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1. Zusammenfassung

Die  biomechanischen  (Elastizititsmodul, = Adh&sionskraft, = Verformbarkeit)
Eigenschaften von Thrombozyten hangen vom Zytoskelett ab und haben einen
unbestrittenen Einfluss auf physiologische und pathologische Prozesse wie
Hamostase und Thrombose. Die Verdnderungen dieser biomechanischen
Eigenschaften konnen als markierungsfreie diagnostische Marker bei beginnenden
oder fortschreitenden Erkrankungen wie der MYH9-vererbten Erkrankung verwendet
werden. Daher war der Fokus meiner Doktorarbeit, die Beziehung zwischen den
Veranderungen in den Proteinen des Thrombozyten-Zytoskeletts und den daraus
resultierenden biomechanischen Eigenschaften mit biophysikalischen Methoden zu
untersuchen.

Im ersten Kapitel meiner Doktorarbeit habe ich mich auf die biophysikalischen
Methoden konzentriert, die am haufigsten zur Bewertung und Quantifizierung der
biomechanischen Eigenschaften von Thrombozyten verwendet werden. In meinem
Ubersichtsartikel gebe ich einen detaillierten Einblick in die zugrunde liegenden
Prinzipien, den Aufbau der Instrumente und diskutiere relevante Beispiele. Daruber
hinaus fasse ich die Grenzen dieser biophysikalischen Methoden zusammen und
weise auf aktuelle Verbesserungen hin. Die Ubersicht umfasst die folgenden
Techniken:  Mikropipettenaspiration, Rasterkraftmikroskopie  (AFM), Raster-
lonenleitfahigkeitsmikroskopie (SICM), Zugkraftmikroskopie auf Hydrogelsubstraten,
Mikroséulen und verformbare 3D-Substrate sowie Echtzeit-Verformbarkeitszytometrie
(RT-DC). Dieser Ubersichtsartikel richtet sich an klinisch-wissenschaftliche Forscher,
die daran interessiert sind, die Rolle der Thrombozytenbiomechanik in der Hamostase-
und Thromboseforschung mit Hilfe dieser einzellbasierten biophysikalischen
Methoden zu erforschen.

Im zweiten Kapitel meiner Doktorarbeit stelle ich meine Forschungsarbeit Gber den
Einfluss von ublicherweise verwendeten Ex-vivo-Antikoagulanzien auf die
intrinsischen biomechanischen Eigenschaften und funktionellen Parametern (z.B.
Aktivierungsprofile) menschlicher Thrombozyten vor. Um dies umfassend zu
beurteilen, wurden Thrombozyten verwendet, die in verschiedenen Ex-vivo-

Antikoagulanzien wie ACD-A, Na-Citrat, K2-EDTA, Li-Heparin und r-Hirudin gewonnen
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wurden und ihre biomechanischen Eigenschaften wurden durch Echtzeit-Fluoreszenz-
und Verformbarkeitszytometrie (RT-FDC) bestimmt. Mit Hilfe der Durchflusszytometrie
und konfokale Laser-Scanning-Fluoreszenzmikroskopie wurden die Eigenschaften der
Thrombozytenfunktion ermittelt. Es wurde festgestellt, dass K2-EDTA und Li-Heparin
die biomechanischen Eigenschaften von Thrombozyten beeinflussen, indem die
Aktinpolymerisation von nicht stimulierten menschlichen Thrombozyten erhdht wird.
Diese erhohte Aktinpolymerisation fuhrt zu einer geringeren Verformung der
Thrombozyten. Es wird empfohlen, fir die Untersuchung des Zytoskeletts
menschlicher Thrombozyten ein Ex-vivo-Antikoagulans wie ACD-A, Na-Citrat oder r-
Hirudin zu wahlen und es nach Madoglichkeit nicht auszutauschen, da die
Vergleichbarkeit der Ergebnisse nicht gewahrleistet ist. Darlber hinaus demonstriere
ich die Bedeutung der Wahl der richtigen Ex-vivo-Antikoagulanzien mit Hilfe der RT-
FDC, indem ich zeige, dass Thrombozyten von einem gesunden Spender und einem
MYH9-Patienten mit der Punktmutation E1841K sich in ihrer Verformung
unterscheiden. Diese Forschungsarbeit ist die erste umfassende Untersuchung auf der
Ebene einzelner Thrombozyten, die die Bedeutung der praanalytischen
Standardisierung bei der Vorbereitung von Thrombozytenproben fir biomechanische
Studien belegt.

Das dritte Kapitel meiner Doktorarbeit befasst sich mit den biomechanischen Analysen
von Thrombozyten und Thromben von der MYH9-vererbten Erkrankung. Dafur wurden
drei Myh9-Mauslinien mit einer Punktmutation im Myh9-Gen an den Positionen 702,
1424 oder 1841 sowie zwei MYH9-Patienten (MYH9 p.D1424N, MYH9 p.E1841K)
untersucht. Die  MYH9-vererbte  Erkrankung  &auB3ert sich in  einer
Makrothrombozytopenie mit méafiiger Blutungsneigung. Sie wird durch Mutationen im
MYH9-Gen verursacht, die zu einer Verdnderung der schweren Ketten des nicht
muskularen Myosins Typ 1A (NMMHC 1IA) und damit zu einer Stérung im Zytoskelett
der Thrombozyten fuhren. Durch Western-Blot Analyse, Durchflusszytometrie, in-vitro
Aggregometrie und Transmissionselektronenmikroskopie wurde gezeigt, dass Myh9-
Punktmutanten-Mause im Vergleich zur Kontrollgruppe eine vergleichbare
Primarfunktion haben. Die heterozygoten Punktmutationen im Myh9-Gen fiihrten zu
einer geringeren Verformung der Thrombozyten (RT-FDC), zu einer verminderten
Thrombozytenadhésion auf Kollagen (Kraft-Spektroskopie einzelner Thrombozyten -
SPFS) und verminderten Thrombozyten-Thrombozyten-Interaktionskréaften (SPFS).
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Die verminderte Thrombozytenkraft (Micropost Arrays) fuhrt zu weicheren Thromben
(kolloidale Probenspektroskopie), zu einer beeintrachtigten Retraktion des
Blutgerinnsels und somit zu einer verlangerten Blutungszeit. Die Mutationen R702C,
D1424N und E1841K haben eine &hnliche Wirkung auf die biomechanischen
Funktionen der Thrombozyten, wobei die Mutation E1841K eine geringere Auswirkung
auf die Thrombusbildung und -steifigkeit hatte. MYH9-Patienten haben ein erhdhtes
Blutungsrisiko und das Antifibrinolytikum Tranexams&aure (TXA) ist eine Méglichkeit,
Blutungskomplikationen bei diesen Patienten zu kontrollieren. Es wurde gezeigt, dass
die TXA Behandlung die Blutungszeit in den drei Myh9-Mausmodellen signifikant
reduziert und somit bestatigt, dass der verstarkte Blutungsphénotyp aufgrund der
verminderten Thrombozytenkréafte in Myh9-Mutantenm&usen durch die Zugabe von
TXA kompensiert werden kann.

Mit den in meiner Doktorarbeit vorgestellten biophysikalischen Methoden und
Forschungsergebnissen wird deutlich, dass es essentiell wichtig ist, die veranderte
Reaktion des Zytoskeletts der Thrombozyten durch Zytoskelettmutationen,
biochemische, physikalische Stimuli oder durch pharmakologische Aspekte zu
untersuchen. Damit wird uns eine Madglichkeit gegeben, die zugrunde liegenden
Mechanismen besser zu verstehen und somit zu einer besseren Klinischen

Behandlung beizutragen.



2. Summary

The biomechanical (Young's modulus, adhesion force, deformability) properties of
platelets depend on the cytoskeleton and have an undisputed influence on
physiological and pathological processes such as hemostasis and thrombosis. The
alterations of these biomechanical properties can be used as label-free diagnostic
markers in initiation or progressive diseases such as MYHO9-inherited disease.
Therefore, the focus of my thesis was to investigate the relationship between the
changes in platelet cytoskeleton proteins and the resulting biomechanical properties
using biophysical methods.

In the first chapter of my thesis | focused on my review of the biophysical methods that
are most commonly used to assess and quantify the biomechanical properties of
platelets. In this review, | provide an in-depth insight into the governing principles and
instrumentation setup and discuss relevant examples applied to platelet mechanics. In
addition, my review also summarizes the limitations of these biophysical methods and
highlight latest improvements. The review covers the following techniques:
micropipette aspiration, atomic force microscopy (AFM), scanning ion conductance
microscopy (SICM), tensile force microscopy on hydrogel substrates, microcolumns,
and deformable 3D substrates, and real-time deformability cytometry (RT-DC). This
review is directed toward clinician scientists who are interested in exploring
applications of single-cell based biophysical approaches in unraveling the role of
platelet biomechanics in hemostasis and thrombosis research.

In the second chapter of my thesis, | present my research paper on the influence of
commonly used ex vivo anticoagulants on the intrinsic biomechanical properties and
functional parameters (e.g. activation profils) of human platelets. To comprehensively
assess this, platelets obtained in different ex vivo anticoagulants such as ACD-A, Na-
Citrate, K2>-EDTA, Li-Heparin, and r-Hirudin were used, and their biomechanical
properties were determined by real-time fluorescence and deformability cytometry (RT-
FDC). Flow cytometry, and confocal laser scanning fluorescence microscopy were
used to determine platelet function properties. K2-EDTA and Li-Heparin were found to
affect platelet biomechanics by increasing actin polymerization of non-stimulated

human platelets. This increased actin polymerization results in decreased platelet
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deformation. It is recommended that an ex vivo anticoagulant such as ACD-A, Na-
Citrate, or r-Hirudin be chosen for the study of the cytoskeleton of human platelets and,
if possible, that it not be exchanged, because comparability of results is not assured.
Furthermore, | demonstrate the significance of choosing correct ex vivo anticoagulants
in RT-FDC by showing that platelets from a healthy donor and a MYH9 patient with the
E1841K point mutation differ in their deformation. This paper is the first comprehensive
investigation at the single platelet level to establish the relevance of preanalytical
standardization in platelet sample preparation for biomechanical studies.

The third chapter of my thesis is focused on the biomechanical analyses of platelets
and thrombi from MYH9-related disease. Here | studied three Myh9 mouse lines with
a point mutation in the Myh9 gene at positions 702, 1424, or 1841. Furthermore, two
MYH9 patients (MYH9 p.D1424N, MYH9 p.E1841K) were examined. MYH9-related
disease (MYH9-RD) presents with macrothrombocytopenia with a moderate bleeding
tendency. It is caused by mutations in the MYH9 gene that lead to alteration of non-
muscle myosin heavy chains type IIA (NMMHC IIA), resulting in disruption of the
platelet cytoskeleton. Western blot analysis, flow cytometry, in vitro aggregometry, and
transmission electron microscopy demonstrated that Myh9 point mutant mice have
comparable primary function compared to the control group. The heterozygous point
mutations in the Myh9 gene resulted in decreased platelet deformation (RT-FDC),
decreased platelet adhesion to collagen (single platelet force spectroscopy-SPFS),
and decreased platelet-platelet interaction forces (SPFS). Decreased platelet force
(Micropost Arrays) results in softer thrombi (colloidal probe Spectroscopy), impaired
clot retraction, and thus prolonged bleeding time. The R702C, D1424N, and E1841K
mutations have a similar effect on platelet biomechanical functions, although the
E1841K mutation had less impact on thrombus formation and stiffness. MYH9-RD
patients have an increased risk of bleeding, and the antifibrinolytic drug tranexamic
acid (TXA) is one way to control bleeding complications in these patients. It was shown
that TXA treatment significantly reduced bleeding time in the three Myh9 mouse
models, confirming that the enhanced bleeding phenotype due to decreased platelet
forces in Myh9 mutant mice can be compensated by the addition of TXA.

With the biophysical methods and research results presented in my thesis, it is clear
that it is essential to study the altered response of the platelet cytoskeleton by

cytoskeletal mutations, biochemical, physical stimuli, or by pharmacological aspects.
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This will provide us with an opportunity to better understand the underlying

mechanisms and thus contribute to better clinical treatment.
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3. Introduction

The initiation or presence of diseases is usually accompanied not only by biological
and functional changes, but also by alterations in the biomechanical properties of cells
(Lee, Lim, 2007), such as in cancer, malaria, and sickle cell anemia. Current
laboratory-based diagnostic techniques rely on assessing molecular markers using
biochemical assays and immunological approaches to underpin pathological changes
in cells and tissues. Within this context, little explored are the biomechanical
fingerprints of cells in the pathophysiology of diseases. Biomechanical changes in cells
can serve as promising label-free biomarkers to detect the initiation and progression
of the disease or to better understand the underlying mechanism (Di Carlo, 2012).
These biomechanical (Young's modulus, adhesion force, deformability) properties
depend, for example, on the cytoskeleton, an interconnected network of filamentous
polymers and regulatory proteins. Platelets are an optimal biological system to study
the cytoskeleton and analyze the biophysical processes associated with biomechanical
force generation, because platelets have a high actin content (Pollard, Goldman,
2017). In the first section of this chapter, | provide a brief overview of platelet function
and review the components and functions of the platelet cytoskeleton. While an
overview of the different techniques for biomechanical evaluation of platelets is given
in the second part, | focus on cytoskeletal alterations in inherited platelet disorders in
the third part.

3.1. Platelets

Platelets are small, anucleated cell fragments (1-3 um in diameter) formed from
megakaryocytes in the bone marrow (Machlus, Italiano, 2013). In humans, platelets in
peripheral blood range from 150000 to 450000/pl (Daly, 2011). The lifetime of a platelet
is approximately 10 days (Harker et al., 2000). Platelets are devoid of a nucleus but
possess mitochondria, open canalicular system (OCS), a dense tubular system, and
three different secretory granules: a-granules, dense granules, and lysosomes. The
dense granules contain mainly non-protein compounds that support platelet

aggregation. The lysosomes store proteolytic enzymes. The a-granules contain more
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than 300 different proteins involved in functions such as coagulation, platelet adhesion,
inflammation, wound healing, and angiogenesis. Platelets ensure the integrity of the
vascular system, and are an intergral part of hemostasis (Harrison, Martin Cramer,
1993, Thomas, 2019). As soon as platelets encounter a damaged vessel wall and the
exposed components of the subendothelial extracellular matrix, they are rapidly
activated and adhere to both the vessel wall, and other platelets. The components of
the secretory granules are released, and locally produced thrombin enhances platelet
activation by cleaving fibrinogen to fibrin, and supports thrombus formation. Fibrinolytic
processes eventually dissolve the formed thrombus by releasing plasminogen
activators (tissue plasminogen activator, tPA and urokinase plasminogen activator,
uPA) from the endothelial cells, and these serine proteases activate plasminogen to
plasmin. Plasmin cleaves the fibrin of the blood clot. When there is increased clotting,
and excessive thrombus formation and/or a reduction in fibrinolytic processes,
thrombosis occurs, and leads to occlusion of the blood vessel (Montague et al., 2020,
Packham, 1994). From a biological perspective, the role of platelets in hemostasis, and

thrombosis is well described, but the biomechanical aspects are poorly understood.

3.2. Cytoskeleton of platelets

The biomechanical (Young's modulus, adhesion force, deformability) properties of
platelets are determined, for example, by the cytoskeleton. The cytoskeleton of
platelets supports the maintenance of discoid shape, and cell integrity in the presence
of shear, and other forces in blood circulation. Another function is the rapid shape
change, and associated reorganization of the cytoskeleton in response to external
stimuli at sites of vascular injury (Falet, 2002). Thus platelet cytoskeleton plays an
essential role in platelet adhesion, and activation, as well as spreading, and generation

of contractile forces (Figure 1).
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Figure 1: Schematic illustration of thrombus formation.

Resting platelets circulate in the blood flow, and when a vessel injury is detected by exposed
extracellular matrix proteins (von Willebrand factor, collagen), the platelets adhere. The GPIb-
IX-V complex, and GPVI receptor on platelets regulate the adhesion, downstream signalling,
and activation process. Platelets are activated, release P-selectin, and secrete secondary
mediators (ADP, thromboxane). Activation of the allbB3 receptor occurs, leading to a
conformational change from the allbB3 receptor through the binding of fibrinogen to the
activated allbB3 integrin. A cascade of intracellular signaling events leads to irreversible stable
adhesion, spreading, clot retraction, irreversible aggregation, and cytoskeleton reorganization
of platelets and subsequent thrombus formation. Schematic was created with BioRender.com.

The cytoskeleton of platelets consists of spectrin, tubulin, and actin, as well as several
proteins that regulate the cytoskeleton (Bender, Palankar, 2021) (Figure 2A). Spectrin
is linked to the plasma membrane, and the actin filaments via filamin, and thus supports
the maintenance of the platelet shape. Actin is the most abundant protein in platelets,
accounting for 15 - 20% of the total cellular protein by mass. In resting platelets, about
40% of the total actin is composed of dynamic filaments (F-actin). F-actin are polymers
of the globular actin (G-actin) which polymerize in a head-to-tail manner (Bearer et al.,
2002, Thomas, 2019). Actin is bound via filamin to the glycoproteins GP la (receptor
for collagen), GP Ib (receptor for thrombin and von Willebrand factor (VWF)), and

GP IX in the membrane (Hartwig, DeSisto, 1991) (Figure 2B). Microtubules are
dynamic, polarized structures, and form 8 to 12 microtubule coils, called the marginal
band, in resting platelets. Under this condition, the marginal band is the main factor for

the maintenance of platelet size, and shape (Bender, Palankar, 2021).
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Figure 2: Platelet cytoskeleton. (A) Schematic illustration of the cytoskeleton of resting
platelets. (B) Schematic representation of the cytoskeletal framework in platelets shows the
major structural components and the structural connection between the cytoskeleton
components and the receptors. (A) from (Bender, Palankar, 2021) and (B) adapted from
(Zaninetti et al., 2020).

Several receptor-ligand interactions mediate platelet adhesion, and thrombus
formation. In the damaged vessel, binding between GP Ib-IX-V complex, and
immobilized vWF on subendothelial collagen occurs. This interaction allows binding of
the receptor GPVI to the collagen, initiating platelet activation. This leads to the
activation of platelet integrins allbB3 (GP lIb/llla, fibrinogen receptor). In particular,

GP llb/llla changes the conformation of its extracellular B3-domain, thereby increasing
affinity for fibrinogen, fibronectin, and vWF (Fox, 2001, Thomas, 2019, Zaninetti et al.,
2020). As a result, stronger adhesion of platelets to extracellular ligands via integrins
is achieved. During these processes, the marginal band is compressed, and
depolymerized due to altered motor protein activities (dynein/kinesin). It contributes to
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granule secretion, and mechanical resistance to shear forces, and charge distribution
around the platelet (Thomas, 2019).

Polymerization of actin filaments (about 80%) drives the spreading process. Upon
initial contact with the surface or activation by soluble platelet agonists, the shape of
the platelet changes from a disk to a sphere. Filopodia (finger-like extensions) form
from the platelet, extending from the cell periphery. The platelet then begins to flatten,
and forms thin leaves of broad lamellipodia with the initiation of OCS extrusion. During
this time, the platelet centralizes organelles, and granules. The centralized granules
fuse with the OCS, allowing secretion of their contents, a process promoted by actin
polymerization. To prevent further blood loss, restore blood flow past potentially
occluding thrombi, and promote wound healing, thrombus contraction occurs.
Contractile forces are generated by the cyclic interaction of myosin with actin. The
major form of myosin is non-muscle myosin lIIA (myosin Il). Interaction with actin
filaments generates protrusive, and contractile forces important for cell shape and their
mechanical properties. Myosin is rapidly activated, and associated with the actin
cytoskeleton upon platelet activation.

Activation and contractility of myosin Il are required for the maintenance/integrity of

platelet spreading, aggregate stability and retraction of blood clots (Thomas, 2019).

3.3. Techniques for biomechanical assessment of platelets

Changes in biomechanical properties can be used as label-free diagnostic markers for
a pathophysiological state of platelets. For example, forces generated during adhesion
and spreading and contraction of single platelets in health and disease can be
evaluated and quantified. These biomechanical properties of platelets can be studied
using biophysical methods (Table 1). In my review, | address which biophysical
methods are used to study platelets, the limitations of these methods and their
improvements (Article 1., concluded in Section 4.1). Typical methods are micropipette
aspiration, atomic force microscopy (AFM), scanning ion conductance microscopy
(SICM), traction force microscopy on hydrogel substrates, micropillars, and deformable
3D substrates, and real-time deformability cytometry (RT-DC) or real-time
fluorescence and deformability cytometry (RT-FDC). The difference between RT-DC

and RT-FDC is that RT-FDC includes a fluorescence module. The fluorescence
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module is equipped with excitation lasers of 488 nm, 561 nm, and 640 nm, and
emission is detected at the following wavelengths: 500-550 nm, 570-616 nm, 663-737
nm on avalanche photodiodes (Rosendahl et al., 2018). In a typical RT-FDC
measurement, 1000 cells per second are measured and plotted in a scatter plot of
deformation versus area. Since larger cells are subjected to higher stresses in the
constriction, deformation is not a direct measure of cell mechanical properties. This
means that when comparing two cells with similar stiffness but different area, the larger
cell will deform more. Thus, an analytical model (Mietke et al., 2015) and numerical
simulations (Mokbel et al., 2017) allow isoelasticity lines to be established for finding
cells of different area with corresponding stiffness and to determine the elastic modulus
for each cell. Due to the area of the platelets of 5 um? on average, the
deformability/elastic modulus of the platelets could not be determined. In my
manuscripts | was able to show differences in deformation and area, but only in the
case of equal area was the difference in deformation interpreted as changes in

biomechanical properties.
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Table 1. Comparison of biophysical methods for the evaluation of biomechanical properties of
platelets and thrombi. Adapted from (Sachs et al., 2020).

Biophysical method Biomechanical Restrictions Throughput
properties
Micropipette aspiration Viscosity and Nonadherent Low
elasticity In suspension 1-5 platelets/hour
adherent
AFM Viscosity, Adherent Low
elasticity and 1-5 platelets/hour

adhesion forces

Colloidal probe Viscosity and Adherent Medium
spectroscopy elasticity 10-15 thrombi/hour
SICM Viscosity and Adherent Low
elasticity 1-10 platelets/hour
Traction force microscopy Adhesion Adherent Medium to high
on hydrogel substrates contraction
Micropillars and Adhesion Adherent Medium
deformable 3D substrates contraction
RT-DC/RT-FDC Elasticity Nonadherent Very high
In suspension 100-1000
platelets/second
Thromboelastometry Viscoelasticity Clot 4 whole blood

sampels/hour

Our laboratory has introduced a modified version of AFM called colloidal probe
spectroscopy in platelet research (Figure 3A). Although colloidal probe spectroscopy
Is similar to AFM in its basic operation, a micrometer-sized sphere is immobilized at
the end of the cantilever instead of a sharp tip. In a typical experiment, the tip of the
colloidal probe (i.e., the microsphere) is gently pressed against a single thrombus by
applying a force on the order of a few nano-Newtons perpendicular to the horizontal
plane of the thrombus. This induces a deflection of the cantilever that is representative
of the resistance force of the thrombus (Zaninetti et al., 2020). To generate thrombi,
recalcified whole blood is perfused in a collagen-coated flow chamber for 5 minutes at
a shear rate of 100 pl/min. This approach allows systematic characterization of the
biomechanical properties of thrombi formed on a wide range of adhesive matrices
under different shear stress conditions that mimic vascular flow dynamics,

microenvironment, and local architecture.

19



Another method we use is thromboelastometry. Thromboelastometry (Figure 3B) is a
viscoelastometric method for testing hemostasis in whole blood and measures
interactions of clotting factors, inhibitors, and cellular components during the clotting
phases and subsequent lysis. Whole blood is placed in a cuvette, and a cylindrical pin
is immersed. The pin oscillates left and right by a spring and moves freely at the
beginning of the measurement. When the blood begins to clot, the clot increasingly
restricts the oscillation of the pin as the clot strength increases. These kinetics are
recorded mechanically and displayed graphically. After retraction of the clot, lysis

occurs, and the motion transmission of the cup is reduced (Crochemore et al., 2017).
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Figure 3: Colloidal probe spectroscopy and thromboelastometry. Measurement principle
of colloidal probe spectroscopy with setup of the cantilever (A) and measurement principle of
thromboelastometry with a representative curve of a healthy donor (B). Some schematics were
created with BioRender.com.

With attention to preanalytical variability in blood sample preparation, biophysical
methods are not well standardized (Guck, 2019). To establish standardization in
sample preparation of platelets for biomechanical studies, we used ex vivo
anticoagulants in blood collection using RT-FDC. Typically used ex vivo anticoagulants
are ACD-A, Na-Citrate, K2-EDTA, Li-Heparin, and r-Hirudin. ACD-A, Na-Citrate, and
K2-EDTA chelate free calcium, thereby reducing the activity of components of the
coagulation pathway. Li-Heparin activates antithrombin, which in turn inhibits

proteases essential for coagulation, including thrombin and factor (F)Xa. r-Hirudin is a

21



highly specific thrombin inhibitor that binds to active thrombin and irreversibly
inactivates it. It binds exclusively to thrombin and has no effect on the coagulation
cascade, the complement cascade, or blood cells (Krueger et al., 2002) (Article 2.,
concluded in Section 4.2).

Biophysical methods are essential to explain the causes of cytoskeleton alterations,
such as inherited platelet disorders, and thus to contribute to improved clinical
treatment. Our study examined single platelets and thrombi from three Myh9 mouse
lines and two MYH9 patients to demonstrate that platelet force generation mediated
by non-muscle myosin IlA is critical for adequate coagulation response and hemostatic

function (Manuscript 3., concluded in Section 4.3).

3.4. Cytoskeleton alterations in inherited platelet disorders

Several inherited platelet disorders are caused by mutations in key cytoskeleton-
regulating proteins, such as Wiskott-Aldrich syndrome, filamin A defect, or myosin
heavy chain 9 (MYH9)-associated disease (Drachman, 2004, Nurden, Nurden, 2011).
Defects in the cytoskeleton usually cause thrombocytopenia. Wiskott-Aldrich
syndrome is an X-linked inherited disorder characterized by small platelets,
immunodeficiency, eczema, and increased risk of autoimmune diseases and cancer.
It is caused by a mutation in the WAS gene and results in impaired F-actin
polymerization (Althaus et al., 2019).

MYHO9-related disease (MYH9-RD) is a rare inherited platelet disorder. It is caused by
alterations in the MYH9 gene. Heterozygous mutations in this gene lead to the four
distinct syndromes: May-Hegglin anomaly, Epstein syndrome, Fechtner syndrome,
and Sebastian platelet syndrome. All four syndromes have clinically in common:
macrothrombocytopenia with a moderate bleeding tendency (Althaus et al., 2019,
Palma-Barqueros et al., 2021). The MYH9 gene encodes the non-muscle myosin
heavy chain IIA (NMMHC-1IA), an actin-binding protein with contractile properties.
Non-muscle myosin class Il belongs to the myosin superfamily (Hodge, Cope, 2000).
In humans, there are three isozymes of non-muscle myosin II: NMM-1IA, NMM-IIB, and
NMM-IIC. Platelets express only NMM-IIA (Maupin et al., 1994). NMM-IIA is composed
of two non-muscle myosin heavy chains (NMMHC; MW 220 kDa) and four light chains
(MLC; MW 16.5 kDa). It has an N-terminal head, a neck, and a C-terminal tail (Marigo
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et al., 2004, Simons et al., 1991, Toothaker et al., 1991). The N-terminal head interacts
with actin and exposes the ATP-binding side. The neck is an important binding site for
the MLCs. The MLC is responsible for triggering the contractile response of
actomyosin. Phosphorylation of MLC activates myosin and allows it to interact with
actin filaments (Fox, Phillips, 1982, Kumar et al., 1989, Suzuki et al., 1999). The C-
terminal tail domain is important for filament assembly and cargo binding (Berg et al.,
2001).

Depending on the position of the mutations, the risk for other symptoms such as kidney
failure, hearing loss, and cataract increases (Althaus, Greinacher, 2009). Patients with
a mutation at amino acid position 702, located in the motor domain of non-muscle
myosin |IA, are at higher risk for increased bleeding. Mutations in the rod domain
(amino acid positions 1424 and 1841) cause a milder phenotype (Althaus, Greinacher,
2009, Palma-Barqueros et al., 2021).

