried milk powder or 5% BSA in TBS-T for at least
1 h at RT. Membranes were incubated with the required primary antibody (according to the
manufacturers’ instructions or with 5 pg/ml) o/nF at 4°C under gentle shaking. Afterwards,
membranes were washed three times with TBS-T for 10 min at RT under shaking conditions.
Next, membranes were incubated with appropriate HRP-labeled secondary antibodies for 1 h
at RT. After three washing steps, proteins were visualized by ECL with autoradiography films.
To re-probe a membrane, blots were incubated in stripping buffer for 30 min at RT, washed
thoroughly in TBS-T, blocked and subsequently probed with antibodies. Actin or GAPDH levels

were used as loading control.

2.2.4.2 Immunoprecipitation

Platelet lysates were prepared as described (2.2.4.1). Detergent-insoluble debris was removed
by centrifugation at 14000 rpm for 10 min and the supernatant was pre-cleared with protein
G sepharose for 1 h at 4°C. Samples were rotated with an anti-GPV antibody (5 pg/sample)
pre-coated to protein G sepharose for 1 h at 4°C. Sepharose beads were pelleted, washed

4 times for 5 min with 1x lysis buffer and used for immunization of mice (2.2.1.1).

2.24.3 GPV ELISA

96-well plates (Hartenstein, F-Form) were coated with 50 pl/well 89H11 antibody (30 pg/ml) in
carbonate buffer o/n at 4°C, blocked with 5% non-fat dried milk in PBS for 2 h at 37°C and
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washed 3 times with wash buffer. Samples were prepared as described (2.2.2.5; 2.2.5.1 and
2.2.5.8), applied to plates, incubated for 1 h at 37°C and washed 3 times with wash buffer
(200 pl/well). Plates were incubated with HRP-labeled 89F12 antibody for 1, washed again
3 times with wash buffer and developed using TMB substrate. The reaction was stopped by
addition of 0.5 M H2S0a4. Optical density was measured on a Multiskan Ex device (Thermo
Electron Corporation, Braunschweig, Germany). Absorbance was read at 450 nm, the 620 nm
filter served as reference wavelength. Plasma samples from Gp5” mice served as negative

controls.

2.2.5 In vitro analysis of platelet function

2.2.5.1 Plasma preparation

Mice were bled from the retro-orbital plexus under isoflurane anesthesia. Blood was collected
in an Eppendorf tube containing either 100 ul heparin in TBS (20 U/ml, pH 7.3) or 50 pl sodium
citrate (0.129 M, pH 7), which was filled up after bleeding to obtain a 1:10 dilution of sodium
citrate to blood. Subsequently, the blood was centrifuged at 2800 rpm for 5 min, platelet poor
plasma was spun down at 14000 rpm for 5 min. Erythrocyte- and debris-free supernatants
were either immediately used for experiments or frozen at -20°C for short-term or at -80°C for

long-term storage.

2.2.5.2 Preparation of washed blood

To prepare washed blood, 100 pl blood was drawn from the retro-orbital plexus of anesthetized
mice using heparinized capillaries, collected in a tube containing 300 pl heparin in TBS
(20 U/ml, pH 7.3) and filled up to 1 ml with 1x PBS. To prepare washed blood and remove all
heparin, the samples were spun down at 2800 rpm for 5 min at RT, the supernatant was
discarded and the blood pellet was resuspended in 1 ml Ca?*-free Tyrode’s buffer. This
washing step was repeated once. Finally, the blood pellet was resuspended in 750 pl Tyrode’s
buffer with Ca?*.

2.2.5.3 Purification of red blood cells from whole blood

Fresh blood samples of healthy volunteers were collected in 1:10 volume of acid-citrate-
dextrose. Murine blood was collected into 300 ul heparin in TBS (20 U/ml, pH 7.3). To purify
red blood cells (RBCs), the samples were centrifuged at 900 rpm for 10 min, brake 1 (Heraeus

Mulitifuge X3 centrifuge). Erythrocytes were resuspended in red blood cells buffer and washed
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6 times by centrifuging at 900 rpm for 10 min, brake 1. RBC count was adjusted to 8 x 10°
cells/ul using a Sysmex KX-21N Hematology Analyzer.

2.2.5.4 Purification of platelets from whole blood of mice

Mice were bled from the retro-orbital plexus under isoflurane anesthesia. Blood was collected
in a tube containing either 300 ul heparin in TBS (20 U/ml, pH 7.3) or 50 ul sodium citrate
(0.129 M, pH 7), which was filled up after bleeding to obtain a 1:10 ratio of sodium citrate to
blood. Subsequently, the blood was centrifuged at 800 rpm (52 x g, in an Eppendorf Centrifuge
5415C) for 5 min. Buffy coat and supernatant were transferred to a new tube and centrifuged
again at 800 rpm for 5 min to obtain platelet rich plasma (PRP). To prepare washed platelets,
PRP was centrifuged at 2800 rpm (639 x g) for 5 min at RT in the presence of apyrase
(0.02 U/ml) and prostacyclin (PGlz, 0.1 ug/ml). Then, the pellet was resuspended in 1 ml Ca?*-
free Tyrode’s buffer containing apyrase (0.02 U/ml) and PGI, (0.1 ug/ml). After a second
washing step, the platelet pellet was resuspended, the platelet count was determined using a
Sysmex KX-21N Hematology Analyzer and adjusted to the desired final concentration for the
following experiment. Platelet suspensions were left to incubate for at least 30 min at 37°C

prior to analysis.

2.2.5.5 Purification of platelets from whole blood of humans

Studies on human blood were performed according to the declaration of Helsinki and upon
informed consent of blood donors. Fresh blood samples of healthy volunteers were collected
in 1:10 volume of acid-citrate-dextrose or in heparin and centrifuged at 900 rpm for 10 min,
brake 1 (Heraeus Mulitifuge X3 centrifuge). PRP without any erythrocytes was collected and
supplemented with 0.02 U/ml apyrase and PGI, (0.1 ug/ml). Platelets were washed twice with
Tyrode’s buffer without Ca?* by centrifuging at 2800 rpm for 10 min (acceleration 1, brake 3).
After adjusting the platelet count to 5 x 10° cells/ul, platelets were allowed to rest for 30 min at
37°C.

2.2.5.6 Determination of platelet count and size

For determination of platelet count and size, 50 ul blood was drawn from the retro-orbital
plexus of anesthetized mice using heparinized microcapillaries and collected into a 1.5 ml
reaction tube containing 300 ul heparin in TBS (20 U/ml, pH 7.3). The heparinized blood was
filled up with 650 ul PBS (1:20 dilution) and platelet count and size were determined using a

Sysmex KX-21N Hematology Analyzer. Alternatively, 50 ul diluted blood was incubated with
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fluorophore-conjugated antibodies directed against platelet-specific surface receptors (e.g.
fluorescein isothiocyanate (FITC)-conjugated anti-GPlb (15E2) and phycoerythrin (PE)-
conjugated anti-GPlIb/llla (14A3) antibodies) and subsequently analyzed using flow cytometry
(FACSCalibur, BD Biosciences, Heidelberg, Germany). Forward scatter (FSC) and platelet

count per second were determined.

2.2.5.7 Flow Cytometry

Platelets were identified by their forward/side scatter (FSC/SSC) characteristics. For a two-

color staining, the following settings were used:

Detectors/Amps:
Parameter Detector Voltage
P1 FSC EO1
P2 SSC 380
P3 FL1 650
P3 FL2 580
P5 FL3 150
Threshold:
Parameter Value
FSC-H 253
SSC-H 52
FL1-H 52
FL2-H 52
FL3-H 52
Compensation:
Parameter Value
FL1 2.4% of FL2
FL2 7.0% of FL1
FL2 0% of FL3
FL3 0% of FL2
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2.2.5.7.1 Determination of platelet surface protein expression

To determine glycoprotein surface expression levels, whole blood was diluted 1:20 with Ca?*-
free Tyrode’s buffer or PBS and stained with saturating amounts of fluorophore-conjugated
antibodies for 10 min at RT in the dark. Samples were analyzed directly after addition of 500 pl
PBS on a FACSCalibur.

2.2.5.7.2 Platelet integrin activation and degranulation

To measure platelet integrin activation and platelet degranulation responses, washed blood
was resuspended in 750 pl Tyrode's buffer with Ca?* and 50 pl of this suspension was
activated with the respective agonists (10-fold concentrated) in the presence of saturating
amounts of a 1:1 mixture of PE-coupled JON/A (4H5) and FITC-coupled anti-P-selectin (5C8)
antibodies. Samples were incubated for 7 min at 37°C and additionally 7 min at RT. The
reaction was stopped by addition of 500 pl PBS and samples were analyzed immediately on a
FACSCalibur.

2.2.5.7.3 vWE- and fibronectin-binding

To measure VWF- and fibronectin-binding upon platelet activation, whole blood was diluted
1:20 with Tyrode’s buffer with Ca?* and activated with 10 ug/ml CRP or 1 ug/ml CVX in the
presence of saturating amounts of FITC-conjugated anti-vWF or FITC-conjugated anti-
fibronectin antibodies for 7 min at 37°C and for 7 min at RT in the dark. Samples were analyzed
directly after addition of 500 pl PBS on a FACSCalibur.

2.2.5.7.4 Phosphatidylserine exposure

Washed platelets were resuspended to a concentration of 5 x 10 platelets/pl in Tyrode’s buffer
with 5 mM Ca?* and incubated with the indicated agonists for 15 min at 37°C in the presence
of saturating amounts of Dylight 488-coupled annexin-A5 and PE-coupled 4H5 antibodies.
Reactions were stopped by addition of 500 pl Tyrode’s buffer with 2 mM Ca?*, and samples

were immediately analyzed on a FACSCalibur.

2.2.5.8 Shedding of glycoproteins from the platelet surface

Washed platelets were adjusted to a concentration of 1 x 106 platelets/ul in Tyrode’s buffer

without Ca?*. 60 pl platelet suspension was diluted 1:1 with Tyrode’s buffer without Ca?* (for
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resting and thrombin-stimulated samples) and with Tyrode’s buffer with Ca?* (for NEM (2 mM
f.c.)-incubated samples). Stimulation with 0.1 U/ml Thrombin was performed in the presence
of 40 pg/mlintegrilin and 5 uM EGTA to prevent platelet aggregation. Samples were incubated
for 30 min at 37°C. Afterwards, 10 pl platelet suspension was diluted 1:20 with PBS and 50 pl
of these samples was incubated with saturating amounts of FITC-conjugated platelet surface

antibodies. Samples were analyzed directly after addition of 500 ul PBS on a FACSCalibur.

The residual platelet suspension was pelleted by centrifugation at 2800 rpm for 5 min, the

supernatant was again centrifuged at 14000 rpm for 5 min and analyzed in a GPV ELISA.

Experiments were conducted in the presence as well as in the absence of the broad range
metalloproteinase inhibitor GM6001 (100 uM f.c.).

2.2.5.9 Aggregometry

50 pl washed platelets (with a concentration of 0.5 x 10° platelets/ul) or heparinized PRP was
transferred into a cuvette containing 110 pl Tyrode’s buffer with 2 mM Ca?". For all
measurements with washed platelets, except those with thrombin as agonist, Tyrode’s buffer
with 100 pg/ml human fibrinogen was used. To measure aggregation responses, agonists
(100-fold concentrated) were added and light transmission was recorded over 10 min on an
Apact 4-channel optical aggregation system (APACT, Hamburg, Germany). Before starting a
measurement, Tyrode’s buffer was set as 100% aggregation and washed platelet suspension

or PRP was set as 0% aggregation.

2.2.5.10 Luminometric measurement of ATP release

For determination of ATP release, washed platelets were adjusted to a concentration of
0.5 x 10%/ul in Tyrode’s buffer without Ca?*. 80 ul platelet suspension was mixed with 160 pl
Tyrode’s buffer supplemented with 2 mM Ca?* and 25 ul CHRONO-LUME and incubated for
2 min at 37°C. Platelets were activated with the indicated agonists under stirring conditions
(1000 rpm) at 37°C. Light transmission and luminescence were recorded on a 700 Whole
Blood/Optical Lumi-Aggregometer (Chrono-log, Lemgo, Germany) over 10 min. Results were
expressed in arbitrary units with buffer representing 100% transmission and washed platelet
suspension 0% transmission. ATP release was calculated using an ATP standard. All

experiments were performed with AggroLink 8 software (Chrono-log, Lemgo, Germany).
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2.2.5.11 Static adhesion on human fibrinogen and vWF

Glass coverslips (24 x 60 mm) were coated with 100 pg human fibrinogen or a polyclonal rabbit
anti-human vVWF antibody (DAKO, Hamburg, Germany) (1:500 diluted in coating buffer) o/n at
4°C under humid conditions. The coverslips were blocked with 1% BSA/PBS for 1 h at RT. For
spreading on VWF, blocked coverslips were incubated with murine WT plasma for 2 h at 37°C
to allow binding of vVWF from the plasma to the immobilized anti-vWF antibody under humid
conditions and blocked with 1% BSA/PBS for 1 h at RT. Coverslips were rinsed with Tyrode’s
buffer. Washed platelets were adjusted to a concentration of 3 x 10° cells/ul in Tyrode’s buffer
without Ca?*. The platelet suspension (50 pl for early time points and 30 pl for late time points
filled up to 100 pl with Tyrode’s buffer with Ca?*) were left unstimulated or were stimulated with
thrombin (0.01 U/ml) and immediately allowed to spread for the indicated time span. Platelets
were fixed with 4% PFA in PBS for 5 min at RT and spreading was monitored with a Zeiss
Axiovert 200 inverted microscope (100x/1.4 oil objective; Zeiss, Jena, Germany) using
differential interference contrast (DIC) microscopy. Representative images were taken and
evaluated according to different platelet spreading stages using ImageJ software (NIH,
Bethesda, MD, USA).

2.2.5.12 Clot retraction

A sample of 700 pl blood was drawn from the retro-orbital plexus of anesthetized mice using
non-heparinized capillaries and collected in a tube containing 70 pl 0.129 M sodium citrate.
Platelets were washed and platelet poor plasma (PPP) as well as erythrocytes were collected.
Washed platelets were adjusted to 3 x 10° cells/ul in PPP. 1 pl red blood cells (to contrast the
clot) and 20 mM CaCl, were added to 250 ul of the platelet suspension. Clot retraction was
induced by addition of 4 U/ml thrombin and samples were monitored at 37°C under non-stirring
conditions. Images were taken after 15 min and then every 30 min for 4 h. After 4 h, the volume

of the residual serum fluid in the tube was measured.

2.2.5.13 Thrombin generation assay

Thrombin generation was quantified in citrate-anticoagulated PRP with an adjusted platelet
count of 1 x 10° platelets/ul. PRP preparations from 2-4 mice with the same genotype were
pooled. Platelets were activated with the indicated agonists for 15 min at 37°C. After
stimulation, samples (4 vol) were transferred to a polystyrene 96-well plate already containing
1 vol of thrombin calibrator or tissue factor (1 pM f.c.). Coagulation was started by adding 1 vol

fluorescent thrombin substrate (2.5 mM Z-GGR-AMC). Thrombin generation was measured
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according to the calibrated automated thrombogram method as described previously [232,
233]. Samples were run in duplicates. The Thrombinoscope™ software (version 5.0.0.742,

ThrombinoscopeBV, Maastricht, The Netherlands) was used to analyze thrombin generation.

2.2.5.14 Flow adhesion experiments on extracellular matrix proteins

2.2.5.14.1 Flow adhesion on collagen

Coverslips (24 x 60 mm) were coated with fibrillar type | collagen (Horm, 200 pg/ml) o/n at
37°C and blocked with 1% BSA/PBS for 1 h at RT. 700 pl blood was collected into 300 pl
heparin (20 U/ml in TBS, pH 7.3). Platelets were labeled with a Dylight 488-conjugated anti-
GPIX IgG derivative (0.2 ug/ml, mouse platelets) or with 100 nM DiOCs (human platelets) for
5 min at 37°C. Two parts of blood were mixed with one part Tyrode’s buffer with Ca?* and filled
into a 1 ml syringe (for shear rates of 150 s, 1000 s'* and 1700 s) or a 2 ml syringe (for a
shear rate of 3000 s?). Transparent flow chambers with a slit depth of 50 um, equipped with
the coated coverslips, were connected to the syringe which was filled with diluted whole blood.
Perfusion was performed using a pulse-free pump under low or high shear equivalent to a wall
shear rate of 150s?, 1000 s?, 1700 st or 3000 s? (10 min at 150 s!, 2 min at 3000 s,
otherwise 4 min). During perfusion, platelet adhesion was monitored with a Zeiss Axiovert 200
inverted microscope (40x/0.75 air objective) or a Leica DMI6000B inverted microscope
(63x/1.3 glycerol HCX PL APO objective, Type G immersion liquid) and images were recorded
every second using a CoolSNAP-EZ camera (Zeiss Axiovert 200) or Leica DFC 360 FX (Leica
DMI6G000B). Thereafter, coverslips were washed with Tyrode’s buffer at the same shear rate
and for the same perfusion time. Brightfield and fluorescent images were recorded from at
least eight different microscope fields (40x or 63x objective). Image analysis was performed
off-line using MetaMorph® software (Visitron, Munich, Germany) or Fiji software (Fiji, open
source, released under the GPL). Thrombus formation was depicted as the mean percentage

of total area covered by thrombi and as the mean integrated fluorescence intensity.

2.2.5.14.2 Reconstituted collagen flow chamber

Washed human or mouse platelets were prepared as described above (2.2.5.4; 2.2.5.5) and
the platelet count was adjusted to 5 x 10° platelets/ul in Tyrode’s buffer without Ca?*. In the
meanwhile, RBCs were washed at least 5 times with RBC buffer at 900 rpm for 10 min. To
study thrombus formation in the absence of plasma factors, 700 ul washed platelets
(1 x 10° cells/ul) were mixed with 500 pl washed RBCs (8 x 10° cells/ul), 150 pl fibrinogen
(0.25 mg/ml) and 2 mM CaCl, and incubated with a Dylight 488-conjugated anti-GPIX IgG
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derivative (0.2 pug/ml, mouse platelets) or with 100 nM DiOCs (human platelets) for 5 min at

37°C. Flow adhesion experiments were performed as described above (2.2.5.14.1).

2.2.5.14.3 Flow adhesion on VWF

To study platelet adhesion on vWF under flow conditions, glass cover slips were coated with
a polyclonal rabbit anti-human vWF antibody (DAKO, Hamburg, Germany) (1:500 diluted in
coating buffer) o/n at 4°C under humid conditions. The coverslips were blocked with 1%
BSA/PBS for 1 h at RT. Blocked coverslips were incubated with murine WT plasma for 2 h at
37°C to allow binding of vWF from the plasma to the immobilized anti-vWF antibody. Perfusion
experiments were performed as described above (2.2.5.14.1). Cell Profiler software was used

to analyze the number of adhered platelets per visual field [234, 235].

2.2.5.14.4 Flow adhesion on P-selectin

To study platelet adhesion on P-selectin, glass coverslips (24 x 60 mm) were coated with
recombinant P-selectin (10 pug/ml in carbonate buffer) o/n at 4°C under humid conditions. The
coverslips were blocked with 1% BSA/PBS for 1 h at RT. Perfusion experiments were
performed as described above. Cell Profiler software was used to analyze the number of

adhered platelets per visual field [234, 235].

2.2.5.14.5 Procoagulant activity measurement upon flow adhesion on collagen

To measure procoagulant activity, glass cover slips (24 x 60 mm) were coated with 200 pg/ml
fibrillar type | collagen (Horm) o/n at 37°C and blocked with 1% BSA/PBS for 1 h at RT. Flow
adhesion experiments were performed as described above (2.2.5.14.1), but the used Tyrode’s
buffer was supplemented with additional 5 U/ml heparin to prevent coagulation. After blood
perfusion, 0.25 pg/ml annexin-A5 Dylight 488 in Tyrode’s buffer with Ca?* was rinsed over the
adherent platelets. Thereafter, coverslips were washed with Tyrode’s buffer with Ca?* and
5 U/ml heparin at the same shear rate for 4 min. Brightfield and fluorescent images were taken
from at least 10 different microscopic fields, which were randomly chosen, using a Zeiss
Axiovert 200 inverted microscope (40x/0.75 air objective) and analyzed offline using
MetaMorph® software (Visitron, Munich, Germany). Procoagulant activity was defined as the
ratio of surface coverage of PS-exposing platelets (annexin-A5 Dylight 488 staining of

platelets) to the total surface area covered by platelets.
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2.2.6 Invivo analyses of platelet function

2.2.6.1 Determination of platelet life span

To study platelet clearance from the circulation, mice were injected intravenously with 5 pg of
a Dylight 488-conjugated anti-GPIX Ig derivative. The anti-GPIX antibody labeled circulating
platelets without interfering with platelet activation in vitro or in vivo [222]. The antibody
concentration applied was sufficient to label only already circulating, but not newly generated
platelets. The percentage of labeled platelets was measured 1 h after injection (day 0) and
then by daily blood withdrawal (50 pl) on a FACSCalibur.

2.2.6.2 Platelet depletion prior to tail bleeding time assay

Thrombocytopenia was induced by intravenous injection of rat anti-GPIba antibodies (platelet
depletion antibody, 0.14-0.18 ug/g body weight). This low dose of platelet depletion antibody
should reduce the platelet count to 5-10% of the initial platelet count. Peripheral platelet count
was determined by flow cytometry 16 h after platelet depletion (prior to tail bleeding time

experiment).

2.2.6.3 Tail bleeding time assay

Mice were anesthetized by intraperitoneal injection of triple anesthesia (Dormitor 0.5 ug/g,
Midazolam 5 pg/g, and Fentanyl 0.05 ug/g body weight) and a 1-mm segment of the tail tip
was removed using a scalpel. Tail bleeding was monitored by gently absorbing blood on filter
paper at 20 s intervals without directly contacting the wound site. When no blood was observed
on the paper, bleeding was determined as ceased. The experiment was manually stopped after

20 min by cauterization.

2.2.6.4 Intravital microscopy of thrombus formation in FeCls-injured mesenteric

arterioles

3-to-4-week-old mice were anesthetized and after a midline incision, the mesentery was
exteriorized. Arterioles (35-60 um diameter) were visualized with a Zeiss Axiovert 200 inverted
microscope (10x/0.25 air objective) equipped with a 100-W HBO mercury lamp and a
CoO0ISNAP-EZ camera (Visitron, Munich, Gemany). Digital images were recorded and
analyzed off-line using MetaMorph software. Endothelial injury was induced by topical

application of a 3 mm? filter paper saturated with ferric chloride (FeCls; 20%). Adhesion and
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aggregation of fluorescently labeled platelets (Dylight 488-conjugated anti-GPIX IgG
derivative) in arterioles was monitored for 40 min or until complete occlusion occurred (blood

flow stopped for >1 min).

