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1. ZUSAMMENFASSUNG

Der von Willebrand Faktor (VWF) zirkuliert als multimeres Multidom&dnen-Glykoprotein
im Blutkreislauf und initiiert die Hamostase bei GefaBverletzungen. Durch eine
schervermittelte mechanische Aktivierung ermoglicht die strukturell exponierte
Bindungsstelle fiir den Thrombozytenrezeptor GPIba in der A1-Domadne des VWF die
reversible Thrombozytenadhasion. Diese weist ein scherabhangiges, biphasisches
»catch-slip“-Bindungsverhalten auf, welches bei erhohten Scherkriaften zur
Signaltransduktion und intrazelluldren Kalziummobilisierung fihrt. Die darauffolgende
intermedidre Aktivierung des zuvor inaktiven GPIIb/llla-Rezeptors ermoglicht die
Interaktion mit Agonisten, wie der VWF C4-Domdne und Fibrin und damit eine
Quervernetzung der Thrombozyten. Die vollstindige  Aktivierung des
GPlIb/llla-Rezeptors hingegen, und damit die stabile, irreversible Aggregation, erfolgt
erst anschliefend mit der Aktivierung der Thrombozyten durch eine langer anhaltende,

erhohte Scherexposition Gber den extrazelluldaren Kalziumeinstrom.

Kirzlich wurden zwei Einzelnukleotid-Polymorphismen (SNPs) p.Phe2561Tyr und
p.Pro2555Arg in der C4-Domaéne des VWF in vitro als ,gain-of-function” (GOF)-Varianten
identifiziert. Wahrend die Variante p.Phe2561Tyr eine hdhere Sensitivitat gegenliber
Scherkraften zeigt, bildet die Variante p.Pro2555Arg groRere Thrombozytenaggregate.
Die Pravalenz der Variante p.Phe2561Tyr war mit einem signifikant erhéhten Risiko fur

das Auftreten eines Myokardinfarkts bei jungen Frauen assoziiert worden.

In dieser Studie wurde in einem weiteren Kollektiv bei einem Patienten mit
Myokardinfarkt ein SNP identifiziert, welcher, gemeinsam mit 8 weiteren SNPs in der
C4- und C6-Domdne des VWF, im Zuge einer in vitro Charakterisierung der
rekombinanten Proteine mittels Lichttransmissionsaggregometrie und mikrofluidischer
Experimente, als GOF-Variante klassifiziert werden konnte. Im Rahmen dieser
Untersuchung wurden zusatzlich 9 ,,loss-of-function” (LOF)-Varianten in der C2- und der
C4-Domane identifiziert, die bei rekombinanter Expression in HEK293F-Zellen entweder
einen Sekretions- oder Multimerisierungsdefekt aufwiesen, oder eine reduzierte
Aktivitat in den scherabhdngigen Assays darlegten. Die identifizierten GOF-Varianten

dhnelten phanotypisch den Varianten p.Pro2555Arg oder p.Phe2561Tyr. Wahrend die
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Aggregatgrofle in mikrofluidischen Experimenten eine starke Abhdngigkeit von der
GPIIb/1lla-VWF-Interaktion zeigte, war die erhohte Schersensitivitat
GPIIb/Illa-unabhdngig. In vivo Studien an Mausen untermauerten eine
prothrombotische Wirkung der Variante p.Pro2555Arg und wiesen auf die Bildung
instabiler Aggregate durch die Variante p.Phe2561Tyr, und damit auf ein mdogliches

erhohtes Risiko fir Thromboembolien, hin.

Unter Einbezug aller in der vorliegenden Studie erhobenen Daten und in
Ubereinstimmung mit bereits publizierten Ergebnissen, ldsst sich nun ein neuer
Mechanismus postulieren, der der GOF schersensitiver Varianten zugrunde liegen
konnte: Variante p.Phe2561Tyr und ahnliche Varianten scheinen die Stabilitat der
dimeren Stammregion zu beeintrachtigen, wodurch gestrecktere Multimere ausgebildet
werden. Dadurch wird die fiir die Thrombozytenadhédsion Uber GPlba notwendige
Scherkraft reduziert, was die Ausbildung der GPlIba-VWEF-A1 , catch-bond” beschleunigt,
sodass bereits bei niedrigeren Scherraten eine intermediare Aktivierung von GPIlb/llla
erreicht wird. Durch die nun voraktivierten GPlIb/Illa-Rezeptoren bilden sich auch die
Uber GPllb/Illa-VWF quervernetzten Thrombozytenaggregate bei geringeren Scherraten
aus. Da jedoch die fiir eine vollstéandige Aktivierung notwendige Zugkraft bei niedrigen
Scherkraften nicht vorliegt, ist die Thrombozytenaktivierung unvollstandig und die
ausgebildeten Aggregate instabil, was deren FortreiRen ermdglicht und damit das Risiko
flir Thromboembolien erhéhen und das erhohte Myokardinfarktrisiko erklaren kdnnte.
Varianten wie p.Pro2555Arg hingegen scheinen durch eine erhohte
GPlIb/llla-vermittelte Quervernetzung der Aggregate eine GefaRokklusion zu
begiinstigen. Die vorliegende Studie hat damit maligeblich dazu beigetragen, neue,
klinisch relevante Erkenntnisse lUber den GOF-Mechanismus zu generieren, der dem

prothrombotischen Effekt der VWF-GOF-Varianten zugrunde liegen kdnnte.
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2. ABSTRACT

The von Willebrand factor (VWF) circulates as a multimeric, multidomain glycoprotein
in the bloodstream and initiates hemostasis at sites of vascular injuries. Through
shear-mediated mechanical activation, the structurally exposed binding site for the
platelet receptor GPlba in the A1 domain of VWF enables reversible platelet adhesion.
This interaction exhibits a shear-dependent, biphasic ‘catch-slip’ binding behavior,
which leads to signal transduction and intracellular calcium mobilization at increased
shear forces. The subsequent intermediate activation of the previously inactive
GPlIb/Illa receptor enables binding to agonists, such as the VWF C4 domain and fibrin,
and cross-linking of platelets. However, full activation of GPIIb/Illa, and thus stable
irreversible aggregation, only occurs after platelet activation via extracellular calcium

influx in presence of prolonged increased shear rates.

Recently, two single nucleotide polymorphisms (SNPs) p.Phe2561Tyr and p.Pro2555Arg
in the C4 domain of VWF were identified in vitro as gain-of-function (GOF) variants.
While variant p.Phe2561Tyr shows a higher sensitivity to shear forces, the variant
p.Pro2555Arg forms larger platelet aggregates. The prevalence of variant p.Phe2561Tyr
was associated with a significantly increased risk of myocardial infarction in young

women.

In this study, a SNP was identified in another cohort, in a patient with myocardial
infarction. Together with 8 other SNPs in the C4 and C6 domain of VWF this SNP was
classified as a GOF variant in the course of an in vitro characterization of the
recombinant protein using light transmission aggregometry and microfluidic
experiments. Additionally, 9 loss-of-function (LOF) variants in C2 and C4 domain were
identified which, when recombinantly expressed in HEK293F cells, either showed a
secretion or multimerization defect, or exhibited reduced activity in shear-dependent
assays. The identified GOF variants were phenotypically similar to variants p.Pro2555Arg
or p.Phe2561Tyr. While aggregate size in microfluidic experiments showed a strong
dependence on the GPllb/llla interaction, the increased shear sensitivity was
demonstrated to be GPllb/llla-independent. In vivo studies in mice underlined a

prothrombotic effect of variant p.Pro2555Arg and revealed a tendency to unstable
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thrombi formation and thus a possible increased risk of thromboembolism for variant

p.Phe2561Tyr.

Taking into account all the data collected in the present study and in agreement with
previously published results, a new mechanism can be postulated that could be
responsible for the GOF of shear-sensitive variants: Variant p.Phe2561Tyr and similar
variants appear to impair the stability of the dimeric stem region, resulting in the
formation of more elongated multimers. This reduces the shear force required for
platelet adhesion via GPlba, which accelerates the formation of the GPlba-VWF-Al
‘catch-bond’, allowing intermediate activation of GPlIb/Illa to be achieved at lower
shear rates. Due to the pre-activated GPllb/Illa receptor, the platelet aggregates are
cross-linked via GPIIb/1l1la-VWF-C4 interactions at lower shear rates. However, since the
required tensile force for complete activation is not present, platelet activation might
be incomplete and the formed aggregates may be unstable, allowing it to be torn away.
This could therefore increase the risk of thromboembolism, which is in agreement with
the increased risk of myocardial infarction described for p.Phe2561Tyr. On the other
hand, variants such as p.Pro2555Arg appear to promote vascular occlusion due to
increased GPlIb/llla-mediated cross-linking of platelets. The present study has thus
contributed significantly to generating new, clinically relevant insights into the GOF

mechanism that could account for the prothrombotic effect of VWF GOF variants.
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3. INTRODUCTION

3.1. Vessel anatomy and function

The vasculature is a closed blood distribution system that supplies the body with
nutrients and oxygen. It consists of a branched vessel network that can be divided into
three main parts: arteries, veins and capillaries. While arteries and smaller branches,
called arterioles, transport the oxygenated blood away from the heart, veins and smaller
venules transport the deoxygenated blood back to the heart. Capillaries are the
connecting vessels between arteries and veins. Due to their small size and thin walls,

nutrients and oxygen can be exchanged between blood and tissue. (Tucker et al., 2023).

Tunica intima
* Endothelium

= Subendothelial layer
Internal elastic

lamina
Tunica media

External elastic
lamina

Tunica externa
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network

¢apill-arr

Figure 1: Anatomy of arteries, veins and capillaries. Arteries are shown in red, veins in blue and
capillaries in transparent. Arteries and veins consists of three main layers: the tunica intima,
tunica media and tunica externa, whereas capillaries are composed only of an inner endothelial

cell layer (from Elaine Nicpon Marieb, 2004).
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Arteries and veins have a similar anatomy (Figure 1). The central space containing the
blood is called lumen. It is surrounded by three main layers: the tunica intima, tunica
media and tunica externa (Tucker et al., 2023). The first barrier that encloses the lumen
is the endothelium composed of a monolayer of endothelial cells (ECs). A subendothelial
extracellular matrix (ECM) is localized right underneath the ECs. The ECM is a network
of macromolecules that offers stability and elasticity for cells and tissue. It is mainly
composed of (glyco)proteins such as collagens, elastin, laminins and tenascins, as well
as proteoglycans and glycosaminoglycans (Karamanos et al., 2021). The tunica media is
the thickest layer and contains vascular smooth muscle cells (VSMCs). VSMCs tightly
regulate the blood flow and pressure by tuning the lumen diameter due to their ability
to contract and to relax through processes of vasoconstriction and vasodilation,
respectively. The tunica externa is the outermost layer which provides protection and

reinforcement for the vessel. It anchors the vessel to surrounding tissues.

Comparing arteries to veins, arteries have a thicker tunica media and additional elastic
laminas. This results in a smaller vessel lumen but a higher blood pressure. Arteries are
estimated to contain only 10 % to 15 % of the total human blood volume (Tucker et al.,
2023). In contrast, veins have a larger lumen and a slower blood flow. Furthermore,
veins are equipped with valves, which are protrusions that prevent the backflow of
blood in locations where blood has to return to the heart against the force of gravity,

such as in the lower limbs.

3.2. Hemostasis

Hemostasis is the physiological process that takes place when a blood vessel is damaged.
Itis the first stage of wound healing that aims to stop bleeding and prevent further blood
loss. This complex mechanism is highly conserved and can be divided into three main
steps: vasoconstriction, primary hemostasis, and secondary hemostasis (Rodrigues et
al., 2018). Vasoconstriction reduces the blood loss by contraction of VSMCs of the tunica
media. The primary hemostasis leads to the adhesion, activation and aggregation of
platelets which form a platelet plug, whereas secondary hemostasis involves the
coagulation cascade and results in the formation of a stable platelet clot. In order to
limit the clotting reaction and to prevent excessive clot formation and occlusion of a

blood vessel, antithrombotic countermeasures can take place (Figure 2).
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A. VASOCONSTRICTION C. ACTIVATION OF CLOTTING FACTORS AND FORMATION
OF FIBRIN
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Figure 2: Steps of hemostasis. (A) Vasoconstriction describes the contraction of VSMCs.
(B) Platelet activation and aggregation during primary hemostasis is initiated by VWF adhesion
to exposed collagen, which then mediates platelet recruitment to the site of injury, followed by
platelet shape change, granule release and platelet aggregation. (C) Activation of clotting factors
and formation of fibrin, as part of secondary hemostasis, includes the release of tissue factor,
phospholipid complex expression, thrombin activation and fibrin polymerization. (D) Clot
resorption, as a process of wound healing, is triggered by fibrinolysis and blocking of the

coagulation cascade by thrombomodulin (from Kumar et al., 2017).

3.2.1. Vasoconstriction

Damage of the vascular endothelium triggers the release of various molecules from
injured cells and surrounding tissue. The first goal is to initiate the contraction of VSMCs,
called vasoconstriction. This will reduce the vessel diameter and limit the blood loss. The
contraction is initiated by local myogenic spasm, nervous reflexes and molecules
secreted from the traumatized tissues, so called vasoconstrictors (Rodrigues et al.,
2018). These include endothelin, which is secreted by ECs upon rupture of the
endothelial monolayer (Davenport et al.,, 2016), and adrenergic agonist such as
epinephrine and norepinephrine (Rickles et al. 1976; Vischer and Wollheim 1997), which
are released after activation of the sympathetic nervous system by pain stimuli.
Additionally, hormones such as angiotensin Il (Nguyen Dinh Cat and Touyz, 2011) or

vasopressin (Mannucci et al., 1977) can also act as vasoconstrictors. During primary
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hemostasis, activated platelets maintain the vasoconstriction by the release of
thromboxane A;, serotonin and platelet-derived growth factor (PDGF) (Berk et al., 1986;
Teller and White, 2009).

3.2.2. Primary hemostasis

Primary hemostasis describes the platelet plug formation at the site of a vascular injury.
When the endothelium is disrupted, the subendothelial extracellular matrix (ECM) is
exposed to the bloodstream. Revealed collagen molecules play a crucial role in the
formation of a platelet plug by serving as an anchor point. Despite the fact that platelets
possess two collagen receptors, the glycoprotein (GP) la/lla (integrin axB1) and GPVI,
they are unable to bind collagen under high shear conditions, which are prevalent at
sites of damaged vessels (Nuyttens et al.,, 2011). To overcome this limitation, they
require a connector for immobilization, provided by von Willebrand Factor (VWF), a
large glycoprotein that circulates in the bloodstream and recognizes collagen molecules
of the ECM even at high shear rates (Fuchs et al., 2010). VWF that is anchored to collagen
experiences a higher shear force that stretches its structure and gives access to its
platelet binding site in its A1 domain (Fu et al., 2017). Platelets adhere to the activated
Al domain of VWF with their GPlba receptor (Ju et al.,, 2015a), which mediates an
outside-in signaling (Zhang et al., 2015), and in subsequent steps an inside-out-signaling
that activates platelet receptor GPIIb/Illa (integrin aubPs). In resting circulating platelets
GPlIb/Illa has a low-affinity, inactive state (Estevez and Du, 2017), but once activated,
integrin-binding proteins, including fibrin (generated during secondary hemostasis) and
VWF (Hantgan et al., 1990; Rosado et al., 2001), can bind via their RGD motifs. Full
platelet activation is achieved after GPllb/Illa interactions at high shear forces (Chen et
al., 2019) that induce strong intracellular calcium increase (Varga-Szabo et al., 2009).
Activated platelets undergo cytoskeleton reorganization and degranulation, resulting in
the release of mediators of vascular tone and platelet activators, such as
thromboxane A;, ADP, serotonin and VWF (Palta et al., 2014). As this process continues,

more platelets and more VWF molecules are recruited and activated.
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3.2.3. Secondary hemostasis

Secondary hemostasis directly follows primary hemostasis but they also temporally
overlap. It results in a stable platelet-fibrin clot that seals the site of injury. To achieve
this, fibrin needs to be converted from its inactive form fibrinogen through cleavage by
the coagulation factor thrombin, which itself requires activation throughout the course
of the coagulation cascade involving a series of coagulation factors (Palta et al., 2014)
(Figure 3). Coagulation factors are proenzymes which need to be proteolytically
activated from their zymogen form in order to continue the downstream signal
transmission. The coagulation factor thrombin is the upstream activator of fibrinogen,
but it needs to be released from its zymogen prothrombin. Two pathways trigger the
generation of thrombin from prothrombin: the intrinsic pathway, which only requires
components present in the blood and the extrinsic pathway, which is triggered by the
release of tissue factor (TF) from extravascular tissue, including smooth muscle cells and

fibroblasts (Mackman et al., 2007).

The intrinsic pathway can be triggered, for example, by a damaged surface which
exposes collagen type | (van der Meijden et al., 2009) or activated platelets (Monroe and
Hoffman, 2006). It involves the stepwise activation of the plasma-located coagulation
factors XII, XI, and IX. Activated factor IX together with activated factor VIII form the
intrinsic tenase complex. In contrast, the extrinsic pathway starts with the release of TF
from disclosed extravascular tissue. TF activates and binds factor VIl to form the extrinsic
tenase complex. The extrinsic and intrinsic tenase complex can trigger the common
pathway, which activates factor X that forms the prothrombinase complex together with
factor V and converts prothrombin to thrombin (Palta et al., 2014). Thrombin
additionally amplifies the clotting reaction by activating coagulation factors XI, VIl and V
(Licari and Kovacic, 2009). However, its main task is to activate fibrin by cleavage of

fibrinogen.

When fibrin is generated from fibrinogen by the extrinsic and intrinsic coagulation
cascades, it can polymerize and form covalent crosslinks with the help of activated
factor XllI (Ariéns et al., 2002). Polymerized and cross-linked fibrin becomes a sticky and

elastic substance providing a mesh for platelets, which can bind fibrin with their
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activated GPIIb/Illa receptor (Rosado et al., 2001). Interconnection between fibrin,

platelets and factor Xl supports formation of an insoluble and dense clot.
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Figure 3: The coagulation cascade of the secondary hemostasis. Coagulation factors are
presented with their number in roman numerals. Activation is indicated by black arrows.
Activated coagulation factors contain the suffix ‘a’. The promotion of a process is indicated by
green dotted arrows, while inhibition is represented by red dotted lines (modified from Opoku
et al. 2019).

3.2.4. Clot resorption

During wound healing, thrombi are degraded to restrict blood clotting and prevent the
onset of pathophysiological thrombi. The process of fibrinolysis, which involves the
proteolytic degradation of fibrin by the key enzyme plasmin, released from its zymogen
form plasminogen, balances fibrin clot formation (Miles et al.,, 2021) (Figure 3).
Moreover, the coagulation cascade can be blocked by thrombomodulin expressed on
the surface of ECs. Thrombomodulin binds thrombin from the circulation and reduces
its potency to generate fibrin (Watanabe-Kusunoki et al., 2020). Furthermore, activated
protein C (APC) is capable of inactivating coagulation factors VIl and V by proteolysis,
thereby counteracting secondary hemostasis (Vehar and Davie, 1980; Walker et al.,

1979). Also VWF fibers can be cleaved into smaller fragments and liberate adhered
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platelets by the cleaving protease ADAMTS13 (a disintegrin and metalloproteinase with

a thrombospondin type 1 motif, member 13) (Crawley et al., 2011).

3.3. Thrombosis

Thrombosis is defined as the formation of a thrombus that impedes the blood flow or
occludes a blood vessel. In both cases, the tissue is undersupplied, which can cause
organ failure. A thrombus can either directly occlude the vessel at the site of its
formation or be torn off and occlude a vessel at a distant site, which is called
thromboembolism. The associated disease and the severity of the thrombosis depend
on its anatomical location. Cardiovascular diseases (CVD), affecting the heart, and
stroke, occurring in the brain, are the most common cause of death worldwide. In 2021,
19.91 million and 7.44 million deaths worldwide were attributed to CVD and stroke,
respectively (Martin et al., 2024). The global prevalence of myocardial infarction (Ml)
was calculated in a meta-analysis including 8 million individuals and resulted in an
occurrence of 9.5 % in individuals >60 years of age and 3.8 % for individuals <60 years of

age (Salari et al., 2023).

3.3.1. Virchow’s Triad

The causes that progressively lead to the development of thrombosis were described in
the Virchow’s Triad (Virchow R, 1856). These three causes are: alterations of the vessel

wall, hemodynamic changes, and hypercoagulability.

Alterations of the vessel wall include endothelial damage, which can be caused by
laceration, but also by atherosclerosis, hypoxia, toxins or inflammation (Sutton et al.,
2014). These circumstances promote EC activation and the release of inflammatory and
procoagulant molecules, such as VWF (Pinsky et al., 1996). A physiological, adequate
activation of ECs is required to maintain vascular homeostasis. However, an excessive
response, termed as endothelial dysfunction, can exacerbate the injury and promote
the development of a pathological condition that favors the development of a

thrombosis.

Hemodynamic changes refer to the disturbance of laminar flow present at branching

vessels and sites of vascular constrictions (Davies, 2009). Constrictions are causes by
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stenoses originating from atherosclerotic plaques or blood clots, and can cause
turbulences and pulsatile or oscillatory flow (Jain, 2022). The changes of the
hemodynamic shear forces promote endothelial dysfunction and particularly
accelerated shear flow promotes the activation of VWF, platelets and clot formation
(Schneider et al., 2007). A deceleration of the blood flow accompanied by the patients
immobility leads to a condition called stasis and is associated with the risk of developing

a venous thromboembolism (VTE) (Cushman, 2007).

Hypercoagulability describes alterations in the composition of the blood coagulation
system, which have a direct influence on the development of clots and thrombi.
Alterations may have genetic causes, but can also result from obesity, cancer, trauma,

pregnancy, advanced age, smoking, or hormones (Smalberg et al., 2011).

3.3.2. Venous and arterial thrombi

Based on the mechanism of thrombus formation, a thrombus can further be
differentiated into an arterial thrombus (white) and a venous thrombus (red) (Mackman,

2008).

Venous thrombi form slowly at locations of stasis, where the blood flow is
deaccelerated. The valves of the veins are a common location where turbulences can
occur, which will harm the regular blood flow. The thrombi are rich of fibrin and red
blood cells caught in the fibrin network leading to a red appearance (Mackman et al.,
2020). The most frequent association with venous thrombi is deep vein thrombosis

(Wolberg et al., 2015).

In contrast, arterial thrombi form at locations of high shear stress, where the blood flow
is accelerated. Vessels with a decreased vessel diameter due to partial occlusion by
stenosis or atherosclerotic lesions are the most common areas of hyper shear reaching
wall shear rates of up to 10,000 s* (Gogia and Neelamegham, 2015). High shear forces
promote a pro-thrombotic microenvironment and the activation of platelets, which lead
to a white appearance of the thrombi. Arterial thrombi are causing Ml and ischemic
stroke when occurring in the heart and brain, respectively. Additionally, atherosclerotic
lesions can promote thrombus formation (Borissoff et al., 2010), also after plaque

rupture, by two mechanisms: (1) ruptured plaques can travel through the vessels and
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cause occlusion at a distant site called embolism; (2) ruptured plaques lead to the
exposure of the subendothelial matrix, which initiates hemostasis and may promote

local thrombus formation (Owens and Mackman, 2012).

3.4. Von Willebrand Factor

Von Willebrand Factor (VWF) is a multimeric, multidomain glycoprotein that is
predominantly found in blood plasma, but also in the endothelium, platelets and
subendothelial tissue. It consists of disulfide-linked monomers that can reach a size of
up to 20,000 kDa (Sadler, 1998). In the periphery, VWF circulates with a concentration
of approx. 10 pg/mL (Borchiellini et al., 1996). It is the key initiator of primary hemostasis
by enabling the immobilization of platelets to exposed subendothelial matrix proteins in
the event of injury. This process promotes platelet activation, aggregation and the

formation of a platelet plug.

3.4.1. Biosynthesis and structure of VWF

Exclusively endothelial cells (ECs) and megakaryocytes, the precursors of platelets,
express the VWF protein (Hollestelle et al., 2001; Jaffe et al., 1973; Nachman and Jaffe,
1975; Sporn et al., 1985). It is secreted after a complex cascade of posttranslational
modifications that lead to the formation of high molecular weight multimers (HMWM).
The VWF gene is encoded in 52 exons on chromosome 12 (12p13.2) and the complete
coding sequence (CDS) of VWF includes 8830 base pairs (Ginsburg et al., 1985). The
synthesized protein consists of 2813 amino acids (aa) that make up the
pre-pro-monomer (Verweij et al., 1986). The first 22 N-terminal aa serve as the signal
peptide (SP) that directs VWF to the membrane of the endoplasmic reticulum (ER),
where it undergoes SP removal (D. T. Bonthron et al., 1986). The pro-VWF monomer
that remains is composed of a 741 aa pro-peptide and a 2050 aa mature VWF monomer
(D. Bonthron et al.,, 1986) that comprises different repetitive domains forming the
following domain structure: D1-D2-D’D3-A1-A2-A3-D4-C1-C2-C3-C4-C5-C6-CK (Zhou et
al., 2012) (Figure 4). Binding sites for platelet receptors GPlba and GPIIb/llla are located
in the A1 domain and the C4 domain, respectively (Mohri et al., 1989; Xu et al., 2019).
VWF harbors different binding sites for different collagen molecules, including the

collagen type | and lll binding site in the A3 domain (Romijn et al., 2001) and collagen
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type IV and VI in the Al domain (Flood et al., 2015; Hoylaerts et al., 1997). The
ADAMTS13 cleavage site is located in the A2 domain (Crawley et al., 2011).

Signal peptide

propeptide «/ mature vVWF monomer N
___________________ ¢

7
SP D1 D'D3 Al A2 Cl|C2|C3|C4|C5|Ch|CK
assembly assembly assembly assembly
furln T

GPlba, collagen collagen GPIIb/llla
type IV, VI type |, Il
factor VI ADAMTS13

Figure 4: Domain structure of the VWF monomer. The VWF monomer consists of an N-terminal
signal peptide (SP) of 22 aa, a pro-peptide of 741 aa, which is cleaved off by furin during
maturation, and the mature VWF monomer. The pro-peptide (blue) consists of the D1 and D2
assembly. Mature VWF monomers consist of the D’D3 assembly (green), the Al, A2 and A3
domains (red), the D4 assembly (purple), six C domains (yellow) and a C-terminal cystine knot
(CK) domain (orange). Binding sites for the platelet receptor GPlba, and collagens IV and VI are
located in Al. The VWF specific protease ADAMTS13 cuts VWF in the A2 domain. Collagen types |
and Il bind to VWF by its A3 domain. An RGD motif is located in the C4 domain to bind the
GPlIb/llla receptor on platelets.

In the ER, VWF is dimerized by cysteine bonds between the C-terminal CK domains in a
'tail-to-tail' manner (Figure 5). The protein disulfide isomerase (PDI) isoform Al
catalyzes this process by forming two intermolecular bonds between Cys2771 and
Cys2773, which are capped by a third covalent bond between Cys2811 of each monomer
(Lippok et al., 2016). Dimers arrange in 'bouquet-like' structure by close association of
the C-terminal region of VWF forming the ‘stem region’ (Zhou et al., 2011). Further
processing of VWF dimers occurs after translocation to the trans-Golgi apparatus. The
pro-peptide, consisting of the D1 and D2 assembly, is the essential catalyzer for VWF
multimerization (Verweij et al., 1987). In an acidic environment with a low pH of 6.2 and
a high Ca?* concentration, the oxidoreductase activity of the pro-peptide is activated
(Mayadas and Wagner, 1989) leading to two additional disulfide bonds between two
D’D3 domains that connect VWF dimers in a ‘head-to-head’ manner in the process of
multimerization (Purvis and Sadler, 2004). A heterogeneous set of multimers with

varying sizes of 2 to 60 dimeric subunits is generated (Lenting et al., 2015). The protease
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furin cleaves the pro-peptide from the mature VWF (van de Ven et al., 1990) but the
pro-peptide remains non-covalently attached to the VWF multimers. For VWF
maturation additional oxidation of thiols are required, which are connected via
intradomain disulfide bonds. VWF is extremely cysteine-rich, containing 234 cysteines
that make up 8.3 % of all aa; a percentage higher than the average of 2.3 % in human
proteins (Miseta and Csutora, 2000). Moreover, VWF is highly glycosylated and contains
16 N- and 10 O-glycosylation sites (Canis et al., 2010; McKinnon et al., 2010). Further
modifications include sialylation and sulfation (Brehm, 2017; Carew et al., 1990; Sodetz

et al., 1977)
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Figure 5: VWF dimerization and multimerization. VWF dimers form in the ER by intermolecular
disulfide bonds between the CK domains of single monomers. Subsequently, multimerization
takes place in the trans-Golgi network (TGN) by covalent disulfide bonds between D’D3 domains

of dimers and multimers.

ECs secrete low molecular weight VWF (LMW-VWF) either basolaterally through a
constitutive pathway (Da Silva and Cutler, 2016) or store multimers as ultra-large VWF
(ULVWEF) in tubules within organelles known as Weibel-Palade bodies (WPBs) (Wagner
et al., 1982). WPBs are rod-shaped granules with a size of approx. 0.1 um in width and
4 um in length (Weibel and Palade, 1964).

Secretion from WPBs occurs predominantly apically via two pathways, the basal
secretion and the regulated secretion (Da Silva and Cutler, 2016). Basal secretion
involves the continuous release of VWF from WPBs to maintain a constant plasma

antigen level of VWF. In contrast, stimulated secretion can be triggered by substances
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(Billaud et al., 2014) such as histamine (Hamilton and Sims, 1987), thrombin (Levine et
al., 1982), epinephrine (Vischer and Wollheim, 1997) or vasopressin (Kaufmann et al.,
2000), resulting in a higher amount of ultra-large VWF being released. This mechanism
facilitates the local recruitment of platelets to the vessel wall in cases of injuries. In
megakaryocytes and platelets VWF is stored in a-granules (Cramer et al., 1985) and

secreted after platelet activation to promote hemostasis (Heijnen et al., 1999).

3.4.2. Function and activity of VWF

VWE fulfills its function in hemostasis via two different mechanisms. On the one hand,
it is the main carrier of factor VIl in the blood circulation. Factor VIII is an important
player in secondary hemostasis and the coagulation cascade. Under physiological
conditions, factor VIl is bound to the D’'D3 assembly of VWF, which shields it from
degradation in the circulation (Shiltagh et al., 2014). When factor VIIl is not bound to
VWE it is more prone to be proteolytically inactivated, which shortens its half-life by a
10- to 20-fold (Koedam et al., 1988). On the other hand, VWF is the key initiator of
primary hemostasis. It circulates in the blood stream and enables the immobilization of

platelets to the vessel wall and induces platelet activation after vessel injury.

3.4.2.1. Shear sensitivity of VWF

VWEF is a mechanosensitive protein, which is capable of stretching and shrinking in
length depending on the force acting on it. Normally, VWF is circulating in a compact,
globular conformation (Zheng et al., 2015), which conceals its binding sites for platelets.
However, when subjected to increased shear forces, it undergoes structural changes
once a certain threshold is exceeded. The shear forces stretch VWF and lead to
unfolding, especially of the A1 domain (Arce et al., 2021). This exposes the binding site
for platelet receptor GPlba in the A1 domain (Miura et al., 2000). Likewise, the exposure
of the ADAMTS13 cleavage site in the A2 domain is regulated by structural unfolding
allowing ADAMTS13 to cleave VWF between aa residues Tyr1605 and Met1606 in the
A2 domain (Crawley et al., 2011). Thus, activation as well as inactivation of VWF are

regulated through shear-dependent mechanisms.
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3.4.2.1. Size of VWF determines its activity

Since VWF is a mechanosensitive protein, its activity is highly dependent on its size which
is determined by the degree of multimerization (Furlan, 1996). As the degree of
multimerization can vary, different VWF sizes range from single dimers, low molecular
weight multimers (LMWM), intermediate molecular weight multimers (IMWM), high
molecular weight multimers (HMWM) and ultra-large molecular weight multimers

(ULMWM) (Stockschlaeder et al., 2014).

