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Zusammenfassung

Der NO-GC/cGMP-Signalweg ist an zahlreichen physiologischen Prozessen beteiligt,
einschliel3lich der Thrombozytenhdmostase. Die Dysregulation dieses Weges wurde
mit der Entwicklung von kardiovaskularen Pathologien, einschlie3lich Thrombose, in
Verbindung gebracht. Die Hemmung der Thrombozytenaktivierung wurde zuvor mit
dem NO-GC/cGMP-Signalweg in Verbindung gebracht; die molekularen
Mechanismen, die Modulation des Zytoskeletts und der Form von Blutplattchen
beinhalten, wurden jedoch noch nicht untersucht. Wie sich die
Thrombozytenbiomechanik auf die Thrombozytenfunktion auswirkt, ist noch eine
Nische, die es zu erforschen gilt, daher liegt der Schwerpunkt dieser Dissertation auf
dem Verstandnis der zellularen Steifheit und Morphologie des Zytoskeletts in
Thrombozyten.

Die Zellsteifigkeit wurde in humanen, Wildtyp- und Megakaryozyten-/Blutplattchen-
spezifischen NO-GC KO-Mausplattchen gemessen, die mit NO-GC-Stimulator
(Riociguat) und NO-GC-Aktivator (Cinaciguat) unter Verwendung von
Rasterionenleitfahigkeitsmikroskopie (SICM) inkubiert wurden. . Die Zirkularitdt und
Flache der Blutplattchen wurden mithilfe von Deep-Learning-basierter Blutplattchen-
Morphometrie quantifiziert. F-Actin- und P-Selectin-Co-Immunfarbung wurden in
menschlichen und murinen Blutplattchen unter Verwendung von
Immunfluoreszenzmikroskopie gemessen. Die Freisetzung von P-Selectin (CD62P)
aus a-Granula wird erhdht, wenn Blutplattchen aktiviert werden. Die relative Menge an
p-VASP-Phosphorylierung und NO-GC in menschlichen und murinen Blutplattchen, die
mit cGMP-modulierenden Arzneimitteln inkubiert wurden, wurde ebenfalls mit Western

Blot quantifiziert.

Die P-Selectin-Freisetzung, die F-Actin-Polymerisation und die Zellsteifigkeit wurden
um =50 % in mit Riociguat oder Cinaciguat stimulierten humanen und Wildtyp-
Mausplattchen verringert. Die relative Menge an p-VASP in humanen und Wildtyp-
Mausplattchen, die mit NO-GC-Stimulator oder -Aktivator inkubiert wurden, war im
Vergleich zur Vehikelkontrolle erhdht. Die Hochregulierung von p-VASP ist mit einer

Herunterregulierung von F-Aktin und zellularer Steifheit verbunden. Die Zirkularitat der
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Blutplattchen erhohte sich um =50 % im Vergleich zur Vehikelkontrolle; jedoch wurden
die Blutplattchenflache und die relative Menge an NO-GC in menschlichen und
Wildtyp-Mausblutplattchen, die mit cGMP-modulierenden Arzneimitteln stimuliert
wurden, nicht verdndert. Diese Ergebnisse legten nahe, dass der NO-GC-Signalweg
die Zellsteifigkeit und -morphologie des Zytoskeletts in Blutplattchen moduliert, und ein
pharmakologisches Targeting dieses Weges konnte als neuartige antithrombotische

Therapie in Betracht gezogen werden.

Die klinische Anwendbarkeit von NO-GC-Stimulatoren (Riociguat oder Vericiguat)
wurde auch bei HIV-positiven Patienten, die TFV- oder ABC-haltige Therapien
einnahmen, im  Vergleich  zu HIV-negativen Patienten untersucht.
Blutplattchenaggregation, endotheliale Mikropartikel (EMP)-Blutplattchenaktivierung,
Crosstalk, Zirkularitéat, Flache und F-Aktin-Polymerisation wurden untersucht.
Riociguat und Vericiguat verringerten die Thrombozytenaggregation, Zirkularitat und
F-Aktin-Polymerisation bei HIV-negativen und HIV-positiven Patienten, die TFV-haltige
Therapien einnahmen, was darauf hindeutet, dass die Aktivierung des NO-GC/cGMP-
Signalwegs die Thrombogenitat bei Thrombozyten einschliel3lich HIV-positiver
Patienten verringert Patienten, die TFV-haltige Regime einnehmen. Die bei HIV-
positiven Patienten, die ABC-haltige Regime einnahmen, beobachtete fehlende
Wirkung auf die Thrombozytenaggregation, Zirkularitat und F-Aktin-Polymerisation
wurde mit der Hemmung des NO-GC/cGMP-Signalwegs durch CBV-TP (aktiver
Anabolit von ABC) in Verbindung gebracht. Diese Ergebnisse bestétigen das klinische
Potenzial von NO-GC-Stimulatoren bei HIV-positiven Patienten durch Verringerung der

Thrombozytenhyperaktivitat.

UbermaRige  Thrombozytenaktivierung  I6st  verschiedene Herz-Kreislauf-
Erkrankungen aus, indem sie Thrombosen verstarkt. ADP und Thrombin sind die
wichtigsten Blutplattchenagonisten, die an der Blutplattchenaktivierung beteiligt sind.
In physiologischer Umgebung befinden sich Blutplattchen in Blutkapillaren mit einer
Grolke zwischen 5 ym und 10 um. Um physiologische Bedingungen nachzuahmen,
wurden Blutplattchen biochemisch in fluoreszierende Fibrinogen-beschichtete Linien

mit einer Breite von 5 ym und einer Periodizitat von 15 um eingeschlossen, die mittels
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Mikrokontaktdruck (uCP) in Zellkulturschalen gestempelt wurden. Die Auswirkungen
des Einschlusses wurden in der Blutplattchenmorphologie und -mechanik untersucht.
Die biochemische Begrenzung erhdhte die Blutplattchenflache, das Seitenverhaltnis,
die Hohe und das Volumen in mit ADP aktivierten Blutplattchen, was darauf hindeutet,
dass die Art des Blutplattchenagonisten die Blutplattchen-Fibrinogen-Uberlappung
beeinflusst. Die Steifheit der Blutplattchen verringerte sich im Einschluss im Vergleich
zu nicht eingeschlossenen Blutplattchen. Die biochemische Begrenzung beeinflusst
die Morphologie und Mechanik von Blutplattchen, folglich liefert diese Studie ein
weiteres Verstandnis der Blutplattchenaktivierung in einer relevanten physiologischen

Umgebung.






Summary

NO-GC/cGMP signaling pathway is involved in numerous physiological processes
including platelet haemostasis. The dysregulation of this pathway has been linked to
the development of cardiovascular pathologies including thrombosis. Inhibition of
platelet activation has previously been linked to NO-GC/cGMP pathway; however, the
molecular mechanisms involving the modulation of platelet cytoskeleton and shape has
not yet been investigated. How platelet biomechanics affects platelet function is still a
niche to explore hence the focus of this dissertation is to understand cytoskeletal
cellular stiffness and morphology in platelets.

