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Summary

Summary

This work summarizes the results of studies on several major aspects of platelet activation and

platelet receptor regulation. Therefore, this thesis is divided into four parts.

Platelet activation and aggregation at sites of vascular injury is critical to prevent excessive
blood loss, but may also lead to life-threatening ischemic disease states, such as myocardial
infarction and stroke. Agonist-induced elevation in cytosolic Ca®* concentrations is essential
for platelet activation in hemostasis and thrombosis. The principal route of Ca*" influx in
platelets is store-operated calcium entry (SOCE). The calcium sensor molecule stromal
interaction molecule 1 (STIM1) regulates SOCE by activating the membrane calcium channel
protein Orai1, but the exact mechanisms of this interaction are not fully understood. Using
affinity chromatography to screen for STIM1 interacting proteins in platelets,
bridging integrator 2 (BIN2), an adapter protein belonging to the family of BAR proteins that is
mainly expressed in the hematopoietic system, was identified. Newly generated BIN2 KO mice
were viable and fertile but their platelets displayed markedly impaired SOCE in response to
thapsigargin (TG) as well as agonists acting on immunoreceptor tyrosine-based activation
motif (ITAM) or G protein-coupled receptors. This SOCE defect resulted in impaired
(hem)ITAM induced platelet activation, aggregate formation under flow and procoagulant
activity. As a consequence, mice lacking BIN2 in platelets were protected from occlusive
arterial thrombus formation and thrombo-inflammatory cerebral infarct progression in a model
of experimental stroke. These results identify BIN2 as a critical regulator of platelet SOCE in

thrombosis and thrombo-inflammatory disease.

Integrin allbp3 plays a central role in the adhesion and aggregation of platelets. Integrin
activation requires the transmission of a signal from the small cytoplasmic tails of the o or 3
subunit to the large extracellular domains resulting in conformational changes of the
extracellular domains to enable ligand binding. It was hypothesized that Hic-5 is a novel
regulator of integrin allbp3 activation in mice. As demonstrated in the second part of this thesis,
lack of Hic-5 had no detectable effect on platelet integrin activation and function in vitro and
in vivo under all tested conditions. These results indicate that Hic-5 is dispensable for integrin

allbp3 activation and consequently for arterial thrombosis and hemostasis in mice.

The Rho GTPase family members RhoA and Rac1 play major roles in platelet activation at
sites of vascular injury. Little is known about possible redundant functions of these Rho
GTPases in regulating platelet function. To investigate functional redundancies of RhoA and
Rac1 in platelet production and function, mice with MK- and platelet-specific double-
deficiencies in RhoA and Rac1 were generated. RhoA/Rac1 double-deficiency phenocopied

the respective single knockouts without any additional effects in the double-knockout animals,

v
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demonstrating for the first time a functional non-redundancy of RhoA and Rac1 in platelet

function.

Antibodies against platelet glycoproteins (GP) trigger platelet destruction in immune
thrombocytopenia (ITP) by binding to Fcy receptors (FcyRs) on immune cells. However,
antibodies against the platelet collagen receptor GPVI exert powerful anti-thrombotic action
in vivo by inducing ectodomain shedding of the receptor associated with a transient
thrombocytopenia. As shown in the final part of this thesis, blockade or deficiency of the
inhibitory FcyRIIB abolished sequestration of anti-GPVI opsonized platelets in the hepatic
vasculature and GPVI shedding. This process was mediated by liver sinusoidal endothelial
cells (LSEC), the major FcyRIIB expressing cell type in the body. Furthermore, LSEC FcyRIIB
mediated hepatic platelet sequestration and contributed to thrombocytopenia in mice treated
with antibodies against allbp3, the major target antigen in human ITP. These results reveal a
novel and unexpected function of hepatic FcyRIIB in the processing of antibody-opsonized

platelets.




Zusammenfassung

Zusammenfassung

Diese Arbeit fasst Untersuchungen zu verschiedenen Aspekten der Aktivierung von
Thrombozyten und deren Rezeptorregulation zusammen. Daher ist diese Doktorarbeit in vier

Teile gegliedert.

Die Aktivierung und Aggregation von Thrombozyten nach einer GefaRverletzung ist
entscheidend, um einen Ubermaliigen Blutverlust zu vermeiden, kann aber auch zu
lebensbedrohlichen ischamischen Erkrankungen, wie beispielsweise Myokardinfarkt und
Schlaganfall, fuhren. Bei der Aktivierung der Thrombozyten kommt es zu einem Anstieg der
zytosolischen Ca®**-Konzentration. Der Ca®*-Einstrom in die Thrombozyten erfolgt
hauptsachlich durch den ,store operated calcium entry* (SOCE). Der Calciumsensor ,stromal
interaction molecule 1 (STIM1) reguliert den SOCE indem er das lonenkanal-bildende Protein
Orai1 in der Plasmamembran aktiviert. Der genaue Mechanismus dieser Interaktion ist jedoch
noch nicht vollstdndig aufgeklart. Durch den Einsatz von Affinitdtschromatographie, um
Interaktionspartner von STIM1 zu identifizieren, wurde ,bridging integrator 2 (BIN2) gefunden.
BINZ2 ist ein Adapterprotein, aus der Familie der BAR Proteine, welches hauptsachlich von
Zellen des hamatopoetischen Systems exprimiert wird. BIN2-defiziente Mause sind
lebensfahig und fruchtbar, aber ihre Thrombozyten zeigten einen deutlich verminderten
SOCE. Diese Reduktion zeigte sich sowohl nach der Stimulation mit Thapsigargin, aber auch
nach der Stimulation mit Agonisten, die ,immunoreceptor tyrosine-based activation motif-*
(ITAM-) oder G-Protein gekoppelte Rezeptoren aktivieren. Der defekte SOCE fuhrte zu
verminderter (hem)ITAM-induzierter Thrombozytenaktivierung, reduzierter Thrombenbildung
im Flusskammersystem und verminderter prokoagulanter Aktivitat. Dies hatte zur Folge, dass
Mause mit thrombozytenspezifischer BIN2-Defizienz vor arterieller Thrombose und, in einem
Schlaganfallmodell, vor thrombo-inflammatorischer Infarktprogression geschitzt sind. Diese
Ergebnisse zeigen, dass BIN2 ein wichtiger Regulator des SOCE in Thrombozyten bei

Thrombosen und thrombo-inflammatorischen Erkrankungen ist.

Das Integrin allbp3 spielt bei der Adhasion und Aggregation von Thrombozyten eine wichtige
Rolle. Um das Integrin zu aktivieren, bedarf es einer Signalubertragung von den kleinen
zytoplasmatischen Teilen der o und  Untereinheiten zu den grof3en extrazellularen Doméanen,
was zu deren Konformationsanderung fuhrt und schliellich die Ligandenbindung ermdglicht.
Es besteht die Hypothese, dass Hic-5 an der Regulation des Integrins allbf3 in murinen
Thrombozyten beteiligt ist. Wie im zweiten Teil dieser Arbeit gezeigt werden konnte, hat eine
Hic-5 Defizienz jedoch weder in vitro noch in vivo Einfluss auf die Aktivierung und Funktion
des Integrins allbp3 in Thrombozyten. Diese Ergebnisse zeigen, dass Hic-5 fur die Aktivierung
des Integrins allbf3 und folglich auch fir die arterielle Thrombose und Hamostase in Mausen

entbehrlich ist.
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Zusammenfassung

Kleine GTPasen der Rho-Proteinfamilie, wie z.B. RhoA und Rac1 spielen bei der
Thrombozytenaktivierung bei Gefalverletzungen eine wichtige Rolle. Dennoch ist wenig Uber
redundante Funktionen von RhoA und Rac1 bei der Steuerung der Thrombozytenfunktion
bekannt. Um eine mogliche funktionelle Redundanz von RhoA und Rac1 zu untersuchen,
wurden MK- und thrombozytenspezifische RhoA und Rac1 doppelt-defiziente Tiere geziichtet.
Die Thrombozyten der Tiere zeigten die Phanotypen einer RhoA- und Rac1-Defizienz, ohne
dass weiter Effekte bemerkbar waren. Diese Ergebnisse zeigen zum ersten Mal, dass es keine
funktionelle Redundanz von RhoA und Rac1 bei der Regulation der Thrombozytenfunktion
gibt.

Antikérper, die gegen Glykoproteine auf Thrombozyten gerichtet sind, fihren bei einer
Immunthrombozytopenie (ITP) durch die Bindung an Fcy Rezeptoren auf Immunzellen, zu
einer Zerstérung der Thrombozyten. Eine Ausnahme sind Antikérper gegen den
Kollagenrezeptor GPVI der Thrombozyten. Hier fuhren diese Antikbrper zu einem starken
antithrombotischen Schutz in vivo, indem sie das sog. ,Shedding“ der Ektodomane des
Rezeptors und nur eine voribergehende Thrombozytopenie ausldsen. Im letzten Teil dieser
Arbeit konnte gezeigt werden, dass sowohl die Blockade, also auch das vollstdndige Fehlen
des inhibitorischen FcyRIIB, die Sequestrierung von anti-GPVI-opsonierten Thrombozyten und
das Shedding von GPVI verhindert. Fir diese Prozesse ist speziell der FcyRIIB auf ,liver
sinusoidal endothelial cells“ (LSEC) ursachlich. Ferner konnte gezeigt werden, dass FcyRIIB
auf LSECs auch flr die Sequestrierung von Thrombozyten und die Thrombozytopenie in
Mausen, die mit Antikdrpern gegen allbp3, dem Hauptantigen bei humaner ITP, behandelt
wurden, verantwortlich ist. Diese Ergebnisse enthillen eine neue und unerwartete Funktion

des hepatischen FcyRIIB bei der Reaktion auf Antikérper-opsonierte Thrombozyten.

VII



Introduction

1 Introduction

Platelets are small anucleate discoid-shaped blood cells which safeguard the integrity of the
vascular system. Upon damage to the vessel wall, like upon traumatic injury or pathological
alteration of the endothelial layer, such as found in atherosclerosis, platelets come into contact
with thrombogenic components of the exposed extracellular matrix (ECM). They become
rapidly activated, secrete their granule contents and form a plug that seals the wound to limit

blood loss and prevents infection.

Platelets have a diameter of 3-4 um in humans and 1-2 ym in mice. Their life span is restricted
to 10 days in humans and up to 5 days in mice. Aged, dysfunctional or pre-activated platelets
are cleared from the circulation by resident macrophages, primarily in the spleen and liver."
New platelets are permanently produced by their bone-marrow resident precursors, the
megakaryocytes (MKs), to maintain a normal range of circulating platelets (150-400 x 10°
platelets L™ in humans and ~1,000 x 10° platelets uL™" in mice).>* A current model suggests
that MKs extend long cytoplasmic protrusions, proplatelets, into sinusoidal blood vessels,
where the tip of these structures is shed and becomes further fragmented into platelets by
shear forces in the circulation.*® Impaired platelet production or increased platelet clearance
may result in low platelet counts, termed thrombocytopenia. Several (hereditary) disorders,
such as Wiskott-Aldrich syndrome or leukemia, are accompanied by impaired platelet
production, while immune diseases, such as idiopathic thrombocytopenic purpura, or non-

immune diseases, such as hypersplenism, cause an increased platelet clearance.®®

Platelets have only limited capacity for de novo protein synthesis, as they lack a nucleus.
Circulating platelets already contain all organelles including mitochondria, the open canalicular
system (OCS), the dense tubular system and different types of granules: a-granules, dense
granules and lysosomes. Lysosomes store enzymes necessary for the degradation of proteins,
carbohydrates and lipids. Dense granules contain mainly non-proteinacious compounds that
support platelet aggregation, e.g. adenine nucleotides, polyphosphates and Ca®*. a-granules
contain more than 300 different proteins, such as adhesion proteins (most notably fibrinogen,
P-selectin, von Willebrand factor (VWF)), coagulation factors, growth factors and chemokines
(e.g. platelet factor (PF) 4)."%"

In pathological conditions, uncontrolled thrombus formation may lead to thrombotic vessel
occlusion with obstruction of blood flow, loss of oxygen supply and subsequent tissue
damage'?, such as in myocardial infarction and ischemic stroke, which currently represent the
leading causes of death and permanent disability worldwide.” Therefore, platelet activation
needs to be tightly regulated by a complex interplay between activating and inhibitory

mechanisms that ensure controlled spatial and temporal responses.
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1.1 Platelet activation and thrombus formation

At sites of vascular injury, subendothelial matrix components or proteins adsorbed onto
exposed tissue, including vWF, fibrillar collagens, fibronectin and laminins, are exposed to the
flowing blood which initiates platelet adhesion and activation."* The multi-step process of
platelet activation and thrombus formation can be divided into three major steps: tethering,

activation and firm adhesion (Figure 1).

& GPIb-V-IX v Resting } A
E| GPVI/FcRy "\ activated Integrins
Y CLEC-2 Collagen

CLEC-2 O vwF

ligand Fibrinogen

Tethering Activation Firm adhesion
thrombus growth
GPIb GPVI Integrins/CLEC-2

Figure 1. Model of platelet adhesion to the ECM and subsequent thrombus formation. At sites of
vascular injury, initial contact (tethering) of platelets with components of the ECM predominantly
depends on the interaction between GPIb and vWF, leading to deceleration of platelets. The
deceleration enables GPVI-collagen interactions, which trigger cellular activation and conversion of
integrins to a high-affinity state. Released second-wave mediators (such as ADP and TxA;) and locally
produced thrombin further stimulate platelet activation. Finally, activated platelet integrins facilitate firm
platelet adhesion to the ECM. Enhanced release of soluble second-wave agonists amplifies integrin
activation on adherent platelets and sustains thrombus growth. ADP, adenosine diphosphate; TxA,,
thromboxane A;; VWF, von Willebrand factor; CLEC-2: C-type lectin-like receptor 2. Taken from:
Nieswandt et al., 2011."%°

Under conditions of high shear, as found in small arteries and arterioles, platelets are
decelerated by the transient interaction of VWF, which is immobilized on collagen fibers, and
the platelet receptor complex glycoprotein (GP) Ib-V-IX." The binding of GPIb to VWF is
insufficient to mediate stable adhesion, but the subsequent tethering of platelets enables
binding of GPVI, the central activating collagen receptor.'® GPVI binds collagen with low affinity
and is unable to mediate stable adhesion by itself." It rather induces platelet activation by
intracellular signaling processes via an immunoreceptor tyrosine-based activation motif (ITAM)
in the associated Fc receptor (FCR) y-chain.” The activation leads to subsequent release of
secondary mediators, most importantly thromboxane A, (TxA;) and adenosine diphosphate
(ADP). Another consequence of platelet activation is the increased activity of platelet
scramblases leading to exposure of negatively charged phosphatidylserine (PS) on the platelet

surface. PS provides a platform for the assembly of two major coagulation factor complexes
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and subsequent thrombin production, which is amplified through the exposure of locally
produced tissue factor (TF)."®'® ADP, TxA, and thrombin participate in further cellular
activation by inducing various signaling pathways via G protein-coupled receptors (GPCRs)®,
which amplifies and sustains initial activation and recruits new platelets from the blood stream
into the growing thrombus. The described signaling events converge in the “final common
pathway” of platelet activation: integrins on the platelet surface shift from a low to a high affinity
state, which enables firm ligand binding. The activated integrins transduce outside-in signals

which cause cytoskeletal rearrangements, spreading and clot retraction.?’
1.2 Platelet signaling upon activation

There are two major downstream signaling pathways that are activated after ligand binding to
platelet receptors (Figure 2). Both culminate in the activation of phospholipase C (PLC)
isoforms leading to hydrolysis of phosphatidyl-inositol-4,5-bisphosphate (PIP;) to inositol-
3,4,5-trisphosphate (IP3) and diacylglycerol (DAG) which results in elevation of cytosolic Ca**
concentration, integrin activation, platelet shape change, aggregation and secretion. One
pathway is triggered by GPVI and C-type lectin-like receptor 2 (CLEC-2) and involves tyrosine
phosphorylation cascades downstream of the receptor-associated ITAM, or hemITAM,
respectively, leading to full platelet activation. Soluble agonists, such as thrombin, ADP, and
TxA, stimulate receptors that couple to heterotrimeric G proteins and induce distinct
downstream signaling pathways.? G, proteins activate PLCp leading to Ca”* mobilization and
activation of protein kinase C (PKC).?* G143 proteins regulate multiple pathways, of which the
Rho/Rho-kinase pathway, leading to myosin light chain phosphorylation and platelet shape
change, is the best studied one.? The a-subunit of G; family proteins inhibits adenylyl cyclase,
while its Py complexes can regulate several channels and enzymes, most notably

phosphatidylinositol-3-kinases (P13Ks).%*
1.2.1 (Hem)ITAM signaling

The ITAM was initially described by Reth et al.*® ITAMs contain a short amino acid sequence
that consist of a duplicate of the sequence YXXL/I (Y: tyrosine, L: leucine, I: isoleucine, X: any
amino acid) with six to eight intervening residues.”® The resulting structure of ITAMs is critical
for their function as scaffold protein for other signaling molecules that are recruited to activated
receptors (Figure 3). ITAMs are found in T and B cell receptor (TCR and BCR) chains, but also
in Fc receptors, like FcyRIIl. The ITAM-bearing receptors on murine platelets are GPVI and
CLEC-2, whereas the latter only contains half an ITAM in its cytoplasmic tail and is therefore
termed a (hem)ITAM receptor. Human platelets express additionally FcyRIIA. Platelet
activation through FcyRIIA has important implications in the pathogenesis of several diseases

related to immune-mediated thrombocytopenia and thrombosis syndromes.?’
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Figure 2. Major signaling pathways in platelets. Soluble agonists, including ADP, TxA; and thrombin,
mediate effects via receptors that couple to heterotrimeric G proteins (Gg, G113, Gj) and activate
downstream effectors. Adhesion receptors, such as GPVI, CLEC-2 and active integrins, induce PLCy2
activation upon ligand binding. Both signaling pathways culminate in integrin activation, platelet shape
change, aggregation and secretion. PI3K, phosphatidyl-inositol-3-kinase; PIP,, phosphatidylinositol-4,5-
bisphosphate; PIP;, phosphatidyl-inositol-3,4,5-trisphosphate; IP3, inositol-3,4,5-trisphosphate; AC,
adenylyl cyclase; DAG, diacylglycerol; PLC, phospholipase C; CLEC-2: C-type lectin-like receptor 2;
PAR, protease-activated receptor; ADP, adenosine diphosphate; GDP, guanosine diphosphate; GTP,
guanosine triphosphate; GEF, guanine nucleotide exchange factor; RhoA, Ras homolog gene family,
member A; Fg, fibrinogen; TF, tissue factor; TxA,, thromboxane A,; vVWF, von Willebrand factor; LAT,
linker for activation of T cells; Syk, spleen tyrosine kinase; SFK, Src family kinase. Taken from: Stegner
and Nieswandt, 2010.%

1.21.1 GPVI

GPVI is a 58-kDa type | transmembrane protein that is constitutively associated with the
Fc receptor y (FCRy) chain. The FcRy chain is essential for GPVI function because it is not only
required for GPVI expression in platelets but also contains the ITAM that is required for GPVI
mediated signal transduction.?®*® GPVI has been estimated to be expressed on the cell surface

with a number of 4,000 to 6,000 copies per platelet, partially in a monomeric and dimeric form
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with one GPVI molecule associated with one FcRy-chain dimer.*>*" Only the dimeric form of
the receptor ectodomain (GPVI-Fc) binds collagen with high affinity.** Stimulation of GPVI has
been shown to result in rapid formation of disulfide-linked dimers.?** Ligand-induced
crosslinking of GPVI triggers tyrosine phosphorylation of the FcRy-chain on its ITAMs by the
Src family kinases (SFK) Fyn and Lyn. The phosphorylation stimulates recruitment and
subsequent activation of the tandem SH2 domain-containing tyrosine kinase Syk.
Phosphorylation of Syk initiates a downstream signaling cascade, involving the adaptors linker
of activated T cells (LAT) and SH2 domain containing leukocyte protein of 76 kDa (SLP-76),

and culminates in activation of numerous effector molecules, including PLCy2 and PI3K.*

GPVI has emerged as an attractive potential target for antithrombotic therapy, as its deficiency,
blockade or antibody-induced depletion provides powerful protection from experimental arterial
thrombosis without affecting platelet hemostatic functions.****> The most powerful approach to
target GPVI function in mice in vivo is based on the immunodepletion of the receptor in
circulating platelets by antibodies directed against its ectodomain. The targeted GPVI down-

regulation, which occurs very efficiently in human and murine platelets,**’

strictly depends on
signaling through the receptor.***® The major mechanism of GPVI depletion is ectodomain
shedding, presumably by metalloproteinases of the a disintegrin and metalloproteinase

t.>® Under conditions

(ADAM) family, which is accompanied by a transient drop in platelet coun
of defective platelet signaling, i.e. in the absence of LAT or PLCy2, the receptor is still down-
regulated in vivo, but this occurs through internalization/intracellular degradation, which is not
associated with a drop in platelet count.* It is important to mention, that different anti-GPVI
antibodies of the IgG class efficiently deplete the receptor in vivo, while they do not affect GPVI
surface expression in platelets in vitro,* indicating the involvement of a non-platelet

compartment. Investigation of this compartment is one of the aims of this thesis.
1.2.1.2 CLEC-2

In contrast to GPVI, CLEC-2, a ~32 kDa type Il transmembrane protein, contains half an ITAM
in its cytoplasmic tail ((hem)ITAM). CLEC-2 binds the endogenous ligand podoplanin, which is
not expressed within the vasculature, and the snake venom toxin rhodocytin.'®*° CLEC-2 is
expressed as a homodimer on resting platelets and cellular activation is induced after receptor
clustering upon ligand binding.*' Similar to GPVI, CLEC-2 deficiency has only a minor influence
on hemostasis, but prevents formation of stable vessel occluding thrombi.**** GPVI and
CLEC-2 have some important redundant functions in hemostasis and the maintenance of
vascular integrity at sites of inflammation.***° It is noteworthy that CLEC-2 is also involved in
several processes beyond thrombosis and hemostasis, including the separation of lymphatics
from the blood vasculature, the maintenance of high endothelial venule barrier function and

the formation of lymph nodes.*®™*
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Figure 3. (hem)ITAM signaling in platelets. The type | transmembrane protein GPVI is constitutively
associated with the ITAM-bearing FcRy chain. Ligand binding induces phosphorylation of the ITAM by
SFKs, followed by the recruitment and activation of Syk. Phosphorylated Syk triggers a downstream
signaling cascade, consisting of kinases, adaptor and effector molecules. The pathway culminates in
the activation of PLCy2. The C-type lectin-like receptor 2 (CLEC-2) lacks the FcRy chain and contains
half an ITAM (hemITAM) in its cytoplasmic tail. Following hemITAM phosphorylation, Syk and SFKs
cooperatively modulate a signaling cascade similar to that found downstream of GPVI. The Fc receptor
FcyRIIA, which is expressed on human, but not on mouse platelets, also signals through an ITAM and
contributes to integrin outside-in signaling through Syk. SFK, Src family kinase; Syk, spleen tyrosine
kinase; LAT, linker for activation of T cells; Grb2, growth factor receptor-bound protein 2; Gads, Grb2-
related adaptor downstream of Shc; SLP-76, SH2 domain containing leukocyte protein 76; PLCy2,
phospholipase C y 2. Taken from: Stegner et al., 20147

1.2.2 GPCR signaling in platelets

As mentioned above, most soluble agonists initiate platelet activation through G protein-
coupled receptors (GPCRs). ADP is an essential amplifier of platelet activation. Released from
damaged endothelial cells and from platelet granules, ADP binds to its receptors P2Y, coupled
to Gg, and P2Y,, coupled to Gizs.”° Another important second wave mediator released by
stimulated platelets is TxA,. TxA; binds to the G4- and G+2/13-coupled thromboxane-prostanoid
receptors TPa and TPB.%' The most potent soluble agonist is thrombin. Besides its role in
platelet activation, thrombin also converts plasma fibrinogen into fibrin to stabilize the
thrombus. Thrombin is a serin protease, generated by both, the intrinsic and the extrinsic
coagulation pathway at sites of vascular injury.® Thrombin activates the protease-activated
receptors (PAR) 1 and 4 (human) or 3 and 4 (mouse) by proteolytic cleavage of their
N-terminus, which exposes a so-called tethered ligand that activates the cleaved receptors to

stimulate mainly G, and G143, but also G;.*
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Other soluble agonists are epinephrine, signaling via the G,-coupled a,a-adrenergic receptor,
prostaglandin E, via Gi-coupled EP3 receptor and serotonin, utilizing the Gg-coupled

5-hydroxytyptamine 2A receptor.>

On the other hand, antagonists like endothelium-derived nitric oxide (NO) and prostacyclin
(PGI) inhibit platelet activation. While NO activates guanylyl cyclase to generate cyclic
guanosine monophosphate (cGMP), PGl signals via the Gs-coupled IP receptor to stimulate

andenylyl cyclase, inducing cyclic adenosine monophosphate (cAMP) formation.**
1.2.3 Small GTPases of the Rho family

Mammalian Rho GTPases serve as signaling mediators in the regulation of diverse cellular
processes, especially the control of cytoskeletal rearrangements. They comprise a family of
20 proteins which belong to the Ras superfamily of monomeric 20-25 kDa guanosine-5'-
triphosphate (GTP) binding proteins.® Rho GTPases act as molecular switches, cycling
between a GTP-bound (active) and a guanosine diphosphate (GDP-) bound (inactive) state
(Figure 4). Guanine nucleotide-exchange factors (GEFs) promote the exchange of GDP to
GTP. As small GTPases lack intrinsic GTPase-activating domains, GTPase-activating proteins
(GAPs) mediate the hydrolysis of GTP to GDP and thus inhibit Rho GTPase activation. Rho
proteins may also be regulated by guanine nucleotide-dissociation inhibitors (GDIs), keeping
Rho GTPases in the inactive state and thus prevent spontaneous activation.*® In their active
form, Rho GTPases interact with specific effectors and can activate downstream signaling
events. Among the Rho family members, the GTPases RhoA, Cdc42 and Rac1 are best
characterized for their role as key regulators in the dynamics of the actin cytoskeleton in
platelets upon activation and play key roles in platelet aggregation, secretion, spreading and

thrombus formation.>~>°

Figure 4: Activation and regulation of Rho GTPases.
Grab Rho GTPases cycle between an inactive, GDP-bound,
\ and an active, GTP-bound, state in which they can interact