In clinics, there are several approaches to treat bleeding complications in MYH9-RD
patients (Pecci, Balduini, 2021).Thrombopoietin receptor agonists are an option for
short-term treatment by increasing platelet counts (Zaninetti et al.,, 2019).
Desmopressin is a synthetic derivative of vasopressin. As a selective agonist at
arginine vasopressin receptor-2, it exhibits an antidiuretic but not a vasoconstrictor
effect. Desmopressin acts primarily via an increase in Von Willebrand factor and
clotting factor VIII and can be administered to adults before surgery in combination with
Tranexamic acid (TXA). In addition, TXA is also used alone to treat excessive bleeding
during menstruation or for local application after dental procedures (Althaus et al.,
2011, Althaus, Greinacher, 2010). TXA inhibits the activation of plasminogen to
plasmin and thus fibrinolysis (Dunn, Goa, 1999).
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4. Results and Discussion

This thesis aims to investigate the relationship between the changes in platelet
cytoskeleton proteins and the resulting biomechanical properties using biophysical
methods, such as RT-FDC and AFM. In the following chapter, | will present the main
results from the review and the two research articles aimed at this goal. In the review,
we present biophysical methods that can be applied to study platelets. In the first
research article, we introduce standardization in sample preparation of blood cells,
especially for platelets used in biomechanical studies to ensure comparability of
experiments. In the second research manuscript, we focus on investigating the
biomechanical mechanisms involved in clot formation and stabilization for three Myh9
mouse lines and two MYH9 patients to understand further platelet force generation
mediated by non-muscle myosin IIA. The review was published in Research and
Practice in Thrombosis and Haemostasis (RPTH), the first research article was
published in Communications Biology, and the second research manuscript was
accepted at Science Advances.

4.1. Article 1: Quantifying single-platelet biomechanics: An

outsider’s guide to biophysical methods and recent advances

Commonly used in vitro and ex vivo assays include platelet aggregometry, impedance
aggregometry, rheological techniques, flow cytometry, and real-time thrombus
formation in parallel plate flow chambers (Cardigan et al., 2005). These assays have
greatly improved our understanding of hemostasis and thrombosis from a biochemical
and cell biological perspective. Still, they do not provide insight into the underlying
biomechanical properties and the biophysical forces generated during hemostasis or
thrombosis. Biomechanical properties can be determined by biophysical methods.

In micropipette aspiration, a part of the membrane of a single platelet is aspirated
into a borosilicate glass micropipette, and negative pressure is applied stepwise. The
changed length of the aspirated platelet membrane is recorded using video microscopy
(Gonzélez-Bermudez et al., 2019, Kee, Robinson, 2013). Micropipette aspiration has

been used in studies to evaluate the biomechanical alterations induced by platelet
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agonists (thrombin, ADP) and platelet aggregation inhibitors such as acetylsalicylic
acid (Burris et al., 1986, Burris et al., 1987). However, micropipette aspiration is rarely
used because only low throughput can be measured, and high technical requirements
are necessary. Recent developments use a microfluidic device in which micropipettes
are arranged in parallel and thus would facilitate the study of platelets (Mak, Erickson,
2013, Myrand-Lapierre et al., 2015).

Atomic force microscopy (AFM) enables three-dimensional imaging of samples at
the nanometer scale and investigates intermolecular/intercellular forces in the sub-pico
Newton range (Gross et al.,, 2018). The main component of the atomic force
microscope is a thin, flexible silicon nitride cantilever 100-200 ym long with a pyramid-
shaped probe tip at one end that is passed over the sample in the X, y, and z axes
(scanning mode). The cantilever deflection is registered on a quadrant photodiode by
a reflected laser and provides a quantitative signal for the applied force. Alternatively,
the cantilever can be pressed onto the sample, and the forces required to deflect it are
measured, or an adhesive tip can be used to pull on the sample. Theoretical models
such as Hertz, Sneddon, Derjaguin-Muller-Toporov and Johnson-Kendall-Roberts
models are used to evaluate mechanical properties of biological systems (Krieg et al.,
2019). However, the use of AFM to study platelets is a time-consuming technique with
low throughput and requires immobilization of platelets (Nguyen et al., 2016). Despite
these limitations, important insights into platelet biomechanics have been obtained with
AFM. For example, elastic moduli for single platelets and areas of higher (e.g., platelet
margins) and lower (e.g., granulomers) stiffness in platelet adhesion were determined
(Radmacher et al., 1996).

Scanning ion conductivity microscopy (SICM) is a label-free, non-contact, non-
invasive, and high-resolution topography imaging technique and offers a resolution
from several micrometers to a few nanometers (Happel et al., 2012, Schaffer, 2013,
Shevchuk et al., 2006). SICM analyzes the sample by detecting ion current interference
induced by the properties of the sample in response to the application of hydrostatic
pressure and is emerging as the method of choice for high-speed morphometric and
biomechanical characterization of single platelets (Hansma et al., 1989, Happel et al.,
2012). Thus, one study showed that the mean elastic modulus of single platelets
increased during spreading. Furthermore, the elastic modulus of platelets decreased

significantly in the presence of thrombin (Rheinlaender et al., 2015). The application of
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the SICM does not allow fast and large area scanning of living biological samples.
Technical improvements in the design of the SICM now allow a scanning area of 20 x
20 ym? within 10 seconds (Zhukov et al., 2012).

Traction force microscopy (TFM) are methods for precise measurement and
guantification of cellular traction forces or contractile forces (Roca-Cusachs et al.,
2017). The principle is based on quantitative optical microscopy to measure substrate
displacements, which are then converted into forces (Ribeiro et al., 2016, Schwarz,
Soiné, 2015). TFM on hydrogel substrates and bending of elastomeric micropillar
arrays are most commonly used to measure generated tensile forces.

TFM on hydrogel substrates is a versatile and interference-free approach to measure
cellular forces from single cells to tissue planes. It measures exerted tensile forces
from spatial images of substrate stress by tracking the displacement of reference
markers (fluorescent tracer beads) (Plotnikov et al., 2014). TFM is a relatively simple
method with high sensitivity but has low measurement throughput. In addition, artifacts
associated with variations in the mechanical properties of the hydrogel may occur. To
address these drawbacks, a chip-based platelet contraction cytometer with high
throughput was developed (Myers et al., 2017). This method has fibrinogen-passivated
microdot pairs on a hydrogel substrate with different stiffness to evaluate the
nanomechanics of hundreds of single platelets under physiologically relevant
conditions. In one study, the contractile forces of platelets from patients with Wiskott-
Aldrich syndrome and MYH9-disorder (non-muscle myosin lla mutations) were
determined using a platelet contraction cytometer. These data show that up to 30% of
these platelets have almost no contractile forces on stiffer substrates, whereas this
was the case in only 6% of healthy controls (Myers et al., 2017).

The deformable micropillar (micropost) arrays are compliant vertical elastomeric
cylindrical cantilevers made of polydimethylsiloxane with defined dimensions (diameter
and height) and stiffness (linear elastic) (Gupta et al., 2015). The ligand-functionalized
tips of the microcolumns serve as adhesive surfaces (Sniadecki et al., 2014). After cell
adhesion, the displacements of the single microcolumns in an array are tracked using
video microscopy, and the force exerted on the cantilever is calculated using beam
theory (Tan et al., 2003). For example, Liang et al. quantified the contractile forces
generated by platelets in a microthrombus and demonstrated quantitatively for the first

time that each platelet functions as an active contractile force-generating unit in the
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microthrombus (Liang et al., 2010). Fabricating deformable micropillar arrays is a
labor-intensive and time-consuming process, limiting the rapid prototyping required to
optimize substrate deformation and increase measurement sensitivity. In addition, by
replica molding process is not possible to fabricate complex geometries to measure
cellular tensile forces on 3D substrates. Therefore, a laboratory has introduced a
maskless technique based on direct laser writing with 2-photon polymerization (2PP)
in 3D photosensitive resists to 3D print high-resolution deformable micro- and
nanostructures (Klein et al., 2010).

Real-time deformability cytometry (RT-DC) is a microfluidic technique that allows to
record and evaluate the morphology and mechanics of up to 1000 cells/second in a
narrow channel (with a cross-section of 15-40 um). The cells are deformed by
hydrodynamic shear, and normal stresses without channel contact and the resulting
deformation and its magnitude are quantified in real-time, without prior labeling of the
cells (Otto et al., 2015b). Thus, it is possible to identify comprehensive biomechanical
signatures of single cell types in blood in a short time (Otto et al., 2015a). The deformed
cells inside the narrow channel are illuminated with a high-power LED and recorded
with a high-speed complementary metal-oxide-semiconductor (CMOS) camera. The
analysis software Shapeln2 (Zellmechanik Dresden) analyzes several parameters like
cell size and deformation. For example, in the scatter plot the deformation versus the
cell size (cross-sectional area) or porosity, circularity and images from every single
platelet can be displayed. Each event in the scatter plot represents a measured cell
and can be selected through evaluation software ShapeOut (Zellmechanik Dresden)
to get additional information like the cell image and calculated contours (Mietke et al.,
2015). Because of these abilities, RT-DC is a promising method with potential
relevance to various areas of the life sciences (Urbanska et al., 2018).

These biophysical methods have enhanced our understanding of the biomechanical
principles that influence hemostasis and thrombus formation. However, to maximize
the potential of many of these biophysical methods to answer outstanding questions in
platelet biology requires extensive collaboration among interdisciplinary teams.
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4.2. Article 2: Ex vivo anticoagulants affect human blood platelet
biomechanics with implications for high-throughput functional

mechanophenotyping.

Deciphering the cytoskeleton-dependent intrinsic biomechanical properties of platelets
using biophysical methods is highly desirable to enhance our understanding of
platelets in physiological and pathological processes and to improve diagnostic
perspectives (Lam et al., 2011, Zhang et al., 2018). However, biophysical methods are
not well standardized with respect to preanalytical variability in sample preparation of
peripheral blood cells, including platelets (Guck, 2019). Thus, we used the ex vivo
anticoagulants ACD-A, Na-Citrate, K2-EDTA, Li-Heparin, and r-Hirudin to investigate
the influence of ex vivo anticoagulants on the intrinsic biomechanical properties of
human platelets from healthy donors (n = 6) and an MYH9 patient with the point
mutation E1841K using RT-FDC.

Our study showed that unstimulated platelets anticoagulated with Li-Heparin had
higher F-actin content, lower deformation, smaller platelets, and higher PAC-1
expression (change in integrin allbB3 receptor) compared with platelets in ACD-A, Na-
Citrate, and r-Hirudin. The disc-shaped morphology and a subcortical marginal band
microtubule were comparable in unstimulated platelets in Li-Heparin with platelets in
ACD-A, Na-Citrate, and r-Hirudin. Activation of platelets with the agonist TRAP-6 in
ACD-A, Na-Citrate, Li-Heparin, and r-Hirudin resulted in a significant decrease in
platelet deformation, a decrease in platelet size, an increased F-actin content, a
reduction in the edge-to-edge coiling of the microtubule ring, an increase in CD62P
surface expression, and PAC1-FITC binding. However, the apparent discrepancies
between Li-Heparin and ACD-A, Na-Citrate and r-Hirudin indicate that Li-Heparin is
inducing artifacts in the biomechanical properties of platelets. One explanation would
be the strong negative charge of heparin and its binding to allbp3, which triggers
allbp3-mediated outside-in signaling, initiating cytoskeleton reorganization. (Gao et al.,
2011, Sobel et al., 2001).

Unstimulated platelets collected in K2-EDTA had the highest F-actin content, a coiled
microtubule ring, showed the lowest deformation, and were the smallest compared with
the other anticoagulants. Platelets stimulated with TRAP-6 in K2-EDTA showed only

minor changes in deformation, platelet size, F-actin content, CD62P expression, and
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PAC-1 binding. Our observations are consistent with previous studies demonstrating
K2-EDTA induced ultrastructural changes in the surface-bound channel system
(constriction and dilation of the OCS) and irreversible dissociation of allb3 complexes.
(Gachet et al., 1993, Golanski et al., 1996, Ma, Wong, 2007, White, 2000). It is possible
that the high level of F-actin in non-stimulated and TRAP-6 stimulated platelets and
the associated platelet deformation could be explained by the irreversible dissociation
of the allbB3 complex and the associated reorganization of the cytoskeleton.

To support these findings and to establish the direct link between platelet deformation
and F-actin content, we used latrunculin B (LatB), an inhibitor of actin polymerization.
Our results showed that LatB increased platelet deformation in unstimulated and
TRAP-6 stimulated platelets in all ex vivo anticoagulants compared with the respective
vehicle control. In particular, the significant increase in deformation of stimulated
platelets in K2-EDTA indicated that the increased F-actin content of platelets in Ko-
EDTA is responsible for the increased deformation when actin polymerization is
blocked by LatB, leading to destabilization of the actin cytoskeleton. Unstimulated and
TRAP-6 stimulated platelets had reduced CD62P expression with LatB, with the
exception of K2-EDTA, for which no change occurred, as expected. Resting platelets
showed a decrease in PAC-1 binding after LatB treatment with ACD-A, Li-Heparin, and
r-Hirudin, suggesting a reorganization of the cytoskeleton. A reduction of PAC-1
binding after TRAP-6 activation is observed only with Li-Heparin, confirming our
hypothesis that Li-Heparin induces cytoskeleton reorganization by binding to allbp3,
resulting in greater platelet deformation.

The practical relevance of our findings is evident when MYH9 p.E1841K platelets are
examined in ACD-A compared with K2-EDTA. In ACD-A, unstimulated and TRAP-6
stimulated MYH9 p.E1841K platelets deformed less and were larger compared with
platelets from healthy controls. In K2-EDTA, unstimulated and stimulated platelets from
healthy donors and MYH9 patients showed significantly reduced deformation
compared with their counterparts in ACD-A. CD62P surface expression and PAC-1
binding were comparable in unstimulated and stimulated platelets from the MYH9
p.E1841K patient and the healthy donor. The F-actin content is higher in non-
stimulated platelets from MYH9 p.E1841K patients in ACD-A than the platelets from
the control donor. In K2-EDTA, the F-actin content is higher for the healthy donor and
the MYH9 patient compared with their counterparts in ACD-A. Activation with TRAP-6
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leads to an increase in F-actin content in ACD-A for the MYH9 patient and healthy
donor, and in K2-EDTA it remains unchanged for both donors.

In conclusion, we find that K2-EDTA and Li-Heparin affect platelet biomechanics by
decreasing deformation and increasing actin polymerization of non-stimulated human
platelets. It is recommended that an ex vivo anticoagulant such as ACD-A, Na-Citrate,
or r-Hirudin be chosen for the study of the cytoskeleton of human platelets and, if
possible, that it not be interchanged, as comparability of results is not guaranteed
otherwise. With RT-FDC, we have a promising method to study the platelet skeleton
in platelet-rich plasma (PRP), which according to our study, provides very solid and

rapid results.

4.3. Manuscript 3: Reduced platelet forces underlie impaired

hemostasis in mouse models of MYH9-related disease.

Patients with MYH9-related disease most commonly have a point mutation in the
MYH9 gene at positions 702, 1424, or 1841 (Balduini et al., 2011). For this study, three
different mouse lines were generated with the knock-in mutations Arg702Cys (R702C),
Aspl424Asn (D1424N), and Glul841Lys (E1841K) (Zhang et al., 2012). These
heterozygous point mutant mice recapitulated the major features of human patients,
such as macrothrombocytopenia, moderately prolonged bleeding times, decreased
ability to retract clots, and nonhematologous defects (Zhang et al., 2012). From a
biological point of view, the role of platelets in preventing blood loss is well described,
but the mechanobiological aspects are poorly understood. Therefore, we analyzed the
three point mutant Myh9 mouse models and two MYH9-RD patients with point
mutations 1424 and 1841 (Baumann et al., 2022).

We demonstrated by Western blot analysis the presence of myosin IIA protein in
control and heterozygous mutant mice (Myh9 R702C/+, Myh9 D1424N/+, Myh9
E1841K/+). Myh9 mutant mice exhibited a significant reduction in platelet count and
increased platelet size. We analyzed platelet activation of Myh9 R702C, D1424N, and
E1841K mutant mice, which was comparable overall to controls when platelets of
similar size were compared. The kinetics and extent of platelet aggregation did not
differ between mutants and controls. Transmission electron microscopic (TEM)

analysis of mutant platelets revealed a heterogeneous population of platelet size but
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otherwise comparable ultrastructure. Thus, it can be concluded that Myh9 point mutant
mice have comparable primary function compared with the control group.

The mutant platelets exhibited increased F-actin content, likely due to the increased
platelet size. The spreading experiments on a fibrinogen-coated surface showed
comparable spreading kinetics of the Myh9 mutant R702C/+ platelets. Slightly faster
spreading was shown for Myh9 D1424N/+ and Myh9 E1841K/+ mutant platelets,
probably due to the size of the Myh9 mutant platelets and thus earlier adhesion to the
activating surface. The mutant platelets were able to reorganize the cytoskeleton and
form filopodia and lamellipodia. A capillary-based immunoassay was used to detect
phosphorylation of myosin light chain 2 (MLC2) in resting and thrombin-activated
platelets. Expression of MLC2 and myosin phosphatase 1 (MYPT1) was comparable
in control and mutant samples. However, phosphorylation of MLC2 after activation with
thrombin was greatly reduced in Myh9 mutant platelets compared with control
platelets. These data suggest that heterozygous mutations in the motor domain
(R702C) and the rod domain (D1424N, E1841K) may affect the contractile properties
of mutant platelets.

Biomechanical analysis showed that Myh9 mutant platelets exhibited significantly
reduced deformation (RT-FDC), which could be explained by the increased F-actin
content. Myh9 mutant platelets have lower adhesion forces on collagen (single platelet
force spectroscopy - SPFS), lower interaction forces between platelets (SPFS), and
generate lower traction forces on fibrinogen (micropost arrays). Spread mutant
platelets on fibrinogen (R702C/+. D1424N/+) have lower elastic modulus (= softer
platelets, SICM), which would be due to altered platelet actomyosin network. Myh9
platelets E1841K/+ showed a comparable elastic modulus to control platelets. Ex vivo
assay of thrombus formation on collagen showed that platelets from Myh9 mutant mice
(D1424N/+, R702C/+) formed fewer and smaller thrombi. Platelets from Myh9 mutant
mice E1841K/+ had fewer and smaller thrombi only under thrombocytopenic
conditions. Colloidal probe spectroscopy showed that thrombi formed by platelets from
Myh9 mutant mice had a reduced elastic modulus (= softer thrombi). We showed that
in vitro clot retraction of samples from Myh9 mutant mice was impaired in both
unmatched and matched platelets, suggesting a less central role of platelet count.

To verify our biomechanical results from the analyses of the mutant mice, we analyzed

the deformation and force generation of platelets from two patients with the
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corresponding mutations (MYH9 p.D1424N, MYH9 p.E1841K). Biomechanical
analyses showed that platelets from the patients were stiffer and larger (RT-FDC).
Thrombus formation on collagen under shear, showed significantly fewer and smaller
thrombi and decreased kinetics of thrombus formation over time. Colloidal probe
spectroscopy showed that thrombi from the MYH9 p.D1424N patient were significantly
softer and moderately but not significantly softer from the MYH9 p.E1841K patient.
These results indicate that the overall biomechanical properties of human and mouse
platelets with point mutations in non-muscle myosin IIA are comparable, with the
exception of thrombus stiffness in the MYH9 p.E1841K sample, which showed a
tendency toward softer thrombi only.

MYH9-RD patients have an increased risk of bleeding, which we also determined in
the Myh9 mutant mice with bleeding time (Zhang et al., 2012). The antifibrinolytic drug
TXA is one way to control bleeding complications in these patients (Althaus et al., 2011,
Althaus, Greinacher, 2009). Thus, our results show that TXA treatment significantly
reduced bleeding time in the three Myh9 mutant mouse models. Thus, it can be said
that the enhanced bleeding phenotype due to decreased platelet forces in Myh9
mutant mice can be compensated by the addition of TXA.

The improved clot stability of the mutant mouse samples prompted us to investigate
the effect of TXA on clot formation and stability in patient samples. Whereas the onset
of lysis (LOT) measured by thromboelastometry occurred earlier in the human patient
sample with the addition of rtPA, the defect was reversed by the addition of TXA.
Similarly, ex vivo thrombus stability of MYH9-RD patient platelets was improved under
shear in the presence of TXA. We measured the stiffness of thrombi by colloidal probe
spectroscopy and found that TXA significantly increased the stiffness of thrombi from
the MYH9 p.D1424N sample. However, the improvement in thrombus stiffness by TXA
was achieved to a lesser extent for the patient sample with the E1841K mutation.
Overall, this indicates that TXA can also stabilize clots and thrombi from MYH9-RD
patients.

In conclusion, we find that heterozygous point mutations in the Myh9 gene lead to
decreased platelet adhesion and decreased platelet-platelet interaction forces in mice
and MYH9-RD patients. The decreased platelet force results in impaired clot retraction
and prolonged bleeding time. The R702C, D1424N, and E1841K mutations have a

similar effect on platelet biomechanical function, although the E1841K mutation had a
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reduced effect on thrombus formation and stiffness. Inhibition of fibrinolysis with TXA

can improve hemostatic function in Myh9 mutant mice.
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5. Outlook

With the biophysical methods and research results presented in this thesis, it is clear
that it is essential to study the altered response of the platelet cytoskeleton by
cytoskeletal mutations, biochemical, physical stimuli, or by pharmacological aspects
(Finkenstaedt-Quinn et al., 2015, George et al., 2018, Hartwig, 2013, Qiu et al., 2015).
Thus, the influence of drugs on platelet biomechanics is rarely discussed. Several
drugs, such as aspirin, clopidogrel, and prasugrel, modulate platelet activation and
have been developed to prevent thrombotic diseases and complications (Collins,
Hollidge, 2003, Rao et al., 2006). In contrast to the mechanisms of action, which are
well studied, little is known about the role of platelet morphological changes and
cytoskeleton (Shin et al., 2016). In the following chapter, | will present my preliminary
data on the influence of ex vivo aspirin on the biomechanics of single platelets and
thrombi.

Aspirin is not only an analgesic, anti-inflammatory, and antipyretic drug but also a
potent antiplatelet agent. It acts by irreversibly blocking cyclooxygenase-1 or -2
(acetylation of a serine residue), thereby inhibiting the conversion of arachidonic acid
to prostaglandin H2. It exerts its antiplatelet effect primarily by inhibiting thromboxane
A2 synthesis, which is irreversible for the life of treated platelets. It is used to reduce
the risk of myocardial infarction in stable or unstable angina by inhibiting platelet
aggregation and thus having a cardioprotective effect (Barry S. Coller, 2013). However,
it is increasingly suspected that the antiplatelet effect of aspirin is not only due to the
blockade of prostaglandins but that aspirin may also have impact on the platelet
cytoskeleton (Malinin et al., 2003). Therefore, it seemed reasonable to us to investigate
the impact of 5.5 uM and 55 pM aspirin (reflecting plasma levels of therapeutic doses
(Benedek et al., 1995, Thiessen, 1983, Thorir et al., 1987)) on biomechanical
parameters, such as deformation of single platelets, stiffness of single thrombi, and
property in clot formation. To this end, we performed a comprehensive analysis of
biomechanical platelet function using RT-FDC, colloidal probe spectroscopy,
thromboelastometry. For this purpose, ex vivo aspirin was incubated in ACD-A whole
blood for 10 min, and PRP was prepared by centrifugation for RT-FDC measurements.
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First, we used RT-FDC to investigate whether aspirin affects the cytoskeleton-
dependent hydrodynamic deformation of single platelets. Unstimulated platelets
exposed to aspirin ex vivo in whole blood showed significantly reduced median
deformation of 0.068 = 0.015 (mean + SD) at 5.5 puM aspirin and 0.059 £ 0.013 at

55 uM aspirin in contrast to a higher deformation of 0.097 + 0.015 (n = 6 donors) in
control platelets (Figure 4A).

To determine whether aspirin-induced reduced deformation of single platelets
influences thrombus mechanics, we performed colloidal probe spectroscopy. The data
showed a significant decrease in Young's modulus of 2.55 + 0.91 kPa (mean = SD,
5.5 UM aspirin) and 2.43 £ 0.72 kPa (55 uM aspirin) compared to the control sample
of 2.99 £ 0.91 kPa (n = 8 donors). This means that aspirin thrombi formed under shear
flow are softer than control thrombi (Figure 4B).

To support the results of colloidal probe spectroscopy, we analyzed control whole
blood and whole blood incubated with 55 uM aspirin in thromboelastometry (Figure
4C). The aspirin thrombi had a lower elastic shear modulus (G: 7570 + 846 dyn/cm?,
mean = SD) and thrombodynamic potential index (TPIl: 45.8 £ 16.6) than control
thrombi (G: 8051 + 778 dyn/cm?; TPI: 56 + 20). This means that the density of the
blood clot (TPI) (Kairov et al., 2018) and platelet-fibrin interactions (G) decrease in
aspirin thrombi. The decrease in platelet-fibrin interactions results in a decrease in clot
strength and clot firmness (G) (Chandler, 1995, Hochleitner et al., 2017, Sharma et al.,
1997).
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Figure 4: Effect of ex vivo aspirin (5.5 uM, 55 uM) on single platelets and thrombi.

Each data point of (A) RT-FDC measurement shows the median deformation of at least 2500
platelets from one donor and bar plots show mean * standard deviation of median deformation
of vehicle platelets without/with aspirin treatment (5.5 uM or 55 pM aspirin; n = 6 donors). RT-
FDC measurements were carried out in a microchannel of 15 x 15 um cross section and of
300 um length at a flow rate of 0.006 pl/s. Each data point of (B) colloidal probe spectroscopy
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shows the median Young’s modulus of one control or aspirin thrombi (5.5 uM or 55 uM aspirin)
and bar plots show mean + standard deviation of median Young's modulus (n = 8 donors).
Each data point of (C) thromboelastometry shows the elastic shear modulus and
thrombodynamic potential index of one donor and bar plots show mean * standard deviation
of elastic shear modulus and thrombodynamic potential index from control whole blood and
aspirin treated whole blood (55 uM, n = 7 donors). Statistical analysis for RT-FDC and colloidal
probe spectroscopy is performed using ordinary one-way ANOVA with Sidak multiple
comparison test, statistical analysis for thromboelastometry was performed using Wilcoxon
matched-pairs signed rank test. P values < 0.05 were considered statistically significant.
Schematics were created with BioRender.com.