Cellular stiffness was measured in human, wild-type, and megakaryocyte/platelet-
specific NO-GC KO murine platelets, incubated with NO-GC stimulator (riociguat) and
NO-GC activator (cinaciguat), using scanning ion conductance microscopy (SICM).
Platelet circularity and area were quantified using deep learning-based platelet
morphometry. F-actin and P-selectin co-immunostaining were measured in human and
murine platelets using immunofluorescence microscopy. P-selectin (CD62P) release
from a-granules is increased when platelets are activated. Relative amount of p-VASP
phosphorylation and NO-GC in human and murine platelets incubated with cGMP-

modulating drugs were also quantified with western blot.

P-selectin release, F-actin polymerization, and cellular stiffness were decreased by
=50% in human and wild-type murine platelets stimulated with riociguat or cinaciguat.
Relative amount of p-VASP in human and wild-type murine platelets incubated with
NO-GC stimulator or activator were increased in comparison with vehicle control.
Upregulation of p-VASP is linked to a downregulation in F-actin and cellular stiffness.
Platelet circularity increased by =50% in comparison to vehicle control; however,
platelet area and relative amount of NO-GC were not altered in human and wild-type
murine platelets stimulated with cGMP-modulating drugs. These results suggested that
NO-GC signaling pathway modulates cytoskeletal cellular stiffness and morphology in
platelets, and a pharmacological targeting of this pathway may be considered as a

novel anti-thrombotic therapy.



Clinical applicability of NO-GC stimulators (riociguat or vericiguat) were also
investigated in HIV-positive patients taking TFV- or ABC-containing regimens
compared to HIV-negative patients. Platelet aggregation, endothelial microparticle
(EMP)-platelet activation crosstalk, circularity, area, and F-actin polymerization were
investigated. Riociguat and vericiguat decreased platelet aggregation, circularity, and
F-actin polymerization in HIV-negative patients and HIV-positive patients taking TFV-
containing regimens, suggesting that activation of the NO-GC/cGMP signaling pathway
decreases thrombogenicity in platelets including HIV-positive patients taking TFV-
containing regimens. The lack of effect in platelet aggregation, circularity, and F-actin
polymerization observed in HIV-positive patients taking ABC-containing regimens were
linked to the inhibition of NO-GC/cGMP signaling pathway by CBV-TP (active anabolite
of ABC). These results confirm the clinical potential of NO-GC stimulators in HIV-

positive patients by reducing platelet hyperactivity.

Excessive platelet activation triggers different cardiovascular diseases by increasing
thrombosis. ADP and thrombin are the main platelet agonists involved in platelet
activation. In physiological environment, platelets are inside blood capillaries of sizes
between 5 uym to 10 ym. To mimic physiological conditions, platelets were
biochemically confined in fluorescent fibrinogen-coated lines with a 5 pym width and a
15 um periodicity stamped in cell culture dishes using micro-contact printing (UCP).
The effects of confinement were investigated in platelet morphology and mechanics.
Biochemical confinement increased platelet area, aspect ratio, height, and volume in
platelets activated with ADP, suggesting that the type of platelet agonist influences the
platelet-fibrinogen overlap. Platelet stiffness decreased in confinement in comparison
with unconfined platelets. Biochemical confinement affects morphology and mechanics
in platelets, consequently this study provides further understanding of platelet

activation in a relevant physiological environment.
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Introduction

1 Introduction
1.1 Platelets and NO-GC/cGMP signaling pathway

1.1.1 Role of platelets in health and disease

Platelets are multipurpose cells with influence in cardiovascular pathologies,
inflammation, and cancer biology (1). Platelets are small anucleate discoid cells with 2
— 5 um in diameter, which circulate in the blood (2). Platelets circulate in a resting state,
prevent blood loss where there is a vessel damage, and are involved in the process of
hemostasis (3). Activated platelets have a protective and a pathological role mediated
by the release of soluble agonists and further activation of multiple pathways (4).
Activated platelets adhere to the site of injury, spread on the surface and release
intracellular contents inducing the formation of platelet aggregation (3). During platelet
activation, a reorganization of the actin cytoskeleton, cell contraction, increased
release of growth factors, and development of filopodia and lamellipodia are observed
(4). Platelets also plays an important role in innate immunity (5). P-selectin exposure
on the platelet surface during activation recruits leukocytes inducing a local

inflammatory reaction and a normal immune process (2).

Platelets are immediately recruited where there is an endothelial injury, an
inflammatory signal, or a pathological alteration (2). Blood clot formation can be
described by the following steps: 1) first, platelets accumulate at the site of injury to
form a monolayer (initiation phase); 2) second, the release of platelet agonists, such
as ADP and thrombin, induces platelet activation, adhesion, and spreading (extension
phase); 3) lastly, a platelet plug (or thrombus) is formed (stabilization phase) (2).
Platelet aggregation occurs in a fibrinogen-dependent manner supported by
glycoprotein Ib-1X-V and integrin a3 binding (2). Upon platelet activation a
conformational change of ajpfs occurs (6). aipPs stabilizes platelet aggregates and
support platelet-platelet binding via fibrinogen, von Willebrand factor (VWF), and
fibronectin (6).
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Disrupting the balance between bleeding and clotting cause serious medical conditions
such as thrombocytopenia, among others (2). In addition, atherosclerosis is linked to
a decreased production of nitric oxide (NO) (7), which contributes to dysfunctional
platelet NO-GC/cGMP signaling pathway (8) and persistent platelet activation (9). In
addition to cardiovascular pathologies, platelets are involved in inflammatory

processes and cancer biology (1).

1.1.2 Platelet activation signhaling pathways

During platelet adhesion and aggregation, platelet recruitment is mediated by the
interaction between the platelet receptor glycoprotein (GP) Ib and collagen bound to
von Willebrand factor (VWF), which then activates the immunoglobulin-like GPVI and
leads to further release of two platelet agonists (ADP and TXA>) (10) and cytosolic
calcium release (11). allbp3 is the main integrin responsible for platelet aggregation

and adhesion to the ECM through binding to plasma fibrinogen (12).

During platelet activation, a-granules and dense granules secrete numerous
prothrombotic and inflammatory mediators (6). P-selectin is stored inside the a-
granules, while serotonin, calcium, magnesium, adenosine triphosphate (ATP), and

adenosine diphosphate (ADP) are inside the dense granules (13).

ADP-induced platelet activation (Figure 1) is mediated by two G-protein coupled seven
transmembrane domain receptors (GPCR) P2Y: and P2Y1, (14) located on the cell
surface and responsible for platelet aggregation, shape change, TXA: release, and
calcium mobilization (15). P2Y; and P2Y1, are involved in platelet aggregation (16).

ADP is also a positive-feedback mediator of platelet activation and aggregation (17).

Thrombin is the most effective platelet agonist and is also involved in the coagulation
process (18). Thrombin polymerizes soluble fibrinogen to fibrin (19). This
polymerization is the initial step to form hemostatic plugs at sites of injury (19).
Thrombin-induced platelet activation in platelets (Figure 1) is mediated by protease-
activated receptors (PARSs) coupled to the GPCRs (PAR1 and PAR4) (20). Platelet
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shape change is an important aspect of platelet activation, and this extremely rapid
process involves the formation of lamellipodia and filopodia, actin polymerization, and
stimulation of actomyosin-based contractile processes (18).