In the circulation, VWF exists in a broad range of multimers, with the most prominent
form being HMWM. The plasma levels are maintained by constant secretion from ECs
(Stockschlaeder et al., 2014). Only after cellular stimulation, e.g. in the context of
hemostasis, ECs and platelets can increase VWF plasma levels by secretion of VWF from
WPBs and a-granules, respectively (Nichols et al., 2008). In ECs, VWF is stored in WPB as
ULMWM, but upon secretion, VWF is subjected to shear forces leading to the formation
of VWF strings that are cleaved into HMWM directly at the EC surface by the
VWEF-specific cleavage protease ADAMTS13 (Dong et al., 2002; Fujikawa et al., 2001). On
the one hand, large VWF multimers, such as ULMWM are extensively potent and can
promote the rise of thrombosis as observed in thrombotic thrombocytopenic purpura
(TTP). On the other hand, small VWF multimers, such as LMW multimers, are not capable
of initiating an intact hemostasis, which is the case in von Willebrand disease (VWD)
type 2A (Hassenpflug et al., 2006). Therefore, a tight regulation is necessary to maintain

a balance of potent but non-thrombotic VWF sizes.

3.4.2.2. Adhesion and activation of platelets

VWF’s main function in hemostasis is the initiation of platelet adhesion and activation,
which is necessary for stable platelet clot development. Activation of platelets is a
multi-step process that is highly dependent on calcium signaling and involves sequential
inside-out and outside-in signaling. Initial adhesion of platelets to VWF occurs only after
VWEF is mechanically activated by elevated shear forces, thereby exposing its binding site
for platelet GPlba in the A1 domain (Arce et al., 2021). The following GPIba-Al domain
interaction is reversible and corresponds to platelet adhesion. It exhibits a biphasic

catch-slip bond behavior (Yago et al., 2008). As the shear forces increase, the bond
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lifetime rises due to formation of additional supportive catch bonds. However, if shear
stress reaches a threshold, transition from catch bonds to slip bonds results in a

shortening of bond lifetimes.

The establishment of GPIba-Al domain catch bonds triggers an outside-in signaling by
conformational change of the mechanosensitive domain (MSD) (Zhang et al., 2015) and
leucine-rich repeat domain (LRRD) within the extracellular region of GPlba (Ju et al.,
2015b), which are converted into intracellular signals. This process involves, among
others, the intracellular adapter protein 14-3-3C (Dai et al., 2005), the phosphoinositide
3-kinase (PI13K)/Akt signal pathway (Yin et al., 2008), Nitric oxide synthase (Riba et al.,
2006) leading to Ca?* mobilization from intracellular stores and further to cyclic
guanosine monophosphate (cGMP) generation, mitogen-activated protein (MAP)
kinase/extracellular signal-regulated (ERK) pathway activation and inside-out activation
of the GPllb/llla receptor (Li et al., 2006, 2001). However, this calcium signaling does not
correspond to full platelet activation, but promotes an intermediate state. Likewise, the
GPIIb/Illa receptor switches extracellular domains from an inactive bent conformation
to an intermediate active form, which enhances the affinity for agonist binding (Chen et
al., 2019) (Figure 6). Proteins containing RGD motifs, as for example in VWF C4 domain
or fibrin, are then capable of crosslinking platelets. Full activation of GPllb/Illa and stable
crosslinking is only achieved after binding of agonists to GPIIb/llla and enhanced shear
force that mediates activation of platelets by calcium influx from the extracellular
compartments via store-operated Ca?* entry (SOCE). Blocking of either GPIIb/llla
interaction or Ca?* influx results in defects in irreversible adhesion and aggregation of

platelets (Mazzucato et al., 2002).
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Inactive Intermediate Active

asfBs state
Conformation BC EC EO
Affinity Low Intermediate High
Ligand .
diseaclation Fast Intermediate Slow

Figure 6: Summary of three GPIlb/Illa (ouBs3) states (inactive, intermediate and active). States
are characterized by conformation (BC = bent closed, EC = extended closed and EO = extended
open), affinity (low, intermediate, high) and ligand dissociation rate (fast, intermediate, slow).
Three colors on the integrin Bl and B- propeller domains indicate the three affinity states. (from
Chen et al. 2019).

3.4.2.3. Evaluation of VWF function in laboratory testing

Several methods have been established over the past decades to assess VWF activity in
vitro. Investigation of the multimeric pattern by gel electrophoresis and Western
blotting can indicate qualitative defects due to alterations in multimer size, composition
and degradation products (Ruggeri and Zimmerman, 1980). Binding to collagen
(VWF:CB) and binding to factor VIII (VWF:FVIII) can be measured by ELISA (Roberts and
Flood, 2015). However, binding of VWF to platelets requires activation of VWF and
platelets, which is physiologically obtained by shear forces (Miura et al., 2000).
Alternatively, this activation of VWF can also be achieved chemically by using the
molecule ristocetin (Howard and Firkin, 1971). Ristocetin is an antibiotic that was used
in patients until it was linked to a concentration-depended induction of
thrombocytopenia (Gangarosa et al., 1960). Studies demonstrate that the cationic
charge of ristocetin causes VWF to unfold its tertiary structure, thereby exposing the
platelet GPlba binding site in the A1 domain. (Higgins and Goodwin, 2019). The
ristocetin-induced binding to platelet receptor GPlba (VWF:RCo) can be measured by
ELISA (Vanhoorelbeke et al., 2000) or in light transmission aggregometry (LTA) by the
ristocetin-induced platelet aggregation (RIPA) test. Hereby, ristocetin induces an

agglutination of platelets from platelet-rich plasma (PRP), which is recognized by the
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determination of the liquids turbidity (Alessi et al.,, 2020). More recent studies
developed a ristocetin-independent measurement which relies on hyperactive GPlba
that binds VWF in absence of force or ristocetin activation. This assay determines the
VWEF activity (VWF:Ac) and is commercialized as the Siemens INNOVANCE assay (Patzke
et al., 2014).

To study VWEF activity in a more physiological environment, cone and plate
aggregometry (CPA) or microfluidic flow systems can be used. The CPA test is based on
shear-induced platelet adhesion and activation induced by spinning a cone on a plate.
Staining of aggregates allows the quantification of surface coverage and aggregate size
that provide information on platelet adhesion and activation. Microfluidics mimic a
blood vessel and recreate the existing shear forces (Lehmann et al., 2018). By
fluorescence labeling of platelets the adhesion and aggregation process can be observed

in real-time (Brehm et al., 2014).

3.4.3. Pathogenicity of VWF

Since VWF is the major initiator of hemostasis, any alteration in VWF can cause severe
pathogenicity. Either the VWF gene can be directly affected, most commonly leading to
guantitative or qualitative defects of the VWF protein, resulting in von Willebrand
disease (VWD), or HMWM can accumulate in the blood plasma, due to absence of
ADAMTS13, causing thrombotic thrombocytopenic purpura (TTP). Below, VWF

pathogenicity in hemostasis and thrombosis is presented in more detail.

3.4.3.1. Von Willebrand Disease

Von Willebrand Disease (VWD) is the most common bleeding disorder that affects
approximately 0.6 — 1.3 % of the population worldwide. However, about 1 case per 1000
is estimated to have clinical relevance (Seidizadeh et al., 2023). VWD is a hereditary
disorder that arises from genetic alterations of the VWF gene. Based on the mutation,
VWD can have different pathophysiological consequences and severity of the
symptoms. The patients suffer from impaired hemostasis, which manifests in an
increased tendency to bleed and develop large hematomas and heavy bleedings, often
discovered by severe mucosal bleedings (menorrhagia), frequent nosebleeds, bleeding

after surgeries or dental extractions (Nichols et al., 2008). Based on its underlying
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etiology, VWD is classified in three main types: it is either caused by a quantitative
reduction (type 1), loss of VWF (type 3), or by qualitative defects that compromise its
activity (type 2) (Sadler et al., 2006).

Type 1 is the mildest form which accounts for 55-80 % of all cases (Castaman et al.,
2003). It is characterized by decreased VWF plasma levels of <30-50 % (Patzke and
Schneppenheim, 2010). Thus, type 1 VWD includes a broad range of symptoms ranging
from mild to severe. Markedly, only the amount of VWF is affected, but not the activity

of single VWF molecules or their multimer distribution (Nichols et al., 2008).

If plasma VWF is barely detectable or undetectable in patients, type 3 VWD is diagnosed.
The complete absence of plasmatic VWF protein is often caused by nonsense and
frameshift mutations or also large deletions, splice-site mutations and missense
mutations (Eikenboom, 2001). Type 3 VWD is rare and only accounts for approx. 3-10 %
of patients with VWD (Sadler et al., 2000).

Functional/qualitative defects of VWF result in VWD type 2 and are responsible for
20-40 % of all VWD cases (Sadler et al., 2000). Several subtypes are known which
influence different characteristics of VWF. Subtype 2A is characterized by a loss of
HMWM, either by mutations which impair dimerization or multimerization of VWF
(Schneppenheim & Budde, 2011) or due to mutations which affect the VWF A2 domain
and thus induce increased proteolysis by ADAMTS13 (Nichols et al., 2008).
Loss-of-function (LOF) mutations, which cause a defect in platelet or collagen binding
(Ciavarella et al., 1985), are classified as subtype 2M. They often map in the Al and A3
domain where binding sites for platelets and collagens are harbored (Springer, 2014).
Subtype 2N decreases the affinity of VWF to factor VIII, which results in enhanced
dissociation of factor VIII from VWF (Nishino et al., 1989). Unbound factor VIl is more
susceptible to clearance from the circulation (Koedam et al., 1988) resulting in
decreased plasma levels and thus dysfunctional secondary hemostasis. Subtype 2B
differs from the other subtypes, because it is not caused by LOF mutations, but by GOF
mutations. These occur in the A1 domain and increase the affinity of VWF to bind
platelet GPlba. However, the resulting VWF-platelet-complexes which form

spontaneously are more prone to cleavage by ADAMTS13 and enhanced clearance. This
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causes the contradictory effect that VWF and platelets are removed from the circulation,

leading to thrombocytopenia and a bleeding phenotype (Ruggeri et al., 1980).

Depending on the subtype, the treatment of VWD varies. Patients can be treated with
desmopressin (DDAVP), a synthetic vasopressin analogue which induces the secretion
of VWF from ECs (Schneppenheim, 2011). This treatment is not suitable for type 2B
patients, as the GOF-VWF-platelet-complexes lead to even faster clearance of remaining
VWF and enhanced thrombocytopenia (Lars et al., 1983). Further, the bleeding
management can be carried out by plasma-derived or recombinant VWF concentrates
or antifibrinolytics, like tranexamic acid (Sharma and Flood, 2017), that inhibits plasmin

generation and thus stabilizes clot formation.

A disorder that is similar to VWD is the acquired von Willebrand syndrome (AVWS). It is
characterized by increased degradation or clearance of circulating VWF, which can be
caused by autoimmune antibodies, cancers, drugs or cardiovascular disorders (Franchini
and Mannucci, 2020). For instance, in cardiac valvopathies and left ventricular assist
devices, VWF multimers are sheared by increased mechanical forces, leading to

enhanced proteolysis by ADAMTS13.

3.4.3.2. Role of VWF in thrombosis

Prothrombotic VWF refers to a pathological increase in the amount of VWF or
alterations that enhance its activity, which can elevate the risk of vessel occlusions.
ULMWM describe a very high degree of VWF multimerization and are the most potent
form of VWF when it comes to binding to platelets or the ECM (Sporn et al., 1987). In
the periphery, these ULMWM are immediately stretched due to their large size, which
exposes their A2 domains. Under physiological conditions, the protease ADAMTS13
cleaves the ULMWM into smaller multimers, thereby lowering the activity of VWF
(Stockschlaeder et al., 2014). The absence of ADAMTS13 leads to the accumulation of
ULVWF and to the disorder known as thrombotic thrombocytopenic purpura (TTP)
(Moake et al., 1982). Patients suffer from microangiopathic hemolytic anemia and
thrombocytopenia as a consequence of thrombotic microangiopathies and ischemic
organ dysfunctions (Limmle et al., 2005). One distinguishes between hereditary TTP

(also called Upshaw-Schulman syndrome), caused by genetic mutations of the
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ADAMTS13 gene, and acquired TTP, an autoimmune disease triggered by
autoantibodies against ADAMTS13 (Alwan et al., 2017).

Consistently, low ADAMTS13 levels were associated with an increased risk of myocardial
infarction (Maino et al., 2015) and ischemic stroke (Sonneveld et al., 2015; Zhao et al.,
2009). Also high levels of VWF are present in patients with acute coronary syndrome
(ACS) (Lip and Blann, 1997). Vice versa, reduced levels of VWF observed in VWD patients
reduce the risk of developing cardiovascular diseases (CVD), such as Ml (Seaman et al.,
2015). Also, mice with low VWF levels are protected from stroke (Kleinschnitz et al.,

2009).

Further clinical and epidemical studies indicate that VWF is involved in arterial
thrombosis (Spiel et al.,, 2008) and venous thrombosis (Takahashi et al., 2009).
Dysregulation of VWF highly correlates with the incidence of thrombotic diseases (De
Meyer et al., 2012) and characterizes VWF as risk factor for coronary artery disease
(CAD) (Whincup et al., 2002). Especially at sites of high shear, which are present at sites

of lesions, VWF plays a pivotal role in platelet aggregation (Fredrickson et al., 1998).

3.4.3.3. Gain-of-function variants of VWF with mutations in the C4 domain

Recently, variants causing qualitative changes in the VWF protein were identified to

increase VWF function. These are distinct from the GOF variants observed in VWD 2B.

In 2019, Schneppenheim et al. discovered, that the frequent single nucleotide
polymorphism (SNP) p.Phe2561Tyr (rs35335161) is significantly associated with an
increased risk of recurrent MI in younger individuals, particularly in women under
55 years of age. (Schneppenheim et al., 2019). Carriers of p.Tyr2561 also display a
significantly earlier onset of Ml and a shorter time between the first and second MI. The
affected aa is located in the C4 domain of VWF, the same domain that contains the RGD
motif for platelet GPlIb/llla binding. However, residue 2561 and the RGD sequence are
distant from each other in the C4 domain structure (Xu et al., 2019). By ELISA, the study
further excluded that the binding affinity of VWF to GPIIb/llla is directly affected by the
p.Phe2561Tyr mutation. Nevertheless, a GOF was observed for the variant when
exposed to shear stress in flow experiments. In cone-and-plate aggregometry (CPA), an

increased surface coverage with platelet aggregates was identified in whole blood from



Page |24 Introduction

carriers as well as for the recombinant variant in washed blood. In fluidic microchannels,
the formation of VWF-induced collective networks occurred at lower shear rates when
the recombinant variant was compared to wildtype VWF. In fact, the critical shear rate
was decreased to 50 %, indicating a higher shear sensitivity for this variant (Figure 7).
Structural investigations by circular dichroism (CD) spectroscopy led to the hypothesis
that the tertiary structure of the VWF dimer bouquet is disrupted by the p.Ph2561Tyr
mutation, which could facilitate the stretching of the VWF multimers by reducing the
lower free energy barrier. This would allow for increased exposure of platelet binding

sites in A1 and/or C4 domain, or could enhance VWF self-association.
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Figure 7: VWF-induced collective network formation of rPhe2561 and rTyr2561 VWF at
indicated shear rates. Citrated whole blood was washed and platelets were fluorescently
stained (black dots). Washed blood, including 200,000 platelets/uL, 45 % washed hematocrit
and 10 pg/mL of either recombinant wtVWF (p.Phe2561VWF) or variant p.Tyr2561 was
subjected to various shear rates in the range of 500 — 4,000 st in air-pressure driven microfluidic
channels (Bioflux, San Francisco, California, USA, width: 350 um, height 70 um) coated with
50 ug/mL of the respective variant. Each image represents a composition of 20 sequential
frames of a live-cell fluorescence movie taken at a frequency of 8 frames per second. By
subtracting identical pixels among frames, a color-coded addition of these differential images
from frame 0 (blue) to frame 20 (red) along the color scale, combined with the inverted
gray-scaled background image of the start frame, allows precise detection and motion tracking
of VWF-induced collective networks. The black arrow indicates the flow direction and the scale

bar corresponds to 100 um (Schneppenheim et al., 2019).

Later, in 2022, Huck et al. identified a second GOF variant, which is also located in the
C4 domain, namely p.Pro2555Arg (Huck et al., 2022). Similar to variant p.Phe2561Tyr,

this variant is located at a remote position to the RGD motif and does not directly alter
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the GPlIb/Illa binding. However, distinct from variant p.Phe2561Tyr, the variant
p.Pro2555Arg does not change the shear sensitivity in microfluidic experiments, but

increases the aggregate size (Figure 8).
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Figure 8: Characteristics of VWF-induced collective network formation of wtVWF and
p.Pro2555Arg at indicated shear rates. Citrated whole blood was washed and platelets were
fluorescently stained (black dots). Washed blood, including 200,000 platelets/uL, 45 % washed
hematocrit, and 10 pg/mL of either wtVWF, p.Pro2555Arg (with or without addition of
1.3 pL/mL abciximab [ReoPro, stock concentration: 2 mg/mL; Centocor, now Janssen Biotech
Inc., Horsham, Pennsylvania, US]), or p.Asp2509Glu, was subjected to shear rates in the range
of 500-4,000 s! in air- pressure-driven microfluidic channels (Bioflux, San Francisco, California,
United States; width: 350 um, height: 70 um) coated with 50 pug/mL of either recombinant
WtVWEF, p.Pro2555Arg, or p.Asp2509Glu. Each image represents a composition of 20 sequential
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(Figure legend 8 continued from previous page.) frames of a live-cell fluorescence movie taken
at a frequency of eight frames/sec. By subtracting identical pixels among frames, a color-coded
addition of these differential images from frame 0 (blue) to frame 20 (red) along the color scale,
combined with the inverted gray-scaled background image of the start frame, allows precise
detection and motion tracking of VWF-induced collective networks. Therefore, only moving
networks are displayed in color enabling an exact determination of the critical shear rate. Results
for variant p. Pro2555Arg (upper row), wtVWF (second row), GPllb/llla binding-deficient mutant
p.Asp2509Glu (third row), variant p.Pro2555Arg in presence of abciximab (fourth row) and
wtVWEF in presence of abciximab (bottom row) are shown. The black arrow indicates the flow
direction and corresponds to 100 um. One example out of at least four independent

experiments is shown (Huck et al. 2022).

Application of the GPIIb/llla inhibitor abciximab counteracts the GOF phenotype in
microfluidic experiments, concluding a GPIIb/llla-depended GOF. However, the
VWEF-induced collective network formation, in general, seems to be independent of
GPlIb/Illa, since the GPIl/Illa binding-deficient VWF variant p.Asp2509Glu was capable
of producing aggregates at similar shear rates as the wildtype. CD spectroscopy and
SAXS experiments, revealed that the variant p.Pro2555Arg is affecting the stem
structure within VWF dimers. Further, nuclear magnetic resonance (NMR) spectroscopy
and molecular dynamics (MD) simulations revealed extensive local perturbations and a
backbone flexibility allowing for conformational switching and increased dynamics in the
vicinity of Arg2555. The overall length of subdomain (SD) 2 along its beta sheets is
slightly contracted which may explain the stem structure disturbance. Huck et al.
hypothesized that this offers an increased ‘temporal availability of the RGD domains for

GPlIb/Illa binding, leading to increased VWF-platelet crosslinking’ (Huck et al., 2022).

Interestingly, both variants are located just six aa apart from each other but have distinct
mechanisms. Further studies are needed to determine, why they have different

phenotypes and what exactly is causing the increase in activity.
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4. AIM OF THIS THESIS

This study aimed at investigating the prothrombotic effects of VWF variants and their
potential as thrombotic risk factors. Previous studies by Schneppenheim et al. and Huck
et al. have identified GOF variants p.Phe2561Tyr and p.Pro2555Arg that influence
platelet aggregation in vitro (Huck et al.,, 2022; Schneppenheim et al.,, 2019).
Additionally, variant p.Phe2561Tyr was shown to be associated with an increased
thrombotic potential in vivo. However, the exact mechanisms of these variants’
prothrombotic effects remain unclear. Moreover, it is uncertain whether these are the
only existing GOF variants with this phenotype. In this study, three different approaches
were used to choose variants, which were then recombinantly expressed in HEK293F

cells and subsequently characterized in vitro under static and flow conditions.

In the first approach, patients who underwent coronary angiography or
electrophysiological examination for diagnostic purposes, indicating a cardiovascular or
rhythmic conspicuity, were screened for novel variants by sequencing their C4 domain,

particularly exon 45, because previously described variants are located in this exon.

In the second approach, previously reported SNPs in the C4 domain listed in the Ensembl
database (Hinxton, UK) were selected based on the position in the tertiary structure of

the C4 domain and the extent of chemical alterations, caused by the aa exchange.

In the third approach also homologous C domains of VWF were taken into account by
choosing homologous positions to Phe2561 and Pro2555 in other C domains. The aim
was to investigate whether GOF variants are solely occurring in the C4 domain or if a key
feature in all C domains is responsible for this effect. Additionally, variants were included
in the study which were previously shown to increase aggregate size in cone and plate
aggregometry tests performed in the laboratory of Prof. Dr. Reinhard Schneppenheim
(Department of Pediatric Hematology and Oncology, University Medical Center

Hamburg-Eppendorf (UKE), Hamburg, Germany).

For those recombinant variants with normal secretion and regular multimer pattern, a
characterization of the binding capacity to common interaction partners, such as
collagen type Ill, and platelet receptors GPlba and GPIIb/Illa was performed under static

conditions with specific enzyme-linked immunosorbent assays (ELISA). Moreover,
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platelet agglutination was investigated by light transmission aggregometry (LTA), and
flow experiments were performed by using microfluidic channels to investigate platelet
adhesion and aggregate formation. Furthermore, structure predictions were generated
by Alphafold2-Multimer to gain insight into the impact of GOF variants on the VWF

tertiary structure.

To further elucidate the mechanism underlying the prothrombotic effect of variants
p.Phe2561Tyr and p.Pro2555Arg, they were analyzed in an in vivo mouse model. A
tail-clip assay was performed to characterize hemostatic parameters and a thrombosis

model was performed to investigate the impact of the variants on vessel occlusion.

The development of inhibitory molecules may offer a risk reduction for thromboembolic
events in carriers of VWF GOF variants. To identify such molecules, the C4 domain
movement was studied in MD simulations and small interfering peptides were designed
in silico with the aim of inhibiting the activity of the RGD motif in the C4 domain. The
peptides were tested for their potential to decrease VWF activity and counteract the

VWEF GOF effect.
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5. MATERIAL AND METHODS

5.1. Material

Disposables including reaction tubes, pipet tips and cell culture material were acquired
from Eppendorf AG (Hamburg, Germany), Sarstedt (NUmbrecht, Germany), Greiner Bio
One (Kremsminster, Austria), VWR (Radnor, US) and Nunc (Roskilde, Denmark). For
composition of buffers, solutions and media double-distilled water was used. All

deviations are indicated.

5.1.1. Animals

For this study five to eight-week-old C575BL/6 mice or C575BL/6 VWF-knock-out (KO)
mice were used. Mice were bred in the INSERM Unit 1176 (Le Kremlin Bicétre, France)
animal facility and housing, and experiments were performed under the French

regulations and experimental guidelines of the European Community.

5.1.2. Patient samples

Sodium citrate blood samples of patients from the Medical Clinic for Cardiology,
Angiology and Rhythmology at the Jung-Stilling Diakonie Hospital in Siegen, Germany,
were kindly provided by Prof. Dr. Dursun Gindiz (Head Physician of Cardiology and
Angiology).

5.1.3. Bacteria

For bacterial transformation One Shot™ Mach1l™ T1 Phage-Resistant Chemically

Competent E. coli (Invitrogen™, Thermo Fisher, Waltham, US) were used.

5.1.4. Cell lines

In this study, 293-F cells (Gibco™, ThermoFisher, Waltham, US) were used, further
referred to as HEK293F. This permanent cell line derives from primary embryonal human
kidney and is transformed with sheared human adenovirus type 5 DNA. These
fast-growing cells are adapted to efficiently grow in serum-free medium and produce a

high protein concentrations.



Page | 30 Material and Methods
5.1.5. Instruments
Table 1: List of all used instruments and manufacturers.
Instrument Company (headquarter)

766 Laboratory pH Meter

Axio Observer Microscope

Azure 400 Visible Fluorescent Western
System

Bioflux 200

Biometra P25 Electrophoresis Power Supply
Biometra TAdvanced PCR Thermal Cycler
Capillary Blotter

CELL-DYN Emerald

Centrifuge 5810R

Chrono-Log Model 700 Aggregometer

Dual-cooled vertical electrophoresis
systems, SE 600 Ruby™

EBA 12 Centrifuge

EBA12R Centrifuge
Fluorescence Microscope BZ-9000

FV3000 Confocal Laser Scanning Microscope

Heidolph 3001 series magnetic stirring
hotplate

Heracell™ 150i CO; incubator
Heraeus™ Megafuge 1.0R Centrifuge
Heraeus™ Multifuge™ X3R

Heraeus™ Thermo B20 incubator
Herasafe™ HS Biological Safety Cabinet

HT3 Microtiter Plate Reader Model 12 600

iCycler PCR Thermal Cycler

IKA® KMO 2 basic IKAMAG™ stirrer

Knick Elektronische Messgerate- GmbH &
Co. KG (Berlin, Germany)

Zeiss (Oberkochen, Germany)

Biozym (Hessisch Oldendorf, Germany)

Fluxion Biosciences (Oakland, US)

Analytik Jena GmbH (Jena, Germany)
Analytik Jena GmbH (Jena, Germany)
Apelex (Lisses, France)

Abbott (North Chicago, US)

Eppendorf (Hamburg, Germany)
Chrono-Log Corporation (Havertown, USA)

Cytiva Life Sciences (Marlborough, US)

Hettich (Tuttlingen, Germany)

Hettich (Tuttlingen, Germany)
Keyence (Osaka, Japan)

Olympus (Tokyo, Japan)
Heidolph (Schwabach, Germany)

Thermo Fisher Scientific (Waltham, US)
Heraeus (Hanau, Germany)
Thermo Fisher Scientific (Waltham, US)
Heraeus (Hanau, Germany)
Thermo Fisher Scientific (Waltham, US)

Anthos Labtec Instruments
(Wals-Siezenheim, Austria)

Bio-Rad Laboratories (Hercules, US)

VWR (Radnor, US)
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Instrument

Company (headquarter)

Orbital platform shakers, Innova® 2000

peglab perfect Spin Mini

Pipetboy acu 2

Pipetus

Precision balance 440-45N

Qubit 2.0 Fluorometer

Refrigerated Centrifuge 5910R

Sartorius BP211D Analytical Balance
Sartorius Handy H 120 precision balance
UNIHOOD Incubation hood

Vortex Genie 2

Water bath

Water bath

New Brunswick Scientific Co. Inc. (New York,

us)
VWR (Radnor, US)

Integra Biosciences (Princeton, US)
Hirschmann (Eberstadt, Germany)
Kern (Balingen, Germany)

Thermo Fisher Scientific (Waltham, US)
Eppendorf (Hamburg, Germany)
Sartorius (Gottingen, Germany)
Sartorius (Gottingen, Germany)
UNIEQuip (Munich, Germany)
Scientific Industries (Bohemia, US)
Memmert (Schwabach, Germany)

GFL (Burgwedel, Germany)

5.1.6. Consumables

Table 2: List of used consumables and manufacturers.

Consumable

Company

u-Slide 8 Well
48-well high shear plate (0-200 dynes/cm?)

Amicon® Ultra-15 Centrifugal Filter Unit

Immobilon-P Membran, PVDF, 0.45 um

Millex-HV Filter, 0.45 um

Safety-Multifly® needle, 20G x 3/4", yellow

S-Monovette® Citrate 9NC 0.106 mol/l 3.2 %,

8.2 ml, cap green

Whatman® Gel-Blotting papers GB005

Ibidi (Grafelfing, Germany)
Fluxion Biosciences (Oakland, US)

MerckMillipore Life Sciences (Darmstadt,
Germany)

MerckMillipore Life Sciences (Darmstadet,
Germany)

MerckMillipore Life Sciences (Darmstadt,
Germany)

Sarstedt (NUmbrecht, Germany),

Sarstedt (Nimbrecht, Germany),

GE Healthcare (Chicago, US)
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5.1.7. Chemicals

Table 3: List of all used chemicals and manufacturers.

Chemical Company

Agarose IEF GE Healthcare (Chicago, US)

Agarose LE Biozym (Hessisch Oldendorf, Germany)
Aqua B. Braun (Melsungen, Germany)
Bovine Serum Albumin (BSA) Sigma-Aldrich (St. Louis, US)
Bromophenol Blue Bio-Rad (Hercules, US)

Calcium chloride dihydrate (CacCl; - 2 H,0) Carl Roth (Karlsruhe, Germany)

Carbenicillin disodium salt Carl Roth (Karlsruhe, Germany)
CellTrace™ Calcein Green Thermo Fisher Scientific (Waltham, US)
cOmplete ™, Mini, EDTA-free Protease Roche (Basel, Switzerland)

Inhibitor Cocktail

D(+)-Glucose Carl Roth (Karlsruhe, Germany)
D(+)-Glucose-Monohydrate Merck (Darmstadt, Germany)
Dimethylsulfoxid (DMSO) TH Geyer (Renningen, Germany)

EDTA disodium salt dihydrate VWR (Radnor, US)

Ethanol TH Geyer (Renningen, Germany)

G418 (Geneticin) InvivoGen (San Diego, US)

GeneRuler DNA Ladder Mix Thermo Fisher Scientific (Waltham, US)
Gibco™ DMEM (Dulbecco’s Thermo Fisher Scientific (Waltham, US)

Modified Eagle’s Medium), high glucose,
GlutaMAX™ Supplement

Gibco™ Kanamycin Sulfate Thermo Fisher Scientific (Waltham, US)
Gibco™ Fetal Bovine Serum (FBS) Thermo Fisher Scientific (Waltham, US)
Gibco™ L-Glutamine (200 mM) Thermo Fisher Scientific (Waltham, US)
Gibco™ Opti-MEM™ | Reduced Serum Thermo Fisher Scientific (Waltham, US)

Medium, GlutaMAX™ Supplement
Gibco™ Trypsin-EDTA (0.05 %), phenol red Thermo Fisher Scientific (Waltham, US)

Glycine Sigma-Aldrich (St. Louis, US)
HEPES Biowest (Nuaillé, France)
Human Collagen Type Ill Solution SouthernBiotech (Birmingham, USA)

Hydrochloric acid (HCI) Carl Roth (Karlsruhe, Germany)
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Chemical

Company

Hygromycin B Gold
Invitrogen™ LB Agar (Lennox L Agar)

Invitrogen™ Lipofectamine™ LTX Reagent
with PLUS™ Reagent

Invitrogen™ One Shot™ Mach1™ T1 Phage-
Resistant Chemically Competent E. coli

Invitrogen™ S.0.C. Medium
Invitrogen™ UltraPure™ Tris-Puffer
Isopropanol (2-Propanol)
LB-Medium (Luria/Miller)

Magnesium chloride hexahydrate (MgCl, - 6
H,0)

Paraformaldehyde 20 %
Penicillin-Streptomycin (10,000 U/mL)
Potassium chloride (KCl)

Propionic acid

ROTI®GelStain

Seakem® HTG Agarose

Sodium chlorid (NaCl)

Sodium dihydrogen phosphate dehydrate
(NaH2PO4 -2 HzO)

Sodium hydrogen carbonate (NaHCO;
Sodium Hydroxide (NaOH)

Sulfuric acid 0.5 M

Triton X-100

TriTrack DNA Loading Dye (6X)
Trizma® base

Urea

InvivoGen (San Diego, US)
Thermo Fisher Scientific (Waltham, US)

Thermo Fisher Scientific (Waltham, US)

Thermo Fisher Scientific (Waltham, US)

Thermo Fisher Scientific (Waltham, US)
Thermo Fisher Scientific (Waltham, US)
Carl Roth (Karlsruhe, Germany)
Carl Roth (Karlsruhe, Germany)

Carl Roth (Karlsruhe, Germany)

Electron Microscopy Sciences (Hatfield, US)
Thermo Fisher Scientific (Waltham, US)
Carl Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, US)

Carl Roth (Karlsruhe, Germany)

Lonza (Basel, Switzerland)

Carl Roth (Karlsruhe, Germany)

Merck (Darmstadt, Germany)

Carl Roth (Karlsruhe, Germany)

Merck (Darmstadt, Germany)

TH Geyer (Renningen, Germany)
Sigma-Aldrich (St. Louis, US)

Thermo Fisher Scientific (Waltham, US)
Sigma-Aldrich (St. Louis, US)

Eurobio Scientific (Dorking, UK)
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5.1.8. Buffers and Media

Table 4: Composition of all used buffers and media.