In conclusion, we found that ex vivo aspirin significantly affects the platelet
cytoskeleton. Our data showed that single aspirin treated platelets deform less, but
thrombi formed under shear flow on a collagen-coated slide are softer. Aspirin-
influenced thrombi have a lower clot density and show a decrease in clot strength/clot
firmness. These preliminary research results may provide a new perspective on the
current mechanism of action of aspirin and decipher the interplay between mechanism
of action, drug action, and mechanics. Thus, platelet biomechanics could play an
important role in disease onset, progression, and treatment, providing a new diagnostic
approach for disease diagnosis and clinical treatment. Potentially, deriving the
mechanical properties of thrombi from the mechanics of single platelets could allow

earlier diagnosis of stroke, heart attack, or thrombosis.
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7. Abbreviations

ACD-A
ADP

AFM
CLSM
CMOS
DMSO
F-Actin

G

G-Actin
g-Mean
GP
K2EDTA
LatB

LED

LOT
Li-Heparin
MLC2
MYH9
MYH9-RD
MYPT1
Na-Citrate

NMMHC-IIA

OCS
PRP
r-Hirudin
RT-DC
RT-FDC
SICM
SPFS
TEM

acid citrate dextrose solution A
Adenosine diphosphate

atomic force microscope

confocal laser scanning microscope
complementary metal-oxide-semiconductor
dimethyl sulfoxide

filamentous actin

elastic shear modulus

globular actin

geometric mean of fluorescence
Glycoprotein

dipotassium ethylenediaminetetraacetic acid
latrunculin B

light-emitting diode

lysis on-set time

Lithium-Heparin

myosin light chain 2

Myosin Heavy Chain 9

Myosin Heavy Chain 9-related disease
myosin phosphatase 1

3.8% buffered trisodium citrate
non-muscle myosin heavy chain lla
open canalicular system

platelet-rich plasma

recombinant hirudin

real-time deformability cytometry

real-time fluorescence and deformability cytometry

scanning ion conductance microscopy
single platelet force spectroscopy

Transmission electron microscopic
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TFM
TPI
TRAP-6
TXA

2PP

traction force microscopy
thrombodynamic potential index
thrombin receptor-activating peptide-6
tranexamic acid

von Willebrand factor

2 photons polymerization
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Abstract

Platelets are the key cellular components of blood primarily contributing to formation
of stable hemostatic plugs at the site of vascular injury, thus preventing excessive
blood loss. On the other hand, excessive platelet activation can contribute to throm-
bosis. Platelets respond to many stimuli that can be of biochemical, cellular, or physi-
cal origin. This drives platelet activation kinetics and plays a vital role in physiological
and pathological situations. Currently used bulk assays are inadequate for compre-
hensive biomechanical assessment of single platelets. Individual platelets interact
and respond differentially while modulating their biomechanical behavior depend-
ing on dynamic changes that occur in surrounding microenvironments. Quantitative
description of such a phenomenon at single-platelet regime and up to nanometer
resolution requires methodological approaches that can manipulate individual plate-
lets at submicron scales. This review focusses on principles, specific examples, and
limitations of several relevant biophysical methods applied to single-platelet analysis
such as micropipette aspiration, atomic force microscopy, scanning ion conductance
microscopy and traction force microscopy. Additionally, we are introducing a promis-
ing single-cell approach, real-time deformability cytometry, as an emerging biophysi-
cal method for high-throughput biomechanical characterization of single platelets.
This review serves as an introductory guide for clinician scientists and beginners in-
terested in exploring one or more of the above-mentioned biophysical methods to

address outstanding questions in single-platelet biomechanics.

KEYWORDS

biophysics, cytoskeleton, force microscopy, mechanobiology, platelets, single-cell analysis

o Platelets form hemostatic plugs and under pathological conditions contribute to thrombosis.

o Platelets sense and mechanotransduce physicochemical cues and generate biomechanical forces.

e Biophysical tools can quantify single-platelet biomechanics during hemostasis and thrombosis.

e Platelet biomechanical properties may serve as useful biomarkers of platelet dysfunction.
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1 | INTRODUCTION

Platelets are discoidal, anucleate, multifunctional cellular frag-
ments (1-3 um in diameter) generated from bone marrow
megakaryocytes and are released into the blood circulation.!
Circulating platelets are essential for hemostasis. They “survey”
the integrity of the vascular system. Upon vascular injury, plate-
lets adhere to the exposed extracellular matrix (ECM) and form
a hemostatic plug to seal the wound. However, platelets may
also contribute to thrombosis, in case of pathological clot for-
mation. Platelets function as complex biological units that sense
and mechanotransduce physicochemical cues and stimuli from
their surrounding environment (ie, outside-in signaling via ligand
receptor-mediated interactions) and actively respond through
mechanotransduction events (ie, inside-out signaling trigger-
ing platelet adhesion, activation, spreading and contraction).?
Platelet activation at interfaces is associated with spreading and
involves the formation of lamellipodial and filopodial protrusions.
These processes result in generation of biomechanical contractile
forces through interactions between platelet cytoskeletal com-
ponents (eg, actin, myosin, tubulin, and several other proteins),
which regulate, from the internal side of platelets, distribution of
surface receptors (eg, glycoprotein Ib-V-IX complex, integrin a2f1
and allbp3) that recognize the ligands (eg, von Willebrand factor),
exposed ECM (eg, collagen), and activated platelets.3 Apart from
their protective function, platelets contribute to pathophysiologi-
cal conditions and onset of diseases as they interact with cells
of the vasculature, a wide variety of cells from the adaptive and
innate immune system, and pathogens of viral and bacterial ori-
gins.* These dynamic interactions occur at length scales from na-
nometers to several microns and at time scales of milliseconds up
to minutes mediated by specific receptors. Little is known about
the longer-term functions of platelets, that are incorporated into
a thrombus. Currently, in platelet research a wide array of meth-
ods are practiced routinely to decipher such interactions and
their outcomes for research as well as for diagnostic purposes in
clinical practice. Frequently used in vitro and ex vivo assays are
platelet aggregometry in platelet-rich plasma or in whole blood
by impedance aggregometry and rheological techniques (require
relatively large sample volumes); flow cytometry (requires small
sample volumes but is often restricted to end-point readout);
and real-time thrombus formation in parallel plate flow chambers
(which allows insights into clot formation).® Although these ap-
proaches have significantly improved our understanding of he-
mostasis and thrombosis from a biochemical and cell biological
perspective, much less is known about underlying biomechanical
properties and biophysical forces generated, which govern pro-
tective functions such as hemostasis and pathophysiological ori-
gins of thrombosis. Within this context, several of these methods
are not sufficiently informative to assess directly biomechanical
properties of single platelets and how these in turn influence
platelet function and how they drive the complex spatiotemporal

dynamics during hemostasis and thrombosis.
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1.1 | Why should we investigate biomechanical
properties of single platelets using single-cell
biophysical techniques, and what does this add to our
current knowledge of platelets in both hemostasis and
thrombosis?

Given the extent of cell-to-cell variations, rare subpopulations,
and intrinsic fluctuations within biological systems, bulk popula-
tion-level experiments often conceal and average out vital causal
relationships underlying the biological phenomena.® Single-cell
biophysical techniques and their sensitivity have enabled quan-
tification and unveiling of previously unknown relationships and
fundamental paradigms in platelet biology and their underlying
biomechanical principles with a resolution up to single-molecule
level.”*° However, many of these single-cell techniques are still
limited in their ability to scale to measure a suitably large number
of individual cells and independent samples.!! In this review, we
focus on biophysical methods suitable to assess and quantify bio-
mechanical characteristics such as elastic modulus, stiffness (or
deformability), forces generated during adhesion, and spreading
and contraction of single platelets in health and disease states. We
also provide some insights into limitations and highlight improve-
ments of the methods described herein. Most of the methods
described in this review rely on application of external mechani-
cal forces such as stretch, compression, and shear (Figure 1) to
quantify biomechanical properties of single platelets. This review
is specifically directed toward clinician scientists and beginners
who are interested in exploring applications of single-cell-based
biophysical approaches in unraveling the role of platelet biome-

chanics in hemostasis and thrombosis research.

2 | TECHNIQUES FOR MEASURING
THE BIOMECHANICAL PROPERTIES OF
SINGLE PLATELETS

2.1 | Micropipette aspiration

Micropipette aspiration has been indispensable for membrane bio-
physicists interested in quantifying phase behavior, elasticity, and
rupture tension of lipid bilayers.*>* When applied to single cells,
micropipette aspiration allows for measuring the biomechanical
properties of single cells by observing cellular deformation upon ap-
plication of defined suction pressure.® It is one of the earliest bio-
physical tools used in single-platelet manipulation and quantification
of platelet biomechanics.'® Micropipette aspiration (Figure 2A), as
the name suggests, relies on suction of part of the single-platelet
membrane into a borosilicate glass micropipette (inner diameter of
0.5-1.5 um) connected to a micromanipulator by applying negative
pressure in a stepwise manner. The subsequent change in the length
of the platelet membrane aspirated into the micropipette over time
is tracked by video microscopy (Figure 2B).2>*” The data obtained

from this type of experiment is then used to characterize material
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(A) ®B) | shear FIGURE 1 Simplified schematics

and glossary of terms used for defining
mechanical properties of a deformable
biological viscoelastic material (A) with

Shear stress t = £
A

Shear strain 0 = AL a defined area A, initial length LO and
0 width WO under applied shear force
F undergoing sample elongation AL
Shear modulus G = % along the direction of the shear (B). The

same deformable viscoelastic material
can be either stretched (ie, material

(©) 1 undergoes elongation) (C) or compressed
(ie, material undergoes deformation)

Stretch T., Compression F under the application of external force
4 e / Stress 6= — 3 .
y / IAL A perpendicular to the surface area A,
’ y/ > IA[_ resulting in changes in length Ln and width
F_ . L
1 //~ L1 Wh, thereby allowing determination of
\ L " A | Strain (deformation)e = -0 several mechanical parameters including
— n ! S/ L, . .
L, | Wn L B £ /’} the Young’s modulus E. (Figure 1 was
/ 0 - ) 4 adapted and modified from Wu et al.'?)
/ 4 // Young'’s or elastic modulus E= —
—> ——>
W, W,

Stress ( o) - force per unit area. (Sl unit: Newtons, N/m?)

Stress - quantifies extent of deformation in a material after application of mechanical stress.
(unitless parameter)

Elongational strain or Deformation ( ¢) - fractional change in length of a material under strain.

Shear Stress (t) - force acting parallel to the materials axis per unit area.
(S! unit: Pascal, Pa)

Shear Stress (v) - quantifies extent of deformation in a material after application of shear
stess. (Sl unit: radian, rad)

Shear Modulus (G ) - extent of a materials resistance to deformation under shear stress.
(S! unit: Pascal, Pa)

Elasticity - the property of a material to undergo deformation under force (stress) and return to
its original shape upon removal of the force. For an elastic material, the relationship between
force and deformation is linear.

Young'’s or elastic modulus (E') - describes a materials resistance to deformation under
extention or compression. (Sl unit: Pascal, Pa)

Viscoelasticity - property of a material that exhibits both viscous and elastic charateristics
under external stress or shear.

Stiffness - resistance of a material to deform under applied external force.

Biomechanics (or Mechanobiology) - an interdisciplinary field that applies principles of
physics to quantitatively assess biological systems from single molecules up to organismic
level. At cellular-level, biomechanics refers to dynamic mechanotransduction events that
support fundamental cellular functions such as adhesion, spreading, migration, differentiation,
etc. by generating and transducing mechanical forces in reponce to physicochemical stimuli.

Mechanotransduction (or Mechanosignaling) - refers to a biological process where signaling
pathway(s) is triggered by mechanical force such as shear or strech/compression acting via
structural or confirmational changes at molecular levels.

properties of a deforming cell using the Law of Laplace, which gives pm2 up to 101 325 N/m? (ie, atmospheric) can be applied and mem-
the relationship between the surface tension and pressure within a brane tension forces between 10 pN up to 10* nN can be meas-
fluid drop that has a membrane with surface tension in it (Figure 2C). ured with a membrane edge detection accuracy of 25 nm.*® Using

Depending on the instrument setup, suction pressures from 0.1 pN/ micropipette aspiration viscoelastic and biomechanical changes
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(A) Micropipette Aspiration Setup
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(B) Different Stages of Aspiration (C) Law of Laplace

Fmem=n.«2nR

(Stage 1)

p out

Fmem—n.2zR FPre = APrRP

pint _ p out

) n
AP =pint _pout_o__ . | aw of Laplace
(Stage 3) R P

FIGURE 2 A, Schematic diagram of micropipette aspiration setup of a single resting platelet. The micropipette movement immersed in
platelet suspension is controlled by a precision micromanipulator, APa is the aspiration pressure applied parallel to the z-axis through the
aspirator, Ri and Ro-inner and outer radius of the micropipette respectively and me is the length of the protrusion of platelet body into the
micropipette. Change in me is recorded continuously with a high-speed camera. B, Micropipette aspiration is a dynamic procedure with
three distinct stages: In Stage | (initial), radius of protrusion Rpro > Lpro, the length of protrusion. During Stage Il (critical) Rpm = me and in
Stage Il (final) Rpro < me. In Stage Il when me/Rpro =1, the Law of Laplace can be applied to determine the surface tension n (Sl units pN/
um). C, Simplified schematics of the Law of Laplace, which provides a relationship between the radius R of a membrane of a spherical cell
subjected to the pressure difference AP = P™ - P°Ut where P™ and P°!t are the pressures inside and outside the cell, respectively. The
membrane force F™™ = n 2xR is the result of the surface tension n acting on the cell membrane along the circumference C = 2PR as shown
in the free body diagram of a spherical cell cut in half. It is in equilibrium with the forces FP'® resulting from the pressure difference AP
acting on the cell area A = PR%. Combining these two we arrive at the Law of Laplace, which gives the relationship between cell wall and
its curvature 1/R in terms with the surface tension n. Applying this to the critical Stage Il during micropipette aspiration where Rpro = Lpro
for radius of protrusion and that of cell we can effectively determination the surface tension n of the cell. (Figure modified from Gonzalez-
Bermudez et al.'®)
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in single platelets induced by soluble antithrombotic drugs (eg,
acetylsalicylic acid), platelet agonists (eg, ADP, thrombin, and the
calcium ionophore A23187) and influence of cytoskeleton destabi-
lizing drugs (eg, vincristine, colchicine, taxol, and cytochalasin D) on
platelet cytoskeleton have been comprehensively assessed.'¢1%20
Micropipette aspiration measurements show the Young's modulus
of resting platelets is about 1.7 + 0.63 x 10° dyn cm™2 with a viscous
modulus of 1.0 + 0.5 x 10* dyn s cm™2.%! In addition, the mechanis-
tic effect of low-temperature-induced (platelets cooled to 4°C and
rewarmed to 37°C) platelet deformation was shown to be directly
dependent on microtubule integrity.?? Furthermore, the capacity of
platelets from patients with Bernard-Soulier syndrome, gray platelet
syndrome, and MYH9 disorders to undergo membrane deformation
based on their size have been characterized by micropipette aspi-
ration.?® In particular, these measurements revealed that platelets
from Bernard-Soulier syndrome required application of lower suc-
tion pressure thresholds during aspiration, showed longer membrane
protrusions within the micropipette, and were highly deformable in
comparison to normal platelets. Apart from single platelets, recently,
micropipette aspiration has been also used to investigate the mega-
karyocyte cytoskeletal biomechanics and its influence on pro-plate-
let formation.?*

Even though there are several elegant examples of the use of
micropipette aspiration to elucidate fundamental biophysical prop-
erties of platelets, this method is seldom used for single-platelet
analysis. This is mainly due to its low throughput, and it is techni-
cally highly demanding. Recent developments in miniaturization and
automation to biomechanically characterize a few hundred cells in
a single experiment by using parallel arrays of serial micropipettes
assembled into a microfluidic device may potentially be able to also
facilitate investigation of platelets.zs*26 Additionally, such devices
would have the advantage over rapid exchange of soluble agonists/
antagonists around the cells within millisecond time scales, thus fa-
cilitating measurement of kinetics of biomechanical changes in real

time.

2.2 | Atomic force microscopy

The technique of atomic force microscopy (AFM), also known
as scanning force microscopy, provides the capability to simul-
taneously visualize and quantify mechanical properties of both
organic and inorganic materials in 3 dimensions on a nanometer
(nm) scale at ambient atmospheric conditions, and in solution, in-
cluding (biological) buffers, beyond the light diffraction limit.?’
AFM can achieve a lateral resolution up to 1 nm, or below with
a subatomic vertical resolution limit of <0.1 nm while simultane-
ously allowing direct visualization of dynamic molecular events
at millisecond time scales.?®2? One of the most important fea-
tures of AFM is its ability to manipulate single molecules and cells,
thus facilitating measurement of intermolecular forces generated
by biological systems down to sub-picoNewton (pN) regimes.

These powerful features have made AFM the tool of choice for

biologists, chemists, and physicists alike. The typical AFM setup
combines a sensitive octapoled piezoelectric transducer for x-y
scanning, and the third dimension, z, correlates to height move-
ment in the piezo linked to an optical lever detection system.
Scanning is performed with a thin flexible silicon nitride (Si;N,)
cantilever, 100-200 um in length, with an integrated pyramidal
probe tip 4 to 8 um tall with a radius of curvature of 5 to 10 nm
at tip apex (Figure 3A). The cantilever is moved over the sample
(x- and y-axis) and deflected (z-axis) according to the height of
the sample (ie, scanning mode). The cantilever deflection (d) is
registered onto a quadrant photo diode from reflected laser and
provides a quantitative signal for the applied force (F). This in-
formation can be now used to calculate F based on Hooke's law:
F = -k d, where k is the calibrated spring constant of the cantile-
ver. Alternatively, the cantilever can be pressed on the sample (ie,
tapping mode), and the forces needed to deflect it are measured
(Figure 3B, 3, and 3), or it can be used to pull on the sample using
an adhesive tip. Determination of the spring constant k of the
AFM cantilever is the most critical step of setting up an AFM ex-
periment. This can be measured by applying classical cantilever-
beam theory (or Euler-Bernoulli beam theory) to determine the
spring constant of the cantilever under investigation with canti-
lever tips shaped as a sphere, cone, or a pyramid and taking into
account the geometric constrains of the cantilever (Figure 3A).
Furthermore, after data acquisition, it is also necessary to apply
suitable theoretical models such as Hertz, Sneddon, Derjaguin-
Miuiller-Toporov, and Johnson-Kendall-Roberts (JKR) models to
extract mechanical properties of biological systems.3°

Since its development in the early 1990’s, AFM has acceler-
ated our understanding of biophysical properties governing he-
mostasis at the molecular and cellular levels.3*%° With respect to
surface characterization of platelets using AFM in scanning mode,

Fritz et al*t4?

were first to report on detailed topography maps of
human platelets upon adhesion and spreading on glass substrates.
Subsequent tapping-mode AFM tip-based indentation imaging
studies revealed the elastic modulus of adherent human plate-
lets to be in the range of 1 to 50 kPa.*® It was found that plate-
let granulomere was the softest part of platelets (1.5-4 kPa), and
areas surrounding the granulomere were heterogeneous in their
stiffness (10-40 kPa), while platelet edges were the stiffest (up to
53 kPa). Since the subcortical architecture of actin cytoskeleton
influences elastic modulus of cells, the observed increased stiff-
ness at platelet edges is a result of shorter, densely packed, and
homogeneous distribution actin filaments.**> These observations
were recently confirmed by Sorrentino et al,** who investigated
the mechanical stiffness of thrombin-activated single platelets
spreading on fibrinogen surface by force-volume mapping by ac-
quiring force-distance curves in x-y plane (Figure 3B-D) revealing
Young’s modulus of platelet granulomere to be 32 kPa, and the
peripheral regions showed higher stiffness of ~224 kPa.

Using bulk methods, it has been shown previously that elasticity
of platelet-rich clots is 10-fold greater (~600 Pa) than the elastic-
ity of a clot devoid of platelets (~70 Pa). This is mainly due to high
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FIGURE 3 A, Schematic representation of a typical rectangular cantilever with a pyramidal sharp tip used for AFM and the equation for
determination of cantilever spring constant k based on beam theory; C, 3D topography (height) and D, Young’s modulus E of a single platelet
spreading on fibrinogen passivated surface obtained by force-volume imaging by acquiring force-distance curves in x-y plane. (B, C, and

D adapted and modified from Sorrentino et al.*% E, Schematic diagram of single platelet force spectroscopy using flat cantilever to assess
biomechanical forces generated during single platelet adhesion at the tip of the cantilever. Single platelet firmly adhering on the lower side
of a collagen-coated tipless cantilever (fplatelet labeled with plasma membrane dye Dil and imaged with confocal florescence microscopy)
lowered along the z-axis (Step 1) and allowed to approach and contact briefly with collagen coated substrate (Step 2) to facilitate adhesion.
Next, the cantilever is then retracted along z-axis in (Step 3) to allow the platelet to detach from the adhesive substrate (Step 4). These steps
are repeated several hundreds of times in x-, y-, and z-axis to scan a defined area to obtain precise quantification of single platelet adhesion
and spreading forces (g) on different substrates. (E, F, and G are adapted and modified from Nguyen et al. %)



SACHS ET AL.

I ;esean:h & practice X
in thrombosis & haemostasis

contractile forces generated by platelet actomyosin machinery on
the fibrin network. To investigate these processes at single-platelet
level, Lam et al®* and Chaudhuri et al®*used a custom-designed
AFM setup that simultaneously allowed single-platelet manipulation
and fluorescence imaging from the sides. A single platelet was sus-
pended between a flat AFM cantilever passivated with fibrinogen
and a fibrinogen-coated planar surface. The subsequent adhesion
and spreading of the platelet between both fibrinogen surfaces
generates adhesive and contractile forces that induce cantilever
bending, which was the readout for quantifying the generated
forces. This approach for the first time revealed that single platelets
undergo instantaneous contact activation on fibrinogen while gen-
erating average maximum contractile and adhesive forces of 29 nN
and 70 nN, respectively. These forces peaked at 2 to 3 minutes after
contact with fibrinogen and were sustained beyond 15 minutes.’
Furthermore, when platelets were held under an isometric clamp,
they exerted higher force (2-fold increase) and became stiffer and
more adhesive. This implies that platelets are able to modulate
their contractile forces depending of the mechanical properties of

the microenvironment. Recently, Nguyen et al,*

using a similar ap-
proach investigated adhesive and rupture forces generated by single
platelets (Figure 3E-G) and between 2 single platelets adhered to
ECM proteins. Single-platelet interaction assays showed that human
platelets produce an adhesion force of 23 + 5 nN and 235 + 4 nN
on fibronectin and collagen type 1, respectively. However, when 2
individual platelets were brought into contact, the platelet-platelet
interaction forces were found to be much lower, 1.50 £ 0.05 nN,
when platelets adhered on collagen and 2.01 + 0.05 nN when they
adhered on fibronectin. These observations suggest that single
platelets generate differential adhesion forces on different ECM
substrates, which may depend on platelet activation states.

One of the most complex sets of multiple biomolecular direct
and indirect interactions occurs when platelets engage with Gram-
negative and Gram-positive bacteria.**® These interactions often
lead to platelet activation and in part contribute to the pathophysi-
ology of infective endocarditis and disseminated intravascular coag-
ulopathy. So far, little is known about how these interactions come
into play and how this affects platelet activation from a biophysical
perspective. Using AFM imaging, Xu and Siedlecki*’ showed that
platelet adhesion to Staphylococcus epidermidis is mainly promoted
by fibrinogen and fibronectin, which induces platelet activation,
resulting in bacteria/platelet aggregates. These observations may
further explain recently observed platelet-bacteria interactions
leading to bacterial capture and their killing. Biomechanical prop-
erties of platelets are important, as bacterial killing by platelets is
dependent on the integrity of the platelet acto-myosin complex.>®>!
Additionally, bacterial secret products such as pore-forming toxins:
a-hemolysin (from Staphylococcus aureus) and streptolysin O (from
Streptococcus pyogenes), which are known to permeabilize platelet
membranes.>> AFM made it possible to obtain detailed dynamic
maps and kinetics of elasticity changes in the presence of streptoly-
sin O on the platelet plasma membrane.>® Streptolysin O induced a

gradual increase in platelet elasticity starting from the granulomere,

then spreading to the periphery. Upon stabilization of the F-actin
cytoskeleton by phalloidin, streptolysin O-treated platelets undergo
a marked decrease in their stiffness. These intriguing observations
highlight the role of major cytoskeletal proteins to stabilize plasma
membrane elasticity in platelets.

Although AFM has emerged as an excellent tool for precise
measurements of single-platelet biomechanics, there are still many
limitations mainly related to tip scan speed (temporal resolution for
profiling rapid changes in platelet shape) and scan area, thereby re-
stricting the throughput to a few adherent platelets. Additionally,
single-platelet force spectroscopy experiments require immobiliza-
tion of platelets to measure forces, either on the cantilever or on the
solid phase. This immobilization procedure may cause undesirable
platelet preactivation, may affect adhesion kinetics, and potentially
introduce additional artifacts including operator bias. However,
such artifacts can be minimized by carefully selecting immobilizing
substrates depending on the scientific objectives.*® Recently, au-
tomation and parallelization combined with positioning of cells on
prepatterned adhesive substrates have achieved higher-throughput
measurements of cell mechanics using AFM.>*5% However, these ad-

vanced setups are not widely available yet.

2.3 | Scanning ion-conductance microscopy

Scanning ion-conductance microscopy (SICM) is a label-free, non-
force contact, noninvasive, and high-resolution topography imag-
ing technique suitable for biophysical characterization of biological
samples from several micrometers down to molecular resolution
of few nanometers.”®-58 The resolution limit in SICM is mainly de-
termined by the nanopipette inner radius, which is typically in the
range of 8 nm up to 2 um.>*>7%% |n addition, SICM is also capable of
monitoring surface charge and ion flux across membranes during
topography imaging of biological samples.®>? The working princi-
ple of SICM is based on precise measurement of ionic current that
flows between a quasi-reference counter electrode (QRCE) inside
a borosilicate glass nanopipette and a second QRCE immersed in
an electrolyte solution connected to a feedback control system
that maintains the pipette-sample distance along a vertical axis

(z) during the lateral scanning process (Figure 4A).°

Topography
imaging is then performed by immersing the nanopipette in the
bath, where the ion current is limited initially by the resistance
of the pipette. As the pipette gradually approaches the surface
(eg, platelet membrane), the ion current (I,) reduces. This reduc-
tion inion current is used for distance feedback control and high-
resolution noncontact topographical imaging. In order to map the
local biomechanical properties such as elasticity, SICM uses ap-
plication of hydrostatic pressure (0.1-150 kPa) through the nano-
pipette aperture at the surface of a cell membrane (Figure 4B). The
deformation of membrane triggers the distance feedback control,
adjusting the nanopipette position, thereby keeping the reduc-
tion in ion current at a constant value. Since the pipette position

z (Figure 4A and 4) is a function of applied hydrostatic pressure
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FIGURE 4 A, Schematics of scanning ion conductance microscopy (SICM) used for high-resolution topography imaging and
biomechanical characterization of adherent platelets. The SICM setup consists of a pressure-controlled borosilicate glass nanopipette with

a Ag/AgCl electrode and a second electrode connects the electrolyte-filled culture dish with the nanopipette. The culture dish is mounted
on a sample scanner that drive in x and y-axis (for lateral movement) and z-piezo motors (for vertical scanning). An applied voltage between

2 electrodes induces an ionic leakage current IL through the electrolyte-filled nanopipette, which depends on the distance d between
pipette and sample. A controller records this ion current and drives the xy- and z-piezo. For cell biological applications the SICM can be easily
integrated with an optical microscope. B, Theoretical modeling using in silico finite element mechanics (FEM) simulation and calculations
showing resulting deformation of an elastic sample as a function of the vertical SICM nanopipette position upon application of fluid flow
induced by the pressure p0 applied to the upper pipette end.; C, Representative SICM 3D topography and Young’s modulus mapping of
spreading platelets. (Figure adapted and modified from Rheinlaender and Schaffer®® and Rheinlaender et al.®®)

and corresponding response of the mechanical properties of the
cell beneath the pipette, one can noninvasively locally indent
the cell membrane.®*5 This facilitates simultaneous noncontact
true topography imaging and biomechanical characterization of
platelets (Figure 4C and 4).%6 Recently, SICM has attracted con-
siderable attention among platelet biologists and is fast emerg-
ing as the method of choice for high-speed morphometric and
biomechanical characterization of single platelets.®” Using SICM,
Rheinlaender et al®® elegantly demonstrated simultaneous imag-
ing of morphodynamics at submicrometer resolution and showed
that the mean elastic modulus of single platelets during spread-
ing increased 5-fold from 3 to 15 kPa within 20 minutes. In addi-
tion, in the presence of thrombin, the elastic modulus of platelets
decreased significantly from 12.4 kPa (resting platelet) to 7.5 kPa
(thrombin activation) with a mean softening time of 7.1 minutes.