Granule
ADP secretion
XA, } LA
af—g o
] u i _ £ Fibrinogen
Thrombin \d\ &2 P2Y./P2Y:; o J \«/’
N recep"or N 4
3
PAR1/PARG — Flatelet /| allbp3
Activation

Collagen

Figure 1. Mechanisms of platelet activation. This figure was partially modified from a template and
designed in Biorender.com (2023).

1.1.3 NO-GC/cGMP signaling pathway, NO-GC stimulators and
activators

NO is a small gaseous molecule which regulates many physiological processes in the
human body (21). The release and synthesis of NO from endothelial cells increases in
response to acetylcholine and mechanical shear stress caused by blood flow (21).
Drugs for angina pectoris like NO-releasing organic nitrates (22), phosphodiesterase
(PDE) inhibitors, and stimulators or activators of nitric oxide (NO)-guanylyl cyclase
(NO-GC) have demonstrated to be a successful pharmacological approach to target

the cyclic guanosine monophosphate (cGMP) signaling pathway (23).

There are two cGMP generators, soluble and particulate NO-GC (22). Platelets only
express the soluble NO-GC (8). The binding of NO to GC converts guanosine
triphosphate (GTP) to cGMP (Figure 2) (8). cGMP-dependent protein kinases (cGKs),

3
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cGMP-regulated phosphodiesterases, and cGMP-gated ion channels are the main
effector molecules downstream of cGMP (24). The NO-GC/cGMP signaling pathway
has physiological relevance in the inhibition of platelet aggregation (25), vascular
smooth muscle relaxation (26) and nervous system function (24) (Figure 2).

NO

|

, GTP
stimulators —»

activators —»
cGMP

!

e )

}

VASP

Inhibition of |~ Thrombosis
platelet activation .

Atherosclerosis

Figure 2. cGMP signaling pathway in platelets. This figure was partially modified from (22), and
designed in Biorender.com (2023).

NO-GC stimulators and activators activate NO-GC in a NO-independent manner
stimulating cGMP formation (27), albeit through a different mechanism of action. NO-
GC stimulators stimulate GC in an NO-independent manner, but also stabilize the
binding of NO to GC through the sensitization of GC when there are low levels of NO
(27). During the development of these drugs, the hypothesis that NO-GC could be
redox regulated was formulated, and this may be a key pathological mechanism for
several cardiovascular pathologies, which are characterized by redox stress (28).
Therefore, NO-GC activators were developed to activate the haem-free oxidized form
of NO-GC (28) and to mimic NO-bound haem binding (27).

Riociguat is a NO-GC stimulator which has a dual mode of action (29). It is the most

successful NO-GC stimulator used for the treatment of pulmonary hypertension (28).

4
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Vericiguat is also a NO-GC stimulator, but its improved formulation has a better oral
bioavailability than riociguat allowing a daily dosage intake (28). Cinaciguat is a potent
NO-GC activator which is currently discontinued, and runcaciguat (a new NO-GC
activator) is being investigated for the treatment of cardiovascular diseases (CVDs)
(30,31). NO-GC activators have a strong pharmacological potential in diseases with
high level of nitro-oxidative stress where the haem of the NO-GC becomes oxidized
(32). NO-GC activators could activate GC even when NO bioavailability is low,
activating the NO-GC/cGMP signaling pathway (32).

Abnormalities in the NO-GC/cGMP signaling pathway contributes to platelet
hyperreactivity in thrombosis and ischemic heart disease (8). Riociguat has recently
been shown to reduce thrombosis in a shear-dependent manner in mice expressing
the cGMP sensor cGi500 globally (33). Shear stress increases NO sensitivity of NO-
GC resulting in inhibition of platelet activation in later stages of thrombus formation
(33). Increased levels of cGMP in platelets can block platelet activation by the inhibition

of calcium release from the dense granules (8).

The focus of this thesis is the modulation of NO-GC signaling pathway in platelets
through the above explained NO-GC stimulators and activators, specifically riociguat,
vericiguat, and cinaciguat. Since the specificity of 1H-[1,2,4]Joxadiazolo[4,3-
aJquinoxalin-1-one (ODQ), a potent NO-GC antagonist, remains not well understood,
| used platelets from mice with genetically deleted NO-GC (platelet-specific NO-GC

KO) to corroborate the effect of NO-GC in platelet biomechanics and shape.

1.1.4 Platelet biomechanics

Cell stiffness has been suggested as a potential biomarker to identify disease states,
including pathologies involving platelets (34). Loosely speaking, stiffness is defined as
the resistance of a material to deform under applied external force. Micro-pipette
aspiration, atomic force microscopy (AFM), scanning ion conductance microscopy
(SICM), and real-time deformability cytometry (RT-DC) are some techniques used to

investigate platelet cytoskeleton mechanics (35).
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Micropipette aspiration quantifies the membrane deformation and the viscoelastic
properties of an immobilized single platelet, by applying a continuous pressure with a
borosilicate glass micropipette (36). RT-DC and real-time fluorescence and
deformability cytometry (RT-FDC) combines cell mechano-phenotyping labelling with
flow cytometry (37), which allows high-throughput study of platelet deformability,
stiffness, size, and other morphological parameters in whole blood suspension (34).
RT-DC allows to understand the derivation of stiffness from deformability (34).

AFM is capable of measuring samples which quantifies force interactions at the
nanometer (nm) scale (38). It uses a cantilever which scans the surface topography of
the sample based on cantilever deflection (38). SICM is a technique for non-contact,
low-force imaging of living cells (39), which prevents cell deformation (40). In SICM, an
ionic current is passed through a nanopipette that scans the surface of the sample
allowing the investigation of the mechanical properties of living cells, at high spatial
resolution (41,42). The nanopipette inner radius limits the resolution of the obtained
images (42). Biomechanical properties of platelets during platelet activation and
migration (41) have been elucidated with SICM (43).

SICM was the technique of choice to investigate the biomechanical properties of living
platelets in this study. It allowed me to quantify stiffness and height profiles of platelets
under the stimulation of cGMP drugs. My work suggests that stiffness could be a

potential biomarker to identify different stages of platelet activation and spreading.

1.1.5 Role of NO-GC/cGMP signaling pathway in the platelet
cytoskeleton

The extracellular matrix (ECM)-integrin-cytoskeleton connections are mediated by
actomyosin activity which impacts the platelet mechanical stability (44). Filamentous
actin (F-actin), microtubules, intermediate filaments and binding proteins are the main
components of platelet cytoskeleton (45). F-actin extends to the platelet filopodia and
lamellipodia, microtubules disperse inside the platelet, and the intermediate filaments
extend to the plasma membrane (45). Actin is a highly conserved globular protein, and
upon platelet activation, the total amount of F-actin increases (45). The dynamic motion

of filopodia and lamellipodia in platelets is driven also by actin polymerization.
6
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Vasoactive-stimulated phosphoprotein (VASP) is the major substrate of cyclic
adenosine monophosphate (cCAMP) and cGMP-dependent protein kinases in human
platelets, and it also plays a role in the inhibition of platelet activation (4,46). Deletion
of VASP has been shown to enhance platelet aggregation and increase expression of
P-selectin (platelet activation marker) (47,48). VASP is localized along the platelet
filopodia and lamellipodia (4), and it affects the Asp2/3 complex (49). Arp2/3 is a
complex required for lamellipodia extension and actin filament formation (49), so a
branched actin network is generated (50). Phosphorylation of VASP (pVASP) is
mediated by cAMP and cGMP-dependent protein kinases at three serine/threonine
residues (51). A serine 1 and 2-containing sites (LRKVSKQQEEA) and
(HIERRVSNAG), and a threonine-containing site (MNAVLARRRKATQVGE) (51). The
main phosphorylation sites of VASP are serine-157, serine-239, and threonince-278
(52). pVASP upregulation in platelets inhibits platelet activation suggesting that actin
filaments and nucleating activity may be inhibited (53). Additionally, a decrease in
calcium and granule release in platelets may be also related to a VASP-independent
mechanism (47). Therefore, VASP could serve as a switch between inhibiting or

stimulating actin polymerization (4).