2.2.6.5 Mechanical injury of the abdominal aorta

To open the abdominal cavity of Avertin-anesthetized mice (10-to-16-week-old), a longitudinal
midline incision was performed and the abdominal aorta was exposed. A Doppler ultrasonic
flow probe (0.5PSB699, Transonic Systems, Maastricht, The Netherlands) was placed around
the vessel and thrombus formation was induced by a single firm compression (20 s) with a
forceps upstream of the flow probe. Blood flow was monitored over 30 min or until complete

occlusion occurred (blood flow stopped for >5 min).

2.2.6.6 Transient middle cerebral artery occlusion (tMCAOQO)

Transient middle cerebral artery occlusion (tMCAQO) experiments were conducted by Dr. Peter
Kraft and Dr. Michael Schuhmann (Department of Neurology, University Hospital Wirzburg,
Germany) according to the recommendation in mechanism-driven basic stroke research [236].
Focal cerebral ischemia was induced in 8-to-12-week-old mice by a tMCAO as previously
described [237]. Briefly, inhalation anesthesia was induced by 2% isoflurane in a
70% N2/30% O, mixture and a servo-controlled heating device was used to record and
maintain body temperature during the surgical procedure. Operation time per animal was kept
below 15 min. A silicon rubber—coated 6.0 nylon monofilament (6021PK10, Doccol, Redlands,
CA, USA) was advanced through the carotid artery up to the origin of the middle cerebral artery
(MCA) causing MCA infarction. After an occlusion time of 60 min, the filament was withdrawn
to allow reperfusion of the MCA territory. The extent of infarction was quantitatively assessed
24 h after reperfusion on 2,3,5-triphenyltetrazolium chloride (TTC) (2% (w/v) solution) stained
brain sections. Global neurological outcome and motor function was evaluated by the
Bederson score [238] and the grip test [239], respectively. Planimetric measurements of
infarcted areas (ImageJ software, National Institutes of Health, Bethesda, MD, USA) corrected
for brain edema [240] and assessment of functional outcome were performed in a blinded
fashion by members of the laboratories of Prof. Dr. Guido Stoll (Department of Neurology,

University Hospital Wirzburg, Germany).
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2.2.7 Statistical analysis

Results are presented as mean + SD from at least three individual experiments per group,
unless indicated otherwise. Statistical analysis between two groups was conducted using the
Student’s t-test, apart from the Fischer's exact test which was applied to assess variance
between non-occluded vessels in models of arterial thrombosis or in tail bleeding assays and
the Mann-Whitney U test which was used for analysis of Bederson score and grip test after
tMCAO. Differences between more than two groups were analyzed with one-way analysis of
variance (ANOVA) with Dunnett's T3 as post-hoc test. P-values <0.05 were considered

statistically significant with: not significant (ns), p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001.
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3 Results

3.1 GPV modulates thrombus formation

GPV has been described to bind to collagen and thereby to participate in platelet adhesion
and aggregation [135]. Previous studies from our group confirmed that GPV contributes to
platelet collagen responses and revealed an unexpected role of the glycoprotein as modulator
of thrombus formation and hemostasis — lack of GPV can reverse the hemostatic defect as
well as protection from thrombosis and ischemic stroke caused by the absence of the collagen
receptors a2 and GPVI (Stegner et al., unpublished). However, the mechanism underlying the

thrombus-modulating role of GPV so far remains elusive.

3.1.1 Lack of GPV increases thrombin responsiveness

To further clarify how GPV exerts its compensatory role in in vivo thrombus formation and
whether these effects can be reproduced in in vitro settings, Gp5™ mice [144] were compared
to WT (wildtype) controls. Gene targeting of Gp5 resulted in complete absence of the receptor
from the platelet surface. Platelet count, size, life span as well as surface abundance of major
platelet glycoproteins were determined. Deficiency of GPV resulted in a slight increase in
platelet size (5.6 + 0.2 fl in WT vs. 6.0 + 0.2 fl in Gp5™ platelets, ** p<0.001 as compared to
WT values) without affecting platelet count or life span (data not shown). In addition, GPV-
deficient platelets showed overall unaltered glycoprotein expression levels, except for slightly
decreased expression of 1, despite unaltered levels of a2 and a5, and a slightly increased
CLEC-2 prevalence on the platelet surface, indicating that GPV influences the expression of

CLEC-2 by a yet unknown mechanism (data not shown and [210]).

The effect of GPV-deficiency on platelet activation was measured by flow cytometric analyses
of agonist-induced allbB3 activation (JON/A-PE which specifically binds to the activated form
of allbB3 [224]) and degranulation-dependent P-selectin exposure, which is stored in a-
granules under resting conditions. Platelets of Gp5” mice displayed an overall unaltered
agonist-induced integrin activation as well as P-selectin exposure in response to GPCR-
coupled agonists, such as ADP, U46619 or thrombin, as well as to (hem)ITAM-dependent
agonists (CRP, convulxin and rhodocytin), except for a slight hyperresponsiveness upon
stimulation with intermediate thrombin concentrations (Figure 3-1 A and not shown),

confirming previous results [145].

Aggregation studies confirmed the hyperreactivity of GPV-deficient platelets at intermediate

thrombin concentrations, however upon stimulation with PAR4-activating peptide no
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differences were observed (Figure 3-1B), indicating that the observed thrombin
hyperresponsiveness is due to the absence of GPV as PAR-competing thrombin substrate.
This also translated into an increased ATP release of GPV-deficient platelets upon thrombin
stimulation, whereas ATP release in response to CRP, collagen and U46619 was unaltered,

confirming previous results [144].
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Figure 3-1: Increased thrombin responsiveness of Gp5™ platelets. (A) Washed blood was incubated
for 15 min with the indicated agonists in the presence of saturating amounts of JON/A-PE (anti-activated
allbB3 integrin). Platelets were gated by their forward and sideward scatter characteristics (FSC and
SSC). Data shown are mean fluorescence intensities (MFI) + SD (n=4 mice per group; data are
representative of three independent experiments). Rest, resting; U46, U46619; Thr, thrombin; CRP,
collagen-related peptide; CVX, convulxin; RC, rhodocytin. * p<0.05; ** p<0.01; *** p<0.001 as compared
to WT values. (B) Washed platelets were stimulated with thrombin or PAR4-peptide and light
transmission was recorded on an Apact four-channel aggregometer over 10 min. Representative
aggregation curves of at least 4 independent experiments are shown.
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3.1.2 GPV is dispensable for thrombus formation on collagen, procoagulant

activity and thrombin generation

In vivo, platelet activation occurs in flowing blood on exposed components of the ECM, such
as collagen, laminin and fibronectin. Previous studies by our group revealed a thrombus-
modulating role of GPV in vivo. Flow adhesion experiments on collagen showed that at shear
rates of 1000 s and 1700 s, GPV-deficient platelets formed thrombi to the same extent and
with a comparable volume as WT mice (data not shown and [210]), indicating that GPV is

dispensable for platelet-collagen interactions in vitro under flow.

Sustained platelet activation leads to a marked increase in cytosolic Ca?* concentrations which
induce subsequent exposure of procoagulant PS on the platelet surface and result in thrombin

generation, thereby promoting coagulation [214, 215].

PS exposure was assessed by annexin-A5 staining, which specifically binds to PS e.g.
exposed by procoagulant platelets. GPV was found to be dispensable for PS exposure upon
platelet activation with GPCR- and (hem)ITAM-coupled agonists under static conditions as
determined by annexin-A5 staining using flow cytometry. In addition, under flow conditions,
when heparin-anticoagulated whole blood (to maintain physiological Ca?* and Mg?
concentrations) was perfused over a collagen-coated surface and the adherent platelets were
stained with annexin-A5 Dylight 488, the procoagulant index of GPV-deficient platelets was
found to be unaltered at a shear rate of 1000 s and 1700 s* (data not shown). This is in line
with a previous report and indicates that GPV is dispensable for procoagulant activity [210,
241].

Surface-exposed PS triggers procoagulant activity of platelets and propagates coagulation by
facilitating assembly and activation of the tenase and prothrombinase complex [216, 242]. This
in turn leads to thrombin generation. In line with an unaltered PS exposure, thrombin
generation, as assessed by the calibrated automated thrombogram method, was
indistinguishable between WT and Gp5” mice regarding maximum thrombin peak
concentration, time to start of thrombin generation as well as time to peak concentration (Figure
3-2).
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Figure 3-2: Unaltered thrombin generation in the absence of Gp5”" on platelets. Citrate-
anticoagulated platelet-rich plasma was left unstimulated (PRP) or activated by incubation with collagen-
related peptide (CRP) (20 ug/ml), rhodocytin (1 pug/ml), ionomycin (10 uM) or A23187 (10 uM) for 10 min
at 37°C. Thrombin generation was triggered with tissue factor/CaCl.. Lagtime (A), maximal thrombin
concentration (B) and time to peak (C) were determined. (D) Representative thrombin generation
curves. Values are depicted as mean = SD (n=9).

3.1.3 GPIb-ligand interactions are not modulated in the absence of GPV

Initiation of thrombus formation requires platelet recruitment to the site of vascular damage.
This process is mainly mediated by binding of GPIb to exposed vWF on the ECM, allowing
platelet adhesion. To study a possibly role of GPV in this process, platelet-vWF interactions
were investigated under static and flow conditions. Under static conditions, vVWF- as well as

fibronectin-binding to activated platelets was unaltered (Figure 3-3 A, B).

Since GPIb-signaling to a great extent depends on shear forces, flow adhesion studies were

performed. A high shear rate of 1700 s was used to ensure that platelet adhesion primarily
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depends on GPlb [10]. In line with previous reports [135, 144], firm platelet adhesion to VWF
and P-selectin, as well as the rolling velocity and accumulated rolling distance on vWF under
flow were unaltered, but an increased rolling distance on P-selectin was observed in GPV-
deficient platelets (Figure 3-3 C, D) indicating that GPlb-vWF interactions are not affected by
the absence GPV.
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Figure 3-3: Unaltered adhesion to vVWF and P-selectin under flow. Diluted whole blood was
stimulated with CRP and vVWF- (A) and anti-fibronectin- (B) binding to activated platelets was measured
on a FACSCalibur. Data shown are mean fluorescence intensities (MFI) + SD (n=4 mice per group; data
are representative of three independent experiments). (C, D) Whole blood was perfused over a vVWF-
(C) or P-selectin-coated (D) surface at 1700 s for 4 min and then washed with Tyrode’s buffer for 4 min.
Bar graphs display mean number of adhered platelets per visual field, the accumulated rolling distance
over 30 s and the rolling velocity. 15 platelets per animal were tracked in time-lapse videos during
washing over 30 s using Fiji and analyzed for their mean velocity, as well as the accumulated distance.
Data shown are mean £ SD (n=5). Rest, resting; CRP, collagen-related peptide; VWF, von Willebrand
factor. * p<0.01 as compared to WT values. Scale bar: 5 pm.

60



The role of platelet glycoprotein V in thrombosis and hemostasis Results

3.1.4 GPV-deficiency restores thrombus formation in the absence of GPVI and
CLEC-2

It has been long established that lack or deficiency of GPVI or CLEC-2 protects from occlusive
thrombus formation while only mildly prolonging bleeding times (see 1.4). However, the impact
of GPV-deficiency on thrombosis has been discussed controversially in literature, reporting
either a prothrombotic or antithrombotic tendency [135, 145, 206, 209, 243]. Previous studies
in our group revealed a role of GPV in thrombus formation and showed in two different models
of arterial thrombosis that GPV decelerates thrombus formation, independent of the expression
of GPVI and a2, the two major collagen receptors on platelets [210]. Besides this, GPV-
deficiency restored thrombus formation in the absence of the hemITAM receptor CLEC-2 after

FeCls-induced injury of mesenteric arterioles [210].

In this study, it has been confirmed that GPV-deficiency restores thrombus formation in the
absence of GPVI (Figure 3-4). For this, 100 pg anti-GPVI antibody (JAQ1) was injected
intraperitoneally at day 7 and day 5 prior to the experiment, since it is known to deplete GPVI
from the platelet surface, resulting in a GPVI-knockout like phenotype [67]. The antibody
causes a transient thrombocytopenia with platelet counts returning to normal levels within
3 days, but platelets still lacking GPVI on their surface. Comparable to JAQ1 treatment,
injection of the monoclonal anti-CLEC-2 antibody INU1 results in depletion of CLEC-2 from the
platelet surface and a transient drop in platelet counts. Consequently, mice received 100 g
INU1 intraperitoneally at day 7 and day 5 prior to the experiment [80]. The efficiency of JAQ1-

and INU1 treatment was confirmed by flow cytometry prior to each experiment.

In line with previous results on mesenteric arterioles after FeCls-induced thrombus formation,
mice with a concomitant GPV- and CLEC-2-deficiency were able to form occlusive thrombi
after mechanical injury of the abdominal aorta, indicating that lack of GPV restores thrombus

formation in these mice (Figure 3-4).

61



The role of platelet glycoprotein V in thrombosis and hemostasis Results

HitH
- >1 288 eede 4
'E' 1600 -
2 1400 A
2 1200
§ 1000 A
2 G0l
o | > .
€ 4001 &9 ° o i
£ %0 o o ®
= 208 1 o2 LR Yt . egee oo 0.5
wT Gp5+ wT Gp5* wT Gp5~
+ vehicle + vehicle + JAQ1 + JAQ1 +INU1 + INU1

Figure 3-4: GPV-deficiency reverses protection from occlusive thrombus formation in the
absence of GPVI and CLEC-2 in an aortic injury model. The abdominal aorta was mechanically
injured by a single firm compression with a forceps and blood flow was monitored with a Doppler
flowmeter. Time to final occlusion is shown. Each symbol represents one mouse. * p<0.05; ** p<0.01,;
*** n<0.001; ### p<0.001 as compared to WT mice.

3.1.5 Lack of GPV restores hemostasis in the absence of GPVI and CLEC-2

To study the role of GPV in hemostasis, 1 mm of the tail tip of GPVI- and CLEC-2-depleted
mice in the absence or presence of GPV was cut and time to cessation of blood flow was
assessed using a filter paper. This assay serves as an indicator of physiological blood clotting
[244].

Combined treatment with JAQ1 and INU1 depleted both (hem)ITAM receptors from the platelet
surface, which was confirmed by flow cytometry prior to the experiment (not shown).
Preliminary data in our lab already showed slightly decreased tail bleeding times of GPV-
single-deficient mice, indicating that GPV negatively regulates hemostasis. Like its role in
thrombotic processes, lack of GPV also restored hemostatic function in the absence of GPVI
and CLEC-2 [210]. This was confirmed in this thesis (Figure 3-5 A). Similar results were
obtained for genetic CLEC-2/GPV-double-deficient mice. Increased tail bleeding times in
megakaryocyte- and platelet-specific CLEC-2 knockout mice (referred to as Clec-2") were
normalized to WT levels in the absence of GPV (Figure 3-5). Even more intriguingly, lack of
GPV could also restore hemostasis in the absence of both (hem)ITAM receptors. GPVI-/CLEC-
2-double-depleted mice had a severe hemostatic defect indicated by dramatically increased
tail bleeding times. Only 4 out of 8 mice were able to arrest bleeding within the observation
period. However, loss of both (hem)ITAM receptors did not alter tail bleeding times in Gp5”

mice compared to untreated WT mice (Figure 3-5).

For these studies, constitutive GPV knockout mice were used, since GPV expression was

described to be restricted to the megakaryocytic lineage [191]. Still, GPV bone marrow
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chimeric mice were generated and subjected to a tail bleeding time experiment confirming that

in the absence of GPV hemostasis was restored in GPVI-depleted mice (data not shown).
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Figure 3-5: Lack of GPV restores the hemostatic function in the absence of GPVI and CLEC-2.
1 mm of the tail tip of each mouse was cut and time to cessation of blood flow was measured using a
filter paper. Each symbol represents one animal. * p<0.05; ** p<0.01; ** p<0.001 as compared to the
indicated group; # p<0.05; ## p<0.01 ### p<0.001 as compared to untreated WT mice.

In a next step, a potential effect of GPV-deficiency on hemostasis was assessed upon
treatment with acetylsalicylic acid (ASA). ASA is a widely used antithrombotic agent, which
interferes with TxA; production. While it is known to increase the risk of bleeding complications
in humans [245, 246], treatment of mice with ASA had only mild effects on hemostasis and
thrombosis in WT mice (Figure 3-6) [247-249]. Besides this, it was previously shown that TxA:
is required for hemostasis in GPVI-deficient mice, since inhibition of TxA> by ASA severly
compromised hemostasis in the absence of GPVI [247]. Mice were treated with a low dose of
ASA (1 mg/kg) intravenously 1 h prior to experiments. This dose is the recommended
treatment for prevention of cardiovascular diseases [250]. As described in literature [247], mice
treated with ASA upon GPVI-depletion displayed prolonged bleeding times, which were

significantly reduced in Gp5’ mice with the same treatment (Figure 3-6).
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Figure 3-6: Lack of GPV restores the hemostatic function upon acetylsalicylic acid treatment in
GPVI-depleted mice. 1 mm of the tail tip of each mouse was cut and time to cessation of blood flow
was measured using a filter paper. Mice were treated with acetylsalicylic acid (ASA; 1 mg/kg i.v.) 1 h
before the experiment. Each symbol represents one animal. * p<0.05; ** p<0.01; *** p<0.001 compared
to JAQL- and ASA-treated WT mice.

Together, these data establish GPV as an important modulator of hemostasis and thrombosis,
since its deficiency can restore hemostatic function and thrombotic defects caused by isolated

or combined lack of both activating (hem)ITAM receptors on platelets, GPVI and CLEC-2.
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3.2 The anti-GPV antibody 89F12 reproduces the Gp5” phenotype

Monoclonal anti-GPV antibodies were previously generated in our lab [222] and screened for
their ability to reproduce the Gp5” phenotype. The clone 89F12 was found to bind to the
extracellular domain of GPV without affecting platelet count and size and the thrombin-
mediated ectodomain shedding of the glycoprotein. Besides this, platelet activation upon
thrombin stimulation was unaltered in the presence of 89F12 (data not shown). 89F12
reproduced the Gp5” phenotype in WT mice by reversing the thrombotic defect of GPVI-
depleted animals (Figure 1-6). Fab-fragments of 89F12 had a comparable effect excluding a
role of GPV dimerization in this process (Stegner et al., unpublished). The role of 89F12 was

studied in more detail in this thesis. 89F12 IgG was used for the experiments described.

3.2.1 89F12 has no effect on platelet aggregation, thrombus formation on

collagen and thrombin generation

The role of 89F12 in platelet aggregation and platelet adhesion on collagen was studied.
Incubation with 10 pg/ml 89F12 did not alter platelet aggregation in response to collagen or
thrombin (Figure 3-7 A), in contrast to slightly increased aggregation responses upon thrombin
stimulation in GPV-deficient mice. Consistently, 89F12 treatment had no effect on platelet
adhesion and aggregate formation on collagen under flow at the indicated shear rates, an

assay which is highly dependent on functional a2p1 integrins [247] (Figure 3-7 B, C).

In line with this, thrombin generation as assessed by time to initiation of thrombin generation,
time to maximal thrombin generation and amount of maximal thrombin generation was also
indistinguishable between 89F12-treated and control mice upon stimulation with CRP,
convulxin, rhodocytin, or the Ca?*ionophore ionomycin excluding a role of the 89F12-binding
epitope in this process (data not shown). This was in line with the results obtained for Gp5™

mice.
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Figure 3-7: Unaltered aggregation, platelet adhesion and thrombus formation on collagen under
flow after 89F12 treatment. (A) Washed platelets were incubated with 10 pg/ml 89F12 and then
stimulated with the indicated agonists. Light transmission was recorded on an Apact four-channel
aggregometer over 10 min. Representative aggregation traces of three individual experiments are
shown. Arrows indicate platelet stimulation. (B) Whole blood was perfused over a collagen-coated
(0.2 mg/ml) surface at the indicated shear rates after incubation with 10 pg/ml 89F12 for 5 min at 37°C
and then washed with Tyrode’s buffer for the same time period. Perfusion time was 10 min (150 s) and
4 min (1000 and 1700 s™). (C) Representative images of brightfield and fluorescence microscopy. Scale
bar: 25 um. The bar graphs display mean values + SD (n=5 mice each).

3.2.2 GPV blockade by 89F12 restores hemostasis in the absence of GPVI,
CLEC-2 and Syk

In a next step, the ability of 89F12 to reproduce the Gp5™” phenotype in hemostasis was tested.
Therefore, mice were injected with JAQ1 or INU1 as described (3.1.4) to deplete GPVI and
CLEC-2 and tail bleeding times were assessed.

Blockade of GPV by 89F12 in WT mice had no effect on hemostatic function (220 £104 s in
control and 153 + 30 s in WT+89F12-mice). Lack of GPVI and CLEC-2 alone led to a severe
bleeding phenotype, thereby confirming previous results [75]. As in thrombotic processes, GPV

blockade by 89F12 could restore hemostasis in the absence of both activating (hem)ITAM
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receptors (937 + 357 s in WT+JAQ1+INU1 mice vs. 458 + 266 s in WT+JAQ1+INU1+89F12
mice, p<0.01 compared to double-depleted mice) (Figure 3-8). These observations resembled
the Gp5™ phenotype (Figure 3-5 A).

i Figure 3-8: 89F12-mediated blockade of GPV
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Z 10004 ¢ T CLEC-2 and reproduces the GPV-knockout
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Since GPV blockade by 89F12 fully restored hemostatic function in the combined absence of
GPVI and CLEC-2, this model was used to test whether GPV blockade could also reverse the
effect of the absence of the spleen tyrosine kinase (Syk) in hemostasis and thrombosis. Syk is
essential for downstream signaling of GPVI, CLEC-2 and FcyRIIA, the latter being only present
on human, but not on murine platelets [54, 56]. Previous reports showed that Syk™ P-ce mice
have moderately prolonged bleeding times [251, 252], but arterial occlusive thrombus
formation is abrogated in these mice [252]. Injection of 89F12 in Syk™ Pf-ce mice led to tail
bleeding times comparable to control mice. Likewise, in a model of arterial thrombosis 89F12
restored thrombus formation in the absence of Syk. This indicated that 89F12-mediated
blockade of GPV can also restore hemostasis and thrombus formation downstream of
(hem)ITAM receptors (Figure 3-9).
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Figure 3-9: 89F12 restores hemostasis and thrombus formation in the absence of Syk. (A) 1 mm
of the tail tip of each mouse was cut and time to cessation of blood flow was assessed using a filter
paper. (B) The abdominal aorta was mechanically injured by a single firm compression with a forceps
and blood flow was monitored with a Doppler flowmeter. Time to final occlusion is shown. Each symbol
represents one individual mouse. * p<0.05; ** p<0.01; *** p<0.001 as compared to Syk-deficient mice.