\» with effector molecules. GEFs mediate the exchange of

Release GDP to GTP. GAPs trigger the hydrolysis of Rho GTP to

GDP and inactivate GTPase function. GDIs induce

sequestering of Rho proteins away from regulators and

P target proteins and thus prevent activation. GDP,

' guanosine diphosphate; GTP, guanosine triphosphate;

GEF, guanine nucleotide-exchange factor; GAP,

GTPase-activating protein; GDI, guanine nucleotide-

dissociation inhibitor. Modified from: Aslan, McCarty,
2013."%
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1.2.3.1 RhoA in platelets

RhoA (Ras homolog gene family, member A) is involved in focal adhesion formation and
actomyosin contractions.®® In platelets, G5 regulates the Rho/Rho-kinase pathway, resulting
in myosin light chain (MLC) phosphorylation and initiation of platelet shape change. G4; directly
activates p115RhoGEF that promotes RhoA-GTP formation.?> In this active form, RhoA
interacts with its downstream effector Rho-associated protein kinase (ROCK). ROCK
phosphorylates and inhibits the myosin light chain (MLC) phosphatase, leading to increased
MLC phosphorylation, and thereby resulting in subsequent actomyosin contractions that
promote platelet shape change from discoid to spherical form. An alternative pathway, which
is promoted through G4 signaling, stimulates MLC kinase activation and directly triggers MLC
phosphorylation.?*®! Studies in MK-/platelet-specific RhoA-deficient mice revealed that RhoA
plays roles in platelet shape change and Gis-mediated integrin allbp3 activation, granule
release, clot retraction and thrombus formation. In vivo RhoA deficiency resulted in reduced
thrombus formation, prolonged tail bleeding time and partial protection from ischemic stroke,
establishing RhoA as an important regulator of platelet function in thrombosis and

hemostasis.®’
1.2.3.2 Rac1 in platelets

In general, Rac (Ras-related C3 botulinum toxin substrate) proteins have important functions
in lamellipodia formation.”® However, Rac1 is the only isoform expressed in platelets.®? Studies
on knockout mice confirmed that Rac1 is essential for lamellipodia formation during integrin
allbp3-mediated spreading and for signal transduction downstream of GPVI and CLEC-2.%%%2
Rac1 acts as a co-activator of PLCy2, independently of tyrosine phosphorylation, to regulate
Ca®* and diacylglycerol-regulated guanine-nucleotide-exchange factor | (CalIDAG-GEFI) and
P2Y12-dependent activation of the Ras-related small GTPase, Ras-proximate-1 (Rap1),
leading to integrin allbp3 activation.®®*®® Another pool of Rac1, downstream of PLCy2 and
calcium signaling, has been proposed to activate downstream effectors, such as the WASP-
family verprolin homologous protein (WAVE) and actin-related proteins 2/3 (Arp2/3) system or
p21-activated kinases (PAK) and thereby regulating platelet secretion, aggregation and
spreading events.®® Rac1-deficient platelets display defective thrombus formation on collagen
under flow conditions. This defect translates into a protection in collagen-dependent models of
arterial thrombosis, but also prolonged bleeding times, demonstrating that Rac1 is essential
for ITAM-dependent PLCy2 activation in platelets and that this is critical for thrombus formation

in vivo.%®®2

Studies have shown that Rac1 activity can be blocked using the inhibitors NSC23766 and

EHT1864.°*°° However, these inhibitors have been recently demonstrated to exert profound
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off-target effects, questioning the use of these inhibitors for biochemical studies at the used

concentrations and as therapeutic agents.®
1.2.3.3 Cdc42

Cdc42 (cell division control protein 42 homolog) has been established as a regulator of
filopodia formation, exocytosis and secretion in many cell types, like neurons and embryonic
stem cells (ESCs).*>*® So far, two different mouse knockouts were used to study the role of
Cdc42 in platelets. Platelets from mice deficient for Cdc42 only in platelets and
megakaryocytes (Cdc42™ P*-€) showed a specific defect in platelet filopodia formation on
vWEF. Surprisingly, filopodia formation on the surfaces of fibrinogen and collagen-related
peptide (CRP) was unaltered. These results suggested a unique signaling role of Cdc42
downstream of GPIb, but not GPVI or allbf3. Unexpectedly, lack of Cdc42 in platelets resulted
in increased secretion from o- and dense granules, together with enhanced thrombus
formation in vitro and in vivo and prolonged tail bleeding times.*® Platelets from mice lacking

Cdc42 in all hematopoietic cells (Cdc42™ M)

showed a defect in filopodia formation on
fibrinogen and reduced granule secretion, but also prolonged tail bleeding times.®” These data
revealed that Cdc42 is required for platelet filopodia formation, secretion and aggregation and
therefore plays a critical role in platelet mediated hemostasis and thrombosis. However, there
is no apparent mechanistic explanation for the discrepancies between the two animal

knockouts.

The hypothesis that the newly characterized Rho GTPase Rif (RhoF) would compensate for
the lack of Cdc42 in filopodia formation could not be confirmed, as RhoF is dispensable for
filopodia formation and platelet function in general (Goggs et al., 2013% and Diitting et al.,

unpublished).

Although Rho GTPases have partially overlapping signaling pathways and binding partners,
only little is known about functional redundancies of different Rho GTPases in platelet
production and function. Only recently, a redundant function of Rac1 and Cdc42 has been
demonstrated in the regulation of microtubule dynamics and (pro-)platelet formation by the use
of MK-/platelet-specific double-deficient mice.®® The analysis of possible redundant functions

of RhoA and Rac1 in platelet function is one of the aims of this thesis.
1.2.4 Calcium signaling in platelets

Calcium (Ca®) is a crucial second messenger for cellular processes in nearly all cells.”
Especially in platelets, the elevation of intracellular Ca?* levels [Ca®']; is the central step for
shape change, degranulation and integrin activation.”"’> Upon platelet activation, elevation of

[Ca®], occurs from the release of Ca®* from intracellular stores, the dense tubular system
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(DTS, the equivalent of the endoplasmic reticulum, ER, in platelets), or from the entry of

extracellular Ca** through the plasma membrane (PM).
1.2.41 Store-operated calcium entry (SOCE)

Signaling via (hem)ITAM receptors and integrins but also activation by PI3K downstream of G;
leads to the activation of PLCy2, whereas GPCRs coupled to G4 (stimulation via thrombin, ADP
and TxA,) activate PLCB.>* Both PLC isoforms hydrolyze the membrane phospholipid PIP; into
IP; and DAG. IP; releases Ca®* from the intracellular stores by activating IPs-sensitive Ca®*
channels located in the ER in platelets. The subsequent reduced Ca** concentration in the ER
is detected by the EF-hand maotif of the calcium sensor stromal interaction molecule 1 (STIM1),
which opens the store-operated calcium (SOC) channel, calcium release-activated calcium
modulator 1 (Orai1, CRACM1), in the plasma membrane to allow entry of extracellular Ca**
(Figure 5).”>™

The calcium sensor STIM1 is a type | single transmembrane protein containing two N-terminal
EF hand domains, a sterile a-motif (SAM) domain, the transmembrane region, two coiled-coil
regions, and at the C-terminal end, a serine/proline-rich and a lysine-rich domain. The EF hand
domains in the ER bind Ca®". Upon store release, STIM1 redistributes to “puncta” and opens
the SOC channels in the PM.”>"® Stim1°*/* mice have a mutation in the EF hand of STIM,
resulting in gain-of-function.”” This mutation resulted in permanently opened SOC channels in
the PM of platelets, which leads to elevated basal Ca** levels compared with wild-type controls.
These platelets were in a preactivated state and were rapidly cleared from the circulation
resulting in macrothrombocytopenia and a bleeding phenotype. Platelets of Stim1” mice
showed an almost complete lack of SOCE and severely impaired Ca®* responses to all major
platelet agonists, but allbp3 activation was largely intact. /n vivo, STIM1-deficient mice were
protected from arterial thrombosis and ischemic brain infarction, but bleeding times were only

mildly prolonged.”

Orai1 is a plasma membrane protein with four predicted transmembrane domains and
intracellular C- and N-termini. Orai1 multimerizes with itself to create the channel. Although
human and murine platelets express all three isoforms of the Orai channel family (Orai1-3),
Orai1 is the predominant isoform in both species.”®®® Analysis of Orai1-deficient platelets
revealed a ~90% reduction in SOCE compared to wild-type controls, similar to the results from
STIM1-deficient mice. Due to a normal Ca** store content and agonist-induced Ca** store
release, Orai1” platelets reach consistently higher [Ca®']; than Stim17” platelets. Nevertheless,
Orai1-deficient mice were protected in models of arterial thrombosis and ischemic brain

infarction, with only mildly prolonged bleeding times.®’
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1.2.4.2 Other Ca** entry mechanisms

Besides SOCE, there are also other calcium entry mechanisms. The non-store-operated
calcium entry (non-SOCE) is mediated by DAG, which can directly activate Ca?* channels, like
TRPC6 in the plasma membrane. TRPC6 is a member of the canonical subfamily of the
transient receptor potential (TRP) channels.®> A study in TRPC6-defient mice showed, that
DAG activated Ca®" influx was abolished in the mutant platelets, but no reductions in SOCE or
agonist induced ca* responses were found. Furthermore, TRPC6 had no major functional
relevance for hemostasis and thrombosis.®® A different study in Orai1”/Trpc6” mice could
show that SOCE was further reduced in these platelets, compared to Orai1” platelets,
indicating that TRPCG6 operates in crosstalk with Orai1 through Orai1-induced DAG production

via phospholipase activation.®
High affinity
Low affinity

B

a

Figure 5: Calcium signaling and a model of integrin activation in platelets. Agonist stimulation
triggers PLC activation and the formation of IP; and DAG. Left: IP; releases Ca*" from the
intracellular stores (dense tubular system, DTS — the equivalent of the endoplasmic reticulum, ER,
in platelets) and in turn STIM1 opens Orai1 channels in the plasma membrane, a process called
store-operated calcium entry (SOCE). DAG mediates non-SOCE through canonical transient
receptor potential channel 6 (TRPCG6). Not depicted: receptor-operated (ROC) channels. The
counteracting mechanisms involve sarcoplasmic/endoplasmic reticulum Ca”" ATPases (SERCAs)
and plasma membrane Ca”* ATPases (PMCAs; not depicted), which pump Ca” back into the
stores or through the plasma membrane out of the cell, respectively. Right: DAG and Ca” activate
PKC and CalDAG-GEFI, leading to activation and translocation of Rap1 to the plasma membrane.
The Rap1 effector molecule RIAM interacts with both Rap1-GTP and talin-1, thereby unmasking
the integrin-binding site in talin-1. Binding of talin-1 disrupts the salt bridge between the
transmembrane regions of the a and f§ integrin subunits, which results in a conformational change
in the extracellular domains and ligand binding. This final step requires also binding of functional
kindlin-3 to the NPXY motif of the integrin B tail, but it is not clear whether this occurs simultaneously
with talin-1 binding or sequentially. Hic-5 is an adaptor molecule interacting with talin-1. Modified
from Varga-Szabo et al., 2009 and Nieswandt et al., 2009.5721
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The purinoceptor P2X; is the channel for receptor-operated calcium entry (ROCE). The natural
agonist of P2X; is adenosine triphosphate (ATP). P2X,; seems to be an amplifier for signals
mediated by GPCR agonists or collagen, especially at low concentrations, but could also
enhance PLC-mediated activation processes.® Aggregation, as well as granule release, was
reduced in P2X,-deficient platelets compared to wild-type platelets, but the mutant platelets
responded normally to GPCR agonists and higher doses of collagen. In vivo, the mutant mice

were protected in a model of thrombosis in small arteries.?®
1.3 Platelet integrin activation

Integrins enable platelets to establish firm adhesion contacts to components of the ECM
plasma proteins and other receptors.?” These heterodimeric transmembrane receptors are
composed of a and B subunits and serve as bidirectional signaling molecules.?® Platelets
express three 1 integrins, binding to collagen (a2p31), fibronectin (a531), and laminin (a6p1)
as well as the 3 integrins, avp3 binding to vitronectin and the major platelet integrin allbf3
(also known as GPIIb/Il1a).?*% Integrin allbp3 is the receptor for several ligands, each
containing an arginine-glycine-aspartic acid (RGD) sequence, such as fibrinogen, fibrin, VWF,

fibronectin, thrombospondin and vitronectin.®'

In response to cellular activation, allbp3 shifts from a low- to a high-affinity state (Figure 5).
This process requires the transmission of signals from the small cytoplasmic tails to the large
extracellular domains of the integrin subunits.®? Several proteins have been proposed to be
involved in the regulation of integrin activation.” The recruitment and binding of talin (TIn) 1
and kindlins to NPYX-motifs at the intracellular tail of the integrin p-subunit and their function
in allbp3 activation have been extensively studied.**° Also CalDAG-GEFI and its downstream

100-

effector the small GTPase Rap1 critically affect allbp3 activation.’®®'*® However, a functional

role for the proposed proteins in integrin activation in vivo could not be confirmed in all cases

as, for example, in the case of Rap1-GTP-interacting adaptor molecule (RIAM)."*

1.3.1 Hic-5

Hydrogen peroxide-induced clone-5 (Hic-5) was identified as a gene inducible by transforming
growth factor 1 (TGFp1) as well as hydrogen peroxide in a differential screen of cDNA
libraries from the mouse osteoblastic cell line MC3T3-E1. The authors of that study speculated
that Hic-5 may have a role in the growth-inhibitory pathway associated with in vitro senescence
and that down-regulation of Hic-5 contributes to tumorigenesis.'® In human platelets, Hic-5
localizes to focal adhesions and interacts with talin.'® Hic-5 contains four LIM domains at the
C-terminus and shares high homology with paxillin that has been shown to localize to focal
adhesions and to interact with talin in platelets as well."” LIM domains (named after the initial

discovery in the proteins Lin11, Isl-1 and Mec-3'%) are cysteine rich regions composed of two
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zinc fingers, mediating protein-protein interactions. These domains were originally identified in
homeodomain proteins and have been subsequently found in both cytoplasmic and nuclear
proteins.'® For paxillin, it has been recently shown that it negatively regulates platelet signaling
pathways resulting in augmented allbf3 activation upon stimulation of GPVI and GPCRs.""
However, the role of Hic-5 as a novel regulator of integrin allbp3 activation and platelet

aggregation in mice is controversial and will be discussed in this thesis."""!"2

1.4 BAR domain family proteins

BAR proteins are an evolutionary conserved family of adaptor proteins characterized by a
common N-terminal domain termed the BAR domain, named after a shared sequence motif
initially defined in the BIN1, amphiphysin and yeast RVS167/161 proteins.'”® The BAR
domains, a-helix rich domains of ~260 amino acid residues, typically form a dimer generation
with a distinct curved surface (Figure 6)." The dimers bind to the negatively-charged
phospholipids in the plasma membrane and support tubulation of curved membranes, but also
bind various regulatory proteins in the cytosol and the nucleus, like small GTPases.'" These
proteins function in diverse cellular processes, including membrane dynamics, actin
organization, cell growth control, immunity, and tumor suppression."’® BAR proteins are
divided into three subfamilies, defined by their BAR/N-BAR (N-BAR: N-terminal amphipathic
helix), F-BAR (extended Fes-CIP4 homology (EFC)/FCH-BAR), or I-BAR (IRSp53-MIM

homology domain/inverse-BAR) domains.""”

The three bridging integrator proteins (BIN1-3) are BAR/N-BAR proteins. BIN1 and BIN3 are
ubiquitously expressed in mammalian cells. Different splice variants of BIN1, also known as
Amphiphysin Il, are expressed in neurons, muscle cells or tumor cells. The ubiquitous and
muscle-specific isoform localizes to the nucleus as well as to the cytosol, a property essential
for anticancer functions, which could be also shown in an animal model."">""®'"9 |n addition,
Bin1 has been shown to localize to cardiac T-tubules where it facilitates cytoskeleton-based
calcium channel trafficking to the T-tubule membrane. The cardiac deletion of BIN1 in mice led
to decreased folding of T-tubules, without affecting overall cardiomyocyte morphology. The
deletion rather resulted in free diffusion of local extracellular calcium and potassium ions,
prolonging action-potential duration and increasing susceptibility to ventricular
arrhythmias.'?*'" BIN3 is expressed in all tissues, but only poorly in the brain. Animal studies

have shown functions of BIN3 in lens development and cancer suppression during aging.'?*
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Figure 6: Subcellular structures influenced by BAR proteins. BAR proteins induce membrane
deformation, based on the geometries of basic-charged amino acid residues that correspond to the
structures of the membrane binding surface of the BAR domain. BAR or F-BAR proteins bind to the
membrane to generate invaginations, such as caveolae and clathrin-coated pits. I-BAR proteins
deform the membrane to generate protrusions, such as filopodia and lamellipodia. Modified from
Safari and Suetsugu, 2012.4"

1.4.1 BIN2

Bridging integrator-2 (BIN2) was identified by Ge and Prendergast as a member of the BAR
protein family, due to the high degree of conservation between the N-terminal region of BIN2
and the BAR domains of BIN1 and amphiphysin.'® In contrast to the N-terminus, the
C-terminal extension in INn2 is highly variable between species and unrelated to either BAR
family adaptors or other known proteins. BIN2 lacks a C-terminal SH3 domain that is found in
all other BAR adaptor proteins, except for Rvs161, which does, however, also lack a C-terminal
extension. While BIN1 and BIN3 are ubiquitously expressed, BIN2 is predominantly found in
hematopoietic cells."® Recently, a siRNA-knockdown of BIN2 in leukocytes has been shown
to result in decreased cell migration, but increased phagocytosis, whereas overexpression of
BINZ2 led to decreased phagocytosis. Besides these initial data, nothing is known about the
in vivo function of BIN2."** The analysis of an animal model of BIN2-deficiency and the

consequence of BIN2-deficiency in platelets is one of the aims in this thesis.
1.5 Fcy receptor signaling and immune thrombocytopenia

Immune thrombocytopenia (ITP) is an acquired autoimmune disorder, characterized by low

platelet counts (< 100 x 10° platelets L™') and increased bleeding risk."®® ITP can either occur
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as a primary effect in the absence of other causes or as a consequence of disorders that may
be associated with thrombocytopenia. Secondary ITP can be an effect of chronic infections,
such as Helicobacter pylori, Hepatitis C virus and HIV or other autoimmune disorders, such as
systemic lupus erythematosus, rheumatoid arthritis and antiphospholipid syndrome.'® The
pathophysiology of ITP is complex, but the primary event is caused by immunoglobulin G (IgG)
autoantibodies against platelet surface glycoproteins, resulting in strongly enhanced
FcyR-mediated phagocytosis and destruction by macrophages in the reticuloendothelial
system within the spleen (Figure 7 and '?"). The two most common antigens of anti-platelet
antibodies in patients suffering from ITP are GPIb, the von Willebrand factor receptor, and the
major platelet integrin allbp3 (GPlIb/Illa).”®® Anti-GPIb antibodies induce Fc-independent
platelet destruction, while anti-GPIIb/llla antibodies efficiently trigger Fc-dependent platelet
clearance.' "' However, it should be noted that autoantibodies are not detectable in up to
50% of ITP patients while remission in ITP can occur despite the continued presence of platelet
autoantibodies.® Recent studies have shown that these autoantibodies not only opsonize
platelets, but can also inhibit and destroy megakaryocytes, the progenitor cells of platelets.'®
Another mechanism leading to thrombocytopenia is T cell-mediated peripheral platelet
destruction and inhibition/destruction of megakaryocytes.’® Although regulatory T cells
(Tregs) only represent 5-10% of peripheral CD4" T cells, there is growing evidence for the role
of Tregs in ITP. Normally, Tregs, play essential roles in self-tolerance by suppressing both cell-
mediated (CD8" T cell) and antibody-mediated (CD19" B cell) responses. Circulating Tregs in
patients with acute and chronic ITP have been previously shown to be significantly reduced
compared to healthy controls, but also show impaired regulatory activity inducing a shift in self-

tolerance (summarized in'®).

As already indicated above, macrophages are key players in the pathology of ITP, as they
clear antibody-opsonized platelets from the circulation via their FcyRs, but also serve as
antigen-presenting cells (APCs) to further promote the production of autoantibodies and
activation CD8" cytotoxic T cells.’""** Mice express three activating FcyRs (FcyRI, FeyRIll,
FcyRIV) and one inhibitory FcyR (FcyRIIB), while humans express six different Fcy receptors
(RI, RIIA-C, RIIIA-B)."™>"% FcyRIIB is the only known inhibitory FcyR. It transmits inhibitory
signals through an immunoreceptor tyrosine-based inhibitory motif (ITIM) contained in its
cytoplasmic region. All activating murine FcyR need the FcRy-chain with its ITAM as signal
transducing unit and for proper assembly of the entire FcyR."*® The activatory and inhibitory
FcyRs bind IgG with different affinity and subclass specificity. FcyRIIl exclusively binds 1gG1,
while FcyRIV prefers IgG2a and IgG2b antibodies.”® Of note, clinical data, along with
information gained from animal models, suggest that the high-affinity FcyRIl does not play a

relevant role in ITP, as this receptor is constantly saturated.’ The receptors are widely
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expressed throughout the hematopoietic system. Innate immune effector cells, such as
monocytes, macrophages, dendritic cells (DCs), basophils and mast cells, express both
activating and inhibitory FcyRs. In mice, monocytes and macrophages express all three
activating (FcyRI, FcyRIIl, FcyRIV) and the inhibitory FcyRIIB.™ It is noteworthy that the
majority of FcyRIIB is found in liver sinusoidal endothelial cells (LSECs) which, however, lack
activating FcyRs.™ LSECs separate hepatocytes from the blood in the sinusoidal lumen by
forming a fenestrated endothelium which lacks a basement membrane establishing the space
of Disse between the endothelial lining and the hepatocytes. FcyRIIB on LSECs is the critical
scavenging receptor that mediates capture and removal of viruses and soluble immune
complexes (sIC)."™® However, a role of FcyRIIB in the processing of antibody-opsonized blood
cells, including platelets, has not been reported to date and the investigation of this role is one

aim of this thesis.
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Figure 7: Simplified scheme of the pathophysiology of immune thrombocytopenia. The
occurrence of antiplatelet autoantibodies remains the central pathogenetic mechanism. Autoantibodies
opsonize platelets which are phagocytozed and destroyed by macrophages predominantly in the spleen.
Peptide fragments expressed with MHC class |l stimulate helper T cells, following activation of
autoreactive B cells. Impaired regulatory T cell function fails to control self-tolerance. Autoantibodies
also impair megakaryocyte function. Additionally, autoreactive cytotoxic T cells may destroy platelets
and megakaryocytes. Taken from: Kashiwagi and Tomiyama, 2013.2"°
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1.6 Aim of the study

Given the key role of platelets in normal hemostasis as well as in thrombotic disorders, further
understanding of signaling pathways in platelets and regulation of platelet receptors is
essential in order to identify potential new targets and possibilities for antithrombotic therapy.
The BAR protein BIN2 is expressed in platelets and other hematopoietic cells, but only little is
known about its function and potential in vitro and in vivo functions in platelets. The first part
of this thesis deals with the analysis of a mouse model of BIN2-deficiency and the

consequence of BIN2-deficiency in platelets.

The paxillin family member Hic-5 is proposed as an important regulator of the activation of the
major platelet integrin allbp3, essential for firm platelet adhesion and thrombus formation.
However, the importance of Hic-5 in platelet function is controversial. The second aim of this
thesis was to analyze the role of Hic-5 as regulator of integrin allbp3 activation and platelet

aggregation.

The Rho GTPase family members RhoA and Rac1 play major roles in platelet activation at
sites of vascular injury. Little is known about possible redundant functions of these Rho
GTPases in regulating platelet function. The third aim of this thesis was to analyze redundant

functions of the Rho GTPases RhoA and Rac1 in platelet function.