However, nothing is known about the role of the platelet cytoskeleton in the regulation
of platelet activation and F-actin polymerization by the NO-GC/cGMP signaling
pathway. It is known that an enhanced production of cGMP can reduce platelet
aggregation (54,55), but how this occurs at a single-platelet level has not been
elucidated yet. The modulation of the platelet cytoskeleton not only allows us to
understand its biomechanical properties, but also the link to platelet activation via
changes in circularity, area, aspect ratio, and number of filopodia. Actin polymerization
triggers the release of platelet agonists from a-granules which enhance platelet
activation (45,56). Targeting the NO-GC/cGMP signaling pathway with NO-GC
stimulators (riociguat or vericiguat) and activators (cinaciguat) could give a hint on the
role of NO-GC in platelet biomechanics, and potentially become pharmacological tools
to decrease the thrombogenic risk of platelet hyperactivation in cardiovascular

pathologies.
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1.1.6 Role of NO-GC/cGMP signaling pathway in the inhibition of
platelet activation and platelet shape

Increased levels of cGMP, NO, and endothelial cell-derived prostacyclin inhibit platelet
activation (57). Previous studies suggested that the NO-GC/cGMP signaling pathway
in platelets can be both inhibitory or stimulatory for platelet function (57). cGMP/PKG
pathway may have a biphasic role in platelets, consisting of an initial stage of platelet
activation (stimulatory response), followed by inhibition of platelet activation (delayed
inhibitory phase) (58). The speculative stimulatory role of PKG may be related to a
cGMP-independent effect (57). This suggests that that longer drug incubation times
may be required to reach high levels of cGMP concentrations and have an inhibitory
cGMP/PKG-dependent effect in platelet activation (57).

Shape changes in platelets are dependent on actin rearrangements in the cytoskeleton
(59). ADP induces platelet shape changes through the activation of P2Y1 receptor,
which increases calcium release (60). Protein kinase A (PKA) and PKG have
overlapping effects (61) and are responsible for the phosphorylation of different
substrates which play a role in the inhibition of platelet activation (57) and platelet
shape (61). Activation of the downstream signaling cascade RhoA/ROCK/MLCP is
involved in the regulation of platelet shape (62). NO blocks RhoA activation, and

consequently RhoA/ROCK/MLCP pathway inhibiting platelet shape changes (63).

Considering the role of NO in platelet shape from the literature, we hypothesized that
an upregulation of the NO-GC/cGMP signaling pathway may have an influence on
platelet shape and platelet cytoskeleton mechanics. High throughput platelet
morphology studies were established with a deep learning, neural network approach
to study platelet shape parameters such as circularity, aspect ratio, number of filopodia
and area during migration and spreading (64). Shape parameters (morphometry) can
provide unique information about platelet shape, which then could be correlated with

spreading or activation stages (64).
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1.1.7 Role of the NO-GC/cGMP pathway in people living with HIV
(PLHIV)

1.1.7.1. Current drug treatments in PLHIV

Around 36 million people are living with human immunodeficiency virus (HIV), although
current treatment has improved their life expectancy and quality considerably (65). HIV
can be managed with two nucleoside reverse transcriptase inhibitors (NRTIs) plus a
third agent of a different class (66). The preferred backbone treatments for PLHIV are
tenofovir alafenamide (TAF), tenofovir disoproxil fumarate (TDF), or abacavir sulphate
(ABC) (66). The third agent usually is a non-nucleoside reverse inhibitor, a protease
inhibitor (PI), or an integrase strand transfer inhibitor (INSTI) (66). The goal of an ART
regimen is to maximize the quality of life of PLHIV and to reduce the viral load in plasma
(66). However, evidence from the Data collection on Adverse Effects of Anti-HIV Drugs
Study (DAD) have determined that ART can increase the risk of cardiovascular

diseases (67,68), and metabolic disorders such as dislipidaemia or diabetes (69).

TDF showed more off-target effects in comparison with TAF. TDF is a highly effective
regimen; however, it might lead to a deterioration of the renal and bone function
(reduced glomerular filtration and bone density) (70). Tenofovir (TFV) is formulated as
a prodrug because of its low oral availability (71). TDF and TAF are the two prodrugs
from TFV which are metabolized to tenofovir-diphosphate in plasma (70). TDF produce
four times more tenofovir-diphosphate in plasma than TAF, consequently the side
effects are more likely to occur when HIV-positive patients take TDF (70). Additionally,
TFV is also formulated as a pre-exposure prophylaxis (PrEP) in the prevention of HIV
infection (71).

ABC is a guanosine analogue reverse transcriptase inhibitor (72) which has been
associated with the development of cardiovascular diseases; consequently, it has been
removed from the clinical guidelines in HIV-positive patients with cardiac dysfunction
(73). The active metabolite of ABC is carbovir triphosphate (CBV-TP) which could
interact with major signaling pathways and enhance thrombus formation and platelet

activation (74). The mechanism of action is not yet elucidated; however, it seems to be
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related to the inhibition of NO-GC/cGMP signaling pathway (65,72) or any other major
paracrine signals (74).

1.1.7.2 Disruption of the NO-GC/cGMP pathway in platelets from HIV-positive
patients taking abacavir sulphate (ABC)-containing regimens

The major health complications of long-time exposure to some ARTs in PLHIV are an
increased platelet reactivity which can lead to myocardial infarction, thrombosis, and
endothelial dysfunction (75). Endogenous NO derived from endothelial nitric oxide
synthase (eNOS) modulates platelet aggregation and activation, and the other two
isoforms (inducible NOS and neuronal NOS) are negligible in platelet function in vivo
(76). Lack of eNOS in platelets negatively impact platelet function and impairs the
endogenous NO-GC/cGMP signaling pathway (77).

There is clinical evidence of an increased risk of myocardial infarction (MI) in HIV-
positive patients currently taking ABC-regimens, and a reduction of the cardiovascular
risk after drug withdrawal confirming the link between ABC and cardiovascular toxicity.
(78). ABC increases oxidative stress and downregulates eNOS in human endothelial
cells impairing endothelial function (79), increasing arterial stiffness and aggregability
(80). Long TFV exposure is also associated with renal toxicity, disturbances in vitamin
D absorption, and heart failure (73). However, tenofovir mechanism of action has not
been linked in literature to a NO-GC/cGMP impairment like in the case of ABC-

containing regimens (73).