Buffer/Media Composition

50x TAE buffer, pH 8.0 40 mM Tris base
20 mM Acetic acid
50 mM EDTA
pH 8.0

Blocking buffer for ELISA 1% BSA in PBS

Coating buffer for ELISA 5 mM Na,COs3
5 mM NaHCOs
0.75 mM NaNj3;
pH 9.6

DMEM medium for cell culture 500 mL DMEM + Glutamax™
10 % FBS
1x Penicillin-Streptomycin

Electrophoresis buffer for multimer gel 500 mM Tris UltraPure
750 mM Glycine
pH 8.45

HEPES buffer 140 mM NaCl
5 mM KacCl

1 mM MgCl, - 6 H,0
1 mMCICl; - 2 H,0
5 mM D(+)-Glucose
10 mM HEPES

Resuspension buffer Tyrode’s buffer
5 % BSA
pH7.4

Running gel buffer for multimer gel 200 mM Tris UltraPure
100 mM Glycine
0.4 % SDS
pH 9.0

Sample buffer for multimer gel 50 mL stacking gel buffer
54 g Urea
0.1 g Bromophenol Blue
5mL 20 % SDS
Ad 100 mL
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Buffer/Media Composition
Sample buffer for ELISA 5 % BSA in PBS
Serum-free medium for cell culture 1L OptiPRO™ SFM

4 mM L-Glutamine
50 U/mL Penicillin-Streptomycin

Tyrode’s buffer 1.37 mM NacCl
26.83 mM KClI
5.43 mM NaH,PO, - 2 H,;0
50 mM HEPES
27.75 mM Glucose - H,0
pH 6.5

Washing buffer for ELISA 0.1 % BSA in PBS

5.1.9. Peptides

Peptides were synthesized by Proteogenix (Schiltigheim, France). Amino acid sequences

are given in Table 5.

Table 5: List of all peptides. Amino acid sequence is given.

Name Amino acid sequence

Peptide short GSQWASPEN
Peptide long GSQWASPENPCLINE
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5.1.10. Oligonucleotides

Oligonucleotides were purchased from Eurofins Scientific SE (Luxembourg). Name and

sequence are given in Table 6.

Table 6: List of all oligonucleotides. Name and sequences are given.

Name

Sequence (5’-3’)

hVWF_Exon45_ Fwd
hVWF_Exon45_Rev
hVWF_p.Arg2535GIn
hVWF_p.Arg2575Cys

hVWF_p.Arg2575His

hVWF_p.Cys2557Tyr
hVWF_p.Cys2574Arg
hVWF_p.Cys2574Phe
hVWF_p.Glu2525Lys
hVWF_p.Glu2553Lys
hVWF_p.Gly2560Arg
hVWF_p.Gly2560Ser
hVWF_p.Gly2705Arg
hVWF_p.Phe2481Tyr

hVWF_p.Pro2302Arg

hVWF_p.Pro2302Thr

hVWF_p.Pro2373Arg
hVWF_p.Pro2373Ser

hVWF_p.Pro2558Ser_fwd
hVWF_p.Pro2558Ser_rev

hVWF_p.Ser2559Leu
hVWF_p.Ser2559Trp

hVWF_p.Ser2564Arg
hVWF_p.Ser2573Arg
hVWF_p.Trp2521Gly

ACCACCTTCCTGAGAGAAGAGC
AGCCAAAAGTGGAAAGAGAGGC
GCCTCATCAATGAGTGTGTCCAAGTGAAGGAGGAGGTCTTTATAC

CTCAGCGTGCTGCCCAAGCTGTTGCTGTGAGCGCATGGAGGCCT
G

CTCAGCGTGCTGCCCAAGCTGTCACTGTGAGCGCATGGAGGCCT
G

CCCAGCTGGAGGTCCCTGTCTACCCCTCGGGCTTTCAGCTGAG
GACCTCAGCGTGCTGCCCAAGCCGTCGCTGTGAGCGCATGGAG
GACCTCAGCGTGCTGCCCAAGCTTTCGCTGTGAGCGCATGGAG
CGGCTCCCAGTGGGCCTCCCCGAAGAACCCCTGCCTCATCAATG
CGTCTCCTGCCCCCAGCTGAAGGTCCCTGTCTGCCCCTCGGG
GAGGTCCCTGTCTGCCCCTCGCGCTTTCAGCTGAGCTGTAAG
GAGGTCCCTGTCTGCCCCTCGAGCTTTCAGCTGAGCTGTAAG
GAACACAAGTGTCTGGCTGAGAGAGGTAAAATTATGAAAATTCC

GAGGACAGCTGTCGGTCGGGCTACACTTACGTTCTGCATGAAGG
C

GCCCTGCCCCACGGCCAAAGCTCGCACGTGTGGCCTGTGTGAAG
TAG

GCCCTGCCCCACGGCCAAAGCTACCACGTGTGGCCTGTGTGAAGT
AG

GTGCAAAAGAGTGTCCCCACGCTCCTGCCCCCCGCACCGTTTG
GTGCAAAAGAGTGTCCCCATCCTCCTGCCCCCCGCACCGTTTG
GAGGTCCCTGTCTGCTCCTCGGGCTTTCAG
CAGCTGGGGGCAGGAGACGTTCCTTTGTTG
CTGGAGGTCCCTGTCTGCCCCTTGGGCTTTCAGCTGAGCTGTAAG

CCTGGAAGAGTGTCGGCTCCCAGGGGGCCTCCCCGGAGAACCCC
TGC

CTGCCCCTCGGGCTTTCAGCTGCGCTGTAAGACCTCAGCGTGCTG
GACCTCAGCGTGCTGCCCAAGATGTCGCTGTGAGCGCATGG

CCTGGAAGAGTGTCGGCTCCCAGGGGGCCTCCCCGGAGAACCCC
TGC
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Name Sequence (5’-3’)
hVWF_SEQO1 ATGATTCCTGCCACATTTGCCGG
hVWF_SEQOQ2 CCCCCTGCCAGGAGGTAACTGC
hVWF_SEQO3 TTGTTTGTCAATGGTACCGTGACAC
hVWF_SEQ04 CAGACAGATACTTCAACAAGACC
hVWF_SEQO5 ATCTCCTCCCAGCAGCTCATGC
hVWF_SEQ06 GACTTTGTGTGAGTGTGCTGGG
hVWF_SEQ07 AGTGTGTGTCCCCTTGCGCCAGG
hVWF_SEQ08 TTGCCAGGACCACTCCTTCTCC
hVWF_SEQ09 TGCGGCCTGTGTGGGAATTAC
hVWF_SEQ10 CAGCTATGCCGCGGCCTGCGC
hVWF_SEQ11 GCTGCCTGACGCTGTCCTCAG
hVWF_SEQ12 TGGCTGCAACACTTGTGTCTG
hVWF_SEQ13 GGACCGCCACCTGAGCATC
hVWF_SEQ14 TGGTGGACCCCGAGCCATATCTGG
hVWF_SEQ15 ATGCCCACTGCCCTCCAGGG
hVWF_SEQ16 GCCTTTGTGGTGGACATGATGG
hVWF_SEQ17 CCAGCGAGGTCTTGAAATACAC
hVWF_SEQ18 GGATGTGGCGTTCGTCCTGG
hVWF_SEQ19 CAACCTGGTCTACATGGTCACC
hVWF_SEQ20 AGGATTGGCTGGCCCAATGC
hVWF_SEQ21 CAGTATGGAAGCATCACCACC
hVWF_SEQ22 GCCCAGCTACGGATCTTGGCA
hVWF_SEQ23 GTTAAAGTGGAAGAGACCTGT
hVWF_SEQ24 TGGGTGGGAACATGGAAGTC
hVWF_SEQ25 AGTGTCTTGTCCCCGACAGC
hVWF_SEQ26 TGGGGACCATCCCTCCGAAGG
hVWF_SEQ27 AGCTGTGACCTGCCCCCAGTGC
hVWF_SEQ28 GAAGCACCATCTACCCTGTG
hVWF_SEQ29 TCCGAGTGAAGGAGGAGGTC
hVWF_SEQ30 ATAACACAGGTGAATGTTGTGG
hVWF_SEQ31 GAAGAGGGTCACAGGCTGCC
hVWF_SEQ32 CCCATGCAGGTGGCCCTGCAC

mVWF_p.Phe2561Tyr
mVWF_p.Pro2555Arg

CTGTCCCTACCTGTCCCACAGGCTACCAACTGAACTGTGAGACCTC

CTCCTGCCCACAGCTGGCTGTCCGTACCTGTCCCACAGGCTTCCAA

C




mVWF_SEQ24

GTACTCTGCACCCTGATGGAAG
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Name Sequence (5’-3’)
mVWF_SEQOQ1 ATGAACCCTTTCAGGTATGAG
mVWF_SEQQ2 GACCTTTGGCTTTGCGGCCAG
mVWF_SEQQ3 GTCCTGTACTCCTTGAGTATG
mVWF_SEQ04 GCTTCGACAACAGGTACTTC
mVWF_SEQO05B GTCTATTCTGGGAAGACCTG
mVWF_SEQOQ6 CCTGCAACCTGACCTGCCGC
mVWF_SEQQ7 CTACGACCTGGAGTGTATGAG
mVWF_SEQQ8 CAGGAAGCGGGTGACCATCCTG
mVWF_SEQQ9 CGATGGTGGACTCAGCCTGC
mVWF_SEQ10 GAACTTCTGCAGACCTGCGTAG
mVWF_SEQ11 GTGGTAGAGTACCATGATGGC
mVWF_SEQ12 GATGAGATAGTCAGCTACCTC
mVWF_SEQ13 CAGTACCTTTCTGAGCACAG
mVWF_SEQ14 CTCCTCTAGCTTGCCAGAGTC
mVWF_SEQ15 GATGAAGCCCAGCTGAGGATC
mVWF_SEQ16 CAAGCTTACTGGTAGCTGCTC
mVWF_SEQ17 GATGGCACGGTCACCACAGAC
mVWF_SEQ18 GATGGGAACACTAGCTTCTG
mVWF_SEQ19 CAGACCCACCTTTACCTGTG
mVWF_SEQ20 GAGTGCTGTGGAAGGTGCCTG
mVWF_SEQ21 GTTGACCTATGCACGACCTG
mVWF_SEQ22 GATGAACACAAGTGTCTGGCTG
mVWF_SEQ23 GATACACAGACAGGCTCATTC
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5.1.11. Plasmids

For plasmid transfection of HEK293F cells the pIRESneo2 vector, containing the CDS of
different human VWF variants, was used (Table 7). The vector harbors a resistance gene
for carbenicillin for selection of the vector-containing bacteria during cloning and a
resistance gene for the antibiotic G418 for selection of transfected HEK293F cells (Figure

9).

For hydrodynamic injection in VWF knock-out (KO) mice the pLIVE vector with the
incorporated murine VWF gene was used. Kanamycin resistance was used for successful

cloning and amplification of the plasmid (Figure 9).

Table 7: List of all plasmids. Expressed markers and proteins and the used application are given.

Name Marker Expression Application
pIRES neo2 carbenicillin, hVWEF variants, transfection of HEK293F cells
G418 GPIlb
pIRES hygroTO hygromycin B GPllla transfection of HEK293F cells
pLIVE kanamycin mVWF variants hydrodynamic injection in mice
B‘%” %‘9’»' Bglll 8

Mouse AFP Enhancer Il

puUC ori Mouse Minimal Albumin Promoter

MCS
(903-1015)

Amp" PCMV IE

Vs Bgl I (1226)

pIRESneo2

Col E1 53kb IRES

Ints 1
PLIVE® Vector 0"

/ Nhe |

I
2423 - San
Smal
BamH |
Sacl
Sacll
Xho |

MCS

Sph12a17 Intron 2

Kanamycin Resistance Gene
Sma | (1926)

Xhol )
(3042) Xbal [ Polyadenylation Region

(2764) Nde 1 1780

Figure 9: Structure of pIRESneo2 vector (from lifescience-market) and pLIVE vector (from
MirusBio).
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5.1.12. Kit systems and enzymes

Table 8: List of used kits and enzymes. The reference no., purpose and manufacturers are given.

Reference

Kit/Enzyme no Purpose Company

Apyrase from potatoes A6535 platelet isolation Sigma-Aldrich (St. Louis,
us)

BD OptEIA™ TMB 555214 detection of ELISA, BD BioSciences (Franklin

Substrate Reagent Set substrate for HRP Lakes, US)

DAB Substrate Kit, SK-4100 multimer analysis Vector Laboratories

Peroxidase (HRP), with (Newark, US)

Nickel, (3,3'-

diaminobenzidine)

Invitrogen™ PureLink K210011 miniprep Thermo Fisher Scientifics

Quick Plasmid Miniprep (Waltham, US)

Kit

Invitrogen™ Qubit™ Q32853 dsDNA Thermo Fisher Scientifics

dsDNA BR Assay Kits guantitation (Waltham, US)

Phusion™ Site-Directed F542 mutagenesis Thermo Fisher Scientifics

Mutagenesis Kit (Waltham, US)

PrimeSTAR® HS DNA RO10B mutagenesis Takara (Kyoto, Japan)

polymerase

QlAamp DNA Blood Mini 51104 DNA purification QIAGEN (Hilden, Germany)

Kit from whole blood

QIAGEN EndoFree® 12362 maxiprep QIAGEN (Hilden, Germany)

Plasmid Maxi Kit

QIAGEN Plasmid Midi Kit 12143 midiprep QIAGEN (Hilden, Germany)

QuikChange Multi Site- 200514 mutagenesis Agilent Technologies

Directed Mutagenesis Kit

(Santa Clara, US)
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5.1.13. Antibodies

Table 9: List of primary antibodies. Manufacturer, host, application and dilution are given.

Target Manufacturer Host species Application  Dilution
Abciximab Invitrogen™ chimeric human- microfluidics 2.6 pg/mL
(MA5-41766) murine monoclonal

antibody 7E3

CD41-CD61  Antibodies online mouse ELISA 1:1000

complex (ABIN784612)

FLAG-Tag Sigma-Aldrich mouse ELISA 1:2000

(F13165)

PDI abcam (ab2792) mouse IF 1:500

VWEF DAKO (A0082) rabbit ELISA, IF 1:500 or
1:1000

VWEF-HRP DAKO (P0226) rabbit ELISA 1:500

Table 10: List of secondary antibodies. Manufacturer, host, conjugation and dilution are given.

Target Manufacturer Host Conjugation Dilution
Rabbit IgG DAKO (P0448) goat HRP 1:2000
Mouse IgG DAKO (P0447) goat HRP 1:2000
Rabbit IgG Invitrogen™ (A11034) goat Alexa Fluor™ 488 1:5000
Mouse IgG  Invitrogen™ (A11003) goat Alexa Fluor™ 546 1:5000

5.1.14. Software

Image J Software (Wayne Rasband, National Institutes of Health) was used for
preparation of immunofluorescence images and for densitometric analysis of multimer
gels. ZEN Software (Zeiss, Oberkochen) was used in microfluidic experiments to take
images. The PyQtGraph-based custom software Clusterquant developed by Christian
MelR (Dermatology and Venereology, UKE) was used for video analysis and
guantification of platelet aggregates (Moore et al., 2023). Structures were visualized and
investigated by UCSF Chimera, developed by the Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco, with support
from NIH P41-GM103311 (Pettersen et al., 2004). Predictions of the VWF dimer
structure were performed by Alphafold2 and Alphafold2-Multimers (Evans et al., 2022;
Jumper et al.,, 2021) on ColabFold (Mirdita et al., 2022). For visualization of data,
GraphPad Prism 5 (Boston, US) and Microsoft Excel (Redmond, USA) was used.

Mendeley Reference Manager (Elsevier, Amsterdam, NL) was used for citation.
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5.2. Methods
5.2.1. Cell biological methods
5.2.1.1. Culturing cell lines

All cells were cultured in DMEM medium for cell culture at 37 °Cin presence of 5 % COx.
Stably transfected cells were additionally treated with either 500 ug/mL G418
(geneticin) or 250 pg/mL hygromycin B. Passage of the cells was performed when the
cells reached a confluence of 80-100 %. Hence, the medium was removed, and the cells
were washed with sterile PBS (phosphate-buffered saline). To detach the cells from the
flask, 1 mL 0.05 % trypsin-EDTA (ethylenediaminetetraacetic acid) was added for 3 min.
The reaction was stopped with the same amount of culture media. The suspension was
centrifuged at 200 g for 5 min and the supernatant was discarded. The pellet was
resuspended in culture medium and split to the desired ratio for further cultivation. The

remaining cell suspension could be used for subsequent experiments.

5.2.1.2. Plasmid transfection with Lipofectamine LTX

Plasmid transfection was performed with Lipofectamine™. HEK293F cells were seeded

on a cell culture dish in a cell density according to Table 11.

Table 11: Compilation of transfection reagents. The used cell culture dish, cell density, amount

of DNA, PLUS reagent and LTX in Opti-MEM and cell culture medium is given.

Cell culture

dish Cell density DNA PLUS reagent LTX Opti-MEM Medium
8-well 50 000 0.25pug 0.17 uL 0.5uL 12.5uL 250 uL
6-well 500 000 1.6 ug 1uL 3.2uL 80puL 1,2mL
T25 1 500 000 4ug 2,66 uL 8uL 200 uL 5mL

Attachment of the cells was allowed for 24 h. The transfection solution was prepared in
Opti-MEM with addition of plasmid DNA and PLUS reagent and incubated for 5 min at
room temperature (RT). Subsequently, LTX was added and incubated for another
35 min. The transfection suspension was added to the cells with fresh culture medium
and left for 24 h. Cells were washed with PBS and cultured in DMEM medium. These

transiently transfected cells were either used for secretion experiments or stained for
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immunofluorescence imaging. For stable transfection, a treatment with the antibiotic

G418 (500 pg/mL) or hygromycin B (250 pg/mL) for at least 2 weeks was conducted.

5.2.1.3. VWF secretion experiments

Secretion of VWF variants was investigated in transiently transfected HEK293F cells. 24 h
after transfection, cells were washed with PBS and protein secretion was allowed for
24 hin 1.6 mL serum-free medium for cell culture. Protein containing cell supernatant
was collected. PMA-induced secretion was investigated subsequently for 2 h in presence
of 200 ng/mL PMA in 1.6 mL serum-free medium for cell culture. Collected samples were
centrifuged for 5 min at 300 g to remove remaining cells and VWF concentrations were

determined by VWF:Ag ELISA.

5.2.2. Protein biochemical methods
5.2.2.1. Expression of recombinant VWF

Recombinant VWF protein was obtained from stably transfected HEK293F cells. These
cells are cultivated in DMEM medium for cell culture supplemented with
500 pg/mL G418 to ensure the incorporation of the resistance gene and hence the VWF

gene with the variant of interest.

HEK293F cells are seeded on several T-175 flasks and cultured to a confluence of
70-80 %. Medium is discarded, cells are washed with PBS and secretion of VWF into the
serum-free medium for cell culture is allowed for 72 h. The supernatant from several
flasks with the same HEK293F cells are pooled and centrifuged at 300 g for 5 min to
remove residual cells or cell debris from the supernatant. The supernatant is referred to
as unconcentrated VWF sample. For stabilization of the protein 1x cOmplete ™ Mini,

EDTA-free Protease Inhibitor Cocktail was added and samples were stored at -80 °C.

5.2.2.2. Concentration of VWF protein

Unconcentrated VWF samples harvested from cell culture were concentrated via
size-based filtration using Amicon® Ultra 15 mL Centrifugal Filters with a molecular
weight cut-off of 100 kDa. The filtration was conducted through a series of successive
centrifugation steps at 4 °C and 4200 rpm, with the duration gradually increasing from

5 min to 45 min. In this way, unconcentrated VWF samples were concentrated by
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approximately a factor of 100. The sample was dissolved from the Amicon® membrane
by pipetting up and down and transferred to a fresh tube. Centrifugation for 5 min at
4200 rpm was performed to remove any membrane particles or aggregates. The
supernatant was supplemented with 1x cOmplete™ Mini, EDTA-free Protease Inhibitor
Cocktail for stabilization of the protein and concentrated VWF samples were stored

at -80 °C.

5.2.2.3. Dialysis of VWF samples

To clean the VWF samples from any other smaller proteins and molecules present in the
collected cell culture medium, dialysis was performed. A dialysis membrane with a pore
size of 300 kDa was prepared by pre-wetting in double distilled H.O (ddH.0) and rinsing
several times, followed by an incubation for 30 min. Subsequently, 1-2 mL of a VWF
sample was loaded into the dialysis tubing and placed into 4.5 L of 5 mM Tris-HCl pH 8
overnight at 4 °C. Samples were stored at -80 °C and concentration was determined by

VWEF:Ag ELISA.

5.2.2.4. Determination of VWF concentration

To determine the concentration of unconcentrated, concentrated and dialyzed VWF
samples a VWF:Ag ELISA was used. For this, 96-well microtiter plates were coated
overnight at 4 °C with polyclonal rabbit anti-hVWF antibody diluted 1:1000 in coating
buffer. The next day, the wells were washed three times with washing buffer and VWF
samples were added at appropriate dilutions of 1:100-1:400 for unconcentrated and
1:3000-1:12000 for concentrated samples in sample buffer. Noteworthy, standard
plasma was used as reference at a concentration of 0.2 ug/mL and in a stepwise 1:2
dilution series. Samples were allowed to bind for 1 h at 37 °C, followed by three wash
steps. To detect bound VWF, an HRP-conjugated polyclonal rabbit anti-hVWF antibody
diluted 1:2000 in sample buffer was added for 1 h at 37 °C. Subsequent addition of TMB
(3,3',5'5’-tetramethylbenzidine) substrate led to a blue color development within
2-5 min, which was stopped with 0.5 M sulfuric acid. The resulting color change to yellow
was detected with an ELISA plate reader at 450 nm. VWF quantification of the samples

was calculated by regression of the standard dilution series. The VWF:Ag ELISA was
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repeated three times in triplicate with a maximum deviation of 5 % to ensure the correct

VWF concentration.

5.2.2.5. Functional assays

The produced VWF variants were first characterized for their function in vitro. Common
features of VWF, such as binding to the interaction partners collagen type lll or the
platelet receptors GPlba and GPIIb/llla, were investigated under static conditions by
ELISA. For all ELISA common buffers were used as described in Table 4. Each experiment
was conducted in triplicate using samples of the same protein batch, with three
repetitions per experiment. The conduction of ELISAs for variants p.Pro2302Arg/Thr,
p.Pro2373Arg/Ser, p.Phe2481Tyr and p.Tyr2631Phe was supported by bachelor student

Niko Remmert (University of Siegen, Germany).

5.2.2.5.1. Collagen binding ELISA

For the measurement of collagen binding, a 96-well plate was coated with 3 ug/mL
Human Collagen Type Il in PBS overnight at 4 °C, washed three times with washing
buffer and blocked 1 hour with blocking buffer at RT. Subsequently, VWF samples were
incubated in a concentration of 0.75 ng/mL for one hour at RT. After washing three
times, VWF binding to collagen was detected by incubation with a polyclonal anti-hVWF
antibody (1:500) and an HRP-conjugated secondary goat anti-rabbit antibody (1:2000),
each diluted in blocking buffer, for 1h at RT. Catalysis of the HRP substrate TMB was
allowed for 2-5 min and stopped by addition of 0.5 M sulfuric acid. Quantification of the
binding capacity was determined by measuring the optical absorbance at 450 nm in

comparison to a wildtype sample.

5.2.2.5.2. GPlba binding ELISA

Binding of different VWF variants to platelet receptor GPlba was investigated either with
wildtype GPlba fragment in presence of different ristocetin concentrations or with a
GOF GPlba fragment harboring the mutations p.Gly233Val and p.Met239Val (mutant
GPlba-Gly233Val/Met239Val, hereafter abbreviated as mut-GPlba) (Patzke et al., 2014).
First, a 96-well plate was coated with 100 pL/well mouse anti-FLAG monoclonal antibody

clone M2 diluted 1:2000 in PBS and incubated overnight at 4 °C. The next day, the plate
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was washed three times with washing buffer and blocked 1 h with blocking buffer.
FLAG-tagged fragments of the GPlba protein diluted 1:10 in blocking buffer were
allowed to bind for 1 h. Hereby, either GPlba or mut-GPlba fragment was used. After
washing three times, 0.75 pg/mL VWF samples were added in presence of 0.0 mg/mlL,
0.3 mg/mL, 0.6 mg/mL or 1.0 mg/mL ristocetin and incubated for 1 h. For detection, the
washed plate was incubated with a primary polyclonal anti-hVWF antibody (1:500) and
an HRP-conjugated secondary goat anti-rabbit antibody (1:2000), each diluted in
blocking buffer, for 1 h at RT. For detection, HRP substrate TMB was added for 2-5 min
and the reaction was stopped by addition of 0.5 M H,S04. Quantification of the binding
capacity was determined by measuring the optical absorbance at 450 nm in comparison

to a wildtype sample.

5.2.2.5.3. GPIllb/llla binding ELISA

The binding of VWF to the platelet receptor GPllb/llla was performed according to Konig
et al. (Konig et al., 2019). This method relies on HEK293F cells expressing GPllb/Illa after
stable integration of the genes for integrins ayp and Bs. Under physiological conditions,
GPlIb/Illa requires an inside-out signal that results in structural change and activation of
the receptor in order to bind to VWF. The constitutively active mutant with the single
missense mutation p.Thr588Asn incorporated in the integrin Bs mimics the active
conformation of the receptor (Kashiwagi et al., 1999) and is used to measure binding to

VWF without the need of an inside-out signaling.

96-well plates are coated overnight at 4°C with 100 pL/well polyclonal rabbit anti-hVWF
antibody diluted 1:1000 in coating buffer. After three times of washing with washing
buffer, 1 ug/mL VWF samples were incubated for 1h at 37 °C, followed by incubation
with 7.5 - 10° cells/mL in serum-free medium for 1 h at 37 °Cand 5 % CO». Unbound cells
were carefully washed away by washing twice with washing buffer and remaining bound
cells were fixed with 3 % paraformaldehyde in PBS for 10 min at 37 °C. Unspecific biding
sites were blocked with blocking buffer for 1 h at 37 °C. HEK293F cells were detected by
incubation with the mouse anti-CD41-61 primary antibody (1:1000) and goat anti-mouse
HRP-conjugated secondary antibody (1:2000) in blocking buffer for 1 h each. Addition of
HRP substrate TMB allowed colorimetric detection. The reaction was stopped after

2-5min by addition of 0.5 M H,SO4. Quantification of the binding capacity was
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determined by measuring the optical absorbance at 450 nm in comparison to a wildtype

sample.

5.2.2.5.4. Multimer analysis

For multimer analysis of recombinant hVWF, samples were sent to MEDILYS GmbH,

Hamburg, Germany, and were kindly investigated by Dr. Sonja Schneppenheim.

Multimer analysis of murine VWF (mVWF) was performed at the INSERM Unit 1176
(Le Kremlin Bicétre, France) in the Group of Dr. Cécil Denis. The gel was casted with a
running gel, containing 1 % Seakem® HTG Agarose and 1 % Agarose IEF in running gel
buffer, and a stacking gel containing 1 % Seakem® HTG Agarose in stacking gel buffer.
2.5 ug/mL murine plasma samples were prepared in sample buffer, heated to 65 °C for
15 min and centrifuged at 10,000 g for 5 min at RT. Electrophoresis was performed at
57 V for 21 h by using an anode buffer consisting of 1x electrophoresis buffer, and a
cathode buffer containing 0.1 % SDS in 2x electrophoresis buffer. Size-separated
samples were transferred from the gel to a PVDF membrane. The membrane was
preactivated by 5 min incubation in methanol, washed with PBS and assembled into a
‘sandwich’ using Whatman filter papers. Transfer was performed in a capillary blotter
overnight. The membrane was washed with 0.1 % Tween20 in PBS and detected by the
stepwise incubation with 1:7500 rabbit anti-hVWF and 1:2000 HRP-conjugated goat
anti-rabbit antibody in 0.1 % Tween20 in PBS for 2 h at RT on an orbital shaker. The
membrane was washed four times with 0.1 % Tween20 in PBS and once with PBS for
15 min before detection. Bands were visualized by incubation with DAB and stopped by

rinsing with water. Membranes were dried and scanned for digitization.

5.2.2.5.5. Static ADAMTS13 cleavage

ADAMTS13 is a VWF-specific cleavage protease that degrades VWF multimers into
smaller fragments. Efficient degradation depends on VWF structure, especially the
accessibility of the A2 domain. Hence, investigations of the rate of degradation by
ADAMTS13 can not only reflect the multimer state in plasma, but also give a hint to

structural changes in the VWF protein.
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Dialyzed VWF samples with a final concentration of 5 pug/mL were incubated with
500 ng/mL ADAMTS13 in 5 mM Tris-HCI pH 8.0 at 37 °C shaking. 50 pL samples were
collected after 5 h, 24 h and 48 h and mixed with 450 uL stop buffer (25 mM Tris-HCl,
150 mM NaCl, 1 % BSA, 10 mM EDTA pH 7.4). Multimer analysis was performed by

Dr. Sonja Schneppenheim (MEDILYS GmbH, Hamburg, Germany).

5.2.2.6. Immunofluorescence

Immunofluorescence staining was conducted in 8-well ibidi u-Slides. Cells were washed
with PBS, and 3 % PFA in PBS was added to fix the cell membrane and proteins. After
washing with PBS, the cell membranes were permeabilized with 0.1 % Triton™ X-100 in
PBS. The cells were washed again with PBS and 5 % BSA in PBS was added for 1 h to block
unspecific interaction sites. Subsequently, the cells were incubated overnight with
different primary antibodies diluted in PBS under their respective incubation conditions
(see Table 9). After incubation, the cells were washed three times for 5 min with PBS
and incubated with secondary antibodies diluted in PBS for 1 h at RT (see Table 10). Cells
were washed again three times for 5 min with PBS and analyzed with Olympus FV3000
microscope at the UKE Microscopy Imaging Facility (UMIF) (DFG Research Infrastructure;
RI_00489).

5.2.3. Molecular biological methods
5.2.3.1. Quantity and Quality measurement of nucleic acids

The DNA concentration was determined by the Qubit® 2.0 fluorometer using the
Qubit™ dsDNA BR Assay Kit. The working solution containing 198 uL Qubit™ dsDNA BR
Buffer and 1 pL Qubit™ dsDNA BR Reagent (200x) was incubated with 1 uL of DNA

sample and measured in a 0.5 mL tube.

5.2.3.2. Mutagenesis of VWF coding sequence

Mutagenesis of the CDS of hVWF in the pIRES neo2 vector was performed with Phusion
Site-Directed Mutagenesis. Mutagenesis was only successful for variant p.Pro2558Ser.
Forward and reverse primers were designed with a length of approx. 25 bp and the aa

exchange located in the middle of the primer.



Material and Methods Page |49

Remaining desired variants were obtained by mutagenesis with QuikChange Multi
Site-Directed Mutagenesis Kit (Agilent Technologies). One gene-specific forward
mutagenesis primer was designed to induce a single point mutation. These primers had

a length of approx. 40 bp and harbor the mutation in the middle of the primer.