Surprisingly, in platelets treated with cytochalasin D, mean elastic

modulus decreased from 11.1 kPa to 6.5 kPa with a mean soften-
ing time of 2.7 minutes. These findings revealed platelet activation
by thrombin and cytoskeleton depolymerization by cytochalasin
D result in differential spatial distributions of the stiffening and
softening regions on platelets, respectively. Subsequent SICM in-
vestigations of contribution of motor proteins such as dynein in
the presence of inhibitors ciliobrevin D and erythro-9-(2-hydroxy-
3-nonyl)-adenine revealed decreased contact-induced platelet
spreading activity in thrombin-treated platelets, whereas blebbi-
statin (myosin Il inhibitor), Y-27632 (ROCK inhibitor), nocodazole
(microtubule polymerization inhibitor), and aurintricarboxylic
acid-ATA (kinesin ATPase inhibitor) showed no significant ef-
fects.®® Recently, in a clinically relevant study, SICM was found to
be a useful label-free morphometric biophysical tool for obtain-
ing fast 3-dimensional (3D) topographic images to unravel a criti-

cal role of platelet-derived high-mobility group box 1 (HMGB1) in
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trauma and hemorrhagic shock, linking inflammation and micro-
vascular thrombosis.®’ Platelet-derived HMGB1 was instrumental
on acceleration of adhesion speed and increased spreading area of
platelets on collagen and von Willebrand factor (VWEF). Similarly,
3D topographic measurements using SICM have shown that plate-
lets deficient in anaphylatoxin receptor C3aR exhibit a reduced
spreading area on fibrinogen after thrombin stimulation compared
to their normal platelets.”® These observations indicate a role of
complement activation fragment C3a and C3aR for platelet func-
tion during thrombus formation.

Even though SICM has attracted a broader attention of bi-
ologists, most SICM instrument setups do not allow fast and
large-area scanning of live biological samples. For those inter-
ested in simultaneous mapping of platelet topography and elas-
tic properties, the time factor is of key importance, since platelet
morphodynamics occur within seconds in response to agonists.
Recent technical improvements in SICM instrument design have
specifically addressed these challenges and facilitate imaging of
a 20 x 20 pm? scan area within 10 seconds.”* It is foreseen that ad-
aptation of these technical improvements will generate a broader
appeal of SICM and pave the way for new discoveries in platelet

biology.

3 | TRACTION FORCE MEASUREMENTS

Platelets exert traction (or contractile) forces. These are gen-
erated by the actomyosin-motor protein complex in activated
platelets upon specific receptor-ligand interactions on exposed
subendothelial ECM during blood clot and thrombus forma-
tion.”?78 Broadly categorized under traction force microscopy
(TFM), several methods are currently available to precisely meas-
ure and quantify cellular traction forces at a single or multicellular
level in 2D and 3D.”# In principle, these techniques rely on quanti-
tative light microscopy to measure substrate displacements, which
are then converted into forces. However, substrate preparation
methods, implementation, modeling and data analysis of TFM var-
ies between different approaches.”>”¢ To measure traction forces
produced by platelets, displacement tracking by TFM on hydrogel
substrates and bending of elastomeric micropillar arrays are most

commonly used.

3.1 | TFM on hydrogel substrates

TFM on hydrogel substrates is a versatile and perturbation-free ap-
proach to access cellular forces from single cells up to tissue levels.
In its simplest implementation, TFM on hydrogel substrates meas-
ures cell-exerted traction forces from the spatial images of sub-
strate stress by tracking the displacement of fiducial markers such
as fluorescent tracer beads embedded in a continuum soft elas-
tic substrate that undergoes linear deformations (Figure 5A and

5).”7 Traction forces are then computed by applying appropriate

assumptions/constraints, taking into account substrate stiffness
and its deformation in response to traction force and boundary
conditions such as cell geometry. The resolution of measured
force relies on substrate stiffness, density of tracer beads, image
acquisition parameters, and the mathematical algorithm applied
for data assessment.”®787?

Blood clots are mainly composed of platelets, red blood cells,
and a dense network of fibrin fibers. During hemostasis, the ter-
minal stage of blood clot maturation by platelet-driven clot re-
traction and fibrin matrix remodeling is one of the physiologically
most relevant mechanisms where integrin allbp3-mediated fibrin
interactions and contractile force generation by the actomyosin
complex acting through talin comes into play.®° Primarily, this al-
lows for reestablishing nonobstructed blood flow and normal he-
modynamics past otherwise obstructive thrombi within a blood
vessel.! Although the biochemical nature of this process is well
understood, the mechanobiological principles have remained elu-

182 showed for the first

sive. Using TFM, Schwarz Henriques et a
time temporal evolution of contractile forces in thrombin-acti-
vated platelets spreading on fibrinogen functionalized polyacryl-
amide gel with a physiologically relevant elastic modulus of 4 kPa.
They observed, upon reaching steady state after 25 minutes, that
single platelets were able to exert a traction field (ie, displacement
field of gel surface) as large as =3.3 x 10° Pa with total forces in
the range of =34 nN. Using polyacrylamide gels with a tunable

elastic modulus, Qiu et al®®

observed that fibrinogen functional-
ized stiffer gels (elastic modulus of 5.0 kPa and 50 kPa) promoted
platelet adhesion, spreading, and activation, while on soft gels
(0.5 kPa) platelet function was abrogated and was dependent on
Racl and actomyosin activity. Subsequent TFM experiments on
substrates of higher elastic modulus (from 19 kPa up to 83 kPa)
revealed that traction forces generated by fully activated plate-
lets were independent of the matrix stiffness.2* Although platelets
generated isotropic contractile traction forces, at the steady state,
assessment of force localization showed that these were largest
at the periphery of platelets, while the traction force was focused
near the platelet granulomere. From a broader perspective, sin-
gle-platelet TFM experiments have provided meaningful biophys-
ical insight into how isotropic contractile traction and subsequent
mechanotransduction events driven by the actomyosin complex
may play an important role in engagement of platelet o p, on fi-
brin during clot retraction in hemostasis.?° Recently, quantitative
fluorescence microscopy provided mechanistic insights into how
transmission of contractile forces generated by single platelets
occurs via filopodial extensions, which bend and shorten fibrin fi-
bers, thereby causing clot volume shrinkage and alterations at the
macro level.8> Additionally, single-platelet contractile force mea-
surements also explain the role of mechanotransduction in innate
immune responses of platelets such as those involving FcyRIIA-
mediated recognition, sequestration, and killing of immunoglobu-
lin G opsonized bacteria under the platelet granulomere.>*

TFM has gained wide popularity due to its high sensitivity

and relative simplicity. However, traditional TFM suffers from
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FIGURE 5 A, Schematic diagram
showing set-up of a traction force
microscopy experiment using fibrinogen
passivated hydrogel of known stiffness
embedded with of fiducial marker
microbeads; B, Resting platelets are
seeded low densities on the fibrinogen
passivated hydrogel surface. Upon
thrombin stimulation, activated platelets
adhere, spread, and ultimately contract
resulting in generation of “traction
forces” over the entire process. These
forces exert mechanical tension on the
hydrogel that leads to displacement

of embedded microbeads. These
displacements can be precisely imaged
and tracked overtime with a fluorescence

CCD camera
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(A) Simplified traction force microscopy (TFM) setup using fiducial marker beads
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low measurement throughput and artifacts related to variations
in hydrogel mechanical properties. To address these drawbacks,
a chip-based high-throughput platelet contraction cytometer was
developed recently.®¢ The chip-based contraction cytometer uses
microfabrication technology to fabricate a large array of fibrinogen
passivated microdot pairs on a hydrogel substrate with varied stiff-
ness to assess the nanomechanics of hundreds of individual platelets
under physiologically relevant conditions. The readout of contrac-
tile force output is based on measurement of lateral displacement of
2 adjacent fibrinogen microdots by a single activated platelet. Using

a platelet contraction cytometer, Myers et al®

revealed that plate-
let-generated contractile force during clot formation requires both
biochemical (eg, thrombin) and mechanical (eg, substrate stiffness)
inputs and the mechanosensitive contraction is highly dependent
on the Rho/ROCK pathway. Furthermore, assessment of platelet
contractile forces from patients with Wiskott-Aldrich syndrome and
MYH?9 disorder (nonmuscle myosin Ila mutations) on a platelet con-
traction cytometer showed that up to 30% of these platelets from
patients with cytoskeleton-related platelet disorders exhibit the
near-zero contractile forces on stiffer substrates, while this was lim-
ited to only 6% in healthy controls. These findings are significant, as

they point toward the critical role of platelet cytoskeletal machinery

"1 Initial position
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at a single-platelet level in achieving a mechanically stable hemo-
static plug.

3.2 | Deformable elastomeric micropillar and
microbeam arrays

As an alternative to the continuum substrates used in TFM, de-
formable micropillar (also called as micropost) arrays are uniformly
spaced, compliant, vertical elastomeric cylindrical cantilevers made
of polydimethylsiloxane (PDMS) of defined dimensions (diameter
and height) and stiffness (linearly elastic).?” In contrast to TFM, the
ligand functionalized tips of the micropillars serve as adhesive sur-
faces.®8 Upon cell adhesion, the displacements of each micropillar
in an array is tracked by video microscopy, and the applied force
on the cantilever can be calculated from force-displacement rela-
tionship for pure bending of an elastic cylindrical beam using beam
theory (Figure 6A and 6).87 Micropillar arrays have been used in a
wide variety of contexts, not only to measure cell-generated forces
(as low as 1 nN), but also to analyze the relationship between sub-
strate rigidity and single-cell responses as well as at the tissue level,

thus making it a highly versatile biophysical tool.”%?! Liang et al’?
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adapted micropillar arrays spaced at 9 um apart and passivated with
fibrinogen to quantify contractile forces produced by platelets in a
microthrombus. The average contractile force produced by a single
platelet in microthrombi on micropillars was found to be 2.1 + 0.1 nN
that was dependent on thrombin concentration, while the contrac-
tile force increased steadily overtime as the microthrombus grew.
These results demonstrated quantitatively for the first time that
each platelet acts as an active contractile force-producing unit in
the microthrombus and subsequent recruitment of platelets leads
to incremental augmentation of total contractile force. Follow-up
investigations by Feghhi et al’® using fibronectin passivated micro-
pillars revealed that the generation of contractile forces by plate-
lets in microthrombi is regulated by nonmuscle myosin IIA ATPase
activity through Rho kinase (ROCK) and myosin light-chain kinase.
Additionally, elastomeric micropillars coated with VWF have been
found to be useful in assessing the role of integrin allbp3 and GPIb-
IX-V complex in mechanotransduction of forces through cytoskel-
eton at the single-platelet level.”* Currently, deformable micropillar
arrays are fabricated using a photolithographic technique followed
by replica molding using PDMS. However, this labor-intensive and
time-consuming process limits rapid prototyping necessary for op-
timizing substrate deformation to increase measurement sensitivity.
In addition, fabrication of complex geometries to measure cellular
traction forces on 3D substrates is impossible to achieve via rep-

lica molding. To address these issues our laboratory has adopted

(E) Platelets on Microbeams

(C) CAD models FIGURE 6 A, Schematics showing

Euler-Bernouli beam theory as applied to
calculation of lateral force (yellow arrow)
acting on the free end of a micropillar
attached to a solid base leading to its
deflection of the vertical micropillar. B,

In silico finite element mechanics (SEM)
simulation of bending of micropillars upon
application of a lateral force of 40 nN
acting on the free end of the micropillar
causing a maximum defection of 2.62 um.
C, Models of computer-assisted design
(CAD) used for fabrication of deformable
elastomeric micropillar (D) and microbeam
array microstructures using 2-photon
polymerization (2PP) and 3D printing
functionalized with fibrinogen showing
comparative differences in platelet
spreading and cytoskeletal organization
on different substrate geometries

a maskless technique based on direct laser writing using 2-photon
polymerization (2PP) in 3D of photosensitive resists to print high-
resolution deformable micro- and nanostructures in 3D.%° Using
2PP we have 3D printed deformable micropillars as wells as sus-
pended horizontal microbeams that can be functionalized with
platelet adhesive ligand of choice (Figure 6D and 6).”° Quantification
of micropillar and microbeam deformation upon platelet adhesion
showed single platelets generate a mean traction force of 46.3 nN
on micropillars of aspect ratio of 1:10 (diameter 700 nm and height
7 um) and 31.9 nN on microbeams (diameter 400 nm, length 25 pum)
functionalized with fibrinogen. We assume these differences in
measured forces arise as a result of differential platelet adhesion
and spreading that is unique to substrate geometry and depends
on ligand-functionalized surface area (Figure 5C and 5). We are
currently further investigating these observations to better under-
stand whether platelets sense and modulate traction forces in re-
sponse to changes in topography and the chemical nature of their

microenvironment.

4 | REAL-TIME DEFORMIBILITY
CYTOMETRY

Real-time deformability cytometry is a rapidly emerging mecha-

nophenotyping approach that combines the technique of flow
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cytometry with measuring cell stiffness using microfluidic tech-
nology. As discussed in previous sections, currently available
biophysical techniques for biomechanical characterization of
platelets are labor intensive, suffer from measurement through-
put, and most importantly cannot be performed in complex fluids
such as whole blood. These limitations have restricted the adop-
tion of such techniques to investigate platelet biology and func-
tion testing for diagnostic purposes in clinical and translational
scenarios. Real-time deformability cytometry (RT-DC) has shown
to be capable of probing single-cell deformation at >1000 cells per
second in real time in whole blood thereby providing comprehen-
sive biomechanical signatures of individual cell types in blood in a
short period of time.””?8 RT-DC uses application of hydrodynamic
shear stress to induce cell deformation as the cells pass through
a narrow microfluidic channel (15-30 um in cross section). During
this passage, the sample is illuminated with a high-power light-

emitting diode (LED) as a light source and imaged concurrently
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with a high-speed camera synchronized with the LED at millisec-
ond intervals and cell contour images are computationally ana-
lyzed on the fly, providing rapid insights into cellular physiological
states based on their stiffness contributed by cytoskeletal com-
ponents (Figure 7A-C). This approach facilitates extraction of
additional quantitative parameters such as cell size and morphol-
ogy, thus typifying cells and simultaneously characterizing cell
deformability at single-cell resolution without prior separation,
enrichment, and labeling procedures.”” Due to these capabilities,
RT-DC is a promising method with potential relevance to several
fields of life sciences.’®® To demonstrate the potential of RT-DC
as a high-throughput biophysical method for mechanophenotyp-
ing platelets, as a proof of principle we exposed human platelets
to agonists and cytoskeleton destabilizing chemical agents for
10 minutes and subsequently performed RT-DC measurements
on live platelets (Figure 7D, unpublished results). Thrombin recep-
tor activator for peptide 6 (TRAP-6) treated platelets deformed
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FIGURE 7 The real-time deformability cytometry (RT-DC) microfluidic chip connected to a flow unit (A) consist of dedicated inlets

for sheath fluid and for cells/platelets, which combine into to a channel with narrow constriction zone (B) where cell/platelets undergo
deformation as a result of hydrodynamic compression brought about by sheath fluid. A high-powered light-emitting diode (LED) is used to
illuminate the samples. Images are recorded by a scientific complementary metal-oxide-semiconductor (sCMOS) camera working at high
frame rates (=2000 images/s) that is synchronized with the frequency of illumination time. This combined together with microfluidic flow,
RT-DC allows for mechanoprofiling of >100 unique cells/platelets per second in a contact- and label-free manner. Platelet deformation
(C) is determined on the fly in real time by computational image processing algorithm that taking into account the area and perimeter of
the deformed platelet as it passes through the region of interest. Results of a typical RT-DC measurements involving washed platelets (D)
show that unstimulated deform more (ie, softer), while those treated with agonist (TRAP-6) deform less (ie, stiffer; upper panels). Platelets
preincubated with cytochalasin D and blebbistatin lead to increased deformation (ie, softer; lower panels). Data show density maps of
deformation against area (pmz) from n = 2500 individual platelets from a single experiment
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TABLE 1 Comparison of currently available biophysical tools suitable for biomechanical assessment of platelets
Biomechanical Technical Commercial
Biophysical method properties Restrictions Throughput know-how vendors
Micropipette aspiration Elastic and Nonadherent/In Low Highly skilled NA
viscoelastic suspension and 1-5 platelets/h
adherent
Atomic force microscopy Elastic, Adherent Low Highly skilled Yes
viscoelastic, and 1-5 platelets/h
adhesion forces
Scanning ion conductance microscopy Elastic and Adherent Low Highly skilled Yes
viscoelastic 1-10 platelets/h
Traction force microscopy on hydrogel Adhesion and Adherent Medium to high Skilled NA
substrates contraction
Micropillars and deformable 3D substrates  Adhesion and Adherent Medium Skilled Yes
contraction
Real-time deformability cytometry Deformability Nonadherent/In Very high Skilled Yes
suspension 100-1000 platelets/
sec
less, that is, platelets became stiffer (median deformation, 0.0475, ACKNOWLEDGMENTS

n = 2813 single platelets), whereas cytochalasin D and blebbista-
tin showed increased deformation, that is, platelets became softer
(0.166, n = 3651; and 0.176, n = 3479, respectively), in comparison
to resting platelets (0.139, n = 4013). Our preliminary results are
encouraging since they hint at the role of the platelet cytoskel-
eton contributing to intrinsic biomechanical deformation charac-
teristics of platelets depending on their physiological state. We
are currently evaluating the suitability of RT-DC to understand
the relationship between platelet activation status and corre-
sponding biomechanical characteristics as a novel approach for
platelet function testing, quality control of platelets during stor-
age, and diagnostics of inherited platelet diseases related to the

cytoskeleton.

5 | CONCLUSIONS

Current knowledge of fundamental biochemical and cell biologi-
cal processes governing thrombosis and hemostasis have been
steadily advanced as result of continued development and imple-
mentation methods, which vary widely in their readouts, sensitivi-
ties, and spatiotemporal resolution on a macroscale. Building on
this, using cutting-edge biophysical methods to manipulate single
platelets, one can gain novel insights into biomechanical principles
influencing hemostasis and thrombus formation at subnanoscale
regimes. Adaptation of the appropriate biophysical platform will
mainly depend on the primary research question and on availabil-
ity and suitability of one or more of the methods described here
(Table 1).

Due to the highly interdisciplinary nature of these investigations,
clinicians and basic scientists are encouraged to collaborate exten-
sively to maximize the potential of many of such biophysical meth-

ods to address outstanding questions in platelet biology.
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Inherited platelet disorders affecting the human platelet cytoskeleton result in increased
bleeding risk. However, deciphering their impact on cytoskeleton-dependent intrinsic bio-
mechanics of platelets remains challenging and represents an unmet need from a diagnostic
and prognostic perspective. It is currently unclear whether ex vivo anticoagulants used during
collection of peripheral blood impact the mechanophenotype of cellular components of blood.
Using unbiased, high-throughput functional mechanophenotyping of single human platelets
by real-time deformability cytometry, we found that ex vivo anticoagulants are a critical pre-
analytical variable that differentially influences platelet deformation, their size, and functional
response to agonists by altering the cytoskeleton. We applied our findings to characterize the
functional mechanophenotype of platelets from a patient with Myosin Heavy Chain 9
(MYH9) related macrothrombocytopenia. Our data suggest that platelets from MYH9
p.E1841K mutation in humans affecting platelet non-muscle myosin heavy chain lla
(NMMHC-IIA) are biomechanically less deformable in comparison to platelets from healthy
individuals.
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lular fragments (1-3um in diameter) generated by

bone marrow megakaryocytes and released into blood
circulation!. On exposed extracellular matrix at the sites of the
vascular breach, rapid recruitment of platelets is essential for
forming a primary hemostatic plug. However, under pathological
procoagulatory conditions, platelets contribute to intravascular
thrombosis, a leading cause of cardiovascular complications and
morbidities?~%. Platelets function as complex biological sensor
and actuator units that respond to a broad spectrum of physi-
cochemical stimuli via ligand-receptor-mediated interactions (i.e.,
outside-in signaling) and mechanotransduction events (i.e., both
outside-in and inside-out signaling)>~7. This complex interplay
results in the coordinated regulation of signaling kinetics,
including cytoskeletal remodeling that initiates platelet adhesion,
activation, spreading, and platelet contraction®.

It has been well established that cytoskeleton-dependent bio-
mechanics governs diverse aspects of platelet function during
hemostasis and thrombosis®!?. Beyond this, the significance of
platelet cytoskeletal integrity and its functional role in platelet-
mediated innate immune responses such as mechano-scavenging,
host defense during platelet-bacteria interactions, and vascular
surveillance is emerging!!-13. Recent studies have also demon-
strated changes in platelet biomechanical properties, and
subsequent defective mechanotransduction may serve as a bio-
physical marker for assessing bleeding risk in individuals with
inherited platelet cytoskeletal defects'¥. Thus, deciphering
cytoskeleton-dependent intrinsic biomechanical properties of
platelets is highly desirable for broadening our understanding of
the functional role of platelets in physiological and pathological
processes and from translationally relevant diagnostic and prog-
nostic perspectives®10,

Currently, a wide array of biophysical methods is available for
the investigation of platelet biomechanics. They include micro-
pipette aspiration!>~17, atomic force microscopy!®-29, scanning
ion conductance microscopy?!-22, traction force microscopy?3-24,
including flexible micropost arrays>>-27. Although these methods
have proven valuable in advancing our insights into platelet
biomechanics, these are technically demanding, labor-intensive,
and mostly limited to analysis of adherent platelets?S. Besides,
these methods also lack throughput, which results in implicit bias
during single platelet measurements resulting from under-
sampling of innate heterogeneity found in donor platelet
populations??-31,

The recently introduced on-chip, high-throughput real-time
fluorescence and deformability cytometry (RT-FDC) has rapidly
emerged as a biophysical method to address these challenges®233.
RT-FDC enables continuous on-the-fly mechanophenotyping of
single cells at real-time analysis rates exceeding 1000 cells/s
combined with the capability of achieving molecular specificity
through the application of fluorescent probes, which further
opens up exciting possibilities34-37.

However, on-chip deformability cytometry and other biophy-
sical methods have not been well standardized regarding pre-
analytical variability in sample preparation of cells from periph-
eral blood, including platelets®3. Specifically, it is unclear whether
different ex vivo anticoagulants commonly used during blood
sampling influence blood platelet biomechanics. Using high-
throughput functional mechanophenotyping of single platelets in
RT-FDC, here we demonstrate that ex vivo anticoagulants dif-
ferentially impact intrinsic biomechanical properties (i.e., defor-
mation and size) of human platelets. Besides this, we establish a
link between platelet functional mechanophenotype, particularly
their deformation and associated activation profiles as well as
functional response in resting platelets and after activation with
platelet agonist, respectively, in different ex vivo anticoagulants.

B lood platelets are anucleate, discoidal multifunctional cel-

We explain these findings by showing that ex vivo anticoagulants
and platelet activation alter the content and subcellular organi-
zation of major platelet cytoskeletal components such as actin
cytoskeleton and marginal band tubulin ring. Furthermore, in a
potentially diagnostically relevant development, using MYH9
related macrothrombocytopenia as a model for an inherited
human platelet cytoskeletal disorder, affecting platelet non-
muscle myosin heavy chain Ila (NMMHC-IIA), we demon-
strate that the choice of ex vivo anticoagulant may strongly
impact the outcomes of mechanophenotyping.

Results

Ex vivo anticoagulants affect human platelet deformation and
size. We first evaluated the effects of ex vivo anticoagulants on
platelet deformation, and their corresponding size in live non-
stimulated (i.e., resting) platelets in PRP by RT-FDC prepared
from blood collected in ACD-A, Na-Citrate, K,-EDTA, Li-
Heparin, and r-Hirudin (Fig. 1la). Non-stimulated platelets
showed deformation of 0.127 + 0.033 (mean + SD, n = 6 donors)
in ACD-A, 0.111 + 0.025 in Na-Citrate, and 0.1 + 0.023 in r-
Hirudin, which was higher in comparison to the lower defor-
mation of platelets at 0.071 + 0.016 observed in Li-Heparin and
0.037 £ 0.01 in K,-EDTA. (Fig. 1b and Supplementary Fig. 4 for
statistical distribution plots of individual donors). Assessment of
corresponding platelet size in different ex vivo anticoagulants
from non-stimulated platelets revealed differences in platelet size
measuring at 5.035 + 0.49 um? (mean + SD, n=6 donors) in
ACD-A in comparison to K,-EDTA and Li-Heparin where pla-
telets were smaller in size measuring at 4.158 + 0.241 and 4.337 +
0.344 pm?, respectively (Fig. 1c and Supplementary Fig. 5 for
statistical distribution plots of individual donors).

Next, to test whether agonist-induced platelet activation leads to
measurable changes in platelet deformation and their correspond-
ing size depending on the type of ex vivo anticoagulant, TRAP-6
was used. Platelet activation by TRAP-6 resulted in a noticeable
decrease in platelet deformation and a concomitant reduction in
platelet size in all ex vivo anticoagulants except for K,-EDTA
(Fig. 1d-f). Assessment of fold change in platelet deformation
before and after TRAP-6 stimulation showed a decrease in platelet
deformation by a factor of 2.76 + 0.64 (mean * SD, n = 6 donors)
in ACD-A, 2.58 + 0.49 in Na-Citrate, 1.72 + 0.47 Li-Heparin, and
2.27 + 0.45 in r-Hirudin (Fig. 1g). On the contrary, in K,-EDTA,
TRAP-6 stimulation resulted in a minimal fold change in platelet
deformation by a factor of 1.14 +0.33 (Fig. 1g). Similarly, platelet
size decreased upon TRAP-6 stimulation by a factor of 1.28 + 0.13
(mean + SD, n =6 donors) in ACD-A, 1.14 + 0.14 in Na-Citrate
and 1.18 + 0.16 in r-Hirudin, while it remained unchanged at
0.98 + 0.08 in K,-EDTA and 1.04 + 0.04 in Heparin (Fig. 1h).
Furthermore, the changes in platelet shape observed in the RT-
FDC differed between the ex vivo anticoagulants in non-
stimulated and TRAP-6 stimulated platelets (Supplementary Fig. 6
representative bright-field images of single platelets in measure-
ment channel overlaid with contour).

Platelet deformation in response to platelet activation. In non-
stimulated platelets, basal CD62P surface expression was not altered
between all ex vivo anticoagulants even though platelets in K,-EDTA
exhibited decreased deformation relative to other ex vivo antic-
oagulants (Fig. 2a-c). Upon activation of platelets by TRAP-6, a
decrease in platelet deformation with a concomitant increase in
CD62P surface expression and CD62P % positive platelets was
observed in all ex vivo anticoagulants except in K,-EDTA (Fig. 2d-f).
Assessment of fold change in CD62P expression levels showed an
increase by a factor of 18.19 + 8.88 (mean + SD, n =6 donors) in
ACD-A, 2148 + 8.54 in Na-Citrate, 9.82 + 7.78 in Li-Heparin, and
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Fig. 1 Ex vivo anticoagulants influence the deformation and size of human platelets. Representative KDE scatter plots of deformation and size of live
single platelets in PRP prepared from whole blood collected in different ex vivo anticoagulants from a non-stimulated (i.e., resting) platelets and d after
stimulation with TRAP-6 (n = number of single platelets from the same donor measured for each condition). Color coding of event density in scatter plots
indicates a linear density scale from min (blue) to max (dark red). Summary data points show the median values of individual donors, and bar plots show
mean + SD of platelet deformation and size from non-stimulated (b) and (¢) and TRAP-6 stimulated platelets (e) and (f), respectively (n =6 donors). Fold
change in platelet deformation and size upon stimulation with TRAP-6 are shown in (g) and (h), respectively, where dotted control baseline =1 (nh =6
donors). Statistical analysis: mixed-effects model (restricted maximum likelihood, REML) followed by Tukey's multiple comparisons tests, with single
pooled variance and p < 0.05 was considered significant.
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15.72 £ 6.76 in r-Hirudin in comparison to a fold change of 2.03 +
1.16 in K,-EDTA (Fig. 2g). Multivariate analysis of continuous
variables from RT-FDC data from non-stimulated and TRAP-6 sti-
mulated platelets (Fig. 2h, i) further confirmed platelet deformation,
size, and CD62P expression is strongly affected in K,-EDTA.