3.2.3 89F12 restores hemostasis in the absence of RhoA, but not of Cdc42 or a
combined lack of RhoA and Cdc42

A potential effect of GPV blockade on hemostasis was assessed in mice lacking the small
GTPases RhoA [227] and Cdc42 [228], which are well known for regulating cytoskeletal
rearrangements. Megakaryocyte- and platelet-specific RhoA and Cdc42 knockout mice both
exhibit a macrothrombocytopenia and display different platelet defects [111, 253]. GPV was
blocked by 89F12 and tail bleeding times in megakaryocyte- and platelet-specific RhoA and
Cdc42 single- (further referred to as RhoA”™ and Cdc42”) and double-(RhoA"/Cdc427)
deficient mice was assessed. In line with previous results, RhoA-deficient mice showed
increased tail bleeding times [253] (Figure 3-10). Cdc42-deficiency also resulted in prolonged
tail bleeding times, which confirms previous reports [111] (Figure 3-10). Surprisingly, 89F12
treatment of RhoA-deficient mice could restore hemostasis, leading to occlusion times
comparable to control mice. In contrast, GPV blockade could not restore the hemostatic defect
in the absence of Cdc42. In line with this, 89F12-mediated GPV blockade could also not restore
the even more pronounced hemostatic defect of RhoA/Cdc42-double deficient animals (Figure
3-10). The fact that GPV-deficiency counterbalanced the absence of RhoA and restored
hemostasis in the absence of RhoA, raised the question whether GPV serves as a master
regulator of thrombus formation and hemostasis, which is not restricted to a compensatory

mechanism on the (hem)ITAM signaling pathway.
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Figure 3-10: The hemostatic defect of RhoA-deficient mice is restored after GPV blockade, but
89F12 cannot overrule the hemostatic defect caused by lack of Cdc42 or combined lack of RhoA
and Cdc42. 1 mm of the tail tip of each mouse was cut and time to cessation of blood flow was measured
using a filter paper. Each symbol represents one animal. * p<0.05; ** p<0.01; *** p<0.001 compared to
vehicle-treated WT mice. In cases where mice were unable to arrest bleeding, Fisher's exact test was
used to calculate p-values.

3.2.4 89F12 does not restore hemostasis in the absence of functional GPIb,
Talin, or Munc13-4

To assess a potential effect of GPV blockade on hemostasis in mice lacking functional GPIb,
tail bleeding time in Gplba-tg mice was assessed. In these mice, the ectodomain of GPlba is
replaced by that of the human interleukin-4 receptor a (hiL4-Ra) (further referred to as Gplba-
tg). The severe hemostatic defect in Gplba-tg mice (only 2 out of 14 mice ceased bleeding
within the observation period) could not be restored by GPV blockade. All tested mice bled
infinitely, indicating that 89F12 cannot counterbalance non-functional GPIb (Figure 3-11 A).
This result is in line with previous data from our lab, showing that GPV-deficient mice cannot
stop bleeding after pOp/B (anti-GPlb)-mediated GPIb blockade [210].
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Figure 3-11: 89F12 cannot not restore hemostasis in the absence of functional GPIb, Talin or
Munc13-4. 1 mm of the tail tip of each mouse was cut and time to cessation of blood flow was measured
using a filter paper. Each symbol represents one animal. For all groups *** p<0.001 as compared to
vehicle-treated WT mice. In cases where mice were unable to arrest bleeding, Fisher’'s exact test was
used to calculate p-values.
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Talinl is essential for inside-out integrin activation and loss of talinl in platelets abrogates
integrin activation and platelet aggregation, which translates into abolished thrombus formation
and severely defective hemostasis in vivo [229]. This was independent of 89F12-mediated
blockade of GPV — none of the Talin1-deficient animals, independent of 89F12 treatment, did
stop bleeding within the observation period (Figure 3-11 B). Similar results were obtained for
89F12-treated Munc14-3-deficient mice, which display an abolished platelet dense granule
release and a reduced a-granule secretion, translating into infinite tail bleeding times [230,
254]. Independent of GPV blockade, all Unc13d” animals were unable to stop bleeding (Figure
3-11 C).

3.2.5 89F12-mediated GPV blockade lowers the minimum required platelet

count for normal hemostasis

To maintain normal hemostasis, only very low platelet counts are necessary. A recent study
from our lab showed that mice with a platelet count down to 10% of normal platelet counts
(100 platelets/nl) have prolonged tail bleeding times, but are still able to arrest bleeding. Only
mice with a platelet count lower than 2.5% of normal platelet counts showed infinite bleeding
times [255]. In a next step, it was investigated whether 89F12 could lower the minimum platelet
counts required to maintain normal hemostasis. To induce thrombocytopenia, platelets were
depleted with an anti-GPlb antibody 12h prior to the experiment. For this,
0.18 pg/g bodyweight antibody were injected to reach a final platelet count of 5-10% of WT
levels. Platelet counts were determined by flow cytometry prior to each experiment. 89F12-
mediated blockade of GPV significantly reduced the minimum platelet count required to
maintain normal hemostasis after platelet depletion. 4 out of 5 mice with a platelet count of 5-
10% arrested bleeding within the observation period after 89F12 treatment, whereas none of
the platelet-depleted mice stopped bleeding (Figure 3-12). Comparable results were obtained

for platelet-depleted Gp5” mice (data not shown).
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Figure 3-12: 89F12 lowers the platelet count required to
maintain normal hemostasis. Mice were injected with
0.18 ug/g bodyweight platelet depletion antibody to induce
thrombocytopenia 5-10% of normal counts. 1 mm of the tail tip
of each mouse was cut and time to cessation of blood flow was
assessed using a filter paper. Each symbol represents one
animal. * p<0.05; ** p<0.01 as compared to control mice. In
cases where mice were unable to arrest bleeding, Fisher’'s
exact test was used to calculate p-values. Depicted is one of
three independent experiments.
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3.3 The newly generated monoclonal anti-mouse GPV antibody 5G2

partially reproduces the Gp5” phenotype

To further characterize the role of GPV, additional anti-mouse GPV antibodies were required.
For this purpose, Gp5” mice were repeatedly immunized with washed WT mouse platelets,
purified recombinant soluble murine GPV or immunoprecipitate from WT platelet lysates using
the anti-GPV antibody 89H11. To generate hybridoma cells producing anti-GPV antibodies,
the spleen of a repeatedly immunized mouse was isolated to obtain a single cell suspension
und fused with mouse myeloma Ag14 cells by addition of PEG. However, the first four fusion
approaches failed and no specific anti-mouse GPV antibodies were generated, hardly any
antibody-producing clones grew (data not shown) probably because of very few feeder cells.
For these fusions, feeder cells from C57B6/J mice were used. For further fusions, feeder cells
from NMRI ex-breeder mice were used, which yielded considerably more feeder cells of better
quality, and the number of antibody-producing clones increased. The fusion of two other
mouse spleens after 5-6 rounds of immunization resulted in generation of antibody-producing
hybridoma cells; approximately 800 hybridoma clones were obtained and screened for
antibody production by flow cytometry. WT and Gp5' platelets were used to check for
production of specific anti-mouse GPV antibodies. Hybridoma populations that produced
antibodies directed against GPV were transferred into 24-well plates, polyclonal hybridomas
were subcloned to generate monoclonal hybridoma populations and hybridoma populations
were repeatedly tested by flow cytometry. Out of 8 polyclonal hybridoma clones, one
hybridoma population in the end still produced monoclonal anti-GPV specific antibodies (clone
5G2) (Figure 3-13 A), whereas all other clones lost expression of the antibody or did not
survive. As 5G2 stably expressed the antibody, the clone was cultured in RPMI/5% FCS
medium and initially 13 mg of the antibody was purified.

Thereafter, the antibody 5G2 was further characterized. 5G2 specifically bound to GPV on WT
platelets, since no 5G2 binding was observed in GPV-deficient platelets (Figure 3-13 A). The
antibody did not crossreact with human platelets (data not shown). Further, it was tested on
mouse platelet lysates by western blot. Neither under reducing nor non-reducing conditions, a
specific band of the approximate size of GPV was detected in platelet lysates. In addition, the
antibody did also not work in immunoprecipitation — neither from WT platelet lysates nor WT

thrombin-induced platelet supernatant nor purified recombinant smGPV (data not shown).

The antibody 5G2 was again tested on both resting and activated platelets in flow cytometry,
where it showed decreased binding upon stimulation with increasing thrombin concentrations
indicating that the binding epitope of 5G2 is located within the cleaved/soluble GPV (data not

shown).
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Figure 3-13: The monoclonal mouse anti-mouse GPV antibody 5G2 does not alter platelet count
and size, but reduces binding of 89F12. (A) 5G2 binds to WT, but not to GPV-deficient platelets. WT
and GPV-deficient platelets were incubated with 5G2 and washed. 5G2 binding was determined by flow
cytometry using anti-mouse 1gG FITC. (B) 5G2 has no effect on platelet count and size. Platelet count
and size were determined 24 h after intravenous injection of 100 pug 5G2. Results are expressed as
mean values £ SD for 5 mice per group. (C-E) Flow cytometric analysis of anti-GPV antibody binding
after treatment with 100 pg 5G2. Blood was withdrawn 30 min after injection, stained with saturating
amounts of FITC-labeled antibodies directed against GPV and analyzed on a FACSCalibur. Platelets
were gated by their forward and sideward scatter characteristics (FSC and SSC). Unaltered expression
of GPV (C), but reduced binding of 89F12 after 5G2 treatment (D). (E) anti-mouse IgG confirms binding
of the mouse anti-mouse 5G2 antibody to platelets. Results are expressed as mean values + SD, n=5
mice per group. MFI, mean fluorescence intensity.

The effects of 5G2 IgG were also studied in vivo. For this, 100 pg/mouse 5G2 IgG was injected
intravenously. Upon 5G2-injection, platelet count and size were unaltered for an observation
period of 24 h (Figure 3-13 B), as well as expression of major glycoproteins on the platelet
surface (data not shown). Most notably, expression of GPV on the platelet surface was not
affected upon 5G2 treatment as indicated by indistinguishable mean fluorescence intensities
for 89H11-FITC (Figure 3-13 C), but binding of 89F12-FITC to 5G2-opsonized platelets was
reduced by approximately 50% as compared to not-opsonized vehicle-treated WT platelets
(Figure 3-13 D), indicating that the binding epitopes of the two antibodies either partially
overlap or that 5G2 indirectly hinders 89F12 binding to GPV.
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The effect of 5G2 on platelet activation was studied in more detail. For this, blood was
withdrawn 1 h after antibody injection (100 pg/mouse 5G2 i.v.) and then platelets were
activated with the indicated agonists (Figure 3-14). 5G2-opsonized platelets displayed mildly
increased allbB3 integrin activation in response to intermediate and low thrombin
concentrations and combined stimulation with ADP/U46619 and a slight reduction upon

stimulation with high doses of CRP compared to control mice (Figure 3-14 A, B).
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Figure 3-14: 5G2 only mildly affects platelet activation and degranulation. Mice were injected
intravenously with 100 ug 5G2 and blood was withdrawn 1 h later. (A, B) Washed blood was activated
with the indicated agonists in the presence of saturating amounts of JON/A-PE (activated allbB3
integrin) (A) and anti-P-selectin-FITC (B) for 15 min. Platelets were gated by their forward and sideward
scatter characteristics (FSC and SSC). 5G2 slightly enhances platelet activation upon stimulation with
thrombin or a combination of ADP and U46619, but slightly reduces platelet activation and
degranulation-dependent P-selectin exposure upon stimulation with high doses of CRP. Data shown
are mean fluorescence intensities (MFI) = SD (n=5 mice per group; data are representative of three
independent experiments). Rest, resting; U46, U46619; Thr, thrombin; CRP, collagen-related peptide;
RC, rhodocytin. * p<0.05; ** p<0.01 as compared to WT values.

These mild alterations in integrin activation and platelet degranulation did, however, not
translate into altered aggregation responses. Aggregation studies upon 5G2 incubation in vitro
were indistinguishable from vehicle-treated controls upon stimulation with collagen, CRP,

convulxin, rhodocytin and thrombin (data not shown).

In a next step, the role of 5G2 was tested in in vivo thrombus formation and hemostasis. Since
binding of 89F12 to GPV was reduced on 5G2-opsonized platelets, it was speculated whether
5G2 might be able to restore the hemostatic and thrombotic defects in the absence of GPVI.

Therefore, mice were injected with JAQL as described (3.1.4) and tail bleeding times assessed.
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Blockade of GPV by 5G2 had no effect on tail bleeding times in WT mice (486 + 232 s in control
and 306 = 166 s in 5G2-treated mice). Lack of GPVI prolonged tail bleeding times, with 3 out
of 10 mice not being able to arrest bleeding in the observation period. Surprisingly, GPV
blockade by 5G2 could restore hemostasis in the absence of GPVI (938 £ 295 s in WT+JAQ1
mice vs. 408 + 155 s in WT+JAQ1+5G2 mice, p<0.001 compared to JAQ1-treated WT mice)
(Figure 3-15 A). These observations indicate that 5G2 can revert the hemostatic defect in

GPVI-deficient mice, which is in line with results after 89F12 treatment.

Thrombus formation, studied in a model of mechanical injury of the abdominal aorta, was
unaltered in 5G2-treated mice, but 5G2 partially restored thrombus formation in the absence
of GPVI. While 10 out of 14 JAQ1-treated WT mice were protected from arterial occlusive
thrombus formation, 12 out of 17 JAQ1/5G2-treated WT mice formed occlusive thrombi (Figure
3-15 B). Therefore, 5G2 at least partially restores arterial occlusive thrombus formation in the
absence of GPVI, although the effect of 5G2 was more prominent in hemostasis. Overall, 5G2
reproduces the effect of 89F12 by compensating for the loss of the ITAM receptor GPVI in
hemostasis and thrombosis.

A B 4
>::§(0)8 .:. - >:]]g(0)(0) o0 ::::: ..0..
D | . <1600
o 10009 S 1400+
E 00 K 2 1200
o . o i
£ 600 . ° N . 8 1283 1
@ o ®e ° oo 2 ° °
8 4001 ego o3 5 6001 .
o 20| °°° ° 0 % E 4001 Sqe0 000 o o oy
o e F 2001 %¢°ges® 0.0::‘..0: : *0300e°
0 - ~ - ~ 0
Ctrl WT WT WT Ctrl WT WT WT
+5G2 +JAQ1 + JAQ1 +5G2 +JAQ1 +JAQ1
+5G2 +5G2

Figure 3-15: 5G2 partially phenocopies the effect of 89F12 in vivo. Mice were injected intravenously
with 100 pg 5G2 IgG prior to the experiment. (A) 1 mm of the tail tip of each mouse was cut and time to
cessation of blood flow was measured using a filter paper. (B) The abdominal aorta was mechanically
injured by a single firm compression with a forceps and blood flow was monitored with a Doppler
flowmeter. Time to final occlusion is shown. Each symbol represents one animal. * p<0.05; ** p<0.01,;
*** n<0.001 as compared to WT+JAQ1 mice. # p<0.05 as comared to control mice.
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3.4 Mutation of the thrombin-cleavage site in GPV modulates thrombosis

and hemostasis in the absence of (hem)ITAM receptors

GPV was shown to be a critical regulator of thrombosis and hemostasis. Since the anti-GPV
antibody 89F12 reproduced the Gp5™ phenotype, it could be concluded that the extracellular
domain of GPV might be essential for its thrombus-modulating role. To shed new light on the
relevance of the thrombin cleavage site in vivo, a mouse carrying a point mutation in the
thrombin cleavage site was generated. Previously, the amino acids at position 476-477 were
regarded as the potential thrombin cleavage site in mice with the sequence [187]:

5’-CCG GAT CCT CGC AGC CTG -3
P D P R S L

In exon 2, CGC at position 1426 in the coding region was mutated to GCC leading to the amino
acid mutation R476A (arginine to alanine) (Figure 3-16 A), which should prevent cleavage of
GPV upon thrombin binding. Even upon platelet activation, when thrombin is present, GPV

should not be cleaved from the platelet surface.
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Figure 3-16: Generation of Gp5X"Kin mice. (A) Simplified targeting strategy. The point mutation R476A
prevents cleavage of GPV by thrombin. (B) Plasma level of soluble GPV were determined using a GPV

ELISA.

Under resting conditions, levels of soluble GPV (sGPV) in the plasma were significantly lower
in Gp5K™Kin mice than in WT mice (Figure 3-16 B). To confirm the targeting strategy and prove
that GPV was not cleaved from the platelet surface upon thrombin stimulation, washed
platelets of WT and Gp5X™ki" mice were activated with thrombin or incubated with NEM (N-
ethylmaleimide), the latter inducing GPV shedding by metalloproteinases; i.e. independently
of thrombin [21], and the amount of SGPV in the supernatant as well as the receptor prevalence
on the platelet surface were measured by ELISA and flow cytometry. Unstimulated, washed

platelets (Figure 3-17 B, C) or supernatant of unstimulated, washed platelets (Figure 3-17 A)
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were used to determine resting values. The amount of sGPV in the supernatant upon thrombin
stimulation was greatly diminished in Gp5X"™kin samples compared to WT samples, confirming

the targeting strategy.
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Figure 3-17: R476 point mutation renders GPV insensitive for thrombin-mediated cleavage.
Washed platelets were left untreated or stimulated with 0.1 U/ml thrombin (in the presence of 40 pg/ml
integrilin and 5 uM EGTA to prevent platelet aggregation) or 2 mM N-ethylmaleimide (NEM) for 15 min
at 37°C. (A) sGPV concentration in the platelet supernatant was measured using a GPV ELISA. (B, C)
Stimulated platelets were incubated with saturating amounts of fluorophore-conjugated antibodies for
15 min at RT and the surface expression of GPV and GPVI was immediately analyzed by flow cytometry.

Consistently, upon thrombin stimulation, flow cytometric analysis revealed markedly increased
GPV levels on the platelet surface of Gp5X™ki" mice compared to WT mice. Of note, in Gp5Xivkin
mice, a 20% reduction of GPV surface levels was observed upon thrombin stimulation
compared to resting values. These experiments were also performed in the presence of the
broad range matrix metalloproteinase inhibitor GM6001, since a role of ADAM17- (tumor
necrosis factor-a-converting enzyme) dependent shedding of GPV was previously reported
[256]. However, the slight reduction of GPV surface prevalence upon stimulation with thrombin
was still detectable in the presence of GM6001 in Gp5X™Kn mice (data not shown). This
reduction in GPV surface expression levels observed in the presence of GM6001 is due to
internalization of the GPIlb-V-IX complex [257]. Flow cytometric analysis revealed unaltered
shedding of GPV induced by NEM in Gp5X™ki"n mice compared to WT mice, which is in line with
the results obtained by GPV ELISA (Figure 3-17 A, B). GPIX levels remained unchanged under
all conditions confirming that the entire GPIb-IX-V complex is not downregulated from the cell
surface, which is in line with previous reports [256] (data not shown). Downregulation of GPVI
by NEM, but not thrombin served as control for metalloproteinase-dependent shedding [257]
and occurred to the same extent in WT and Gp5X™Kin mice (Figure 3-17 C). Overall, these data

confirmed that GPV is not cleaved in Gp5X™K" mice upon thrombin stimulation.
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3.4.1 Integrin activation and P-selectin exposure is slightly decreased upon
CRP stimulation, but does not translate into altered platelet aggregation

in Gp5XinKin mice

Platelet count and size (Table 3-1) as well as platelet life span (data not shown) were
indistinguishable between WT and Gp5X"kn mice, indicating that the point mutation in the

thrombin cleavage site does not affect platelet production or clearance.

Table 3-1: Analysis of platelet count, size and surface expression of glycoproteins in WT and
Gp5KiMKin mice. Mean platelet count and size were determined using a Sysmex cell counter. Surface
expression of platelet glycoproteins was determined by flow cytometry. Diluted whole blood was stained
with saturating amounts of FITC-labeled antibodies for 15 min at RT. Platelets were analyzed directly
on a FACSCalibur. Results are expressed as mean values = SD for at least 5 mice per group. MFI,
mean fluorescence intensity. * p<0.05; ** p<0.01 as compared to WT values.

WT Gp5Kin/Kin
Count [10%/ul] 860 + 188 891 =+ 183
Size [fl] 55 + 0.2 55 + 0.2
a-GPlb [MFI] 319 + 18 319 + 17
a-GPV [MFI] 305 + 14 303 + 21
a-GPIX [MFI] 504 + 20 495 + 33
a-GPVI [MFI] 54 + 4 53 + 5
a-B3 [MFI] 172 + 30 154 + 11
o- allbB3 [MFI] 409 + 46 405 + 44
a-B1 [MFI] 122 = 21 129 =+ 9
a- o2 [MFI] 55 + 3 50 + 4 %
a- a5 [MFI] 20 + 3 30 + 3
a-CLEC-2 [MFI] 129 + 19 119 + 12
a-CD9 [MFI] 985 + 64 939 + 83
a-CD84 [MFI] 33 + 6 30 + 2 *

Expression levels of major platelet surface receptors as assessed by flow cytometry did not
show significant alterations (Table 3-1) in Gp5K"kKn mice. Of note, GPIb-V-IX surface
expression levels were indistinguishable between mutant and WT platelets, indicating that the

point mutation has no obvious effect on the complex composition.
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Figure 3-18: Mildly reduced responsiveness of Gp5X"Kin platelets upon CRP stimulation. (A, B)
Washed blood was incubated for 15 min with the indicated agonists in the presence of saturating
amounts of JON/A-PE (activated allbp3 integrin) (A) and anti-P-selectin-FITC (B). Platelets were gated
by their forward and sideward scatter characteristics (FSC and SSC). Data shown are MFI + SD (n=4
mice per group; the data are representative of 3 independent experiments). Rest, resting; U46, U46619;
Thr, thrombin; CRP, collagen-related peptide; CVX, convulxin; RC, rhodocytin. * p<0.05; ** p<0.01;
*** n<0.001 as compared to WT values.