QuikChange Multi Site-Directed Mutagenesis Kit (Agilent Technologies) was similarly

used for mutagenesis of mVWEF in pLIVE vector.

The mutagenesis includes PCR amplification with mutagenesis primers, a Dpnl digestion
and the transformation into MACH1T1 competent E. coli cells for isolation of individual

plasmids.

5.2.3.2.1. PCR with Phusion Site-directed mutagenesis

Each reaction consists of 150 ng template DNA, 200 uM dNTPs, 0.5 uM forward and
reverse primer, and 0.02 U/mL Phusion Hot Start DNA Polymerase in 1x Phusion HF
Buffer. PCR was performed by using initial denaturation at 98 °C for 2 min, followed by
32 cycles of denaturation at 98 °C for 10 sec, annealing at 63 °C for 30 sec, and extension

at 72 °C for 10.5 min. Final extension was performed for 10 min at 72 °C (Table 12).

Table 12: Cycling parameters for mutagenesis with the Phusion Site-directed mutagenesis Kit.

Phase Temperature Time
Initial denaturation 98 °C 2 min
Cycle 32x
Denaturation 98 °C 10 sec
Annealing 63 °C 30 sec
Extension 72°C 10.5 min
Final Extension 72°C 10 min

5.2.3.2.2. PCR with the QuikChange Multi site-directed mutagenesis

Each reaction was set up with 2.5 pL of 10x QuikChange Multi reaction buffer, 1 uL dNTP
mix, 100 ng of the corresponding mutagenic primer, 100 ng plasmid template, 0-0.75 pL
QuikSolution and 0.5 U QuikChange Multi enzyme blend to a total volume of 25 pL.
Mutagenesis of Trp2521 to glycine was only successful after utilizing 1 U PrimeSTAR® HS

DNA polymerase instead of QuikChange Multi enzyme. Amplification was started with
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an initial denaturation at 95 °C for 3 min followed by 40 cycles of 95 °C for 30 sec, 55 °C
for 1 min and 65 °C for 28 min. (Table 13).

Table 13: Cycling parameters for mutagenesis with QuikChange Multi Site-Directed

Mutagenesis Kit.

Phase Temperature Time
Initial denaturation 95°C 3 min
Cycle 40x
Denaturation 95°C 30 sec
Annealing 55 °C 1 min
Extension 65 °C 28 min

5.2.3.2.3. Dpnl digestion

Dpnl digestion was performed to disrupt the methylated template DNA that did not
contain the desired mutation, leaving the newly synthesized, unmethylated DNA strands
intact. According to the manufacturer’s instructions, 1 uL Dpnl was added to 25 pL PCR

product and incubated at 37 °Cfor 1 h.

5.2.3.2.4. Agarose gel electrophoresis

Agarose gels were cast with 1.5 % agarose and 1x ROTI®GelStain in 1x Tris-acetate-EDTA
(TAE) buffer. Samples were mixed with 1xTriTrack DNA Loading Dye. Size distinction was
performed by application of GeneRuler DNA Ladder Mix. The gel was run in 1x TAE buffer
at 120 V for 30 min. Documentation was done with the Azure 400 Fluorescent Western

Blot Imager.

5.2.3.2.5. Sequencing of pIRES neo2 VWF plasmids

For sequencing of the plasmid DNA of human VWF, 32 gene specific primers were
designed to amplify the whole cDNA of VWF. The reaction was prepared with
3 pL sequencing buffer, 1.5 pL Big Dye, 1 pL primer and 500 ng DNA in 20 pL Aqua.
Amplification was started with an initial denaturation at 95 °C for 3 min and 99 cycles of
95 °C for 30 sec, 52 °C for 30 sec and 60 °C for 4 min (Table 14). The amplified product

was sequenced by Florian Oyen (Pediatric Hematology and Oncology, UKE Hamburg).
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Table 14: Cycling parameters for amplification of products for sequencing.

Phase Temperature Time
Initial denaturation 95°C 3 min
Cycle 99x
Denaturation 95°C 30 sec
Annealing 52 °C 30 sec
Extension 60 °C 4 min

5.2.3.3. Sequencing of Exon 45 from patient DNA samples

Blood samples from 522 patients were collected by Prof. Dr. Dursun Glindiz (Head
Physician of Medical Clinic for Cardiology, Angiology and Rhythmology at the
Jung-Stilling Diakonie Hospital in Siegen, Germany). DNA was isolated and exon 45 of
VWF was amplified by PCR. Results were controlled by agarose gel electrophoresis and
Sanger sequencing was performed by Eurofins Scientific SE (Luxembourg) using the

PlateSeq service.

5.2.3.3.1. DNA isolation

DNA was isolated from leukocytes from whole blood samples of collected citrated blood
samples from patients using QlAamp DNA Blood Mini Kit (Qiagen, Hilden) following the
manufacturer’s protocol. Isolation was kindly performed by Katharina Albrecht, Leah
Glowacki and Milena Griitzmann (University of Siegen, Germany). Samples were stored

at-20 °C.

5.2.3.3.2. Polymerase Chain reaction

PCR was set up to sequence exon 45. The binding sites of the forward and reverse
primers are located in the introns at the 5 and 3’ ends of exon 45, respectively. Each
sequence reaction included 25 pL GoTag® G2 Master Mix, 1 mM MgCl,, 100 ng DNA,
10 pmol forward primer, 10 pmol reverse primer ad 50 pL Aqua. PCR was performed by
using an initial denaturation at 95 °C for 5 min, followed by 35 cycles of denaturation at
95 °C for 40 sec, annealing at 65 °C for 30 sec and extension at 72 °C for 1 min. Final

extension was performed for 5 min at 72 °C.

The correct size of PCR products was confirmed using agarose gel electrophoresis as

described in 5.2.3.2.4.
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5.2.3.3.3. PCR purification

PCR products were purified by Exol and FastAp treatment. The reaction included
10 pL PCR product, 3.8 uL Aqua, 0.8 pL FastAP and 0.4 pL Exol and was incubated at

37 °Cfor 45 min. Heat inactivation of the enzymes was performed at 85 °C for 15 min.

5.2.3.3.4. Sequencing of Exon 45

Approximately 15-75 ng of purified PCR product and 20 pmol reverse primer were
diluted in Aqua to a total volume of 17 uL. Samples were sequenced by Eurofins

Scientific SE (Luxembourg) using the PlateSeq service.

5.2.4. Microbiological methods
5.2.4.1. Transformation of MACH1T1 competent E. coli

For transformation 50 pL One Shot™ Mach1™ T1 Phage-Resistant Chemically Competent
E. coli were thawed on ice for 20 min and incubated with 5 L of the plasmid for 30 min
on ice. Heat shock was performed at 42 °C for 30 sec with subsequent incubation for
2 min on ice to allow uptake of the plasmid. The cells were recovered in 250 uL S.O.C.
medium at 37 °Cfor 1 h at 225 rpm, plated on Lysogeny broth (LB) agar plates containing
0.1 mg/mL carbenicillin or 0.1 mg/mL kanamycin and incubated overnight for cultivation

of single colonies.

5.2.4.2. Plasmid isolation

Colonies were picked from agar plates and cultivated overnight in 2 mL LB medium
containing 0.1 mg/mL carbenicillin or 0.1 mg/mL kanamycin for enrichment of the cell
mass. The next day, plasmids were isolated with PureLink™ Quick Plasmid MiniPrep-Kit
according to the manufacturer’s protocol. For higher plasmid yields, E. coli were grown
in 24 mL LB medium or 200 mL LB medium and plasmids were isolated using QIAGEN
Plasmid Plus Midi or Maxi Kit, respectively, according to the manufacturer’s protocol.
Quality and quantity of plasmid yield was evaluated with the Qubit® 2.0 Fluorometer
(see 5.2.3.1).
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5.2.5. Processing of blood samples
5.2.5.1. Platelet Isolation from Buffy coat

Buffy coat samples from healthy donors were collected form the Institute of Transfusion
Medicine (UKE, Hamburg, Germany). Approximately 50 mL Buffy coat from a 500 mL
whole blood donation was obtained. 0.65 U/mL apyrase and Tyrode’s buffer ad 100 mL
was added and centrifuged at 2700 rpm for 15 min at RT with a decreased deceleration
of = 4. The supernatant was discarded without disturbing the platelet-rich layer. The
washing procedure was repeated three times by addition of Tyrode’s buffer ad 100 mL
and apyrase. The apyrase concentration is stepwise halved each wash step to
0.325 U/mL and 0.1625 U/mL. The last wash step contains no apyrase. The washed
platelets are resuspended by addition of resuspension buffer ad 50 mL and centrifuged
at 2700 rpm for 15 min at RT with a decreased deceleration of = 4. The platelet-rich layer
is collected, and platelet concentration is determined using the hematology analyzer
Cell-dyne Emerald of the Department of Pediatric Hematology and Oncology (UKE,

Hamburg, Germany).

5.2.5.2. Platelet Isolation from whole blood donations

Fresh whole blood is collected from healthy donors in sodium citrate tubes with a 20G
gauge needle. After incubation for 30 min at RT the blood is separated into its different
components by centrifugation at 120 g for 15 min at RT with a decreased acceleration
and deceleration to 1 and O, respectively. Platelet-rich plasma is collected and added to
the same volume of Tyrode’s buffer including apyrase in a final concentration of 1 U/mL.
The platelet suspension is centrifuged again at 1200 g for 15 min under the same
centrifugation conditions. The supernatant is discarded, and the platelets are
resuspended in 1 mL Tyrode’s buffer. Staining is performed by addition of CellTrace™
Calcein Green, AM. After incubation for 10 min in the dark, 10 mL Tyrode’s buffer
including 1 U/mL apyrase is added and platelets are pelleted by centrifugation as
described above. The supernatant is discarded, and the platelet pellet is resuspended in
500 pL resuspension buffer. The platelet count is determined by the hematology
analyzer Cell-dyne Emerald of the Department of Pediatric Hematology and Oncology

(UKE, Hamburg, Germany).
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5.2.5.3. Isolation of erythrocytes from full blood donations

Blood is collected and separated in its individual components as described in 5.2.5.2.
After removal of the platelet-rich plasma, the remaining buffy coat is discarded
generously. Remaining erythrocytes are washed with the double volume of HEPES buffer
and centrifuged at 800 g for 15 min. The supernatant is discarded, and three additional
washing steps with HEPES are performed. The isolated erythrocytes are considered as

100 % hematocrit and used in subsequent microfluidic experiments.

5.2.6. Light transmission aggregometry (LTA)

For determination of the adhesion of platelets to different VWF variants and the platelet
agglutination under mechanical shear, light transmission aggregometry (LTA) was used.
300.000/pL isolated platelets from buffy coat, 10 pg/mL VWF and 1 uM CacCl; is solved
in resuspension buffer and analyzed in the light transmission aggregometer. Platelet
agglutination was induced by addition of 0.3 or 0.6 mg/mL ristocetin, and dissolution of
the platelet agglutinates was achieved by addition of 1000 U/mL recombinant
ADAMTS13. Agglutination curves were analyzed for spontaneous agglutination,
maximum agglutination, and agglutinate stability in presence of ADAMTS13. Each

experiment was repeated at least three times including different donor blood samples.

5.2.7. Microfluidic methods

Microfluidic experiments are performed with the BioFlux System. A 48-well plate for
0-200 dyne/cm? is coated with 50 pg/mL of different VWF variants in HEPES buffer at
37 °Cfor 3 h. After rinsing with HEPES buffer, samples are pipetted into the inlet of the
channel. Samples are composed of 45 % hematocrit, 20 ug/mL VWF and 250.000/pL
platelets. A stepwise increase in shear is applied including 10, 20, 40, 60, 80, 100 and
120 dyne/cm?. Platelet adhesion and platelet aggregate formation is observed in real
time with an Axio Observer Microscope by detecting the fluorescence of
calcein-green-labeled platelets at 488 nm in a time series with 8 frames/sec. Detection
of aggregates is performed automatically by using the Clusterquant software provided
by Christian MeR from the Department of Dermatology and Venereology (UKE,

Hamburg, Germany).
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5.2.8. Invivo animal experiments

Animal experiments were conducted at the INSERM Unit 1176 (Le Kremlin Bicétre,
France) in the group of Dr. Cécile Denis according to national guidelines. Experiments
were performed by Dr. Cécile Denis, Dr. Peter Lenting and Eloise Pascal and myself.
| contributed to the handling of the mice, determination of mVWF:Ag and mVWF
multimerization, and performance of the tail-clip assay. Experiments were performed
for VWF GOF variants p.Phe2561Tyr and p.Pro2555Arg. Both aa positions are conserved
in mice. Thus, the same positions were mutated for mVWF as for hVWF. Mutagenesis
was performed as described in 5.2.3.2. To investigate the impact of mMVWF variants in
comparison to wildtype mVWEF in an in vivo model, five to eight-week-old VWF-KO mice
with a C575BL/6 background were used (Denis et al., 1998). Expression of mVWF was
achieved by hydrodynamic injection of a mVWF coding pLIVE vector into the mice’s tail
vein, and confirmed three days after injection by mVWF:Ag ELISA and multimer analysis
(5.2.2.5.4). The impact of VWF variants was investigated on day four. Tail-Clip was
performed to investigate the impact on bleeding events and hemostasis. Impacts on

thrombosis were investigated by induced vessel damage with ferric chloride (FeCls).

5.2.8.1. Hydrodynamic injection

A total volume of 10 % of the body weight, which corresponds to approximately 2 ml,
with 100 pg pLIVE vector containing the mVWF-CDS was injected into the tail vein of the

mice within 5 seconds (Casari et al., 2013). Mice were left under observation for 20 min.

5.2.8.2. Detection of mMVWF:Ag in mouse blood samples

Mouse blood samples were collected on day three. Mice were anesthetized with
isoflurane and approximately 200 uL of blood were taken retrobulbar. 10 % Sodium
citrate was added to the sample as an anticoagulant. Blood samples were centrifuged at

1,500 g for 20 min at RT, and plasma was collected and frozen at -80 °C.

For mVWF:Ag ELISA, 5 pg/mL rabbit anti-hVWF was prepared in a buffer containing
10 mM NaHCOs3 and 50 mM Na,COs at pH 9.6. 50 pL/well and coated onto % well ELISA
plates overnight at 4 °C. The plate was washed four times with 100 uL/well wash buffer

containing 0.1 % tween 20 in PBS and subsequently blocked with 75 puL/well 3 % BSA in
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wash buffer. Samples and murine pooled normal plasma (mPNP) as a standard were
thawed at 37 °C and pipetted at stepwise dilutions of 1:25 to 1:6000 and 1:10 to 1:640,
respectively. After incubation at 37 °C for 2 h, the plate was washed four times with
wash buffer containing 0.1 % tween 20 in PBS und incubated with 50 pL/well
HRP-conjugated rabbit anti-hVWF antibody in a dilution 1:6000 in 0.1 % BSA in PBS.
Establishment of the signal was allowed for 5 min by addition of freshly prepared
BD OptEIA™ TMB Substrate Reagent, according to the manufacturer’s protocol.
Reaction was stopped by addition of 2 N H2SO4 and read in the HT3 Microtiter Plate
Reader Model 12 600 at an absorbance of 450 nm.

5.2.8.3. Tail-clip assay

Tail-clip assays were performed to investigate the general bleeding time and blood loss.
Mice were anesthetized with intraperitoneal injection of 100 pg/g ketamine and
10 pg/g xylazine. 3 mm of the tail was cut off and the injured tails were placed
immediately in 0.9 % sodium citrate. Bleeding time was recorded, and lost blood was
collected for 20 min. After the experiment, the mice were sacrificed by cervical
dislocation. Collected blood samples were centrifuged at 1,500 g for 20 min and the
supernatant was discarded. Erythrocytes were lysed by addition of 10 mL ddH,0 and
vortex to a homogeneous solution. The amount of hemoglobin was determined

colorimetrically by measuring of the absorption at 416 nm.

5.2.8.4. Thrombosis model

In short, C575BL/6 VWF-deficient mice with a VWF-KO were hydrodynamically injected
with the mVWF pLIVE vector (as described in 5.2.8.1). Thrombosis is induced on the right
common carotid artery by ferric chloride. A doppler flow probe connected to a
flowmeter is used to measure the flow of the artery as previously described by Tang et

al. (Tang et al. 2020). A reduction in flow by 90 % is considered as occlusion.

5.2.9. Statistics

Statistics were performed using the one-sided or unpaired two-tailed t-test. Significant
results were obtained with p-values <0.05, marked by one asterisk (*), <0.01, marked by

two asterisks (**) or <0.001, marked by three asterisks (***).
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6. RESULTS
6.1. Identification of novel VWF GOF variants

Previous studies by Schneppenheim et al. and Huck et al. have identified GOF variants
in the C4 domain of VWF that may have a prothrombotic effect, in contrast to the
well-known GOF variants in the A1 domain causing VWD type 2B (Huck et al., 2022;
Schneppenheim et al., 2019). In vitro, these variants, p.Phe2561Tyr and p.Pro2555Arg,
promote the early onset of platelet aggregates at low shear rates and increase platelet
aggregate site, respectively. The occurrence of myocardial infarction (Ml) was previously
shown to correlate with the prevalence of variant p.Phe2561Tyr in patients with
coronary artery disease (CAD). However, the exact prothrombotic mechanism remains

to be unraveled.

To this end, one part of this study aims to identify additional single nucleotide variants
of VWF that could help to narrow down the specific region responsible for the GOF effect
and provide insight into the mode of action of GOF variants. Three different strategies
were pursued to identify novel GOF variants in the VWF stem region composed of
repetitive VWC-domains. The following section outlines the strategies employed and the

resulting variants characterized in this study.

6.1.1. Selection of VWF variants in the C4 domain

To identify novel GOF variants the first approach focused on known SNPs in the C4
domain of human VWEF. Selection was based on the SNP database Ensembl (Hinxton, UK)
and represents rare human SNPs with a mean allele frequency of <0.1. Particularly,
attention was paid to aa exchanges causing a severe change in size or polarity of the side
chain. Since >60 missense mutations are registered for the C4 domain, it was necessary
to restrict the selection. The NMR structure of the C4 domain was used, to assess the
structural environment of the residues (Xu et al., 2019). Residues in different structural
elements of the C4 domain were selected. Two in subdomain (SD) 1 (p.Glu2525Lys,
p.Arg2535GIn, positions shown in Figure 10A) and twelve in SD2 (p.Pro2558Ser,
p.Ser2564Arg, p.Glu2553Lys, p.Cys2557Tyr, p.Ser2559Leu, p.Gly2560Arg, p.Gly2560Ser,
p.Ser2573Arg, p.Cys2574Arg, p.Cys2574Phe, p.Arg2575Cys and p.Arg2575His (positions
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shown in Figure 10B). In total, 14 variants were chosen to be further investigated by this

GD
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Figure 10: NMR structure of VWF C4 domain (A) with close-up of subdomain (SD) 2 (B) (PBD
entry 6FWN). RGD motif (red), published GOF variants (orange), disulfide bonds (yellow) and

selected residues (blue).
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6.1.2. Selection of VWF variants in C domains other than C4

The second approach involved the investigation of variants in C domains of VWF other
than C4. A sequence alignment of all C domains was used to select residues in C1, C2,
C3 and C5, which represent equivalent residues to the two reported GOF variants
p.Phe2561Tyr and p.Pro2555Arg (Figure 11). Based on the sequence alignment the
position Pro2302 in C1 and Pro2373 in C2 were mutated to arginine, homogenously to
variant p.Pro2555Arg. Additionally, one SNP in each of these positions was already
reported in the Ensembl database, but with a different resulting aa. These SNPs
p.Pro2302Thr and p.Pro2373Ser were likewise selected for further investigation. For
position Phe2561 only one matching position was found in the sequence alignment,
which is Phe2481 in the C3 domain. Accordingly, it was mutated to tyrosine.
Interestingly, the matched aa in C5 is not a phenylalanine but a tyrosine in position 2631.
Since the mutation of Phe2561 to tyrosine caused a GOF in the C4 domain, Tyr2631 was

reversely mutated to phenylalanine.

VWFC1 2255 - -------- TQC- |GEDGVQHQF LEAWVPD - - - - - - - HQPCQIC-TCLSGR -2287
VWFC2 2334 - - - - - LPPVPHCERGLQPTLTNPGE--------------- CRPNFTCAC-R-2363
VWFC3 2429 - -------- KVC--VHRSTIYPVGQFW---------- EEGCDVC-TCTDMED2458
VWFC4 2497 - - - --- - - - SACEVVTGS P.SQS SWKSVGSQWASPENPCLIN-ECVRVKE2538
VWEFC5 2578 RM- - - - - - - EAC- -MLNGTVIGPGKTVM- - - - - - - - - IDVCTTC-RCMVQVG2610
VWFC6 2647 - - - - - - - - - TACTIQLRGGQIMTLKRDETL------- QDGCDTHF -CKVNER2681
VWFC1 2288 - - - - - - KVNCTTQPCPTAKAPTCGLCEVARLRQNADQCCPEYECVCDPVSCD2333
VWFC2 2364 - - - - - - KEE----- CKRVSPPSCPPHRLPTLRKT--QCCDEYECACNCVNST2402
VWEFC3 2459 AVMGLRVAQCSQKPCEDS - - - -CRS-GFTYVLHEG-ECCGR--CLP------ 2496
VWEFC4 2539 - - -EV-FIQQRNVSCPQLEVPVCPS-GFQLSCKTS-ACCPS--CRC----- E2577
VWFC5 2611V | SGF-KLECRKTTCNP - - - - - CPL-GYKEENNTG-ECCGR--CLP------ 2646
VWFC6 2682G--EY - FNEKRVTGCPPFDEHKCLAEGGK IMKI PG-TCCDT--CEEP---- - 2722

Figure 11: Sequence alignment of VWF C domains (modified from Zhou et al. 2012). C domains
are indicated in the first column of each row. First and last aa numbers are given at the beginning
and end of each row. The aa are indicated in one-letter-code. RGD sequence for binding of
GPlIb/llla is marked in red. Published GOF variants p.Phe2561Tyr and p.Pro2555Arg are marked

in orange. Matching aa positions are highlighted in yellow.

Additionally, variants in the C5 and C6 domains, which have previously been
pre-analyzed in experiments by our research group, were included for further

investigation. In cone and plate aggregometry (CPA) experiments three variants that
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caused an increase in platelet aggregate size were identified, namely p.Tyr2631Phe and

p.Cys2671Tyr in C5 and p.Gly2705Arg in C6 (Figure 12).

Taken together, 8 variants were selected to be investigated by the second approach.

150,

Figure 12: Cone-and-plate aggregometry of VWF variants. Citrated whole blood was washed
and plasma was replaced with VWF-deficient plasma donated by an adult patient with Type 3
von Willebrand Disease and supplemented with 25 pg/ml of the indicated recombinant VWF
variants. Platelet aggregate size (AS) was determined by the internal software of the ImpactR
CPA device. Mean values £ SEM (standard error of the mean) are shown. Significance was
calculated by one-sided t-test: p =<0.05 (*), <0.01 (**), <0.001 (***) (Experiments performed
by Dr. Ulrike Klemm, Department of Pediatric Hematology and Oncology, UKE, Hamburg,

Germany).

6.1.3. Identification of VWF variants in a patient cohort

In order to identify variants that are directly associated with the risk of developing
myocardial infarction (Ml), the third approach included a patient cohort of 522 patients
with cardiovascular or rhytmic conspicuities, who were hospitalized in the Medical Clinic
for Cardiology, Angiology and Rhythmology at the Jung-Stilling Diakonie Hospital in
Siegen, Germany. Patients were divided into a control group of 236 patients and a
disease group of 286 patients. The disease group is characterized by diagnosis of
coronary artery disease (CAD). For each patient and control patient, genetic variations
including SNPs, deletions, insertions or silent mutations in the exon 45 of VWF were
determined by Sanger sequencing. This allowed to directly correlate genetic variations

with the occurrence and severity of CAD and MI.
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The common SNP p.Phe2561Tyr was found in 35 patients, which results in a prevalence
of 6.7 %. Two out of 35 patients were identified carrying a homozygous p.Phe2561Tyr
mutation. Additionally, a new SNP which results in a silent mutation changing the codon
for the proline at position 2524 from CCG to CCA was identified in one patient. This
patient is male, 42 years old and has neither been diagnosed with CAD nor did he suffer
from MI. As the resulting aa remains unaltered, this patient was included into the
wildtype group and the SNP was not further investigated. Moreover, a SNP which results
in the aa exchange p.Ser2559Trp was found in one patient. The codon is changed from
TCG to TGG. The patient is male, 44 years of age, has been diagnosed with two-vessel
CAD and has experienced one MI. This SNP is listed in the Ensembl database (Hinxton,
UK) with the variant number rs778732929. This SNP was selected to be characterized in

detail in this study.

A detailed evaluation of the patient cohort and the correlation of variants with

myocardial infarction is displayed in the section disease association (6.2).

6.1.4. Characterization of VWF variants

The selection of variants described above is summarized in Table 15. All selected
variants were produced by transfection and expression from HEK293F cells and have
been fully characterized. Secretion from HEK293F cells was investigated by VWF:Ag
ELISA of the supernatant and multimer pattern and ADAMTS13 cleavage by Western
blotting. Binding to common interaction partners, such as, collagen type Il and the
platelet receptors GPIba and GPIIb/llla were quantified by ELISA. Ristocetin-induced
platelet agglutination was measured in light transmission aggregometry (LTA) and
platelet aggregate formation under shear forces was observed in real time by using
immunofluorescence imaging of microfluidic channels. The results for all variants are

subdivided by the type of experiment below.
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Table 15: Selected variants. Location in domain, Ensembl number, chemistry of the initial and

resulting side chain and size difference of the amino acids (aa) are given.

Chemistry of

Chemistry of Size difference of

Domain Variant Ensembl no. initial aa resulting aa aa [g/mol]
C1 p.Pro2302Arg not listed hydrophobic basic +59
C1 p.Pro2302Thr rs1478398589 hydrophobic  nucleophilic +4
C2 p.Pro2373Arg not listed hydrophobic basic +59
C2 p.Pro2373Ser  rs148908677 hydrophobic  nucleophilic -10
C3 p.Phe2481Tyr not listed aromatic aromatic +16
ca p.Glu2525Lys  rs1249655559 acidic basic -1
ca p.Arg2535GIn  rs137987906 basic amid -28
c4 p.Glu2553Lys rs1211095597 acidic basic -1
c4 p.Cys2557Tyr  rs774929265  nucleophilic aromatic +60
ca p.Pro2558Ser rs373158962  hydrophobic  nucleophilic -10
c4 p.Ser2559Leu  rs778732929  nucleophilic  hydrophobic +26
c4 p.Ser2559Trp  rs778732929  nucleophilic aromatic +41
ca p.Gly2560Arg  rs749106300 basic +99
ca p.Gly2560Ser  rs749106300 nucleophilic +30
c4 p.Ser2564Arg  rs767664790  nucleophilic basic +69
ca p.Ser2573Arg  rs192262780  nucleophilic basic +69
ca p.Cys2574Arg rs1475565311 nucleophilic basic +53
c4 p.Cys2574Phe rs1374402576 nucleophilic aromatic +44
c4 p.Arg2575Cys  rs375991463 basic nucleophilic -53
ca p.Arg2575His  rs373321657 basic basic -19
C5 p.Tyr2631Phe not listed aromatic aromatic -16
C5 p.Cys2671Tyr  rs61751303 nucleophilic aromatic +60
(63) p.Gly2705Arg rs7962217 basic +99
6.1.4.1. Secretion of VWF variants from HEK293F cells

Secretion of the VWF variants was studied in vitro by transfection of HEK293F cells with
the pIRES neo2 vector harboring the cDNA of the selected VWF variants. The mutations
were inserted using QuikChange site-directed mutagenesis. Concentration of secreted
variants in the supernatant of transiently transfected HEK293F cells was determined

after 24 h by VWF:Ag ELISA (Figure 13).



Results Page | 63

A
w
o
()]
(o]
b
w
I
£
(=]
=
c
=)
=
[«F]
w}
[«F]
wy
[«F]
2
5
m
o
B 12 - C 12 -
w [V
o o
Yy 2
810 +==-==Fo--p--—p---{-- 1.0 f=----
w [¥T]
I I
g€ 0.8 -1 £ 08
o o
= =
c 0.6 - c 0.6 -
(=] [e]
= 5
5 04 - 5 04 1
2 g
‘g 0.2 A #**x _g 0.2 o ***
© ®
2 00 2 00 -
(<3 > Q
& [y L
& av &5
A & L
& P & ¥
& o &N
R & F
s R S 9

Figure 13: Secretion of VWF variants from HEK293F cells within 24 h. Cells after transient
transfection with the expression vector pIRES coding for indicated VWF variants were grown in
cell culture plates for 24 h. Supernatant was collected and VWF concentrations were determined
by VWF:Ag ELISA. Values are given in relation to the wildtype, which is set to 1 and indicated as
a dotted line. Mean values + SEM are shown. Significance was calculated by one-sided t-test:
p = <0.05 (*), <0.01 (**), <0.001 (***). (A) Variants from approach 1 located in C4. (B) Variants
from approach 2 located in C1, C2, C3, C5, C6. (C) Variant from approach 3 identified in a patient
cohort.
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The optical density (OD) at a wavelength of 450 nm is given in relation to the wildtype,
which was set to 1. As negative control non-transfected HEK293F cells were used, which
do not express the VWF protein. The relative OD of non-transfected HEK293F cells was

9 % and can be regarded as the background signal.

Variants p.Cys2557Tyr and p.Cys2574Arg were barely secreted with a relative
expression of 18.3 % and 17.8 %, respectively. The secretion of variant p.Cys2671Tyr was
significantly reduced to 65 %, indicating a secretion defect. The majority of the
remaining variants displayed secretion that was close to normal. Variants p.Gly2560Arg,

p.Cys2574Phe and p.Arg2575Cys showed a slight but significant decrease of secretion.

Secretion of VWF from HEK293F cells can be induced by different stimulators, such as
the PKC activator phorbol 12-myristate 13-acetate (PMA) (Michaux et al., 2003). If
secretion is not inducible, the expression, post-translational modification, packaging, or
storage of VWF may be impaired, preventing the formation or release of VWF from
pseudo-WPB. Secretion of VWF was stimulated with 200 pg/uL PMA for 2 h and VWF:Ag
levels were determined by ELISA (Figure 14). The values are given in relation to the

secretion of corresponding VWF variants by unstimulated cells.
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Figure 14: Relative change in secretion after treatment with 200 pug/mL PMA for 2h. Cells after
transient transfection with the expression vector pIRES coding for indicated VWF variants were
cultivated for 24 h and stimulated with 200 pg/mL PMA for 2 h. Supernatant was collected and
VWF concentrations were determined by VWF:Ag-ELISA. Values are given in relation to the
wildtype. + SEM are shown. Significance was calculated by unpaired t-test: p = <0.05 (*),
<0.01 (**), <0.001 (***). (A) Variants from approach 1 located in C4. (B) Variants from approach
2 located in C1, C2, C3, C5, C6. (C) Variants from approach 3 identified in a patient cohort.