Next, we assessed conformational changes in platelet integrin
aipPs as a marker for platelet activation by PAC-1 antibody

- r __Tr T
0 25 50 75
anti-CD62P-AF647 (gMean)

binding (Fig. 3). Baseline activation levels of integrin am,ps in
non-stimulated platelets (Fig. 3a-c) were highest in Li-Heparin
(PAC-1-FITC gMean of 8248 * 12.16 and PAC-1-FITC %
positive platelets at 36.02 + 9.3%, mean + SD, n =6 donors). In
contrast, K,-EDTA showed the lowest basal activation of integrin
ampP; of all ex vivo anticoagulants. In TRAP-6 stimulated
platelets, PAC-1-FITC binding and PAC-1-FITC % positive
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Fig. 2 Platelet deformation and the corresponding CD62P surface expression upon activation in different ex vivo anticoagulants. Representative KDE
scatter plots of platelet deformation and CD62P expression on single platelets expression (plotted on log10 scale of maximum intensity in arbitrary units
(A.U.) of anti-CD62P-AlexaFluor647 antibody) in PRP different ex vivo anticoagulants in a non-stimulated (i.e., resting) platelets and d upon TRAP-6
stimulation (n = number of single platelets from the same donor measured for each condition). Color coding of event density in scatter plots indicates a
linear density scale from min (blue) to max (dark red). Summary graphs show of median values of individual donors, while bar graphs show mean + SD of
geometric mean fluorescence intensity (gMean) of CD62P expressing platelets (b) and (e) and percent positive platelets (¢) and (f) above the cut-off of
5000 events or 10 min in non-stimulated and TRAP-6 stimulated platelets, respectively (n = 6 donors). Fold change in CD62P surface expression on
platelets upon stimulation with TRAP-6 are shown in (g) where dotted control baseline = 1 (n = 6 donors). Multivariate analysis plots of continuous
variables from RT-FDC, (h) and (i) of non-stimulated and TRAP-6 stimulated platelets, respectively, displaying the relationships between platelet
deformation, size, and related CD62P surface expression levels in different ex vivo anticoagulants. (Data represents median values of individual variables
from n = 6 donors). Statistical analysis: mixed-effects model (restricted maximum likelihood, REML) followed by Tukey's multiple comparisons tests, with

single pooled variance and p < 0.05 was considered significant.

platelets increased significantly (p < 0.0001) in all ex vivo
anticoagulants in comparison to K,-EDTA (Fig. 3d-f). Further-
more, fold change in PAC-1 binding to platelets after TRAP-6
stimulation increased by a factor of 2.86 + 0.82 (mean + SD, n =
6 donors) in ACD-A, 3.39 + 0.9 in Na-Citrate, 2.64 + 0.7 in Li-
Heparin, and 3.55 + 0.98 in r-Hirudin in comparison to non-
stimulated platelets, but did not increase in K,-EDTA (Fig. 3g).
Also, multivariate analysis of continuous variables from RT-FDC
data from non-stimulated and TRAP-6 stimulated platelets
(Fig. 3h, i) revealed together with platelet deformation, size, and
PAC-1 binding is strongly affected in K,-EDTA. Our results
concerning the reduced binding of PAC-1 antibody to platelet
integrin aIIbB3 are consistent with previous observations in
potent chelators of divalent cations such as EDTA3?.

Decreased platelet deformation is an indicator of alterations in
platelet cytoskeletal organizations and F-actin content. Fluor-
escence CLSM imaging and subsequent line profile analysis of
non-stimulated platelets in ACD-A, Na-Citrate, Li-Heparin, and
r-Hirudin showed discoidal morphology, a uniform intracellular
distribution of F-actin (Phalloidin, green), and a well-defined
subcortical marginal band microtubule ring (a-tubulin, edge-to-
edge fluorescence intensity signal in magenta) (Fig. 4a and Sup-
plementary Fig. 8). In contrast, platelets in K,-EDTA platelets lost
their discoidal shape and were comparatively smaller. Besides, we
observed a significant increase (p < 0.001) in subcortical locali-
zation of F-actin (Fig. 4b and Supplementary Fig. 8) and coiling of
microtubule ring indicated by white arrowhead in grayscale sub-
figures in Fig. 4a and edge-to-edge fluorescence line profile
intensity in Fig. 4c and Supplementary Fig. 8 for K,-EDTA. Upon
TRAP-6 stimulation, platelets showed substantial morphological
changes compared to their non-stimulated counterparts (Fig. 4d).
Line profile analysis of fluorescence intensities further revealed a
significantly increased F-actin localization (p < 0.001) at sub-
cortical regions and a decrease in edge-to-edge coiling of
microtubule ring in all ex vivo anticoagulants except for K,-
EDTA (Fig. 4e, f and Supplementary Fig. 8).

Next, we analyzed the total F-actin content in non-stimulated
and TRAP-6 stimulated platelets in different ex vivo antic-
oagulants by flow cytometry (Fig. 5a, b and Supplementary
Fig. 7). We observed a significantly higher F-actin content in non-
stimulated platelets in K,-EDTA (Phalloidin AF647 fluorescence
gMean: 1622 + 30.47, mean * CD from n=6 donors) in
comparison to non-stimulated platelets measuring at 110.7 *
32.11, p = 0.036, in ACD-A, 107 + 23.86, p=0.0285 in Na-
Citrate and 94.24 + 28.91, p = 0.0023 in r-Hirudin (Fig. 5a). The
basal F-actin content of platelets in Li-Heparin was found to be
relatively higher (Phalloidin AF647 fluorescence gMean: 146.5 +
9, mean = CD from n =6 donors) than in ACD-A and Na-
Citrate, statistically significant differences (p=0.024) were
apparent between Li-Heparin and r-Hirudin in non-stimulated

platelets (Fig. 5a). TRAP-6 stimulation resulted in the increase of
total F-actin in platelets by a factor of 2.18 + 0.28 in ACD-A, 2.13
0.38 in Na-Citrate, and 2.1 + 0.27 in r-Hirudin. In contrast, only a
minor change in total F-actin content by a factor of 1.49 + 0.26 in
Li-Heparin and 0.96 +0.14 in K,-EDTA was observed (Fig. 5b, ¢
and Supplementary Fig. 7).

Next, a multivariate analysis of continuous variables was
performed to verify whether the changes in actin polymerization
status, ie., total F-actin content measured by flow cytometry,
reflect the observed differences in platelet deformation and their
corresponding size by RT-FDC in different ex vivo antic-
oagulants. As shown, non-stimulated (i.e., resting) platelets
(Fig. 5d) were found to deform more with low basal F-actin
content in ACD-A, Na-Citrate r-Hirudin than those in Li-
Heparin. Furthermore, platelets in K,-EDTA deformed least with
higher basal F-actin content and smallest in size. Under TRAP-6
stimulation, except in K,-EDTA, platelets in all ex vivo antic-
oagulants showed decreased deformation, a smaller size, and
increased total F-actin content (Fig. 5e).

Actin disassembly by LatB increases platelet deformation. Next,
we used latrunculin B (LatB) an actin polymerization inhibitor, to
gain mechanistic insights into whether impairing actin poly-
merization influences biomechanical deformation and functional
response of platelets in different ex vivo anticoagulants (Fig. 6a-d
and Supplementary Fig. 9). In non-stimulated platelets, LatB
significantly increased (p < 0.001) platelet deformation in all
ex vivo anticoagulants compared to their respective vehicle con-
trol. Similarly, in contrast to the vehicle control (6e) in the pre-
sence of LatB, TRAP-6 stimulated platelets deformed more
(Fig. 6g). Furthermore, only in ACD-A, LatB induced increase in
platelet deformation was higher in resting platelets in all donors
(Fig. 6f) compared to all ex vivo anticoagulants. In addition, in
the presence of LatB basal CD62P surface expression and PAC-1
binding were unaltered in all ex vivo anticoagulants (Supple-
mentary Fig. 9a, ¢). Although after TRAP-6 stimulation, LatB
treated platelets in all donors showed a markedly increased
deformation, however, only in K,-EDTA platelets deformation
was significant (p = 0.0066) compared to other ex vivo antic-
oagulants (Fig. 6h). Furthermore, TRAP-6 induced functional
response of LatB treated platelets showed reduced CD62P surface
expression in all ex vivo anticoagulants compared to respective
vehicle controls but remained unchanged in K,-EDTA (Supple-
mentary Fig. 9b).

ACD-A, but not K,-EDTA, allows mechanophenotyping of
MYHS? related disease mutations in human platelets. By RT-
FDC, we next analyzed platelets from an individual with MYH9
p.E1841K mutation in the rod region of NMMHC-IIA, an essential
platelet cytoskeletal protein’. In ACD-A, MYH9 p.E1841K platelets
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PAC-1-FITC (gMean)

in comparison to platelets from healthy controls deform less (0.068,
median n = 955 single platelets vs. 0.122, median n = 2326 single
platelets) and are larger (5.77 um?, median n = 955 single platelets vs.
4.05 um?, median n = 2326 single platelets) (Fig. 7a and Supple-
mentary Fig. 10a) under non-stimulated (ie., resting) conditions.
With TRAP-6 stimulation, platelets from the individual with MYH9
p-E1841K in ACD-A deform further less (0.036, median n = 1112

6

PAC-1-FITC (gMean)

single platelets), but intriguingly their size increased (6.585um?,
median n = 1112 single platelets). In contrast, the platelets from the
healthy individual showed decreased deformation (0.0455, median
n = 720 single platelets) and size (2.595 um?) (Fig. 7b and Supple-
mentary Fig. 10b). On the other hand, in K,-EDTA, non-stimulated
healthy control platelets showed =~ 3-fold decreased deformation
(0.036, median n = 1960 single platelets) and while MYH9 p.E1841K
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Fig. 3 Platelet deformation and activation-induced exposure of the conformational epitope of the integrin allbf3 is strongly influenced by ex vivo
anticoagulants. Representative KDE scatter plots of platelet deformation and their corresponding activation status as a readout for binding of integrin
allbp3 specific ligand-mimetic PAC-1 antibody (plotted on log10 scale of maximum intensity in arbitrary units (AU) of PAC-1-FITC antibody) on single
platelets in different ex vivo anticoagulants in (@) non-stimulated (i.e., resting) platelets and upon stimulation TRAP-6 (d) from a single donor (n= number
of single platelets from the same donor measured for each condition). Color coding of event density in scatter plots indicates a linear density scale from
min (blue) to max (dark red). Summary graphs show of median values of individual donors, while bar graphs show mean + SD of geometric mean
fluorescence intensity (gMean) of PAC-1-FITC antibody bound to platelets (b) and (e) and PAC-1-FITC antibody percent positive platelets (¢) and (f)
above the cut-off of 5000 events or 10 min in non-stimulated and TRAP-6 stimulated platelets, respectively (n = 6 donors). Fold change in PAC-1 Binding
on platelets upon stimulation with TRAP-6 from six donors are shown in (g) where dotted control baseline =1 (n = 6 donors). Multivariate analysis plots
of continuous variables from RT-FDC, (h) and (i) of non-stimulated and TRAP-6 stimulated platelets, respectively, displaying the relationships between
platelet deformability, size, and PAC-1 antibody biding to integrin allbp3 in different ex vivo anticoagulants. (Data represents median values of individual
variables from n = 6 donors). Statistical analysis: mixed-effects model (restricted maximum likelihood, REML) followed by Tukey's multiple comparisons
tests, with single pooled variance and p < 0.05 was considered significant.

platelets showed a > 3-fold decreased deformation (0.0195, median
n = 2406 single platelets) in comparison to their counterparts in
ACD-A (Fig. 7c, e and Supplementary Fig. 11a).

Besides, in K,-EDTA, platelets from the healthy individual
became smaller (3.27 um?, median n = 1960 single platelets). In
contrast, platelets from the MYH9 p.E1841K individual were
slightly increased in their size (7.515 um?, median n = 2406 single
platelets) compared to non-stimulated platelets in ACD-A.
Furthermore, TRAP-6 stimulation of platelets in K,-EDTA only
resulted in minor changes in platelet deformation and size
compared to their non-stimulated counterparts (Fig. 7d and
Supplementary Fig. 11b). Although differences in platelet
deformation and size were apparent between the platelets from
MYH9Y p.E1841K patient and healthy control in ACD-A; their
CD62P surface expression levels and PAC-1 binding in response
to TRAP-6 were comparable (Supplementary Fig. 12 and Fig. 13).

Consistent with our observations reported above, in K,-EDTA
platelets from both MYH9 p.E1841K patient and healthy control
failed to respond to TRAP-6 (Supplementary Figs. 12 and 13).
Furthermore, in ACD-A, assessment of F-actin content revealed a
higher basal total F-actin content in non-stimulated platelets from
MYHY p.E1841K patient at 192.86 (Phalloidin AF647 gMean)
compared to the healthy control at 154.96, which upon TRAP-6
stimulation increased to 250.16 and 286.36, (Supplementary
Fig. 14a). On the other hand, in K,-EDTA, the basal total F-actin
content in non-stimulated platelets from MYH9 p.E1841K patient
was found to be at 250.42 (Phalloidin AF647 gMean) and for
healthy control at 206.6, that remained unchanged upon TRAP-6
stimulation (Supplementary Fig. 14b).

Discussion
Clinically relevant translational applications for the diagnosis of
disease states by morpho-rheological and biomechanical char-
acterization of a variety of cells by RT-DC are fast emerging.
These include biomechanical differentiation for diagnosis of
hereditary spherocytosis and malaria infections in peripheral
blood cells*! and in biophysical fingerprinting of primary human
skeletal stem cells from bone marrow*2. In addition, the feasibility
of RT-DC in routine quality control of platelet concentrates and
transplantable hematopoietic stem cells in blood banks is cur-
rently being tested*>. More recently Kubankova et al. using RT-
DC performed biomechanical fingerprinting of erythrocytes,
lymphocytes, monocytes, neutrophils, and eosinophils in clinical
induced by severe acute respiratory syndrome corona virus2
(COVID-19 disease)**. The study results showed highly
deformable lymphocytes and neutrophils, increased size of
monocytes, lymphocytes, and neutrophils, and the appearance of
smaller and less deformable erythrocytes.

The present study shows that K,-EDTA and Li-Heparin should
not be used as ex vivo anticoagulants for studies on human platelet

biomechanical properties. Platelets collected in ACD-A, Na-Citrate,
or r-Hirudin may be used for biomechanical studies. Still, due to
minor differences in the effects on platelets, results cannot be
directly compared between platelets anticoagulated with these dif-
ferent anticoagulants. Platelets anticoagulated with Li-Heparin show
some differences in their biomechanical characteristics compared to
platelets in ACD-A, Na-Citrate, or r-Hirudin. Heparinized platelets
show a two-fold higher F-actin content, decreased deformation, and
higher PAC-1 expression. The most crucial difference between Li-
Heparin and r-Hirudin compared to the other anticoagulants is that
Li-Heparin and r-Hirudin do not chelate calcium. However, the
apparent discrepancies between Li-Heparin and r-Hirudin indicate
that Li-Heparin is inducing artifacts in the biomechanical properties
of platelets. One explanation is the strong negative charge of
heparin and its binding to alIbp3, which triggers allbB3-mediated
outside-in signals and thus initiates cytoskeletal reorganization®>40,
Platelets collected in K,-EDTA have the highest F-actin content
under resting conditions in comparison to the other anticoagulants
and show the lowest deformation. Our observations are in agree-
ment with previous studies, which have demonstrated K,-EDTA
induced ultrastructural changes of the surface-bound canal system
(narrowing and dilatation of the OCS) and an irreversible dis-
sociation of the alIbB3 complexes?*’~>0. It is possible that the high
content of F-actin in non-stimulated and TRAP-6 stimulated pla-
telets and the associated platelet deformation could be explained by
the irreversible dissociation of the allbp3 complex and the asso-
ciated cytoskeletal reorganization.

To support these findings, we employed LatB, an inhibitor of
actin polymerization, to provide biomechanical insights into
whether impairing actin polymerization influences the bio-
mechanical deformation and functional response of platelets in
different ex vivo anticoagulants, thus providing a direct link
between platelet deformability and F-actin content. Our results
show that LatB increased platelet deformability in unstimulated
platelets in all ex vivo anticoagulants compared with the respec-
tive vehicle control. Similarly, TRAP-6-stimulated platelets were
more deformable in the presence of LatB than in the vehicle
control. We also investigated the effect of actin depolymerization
by LatB on the surface expression of CD62P and integrin acti-
vation by PAC-1 binding. CD62P surface expression after TRAP-
6 stimulation was reduced by LatB treatment in the antic-
oagulants ACD-A, Li-Heparin, and r-Hirudin. In K,-EDTA, no
change in CD62P expression occurred after TRAP-6 stimulation
in the vehicle control and LatB, confirming our data that CD62P
expression is impaired after TRAP-6 activation in K,-EDTA. Our
results are consistent with the data of Woronowicz et al. showing
that LatA (an isomer of latrunculin that binds gelsolin) inhibits
alpha-granule secretion by disrupting the actin cytoskeleton®!.
We also observed a marked reduction in PAC-1 binding
after LatB treatment of resting platelets with the anticoagulants
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Fig. 4 Cytoskeletal organization in resting and TRAP-6 stimulated human platelets are altered in different ex vivo anticoagulants. Representative
confocal laser scanning fluorescence microscopic images of F-actin (green) distribution and marginal band a-tubulin (magenta) organization of human
platelets in different ex vivo anticoagulants in (@) non-stimulated (resting platelets) and (d) 10 min after TRAP-6 stimulation. Line profile fluorescence
intensity distribution analysis of F-actin and edge-to-edge distance of a-tubulin (b) and (c) in non-stimulated platelets and after TRAP-6 stimulation (e) and
(f). Dotted horizontal lines in (e) and (f) correspond to the median fluorescence intensity and diameter of respective parameters from non-stimulated
platelets. Notch in the box plot and the plus sign depicts median and mean, respectively, and the interquartile ranges. Staggered dots in gray show the
distribution of data points. Statistical assessment by Kruskal-Wallis-Test followed by Dunn's multiple comparisons test p < 0.05 was considered significant.
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Fig. 5 The change of F-actin content in platelets is an indicator of platelet deformation. Comparison of platelet F-actin (Phalloidin AF647 fluorescence,
gMean) measured by flow cytometry in a non-stimulated and b TRAP-6 stimulated platelets in different ex vivo anticoagulants. Fold change in phalloidin
binding (c) after stimulation with TRAP-6, where control baseline =1 and plots show mean £ SD from n = 6 donors. Multivariate analysis plots of
continuous variables from RT-FDC and flow cytometry, (d) and (e) of non-stimulated and TRAP-6 stimulated platelets, respectively, displaying the
relationships between platelet deformation, size, and the F-actin content in different ex vivo anticoagulants, shown as a measure of phalloidin binding.
(Data represents median values of individual variables from n = 6 donors). Statistical assessment was performed by applying the mixed-effects model
(restricted maximum likelihood, REML) followed by Tukey's multiple comparisons test, with single pooled variance and p < 0.05 was considered significant.

ACD-A, Li-Heparin, and r-Hirudin. Interestingly, an apparent
decrease in PAC-1 binding is observed after TRAP-6 activation
only with Li-heparin, confirming our hypothesis that Li-heparin
induces cytoskeletal reorganization by binding to alIbf3, making
platelets deform more.The difference in deformation of activated
platelets between vehicle control and LatB in K,-EDTA indicates
that the increased F-actin content in resting platelets in K,-EDTA
is responsible for the increased deformation when actin poly-
merization is blocked by LatB, resulting in destabilization of the
actin cytoskeleton.

The practical relevance of our findings is exemplified by the
results obtained with MYH9 p.E1841K platelets in ACD-A
compared to K,-EDTA. The non-stimulated platelets in ACD-A
deform more than those in K,-EDTA, even after TRAP-6 induced
activation. We conclude that the anticoagulants K,-EDTA and Li-
Heparin are not suitable for the study of the human platelet
cytoskeleton, while ACD-A, Na-Citrate, or r-Hirudin can be used.
Concerning our reasoning behind choosing ACD-A over Na-
Citrate as an ex vivo anticoagulant as a comparator to K,-EDTA
for the analysis of platelets from a patient with MYH9 mutation
in RT-FDC, there are several lines of experimental evidence
which indicate ACD-A is superior to Na-Citrate in terms of

COMMUNICATIONS BIOLOGY | (2022)5:86 | https://doi.org/10.1038/s42003-021-02982-6 | www.nature.com/commsbio

maintaining platelet physiology. In practice, blood collection
systems anticoagulated with Na-Citrate are primarily used for
studies of plasmatic coagulation and aggregation studies. Intri-
guingly, Na-Citrate may induce the formation of micro-aggre-
gates, thus leading to a decrease in platelet count over time>23.
On the contrary, ACD-A is a more physiological anticoagulant
capable of maintaining platelet physiology and signal transduc-
tion mechanisms with minimal impact on platelet responsiveness
to agonists®®. These results may facilitate a comparison between
different laboratories using shear-based deformability cytometry
such as RT-FDC to address fundamental questions of platelet
physiology and its relationship with biomechanical phenotype
and may help to avoid artifacts when these new technologies are
applied to investigate patients with platelet disorders.

Conclusions

In summary, we can conclude that K,-EDTA and Li-Heparin
influence the biomechanics of platelets by decreasing the defor-
mation and increasing actin polymerization of non-stimulated
human platelets. It is recommended for the examination of the
human platelet cytoskeleton to select an ex vivo anticoagulant
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Fig. 6 Inhibition of actin polymerization by LatB strongly affects platelet deformation. KDE scatter plots showing the impact of LatB on single platelet
deformation and size on non-stimulated (resting) platelets and after TRAP-6 stimulation compared to the vehicle control (DMSO 0.99 %) in a ACD-A,
b K,-EDTA, ¢ Li-Heparin and in d r-Hirudin (n= number of single platelets). Statistical distribution plots for platelet deformation from non-stimulated
platelets (e) and (f) after TRAP-6 stimulation (g) and (h). Notch in the box plot and the horizontal line depicts median and mean, respectively, and the
interquartile ranges. The full distribution of the data for each parameter is depicted by half-violin plots and staggered dots. (Individual data points in (f) and
(h) show median values of platelet deformation from n = 3 donors). Statistical assessment by Kruskal-Wallis-Test followed by Dunn's multiple
comparisons test and repeated measures one-way ANOVA followed by Tukey's multiple comparisons test. p < 0.05 was considered significant.

10 COMMUNICATIONS BIOLOGY | (2022)5:86 | https://doi.org/10.1038/s42003-021-02982-6 | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/542003-021-02982-6 ARTICLE

a. ACD-A (non-stimulated) b. ACD-A (TRAP-6 stimulated)
Healthy Control MYH9p.E1841K Healthy Control MYH9p.E1841K
g 04f n=2326| 0-4 =955 c 04 n=720| 041
e K]
© ®©
£ € 02
o o
‘© ‘©
a a
0l ; 0
0 10 20 0 10 20 20
Platelet Size (um?) Platelet Size (um?)
C. K,-EDTA (non-stimulated) d. K,-EDTA (TRAP-6 stimulated)
Healthy Control MYH9p.E1841K Healthy Control MYH9p.E1841K

c 04 n=1960 c 04 n=1191] 0.4f n=1419

k=l .8

g g

5 0.2, 5 0.2 0.2¢ -

© 3 ©

(= ; a

0 0 — 0 o
20 20 0 10 20
Platelet Size (um?) Platelet Size (Lm?)

min [T T max

Event Density

€. Non-stimulated

Healthy Control | (T M p<0001  p<0.001 N P <0.001
e T p <0.001

(ACD-A)

MYH9 p.E1841K [ — A
(ACD-A) e B

p <0.001

Healthy Control p <0.001
(K+EDTA) H-— —-
A g
MYHOPETB4TK | | = = ' L,—Y—( B
p- p <0.001 e <0.001
(K-EDTA) i T P
0 0.2 0.4 o 10 20
Deformation Platelet Size (um?)

f. TRAP-6 stimulated

Healthy Control / i p<0.001 p<0.001 i } p <0.001
(ACD-A) . p <0.001
MyHopE18aIK | [ 5 —
6N | g R
Lo <0001 :
Healthy Control — p<0.00 O p <0.001
(K~-EDTA) i o
/\ P i
MYHO p.E1841K | bt
(K-EDTA) @ p<0.001 S p <0.001
oAt A A o2 0.4 o “**10 20
Deformation Platelet Size (Lm?)

Fig. 7 Deformability and size of platelets from a healthy individual and from a patient carrying MYH9 p.E1841K mutation. KDE scatter plots from RT-FDC
measurements performed on the same day of displaying the distribution of single platelet deformability and their corresponding size between single platelets from a
healthy individual (control) and from a patient carrying the mutation MYH9 p.E1841K for non-muscle myosin heavy chain lla, in ex vivo anticoagulant (a) ACD-A
and (¢) in K>-EDTA before and after stimulation with platelet agonist TRAP-6, (b) and (d), respectively (n = number of single platelets). Statistical distribution plots
for platelet deformation and size for (e) non-stimulated and (f) TRAP-6 stimulated platelets from each experimental condition from figure panels (a) through (d).
Notch in the box plot and the horizontal line depicts median and mean, respectively, and the interquartile ranges. The full distribution of the data for each parameter
is depicted by half-violin plots and staggered dots and dotted lines with arrowheads represent the median values of respective parameters from the non-stimulated
platelets. Statistical assessment by Kruskal-Wallis test followed by Dunn's multiple comparisons test. p < 0.05 was considered significant.
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such as ACD-A, Na-Citrate, or r-Hirudin and not to exchange it
if possible since comparability of the results cannot be guaran-
teed. With the RT-FDC, we have a highly promising method to
examine the platelet cytoskeleton in PRP, which according to our
study, provides very solid and fast results.

Methods

Ethics. The use of platelet-rich plasma (PRP) from healthy adult individuals and
MYH9 patients was approved by the ethics committee of the University Medicine
Greifswald, Germany. All participants gave written, informed consent

Platelet preparation. The donors had not taken any medication in the previous
ten days before blood collection. Whole blood was collected by venipuncture in BD
Vacutainer® Tubes containing acid citrate dextrose solution A (ACD-A), 3.8%
buffered trisodium citrate (Na-Citrate), 102 L.U. Lithium-Heparin (Li-Heparin),
1.8 mg/mL dipotassium ethylenediaminetetraacetic acid (K, -EDTA), or 171 ATU/
mL recombinant hirudin (r-Hirudin) (REVASC, Canyon Pharmaceuticals, USA).
Whole blood was stored at room temperature for 15 min (at 45° angle to the
horizontal surface) and then centrifuged (120 x g for 20 min at room temperature).
PRP was transferred to a new polypropylene tube and incubated for 15 min at
37°C. All experimental measurements were performed within 3 h of drawing

the blood.

Real-time fluorescence deformability cytometry (RT-FDC). The RT-FDC setup
(AcCellerator, Zellmechanik Dresden, Germany) is built around an inverted
microscope (Axio Observer Al, Carl Zeiss AG, Germany) mounted with a Zeiss
A-Plan 100x NA 0.8 objective. The RT-FDC fluorescence module (Supplementary
Fig. 1a) is equipped with 488 nm, 561 nm, 640 nm excitation lasers, and emission is
collected at the following wavelengths: 500-550, 570-616, 663-737 nm on ava-
lanche photodiodes (Supplementary Fig. 1a).

For functional mechanophenotyping of platelets based on molecular specificity
in RT-FDC, platelets in PRP were labeled with a mouse anti-human monoclonal
antibody CD61-PE (Beckman Coulter). Platelet activation was detected by direct
immunofluorescence labeling of alpha granule release marker CD62P (P-selectin)
with mouse anti-human monoclonal antibody CD62P-AlexaFluor647 (Clone AK4,
Cat. No. 304918, BioLegend, USA)and activation associated conformational change
in integrin olIbP3 was detected with a mouse anti-human monoclonal antibody
PAC-1-FITC (Clone PAC-1, Cat. No. 340507, B.D. Biosciences, USA), respectively.
PBS (Cat.No. P04-36500, PAN Biotech GmbH, Germany) and TRAP-6 (20 uM)
(Haemochrom Diagnostica GmbH, Germany) were used as vehicle control and
platelet agonist, respectively. Incubations were performed at room temperature for
10 min in the dark. Assessment of effects of actin disassembly by LatB and its
effects on agonist-induced alterations in deformation in the presence of different
ex vivo anticoagulants were performed as follows: for non-stimulated platelets, PRP
was incubated (37 °C, in the dark) for 10 min with DMSO (0.99%) (Cat.No. D2650-
5x5m, Sigma-Aldrich) or LatB (0.5 pg/ml) (cat.no. Cay10010631; Biomol GmbH).
For measurement of TRAP-6 activated platelets, PRP was previously incubated
(37°C, in the dark) with DMSO (0.99 %) or LatB (0.5 pg/ml) for 10 min and then
TRAP-6 (20 uM) (Haemochrom Diagnostica GmbH, Germany) was added for
10 min (37 °C, in the dark).