Measurement of allbB3 integrin activation revealed unaltered responses of Gp5X"kin platelets
upon stimulation with GPCR-coupled agonists (ADP + U46619, thrombin). Stimulation with
CRP resulted in a mildly reduced integrin activation in Gp5X™kin platelets, but in comparable
integrin activation upon stimulation with CVX and rhodocytin (Figure 3-18 A). R476A point
mutation caused slightly diminished degranulation-dependent P-selectin exposure in response
to all tested agonists except for the combination of ADP + U46619 (Figure 3-18 B). However,
aggregate formation upon stimulation with all tested agonists, including CRP, was unaltered in
Gp5KinKin platelets indicating that the observed platelet activation defects did not translate into

a defective aggregation (Figure 3-19) and may therefore be of minor relevance.
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Figure 3-19: Unaltered aggregation of Gp5XKin platelets. Washed platelets were stimulated with the
indicated agonists and light transmission was recorded on a Apact four-channel aggregometer over
10 min. Representative aggregation traces of at least 4 independent experiments are shown. U46,
U46619; CRP, collagen-related peptide.

3.4.2 Gpb5Xinkin mice display unaltered integrin allbf3 outside-in signaling

To study integrin allbB3 outside-in signaling and cytoskeletal remodeling, platelets were
allowed to spread on a fibrinogen-coated surface. Like Gp5™ platelets (data not shown),
Gp5KvKin platelets spread on fibrinogen to a similar extent and with similar kinetics as WT
platelets (Figure 3-20 A, B). The integrin allbB3 also plays a critical role in regulating clot
retraction [81]. Upon ligand binding, clot retraction is mainly mediated by allbB3 integrin and
the cytoskeleton to consolidate thrombus formation in vivo. Clot formation was induced in WT
and Gp5XiMKin platelet rich plasma (PRP) by stimulation with thrombin and addition of CaCl,
and monitored over time. Consistently, clot retraction started 45 min after start of the
experiment and was also unaltered in Gp5X™ki" mice (Figure 3-20 C, D), excluding an essential
role of the thrombin cleavage site of GPV in cytoskeleton rearrangements and integrin allbf3

outside-in signaling.
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Figure 3-20: Gp5Kinkin platelets display unaltered spreading on fibrinogen. (A) Washed platelets
from WT and Gp5X"Kin mice were allowed to adhere to immobilized human fibrinogen (100 pg/ml) in the
presence of thrombin (0.01 U/ml). (B) Images were taken at the indicated time points and representative
images are shown. Results indicate percentage of phase abundancy with: (1) round platelets; (2)
filopodia; (3) filopodia and lamellipodia; (4) full spread platelets. Scale bar: 5 um. (C) Clot formation was
induced in PRP of WT and Gp5X"Kn mice with 4 U/ml thrombin and clot retraction was monitored over
time. Representative images of the indicated time points are shown. (D) Residual serum volume after
clot retraction. Data are shown as mean + SD.
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3.4.3 Thrombin-uncleavable GPV does not alter platelet adhesion on vVWF or P-

selectin under flow

In a next step, it was investigated whether a permanent presence of GPV on the platelet
surface affects GPIb-ligand interactions. Upon CVX-mediated activation, binding of vWF to
activated platelets was unaltered, however binding of fibronectin was reduced in mutant mice
by 50% compared to WT mice under static conditions (Figure 3-21 A, B). Since GPIb ligand
interactions are shear-dependent, flow adhesion experiments were performed at a high shear
rate of 1700 s*. Firm platelet adhesion to VWF- (Figure 3-21 C) or P-selectin- (Figure 3-21 D)
coated surfaces was unaltered in Gp5X"Ki" mice, which is in line with data obtained from
Gp57 mice (Figure 3-3), concluding that GPIb-ligand interactions under flow do not depend on

the cleavage of GPV nor its presence on the platelet surface.
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Figure 3-21: Reduced binding of fibronectin to Gp5Xi"Kin platelets, but unaltered binding of VWF
and adhesion to vVWF and P-selectin under flow. (A, B) Diluted whole blood was stimulated with CVX
and stained with saturated amounts of anti-vWF FITC (A) and anti-fibronectin-FITC (B) and binding to
activated platelets was measured on a FACSCalibur. Data shown are MFI + SD (n=4 mice per group;
the data are representative of three independent experiments). * p<0.05 as compared to WT values. (C,
D) Whole blood was perfused over a VWF- (C) or P-selectin-coated (D) surface at 1700 s for 4 min and
then washed with Tyrode’s buffer again for 4 min. The bar graphs display mean number of adherent
platelets per visual field. Data shown are mean = SD (n=5 mice each). Scale bar: 10 um. CVX,
convulxin; VWF, von Willebrand factor.

3.4.4 Increased thrombus formation of Gp5Ki"Kin platelets on collagen under

flow

It has previously been shown that GPV-deficiency does not affect thrombus formation on
collagen under flow and that the collagen-binding site on GPV is of minor relevance for platelet
adhesion in vitro [135, 210]. To study the role of the thrombin-cleavage site of GPV on collagen
under flow, whole blood perfusion experiments were performed at the indicated shear rates.
While at a low shear rate of 150 s thrombus formation was indistinguishable between

Gp5KvKin and WT mice, Gp5K™Ki" mice displayed an enhanced surface coverage as well as
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thrombus volume with increasing shear rates (Figure 3-22). In contrast, absence of GPV did

not influence thrombus formation in vitro [210].
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Figure 3-22: Thrombin-uncleavable GPV leads to enhanced adhesion and aggregate formation
on collagen under flow. Whole blood was perfused over a collagen-coated (0.2 mg/ml) surface at the
indicated shear rates and then washed with Tyrode’s buffer for the same time period. Perfusion time
was 10 min (150 s™1), 4 min (1000 and 1700 s™) or 2 min (3000 s™). (A) Representative images of
brightfield and fluorescence microscopy. Scale bar: 25 pum. (B) The bar graphs display mean
values = SD (n=5 mice each, 2 independent experiments). * p<0.05; ** p<0.01 as compared to WT
values.
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3.4.5 GpbKinkKin platelets show unaltered procoagulant activity, but enhanced

(hem)ITAM-dependent thrombin generation

PS exposure is a measure of procoagulant activity and occurs subsequent to sustained platelet
activation and elevated cytosolic Ca?" concentrations. For this, washed platelets were
activated with GPCR- and (hem)ITAM-coupled agonists and PS exposure determined by
annexin-A5 staining using flow cytometry was found to be unaltered in Gp5X"Knmice (data not
shown). To study procoagulant activity under flow, whole blood was perfused over a collagen-
coated surface at a shear rate of 1000 s*. Comparable levels of procoagulant activity were
found between mutant and WT mice (data not shown). Hence, it can be concluded that the
increased reactivity of Gp5K"Kin platelets on collagen did not translate into enhanced

procoagulant activity.

PS exposure plays a critical role in thrombin generation in PRP, which was subsequently
studied in Gp5X™kin mice. Point mutation of the thrombin cleavage site of GPV resulted in an
elevated amount of totally produced thrombin upon stimulation with (hem)ITAM-specific
agonists (Figure 3-23 D), but had no effect on the initiation of thrombin generation (Figure
3-23 A), maximal amount of newly generated thrombin (Figure 3-23 B) and time to maximal
thrombin generation (Figure 3-23 C). The increased endogenous thrombin potential was rather
caused by a delayed inhibition of thrombin generation in Gp5X"K" mice upon stimulation with
CRP or rhodocytin (Figure 3-23 E). This is partially in contrast to the unaltered PS exposure
upon stimulation with (hem)ITAM-specific agonists, but may be consistent with the increased
thrombus formation on collagen under flow. In addition, there is growing evidence that factors

besides PS exposure trigger thrombin generation [258].
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Figure 3-23: Gp5Kinkin platelets show enhanced (hem)ITAM-dependent thrombin generation.
Citrate-anticoagulated platelet-rich plasma was left unstimulated (PRP) or activated by incubation with
collagen-related peptide (CRP) (20 pug/ml), rhodocytin (1 pg/ml), A23187 (10 pM) or ionomycin (10 pM)
for 10 min at 37°C. Thrombin generation was triggered with tissue factor/CaCl.. Lagtime (A), maximal
thrombin concentration (B), time to peak (C) and endogenous thrombin potential (ETP) (D) were
determined. (E) Representative thrombin generation curves. Values are mean + SD (n=9). * p<0.05;
** p<0.01; *** p<0.001 as compared to WT values.

3.4.6 Gp5KinKinmice reverse the hemostatic and thrombotic defect caused by
lack of GPVI and CLEC-2

To study the in vivo relevance of the thrombin-cleavage site of GPV, Gp5X™Kin mice were
subjected to a tail bleeding time assay. To this end, mice were again injected with JAQ1 or
INU1 as described (3.1.4). Mutant mice displayed shortened bleeding times compared to WT
mice (389 +186 s in WT mice vs. 232 £ 113 s in Gp5X™kin mice, p<0.05) (Figure 3-24 A).
Strikingly, Gp5X™in mice restored the hemostatic defect of GPVI-deficient or CLEC-2-deficient
mice (Figure 3-24), resembling the Gp5™ phenotype (Figure 3-5).
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Figure 3-24: Gp5Kinkin mice phenocopy Gp5’ mice and restore hemostasis in the absence of
GPVI and CLEC-2. 1 mm of the talil tip of each mouse was cut and time to cessation of blood flow was
measured using a filter paper. Each symbol represents one animal. * p<0.05; ** p<0.01.

In line with this, time to in vivo occlusive thrombus formation upon mechanical injury of the
abdominal aorta was comparable between Gp5X™knand WT mice. Surprisingly, Gp5X™Kin mice
maintained thrombus formation in the absence of GPVI and CLEC-2 leading to occlusion times

comparable to WT mice (Figure 3-25 A).

In addition, platelet accumulation was studied after FeCls-induced injury of the mesenteric
arterioles using intravital fluorescence microscopy. Time to beginning of thrombus formation
was indistinguishable in mutant mice, independent of the expression of GPVI, whereas GPVI-
depleted WT mice displayed a significant delay until beginning of thrombus formation
(5.9+3.1 min in vehicle-treated WT, 5.4+2.6 min in vehicle-treated Gp5X"kn mice,
7.2 £ 4.9 min in JAQ1-treated Gp5X™ " mice (n.s.) versus 10.7 + 6.1 min in JAQ1-treated WT
mice, p<0.05 compared to WT and Gp5X™kin mice). Consequently, time to occlusion was also
unaltered in Gp5X"K"mice as compared to WT mice. This was independent of the presence
of GPVI, since GPVI-depleted Gp5X™ " mice formed occlusive thrombi in a time comparable
to WT mice, whereas most of JAQ1-treated WT mice were unable to form occlusive thrombi
within the observation period (Figure 3-25 B). These results indicated that also mice with a
point mutation rendering GPV uncleavable by thrombin can restore arterial thrombus formation

in the absence of GPVI or CLEC-2 and thereby reproduce the Gp5’ phenotype (Figure 3-4).
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Figure 3-25: Gp5K™Kin mice phenocopy Gp5’ mice and restore thrombus formation in the
absence of GPVI and CLEC-2 in in vivo thrombosis models. (A) The abdominal aorta was
mechanically injured by a single firm compression with a forceps and blood flow was monitored with a
Doppler flowmeter. Time to final occlusion is shown. Each symbol represents one individual mouse. (B,
C) Mesenteric arterioles were injured with 20% FeClz and adhesion and thrombus formation of
fluorescently-labeled platelets was monitored by intravital microscopy. Each dot represents one vessel.
### p<0.001, compared to JAQ1-treated WT mice; * p<0.05; ** p<0.01; *** p<0.001.
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3.5 Gp5"erShCerS mice display unaltered platelet activation, aggregation
and thrombus formation on collagen

It was previously shown that GPV is dispensable for platelet function in thrombosis and
hemostasis and GPV-deficiency only led to a slight thrombin hyperresponsiveness [144, 145,
210]. Most strikingly, the absence of GPV could restore thrombus formation and hemostasis
in the absence of the two strong platelet-activating receptors GPVI and CLEC-2. The blocking
anti-mouse GPV antibodies 89F12 and 5G2 reproduced the Gp5” phenotype by modulating
thrombosis and hemostasis in the absence of GPVI and CLEC-2 in in vivo models. These
results establish GPV as an important counter-regulator of (hem)ITAM signaling and are of
high clinical relevance as they point to a potential treatment option under hemorrhagic or
inflammatory conditions. However, GPV exhibits its thrombus-modulatory role only in vivo, but
not in any tested in vitro condition. Therefore, an in vivo model to study human GPV is required
to translate the findings on murine GPV to the human system.
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Figure 3-26: Generation of Gp5"CP5hGPS mice. (A) Simplified targeting strategy. The extracellular
domain of murine GPV was replaced by the extracellular domain of human GPV. (B) Confirmation of
hGPV expression instead of mGPV in Gp5"¢PYMCrS mice by Western Blot.

Therefore, a humanized mouse line was generated where the extracellular domain of murine
GPV (518 aa) was replaced by the extracellular domain of human GPV (519 aa). However, the
intracellular and transmembrane domain were left as mouse protein to not interfere with the

GPIb-V-IX complex assembly, since the interaction of the transmembrane domain of GPV and
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GPIb is crucial for the correct expression and assembly of the whole complex (Prof. Renhao
Li, personal communication). For this, 1.5 kb mouse Gp5 genetic DNA, spanning from the 17"
to 518" aa codon within in the second exon, was replaced with 1.5 kb human orthologous
region. A Neo-cassette was inserted into the non-conserved regions downstream of mouse
Gp5 3'UTR to minimize disruption of Gp5 expression (Figure 3-26 A). The mouse line was
generated in collaboration with Biocytogen. Heterozygous Gp5"cP5mcPS mice were crossed with
Flip-positive mice to remove the Neo-cassette. Expression of the human instead of the mouse
extracellular domain of GPV was confirmed by Western blot analysis using anti-human and
anti-mouse GPV antibodies, respectively, which both bind to the extracellular domain of GPV.
While Gp5"eP¥mCrS mice expressed both proteins, the murine protein was absent in

homozygous Gp5"¢P>"ePS mice (Figure 3-26 B).

Intercrossing of Gp5"ePYMErS mice yielded Gp5MeP¥erPS mice in the expected Mendelian ratio.

They showed normal growth, were fertile and appeared healthy (data not shown).

To study the consequences of the extracellular domain replacement by human GPV on the
hematopoietic system, red blood cell, white blood cell as well as platelet count were determined
and found to be unaltered in Gp5"¢P5"CPS mice, but the mean platelet volume was slightly
increased. In consequence, surface expression of several platelet surface receptors was
moderately elevated, including 3 and a5 integrins, CLEC-2 and CD84, however, GPVI surface
expression was slightly reduced. Notably, the expression of the GPIb-IX complex was not
affected by the replacement with human GPV, indicated by unaltered surface GPlb and GPIX
levels (Table 3-2).

To test whether replacement of the mouse extracellular domain of GPV by human GPV affects
platelet turnover, platelet life span was assessed as described previously (3.4.1). For this
purpose, circulating platelets were labeled with a fluorescence-tagged anti-GPIX derivative.
The life span of platelets with hGPV was indistinguishable from that in WT mice (data not

shown), indicating that platelet production and clearing is not affected in mutant animals.

In a next step, agonist-induced allbB3 integrin activation and degranulation-dependent P-
selectin exposure were determined. Platelets of Gp5"cPS"CrS and WT mice displayed a
comparable integrin inside-out activation as well as P-selectin exposure in response to all
tested agonists (Figure 3-27). Remarkably, platelet activation upon stimulation with
intermediate and low concentrations of thrombin, which led to a mild hyperreactivity of GPV-
deficient platelets, was unaltered in Gp5"¢P"¢r5> mice indicating a comparable competition for

thrombin by human and murine GPV.
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Table 3-2: Analysis of platelet count, size and surface expression of glycoproteins in WT and
Gp5herPSerS mice. Mean platelet size, mean blood cell counts as well as hematocrit levels were
determined using a Sysmex cell counter. Surface expression of platelet glycoproteins was determined
by flow cytometry. Diluted whole blood was stained with saturating amounts of FITC-labeled antibodies
for 15 min at RT. Platelets were analyzed directly on a FACSCalibur. Results are expressed as mean
values = SD for at least 5 mice per group. MFI, mean fluorescence intensity. * p<0.05; ** p<0.01;
*** n<0.001 as compared to WT values.

WT Gp5hePShGPS
Count [10%/ul] 751 + 95 704 + 88
Size [fl] 53 + 0.1 58 + 03 *
WBC [10%/p] 90 + 2.1 79 + 21
RBC [10%/pl] 78 + 22 71 + 14
HCT [%] 421 + 118 372 + 7.3
a-GPIb [MFI] 351 + 14 394 + 23
a-mGPV [MFI] 470 + 23 6 + 2
a-GPIX [MFI] 472 + 12 476 + 13
a-GPVI [MFI] 64 + 1 57 £ 1w
a-B3 [MFI] 384 + 33 450 + 23 %
o- allbB3 [MFI] 560 + 46 594 + 50
o- a2 [MFI] 73 + 5 79 £ 6
a- a5 [MFI] 57 + 3 42 + 1w
a-CLEC-2 [MFI] 246 + 7 273 + 15  *
a-CD9 [MFI] 929 + 67 995 + 49
a-CD84 [MFI] 38 + 3 44 £ 2 =
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Figure 3-27: Platelet activation responses are comparable in Gp5"®P5"CrS and WT mice. (A, B)
Washed blood was stimulated with the indicated agonists in the presence of saturating amounts of
JON/A-PE (activated allbB3 integrin) (A) and anti-P-selectin-FITC (B) for 15 min. Platelets were gated
by their forward and sideward scatter characteristics (FSC and SSC). Data shown are MFI + SD (n=5
mice per group; 3 independent experiments). Rest, resting; U46, U46619; Thr, thrombin; CRP, collagen-

related peptide; RC, rhodocytin.

In line with this, platelet aggregation was investigated in response to collagen, CRP and

thrombin. None of the tested conditions revealed any differences in aggregation responses
between Gp5"¢P¥MGrS and WT mice (Figure 3-28 A).
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Figure 3-28: Neither platelet aggregation nor thrombus formation on collagen under flow is
impaired in Gp5"CePSherS platelets. (A) Washed platelets were activated with the indicated agonists.
Light transmission was recorded on an Apact four-channel aggregometer over 10 min and calculated
as arbitrary units with 100% transmission adjusted to platelet poor plasma. The results shown are
representative of at least 3 independent experiments. Arrows indicate the time point of agonist addition.
(B) Whole blood was perfused over a collagen-coated (0.2 mg/ml) surface at a shear rate of 1700 s
for 4 min and then washed with Tyrode’s buffer for the same time period. Representative images of
brightfield and fluorescence microscopy. Scale bar: 25 um. The bar graphs display mean values + SD
(n=5 mice each, 2 independent experiments). CRP, collagen-related peptide.

To test the functional consequences of replacing the extracellular domain of murine GPV by
human GPV under physiological conditions, platelet adhesion and thrombus formation on a
collagen-coated surface were analyzed in a flow adhesion assay. At a high shear rate of
1700 s, platelet adhesion and aggregate formation on collagen was indistinguishable
between Gp5"®PMCPS and WT mice (Figure 3-28 B). Together, these results indicate that
replacing the extracellular domain of murine GPV by human GPV does not affect major platelet
functions in vitro, since the obtained results did not differ from those obtained with WT platelets.
This renders this mouse line a valuable tool for further studies, e.g. to screen for newly
produced anti-human GPV antibodies, to confirm a possible interaction of shGPV in vivo and
later, to test and screen the efficacy of potential new antithrombotics based on the herein

described mode of action of GPV.
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3.6 Soluble murine GPV has an antithrombotic effect

Thrombin is the most potent physiological activator of platelets. During platelet activation upon
vascular injury, thrombin is generated and triggers an amplification cascade leading to initiation
of the coagulation cascade, further platelet activation and finally to the formation of a stable
thrombus by converting fibrinogen to fibrin. Upon platelet activation, as soon as thrombin is
present, GPV is cleaved releasing a soluble 69 kDa fragment (sGPV) into the plasma. It is
known that this cleavage is not related to the physiological role of thrombin in platelet activation
[46, 207], however, the physiological role of sGPV remained so far unknown. The results
presented in this thesis on Gp5’ and especially Gp5X"X" mice indicate that GPV exerts its
thrombus-modulating role independent of its thrombin cleavage site and therefore pointed to a

regulatory role of soluble GPV in thrombus formation.

3.6.1 Expression and purification of smGPV

To study the role of smGPV, the extracellular domain of murine GPV (including the thrombin
and the ADAM-cleavage sites) fused to a flag tag (Figure 3-29) was cloned into the pEZ-
MmO02808-Lv203 vector and CHO-K1 cells were transduced with the lentiviral expression
construct to obtain a stable cell line. Puromycin was used as selection antibiotic. The bicistronic
PEZ-Mm02808-Lv203 vector also contains eGFP which is expressed together with GPV-EX.
GFP fluorescence of CHO-GPV-EX cells confirmed expression of the vector (data not shown).
Recombinant smGPV was secreted into the cell culture supernatant and could be detected in
the supernatant of cultured cells by a GPV ELISA (Figure 3-30 A).

. 520526
453-464 490-497 Flag Tag Figure 3-29: Recombinant soluble murine GPV.
Thrombin cleavade  pam-cleavage ' CCCC%)  Simplified scheme of the extracellular domain of murine
site GPV. The protein contains the thrombin and the ADAM

cleavage sites. To facilitate protein purification, a Flag tag
was fused to the protein via a linker. ADAM, a disintegrin
metalloprotease.

1-501
Mature soluble GPV

For purification, the cell culture supernatant was incubated with an anti-Flag M2 affinity gel
allowing the binding of smGPV to the gel via its flag tag. The protein was then competitively
eluted using flag-peptide. Purification of sSmGPV was assessed by Western blot using an anti-
mGPV and an anti-Flag antibody (Figure 3-30 C). Besides this, the purified protein could be
detected in a mGPV ELISA (Figure 3-30 D). Purity was checked by Coomassie staining (Figure
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3-30 B). For further in vitro and in vivo studies, the purified protein was dialyzed against PBS

and concentrated to approximately 1 mg/ml.

A 12 B - C - D 10,
g g
1.0 1 g g 0.8

— ] @ —

£ o o £

g 087 H < 2 < é e
- <

Q g g g 2 a 067

S 06 2 2 - o 2 e - & S

3 £ E £

z Do 28 SwocBe > 04

o =53G8STw =52G%88®® o 044

Q 04 ¢ 20 3 0 232 © 20 mog 33 )

g O S z2oWin O S soWi g

02 _ BB 02
130 -«
95 - mGPV
0 72 - - 0

Bl Gp5 thrombin supernatant 55 - al [ Cell culture supernatant
T Cell culture supernatant 43 - 3 Input

= Flow through

Eluate 1

Eluate 2

I WT thrombin supernatant
El Gp57 thrombin supernatant

[ Control medium supernatant 34 - «.