ABC disrupts NO-mediated platelet inhibition and enhances platelet aggregation and
platelet granule release, while TFV did not affect platelet function in vitro and in vivo
(65). CBV-TP is a guanosine analogue and a competitive inhibitor of guanoine
triphosphate (GTP), which inhibits the downstream NO-GC/cGMP signaling pathway
(65,72). However, other mechanisms related to ABC cardiovascular toxicity have been
investigated such as the activation of the purinergic ATP-P2X; receptors and
endogenous ATP which led to platelet activation and adhesion to endothelial cells
(74,81).
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Based on this prior research, we postulate a possible mechanism of action of CVB-TP
in platelets, which involves NO-GC/cGMP signaling pathway in platelet biomechanics
(Figure 3).

tNo
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G-actin m
| vasp p-VASP 1
§ F-actin a-granule
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decrease in cellular stiffness 4 P-selectin i
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Figure 3. Role of the NO-GC/cGMP pathway in the inhibition of platelet activation, decrease in cellular
stiffness, and loss of thrombo-protection.
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1.2 Aims

The aims of this dissertation are divided in three different parts:

1. To investigate the functional role of the NO-GC enzyme in platelet biomechanics
(cellular stiffness) in correlation with the inhibition of platelet activation and platelet
shape. A NO-GC stimulator (riociguat) and a NO-GC activator (cinaciguat) were tested
in human, murine wild-type, and megakaryocyte/platelet-specific NO-GC knockout
platelets. Stiffness was investigated with SICM and platelet shape with a deep learning
neural network approach. The NO-GC/cGMP signaling pathway was investigated in
the context of platelet cytoskeleton modulation. This study suggests that activation of
NO-GC decreases the thrombogenic risk of platelets by targeting platelet cellular

stiffness.

2. To study the effect of NO-GC stimulators in a clinical setting. Platelets from HIV-
positive patients currently taking TFV- or ABC-containing regimens were treated with
riociguat or vericiguat to test whether NO-GC stimulators reduce platelet
hyperreactivity in these patients depending on their ART treatment. Maximum ADP
and collagen-induced aggregation, F-actin quantification, and morphological studies
were done with platelets from HIV-positive patients taking TFV- or ABC-containing
regimens. It is postulated that HIV-positive patients currently taking ABC-containing
regimens have an impaired NO-GC/cGMP pathway. CBV-TP is a competitive

antagonist of cGMP, which consequently induces a loss of thromboprotection.

3. To determine the effect of biochemical confinement on platelet morphology and
mechanics, optical microscopy combined with a deep learning morphometric analysis
and AFM were used. Platelet-fibrinogen overlap, area, aspect ratio, height, volume,
stiffness, and F-actin mean fluorescence (MIF) were investigated. Untreated, ADP or
thrombin-activated platelets were confined onto micro-contact printed lines with a width
of 5 um coated with human fluorescent fibrinogen and a periodicity of 10 um. These
micro-patterns were used to resemble blood vessels and to study platelet activation in
a physiological environment. How micro-environmental geometry spaces affect platelet

mechanics and morphology is still a niche to explore.
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2 Materials and Methods

2.1 Materials

2.1.1 Common reagents and chemicals

Compound

ACD

BSA fraction V

CaCl

Citric acid

Ethanol

D-glucose monohydrate

Fibrinogen from human plasma

Fluorescent fibrinogen 594
Formaldehyde
HEPES

HPLC water

KCI

KH2PO4

MgCl2 (TUbingen)
MgClz (London)
NaCl

NHCOs

NazHPO4
NaH2PO4

PBS (TuUbingen)
PBS (London)
PDMS Sylgard 184
PLL-g-PEG

PMSF

SDS

Sodium citrate
tri-Sodium Citrate 2-hydrate
TRIS

Triton X-100

2.1.2 Drugs and compounds

Compound
ADP
CBV-TP
Cinaciguat hydrochloride
Horm Collagen
OoDQ
Riociguat
Tenofovir
Thrombin
Vericiguat
8-Br-cGMP

Company & Cat. No
Sigma Aldrich (C3821)
PanReac AppliChem (A1391)
Sigma Aldrich (449709)
Carl Roth (77-92-9)

VWR (JT8006-89)
Sigma Aldrich (14431-43-7)
Sigma Aldrich (9001-32-5)
ThermoFischer (F13193)
Sigma-Aldrich (462-95-3)
Sigma-Aldrich (7365-49-9)
Sigma Aldrich (7732-18-5)
Sigma Aldrich (7477-40-70)
Merk (7447-40-7)
MERCK (7778-77-EC)
Sigma Aldrich (7789-30-3)
MERCK (7647-14-5)
Sigma Aldrich (144-55-8)
Sigma Aldrich (10028-24-7)
Carl Roth (10049-21-5)
Sigma Aldrich (P3813)
Cytiva (SH3025601)
Avantor
Surface Solutions
Sigma-Aldrich (329-98-9)
Carl Roth (151-21-3)
Sigma Aldrich (6132-04-3)
Carl Roth (68-04-2)
Carl Roth (77-86-1)
Sigma-Aldrich (9036-19-5)

Company & Cat. No
Sigma Aldrich (01905)
Toronto Research Chemical (C177757)
Sigma Aldrich (646995-35-9)
Takeda
Cayman Chemicals (41443-28-1)
Cayman Chemicals (625115-55-1)
Selleckchem (GS-1278)
Sigma Aldrich (520222)
Cambridge Bioscience (CAY35253-5)
Sigma Aldrich (51116-01-09)
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2.1.3 Antibodies for immunostainings and western blot

Compound
ActinGreen™ 488
Annexin V
P-selectin (CD62P)
CD31 (PECAM-1)
CD105 (Endoglin)
CD62P

CD63

PAC-1

p-VASP Ser239
GAPDH

NO-GC B1

Company & Cat No Cat.No

Invitrogen™, ThermoFisher R37110

Biolegend 640937
Bioscience™, ThermoFischer Psel.K02.PE

Biolegend 303121

Biolegend 800509

BD Biosciences 550888

BD Biosciences 556020

Fisher Scientific 340507

Cell Signaling 3114S

Cell Signaling 2118S

Abcam 24824

2.1.4 Platelet isolation buffers

D-glucose

ACD buffer, pH 4.69
Compounds
Tri-Sodium Citrate-2-hydrate
Citric acid (anhydrous)

Concentration
85 mM
72.9 mM
110 mM

Platelet Wash Buffer (PWB), pH 6.5

Compounds

K2HPO4
Na2HPOq4
NaH2PO4
D-glucose
NaCl

Compounds

NaCl
NaHzPO4
KCI
D-glucose

(murine platelets)

Concentration
4.3 mM
4.3 mM
24.3 mM
5.5 mM
113 mM

Tyrode Buffer, pH 6.5
(human platelets)

Concentration
136.8 mM
8.4 mM
2.6 mM
5.5 mM

Tyrode-HEPES buffer, pH 7.4
(healthy human volunteers)