Deformability measurements were performed in a microfluidic chip with a
constriction of 15 um X 15 um cross-section and a length of 300 um (Flic15,
Zellmechanik Dresden, Germany) (Supplementary Fig. 1b). Platelets in suspension
are injected by a syringe pump (NemeSys, Cetoni GmbH, Germany), and cell
deformation occurs due to the hydrodynamic pressure gradient created by the
surrounding fluid only.>

Based on cellular circularity, deformation (Eq. 1) is calculated on the fly using
bright-field images captured by a camera:3?

2/ 1)
P

Deformation = 1 —

where A is the cross-sectional area of the cell and P its perimeter.

RT-FDC measurements were carried out in buffer CellCarrier B (Zellmechanik
Dresden, Germany), which is composed of 0.6% (w/v) methylcellulose in PBS
(without Ca®*, Mg?*). Here, 50 pL of immunofluorescently labeled PRP was
suspended in 450 pL CellCarrier B. The PRP suspension was then driven through
the microfluidic chip at flow rates of 0.006 pl/s, and the measurement was stopped
after achieving 5000 single platelet count (hard-gate 150-33000 arbitrary units,
A.U. for CD61-PE of fluorescence intensity) or after 10 min RT-FDC data was
acquired using the Shapeln software (Version 2.0, Zellmechanik Dresden,
Germany). Using the Shape-Out analysis software (https://github.com/
ZELLMECHANIK-DRESDEN/ShapeOut2/releases/tag/2.3.0 Version 2.3,
Zellmechanik Dresden, Germany), kernel density estimation (KDE) plots of event
density were generated, and statistical analysis was performed to determine the
median values for platelet deformation, their size and the geometric mean of
fluorescence (gMean) of the relevant functional variables. The range area ratio was
limited to 0-1.1 and the cell size to 0-10 pum for the analysis (Supplementary Fig. 2
and 3).

Flow cytometry. Platelets were treated as described above for RT-FDC. We used
PerFix-nc Kit (Cat.No. B31167; Beckman Coulter GmbH, Germany) and
Phalloidin-Atto-647 (Atto-Tec GmbH, Germany) to measure changes in total
F-actin content in the platelets. Flow cytometry data were processed using FlowJo™
software for Windows, Version v10.6.2. (Becton, Dickinson and Company, USA),
and the gMean of the relevant variables was determined.

Fluorescence microscopy. Platelets in PRP were incubated with PBS (vehicle
control, non-stimulated) or stimulated with TRAP-6 for 10 min followed by fixation
in 2% paraformaldehyde (Morphisto, Germany) for 15 min Fixed platelets were
transferred into a Shandon™ Single Cytofunnel™ (Thermo Fisher, USA) and were
centrifuged on a microscope slide for 5 min at 700 rpm (Cytospin ROTOFIX 32 A,
Hettich, Germany), washed thrice with PBS (5 min intervals). Platelet was per-
meabilized in 0.5 % saponin with 0.2% bovine serum albumin (BSA) (Cat. No.
11924.03, SERVA Electrophoresis GmbH, Germany) for 25 min, and followed by
blocking for 30 min in 0.5% saponin supplemented with heat-inactivated 10%
normal goat serum. Permeabilized platelets were incubated with 1:500 dilution of
mouse monoclonal anti-a-Tubulin IgG (Clone DMI1A, Cat. No. T9026, Sigma-
Aldrich GmbH, Germany) primary antibody diluted in 0.5% saponin with 0.2%
BSA in PBS for 16 h at 4 °C followed by three washing steps in PBS for 5 min each.
Afterward, platelets were incubated with 1:750 dilution of goat polyclonal anti-
mouse AF488 IgG prepared in 0.5% saponin with 0.2% BSA in PBS for 60 min in
the dark at room temperature, followed by three washing steps with PBS for 5 min
each. F-actin was labeled with 20 pM Phalloidin-Atto 647N (Cat. No. AD 647N-81,
Atto-Tec GmbH, Germany) for 60 min, followed by three washes in PBS for 5 min
each. Slides were covered by a permanent mounting medium Roti®-Mount Fluor-
Care (Cat. No. HP19.1, Karl-Roth GmbH, Germany). Fluorescence microscopy was
performed on a Leica SP5 confocal laser scanning microscope (Leica Microsystems,
Wetzlar, Germany) equipped with HCX PL APO lambda blue 40x/1.25 OIL UV
objective. For image acquisition, AF488 and ATTO647 were excited by argon
(488 nm) and helium-neon (HeNe) (633 nm) laser lines selected with an acousto-
optic tunable filter, and fluorescence emission was collected between 505-515 and
640-655 nm respectively on hybrid detectors. Assessment of F-actin distribution
and organization of marginal band a-tubulin staining was performed by measuring
cross-sectional line profile (5 um length and 1 pm width) of non-saturated grayscale
fluorescence intensities (pixel values) of immunofluorescent probes across indivi-
dual platelets in confocal images using Leica Application Suite X (Version 3.7.1,
Leica Microsystems, Wetzlar, Germany). For data plotting, GraphPad Prism version
8.0.0 for Windows (GraphPad Software, San Diego, California USA) was used.

Statistical plots and analysis of RT-FDC data. Statistical plots showing para-
meters of the platelet population were prepared with ShapeOut software (https://
github.com/ZELLMECHANIK-DRESDEN/ShapeOut2/releases/tag/2.3.0 Version
2.3, Zellmechanik Dresden), PlotsOfDifferences (https://huygens.science.uva.nl/
PlotsOfDifferences/), Raincloud Plots (https://gabrifc.shinyapps.io/raincloudplots/)
and BoxPlotR (http://shiny.chemgrid.org/boxplotr/)>6>7.

Statistics and reproducibility. The number of single platelets analyzed, biological
replicates, and the number of blood donors involved for each experiment are specified
in the corresponding figure legend and figure description. All statistical assessments
are performed in GraphPad Prism version 9.0.0 for Windows (GraphPad Software,
San Diego, California USA). Details of specific statistical tests performed are described
in figure descriptions, and p < 0.05 was considered significant.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Source data of corresponding figures are available in Supplementary Data 1. In addition,
all raw data and accompanying software for analysis of RT-FDC data are available in a
citable public repository and can be accessed directly at the following https://doi.org/
10.5281/zenodo.4461273 or by requesting the corresponding author(s).
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Abstract

MYH9-related disease patients with mutations in the contractile protein non-muscle myosin
heavy chain IIA display, among others, macrothrombocytopenia and a mild to moderate
bleeding tendency. In this study, we used three mouse lines, each with one point mutation in
the Myh9 gene at positions 702, 1424, or 1841, to investigate mechanisms underlying the
increased bleeding risk. Agonist-induced activation of Myh9 mutant platelets was comparable
to controls. However, myosin light chain phosphorylation after activation was reduced in
mutant platelets, which displayed altered biophysical characteristics and generated lower
adhesion, interaction, and traction forces. Treatment with tranexamic acid restored clot
retraction in the presence of tPA and reduced bleeding. We verified our findings from the
mutant mice with platelets from patients with the respective mutation. These data suggest that
reduced platelet forces lead to an increased bleeding tendency in MYH9-related disease

patients, and treatment with tranexamic acid can improve the hemostatic function.

Teaser

Impaired hemostasis in Myh9 mutant mice due to reduced platelet forces can be improved by

tranexamic acid.



Introduction

The platelet cytoskeleton ensures normal size and the discoid shape under resting conditions
and undergoes rapid rearrangement upon activation. Platelets respond to the biophysical
properties of the extracellular environment through integrin-based adhesion sites, which
results in actomyosin-mediated contractile forces (7, 2). Several inherited platelet bleeding
disorders are caused by mutations in key cytoskeletal-regulatory proteins (3). MYH9-related
disease (MYH9-RD) is a rare inherited platelet disorder (4). The MYH9 gene encodes the
heavy chain of non-muscle myosin IIA, an actin-binding protein with contractile properties.
Heterozygous mutations in the MYH9 gene in humans lead to macrothrombocytopenia with a
moderate bleeding tendency. Depending on the position of the mutations (>30 mutations
identified (5)), the risk increases for other syndromic manifestations such as renal failure,
hearing loss, and pre-senile cataract (5-7). Patients with a mutation at amino acid position 702,
located in the motor domain of non-muscle myosin IIA, are reported to be most affected for
non-hematologic defects and have a higher risk for increased bleeding. Mutations located in
the rod domain (amino acid positions 1424 and 1841) cause a milder phenotype (5). Three
different mouse lines with the knock-in mutations Arg702Cys (R702C), Asp1424Asn
(D1424N), and Glu1841Lys (E1841K) were generated (8), which are the most frequent
mutations found in human patients (9). These heterozygous point-mutated mice recapitulated
key features of human patients, such as macrothrombocytopenia, moderately prolonged
bleeding times, decreased ability to retract clots, and non-hematologic defects (8). These data
show that myosin IlA plays a vital role in platelet production and plug stabilization. However, it
is insufficiently understood which factors contribute to the hemostatic defect observed in
MYH9-RD patients and mutant mice. Given the central role of myosin IlA in force generation
and the increased bleeding risk in MYH9-RD patients, a better understanding of the underlying

biophysical mechanisms in clot formation and its stabilization is warranted (70).

Recently, it was demonstrated that biophysical signatures are similar between human and
murine platelets (77). Therefore, we took advantage of the heterozygous R702C, D1424N, and
E1841K point-mutated Myh9 mice and comprehensively investigated whether altered
biomechanical properties might be responsible for the increased bleeding phenotype. While
the primary function of mutant mouse platelets was comparable to controls, phosphorylation
of the myosin light chain after activation was strongly reduced, the extent of clot retraction
decreased, and thrombi were more unstable even when platelet count was adjusted. In line
with this, biophysical analyses revealed that Myh9 mutant platelets generate lower adhesion
forces to collagen, lower interaction forces between platelets, and reduced traction forces
when spread on fibrinogen-coated micropost arrays. We verified our key findings by analyzing
the biophysical function of platelets isolated from MYH9-RD patients with the respective

mutation. Finally, we observed that treatment with the antifibrinolytic agent, tranexamic acid



(TXA), restored clot retraction and reduced bleeding in all three mouse lines. These data
suggest that the most common MYH9-RD mutations impair the generation of contractile forces

by myosin IIA that is necessary to prevent increased bleeding.

Results

Unaltered activation but impaired deformability of Myh9 mutant platelets

While the role of platelets in hemostatic plug and thrombus formation has been intensively
studied from a biological perspective, the mechanobiological aspects are only poorly
understood. To investigate the biological and biophysical properties of the contractile protein
non-muscle myosin lIA, we capitalized on mice with three different point mutations in the Myh9
gene. Most results of the D1424N mutation are shown in the main manuscript; results
regarding the R702C and E1841K mutations are shown in supplemental results. We confirmed
the presence of the protein myosin IIA in platelet lysates from control and heterozygous mutant
mice (Myh9R792¢*  MyhQP 424N ' pMyh9F1847K*) by western blot analysis (Supplemental Fig. 1, A
and B). The expression levels of non-muscle myosin IIA were comparable to controls
(Supplemental Fig. 1C). Myh9 mutant mice displayed a significant reduction in platelet count
and increased platelet size as determined by a hematology analyzer (Fig. 1, A and B, and
Supplemental Fig. 2, A and B; and reference (8)). Other blood parameters like red blood cell
(RBC) count, hematocrit (HCT), and hemoglobin (HGB) were unaltered in mutant mice
(Supplemental Table 1). Due to the increased platelet size in mutant mice, control and mutant
platelets were gated for a population of similar size in glycoprotein expression and platelet
activation studies (Supplemental Fig. 2C). Analysis of expression of prominent platelet surface
proteins by flow cytometry revealed moderate differences of some receptors, most notably the
GPIb-V-IX complex, even when comparing platelet populations of similar size (Fig. 1C, and
Supplemental Fig. 2, C and D). Next, surface exposure of P-selectin and activation of the
platelet integrin allbf3 was analyzed after incubation with different agonists. Overall
comparable results were obtained for control, and mutant platelets after stimulation of G-
protein coupled receptors with ADP, the thromboxane A2 analog U46619, a combination of
both, or thrombin (Fig. 1, D and E, and Supplemental Fig. 3, A and B). Similarly, Myh9 mutant
platelets exhibited a comparable degree of activation upon stimulation of the GPVI-ITAM
(immunoreceptor tyrosine-based activation motif) pathway with collagen-related peptide (CRP)
or convulxin, and of the hemITAM receptor, CLEC2 (C-type lectin-like receptor 2), with
rhodocytin. To clarify the role of mutated myosin IIA for platelet shape change and aggregation,
in vitro aggregation studies were performed. Both agonists, Horm collagen and thrombin,
induced a comparable activation-dependent shape change of control and mutant platelets
(Supplemental Fig. 4, A and B). Further, Myh9 mutant platelets showed a normal onset and

degree of aggregation (Supplemental Fig. 4, A and B, and Supplemental Table 2). Next, we



investigated whether the mutation in myosin |lIA leads to ultrastructural changes in platelets.
Transmission electron microscopic (TEM) analysis of mutant platelets revealed a
heterogeneous population of platelet size but an otherwise comparable ultrastructure (Fig. 1F,
and Supplemental Fig. 4C). Taken together, Myh9 point-mutated mice display a
macrothrombocytopenia, and their platelets can get activated and form aggregates in response
to platelet agonists.

In contrast, real-time fluorescence deformability cytometry (RT-FDC) measurements revealed
a significantly decreased deformation and increased size of Myh9 mutant platelets (Fig. 1G,
and Supplemental Fig. 5, A and B), which points to an increased Young’s modulus. Since most
agonist-induced platelet functions otherwise were normal, we further investigated the structure

and function of cytoskeletal components.

Decreased phosphorylation of the myosin light chain in Myh9 mutant platelets

To test possible differences in F-actin content, we performed flow cytometry with phalloidin-
stabilized resting platelets. Mutant platelets exhibited an increased F-actin content, most likely
due to the increased platelet size (Fig. 2A, and Supplemental Fig. 6A). To investigate the
organization and rearrangement of the cytoskeleton in Myh9 mutant platelets, we performed
spreading experiments on a fibrinogen-coated surface. Differential interference contrast
imaging revealed comparable spreading kinetics of Myh9%72%* mutant platelets and slightly
faster spreading of Myh9P"*?N* and Myh9c'8""* mutant platelets on a fibrinogen-coated
surface (Fig. 2B, and Supplemental Fig. 6B). The increased size might explain the faster
adhesion kinetics of these platelets. Similar to control platelets, mutant platelets were able to
rearrange the cytoskeleton and form filopodia and lamellipodia, as revealed by platinum replica
electron and confocal microscopy (Fig. 2C, and Supplemental Fig. 6, C and D).
Phosphorylation of the myosin light chain 2 is responsible for the generation of contractile
forces in platelets. Therefore, a capillary-based immunoassay approach was used to detect
myosin light chain 2 (MLC2) phosphorylation in resting and thrombin-activated platelets. MLC2
and myosin phosphatase 1 (MYPT1) expression were comparable in control and mutant
samples (Fig. 2D, and Supplemental Fig. 1B and 7A). However, phosphorylation of MLC2 after
activation with thrombin was strongly reduced to 56% in Myh9P"#?*N* ‘to 40% in Myh9R702¢*,
and to 58% Myh9c"8""* mutant platelets compared to Myh9"* controls (Fig. 2D and
Supplemental Fig. 7, A and B). Although we have not identified the interaction of myosin heavy
and light chain of mutant myosin IIA, we can hypothesize no impaired interaction. The
instability of the regulatory light chain upon the absence or interrupted interaction of the heavy
chain would result in rapid degradation of MLC (72-74). In contrast, we observed no alteration

in MLC2 total expression. These data suggest that heterozygous mutations in the motor



domain (R702C) and rod domain (D1424N, E1841K) might impair the mutant platelets’

contractile properties.

Low contractile force generation and impaired clot retraction of Myh9 mutant platelets
To measure contractile forces, platelets were allowed to adhere and spread on fibrinogen-
coated micropost arrays and pulled at posts to different extents. The mean traction force per
post beneath each cell was significantly reduced by 38% in Myh9°"#2N*  29% in Myh9R702¢*
and 28% in Myh9F"84'K* platelets compared to their corresponding controls, as readily
perceived from the images of the deformed posts (Fig. 3A, arrows; and Supplemental Fig. 8).

gP1424N™ platelets due to

However, the total force per cell was not significantly different for Myh
the larger platelet volume of mutant platelets (Fig. 1B), which compensated for the lower
reduced intrinsic contractility (Fig. 3A). The total traction forces per single platelet in
Myh9R702¢" ' and Myh9F"84'K* compared to control platelets were significantly lower, indicating
that their platelet volume, which is not as increased as for Myh9P#?*N* platelets (Fig. 1B, and
Supplemental Fig. 2B), was not sufficient to compensate for the reduced intrinsic contractility
(Supplemental Fig. 8). Platelets spread on a fibrinogen-coated surface were also analyzed for
stiffness using scanning ion conductance microscopy (SICM). Myh9"702¢* and MyhQP?424N/*
platelets displayed a softer appearance on fibrinogen compared to Myh9"* platelets, as
revealed by a lower Young’s modulus (Fig. 3B, and Supplemental Fig. 9). In contrast
Myh9F"841K* platelets showed a comparable Young’s modulus to Myh9”* platelets
(Supplemental Fig. 9). Next, we performed a clot retraction assay since platelet-mediated
compaction is an important mechanism to stabilize thrombi (70). The extent of clot retraction
was significantly different between control and mutant mice. Myh9 mutant samples showed an
impaired clot retraction (8), even when the platelet count had been adjusted to 3 x 10°
platelets/uL (Fig. 3C, and Supplemental Fig. 10, A and C). Quantification of the residual clot
revealed a heavier, less retracted clot and a corresponding lower volume of residual fluid in
Myh9 mutant samples (Fig. 3D, and Supplemental Fig. 10, B and D). These findings strongly
suggest that impaired clot retraction of Myh9 mutant platelets is due to a defect in the

generation of contractile forces and not because of a reduction in platelet count.

Lower adhesion and interaction forces of mutant platelets

To investigate the mechanisms of platelet biomechanics under shear flow, we analyzed the
effect of the heterozygous point mutations in myosin IIA in an ex vivo thrombus formation
assay. At first, we studied platelet adhesion to collagen fibers in a whole-blood perfusion assay
at shear rates of 1,000 s™'. Control and mutant platelets adhered to collagen and formed
thrombi both under platelet count adjusted (5 x 10° platelets/uL) and unadjusted conditions.

However, platelets from Myh9P#?*N* and Myh9~7°2¢* mutant mice formed fewer and smaller



thrombi than controls (Fig. 4A, and Supplemental Fig. 11A). Surprisingly, platelets from
Myh9F"8#"* mutant mice formed only fewer and smaller thrombi under thrombocytopenic
conditions (Supplemental Fig. 11A). Next, platelet adhesion forces on collagen were measured
using single platelet force spectroscopy (SPFS). Platelets of Myh9 mutant mice displayed
lower adhesion forces to collagen (Fig. 4B, and Supplemental Fig. 11B; reduced by 69% in
Myh9P"#24N* hy 33% in Myh9R7°2%"* ' and by 42% in Myh9F'8"%* platelets). Similarly, interaction
forces between two single platelets were reduced for all three mouse lines (Fig. 4C, and
Supplemental Fig. 11C; Myh9°"#?*N* by 39%, Myh9~72%"* by 50%, and Myh9E"8"K* by 29%).
Thrombi formed at a shear rate of 1,000 s on collagen were analyzed for their stiffness by
colloidal probe spectroscopy. Thrombi formed by platelets of Myh9 mutant mice were softer
compared to thrombi of control mice, as revealed by a decreased Young’s modulus (Fig. 4D,
and Supplemental Fig. 11D). In summary, these results suggest that reduced platelet-

substrate and platelet-platelet forces lead to reduced thrombus formation under shear.

Samples of MYH9-RD patients recapitulate the biomechanical phenotype observed in
the respective mutant mice

To verify our biophysical results obtained from the analyses of mutant mice, we analyzed
deformability and force generation of platelets from two patients with the respective mutations
(MYH9 p.D1424N, MYH9 p.E1841K). Mechanophenotyping using RT-FDC showed that
platelets from patients are less deformable and larger, which is in line with the mouse data
(Fig. 5A, and Supplemental Fig. 12A). Other blood parameters like red blood cell (RBC) count,
hematocrit (HCT) and hemoglobin (HGB) were unaltered in patient blood (Supplemental Table
3). Next, we assessed platelet adhesion and thrombus formation on collagen under shear. We
observed significantly less and smaller thrombi when whole patient blood was perfused over
collagen fibers. Moreover, the kinetics of thrombus formation overtime was decreased in the
patient sample (Fig. 5B, and Supplemental Fig. 12B). We measured the stiffness of the formed
thrombi by colloidal probe spectroscopy. In agreement with the data obtained from Myh9P7424N*
mutant mice, thrombi were significantly softer for MYH9 p.D1424N (Fig. 5C). In contrast,
stiffness was moderately but not significantly reduced for MYH9 p.E1841K (Supplemental Fig.
12C). These results show that the mechanical characteristics of human and mouse platelets
with point mutations in non-muscle myosin IIA are overall comparable, except for thrombus

stiffness of the MYH9 p.E1841K sample, which shows only a tendency to softer thrombi.

Treatment with tranexamic acid improves hemostatic function in mutant mice
MYH9-RD patients have an increased bleeding risk. The antifibrinolytic drug, tranexamic acid
(TXA), is one option to control bleeding complications in those patients (5, 6). We thus

hypothesized that gaps of a less compact clot might allow for increased diffusion of



plasminogen into the clot, thereby accelerating clot instability and that TXA may help to prevent
clot degradation and stabilize the clot of Myh9 mutant mice. TXA was beneficial in combination
with threshold concentration (0.0138 nM, Supplemental Fig. 13A) of the recombinant tissue
plasminogen activator (rtPA) (Fig. 6A). The addition of clinically relevant TXA concentration of
100 uM inhibited the fibrinolytic effect of rtPA and restored clot retraction under platelet count
unadjusted conditions (Fig. 6, A and B, and Supplemental Fig. 13B and 14). However, TXA in
a concentration of 1 yM was too low to restore clot retraction. No adverse effects could be
observed at high concentrations of 10 mM TXA. As expected (8), Myh9 mutant mice displayed
prolonged bleeding times (Fig. 6C, and Supplemental Fig. 15). TXA concentration of 10 ug/g
was injected to induce a plasma concentration measured in humans of 15 mg/L resulting in
substantial inhibition of fibrinolysis (75). Strikingly, treatment with tranexamic acid significantly
reduced the bleeding time in the three Myh9 mutant mouse models (Fig. 6C, and Supplemental
Fig. 15). In summary, the increased bleeding phenotype due to reduced platelet forces in Myh9

mutant mice can be compensated by the addition of TXA.

TXA delays clot lysis of samples from MYH9-RD patients

The improved clot stability of mutant mouse samples prompted us to test the effect of TXA on
clot formation and stability in patient samples. While the onset of lysis (LOT) measured by
thromboelastometry occurred earlier for the human patient sample when adding rtPA, the
addition of TXA rescued the defect (Fig. 7A, and Supplemental Fig. 16). Similarly, ex vivo
thrombus stability of MYH9-RD patient platelets under shear was improved in the presence of
TXA (Fig. 7, B and C, and Supplemental Fig. 17, A and B). We measured the stiffness of the
thrombi with colloidal probe spectroscopy and found that TXA significantly increased the
stiffness of thrombi from the MYH9 p.D1424N sample for an extent of 1.589 (Fig. 7D).
Improvement of thrombus stiffness with TXA could be achieved, however, to a lower extent by
the factor of 1.20 for patient sample with E1841K mutation (Supplemental Fig. 17C). Together,
this shows that TXA can also stabilize clots and thrombi of MYH9-RD patients.

Discussion

While the role of platelets in preventing blood loss is well characterized from a biological
perspective, the mechanobiological aspects are only poorly understood. Therefore, we
analyzed point-mutated Myh9 mouse models, which recapitulate clinical manifestations
observed in MYH9-RD patients. Our study demonstrates that non-muscle myosin l|A-mediated
platelet force generation is crucial for sufficient clot compaction and hemostatic function. Our
major conclusions are: (1) heterozygous point mutations in the Myh9 gene lead to reduced
platelet adhesion and platelet-platelet interaction forces in mice and MYH9-RD patients; (2)

impaired clot retraction and prolonged bleeding time are caused by lower platelet force



generation, whereas the reduced platelet count is less critical; (3) the mutations R702C,
D1424N, and E1841K have a similar impact on the biophysical platelet function, even though
the mutation E1841K had less impact on thrombus formation and stiffness; and (4) inhibition

of fibrinolysis with TXA can improve the hemostatic function in Myh9 mutant mice.

We analyzed platelet activation of the Myh9 R702C, D1424N, and E1841K mutant mice, which
was overall comparable to controls when platelets of similar size were compared. The kinetics
and extent of platelet aggregation did not differ between mutants and controls. Absent platelet
shape change has been observed for myosin lIA-deficient mouse platelets (73) and patient
platelets (5, 16). Surprisingly, we observed initial platelet shape change of the mutant platelets
after activation with collagen and thrombin. Myosin IIA-deficient mouse platelets have, in
general, a more pronounced phenotype and thus might explain the difference (13, 17).
However, the difference regarding shape change between the point-mutated mouse platelets
and platelets from patients remains unclear. We detected platelet shape change in
aggregometry for all three mouse lines and two different agonists, suggesting that the
localization of mutation or type of agonist does not explain the difference. Thus far, the point-
mutated mouse models recapitulated the key features of MYH9-RD patients (reference (8) and
our findings). However, we cannot exclude that platelets of the patients have a more severe

defect in cytoskeletal rearrangement than we observed in the mouse models.

The degree of thrombocytopenia and bleeding varies among MYH9-RD patients. It was
reported that the patients' platelet function is normal and severity of bleeding tendency
correlates with platelet count (7, 718). Interestingly, it was previously demonstrated that the
hemostatic function efficiently occurs at unexpectedly low platelet counts when platelets are
fully functional, at least in mice (79). Therefore, our study addressed the relevance of how
strongly mechanical forces contribute to the MYH9-related bleeding diathesis. We show that
in vitro clot retraction of samples from Myh9 R702C, D1424N, and E1841K point-mutated mice
was impaired in both unadjusted and adjusted platelet count conditions, pointing to a less
central role of the platelet count. However, clot retraction was still possible to some extent, in
contrast to studies using the knockout mice with abrogated clot retraction (73). While so far the
myosin activity inhibitor, blebbistatin, has been mainly used to analyze platelet force generation
(70, 20-22), this approach cannot be used to assess the impact of the clinically relevant
heterozygote mutations. Therefore we have taken a comprehensive biophysical approach to
study the mechanical properties of heterozygously point-mutated Myh9 platelets. Using SPFS,
we demonstrate that Myh9 R702C, D1424N, and E1841K mutant mouse platelets generate
lower adhesion forces on collagen and reduced platelet-platelet interaction forces. We also
measured traction forces of mutant mouse platelets on fibrinogen using a micropost deflection
assay, which has already been successfully used to measure platelet contractile forces and

evaluate platelet functionality (27-23). In line with the SPFS results, the average contractile



force per post of mutant platelets was decreased. While the total contractile force generated
per platelet of Myh9°"#?*N* mice was comparable to their corresponding controls. One possible
explanation might be the enlarged size of Myh9°"#?*N* platelets combined with a higher number
of surface receptors. However, for a platelet-rich thrombus, in which contractility per unit
volume is the relevant parameter, forces per post must be considered. These findings support
the concept (24) that the inability of platelets to generate optimal contractile forces is
associated with increased bleeding and is the predominant factor over reduced platelet
numbers in MYH9-RD. Recently, high-throughput hydrogel-based platelet-contraction
cytometry, which allows quantifying single-platelet contraction forces, revealed subpopulations
of highly contractile human platelets (>30 nN) and that average platelet contractile forces
varied considerably amongst healthy donors (24). In our study, the average total contractile
force generated by wild-type mouse platelets ranged from 15.3 — 26.4 nN. However, a direct
comparison of the two approaches cannot be made due to the different experimental

conditions.