26 - Flag

Figure 3-30: Expression and purification of soluble murine GPV. CHO-K1 cell line was stably
transfected with the extracellular domain of murine GPV via a lentiviral approach. Therefore, the
extracellular domain of GPV was cloned into the pEZ-Mm02808-Lv203 vector. (A) GPV ELISA of cell
culture supernatant of CHO-GPV-EX cells. smGPV protein was secreted into the cell culture
supernatant. (B) Coomassie staining and (C) Western blot were performed to validate purification of
smGPV from cell culture supernatant with an anti-mouse GPV and an anti-Flag antibody. (D) GPV
ELISA was used to validate purification of smGPV from cell culture supernatant.

3.6.2 smGPV does not alter platelet function in vitro under static conditions

Incubation of 10 pg/ml smGPV with washed whole blood did not cause any alteration in platelet
count, but led to a very mild reduction in size as well as in the surface prevalence of GPIb,
GPIX, allbB3 and CD9 (data not shown). Injection of smGPV intravenously did also not affect

platelet count (data not shown).

smGPV incubation in vitro did not influence agonist-induced allbB3 integrin activation as well
as degranulation-dependent P-selectin exposure upon stimulation with all tested agonists
(data not shown). Consistently, aggregate formation in washed platelets (Figure 3-31 A), PRP
(Figure 3-31 B) or whole blood (Figure 3-31 C) in response to all tested agonists was unaltered
after incubation with smGPV compared to untreated WT controls (Figure 3-31). This indicates

that smGPV does not affect platelet activation and aggregation under static conditions.
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Figure 3-31: Platelet aggregation is not altered by exogenous smGPV. Washed platelets (A), PRP
(B) and whole blood (C) were incubated with 10 pg/ml smGPV in vitro for 5 min at 37°C prior to
stimulation with the indicated agonists. Light transmission was recorded on an Apact four-channel
aggregometer (washed platelets, PRP) or on a Chrono-log whole blood aggregometer (whole blood)
over 10 min. Traces represent light transmission over time, with PRP set as 0% and platelet poor plasma
as 100% aggregation. The results are representative of at least 3 independent experiments. CRP,
collagen-related peptide; Thr, thrombin; U46, U46619.

3.6.3 smGPV reduces thrombus formation on collagen under flow

Next, flow adhesion experiments were performed to study the role of smGPV under shear
conditions. In vitro, platelet adhesion and thrombus formation on collagen was diminished in
the presence of smGPV. The thrombus-reducing effect of smGPV was concentration-

dependent, but shear rate-independent. While incubation with 10 g smGPV was not sufficient
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to alter thrombus formation, 20 ug smGPV caused a significant decrease in surface coverage
as well as thrombus volume. The effect was even more pronounced after incubation with 40 ug
smGPV, where thrombus formation was almost abrogated (Figure 3-32). Flow adhesion
assays were performed at a low shear rate of 150 s and 1000 s, which model flow conditions
in venules or large arteries, up to high shear rates of 1700 s and 3000 s, resembling shear
stress in small arterioles [259]. After incubation with 20 ug smGPV, surface coverage and
thrombus volume were diminished at all tested shear rates to a comparable extent (Figure
3-33). Together, in vitro incubation with smGPV reduced thrombus formation on collagen in a
concentration-dependent, but shear rate-independent manner.
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Figure 3-32: smGPV reduces platelet adhesion and thrombus formation on collagen under flow
in a concentration-dependent manner. Heparinized whole blood was incubated with the indicated
amount of smGPV in vitro for 5 min at 37°C in the presence of a Dylight 488-conjugated anti-GPIX
derivative and perfused over a collagen-coated (0.2 mg/ml) surface at a shear rate of 1700 s™ for 4 min
and then washed with Tyrode’s buffer for the same time period. (A) Representative images of brightfield
and fluorescence microscopy. Scale bar: 25 pym. (B) The bar graphs display mean values + SD (n=5
mice per group, 2 independent experiments per concentration). * p<0.05; ** p<0.01; *** p<0.001.
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Figure 3-33: smGPV reduces platelet adhesion and thrombus formation on collagen under flow
shear rate-independently. Heparinized whole blood was incubated with 20 pug smGPV in vitro for 5 min
at 37°C in the presence of a Dylight 488-conjugated anti-GPIX derivative and perfused over a collagen-
coated (0.2 mg/ml) surface at the indicated shear rates and then washed with Tyrode’s buffer for the
same time period. Perfusion time was 10 min (150 s™%), 4 min (1000 and 1700 s™) or 2 min (3000 s™).
(A) Representative images of brightfield and fluorescence microscopy. Scale bar: 25 um. (B) The bar

graphs display mean values £ SD (n=5 mice per group, 2 independent experiments per shear rate).
* p<0.05; ** p<0.01; *** p<0.001.

The antithrombotic effect of smGPV was independent of the expression of GPV on the platelet

surface, since 20 pug sSmGPV reduced thrombus formation in Gp5’ mice to a comparable
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extent as in WT animals (Figure 3-34 A, B). This excludes a direct interaction of smGPV with

GPV on the platelet surface to exert its antithrombotic effect.
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Figure 3-34: Thrombus-reducing effect of smGPV is independent of GPV expression on platelets
and smGPV reduces thrombus formation on collagen ex vivo. (A, B) Heparinized whole blood was
incubated with 20 ug smGPV in vitro for 5 min at 37°C in the presence of a Dylight 488-conjugated anti-
GPIX derivative. Representative images of fluorescence microscopy. Scale bar: 25 um. (C, D) Mice
were injected with 20 ug smGPV intravenously and blood was withdrawn 20 or 60 min afterwards.
Heparinized whole blood was incubated in vitro with a Dylight 488-conjugated anti-GPIX derivative for
5 min at 37°C and perfused over a collagen-coated (0.2 mg/ml) surface at a shear rate of 1700 s™ for
4 min and then washed with Tyrode’s buffer for the same time period. Representative images of
brightfield and fluorescence microscopy. Scale bar: 25 um. (B, D) The bar graphs display mean
values £ SD (n=5 mice per group, 2independent experiments). * p<0.05; ** p<0.01; *** p<0.001.
smGPV denat: smGPV protein was denatured for 10 min at 95°C prior to the experiment.

So far, the effect of smGPV on platelet function was only studied under in vitro conditions. To
investigate the effect of smGPV on thrombus formation under more physiological conditions,
20 pg smGPV was injected into mice and thrombus formation was determined ex vivo. 20 min
after smGPV injection, blood was withdrawn and the flow adhesion experiment was performed

immediately. Injection of smGPV led to a pronounced decrease in surface coverage and
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thrombus volume. The extent was comparable to the obtained in vitro results, indicating that
smGPV limits thrombus formation also ex vivo. As a control, boiled (95°C) smGPV was
injected, which had no effect on thrombus formation compared to PBS-injected WT controls.
However, the in vivo half-life of smGPV was rather short, since ex vivo thrombus formation
assessed 1 h after injection of smGPV was indistinguishable between smGPV-treated mice

and untreated controls (Figure 3-34 C, D).

While Gp5K"Kin mice per se displayed enhanced thrombus formation on collagen under flow
(Figure 3-22), this was normalized to WT levels after smGPV incubation at a shear rate of
1000 s. At 150 s, where Gp5K™kin mice were indistinguishable from WT mice, thrombus
formation was reduced after smGPV incubation (Figure 3-35), confirming a strong
antithrombotic activity of smGPV and indicating that the antithrombotic effect of smGPV is not

altered by membrane GPV.
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Figure 3-35: smGPV normalizes enhanced thrombus formation on collagen of Gp5K"Kin mice.
Heparinized whole blood was incubated with 20 pg smGPV in vitro for 5 min at 37°C in the presence of
a Dylight 488-conjugated anti-GPIX derivative and perfused over a collagen-coated (0.2 mg/ml) surface
at a shear rate of 150 s™ for 10 min or 1000 s™* for 4 min, and then washed with Tyrode’s buffer for the
same time period. Representative images of fluorescence microscopy. Scale bar; 25 um. The bar
graphs display mean values £ SD (n=5 mice per group, 2independent experiments). * p<0.05;
** p<0.01; *** p<0.001.

To evaluate the potential clinical relevance of sGPV as an antithrombotic agent, its effect was
studied in human blood. Therefore, smGPV was incubated in vitro with blood from healthy
volunteers (Ctrl) and always run in parallel to an untreated sample from the same donor to

allow direct comparison. The fluorescent, cell permeant dye DiOCs was used to label human
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platelets, since the above used anti-GPIX derivative does not bind to human platelets. The
concentration of DiIOCs needed for proper cell staining was titrated accurately prior to the
experiment to avoid cell damage, since the dye is extremely phototoxic. Surface coverage and
thrombus volume at a shear rate of 1000 s was diminished in human blood after smGPV

treatment (Figure 3-36), indicating that smGPV is a potential candidate for a novel

antithrombotic agent.
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Figure 3-36: Thrombus-reducing effect of smGPV in human blood on collagen under flow.
Heparinized whole blood from healthy volunteers (Ctrl) was incubated with 20 pg smGPV in vitro for
5 min at 37°C in the presence of 100 nM DiOCs and perfused over a collagen-coated (0.2 mg/ml) surface
at a shear rate of 1000 s™* for 4 min and then washed with Tyrode’s buffer for the same time period. (A)
Representative images of brightfield and fluorescence microscopy. Scale bar: 25 um. (B) The bar
graphs display mean values = SD (n=5, 2 independent experiments). * p<0.05; ** p<0.01; *** p<0.001.

3.6.4 smGPV protects mice from occlusive thrombus formation without
affecting tail bleeding time

To test the in vivo effect of smGPV on arterial thrombus formation, mice were injected with
20 ug smGPV directly before the experiment. Remarkably, thrombus formation was abolished
after smGPV treatment in a model of mechanical injury of the abdominal aorta. smGPV-treated
mice did not form occlusive thrombi within the observation period (Figure 3-37 B). Similar
results were obtained in a second model of arterial thrombus formation. Here, platelet
accumulation at sites of FeCls-induced mesenteric arteriole injury was determined using
intravital fluorescence microscopy. Again, smGPV protected animals from arterial occlusive
thrombus formation, since 9 out of 14 mice did not form stable thrombi within the observation
period (Figure 3-37 C). Next, the hemostatic function in smGPV-treated mice was assessed.

Unexpectedly, tail bleedings times were comparable between smGPV-injected mice and
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vehicle-treated controls (Figure 3-37 A). These surprising results indicated that smGPV

protects from arterial occlusive thrombus formation without affecting hemostasis.
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Figure 3-37: smGPV protects mice from arterial occlusive thrombus formation without affecting
hemostasis. Mice were injected intravenously with 20 pg smGPV prior to the experiment. (A) 1 mm of
the tail tip of each mouse was cut and time to cessation of blood flow was measured using a filter paper.
Each symbol represents one animal. (B) The abdominal aorta was mechanically injured by a single firm
compression with a forceps and blood flow was monitored with a Doppler flowmeter. Time to final
occlusion is shown. Each symbol represents one individual mouse. (C) Mesenteric arterioles were
injured with 20% FeCls and adhesion and thrombus formation of fluorescently-labeled platelets was
monitored by intravital microscopy. Each dot represents one vessel. * p<0.05; ** p<0.01.

3.6.5 89F12 reverses the thrombus-reducing effect of smGPV

The pronounced antithrombotic effect of sSmGPV in mouse as well as human blood was quite
striking and could explain the phenotype of Gp5™ and Gp5X™k"mice. However, the mechanism
underlying the antithrombotic effect of smGPV still remained unknown and was addressed in
further experiments. The anti-GPV antibody 89F12 was shown to reverse the hemostatic and
thrombotic defect caused by lack of the (hem)ITAM receptors GPVI and CLEC-2 (see 3.2).
Consequently, 89F12 might bind to the epitope on GPV involved in GPV-ligand interactions.
To test this, 89F12 Fab fragments were preincubated with smGPV and then added to the
murine blood. While 89F12 Fab fragments alone did not modulate thrombus formation on

collagen under flow, preincubation of smGPV with 89F12 Fab fragments abrogated the
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thrombus-reducing effect of smGPV treatment (Figure 3-38) which indeed indicated that 89F12

blocks the epitope on smGPV involved in thrombus modulation.
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Figure 3-38: The anti-GPV antibody 89F12 reverses the thrombus-reducing effect of smGPV.
Heparinized whole blood was incubated with 20 pg smGPV, 10 pg/ml 89F12 Fab alone or a combination
of 20 pg smGPV and 10 pg/ml 89F12 Fab (mixed beforehand) in vitro for 5 min at 37°C in the presence
of a Dylight 488-conjugated anti-GPIX derivative and perfused over a collagen-coated (0.2 mg/ml)
surface at a shear rate of 1700 s™* for 4 min and then washed with Tyrode’s buffer for the same time
period. (A) Representative images of brightfield and fluorescence microscopy. Scale bar: 25 um. (B)
The bar graphs display mean values = SD (n=4 mice per group, 1 experiment). sSmGPV denat: smGPV
protein was denatured for 10 min at 95°C prior to the experiment. * p<0.05; ** p<0.01; *** p<0.001, as
compared to WT+smGPV.

3.6.6 Plasma factors are critical for the antithrombotic effect of smGPV

In a next step, it was tested whether plasma factors are critical for the thrombus-modulating
effect of smGPV. For this, a plasma factor-free flow adhesion assay was established. Washed
platelets, washed red blood cells, fibrinogen and Ca? were mixed at concentrations
resembling those in whole blood perfusion assays. Red blood cells were necessary to force
platelets to the wall of the flow chamber and thereby bringing them into contact with the coated
collagen. Fibrinogen and Ca?* were crucial to facilitate aggregate formation under flow. Overall,
the surface coverage in this reconstituted flow adhesion assay was comparable to the whole
blood perfusion assay. Incubation with smGPV still led to a reduction in surface coverage,
albeit the effect was less pronounced than in the presence of plasma factors. However, the
thrombus volume in the reconstituted flow chamber was unaltered after smGPV incubation

(Figure 3-39). Comparable results were obtained with reconstituted Gp5’ blood (data not
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shown). These results indicate that smGPV requires plasma factors to exert its antithrombotic

effect.
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Figure 3-39: Plasma factors are critical for the thrombus-reducing effect of smGPV. Platelets and
red blood cells were washed to remove all plasma components and afterwards reconstituted with
fibrinogen and Ca?*, which are critical to facilitate thrombus formation. The reconstituted blood was
incubated with 20 ug smGPV in vitro in the presence of a Dylight 488-conjugated anti-GPIX derivative
for 5 min at 37°C and perfused over a collagen-coated (0.2 mg/ml) surface at a shear rate of 1000 s
for 4 min and then washed with Tyrode’s buffer for the same time period. (A) Representative images of
brightfield and fluorescence microscopy. Scale bar: 25 pum. (B) The bar graphs display mean
values + SD (n=5 mice per group, 3 independent experiments). * p<0.05.

3.6.7 smGPV gets incorporated into the growing thrombus

To elucidate the mechanism underlying the thrombus-modulatory effect of smGPV, it was
assessed whether smGPV directly binds to platelets. Several in vitro binding studies under
static conditions were conducted, however they failed to give clear results (data not shown),
since smGPV seemed to require shear flow conditions to exert its antithrombotic effect and

probably also for its interaction with a postulated blood-borne ligand.

Flow adhesion assays with diluted whole blood were performed as described above and then
the anti-GPV antibody 89H11 coupled to the fluorescent dye Alexa647 (A647) was perfused
over the formed thrombi to stain GPV. Gp5” mice were used to exclusively stain the
recombinant smGPV, but not endogenous GPV. While there was no 89H11 staining detectable
in GPV-deficient blood, sSmGPV could be visualized in smGPV-treated Gp5” blood and was
found primarily at the edges of platelet aggregates colocalizing with platelets (Figure 3-40 A)

indicating that smGPV binds to platelets in growing thrombi.

Next, smGPV was coupled to a fluorophore (A647 or Dylight 488) to directly visualize smGPV
and to allow its detection also in vivo, e.g. after thrombus formation, and in other mouse strains
than Gp5”7 mice. However, smGPV-A647 or smGPV-Dylight 488 did not display the thrombus-
reducing effect of smGPV. In addition, the staining pattern obtained from directly fluorophore-

conjugated smGPV looked different to the previous described one: fluorophore-conjugated
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smGPV bound to the collagen fibers coated on the cover slip (Figure 3-40 B). These results
excluded the usage of fluorophore-conjugated smGPYV for mechanistic assays. At this moment,
it is unclear how labelling affects the bioactivity of smGPV. Unfortunately, there was no other

possibility to distinguish between recombinant and endogenous smGPV in vivo.
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Figure 3-40: smGPV gets incorporated into the growing thrombus in vitro on collagen under flow.
Heparinized whole blood was incubated with 20 ug smGPV in vitro for 5 min at 37°C in the presence of
a Dylight 488-conjugated anti-GPIX derivative (green, lower panel: magenta) and perfused over a
collagen-coated (0.2 mg/ml) surface at a shear rate of 1700 s™* for 4 min and then washed with Tyrode’s
buffer for the same time period. (A) smGPV was stained with the A647-conjugated anti-GPV antibody
89H11 (red). (B) Direct coupling of smGPV to A647 (red) or Dylight 488 (green, lower panel) abolished
the thrombus-reducing effect of smGPV. Representative fluorescence images of 5 mice per group.
Scale bar: 20 um. The bar graphs display mean values + SD (2 independent experiments).
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3.7 Soluble human GPV protects from arterial thrombosis

In parallel to the studies on smGPV, the effect of soluble human GPV (shGPV) on thrombus
formation was investigated. Human and murine GPV share an amino acid sequence homology
of 70% [128, 191]. However, it was so far unclear whether shGPV exhibits a comparable

antithrombotic effect in human blood as it was described for smGPV.

For the initial studies, we kindly received a small amount of shGPV (extracellular domain aa 1-
518) carrying a 10x His-tag, which was recombinantly produced in insect cells, from Prof.

Renhao Li (Emory University, Atlanta, USA).

In addition, recombinant soluble human GPV was generated and purified in collaboration with
CSL Behring (Marburg, Germany). In accordance with smGPV, the extracellular domain of
human GPV (including the thrombin cleavage site) was fused to a human albumin tag, stably
expressed in CHO-K1 cells and secreted into the cell culture supernatant (Figure 3-41 A).
Fusion of albumin to shGPV resulted in a protein of approximately 120 kDa. The purified
protein was tested by CSL Behring in a Coomassie staining as well as in Western blot using
an anti-albumin antibody and an anti-human GPV antibody (Figure 3-41 D, E). So far, we
obtained three batches shGPV-FP from CSL Behring. In addition, we also obtained shGPV
without an albumin tag. Here, the albumin tag was cleaved off by thrombin (via the thrombin
cleavage site of GPV). The cleaved product was purified using an anti-aloumin column and a
subsequent size exclusion chromatography of the flow through, resulting in a band for shGPV
at approximately 64 kDa in Western blot analysis (Figure 3-41 C, E). Figure 3-41 C-E was
kindly provided by CSL Behring. shGPV with the albumin tag will be referred to as shGPV-FP,
whereas shGPV is the cleaved product. Recombinant shGPV-FP could be detected down to a
concentration of 0.9 g in Western blot using an anti-aloumin and an anti-human GPV antibody
and in an albumin ELISA down to a concentration of 0.1 ug/ml (Figure 3-41F, G).
Unfortunately, there was only a limited number of anti-human GPV antibodies commercially
available, which did not work in a human GPV ELISA. Similar to the results obtained with
smGPV, incubation of 10 pg/ml shGPV with washed whole blood did neither alter allb3
integrin activation nor degranulation-dependent P-selectin exposure in response to all tested

agonists (data not shown).
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Figure 3-41: Recombinant soluble human GPV. (A) Simplified scheme of the extracellular domain of
human GPV. The protein contains the thrombin and the ADAM cleavage site. A human albumin tag was
fused to the protein via a linker (shGPV-FP). ADAM, a disintegrin metalloprotease. (B) Western Blot to
validate fusion of shGPV to an albumin tag using an anti-albumin antibody. (C) The albumin tag was
removed from shGPV by thrombin cleavage. Confirmation of the cleavable linker by western blot using
an anti-albumin antibody. (D) Coomassie staining of batch 1 and 2 obtained from CSL Behring. (E)
Coomassie staining and Western blot to verify cleavage and purification of batch 3 obtained from CSL
Behring using an anti-albumin and an anti-human GPV antibody. Flow through = product = cleaved
shGPV without albumin tag. shGPV-FP, shGPV with albumin tag. (F) Titration of shGPV-FP using an
anti-albumin and an anti-human GPV antibody. (G) Detection of shGPV-FP using an albumin ELISA.

The two classical coagulation pathways serve as basis of the widely used standard methods
to determine overall plasma coagulation in clinics (see 1.7). The Quick test along with its
derived measure INR (international normalized ratio) is a measure of the extrinsic coagulation
pathway by TF-FVlla-initiated coagulation. The aPTT (partial thromboplastin time) determines
the intrinsic coagulation pathway by FXII-triggered clotting. The effect of shGPV on the integrity
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of plasma coagulation in vitro was assessed by determining the clinical parameters Quick, INR
and aPTT in human blood. All three values were not affected by the presence of 10 pg/ml
shGPV in human plasma (data not shown) indicating that shGPV has no influence on

coagulation in the plasma of healthy volunteers.

Consistently, thrombin generation as assessed by the initiation of thrombin generation,
maximal thrombin generation and time to maximal thrombin generation was comparable
between shGPV-treated WT PRP and untreated PRP (data not shown). Altogether, shGPV —

like smGPV — did not alter platelet activation or coagulation in vitro.

3.7.1 shGPV inhibits thrombus formation on collagen under flow

Thrombus formation on collagen under flow was markedly reduced upon treatment with
smGPV in vitro or ex vivo. In a next step, it was investigated whether shGPV also exerts an
inhibitory effect on platelet adhesion and aggregation on collagen under flow. In general, mean
shear rates and wall shear stress are higher in mice than in humans [260, 261]. Therefore,
flow adhesion experiments with human blood were performed at a shear rate of 150 s (low),
500 s? (intermediate) and 1000 s (high) [262]. shGPV-FP diminished thrombus formation in
a concentration-dependent manner in human blood. 20 ug shGPV-FP (shGPV with albumin
tag, 20 pg total protein equates approximately 10 pg shGPV) were sufficient to significantly
reduce platelet adhesion and aggregate formation on collagen. This effect was even more
pronounced after incubation with 40 pg or 80 pug shGPV-FP (Figure 3-42).

In contrast to smGPV, which diminished thrombus formation independently of the applied
shear rate, shGPV-FP exerted its antithrombotic effect only at a high shear rate of 1000 st in
human blood, but not at a shear rate of 500 s'* and 150 s* (Figure 3-43). Shear-dependency
of shGPV was so far not studied in murine blood and that of smGPV not in human blood. It
remained unknown whether the observed differences between smGPV and shGPV are due to
the protein itself or due to differences in the hemorheology and hemodynamic shear stress of

murine and human blood.