Compounds

HEPES
NaCl
NaH2PO4
KCI
D-glucose

Concentration
6 mM
136.8 mM
8.4 mM
2.6 mM
5.5 mM
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Tyrode-HEPES buffer, pH 7.4

(platelets from HIV-positive patients)

Compounds
HEPES

NaCl

KCI

MgCl2
D-glucose
NaH2PO4
NaHCO3

Tyrode-HEPES buffer, pH 7.4
(murine platelets)
Compounds
HEPES
NaCl
NaHCO3
KCI
D-glucose
BSA

2.1.5 SDS-PAGE and western blot buffers

Lysis buffer
Compounds
Tris pH 8.3
SDS
PMSF
H20

10 x SDS loading buffer
Compounds
Tris
Glycine
SDS
H20

Anode blotting buffer | (pH 10.4)
Compounds
Tris
Methanol

Anode blotting buffer Il (pH 10.4)
Compounds
Tris
Methanol

15

Concentration
10 mM
140 mM

5mM
1mM
5mM
0.42 mM
12 mM

Concentration
10 mM
137 mM
12 mM
2.7 mM
55mM

1%

Concentration
21 mM
0.67 %

0.2 mM
1mL

Concentration
15.1¢
7209
50¢g
to 500 mL

Concentration
300 mM
20% (v/v)

Concentration
300 mM
20% (v/v)
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Cathode blotting buffer Il (pH 7.6)

Compounds Concentration
Tris 30 mM
Methanol 20% (v/v)
6-Aminocapronic acid 40 mM

10x TBS (pH 8.0)

Compounds Concentration
Tris/CI 100 mM
NaCl 15M
TBS-T

Compounds Concentration
TBS 1x
Tween-20 0.1%

ECL reagent
Compounds Concentration
ECL reagent 1:1t0 1:10in TBS-T

10% separating gel
(1 gel with 1.5 mm)

Compounds Concentration
Rotiphorese® Roth 1519
(30% acrylamide/0.8% bisacrylamide)

4x Tris-Cl/SDS (pH 8.8) 2.5mL
H20 4.1mL
20% Ammonium persulphate (APS) 50 uL
TEMED 10 L

4% stacking gel
(1 gel with 1.5 mm)

Compounds Concentration
Rotiphorese® Roth 0.65 mL
(30% acrylamide/0.8% bisacrylamide)

4x Tris-Cl/SDS (pH 8.8) 1.25 mL
H20 3.05 mL
20% Ammonium persulphate (APS) 25 uL
TEMED 10 uL

The following methods are partially modified from the manuscripts presented below in

the results section.

2.2 Mouse lines

All experiments were reported according to ARRIVE guidelines (82), and approved by
the local authority (Regierungsprasidium Tubingen, IB 02/20M). Platelets from mice of
3 to 12 months of age were used in these experiments. CD57BI6/J (wild-type mice)
and megakaryocyte/platelet specific NO-GC KO mice with a Pf4-Cre (wt/Cre); NO-GC
(flox/flox) genotype were used (83). Pf4-Cre line (B6-Tg(Cxcl4-cre)Q3Rsko/J) (84) were
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crossed with NO-GC (flox/flox) line (B6.129-Gucylb3tml1.2Frb) (85) to generate
megakaryocyte/platelet specific NO-GC KO mice.

2.3

Blood sampling

Platelets were isolated from healthy human volunteers and HIV-positive patients

currently taking TFV- or ABC-containing regimens. Informed consent was obtained from

all the volunteers in Tibingen and London.

2.3.1 Human blood

All procedures were in accordance with the declaration of Helsinski and approved by

the institutional ethics committees (Medical Faculty and University Clinics at the
University of Tubingen, 273/2018B02 and 064/2022).

Add 1.25 mL of sterile ACD buffer in each 4.9 mL monovettes (1:4 ratio
ACD:blood ) before blood collection.
Collect venous blood in ACD anticoagulant (RT). Gently mix ACD and whole

blood after collection.

3. Transport the samples to the lab while keeping them at 37°C.

4. Pre-heat all buffers to 37°C before isolation.

5. The content of one 4.9 ml monovettes is transferred into the one 15mL falcon,

by positioning the monovette at an angle against the inner wall of the falcon and

pouring slowly.

6. Centrifuge falcons at 200 x g, 20 min, RT, no acceleration, or break.

7. Meanwhile: prepare Tyrode-HEPES buffer, pH 7.4 and Tyrode buffer, pH 6.5.
8.
9

. Bottom layer: red blood cells

Three specific layers in whole blood are visible after centrifugation (Figure 4):

10.Middle layer: very thin white layer of white blood cells (“buffy coat”)

11.Top layer: straw-colored platelet rich plasma (PRP)
12.Fill one 15mL falcon with 1mL of Tyrode buffer, pH 6.5. Collect upper 2/3 of the

PRP and transfer it into the 15mL falcon (max. 2.5 mL PRP per falcon).

13.Fill up the falcons in a 1:3 ratio with Tyrode buffer, pH 6.5.

14. Centrifuge falcons at 800 x g, 10 min, RT, no acceleration, or break.

17
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15. Discard the supernatant and resuspend the pellet in 1mL of Tyrode-HEPES
buffer, pH 7.4.

16.To verify the density and viability of the platelets, add 50 pL of the washed
platelet suspension and 1mL of Tyrode-HEPES buffer, pH 7.4 in a CellStar
plastic cell culture dish and observe platelets under the microscope. Wash the

platelets after 15 min to get rid of the unadhered platelets.

PRP

[ujrhf:i_liu[-[ﬂ

I

White-blood cells

Red-blocd cells

|

L |
v

Figure 4. Layers found in whole blood after centrifugation. This figure was designed in Biorender.com
(2023).

2.3.2. HIV-positive patient’s blood

Platelets from HIV-positive patients taking TFV- or ABC-containing regimens,
registered at Chelsea and Westminster Hospital NHS Trust, were obtained in
accordance with research ethics permits 294707 21/NW/0148 approved by the NHS
Health Research Authority and Chelsea and Westminster Hospital NHS Trust. This
standard operating protocol (SOP) was partially modified from an existing protocol in

the laboratory from Dr. Michael Emerson at Imperial College London.

Blood collection

1. Blood collection must be conducted by a competent individual in the phlebotomy
room. Alternatively, blood will be transported from external clinical sites in
capped vials within double bags inside an unlabeled screw top plastic container.

2. Wear appropriate PPE (nitrile gloves, confirm that donor does not have an

allergy).
3. Apply tourniquet to the arm.
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Identify vein and wipe area with cotton and alcohol.

5. Allow alcohol to dry.

6. Connect butterfly to vacutainer adaptor and insert needle into the vein (if

7.
8.
9.

successful, there will be a backflush of blood into the tubing and syringe).
Draw blood into the required number of vacutainers.
Loosen tourniquet.

Remove needle.

10. Apply pressure with fresh cotton wool.

11.Dispose of needle in appropriate sharps bin.

12.Wait for bleeding to stop and apply plaster to puncture site.

13.Transport blood to bench using secondary container.

Platelet preparation

1.

o & 0N

Platelet-rich plasma (PRP)

Place vacutainers into centrifuge (ICTEM 508).