We further found that point-mutated Myh9 platelets were less deformable under resting
conditions (non-activated, non-spreading platelets) as determined by high-throughput RT-
FDC. However, SICM analysis unveiled that spread Myh9~72“* and Myh9P"#2*N"* p|atelets are
more deformable than controls. While the increased F-actin content might explain the first
finding in non-activated mutant platelets, the latter could be due to an altered actomyosin
network under the platelet plasma membrane. It is tempting to speculate that the increased
deformation of spread mutant platelets might contribute to the reduced traction forces. In
support of this, it was shown in mouse embryonic fibroblasts that stiffer cells had a higher net
contractile moment and were more prestressed than softer cells (25). Interestingly, MYH9-RD
patients have normal red blood cell osmotic deformability as determined by ektacytometry (26).
This suggests that MYH9-RD mutations have a distinct impact on the deformability of the two
blood cell types.

We analyzed the spreading behavior of mutant mouse platelets on fibrinogen and found that
heterozygous point-mutated Myh9 mouse platelets form filopodia and lamellipodia to the same
extent as controls. This is in contrast to a previous study, which showed reduced lamellipodia
formation and observed more unspread D1424N mutant mouse platelets (27). We even found
slightly increased spreading kinetics of mutant platelets (D1424N, E1841K) at an early time
point, which may probably result from the enlarged platelet size and, therefore, earlier adhesion
to the activating surface. We recently showed that lamellipodial structures cannot be observed
in a blood clot and therefore are dispensable for the hemostatic function and thrombus
formation (28). Kim et al. demonstrated that platelet filopodia extension and retraction are
needed to transmit platelet contractile force and rearrange the fibrin matrix (29). In a very

recent publication, the cytoskeletal structure in platelet protrusions was analyzed by applying



cryo-electron tomography, revealing a nonuniform polarity of actin filaments in protrusions,
indicating that this organization may allow the generation of contractile forces (30). Our data
in this study demonstrate that impaired clot formation is most likely due to reduced mechanical
forces and not because of a defect in shape change or cytoskeletal rearrangement. Although
we did not directly analyze actin stress fiber formation upon platelet spreading,
immunofluorescent and platinum replica electron microscopic images revealed that most
mutant platelets were able to form stress fibers on a continuously fibrinogen-coated surface.
In contrast, myosin IIA-deficient platelets are unable to form stress fiber-like structures (73).
This again shows that a complete deficiency of the protein myosin IlA in platelets produces a

more severe phenotype than an amino acid change on one position.

In clinics, there are different approaches to treat bleeding complications in MYH9-RD patients
(37). Thrombopoietin receptor agonists are an option for short-term treatment by increasing
the platelet count (32). Desmopressin can be given to adults before surgery in combination
with TXA. In addition, TXA is also used alone to treat excessive bleeding during menses or is
locally applied after dental surgery (6, 33). Samson and colleagues showed that limited
fibrinolysis paradoxically facilitates more efficient clot retraction, and TXA prevents clot
shrinkage (34). But if TXA prevents clot retraction, why is it beneficial for MYH9-RD patients
with bleeding complications? We hypothesized that plasminogen could better enter the gaps
between platelets and more efficiently lyse the clot due to reduced interaction forces between
mutant platelets. TXA, in turn, stabilizes the clot and prevents plasmin-induced clot instability.
Indeed, we found that the administration of TXA could reverse the prolonged bleeding
phenotype in mutant mice. Moreover, plasmin-induced clot lysis in vitro was prevented by TXA
at a final concentration of 100 uM, which is expected to inhibit fibrinolysis (75). These findings
suggest that insufficient hemostatic plug compaction due to reduced forces of Myh9 mutant
platelets can be overcome by TXA-mediated clot stabilization. Concerning the increased
bleeding time observed in Myh9 mutant mice, the impact of respective point mutations on the
contribution of cytoskeleton-dependent mechanical properties of the endothelial and vascular
smooth muscle cells remains to be investigated. Within this context, previous work by
Goeckeler et al. in a bovine pulmonary artery endothelial cell line suggests that myosin Il
regulates endothelial cell tension which is abrogated by blebbistatin, resulting in the
disappearance of stress fibers (35). Recently, Singh et al. demonstrated the association of
non-muscle myosin IIA with contractile filaments in mouse aortic smooth muscle cells and how

it is regulated through tension-dependent phosphorylation of focal adhesion proteins (36).

In summary, we comprehensively analyzed the molecular and mechanical characteristics of
human and mouse platelets with heterozygous point mutations in non-muscle myosin IlA. We
found that impaired clot retraction and increased bleeding tendency can be linked to reduced

force generation and that interfering with the fibrinolytic system improves hemostatic function.



Materials and Methods

Animals

Myh9 mutant mice (8) were purchased from Mutant Mouse Resource & Research Centers
(MMRRC). Stock numbers are 036196-UNC (R702C), 036210-UNC (D1424N), and 036698-
MU (E1841K). Wild-type littermates were used as controls for the heterozygous mice from
each mutant strain because of the different backgrounds. Female and male mice were between
6 and 16 weeks of age. Animal studies were approved by the district government of Lower
Franconia, Germany (license number 2-523). Mice were kept at a 12-hour light and 12-hour
dark cycle with food and water available ad libitum in the experimental area of the animal
facility. We followed the guidelines of ARRIVE.

Human blood samples
The use of whole blood and PRP from healthy adult individuals and MYH9-RD patients was
approved by the ethics committee of the University Medicine Greifswald, Germany (license

number: BB 014/14). All participants gave written informed consent.

Platelet preparation

Mouse: Mice were anesthetized with isoflurane. Blood was collected in a tube containing
heparin (20 U/mL, Ratiopharm) and platelet-rich plasma (PRP) was obtained by centrifugation
at 80g for 5 min at room temperature (RT). For the preparation of washed platelets, PRP was
centrifuged at 640g for 5 min at RT. The platelet pellet was resuspended in modified Tyrode’s-
HEPES buffer (134 mM NaCl, 0.34 mM NazHPO,, 2.9 mM KCI, 12 mM NaHCOs;, 5 mM
HEPES, 1 mM MgCl., 5 mM glucose, and 0.35% bovine serum albumin [BSA; pH 7.4]) in the
presence of prostacyclin (0.5 uM) and apyrase (0.02 U/mL). Platelets were finally resuspended
in the same buffer without prostacyclin (pH 7.4; 0.02 U/mL apyrase) and incubated at 37°C for

30 min before use.

Human: The donors had not taken any medication in the previous ten days before blood
collection. Whole blood was collected by venipuncture in BD Vacutainer® Tubes containing
acid citrate dextrose solution A (ACD-A) and 3.8% buffered trisodium citrate (Na-Citrate).
Whole blood was stored at 37°C for at least 30 min. Centrifugation was not performed due to
the large platelets of the MYH9-RD patients would sediment with the other blood cells due to
their larger size. To maximize the number of platelets available for experiments (due to their
reduced number in the patient sample), the ACD-A whole blood tubes were kept at a 45° angle,
and PRP was transferred to a new polypropylene tube. All experimental measurements were

performed within 3 hours of drawing the blood.



Immunoblotting

Washed platelets were lysed, separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and blotted onto polyvinylidene difluoride membranes. Membranes were
incubated with the respective antibodies against GAPDH (Sigma; 1:1000) and myosin lIA
(Sigma; 1:200). Horseradish peroxidase-conjugated secondary antibodies and enhanced
chemiluminescence solution (BioRad Clarity™ Western ECL Substrate) were used for

visualization on an Amersham Imager 680 (GE Healthcare).

Immunoblotting with ProteinSimple Jess

Protein levels of MLC2, myosin IIA, MYPT1, and phosphorylation levels of MLC2 were
analyzed using an automated capillary-based immunoassay platform (37); Jess
(ProteinSimple). 5x108 platelets/mL were lysed by addition of equal volume ice-cold 2x lysis
buffer (300 mM NaCl, 20 mM TRIS, 2 mM EGTA, 2 mM EDTA, 10 mM NaF, 4 mM NazVOs,
1% IGEPAL-CA630). The lysis buffer contained 2x Halt Protease and Phosphatase Inhibitor
Cocktail, EDTA-Free (Thermo Scientific) to prevent protease and phosphatase activity.
Lysates were diluted to the required concentration with 0.1x Sample Buffer 2 (diluted from 10x
Sample Buffer 2). Lysates were prepared by the addition of 5x master mix containing 200 mM
dithiothreitol (DTT), 5x sample buffer and fluorescent standards (Standard Pack 1) and boiled
for 5 minutes at 95°C according to the manufacturer's instructions. The optimized antibody
dilutions and respective lysate concentrations for each antibody (all from CST) are listed below:
anti-MLC2 antibody 1:10, 0.1 mg/mL; anti-myosin |IA antibody 1:10, 0.025 mg/mL; anti-MLC2
p-S19 antibody 1:10, 0.4 mg/mL; anti-MYPT1 antibody 1:10, 0.1 mg/mL. For most antibodies,
either anti-rabbit secondary HRP antibody (DM-001) or anti-mouse secondary HRP antibody
was utilized and the chemiluminescent signal was recorded by using the High Dynamic Range
(HDR) profile. For detection of myosin IIA, and MYPT1 signals in the R702C and E1841K
knock-in samples, near-infrared (NIR) anti-rabbit secondary NIR Antibody was used with the
corresponding fluorescent detection profile. NIR signal is presented in greyscale. All antibodies
were diluted in antibody diluent 2. Samples, antibody diluent 2, primary and secondary
antibodies, luminol-S and peroxide mix and wash buffer were displaced into 12-230 kDa
prefilled microplates (prefilled with Separation Matrix 2, Stacking Matrix 2, Split Running Buffer
2 and Matrix Removal Buffer). The microplate was centrifuged for 5 minutes at 2500 rpm at
room temperature. To start the assays, the capillary cartridge was inserted into the cartridge
holder and the microplate placed on the plate holder. To operate Jess and analyze results
Compass Software for Simple Western was used (version 4.1.0, ProteinSimple). Separation
matrix loading time was set to 200 seconds, stacking matrix loading time to 15 seconds,

sample loading time to 9 seconds, separation time to 30 minutes, separation voltage to 375



volts, antibody diluent time to 5 minutes, primary antibody incubation time to 90 minutes and

secondary antibody incubation time to 30 minutes.

Transmission electron microscopy

Washed platelets in a concentration of 3 x 10° platelets/uL were fixed with 2.5% glutaraldehyde
(Electron Microscopy Science) in cacodylate buffer (pH 7.2, AppliChem). Epon 812 (Electron
Microscopy Science) was used to embed platelets. After generation of ultra-thin sections,
platelets were stained with 2% uranyl acetate (Electron Microscopy Science) and lead citrate
(Electron Microscopy Science). Sections were analyzed on a Zeiss EM900 electron
microscope. Platinum replica electron microscopy of spread platelets was performed as

previously described (28).

Flow cytometry

Whole blood was withdrawn from anaesthetized mice into heparin and diluted in Tyrode's-
HEPES buffer. To determine glycoprotein expression blood was incubated for 15 minutes with
respective fluorophore-conjugated antibodies (anti-GPIb: pOp4; anti-GPV: DOM1; anti-GPIX:
pOp6; anti-allbp3: JON1; anti-a2: LEN1; anti-CD9: ULF1; anti-GPVI: JAQ1; anti-CLEC2: INU1)
(38-42). For activation studies, washed blood was resuspended in calcified Tyrode's-HEPES
buffer (2 mM Ca?*) after washing twice with Tyrode's-HEPES buffer. Platelets were incubated
with agonists for 15 min and stained with fluorophore-labeled antibodies for 15 min at room
temperature. For F-actin content analysis, washed platelets were incubated with an anti-GPIX
antibody derivate labeled with Dylight-649 (20 pg/mL, Emfret). Cells were fixed in 10%
paraformaldehyde (PFA), centrifuged and resuspended in Tyrode's-HEPES buffer in the
presence of Ca?" and 0.1% Triton X-100. Permeabilized cells were stained with 10 uM
phalloidin-fluorescein isothiocyanate (FITC) for 30 minutes. Measurements were performed on
a FACSCalibur (F-actin content of mouse line D1424N) or FACSCelesta (all others)

(BioSciences, Heidelberg, Germany).

Aggregometry

Washed platelets (160 uL with 0.5 x 10° platelets/uL) were analyzed in the presence (collagen)
or absence (thrombin) of 70 ug/mL human fibrinogen (Sigma). Light transmission was recorded
on a four-channel aggregometer (Fibrintimer, APACT, Hamburg, Germany) for 10 min and

expressed in arbitrary units, with buffer representing a light transmission of 100%.

Platelet spreading
Coverslips were coated with 100 pg/mL human fibrinogen (Sigma) for 2 hours at 37°C. After
blocking with 1% BSA in PBS coverslips were washed thrice with PBS. Platelets (3 x 10°



platelets/uL) were allowed to spread on the coated surface after the addition of 0.01 U/ml
thrombin (Roche) and Ca?*. After 5, 15 or 30 minutes, platelets were fixed with 4% PFA and
permeabilized with IGEPAL CA-630. Images were taken with a Zeiss incubation microscope
(100x objective, DIC).

Immunostaining of platelets

Fixed and permeabilized platelets were stained for myosin IlA using anti-myosin 1A (M8064
Sigma; 1:200 in PBS) and donkey anti-rabbit IgG-Alexa 546 antibodies (1:350 in PBS). F-actin
was stained using phalloidin-Atto647N (A22287 Invitrogen; 1:500 in PBS) and a-tubulin using
Alexa488-conjugated anti-a-tubulin antibodies (sc-23948 Santa Cruz; 1:500 in PBS),
respectively. Visualization was performed using a Leica TCS SP8 confocal microscope (100x
oil objective; NA 1.4). Confocal microscopy was performed with HC PL APO CS2 objectives.
Depending on the stainings, a set of monochromatic lasers (488 nm; 561 nm; HeNe 633 nm)
tuned to specific wavelengths were used. Detection filters (PMT Trans or ultrasensitive Hybrid

detectors) were set to match the spectral properties of fluorochromes.

Clot retraction

PRP was filled up to a volume of 250 uL with Tyrode's-HEPES buffer to reach a platelet
concentration of 3 x 10° platelets/uL. To investigate clot retraction with unadjusted platelet
count 50 yl PRP was filled up to 250 uL with Tyrode's-HEPES buffer and 1 L of red blood
cells. After the addition of 0.2 U/ml thrombin (Roche) and 20 mmol/L CaCl; clot retraction was
observed over a time period of 60 minutes. To investigate treatment with rtPA and TXA,
concentrations of 1 uM, 100 yM and 10,000 uM of TXA (Merck) and 0.0138 nM rtPA (Abcam)

were used and added together with thrombin and CaCl..

Bleeding time

Mice were anesthetized with a combination of pain reduction and narcotics (Fentanyl,
Midazolam, Medetomidine; according to license 2-944) and a 1 mm segment of the tail tip was
removed with a scalpel. Tail bleeding was monitored by gently absorbing blood with filter paper
at 20-second intervals without making contact with the wound site. When no blood was
observed on the paper, bleeding was determined to have ceased. Otherwise, experiments
were stopped after 20 minutes. Bleeding times exceeding 20 minutes were excluded in the
statistical analysis. TXA (Merck, 10 ug/g) or sodium chloride, as control, was injected

intravenously 5 minutes before cutting the tail for bleeding time experiment.



Platelet adhesion under shear flow

Mouse: Heparinized whole blood was diluted in a ratio of 2:1 in Tyrode's-HEPES buffer
containing Ca?* (43). Whole blood or mixed platelet count adjusted blood (5 x 10° platelets/pL)
was incubated with 0.2 yg/mL of an anti-GPIX antibody derivate conjugated with Dylight-488
at 37°C for 5 minutes. Coverslips were coated with 200 ug/mL Horm collagen (Nycomed) at
37°C over night and blocked with 1% BSA in PBS for 30 minutes. Whole blood was perfused
over cover slips in the flow chamber (slit depth 50 um) at shear stress equivalent to a wall
shear rate of 1000 s™' (Maastricht chamber (44)). Videos and images were taken with a Leica
DMI6G000 B inverted microscope (63x objective, light source Leica EL 6000, microscope

controller Leica CTR6000). Analysis was performed using ImagedJ software.

Human: Ex vivo thrombus formation assays was performed at a wall shear rate of 1000 s™" on
collagen-passivated surfaces (200 ug/mL HORM collagen type | from horse tendon; Nycomed)
in a microfluidic parallel platelet flow chamber (on y-Slide VI 0.1 with physical dimensions: 1
mm width, 100 um height, and 17 mm length Ibidi GmbH, Germany). To visualize thrombus
formation, prior to perfusion, platelets in ACD-A anticoagulated whole blood were stained with
FITC-labelled anti-human CD61 antibody (Clone: RUU-PL7F12, Cat No: 340715 BD
Pharmingen, USA, used at final ratio 1:100). Fibrin formation was visualized by spiking whole
blood with human fibrinogen conjugated to Alexa Fluor 647 (Cat. No. F35200, Invitrogen, used
at final concentration of 7.5 ug/mL). Whole blood was recalcified immediately before perfusion.
Time-lapse confocal imaging (intervals of 10 seconds per image) was perfomed on a Leica
SP5 confocal laser scanning microscope (Leica, Wetzlar, Germany) equipped with HCX PL
APO A blue 40.0%/1.25 oil objective. For image acquisition, fluorophores FITC and Alexa Fluor
647 were excited with Argon-Krypton (488 nm) and Helium-Neon (HeNe, 633 nm) laser lines,
respectively, that were selected with an acousto-optic tunable filter (AOTF). Fluorescence
emission was collected between 505-515 nm for FITC (detector HyD), and 640-655 nm for
Alexa Fluor 647 (detector HyD). To assess the impact of TXA in some experiments, whole
blood was preincubated with TXA (100 uM) for 10 minutes prior to perfusion over collagen.
Impact of rtPA (137 ng/mL) on fibrin degradation was assessed under shear flow of 100 s,
added after 10 minutes of thrombus formation. Quantitative assessment of platelet adhesion
and thrombus formation was performed to obtain the percentage area covered by thrombi over
time by computational image analysis using the surfaces creation wizard algorithm in Bitplane
Imaris version 7.65 (Oxford Instruments, Abingdon, United Kingdom). Experiments were
performed according to International Society on Thrombosis and Haemostasis Scientific and

Standardization Committee (ISTH SSC) subcommittee on Biorheology recommendations (45).



Real-time fluorescence deformability cytometry (RT-FDC)

Mouse: 25 pL of whole blood bled in citrate was suspended in 425 uL CellCarrier B. The
measurement was stopped after achieving 10,000 single platelet count (hard gate Area 0 - 40
um?). Using the Shape-Out analysis software (https:/github.com/ZELLMECHANIK-
DRESDEN/ShapeOut2/releases/tag/2.3.0 Version 2.3, Zellmechanik Dresden, Germany),
kernel density estimation (KDE) plots of event density were generated, and statistical analysis
using Holm-Sidak method was performed to determine the median values for platelet
deformation and their size. The range area ratio was limited to 0 - 1.1 and the cell size to O -

10 uym? for the analysis.

Human: Platelets in PRP were labeled with a mouse anti-human monoclonal antibody CD61-
PE (Cat. No. IM3605, Beckman Coulter). Incubation was performed at room temperature for
10 minutes in the dark. Deformation measurements were performed in a microfluidic chip with
a constriction of 15 ym x 15 pym cross-section and a length of 300 pm (Flic15, Zellmechanik
Dresden, Germany). RT-FDC measurements were carried out in buffer CellCarrier B
(Zellmechanik Dresden, Germany), which is composed of 0.6% (w/v) methylcellulose in PBS
(without Ca?*, Mg?*). Here, 50 uL of immunofluorescently labeled human PRP was suspended
in 450 uL CellCarrier B. The human PRP suspension was then driven through the microfluidic
chip at flow rates of 0.006 pL/s, and the measurement was stopped after achieving 5,000 single
platelet count (hard-gate 150-33000 arbitrary units, A.U. for CD61-PE of fluorescence
intensity) or after 10 min. RT-FDC data was acquired using the Shapeln software (Version 2.0,
Zellmechanik Dresden, Germany). Using the Shape-Out analysis software, kernel density
estimation (KDE) plots of event density were generated, and statistical analysis was performed
to determine the median values for platelet deformation and their size. The range area ratio
was limited to 0 - 1.1 and the cell size to 0 - 25 ym? for the analysis.

The RT-FDC setup (AcCellerator, Zellmechanik Dresden, Germany) is built around an inverted
microscope (Axio Observer A1, Carl Zeiss AG, Germany) mounted with a Zeiss A-Plan 100x
NA 0.8 objective (46, 47).

Single platelet force spectroscopy (SPFS)

Silicon CSC12, 0.6 N/m tipless cantilevers (MicroMasch, Tallin, Estonia) and Glass-bottom 35
mm dishes (IBIDI, Martinsried, Germany) were exposed to UV cleaner (Bioforce Labs, Ames,
IA, USA) for 30 min. Before coating, the cantilever spring constants were independently
measured by a thermal tune procedure (JPK). Cantilevers were incubated with 50 pug/mL
collagen G for 3h at 37°C and rinsed three times with Tyrode’s buffer. An aliquot of 15 x 10°
platelets/uL in Tyrode’s buffer containing 1.0 mM CaCl; and 0.5 mM MgCl; was dropped onto
the passivated glass right before each measurement (10 min, RT). Unbound platelets were

removed by Tyrode’s buffer. To immobilize a single platelet on the cantilever, the collagen



passivated-cantilever was brought into contact (setpoint 200 pN) with a non-activated platelet
on BSA passivated glass slide. It was waited until a single platelet firmly adhered to the ventral
surface at the tip of the cantilever. The cantilever with the adhered platelet was then moved to
HORM collagen passivated surface and single platelets firmly attached to the HORM collagen
for platelet-substrate and platelet-platelet interaction SPFS measurements, respectively. All
measurements were carried out in Tyrode’s with Ca?*, glucose and BSA using a JPK
NanoWizard 3 (JPK, Berlin, Germany). Force distance (F-D) curves were recorded with a Z-
length of 7 um and a setpoint value of 200 pN to control the maximal force of the cantilever
against the surface. A velocity of 15 pm/s was used for all measurements to avoid merging of
two platelets during contact and to rupture completely two platelets from each other. For each
passivated-substrate, the last 500 force-distance curves were taken from 7 to 10 single

platelets.

Colloidal probe spectroscopy

To determine the Young’'s modulus of platelet aggregates, indentation experiments were
performed by means of colloidal force spectroscopy using an atomic force microscope
(Nanowizard 3, JPK Instruments). The atomic force microscope is combined with an optical
system comprised of an inverted optical microscope (IX8, Olympus; 20x objective). Gold-
coated cantilevers (Cat. No. CP-qp-CONT-AU-A-5, NANOANDMORE GmbH, AFM tip: sphere
(1.5 ym — 3 ym)) coated with 8.45 mM poly(ethylene glycol)methyl ether thiol (Mn 800, Cat.
No. 729108, Sigma Aldrich) solution for 2 h at room temperature were used. Measurements
were carried out in suspension buffer (136 mM NaCl, 0.41 mM Na;HPO., 2.65 mM KCI, 12
mM NaHCOs3, 2.13 mM MgClz, 2.0 mM CaClz, 5.5 mM D-glucose, and 0.35% BSA, pH 7.4).
Before each experiment the sensitivity and spring constant of each cantilever were determined
individually in suspension buffer. For sensitivity calibration the cantilever deflection upon
contact with a freshly cleaved mica surface was analyzed (ensemble average 23,3 + 3.1 nm/V)
and spring constant was measured by thermal noise technique (ensamble average 98 + 30
mN/m). 1 ml ACD-A human whole blood was treated with 7.5 yl 1 M CaCl, x 2 H,O and 1.88
Ml 2 M MgClz x 6 H2O solution. Heparinized whole blood was used for the mouse experiments.
Coverslips, which were coated with 80 ug/ml Horm collagen (Nycomed) at 37°C overnight and
blocked with 1% BSA in PBS for 10 minutes, were installed into a flow chamber with a slit
depth of 55 um (Cat.No. 20000209, straight channel chip, microfluidic ChipShop). Recalcified
whole blood was perfused at shear stress 1000 s™' for 5 minutes. Coverslips were washed
three times with suspension solution. The cantilever was brought into contact with platelet
aggregates at a speed of 2.7 um s™! with a force setpoint defined at 2 nN. Measurements were
performed at room temperature in suspension buffer. Platelet Young’s modulus E was

calculated from AFM indentation force curves by applying the Hertz model which describes



how the force increases as the AFM probe pushes into the cell. In short, cantilever deflection
1
2

3
sphere ’ ZE/(]- - Vz)- Here, Rsphere iS the radius Of

force F was fitted to the equation F(z) = %E ‘R
the AFM sphere probing the cells, z is the cell indentation and the Poisson’s ratio U was set to
0.5 assuming cell volume conservation. Details can be found elsewhere (48, 49). Five platelet
aggregates with at least 25 force curves per aggregate were recorded per coverslide and each
force curve was analyzed individually. Thus, for each experimental condition platelet Young'’s
modulus is given as the mean value of more than 100 individual force curves.

For rtPA measurements, 500 ul of 137 ng/mL rtPA (Cat No. ab92637; Abcam) was added to
the coverslide immediately after measurement of the untreated or TXA sample and incubated
for 5 minutes. For TXA measurements, 1 ml whole blood was incubated with 100 uM TXA

(Merck) for 10 minutes and further treated as described above.

Micropost assay

Micropost arrays were fabricated from hPDMS (#PP2-RG07; Gelest Inc) by replica molding
from negative molds. Micropost arrays contained cylindrical posts with 1.05 ym diameter and
2.6 uym height arranged on a hexagonal grid with 2.0 ym center-to-center spacing. The Young’s
modulus of hPDMS was 4.7 MPa. Flat stamps for microcontact printing were made from
Sylgard 184 (Dow Corning Inc). Fluorescently labeled (Alexa Fluor 488 NHS ester; Invitrogen)
fibrinogen (Sigma) was physisorbed from solution (0.1 mg/mL in PBS) onto stamps for one
hour, quickly washed with distilled water, and blown dry under nitrogen. Coated stamps were
brought into conformal contact with micropost arrays, which had been pre-activated for 7
minutes by UV/Ozone treatment, pressed down using a forceps, and removed. The transfer
efficiency of fibrinogen was confirmed by fluorescence microscopy of stamps and microposts
and typically was >90%. Micropost arrays were passivated using a 1:2 mix (0.5 mg/mL in PBS)
of fluorescently labeled (DyLight 405 NHS ester; Fisher Scientific Ireland) endotoxin-free
bovine serum albumin (BSA; Sigma) to non-labeled BSA for 30 minutes, followed by Pluronics
F127 (0.5% w/v in PBS) for 30 minutes, before washing three times with PBS. Washed
platelets were resuspended in Tyrode's buffer and seeded in the presence of thrombin (0.01
U/mL) onto the coverslips at a density of ~ 2 million cm for 60 minutes at 37°C, fixed in 3%
paraformaldehyde in PBS for 15 minutes, and washed three times in PBS. Samples were
permeabilized, blocked and stained for F-actin (phalloidin-Alexa Fluor 647; Invitrogen; 1:100
in 3% BSA in PBS) for 30 minutes, washed, and mounted in a chamber (Chamlide; Live Cell
Instruments Co Ltd) containing PBS. Confocal images were obtained on a Leica SP8 from top
and bottom slices of the microposts. Image analysis of traction forces was performed by
custom MATLAB code. Posts were detected by template matching and their positions refined
by a radial symmetry fit. Post deflections were deduced from the positions of the same post in

top and bottom slices after removal of systematic offsets between the slices. Traction forces



were calculated from the post deflections by Hooke's law using a spring constant of 34.51
nN/um (50).