The last part of this thesis deals with the analysis of antibody-mediated modulation of platelet
receptor function in thrombotic disease. GPVI has emerged as an attractive potential target for
antithrombotic therapy, as its deficiency, blockade or antibody-induced depletion provides
powerful protection from experimental arterial thrombosis without affecting platelet hemostatic
functions. While different anti-GPVI antibodies of the 1gG class efficiently deplete the receptor
in vivo they do not affect GPVI surface expression in platelets in vitro. This indicates the
involvement of a non-platelet compartment. The data obtained in the course of this thesis
reveal a so far unknown role of FcyRIIB in the processing of antibody-opsonized blood cells

including platelets.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals

Reagent

Acetic acid

Acetylsalicylic acid (ASA)

Adenosine diphosphate (ADP)
Agarose

Amersham® Hyperfilm®, ECL
3-amino-9-ethylcarbazole (AEC) solution
Alexa F488

Alexa F647

Ammonium persulfate (APS)
Apyrase (Grade lll)

Aquatex® aqueous mounting medium
p-mercaptoethanol ($-ME)
Botrocetin

Bovine serum albumin (BSA)
Bradford protein assay

Cacodylate

Calcium chloride

Calpeptin

Chloroform

Chlodrosomes

Chrono-Lume luciferase reagent
Collagen Horm® suspension + SKF sol.
Convulxin (CVX)

Cryo-Gel

Dade® Innovin (tissue factor)

4'.6-diamidino-2-phenylindole (DAPI)
Dimethyl sulfoxide (DMSO)

Dry milk, fat-free

Deoxynucleotide triphosphates (dANTP) mix
DyLight-488

Company

Roth (Karlsruhe, Germany)

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

GE Healthcare (Freiburg, Germany)
EUROPA (Cambridge, UK)

Molecular Probes (Eugene, USA)
Molecular Probes (Eugene, USA)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
VWR Int. GmbH (Vienna, Austria)
Roth (Karlsruhe, Germany)

Pentapharm Ltd. (Basel, CH)
AppliChem (Darmstadt, Germany)
Bio-Rad (Munich, Germany)
AppliChem (Darmstadt, Germany)
Roth (Karlsruhe, Germany)

Merck Millipore (Darmstadt, Germany)
AppliChem (Darmstadt, Germany)

Clodronate Liposomes (Haarlem, The
Netherlands)

Chrono-log (Havertown, PA, USA)
Takeda (Linz, Austria)

Alexis Biochemicals (San Diego, USA)
Leica Biosystems (Wetzlar, Germany)

Siemens Healthcare Diagnostics (Deerfield,
IL, USA)

Life Technologies (Darmstadt, Germany)
Sigma-Aldrich (Steinheim, Germany)
AppliChem (Darmstadt, Germany)

Life Technologies (Darmstadt, Germany)
Pierce (Rockford, USA)
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Reagent
DyLight-649

Enhanced chemiluminescence (ECL)
detection substrate

Ethylenediaminetetraacetic acid (EDTA)
Ethylene glycol tetraacetic acid (EGTA)
Epon 812

Ethanol

Ethidium bromide

Fentanyl

Fibrinogen from human plasma (# F3879)
Fibrinogen from human plasma (# F4883)
Flumazenil

Fluorescein-isothiocyanate (FITC)
Fluoroshield™

Fluoroshield™ with DAPI

Formalin 37%

Fura-2/AM

GeneRuler DNA Ladder Mix

Glucose

Glutaraldehyde solution (25%)
Hematoxylin solution (# MHS32)

Heparin sodium

4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES)

IGEPAL®CA-630

Immobilon-P transfer membrane, PVDF
Indomethacin

Integrilin® (Eptifibatide)

lonomycin

Iron-llI-chloride hexahydrate (FeCls;-6H,0)
Isofluran CP®

Isopropanol

Ketamine

Loading Dye solution, 6x

Magnesium chloride

Medetomidine

Methanol

Company
Pierce (Rockford, USA)
MoBiTec (Goéttingen, Germany)

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

Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
Janssen-Cilag (Neuss, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
AlleMan Pharma (Pfullingen, Germany)
Molecular Probes (Oregon, USA)
Sigma-Aldrich (Schnelldorf, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Roth (Karlsruhe, Germany)

Life Technologies (Darmstadt, Germany)
Life Technologies (Darmstadt, Germany)
Roth (Karlsruhe, Germany)

Science Services (Munich, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Ratiopharm (Ulm, Germany)

Life Technologies (Darmstadt, Germany)

Sigma-Aldrich (Schnelldorf, Germany)
Merck Millipore (Darmstadt, Germany)
Sigma-Aldrich (Schnelldorf, Germany)

Millennium Pharmaceuticals Inc.
(Cambridge, USA)

Merck Millipore (Darmstadt, Germany)
Roth (Karlsruhe, Germany)
cp-pharma (Burgdorf, Germany)

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

Pfizer (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
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Reagent

Midazolam

Midori Green Advanced DNA stain
Naloxon

NuPAGE® LDS Sample Buffer (4x)

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

Osmium tetroxide

PageRuler Prestained Protein Ladder
(# 26616, 26619)

Paraformaldehyde (PFA)
Phenol/chloroform/isoamyl alcohol
Phalloidin-Atto647N

Pluronic F-127

Poly-L-lysine (PLL)

Propidium iodide

Prostacyclin (PGly)

Protease Inhibitor Cocktail (# P8340)

Proteinase K, recombinant, PCR grade
(20 mgmL™)

RNase A (# R4875)

R-phycoerythrin (PE)

Rotiphorese® Gel 30 (37,5:1) acrylamide
SeeBlue® Plus2 pre-stained standard
Sodium azide

Sodium carbonate

Sodium chloride

Sodium citrate
Sodiumdihydrogenphosphate
Sodium dodecyl sulfate (SDS)
Sodium hydroxide

Sodium orthovanadate
Streptavidin-HRP (# 016-030-084)

Sucrose
Taq DNA polymerase (5 U L™ without BSA)

N,N,N',N'-Tetramethylethylenediamine
(TEMED)

Thapsigargin (TG)

Company

Roche (Grenzach-Wyhlen, Germany)
Nippon Genetics Europe (Dlren, Germany)
AlleMan Pharma (Pfullingen, Germany)
Life Technologies (Darmstadt, Germany)

Life Technologies (Darmstadt, Germany)

Merck Millipore (Darmstadt, Germany)

Life Technologies (Darmstadt, Germany)

Sigma-Aldrich (Schnelldorf, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Life Technologies (Darmstadt, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Life Technologies (Darmstadt, Germany)
Calbiochem (Bad Soden, Germany)
Sigma-Aldrich (Schnelldorf, Germany)

Life Technologies (Darmstadt, Germany)

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

Roth (Karlsruhe, Germany)

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

Jackson ImmunoResearch (West Grove,
PA, USA)

Sigma-Aldrich (Schnelldorf, Germany)
Life Technologies (Darmstadt, Germany)

Roth (Karlsruhe, Germany)

Life Technologies (Darmstadt, Germany)
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Reagent

Thrombin from human plasma

Tissue Tek

TMB Substrate Reagent Set
Tris(hydroxymethyl)Jaminomethane (TRIS)
Triton X-100

TRIzol®

Tween® 20

U46619

Water, nuclease-free

Western Lightning® Plus-ECL

Company

Roche Diagnostics (Mannheim, Germany)
Sigma-Aldrich (Schnelldorf, Germany)

Sakura Finetek (Staufen, Germany)
BD Biosciences (Heidelberg, Germany)
Roth (Karlsruhe, Germany)
Sigma-Aldrich (Schnelldorf, Germany)
Invitrogen (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)

Enzo Life Sciences (Lorrach, Germany)
Roth (Karlsruhe, Germany)

PerkinElmer (Baesweiler, Germany)

Collagen-related peptide (CRP) was kindly provided by Paul Bray (Baylor College, USA).
Rhodocytin (RC) was a generous gift from Dr. Johannes Eble (University Hospital, Frankfurt,
Germany). All other non-listed chemicals were obtained from AppliChem (Darmstadt,
Germany), Roth (Karlsruhe, Germany) or Sigma-Aldrich (Schnelldorf, Germany). Annexin A5
was generously provided by Jonathan F. Tait (Medical Center Washington, USA) and

conjugated in our lab. Primers were obtained from Metabion (Planegg-Martinsried, Germany).

2.1.2 Kits

Kits Company
IP-One ELISA assay Cisbio (Codolet, France)

SuperScript® First-Strand Synthesis System Invitrogen (Karlsruhe, Germany)

2.1.3 Antibodies

2.1.3.1 Commercially purchased antibodies

Antibody Host organism Company

anti-p-actin Rabbit Sigma-Aldrich (Schnelldorf, Germany)

anti-BIN2 Rabbit Proteintech (Manchester, United
Kingdom)

Rabbit Sigma-Aldrich (Schnelldorf, Germany)
anti-CD29 (9EG7) Rat BD Biosciences (Heidelberg, Germany)
anti-CD3 Rat BD Biosciences (Heidelberg, Germany)
anti-CD45R/B220 Rat BioLegend (San Diego, USA)
anti-CD105 Rat BioLegend (San Diego, USA)
anti-GAPDH Rabbit Sigma-Aldrich (Schnelldorf, Germany)
anti-Hic-5 Mouse BD Biosciences (Heidelberg, Germany)
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Antibody
anti-LAT
anti-leupaxin
anti-Ly-6G/C (Gr1)

anti-paxillin

anti-phospho-LAT (Y191)
anti-phospho-PLCy2 (Y759)
anti-phospho-Syk (Y525/526)
anti-phospho-Tyrosine (4G10)

anti-PLCy2
anti-Rac1
anti-RhoA
anti-STIM1
anti-Syk
anti-TER-119
anti-vWF

Antibody conjugates

anti-o-tubulin-Alexa F488

anti-mouse IgG-Cy3

anti-mouse IgG-HRP
anti-rabbit IgG-Cy3

anti-rabbit IgG-Alexa F488

anti-rabbit IgG-HRP

anti-rat IgG-FITC

anti-STIM1-Atto550

Host organism
Rabbit
Rabbit
Rat
Rabbit
Rabbit
Rabbit
Rabbit
Mouse
Rabbit
Rabbit
Mouse
Rabbit
Rabbit
Rat

Mouse

Host organism
Mouse

Donkey

Rat

Goat

Donkey

Goat

Rabbit

Rabbit

Company

Cell Signaling (Denver, USA)
BioLegend (San Diego, USA)
BioLegend (San Diego, USA)

Biorbyt (Cambridge, United Kingdom)
Cell Signaling (Denver, USA)

Cell Signaling (Denver, USA)

Cell Signaling (Denver, USA)

Merck Millipore (Darmstadt, Germany)
Santa Cruz (Heidelberg, Germany)
Merck Millipore (Darmstadt, Germany)
Cytoskeleton (Denver, USA)

Cell Signaling (Denver, USA)

Cell Signaling (Denver, USA)
BioLegend (San Diego, USA)

DAKO (Hamburg, Germany)

Company

Invitrogen (Karslruhe, Germany)
Jackson Immuno (Suffolk, UK)
DAKO (Hamburg, Germany)
Jackson Immuno (Suffolk, UK)
Invitrogen (Karlsruhe, Germany)
Cell Signaling (Denver; USA)
Dianova (Hamburg, Germany)

alomone labs (Jerusalem, Israel)

2.1.3.2 Monoclonal rat antibodies generated or modified in our laboratory

Antibody
2.4G2

pOp4
pOp3
pOp1
DOM2
pOp6
JAQ1

Clone

15E2
7A9
3G6
89H11
56F8
98A3

Isotype

1gG2b
IgG2a
IgG1

IgG2a
1gG2b
IgG2a

Antigen Reference

CD16/CD32 Clone HB-197

(FcyRIIb/RII purchased from
ATCC;

GPlbo. 199

GPlbo. 199

GPIbp 139

GPV 129

GPIX 129

GPVI 140
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Antibody Clone
JAQ3 OE3
INU1 11E9
ULF1 97H1
LEN1 12C6
EDL1 57B10
JON2 14A3
JON/A 4H5
MWReg30 5D7
WUG 1.9 5C8

2.1.4 Buffers and media

Isotype
IgG2a
IgG1
IgG2a
1gG2b
IgG2a
IgG2a
1gG2b
IgG1
IgG1

Antigen
GPVI
CLEC-2
CD9

a2

B3
allbf3
allbf3
allbf3

P-selectin

Reference
141

43

unpublished

22
139
129
142
143

141

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.

Blocking buffer (Western blot)
BSA or fat-free dry milk

in Washing Buffer (see below)

Blocking buffer (Immunohistochemistry)

Tween 20°

BSA

Rat / Goat serum
in PBS

Cacodylate buffer, pH 7.2

Sodium cacodylate

Coating buffer (ELISA), pH 9.5
NaHCO;
N32C03

Karnovsky fixation buffer, pH 7.2
Paraformaldehyde
Glutardialdehyde

Cacodylate

Laemmli buffer (for SDS-PAGE)
TRIS

5%

0.1%
3%
3%

0.1 M

85 mM
15 mM

2%
2.5%
0.1 M

40 mM
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Glycine
SDS

Loading dye (6x) for analysis of PCR products

TRIS (150 mM)
Glycerin

Bromophenolblue

Lysis buffer for DNA isolation
TRIS

EDTA (0.5 M)

NaCl

SDS

Proteinase K (20 mg mL™)

Lysis buffer for platelet lysates, pH 8.0

Tris, pH 7.4
NaCl

EDTA

NaN;
Igepal®CA-630

protease inhibitor cocktail

0.95M
0.5%

33%
60%
0.04%

100 mM
5mM

200 mM
0.2%

100 ug mL™

15 mM
155 mM
1 mM
0.005%
1%

1%

Lysis buffer (2x) for tyrosine phosphorylation studies, pH 7.5

NaCl

TRIS

EGTA

EDTA

NaF

NaszVO,
Igepal®CA-630

protease inhibitor cocktail

300 mM
20 mM
2 mM

2 mM
10 mM
4 mM
2%

MOPS (3-(N-morpholino)propanesulfonic acid) buffer (20x)

MOPS
TRIS
SDS
EDTA

PBS (Phosphate-buffered saline), pH 7.14

NaCl

1M
1M
69.3 mM
20.5 mM

137 mM
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KCI
KH5PO,
NazH PO4 X 2H20

PBS/EDTA (for platelet lysates)
EDTA
in PBS

PHEM buffer, pH 6.8
PIPES

HEPES

EGTA

MgCl,

PHEM complete buffer, pH 7.2
PHEM Fixation Buffer
Igepal®CA-630

in PHEM

PHEM fixation buffer
PFA
in PHEM

RIPA buffer

NacCl

Sodium deoxycholate
SDS

TRIS, pH 8.0

NaszVO,

Igepal®CA-630

protease inhibitor cocktail
SDS sample buffer, 2x

p-Mercaptoethanol (for red. Conditions)

TRIS (1.25 M), pH 6.8
Glycerin
SDS

Bromophenolblue

Separating bel buffer (SDS-PAGE), pH 8.8

TRIS/HCI

2.7 mM
1.5 mM
8 mM

5mM

100 mM
5.25 mM
10 mM
20 mM

0.1%

4%

150 mM
0.5 %
0.1%
50 mM
2 mM
1%

10%
10%
20%
4%
0.02%

1.5M

25



Materials and Methods

Sodium citrate, pH 7.0

Sodium citrate

Stacking gel buffer (SDS-PAGE), pH 6.8
TRIS/HCI

Stripping buffer (Western blot, “mild”), pH 2.0
Glycine

SDS

in PBS

TAE buffer (50x)
TRIS

Acetic acid
EDTA (0.5 M)

TBS (TRIS-buffered saline), pH 7.3
NaCl
TRIS/HCI

TE-buffer
TRIS
EDTA

Transfer-buffer (semi-dry blot)
TRIS ultra

Glycine

Methanol

TRIS-EDTA-buffer, pH 9.0
TRIS
EDTA

Tween 20°

Tyrode’s buffer, pH 7.3
NacCl

KCI

NaHCO;

NaH,PO,

Glucose

HEPES

BSA

CaCl,

0.129 mM

0.5M

25 mM
1%

0.2M
5.7%
10%

137 mM
20 mM

10 mM
1T mM

48 mM
39 mM
20%

10 mM
1T mM
0.05%

137 mM
2.7 mM
12 mM
0.43 mM
0.1 %
5mM
0.35%

2 mM
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MgCl, 1 mM
Washing buffer (ELISA)

Tween 20° 0.05%
in PBS

Washing buffer (Western Blot)
Tween 20° 0.1%
in TBS

2.2 Methods

2.2.1 Genetically modified mice

The generation of Bin2™"

mice was as follows: A 9.96 kb region used to construct the targeting
vector was first subcloned into a ~2.4 kb backbone vector (pSP72, Promega) from a positively
identified 129 BAC clone (bmQ365K17). The region was designed such that the 5 homology
arm extends about 2.83 Kb 5’ to the 3’ end of the LoxP-FRT flanked Neo cassette. The 3’
homology arm ends 3’ to single LoxP cassette and is 6.52 Kb long. The LoxP-FRT flanked
Neo cassette was inserted 403 bp upstream of exon 3. The single LoxP site was inserted 157
bp downstream of exon 3. The target region comprises 615 bp and includes exon 3. DNA of
the targeting vector was linearized by Notl digestion and then transfected by electroporation
of BA1 (C57Bl/6 x 129/SvEv) (Hybrid) embryonic stem cells. After selection with G418,
surviving clones were expanded for PCR analysis to identify recombinant ES clones. 5 positive
clones were identified and expanded. Targeted iTL BA1 (C57BL/6N x 129/SvEv) hybrid
embryonic stem cells were microinjected into blastocysts of pseudo-pregnant C57BL/6
females. Highly chimeric offspring was mated to C57BL/6 FLP mice to remove the Neo
cassette (Neo deletion in somatic cells) and backcrossed to C57BL/6 females resulting in
Bin2™* mice with Neo deletion in germ cells. Constitutive knockout mice were generated by

mating with CMV-Cre and for MK-/platelet-specific knockout mice with Pf4-cre mice.*14°

2ﬂ/ﬂ Pf4-Cre

Intercrossing of the respective offspring resulted in Bin2”-mice or Bin mice,

respectively. Bin2" littermates served as controls.

Tgfb1i1™" mice were generated by injection of embryonic stem cell clone EPD0817_1_D04
(Knockout Mouse Project [KOMP] Repository) into blastocysts of pseudo-pregnant C57BL/6
females to generate germ line chimeras. Male chimeras were bred to C57BL/6 females to
generate Tgfb1i1”~ mice, which were intercrossed to produce Tgfb1i1™ mice and littermate

wild-type controls.

C57BL/6JRj mice maintained under specific-pathogen-free conditions were obtained at an age
of 6-9 weeks from JANVIER LABS (Le Genest-Saint-Isle, France). Mice with a constitutive
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knockout for GPVI (Gp6™), FcyRIIB (Fegr2b™) and Feylll (Fegr3”) were described earlier in

39.146.147 and backcrossed on C57BI/6J background for at least 10 generations.

RhoA™ and Rac1™ mice were generated as previously described.’”*® RhoA™ and Rac1™
mice were intercrossed with mice carrying the platelet factor 4 (Pf4)-Cre transgene

(Pf4-Cre)'* to generate RhoA™/Rac1™" P mice. RhoA"/Rac1™ mice served as control.

All animal experiments were approved by the district government of Lower Franconia

(Bezirksregierung Unterfranken).
2.2.2 Genotyping of mice

2.2.2.1 Isolation of genomic mouse DNA

Ear punches were incubated overnight at 56°C and 900 rpm or for 3 h at 56°C and 1,400 rpm
in 500 uL of lysis buffer. Cellular proteins and lipids were removed by the addition of 500 uL of
phenol/chloroform/isoamyl alcohol (25:24:1). Samples were mixed well and centrifuged for
10 min at 10,000 rpm in an Eppendorf 5417R tabletop centrifuge at RT. After centrifugation,
the aqueous nucleic acid containing upper phase was transferred into a new tube containing
500 uL isopropanol to precipitate the DNA. Subsequently, the nucleic acids were spun down
by centrifugation for 15 min at 14,000 rpm and 4°C. The pellet was washed and dehydrated
by the addition of 500 uL 70% ethanol with subsequent centrifugation for 15 min at 14,000 rpm.
Before dissolving the pellet in 50 yL TE buffer, the pellet was allowed to dry for 30 min at 37°C.

2.2.2.2 PCR (Polymerase chain reaction)

Separate PCR reactions were performed to amplify the WT/floxed RhoA, Rac1, Bin2 or the
targeted Fcgr2b, Fecgr3, Bin2, Tgfb1i1 loci and to control the presence of the Cre-recombinase
cassette under control of the Pf4 or CMV promoter. GPVI-deficient mice were genotyped by

flow cytometry.

PCR mix for Bin2 WTI/floxed and targeted Bin2 allele

1.0 yL DNA sample

25pL 10x Taq Buffer (+KCI, -MgCly)
2.5 L MgCl;, [25 mM]

1L dNTPs [10 mM]

0.1 uL forward Primer [100 pM]

0.1 uL reverse Primer [100 pM]

0.25 yL native Tag-Polymerase [5 U pL™]
17.55 uL H20
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PCR program for Bin2 WT/floxed

Temperature [°C] Time [s] Repeats
95 300 1 cycle
95 30 35 cycles
58 30 35 cycles
72 30 35 cycles
72 300 1 cycle
22 0 1 cycle

PCR program for targeted Bin2 allele

Temperature [°C] Time [s] Repeats
96 300 1 cycle
95 30 35 cycles
58 30 35 cycles
72 90 35 cycles
72 300 1 cycle
22 0 1 cycle

Primer Bin2 WT/floxed
Bin2_loxp fwd 5 TGC AGT CAAAGG TGG GTG TATTCG ¥
Bin2 loxp_rev 5 GCACATCCCATGGCTGTGTC 3

Expected band sizes: 392 bp for the WT allele and 460 bp for the floxed Bin2 allele.

Primer targeted Bin2 allele
Bin2_ko_fwd 5" GAG GGC ATC CAC CAT CTC AATGC 3’
Bin2_ko_rev 5" GCA CAT CCCATG GCT GTGTC &

Expected band sizes: 1,085 for the WT allele, 1,332 bp for the floxed allele, 570 bp for the

targeted Bin2 allele.
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PCR mix for CMV-Cre

0.5uL DNA sample

25pL 10x Taq Buffer (+KCI, -MgCly)
1.5 uL MgCl;, [25 mM]

1L dNTPs [10 mM]

0.1 uL forward Primer [100 pM]

0.1 uL reverse Primer [100 pM]

0.5uL native Tag-Polymerase [5 U uL™]
18,8 uL H20

PCR program for CMV-Cre

Temperature [°C] Time [s] Repeats
95 300 1 cycle
95 30 35 cycles
67 30 35 cycles
72 60 35 cycles
72 300 1 cycle
22 0 1 cycle

Primer CMV-Cre

CMV_fwd 5 GCC TGC ATT ACC GGT CGATGC AACGA 3
CMV-rev 5 GTG GCA GAT GGC GCG GCAACACCATT ¥
Expected band size: 700 bp for positive samples.

PCR mix for Fcgr2b

1L DNA sample

25pL 10x Taq Buffer (+KCI, -MgCly)

2.5 L MgCl, [25 mM]

1L dNTPs [10 mM]

0.25 yL 1:10 diluted forward Primer [100 pM] WT
0.5uL 1:10 diluted forward Primer [100 pM] KO
0.5uL 1:10 diluted reverse Primer [100 pM]
0.5uL native Tag-Polymerase [5 U pL™]

16.25 uL H20
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PCR program for Fcgr2b
Temperature [°C]
95
95
67
72
72
22

Primer Fcgr2b
Fcgr2b_wt_fwd
Fcgr2b_ko_fwd

Fcgr2b_rev

Time [s]
300

30

60

60

300

Repeats
1 cycle
35 cycles
35 cycles
35 cycles
1 cycle

1 cycle

5 TTG ACT GTG GCC TTAAAC GTG TAG &

5 CTC GTG CTT TAC GGT ATC GCC &

5 AAA CTC GAC CCC CCG TGG ATC 3’

Expected band sizes: 161 bp for WT allele and 232 bp for targeted Fcgr2b allele.

PCR mix for Fegr3
1L
2.5 L
2.5 L
1L
0.5uL
0.5uL
0.5uL
16.5 pL

PCR program for Fcgr3-WT
Temperature [°C]
95
95
58
72
72
22

DNA sample

10x Taq Buffer (+KCI, -MgCly)
MgCl; [25 mM]

dNTPs [10 mM]

1:10 diluted forward Primer [100 pM] WT or KO
1:10 diluted reverse Primer [100 pM]
native Tag-Polymerase [5 U pL™]

H20

Time [s]
180

30

30

60

300

Repeats
1 cycle
35 cycles
35 cycles
35 cycles
1 cycle

1 cycle
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PCR program for Fcgr3-KO

Primer Fcgr3
Fcgr3_wt_fwd
Fcgr3_ko_fwd

Fcgr3_rev

Temperature [°C]
95
95
68
72
72
22

Time [s]
300

30

30

60

300

Repeats
1 cycle
35 cycles
35 cycles
35 cycles
1 cycle

1 cycle

5 CTA CAT CCT CCATCT CTC TAG 3’

5 GCACGAGACTAGTGAGACGTG &

5 GTG GCT GAAAAG TTG CTG CTG 3

Expected band sizes: 238 bp for WT allele and 550 bp for targeted Fcgr3 allele.

PCR mix for Pf4-Cre

2.0 L
2.5 L
2.5 L
0.5uL
1L
1L
0.25 yL
15.25 uL

PCR program for Pf4-Cre

Temperature [°C]
95

95

48.5

72

72

22

DNA sample

10x Taq Buffer (+KCI, -MgCly)

MgCl, [25 mM]
dNTPs [10 mM]

1:10 diluted forward Primer [100 pM]
1:10 diluted reverse Primer [100 pM]

native Tag-Polymerase [5 U pL™]

H20

Time [s]
300

30

30

45

300

Repeats
1 cycle
35 cycles
35 cycles
35 cycles
1 cycle

1 cycle
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Primer Pf4-Cre

Pf4_fwd 5 CCC ATACAG CACACCTTTTG 3
Pf4_rev 5 TGC ACAGTCAGCAGGTT ¥
Expected band size: 450 bp for positive samples.

PCR mix for Rac1

1L DNA sample

25pL 10x Taq Buffer (+KCI, -MgCly)

2.5 L MgCl, [25 mM]

1L dNTPs [10 mM]

1L 1:10 diluted forward Primer [100 pM]
1L 1:10 diluted reverse Primer [100 pM]
0.25 yL native Tag-Polymerase [5 U pL™]
15.75 uL H20

PCR program for Rac1

Temperature [°C] Time [s] Repeats

95 300 1 cycle

95 30 10 cycles

63 30 10 cycles

(-1°C each cycle)

72 30 10 cycles

95 30 35 cycles

53 30 35 cycles

72 30 35 cycles

72 300 1 cycle

22 0 1 cycle
Primer Rac1
Rac1_fwd 5 GTC TTG AGT TAC ATC TCT GG 3’
Rac1_rev 5 CTG ACG CCAACAACTATGCY

Expected band sizes: 236 bp for WT allele and 318 bp for floxed Rac1 allele.
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PCR mix for RhoA
1L
2 uL
0.6 uL
0.4 uL
0.2 uL
0.2 uL
0.2 uL
20.6 uL

PCR program for RhoA

Temperature [°C]

95
95
55
72
72
22
Primer RhoA
JVH11_for
JVH15_rev

DNA sample

10x Taq Buffer (+KCI, -MgCly)
MgCl;, [25 mM]

dNTPs [10 mM]

diluted forward Primer [100 pM]
reverse Primer [100 pM]

native Tag-Polymerase [5 U uL™]

H.0

Time [s] Repeats
120 1 cycle
30 35 cycles
30 35 cycles
30 35 cycles
300 1 cycle
0 1 cycle

5 AGC CAGCCTCTTGACCGATITAZ

5 TGT GGG ATACCG TTT GAG CAT 3

Expected band sizes: 297 bp for WT allele and 393 bp for floxed RhoA allele.