Centrifuge at 175 x g, 15 min (no break applied for the end of spinning program).
Transfer PRP to a fresh 50 mL centrifuge tube inside the MSC hood.

** for PRP experiments prepare platelet-poor plasma (PPP) by centrifugation in

a microfuge at 15,700 x g, 3 min.

Washed platelets (WP)

1.

o k~ wDN

o

Add 150 pL ACD and 5 pL PGE: to the PRP and mix by inversion.

Centrifuge PRP at 1400 x g, 10 min, brake level 2.

Remove PPP using a 3 mL Pasteur pipette.

Re-suspend platelets in 1 mL Tyrode-HEPES buffer, pH 7.4 using P1000.
Top-up to 20 mL with Tyrode-HEPES buffer, pH 7.4, add 3mL ACD, and 5uL
PGE.:.

Centrifuge platelet suspension at 1400 x g, 10 min, brake level 2.

7. Remove supernatant.

Resuspend platelets in 1mL Tyrode-HEPES buffer, pH 7.4.
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2.3.3 Murine blood

This SOP was partially modified from an existing protocol in the laboratory from Prof.
Dr. Robert Feil.

1.

Preload an Eppendorf with 100 pyL of ACD buffer and withdraw blood from the
retro-orbital sinus of wild-type and megakaryocyte/platelet-specific NO-GC KO

mice under isoflurane anesthesia.

2. Add 300 pL of PWB, pH 6.5 and blood into a FACS tube.
3. Centrifuge at 250 x g, 2 min, no brake.

4. Collect PRP (upper layer) in another extra tube A. Use cut-off pipette tip when

© N o O

pipetting platelets.

Add 600 uL PWB to remaining tube and centrifuge again at same settings.
Transfer supernatant to extra tube A.

Centrifuge at 2000 x g, 1 min, brake 5.

Re-suspend pellet in 100 pL — 1 mL Tyrode-HEPES buffer depending on pellet

size.

2.4 Drug treatments for human and murine platelets

The following sample preparation was performed for human and murine platelets for

immunofluorescence, deep learning platelet morphometry, and SICM measurements.

Coat thirty-five mm glass-bottom cell culture dishes (81218, ibidi, Grafelfing,
Germany) with 0.1 mg/mL human plasma fibrinogen and incubate for 30 min
at 37 °C.

Supplement Tyrode-HEPES buffer with 1mM of CaCl, and MgCl..

Incubate human or murine platelets for 10 min with the different drug
treatments. ADP (3uM), DMSO (1:1000), 8-Br-cGMP (1 mM), riociguat (10
KUM), cinaciguat (10 pM), vericiguat (10 uM), ODQ (20 uM), CBV-TP (50 uM),
TFV (50 uM)

Add 50 pL of human or murine treated-platelets to the fibrinogen-coated cell
culture dishes containing 1mL of supplemented Tyrode-HEPES buffer for 15

min.
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5. Remove unattached platelets with three washing steps with human or murine

supplemented Tyrode-HEPES buffer before imaging.

2.5 Immunofluorescence microscopy

Immunofluorescence microscopy aids in the characterization, localization, and
expression of proteins in biological systems using well-characterized fluorescent
antibodies (86). Epifluorescence images were recorded with an optical microscope
(TiE, Nikon, Tokio, Japan) with a 100x/1.45 NA oil immersion objective and a
monochrome digital camera (DS-Qi2, Nikon) with 300 ms exposure time. Platelets from
human healthy volunteers, wild-type, and platelet-specific NO-GC KO mice were
treated as described above, and then co-stained with F-actin and P-selectin. F-actin
stains the platelet cytoskeleton, while P-selectin is a marker for platelet activation. P-
selectin staining aids in the identification of a-granules distribution inside the human or
murine platelets previously treated with DMSO (1:1000), 8-Br-cGMP (1mM), riociguat
(10 uM) and cinaciguat (10 pM).

F-actin and P-selectin co-immunostaining

1. Take the cell culture dishes with the human or murine platelets. Sample was
prepared according to the description presented in section 2.4.

Fix previously treated platelets in PBS containing 2% formaldehyde for 10 min.
Wash the sample three times with PBS.

Incubate fixed platelets with 1% BSA in PBS for 10 min.

Wash the sample three times with PBS.

S T

Stain P-selectin (CD62P) on human or murine platelets with an anti-CD26P
antibody at a 1:200 dilution for 45 min, in a dark humidified chamber.

Wash the sample three times with PBS.

Stain human or murine F-actin with ActinGreen™ 488 at a 1:2000 dilution for
20 min in a dark humidified chamber.

9. Wash the sample three times with PBS.

10. Record immunofluorescent images.
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Platelets from HIV-positive patients currently taking TFV- or ABC-containing regimens,
and biochemically confined platelets were only stained with F-actin. Sample preparation

of the confined platelets will be further explained below.

F-actin immunostaining

1. Fix platelets in PBS containing 2% formaldehyde for 10 min.

Wash the sample three times with PBS.

Incubate with 0.1% Triton X-100 for 10 min.

Wash again three times with PBS.

Stain human platelet F-actin with ActinGreenTM 488 at 1:2000 dilution in PBS

a r w0

for 20 min in a dark humidified chamber.

6. Record the immunofluorescence images.

Image analysis

ImageJ software (https://imagej.nih.gov-7ij) was used to analyze immunofluorescence

platelet images from human healthy volunteers, wild-type, and platelet-specific NO-GC
KO mice. Corrected total cell fluorescence (CTCF) was obtained with the following
formula: CTCF = fluorescence intensity integrated over the cell area — (mean
fluorescence intensity of the background x cell area). Individual actin content for
confined and unconfined platelets was quantified as the mean fluorescence intensity
(MFI).

2.6 Scanning ion conductance microscopy

Live imaging of platelets from humans and wild-type and platelet-specific NO-GC KO
mice were performed with SICM (87). Platelets, previously treated were placed on
fibrinogen-coated cell culture dishes. Figure 5 shows a classical SICM set-up which
consists of an electric voltage applied by two electrodes (one inside the bath solution,
and another inside the upper part of the nanopipette), which generates an ionic current

through the nanopipette filled with an electrolyte solution (88).
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The slope of the ion current | vs. z-position distance curve (IZ-curve) between 99% and
98% of the saturation current for each pixel gives the platelet cellular stiffness, which is
calculated based on a finite element model (89). The ion current is strongly dependent
on the pipette-sample distance, which allows non-contact imaging of platelets (87).

lon current

"

L ! rh <+— pressure

electrode

nanopipette

platelet sample

— X,y,Z-scanner

—— — optical microscope

Figure 5. SICM set-up. This figure was designed in Biorender.com (2023).

SICM imaging

1. Fabricate borosilicate nanopipettes (1B100F-4, World Precision Instruments
Inc., Sarasota, FL) with an inner radius of 90 nm using a COy-laser-based
micropipette puller (P-2000; Sutter Instrument, Novato, CA, USA).

2. Place the sample in a custom-build SICM set-up. Live-imaging measurement of
platelets must be completed within 1 h because of the platelet short life span
after isolation.