Scanning ion conductance microscopy (SICM)

35 mm round polystyrene cell culture dishes (Greiner Bio One, Ref. 627161) were coated with
fibrinogen (Sigma-Aldrich, F3879, 0.1 mg/mL) by incubation for 1 h at 37°C. Washed mouse
platelets were resuspended in Tyrode's buffer supplemented with 1 mM Ca?* and seeded in
the presence of thrombin (Sigma-Aldrich, T6884, 0.01 U/mL) for 15 min at room temperature.
Afterwards, the culture dishes were washed three times with Tyrode's buffer to remove non-
adherent platelets. The dishes were then installed in custom-built SICM setups (57) and
imaged within one hour. Platelet morphology and elastic modulus were visualized using
borosilicate pipettes with an inner radius of =90 nm and an applied pressure of 10 kPa. Imaging
was done at a 20 Hz pixel rate, with 32 x 32 or 64 x 64 pixels at scan sizes between 6 x 6 and
12 x 12 ym?. Data were pooled from two donors. Analysis of elastic modulus E was calculated
as described before (52).

Thromboelastography

Rotational thromboelastometry (ROTEM) was used with a modified version of the commercial
tissue factor-activated test (EXTEM) to detect changes in fibrinolytic activity (53). In detail, we
triggered the lysis ex vivo by adding rtPA (Abcam) at a final concentration of 137 ng/mL as
reported (53). In a parallel application, we tried to contrast the lysis stimulation by
contemporarily adding tranexamic acid (Merck) at a final concentration of 100 pM, which is
expected to inhibit fibrinolysis (75). The ROTEM device was from Pentapharm GmbH, Munich,
Germany. The maximum runtime was set to 150 minutes. The following standard parameters

were analyzed: lysis onset time (LOT), and lysis time (LT) in minutes.

Data analysis

Results are from at least two independent experiments per group, if not otherwise stated.
Correction for multiple comparisons was analyzed using the Holm-Sidak method and
differences between control and mutant sample were statistically analyzed using the Mann-
Whitney-U test. P-values < 0.05 were considered as statistically significant: *0.05 > p = 0.01;
**0.01 > p =2 0.001; ***p < 0.001. Results with a P-value = 0.05 were considered as not

significant.
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Fig. 1. Mutation in Myh9 gene impairs platelet size and stiffness. (A) Platelet count per

microliter and (B) platelet size of Myh9"* and Myh9°"*2*N* mice were determined by a



hematology analyzer. (A and B) Each symbol represents one individual mouse (mean + S.D.;
Mann-Whitney U-test ***p < 0.001). (C) Expression of glycoproteins on the platelet surface
was determined by flow cytometry (n=6). (D) Activation of platelet allbp3-integrin (JON/A-
phycoerythrin [PE]) and (E) a-granule release (anti-P-Selectin-fluorescein isothiocyanate
[FITC]) were assessed under resting (rest) conditions and upon stimulation with different
agonists by flow cytometry (n=6). ADP: adenosine diphosphate; U46: thromboxane A2 analog
U46619; CRP: collagen-related peptide; CVX: Convulxin; RC: Rhodocytin. (C to E) Data are
expressed as mean fluorescence intensity [MFI]. (F) Transmission electron micrographs from
Myh9™* and Myh9P"#2N** p|atelets; scale bars represent 1 um. (G) Each data point of RT-FDC
measurement shows the median deformation or median area of at least 2000 platelets from
one subject and bar plots show mean + S.D. of platelet deformation or platelet area (n=4).
Statistics: Multiple comparison using Holm-Sidak (ns p = 0.05; *0.05 > p 2 0.01; **0.01 > p 2
0.001; ***p < 0.001).
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Fig. 2. Phosphorylation of MLC2 is decreased in Myh9P"#2¢N* platelets. (A) F-actin content
of resting platelets was measured by flow cytometry after incubation with phalloidin-FITC (n=3-
7). The mean fluorescence intensity is shown. (B) Statistical analysis of the different spreading
phases (phase 1: resting platelets; phase 2: platelets forming filopodia; phase 3: platelets
forming lamellipodia and filopodia; phase 4: fully spread platelets) of fixed Myh9** and
MyhgP#2#N"* platelets on fibrinogen at different time points expressed as mean + S.D. (n=2).
(C) Representative PREM images of the cytoskeleton ultrastructure of platelets spread on
fibrinogen in the presence of thrombin (scale bars 2 ym). (D) Expression of MLC2 and
phosphorylated MLC2p-S19 in resting and thrombin-activated (0.05 U/mL, 1 min) platelets was
determined by using an automated quantitative capillary-based immunoassay platform, Jess
(ProteinSimple). Representative immunoblot of three independent experiments is shown

(n=2). Statistics: Multiple comparison using Holm-Sidak (*0.05 > p 2 0.01).
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Fig. 3. Less contractile forces and reduced clot retraction of Myh9 mutant platelets. (A)
Platelet contractile forces were measured per post and the sum of posts per cell (mean £ S.D.;
Myh9**: n=51 platelets; Myh9°"#?*N*: n=124 platelets). Representative images of individual
platelets (dashed white), stained for F-actin, and its traction on micropost stained for fibrinogen,
and BSA (scale bars 5 uym, force bar 10 nN). Statistics: Mann-Whitney U-test (ns p = 0.05; ***p
< 0.001). (B) Washed Myh9** and Myh9P"***N* platelets spread on fibrinogen in the presence
of thrombin were analyzed of their Young’s modulus using scanning ion conductance
microscopy. Each symbol represents one platelet (Myh9™*: n=20 platelets; Myh9P"#?*V*: n=12

platelets) and box plots represents median £ S.D (Statistics: Mann-Whitney U-test **0.01 > p



= 0.001). Representative images showing the height (upper row) or Young’s modulus (lower
row) of Myh9** and Myh9P"#?*N** platelets. (C) Representative image of clot formation at time
point 60 minutes (n=3). (D) Statistical analysis of weight from residual clot and fluid, and of
volume from residual fluid depict median + S.D. Each symbol represents one individual mouse

(Multiple comparison using Holm-Sidak **0.01 > p = 0.001).
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Fig. 4. Lower adhesion and interaction forces of Myh9P°'42¢N* platelets lead to smaller,

and softer thrombi. (A) Assessment of platelet adhesion and aggregate formation under flow



(1000/s) on collagen of Myh9** and Myh9P'#?*N* samples. Analysis of the surface area covered
by platelets (%) and the relative normalized thrombus MF| of anti-GPIX (Alexa 488) are shown
of platelet count adjusted conditions on the left side (mean + S.D.; n=4) and unadjusted
conditions on the right side (mean + S.D.; n=5). Respective representative images taken at the
end of the perfusion time are shown in brightfield and fluorescent images with platelets labeled
with the anti-GPIX-antibody (scale bars 30 um). Single platelet force spectroscopy was
performed to determine (B) adhesion forces (platelet to collagen) and (C) platelet to platelet
interaction forces. (B and C) Representative SPFS curves from one platelet adhering to
collagen or interacting with another platelet of Myh9"* or Myh9°"*?*"** sample is shown. Each
data point of summary graphs (mean £ S.D.) shows one platelet to collagen (n=9) or platelet
to platelet (n=7) interaction. (D) Each data point of colloidal probe spectroscopy shows the
median Young’s modulus of one Myh9"* or Myh9P'#?*N** aggregate and bar plots show mean
1+ S.D. of Young’s modulus (n=4). Statistics: Mann-Whitney U-test (*0.05 > p = 0.01; **0.01 >
p =0.001; ***p < 0.001).
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Fig. 5. Platelets of patient with the MYH9 p.D1424N point mutation resemble the
biomechanical phenotype of mouse platelets. (A) Representative KDE scatter plots from
RT-FDC measurements displaying the distribution of single platelet deformation and their
corresponding size between single platelets from a healthy individual (control) and from a
MYH9 p.D1424N patient (n= number of single platelets). Summary data points show the
median deformation or median platelet size of individual donors and one MYH9 p.D1424N
patient on three different days and bar plots show mean + S.D. of deformation and size from
non-stimulated platelets (Multiple comparison using Holm-Sidak *0.05>p =0.01; ***p < 0.001).

(B) Platelet adhesion and aggregate formation under flow (1000/s) on collagen of human



patient samples were assessed using a flow chamber. Area of single thrombi and the volume
of single thrombi are shown as median + quartiles of platelet count unadjusted conditions
(n=100 single thrombi). Area covered over time shows the mean of thrombi from control and
patient blood. Representative images taken at the end of the perfusion time (20 minutes) are
shown in fluorescent images with platelets labeled with the anti-CD61-antibody and labeled
fibrin/-ogen (scale bars 50 um). (C) Whole blood from healthy individuals and MYH9 p.D1424N
patient was examined by colloidal probe spectroscopy. Each data point shows the median
Young’s modulus of one healthy individual or MYH9 p.D1424N aggregate and bar plots show
mean = S.D. of Young’s modulus. Statistics: Mann-Whitney U-test (**0.01 > p = 0.001; ***p <
0.001).
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Fig. 6. Treatment with tranexamic acid improves hemostatic function in mutant mice.

(A) Representative image of clot retraction from Myh9™* and Myh

9P1424N* samples treated with

rtPA in a threshold concentration where lysis occurs. Platelet count was not adjusted to reflect



the in vivo situation. Addition of TXA in different concentrations 10,000 uM, 100 uM and 1 uM;
representative for three independent experiments. (B) Quantification of weight clot, weight fluid
and fluid volume from clot retraction with rtPA and TXA treatment. Results are mean + S.D.
Each symbol represents one individual mouse. Statistics: Mann-Whitney U-test (ns p = 0.05;
*0.05>p =0.01; **0.01 > p = 0.001; ***p < 0.001). Stars above symbol indicate comparison to
control or untreated mutant sample. (C)Tail bleeding times on filter paper of Myh9"* and
Myh9P#2#N"* mice. Injection of sodium chloride served as injection control. Each symbol
represents one individual mouse (mean * S.D.). Statistics: Mann-Whitney U-test (ns p = 0.05;
*0.05>p =0.01; **0.01 > p = 0.001; ***p < 0.001).
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Fig. 7. TXA improves clot and thrombus stability of patient sample. (A) Lysis onset time
(LOT) and lysis time (LT) assessed with ROTEM without treatment (-), stimulation with rtPA,



and after addition of TXA to contrast rtPA-induced lysis stimulation. Overlapping of the modified
ROTEM analysis curves (green: no treatment; red: rtPA stimulation; blue: rtPA and TXA
stimulation). (B) Representative fluorescence images of human platelet thrombi (CD61; green)
and fibrin (magenta) at 20 minutes after treatment in microfluidic flow chamber at a shear of
100 s (scale bars 50 um). (C) Time course of changes in stability of fibrin/-ogen (normalized
fluorescence of fibrin/~-ogen AF647, mean + S.D.) on sites of platelet thrombi after addition of
TXA (100 uM) compared to non-treated control. (D) Whole blood from healthy individuals and
MYH9 p.D1424N patient was examined (untreated, with rtPA, with TXA and with TXA + rtPA)
using colloidal probe spectroscopy. Each data point shows the median Young’s modulus of
one healthy individual or MYH9 p.D1424N aggregate and bar plots show mean + S.D. of
Young’s modulus. Statistics: Mann-Whitney U-test (ns p 2 0.05; *0.05>p =0.01; ***p < 0.001).
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Myh9+/+ MthRTOZC/+ Myhg+/+ Myth1424N/+ Myh9+/+ Myh9E1B41K/+
WBC
[103/pl] 54+16 6.31+1.2 72112 6.6 0.7 9.2+21 105213
LYM
[103/pl] 3512 45+09 59+1.1 5305 7417 8510
MON
[103/u0] 0201 02101 0.2x0.1 0.2+0.1 0.31£0.1 0301
GRA
[10%/ul] 171209 16103 1.1+£0.3 1.1+£0.3 1.5+04 171203
EOS
[103/u0] 0.04 £ 0.01 0.05+0.01 0.04 £ 0.01 0.04 £ 0.01 0.06 £ 0.01 0.06 £ 0.01
RBC
[108/pl] 87106 92106 8.2+0.3 8.0+£0.3 8.6+0.3 89+03
HGB
[g/dl] 16.1+1.0 16.7+0.6 154+ 0.6 15.1+03 142403 144+04
HCT
[%] 47.7+£1.9 50.01£2.2 46.7£1.3 458126 424111 43616

Supplemental Table 1. Blood parameters of Myh9 mutant mice are comparable to
control. Blood count parameters were measured with Scil Vet abc Plus hematology analyzer
(n=7). WBC white blood cells; LYM lymphocytes; MON monocytes; GRA granulocytes; EOS
eosinophils; RBC red blood cells; HGB hemoglobin; HCT hematocrit. Values are given in

mean = S.D. and show no significance (Mann-Whitney; p = 0.05).



JUORBIn | Myhg+  MyhgRrorce sig. | Myhgve  Myhgomme i | Myhgr  Myhgetsme  sig
Ma’[‘%’?gg' 70548 71220 ns (817101 742+144 ns | 77185  607+51  ns
M[aoz'/n?iﬁd' 404+183 330%19 ns [449+66 485:+46 ns | 50885 64.6:19.8 ns
'a[% ;'g]‘e 252420 253+17 ns |320+67 327+59 ns | 252423  250%+14  ns
JOTDIN | Myhgr  MyhoRercs sig. | Myhot  MyhgPteve sig. | Myh9  Myhgetewe sig
'V'a’[‘;, /o/?gg. 71.7+35 688+43 ns [642+165 562+30 ns | 652+215 705+62  ns
M[?,/’:'h‘sif]d' 342+31 413487  ns [496+107 59.9+142 ns | 526%81  772%73  **
Ia[gs é'gl‘e 260:08 267+06 ns [263+10 238+32 ns | 280x14  270+29 ns
fg'fgﬁfnr} Myh9  Myh9R2cs  sig. | Myhovs  Myhgpreavs sig | Myh9r  Myh9ETRe sig,
Ma’[‘%’?gg' 820:83 805178 ns (880102 85084 ns | 83.8+158 794%99  ns
MF’Z;’mGiLa]d- 495+154 69.1+275 ns (840120 922+191 ns | 58.0+18.7 69.0+17.2 ns
'a[%gg]‘e 81.7+212 615:69  * |[558:155 63.0+87 ns | 645+42 625:214 s
020::«3?;? Myh9++  MyhQR™02Cr~  sig. | Myhg=+  Myhgprezavs  gig. Myhg+ MyhgE1841K+ sig,
Ma’f%?gg' 700+151 854+85 ns |804+42 821+83 ns | 838+37  73.7%65 ns
M;Z'/rfirna]d' 418+14.7 486124 ns [57.0+101 66.0:256 ns | 544+33  556+101 ns
lagtime | 1550+ yy96.a335 ns | 1007* 40231190 ns | 1265+83 109.2:253 ns
[sec] 32.6 17.0

Supplemental Table 2. Shape change and aggregation of Myh9 mutant platelets are

unaltered. Washed platelets were activated with thrombin (upper two) and collagen (lower

two) and light transmission was recorded to determine maximum aggregation (Max. Agg.),

maximum gradient (Max. Grad.), and time until shape change starts (lag time). Values are

given in mean = S.D. (n=4) and statistical significance was calculated with Mann-Whitney U-
test (ns p 2 0.05; *0.05 > p 2 0.01; **0.01 > p 2 0.001; ***p < 0.001).



control MYH9 control MYH9
p.D1424N p.E1841K
WBC
[103/pl] 4.7 4.3 5.1 4.0
LYM
[103/ul] 1.9 1.6 2.2 1.6
MON
[103/ul] 0.5 06 0.4 0.2
NEUT
[103/u1] 2.3 2.1 2.5 2.2
PLT
[103/ul] 188 15 197 51
RBC
[108/pl] 3.67 4.64 3.88 4.25
HGB
[mmol] 7.0 84 7.5 7.7
HCT
[171] 0.323 0.394 0.343 0.372

Supplemental Table 3. Blood parameters of MYH9-RD patients. Blood count parameters
measured with Sysmex Hemato Analyzer pocH-100i (n=1). WBC white blood cells; LYM
lymphocytes; MON monocytes; NEUT neutrophiles; PLT platelets; RBC red blood cells; HGB

hemoglobin; HCT hematocrit.
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Supplemental Fig. 1. Myosin IlIA is expressed in platelets of Myh9 mutant mice. (A)
Expression of myosin 1A in Myh9P"#*N* = Myh9F84"K* and corresponding control (Myh9**)
platelet lysates. Immunoblotting was performed on a 10% SDS-PAGE. Immunoblotting of
Myh9R702¢"* and control lysates was performed on a 7.5% SDS-PAGE. R702C mutant non-
muscle myosin [IA-GFP and endogenous non-muscle myosin IIA could be detected. GAPDH
served as loading control (n=3). (B) Myosin |IA and myosin phosphatase 1 (MYPT1)
expression was confirmed using a capillary-based immunoassay approach. Fold change in
myosin IIA expression relative to corresponding wildtype myosin IIA expression are shown in

(C) for all mouse lines. Control shown corresponds to mouse line Myh9°'#?*N* Each symbol
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Supplemental Fig. 2. Macrothrombocytopenia in R702C and E1841K mutant mice.
Determination of (A) platelet count and (B) platelet size. Each symbol represents one
individual mouse (mean + S.D.; Mann-Whitney U-test ***p < 0.001). (C) Gating strategy to
determine platelet population of similar size for analysis of glycoprotein expression and
platelet activation. (D) Glycoprotein expression on the platelet surface was determined by
flow cytometry (n=4-7). Data are expressed as mean fluorescence intensity (Multiple
comparison using Holm-Sidak; ns p = 0.05; *0.05 > p = 0.01; **0.01 > p = 0.001; ***p <
0.001).
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Supplemental Fig. 3. Inside-out activation is unaltered in mutant platelets. (A)
Activation of platelet allbf3-integrin (JON/A-phycoerythrin [PE]) and (B) a-granule release
(anti-P-Selectin-fluorescein isothiocyanate [FITC]) under resting (rest) conditions and upon
stimulation with different agonists (n=5, MFI). ADP: adenosine diphosphate; UA46:
thromboxane A2 analog U46619; CRP: collagen-related peptide; CVX: Convulxin; RC:
Rhodocytin. Statistics: Multiple comparison using Holm-Sidak (ns p = 0.05; *0.05 > p = 0.01).
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Supplemental Fig. 4. Normal shape change and aggregation of Myh9 mutant platelets.
Washed platelets were stimulated with (A) thrombin or (B) collagen and light transmission
was recorded using a 4-channel aggregometer. Representative curves of two independent
experiments are shown (n=2). (C) Representative transmission electron micrographs of

mutant and control platelets. Scale bar: 1 um.
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Supplemental Fig. 5. Deformability measurements by RT-FDC. (A) Representative KDE
scatter plots from RT-FDC measurements displaying the distribution of single platelet
deformability and their corresponding size between single platelets from Myh9** or
Myh9P™#2#N* ‘mice (n= number of single platelets). (B) Each data point of RT-FDC
measurement shows the median deformation and area of Myh9™*, Myh9R72¢"* or Myh9F'841K*
platelets with ~ 2000 platelets of one individual mouse. Bar plots show mean + S.D. of
platelet deformation or platelet area (n=4-5). Representative KDE scatter plots from RT-FDC
measurements displaying the distribution of single platelet deformability and their
corresponding size between single platelets from Myh9™*, Myh9R7%2%"*  or Myh9f"8#'¥* mice
(n= number of single platelets). Statistics: Multiple comparison using Holm-Sidak (**0.01 > p

> 0.001; ***p < 0.001),
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Supplemental Fig. 6. Outside-in signaling of Myh9 mutant platelets. (A) F-actin content

of resting platelets from mouse line E1841K was measured by flow cytometry after



incubation with phalloidin-FITC (n=4). The mean fluorescence intensity is shown. (B)
Platelets were spread on fibrinogen in the presence of thrombin and statistical analysis was
performed of the different spreading phases of fixed platelets at different time points (n=2).
Platelets of phase 1 were resting discoid shaped, phase 2 platelets formed filopodia, phase 3
platelets displayed lamellipodia and filopodia and phase 4 platelets were fully spread with
only lamellipodia (mean £ S.D.). (C) Platinum replica electron microscopy of the cytoskeleton
ultrastructure of spread platelets on fibrinogen was performed (scale bars: 2 um). (D)
Representative single stained and merged confocal images of Myh9™* and Myh9P"#24N*
platelets spread on fibrinogen in the presence of thrombin, stained for a-tubulin (grey),
myosin lIA (yellow), and F-actin (magenta) (scale bars: 5 ym). Statistics: Multiple comparison

using Holm-Sidak (*0.05 > p 2 0.01; **0.01 > p = 0.001).
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Supplemental Fig. 7. Reduced myosin light chain 2 phosphorylation in Myh9 mutant
platelets. (A) Expression of myosin light chain 2 (MLC2) and phosphorylated myosin light
chain 2 (MLC2p-S19) of resting and thrombin-activated (0.05 U/mL, 1 min) platelets was
determined. Representative immunoblot of two independent experiments are shown (n=2).
(B) Quantification of pMLC2 expression upon activation with thrombin relative to control,

representative from mouse line D1424N (mean + S.D.).
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Supplemental Fig. 8. Myh9 mutant platelets show less contractile forces on micropost
arrays. Platelet contractile forces were measured per post and the sum of posts per cell
(mean = S.D.; Myh9"": n=106; Myh9"70%*: n=73; Myh9"*: n=69; Myh9F'8'K*: n=74).
Statistics: Mann-Whitney U-test (**0.01 > p =2 0.001; ***p < 0.001).
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Supplemental Fig. 9. Spread platelets of Myh9%792¢* but not Myh9c'34'%* mice are softer.
Washed Myh9™*, Myh9"7%2¢* and Myh9F'84'* platelets spread on fibrinogen in the presence
of thrombin were analyzed of their Young’s modulus using scanning ion conductance
microscopy. Each symbol represents one platelet (Myh9™*: n=42 platelets; Myh9~"?“*: n=36
platelets; Myh9™*: n=36 platelets; Myh9F'8'¥*: n=41 platelets) and box plots represents
median x S.D. Statistics: Mann-Whitney U-test (ns p 2 0.05; ***p < 0.001).
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Supplemental Fig. 10. Reduced extent of clot retraction in Myh9 mutant samples. (A)
Representative image of clot formation of Myh9"* and Myh9~72¢* samples at time point 60
minutes (n=3). (B) Results are median £ S.D. Each symbol represents one individual mouse.
(C) Representative image of clot formation of Myh9™* and Myh9F'84'K* samples at time point
60 minutes (n=3). (D) Results are median + S.D. Each symbol represents one individual
mouse. Statistics: Multiple comparison using Holm-Sidak (*0.05 > p = 0.01; **0.01 > p 2
0.001; ***p < 0.001).
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Supplemental Fig. 11. Reduced thrombus formation under flow of Myh9 mutant
platelets. (A) Assessment of platelet adhesion and aggregate formation under flow (1000/s)
on collagen of Myh9™* and Myh977%?%"* samples (upper row), and of Myh9™* and Myh9f'841K*
samples (lower row). Analysis of the surface area covered by platelets (%) and the relative
normalized MFI of anti-GPIX (Alexa 488) are shown for platelet count adjusted conditions on
the left side (n=4, mean + S.D.) and unadjusted conditions on the right side (n=4-5, mean %
S.D.). Single platelet force spectroscopy of (B) platelet adhesion to collagen and (C) platelet-
platelet interaction forces. (B to C) Each data point of summary graphs (mean + S.D.) shows
one platelet to collagen (n=7-10) or platelet to platelet (n=7) interaction. (D) Each data point
of colloidal probe spectroscopy shows the median Young's modulus of one Myh9™,
Myh9R702¢" or Myh9F'841K* aggregate and bar plots show mean * S.D. of Young’s modulus
(n=4-5). Statistics: Mann-Whitney U-test (ns p 2 0.05; *0.05 > p 2 0.01; **0.01 > p = 0.001).
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Supplemental Fig. 12. MYH9 p.E1841K patient platelets form smaller thrombi under
flow. (A) Representative KDE scatter plots from RT-FDC measurements displaying the
distribution of single platelet deformability and their corresponding size between single
platelets from a healthy individual (control) and from a MYH9 p.E1841K patient (n= number
of single platelets). Summary data points show the median values of individual donors and
one MYH9 p.E1841K patient on three different days and bar plots show mean + S.D. of

platelet deformation and size from non-stimulated platelets (Multiple comparison using Holm-



Sidak *0.05 > p = 0.01). (B) Platelet adhesion and aggregate formation under flow (1000/s)
on collagen of human patient samples were assessed by a flow chamber assay. Area and
volume of single thrombi are shown as median * quartiles of platelet count unadjusted
conditions (n=67 single thrombi). Area covered over time shows the mean of thrombi from
control and patient blood. Representative images taken at the end of the perfusion time (20
minutes) are shown in fluorescent images with platelets labeled with the anti-CD61-antibody
and labeled fibrin/-ogen (scale bars 50 um). (C) Whole blood from healthy individuals and
MYH9 p.E1841K patient was examined by colloidal probe spectroscopy. Each data point
shows the median Young’s modulus of one aggregate and bar plots show mean = S.D. of
Young’s modulus. Statistics: Mann-Whitney U-test (ns p = 0.05; ***p < 0.001).
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Supplemental Fig. 13. Clot lysis induced by rtPA can be reversed by high
concentrations of TXA. (A) Concentration-dependent effect of rtPA on Myh9"* and
Myh9P™#24N* samples. Representative image of three independent experiments. (B)
Representative image (three independent experiments) of clot retraction of Myh9™*
Myh9R702¢% " and Myh9F'8"* samples treated with rtPA in a threshold concentration where
lysis occurs. Addition of TXA at different concentrations.
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Supplemental Fig. 14. TXA in concentrations of 100 pM and 10 mM improves clot
retraction. Quantification of weight clot, weight fluid and fluid volume of clot retraction with
rtPA and TXA treatment. Results are mean + S.D. Each symbol represents one individual
mouse. Statistics: Mann-Whitney U-test (ns p = 0.05; *0.05 > p = 0.01; **0.01 > p = 0.001;

**p < 0.001). Stars above symbol indicate comparison to control or mutant sample

untreated.
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Supplemental Fig. 15. Tranexamic acid improves hemostasis. Tail bleeding times on

filter paper of Myh9 mutant mouse lines R702C and E1841K. Injection of sodium chloride

served as control. Each symbol represents one individual mouse (mean + S.D.). Mann-

Whitney-U test was used to analyze data excluding data points exceeding 20 minutes (ns p 2

0.05; *0.05 > p = 0.01; **0.01 > p = 0.001; ***p < 0.001).
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Supplemental Fig. 16. Shortened LOT and LT of MYH9 p.E1841K sample can be
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rtPA stimulation; blue: tPA and TXA stimulation).



>

- rtPA

rtPA + TXA

CD61 Fibrin/-ogen
MYH9 p.E1841K

B —— control TXA MYH9 p.E1841K TXA C o control ® MYH9 p.E1841K
—— control MYH9 p.E1841K

W

6000+

[ ]
4000+ -2 ° %‘i
2000+ ﬁﬁ

ol |*
- tPA  TXA

TXA
+tPA

-
o
1 |

ow

Young‘s modulus [Pa]

o

o
o

0 300 600 900 1200
time [sec]

normalized fluorescene intensity
(Fibrin/-ogen AF647)
o
w

Supplemental Fig. 17. Fibrinolysis in a microfluidic flow chamber is decreased by TXA.
(A) Representative fluorescence images of human platelet thrombi (CD61; green) and fibrin
(magenta) at 20 minutes after treatment in microfluidic flow chamber at a shear of 100 s™
(scale bars 50um) and (B) Time course of changes in stability of fibrin/-ogen (normalized
fluorescence of fibrin/-ogen AF647, mean + S.D.) on sites of platelet thrombi after addition of
TXA (100 uM) compared to non-treated control. (C) Thrombus stiffness in whole blood from
healthy individual and MYH9 p.E1841K patient was examined (untreated, with rtPA, with
TXA and with TXA + rtPA) using colloidal probe spectroscopy. Each data point shows the
median Young’s modulus of one healthy individual or MYH9 p.E1841K aggregate and bar
plots show mean £ S.D. of Young’s modulus. Statistics: Mann-Whitney U-test (ns p = 0.05).
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