PCR mix for Tgfb1i1
1.0 yL
2.5 L
2.5 L
1L
0.1 uL
0.1 uL
0.1 uL
0.1 uL
0.25 yL
17.35 yL

DNA sample

10x Taq Buffer (+KCI, -MgCly)
MgCl;, [25 mM]

dNTPs [10mM]

forward Primer WT [100 pM]
reverse Primer WT [100 pM]
forward Primer KO [100 pM]
reverse Primer KO [100 pM]
native Tag-Polymerase [5 U pL™]
H20
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PCR program for Tgfb1i1

Temperature [°C] Time [s] Repeats
95 300 1 cycle
95 30 35 cycles
58 30 35 cycles
72 30 35 cycles
72 300 1 cycle
22 0 1 cycle

Primer Tgfb1i1

Tgfb1i1_wt_fwd 5 GGG ACG GGG CGT AGATAAAG 3
Tgfb1i1_wt_rev 5 ACACCCATT CACACACTGGA 3
Tgfb1i1_ko_fwd 5 TAG ATA GAG ATG GCG CAACG 3’
Tgfb1i1_ko_rev 5 ACACCCATT CACACACTGGA 3

Expected band sizes: 329 bp for the WT allele and 212 bp for the targeted Tgfb1i1 allele.

2.2.2.3 RNA preparation from platelets

For each genotype, at least three animals were bled under isoflurane anesthesia up to 1 mL
into 300 pL heparin (in TBS [20 U mL™"])) and prepared as described in 2.2.4.1. The pellets
were resuspended and pooled in a total volume of 250 L lysis buffer, vortexed and incubated
for 10 min at RT. After the addition of 1 mL TRIzol® reagent, the samples were incubated for
10 min at RT. Further, 250 pL of chloroform were added and the samples were incubated for
10 min at RT and afterwards centrifuged for 10 min at 10,000 rpm (Eppendorf 5417R) and 4°C.
The upper phase was then transferred into a tube containing 1 mL of chloroform/isoamyl
alcohol (24:1), vortexed for 2 min and centrifuged for 10 min at 10,000 rpm and 4°C. Thereatfter,
the upper phase was pipetted into a new tube containing 1 mL of ice cold isopropanol, mixed
well and incubated for 30 min on ice. The nucleic acids were pelleted by centrifugation for
10 min at 14,000 rpm (Eppendorf 5417R) and 4°C, washed once with 70% ethanol (10 min,
14,000 rpm, 4°C), dried at RT for 30 min and finally resuspended in 20 yL RNase free water.
The RNA content of the samples was determined using a NanoDrop (Thermo Scientific,
Wilmington, USA) device.
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2.2.2.4 Semiquantitative reverse transcription PCR (RT-PCR)
For reverse transcription PCR, two different mastermixes were prepared:

Mastermix 1:

1.0 g RNA

1 uL oligo dT Primer [0.5 pg pL™]
1 uL dNTPs [10 mM]

X L ad 12 pL H.0

Mastermix 1 was denaturated for 5 min at 65°C and subsequently cooled on ice.

Mastermix 2:

4 uL 5x First-Strand Buffer
2 uL 0.1 MDTT
1 uL RNAseOUT [40 U uL™

Mastermix 1 and 2 were pooled and 1 pL of SuperScript® Il Reverse Transcriptase [200 U pL™]
was added. Amplification was performed for 50 min at 42°C in a thermomixer and afterwards
the reaction was stopped by incubation of the samples at 70°C for 15 min. The generated
cDNAs were stored at -20°C. The mRNA expression levels were determined by PCR, optimal
annealing temperature for the primers used was identified via gradient PCR. Gapdh expression

levels were used as control.

PCR mix for semi-quantitative RT-PCR

2.0 uL cDNA sample

20 pL 10x Taq Buffer (+KCI, -MgCly)
1.2 uL MgCl, [25 mM]

0.4 uL dNTPs [10 mM]

0.1 uL forward Primer [100 pM]

0.1 uL reverse Primer [100 pM]

0.125 uL native Tag-Polymerase [5 U pL™]
14.075 uL H20

PCR program for semi-quantitative RT-PCR

Temperature [°C] Time [s] Repeats
95 300 1 cycle
95 30 10 cycles
48-70 30 35 cycles
72 60 35 cycles
72 300 1 cycle
22 0 1 cycle
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RT-PCR Primer

Tgfb1i1 (annealing temperature 58°C)
Tgfb1i1_RT_fwd 5TTTTGG CCGCTGCCTTTAAC 3

Tgfb1i1_RT-rev 5 AGG CTT GCATAC TGT GCT GT 3’

Expected band size: 319 bp for the WT allele.

GAPDH (annealing temperature 61°C)
GAPDH_RT _forw 5°"GCAAAG TGGAGATTGTTGCCAT 3
GAPDH_RT _rev 5 CCTTGACTG TGC CGT TGAATTT 3

Expected band size: 108 bp for the WT allele.

2.2.2.5 Agarose gel electrophoresis

The PCR products were separated on 1% agarose gels. In parallel, a marker with a range from
100 to 10,000 bp was run on the gels to control the size of the products. 1.5 g of agarose were
added to 150 mL TAE buffer and boiled in microwave for approximately 3 min. The dissolved
agarose was allowed to cool down to 60°C, DNA was stained by the addition of 50 pL L™
ethidium bromide or Midori Green™ and the gel was poured into a sleigh containing a comb.
The cast gel was then laid into a chamber filled with TAE buffer. The PCR products were
diluted in 6x Loading Dye and 20 uL per sample were loaded onto the gels. The samples were
separated for 30-45 min at 130 V. For big gels, 4 g agarose was dissolved in 400 mL TAE
buffer. The big gels were run at 160 V. Finally, the DNA/ethidium bromide/Midori Green™ was
visualized under ultra violet light and pictures were taken with a camera (Herolab GmbH,

Germany).
2.2.3 Biochemistry

2.2.3.1 Western blot (Immunoblotting)

PRP was prepared as described in 2.2.4.1. To remove residual serum albumin, platelets were
washed twice with 5 mM EDTA in PBS. For Western blotting, platelet counts of washed platelet
were determined using a Sysmex KX 21-N cell analyzer (Sysmex Deutschland GmbH) and
counts were adjusted to 1.0 x 10° platelets per pL using lysis buffer. After an incubation time
of 10 min on ice, the samples were mixed with an equal volume of reducing 2x Loading Dye
and boiled for 5 min at 95°C. The denatured platelet lysates were then separated by sodium
dodecyl sulfate (SDS) - polyacrylamide gel electrophoresis (PAGE) and blotted onto
polyvinylidenedifluoride (PVDF) membranes. Membranes were incubated with blocking buffer

for 1 h at RT and incubated with the respective antibodies overnight at 4°C. For visualization,
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horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence

solution were used.
2.2.3.2 Protein phosphorylation studies

Washed platelets [7 x 10° uL'] from wild-type and knockout mice were prepared as described
in 2.2.4.1. To avoid protein dephosphorylation by phosphatases present in certain preparations
of BSA, platelets were washed once with Tyrode’s buffer with BSA and all subsequent washing
steps were carried out in Tyrode’s buffer without BSA. To prevent aggregation, 2 U mL”
apyrase, 5 mM EDTA and 10 uM indomethacin were added to the platelet suspension.
Platelets were stimulated in suspension with 0.1 U mL™" thrombin, 0.5 pg mL™ convulxin, or
2 ug mL™" rhodocytin under constant stirring conditions at 37°C. Stimulation was stopped by
addition of 1:1 ice cold lysis buffer. Lysates were centrifuged at 14,000 rpm to remove cell
debris. NUPAGE® 4x LDS buffer supplemented with p-mercaptoethanol was added to the
supernatant. Samples were incubated at 70°C for 10 min and separated by SDS-PAGE on
NuPAGE® 4-12% Bis-Tris gradient gels (Invitrogen) under reducing conditions. Gels were run
in 1x MOPS buffer at 4°C and proteins subsequently transferred onto a PVDF membrane.
Membranes were blocked for 1h at RT and then incubated o/n at 4°C with anti-
phosphotyrosine antibody, clone 4G10, or with phospho-specific antibodies. Rabbit anti-
mouse immunoglobulins-HRP or goat-anti-rabbit-lgG HRP-conjugated antibodies and ECL
were used for visualization. Respective non-phosphorylated proteins were used as loading

control.
2.2.3.3 Exvivo sGPVI ELISA

Mice were retroorbitally injected with 2 pg g™ bodyweight JAQ 144, OF vehicle. At the indicated
time points 100 uL of blood was withdrawn from the retro-orbital plexus in 100 yL heparin
[20 U mL™"]. Plasma was separated by two subsequent centrifugations (2,800 rpm and 14,000
rpm, 5 min, RT) and was incubated on JAQ3-coated [10 ug mL™"] plates for 1 h at 37°C. After
extensive washing, plates were incubated with HRP-labeled streptavidin for 45 min at 37°C
and developed using TMB. The reaction was stopped by addition of 2 N H,SO, and
absorbance at 450 nm was recorded on a Multiskan (Thermo Scientific). Plasma from JAQ1yiotin

treated Gp6” mice served as control.
2.2.3.4 Protein lysates from tissue

Animals were anesthetized, sacrificed by cervical dislocation and organs were immediately
removed, washed once with sterile PBS and cut into small pieces of ~30 mg. The tissue pieces
were transferred into 200 pyL of RIPA buffer, homogenized using a pestle and lysed on ice for
30 min. Cell fragments were pelleted by centrifugation for 10 min at 4°C and 14,000 rpm

(Eppendorf 5417R). The supernatants were transferred to new tubes and protein concentration
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was determined by Bio-Rad Bradford assay. Equal amounts of protein were analyzed by

Western blot analysis (see 2.2.3.1).
2.2.3.5 Mass spectrometry (MS) analysis of the STIM1 interactome

Experiments were conducted by Dr. Thomas Premsler from the Institute of Physiology,
University of Wulrzburg, Wirzburg, Germany. SDS-PAGE of elution samples, gel silver
staining, tryptic digestion of differential protein spots and sample preparation for subsequent
mass spectrometry (MS) analysis was performed as published previously.”" Tryptic peptides
were separated on an Ultimate nano-high performance liquid chromatrgraphy (HPLC) system
(Dionex, Idstein, Germany) as reported by Premsler et al.'** and directly eluted into the online
electrospray ionization (ESI) ion source of a Qtrap 4000 (Applied Biosystems, Darmstadt,
Germany) and an LTQ XL (Thermo Fisher Scientific, Dreieich, Germany) mass analyzer,
respectively. Full MS survey scans from 350 to 2,000 m/z were acquired and the three most
intense peaks were subjected to collision-induced dissociation MS/MS. Mass spectra were
recorded via the Analyst 1.4 (QTrap) and the Xcalibur 2.1.0 (LTQ) operating software including
the mascot.dll 1.6b5 (QTrap) and the extract_msn (LTQ) plug-in for conversion of LC-MS raw
data into Mascot generic format. Applying the Mascot™ search algorithm for MS/MS spectra
(Mascot Daemon 2.2.02 software platform and Mascot server version 2.2.04), the generated
data were searched against the UniProtKB/ Swiss-Prot database (www.uniprot.org, 11/2009,
human subset), with Mascot parameters being set as published.’? All MS/MS spectra with a
minimum Mascot score of 34 (P-value of 0.05) were taken into consideration for further

interpretation and were additionally validated manually.
2.2.4 In vitro analysis of platelet function

2.2.41 Purification of platelets from whole blood of mice

Mice were bled under isoflurane anesthesia up to 1 mL in 300 pL heparin [20 U mL™"] or ACD
buffer. 300 uL of heparin [20 U mL™"] were added and the samples were centrifuged for 6 min
at 800 rpm. Subsequently, the upper phase and the buffy coat with some erythrocytes were
transferred into 300 L heparin [20 U mL™"]. To further purify the platelets, centrifugation was
repeated (6 min, 800 rpom) and only the upper phase without any erythrocytes was pipetted
into a new tube containing 2 uL of apyrase [0.02 U mL™, f.c.]and 5 yL PG, [0.1 pg mL™, f.c.].
Platelets were spun down (5 min, 2,800 rpm), resuspended in 1 mL of Tyrode’s buffer without
Ca?*, containing 2 L of apyrase [0.02 U mL™, f.c.]and 5 uL PG, [0.1 ug mL™, f.c.] and allowed
to rest for 5 min at 37°C. The washing step was repeated twice, before the pellet was
resuspended in an appropriate volume of Ca®*-free Tyrode’s buffer containing apyrase

[0.02 U mL™", f.c.] and the platelets were allowed to rest for 30 min prior to experiments.
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2.2.4.2 Purification of platelets from whole blood of humans and co-localization

studies

Fresh blood samples of patients and healthy volunteers were collected in 1/10 volume of ACD
and centrifuged for 10 min at 200 g. PRP without any erythrocytes was collected,
supplemented with 2 L of apyrase [0.02 U mL™, f.c.]and 5 pyL PGI, [0.1 yg mL™, f.c.], per mL
PRP. Prior to immunofluorescence staining, platelets were pelleted by centrifugation for 10
min at 800 g and washed twice with Tyrode’s-HEPES buffer containing 2 yL apyrase
[0.02U mL™", f.c.]and 5 uL PGI, [0.1 ug mL™, f.c.]. The samples were allowed to rest for 30 min
at 37°C.

For co-localization studies, platelets were fixed on poly-L-Lysine or allowed to spread on
fibrinogen without stimulus for 30 minutes. Platelets were stained with phalloidin Atto647N and
the indicated antibodies and visualized by confocal microscopy. Co-localization was
determined by Pearson's R value with the help of Fiji'*® by thresholding the staining of BIN2

and STIM1 of platelets using the same settings for all samples.
2.2.4.3 Determination of platelet size and count by flow cytometry

50 pL of blood was withdrawn from the retro-orbital plexus in 300 uL heparin [20 U mL™"]. The
sample was filled up with 650 pL Tyrode’s buffer without Ca®* (1:20 dilution). Platelet count
and size were assessed by incubating diluted, heparinized blood with fluorophore-conjugated
antibodies directed against platelet-specific epitopes and subsequently analyzed using flow
cytometry (FACSCalibur, BD Biosciences). Forward scatter (FSC) and the counts per second
were determined. Alternatively, platelet count and size were measured in heparinized blood in

a Sysmex analyzer.
2.2.4.4 Assessment of platelet glycoprotein expression by flow cytometry

The expression levels of the most prominent platelet glycoproteins were determined by
incubating heparinized blood with fluorophore-conjugated monoclonal antibodies and
fluorescence intensities were analyzed by flow cytometry. The expression levels were

expressed as mean fluorescence intensity (MFI).
2.2.4.5 Detection of platelet integrin activation and degranulation by flow cytometry

This experiment monitors the signaling-dependent activation of allbp3 integrins and the
process of degranulation (determined by P-selectin exposure). 50 uL of blood were withdrawn
under isoflurane anesthesia, diluted in 300 uL heparin [20 U mL"] and washed twice (5 min,
2,800 rpm) with 1 mL of Ca®*-free Tyrode’s buffer. After the final washing step, the washed
blood was resuspended in an appropriate volume of Ca?*-containing Tyrode’s buffer. Washed
blood was incubated with fluorophore-conjugated antibodies directed against activated p1

integrins (9EG7-FITC) or allbp3 integrins (PE-conjugated JON/A) and against P-selectin
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(FITC- labeled WUG 1.9). Subsequently, the samples were activated with different agonists
such as ADP, U46619 (a stable thromboxane A, analogue), thrombin, CRP and the snake
venom toxins convulxin (CVX) and rhodocytin (RC). The reaction was stopped after incubation
for 7 min at 37°C and 7 min at RT by the addition of 500 yL PBS.

2.2.4.6 Aggregometry

In aggregometry, light transmission of a washed platelet suspension was monitored over time
(10 min) using a four-channel aggregometer (APACT, Laborgerdte und Analysensysteme,
Hamburg). 1.5 x 10° platelets per pL in 150 uL Ca**-containing Tyrode’s buffer supplied with
100 ug mL™" human fibrinogen were activated with different concentrations of agonists (1.6 pL,
100-fold-concentrated), specific for GPVI signaling, such as collagen, CRP and CVX, or
GPCR-related agonists represented by ADP, U46619 (U46) or thrombin. For stimulation with
thrombin, Ca**-containing Tyrode’s buffer without human fibrinogen was used. Aggregation
studies with ADP were performed in PRP [1.5 x 10° platelets per pL]. Aggregation was
expressed as arbitrary units. Light transmission of 160 pL Tyrode’s buffer with Ca®* (and

fibrinogen) was set as 100% aggregation.
2.2.4.7 Luminometric measurement of ATP release

Washed platelets [80 pL with 5 x 10° platelets uL™"] were diluted into 160 uL Tyrode-HEPES
buffer containing 2 mM Ca** and incubated with Luciferase-Luciferin reagent under stirring
conditions (1200 rpm), followed by addition of an agonist. ATP release and aggregation were

measured simultaneously in a Lumi-aggregometer (Chrono-Log, Havertown, PA, USA).
2.2.4.8 Platelet adhesion under flow conditions

Rectangular coverslips (24 x 60 mm) were coated overnight at 37°C with 70 ug mL™ fibrillar
type | collagen and prior to the experiment blocked for 1 h with 1% BSA. Mice were bled up to
1 mL in 300 pL heparin [20 U mL™"], the blood was diluted 3:1 with Ca**-containing Tyrode’s
buffer and incubated for 5 min at 37°C with DyLight-488-conjugated anti-GPIX derivative
[0.2 pyg mL™"]. A transparent flow chamber with a slit depth of 50 um was covered with a
collagen-coated and BSA-blocked cover slip and perfused for 4 min with the diluted whole
blood using a pulse-free pump and different wall shear rates, reflecting the blood flow in
different vessel types (1,000 s', 1,700 3'1). Subsequently, the chamber was washed for 75 s
with Tyrode’s buffer at the same shear rate and at least five phase-contrast and fluorescent
pictures were taken using a Zeiss Axiovert 200 inverted microscope (40x/0.60 objective)
equipped with a CoolSNAP-EZ camera (Visitron). The recorded phase-contrast and

fluorescence pictures were analyzed offline using Metavue software.
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2.2.4.9 Analysis of phosphatidylserine (PS)-exposing platelets
Under flow conditions:

Rectangular cover slips (24 x 60 mm) were coated with 200 ug mL™ fibrillar type | collagen
(Horm) and blocked with 1% BSA. Heparinized whole blood was supplemented with additional
5 U mL™" heparin and perfused over collagen coated coverslips through transparent flow
chamber at a shear rate of 1000 s as described above. The flow chamber was rinsed for
4 min with Tyrode-HEPES buffer containing 2 mM CaCl,, 5 U mL™" heparin, and 0.25 ug mL™
annexin A5-DyLight 488. The flow chamber was rinsed for additional 2 min with Tyrode-
HEPES buffer supplemented with 2 mM CaCl, and 5 U mL™" heparin, before phase-contrast
and fluorescence images were obtained using a Zeiss Axiovert 200 inverted microscope
(40x objective, NA = 0.75; Zeiss Oberkochen, Germany) and analyzed offline using Metavue
software (Visitron, Puchheim, 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 covered by platelets.
Under static conditions:

Washed platelets were diluted into Tyrode-HEPES buffer containing 2 mM CacCl, [50 uL with
0.5 x 10° platelets pL™"] and incubated with agonists for 15 min at 37°C in the presence of
saturating amounts of Alexa F488-coupled annexin A5. Reactions were stopped by the
addition of 500 pL Tyrode-HEPES buffer containing 2 mM Ca*, data were immediately
collected on a FACSCalibur (BD Biosciences, Heidelberg, Germany) and analyzed using
FlowdJo v7 software (FlowJo, LLC, Ashland OR, USA).

2.2.4.10 Platelet spreading on fibrinogen

The ability of platelets to adhere and form filopodia and lamellipodia on a fibrinogen-coated
surface, in response to thrombin, was assessed by a spreading assay. Rectangular coverslips
(24 x 50/60 mm) were coated with 10 ug human fibrinogen [100 pL of 100 pg mL™"] overnight
at 4°C in a humid chamber. Slides were blocked with 1% BSA in PBS for 1 h at RT. 30 L of
washed platelets [3 x 10° per uL] were mixed with 70 uL Tyrode’s buffer containing 2 mM Ca*",
activated with 0.01 U mL™" thrombin and immediately allowed to spread on the fibrinogen-
coated coverslips at RT. After different time intervals, the adherent platelets were fixed with
300 uL 4% PFA for 5 min and differential interference contrast (DIC) microscopy pictures were
taken using an inverted microscope Zeiss HBO 100 (Axiovert 200M, Zeiss). For analysis, the
phase abundance of the different spreading stages (1, resting; 2, formation of filopodia;

3, formation of filopodia and lamellipodia; 4, fully spread) was determined.
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2.2.4.11 Platelet spreading on von Willebrand factor

The involvement of GPIb signaling during spreading was specifically addressed by allowing
platelets [3 x 10° per pL] to spread on a VWF matrix. Coverslips were coated overnight at 4°C
with anti-human vWF antibody [4 ug mL™], blocked for 1 h with 1% BSA in PBS and afterwards
incubated with 100 uL heparinized mouse plasma for 2 h at 37°C. 30 uL washed platelets
[0.3 x 10° per pL] were mixed with 70 uL Ca®*-containing Tyrode’s buffer and incubated for
10 min with integrilin [40 pg mL™"] to block allbp3 integrins. Platelets were stimulated with
botrocetin [2 ug mL™"] to enhance GPIb binding and allowed to adhere. Spreading was stopped
after the respective time points by the addition of 300 uL 4% PFA in PBS. Analysis was
performed by DIC microscopy.

2.2.4.12 Platelet clot retraction

Mice were bled up to 700 pL in 70 yL sodium citrate [0.129 mM] and PRP was isolated by
centrifugation at 1,800 rpm for 5 min. Plasma was collected and platelets were resuspended
in 1 mL Ca**-free Tyrode’s buffer supplemented with 2 pL of apyrase [0.02 U mL™, f.c.] and
5 uL PGI, [0.1 ug mL™, f.c.]. Platelet count was determined and 7.5 x 10’ platelets were
resuspended in 250 pL plasma. PRP [3 x 10° platelets per uL] was recalcified by adding 20 mM
CaCl, and supplemented with 1 uL of red blood cells to visualize the clot. Clot formation was
initiated by the addition of 4 U mL™" thrombin (Sigma). Clot formation and retraction was

recorded up to 4 h and the residual serum volume was determined.
2.2.4.13 Measurement of inositol-1-phosphate (IP,)

Washed platelets were adjusted to the final concentration of 0.6 x 10° uL™ in a modified
phosphate-free Tyrode’s buffer containing 50 mM LiCl,, 2 mM Ca**, indomethacin [10 uM] and
apyrase [2 U mL™"] were also added. Platelets were activated with the indicated agonists for
5 minutes at 37 °C with constant shaking at 450 rpm. After stimulation, platelets were lysed in
the buffer supplied with the kit. 50 pL of lysed platelets were used for the IP, ELISA assay

according to the manufacturer’s protocol (Cisbio, France).
2.2.4.14 Intracellular calcium measurements

Platelet intracellular Ca?* measurements were performed as described.”® Platelets isolated
from whole blood (see 2.2.4.1) were washed and suspended in Tyrode’s buffer without Ca**.
Washed platelets [2 x 10° uL™"] were loaded with Fura-2/AM [5 pM] in the presence of
Pluronic F-127 [0.2 pg mL™"] for 30 minutes at 37 °C. After 30 minutes platelets were washed
and resuspended in Tyrode’s buffer containing no or 1 mM Ca®". Stirred platelets were
activated with different agonists, and fluorescence was measured with a LS 55 fluorimeter

(PerkinElmer, Rodgau, Germany). Excitation was alternated between 340 and 380 nm, and
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emission was measured at 509 nm. Each measurement was calibrated using Triton X-100 and
EDTA.