PMA increased the secretion of wildtype VWF by approximately 20 %. The values for the
non-transfected control were not increased or decreased after PMA treatment and thus
significantly differed from the wildtype. The majority of variants showed increased
secretion by the same factor as the wildtype. However, a significantly reduced
inducibility of secretion was identified for variants p.Arg2535GIn, p.Ser2559Leu
p.Gly2560Arg, p.Ser2564Arg, p.Arg2575Cys and p.Pro2302Thr.
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6.1.4.1.1. Intracellular localization of poorly secreted variants

Since the above-shown results indicate that variants p.Cys2557Tyr and p.Cys2574Arg
are not properly secreted from HEK293F cells, immunofluorescence staining was
performed to investigate their intracellular localization (Figure 15) and to elucidate
whether VWF expression, packaging, or storage is affected. To this end, VWF and protein

disulfide isomerase (PDI), an endoplasmic reticulum (ER) marker protein, were stained.

p.Cys2557Tyr wildtype

p.Cys2574Arg

Figure 15: Immunofluorescence of wildtype VWF and variants p.Cys2557Tyr and p.Cys2574Arg
transiently expressed in HEK293F cells. In transiently transfected HEK293F cells, VWF variants
were stained using rabbit-anti-VWF and goat-anti-rabbit-alexa488 (A,D,G). PDI was detected
employing mouse-anti-PDI and goat-anti-mouse-alexa546 antibody (B,E,H). Z-stacks of
approximately 12 um were imaged with 60x magnification using Olympus FV3000 microscope
at UMIF and merged (C,F,l). Scale bar of 20 um. The experiment was repeated three times and

representative images were chosen.
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Expression of wildtype VWF in HEK293F cells results in the formation of cigar shaped
storage organelles often referred to as of pseudo Weibel-Palade Bodies (WPB) (Hannah
et al., 2002). These are located close to the plasma membrane for fast secretion upon
stimulation. In contrast, PDI is localized in the ER, close to the cell nucleus. There, it
catalyzes the cysteine bond formation of various proteins among them VWF. Hence,
colocalization of VWF and PDI is expected (Lippok et al., 2016), but excessive signals are
rather indicating that VWF is retained in the ER due to defective folding or
posttranslational modification (Rawley et al., 2022). Additionally, a packaging defect is

underlined, if pseudo-WPB structures are absent.

In HEK293F cells transfected with wildtype VWF, pseudo WPBs can be identified close
to the cell surface (Figure 15). These signals do not colocalize with the PDI signal
indicating regular processing and storage of VWF in pseudo-WPBs. Distinct from that,
the two variants p.Cys2557Tyr and p.Cys2574Arg show a granular staining with a strong
colocalization with PDI and no pseudo-WPB formation, suggesting a retention and
accumulation of these variants in the ER. Since only an inadequate amount of protein
could be harvested, variants p.Cys2557Tyr and p.Cys2574Arg had to be excluded from

further protein investigations.

6.1.4.2. Multimer analysis of VWF variants

During VWF synthesis, VWF is arranged into dimers and later multimers, resulting in
multimers varying in size. Thereby, activity correlates with the degree of
multimerization, making HMWM and ULMWM the most potent ones. Hence, the
multimer pattern is an important parameter to characterize VWF activity. Loss of large
multimers is either attributed to an impaired synthesis and secretion, or a reduced
stability and increased susceptibility to protein degradation. However, since HEK293F
do not express ADAMTS13, degradation products only result from digestion by other

proteases that are expressed and secreted by HEK293F cells.

The VWF multimer distribution of recombinant VWF variants is assessed by size
separation using gel electrophoresis, western blotting and immunodetection (Figure

16).
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Figure 16: Multimer pattern of VWF variants expressed by HEK293F cells. Secreted VWF
variants were collected from the supernatant and investigated by size separation employing gel
electrophoresis, western blotting and detection with rabbit-anti-VWF primary (A0082, DAKO)
and goat-anti-rabbit-HRP secondary antibody (P0448, DAKO) performed by Dr. Sonja
Schneppenheim, MEDILYS GmbH. (A) Variants from approach 1 located in C4. (B) Variants from
approach 2 located in C1, C2, C3, C5, C6. (C) Variants from approach 3 identified in a patient

cohort.

The majority of the investigated variants display a multimer distribution which is similar
to the wildtype without loss or degradation of HMWM. In contrast, variant p.Cys2671Tyr

displays a ‘smeary’ multimer pattern and a loss of HMWM that indicate degradation or
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impaired multimerization of VWF. Likewise, but to a lower extend, variant p.Pro2302Thr
displays an increased amount of proteolyzed VWF multimers, which is denoted by the
blurredness surrounding the multimer bands. However, HMWM are still intact. It is
important to note that increased degradation is not a consequence of ADAMTS13
cleavage, since ADAMTS13 is not expressed by HEK293F cells. Due to the loss of HMWM
and the resulting incomparability of variant p.Cys2671Tyr to the wildtype, no further

investigations of this variant were conducted.

Notably, the multimers of variants p.Pro2302Arg, p.Pro2373Arg and p.Pro2373Ser show
a faster running behavior compared to the wildtype whereas variants p.Arg2535GIn and

p.Phe2481Tyr have a slower running behavior.

6.1.4.3. Degradation of VWF variants by ADAMTS13

In circulation, VWF size is regulated by the VWF-specific cleavage protease ADAMTS13.
Increased susceptibility of VWF variants to ADMATS13 can therefore reduce its size and
affect its function. To investigate the proteolysis of VWF variants by ADAMTS13, a static
cleavage assay was performed. ADAMTS13 cleaves VWF between aa residues Tyr1605
and Met1606 in the A2 domain (Crawley et al., 2011) resulting in two uneven sized parts.
Hence, the nascent digested multimers have either a smaller or a bigger size compared
to undigested multimers, with the same degree of multimerization. These bands
surround the main multimer band and are called satellite bands. By measuring their

intensity, the degree of degradation by ADAMTS13 can be quantified.

VWF samples were incubated with a physiological concentration of ADAMTS13 and
multimer patterns are evaluated by multimer analysis. To determine suitable time
periods for ADAMST13 digestion, wildtype VWF samples were collected after 5 h, 24 h
and 48 h incubation with ADAMTS13. The HMWM decrease after 5 h but degradation
stagnates after 24 h (Figure 17). Therefore, multimer patterns of all variants were
investigated after 5 h and 24 h. The intensity of the satellite bands was calculated as
ratio to the intensity of the corresponding multimer band. The ratio is increasing over
time as ADAMTS13 digestion is increasing the amount of proteolyzed protein. Hence, a
ratio of 0 would correspond to no proteolysis, whereas a ratio of 1 states that the

satellite band and the multimer band have the same intensity.



Page |70 Results
ild h s ild h ! ild | ild
. . = = [ wildtype (Of),/ wildtype (5h) | wildtype wildtype
é E.-C'l & g \3 (24h) (48h)
g 8 8 a 2
= = = = =
5 3 3 3 =
N =
’__,_/
| 2 —
I
{;——__
- g s
o — y
- - c:______h“\ ¢
—— ht
" . ; 5
- ) D S
/____/_/_/ __ﬂ_—//. S /
»_______H_H__ L g—"’
- e RN = &
- H/ #_—__'__ﬂ___" I _,/
- k. e, O i—————a\;

Figure 17: Degradation of wildtype VWF by ADAMTS13. 5 pg/pL recombinant wildtype VWF
was incubated with 500 ng/pL recombinant ADAMTS13 at 37 °C shaking. Samples were collected
after 0 h, 5 h, 24 h and 48 h and investigated by size separation by gel electrophoresis, western
blotting and detection with rabbit-anti-VWF primary (A0082, DAKO) and goat-anti-rabbit-HRP
secondary antibody (P0448, DAKO) performed by Dr. Sonja Schneppenheim, MEDILYS GmbH.

Densitometric analysis of lanes was performed with Imagel.

The calculation for each variant was performed for two oligomer bands and the average
is displayed in Figure 18. Degradation by ADAMTS13 was comparable to the wildtype
for the majority investigated variants. Baseline values at 0 h in absence of ADAMTS13
are already high for variant p.Pro2302Thr, probably due to cleavage by other proteases
in the cell culture medium. Moreover, values at 0 h were slightly increased for variants
p.Arg2535GIn, p.Gly2560Arg, p.Gly2560Ser and p.Ser2573Arg, indicating slight
degradation independent of ADAMTS13. The degradation by ADAMTS13 was slightly
decreased for variants p.Arg2535GIn, p.Ser2564Arg p.Pro2373Ser, p.Phe2481Tyr,
p.Tyr2631Phe and p.Ser2559Trp, and slightly increased for variants p.Ser2559Leu and

p.Pro2302Thr.
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Figure 18: ADAMTS13 digestion of recombinant VWF variants. 5 ng/uL VWF variant samples
were digested in presence of 500 ng/uL ADAMTS13 for 0 h, 5 h or 24 h at 37 °C shaking.
Densitometric analysis of bands was performed with Imagel. The ratio of two proteolytic bands
to the corresponding non-proteolyzed band was calculated. Mean values + SEM are shown.
Significance was calculated by one-sided t-test: p = <0.05 (*), <0.01 (**), <0.001 (***).
(A) Variants from approach 1 located in C4. (B) Variants from approach 2 located in C1, C2, C3,
C5, C6. (C) Variant from approach 3 identified in a patient cohort.
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6.1.4.4. Binding capacities of VWF variants under static conditions

Collagens and platelet receptors are the most important interaction partners of VWF.
The effective binding is essential for VWF to fulfill its role in hemostasis. Thereby,
mutations can affect its activity. From a superficial point of view, the introduced point
mutations are not directly located within known binding sites for these interaction
partners. However, the binding affinity could still be affected indirectly by, for example,
structural alteration of domains and tertiary structures or regulatory mechanisms.
Therefore, binding of VWF variants to the most common interaction partners, including

collagen type Ill, and platelet receptors GPIba and GPlIb/llla, was investigated by ELISA.

6.1.4.4.1. Collagen binding of VWF variants

Relative collagen type Il binding, determined by collagen ELISA, was in a normal range
for the majority of investigated variants (Figure 19). However, variant p.Arg2535GIn
displayed a small decrease in collagen type Ill binding of 20 %. In contrast, variants
p.Pro2302Thr, p.Pro2302Arg and p.Pro2373Ser showed an increased collagen type llI
binding by approximately 40-50 %.
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Figure 19: Relative collagen type Il binding determined by Collagen-ELISA. Collagen coated
ELISA plates were incubated with 0.075 pg/uL VWF sample. Binding of VWF was detected with
rabbit-anti-VWF and goat-anti-rabbit-HRP. Values are given in relation to the wildtype, which is
setto 1 and indicated as a dotted line. Mean values + SEM are shown. Significance was calculated
by one-sided t-test: p = <0.05 (*), <0.01 (**), <0.001 (***). (A) Variants from approach 1 located
in C4. (B) Variants from approach 2 located in C1, C2, C3, C5, C6. (C) Variant from approach 3
identified in a patient cohort.
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6.1.4.4.2. GPlba binding of VWF variants

For binding of VWF to GPlba in a physiological context a structural ‘opening’ of the Al
domain of VWF by force is necessary, which is not feasible in an ELISA format. Thus, the
antibiotic ristocetin is used to chemically activate VWF. Ristocetin binds and alters VWF’s
structural features, allowing it to bind to platelet receptor GPlba (Federici et al., 2004).
The antibiotic ristocetin is added in concentrations of 0.0, 0.3, 0.6 and 1.0 mg/mL. The
relative binding to a recombinant GPlba fragment is calculated as ratio to the maximum
activation of wildtype VWF in presence of 1.0 mg/mL ristocetin (Figure 20). In this
standard method, wildtype VWF does not bind effectively to the GPlba fragment in
presence of 0.0 — 0.3 mg/mL ristocetin. In presence of 0.6 and 1 mg/mL ristocetin the
binding increases almost linearly. The variants behaved similar to the wildtype and did
not display an increased binding, as known for VWD type 2B variants like p.lle1309Val
(Schneppenheim et al.,, 2019). However variants p.Pro2558Ser, p.Ser2573Arg,
p.Pro2373Arg, p.P2373Ser and p.Gly2705Arg display a minor significant increase in
binding to GPIba. In contrast, variants p.Arg2535GIn, p.Phe2481Tyr and p.Tyr2631Phe

present a small significant decrease in binding capacity.

A second possibility to investigate VWF binding to GPlba is to use a GOF variant of the
GPlba fragment. This variant harbors two point mutations, p.Gly233Val and
p.Met239Val (mutant GPlba-Gly233Val/Met239Val, hereafter abbreviated mut-GPlba)
which allow binding to VWF without the need of ristocetin or force (Patzke et al., 2014).
In comparison to the wildtype, variant p.Arg2535GIn exhibits a slightly reduced
mut-GPlba binding by approximately 30 % (Figure 21). Significant increase of the binding
was observed for variants p.Pro2558Ser, p.Ser2564Arg, p.Pro2302Arg, p.Pro2302Thr,
p.Pro2373Arg and p.Pro2373Ser by approximately 10-30 %.
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Figure 20: Relative binding to GPlba in presence of ristocetin. Binding of 0.075 pg/uL
recombinant VWF variants to recombinant GPIba fragment in presence of 0.0, 0.3, 0.6 or
1.0 mg/mL ristocetin was detected in an ELISA with rabbit-anti-VWF and goat-anti-rabbit-HRP.
Values are given in relation to the wildtype at 1 pg/ul ristocetin, which is set to 1. Mean
values + SEM are shown. Significance was calculated by one-sided t-test and unpaired t-test:
p = <0.05 (*),<0.01 (**), <0.001 (***). (A, B) Variants from approach 1 located in C4. (C) Variants
from approach 2 located in C1, C2, C3, C5, C6. (D) Variant from approach 3 identified in a patient

cohort.
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Figure 21: Relative mut-GPlba binding. Binding of 0.075 ug/uL recombinant VWF variants to
recombinant mut-GPlba fragment was detected in ELISA with rabbit-anti-VWF and
goat-anti-rabbit-HRP. Values are given in relation to the wildtype, which is set to 1 and indicated
as dotted line. Mean values + SEM are shown. Significance was calculated by one-sided t-test:
p = <0.05 (*), <0.01 (**), <0.001 (***). (A) Variants from approach 1 located in C4. (B) Variants
from approach 2 located in C1, C2, C3, C5, C6. (C) Variant from approach 3 identified in patient

cohort.
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6.1.4.4.3. GPIIb/llla binding of VWF variants

Under physiological conditions GPIIb/Illa is expressed on the surface of platelets and
requires activation by inside-out signaling. To circumvent the need for platelets and to
assess binding of VWF to activated GPlIb/Illa in absence of other platelet receptors, such
as GPlba, a cell-based binding assay in an ELISA format was employed as previously
described (Konig et al.). This assay allows quantification of the binding of GPllb and
GPllla expressing HEK293F cells to a VWF covered surface. To mimic the activated
receptor, missense mutation p.Thr588Asn was inserted into the full-length cDNA of

GPllla (Kashiwagi et al. 1999, Konig et al.).

Without immobilized VWF, binding of GPIIb/Illa-Thr588Asn-HEK293F cells is reduced by
80 %, which corresponds to the background signal (Figure 22). Microscopic examination
of the ELISA plate did not reveal any adherent HEK293F cells (data not shown). Similar
is true, when the experiment is performed with HEK293F cell expressing no
GPllb/Illa-Thr588Asn or the wildtype GPIIb/llla, as previously described (Konig et al.,
2019). In comparison to the wildtype, only variant p.Arg2535GIn showed a significantly
decreased binding by approximately 40 %. The remaining variants have a binding
capacity similar to the wildtype. Additionally, no binding of GPIIb/Illa wildtype to the

variants was observed (data not shown).
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Figure 22: Relative GPIIb/Illa-Thr588Asn binding. Binding of 7.5 - 10* HEK293F cells expressing
GPlIb/Illa-Thr588Asn to 1 pg/uL recombinant VWF variants was detected in ELISA. Binding was
quantified by mouse-anti-CD41/CD61 and goat-anti-mouse-HRP antibody. Values are given in
relation to the wildtype, which is set to 1 and indicated as dotted line. Mean values + SEM are
shown. Significance was calculated by one-sided t-test: p = <0.05 (*), <0.01 (**), <0.001 (***).
(A) Variants from approach 1 located in C4. (B) Variants from approach 2 located in C1, C2, C3,
C5, C6. (C) Variant from approach 3 identified in patient cohort.

6.1.4.5. Shear-dependent platelet binding of VWF variants

Since variants p.Phe2651Tyr and p.Pro2555Arg exhibit normal activity under static
conditions but show their GOF effect in presence of mechanical shear forces,
shear-dependent experiments were performed, including ristocetin-dependent platelet
agglutination in Light Transmission Aggregometry (LTA) and platelet aggregation in the

microfluidic BioFlux system.
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6.1.4.5.1. Ristocetin-dependent platelet agglutination of VWF variants

LTA was used to investigate the activity of VWF variants in presence of shear force.
Hereby, washed platelets and recombinant VWF variants are allowed to bind and
establish VWEF-platelet-complexes, in a stirred solution with a rotation of 1200 rpm. The
formation of VWF-platelet-complexes is quantified by measuring the turbidity of the
solution. A beam of light is directed onto the sample and the transmitted light is
detected by a photocell behind it. While free platelets are evenly distributed in the
solution which then appears cloudy, agglutination of platelets leads to the formation of
clumps that clear the solution. With increasing agglutination, the absorption of light by
the sample decreases and the transmission increases, which is detected by the

photocell.

Under normal circumstances VWF-platelet-complexes are not occurring spontaneously
but need an agonist, which can be accomplished by addition of ristocetin, as described
above. In diagnostics, the VWF:RCo (ristocetin cofactor) of patients plasma is the gold
standard to distinguish VWD 2B from other VWD subtypes, since VWD 2B variants show
agglutination in low-dose ristocetin-induced platelet aggregation (LD-RIPA) (Roberts and
Flood, 2015). In this study, a modified LTA setup was used, which includes washed
platelets without plasma components supplemented with recombinant VWF variants.
The lack of plasma components leads to the establishment of so called agglutinates
composed only of VWF and platelets, which lack the involvement of fibrin and are thus

dissolvable by ADAMTS13 (Letzer et al., 2020).

Different concentrations of ristocetin were applied in the modified LTA to assess the
potency of VWF variants to induce platelet agglutination. In absence of ristocetin none
of the variants induced agglutination of platelets within the first 5 min (Figure 24),
indicating that the GPIba binding activity is not markedly changed. In previous ELISA
experiments (described in 6.1.4.4) a concentration of >0.6 mg/mL ristocetin was found
to induce a strong binding of VWF to GPlba. Hence, first, VWF variants were examined
at a ristocetin concentration of 0.6 mg/mL. Wildtype VWF induced a maximum
agglutination of approximately 86 % after 5 min (Figure 23). All tested variants display

comparable maximum agglutination with values ranging from 70 to 95 %.
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Figure 23: Maximum agglutination of platelets and VWF variants in a modified LTA. 300.000
platelets/uL were stirred with 10 pg/uL VWF variants at 1200 rpm. Agglutination was stimulated
by 0.6 pg/uL ristocetin and quantified after 5 min. Agglutination of wildtype VWF at 86 % is
indicated as a dotted line. Mean values + SEM are shown. (A) Variants from approach 1 located
in C4. (B) Variants from approach 2 located in C1, C2, C3, C5, C6. (C) Variant from approach 3

identified in a patient cohort.

To further reveal if some of the variants exhibit a GOF at a lower ristocetin
concentration, the assay was performed in presence of 0.3 mg/mL ristocetin. The
experimental setup included 5 min observation in the absence of ristocetin, followed by
application of ristocetin and observation of agglutination for 15 min. Subsequently,
1000 ng/uL ADAMTS13 was added to evaluate, if generated agglutinates are resolvable

by proteolytic cleavage (Figure 24).
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Figure 24: VWF-variant-platelet-complex formation and cleavage by ADAMTS13.
300.000 platelets/uL were stirred with 10 pg/uL VWF variants at 1200 rpm. After 5 min,
0.3 pg/ul ristocetin (red arrow) was added and agglutination was observed for 15 min. The
dissolution of agglutinates was investigated by addition of 1000 ng/uL ADAMTS13 at minute 20
(blue arrow). Graphs represent the mean values of 23 replicates. (A, B) Variants from approach 1
located in C4. (C) Variants from approach 2 located in C1, C2, C3, C5, C6. (D) Variant from

approach 3 identified in a patient cohort.

No agglutination was observed for all of the VWF variants in the absence of ristocetin
within the first 5 min. However, low ristocetin concentration of 0.3 pg/uL induced
agglutination in presence of all variants. For wildtype VWF a partial activation and
agglutination was observed with a resulting decrease in turbidity of approximately 60 %.
Agglutinates were resolvable by addition of ADAMTS13, which restored the turbidity to
approximately 80 %. Similar to wildtype VWF, all agglutinates were resolvable by

ADAMTS13. All variants induced agglutination of platelets, but to different extend. A
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stronger agglutination was observed for variants p.Glu2553Lys, p.Pro2558Ser,
p.Ser2559Leu/Trp, p.Ser2564Arg, p.Cys2574Phe, p.Arg2575Cys and p.Gly2705Arg. In
contrast, variants p.Arg2535GIn, p.Arg2575His, p.Pro2302Arg/Thr, p.Pro2373Arg/Ser
and p.Tyr2631 showed a reduced agglutination. All remaining variants had a similar

agglutination as the wildtype VWF.

Average maximum agglutination within 15 min was determined for each variant (Figure
25). Wildtype VWF induced a maximum agglutination of approximately 60 %. In
contrast, significant decrease in agglutination was observed for variants p.Arg2535GlIn,
p.Pro2302Arg and p.Pro2373Ser and significantly increased average agglutination was
observed for variants p.Glu2553Lys, p.Pro2558Ser, p.Ser2559Leu/Trp, p.Ser2564Arg,
p.Cys2574Phe, p.Arg2575Cys and p.Gly2705Arg.
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Figure 25: Maximum agglutination of platelets in presence of VWF variants and 0.3 pg/uL
ristocetin. Values for maximum agglutination within 15 min were quantified for results of
figure 24 in 23 replicates. Mean values * SEM are shown. Significance was calculated by
unpaired t-test p = <0.05 (*), <0.01 (**), <0.001 (***). (A) Variants from approach 1 located in
C4. (B) Variants from approach 2 located in C1, C2, C3, C5, C6. (C) Variant from approach 3

identified in a patient cohort.

Since the average maximum agglutination had a strong deviation for some variants, the
proportion of replicates that show an agglutination of >50 % in comparison to
agglutination of <50 % was calculated (Figure 26). Wildtype VWF induced a strong
agglutination of >50 % in approximately 51 % of replicates. In contrast, the variants
p.Arg2535GIn, p.Pro2302Arg and p.Pro2373Ser only achieved weak agglutination of
<50 % in all replicates. Vice versa, variants p.Glu2553Lys, p.Pro2558Ser, p.Ser2564Arg,
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p.Cys2574Phe, p.Arg2575Cys, p.Gly2705Arg and p.Ser2559Trp induced a strong

agglutination of >50 % in all replicated experiments.

A @ <50 % agglutination W >50 % agglutination
., 100% -
3
8 80% -
o
2 60% 1
(o]
S 40% A
g 20% -
2
“ 0%
@ © & © .E & L & & & O s
N N \ ) Q < (5 < < N N
s 7 P 9 F & T
A R T A I O AP A
S RS VI S U L U, S\ O S A ZA R 4
& & ¥ & B oV oV & &
R Q Q Q Q R W Q Q
B , 100% - C  100% -
g g
3 80% - 8 80% -
a a
2 60% A 2 60% -
(o] o
S 40% S 40% -
§ 20% § 20% -
S 0% “ oy d
< $ @ & e
S & &8 & @ QS ¢ N R
R Ol GRS )
R S A R S
o & ¥ 0 @& Y Y
T Y Y Y Y & o £
Q Q Q ' Q Q Q Q

Figure 26: Frequency of weak or strong agglutination in percentage of replicates of the
modified LTA in presence of 0.3 pg/plL ristocetin. Values for maximum agglutination within
15 min were quantified from results of figure 24 in 23 replicates. Percentage of replicates in
which strong agglutination of >50 % (green) or weak agglutination of <50 % (red) occurred, is
given in percent [%]. (A) Variants from approach 1 located in C4. (B) Variants from approach 2
located in C1, C2, C3, C5, C6. (C) Variant from approach 3 identified in a patient cohort.

6.1.4.6. Formation of VWF-platelet collective networks by VWF variants

Next, variants were tested for their capacity to induce VWF-platelet collective network
formation in a microfluidic channel. Washed platelets were stained with calcein-green
and mixed with 20 pg/uL recombinant VWF variants and washed erythrocytes to a

hematocrit of 45 %. The solution was perfused over a VWF variant coated surface
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mimicking a vessel, with injury endothelium and adhered VWF. The pressure was
increased from 10 dyne/cm? to 100 dyne/cm? every minute and platelet adhesion and
VWEF-induced collective network formation was observed by taking consecutive images
at 8 frames/second. Each frame has a size of 330,000 um?2. The number and size of

aggregates for each frame was quantified.

Already in the beginning of the experiment single platelets were immobilized by
wildtype VWF and decorated the surface (Figure 27). At shear stress of 40 dyne/cm? first
platelet-decorated stretched VWF fibers can be identified in presence of wildtype VWF.
Subsequently, platelets and VWF form aggregates, which are characterized as collective
networks that roll along the surface, so called VWF-induced collective networks or
‘rolling aggregates’ (Huck et al., 2022; Schneppenheim et al., 2019). Hence, the critical
shear rate for aggregate formation was determined as 60 dyne/cm?. The number of
aggregates increases slightly to 20 aggregates per frame at a shear stress of 80 dyne/cm?
and remained stable up to a shear stress of 100 dyne/cm? (Figure 28). Aggregate size

increased to a maximum of 1400 um?2.

Taking a closer look at the variants in the C4 domain, only variant p.Arg2535GIn failed
to induce the formation of aggregates (Figure 27 - Figure 30, variants sorted by position).
Variants p.Glu2525Lys, p.Gly2560Ser, p.Ser2573Arg and p.Arg2575His behaved similar
to the wildtype with an onset of rolling aggregate formation at 60-80 dyne/cm?.
However, variants p.Pro2558Ser, p.Ser2559Leu, p.Gly2560Arg, p.Ser2564Arg,
p.Cys2574Phe and p.Arg2575Cys displayed a significantly increased shear sensitivity by
initiation of collective network formation already at 20-40 dyne/cm?. These variants
have a similar phenotype as the published variant p.Phe2561Tyr, since 40 dyne/cm?
corresponds to 2000 s? (Schneppenheim et al., 2019). However, aggregation of GOF
variants decreases slightly at higher shear rates, which is significant for variants
p.Gly2560Arg and p.Pro2558Ser. In contrast, variant p.Glu2553Lys needs the same
critical shear stress for aggregate formation as the wildtype, but at higher shear stress
of 100 dyne/cm? the aggregate size was increased. This phenotype is similar to variant

p.Pro2555Arg but to a lesser extent.

Investigated variants located in C1 and C2 lost their activity and either failed to induce

platelet aggregation, as observed for variants p.Pro2302Thr and p.Pro2373Ser, or less
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aggregates were formed only at higher shear stress (Figure 31 - Figure 32). Variants in
C3 and C5, namely p.Phe2481Tyr and p.Tyr2631Phe showed a similar aggregate
formation as the wildtype. In contrast, variant p.Gly2705Arg, located in the C6 domain,
showed a higher shear sensitivity with onset of aggregation at 40 dyne/cm? and an

increased average aggregate size of 1800 um? compared to the wildtype with 1400 um?.

Variant p.Ser2559Trp, which was identified in the patient cohort, also displays GOF
characteristics. The critical shear stress necessary for platelet aggregation is decreased

to 40 dyne/cm? (Figure 33) whereas aggregate size in comparable to wildtype VWF.

20 dyne/cm? 40dyne/cm? 60 dyne/cm? 80 dyne/cm? 100 dyne/cm?

p:Glu2525Lys

p.Arg2535Gin -

p.Glu2553Lys

p.Pro2558Ser

p-Ser2559Leu

100 ym,
Figure 27: Representative immunfluorescence images of the formation of VWF-platelet
collective networks by wildtype VWF and variants p.Glu2525Lys, p.Arg2535GIn, p.Glu2553Lys,
p.Pro2558Ser and p.Ser2559Leu at indicated shear stress. A HEPES buffered solution of 250,000
washed and calcein-green stained platelets/uL and 20 pg/mL VWF variants with a hematocrit of
45 % was perfused over a VWF variant coated surface. Shear stress was increased stepwise from
10-100 dyne/cm? and platelet adhesion and aggregate formation were observed for 1 min each.

Scale bar of 100 um.
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Figure 28: Quantification of the formation of VWF-platelet collective networks by wildtype
VWEF and variants at indicated shear stress. Average aggregate number per 330,000 um? and
average aggregate size for aggregates >700 um? from all replicates of the experiments
exemplified in figure 27 were calculated for 10, 20, 40, 60, 80 and 100 dyne/cmZ
Mean values + SEM are shown. Significance was calculated by unpaired t-test p = <0.05 (*),
<0.01 (**), <0.001 (***).
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Figure 29: Representative immunofluorescence images of the formation of VWF-platelet

collective network by wildtype VWF and variants p.Gly2560Arg/Ser, p.Ser2564Arg,
p.Ser2573Arg, p.Cys2574Phe and p.Arg2575Cys/His at indicated shear stress. A HEPES buffered
solution of 250,000 washed and calcein-green stained platelets/ulL and 20 pg/mL VWF variants

with a hematocrit of 45 % was perfused over a VWF variant coated surface. Shear stress was

increased stepwise from 10-100 dyne/cm? and platelet adhesion and aggregate formation were

observed for 1 min each. Scale bar of 100 um.
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Figure 30: Quantification of the formation of VWF-platelet collective networks by wildtype

VWF and variants at indicated shear stress. Average aggregate number per 330,000 um? and

average aggregate size for aggregates >700 um? from all replicates of the experiments
exemplified in figure 29 were calculated for 10, 20, 40, 60, 80 and 100 dyne/cmZ

Mean values + SEM are shown. Significance was calculated by unpaired t-test p = <0.05 (*),
<0.01 (**), <0.001 (***).
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Figure 31: Representative immunofluorescence images of the formation of VWF-platelet
collective network by wildtype VWF and variants p.Pro2302Arg/Thr, p.Pro2373Arg/Ser,
p.Phe2481Tyr, p.Tyr2631Phe and p.Gly2705Arg at indicated shear stress. A HEPES buffered
solution of 250,000 washed and calcein-green stained platelets/uL and 20 pg/mL VWF variants
with a hematocrit of 45 % was perfused over a VWF variant coated surface. Shear stress was
increased stepwise from 10-100 dyne/cm? and platelet adhesion and aggregate formation were

observed for 1 min each. Scale bar of 100 um.
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Figure 32: Quantification of the formation of VWF-platelet collective networks by wildtype

VWEF and variants at indicated shear stress. Average aggregate number per 330,000 um? and

average aggregate size for aggregates >700 um? from all replicates of the experiments

exemplified in figure 31 were calculated for 10, 20, 40, 60, 80 and 100 dyne/cmZ

Mean values = SEM are shown. Significance was calculated by unpaired t-test p = <0.05 (*),

<0.01 (**), <0.001 (***).
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Figure 33: Formation of VWF-platelet collective network by wildtype VWF and variant
p.Ser2559Trp at indicated shear stress. (A) A HEPES buffered solution of 250,000 washed and
calcein-green stained platelets/uL and 20 pg/mL VWF variants with a hematocrit of 45 % was
perfused over a VWF variant coated surface. Shear stress was increased stepwise from
10-100 dyne/cm? and platelet adhesion and aggregate formation were observed for 1 min each.
Scale bar of 100 um. (B) Average aggregate number per 330,000 um? and average aggregate size
for aggregates >700 um? were calculated for 10, 20, 40, 60, 80 and 100 dyne/cm?.
Mean values + SEM are shown. Significance was calculated by unpaired t-test p = <0.05 (*),
<0.01 (**), <0.001 (***).

6.1.4.7. Role of GPlIb/llla in the activity of gain-of-function variants

For those variants that displayed an increased shear sensitivity in the microfluidic setup,
further experiments were performed to investigate the role of GPlIb/Illa in the GOF
effect. The GPIIb/llla inhibitor abciximab was added in a concentration of 2.6 ug/mL to
washed and stained platelets, washed erythrocytes, and 20 pg/uL recombinant VWF
variants in the same microfluidic assay described above. In presence of wildtype VWF,
abciximab resulted in a slightly increased platelet aggregation at lower shear stress of
40 dyne/cm? and decreased platelet aggregation at higher shear stress of
80-100 dyne/cm? compared to the control without abciximab (Figure 34). For the GOF

variants, a similar effect was observed, but to a higher extend (Figure 34 - Figure 38,
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variants sorted by position, quantification in Table 16 - Table 17). All variants did not
lose their ability to induce aggregation at low shear stress, but the number of aggregates
was decreased or even completely abolished at high shear stress of 80-100 dyne/cm?.