In line with these results, 40 ug shGPV without an albumin tag efficiently reduced thrombus
formation on collagen in human blood (data not shown). These data showed that shGPV - like

smGPV - is a potent thrombus-reducing agent in vitro.

In parallel to the studies with smGPV, the importance of plasma factors for the thrombus-
modulatory role was also assessed for shGPV using the previously established flow adhesion
assay (3.6.6). In reconstituted human blood, incubation with 40 ug shGPV-FP did not affect

platelet adhesion and aggregate formation on collagen under flow (data not shown), indicating

107



The role of platelet glycoprotein V in thrombosis and hemostasis Results

that plasma factors are required for the antithrombotic effect of shGPV in vitro. This is in line

with the results obtained for smGPV.
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Figure 3-42: shGPV-FP reduces platelet adhesion and thrombus formation in vitro on collagen
in a concentration-dependent manner. Whole blood from healthy human volunteers (Ctrl) was
incubated with the indicated amount of shGPV-FP in vitro for 5 min at 37°C in the presence of 100 nM
DiOCs and perfused over a collagen-coated (0.2 mg/ml) surface at a shear rate of 1000 s for 4 min
and then washed with Tyrode’s buffer for the same time period. (A) Representative images of brightfield
and fluorescence microscopy. Scale bar: 20 pm. (B) The bar graphs display the mean values = SD (n=5,
2 independent experiments). * p<0.05; ** p<0.01; *** p<0.001 as compared to Ctrl values.
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Figure 3-43: shGPV-FP reduces platelet adhesion and thrombus formation in vitro on collagen
under flow shear rate-dependently. Whole blood from healthy human volunteers was incubated with
40 pg shGPV-FP in vitro for 5 min at 37°C in the presence of 100 nM DiOCe and perfused over a
collagen-coated (0.2 mg/ml) surface at the indicated shear rates and then washed with Tyrode’s buffer
for the same time period. Perfusion time was 10 min (150 s™) or 4 min (500 and 1000 s™). (A)
Representative images of brightfield and fluorescence microscopy. Scale bar: 20 um. (B) The bar
graphs display the mean values + SD (n=5, 2 independent experiments). * p<0.05; ** p<0.01 as
compared to Ctrl values.

Besides human blood, the effect of shGPV was also investigated in murine blood. For this
purpose, shGPV with and without the albumin tag was incubated with murine blood in vitro
prior to the experiment. Like in human blood, 40 pg shGPV abolished platelet aggregate
formation very efficiently. 40 ug or 80 ug shGPV-FP reduced the surface coverage and

thrombus volume significantly, but to a lesser extent than the cleaved protein (Figure 3-44).
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Figure 3-44: Thrombus-inhibiting effect of shGPV in murine blood in vitro on collagen under flow.
Heparinized whole blood was incubated with the indicated amounts of shGPV and shGPV-FP in vitro
for 5 min at 37°C in the presence of a Dylight 488-conjugated anti-GPIX derivative and perfused over a
collagen-coated (0.2 mg/ml) surface at a shear rate of 1700 s™* for 4 min and then washed with Tyrode’s
buffer for the same time period. (A) Representative images of brightfield and fluorescence microscopy.
Scale bar: 20 pum. (B) The bar graphs display mean values + SD (n=5 mice per group, 3 independent
experiments). * p<0.05, ** p<0.01, *** p<0.001 as compared to WT values.

3.7.2 Abolished antithrombotic effect of fluorophore-conjugated shGPV

To identify interaction partners of sGPV, it is crucial to unravel the underlying mechanism of
the thrombus-modulating effect of sGPV. Since, unfortunately, tools required to study human
GPV such as ELISA and antibodies suitable for flow cytometry or immunofluorescence staining
were limited or non-existent, shGPV was conjugated to a fluorophore to directly visualize the
protein in flow adhesion assays and investigate whether it is bound by platelets or gets

incorporated into the thrombus as observed for smGPV.

However, like for smGPV, direct conjugation of shGPV to Alexa 488 abrogated its
antithrombotic effect in human as well as in murine blood (data not shown). Besides this, the
staining pattern obtained by shGPV-A488 resembled staining of the coated collagen fibers
indicating that shGPV-A488 might bind to collagen. These results were in line with data from
studies with smGPV (3.6). Since flow adhesion studies were performed with diluted whole
blood, it was also not possible to localize shGPV-FP via its albumin tag — it could not be
distinguished between the endogenous human albumin and the recombinant human albumin.
Furthermore, our anti-albumin antibodies were not specific for human albumin and cross-

reacted with the mouse protein.
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Results

3.7.3 shGPV protects mice from occlusive thrombus formation without

affecting tail bleeding time

In vitro, shGPV(-FP) reproduced the data obtained with smGPV. Consequently, we also tested

the in vivo effect of shGPV in mice. To do so, mice were injected with 20 ug shGPV directly

before the experiment. Comparable to smGPV, shGPV abolished occlusive thrombus

formation in the mechanically injured abdominal aorta (14 out of 15 did not form occlusive

thrombi within the observation period; Figure 3-45 B).
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Figure 3-45: shGPV protects
mice from arterial occlusive
thrombus formation without
affecting hemostasis. Mice
were injected intravenously
with 20 pg shGPV prior to the
experiment. (A) 1 mm of the
tail tip of each mouse was cut
and time to cessation of blood
flow was measured using a

filter paper. Each symbol
represents one animal. (B) The
abdominal aorta was
mechanically injured by a

single firm compression with a
forceps and blood flow was
monitored with a Doppler flow-
meter. Time to final occlusion
is shown. Each symbol
represents one individual
mouse. © Mesenteric
arterioles were injured with
20% FeCls and adhesion and
thrombus formation of
fluorescently-labeled platelets
was monitored by intravital

microscopy. Each dot
represents one vessel. shGPV
was kindly provided by
Prof. Renhao Li. * p<0.05;

** p<0.01; *** p<0.001.

In FeCls-injured mesenteric arterioles, half of the injured vessels remained patent, while a

stable thrombus was formed in the other vessels upon injection of shGPV. Of note, there was

no occlusive thrombus in the first analyzed arteriole per mouse in 4 out of 6 mice (Figure
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3-45 C), suggesting that the half-life of shGPV is short and does not allow the analysis of more
than one arteriole per mouse. In line with results obtained with smGPV, tail bleeding times of
shGPV-treated mice were comparable to vehicle-treated controls (Figure 3-45 A), indicating
that shGPV does not affect hemostasis. These in vivo studies on shGPV were performed with

the protein kindly provided by Prof. Renhao Li.
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Figure 3-46: shGPV protects from arterial occlusive thrombus formation. Mice were injected
intravenously with the indicated amount of shGPV prior to the experiment. (A) The abdominal aorta was
mechanically injured by a single firm compression with a forceps and blood flow was monitored with a
Doppler flowmeter. Time to final occlusion is shown. Each symbol represents one animal. (A) First batch
shGPV, (B) second batch shGPV-FP, (C) third batch shGPV-FP. * p<0.05; ** p<0.01.
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Besides this, the protein provided by CSL Behring was also tested for its ability to prevent
thrombus formation in vivo. All three batches that were provided in the course of this thesis
protected from arterial occlusive thrombus formation in vivo in a model of mechanical injury of
the abdominal aorta, although the bioactivity of the three batches was variable. The first batch
shGPV-FP potently prevented occlusive thrombus formation in mice at an amount of 20 ug.
Occlusive thrombus formation was abrogated after treatment with 40 pug of the second batch
shGPV-FP. However, mice injected with the second batch shGPV-FP frequently displayed
embolization indicating that the formed thrombi were instable. The cleaved protein from the
third batch obtained from CSL Behring also protected from occlusive thrombus formation,
whereas 3 out of 5 mice formed occlusive thrombi after treatment with shGPV-FP, indicating
that the third batch was even less bioactive (Figure 3-46). The reason for the variable

bioactivity remains elusive and requires detailed further analysis.

The effect of shGPV on thrombo-inflammatory pathologies was tested in a model of focal
cerebral ischemia in collaboration with Prof. Guido Stoll (Department of Neurology, University
of Wirzburg, Germany). Lack of GPV reverted the protection of GPVI-depleted mice in a model
of ischemic stroke [210]. To study the effect of shGPV in a model of ischemic stroke, 20 ug
shGPV were injected directly before the experiment (protein kindly provided by Prof. Renhao
Li). Similar to the results obtained in in vivo thrombosis models, treatment with shGPV resulted

in smaller infarct volumes after 1 h tMCAO (Figure 3-47).

1407 mm WT+vehice Figure 3-47: shGPV significantly reduces infarct volume after
1204 = WT +shGPV ischemic stroke. Mice were injected with 20 pg shGPV prior to the

experiment. Brain infarct volumes after 60 min occlusion and 24 h
1007 reperfusion. Data are mean * SD (n25 mice per group,
80 3 independent experiments). *p<0.05. Experiments were

0. performed by Dr. Michael Schuhmann.
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3.8 Protein kinase Ci/A is dispensable for platelet function in thrombosis

and hemostasis in mice

3.8.1 PKCi-deficiency has no effects on allbB3 integrin inside-out activation,

activation-dependent degranulation and platelet aggregate formation

Since constitutive PKCi/A-deficient mice are not viable [118], mice with a platelet- and
megakaryocyte-specific knockout (Prkc/V" P%-cre  further referred to as PKCI/A KO) were
generated and used together with WT littermates to analyze the role of PKCI/A in platelets.
PKCI/A KO mice were born at normal Mendelian ratio, were viable and fertile and appeared

overall healthy.

Table 3-3: Analysis of platelet count, size and surface expression of glycoproteins in WT and
PKCI/A KO mice. Mean platelet size and platelet counts were determined using a Sysmex cell counter.
Surface expression of platelet glycoproteins was determined by flow cytometry. Diluted whole blood was
stained with saturating amounts of FITC-labeled antibodies for 15 min at RT. Platelets were analyzed
directly on a FACSCalibur. Results are expressed as mean values + SD for at least 5 mice per group.
MFI, mean fluorescence intensity. * p<0.05 as compared to WT values.

WT PKCiI/A KO
Count [103/ul] 788 + 67 872 + 90
Size [fl] 53 + 0.1 53 + 0.2
a-GPIb [MF1] 210 + 10 223 + 12
a-GPV [MFI] 247 8 253 + 12
a-GPIX [MFI] 373 4 375 + 19
a-GPVI [MFI] 38 + 1 38 = 2
a-B3 [MFI] 176 + 10 184 + 13
a- allbp3 [MFI] 356 + 30 344 + 18
a- a2 [MFI] 4 + 1 45 + 1
a-B1 [MFI] 127 + 9 116 + 36
a- a5 [MFI] 23 + 1 23 + 2
a-CLEC-2 [MFI] 121 + 9 114 = 7 *
a-CD9 [MFI] 793 + 16 767 + 38
a-CD84 [MFI] 27 3 30 5
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Gene targeting of Prkci resulted in the complete absence of the protein in platelets (Figure
3-48 A). Besides this, the second atypical PKC isoform ¢ could not be detected in mouse
platelets neither by Western blot analysis nor by RT-PCR, independent of the expression of
PKCI/A (Figure 3-48 B, C). Platelet count, size and life span as well as surface abundance of
major platelet glycoproteins were determined by flow cytometry and found to be unaffected by
the loss of PKCI/A in platelets and MKs (Table 3-3 and data not shown).

A C
Prker WT KO Brain Figure 3-48: PKCi-deficiency has
67 kpa Lm0 | lysate Platelets no effect on inside-out activation
Actin W NC WT_KO WT KO of platelet allbf3 integrins. (A)
42kDa Prkce “ 500 bp PKCI expression was assessed by
-400bp Western blot analysis. Actin served
B Brain  Platelets as a loading control. (B) PKCC

lysatt WT KO Actb m: ggg gg expression in platelet lysates was

assessed by Western blot analysis.

Prkeg i Actin served as a loading control.
67 kDa (C) Analysis of the presence of

Actin

by | = —— Prkcz mRNA in platelets. Actin
mRNA served as positive control.

D Integrin activation - WT cDNA free sample was used as
3507 B PKGi KO negative control (NC). (D) Flow
3001 . cytometric analyses of allbp3

T 250 integrin activation (JON/A-PE) in
< 00l . response to the indicated agonists.
z Results are MFI+SD, n=5,
% 1301 3 independent experiments. Rest,
= 1007 resting; U46, U46619; Thr,
501 thrombin; CRP, collagen-related

oA il‘ peptide; RC, rhodocytin.
10/3uM 041 0.01 0.003  0.001 1 pg/ml 1.2 pg/ml
Rest ADP/U46 Thr [U/ml] CRP RC

To clarify the role of PKCI/A in integrin activation, integrin allbB3 activation in response to
different agonists was analyzed by flow cytometry. Stimulation of GPCRs with ADP, the
thromboxane A; analogue U46619, a combination of both, or thrombin induced comparable
integrin allbB3 activation in WT and PKCi/A-deficient platelets. Platelet activation in response
to CRP and rhodocytin which activate the (hem)ITAM signaling pathway was also unaltered in
the absence of PKCI/A (Figure 3-48 D). Similar results were obtained for degranulation-

dependent P-selectin exposure in response to all tested agonists (data not shown).

In line with unaltered agonist-induced integrin allbf3 activation and degranulation, platelet
aggregation was not affected by lack of PKCI/A upon stimulation with any tested agonist (Figure
3-49). This also translated into an unaltered ATP secretion of PKCi/A-deficient platelets in

response to the tested agonists as assessed by luminoaggregometry (data not shown).
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Figure 3-49: Unaltered platelet aggregation in PKCi-deficient mice. Washed platelets or platelet rich
plasma (ADP) was stimulated with the indicated agonists, and light transmission was recorded with an
Apact four-channel aggregometer. Representative aggregation traces of 3 individual experiments. CRP,
collagen-related peptide.

3.8.2 PKCI/A is dispensable for thrombus formation on collagen and platelet

integrin outside-in signaling

Consistently, lack of PKCI/A resulted in normal platelet adhesion, aggregate formation and
thrombus volume in vitro on collagen under flow at a shear rate of 1700 s (Figure 3-50 A, B)

indicating that PKCI/A is dispensable for platelet integrin inside-out signaling.

To investigate a potential role of PKCI/A in integrin outside-in signaling, platelet spreading was
analyzed. Ligand-occupied integrin allbB3 mediates outside-in signaling, leading to
cytoskeletal reorganization and platelet spreading [37]. The small Rho GTPases are known to
be important mediators of cytoskeletal rearrangements [263]. Therefore, washed platelets
were allowed to spread on a fibrinogen-coated surface in vitro after stimulation with thrombin
(0.01 U/ml). PKCi/A-deficient platelets formed filopodia and lamellipodia to the same extent
and with similar kinetics as WT platelets (Figure 3-50 E, F). Therefore, PKCI/A does not seem
to influence reorganization of the actin cytoskeleton required for shape change and spreading.
In line with this, clot retraction, a further assay to study integrin outside-in signaling, was not
affected by lack of PKCI/A in platelets (Figure 3-50 C, D). Thus, lack of PKCI/A does not
influence the ability of platelets to perform allbf3-mediated adhesion on extracellular matrix

proteins and changes in cytoskeleton organization do not depend on PKCI/A.
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Figure 3-50: Lack of PKCI/A has no influence on platelet adhesion to collagen, spreading on
fibrinogen and platelet integrin outside-in signaling in vitro. (A) Adhesion and thrombus formation
of platelets on collagen (0.2 mg/ml) was assessed in a flow adhesion assay at a shear rate of 1700 s
and with a perfusion time of 4 min. (B) Representative brightfield and fluorescent images. Scale bar:
25 uym. (C, D) Clot formation in PRP was induced by addition of thrombin (4 U/ml) and 20 mM CacCl:
and clot retraction was monitored over time (C). (D) Residual volume of serum after clot retraction was
measured. (E, F) Washed platelets of WT and PKCI/A KO mice were allowed to spread on fibrinogen for
up to 30 minutes after stimulation with 0.01 U/ml thrombin. (E) Representative images and (F) statistical
evaluation of the percentage of spread platelets at different spreading stages are shown. Scale bar:
5 ym. Results are displayed as mean + SD, n24, 3 independent experiments.

3.8.3 PKCi-deficient platelets display unaltered GPIb signaling

Next, the involvement of PKCI/A in GPlb-mediated processes was evaluated. Upon vascular
injury, VWF is exposed on the ECM and tethering of platelets to the ECM is mediated by GPIb-
VWF interactions mainly under conditions of elevated shear. The adhesion to immobilized vWF
under high shear rates was not affected by the absence of PKCI/A. WT and PKCi/A-deficient
platelets attached and, in part, firmly adhered to the same extent and with similar kinetics as
WT controls (Figure 3-51 A). Under static conditions, platelet adhesion to vVWF upon blockade
of integrin allbB3 is triggered by a GPIb-specific signal resulting in shape change that is limited

to contraction of cell body and filopodia formation [264]. Extent and kinetics of filopodia
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formation were unaltered in the absence of PKCI/A, indicating that GPIb-mediated signaling is

intact in PKCi/A-deficient platelets.
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Figure 3-51: PKCi-deficient platelets
display unaltered GPIb signaling. (A)
Whole blood of WT and PKCi KO mice
was perfused over a VWF-coated
surface at a wall shear rate of 1700 s*
for 4 min and the number of adherent

Platelets/visual field

B = >3 filopodia platelets was quantified. Scale bar:
5 min 15 min 60 min 6.25 um. Results are mean + SD, n=5.
= 1007 . (B) Washed platelets were treated with
< g0l - integrilin (60 pg/ml) and botrocetin
£ = 13 flopodia (2 ug/ml) and allowed to adhere to
'§ | VWF-coated cover slips. Filopodia
CER L formation was quantified according to
a ; = no filopodia the number of extensions per platelet at
T - the indicated time points.
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3.8.4 PKCI/A is dispensable for in vivo thrombus formation

To study the in vivo relevance of platelet PKCI/A, a tail bleeding time assay on filter paper was
performed and revealed comparable results in WT and PKCi/A-deficient mice indicating that

PKCI/A is not required to maintain hemostasis (Figure 3-52 A).

Thrombus formation in vivo was studied by intravital microscopy of FeCls-injured mesenteric
arterioles of PKCi/A-deficient and WT mice. Time to formation of occlusive stable thrombi was
indistinguishable between both groups (Figure 3-52 B), which was in agreement with in vitro
results. Overall, PKCI/A is not required for proper platelet function in vitro and in vivo

hemostasis and thrombus formation.
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Figure 3-52: Unaltered in vivo thrombus
formation in PKCi-deficient mice. (A) Tail
bleeding times of WT and PKCi KO mice.
1 mm of the tail tip of each mouse was cut and
time to cessation of blood flow was measured
using a filter paper. Each symbol represents
one animal. (B, C) Thrombus formation in
small mesenteric arterioles was induced by
topical application of 20% FeClz and
monitored by intravital microscopy via
fluorescently-labeled platelets. Time to stable
occlusion (B) and representative microscopic
images (C) of WT and PKCi KO mice are
shown. Each symbol represents one
individual mouse.

119



The role of platelet glycoprotein V in thrombosis and hemostasis Discussion

4 Discussion

Platelet activation, aggregation, subsequent thrombus formation and coagulation at sites of
vascular injury are critical to limit post-traumatic blood loss. Inherited gene defects causing
impaired platelet activation or blood coagulation, ultimately leading to bleeding disorders
[reviewed in 265] as well as acquired diseases accompanied by a severe thrombocytopenia,
such as immune or heparin-induced thrombocytopenia, underline the relevance of platelets for
maintenance of our circulatory system. Under pathological conditions, the tightly regulated
steps of thrombus formation can overshoot, ultimately leading to complete vessel occlusion.
Cardio- and cerebrovascular events, such as myocardial infarction and ischemic stroke, are
major causes of death and disability worldwide. Anti-platelet agents (aspirin, clopidogrel,
allbB3 antagonists), which inhibit platelet function, have proven to be beneficial in the
prevention of cardio- and cerebrovascular diseases [266]. However, established antithrombotic
drugs are often associated with an elevated bleeding risk, can aggravate clinical outcome and
therefore are often contraindicative. Therefore, currently available treatment options in acute
ischemic disease states are limited. This emphasizes the necessity to identify novel
pharmacological targets with a powerful yet safe antithrombotic profile. Detailed analysis of
platelet activation and signaling pathways leading to thrombus formation has become an

important field in cardiovascular research.

Thrombus formation is a complex, multistep process with several platelet adhesion and
activation receptors and signaling molecules being involved. In recent years, the (hem)ITAM-
bearing receptors GPVI and CLEC-2 have been identified as critical regulators of platelet
activation and thrombus formation. Being critically involved in the initiation of thrombotic and
thrombo-inflammatory signaling cascades, these receptors emerged as promising targets for
novel anti-platelet drugs. However, their physiological role is not restricted to their involvement
in primary hemostasis, but they also contribute to a plethora of (patho)physiological processes,
including inflammation, atherosclerosis, tumor progression and lymphatic development,

indicating that inference with (hem)ITAM signaling may lead to severe side-effects.

GPV has previously been identified as a mediator of thrombotic and hemostatic function [210],
although only marginal effects were reported and the mode of action remains completely
elusive. This thesis studied the role of GPV in thrombus formation using genetically modified
mice, receptor blockade and recombinantly expressed, purified proteins. Surprisingly, these
studies revealed a strong antithrombotic effect of soluble (thrombin-cleaved) GPV without
affecting hemostatic function, establishing GPV as a master regulator of thrombus formation.
Although data gained from studies using genetically modified mice cannot directly be

transferred to humans, the findings presented in this thesis may serve as basis for the
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generation of novel antithrombotic agents with a good safety profile for effective therapy of

thromboembolic diseases.

4.1 In vitro studies on the functional role of GPV using Gp5” and

Gp5Kin/Kin mice

This thesis focused on the investigation of the (patho-)physiological role of GPV. Extensive
characterization of GPV-deficient mice, anti-GPV antibodies and mice with thrombin-
uncleavable GPV revealed an unexpected role of GPV as modulator of platelet activation and
thrombus formation and pointed to a critical antithrombotic function of soluble GPV. GPV-
deficient mice as well as mice with a mutation rendering GPV uncleavable by thrombin restored
the thrombotic and hemostatic defect caused by the absence of (hem)ITAM receptors. The
fact that anti-GPV antibodies reproduced the GPV-knockout phenotype and soluble GPV had
a strong antithrombotic effect establishes GPV as a key player in platelet physiology and might
offer a novel treatment option for bleeding complications (anti-GPV antibodies) and thrombotic
diseases (sGPV).