2.2.4.15 Thrombin generation assay

Thrombin generation was quantified in citrate-anticoagulated PRP [1 x 10® platelets pyL™']. PRP
preparations were pooled from 2-4 mice with the same genotype. To activate platelets, the
samples were incubated with CRP [20 pg mL™"] or ionomycin [20 pM] for 10 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 PRP reagent (20 mM HEPES, 140 mM NacCl, 0.5% BSA, 18 pM
tissue factor [3 pM f.c.]). Coagulation was started by adding 1 vol fluorescent thrombin
substrate (2.5 mM Z-GGR-AMC, 20 mM HEPES, 140 mM NaCl, 200 mM CaCl2, and 6% BSA).
Thrombin generation was measured according to the calibrated automated thrombogram

method."**® Samples were run in duplicates.
2.2.5 In vivo analysis of platelet function

2.2.5.1 Tail bleeding time

Mice were anesthetized by intraperitoneal injection of triple narcotics (Midazolam [5 ug g™'],
Medetomidine [0.5 pg g'], Fentanyl [0.05 ug g']) 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 making contact with the wound site. Bleeding was determined to have
ceased when no blood was observed on the paper. When indicated, acetylsalicylic acid (ASA)
[1 pug g bodyweight] was administered to the animals prior to the experiment. Experiments
were stopped after 20 min by cauterization and anesthesia was antagonized by injection of
Atipam [2.5 ug g'], Flumazenil [0.5 pg g™'] and Naloxon [1.2 ug g™']. For the saline model, 1 mm
of the tail tip was amputated, and the tails were immersed in 0.9% isotonic saline at 37°C. The

time to complete arrest of bleeding (no blood flow for 1 minute) was determined.
2.2.5.2 FeCls-induced injury of mesenteric arterioles

The mesentery of 3- to 4-week old anesthetized mice (ketamine/xylazine [100/5 mg kg™']) was
exposed by a midline abdominal incision. Endothelial damage in mesenteric arterioles was
induced by application of a 3 mm? filter paper soaked with 20/13% FeCls. Arterioles were
visualized using a Zeiss Axiovert 200 inverted microscope equipped with a 100-W HBO
fluorescent lamp source and a CoolSNAP-EZ camera (Visitron). Digital images were recorded
and analyzed using the Metavue software. Adhesion and aggregation of fluorescently labeled
platelets (Dylight-488—conjugated anti-GPIX derivative) was monitored until complete
occlusion occurred (blood flow stopped for > 2 min). Experiments were performed by Ina
Thielmann (Hic-5) or Martina Morowski (RhoA/Rac1 KO) in our laboratory.
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2.2.5.3 Mechanical injury of the abdominal aorta

The abdominal cavity of 8-12-weeks-old anesthetized mice was opened by a longitudinal
incision. An ultrasonic flow probe (Transonic Flowprobe 0.5, Transonic Systems) was placed
around the exposed abdominal aorta. Thrombosis was induced by a single firm compression
using forceps. Blood flow was monitored until complete blood vessel occlusion occurred for a
minimum of 5 min. Otherwise the experiment was stopped after 30 min. When indicated, ASA
[1 ug g” bodyweight] was administered to the animals prior to the experiment. Aorta injury
experiments were performed and evaluated by Martina Morowski (RhoA/Rac1 KO) or Karen

Wolf (BIN2 KO) in our research group.
2.2.5.4 Determination of platelet life span

The clearance of platelets from the circulation was determined by the retro-orbital injection of
5 ug DyLight 488-labeled anti-GPIX derivative in PBS into mice. The percentage of labeled
platelets was determined by daily blood withdrawal (50 uL) and subsequent analysis by flow

cytometry.
2.2.5.5 Macrophage depletion with Clodronate

Anesthetized mice were retroorbitally injected with clodronate-encapsulated or PBS-

encapsulated liposomes [2 pL g™ body weight].
2.2.5.6 Transient middle cerebral artery occlusion (tMCAQO) model

Experiments were conducted by Dr. Michael Schuhmann from the Department of Neurology,
University Hospital of Wirzburg, Wirzburg, Germany, according to the recommendations for
research in mechanism-driven basic stroke studies.’® tMCAO was induced in 8-12-weeks-old
mice under inhalation anesthesia using the intraluminal filament technique."* Briefly, a midline
neck incision was made and a standardized silicon rubber—coated 6.0 nylon monofilament
(6021PK10, Doccol, Redlands, CA, USA) was inserted into the right common carotid artery
and advanced via the internal carotid artery to occlude the origin of the middle cerebral artery.
After 60 min, the filament was removed to allow reperfusion. 24 h after tMCAO the global
neurological status was assessed using the Bederson score.’® Motor function and
coordination were evaluated using the grip test."® For determination of the ischemic brain
infarct volume, mice were euthanized 24 h after induction of tMCAO and brain sections were
stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC). Planimetric measurements were
performed using Imaged software to calculate lesion volumes, which were corrected for brain

edema as described."’

2.2.5.7 Whole-body in vivo imaging of mice

Mice were injected with 8 pug anti-GPIX- Alexa Fluor 750-conjugated antibody to label

circulating platelets. After 4 hours, the mice were anesthetized with medetomidine [0.5 pg g™,
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midazolam [5 ug g'] and fentanyl [0.05 pg g body weight] and the abdominal and thoracic
region was shaved with an electric clipper. Subsequently, JAQ1 [2 ug g"'] or MWReg30
[0.8 ug g'] was injected and in vivo imaging was performed using an in vivo imaging system

(IVIS Spectrum, Perking Elmer) at 800 nm (emission filter).
2.2.6 Histology

2.2.6.1 Immunohistochemistry (IHC) and immunofluorescence (IF) staining on liver

cryosections

Liver samples were embedded in Tissue-Tek (Sakura Finetek) and snap-frozen in liquid
nitrogen. Samples were stored at -80°C until further processing. (CM1900, Leica) and
immobilized on glass slides. 5 uym thick cryosections were prepared using a cryostat (CM1900,
Leica) and immobilized on glass slides. The sections were fixed with ice cold acetone (-20°C)

for 20 min, air dried, washed three times (5 min) in PBS.

For IHC stainings, endogenous peroxidase was blocked by incubation for 20 min with 0.03%
H,O, in PBS. Thereafter, the sections were incubated for 1 h at RT with blocking buffer and
stained for 2 h at RT with a 1:1 mixture of HRP-labeled 15E2 and 3G6 anti-GPIlb antibodies
(1:750 in blocking buffer). After three washing steps in PBS (each 5 min) detection was carried
out using AEC as substrate. Staining intensity was controlled by observing the slides through
a light microscope. When the desired intensity was reached, the slides were washed with PBS
for 5 min to stop the staining and counterstaining with hematoxylin and blueing in tap water
(appr. 10 min) was carried out. Analysis was performed with an inverted Leica DMI 4000 B

microscope.

For IF stainings, unspecific binding was blocked by preincubation with 3% BSA/PBS for 1 h at
RT. For staining of endothelium and platelets, sections were incubated with anti-CD105-Alexa
Fluor 647-conjugated antibody (Biolegend) and anti-GPIb-Alexa Fluor 488-conjucated
antibody, respectively. Nuclei were stained with DAPI. Samples were visualized with confocal
microscopy (Leica TCS-SP5). Images were further processed using Image J software
(National Institute of Health, USA).

2.2.7 Microscopy

2.2.71 Confocal microscopy

Subsequent to the spreading assays on fibrinogen, platelets were fixed and permeabilized in
PHEM complete buffer for 20 min at RT and blocked for 2 h at 37°C with 5% BSA in PBS. The
platelets were further incubated for at least 1 h with respective antibodies and Atto647N-
conjugated phalloidin to stain for F-actin. After intense washing unlabeled primary antibodies
were detected with the respective fluorophore-conjugated secondary antibodies. Samples

were mounted with Fluoroshield. Visualization was performed with a Leica TCS SP5 confocal
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microscope (Leica Microsystems). To visualize the cytoskeleton of resting platelets, 50 pL
washed platelets [5 x 10° pL™'] were mixed with 50 uL PHEM complete buffer and allowed to
adhere to poly-L-lysine-coated coverslips and processed as described above. Images were

further processed using Image J software (National Institute of Health, USA).
2.2.7.2 TEM of platelets

Platelets ultrastructure was investigated by TEM. PRP was prepared and mixed in a 1:2 ratio
with 5% glutaraldehyde in PBS for 10 min at 37°C and for 1 h at RT. Platelets were spun down
at 1,500 g for 5 min, washed three times with cacodylate buffer and incubated for 1 h at RT
with 1% OsO, in cacodylate buffer. Afterwards, the samples were washed twice with
cacodylate buffer and H,Oyigest and 2% uranyl acetate (in H,O) was added for 1 h at 4°C. Then,
platelets were dehydrated by a graded ethanol series (3x 70%, 5 min; 3x 95%, 15 min; 3x
100%, 15 min), incubated twice for 10 min with propylenoxide and afterwards transferred in a
1:1 mixture of propylenoxide and epon for 1 h under rotation. After this step, epon was added
and samples were incubated overnight at RT. Epon was allowed to harden for 48 h at 60°C.
Ultrathin sections were prepared, stained with 2% uranyl acetate (in ethanol) and lead citrate
(in H,O) and examined at 80 kV under a EM900 (Zeiss).

2.2.8 Data analysis

Results are shown as mean + standard deviation (SD) from three independent experiments
per group, unless indicated otherwise. Statistical analysis 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 ANOVA with
Dunnett’'s T3 as post-hoc test, with SPSS 21. P-values < 0.05 were considered statistically

significant.
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3 Results

3.1 Bridging integrator 2 (BIN2) controls store-operated calcium entry in

platelets and thrombotic and thrombo-inflammatory activity in mice
3.1.1 BIN2 interacts with STIM1 in platelets

To study the molecular mechanisms controlling SOCE in platelets, a screen for STIM1 binding
partners in human platelets was performed. Resting human platelets were isolated from
healthy donors and lysed under native conditions. For each interaction experiment, platelet
lysates of two different donors were pooled and incubated with purified recombinant STIM1-
C-tail protein bound to the Affi-Gel 10 affinity matrix (STIM1-C-tail affinity column, SC).
Incubation of equal volumes of pooled platelet lysates with uncoupled affinity column served
as control (Ctrl). Bound platelet proteins were finally eluted by applying a stepwise pH gradient
ranging from pH 6.0 to 2.0. Unspecific protein binding was efficiently reduced by washing with
10 column volumes (CV) PBS and by application of 3 CV glycine/ HCI pH 6.0 (i.e. the first
elution step). Specifically bound proteins were finally released from the affinity supports by
addition of 3 CV glycine/ HCI pH 2.0. The eluted fractions of both affinity columns were
differentially analyzed by SDS-PAGE and subsequent silver staining (Figure 8 A). Comparing
the pH 2.0 fractions of three independent biological replicates, differential protein bands were
reproducibly detected in the SC versus the Ctrl samples. For identification of these putative
STIM1-C-tail interaction partners in resting human platelets, the respective protein bands were
excised, tryptically digested and nano-scale liquid chromatographic electrospray ionization
tandem mass spectrometry (nano-LC-ESI-MS/MS) was performed. The data obtained by
nano-LC-ESI-MS/MS analyses of all differential protein bands of SC versus Ctrl human platelet
samples (i.e. three biological replicates) were searched against the UniProtKB/ Swiss-Prot
human subset. BIN2 (UniProtKB/ Swiss-Prot accession number: QO9UBWS-1) was identified
with a Mascot score of 179 (Figure 8 A). These studies identified BIN2 as a direct or indirect
STIM1 interaction partner and were further substantiated by confocal microscopy analysis
demonstrating substantial co-localization between STIM1 and BIN2 in resting platelets (Figure
8 B, C) of two healthy donors, with a Pearson’s R value of 0.62 £ 0.04 (N = 250).
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Figure 8: Interaction of native lysates of resting human platelets with the STIM1-C-tail affinity
column (SC) vs control column (Ctrl). (A) Control by differential SDS-PAGE (10% Bis-Tris gels, silver
staining). FT: column flow through (5 pL); w1, w10: first and last wash fractions (20 pL); pH 6.0 - pH 2.0:
pooled glycine/ HCI elution fractions (20 uL). Reproducibly detectable, differential protein bands were
excised, tryptically digested and nano-LC-ESI-MS/MS was performed. Arrow indicates protein band,
where BIN2 was identified (UniProtKB/ Swiss-Prot accession number: QOQUBW5-1) with a Mascot score
of 179. Experiments were conducted by Dr. Thomas Premsler from the Institute of Physiology, University
of Wirzburg, Wirzburg, Germany. (B) Washed human platelets were fixed on poly-L-lysine and stained
for BIN2 (green), STIM1 (cyan) and F-actin (red). Representative confocal microscopy images of 2
individuals are shown. Scale bar = 2.5 ym. (C) Co-localization (Pearson’s R value) was determined by
thresholding the staining of BIN2 and STIM1 of platelets using the same settings for all samples using
Fiji'*® (Donor 1: N = 148; Donor 2: N= 102). (D) Targeting of the Bin2 locus. Exon 3 was flanked by two
loxP sites. (E) Western blot analysis of different tissue lysates in WT and Bin2” mice. GAPDH served as
loading control. SA, short homology arm; MA, target region; LA, long homology arm; WT, wild-type; LN,
Lymph node.
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3.1.2 BIN2 KO mice are viable and fertile, but display a mild

macrothrombocytopenia

To study the function of BIN2 in vivo, a KO mouse strain was generated by intercrossing
Bin2™ in which exon 3 was flanked by loxP sites, with deleter-Cre mice under the control of
the human cytomegalovirus (CMV) promoter.’* Exon 3 was efficiently deleted giving rise to
germline Bin2 knockout mice. Homozygous Bin2” mice were born at a normal Mendelian ratio,
were viable and fertile and appeared overall healthy. Western blot analysis confirmed strong
expression of BIN2 in WT platelets, spleen, lymph nodes and thymus and a complete absence
of the protein in the respective tissues of Bin2” mice (Figure 8 E). Although histological
analyses of major organs, including bone marrow and spleen showed no obvious alterations
in Bin2” mice, the animals displayed a mild macrothrombocytopenia, and slightly reduced

basic blood cell parameters compared to WT controls (Table 1).

Table 1: Basic blood and platelet parameters in BIN2 knockout mice. Platelet count and size and
basic blood parameters were analyzed using a blood cell counter (Sysmex KX-21NTM Hematology
Analyzer). N = 30, *P<0.05, **P<0.01, ***P<0.001. WT, wild-type; PIt, platelets; MPV, mean platelet
volume; WBC, white blood cells; RBC, red blood cells; HCT, hematocrit; n.s., non significant.

Bin2™" Bin2™f! Pf4-Cre (P) Bin 2'/'(P)
Plt [x10° uL™"] 899.7 + 175.1 759.6 + 149.4 (**) 556.5 + 70.1 (***)
MPV [fL] 5.39 +0.20 5.60 + 0.32 (**) 5.64 +0.17 (***)
WBC [x10°uL™] 113+ 3.4 11.0 £ 3.1 (n.s.) 9.7 £2.9 (%)
RBC [x10° uL™] 8.9+1.0 8.7+1.3(n.s.) 8.3+0.9 (¥
HCT [%] 46.4+4.2 471+5.1 (ns.) 437 +42 (%)

These findings were confirmed in megakaryocyte-/platelet-specific BIN2 KO mice which were
generated by intercrossing Bin2"" mice with Pf4-Cre mice'* (Figure 8 D and Table 1) and used
for all further studies. Despite the mild macrothrombocytopenia, BIN2-deficient platelets
displayed an unaltered life span, ultrastructure and expression levels of prominent major
surface glycoproteins, except for a slight reduction of CD9 expression (Table 2 and Figure 9).
Immunofluorescence confocal microscopy of resting platelets showed an inhomogeneous
distribution of BIN2 in the cytoplasm (Figure 9 C top) of WT platelets, whereas no staining was

2fl/ﬂ Pf4-Cre

detectable in Bin platelets. In spread WT platelets, BIN2 mainly located to the cell

center (Figure 9 C bottom).

These data showed that BIN2 is dispensable for embryonic development, but indicated a role

of the adapter protein in platelet homeostasis.
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Table 2: Surface expression levels of platelet glycoproteins in WT and Bin2"" P*° mijce.

Expression of glycoproteins on the platelet surface was determined by flow cytometry. Diluted whole
blood was incubated with FITC-labeled antibodies at saturating concentrations for 15 minutes at room
temperature, and platelets were analyzed immediately. Data are expressed as mean fluorescence
intensity (MFI) £ SD of 3 independent experiments, N = 4. *P<0.05; WT, wild-type; CLEC-2, C-type
lectin-like receptor 2; n.s., non significant.

WT Bin 2ﬂ/ﬂ Pf4-Cre P
GPV 220 £ 12 209 £ 14 n.s.
GPIb 264 + 20 254 + 15 n.s.
GPIX 338 £ 13 320 £ 20 n.s.
CDh9 760 + 74 657 + 25 *
GPVI 405 392 n.s.
CLEC-2 100+ 4 93+5 n.s.
allbp3 423 + 26 392 + 17 n.s.
a2 43+4 4112 n.s.
p1 113+3 107 £5 n.s.
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Figure 9: BIN2 is expressed in murine platelets. (A) BIN2 expression in murine platelets was
assessed by Western blot analysis. GAPDH served as loading control. (B) Platelet life span was
determined by flow cytometric assessment of the percentage of fluorescently labeled platelets in WT
and Bin2"" F* mice during a 5-day period after intravenous injection of a Dylight-488 anti-GPIX
immunoglobulin derivative [0.5 mg kg”; N = 5] (C) Washed WT and Bin2"" P platelets were fixed
on poly-L-lysine (top) or allowed to spread on fibrinogen after stimulation with 0.01 U mL™ thrombin
for 30 minutes (bottom). Platelets were stained for BIN2 (green) and F-actin (red). Representative
confocal microscopy images are shown. Scale bar = 10 um. (D) Representative transmission electron
microscopy (TEM) pictures of resting WT and Bin2"" P*“" platelets. Scale bar = 1 pm. WT, wild-type.
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3.1.3 Defective SOCE in BIN2-deficient platelets

To study the role of BIN2 in platelet Ca®* homeostasis, intracellular calcium measurements in
Bin2™" PHCe and WT platelets were performed. Ca®" store release evoked by the
sarcoplasmic/ER Ca?* ATPase (SERCA) pump inhibitor thapsigargin (TG, [0.1 uM]) was
indistinguishable between WT and mutant platelets (WT: 51 + 14 nM; Bin2""P#-Cre: 42 + 9 nM;
P =0.14; N =9) (Figure 10 A). Remarkably, the subsequent SOCE was significantly diminished
in the absence of BIN2 (WT: 1157 + 358 nM; Bin2""P#: 717 + 215 nM; P = 0.006; N = 9)
(Figure 10 B, C). Next, agonist-evoked Ca’* responses were studied. In the presence of
extracellular Ca®*, a pronounced Ca®" influx was detectable in WT platelets, which was
markedly reduced by in Bin2"""#" p|atelets in all tested conditions (Figure 10 D, E). Together,
these results demonstrated that BIN2 is essential for efficient SOCE in platelets, indicating that
it might modulate STIM1-dependent activation of the platelet SOC channel, Orai1. Of note,

2ﬂ/fl Pf4-Cre

expression of STIM1 was unaltered in Bin platelets compared to WT controls (Figure

10F, G).
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Figure 10: Reduced (hem)ITAM induced Ca** mobilization in Bin2"" P p|atelets. (A-C) Statistical
evaluation of store release (A) and SOCE (B) and representative curves (C) after treatment with
thapsigargin (N = 9). (D, E) Time course of intracellular Ca®" mobilization in response to ADP [5 uM],
U46 (U46619, [3 uM]), thrombin [0.1 U mL'1], collagen-related peptide (CRP, [1 ug mL'1]), and rhodocytin
(RC, [0.25 ug mL'1]). Addition of agonists is indicated by an arrow. The experiments were performed in
the presence of extracellular Ca®* to measure Ca”" influx. Statistical evaluation (D) and representative
curves (E) (N = 7) are shown. (F, G) Expression levels of STIM1 in WT and Bin2""P*C" mice. (F) Western
blot analysis of STIM1 and GAPDH expression and (G) statistical evaluation of STIM1 expression
relative to GAPDH expression are shown. Bars represent mean + SD. *P<0.05; **P<0.01; ***P<0.001.
WT, wild-type; n.s., non significant.

52



Results

3.1.4 Defective (hem)ITAM-mediated activation of Bin2"" P platelets

2ﬂ/ﬂ Pf4-Cre

To investigate functional consequences of the defective SOCE in Bin platelets, flow

cytometric analysis of agonist induced integrin allbf3 activation using the JON/A-PE
142

antibody *“ and P-selectin surface exposure as a marker of a-granule release (Figure 11 A, B)

2fl/ﬂ Pf4-Cre

was performed. Activation of Bin platelets was normal in response to the

G-protein-coupled receptor agonists ADP, thrombin and the stable TxA, analog U46619. In

sharp contrast, the response of Bin2™" F#cre

platelets to GPVI-specific agonists (CRP,
convulxin) was markedly decreased compared to WT controls. Similar observations were
made upon stimulation with the snake venom toxin rhodocytin which signals via the (hem)ITAM

receptor C-type lectin-like receptor 2 (CLEC-2).
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Figure 11: Reduced integrin activation, aggregation and degranulation in Bin2"" PH-Cre platelets

upon (hem)ITAM stimulation. (A,B) Flow cytometric analysis of (A) integrin allbf3 activation (binding
of JON/A-PE) and (B) degranulation-dependent P-selectin exposure in WT and Bin2™" Pré-Cre platelets
in response to the indicated agonists. Results are presented as MFI £ SD of 3 independent experiments,
N = 4. (C) Washed platelets were incubated with luciferase-luciferin reagent followed by agonist
addition. ATP release was measured on a lumi-aggregometer. The concentration of released ATP is
given as mean + SD and is representative of 2 independent experiments , N = 4. (D) Washed platelets
were stimulated with the indicated agonists, and light transmission was recorded using a four channel
aggregometer. Representative aggregation curves of 3 independent experiments are shown, N = 4,
WT, wild-type; CRP, Collagen-related peptide; RC, Rhodocytin; CVX, Convulxin; n.d., not detectable
*P<0.05; **P<0.01; ***P<0.001.
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In line with the decreased integrin activation following (hem)ITAM stimulation, aggregation and

dense granule release of Bin2"" P#-cre

platelets in response to stimulation with (hem)ITAM-
specific agonists was reduced, which was best evident at low agonist concentrations (Figure

11.C, D).

To assess if the reduced (hem)ITAM-mediated activation was a consequence of defective
SOCE or caused by defects in different platelet signaling pathways, changes in tyrosine
phosphorylation patterns in response to thrombin [0.1 U mL™], convulxin [0.5 pg mL™"] and
rhodocytin [2 pg mL"] were analyzed by Western blotting. The general tyrosine
phosphorylation pattern (Figure 12 A) and the changes in tyrosine phosphorylation of the key
signaling molecules Syk, linker for activation of T cells (LAT) and PLCy2 upon stimulation with
convulxin [0.5 ug mL™"] were indistinguishable between WT and Bin2"" 7" platelets (Figure
12 B). Likewise, PLC activity, as assessed by an IP; ELISA, was similar in WT and Bin2""##-cre
platelets which together with the unaltered Ca*" store release upon TG stimulation (Figure 10)
demonstrated that the (hem)ITAM activation defect was not caused by impaired signaling
upstream of PLCy2 (Figure 12 C).
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Figure 12: Unaltered tyrosine ?hosphorylation and PLCy2-activity in Bin2 platelets.
(A) Washed platelets [7 x 10° pL '] were stimulated with 0.1 U mL™" thrombin, 0.5 Mg mL™" convulxin
(CVX), or 2 ug mL” rhodocytin (RC) for the indicated time points and subsequently lysed with
IGEPAL®CA-630. Whole-cell lysates were Western blotted and probed with the anti-phosphotyrosine
antibody 4G10. (B) Washed platelets [7 x 10° L] were stimulated with 0.5 ug mL™" convulxin (CVX)
for the indicated time points and subsequently lysed with IGEPAL®CA-630. Whole-cell lysates were
Western blotted and probed with the respective antibodies. (B) Quantification of inositol-1-phosphate
(IP4) produced upon platelet activation. Washed platelets were stimulated with the indicated agonists
for 5 minutes at 37°C. Platelets were lysed, and IP4, a specific stable metabolite of inositol-1,4,5-
trisphosphate (IP3), was quantified using an ELISA assay. Results are presented as mean = SD,
N =4. WT, wild-type.
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3.1.5 Defective aggregate formation on collagen under flow and reduced

coagulant activity of BIN2-deficient platelets

Thrombus formation at sites of vascular injury requires stable shear-resistant platelet adhesion
to the extracellular matrix and auto- and paracrine platelet activation by locally released
secondary mediators.'® When whole blood was perfused over immobilized collagen at a shear
rate of 1700 s, WT platelets rapidly adhered to the collagen-coated surface and recruited
additional platelets, resulting in the formation of stable three-dimensional aggregates. In sharp

contrast, adhesion and aggregate formation of Bin2™" P*-cre

platelets was severely impaired,
which resulted in a reduction of surface coverage and thrombus volume by ~ 72% and 78%,
respectively, for Bin2" P*-¢" platelets compared to the WT (Figure 13 A-D). Highly activated
platelets expose negatively charged PS, thereby providing high-affinity binding sites for key
coagulation factors that promote thrombin generation. In line with the observations that PS
exposure is strongly dependent on intact SOCE,"® collagen-adherent Bin2"" P platelets
exposed significantly less PS on their surface compared to WT controls (Figure 13 E, F).
Similarly, BIN2-deficient platelets displayed markedly reduced PS exposure upon stimulation
with a combination of CRP and thrombin or rhodocytin, as assessed by flow cytometric
analysis of annexin A5 binding (Figure 13 G). Furthermore, in an in vitro thrombin generation
assay the maximal amount of newly generated thrombin (peak height) in Bin2"" 7" platelets
was reduced by ~30% after CRP stimulation (Figure 13 H, 1) and also the overall amount of
produced thrombin (ETP, endogenous thrombin potential) was reduced by ~15% (Figure 13
H, J). Of note, thrombin generation was indistinguishable between WT and Bin2™" P#-cr
platelets following stimulation with the Ca®" ionophore ionomycin, demonstrating that the
mutant platelets can become fully procoagulant when intracellular Ca** levels are sufficiently
high.
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Figure 13: Impaired adhesion and defective aggregate formation of Bin2™" PH-Cre platelets on

collagen under flow and defective procoagulant activity. (A-D) Adhesion (A, B) and thrombus
formation (C, D) of platelets on collagen was assessed in a flow adhesion assay at a wall shear
rate of 1700 s™. (A, C) Statistical evaluation and (B, D) representative images of 3 independent
experiments are shown, N = 5. (E, F) PS exposure of Bin2"" P and WT platelets, as
demonstrated by annexin A5-DyLight 488 binding to platelets. Procoagulant index indicates the
ratio of surface coverage of PS-exposing platelets (annexin A5-DyLight 488 staining of platelets)
to the total surface covered by platelets. (E) Statistical evaluation and (F) representative images
of 2 independent experiments are shown, N = 6. Scale bar = 50 um. (G) Flow cytometric analysis
of phosphatidylserine (PS) exposure in response to the indicated agonists in WT and Bin2™" FH-cre
platelets. Washed platelets were stained with annexin A5-DyLight-488 in the presence of Tyrode’s
buffer containing 2 mM ca®. Agonist concentrations: Thrombin, 0.1 U mL™"; collagen-related
peptide (CRP), 20 pg mL™"; RC (rhodocytin), 1 pug mL"; CVX (convulxin), 1.2 pg mL™". Results are
percentage of annexin A5—positive platelets + SD and are representative of 3 independent
experiments, N = 4. (H-l) Citrate-anticoagulated PRP was left unstimulated, or platelets were
activated by incubation with CRP [20 mg mL'1] or the Ca® ionophore lonomycin [20 yM] for 10
minutes at 37°C. Thrombin generation was triggered with tissue factor/CaCl,. Representative
curves (H), quantification of thrombin peak height (l), and endogenous thrombin potential (ETP)
(J) of 2 independent experiments, N = 4. PRP, platelet-rich plasma; *P<0.05; **P<0.01;
***P<0.001.