Also, aggregate size was reduced in presence of abciximab.

Table 16: Average aggregate number per 330,000 um? for aggregates >700 um? induced by
VWEF variants at 10, 20, 40, 60, 80 and 100 dyne/cm?2. Mean values are shown.

shear stress [dyne/cm?]

VWEF variant 10 20 40 60 80 100

wildtype 0.02 0.49 3.45 14.3 19.61 19.67
+ abciximab 0.26 291 8.89 13.84 15.70 14.33
p.Pro2558Ser 1.10 7.04 21.81 14.01 9.74 7.5

+ abciximab 3.74 7.91 6.59 1.67 0.39 0.07
p.Ser2559Leu 0.78 4.80 16.57 17.08 16.61 16.73
+ abciximab 3.87 9.26 12.44 11.27 5.73 2.72
p.Ser2559Trp 0.27 1.88 15.81 15.98 16.66 17.18
+ abciximab 251 7.27 8.54 7.89 5.00 3.28
p.Gly2560Arg 1.02 3.77 17.32 16.81 12.70 9.19
+ abciximab 1.47 6.32 13.01 6.33 2.02 0.83
p.Ser2564Arg 0.90 6.59 16.95 18.84 18.11 16.34
+ abciximab 3.77 10.03 8.63 5.38 3.35 1.69
p.Cys2574Phe 0.57 3.14 17.91 20.43 17.41 16.85
+ abciximab 2.04 5.30 11.62 8.34 5.86 2.75
p.Arg2575Cys 0.60 3.96 18.20 19.69 18.67 17.94
+ abciximab 2.86 10.89 14.84 10.45 4.59 2.07
p.Gly2705Arg 0.82 6.94 20.22 21.37 22.72 21.38

+ abciximab 1.21 11.44 18.96 12.56 8.09 4.21
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Table 17 Average aggregate size [um?] per 330,000 um? for aggregates >700 um? induced by
VWEF variants at 10, 20, 40, 60, 80 and 100 dyne/cm?. Mean values are shown.

shear stress [dyne/cm?]

VWEF variant 10 20 40 60 80 100
wildtype 792 826 946 1219 1452 1505
+ abciximab 858 998 1129 1119 1213 1217
p.Pro2558Ser 851 958 1167 1115 1148 1116
+ abciximab 900 896 902 866 820 805
p.Ser2559Leu 804 862 1132 1318 1322 1300
+ abciximab 850 923 970 957 929 909
p.Ser2559Trp 807 864 1011 1175 1359 1399
+ abciximab 886 938 971 953 959
p.Gly2560Arg 876 926 1176 1261 1214 1149
+ abciximab 835 886 985 924 883 870
p.Ser2564Arg 872 995 1456 1614 1503 1362
+ abciximab 894 972 1011 1140 1040 943
p.Cys2574Phe 851 858 1162 1322 1287 1271
+ abciximab 887 890 964 959 922 878
p.Arg2575Cys 835 936 1267 1407 1344 1307
+ abciximab 795 946 1004 955 907 857
p.Gly2705Arg 814 995 1473 1592 1642 1681

+ abciximab 863 945 1284 1151 1058 992
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Figure 34: Formation of VWF-platelet collective network by wildtype VWF and variant
p.Pro2558Ser in absence and presence of 2.6 pg/mL abciximab at indicated shear stress.
(A,D) Representative immunofluorescence images of platelet adhesion and aggregation. Scale
bar of 100 um. (B,C; E,F) Quantification of average aggregate number per 330,000 um? and
average aggregate size for aggregates >700 um?. Mean values + SEM are shown. Significance
was calculated by unpaired t-test p = <0.05 (*), <0.01 (**), <0.001 (***).
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Figure 35: Formation of VWF-platelet collective networks by VWF variants p.Ser2559Leu and
p.Ser2559Trp in absence and presence of 2.6 pg/mL abciximab at indicated shear stress.
(A,C) Representative immunofluorescence images of platelet adhesion and aggregation. Scale
bar of 100 um. (B,C; E,F) Quantification of average aggregate number per 330,000 um? and
average aggregate size for aggregates >700 um?. Mean values + SEM are shown. Significance
was calculated by unpaired t-test p = <0.05 (*), <0.01 (**), <0.001 (***).
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Figure 36: Formation of VWF-platelet collective network by VWF variants p.Gly2560Arg and
p.Ser2564Arg in absence and presence of 2.6 pg/mL abciximab at indicated shear stress.
(A,C) Representative immunofluorescence images of platelet adhesion and aggregation. Scale
bar of 100 um. (B,C; E,F) Quantification of average aggregate number per 330,000 um? and
average aggregate size for aggregates >700 um?. Mean values + SEM are shown. Significance
was calculated by unpaired t-test p = <0.05 (*), <0.01 (**), <0.001 (***).
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Figure 37: Formation of VWF-platelet collective network by VWF variants p.Cys2574Phe and

o

p.Arg2575Cys in absence and presence of 2.6 pg/mL abciximab at indicated shear stress.
(A,C) Representative immunofluorescence images of platelet adhesion and aggregation. Scale
bar of 100 um. (B,C; E,F) Quantification of average aggregate number per 330,000 um? and
average aggregate size for aggregates >700 um?. Mean values + SEM are shown. Significance
was calculated by unpaired t-test p = <0.05 (*), <0.01 (**), <0.001 (***).
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Figure 38: Formation of VWEF-platelet collective network by VWF variant p.Gly2705Arg in
absence and presence of 2.6 pug/mL abciximab at indicated shear stress. (A) Representative
immunofluorescence images of platelet adhesion and aggregation. Scale bar of 100 um. (B, C)
Quantification of average aggregate number per 330,000 um? and average aggregate size for
aggregates >700 pm?. Mean values + SEM are shown. Significance was calculated by unpaired
t-test p = <0.05 (*), <0.01 (**), <0.001 (***).
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6.1.5. Structure prediction of VWF GOF variants using Alphafold2-Multimers

To complete the characterization of VWF GOF variants, structure predictions were
performed to investigate the impact of the GOF mutation on the VWF structure. Already
Schneppenheim et al. and Huck et al. suggested a GOF mechanism for the variants,
which impacts the structure and conformation of the VWF dimeric stem (Huck et al.,
2022; Schneppenheim et al., 2019). However, is not possible to determine the precise
structure of proteins as large as VWF by NMR spectroscopy or crystallography. Recently
a computational method, called Alphafold2, which predicts protein structures with
atomic accuracy, was developed (Jumper et al., 2021). Moreover, a protein complex
structure and the multimeric interfaces can be predicted by AlphaFold-Multimer (Evans
et al., 2022). With this tool, the dimeric stem of wildtype VWF and all identified GOF
variants were predicted. However, due to computational limitations of
Alphafold2-Multimer the total size of the VWF monomeric subunit exceeds the size
restriction. Therefore, only the C domains including C1 to CK were used as input for

structure predictions.

Alphafold2-Multimer predicts the two monomers to associate to a dimer stem
conformation with a slightly spiral-shaped twisting (Figure 39). Thereby, each domain of
the first dimer interacts with the corresponding domain in the second dimer, similar to
electron microscopy images of the dimeric stem (Zhou et al., 2011). Solely the C1 and
C2 domains form an exception, as they are not predicted to have a common interface,
which may also be an artifact due to missing N-terminal domains that further stabilize
the closed dimeric stem. The C-terminal CK domains were predicted to be arrange in a
knot, similar to the published structure. (Zhou and Springer 2014). Also the C4 and C6
domains were predicted to have a similar structure as published (Chen et al., 2022; Xu

et al., 2019).
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Figure 39: Prediction of the dimeric structure of wildtype VWF, including domains C1-CK, by
Alphafold2-Multimer. One monomer is colored in blue, the other in brown. Heteroatoms are

colored in red (oxygen, O), blue (nitrogen, N) and yellow (sulfur, S). Structure is turned by 90 °.

Domains are labeled with C1-CK.

The dimeric stem of novel GOF variants in the C4 domain (p.Pro2558Ser,
p.Ser2559Leu/Trp, p.Gly2560Arg, p.Ser2564Arg, p.Cys2574Phe and p.Arg2575Cys) and
already published GOF variants (p.Pro2555Arg, p.Phe2561Tyr) is predicted to have a
similar structure without disruption of the stem association (Figure 40A). Except for
Phe2574, all GOF residues are predicted to be surface exposed and not involved in the
dimeric interface. (Figure 40B). Interestingly, GOF residues Ser2558, Leu/Trp2559,
Arg2560 and Tyr2561 are pointing towards the C5 domain.
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Figure 40: Prediction of the dimeric structure of VWF C1-CK domain of wildtype and GOF

variants in the C4 domain by Alphafold2-Multimer. (A) Overlay of the C4 domain of all
predicted structures by MatchMaker, Chimera with close-up of the predicted C4 domain
association in the dimeric stem region. Each structure is colored differently. GOF residues are
displayed as spheres and colored by heteroatom. Heteroatoms are colored in red (oxygen, O),
blue (nitrogen, N) and yellow (sulfur, S). (B) Close-up of the SD2 of the C4 domain with

representation of GOF residues as sticks.
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Variant p.Gly2705Arg was the only GOF variant identified in the C6 domain of VWF and
published as collaborative work (Chen et al.,, 2022). Alphafold2-Multimer predicts a
similar dimeric stem interface as the wildtype (Figure 41). However, presence of arginine
at position 2705 introduced a novel ionic bond with Asp2726 in the CK domain and a

reorganization of beta sheets and hydrogen bonds in the CK domain.

Figure 41: Prediction of the dimeric structure of VWF C1-CK domain of wildtype (grey) and GOF
variant p.Gly2705Arg (green) in the C6 domain by Alphafold2-Multimer. Overlay of the C6
domain of both structures by MatchMaker, Chimera with close-up of the predicted C6 and CK
domain association in the dimeric stem region. GOF residues are displayed as spheres or sticks
and colored by heteroatom. Heteroatoms are colored in red (oxygen, O), blue (nitrogen, N) and

yellow (sulfur, S). Hydrogen bonds are indicated as blue lines.
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6.2. Disease association of VWF GOF variants

Previous studies of Schneppenheim et al. and Huck et al. characterize the variants
p.Phe2561Tyr and p.Pro2555Arg as GOF variants (Huck et al., 2022; Schneppenheim et
al., 2019). In the LURIC study, a correlation between the prevalence of the VWF variant
p.Phe2561Tyr and the recurrence of Ml was found, which reached significance in the
subgroup of female patients with an age <55 years (Schneppenheim et al., 2019;
Winkelmann et al., 2001). In this thesis, a second patient cohort study was performed
including 522 patients. Accordingly, the prevalence and correlations of the GOF variant
p.Phe2561Tyr and the onset of M| were calculated for this cohort. Moreover, to assess
whether the GOF variants are causal for thrombotic events, in vivo studies were
performed with mice expressing VWF variants and hemostasis and thrombosis were

investigated.

6.2.1. Correlation of variant p.Phe2561Tyr prevalence and the occurrence of Ml

The patient cohort of 522 patients was divided into a control group with 236 patients
and a CAD group with 286 patients diagnosed with CAD. In total 306 males and

216 females were included with an average age of 67.3 years (Table 18).

Table 18: Patients cohort divided in control group and CAD group. Sex, genotype, average age

and numbers of patients with myocardial infarction (Ml) are given.

control group CAD group total

total 236 (100 %) 286 (100 %) 522 (100 %)
sex

female 130 (55.1 %) 86 (30.1 %) 216 (41.4 %)

male 106 (44.9 %) 200 (69.9 %) 306 (58.6 %)
average age [years] 64.8 69.4 67.3
genotype

wildtype 218 (92.4 %) 268 (93.7 %) 486 (93.1 %)

p.Phe2561Tyr 18 (7.6 %) 17 (5.9 %) 35 (6,7 %)

p.Ser2559Trp 0(0%) 1(0.3%) 1(0.2%)
patients with Ml 5(2.1 %) 107 (37.4 %) 112 (20.3 %)

thereof wildtype 4 (80 %) 103 (96.3 %) 107 (95.5 %)

thereof p.Phe2561Tyr 1 (20 %) 3(2.8%) 4(3.6%)

thereof p.Ser2559Trp 0(0%) 1 (0.9 %) 1 (0.9 %)
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Across both groups, 35 out of 522 patients harbor the p.Phe2561Tyr genotype,
accounting for 6.7 % of patients. One patient with genotype p.Ser2559Trp was found.
Out of 236 control patients, 5 experienced 1 Ml (= 2.1 %) whereas in the CAD group 107
patients suffered from 21 Mls (= 37.4 %), resulting in a total of 112 patients. However,
only 4 out of 112 patients (= 3.3 %), who developed 21 MI, are p.Phe2561Tyr carriers.
The odds ratio (OR) for the development of an Ml in p.Phe2561Tyr carriers across groups
is 0.46 (95 % confidence interval: 0.16 — 1.32), which results in an reduced risk by a

0.52-fold (95 % confidence interval: 0.18 — 1.44), contrary to expectations.

The average age at the first Ml for all patients is 63.7 years (+ 12.8 years). Two patients
had to be excluded from the calculations because the date of the MI was unknown.
When considering only p.Phe2561Tyr carriers, the average age to develop a first Ml was
found to be lower than that of wildtype carriers, with an average age of 53.8 years
(£17.5 years) compared to 64.1 years (*12.4 years). This results in a decreased

event-free survival, with the event defined as the first Ml (Figure 42).
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Figure 42: Event-free survival in patients with 21 Ml and p.Phe2561Tyr or wildtype phenotype.
The proportion of patients without Ml over time is given on the y-axis as event-free survival. The

event is defined as first MI. The age at onset of the first Ml is presented on the x-axis.

Further calculations for each groups are made in the following sections.



Page | 106

Results

6.2.1.1. Control group

The control group consists of 236 patients, from which 55.1 % are females and

44.9 % are males (Table 19). 18 patients harbor the variant p.Phe2561Tyr, which results

in a prevalence of 7.6 %. The prevalence for p.Phe2561Tyr varies between sexes with a

prevalence of 10 % for females and 4.7 % for males.

Table 19: Number of patients with 0, 1 or >1 Ml in the control group, characterized by patients,

who were not diagnosed with CAD. Further differentiation by sex and age are given in each row.

myocardial Infarctions [no]

control group total
0 1 >1
all 231 0 236
wildtype 214 4 0 218
p.Phe2561Tyr 17 1 0 18
female (all) 127 3 0 130
wildtype 115 2 0 117
p.Phe2561Tyr 12 1 0 13
female (<55) 18 0 0 18
wildtype 17 0 0 17
p.Phe2561Tyr 1 0 0 1
female (255) 109 3 0 112
wildtype 98 2 0 100
p.Phe2561Tyr 11 1 0 12
male (all) 104 2 0 106
wildtype 99 2 0 101
p.Phe2561Tyr 5 0 0 5
male (<55) 30 1 0 31
wildtype 28 1 0 29
p.Phe2561Tyr 2 0 0 2
male (255) 74 1 0 75
wildtype 71 1 0 72
p.Phe2561Tyr 3 0 0 3
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One p.Phe2561Tyr carrier in the control group experienced one M, which results in a
proportion of 5.6 % for the total of 18 p.Phe2561Tyr carriers (Figure 43). This carrier is
female and 59 years of age. In contrast, 4 out of 218 patients with wildtype genotype
developed an M, resulting in a proportion of 1.8 %. The sex and age distribution of these
4 patients is relatively uniform, as 2 out of 4 patients are male, and 3 out of 4 are =55

years of age.

Taken together, from all 5 patients in the control group, who suffered from Ml, 1 patient
is carrying the variant p.Phe2561Tyr, resulting in a proportion of 20 %. The odds
ratio (OR) for the development of an Ml in p.Phe2561Tyr carriers of the control group is
3.15 (95 % confidence interval: 0.33 — 29.75), which results in an elevated risk by a
3.03-fold (95 % confidence interval: 0.52 — 17.56).
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Figure 43: Proportion of patients with 0 Ml (green), 1 Ml (yellow), and >1 Ml (orange) for the

control group and female or male subgroup.



Page | 108

Results

6.2.1.2. CAD group

The CAD group consists 286 patients, from which 30.1 % are female and 69.9 % male

(Table 20). The majority of males and females are >55 years old, namely 95.3 % of

females and 92 % of males. 17 patients out of 286 have a p.Phe2561Tyr genotype, which

results in a proportion of 5.9 %. There is a slight difference in the prevalence of the

p.Phe2561Tyr genotype between the sexes, with a prevalence of 4.7 % in females and

6.5 % in males.

Table 20: Number of patients with 0, 1 or >1 Ml in the CAD group, characterized by patients,

who were diagnosed with CAD. Further differentiation by sex and age are given in each row.

myocardial Infarctions [no]

CAD group total
0 1 >1
all 179 91* 16 286*
wildtype 165 87 16 268
p.Phe2561Tyr 14 3 0 17
female (all) 52 30 4 86
wildtype 48 30 4 82
p.Phe2561Tyr 4 0 0 4
female (<55) 2 2 0 4
wildtype 2 2 0 4
p.Phe2561Tyr 0 0 0 0
female (255) 50 28 4 82
wildtype 46 28 4 78
p.Phe2561Tyr 4 0 0 4
male (all) 127 61* 12 200*
wildtype 117 57 12 186
p.Phe2561Tyr 10 3 0 13
male (<55) 6 9% 1 16
wildtype 6 7 1 14
p.Phe2561Tyr 0 1 0 1
male (255) 121 52 11 184
wildtype 111 50 11 172
p.Phe2561Tyr 10 2 0 12

* = includes one patient with p.Ser2559Trp
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3 out of 17 p.Phe2561Tyr carriers developed one MI, which results in a proportion of
17.6 % (Figure 44). No female p.Phe2561Tyr carrier who experienced an MI was
identified. Instead, 3 male p.Phe2561Tyr carriers suffered from one MI, accounting for

23.1 % of all male p.Phe2561Tyr carriers. Two of these patients were >55 years of age.

In contrast, 87 out of 269 wildtype carriers in the CAD group developed one MI and
16 patients developed >1 M, accounting for 32.3 % and 5.9 %, respectively. In total 103
patients developed at least 1 MI, of which 69 are male (= 67 %). This proportion is similar
to the total amount of males in the CAD group. From 69 male patients, 57 developed
one Ml and 12 males developed >1 MI, corresponding to 30.6 % and 6.5 %, of all male
wildtype carriers, respectively. Only 8 out of 69 male patients are <55 years of age. Of
all females in the wildtype group, 30 (36,6 %) developed one Ml and 4 (4.9 %) developed

>1 MI. Only 2 out of these 34 females are <55 years of age.

Of all patients in the CAD group who developed MI, p.Phe2561Tyr carriers account for
2.8 % (3 out of 107). The odds ratio (OR) for the development of an Ml in p.Phe2561Tyr
carriers of the CAD group is 0.34 (95 % confidence interval: 0.1 — 1.22), which results in
a reduced risk by 0.46-fold (95 % confidence interval: 0.13 — 1.56).
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Figure 44: Proportion of patients with 0 Ml (green), 1 Ml (yellow), and >1 Ml (orange) for the
CAD group and the female or male subgroup.
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Two p.Phe2561Tyr carriers were genotyped to be homozygous. These patients are both
male, 77 and 73 years of age, respectively, and did not suffer from MI. However, the
77-year-old patient was diagnosed with one-vessel CAD and has experienced a
pulmonary arterial embolism and an infarct pneumonia with deep vein thrombosis in
the vena femoralis and vena poplitea, whereas the 73-year-old patients was diagnosed

with two-vessel CAD and suffered from cerebral ischemia in the arteria cerebri media.

6.2.1.2.1. Classification of CAD

The patient cohort of CAD can be further subdivided into one-vessel, two-vessel,
three-vessel CAD and CAD with atherosclerosis but without significant stenosis,
depending on how many coronary arteries are affected. Two patients had to be excluded
from the subdivision because the CAD was not further classified. In total, 39.4 % of all
patients had three-vessel CAD, 28.5 % had two-vessel CAD, 24.6 % had one-vessel CAD
and 7.4 % had sclerosis but no significant stenosis (Table 21). The distribution is similar

for patients with the genotype p.Phe2561Tyr.

Table 21: Classification of coronary artery disease (CAD) and their distribution. Numbers and
percentages of patients with one-vessel (1), two-vessel (2) or three-vessel (3) CAD and CAD with
atherosclerosis but without significant stenosis (sclerosis) are shown for all CAD patients and

separately for the wildtype and p.Phe2561Tyr carriers.

sclerosis 1 2 3 Total
Total 21(7.4%) 70(24.6%) 81(28.5%)* 112(39.4%) | 284 (100 %)*
wildtype 20 (7.5 %) 66(24.8%) 75(28.1%) 106(39.7%) | 267 (100 %)
p.Phe2561Tyr 1(6.25 %) 4 (25 %) 5(31.3 %) 6 (37.5 %) 16 (100 %)

* = includes one patient with p.Ser2559Trp
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6.2.2. In vivo mouse studies of VWF variants

To investigate whether GOF variants might be causal for an increased risk of thrombosis
in vivo, mouse studies were performed. For the experimental setup C575BL/6 mice with
a VWF knock-out (KO) were used. These mice have an impaired hemostasis and present
extensive bleeding (Denis et al.,, 1998). To introduce the VWF protein, mice were
hydrodynamically injected with the pLIVE vector, which harbors the murine VWF CDS.
Hydrodynamically injected pLIVE vector is primarily taken up by the liver, which
subsequently produces and secretes VWF (Casari et al., 2013). The vector either
contained the wildtype VWF sequence or the VWF variant with the desired mutation. As

control an empty pLIVE vector was injected.

To reduce the need of animal experiments to a minimum, not all identified variants were
investigated. Since, all GOF variants identified in this study have a similar phenotype as
variants p.Phe2561Tyr or p.Pro2555Arg, the study focused on the evaluation of these
two GOF variants. Human VWF and murine VWF share a high sequence identity of 83.19
% (The UniProt Consortium, 2023). Both variants p.Phe2561 and p.Pro2555 are
conserved in mice. Accordingly, these positions were mutated in the pLIVE vector and
introduced into mice. The secretion of VWF was quantified and the degree of
multimerization was determined. Subsequently, the mice were evaluated for
hemostatic potency in a tail-clip assay or for the genesis of thrombosis in a ferric

chloride-induced model.

6.2.2.1. Expression of mVWF variants

To ascertain the efficacy of the hydrodynamicinjection and the presence of murine VWF
(mVWEF), plasma samples of mice were collected three days post-injection, expression
of mVWF was verified by ELISA and the multimer pattern was studied by
immunoblotting. The mVWF:Ag in mice after hydrodynamic injection was approximately
12-14 times higher than in standard murine pooled normal plasma (mPNP) collected
from parental mice (Figure 45A), which is consistent with the anticipated outcome for
this method (Casari et al., 2013). Multimer analysis revealed that mVWF produced from
hydrodynamically injected mice are correctly multimerized and display only a slight

reduction of HMWM, when compared to the murine standard (Figure 45B).
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The mVWEF variants p.Phe2561Tyr and p.Pro2555Arg exhibit no significant difference in
expression or multimerization when compared to the wildtype control, indicating that

the point mutations themselves have no effect on the expression or secretion of mVWF

in mice.
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Figure 45: mVWF from platelet-poor plasma collected from C575BL/6 VWF-KO mice three days
after hydrodynamic injection of the VWF variant expression vector pLIVE. (A) Plasma mVWF:Ag
levels of mice expressing wildtype VWF or VWF variants p.Phe2561Tyr or p.Pro2555Arg were
determined by ELISA using rabbit-anti-VWF primary and goat-anti-rabbit-HRP secondary
antibody. The dotted line corresponds to mVWF:Ag levels of murine pooled normal plasma
(mPNP) of 100 %. (B) Multimer analysis of mVWF from mPNP, as well as wildtype and variant
mVWF from mice injected with the pLIVE vector. Samples were investigated by size separation
with gel electrophoresis, western blotting and detection with rabbit-anti-VWF primary and

goat-anti-rabbit-HRP secondary antibody.

6.2.2.2. Evaluation of hemostasis of mMVWF variants

The evaluation of hemostasis was conducted on VWF-KO mice four days
post-hydrodynamic injection. The tail-clip assay was performed on anesthetized mice by
cutting 3 mm of the tail tip and observing the bleeding behavior. Lost blood was
collected in 0.9 % saline buffer and quantified by colorimetric analysis. Five mice were
injected with empty vector control, 11 mice with wildtype VWF, and 8 mice with each
VWEF variant. By noting the bleeding times, mice were classified as ‘no stop’, ‘stop with

rebleeds’ or ‘stop without rebleeds’ (Figure 46A).
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As expected, mice lacking mVWF exhibit a disturbed hemostasis. All individuals did not
stop bleeding, whereas mice expressing wildtype VWF after hydrodynamic injection
stopped bleeding in 90.9 % of cases (10 out of 11). However, 63.6 % still had rebleeds,
indicating that hydrodynamic injection can only partially restore the function of VWF.
Variant p.Phe2561Tyr displayed a defect in hemostasis as bleedings did not stop in
50 % of the cases (4 out of 8). Also, variant p.Pro2555Arg showed a mild defect as 25 %
of mice did not stop bleeding (2 out of 8). The amount of mice which stopped bleeding
without rebleeding was decreased to 0 % in the p.Phe2561Tyr group and increased to
37.5% (3 out of 8) in the p.Pro2555Arg group, compared to approx. 27.3 % (3 out of 11)

in the wildtype group.

The first arrest of bleeding was determined for all mice that achieved a bleeding stop.
Mice expressing wildtype VWF mainly stopped bleeding after 175.5 seconds, whereas
variants p.Phe2561Tyr and p.Pro2555Arg led to an average bleeding time of

approximately 214 and 191 seconds, respectively (Figure 46B).

Mice expressing wildtype mVWEF lost an averaged blood volume of 121.3 pL (Figure 46C).
In contrast, the empty vector control had a significantly increased value of 617.6 L.
Mice in the p.Phe2561Tyr and p.Pro2555Arg groups lost an average blood volume of
329.5 uL and 276 pL, respectively. Although higher, no significant difference is calculated

by unpaired t-test.

Noteworthy, a high number of mice expressing wildtype VWF after hydrodynamic
injection suffered from rebleeds. However, the blood flow observed after rebleeding
was weak and usually stopped after a very short time. Consequently, blood loss was low
in mice with wildtype VWF. In contrast, mice with variants p.Phe2561Tyr or
p.Pro2555Arg suffered from stronger rebleeds, which was also reflected in the increased
blood loss. The observation of bleeding behavior led to the assumption that the sealing
blood clot may be unstable and torn away, resulting in a recurrent severe bleeding.
Similarly, mice that failed to stop bleeding over the course of 20 min displayed periods
where blood flow decreased over time, but unexpectedly increased again at one point,
indicating impaired hemostasis. This phenomenon differs from mice injected with the

empty vector, in which bleeding did not stop and blood flow is steady from start to finish.
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Figure 46: Bleeding behavior of C575BL/6 VWF-KO mice with hydrodynamic injection of empty
pLIVE vector control, wildtype mVWF plasmid or plasmids containing the variant
p.Phe2561Tyr or p.Pro2555Arg in tail-clip assay. 3 mm of the tail was cut and incubated in 37 °C
saline buffer. Bleeding time was noted. Collected blood was quantified by colorimetric analysis.
(A) Proportion of mice per group that stopped and did not rebleed (green), stopped but rebleed
(yellow) or did not stop bleeding (red). (B) Average time for the first bleeding arrest in all mice
with rebleeds per group. (C) Average blood loss in uL per group. Single mice are indicated as
dots. Mean values + SEM are shown. Significance was calculated by unpaired t-test: = <0.05 (*),
<0.01 (**), <0.001 (***).

To exclude that the observed effect of the mVWEF variants is an artefact that is caused
by different mVWF:Ag levels, the blood loss was plotted against the mVWF:Ag levels
(Figure 47). A coefficient of determination (R?) of 0.0112 states no correlation. Hence,
hemostasis is independent from the varying mVWF:Ag levels, and the observed effect is

caused by the mVWF variants.
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Figure 47: Correlation of mVWF expression and blood loss in tail-clip assay from C575BL/6
VWF-KO mice expressing wildtype VWF or variants after hydrodynamic injection. The amount
of blood loss [uL] and the mVWF:Ag levels [%] were plotted for each mouse. A coefficient of

determination (R?) of 0.0112 was calculated.

6.2.2.3. Evaluation of thrombotic potential of mVWF variants

To investigate a putative prothrombotic effect by the GOF variants in vivo, a thrombosis
model was employed. A doppler flow probe connected to a flowmeter was used to
measure the flow of the artery and thrombosis formation was induced by vessel injury
using ferric chloride. Experiments were performed for parental mice, VWF-KO mice, and
VWEF-KO mice injected with wildtype VWF or VWF variant coding pLIVE vector (Figure
48).
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Figure 48: Blood flow of the right common carotid artery of C575BL/6 parental mice, VWF-KO
mice or VWF-KO mice with hydrodynamic injection of wildtype mVWF plasmid or plasmids
containing the variant p.Phe2561Tyr or p.Pro2555Arg in a thrombosis assay over time.
Thrombosis was induced by FeCls treatment of the right common carotid artery. Experiments
were performed by the group of Dr. Cécile Denis, INSERM unit 1176, Le Kremlin-Bicétre. Parental
mice (A), VWF-KO mice (B), VWF-KO mice expressing wildtype VWF (C), variant
p.Phe2561Tyr (D) or variant p.Pro2555Arg (E) after hydrodynamic injection are given. Each line

represents one mouse.

In control parental mice, the artery was occluded in 13 of 14 cases (= 92.9 %) (Figure
49A). In contrast, in VWF-KO mice no occlusion was observed in 6 cases (= 0 %),
indicating that VWF is essential for thrombus formation. The phenotype could be

partially restored when wildtype VWF was present after hydrodynamic injection. The
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artery of 4 out of 8 mice occluded (= 50 %). Similar results were obtained for the mice
expressing VWF variant p.Phe2561Tyr. Here, also 4 out of 8 mice (= 50 %) developed an
occlusion. However, the vessel of one mouse was reperfused after occlusion, indicating
that the thrombus might by unstable. In mice expressing VWF variant p.Pro2555Arg, the
proportion of mice which developed an occlusion was increased to 7 out of 8 mice

(=87.5%).

In the majority of cases, the occlusion developed within the first 600 sec. The average
time for an occlusion to occur in parental mice is 534 seconds (Figure 49B). An increased
average occlusion time of 1159 sec was measured in VWF-KO mice injected with
wildtype VWF. For the variant p.Phe2561Tyr, occlusion time was not significantly
prolonged with an average occlusion time of 1219 sec and for the variant p.Pro2555Arg,

the occlusion time was not significantly shortened to 828 sec.
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Figure 49: Vessel occlusion in C575BL/6 parental mice, VWF-KO mice or VWF-KO mice with
hydrodynamic injection of wildtype mVWF plasmid or plasmids containing the variant
p.Phe2561Tyr or p.Pro2555Arg in a thrombosis assay. Thrombosis was induced by FeCls
treatment of the right common carotid artery. Experiments were performed by the group of
Dr. Cécile Denis, INSERM unit 1176, Le Kremlin-Bicétre. (A) Percentage of mice per group that
developed a vessel occlusion (red) versus mice whose artery was not occluded (green).
(B) Average vessel occlusion time [sec] per group. Single mice are indicated as dots. Values of
1800 sec indicate that occlusion did not occur. Mean values + SEM are shown. Significance was
calculated by unpaired t-test: p = <0.05 (*), <0.01 (**), <0.001 (***).