Platelets lacking GPV were overall functionally unaltered compared to WT platelets in in vitro
settings. GPV-deficient mice showed a slightly increased platelet size, but unaltered platelet
counts. In contrast, first descriptions of the two Gp5” mouse lines reported unaltered platelet
size in the absence of GPV [144, 145]. Ramakrishnan et al. [145] described and Moog et al.
[135] later confirmed a hyperreactivity of GPV-deficient platelets towards thrombin, which was
not observed in the second Gp5” mouse line. Increased responsiveness of GPV-deficient
platelets to thrombin was confirmed in our lab by flow cytometry and aggregation assays
(Figure 3-1 and [210]) as well as in ATP release assays (data not shown). Initially,
Ramakrishnan et al. ascribed the thrombin hyperresponsiveness to an unmasking of GPIb in
the absence of GPV, contributing to thrombin signaling [243]. Today this hypothesis is believed
to be overstated, since thrombin signaling in platelets is solely mediated via PARs [207] and
thrombin binding to GPIb is not affected in the absence of GPV [206]. In fact, the absence of
GPV as thrombin substrate leaves more thrombin available to activate platelets via PARSs,
which shifts the threshold required for platelet activation towards lower concentrations. This is
also underlined by unaltered activation and aggregation responses of GPV-deficient platelets
to PAR4-activating peptide (Figure 3-1 B). The activation response to all other agonists except
for collagen was indistinguishable between GPV-deficient and WT platelets, which is also in
line with previous reports [144, 145]. The role of GPV in collagen responses has already been
extensively studied, revealing partially redundant, but overall minor functions of the collagen

receptors 21 and GPV in collagen-induced aggregation [210].
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The results presented in this thesis identify GPV as critical regulator of thrombosis and
hemostasis and point to a possible role of the extracellular domain of GPV in these processes.
GPV is efficiently downregulated by thrombin, leading to the assumption that this
downregulation is critically involved in thrombotic and thrombo-inflammatory processes. So
far, the in vivo relevance of the thrombin cleavage of GPV remains unknown. To shed new
light on the relevance of the thrombin cleavage site in vivo, a mouse carrying a point mutation
(R476A) in the thrombin cleavage site was generated, rendering GPV insensitive to thrombin
cleavage. In these mice, GPV is not cleaved upon thrombin stimulation leading to permanent
presence of the glycoprotein on the platelet surface. This was confirmed by an ELISA
measuring cleaved GPV and by flow cytometric analysis of GPV surface levels upon thrombin
stimulation (Figure 3-16 and Figure 3-17). As expected, the point mutation does not affect
ADAM-dependent shedding of GPV, since stimulation with NEM, which induces
metalloproteinase-dependent shedding, resulted in lowered GPV surface prevalence as well
as increased levels of cleaved GPV. Of note, a reduction of approximately 20% of GPV surface
prevalence levels was detected in Gp5K™Kin mice upon thrombin stimulation compared to
resting controls. To exclude GPV shedding by ADAM17 [256] as probable reason for reduced
GPV levels, experiments were also conducted in the presence of the broad matrix
metalloproteinase inhibitor GM6001. However, a slight reduction of GPV surface expression
levels was still detectable in the presence of the inhibitor. This receptor downregulation is due

to internalization of the GPIb-V-IX complex [257].

Gp5K"Kinmice displayed normal platelet count, size and life span, and the permanent presence
of GPV did also not alter the composition of the GPIb-V-IX complex. Unlike GPV-deficient
mice, Gp5K"Kn mice displayed reduced allbB3 integrin activation and aggregation upon CRP
stimulation, but showed unaltered responses upon stimulation with convulxin. These
differences in GPVI-dependent platelet activation might be due to a different GPVI-binding
affinity of both agonists, which is much higher for convulxin than for CRP [267, 268]. In
Gp5K"Kinmice, degranulation-dependent P-selectin exposure was overall reduced in response
to all agonists and this reduction was most pronounced for the (hem)ITAM-dependent agonists
CRP, convulxin and rhodocytin. Further studies are required to investigate whether reduced
P-selectin exposure is due to a reduced total P-selectin content or whether this is a

degranulation-specific effect.

GPV is dispensable for integrin allbB3 outside-in signaling and cytoskeletal remodeling, since
clot retraction and spreading on fibrinogen occurred to a similar extent and with similar kinetics

in GPV-deficient and Gp5XMkin platelets compared to respective controls.

While an additive effect of GPV- and a2-deficiency was previously reported in aggregation
responses [210], there was no effect of GPV-deficiency in a whole blood perfusion system on
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collagen, indicating that GPV is of minor relevance for platelet adhesion under flow conditions,
further supporting the idea that GPV enhances GPVI-collagen interactions especially under
static conditions [210]. In contrast, GPV mutant platelets displayed increasingly enhanced
thrombus formation on collagen under flow with increasing shear rates. This raises the
guestion of a shear-dependent involvement of GPV in thrombus formation with enhanced
GPV-collagen interactions in Gp5X™ki" mice. It could also be speculated whether permanent
presence of GPV facilitates GPVI-collagen interactions at high shear rates and thereby
mediates firm platelet adhesion, thus supporting enhanced thrombus formation, while in WT
mice GPV is cleaved due to the presence of low amounts of thrombin, thereby explaining the
lack of a phenotype in GPV-deficient platelets. However, this hypothesis requires further

investigation.

Initial results on the thrombus-modulatory role of GPV postulated that it may act as a regulator
of platelet reactivity or procoagulant activity in vivo and that GPV may interact with an unknown
ligand, modulating thrombosis and hemostasis. In this thesis, GPV was found to be
dispensable for agonist-induced procoagulant activity in platelets measured by PS exposure
under static and flow conditions in GPV-deficient and Gp5X"kin platelets. However, increased
TF-induced thrombin generation was observed in vitro in mutant PRP (Figure 3-23), yet it was
unaltered in GPV-deficient PRP (Figure 3-2). Thrombin generation appeared to be
independent of PS exposure on the platelet surface. In line with this, it has previously been
shown that thrombin generation does not directly correlate with PS exposure on the platelet
membrane and that platelets contribute to thrombin generation through a yet unknown
mechanism besides PS exposure [269]. An increased overall amount of produced thrombin
caused increased thrombin generation in Gp5X™ki"n mice, while start and propagation phase,
measured by lagtime, time to peak and maximal thrombin generation, were unaltered. In fact,
increased thrombin generation is caused by delayed inhibition of thrombin generation (Figure
3-23). The reason for delayed inactivation of thrombin generation in mutant mice is still
unknown. It can only be speculated whether it is caused by permanent presence of GPV on
the platelet surface, which in turn may delay the inhibition process or whether ratio or activity
of plasma factors are altered. Circulating protease inhibitors, among those the potent inhibitors
antithrombin (inhibits FIX, FX and thrombin) and tissue factor pathway inhibitor (TFPI) (acting
primarily on FX), as well as the protein C/S pathway are effective negative regulators of

coagulation [219] and may be altered in mutant mice.

Platelet adhesion at sites of vascular injury is mainly mediated by binding of GPIb to exposed
vWF on the ECM. It was further investigated whether lack or permanent presence of GPV on
the platelet surface might support or prevent interactions of GPIb-I1X with one of its ligands,

which would account for the observed thrombus-modulating effects. GPIb is known to bind to
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multiple ligands, among them vWF, thrombin, P-selectin, Mac-1, FXI, FXIl, HMWK and
protein C [155]. As reviewed in [210], it is unlikely that FXI, FXII and HMWK contribute to the
observed effects of GPV-deficiency, since they are dispensable for hemostasis. GPIb-vWF
interaction were unaltered under static and flow conditions in GPV-deficient as well as Gp5KKin
platelets (Figure 3-3 and Figure 3-21). This is in line with previous reports [135, 144]. Under
static conditions, botrocetin-induced platelet aggregation [144] as well as binding of botrocetin
to activated VWF [145] is not affected by lack of GPV. However, despite unaltered allb3
integrin activation in response to convulxin, fibronectin binding to activated platelets was
diminished in Gp5X™kin mice compared to WT controls (Figure 3-21), while being unaltered in
the absence of GPV (Figure 3-3). This could be due to several reasons. All experiments were
performed in diluted whole blood. Therefore, binding of fibronectin originating from plasma and
fibronectin secreted from activated platelets cannot be distinguished. Further research is
required to clarify the underlying processes using different platelet agonists and platelet

preparations (washed blood, PRP, washed platelets).

P-selectin has been postulated as a possible candidate to explain the Gp5’ phenotype [210],
since P-selectin is involved in thrombosis [270] and lack of P-selectin causes prolonged talil
bleeding times [271]. Absence of GPV and thrombin-uncleavable GPV, however, did not affect
platelet adhesion to P-selectin under flow (Figure 3-3 and Figure 3-21) except for a slightly
elevated rolling distance. Together, these results exclude P-selectin as the major interaction

partner of GPV.

Overall, GPV or its cleavage, as demonstrated by studies using Gp5” and Gp5X™kin mice, is
of minor relevance for platelet function in vitro, since Gp5K™kn mice are to a large extent
comparable to GPV-deficient mice, except for increased thrombus formation on collagen under
flow, delayed inhibition of thrombin generation and the absence of thrombin hyperreactivity.
The minor role of the thrombin cleavage site in vitro does not explain the observed Gp5™
phenotype. In vitro, the minor relevance of GPV is further underlined by studies using the GPV
blocking antibodies 89F12 or 5G2, which do not influence platelet reactivity and thrombus

formation under in vitro conditions.

4.2 In vivo studies on the functional role of GPV in thrombosis and
hemostasis using Gp5” and Gp5X"Ki" mice and antibody-mediated
blockade of GPV

Previously, an unexpected role of GPV as regulator of in vivo hemostasis, thrombus formation

and thrombo-inflammatory brain infarction has been identified in our lab [210]. In previously
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published reports, the role of GPV in thrombus formation was discussed contradictory, showing
either a pro- or antithrombotic phenotype of GPV-deficient mice [135, 209]. These differences
were ascribed to variations in severity of the injury and to differences in the genetic background
of the mice [206]. Recent results from our group displayed a mild prothrombotic phenotype of
GPV-deficient mice ([210] and Figure 3-4). Analyzing the effect of a double-deficiency of the
collagen receptors a2B31 and GPV regarding a potential functional redundancy of both
receptors in in vivo thrombosis models showed surprising results. Lack of both receptors did
not lead to an additive effect - like in aggregation assays, but double-deficient mice reflected
the Gp5” phenotype [210]. Unexpectedly, GPV-deficiency also reversed the hemostatic
(Figure 3-5 and [210]) as well as thrombotic (Figure 3-4 and [210]) defect in the absence of the
major collagen receptor GPVI. Deficiency or depletion of GPVI per se is known to protect from
thrombosis [73, 182, 272] and GPV-deficiency reverses this effect. In genetic knockout mice
double-deficient for the two collagen receptors GPV and GPVI, lack of GPV reversed the
hemostatic and thrombotic defect in the absence of GPVI in in vivo thrombosis and hemostasis
models. However, the Gp6” phenotype predominated in in vitro assays (data not shown),
indicating that lack of GPV reverses thrombotic and hemostatic defects caused by lack of GPVI

— independent of whether GPVI-deficiency was induced by antibodies or by gene inactivation.

In addition, lack of GPV restored thrombus formation and hemostasis in absence of the
hemITAM receptor CLEC-2 (Figure 3-4, Figure 3-5 and [210]). Deficiency or depletion of
CLEC-2 is associated with unaltered initial adhesion of platelets to the injured vessel wall, but
the formed thrombi are unstable, translating into variable, yet prolonged bleeding times and
pronounced protection from arterial thrombus formation [80]. In the absence of GPV, CLEC-2-
deficient mice formed stable thrombi and bleeding ceased in a time comparable to WT mice
without frequent emboli. Furthermore, lack of GPV restored hemostasis and reversed
protection from arterial occlusive thrombus formation not only in mice deficient of GPVI or
CLEC-2, but also in mice double-deficient for GPVI and CLEC-2 (Figure 3-4 and Figure 3-5).

Due to this unexpected role of GPV in thrombosis and hemostasis, in-house generated anti-
GPV antibodies were screened for their ability to reproduce the Gp5’ phenotype in WT mice.
In line with previous reports [273, 274], some anti-GPV antibodies (e.g. clone 89H11) induce
thrombocytopenia, which renders them unsuitable for in vivo studies (data not shown). One of
our in-house generated monoclonal anti-GPV antibodies - clone 89F12 - was found to
reproduce the Gp5™ phenotype. It binds to the extracellular domain of GPV without affecting
platelet count and thrombin-mediated cleavage of GPV (Beck, Stegner et al., unpublished).
While 89F12 had no effect on in vitro platelet function (see 3.2) and single treatment of WT
mice with 89F12 did not alter hemostasis, it efficiently restored hemostatic function in absence
of both (hem)ITAM receptors GPVI and CLEC-2 (Figure 3-8). This compensatory effect was
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comparable to that observed in GPV-deficient mice (Figure 3-5), confirming 89F12 to be a
suitable antibody to study further effects of GPV on other signaling pathways besides
(hem)ITAM. Furthermore, these results indicate that the extracellular domain of GPV is
essential for its functional role in thrombosis and hemostasis. Since Fab fragments of 89F12
exhibit the same effect (Beck, Stegner et al., unpublished), a role of GPV dimerization can be

excluded in this process.

This thrombus-modulating effect of GPV is thought to be specific for (hem)ITAM receptors,
since GPV-deficiency did not restore defective thrombus formation after blockade of GPIb-
VWEF interaction or in absence of FXII [210]. Circumventing the time-consuming breeding of
double-deficient animals, 89F12-mediated blockade of GPV was used to assess the role of
GPV as master regulator of thrombosis and hemostasis in more detail. These experiments
showed that the thrombus-modulatory effect of GPV is not only limited to (hem)ITAM receptors.
Syk, located downstream of GPVI and CLEC-2, is essential for arterial occlusive thrombus
formation and proper hemostasis [252]. The protective effect of Syk-deficiency was fully
reversed by blockade of GPV (Figure 3-9). This suggests that lack of GPV does not only
restore thrombotic defects in the absence of (hem)ITAM surface receptors, but also reverses
thrombus formation in absence of (hem)ITAM-related downstream signaling molecules.
Surprisingly, GPV acts even more generally as a master regulator of in vivo thrombosis and
hemostasis, since 89F12 restored hemostatic function in absence of RhoA, which is stimulated
by G4- and Gizi13-coupled receptors (Figure 3-10). Deficiency of RhoA in megakaryocytes and
platelets is associated with platelet activation defects, translating into protection from arterial
occlusive thrombus formation and increased bleeding times [253]. In contrast, deficiency of
both small RhoGTPases RhoA and Cdc42 resulted in infinite bleeding times independent of
GPYV blockade. 89F12 treatment did not have any effect on hemostatic function in these mice.
However, previous studies in our lab showed that RhoA/Cdc42 double-deficient mice suffer
from severe macrothrombocytopenia with approximately 20% of normal platelet counts and
circulating platelets exhibiting multiple platelet activation defects. Taken this into consideration,

it is not surprising that blockade of GPV alone cannot reverse these multiple platelet defects.

Similarly, blockade of GPV had no influence on impaired hemostasis in Gplba-tg as well as
Talinl- or Munc13-4-deficient mice, which showed infinite bleeding times independent of GPV
blockade (Figure 3-11). Results obtained with Gplba-tg are in line with a previous report
indicating that GPV-deficiency cannot reverse the effect of non-functional GPIb-vWF
interaction in thrombus formation [210]. In conclusion, initial platelet adhesion, activation and
degranulation are critical requirements for proper hemostasis. Deficiencies interfering with one

of these major steps cannot be reversed by blocking GPV alone.
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In addition, GPV-deficiency significantly shortened tail bleeding times in ASA-treated mice
upon GPVI-depletion (Figure 3-6). In contrast to humans, ASA treatment alone only mildly
affects hemostasis in WT mice [247-249]. However, in the absence of GPVI the TxA>-mediated
activation pathway becomes crucial, which manifests in markedly prolonged tail bleeding times
in ASA-treated mice upon GPVI-depletion [247], suggesting that safe anti-GPV treatment in
patients concomitantly taking aspirin at antithrombotic, analgetic, or antiphlogistic dosages
might reduce bleeding risk and that anti-GPV treatment could be beneficial in situations of

bleeding complications of these patients.

Similarly, 89F12 treatment lowered the minimum platelet count required to maintain proper
hemostasis (Figure 3-12). Mice with 10% of normal platelet counts have prolonged tail bleeding
times, but are still able to arrest bleeding [255]. Thrombocytopenia occurs frequently in
humans. It can be caused by medical treatment or by different mechanisms in the context of a
variety of pathologies, such as immune thrombocytopenia (ITP) or bacterial or viral infections.
These results suggest that anti-GPV treatment could be helpful in acute thrombocytopenic

situations to protect from life-threatening bleeding complications.

In addition to 89F12, the monoclonal mouse anti-mouse GPV antibody 5G2 was generated in
the course of this thesis. Like 89F12, it binds to the extracellular domain of GPV without
affecting platelet count or thrombin-induced ectodomain shedding or any other tested platelet
function in vitro (Figure 3-13 and Figure 3-14). Surprisingly, injection of 5G2 in vivo reproduced
the 89F12/Gp5’ phenotype by reversing the hemostatic and thrombotic defect in absence of
GPVI (Figure 3-15). Partially overlapping binding epitopes of 5G2 and 89F12 (Figure 3-13)
may be a reason for comparable in vivo effects. It is speculative that both, 5G2 and 89F12,
bind to the same epitope on GPV critically involved in GPV-ligand interactions, thus preventing
GPV-ligand interactions by blocking the binding site for the ligand. Unfortunately, both the
structure of GPV and binding epitopes of both antibodies await identification, which would

facilitate identification of a GPV ligand.

The effect of GPV could be broadened from a specific (hem)ITAM-related to a more general
thrombus-modulatory role, however, the underlying mechanism still remains elusive. In vivo
studies on Gp5X"Kn mice revealed that thrombin cleavage of GPV is of minor relevance at first
sight, since Gp5X™K" mice per se displayed unaltered occlusion times in models of arterial
thrombus formation and hemostasis (Figure 3-24 and Figure 3-25). More detailed analysis
revealed that Gp5X™Kn mice reproduced the Gp5’ phenotype: Mutant mice reversed the
hemostatic defect of GPVI- or CLEC-2-depleted mice, restoring hemostasis (Figure 3-24).
Comparable results were obtained in two models of arterial occlusive thrombus formation and
Gp5X"Kin mice reversed the protection of GPVI- or CLEC-2-depleted mice (Figure 3-25). These
results indicate that the thrombus-modulating role of GPV depends on thrombin-mediated
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cleavage, since mice with complete absence of the receptor as well as mice with a mutation

rendering GPV uncleavable by thrombin exhibited the same phenotype.

4.3 Soluble GPV as a potential antithrombotic agent

The results presented in this thesis point to a central regulatory role of GPV in in vivo thrombus
formation and hemostasis with a specific importance of thrombin-induced cleavage of GPV.
This led to the hypothesis that thrombin-cleaved soluble GPV may modulate thrombus
formation. To study the effects of soluble GPV on thrombosis and hemostasis, recombinant
smGPV coupled to a Flag tag was generated and purified in our lab, recombinant shGPV

coupled to a human albumin tag was provided by CSL Behring.

Indeed, smGPV and shGPV effectively prevented occlusive thrombus formation in two models
of arterial thrombosis, without affecting hemostatic function (Figure 3-37, Figure 3-45 and
Figure 3-46). Preliminary data also pointed to a protective effect of ShGPV in ischemic stroke
(Figure 3-47). The in vivo results indicate that SGPV is a strong antithrombotic agent, whose
physiological role is both temporally and locally restricted at sites of vascular injury where it

limits platelet activatory responses.

However, in vitro under static conditions, neither smGPV nor shGPV did have any effect on
platelet function or coagulation: allbB3 integrin activation, degranulation-dependent P-selectin
exposure, platelet aggregation in washed platelet, PRP and whole blood (Figure 3-31), as well
as thrombin generation and coagulation measured by QUICK and aPTT were unaltered,

indicating that sGPV is of minor relevance for platelet function under static conditions.

Ex vivo and in vitro flow adhesion assays on collagen reproduced the antithrombotic effect of
smGPV and shGPV observed in in vivo thrombosis assays. smGPV and shGPV diminished
thrombus formation in murine and human blood dose-dependently, with 20 pug of the protein
being sufficient to significantly reduce thrombus formation in mouse and human blood (Figure
3-32 and Figure 3-43).

As mentioned above, the antithrombotic effect of sSGPV was observed in vitro only under flow
conditions. smGPV exhibited its antithrombotic effect independent of the applied shear rate
(Figure 3-33), however, the antithrombotic effect of shGPV depended on the applied shear
rate and was only detectable at a high shear rate of 1000 s, but not at lower shear rates
(Figure 3-43). These results indicate that the thrombus-modulating effect of sGPV critically
requires flow conditions, leading to the assumption that it probably depends on shear-induced
unfolding of either sGPV or its ligand. This discrepancy between a shear rate-independent

effect of smGPV and a shear rate-dependent effect of shGPV could be due to several reasons.
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The studies on shear rate-dependency have only been conducted in murine blood for smGPV
and in human blood for shGPV. Taken into consideration that mean shear rates and wall shear
stress are higher in mice than in humans [260, 261], the observed differences may originate
from a (1) different behavior of shGPV and smGPV, (ll) different rheology of human blood
compared to murine blood or (lll) a complete distinct mechanism in the human system
compared to the mouse system. To further clarify whether the observed shear rate-
dependency is an effect inherent in sGPV or rather in blood, experiments with smGPV in
human blood and vice versa need to be conducted at different shear rates. At high shear rates
(human blood: 1000 s*; murine blood: 1700 s), smGPV and shGPV were tested in human
blood and murine blood, respectively (Figure 3-36 and Figure 3-45). Both showed a strong
antithrombotic effect, suggesting that the antithrombotic effect of SGPV per se is not species-
specific, but rather of general nature and will probably allow translation of mechanistic results
obtained in murine models to the human vascular system. Regarding the clinical relevance of
sGPV as a potential new antithrombotic agent, translation from murine models to the human
vascular system is critical, since tools to study shGPV are limited and direct proof of the

mechanism underlying the antithrombotic effect in vivo would not be possible in humans.