3.1.6 Lack of BIN2 has no influence on platelet spreading on fibrinogen

and platelet integrin outside-in signaling in vitro

Ligand-occupied integrin «allbf3 mediates outside-in signaling, leading to cytoskeletal
reorganization and platelet spreading.®® BAR domain proteins are involved in membrane

deformations, as required during filopodia and lamellipodia formation.""” To test a possible

2ﬂ/fl Pf4-Cre

involvement of BINZ2 in integrin outside-in signaling, Bin and WT platelets were allowed

to spread on a fibrinogen-coated surface in the presence of low concentrations of thrombin.

Bin2""PH-Cre and WT platelets formed filopodia and lamellipodia with similar kinetics, and after
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30 minutes, the number of fully spread platelets was comparable between the two groups
(Figure 14 A, B) indicating that BINZ2 is not required for these processes. Immunofluorescence
staining of the a-granular protein VWF in spread platelets showed the typical localization in the
center of both Bin2"" P*C and WT platelets (Figure 14 C). Similarly, clot retraction was

2ﬂ/ﬂ Pf4-Cre

indistinguishable between WT and Bin mice (Figure 14 D, E), excluding a major role

of BIN2 in this integrin allbp3-integrin-dependent process.'®
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Figure 14: Lack of BIN2 has no influence on spreading on fibrinogen and platelet integrin
outside-in signaling in vitro. (A-C) Washed platelets of WT and Bin2"" " mice were allowed to
spread on fibrinogen for up to 30 minutes after stimulation with 0.01 U mL™" thrombin. (A) representative
images and (B) statistical evaluation of the percentage of spread platelets at different spreading stages
of 3 independent experiments are shown, N = 3. Scale bar =5 um. (C) Spread platelets were fixed and
permeabilized and stained with phalloidin Atto647N (red) and vVWF antibody (green). Scale bar =5 ym.
(D, E) Clot formation in platelet-rich plasma was induced by the addition of thrombin [5 U mL'1] and 20
mM CacCl, and clot retraction was monitored over time (D). (E) Residual volume of serum after clot
retraction was measured. Representative of 2 independent experiments, N = 5. WT, wild-type.
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3.1.7 Impaired hemostasis and defective arterial thrombus formation in

Bin 2fl/fl Pf4-Cre mice

To examine to which extent the in vitro observed defects of Bin2™" Pi-Cre

platelets were
influenced, their thrombotic activity was analyzed in vivo, in a model of occlusive thrombus
formation in the mechanically injured abdominal aorta (Figure 15 A) was analyzed. The time
to vessel occlusion was significantly prolonged in Bin2""”#® compared to WT mice and 3 out
of 14 vessels did not occlude at all, whereas all WT vessels occluded (mean occlusion time:
WT: 230 + 85 s; KO: 323 + 90 s; P = 0.008). To investigate whether the defective GPVI
signaling was partially compensated through TxA,-induced signaling pathways in vivo,'®" TxA,

synthesis was inhibited in WT and Bin2"" F#-cre

mice by i.v. administration of a low dose of
acetylsalicylic acid (ASA) [1 ug g™ i.v.] 15 min prior to assessment of tail bleeding times and
thrombus formation in the injured aorta. In vehicle treated mice, tail bleeding times were found

to be comparable for Bin2"" € and WT mice (Figure 15 B).
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A — Figure 15: Impaired hemostasis and
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In sharp contrast, ASA treatment resulted in significantly prolonged tail bleeding times in

Bin2""PH-Cre mice, but had no major effect in WT mice (Figure 15 B). Similarly, ASA treatment

did not affect occlusion times in the mechanically injured aorta of WT mice, but resulted in a
profound protection of Bin2™ P*™ mice from occlusive arterial thrombosis (10 out of 14

ASA-treated BIN2 KO mice did not form occlusive thrombi, P = 0.0002, Figure 15 A). Together,

2ﬂ/fl Pf4-Cre

these data confirmed that the ITAM-mediated activation defects in Bin are at least

partially compensated by TxA,-induced signaling pathways in vivo which is in line with previous

observations. 61162

3.1.8 BIN2 plays an important role in the progression of ischemic stroke

Ischemic stroke is among the leading causes of death and morbidity worldwide. Rapid
restoration of blood flow by thrombolysis and/or mechanical thrombectomy is the mainstay of
acute stroke treatment, but does not guarantee a favorable outcome.'®® This so-called
reperfusion injury denotes the acute, paradoxically harmful aspect of restoring blood flow in
the ischemic brain which triggers thrombo-inflammatory infarct progression.®’ Although the
exact pathomechanisms underlying this thrombo-inflammatory process remain elusive,

platelet SOCE’®®" and GPVI/ITAM signaling'®*'® are critical determinants of the neurological

2ﬂ/fl Pf4-Cre

outcome. To test an involvement of BIN2 in this process, Bin mice were subjected to

164
d6

transient middle cerebral artery occlusion (tMCAOQ) for 1 h as describe and infarct outcome

2ﬂ/ﬂ Pf4-Cre

was assessed after a 24 h reperfusion period. Strikingly, infarct volumes in Bin mice

were reduced by >30% compared to control mice (WT: 90 + 6 mm?®, KO: 59 + 7 mm?; P = 0.003)
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(Figure 16 A-C). In summary, these results demonstrated that BIN2 is a critical regulator of

platelet reactivity in the setting of thrombo-inflammatory brain infarction.
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Figure 16: Smaller infarct size in Bin2"" 7"

Infarct volumes and functional outcome (24 h after focal cerebral ischemia in WT and Bin2

mice were investigated in a murine model of ischemic stroke. Mice were subjected to 60 minutes of
transient middle cerebral artery occlusion (tMCAO). (A) Brain infarct volumes in WT (N = 10) and
Bin2"" P (N = 10) mice were measured by planimetry. Results represent mean + SEM. (B)
Representative images of 3 coronal brain sections stained with 2,3,5-triphenyltetrazolium chloride
for 24 h after 60 minutes of tMCAO. (C) Bederson score was determined 24 h after tMCAO. Each
symbol represents 1 animal. Experiments were conducted by Dr. Michael Schuhmann from the
Department of Neurology, University Hospital of Wirzburg, Wirzburg, Germany **P<0.01.

mice upon ischemic brain infarction. (A-C)
fl/fl Pf4-Cre

3.1.9 Calpain-mediated degradation of BIN2

Platelet activation is controlled by various mechanisms, including proteolytic degradation of
intracellular proteins. Calpain, the major Ca*-dependent protease in platelets, undergoes
activation upon increase in [Ca®']. Analysis of the amino acid sequence (www.calpain.org) of
BINZ2 predicted several highly conserved cleavage sites and an area lacking any cleavage sites

at the N-terminus of BIN2, corresponding to the BAR domain (Figure 18).

To study calpain-mediated degradation of BIN2, wild-type platelets were stimulated in the
presence of extracellular Ca** with TG (Figure 17 A) or the Ca®" ionophore ionomycin (Figure
17 C) and a rapid degradation of BIN2 was detected, which could be prevented in the presence
of the calpain inhibitor calpeptin. However, stimulation with high doses of the physiological
agonists thrombin and CRP did not lead to the degradation of BIN2 (Figure 17 B). Using an
antibody directed against the N-terminus of BIN2, a smaller fragment with a size of
approximately 32 kDa was detected upon stimulation with TG and ionomycin (Figure 17 D, F),
which was hardly detectable using thrombin and CRP (Figure 17 E). These results
demonstrated that BIN2 can be degraded by calpain, however, further studies are required, to

decipher the molecular function of this cleavage mechanism in platelet physiology.

Taken together, these data showed that BINZ2 is a critical regulator of SOCE in platelets and
that its absence results in defective platelet activation and aggregation in vitro and protects

mice from occlusive arterial thrombus formation and ischemic stroke.

59



Results

MA EGKAGGAAGLFAKQVQKKFSRAQEKV LQKLGKAV ETKDERF EOSAS NFYOQOA EGHKLYKDLKNF LSAVKVMHESSKR

s]l_l I-l_l_____- " I J— R _ - __-_ I I I I M l_w I_I_l-_I-II_II

VSETLOEIYSSEWDGHEELKAIVWNNDLLWEDYEEKLADOAVRTMEIVVAQFSEIKERIAKRGRKLVDYDSARHHLEAVQ

- IIII I | [ I i |._l.__|__|_-_II

NAKKKDEAKTAKAEEEFNKAQTVFEDLNQELLEELPILYNSRIGCYVT IFQNISNLRDVFYREMSKLNHNLY EVMSKLEK

_|_.I_|_.I_||.||||_I||.|_|_I_||||||||.I_|_||| |_|_|_|.|_I_I._||__|_||._.._.|I_..

QHSNKVFVVKGLSSSSRRSLV ISPPVRTATVSSPLTSPTSPSTLSLKS ESESVSATEDLAPDAA QGEDNSEIKELLEEEE

a1 I I I I Il- __ _Mu_0_ II_I_ I_I_II-I I II IIII_I_IIIIIII_I_III I II-I IIIIIII

| EKEGS EASSSEEDEPLPACNGPAOAOPS PTT ERAKSQEEVLPSSTTPSPGGALSPSGQPSSSATEVVLRTRTASEGSEQ

s01 I_II-I_IIIIlIIII_I_IIIII_I_IIII_Illllll_lllnll..I-IlIIIII_I_I-IIIII_ _I..l.lll_l
P

KKRAS IQRTSAPPSRPPPPRATASPRPSSGNIPSSPTASGGGSPTSPRASLGTGTASPRTSLEVSPNFEFFEKPVRTFE

T T T T I A

AKENENIHNQNPEELCTSPTLMTSQVASEPGEAKKMEDKEKDNKLISADSSEGQDQLQVSMVPENNNLTAPEPQEEVSTS

561 NN
ENFQL

Figure 18: Predicted calpain-cleavage sites of BIN2 from www.calpain.org. Predicted cleavage
sites are marked in blue. Light blue indicated most relevant cleavage site.
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Figure 17: BIN2 is partially degraded during platelet actlvatlon (A-F) Platelets were stimulated
with TG ([0.1 uM]; A, D), thrombin and CRP ([0.1 U mL"/10 pg mL ] B, E) or ionomycin ([20 pM]; C, F)
and lysed at the indicated time points in the presence and absence of the calpain inhibitor calpeptin.
GAPDH served as loading control. (D, E, F) Appearance of a ~32 kDa-sized fragment upon platelet
stimulation. TG, thapsigargin; Thr, thrombin; lono, ionomycin; Calp, calpeptin.
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3.2 Normal platelet function in mice lacking hydrogen peroxide-induced
clone-5 (Hic-5)

3.2.1 Hic-5 is dispensable for hematopoiesis and platelet morphology

Embryonic stem cells (clone EPD0817_1_DO04), provided by CSD, with a knockout first
approach targeting exon 1 of the Tgfb1i1 gene were used, leading to the generation of
Tgfb1i1™ mice. Tgfb1i1*" mice were intercrossed to obtain Tgfb1i1” mice (further referred to
as Hic-5-null mice) and the respective control mice. Hic-5-null mice were born at normal
Mendelian ratio, were viable and fertile and appeared overall healthy. The absence of Hic-5 in
platelets was confirmed by Western blot analysis and RT-PCR (Figure 19 A, B). Expression
levels of the other paxillin family members, leupaxin and paxillin, were unaltered in Hic-5-null

platelets compared to wild-type platelets (Figure 19 A).
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Figure 19. Efficient deletion of Hic-5, but unaltered expression of Leupaxin and Paxillin.
(A) Hic-5, leupaxin and paxillin expression was assessed by Western blot analysis. GAPDH served
as loading control. (B) Analysis of the presence of Tgfb1i1 mRNA in platelets by RT-PCR. GAPDH
mMRNA served as positive control. Popp et al., 2015."7

The loss of Hic-5 did not alter platelet count or size and red and white blood cell counts were
also indistinguishable from controls (Table 3). Flow cytometric measurements of major platelet
surface proteins did not show significant alterations in expression levels in Hic-5-null platelets
compared to wild-type platelets (Table 4). The unaltered basic blood and platelet parameters
in the mutant mice indicate that Hic-5 plays no role in hematopoiesis or platelet morphology.

Table 3. Basic blood and platelet parameters. Platelet count and size, as well as white blood cell

count and red blood cell count were analyzed using a blood cell counter. Representative of 3
independent experiments, N = 4. P=0.05, n.s. WT, wild-type; n.s., non significant.

WT Hic-5-null P
Platelets pL™ [x10°] 0.94 +0.13 0.93 +0.14 n.s.
Platelet volume [fL] 548 £ 0.15 5.63+0.05 n.s.
White blood cells pL™" [x10°] 11.52 + 2.44 11.20 + 1.26 n.s.
Red blood cells pL'1 [x1 06] 7.23+0.12 7.52+0.48 n.s.
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3.2.2 Hic-5 is dispensable for inside-out signaling and thrombus

formation in vitro

To clarify the role of Hic-5-deficiency on integrin activation and platelet degranulation,
activation of the major platelet integrin allbf3 and surface exposure of a-granular P-selectin
in response to different agonists was analyzed by flow cytometry. Stimulation of GPCRs with
ADP, U46619, a combination of both, or thrombin resulted in comparable results for wild-type
and Hic-5-null platelets. Similarly, Hic-5-null platelets reacted normally upon activation of GPVI
by CRP and in response to stimulation of the hemITAM receptor CLEC-2 by rhodocytin (Figure
20 A, B). p1-integrin activation was also assessed by flow cytometry using the 9EG7-antibody

® and found to be

which selectively binds to the activated conformation of B1-integrins,’®
indistinguishable between Hic-5-null and wild-type platelets (Figure 20 C). In addition,
aggregation responses of Hic-5-deficient platelets were tested by aggregometry, but no effects
of the Hic-5-deficiency could be observed upon stimulation with any of the tested agonists
(Figure 20 D). A flow adhesion assay was used to test adhesion and aggregate formation on
collagen. These processes are strongly dependent on functional GPVI and a2p1 integrins.®*%
No differences in aggregate formation were detectable between wild-type and Hic-5-null
platelets. These results demonstrate that Hic-5 is dispensable for platelet integrin inside-out

activation downstream of both GPCRs and for (hem)ITAM receptors (Figure 20 E, F).

Table 4: Surface expression levels of platelet glycoproteins in wild-type and Hic-5-null platelets.
Expression of glycoproteins on the platelet surface was determined by flow cytometry. Diluted whole
blood from the indicated mice was incubated with FITC-labeled antibodies at saturating concentrations
for 15 minutes at room temperature, and platelets were analyzed directly. Data are expressed as mean
fluorescence intensity + SD and are representative of 3 independent experiments, N = 4. P=0.05, n.s.
WT, wild-type; CLEC-2, C-type lectin-like receptor 2; n.s., non significant.

WT Hic-5-null P
GPV 215+ 6 218+ 3 n.s.
GPIb 184 + 4 192+6 n.s.
GPIX 351 £ 16 354 £ 8 n.s.
GPVI 382 37 1 n.s.
allbp3 420 £ 23 434 £ 17 n.s.
a2 44 £ 2 47 £7 n.s.
p1 117 £ 4 118 £ 3 n.s.
CD9 810 + 14 781 +42 n.s.
CLEC-2 105+ 3 106 + 4 n.s.
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Figure 20: Hic-5 deficiency has no effects on inside-out activation of platelet integrins,
degranulation, platelet aggregation and adhesion to collagen. (A, B) Flow cytometric analyses of
(A) allbp3 integrin activation and (B) degranulation-dependent P-selectin exposure in response to the
indicated agonists. (C) Flow cytometric analysis of 1 integrin activation. Results are mean fluorescence
intensity (MFI) £ standard deviation (SD) and are representative of 3 independent experiments, N = 4.
(D) Washed platelets were stimulated with the indicated agonists, and light transmission was recorded
using a four channel aggregometer. Representative aggregation curves of three independent
experiments are shown, N = 4. (E, F) Adhesion (E) and thrombus formatlon (F) of platelets on collagen
was assessed in a flow adhesion assay at a wall shear rate of 1000 s . Representative of 2 independent
experiments, N = 5. Scale bar = 25 ym. CRP, collagen-related peptide, FITC, fluoresceln isothiocyanate;
Thr., Thrombin; RC, rhodocytin; U46, U46619; WT, wild-type. Popp et al., 2015."
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3.2.3 Lack of Hic-5 has no influence on platelet spreading on fibrinogen

and platelet integrin outside-in signaling in vitro

Ligand-occupied integrin allbp3 mediates outside-in signaling, leading to cytoskeletal
reorganization and platelet spreading.®® To assess these processes, Hic-5-null and wild-type
platelets were allowed to spread on a fibrinogen-coated surface in the presence of low
concentrations of thrombin and found to form filopodia and lamellipodia with similar kinetics,
and after 30 minutes, the number of fully spread platelets was comparable between both
groups (Figure 21 A, B, C). Moreover, no differences in filopodia length were observed. To
further assess integrin outside-in signaling, clot retraction'® was analyzed and no differences
in the kinetics and extent of this process were found between wild-type and Hic-5-null platelets
(Figure 21 D, E). Together, these data exclude a major role of Hic-5 for integrin allbp3 outside-

in signaling in mouse platelets.
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Figure 21. Lack of Hic-5 has no influence on platelet spreading on fibrinogen and platelet integrin
outside-in signaling in vitro. (A, B) Washed platelets of WT and Hic-5-null mice were allowed to
spread on fibrinogen for up to 30 minutes after stimulation with 0.01 U mL™" thrombin. (A) Representative
images and (B) statistical evaluation of the percentage of spread platelets at different spreading stages
of 2 independent experiments (N = 3) are shown. Scale bar =5 ym. (C) WT and Hic-5-deficient platelets
were allowed to spread on fibrinogen for up to 60 minutes in the presence of apyrase [2 U mL'1] and
indomethacin [1.4 uM]. Representative of 2 independent experiments, N = 3. (D, F) Clot formation in
platelet-rich plasma was induced by the addition of thrombin [5 U mL'1] and 20 mmol L™ CaCl, and clot
retraction was monitored over time (D). (E) Residual volume of serum after clot retraction was measured.
Representative of 2 independent experiments, N = 4. Popp et al., 2015.""2
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3.2.4 Hic-5-deficient platelets have unaltered GPIb function

At sites of vascular injury, VWF, bound to collagen, is exposed on the subendothelial ECM.
The interaction between the platelet GPIb-V-IX receptor complex and vVWF is important for
platelet tethering, the initial step in the formation of a hemostatic plug. The potential role of
Hic-5 in GPIb-mediated processes was assessed by monitoring the adhesion of platelets on
immobilized vVWF under high shear conditions. Hic-5-null and wild-type platelets attached to
the immobilized vWF and in part firmly adhered to the surface to comparable extent and with
similar kinetics (Figure 22 A). In addition, platelet spreading on a vWF-coated matrix under
conditions of allbp3 integrin-blockade was analyzed. The stimulation of platelets by a GPIb
specific signal results in a shape change, which is limited to contraction of the cell body and
filopodia formation.*® Both, Hic-5-null and wild-type platelets extended comparable numbers
of filopodia (Figure 22 B). Together, these results indicate that GPIb function is intact in
Hic-5-deficient platelets.

A B \:| 1-3 filopodia
neg. Ctrl ' 15 min 30 min
n.s. .
3001 1 100 - H
T :
u H
2 < 80
© = H >3 filopodi
w_‘; 200 - > E - ilopodia
2 § 60- :
2 2 '
5 3 :
o
° 100 4 : 40 :
L] a :
o
T 20 ' - no flopodla
H
0- ]
WT Hic-5- 04 H
null WT Hic-5- WT Hic-5- WT Hic-5-

null null null

Figure 22: Unaltered GPIb function in Hic-5-deficient mice. (A) Whole blood of wild- type and
Hic-5-null mice was perfused over a vWF-coated surface at a wall shear rate of 1,700 sec” and the
number of adherent platelets was quantified. Representatlve of 2 independent experlments N =5 (B)
Washed platelets were treated with integrilin [40 ug mL" ] and botrocetin [2 pg mL’ ] and allowed to
adhere to vVWF-coated coverslips. Filopodia formation was quantified according to the number of
extensions per platelet atindicated the time points. Representative of 2 independent experiments, N = 3.
Popp et al., 2015."

3.2.5 Unaltered in vivo thrombus formation in Hic-5-deficient mice.

To investigate the role of Hic-5 in platelet function in vivo, two widely used tail bleeding time
assays (filter paper and warm saline) were used and comparable bleeding times for control

and Hic-5-null mice were found (Figure 23 A, B).

Consistent with the in vitro results, pathological thrombus formation, as assessed by intravital
microscopy of FeCls-injured mesenteric arterioles, was indistinguishable between wild-type
and Hic-5-null mice, resulting in similar occlusion times for both groups (Figure 23 C, D). These

data indicate a dispensable role for Hic-5 in thrombus formation in vivo.

In summary, these results show that Hic-5 is dispensable for integrin inside-out and outside-in

signaling in platelets and consequently for hemostasis and arterial thrombosis in mice.

65



Results

A B
Filter Paper Saline
>
>1200 600
1200
600
= 1000 o =
] ]
E 8004 £
o o 400
£ £ (o]
° 600 °
I o @
o o0, 00 @
@ 400 .o 00 o 200 . °
o ° L o
2001 ®°®e Qe ° o
o0 0g%% o
] e, 00%°
0 0 T -
WT Hic-5-null WT Hic-5-null
C D
>40
40
c
E 35+
§ 30
8 251 ° °
8 LX) ()
8 201 0%,
L] oo’ °
o 151 (14 ° (e}
£ '.O oo
= 10 °

5
0 . ;
“ wrT Hic-5-null
20 min

Figure 23. Unaltered in vivo thrombus formation in Hic-5-deficient mice. (A, B) Tail bleeding
times of wild-type and Hic-5-null mice, using (A) the filter paper method and (B) the saline model.
Each symbol represents 1 animal. (C, D) Thrombus formation in small mesenteric arterioles was
induced by topical application of 20% FeCl;. For monitoring of thrombus formation by intravital
microscopy, platelets were labeled fluorescently. Representative pictures (C) and time to stable
occlusion (D) of wild-type and Hic-5-null mice are shown. Each symbol represents one arteriole.
FeCl; model was performed by Ina Thielmann. Popp et al., 2015.""2
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3.3 Non-redundant functions of small Rho GTPases RhoA and Rac1 in

murine platelets

Rho GTPases, such as RhoA, Rac1, and Cdc42, are key regulators of cytoskeletal
rearrangements in platelets.55 However, constitutive deficiency of RhoA, Cdc42 and Rac1 in
mice resulted in early embryonic lethality which hampered studies in primary knockout
cells.”® '8 The availability of tissue- and lineage-specific deletion of the three ubiquitously
expressed Rho GTPases without potential off-target effects by the use of inhibitors,
overexpression or knockdown approaches made it possible to analyze the specific role of each

GTPase in platelet biogenesis and platelet function.>”~*°

The understanding of functional redundancies in these processes is only at the beginning.
Recently, a redundant function of Rac1 and Cdc42 has been demonstrated in the regulation
of microtubule dynamics and (pro-)platelet formation, and concomitant deficiency of both
GTPases led to severe macrothrombocytopenia.69 In addition, double-deficiency of RhoA and
Cdc42 causes abnormal megakaryocyte development, severe macrothrombocytopenia and

defective tubulin organization (Cherpokova et al., unpublished).
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Figure 24: RhoA”/Rac1” mice display a distinct macrothrombocytopenia, increased platelet
size and moderately reduced platelet life span. (A) Analysis of RhoA and Rac1 expression in wild-
type (WT) and RhoA”/Rac1” platelets by Western blot. GPllla served as loading control. Peripheral
platelet counts (B) and platelet volume (C) of WT and RhoA”/Rac1” mice measured using a blood
cell counter respectively. Data are presented as mean = SD of 5 mice per group. (D) Representative
transmission electron microscopy pictures of resting RhoA”/Rac1” platelets in comparison to WT,
RhoA” and Rac1” platelets. (E) Determination of platelet life span of WT, RhoA”, Rac1” and
RhoA”/Rac1” mice. Mice were injected with a DyLight 488-conjugated anti-GPIX Ig derivate
[0.5 pg g'1 body weight] to label platelets in vivo. Results are percentage of fluorescently labeled
platelets at the indicated days after injection as determined by flow cytometry. Values are mean £ SD
of 5 mice per group. *P<0.05; **P<0.01; ***P<0.001.
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3.3.1 Non-redundant functions of RhoA and Rac1 for basic platelet

parameters

To study the consequences of combined loss of RhoA and Rac1 specifically in the
1171

MK-/platelet-lineage, mice carrying both the RhoA'® and the Rac genes flanked by loxP
sites - RhoA""/Rac1™ - were intercrossed with transgenic mice carrying the Cre-recombinase
under the control of the MK-/platelet-specific Pf4 promoter.” Resulting double-deficient
RhoA™/Rac1™ P mice (further referred to as RhoA”/Rac1”) and littermate control mice
RhoA™/Rac1™ (further referred to as WT) were used in all studies. In some experiments,
conditional single-deficient mice - RhoA™F*C (RhoA™) and Rac1™ "™ (Rac1”) - were used
in parallel in order to better discriminate between redundant and non-redundant functions of
both GTPases. Loss of RhoA and Rac1in RhoA”/Rac1” platelets was confirmed by Western
blot analysis (Figure 24 A). In agreement with previous studies, RhoA” mice displayed a mild
macrothrombocytopenia, whereas platelet count and size from Rac1” mice were
indistinguishable from wild-type controls (Figure 24 B, C).>"*® Double-deficiency of RhoA and
Rac1 did not induce further alterations, but resulted in platelet count and size comparable to
that seen in RhoA” mice. Transmission electron microscopy (TEM) analyses revealed only a
moderately increased size of RhoA”/Rac1” platelets and a roundish shape similar to RhoA™
platelets. Subcellular morphology and granule distribution were largely unaltered in the double-
deficient platelets (Figure 24 D). These data indicate that the functions of RhoA and Rac1 are
non-redundant in platelet production. Rac1 seems to have only a minor role in platelet
production in RhoA”/Rac1” mice compared to RhoA, but on the other hand, Rac1 is important
in Rac1”/Cdc42” mice, which display a severe macrothrombocytopenia with highly altered

platelet morphology.®®

Table 5: Analysis of surface expression of glycoproteins in WT, RhoA”, Rac1” and
RhoA”/Rac1” platelets. Diluted whole blood was stained with saturating amounts of fluorophore-
labeled antibodies and platelets were analyzed by flow cytometry. Results express MFI = SD of 3
independent experiments (N = 5 mice per group). Statistical analyses represent comparison to WT
platelets. *P<0.05; **P<0.01; ***P<0.001.