Page | 118 Results

Similar to the tail-clip assay, an impact of the mVWF:Ag on the occlusion time was
excluded. By plotting the occlusion time against the mVWF:Ag levels an R? of 0.1054 was
calculated, indicating that the observed phenotypes are caused by the VWF variants

themselves (Figure 50).
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Figure 50: Correlation of mVWF expression and occlusion time in thrombosis assay from
C575BL/6 VWF-KO mice expressing wildtype VWF or variants after hydrodynamic injection.
The occlusion time [sec] and the mVWEF:Ag levels [%] were plotted for each mouse. A coefficients

of determination (R?) of 0.1054 was calculated.

6.3. Measures to counteract a VWF GOF effect

VWF promotes the stable aggregation of platelets via cross-linking of its C4 domain with
activated platelet receptor GPlIb/Illa. This interaction was shown to participate in the
GOF effect of variant p.Pro2555Arg, as inhibition by the GPIIb/Illa inhibitor abciximab
abolished the GOF effect (Huck et al., 2022). Since abciximab is no longer approved for
use in patients, alternative countermeasures are desirable to reverse the GOF effect.
The goal of the study was to identify inhibitory peptides which might be applicable to
restore normal VWF function. For the design of such peptides a deeper understanding
of Cdomain dynamics is necessary. Thus, molecular dynamics simulations were
performed by our collaboration partners at the Heidelberg Institute for Theoretical

Studies gGmbH (HITS), Germany.
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6.3.1. Dynamics of C4 domain

The binding site for GPIIb/Illa is an RGD motif located the SD1 of the C4 domain
However, the exact structure of the interaction between the RGD motif and GPIlb/Illa is
still unknown. Under physiological conditions VWF binds GPlIb/Illa in presence of high
shear. Therefore, Molecular dynamics (MD) simulations were performed by our
cooperation partner Dr. Camilo Aponte-Santamaria (HITS) to predict, how the structure
of VWF changes upon a pulling force (Figure 51). To allow more flexibility a reducing
environment was applied. As initial structure, the published NMR structure of VWF C4
domain was used (Xu et al., 2019). The obtained pulled structures predict a flattening of
SD2 and a reorientation of the two beta hairpins in SD1, particularly residues
Ser2497-Ser2516 and Gly2518-Cys2528 (Figure 51A). In an equilibrium, this beta
hairpins do not interact but rather form a gap. However, upon application of pulling

force, a direct interface is established that is closing this gap.

To further investigate the flexibility and movements of the C4 domain an all atom
trajectory in an equilibrium was run through TRAPP by our cooperation partner
Dr. Nicholas Michelarakis (HITS, Germany). This resulted in the conformation shown in
Figure 51B (left panel). With this conformation as starting point, a Coarse Grained
(MARTINI) version of mixed solvent MD was run. This revealed the closed structure
where the two beta hairpins of the SD1 closely interact, similar to the MD simulations
discussed above. The simulations predict that tryptophan residue at position 2521 is
located in between the two beta hairpins, but upon pulling force, the residue turns and

moves to the back, to allow the association of the two beta hairpins.

The predictions identified a movement of the C4 domain that involves the beta hairpin
containing the RGD motif necessary for binding to the platelet receptor GPIIb/llla. This
suggests that the movement of the C4 domain may affect the RGD binding site and thus
impact its activity. In order to determine whether the interaction of the two beta
hairpins of SD1, can be inhibited and whether inhibition is affecting GPllb/Illa binding,
short interfering peptides were designed and investigated for their inhibitory capacity.
Additionally, the impact of residue Trp2521 as a regulator of C4 domain activity, was
evaluated by mutagenesis of tryptophan to glycine and characterization of the variant’s

structure and activity.
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Figure 51: Structure simulations of the C4 domain. (A) MD simulations of the C4 domain under
pulling force and reduced conditions. Backbone is colored from N- to C-terminus in blue to red.
RDG sequence marked by three blue dots. The two beta hairpins of SD1 are colored in blue and
green, respectively. The gap between the hairpins is indicated in pink. (B) CG simulation of a
TRAPP predicted structure of the C4 domain revealing an open conformation (left), that changes
its structure to a closed conformation (right), shown in front and back view. The two beta
hairpins of SD1 are colored in cyan and green, respectively. RGD motif is colored in red (R),

nude (G) and blue (D). Residue Trp2521 is colored in purple.

6.3.2. Evaluation of inhibitory peptides on the activity of the C4 domain

We explored the possibility to design a short peptide which would interfere with the
interaction between the two beta hairpins described in 6.3.1. This way, we wanted to
target the structural movement, which occurs in silico upon force application and to
inhibit the interaction of the C4 domain with platelet receptor GPllb/llla. Current
inhibitors of the GPIIb/Illa-VWF C4 domain interaction target GPllb/llla on the platelet
surface, such as abciximab. However, abciximab is not only specific for the GPIIb/Illa
receptor, but also for other integrins, e.g. a,Bs integrin or leukocyte integrins, which can
cause undesirable side effects when used in patients (Huang et al., 2019). Furthermore,
the blockade of the GPIIb/Ila receptor also inhibits platelet binding to all interaction
partners with an RGD sequence, such as fibrinogen, in a non-selective manner, rather
than solely affecting VWF binding. A direct target on the C4 domain of the VWF would
offer the application in patients with a minimized side effects. Additionally, it could

reduce the risk of thrombotic events in carriers of GPllb/Illa-dependent GOF variants.
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As template, the aa sequence of the second beta hairpin was used, resulting in two
peptides: a shorter version corresponding to the first 9 aa (GSQWASPEN) and a longer
peptide including the entire beta hairpin consisting of 15 aa (GSQWASPENPCLINE).

The peptides were commercially synthesized and interference of the GPllb/llla-VWF C4
domain interaction was evaluated in the GPIIb/Illa-Thr588Asn ELISA. A high peptide
concentration of 1pug/mL was applied during the incubation time of
GPIllb/Illa-Thr588Asn-HEK293F cells to immobilized VWF. Representatively, the wildtype
and variants p.Phe2561Tyr and p.Pro2555Arg were investigated (Figure 52). The binding
was not significantly changed in comparison to the control condition lacking inhibitory
peptides, indicating that the peptides do not directly interfere with the binding of VWF
to GPlIb/llla.
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© o o = =
Ee) (o)) 0] o N &~
1 1 1 1 1

o
N
1

relative GPllb/11la-Thr588Asn binding

o
o
1

Figure 52: Relative binding of wildtype VWF and variants to GPllb/Illa-Thr588Asn in presence
of 1 ug/mL short peptide ‘GSQWASPEN’ or 1 pg/mL long peptide ‘GSQWASPENPCLINE’.
Binding of 7.5 - 10* HEK293F cells expressing GPIIb/llla-Thr588Asn to 1 pg/mL recombinant VWF
variants was detected in ELISA. Binding was quantified by mouse-anti-CD41/CD61 and
goat-anti-mouse-HRP antibody. Values are given in relation to the wildtype, which is set to 1.
Mean values + SEM are shown. Significance was calculated by one-sided t-test: p = <0.05 (*),
<0.01 (**), <0.001 (***).



Page | 122 Results

6.3.3. Characterization of variant p.Trp2521Gly

MD simulations suggested that the conformational change described in 6.3.1 is
necessary for effective binding of VWF to platelet receptor GPllb/llla. To test this
hypothesis, the side chain of tryptophan was removed by mutagenesis of Trp2521 to
glycine. The resulting variant p.Trp2521Gly was reported as rare human SNP by the
Ensembl database (rs1282400728), but was not further investigated. Hence, variant
p.Trp2521Gly was recombinantly expressed and characterized in vitro similarly to the

variants described in 5.2.

Recombinant expression of VWF variant p.Trp2521Gly in HEK293F cells revealed a
partial defect in secretion, which is reduced to approximately 47 % (Figure 53A).
However, stimulation of VWF secretion by PMA is effective, indicating that VWF
expression and storage is not completely impaired (Figure 53B). Immunofluorescence
images of variant p.Trp2521Gly in transiently transfected HEK293F cells revealed a
defect of the formation of pseudo-WPB (Figure 53C). In some cells, only small round
shaped dots indicate the assembly of VWF in storage organelles. However, other cells
have an increased number and size of pseudo-WPB, suggesting a storage defect.
Likewise, a strong colocalization with the ER marker PDI was observed, which indicates

a retention of VWF in the ER.
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Figure 53: VWF variant p.Trp2521Gly secretion and intracellular localization. (A) Secretion of
VWEF variants from HEK293F cells within 24h as described in figure 13 (B) Relative increase in
secretion after treatment with 200 pg/mL PMA for 2h as described in figure 14. (A+B) Values are
given in relation to the wildtype. (Mean value) £ SEM are shown. Significance was calculated by
unpaired t-test: p = <0.05 (*), <0.01 (**), <0.001 (***). (C, D, E) Immunofluorescence of HEK293F
cells transfected with VWF variant p.Trp2521Gly as described in figure 15. Scale bar of 20 um.

The secreted VWF variant p.Trp2521Gly has a multimer distribution similar to the
wildtype (Figure 54A). However, an elevated amount of proteolytically degraded protein
is observed, already in the absence of ADAMTS13, indicating a decreased stability
(Figure 54B). Functional characterization of the binding capacity of the recombinant
VWEF variant p.Trp2521Gly to interaction partners in ELISAs revealed a collagen type lll,
mut-GPlba and GPllb/llla-Thr588Asn binding similar to the wildtype (Figure 54C, E, F).
However, ristocetin-dependent binding to GPIba was significantly decreased (Figure

54D).
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Figure 54: Functional quantification of VWF variant p.Trp2521Gly activity. (A) Multimer
pattern of recombinant variant p.Trp2521Gly expressed by HEK293F cells as described in
figure 16. Multimer analysis performed by Dr. Sonja Scheppenheim, MEDILYS GmbH.
(B) ADAMTS13 digestion of recombinant p.Trp2521Gly variant as described in figure 18.
(C,D,E,F) Relative binding to collagen type lll, GPlba in presence of ristocetin, mut-GPlab and
GPlIb/Illa-Thr588Asn in ELISA as described in figure 19-22. Mean values £+ SEM are shown.
Significance was calculated by one-sided t-test and unpaired t-test: p = <0.05 (*), <0.01 (**),
<0.001 (***).

Modified LTA was applied to investigate the potency to variant p.Trp2521Gly to form
agglutinates. Likewise to ristocetin-depended experiments in ELISA, variant
p.Trp2521Gly displayed a decreased responsiveness. Maximum agglutination in

presence of 0.6 mg/mL ristocetin was slightly reduced to 69 % in contrast to wildtype
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with 86 % (Figure 55A). In presence of a ristocetin concentration of 0.3 mg/mL a milder
agglutination is observed (Figure 55B). The maximum agglutination is decreased to an
average of 26 % (Figure 55C). Likewise, variant p.Trp2521Gly failed to induce strong

agglutination of >50 % in all replicated experiments (Figure 55D).
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Figure 55: Platelet agglutination and cleavage by ADAMTS13 in LTA. (A) Maximum
agglutination 5 min after stimulation with 0.6 mg/mL ristocetin as described in figure 23
(B) Setup as described in figure 24: after 5 min, 0.3 pg/ul ristocetin (red arrow) was added and
agglutination was observed for 15 min. The dissolution of agglutinates was investigated by
addition of 1000 ng/uL ADAMTS13 at minute 20 (blue arrow). Graphs represent the mean values
of 23 replicates. (C) Maximum agglutination of results from B. Mean values + SEM are shown.
Significance was calculated by unpaired t-test: p = <0.05 (*), <0.01 (**), <0.001 (***).

(D) Frequency of weak (<50 %, red) and strong agglutination (>50 %, green) of results from B.
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Evaluation of the capability of variant p.Trp2521Gly to form platelet aggregates was
performed with microfluidic experiments. Adhesion and aggregation of platelets to a
VWF-variant coated surface was quantified at shear stress of 10-100 dyne/cm?. Platelet
adhesion at low shear stress of 20-40 dyne/cm? was not impaired by the variant.
However, at higher shear stress, platelets failed to stay attached at the VWF coated

surface. Likewise, almost no platelet-VWF collective networks are formed and the size

of aggregates is decreased in comparison to wildtype VWF.
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Figure 56: Formation of VWF-platelet collective network by wildtype VWF and variant
p.Trp2521Gly at indicated shear stress. (A) Representative immunofluorescence images of
platelet adhesion and aggregation as described in figure 27. Scale bar of 100 pm.
(B, C) Quantification of average aggregate number per 330,000 um? and average aggregate size
for aggregates >700 pm?. Mean values + SEM are shown. Significance was calculated by unpaired
t-test p = <0.05 (*), <0.01 (**), <0.001 (***).
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7. DISSCUSSION

For decades, VWF has been known to be an essential regulator of hemostasis. The
absence or malfunction of VWF has been linked to wound healing disorders and bleeding
tendencies (Sadler et al., 2006). However, elevated levels of VWF have been associated
with an increased risk of thrombosis and Ml (Lip and Blann, 1997). The first VWF variant
that affects thrombogenesis due to qualitative changes in VWF was published in 2019
(Schneppenheim et al., 2019). Soon thereafter, a second variant with a GOF effect was
reported (Huck et al., 2022). Both variants are SNPs localized in the C4 domain of VWF
that have no direct influence on the binding site of VWF to its interaction partners, but
appear to increase its activity via structural changes. While the first variant,
p.Phe2561Tyr, has been demonstrated to enhance the shear sensitivity of VWF, the
second variant, p.Pro2555Arg, has been shown to causes the formation of oversized
aggregates. The objective of this study was to gain deeper insights into the mechanism
by which these variants increase the activity of VWF. To this end, another 24 variants in
the C domains of VWF were characterized. A patient cohort, comprising 286 patients
with CAD and 236 controls, was screened for SNPs and a risk correlation was calculated.
Furthermore, in vivo experiments were conducted to assess the effects of GOF variants
on an organism. Additionally, an attempt was made to inhibit the VWF GOF by

application of short interfering peptides.

7.1. Characterization of novel VWF variants

By selecting and characterizing 24 different VWF SNPs in VWF’s C domains, this study
identified 9 novel GOF variants (p.Glu2553Lys, p.Pro2558Ser, p.Ser2559Leu/Trp,
p.Gly2560Arg, p.Ser2564Arg, p.Cys2574Phe, p.Arg2575Cys, p.Gly2705Arg) and 9 LOF
variants  (p.Pro2302Arg/Thr, p.Pro2373Arg/Ser, p.Arg2535GIn, p.Cys2557Tyr,
p.Cys2574Arg, p.Cys2671Tyr, p.Trp2521Gly). Variants p.Cys2557Tyr and p.Cys2574Arg
were observed to exhibit a secretion defect, while variant p.Cys2671Tyr was found to
reduce the amount of HMWM. Thus, these three LOF variants were excluded from
further characterization. Variants p.Pro2302Arg/Thr and p.Pro2373Arg/Ser located in C1
and C2 display ambiguous results. Six variants were observed to not significantly alter

the activity of VWF in the performed experiments (p.Phe2481Tyr, p.Glu2525Lys,
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p.Gly2560Ser, p.Ser2573Arg, p.Arg2575His, p.Tyr2631Phe). The results of the

performed assays are summarized in Table 22.

Table 22: Summary of variant characteristics. Relative secretion and stimulated secretion from
HEK293F cells by 200 ng/uL PMA, formation of pseudo-WPB in HEK293F cells, multimerization,
static cleavage by ADAMTS13, binding to collagen type lll, ristocetin-induced binding to GPlba,
binding to mut-GPlba and binding to GPIIb/llla-Thr588Asn in ELISA, platelet agglutination in LTA
and platelet network formation in microfluidic experiments. Red downwards arrows ()
indicate a reduced activity, green upwards arrows (") indicate an increased activity, blue lines
(=) indicate an activity similar to wildtype, yellow dots () indicate a difference in VWF oligomer

running behavior. Domain localization is given in the first column.
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multimerization
ADAMTS13 cleavage
collagen type lll binding
GPlba binding
GPII/bllla-Thr588Asn
binding

(LTA)

formation (mlrcofludics)

p.Pro2302Arg
p.Pro2302Thr
p.Pro2373Arg -
p.Pro2373Ser - -
p.Phe2481Tyr - -
p.Trp2521Gly J - A
p.Glu2525Lys - - - - -
p.Arg2535GIn - J
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7.1.1. Set-up for quantification of VWF GOF variants under shear conditions

Since most of the investigated VWF variants are rare SNPs with a minor allele frequency
(MAF) of <0.1, no patient samples were available for analysis. Consequently, only
recombinant VWF was examined. In LTA and microfluidics the blood donor’s VWF
needed to be washed away carefully, to prevent its influence on the experiment. By that,
plasmatic compounds, including VWF but also coagulation factors, ADAMTS13 and
fibrinogen are removed. The resulting set-up is not completely physiological, however it
allows to focus specifically on the initial steps of VWF-platelet clot formation. Moreover,
presence of ADAMTS13 would directly counteract the development of clots, and
presence of coagulation factors and fibrinogen, could bypass or overshadow the effect
of VWF, as fibrinogen has been demonstrated to substitute for VWF (Wu et al., 2000).
This would impede the identification of VWF GOF variants and the characterization of
its mode of action. One cannot exclude, that platelets secrete VWF and fibrin upon

activation. However, this would equally interfere with all experiments.

GOF variants were primarily recognized by assays under shear forces, such as LTA and
microfluidics. In LTA, the GOF effect was observed at low ristocetin concentrations of
0.3 pg/mL, which is below the recommended low dose of ristocetin of 0.6 pg/mL
(Hayward et al., 2010). This low dose appears to mark a threshold concentration for the
activation of VWF, since the wildtype did not initiate full platelet agglutination in
approximately 50 % of cases, thereby demonstrating a high variability in the intensity of
platelet agglutination. Deviations in LTA are not uncommon (Alessi et al., 2020), which
highlights the importance of replicates. However, GOF variants clearly stood out as they
induced strong agglutination in every replicate. For those variants that achieved a
stronger or more frequent agglutination, a higher susceptibility to ristocetin can be
concluded, which suggests an alteration in structure and the potency for an accelerated
VWEF activation. All agglutinates in LTA could be resolved by the addition of ADAMTS13.
This suggests that the VWF-platelet agglutinates are not strongly cross-linked, and
binding sites are still accessible for ADAMTS13. However, the initial turbidity of 100 %
could not be restored, because the recombinant ADAMTS13 solution, which is added in
a high volume, is optically clear. This results in a direct decrease in turbidity after its

addition, making it impossible to reach a 100 % of the initial turbidity.
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7.1.2. Loss-of-function variants
7.1.2.1. Variants p.Cys2557Tyr and p.Cys2574Arg in C4 domain

The most severe LOF variants investigated in this study are variants p.Cys2557Tyr and
p.Cys2574Arg. Both variants were not secreted from HEK293F cells and
immunofluorescence imaging revealed a defect in the formation of pseudo-WPBs. VWF
seems to be retained in the ER, indicating a defect in VWF structure and packaging.
Based on the published NMR structure of the C4 domain (Xu et al., 2019), the two
mutated cysteine residues are normally paired in intradomain disulfide bonds, namely
Cys2557 is paired with Cys2576 and Cys2574 is paired with Cys2565. By mutation of
theses aa, disulfide bonds are lost, which might have a destabilizing effect on the C4
domain itself or the whole VWF conformation. MD simulations of the C4 domain with
reduced cysteine bonds reveal a disturbance of the SD2 structure of the C4 domain,
when either the disulfide bond Cys2557-Cys2576 or Cys2574-Cys2565 is reduced (Kutzki
et al., 2023). Similarly to these variants, a number of other cysteines in the C domains
have been reported to be important for secretion, since mutagenesis to alanine leads to
a severe secretion defect and retention of VWF in the ER of HEK293 cells (Shapiro et al.,
2014). This indicates that loss of cysteines, and consequently disulfide bridges, can
completely abolish the VWF secretion. That mutation of Cys2557 or Cys2574 may
disturb the stem association is underlined by the fact, that both cysteines are not
predicted to be surface exposed in the dimeric stem structure by Alphafold2-Mulitmers.
The investigated aa exchanges included the introduction of either tyrosine or arginine.
Both exchanges lead to an increase of the side chain by 60 or 53 kDa, respectively, which
might sterically hinder the packaging of VWF into ‘bouquet’-like structure. Moreover,
arginine contains a positively charged side chain that may also chemically interfere with

association of the dimeric stem by repulsion or distortion of the backbone structure.

It is likely that these variants will cause VWD type Il or Il in patients due to a strong
secretion defect. However, no patient was identified to date, which may be attributed
to the rare frequency of these SNPs. Nevertheless, it remains to be evaluated whether
heterozygous expression of these variants rescues the phenotype or partially restores

VWEF secretion and function.
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7.1.2.2. Variant p.Cys2671Tyr in the C6 domain

Although recent results of variant p.Cys2671Tyr in CPA suggested a GOF (Figure 12) this
variant was classified as LOF in in vitro experiments. Substitution of Cys2671 with a
tyrosine resulted in a 35 % reduction in VWF secretion from HEK293F cells. Likewise,
Wang et al. observed a retention of variant p.Cys2671Tyr in the ER and a reduction in
VWEF storage in pseudo-WPBs of HEK293 cells (Wang et al., 2012). Similar results have
been reported for other cysteine variants that remove intrachain disulfide bonds in

VWF’s C domains, such as the variant p.Cys2693Tyr in the C6 domain (Wang et al., 2013).

The multimer pattern of secreted variant p.Cys2671Tyr appears ‘smeary’, indicating
reduced stability and increased proteolytic degradation even in the absence of
ADAMTS13. Since samples are supplemented with protease inhibitor after harvest,
degradation may be caused by proteases which are secreted by HEK293F cells during
VWEF synthesis in cell culture. Similar multimer patterns were observed for other
cysteine variants like variant p.Cys2304Tyr in C1, variant p.Cys2362Phe in C2 or variant
p.Cys2477Tyr/Ser in C3, which all are classified as VWD type 2M (Budde et al., 2008).
Moreover, variant p.Cys2671Tyr displays a loss of HMWM caused by either degradation
or impaired secretion. Since loss of HMWM is associated with a decrease of VWF activity
in presence of force, further characterization of variant p.Cys2671Tyr was refrained due

to incomparability to the wildtype.

Variant p.Cys2671Tyr was identified as a compound heterozygous mutation in a patient
with VWD type 3 (Castaman et al., 2000). However, VWD type 3 was only observed to
manifest in combination with a null allele. The parents of this patient, both of whom
carry one of the defective alleles, exhibit a reduction of VWF:Ag levels to approximately
50 % and a bleeding time close to normal. Most likely, a wildtype allele is capable of
compensating for the deleterious effect of p.Cys2671Tyr. In case of the VWD type 3
patient, a markedly diminished VWF:Ag level and an elevated proportion of small VWF
fragments was identified, prompting the authors to suggest a defect in dimerization.
However, dimerization was found to be intact in this study. Likewise, Van Schooten et al.
ascertained a normal dimerization and multimerization, and characterized variant
p.Cys2671Tyr to be more prone to proteolytic degradation in plasma (Van Schooten et

al., 2005). Additionally, Wang et al. characterized HEK293 cells expressing variant
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p.Cys2671Tyr and identified an increased amount of pro-VWF, which indicates a defect

in processing (Wang et al., 2012).

Recently, the structure of the VWF C6 domain was resolved by NMR spectroscopy (Chen
et al., 2022). The C6 domain contains two beta sheet subdomains 1 and 2 which are
connected by a flexible hinge enabling the domain to move between an extended and
bent conformation. The structure illustrates that Cys2671 is paired with Cys2715 in a
disulfide bond that is part of the intradomain hinge region. Thus, Cys2671 may serve a
stabilizing and regulating function for the C6 domain, such that a loss of this residue

could result in domain instability.

7.1.2.3. Variants p.Arg2535GIn and p.Trp2521Gly in the C4 domain

Two variants located in SD1 of the C4 domain were identified to be LOF variants
(p.Arg2535GIn and p.Trp2521Gly). Variant p.Arg2535GIn was observed to be expressed
normally and exhibited intact multimerization. Notably, oligomers showed a slightly
slower running behavior and thus an increase in size or structure. Variant p.Arg2535GIn
exhibited diminished activity across all conducted assays. Binding to collagen type Il was
reduced by 20 %, binding to GPlba in presence of 1 mg/mL ristocetin was decreased by
34 %, binding to mut-GPlba by 30 % and binding to GPllb/Illa-Thr588Asn by 40 %.
Likewise, a similar variant, p.Arg2535Pro, identified in a patient with VWD type |,
displayed a mild reduction in binding to collagen type lll and GPlba, while exhibiting a
markedly decreased binding to GPllb/llla (Legendre et al., 2015). In flow experiments,
agglutination of platelets by variant p.Arg2535GIn was decreased and formation of
VWEF-platelet networks under flow conditions was completely abolished in comparison

to the wildtype control.

Likewise, variant p.Trp2521Gly was identified as LOF in this study, since it failed to
induce strong platelet agglutination and platelet network formation under flow
conditions. Instead, almost no platelets were immobilized on a VWF covered surface at
high shear stress of 80-100 dyne/cm?. Additionally, variant p.Trp2521Gly was observed
to be retained in the ER of HEK293F cells, resulting in a defective storage in pseudo-WPB
and impaired secretion. Although multimerization of variant p.Trp2521Gly is not

impaired, stability seems to be decreased due to the presence of degraded VWF
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oligomer bands, even in the absence of ADAMTS13, as suggested for variant

p.Cys2671Tyr (7.1.2.2).

Both presented variants are located in SD1 on the C4 domain, similar to the already
published LOF variant p.GIn2520Pro causing VWF type 1 (Budde et al., 2008; Eikenboom
et al., 2009). However, the variant p.Glu2525Lys, which is also located in SD1, does not
exhibit a LOF phenotype. Regarding the structure of the C4 domain, Glu2525 is located
in a loop region that is more flexible in contrast to Trp2521 and Arg2535, which are part
of a beta sheet. Furthermore, the SD1 was predicted to be closely associated with the
C-terminal end of the C3 domain in Alphafold2-Multimer predictions. Hence, structural
alterations may disturb the interdomain structure. Moreover, due to the close proximity
of the RGD sequence, these variants may also directly interfere with GPllb/llla binding.
This could particularly be assumed for variant p.Arg2535GlIn, since a reduced binding to

GPllb/Illa-Thr588Asn is detected in ELISA.

7.1.2.3.1. Suggested motion of the C4 domain and the role of Trp2521

The results of the MD simulations of the C4 domain led to the hypothesis that it is
activated by shear, in a manner similar to that observed for the Al domain. The
simulations indicate that stretching leads to the interaction of two beta hairpins in SD1,
and that this interaction is reliant on the rotation of Trp2521 away from its predicted
regular position. Hence, variant p.Trp2521Gly was suggested to constitutively activate
the C4 domain by introducing more flexibility and allowing for the beta hairpin
interaction. However, the complete loss of Trp2521 by mutation to glycine does not
increase the activity of VWF under shear forces. Instead, the variant displays a markedly
diminished capacity to immobilize platelets and form platelet networks. It is possible
that the increased degree of flexibility, which is introduced by the loss of tryptophan,
may disrupt the secondary and tertiary structure of the C4 domain and potentially the
interdomain association. Structural inconsistencies are emphasized by the observation
that secretion and stability of variant p.Trp2521Gly were impaired in HEK293F cells.
However, further investigations are required to elucidate whether the motion in the C4
domain observed in silico occurs in vitro and in vivo, and to determine the tryptophan’s

precise function.
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7.1.2.4. Variants in the C1 and C2 domains

In contrast to the other variants, the investigated variants in the C1 and C2 domain of
VWEF (p.Pro2302Arg/Thr, p.Pro2373Arg/Ser) were challenging to classify. Expression of
the variants was normal, however the oligomers had a faster running behavior
compared to the wildtype, indicating a decrease in size or structural alteration. It is
possible that glycosylation is impaired. The O-glycosylation site at Thr2298 is located in
close proximity to Pro2302 in C1 (Titani et al., 1986). Likewise, the N-glycosylation
Asn2400 is predicted to be structurally close to variant Pro2373 in C2 (Zhou et al., 2012).
Almost all investigated C1 and C2 variants displayed increased binding to collagen
type lll and GPlba in ELISA. However, under flow conditions, these variants were less
efficient or failed completely to induce platelet agglutination of platelets network
formation. Since investigations under shear stress represent a more physiological
condition of VWF environment, these variants are considered LOF variants. Given that
for all these VWF variants proline is replaced, the structure of the C1 and C2 might be
compromised. In general, prolines are structural margins of secondary structures and
are unable to act as a hydrogen bond donor. The substitution with arginine, threonine
or serine allows for additionally hydrogen bonding, which might rearrange the
secondary and tertiary structure. Alterations in VWF structure may lead to a better
accessibility of binding sites for collagen type Il or GPlba, which affects the binding
capacity in ELISA. However, severe alterations can disturb VWF function under flow

conditions.

7.1.3. Gain-of-functions variants
7.1.3.1. Variant p.Gly2705Arg in the C6 domain

In the C6 domain of VWF one GOF variant (p.Gly2705Arg) could be identified. This
variant increases platelet agglutination in presence of low ristocetin concentrations of
0.3 pg/mL in LTA and the aggregation in CPA. Moreover, the shear sensitivity of this
variant is increased by approx. 50 %, similar to variant p.Phe2561Tyr (Schneppenheim
et al., 2019). Additionally, the size of aggregates was slightly increased to an average size

of 1800 um? compared to 1400 um? for wildtype VWF. However, the size did not



Disscussion Page | 135

increase to the same extent observed for the variant p.Pro2555Arg, which resulted in an

average aggregate size of approx. 5000 pm? (Huck et al., 2022).

The structure of the C6 domain was recently resolved by NMR spectroscopy in a
collaborative study (Chen et al., 2022) as discussed in 7.1.2.2. The study revealed
changes the dynamics of the C6 domain by variant p.Gly2705Arg in MD simulations. We
hypothesized, that the insertion of a large, charged side chain could disrupt the native
arrangement of the C6 region and potentially also the interaction with neighboring
domains. Indeed, prediction of the VWF dimeric stem by Alphafold2-Multimer revealed
an alteration in the C6-CK domain interface. Due to incorporation of arginine at position
2705, a novel ionic interaction between Arg2705 of C6 and Asp2726 of the CK domain is
predicted to be introduced, indicating that variant p.Gly2705Arg may stabilize the
connection to the CK domain. However, this interaction was found to reorganize
hydrogen bonds between beta sheets of the CK domain, which may potentially impact

the CK domain or its interdomain structure.

With regard to disease association, to date only one patient with VWD type 1 and
reduced VWF:Ag levels has been reported to carry the p.Gly2705Arg variation
(Sztukowska et al., 2008). However, the findings of studies by Huffmann and Tang which
demonstrate normal VWF:Ag levels in a population of p.Gly2705Arg carriers (Huffman
et al., 2015; Tang et al.,, 2015) raise questions about the causal role of variant
p.Gly2705Arg in VWD in this patient. It is possible that other mutations outside of the
VWF gene impact its plasma concentration in this one patient. Given the high allele
frequency of 5.3 % in the global population for p.Gly2705Arg, it is unlikely that only one

VWD patient was identified and that this variant is therefore causal for VWD type I.

7.1.3.2. Variants in the C4 domain

In the C4 domain of VWF, 8 novel GOF variants were identified: p.Glu2553Lys,
p.Pro2558Ser, p.Ser2559Leu/Trp, p.Gly2560Arg, p.Ser2564Arg, p.Cys2574Phe and
p.Arg2575Cys. All variants, except for p.Glu2553Lys, exhibited a comparable phenotype
to that observed for the GOF variant p.Phe2561Tyr. This includes an increase in shear
sensitivity and a decrease in the critical shear stress necessary for activation by

approximately 50 % (Schneppenheim et al., 2019). Moreover, a significant reduction in
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aggregate number at higher shear stress of 80-100 dyne/cm? is observed for variants
p.Pro2558Ser and p.Gly2560Arg, but a tendency for lower aggregate numbers at higher
shear rates is observed in all GOF variants. The size of aggregates was not affected for
the majority of variants. Similar to variant p.Phe2561Tyr, static parameter, as binding
capacities in ELISA were not affected by these variants. Only, a slight increase in GPlba
binding was observed for variants p.Pro2558Ser and p.Ser2564Arg. In addition to the
results from microfluidic investigations, all GOF variants, except for variant

p.Gly2560Arg, showed significantly stronger agglutination in LTA.