Furthermore, half-life of smGPV in vivo is rather short. Ex vivo flow adhesion experiments
showed a pronounced antithrombotic effect of smGPV 20 min after smGPV injection, however,
the antithrombotic effect of smGPV had vanished 60 min after smGPV injection. The short half-
life observed in vivo is in line with a calculated half-life of 0.8 h by ProtParam based on the
amino acid sequence of GPV. Regarding a potential application of sGPV as antithrombotic
agent, a longer in vivo half-life of the protein would be necessary. There are several strategies
available to prolong the plasma half-life of proteins with improved pharmacokinetic profiles
while simultaneously preserving bioactivity of the protein. Aloumin and IgG are often used to
prolong plasma half-life [275]. Albumin has a long half-life of 17-19 days [276], is highly
abundant in plasma and can significantly increase the in vivo half-life of fusion proteins [277-
279]. For this purpose, human albumin was fused to shGPV, however, the half-life of sShGPV-

FP in plasma has not yet been studied.

sGPV does not require interaction with GPV on the platelet surface to exert its antithrombotic
effect, since reduction of thrombus formation after sGPV treatment was comparable between
GPV-deficient and WT mice (Figure 3-34). smGPV even overruled the Gp5X"Kn phenotype in
thrombus formation on collagen under flow and normalized the enhanced thrombus formation
in Gp5X"Kin mice back to untreated WT levels at an intermediate shear rate. At low shear,
where Gp5X™Kin mice form thrombi indistinguishable from untreated WT mice, SmGPV even
further reduced thrombus formation. These data underline the strong antithrombotic effect of

sGPV. These striking observations could also explain the Gp5” and Gp5X"™kin phenotypes

129



The role of platelet glycoprotein V in thrombosis and hemostasis Discussion

described in this thesis. Both mouse lines lack sGPV, whereas it is released in WT mice as
soon as thrombin is present. Therefore, it is tempting to speculate that lack of antithrombotic
sGPV overrules thrombotic or hemostatic defects e.g. in the absence of (hem)ITAM receptors,
while initial platelet adhesion and activation are prerequisites of proper thrombus formation
and cannot be compensated by sGPV alone. Understanding the mechanism underlying the

antithrombotic effect of SGPV requires the identification of its ligand(s).

As discussed earlier, shear stress seems to be a prerequisite for the antithrombotic activity of
sGPV. So far, no static in vitro assay has been identified which can reproduce the observed
effects of SGPV. This renders the search for a binding partner of SGPV more challenging, since
classical immunoprecipitation and pulldown experiments to identify interaction partners are
typically not performed under conditions of shear flow. Nevertheless, immunoprecipitation
experiments using plasma, PRP or washed platelets were carried out, but did not lead to clear
results. In addition, pulldown experiments after flow adhesion runs have so far failed to give

clear results and require further optimization.

It has been speculated that the anti-GPV antibody 89F12 binds to the epitope on GPV that is
involved in GPV-ligand interactions, thus preventing this activity. Indeed, preincubation of
89F12 with smGPV abolished the antithrombotic effect of smGPV (Figure 3-38), presumably

by preventing GPV-ligand interactions.

smGPV gets incorporated into the growing thrombus, since it was stained on thrombi
colocalizing with platelets in flow adhesion assays (Figure 3-40 A). smGPV was primarily found
at the edges of platelets, however, this localization should be considered with caution. smGPV
was stained with an anti-GPV antibody after thrombus formation, possibly preventing the
antibody from reaching the thrombus core to stain sGPV. In addition, plasma factors are crucial
for the antithrombotic effect of sGPV, since the thrombus-modulating effect of smGPV was
abrogated in the absence of plasma factors (Figure 3-39 and data not shown). Further studies
will concentrate on staining smGPV in a reconstituted flow chamber. This could add insight
into whether (1) smGPV still binds to platelets in the absence of plasma factors without exerting
its antithrombotic effect, (Il) the antithrombotic effect is due to an indirect interaction of smGPV

with platelets or (lll) binding to platelets is directly linked to inhibition of thrombus formation.

It is likely that a sGPV ligand is expressed either in the plasma or on the surface of activated
platelets, mediating an indirect interaction with plasma factors. Potential candidates for ligands
of sGPV include - besides others - VWF, fibronectin, thrombospondin or laminins. Since
smGPV did exert its thrombus-reducing effect only in vitro under flow or in vivo, but not in vitro
under static conditions, we speculated whether GPV binds to vVWF. vWF has a key role in

coagulation as carrier for FVIII and is essential for primary hemostasis by binding to exposed
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collagen on the ECM upon vascular injury and by mediating tethering of platelets via GPlIb.
Besides this, VWF is shear-dependently unfolded and activated. It has previously been shown
that platelet-derived VWF is not essential for hemostasis and thrombosis, but promotes
ischemic stroke [280]. In in vivo thrombosis models, VWF’- mice can form thrombi, although
with a persistent flow channel [281], but are protected from ischemic stroke [184].
Nevertheless, it appears rather unlikely that vWF is the ligand responsible for the GPV
phenotype, since (I) GPlb-vWF interactions are unaltered in the absence of GPV [144, 210],
(I GPV-deficiency cannot reverse the effect of non-functional GPlb-vWF interaction in
thrombus formation [210] and (l1l) smGPV incubation in vitro does not affect platelet adhesion

on VWF (data not shown).

Fibronectin has long been proposed to be involved in thrombosis and hemostasis, but its exact
role in these processes is controversial [282]. Plasma fibronectin (pFN) is involved in multiple
steps of hemostasis and thrombosis and its effect depends on the presence of fibrin, where
pFN supports hemostasis and thrombosis. However, in the absence of fibrin(ogen) pFN inhibits
platelet aggregation. This self-limiting mechanism may prevent platelet aggregation at the
outer shell of the thrombus [283] (Figure 4-1). In addition to pFn, cellular fibronectin (cFN) is
found to be prothrombotic and may contribute to increased thrombosis risk under certain
disease conditions [284]. In combination, this renders fibronectin a possible candidate to

explain the antithrombotic effect of smGPV.

Non- -linked pFn prevents
excessive thrombus formation

pFn incorporates into
the network

pFn deposits on the
vessel wall

Figure 4-1: Schematic model of plasma fibronectin maintaining the balance between thrombosis
and hemostasis. Plasma fibronectin (pFN) deposits quickly on the injured vessel wall. Platelets
accumulate on the deposited pFN and release pFN from a-granules. In the inner core of the thrombus,
pFN is crosslinked with fibrin, promoting platelet aggregation. However, on the outer shell of the
thrombus where fibrin is almost absent, non-fibrin-linked pFN prevents platelet aggregation and thereby
limits thrombus growth. Modified from: Wang, Ni 2016 [285].

Another possible candidate to interact with GPV is thrombospondin-1 that is stored in a-

granules and released from platelets upon activation. Besides this, it is also synthesized by
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various cells, among those endothelial cells and monocytes, and incorporated into the ECM.
Once released from platelets, it is incorporated into the growing thrombus and can bind to
several receptors on the platelet surface (e.g. CD36, GPIb-V-IX complex, CD47) as well as to
various plasma proteins including fibrinogen, vVWF, plasminogen and TFPI [286]. Conflicting in
vitro and in vivo data — depending on the source of thrombospondin-1, its interaction partners
and its conformation — make a statement regarding its role in platelet aggregation difficult, but

indicate that thrombospondin-1 is involved in thrombus stability [287-289].

Laminins are major components of the basement membrane and platelets express many
receptors which can bind laminins, including asB1, GPVI and the GPIb-IX/VWF axis. Various
laminin isoforms are expressed in the vascular wall and support platelet adhesion and
activation under arterial shear conditions. Deficiency of integrin asB.1 protects from arterial
thrombosis, but does not affect hemostasis [290], making it more unlikely that laminins
contribute to the effects of GPV.

At sites of vascular injury, sGPV is cleaved from the platelet surface by locally produced
thrombin and is released locally and temporally limited during thrombus formation, resulting in
GPV-deficient platelets. Under physiological conditions, lack of sGPV per se affects thrombotic
or hemostatic processes only to a small extent — as shown in GPV-deficient or Gp5X™kin mice.
However, when administered in excessive amounts, sGPV shows a strong antithrombotic
effect in vivo without negatively affecting hemostasis. Although the underlying mechanism
remains elusive, the results are very promising and potentially of high clinical relevance. sGPV
potently inhibits thrombus formation, while it does not affect hemostasis. These data indicate
that sGPV treatment results in efficient and safe protection from pathological thrombus
formation in different vascular beds without causing major bleeding complications, strongly

suggesting that sGPV might become a novel, safe antithrombotic agent.

The effect of sGPV on thrombo-inflammation so far is unknown. Initial results point to a
protective effect of sGPV by reducing infarct volumes in a tMCAO model. In this study, sGPV
was administered before tMCAO, which reflects a prophylactic treatment. The therapeutic
effect of sGPV has not yet been studied. The tMCAO model is well-established to study
ischemia-reperfusion injury, which often occurs after successful recanalization of occluded
cerebral arteries, and reflects critical aspects of thrombectomy in patients. sGPV treatment at
the time of reperfusion would reflect a therapeutic setting in clinical situations, where a patient

undergoes successful thrombectomy with additional treatment with an antithrombotic agent.

A potential use of sGPV as long-term prophylactic treatment may be limited by its short plasma
half-life and its corresponding time-dependent antithrombotic effect, which could be

circumvented by modification of the protein as discussed. Still, sGPV might be a potent drug
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for short-term therapy for patients with a high thrombotic risk in acute clinical settings, such as
heart surgeries or to prevent secondary infarctions often occurring shortly after primary

transient ischemic attacks.

Besides this, anti-GPV antibodies can antagonize the antithrombotic effect of SGPV and mimic
a GPV-deficiency. Since anti-GPV treatment lowered the minimum platelet count required to
maintain proper hemostasis (Figure 3-12), it can be helpful in acute thrombocytopenic
situations to protect from life-threatening bleeding complications. Besides this, anti-GPV
treatment can be clinically relevant to prevent hemorrhages during inflammation especially
under conditions of limited (hem)ITAM signaling. (hem)ITAM signaling is critical to secure
vascular integrity, since the risk for inflammatory bleeding is increased in the absence of GPVI
or CLEC-2 [86]. Assuming a similar compensatory effect of GPV-deficiency under
inflammatory conditions as in thrombotic processes, GPV blockade would be beneficial to
prevent hemorrhages under limited (hem)ITAM signaling. Additionally, it could be of high
clinical relevance in prevention of intracranial hemorrhage (ICH). Primary ICH, bleeding into
the brain subsequent to rupture of a weakened blood vessel, is an acutely life-threatening
disease state often caused by hypertension or hyperglycemia and represents a leading cause
of stroke, particularly since effective treatment options for acute ICH are missing [291]. Plasma
kallikrein is a key player in hyperglycemia-induced ICH: it binds and blocks GPVI binding sites
of collagen, thereby preventing platelet activation via GPVI. This is enhanced in the presence
of high glucose concentrations. GPVI stimulation by administration of CRP reduced hematoma
expansion, demonstrating that GPVI stimulation is beneficial [292]. Therefore, GPV blockade

which compensates for decreased GPVI signaling would probably be similarly effective.

Still, caution is required when translating data from mice to humans. First in vitro results on
sGPV in human blood are promising, but further experiments on the role of GPV in human
diseases are required. The newly generated humanized GPV mouse model provides an
interesting tool, especially for in vivo studies to evaluate antithrombotic and antihemostatic
GPV compounds and to screen newly generated anti-human GPV antibodies for their ability

to reproduce the phenotype of the anti-mouse GPV antibodies 89F12 and 5G2.

4.4 PKCI/A is dispensable for platelet function in thrombosis and
hemostasis
Platelet- and megakaryocyte-specific PKCI/A knockout mice were used to assess the role of

this aPKC in platelet function in vitro and in vivo. PKC isoforms, including isoforms alpha,

epsilon, delta, theta and eta [97, 98], were previously shown to play critical roles in regulating
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various aspects of platelet activation and function. However, little is known about atypical PKC
isoforms and in particular PKCI/A has never been studied in platelets before. PKCI/A is an
effector of Cdc42 and Racl in other cell types [106], and constitutive knockout of PKCI/A is
embryonically lethal [117, 118].

Recent studies by our group identified the GTPases RhoA and Cdc42 as important regulators
of MK polarization and subsequent release of platelets into the vessel lumen [122]. GPIb- or
Cdc42-deficiency results in defective MK polarization, translating into impaired
transendothelial platelet release. Similarly to Cdc42-deficient MKs, loss of PKCI/A in MKs
affects their localization and polarization with less MKs being in direct contact with the bone
marrow vasculature [122]. These data demonstrate (i) that PKCI/A is expressed in MKs and

platelets, and (ii) that loss of this protein has functional consequences, at least in MKs.

Platelet count, size and life span were not affected by the absence of PKCi/A (Table 3-3) which,
however, contrasts findings in GPIb- [124] or Cdc42-deficient [111] mice, as these mice suffer
from macrothrombocytopenia and exhibit a reduced platelet life span. Additionally, this
indicates that PKCI/A contributes to Cdc42-signaling, but does not affect the entire Cdc42-

signaling in MKs.

Racl™” platelets display a general defect in (hem)ITAM signaling and reduced platelet
activation upon stimulation with low doses of thrombin [20, 109, 293]. Absence of Cdc42 results
in enhanced platelet degranulation [111] and aPKCs have been demonstrated to modulate
secretion [294]. Surprisingly, we observed no difference in platelet activation or degranulation
between PKCi/A-deficient and WT platelets (Figure 3-48) indicating that PKCI/A is not essential

for platelet degranulation.

The gold compound aurothiomalate (ATM) is a specific PKCI/A inhibitor that is used in clinics
as an antirheumatic agent and reported to be a potent inhibitor of oncogenic PKCI/A [295, 296].
It binds PKCI/A and blocks activation of PKCi-Par6-Racl-Pak-Mek 1,2-Erk 1,2 signaling
pathway. Therefore, the effect of ATM on platelet integrin allbB3 activation and platelet
degranulation was assessed. ATM treatment resulted in decreased, but not abolished allb3
activation and P-selectin exposure in response to low doses of thrombin and CRP in both
PKCi/A-deficient and WT platelets (data not shown). Therefore, it is speculated that ATM
exhibits unspecific side effects and off-target effects, but does not influence platelet activation
in a PKCi/A-dependent manner. Overall, this confirms that PKCI/A is dispensable for integrin
inside-out activation. Comparable results were obtained for platelet aggregation and adhesion
to collagen under flow. In contrast to aggregation, spreading on fibrinogen is dependent on
integrin outside-in signaling. Rac1” and Cdc42/Racl1” platelets showed pronounced spreading

defects on fibrinogen and Cdc42™ platelets on VWF, as they failed to develop filopodia on this
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substrate [109-111]. Given the role of PKCI/A in rearrangement of the cytoskeleton [294], a
similar defect was expected for PKCi/A-deficient platelets. However, PKCI/A KO platelets did
not show any alterations in spreading on fibrinogen in comparison to WT platelets (Figure
3-50). Consequently, stress fiber formation assessed in spread platelets by confocal
microscopy was not affected by lack of PKCI/A (data not shown). Even more surprisingly, GPIb-
signaling was not impaired in PKCi/A-deficient platelets (Figure 3-51), despite the fact that
absence of PKCI/A resembles the phenotype of Cdc42-deficiency with respect to GPIb-
triggered MK polarization [122]. In line with this, PKCI/A activity assessed by measuring
phosphorylation of threonine 410 and 555 was unaltered in the absence of Cdc42 upon platelet
stimulation with thrombin. Consistent with the in vitro results obtained, hemostasis and

experimental thrombus formation were unaltered in the absence of PKCI/A in vivo.

The effect of PKCi/A-deficiency on its downstream signaling in platelets is largely unknown.
PKCI/A interacts with and activates several proteins, among them Par6, epithelial cell
transforming sequence 2 oncogene (ECT2), interleukin-1 receptor-associated kinase 1
(IRAK1), lethal giant larvae homolog 1 (LLGL1), which are not expressed in platelets. Potential
downstream molecules which are expressed in platelets are ezrin, partitioning defective 3
homolog (Par3) or GAPDH, however, experimental evidence for interactions in platelets is

lacking. Thus, it is difficult to assess downstream signaling of PKCI/A in platelets.

Lack of a phenotype in the absence of PKCI/A suggests that loss of its function is compensated
by the second aPKC isoform PKCCZ. While PKCC( is expressed in human platelets [297], albeit
in very low copy numbers [298], PKCC was not expressed in murine platelets — neither on
MRNA nor on protein level (Figure 3-48 and [299]), which might be due to species-specific
differences. Likewise, PKCI/A has not been detected in proteomic studies using human
platelets [300, 301]. Therefore, it appears likely that PKCC is the aPKC in human and PKCI/A
the aPKC in murine platelets. It is also unlikely that other conventional or novel PKC isoforms
compensate for the absence of PKCI/A, since the ‘mode of activation’ as well as the
physiological role in platelets differs substantially between the different classes of PKC
isoforms [97, 302]. This is further underlined by unaltered expression levels of different PKC
isoforms assessed by qPCR analysis (data not shown). Thus, the only PKC isoform which
could potentially compensate for the loss of PKCI/A is PKCC which is, however, not expressed

in murine platelets.

A possible, yet not proven explanation for unaltered platelet function in PKCi/A-deficient mice
could be that functional relevance of PKCI/A is restricted to MKSs, regulating their localization
and transendothelial platelet biogenesis [122]. This thesis clearly shows that PKCi/A, the only

aPKC in murine platelets, has no non-redundant functions in classic platelet physiology.
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4.5 Concluding remarks and future plans

The role of GPV as a regulator of thrombosis and hemostasis was further settled and expanded
in this thesis. While previous results point to a specific (hem)ITAM-dependent modulatory role
of GPV, this thesis establishes a more generalized role of GPV as a master regulator mediating

thrombotic and hemostatic processes.

However, further experimental data are required to elucidate the principal mechanism of the
thrombus-modulatory role of GPV. First hints that sGPV is incorporated into the growing
thrombus and that plasma factors are crucial, are provided in this thesis, but identification of

an interaction partner of GPV is fundamental.

On the other hand, the results on the anti-GPV antibody 89F12 clearly show that blockade of
GPV by 89F12 phenocopies GPV-deficient mice and can restore thrombus formation and
hemostasis in the absence of crucial platelet surface receptors as well as signaling molecules.
Blockade of GPV thereby exerts the same effects as GPV-deficiency. Furthermore, 89F12
lowers the minimum platelet count required to maintain normal hemostasis, implying the use
of 89F12 as a coagulant in treatment of hemorrhagic conditions during inflammation or as
probably beneficial application in acute treatment of severely thrombocytopenic patients or

after acute blood loss/trauma.

For clinical translation of these findings, anti-human GPV antibodies are critically required.
Commercially available anti-human GPV antibodies are limited. Therefore, the generation of
anti-human GPV antibodies was already started in our laboratory and at the moment, sub-
cloning of two mouse anti-human and several rat anti-human GPV antibodies is ongoing.
These antibodies will not only be screened for their ability to reproduce the 89F12 phenotype
in the herein described Gp5"¢P*"PS mouse line, but will rather provide a valuable tool box to
study hGPV.
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6 Appendix

6.1 Abbreviations

AA
AC
ADAM
ADP
ATP
BM
BSA
BSS
Ca2+

CD
CLEC-2
CRP

CvD

DAG
DiC
DKO
DMEM
DMSO
DTS
ECL
ECM
EDTA
EGTA

ELISA

Amino acid

Adenylyl cyclase

A disintegrin and metalloproteinase
Adenosine diphosphate
Adenosine triphosphate

Bone marrow

Bovine serum albumin
Bernard-Soulier syndrome
Calcium

Cluster of differentiation

C-type lectin receptor 2
Collagen-related peptide
Cardiovascular disease

Day

Diacylglycerol

Differential interference contrast
Double knockout

Dulbecco’s modified Eagle's medium
Dimethyl sulfoxide

Dense tubular system
Enhanced chemiluminescence
Extracellular matrix
Ethylenediaminetetraacetate
Ethyleneglycoltetraacetate

Enzyme-linked immunosorbent assay
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ER

FACS

FcR

FCS

FITC

FN

FSC

GEF

GP

GPCR

GTP

GTPase

h

HEPES

HMWK

HRP

Endoplasmic reticulum
Coagulation factor
Fluorescence-activated cell sorting
Fc receptor

Fetal calf serum

Fluorescein isothiocyanate
Fibronectin

Forward scatter

Gravity

Guanine nucleotide exchange factor
Glycoprotein

G protein-coupled receptors
Guanosine-5-triphosphate
Guanosine-5-triphosphatase

Hour

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

High-molecular weight kininogen
Horseradish peroxidase
Intraperitoneal(ly)
Intravenous(ly)

Immunoglobulin
Immunoprecipitation
Inositol-1,4,5-trisphosphate

IP3 receptor

Immunoreceptor tyrosine-based activating motif

Immune thrombocytopenia
Kilodalton

Knockout
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LAT
LRR
MFI
Ml
min
MK
MOPS
n.s.
OoCs
o/n
PAGE
PAR
PBS
PCR
PDGF
PE
PF4
PGI,
PI3K
PIP,
PIP;
PKC
PL
polyP
PRP
PS
PVDF

RBC

Linker of activated T cells
Leucine-rich repeat

Mean fluorescence intensity
Myocardial infarction

Minute

Megakaryocyte

3-(N-morpholino) propanesulfonic
Not significant

Open canalicular system

Over night

Polyacrylamide gel electrophoresis
Protease-activated receptor
Phosphate-buffered saline
Polymerase chain reaction

Platelet derived growth factor
Phycoerythrin

Platelet factor 4

Prostacyclin
Phosphoinositide-3-kinase
Phosphatidylinositol-4,5-bisphosphate
Phosphatidylinositol-3,4,5-triphosphate
Protein kinase C

Phospholipase

Polyphosphates

Platelet-rich plasma
Phosphatidylserine

Polyvinylidene difluoride

Red blood cells
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Rho Ras homolog gene family
Rpm Rounds per minute

Room temperature; in case of RT-PCR, RT indicates reverse
RT transcription

Rt-PA Recombinant tissue plasminogen activator
SDS Sodium dodecyl sulfate

SFK Src family kinases

SH2 Src homology domain 2

shGPV Soluble human GPV

SLP-76 SH2 domain containing leukocyte protein of 76 kDa
smGPV Soluble murine GPV

SOCE Store-operated calcium entry

SSC Sideward scatter

STIM Stromal interaction molecule

Syk Spleen tyrosine kinase

TBS TRIS-buffered saline

TF Tissue factor

TFPI Tissue factor pathway inhibitor

TMB 3,3,5,5-tetramethylbenzidine

tMCAO Transient middle cerebral artery occlusion
TP Thromboxane A; receptor

TPO Thrombopoietin

TRIS Tris(hydroxymethyl)aminomethane

TTC 2,3,5-triphenyltetrazolium chloride

TxA2 Thromboxane A

VWF Von Willebrand factor

WT Wildtype
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