WT RhoA™ Rac1” RhoA”/Rac1”
GPIb 29626 302:6 285+10 27247
GPV 2569 20943 (***) 254+24 27045 (*)
GPIX 48434 49121 442+8 443:6
CD9 927+15 919+24 90645 93727
GPVI 643 757 (*) 682 723 (**)
CLEC-2 1284 1593 (***) 130=7 137=7
a2 512 58+5 534 502
1 117+4 15410 (**) 117+6 1333 (*)
allbp3 558+41 6648 (**) 52614 64128 (**)
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Flow cytometric analysis of RhoA”/Rac1” platelets revealed a significant increase in mean
fluorescence intensities for several major platelet surface receptors like allb3 and GPVI. This
increase was also found in RhoA™ platelets and is probably caused by the increased size of
the platelets (Table 5). In accordance with RhoA™ platelets, RhoA”/Rac1” platelets displayed
a reduced life span, which is partially contributing to the reduced platelet counts in both RhoA-
and RhoA/Rac1-deficient animals (Figure 24 E).

3.3.2 Non-redundant functions of RhoA and Rac1 for integrin inside-out

signaling

Flow cytometric analysis of RhoA”/Rac1” platelets revealed combined defects of RhoA- and
Rac1-single-deficiency without further alteration, leading to activation defects upon stimulation
of GPCRs as well as of the hem(ITAM) receptors GPVI and CLEC-2 (Figure 25 A). Similar to
integrin activation, release of a-granules, measured by P-selectin exposure, in
RhoA”/Rac1” platelets was reduced comparable to both RhoA” and Rac1” single-deficient

platelets, except for a slightly stronger reduction upon stimulation with thrombin (Figure 25 B).
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Figure 25: Reduced integrin allbf3 activation and P-selectin exposure upon Gg43 and
(hem)ITAM stimulation and limited platelet aggregation in RhoA”/Rac1” platelets. (A) Flow
cytometric analysis of allbp3 activation (binding of JON/A-PE) and (B) degranulation-dependent P-
selectin exposure in response to the indicated agonists in WT, RhoA”, Rac1” and RhoA”/Rac1”
platelets. Data are mean fluorescence intensities (MFI) + SD of 4 mice per group and representative
of 2 independent experiments. (C) Washed platelets were stimulated with the indicated agonists, and
light transmission was recorded using a four-channel aggregometer. ADP measurements were
performed in PRP (platelet rich plasma). Representative aggregation curves of 3 independent

experiments are shown, N = 4. *P<0.05; **P<0.01; ***P<0.001. CVX, convulxin; RC, rhodocytin.
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In aggregation studies, RhoA”/Rac1” platelets showed like RhoA™ platelets defective shape
change after Gq; stimulation and partially reduced aggregation and strongly impaired
aggregation responses to GPVI agonists like Rac1” platelets, but no further impairments were
detectable (Figure 25 C). Taken together, these findings show that in RhoA”/Rac1” platelets
defects upon G413 stimulation and upon stimulation of (hem)ITAM receptors are present, as in
RhoA” and Rac1” single-deficient mice, respectively. As no worsening was detectable, these

data indicate that functions of RhoA and Rac1 in platelet activation are largely non-redundant.

3.3.3 Non-redundant functions of RhoA and Rac1 for platelet spreading
on fibrinogen and clot retraction in vitro
To investigate the effects of RhoA/Rac1-deficiency on platelet spreading, thrombin-activated

WT and RhoA”/Rac1” platelets were allowed to spread on fibrinogen - a process dependent

on integrin allbf3 induced outside-in signaling for adhesion and cytoskeletal remodeling.
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Figure 26: RhoA”/Rac1” platelets fail to fully spread and show completely abolished clot
retraction. (A,B) Washed platelets of WT and RhoA”/Rac1” mice were allowed to spread for up to
30 minutes on fibrinogen [200 ug mL'1] after stimulation with 0.01 U mL™ thrombin. (A) Representative
differential interference contrast (DIC) images of 3 independent experiments (N = 2) after 30 minutes.
Black squares indicate magnified areas. Scale bar =5 uym. (B) Analysis of filamentous actin (red) and
tubulin (green) structure in spread (30 minutes) WT and RhoA”/Rac1” platelets by confocal
microscopy. Scale bar = 5 ym. White squares indicate magnified area. (C) Statistical evaluation of the
percentage of spread platelets at different spreading stages. (D) Clot retraction of PRP (platelet rich
plasma) upon activation with 3 U mL™" thrombin in the presence of 20 mM CaCl,. Representative images
of 3 independent experiments are depicted (N = 4). (E) Residual serum after 4 h of clot retraction in %.
***P<0.001.
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RhoA”/Rac1” platelets spread slower and were not able to fully spread, similar to Rac1”
platelets (Figure 26 A, C). Immunofluorescent imaging of spread platelets confirmed the
spreading defect, but did not show major alterations of the actin and tubulin cytoskeleton
(Figure 26 B). Integrin allbf33 outside-in signaling also regulates clot retraction. After induction
with thrombin, clot retraction started already after 30 min in wild-type PRP and proceeded to
the maximum after 4 h, the process was virtually abolished in RhoA”/Rac1” PRP similar to
clot retraction defect in RhoA” mice (Figure 26 D, E). These data confirm that Rac1 is
important for the formation of lamellipodia, whereas RhoA is dispensable for spreading of
platelets on fibrinogen but is indispensable for integrin-mediated clot retraction. In both
experiments, no further alterations were detectable by the lack of the respective other GTPase

indicating independent functions of RhoA and Rac1 in allbf3-dependet outside-in signaling.

3.3.4 Combined deficiency of RhoA and Rac1 results in defective

hemostasis and defective thrombus formation in vivo

To assess the impact of RhoA/Rac1-deficiency on hemostasis, tail bleeding times were
determined (Figure 27 A). RhoA”/Rac1” mice displayed a severe hemostatic defect
characterized by the inability to arrest bleeding within an observation period of 20 min,
comparable to RhoA” mice. Double-deficiency of RhoA and Rac1 led in addition to protection
in models of arterial thrombosis (Figure 27 B, C). In both models, either after injury of small
mesenteric arterioles by FeCl; or after mechanical injury of the abdominal aorta, no formation
of stable thrombi was observed in RhoA”/Rac1” mice, similarly to single-deficient animals.

Together, these data show that the functions of the Rho GTPases RhoA and Rac1 are non-

redundant for platelet activation in vitro and in vivo.
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Figure 27: Impaired hemostasis and defective thrombus formation and in RhoA”/Rac1” mice.
(A) Tail bleeding times of WT and RhoA”/Rac1” mice. Each symbol represents 1 animal. (B, C)
Time to stable vessel occlusion of WT and RhoA”/Rac1” mice. (B) Injury of mesenteric arterioles
was induced by topical application of 20% FeCl;. Adhesion and aggregation of fluorescently labeled
platelets in arterioles was monitored for 40 minutes or until complete occlusion occurred (blood flow
stopped for > 2 minutes. (C) The abdominal aorta was injured by firm compression with forceps, and
blood flow was monitored for 30 minutes. FeCl; and aorta model were performed by Martina
Morowski.**P<0.01, ***P<0.001.
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3.4 Liver sinusoidal endothelial cells process antibody opsonized

platelets through the inhibitory Fcy receptor lIB in mice

3.4.1 FcyRs are required for anti-GPVI-induced transient

thrombocytopenia and the generation of sGPVI

The two most common antigens of anti-platelet antibodies in patients suffering from immune
thrombocytopenia (ITP) are the von Willebrand factor receptor GPIb, and the major platelet
integrin allbp3 (GPIlIb/llla).”**™*" Anti-GPIb antibodies induce Fc-independent platelet
destruction, while anti-GPlIb/llla antibodies efficiently trigger Fc-dependent platelet clearance.
In some ITP patients, anti-GPVI auto-antibodies have been reported to cause GPVI
immunodepletion,'”*'"® but the underlying mechanism remained ill-defined. To assess whether
anti-GPVI mAbs induced thrombocytopenia is a Fc-dependent process, WT mice were
challenged with intravenous injection of the IgG or F(ab’), fragments of the anti-GPVI mAb,
JAQ1. JAQ1-1gG induced a rapid loss of surface GPVI and the appearance of soluble GPVI
(sGPVI) in the plasma and this was accompanied by a transient thrombocytopenia. In sharp
contrast, JAQ1-F(ab’), fragments did not cause thrombocytopenia (Figure 28 A) and only
induced a delayed downregulation of GPVI from the platelet surface (Figure 28 B) with no
detectable sGPVI in the plasma (Figure 28 C). Thus, while GPVI dimerization is sufficient to
trigger GPVI internalization without affecting platelet counts, the Fc part of the anti-GPVI
antibodies is required for the induction of a transient thrombocytopenia and, remarkably, GPVI
ectodomain shedding. These results suggest that anti-GPVI-F(ab’), antibody fragments might
be a promising therapeutic agent to provide long-term anti-thrombotic protection without the

undesired transient thrombocytopenia induced by intact 1gGs.
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Figure 28: JAQ1-IgG, but not JAQ1-F(ab’), fragments induces a transient thrombocytopenia.
(A) Platelet counts of WT mice were monitored upon injection of JAQ1-1gG or JAQ1-F(ab’), fragments.
(B) Expression of GPVI on the platelet surface was determined by flow cytometry using an anti-rat IgG-
FITC antibody. (C) The plasma levels of soluble GPVI (sGPVI) were determined using an ELISA system.
Data are expressed as mean + SD (n = 4) and are representative of 3 independent experiments.
*P<0.05, **P<0.01, ***P<0.001. Experiments were conducted together with D. Stegner.
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To test if FcyR-dependent mechanisms caused the anti-GPVI-IgG induced thrombocytopenia,
mice were treated with 2.4G2 mAbs, which block FcyRs 11l and 11B,'™ or vehicle 24 h before
receiving anti-GPlba, anti-GPVI or anti-GPlIb/Illa antibodies. While this FcyR blockade had no
effect on the severe thrombocytopenia induced by anti-GPlba IgGs (Figure 29 A), it
significantly ameliorated the drop in platelet counts in anti-GPIIb/llla treated mice confirming
that these antibodies cause Fc-independent and Fc-dependent thrombocytopenia,

129-131

respectively (Figure 29 B).

A B C
anti-GPlba. anti-GPllb anti-GPVI
150 150 150
125 125 125 I
< b ”
2 100¢ 100( B 100
c
=
8 75 75 75
3
% 50 50 - 50 @ vehicle
5 .
25 w 25 25 © 2.4G2
0 0 0
0 3 20 40 60 80 0 3 20 40 60 80 0 3 20 40 60 80
time [h] time [h] time [h]
D E F
08. .. 50
vehicle 2.4G2 Gp6™*-
— 40 | Bl vehicle 0oh 3h 1d 5d Oh 3h 1d 5d
0.6 | £ sk
3 % [ 246G2 GPlla i e B B B % o
a S 30 4
=} )
S 044 ¢
2 £ 20
9 3
S
-
0 0.
0.5 3 Invitro 05h 3h 1d 2d 3d
time [h] time

Figure 29: 2.4G2 treatment prevents anti-GPllb/llla and anti-GPVI-induced thrombocytopenia and
the generation of soluble GPVI. (A-C) Platelet counts of 2.4G2 (grey) or vehicle-treated (black) mice
were monitored upon injection of the anti-GPIb antibody pOp/B (A), the anti-GPlIb/llla antibody
MWReg30 (B) or the anti-GPVI antibody JAQ1°*™ by flow cytometry (C). (D) The plasma levels of
soluble GPVI (sGPVI) were determined using an ELISA system. (E) Expression of GPVI on the platelet
surface was determined by flow cytometry using an anti-rat IgG-FITC antibody. (A-E) Data are
expressed as mean + SD (N = 4) and are representative of 3 independent experiments. (F) Total GPVI
levels were determined by Western blotting, GPllla served as loading control. The Western blot is
representative of 3 independent experiments. *P<0.05, ***P<0.001. Experiments were conducted
together with D. Stegner.

Importantly, 2.4G2 pretreatment also completely prevented anti-GPVI induced
thrombocytopenia, demonstrating that FcyRs are critical in this process (Figure 29 C). Of note,
while anti-GPIb or anti-GPlIb/llla antibodies induced sustained thrombocytopenia which was
only overcome by the production of new platelets (Figure 29 A-C), the anti-GPVI induced
thrombocytopenia was transient with a return of sequestered platelets to the circulation within
a few hours, suggesting different processing of the opsonized cells. In support of this notion,

2.4G2-pretreatment also completely prevented the antibody-induced generation of sGPVI
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(Figure 29 D) and down-regulation of the receptor in circulating platelets was markedly delayed
(Figure 29 E,F), similar to the effect induced by JAQ1-F(ab’), fragments in control mice (Figure
28 B). These results demonstrated that anti-GPVI antibodies induce transient
thrombocytopenia and GPVI ectodomain shedding through FcyR-dependent mechanisms. If
this pathway is not functional, GPVI dimerization by the antibody (or F(ab’), fragments thereof)

still causes internalization and degradation of the receptor in circulating platelets.

3.4.2 FcyRIIB, but not FcyRIIl, is necessary to promote anti-GPVI-induced

transient thrombocytopenia and the generation of sGPVI

2.4G2 blocks the activatory FcyRIIl as well as the inhibitory FcyRIIB."* To test which of these
FcyRs was required for the anti-GPVI-induced thrombocytopenia and GPVI ectodomain
shedding, mice lacking FcyRIIl (Fegr3”)™" or FcyRIIB (Fegr2b™)'*® were challenged with
biotinylated anti-GPVI antibody (JAQ1°°™). Surprisingly, absence of the activating FcyRIIl had
no effect on the anti-GPVI-induced transient drop in platelet counts (Figure 30 A) and surface
GPVI was down-regulated with similar kinetics as in control mice (Figure 30 B). In line with the
fast loss of platelet GPVI, sGPVI was detectable in similar concentrations in Fcgr3” mice
compared to WT mice (Figure 30 C). In sharp contrast, the lack of FcyRIIB prevented JAQ1-
induced thrombocytopenia (Figure 30 A) and the same effect was seen when the mice were
challenged with another anti-GPVI antibody which binds to a different epitope on the
receptor.™' Furthermore, GPVI downregulation was delayed in Fcgr2b” mice compared to WT
controls (Figure 30 B) and, most notably, no sGPVI could be detected in the plasma of
JAQ1°°"_treated Fcgr2b” mice (Figure 30 C).
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Figure 30: FcyRIIB, but not FcyRIll, mediates the anti-GPVI-induced thrombocytopenia and the
generation of sGPVI. (A) Platelet counts of mice lacking FcyRIII (chr3'/'), FcyRIIB (chr2b'/') or control
mice (WT) were monitored upon injection of the anti-GPVI antibody JAQ1%°™ by flow cytometry. (B)
Expression of GPVI on the platelet surface was determined by flow cytometry using an anti-rat IgG-
FITC antibody. (C) The plasma levels of soluble GPVI (sGPVI) were determined using an ELISA system.
Data are expressed as mean + SD (N = 4) and are representative of 3 independent experiments.
**P<0.01, ***P<0.001. Experiments were conducted together with D. Stegner.
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3.4.3 JAQ1-opsonized platelets are retained primarily in the liver by

FcyRIIB-expressing liver sinusoidal endothelial cells

To test in which organ(s) anti-GPVI-opsonized platelets are trapped by FcyRIIB-bearing cells,
platelets were fluorescently labeled in vivo and the fluorescent signal was monitored over time
after anti-GPVI mAb injection using an intravital imaging system (IVIS Spectrum, Perking
Elmer). In anti-GPVI-treated, but not vehicle-treated mice, a rapid increase of the fluorescence
signal was detectable in the liver, indicating sequestration of the antibody-opsonized platelets
in this organ (Figure 31 A). This was confirmed by immunohistochemical analysis of
cryosections showing massive platelet accumulation in the liver sinusoids of anti-GPVI-treated,
but not control mice already a few minutes after injection which peaked within the first 30 min
(Figure 31 B). In sharp contrast, anti-GPVI-treatment did not induce platelet accumulation in

the liver of FcgR2b” mice (Figure 31 B), revealing an essential role of this FcyR in this process.

Western blot analysis of isolated LSECs from WT and FcyRIIB-deficient mice using 2.4G2 mAb
demonstrated strong expression of FcyRIIB in WT, but not in Fcgr2b™ cells (Figure 32 A). This
result is in line with previous reports showing that LSECs account for the majority of total
FcyRIIB and lack other FcyRs. ™’
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Figure 31: JAQ1-opsonized platelets are sequestered primarily to the liver of WT, but not FcyRIIB-
deficient mice. (A) Sequestration of fluorescently labeled platelets was monitored in live mice upon
injection of JAQ1 or vehicle using an in vivo imaging system. (B) Sections of snap-frozen liver samples
of WT mice and mice lacking FcyRIIB (chr2b"') were probed with HRP-conjugated anti-GPIb
antibodies. Detection was performed using 3-Amino-9-Ethylcarbazole. Sections were counterstained
with hematoxylin. Scale bar = 20 ym. Experiments were conducted together with D. Stegner.
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To test a possible role of Kupffer cells (hepatic macrophages), which also express FcyRIIB, in
anti-GPVI induced thrombocytopenia and GPVI shedding, these cells were depleted by
injections of clodronate liposomes before anti-GPVI treatment.'® While the clodronate
efficiently depleted Kupffer cells (Figure 32 B), it had no effect on anti-GPVI-induced
thrombocytopenia, the kinetics of GPVI downregulation or the appearance of plasma sGPVI
in the plasma (Figure 32 C-F), clearly demonstrating that indeed LSECs mediate anti-GPVI

triggered thrombocytopenia and GPVI shedding through FcyRIIB in vivo.
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Figure 32: Kupffer cell depletion using clodronate liposomes has no effect on JAQ1-induced
thrombocytopenia and the generation of sGPVI. (A) LSEC express FcyRIIB. Western blotting with
2.4G2 revealed a strong band in WT LSECs at approx. 45 kDa which was absent in mice lacking
FcyRIIB (chr2b'/').(B) Sections of snap-frozen liver samples of vehicle and clodronate-treated WT
mice were probed with F4/80 (Kupffer cells; green); anti-CD105 antibodies (LSEC; red) and
counterstained with DAPI (blue). Scale bar = 50 ym. (C) Platelet counts of mice which received
clodronate liposomes (clodronate) or PBS liposomes (vehicle) 48 h before the experiment were
monitored upon injection of the anti-GPVI antibody JAQ1°°™ by flow cytometry. (D) Expression of
GPVI on the platelet surface was determined by flow cytometry using an anti-rat IgG-FITC antibody.
(E) The plasma levels of soluble GPVI (sGPVI) were determined using an ELISA system. (C-E) Data
are expressed as mean + SD (N = 4) and are representative of 3 independent experiments. (F) Total
GPVI levels were determined by Western blotting, GPllla served as loading control. The Western blot
is representative of 3 independent independent. Experiments were conducted together with
D. Stegner.
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3.4.4 Absence of endothelial ADAM10 does not prevent the generation of
sGPVI

The above described data had shown that FcyRIIB on LSEC is responsible for the
sequestration of JAQ1-opsonized platelets. It might be that GPVI is shed in trans by endothelial
metalloproteases, a phenomenon which has been described for ADAM10-mediated ephrin-A5
shedding."”® Our group has previously shown that global deficiency of ADAM17 did not affect
GPVI shedding in vivo,* making ADAM10 the most likely candidate. To test this, mice lacking
ADAM10 in endothelial cells (Adam10”) using the Tie2-Cre system'’’ were generated,
resulting in ADAM10 deficiency in LSECs. Adam10” mice developed a transient
thrombocytopenia upon JAQ1-injection (Figure 33 A). Strikingly, loss of surface expression
and sGPVI levels in plasma following GPVI depletion were not affected by the absence of

endothelial ADAM10 (Figure 33 B,C), ruling out a central role of this protease.
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Figure 33: Endothelial ADAM10 is not required for the generation of sGPVI. (A) Platelet counts
of mice with an endothelial-specific ADAM10 deficiency (Adam10'/') were monitored upon injection
of the anti-GPVI antibody JAQ1°°™ by flow cytometry. (B) Expression of GPVI on the platelet surface
was determined by flow cytometry using an anti-rat IgG-FITC antibody. (C) The plasma levels of
soluble GPVI (sGPVI) were determined using an ELISA system. (A-C) Data are expressed as mean
+ SD (N = 4) and are representative of 3 independent experiments. (D) Total GPVI levels were
determined by Western blotting, GPllla served as loading control. The Western blot are
representative of 3 independent experiments. Experiments were conducted together with D. Stegner.
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3.4.5 FcyRIIB mediates the sequestration of anti-GPllIb/llla-opsonized
platelets in the liver and contributes to the early phase of
thrombocytopenia

The critical role of FcyRIIB in anti-GPVI induced platelet sequestration prompted us to assess
a potential role of this receptor in the Fc-dependent clearing of platelets opsonized with other
antibodies, most notably the clinically relevant anti-GPlIb/Illa-IgGs. Thus, FcgR2b™ mice were
challenged in a passive ITP model with a bolus of anti-GPlIb/llla antibodies. Surprisingly, lack
of FcyRIIB ameliorated the initial drop in platelet counts after anti-GPIIb/llla challenge (Figure
34 A), showing for the first time that this receptor also actively contributes to platelet clearing
in a model of ITP. However, in line with its established role as an inhibitory FcyR in phagocytic
cells, chR2b'/' mice developed a more severe and prolonged thrombocytopenia compared to
control mice at later time points (Figure 34 A), confirming previous studies.'®'”® Comparable
to anti-GPVI antibodies, anti-GPllIb/llla antibodies induced immediate, but only transient
platelet sequestration in the liver (Figure 34 B). This transient ‘trapping’ of platelets was entirely
FcyRIIB-dependent (Figure 34 B), revealing an essential role of this FcR in the initial phase of
anti-platelet IgG-mediated platelet sequestration.

A

oW Figure 34: MWReg30-opsonized platelets are
initially sequestered to the liver of WT, but
not FcyRIIB-deficient mice. (A) Platelet counts
of mice lacking FcyRIIB (chr2b'/') or control
- 1 mice (WT) were monitored upon injection of the
anti-GPlIb/llla antibody MWReg30 by flow
cytometry. (B) Sections of snap-frozen liver
samples of vehicle and MWReg30-treated
(30 min) chr2b'/' and WT mice were probed with
0 . ﬁO , r\,—@ . anti-GPIX  (platelets; green); anti-CD105
0 3 200 40 60 80 antibodies (endoglin on LSEC; red) and
time [h] counterstained with DAPI (blue). Scale bar = 50
pm. ***P<0.001. Experiments were conducted

together with D. Stegner.
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4 Discussion

In this thesis, the roles of the BAR protein BIN2 and the paxillin family member Hic-5 in platelets
was investigated using the respective knockout mice. The results presented reveal important
functions of BIN2 for thrombosis and hemostasis in vifro and in vivo, whereas Hic-5 is
dispensable for normal platelet function in mice. Furthermore, in the course of this thesis, it
could be shown that the Rho GTPase family members RhoA and Rac1 play major roles in
platelet activation at sites of vascular injury but that their functions are non-redundant. Finally,
a novel and unexpected function of the hepatic FcyRIIB in processing of antibody-opsonized

platelets has been shown.

4.1 Bridging integrator 2 (BIN2) controls store operated calcium entry in

platelets and thrombotic and thrombo-inflammatory activity in mice

The measurements of Ca®" influx in platelets have shown that the adapter protein BIN2 is
critically required for SOCE in murine platelets and that its absence impairs platelet reactivity
and results in profound protection from arterial thrombosis and thrombo-inflammatory brain
infarction. The presented data indicate that BIN2 directly or indirectly interacts with STIM1 in
platelets (Figure 8 A-C) and thereby presumably contributes to the proper assembly and/or
function of the SOCE complex in these cells (Figure 10). The exact molecular mechanisms
underlying this regulation are not clear, but similar to other BAR domain proteins,’"'?%'2' BIN2
may control ion flux and homeostasis by facilitating specific membrane geometries that enable
redistribution of proteins critical for intact SOCE. BIN1, another member of the BIN protein
family, has recently been identified as a T-tubule anchoring protein in cardiomyocytes that
regulates the microtubule-mediated transport and surface expression of the voltage-
dependent L-type calcium channel Cav1.2.° Cardiomyocyte-specific loss of BIN1 resulted in
a decreased amount of protective membrane folds of T-tubules and alters cation diffusion
within the T-tubules, thus increasing the duration of action potentials.’?" The ultrastructural
analysis of BIN2-deficient resting platelets did not reveal any morphological alterations. The
analysis of platelets, stimulated with TG to induce the relocalization of the STIM1/Orai1
complex, could provide further insight into a potential mechanism, how BIN2 regulates SOCE.
Furthermore, altered expression of SOCE complex component could account for the observed
defects. However, Western blot analysis revealed unaltered expression levels of STIM1
(Figure 10). This was not possible for the expression levels of Orai1 in Bin2"" " platelets
since the available antibodies against the murine channel protein consistently yielded
insufficient specific signals. gPCR analysis of Orai1 mRNA from Bin2""PH-Cre patelets and WT

platelets might answer this question.
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As previously described for mice lacking STIM1"® or Orai1,®" the severe SOCE defect in
Bin2""FH-Cre p|atelets hardly affected their functional responses to GPCR-coupled stimulation,
but markedly impaired cellular activation through the (hem)ITAM/PLCy2 axis, which is of
particular importance for thrombus formation and stabilization under flow, procoagulant activity
and occlusive arterial thrombosis in vivo (Figure 13, Figure 15). The difference in SOCE
dependence between these two major activation pathways is not fully understood. One
possible explanation could be that G4-PLCp-dependent Ca®* store release sufficiently
increases [Ca®], enabling cellular responses such as integrin activation or granule secretion
independently of Ca®" influx, whereas ITAM-PLCy2-induced Ca** store release might be

slightly less effective and thus not sufficient to elicit these cellular responses by itself.