All GOF variants in the C4 domain that reduce the critical shear stress required for VWF
platelet aggregation are located in the SD2. Alphafold2-Multimer predicted all variant
residues to be located close to the C5 domain. Of particular note, the mutation of
Gly2560 to arginine introduces a large charged aa that protrudes into the C5 domain.

This might impact interdomain stability, thereby facilitating the stem opening.

Notably, variant p.Cys2574Phe was identified as GOF variant whereas variant
p.Cys2574Arg displayed a LOF. Hence, the loss of the disulfide bond itself seems to have
no deleterious effect on VWF. The study of Ganderton et al. identified Cys2574 to be
partially unpaired (Ganderton et al., 2011) which provides evidence that the disulfide
bond itself may not be crucial in the overall structure. Moreover, the equivalent disulfide
bond in the C6 domain is absent but does not alter the five-strand topology (Chen et al.,
2022), which suggests that cysteine bond Cys2574-Cys2565 may have a lower
importance for structure stability. In contrast to the non-polar and hydrophobic
phenylalanine, arginine is a large charged aa. Since Cys2574 is predicted to point
towards the dimeric interface, the substitution to arginine might have a deleterious

impact leading to the LOF.

In contrast to the above mentioned GOF variants, variant p.Glu2553Lys exhibit no
increased shear sensitivity, but a slightly enhanced aggregate size to an average of
approximately 2200 um? at a shear stress of 100 dyne/cm? in microfluidic experiments.
However, this effect is less pronounced than that of the GOF variant p.Pro2555Arg,
which increased aggregates to an average of 5000 um? at shear rates of 4000 s (Huck

et al., 2022), corresponding to 80 dyne/cm?.
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7.1.3.3. Inhibition of GOF variants

Abciximab was applied in microfluidic experiments to investigate if the GOF of the newly
identified variants is triggered by a GPllb/Illa-depended effect, as observed for GOF
variant p.Pro2555Arg (Huck et al., 2022). Abciximab is a chimeric antibody fragment that
sterically inhibits GPIIb/Illa binding to its interaction partners. It was applied in a
concentration of 2.6 pug/mL, which is comparable with the dosage of abciximab of
0.25 mg/kg used in patients (Dziewierz et al., 2014). Moreover, an approximately 1:1
ratio between abciximab molecules and GPIIb/Illa receptors is used, to allow for

effective inhibition.

Presence of abciximab leads to the formation of small aggregates at shear stress of
20-40 dyne/cm? for wildtype and GOF variants alike, confirming that initial binding of
platelets to VWF is not primarily achieved by GPIIb/llla binding, but facilitated through
GPlba. Studies show that the GPIba-VWF interaction alone is capable of platelet
aggregation independent of integrin binding and platelets activation (Ruggeri et al.,
2006). Hence, single small aggregate can be formed also in the presence of a GPIlb/Illa
inhibitor. However, stable attachment to surface-bound VWEF relies on binding through
GPllIb/Illa. The GPlIb/Illa receptor is present in an inactive conformation in the first place,
but is activated to a transient state after inside-out signaling induced by adhesion of
platelets to VWF via GPIba, mainly occurring at higher shear stress (Chen et al., 2015;
Takagi et al., 2002). Consequently, abciximab has the largest effect at higher shear
stress, where it may promote the detachment of single aggregates. This would explain,
why almost no platelets are found to be immobilized at high shear stress. Likewise, the
study of Huck et al. demonstrated that abciximab only influenced aggregation at shear
rates of >4000 s (equivalent to 80 dyne/cm?) which aligns with the results of the
present study. The presence of abciximab mainly decreased the size of formed
aggregates. Since the GPIllIb/Illa interaction strongly participates in crosslinking of

platelets (Furlan, 1996), it is conceivable that inhibition reduces aggregate growth.

Moreover, the surplus of abciximab may lead to a coverage of platelets by this 48 kDa
protein, which can fundamentally affect platelet size and the accessibility to other
receptors. For all variants and the wildtype a small increase in shear sensitivity was

observed in presence of abciximab. It is plausible that platelet size is increased due to
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decoration of abciximab molecules. Once platelets bind via GPlIba to VWF, the increased
platelet size may enhance the tensile force acting of VWF and accelerate the stretching
of VWF and the adhesion of further platelets. This effect would reduce the critical shear

stress, necessary for VWF activation, and affect all VWF variants in an equal manner.

Although abciximab is efficiently reducing the platelet aggregate size, treatment in
patients was stopped due to an accompanied increased risk for thrombocytopenia,
caused by its strong binding and long lasting inhibitory effect (Hashemzadeh et al.,
2008). Since abciximab is also not specific for binding to GPllb/llla, but also binds to ayps
integrins or Mac-1 receptor on monocytes and neutrophils, it may also inhibit cell and

monocyte adhesion and lead to side effects when applied in patients.

An attempt to inhibit the VWF activity by a different mechanism was made by using
short interfering peptides, which were designed based on MD simulations. The peptides
are suggested to stabilize an inactive conformation of the RGD motif by blocking the
motion of two beta hairpins. However, no effect was observed on the binding capacity
of VWF to GPIIb/Illa-Thr588Asn in ELISA. If binding of the RGD motif to GPIlb/llla would
be hindered by the peptide, either by steric interference with the binding site or due to
stabilization of a conformation that is not able to bind GPIIb/llla, reduced binding in
GPllb/Illa-Thr588Asn ELISA would have been detected, as it was shown for the GPlIb/llla
binding-deficient mutants p.Asp2509Glu/Gly or application of abciximab (Konig et al.,
2019). Therefore, it is likely that the peptides do not influence VWF binding to active
GPllb/Illa. However, it remains unclear if the peptides do not affect the binding capacity
of the GPlIb/Illa domain or if they are not able to efficiently bind to VWF at its desired
location. Given that the size of the peptides is small, it is difficult to determine, if they
are binding to the C4 domain. Since peptide tags, such as His-Tags, may impact the total
peptide structure and chemistry, less sterically obstructive methods should be used for
determination. For instance, microscale thermophoresis (MST) and fluorescence
correlation spectroscopy (FCS) are biophysical methods that can assess molecule sizes
by measuring the motion speed or the diffusion time, respectively. If peptides efficiently
bind to VWEF, its motion would be decrease due to an increase in protein size. Similar
experiments were performed to investigate the interaction of two proteins (Lippok et

al., 2016). Further, in silico attempts may be used to mimic the peptide binding to the



Disscussion Page | 139

C4 domain and also improve or adjust its binding by testing different peptides with single

nucleotide exchanges.

7.2. Disease association
7.2.1. Association of VWF GOF variants with myocardial infarction in patients

Schneppenheim et al. published a study with 2197 individuals including 417 controls and
1780 patients with CAD (Schneppenheim et al., 2019). Although smaller, this study
presents another patient cohort of 522 patients, of whom 236 are controls and 286 are
patients with CAD. The prevalence of p.Phe2561Tyr in this study was lower than in
Schneppenheim’s study with 6.7 %, compared to 9.9 %. Likewise, the occurrence of Ml
was lower with 37.4 % of all CAD patients compared to 51.4 % in Schneppenheim’s
study. This circumstances led to the identification of only 35 patients with p.Phe2651Tyr
in total, compared to 217, and only 4 patients with MI, compared to 86 in

Schneppenheim’s study.

In this study, a total of 5 patients in the control group suffered from MI. This resultsin a
proportion of 3.4 %, which is higher than in Schneppenheim’s study. The risk of
developing an MI was increased in the control group, but not the CAD group. This may

indicate that CAD is not a requirement for increased risk of Ml in p.Phe2561Tyr carriers.

In Schneppenheim’s study, significant risk was only observed for p.Phe2561Tyr carriers
with <55 years of age, specifically for females. Moreover, the risk for the time between
first and second MI was shorter in p.Phe2561Tyr carriers. Unfortunately, in this cohort
no p.Phe2561Tyr carrier with CAD was identified with >1 MI, and no female with an Ml
in the CAD group. Therefore, no time between Mls can be determined. However, the
average age of the first Ml was decreased in p.Phe2561Tyr carriers in this cohort to

53.8 years in comparison to 64.1 years for patients with wildtype alleles.

Altogether, the group size of this cohort is small, with only 1 out of 18 p.Phe2561Tyr
carriers with Ml in the control group and 3 out of 17 with Ml in the CAD group. Since Ml
is a multifactorial disease that is be predisposed by various risk factors such as obesity,
nicotine abuse, arterial hypertrophy or other genetic factors (Zhan et al., 2019), other
cardiovascular risk factors may bias the calculation of the risk profile of p.Phe2561Tyr

carriers, especially in small cohorts. Moreover, Schneppenheim’s study calculated an
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increased risk just for the subgroup of young patient <55 years of age and especially for
woman. Hence, patient number needs to be increased, especially in the subgroup of

young females, in order to draw further conclusions.

7.2.2. Effect of VWF GOF variants on thrombosis and hemostasis in mice

The mouse studies on VWF-KO mice allowed to determine the effect of GOF variants on
hemostasis and thrombogenesis. Focus was set on variants p.Phe2561Tyr and
p.Pro2555Arg, since all novel GOF variants identified in this study display a similar or
weaker phenotype in vitro. Both positions are conserved in murine VWF and were

mutated accordingly to the human SNPs.

The VWF-KO mice received a hydrodynamic injection of the pLIVE vector, which carries
the CDS of VWF (Casari et al., 2013). This method allows the expression of different VWF
variants without the need for time-consuming genetic modifications of the mice
themselves. The majority of transfected cells are reported to be hepatocytes, which
reach a high expression of VWF after 2-4 days that remains stable for up to 14 days after
injection (Casari et al., 2013). Although the expression of VWF is mainly performed by
hepatocytes and not by endothelial cells, the composition of the VWF multimers and
the oligomer sizes are comparable to the VWF of parental mice. Likewise, VWF variants
p.Phe2561Tyr and p.Pro2555Arg were expressed and multimerized successfully
indicating that the SNPs do not interfere with biosynthesis or multimerization of VWF.
Although VWF:Ag levels varied among mice, no correlation with blood loss in tail clip or

occlusion time in thrombosis assay was detected.

VWEF-KO mice that expressed VWF as a result of hydrodynamic injection demonstrated
a reduced capacity for hemostasis and thrombosis compared to the parental mice. This
indicates that hydrodynamic injection of the VWF CDS in VWF-KO mice can only partially
rescue the bleeding phenotype. However, blood loss was low and rebleeds were weak.
Given that VWF is primarily expressed by hepatocytes and not by ECs in this model, it is

conceivable that ECs may not be able to efficiently respond to injuries.

In the tail-clip assay VWF-KO mice expressing variants p.Phe2561Tyr and p.Phe2555Arg
showed a decreased hemostatic potential compared to mice expressing wildtype VWF.

It is unlikely that this defect is caused by impaired GPIIb/llla or collagen binding, because



Disscussion Page | 141

studies show, that mice expressing VWF with a GPIlb/llla or collagen binding defect, do
not increase the bleeding in tail-clip (Marx et al., 2008). Quantification of the blood loss
and bleeding time, as well as observations of the blood flow suggest that mice
expressing VWF variants p.Phe2561Tyr and p.P2555Arg exhibit deficiencies in stable clot
formation. Since these mice suffered from strong and sudden rebleeds, blood loss and
bleeding time was high. It appears that arising platelet clots are torn away, which
hinders wound healing. This effect was more pronounced for variant p.Phe2561Tyr.
Likewise, thrombogenesis of variant p.Phe2561Tyr was slightly reduced, since the
occlusion in one mouse was unstable and disappeared quickly after its generation. This
supports the hypothesis of unstable clot formation. In contrast, thrombogenesis was
increased for variant p.Pro2555Arg. It is possible that aggregates formed by variant
p.Pro2555Arg are bigger in size, similar to observations in vitro, leading to a higher risk

of developing a vessel occlusion.

7.3.  Suggested mode of action for VWF GOF variants

Schneppenheim et al. and Huck et al. have suggested that the published GOF variants
alter the stem stability of VWF, thereby facilitating the stem opening and, thus, the
accessibility to the RGD motif in the C4 domain (Huck et al., 2022; Schneppenheim et
al., 2019). However, predictions of the dimeric interface by Alphafold2-Multimer
suggest that the RGD motif is already surface exposed. Nevertheless, it is unknown how
the GPIIb/llla receptor binds to the RGD domain and which conformation is necessary
to enable this interaction. On the one hand, it is conceivable that, despite the RDG motif
being already surface exposed, the binding site relies on force. Stretching by shear force
might be required to open the dimeric stem or specifically the C4 domain. Similar
mechanisms were observed for the GPlba binding site in A1 and the ADAMTS13
cleavage site in the A2 domain of VWF, which highly rely on shear force for their
activation (Arce et al., 2021; Crawley et al.,, 2011). On the other hand, activation of
GPllb/Illa on platelets is already tightly regulated by GPIba binding, platelet signal
transduction and force. Hence, additional regulatory mechanisms involving the C4
domain structure may not be necessary to prevent spontaneous binding of VWF to

GPlIb/llla.
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This study identified novel variants that cause enlargement of aggregates, namely
p.Glu2553Lys and p.Gly2705Arg. Nevertheless, the variant p.Pro2555Arg was observed
to generate by far the largest platelet aggregates of all GOF variants (Huck et al., 2022).
The aggregate size was found to be strongly dependent on GPllb/llla. Hence, it can be
postulated that these GOF variants may enhance the crosslinking of platelets by
facilitating the establishment of the GPIIb/llla-VWF C4 domain bond. All variants
introduce a positively charged aa, like arginine or lysine, which may interact by
electrostatic complementation with the negatively charged platelet surface and support
the encounter of VWF-platelet binding sites, as described for the encounter trajectory
of GPlIba with Al (Fu et al., 2017). The accelerated tracking of GPIIb/Illa by the RGD motif

may allow for increased GPllIb/Illa interactions.

The critical shear rate for wildtype activation was determined to be 60-80 dyne/cm?
corresponding to 3000-4000 s, which is in accordance to previous studies (Huck et al.,
2022; Schneppenheim et al., 2019). The effect of GOF variants p.Pro2558Ser,
p.Ser2559Leu/Trp, p.Gly2560Arg, p.Ser2564Arg, p.Cys2574Phe, p.Arg2575Cys and
p.Gly2705Arg decreased the critical shear rate to 20-40 dyne/cm?. This effect was shown
to be independent of GPlIb/llla, since aggregates formed at lower shear stress even in
the presence of the GPIllIb/llla inhibitor abciximab. Therefore, an additional mechanism
needs to be taken into consideration: Adhesion of platelets to VWF is dependent on
GPlba binding to VWF and only takes place if the binding site in the VWF A1 domain is
accessible for platelets. Data obtained from AFM imaging suggest that GOF variants
consist of an increased proportion of VWF dimers in an open stem conformation
(J. Derksen, Department of Digital Health Sciences and Biomedicine, School of Life
Sciences, University of Siegen, unpublished data). A partially opened VWF structure
would increase the mechanosensitivity of VWF to shear and the susceptibility to
structural stretching, as less force is required to break interdomain interactions.
Consequently, stretching and opening of the VWF Al domain may promote initial
platelet binding. With rising numbers of adhered platelets tensile force acting on VWF
would increase, thereby intensifying the force activation and allowing for more platelets
to bind. The presence of a more stretched VWF would furthermore explain, why the

critical dose of ristocetin for induction of platelet agglutination in LTA is decreased for
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GOF variants. In summary, accessibility of the A1 domain and binding of platelets via
GPlba would be more pronounced for GOF variants at lower shear stress. Subsequently,
the interaction of the GPIba receptor with the VWF A1 domain would be reinforced due
to accelerated conversion into a catch-bond (Ju et al., 2015b; Yago et al., 2008). GPIba
is then capable of transmitting an outside-in signal that consequently activates GPlIb/Illa
resulting in an intermediate active state with increased binding affinity to integrin
binding sites, such as the RGD motif in the VWF C4 domain (Chen et al., 2019). For GOF
variants, the intermediate activation of GPIIb/Illa would already occur at low shear
rates, resulting in cross-linked platelet aggregates that grow in size. However, these
aggregates require full activation of GPlIb/Illa, which is only achieved at high shear
forces, to reach stability and solid adhesion. Since aggregates induced by GOF variants
already form at low shear rates, the aggregates remain unstable and are therefore more
susceptible to being torn away. Fast detachment of VWF platelet aggregates could
contribute to deficient hemostasis in mice expressing VWF GOF variants, which suffer
from frequent and strong rebleeds. Aggregates that are torn away may pose a risk for
the onset of emboli downstream of their generation, which may explain the increased

risk for Ml in p.Phe2561Tyr carriers.

Enhanced initial adhesion of platelets that subsequently accelerate the process of
aggregate formation may also be promoted by VWF self-association (Dayananda et al.,
2010; Savage et al., 2001). Self-association describes the direct cross-linking of VWF
molecules, which results in increase VWF size and its potency to bind collect platelets.
This interaction was shown to be induced by shear and to be mediated by intermolecular
disulfide bonds (Li et al., 2008) Free thiols were identified to be crucial for the VWF
self-association, including positions that are believed to be paired in a intradomain
disulfide bond (Choi et al., 2007). This suggests that disulfide bonds may be susceptible
to reduction and converted into free thiols in the circulation. In particular, two cysteines
(Cys2431 and Cys2453) in the C2 domain were characterized to be involved in VWF
lateral self-association (Ganderton et al., 2011), indicating that cysteines in C domains
may serve not only structural but also functional roles in VWF activity. Likewise, free
thiols were found to be required for proper collagen binding and platelet adhesion

under flow conditions (O’Brien et al., 2021; Solecka et al., 2016). Two identified GOF
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variants (p.Cys2574Phe and p.Arg2575Cys) directly impact the disulfide bridges in the
C4 domain by removing or adding a cysteines, which increases the number of free thiols.
Due to mutation of Cys2574 to phenylalanine, Cys2565 is predicted to be unpaired by
Alphafold2-Multimer, making it available for disulfide interactions. Interestingly,
Cys2574 has also been found be partially unpaired in recombinant wildtype VWF
(Ganderton et al., 2011), indicating that Cys2565 might also be present in an unpaired

state in wildtype VWF and affect its function.
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7.4. Summary

The present study identified 9 VWF LOF variants. Variants p.Cys2577Tyr and
p.Cys2574Arg exhibit a pronounced secretion defect in HEK293F cells, while variant
p.Cys2671Tyr displays a reduction in HMWM multimers. Furthermore, variants
p.Pro2302Arg/Thr, p.Pro2373Arg/Ser, p.Trp2521Gly and p.Arg2535GIn demonstrate a
diminished capacity to form platelet agglutinates and platelet aggregates in LTA and/or

a microfluidic system, respectively.

In consideration of the study by Schneppenheim et al., which identified the VWF GOF
variant p.Phe2561Tyr in the C4 domain and described it to increase VWF’s shear
sensitivity and to elevate the risk of Ml in younger women (Schneppenheim et al., 2019),
the present study focused on elucidating the underlying mechanism of the GOF effect.
In a cohort of 522 patients, comprising 268 individuals with CAD, the average age at first
MI was decreased in carriers of the p.Phe2561Tyr allele, from 64.1 to 53.8 years.
However, lack of a significant association with Ml was attributed to the relatively small
cohort size. The SNP p.Ser2559Trp was identified in a single patient who had
experienced an MI. The characterization of this and other SNPs in VWF C domains
identified 9 novel VWF GOF variants, 8 of which are located in the C4 domain in close
proximity to the previously reported GOF variants p.Pro2555Arg and p.Phe2561Tyr
(Huck et al., 2022; Schneppenheim et al., 2019). One VWF GOF variant is located in the
C6 and published as cooperation study (Chen et al., 2022). Variant p.Gly2705Arg was
observed to increase shear sensitivity and aggregate size in microfluidic investigations.
Based on structure predictions by Chen et al., introduction of an arginine leads to
favoring of a bent C6 domain conformation, which may disturb the dimeric interface
(Chen et al., 2022). Likewise, Alphafold2-Multimer predictions identify an alteration in

the structure of the adjacent CK domain.

The remaining GOF variants in C4 domain exhibit comparable increases in shear
sensitivity to that observed for variant p.Phe2561Tyr (p.Pro2558Ser, p.Ser2559Leu/Trp,
p.Gly2560Arg, p.Ser2564Arg, p.Cys2574Phe, p.Arg2575Cys), or increases in aggregate
size (p.Glu2553Lys), albeit to a lesser extent than that seen for variant p.Pro2555Arg.
Presence of abciximab in microfluidic experiments revealed that aggregate size, but not

VWEF shear sensitivity relies on platelet crosslinking via GPlIb/llla. Next, in vivo studies
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disclose that thrombogenesis is augmented for variant p.Pro2555Arg. Given that the
GOF effect of variant p.Pro2555Arg is dependent on GPIIb/llla, it is reasonable to
conclude that enhanced crosslinking of platelets and VWF results in enlarged
aggregates. Consequently, it can be postulated that stronger aggregate formation may

increase thrombogenesis in mice.

In contrast, variant p.Phe2561Tyr decreased the hemostatic and thrombogenic potential
of VWF, and led to the hypothesis that the GOF effect of variant p.Phe2561Tyr and
similar variants may cause the formation of unstable clots. The mode of action would
depend on accelerated formation of GPlba catch-bonds at lower shear rates due to
partially open conformation of VWF dimer stems, as discovered by CD spectroscopy,
SAXS (Schneppenheim et al., 2019) and AFM (J. Derksen, Department of Digital Health
Sciences and Biomedicine, School of Life Sciences, University of Siegen, unpublished
data). Subsequently, intermediate activation but not full activation of GPIIb/Illa, due to
insufficient shear force, promotes the development of unstable platelet clots. Such clots
may detach from the surface due to absence of fully activated and thus strongly
cross-linked GPIIb/llla molecules. Likewise, displacement of generated platelet
aggregates at lower shear rates may elevate the risk of thromboembolic events by
transport of aggregates to remote sites. This provides a potential explanation for why

the risk for Ml is increased in GOF variant carriers.
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7.5. Outlook

The postulated mechanism of the GOF variants described above is based on the
collected data in this study and is consistent with previously published data. Further
investigations are needed to support this hypothesis. AFM studies by J. Derksen
(Department of Digital Health Sciences and Biomedicine, School of Life Sciences,
University of Siegen) display an increased occurrence of VWF dimers with an open stem
conformation (unpublished data). Although all GOF variants with increased shear
sensitivity behave similarly, the feature of decreased stem stability needs to be
confirmed for each variant. Decreased stem stability may also be investigated for novel
GOF variants by CD spectroscopy, small-angle X-ray scattering (SAXS), NMR or MD
simulations as performed for GOF variants p.Phe2561Tyr and p.Pro2555Arg. In addition,
AFM force measurements could determine the critical force required for opening of the
stem or individual domains of GOF variants, similar as previously performed for the

wildtype (Miiller et al., 2016).

Given the hypothesis that platelet aggregation is unstable in presence of GOF variants
with increased shear sensitivity, a characterization of platelets after interaction with
GOFs at different shear rates, may enhance the understanding of the underlying
mechanism. For instance, the conformation and activity of GPllb/Illa can be evaluated
through the use of a combination of antibodies that detect distinct conformation of the
GPllb and GPllla integrins (Chen et al., 2019). Furthermore, the degree of platelet
activation can be quantified by measuring the intracellular Ca%*-concentration.
Additionally, microfluidic experiments can be conducted in absence of Ca?* to prevent
platelet activation. According to the hypothesis GOF variants should not be dependent

on extracellular Ca%*. Therefore, the GOF effect should still be visible.

Further, to investigate the impact of VWF self-association by disulfide exchange on the
activity of VWF GOF variants, VWF can be pretreated with N-ethylmaleimide (Solecka et
al., 2016). This process will block its free thiols, thereby preventing the establishment of
new disulfide bonds. The application of NEM-treated VWF in microfluidic experiments

would allow determination of the dependence of the GOF effect on free thiols.
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Since the risk of myocardial infarctions in patients is hypothesized to be caused by
circulating platelet aggregates, an additional assessment of the occurrence of
thromboembolic events in GOF carriers may reveal novel correlations. Furthermore,
expanding the patient cohort to include all GOF variant carriers, without restriction to
CAD, may facilitate the identification of significant correlations. Moreover, the novel
hypothesized mode of action precludes the possibility of targeting GPIIb/llla binding to
inhibit the underlying shear sensitivity associated with GOF variants. Although inhibition
of GPIIb/Illa would decrease aggregate size, platelet adhesion to VWF via GPlba would
still occur. Targeting shear sensitivity by molecules that stabilize a closed stem
conformation or that inhibit GPIba-mediated intermediate activation of GPllb/llla may

offer new therapeutic targets.

This study offers fundamental insights into the pathophysiology of shear-sensitive GOF
variants and GPllb/llla-dependent GOF variants of VWF, and improves the
understanding of the effect of force on VWF activity in health and disease. Furthermore,
new insights might help to develop novel approaches to counteract the GOF effect, and

thus, reduce the risk of thrombotic events in respective carriers.
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9. SUPPLEMENT

9.1. Safety and disposal

Material contaminated with cells or bacteria was collected and autoclaved before
disposal. Alcohols, dyes, formaldehyde solutions each were collected separately and
discarded. Other chemicals were disposed according to the manufacturer's instructions.

If not indicated buffers and solutions were discarded in the sink.

9.2. Hazardous materials

Table 23: List of hazardous materials. Chemical, GHS pictogram and H and P statements are

given.
Chemicals pictogram H statement P statement
Calcium chloride
. H319 P280, P305 + P351 + P338
dihydrate
GHSO07
Carbenicillin @ P272, P280, P302 + P352,
o H317, H334
disodium salt P333 + P313, P342 + P311
GHS08
cOmplete ™, Mini, P264, P280, P302 + P352,
EDTA-free Protease H315, H319 P332 + P313, P337 + P313,
Inhibitor Cocktail GSHO7 P362 + P364
o P260, P271,
EDTA disodium salt
. H332, H373 P304 + P340 + P312, P314,
dihydrate
GHS07 GHS08 P501
P210, P240, P241, P260,
Ethanol H225, H319 P280, P303 + P361 + P353,
GHS02 GHSO07 P305 + P351 + P338, P501
@ P261, P280, P302 + P352,
G418 (Geneticin) H317, H334 P304 + P341, P342 + P311,
GHS08 P501
P280, P303 + P361 + P353,
. H290, H314,
Hydrochloric acid P304 + P340,

H335
GHS05 GHS07 P305 + P351 + P338, P310




Page | 174 Supplement

Chemicals pictogram H statement P statement

P264, P280, P301 + P310,

H301 + H311,
, (2 P302 + P352, P304 + P340,
Hygromycin B Gold H318, H330,

P305 + P351 + P338,
GHSO05 GHS06 GHS08 H334

P342 + P311
H225, H319, P210, P233,
Isopropanol
H336 P305 + P351 + P338
GHS02 GHSO07
P302 + P352,
, H315, H319,
Kanamycin Sulfate H335 P305 + P351 + P338,
GHS07 P304 + P340, P312, P280
@ H225, H301+ P210, P280, P301 + P310,
Methanol H311 + H331, P303 + P361 + P353,
GHS02 GHS06 GHS08 H370 P304 + P340, P405, P501
@ H315, H317, P280, P302 + P352,
Paraformaldehyde H318, H335, P304 + P340, P310,
GHS05 GHSO07 GHSO8 H351 P305 + P351 + P338

P201, P202, P261, P272,

Penicillin- @ P280, P302 + P352,
H317, H361

Streptomycin P308 + P313, P333 + P313,
GHS07 GHSO08

P362 + P364
P210, P233, P240, P280,
L H226, H314,
Propionic acid H335 P303 + P361 + P353,
GHS02 GHS05 GHS07 P305 + P351 + P338

P234, P260, P280,

. . @ P303 + P361 + P353,
Sodium Hydroxide H290, H314,

P304 + P340 + P310,

GHSO05
P305 + P351 + P338
Sulfuric acid ‘@ H290
GHSO05
P264, P273, P280,
) H302, H315,
Triton X-100 P301 + P312, P302 + P352,

H318, H410
GHS05 GHS07 GHS09 P305 + P351 + P338
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Table 24: List of H statements.

H225

H226

H290
H301 + H311
H301 + H311 + H331
H302

H314

H315

H317

H318

H319

H330

H332

H334

H335
H336
H351
H361
H370
H373

H410

Highly flammable liquid and vapor
Flammable liquid and vapor

May be corrosive to metals

Toxic if swallowed or in contact with skin
Toxic if swallowed, in contact with skin or if inhaled.
Harmful if swallowed

Causes severe skin burns and eye damage
Causes skin irritation

May cause an allergic skin reaction
Causes serious eye damage

Causes serious eye irritation

Fatal if inhaled

Harmful if inhaled

May cause allergy or asthma symptoms or breathing difficulties if
inhaled

May cause respiratory irritation

May cause drowsiness or dizziness

Suspected of causing cancer

Suspected of damaging fertility or the unborn child

Causes damage to the central nervous system and the visual organs.

May cause damage to organs (Respiratory Tract) through prolonged
or repeated exposure if inhaled

Very toxic to aquatic life with long lasting effects

Table 25: List of P statements.

P201
P202

P210

P233
P234
P240
P241
P260
P261

Obtain special instructions before use.

Do not handle until all safety precautions have been read and
understood.

Keep away from heat, hot surfaces, sparks, open flames and other
ignition sources. No smoking.

Keep container tightly closed.

Keep only in original packaging.

Ground and bond container and receiving equipment.

Use explosion-proof [electrical/ventilating/lighting] equipment.
Do not breathe dust/fume/gas/mist/vapors/spray.

Avoid breathing dust/fume/gas/mist/vapors/spray.
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P264
P271
P272

P273
P280

P301 + P310

P301 + P312
P302 + P352

P303 + P361 + P353

P304 + P340

P304 + P340 + P310

P304 + P340 + P312

P304 + P341

P305 + P351 + P338

P308 + P313
P310
P312
P314
P332 + P313
P333 + P313
P337 + P313
P342 +P311

P362 + P364
P405
P501

Wash skin thoroughly after handling.
Use only outdoors or in a well-ventilated area.

Contaminated work clothing should not be allowed out of the
workplace.

Avoid release to the environment.

Wear protective gloves/protective clothing/eye protection/face
protection/hearing protection.

IF SWALLOWED: Immediately call a POISON CENTER or
doctor/physician.

IF SWALLOWED: Call a POISON CENTER/ doctor if you feel unwell.
IF ON SKIN: Wash with plenty of soap and water.

IF ON SKIN (or hair): Take off immediately all contaminated clothing.
Rinse skin with water [or shower].

IF INHALED: Remove victim to fresh air and keep at rest in a position
comfortable for breathing.

IF INHALED: Remove person to fresh air and keep comfortable for
breathing. Immediately call a POISON CENTER/ doctor.

IF INHALED: Remove person to fresh air and keep comfortable for
breathing. Call a POISON CENTER/ doctor if you feel unwell.

IF INHALED: If breathing is difficult, remove victim to fresh air and
keep at rest in a position comfortable for breathing.

IF IN EYES: Rinse cautiously with water for several minutes. Remove
contact lenses, if present and easy to do. Continue rinsing.

IF exposed or concerned: Get medical advice/attention.
Immediately call a POISON CENTER or doctor/physician.

Call a POISON CENTER or doctor if you feel unwell.

Get medical advice/ attention if you feel unwell.

If skin irritation occurs: Get medical advice/attention.

If skin irritation or rash occurs: Get medical advice/attention.
If eye irritation persists: Get medical advice/attention.

If experiencing respiratory symptoms: Call a POISON CENTER or
doctor/physician.

Take off contaminated clothing and wash it before reuse.
Store locked up.

Dispose of contents/container in accordance with
local/regional/national/international regulations.
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