BIN2 is mainly expressed in hematopoietic cells (Figure 8 E). Bin2” mice are healthy and
fertile, indicating that BIN2 is non-essential for embryonic development. This finding is similar
to a constitutive knockout for another BAR domain family member, BIN3'??, whereas deletion
of BIN1 leads to perinatal lethality due to a critical role for BIN1 in cardiac muscle
development.’® Only little is know about the function of BIN2 in other cell types. Sanchez-
Barrena and colleagues'®* could show that siRNA knockdown of BIN2 led to reduced cell
movement in monocytes and mast cells, but also to enhanced phagocytosis in macrophages.
In the presented studies on platelets, processes which require a remodeling of the
cytoskeleton, such as platelet spreading and clot retraction were also not affected by BIN2-
deficiency. These data indicate that BIN2 plays no obvious role on these actin-dependent
processes in platelets and further suggest that the defects from the knockdown experiments

2.7 Further studies are required to analyze

might be consequences of reduced [Ca
whether the knockdown experiments are reproducible in Bin2” mice and if BIN2 controls
SOCE in other cell types as well. It has already been shown that STIM1 controls SOCE in

'8 and macrophages.'® A function of Orai1 in SOCE has been shown for B cells'®® and

T cells
mast cells,’®” whereas its function in T cells is controversial.'®®'®” Vig et al. found normal
SOCE in Orai1-deficient murine T cells, which stands in contrast to Orai1-deficient human
188

patients,'® probably due to species-specific use of CRACM homologs."®” Unpublished data
from our laboratory (Chakarova, Chen, et al., unpublished) indicate that BIN1 and BIN3 are
expressed in platelets, but deficiency for BIN1 and BIN3 did not alter platelet function, pointing
out that BINZ2 is the main isoform in platelets. Nevertheless, it would be interesting to analyze
if BIN1 and BIN3 are upregulated in BIN2-deficient platelets and immune cells and provide
some compensatory mechanism. If it is like that, the analysis of a double-deficient mouse strain

would be interesting.

Remarkably, platelet-specific BIN2 deficiency significantly reduced cerebral infarct growth in a
model of acute ischemic stroke without increasing the risk of intracranial hemorrhage (Figure

16). This underpins the critical role of GPVI-ITAM-dependent platelet activation'®*'®® and the
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SOCE machinery”®®' in the progression of thrombo-inflammatory brain infarction. These
findings further corroborate the notion that molecules regulating Ca®* homeostasis in platelets
may become promising novel targets in the prevention and/or treatment of thrombotic and
thrombo-inflammatory diseases. Bin2"" " mice displayed a ~30% reduction in infarct size,
albeit this reduction did not translate into an improved outcome in neurological tests. It is
possible that the benefit of the reduced infarct size in Bin2"" " mice can not be revealed in

this experimental setup.

Besides the BAR domain, BIN2 contains no further functional domains, which makes it difficult
to predict regulatory mechanisms. A potential regulatory mechanism was identified by the
observed activation-dependent degradation of BIN2. Analysis of the amino acid sequence
(www.calpain.org) predicted several highly conserved cleavage sites and an area lacking any
cleavage sites at the N-terminus of BIN2, corresponding to the BAR domain (Figure 18). Upon
stimulation of platelets, indeed a fragment with a size corresponding to the BAR domain could
be detected when using an antibody directed against the N-terminus of BIN2. Since no
cleavage of BIN2 was detectable under physiological conditions and since other BAR protein
family members, such as BIN3, mainly consist of the BAR domain, it is possible that the
cleavage of BIN2 has no physiological role or that the cleaved form of BINZ2 is sufficient to
maintain its physiological function. Further experiments measuring SOCE while inhibiting

cleavage of the protein and using truncated BIN2 proteins will help to address this question.

In summary, the findings presented here BIN2 as a critical modulator of SOCE in platelets and
clearly reveal that BIN2 is required for efficient activation responses of platelets in hemostasis,

arterial thrombosis and thrombo-inflammatory brain infarction.

4.2 Normal platelet function in mice lacking hydrogen peroxide-induced
clone-5 (Hic-5)

In this study, constitutive knockout mice for Hic-5 were used to assess the role of this focal
adhesion protein in platelet function in vitro and in vivo. No alterations in integrin inside-out or
outside-in signaling in the absence of Hic-5 were detectable, arguing against an essential role
of this adaptor protein in these processes. Consequently, hemostasis and experimental

thrombus formation were not affected by the lack of Hic-5.

These findings stand in contrast to the findings by Kim-Kaneyama and colleagues,'®® who
proposed Hic-5 as a novel regulatory factor for integrin allbp3 activation and platelet
aggregation in mice. They found limited activation of allbp3 upon thrombin treatment resulting
in weaker thrombin-induced aggregation in Hic-5-null platelets. This activation defect

translated into a hemostatic defect and resistance to thromboembolism.
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It is difficult to explain the discrepancy between this study and that of Kim-Kaneyama et al.,'®
but differences in the genetic background might contribute, as previously proposed as a
possible explanation for differences observed in the phenotype of GPVI-deficient mice.'®
However, it is possible that Hic-5 plays only a minor role in platelet integrin signaling in vitro
and in vivo. Presumably, Hic-5-deficiency can be compensated by the other paxillin family
members, paxillin and leupaxin, which are both expressed in murine platelets.”®' This is
supported by a study from Rathore and colleagues.”' They could show that in aggregating
human platelets, Hic-5 was tyrosine phosphorylated and recruited Csk (C-terminal Src kinase)
via its SH2 domains to regulate SFK (Src family kinases) activity. However, in aggregating
mouse platelets, Csk bound preferentially to paxillin instead of Hic-5, although both are
abundantly expressed. It is possible that Hic-5 and the other paxillin family members share
some tissue specific functions and that Hic-5 could play important roles in cells or tissues other
than platelets. As an example, Hic-5 has been shown to have a role in the development of
abdominal aortic aneurysms.'® Notably, however, in contrast to mouse platelets human
platelets express Hic-5 as the only paxillin family member.”! Under these conditions, loss of
Hic-5 could exert effects on human platelet function in thrombosis and hemostasis. To

investigate this in mice, a mouse strain lacking all three paxillin members would be required.

4.3 Non-redundant functions of small Rho GTPases RhoA and Rac1 in

murine platelets

The crucial role of the Rho GTPases RhoA, Rac1 and Cdc42 in platelet function is well-
established. RhoA and Cdc42 are important regulators of platelet formation, as deficiency for
RhoA or Cdc42 in MKs leads to a significant macrothrombocytopenia, whereas lack of Rac1

has no influence on platelet count and size.

It could be shown in this thesis that RhoA/Rac1 double-deficient mice displayed only a mild
macrothrombocytopenia, similar to the phenotype observed in RhoA single-deficient mice.
With regard to thrombopoiesis, the lack of Rac1 is negligible in Rac?” and
RhoA”/Rac1” mice. It has been recently shown that phosphorylation of RhoA leads to the
activation of Rac1 in vascular smooth muscle cells,'®® which could be a possible explanation
for the minor role of Rac1 in platelet production in contrast to RhoA. Although deficiency of
Rac1 is of minor importance for platelet biogenesis in RhoA”/Rac1” mice, it has a high impact
in Rac1”/Cdc42” mice,* leading to a more severe macrothrombocytopenia than in Cdc42”

mice and highly altered platelet morphology.

RhoA, Rac1 and Cdc42 also regulate distinct aspects of platelet function. Double-deficiency
of RhoA and Cdc42, as well as Rac1 and Cdc42, strongly impairs activation of platelets

(Cherpokova et al., unpublished and ). Studies on these mice have shown that the loss of
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one Rho GTPase can be, at least partially, compensated by the other, still present, GTPases
in the respective single-deficient mice. When both Rho GTPases (RhoA”/Cdc42” and
Rac1”/Cdc42”) are missing, the activation of platelets is severely impaired. In contrast to this,
RhoA”/Rac1” mice showed the combined defect of each Rho GTPase knockout without an

additional effect, both in vitro and in vivo.

This indicates, that lack of Rac1 has different effects in RhoA”/Rac1” and Rac1”/Cdc42”
double-deficient mice. One possible explanation could be the different shared signaling
pathways and effector molecules of Rho GTPases in platelets.”® RhoA is mainly activated
upon stimulation of G13, leading to the activation of the RhoA—-ROCK-MLC axis,'® but also the
formin mammalian diaphanous 1 (mDia1), which is also a downstream effector of Cdc42."%
Unlike RhoA, Rac1 is activated by G, through PLCp, but also through integrin- and GPVI-
coupled SFKs.?® This leads to the activation of several downstream effectors, including
Arp2/3 and PAK, which are effectors of Cdc42 as well.®® Due to these shared downstream
effectors of RhoA and Cdc42 as well as of Rac1 and Cdc42, the deficiency of one Rho GTPase
could be easily compensated, but if both GTPases are missing, the effect is severe. Common
downstream effectors of RhoA and Rac1 are less obvious, providing a possible explanation,
why the functions of RhoA and Rac1 are non-redundant in platelet function. More studies on
these signaling pathways in platelets would provide deeper insight into the question why the
lack of Rac1 results in the different effects observed in RhoA”/Rac1”- and Rac1”’/Cdc42”-

double deficient mice.

Taken together, the obtained results indicate that the functions of RhoA and Rac1 are very
distinct and non-redundant in platelet biogenesis and function. These findings may assist in

further understanding of the signaling crosstalks of Rho GTPases.

4.4 Liver sinusoidal endothelial cells process antibody opsonized

platelets through the inhibitory Fcy receptor lIB in mice

These presented results reveal a novel role of the inhibitory FcyRIIB in processing antibody-
opsonized platelets and show that LSECs are the critical cell type to execute these functions.
The thrombocytopenia promoting effect of FcyRIIB was entirely unexpected, as this receptor
is best known for its inhibitory action on either activating FcyRs or BCRs via a Lyn-SHIP1-

dependent ITIM phosphorylation cascade.™ Moreover, FcyRIIB has been shown to dampen

7

complement-triggered inflammatory reactions'®’ and its deficiency results in enhanced

146,198

immune responses and an increased risk of autoimmunity, in particular systemic lupus

erythematosus (SLE)."**?% On the other hand, more recent studies have also shown that the

engagement of FcyRIIB is critical for immune activation by agonistic anti-CD40 and death

1

receptor antibodies®' and contributes to p-amyloid triggered neurotoxicity in Alzheimer’s
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disease.”” These observations indicate that FcyRIIB can have activatory roles in certain
settings and that its cross-linking may be sufficient to trigger such activities, as recently

discussed.?®

These data show for the first time that LSECs are major effector cells mediating anti-platelet
IgG-triggered responses. LSECs have been recognized as the major FcyRIIB-expressing cell
pool and reported to represent about three-quarters of the total FcyRIIB in the body, despite
the absence of activating FcyRs or BCR.™ Interestingly, FcyRIIB has been implicated in
mediating the protective effects of intravenous immunoglobulin (IVIG),"”® but the underlying
mechanisms are still incompletely understood and several models are controversially
discussed. To date, a possible role of LSEC-expressed FcyRIIB as a mediator of the
protective/therapeutic effects of IVIG in ITP has not been assessed.?**?* |n light of these data
and the prominent role of LSECs in clearing sIC," it might be worth considering future studies

on a potential involvement of these cells in auto-immune diseases.

Like myeloid cells, LSECs express predominantly the b2 isoform of FcyRIIB shown to form
clustered structures for efficient elimination of sICs. In contrast, the b1 isoform alternatively
expressed by B cells, prevents association with clathrin-coated pits and internalization when
co-ligated with the BCR.?® It is unclear at present how the interaction between FcyRIIB and
antibody-opsonized platelets would result in the quantitative loss of platelet GPVI. The high
abundance of FcyRIIBb2 on LSEC and its capacity to cluster anti-GPVI-antibodies may
however provide a sufficient cross-linking array necessary for platelet binding, activation and

potent GPVI signaling that in turn results in the generation of sGPVI.

It was previously shown by our group that combined loss of ADAM17 and ADAM10 in platelets
prevents GPVI shedding in vitro but not in vivo.* In light of the data of the sequestration of
platelets to the liver (Figure 31), shedding in trans might be a possible mechanism. Trans-
shedding has first been described for ADAM10-mediated processing of ephrin-5a'’® and has
more recently been proposed to contribute to T cell transmigration via VE-cadherin shedding
by ADAM10. However, mice constitutively lacking ADAM17°® or ADAM10 in endothelial cells
(Figure 33) did not display any alterations in the production of sGPVI. Thus, the protease
responsible for the generation of sGPVI in vivo remains elusive. Of note, GPVI clustering
appears to be required for GPVI down-regulation to occur, as Fab fragments of anti-GPVI
antibodies do not affect GPVI surface expression on murine platelets.’”” This seemingly
contradicts the first report of the in vivo effects of JAQ1, where it was reported that JAQ1-Fab
fragments do cause a very mild but significant transient thrombocytopenia.*® A possible
explanation for this discrepancy could be very low concentrations of undigested IgG or other
contaminants, such as trace amounts of endotoxin, might have been present in the Fab

preparations and induced the small drop in platelet counts. Thus, it appears that efficient in
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vivo GPVI down-regulation requires a bivalent binding moiety at least in mice. However,
Newman and colleagues®’ elegantly demonstrated that anti-GPVI-Fab fragment are able to
immuno-deplete GPVI from human platelets in a NOD/SCID mouse model. One explanation
might be that human platelets are more ‘reactive’ in terms of GPVI shedding than their murine
counterparts, as agonist-induced platelet activation results in GPVI shedding of human, but
not of murine platelets.***°?%® The primary route of antibody-induced GPVI ectodomain
shedding in vivo depends on the interaction between the anti-GPVI IgG and endothelial
FcyRIIB (Figure 31), as well as on intact GPVI signaling. In the absence of either, GPVI is
downregulated by internalization/degradation, which appears to be a slower process

compared to shedding (Figure 29, Figure 31).%

Taken together, these data demonstrate for the first time that LSECs are critically involved in
the processing of antibody opsonized platelets and that this is strictly dependent on FcyRIIB in
these cells. This novel pathway not only contributed to anti-platelet antibody induced
thrombocytopenia but was also essential for targeted GPVI ectodomain shedding in vivo which
is the first report of a platelet function modulating regimen acting in trans. These results may
contribute to a better understanding of the pathomechanisms underlying platelet processing in

ITP, but also be important for the development of antibody-based anti-platelet therapies.
4.5 Outlook and concluding remarks

The findings summarized in this thesis shed new light on the mechanisms of platelet activation
and receptor regulation. BIN2 and Hic-5 deficient mice were characterized. In addition,
redundant functions of the Rho GTPases RhoA and Rac1 in double-deficient mice were
analyzed. Further, the function of hepatic FcyRIIB in the processing of antibody-opsonized

platelets was analyzed.

Studies on BIN2-deficient mice identified BIN2 as a critical regulator of platelet SOCE in
thrombosis and thrombo-inflammatory disease. However, the question remains, whether BIN2
regulates SOCE in other cell types as well or exclusively in platelets. Further experiments on
these cell types using constitutive Bin2” will help to answer this question. It has already been
reported, that siRNA knockdown of BIN2 alters the function of immune cells in vitro. If this can
be confirmed in immune cells obtained from Bin2” mice, the effect of BIN2-deficiency on
immune cells could also be analyzed using respective in vivo models. The consequences of
BIN2 deficiency in platelets were analyzed in detail. At this point, the mechanism of BIN2
function is not completely understood. There are several approaches that help to further
understand BIN2 function. The analysis of platelet store content and agonist induced store
release, as well as the use of different inhibitors and modulators of the calcium signaling
pathway in platelets, like LOE 908%* to inhibit TRPC6, 2APB?'° an IP; receptor antagonist or
the CRAC channel inhibitor BTP2?'" may help to further understand how BIN2 regulates
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SOCE. The small size of murine platelets limits studies on the localization of BIN2. The
establishment of a heterologous cell system, where the phenotype of BIN2-deficiency can be
reproduced, could help to analyze localization of BIN2 in resting cells and after stimulation.
With regard to the calpain-dependent cleavage of BIN2 upon stimulation with TG and
ionomycin, a physiological role of this process is unclear. Still, the identification of calpain
cleavage sites after in vitro digestion of BIN2 would be of high interest for the understanding
of calpain activity. Interestingly, it was shown for other BAR domain family members, like BIN1
and BINS3 that the deletion of respective proteins increases susceptibility to lung cancer and
lymphoma respectively during aging supporting a role for these BAR domain proteins as tumor
suppressors.''®'?2 Further studies are required to analyze if BIN2 acts as a tumor suppressor

as well.

Studies on Hic-5-deficient mice did not show any role of Hic-5 in integrin allbp3 activation and
consequently does not play a role in thrombosis and hemostasis. In contrast to human platelets
mouse platelets express besides Hic-5 also the other paxillin family member paxillin and
leupaxin. Although no alterations of the expression of paxillin and leupaxin were detectable in
Hic-5-deficient mice compared to WT-mice, a mouse strain lacking all three paxillin members

would be required, to assess possible compensatory effects.

Rho GTPases have been established as critical regulators of cytoskeletal rearrangements.
The data summarized in this thesis demonstrate that the Rho GTPases RhoA and Rac1 have
non-redundant functions in the control of platelet production and function. However, Rho
GTPases have been increasingly recognized as important modulators of the final steps of
megakaryopoiesis, as well. A current model of thrombopoiesis suggests that mature MKs are
localized in the vicinity of vascular sinusoids in which they extend and release proplatelets.?'?
What remains elusive are the mechanisms responsible for the final localization of the MKs
close to the blood vessels in the BM and how interactions between differentiated MKs and
sinusoidal endothelial cells are regulated. Data from our laboratory have only recently led to
the hypothesis that RhoA may act as a negative regulator of MK migration and directed
proplatelet formation in vivo. The effects of double-deficiency of RhoA/Rac1 on the final steps

of megakaryopoiesis are the current subject of intensive research.

Anti-platelet therapy is the first line treatment for cardio- and cerebrovascular diseases.
Limitations of current therapies include weak inhibition of platelet function and the inability to
separate the desired anti-thrombotic function from an increase in bleeding events. Therefore,
novel anti-thrombotic targets are needed to overcome these restraints. The absence or
functional inhibition of GPVI provides protection from pathological thrombus formation without
causing major bleeding complications. While different anti-GPVI antibodies of the IgG class

efficiently deplete the receptor in vivo they do not affect GPVI surface expression in platelets
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in vitro, indicating the involvement of a non-platelet compartment. LSECS, bearing the
inhibitory FcyRIIB showed an important role in processing antibody-opsonized platelets.
Deficiency of FcyRIIB inhibited GPVI immunodepletion, but also prevented thrombocytopenia
in mice treated with antibodies against GPIIb/llla, the major target antigen in human ITP. The
identification of hepatic FcyRIIB in the processing of antibody-opsonized platelets could help
to establish a functional in vitro system of GPVI immunodepletion to get deeper insights in the
mechanism of how this platelet function modulating regimen is acting in trans. Although the
inhibitory FcyRIIB, but not the activatory FcyRIIl, abolished sequestration of anti-GPVI
opsonized platelets, studies on FcyRIll could reveal regulatory mechanisms of other platelet

surface receptors.
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6 Appendix

6.1 Abbreviations

[

[Ca?]. Intracellular Ca®" levels

#

B-ME. B-mercaptoethanol

A

ACD. Acid citrate dextrose

ADAM. A disintegrin and metalloproteinase
ADP. Adenosine diphosphate

AEC. 3-amino-9-ethylcarbazole

APS. Ammonium persulfate

Arp2/3. Actin-related proteins 2/3

ASA. Acetylsalicylic acid

ATP. Adenosine triphosphate

B

BAR. Bin1, amphiphysin and yeast RVS167/161
proteins

BCR. B cell receptor

BIN. Bridging integrator

BSA. Bovine serum albumin

C

Ca”". Calcium

CalDAG-GEFI. Ca*" and diacylglycerol-regulated
guanine-nucleotide-exchange factor I, ca®" and
diacylglycerol-regulated guanine-nucleotide-
exchange factor |

cAMP. Cyclic adenosine monophosphate

CD. Cluster of differentiation

Cdc42. Cell division control protein 42 homolog

cGMP. Cyclic guanosine monophosphate

CLEC-2. C-type lectin receptor 2

CMV. Cytomegalovirus

CRACM1. Calcium release-activated calcium
modulator 1

CRP. Collagen-related peptide

CV. Column volume

CVX. Convulxin

D

DAG. Diacylglycerol

DAPI. 4',6-diamidino-2-phenylindole
DC. Dendritic cell

DIC. Differential interference contrast
DMSO. Dimethyl sulfoxide

DNA. Deoxyribonucleic acid

dNTP. Deoxynucleotide triphosphates

E

ECL. Enhanced chemilumincescence

ECM. Extracellular matrix

EDTA. Ethylenediaminetetraacetic acid
EGTA. Ethylene glycol tetraacetic acid
ELISA. Enzyme-linked immunosorbent assay
ER. Endoplasmic reticulum

ESC. Embryonic stem cell

ESI. Electrospray ionization

et al. Et alii

F

FcR. Fc receptor

FcRy. Fc receptor vy

Fg. Fibrinogen

FITC. Fluorescein-isothiocyanate

FSC. Forward scatter

G

GAP. GTPase-activating protein
GAPDH. Glycerinaldehyd-3-phosphat-

Dehydrogenase
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GDI. Guanine nucleotide-dissociation inhibitor
GEF. Guanine nucleotide-exchange factor
GP. Glycoprotein

GPCR. G protein-coupled receptors

GTP. Guanosine-5'-triphosphate

H

h. hour

HEPES. 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid

Hic-5. Hydrogen peroxide-induced clone-5

HPLC. High performance liquid chromatrgraphy

HRP. Horseradish peroxidase

IF. Immunofluorescence

IgG. Immunoglobulin G

IHC. Immunohistochemistry

IP4. Inositol-1-phosphate

IPs. Inositol-3,4,5-trisphosphate

ITAM. Immunoreceptor tyrosine-based activation
motif

ITIM. Immunoreceptor tyrosine-based inhibitory
motif

ITP. Immune thrombocytopenia

IVIG. Intravenous immunoglobulin

K

kDa. Kilo Dalton
KO. Knockout
KOMP. Knockout Mouse Project

L

LAT. Linker of activated T cells
LIM. Lin11, Isl-1 and Mec-3

LSEC. Liver sinusoidal endothelial cell

mDia1. Mammalian diaphanous 1
MFI. Mean fluorescence intensity
MK. Megakaryocyte

MLC. Myosin light chain

MOPS. 3-(N-morpholino)propanesulfonic acid

MS. Mass spectrometry

N

n.d.. Not detectable

n.s.. Non significant

nano-LC-ESI-MS/MS. Nano-scale liquid
chromatographic electrospray ionization tandem
mass spectrometry

NO. nitric oxide

(0

OCS. Open canalicular system

Orai1. Calcium release-activated calcium modulator 1

P

PAGE. Polyacrylamide gel electrophoresis
PAK. p21-activated kinases

PAR. Protease-activated receptors

PBS. Phosphate-Buffered Saline

PCR. Polymerase chain reaction

PE. Phycoerythrin

PF. Platelet factor

PFA. Paraformaldehyde

PGl,. Prostacyclin

PI3K. Phosphatidylinositol-3-kinase

PIP.. Phosphatidyl-inositol-4,5-bisphosphate
PKC. Protein kinase C

PLC. Phospholipase C

PLL. Poly-L-lysine

Plt. Platelet

PM. Plasma membrane

PRP. Platelet rich plasma

PS. Phosphatidylserine

PVDF. Polyvinylidenfluoride

R

Rap1. Ras-proximate-1

RBC. Red blood cell

RC. Rhodocytin

RGD. Arginine-glycine-aspartic acid

RhoA. Ras homolog gene family, member A

RIAM. Rap1-GTP-interacting adaptor molecule
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RNA. Ribonucleic acid

ROCE. Receptor-operated calcium entry

ROCK. Rho-associated protein kinase

RT-PCR. Reverse transcription polymerase chain

reaction

S

SAM. Sterile a-motif

SC. STIM1-C-tail affinity column

SD. Standard deviation

SDS. Sodium dodecyl sulfate

SEM. Standard error of the mean
SERCA. Sarcoplasmic/ER Ca2+ ATPase
SFK. Src family kinases

sIC. Soluble immune complex

SLE. Systemic lupus erythematosus
SOC channel. Store-operated calcium channel
SOCE. Store-operated calcium entry

STIM1. Stromal interaction molecule 1

T

TAE. TRIS-Acetat-EDTA
TBS. TRIS buffered saline
TCR. T cell receptor

TEM. Transmission electron microscopy

TEMED. N,N,N',N'-Tetramethylethylenediamine
TF. Tissue factor

TG. Thapsigargin

TGFB1. Transforming growth factor 1

TIn. Talin

TMB. 3,3,5,5-tetramethylbenzidine

tMCAO. Transient middle cerebral artery occlusion
TP. Thromboxane-prostanoid receptor

Tregs. Regulatory T cells

TRIS. Tris(hydroxymethyl)aminomethane

TRP. Transient receptor potential

TTC. 2,3,5-triphenyltetrazolium chloride

TxA2. Thromboxane Az

U

U46. U46619

Vv

vWE. von Willebrand factor

w

WAVE. WASP-family verprolin homologous protein
WBC. White blood cell
WT. Wild-type
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