3. Record platelet cellular stiffness and topography with a constant pressure of 10

kPa applied at the upper end of the pipette.
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4. For each sample, record a zero-pressure map, and a pressure map of the first
platelet imaged to confirm that the pressure is working properly.

5. Image single platelets with the following parameters: pixel rate 25 Hz; 30 x 30 or
65 x 65 pixels size (for high resolution images); scan size: 30 x 30 pm>.

6. Average the median value of each cellular stiffness map within the area of the

platelet to obtain the cellular stiffness value of a single platelet.

2.7 Atomic force microscopy

Live imaging of confined and unconfined platelets, previously activated with two platelet
agonists ADP or thrombin, were performed with a commercial AFM setup (MFP3D-BIO,
Asylum Research, Santa Barbara, CA) mounted on an inverted optical microscope (Ti-
S, Nikon). Figure 6 shows an AFM setup which consists of a cantilever, a laser, and a
photodiode (90). The laser beam is reflected on the back surface of the cantilever, and
then reflected onto the photodiode (90). The position of the laser beam only changes
when the cantilever deflects, which is usually upon tip-sample contact (90). Hooke"s

law (equation 1) describes the force calculation in a force-curve in AFM (91).
F = —kd Q)

where F is the force, k the cantilever spring constant, and d the cantilever deflection
(91). Force volume maps are a two-dimensional matrix of the force curves collected
from the sample (91). Height maps, stiffness maps, and volume values were obtained
from living platelets. The stiffness of single platelets was calculated as the median of
the values in the stiffness map, and the volume as the mean height of the platelets
multiplied with the platelet area excluding areas of the substrate and the lowest 20% of

the platelet data.
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laser

cantilever

sensor -

platelet sample

S—

B B ;
WM inverted optical
E— microscope
=

Figure 6. AFM set-up. This figure was designed in Biorender.com (2023).

AFM imaging

1. Switch on the microscope and place the sample. Measurement was recorded
within one hour after blood isolation because of the short platelet life-span.

2. Use MLCT-Bio DC B cantilevers (Bruker, Camarillo, USA) with a pyramidal tip
shape (35° face angle, 20 pN/nm nominal spring constant). Calibrate the
cantilever spring constant with the thermal noise method (92)

3. Record force indentation curves at many positions of the platelets in the force
mapping mode with the following parameters:

o Force curve rate: 4.8 Hz
o Retract distance: 1 um
o Trigger force: 200 pN
o Number of pixels: 35 x 35 pixels
o Scan size: 20 x 20 pm? to 25 x 25 uym?
4. Fit the Hertz model (93) for pyramidal indenters to each force-indentation curve

in the force maps using Igor Pro.
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5. Remove the influence of the stiff substrate by implementing the height correction
method and limiting the maximum force to 20pN during the analysis. Height
correction method was applied because the median heights of the corresponding

platelets were lower leading to higher stiffness values.

2.8 Deep learning convolutional neural network

Different shape parameters were obtained with a deep learning CNN analysis, including
platelet area, aspect ratio, circularity, and number of filopodia (64). Circularity and
number of filopodia are unitless parameters (64). Platelet aspect ratio is defined as the
length to the width ratio, while circularity measures platelet roundness (circularity =1 for
a perfect circle) (64). Shape parameters can be correlated to platelet activation and

spreading stages.

Consequently, phase contrast images of fixed platelets from human healthy volunteers,
and wild-type and platelet-specific NO-GC KO mice were recorded with an optical
microscope (TiE, Nikon, Tokio, Japan) with a 100x/1.45 NA oil immersion objective and

a monochrome digital camera (DS-Qi2, Nikon) with 300 ms exposure time. Phase

contrast images of fixed platelets from HIV-positive patients taking TFV- or ABC-
containing images were taken at the FILM (Facility for Imaging by Light Microscopy) at
Imperial College London with a WF3 Zeiss Axio Observer microscope, a Zen Blue
software with a 100x/1.4 Oil Ph3 Plan Apochromat, a phase illumination for the
transmitter light channel, and a Hamamatsu Flash 4.0 camera with a pixel size of 65

nm.

Record of phase contrast images for neural network analysis (fixation protocol)

Fix platelets in PBS containing 2% formaldehyde for 10 min.
Wash the sample three times with PBS.

Incubate with 0.1% Triton X-100 for 10 min.

Wash again three times with PBS.

Ok W DdPE

Record phase contrast images.
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2.9 SDS-PAGE and Western Blot

This SOP was partially modified from an existing protocol in the laboratory from Prof.
Dr. Robert Feil. SDS-PAGE separates denatured negatively charged proteins in a
polyacrylamide gel according to their size (94).

Human, wild-type, and platelet-specific NO-GC KO murine platelets were incubated for
10 min at 37 °C with control (PBS), DMSO (1:1000), ADP (3 uM), 8-Br-cGMP (1mM),
riociguat (10 uM) and cinaciguat (10 uM). Platelet lysates were extracted from all the
pre-treated platelets by centrifuging at 2000 x g for 1 min and re-suspending in a lysis
buffer. Each sample was frozen in liquid nitrogen for 2 min, and then thawed at room
temperature. Protein lysates were separated by SDS-PAGE and detected with the
following antibodies: phosphorylated (p-VASP) Ser239 (rabbit, 1:1000, Cell Signaling
#3114S), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (rabbit, 1:1000,
14C10, Cell Signaling #2118S) and NO-GC (sGC 1, rabbit, 1:100, abcam 24824)

SDS-PAGE

1. Assemble the gel casting system (BioRad Laboratories, Inc, Hercules, USA).

2. Prepare separating and stacking gel solutions and then store at 4 °C.

3. Add TEMED and APS to the separating gel solution and pour the gel between
the glass plates. The gel needs 45 min to polymerize.

4. Add TEMED and APS to the stacking gel solution and pour the gel between the
glass plates. Insert the comb (1.5 mm, 15 wells). The gel needs 30 min to
polymerize.

5. Remove the gel cassette assemblies from the casting strand.

6. Fill the inner chamber of the gel with 140 mL of 1 x SDS running buffer.

7. Fill the outer chamber of the gel with 250 mL of 1 x SDS running buffer.

8. Remove the comb and rinse the wells with 1 x SDS running buffer.

9. Load 3 L of standard protein and maximum 20 uL of the corresponding sample.

10.Apply 100 V for 15 min through the stacking gel, and then 150 V for 1h to 2h.
Stop the voltage when the lowest standard band is about 0.5 cm from the bottom

of the gel.
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Western blot

1. Cut approximately 16 Whatman filter papers (Hartenstein, Wirzburg, Germany)
per gel, and Immobilon P PVDF membrane.

2. Immerse the immobilon P membrane in methanol, and then submerge in the
anode blotting buffer 1.

3. Immerse the whatman papers in the order shown below starting from the anode
of the transfer chamber. Then assemble a blotting sandwich on the semi-dry
blotting device.

- Cathode of the transfer chamber

- 8 Whatman papers in cathode blotting buffer
- Gel

-  PVDF membrane

- Whatman papers in anode blotting buffer II
- Whatman papers in anode blotting buffer |

- Anode of the transfer chamber

Blot the gel for 1h at 60 mA.
Mark the protein bands properly.
Block membrane with 5% milk powder in TBS-T for 1h.

N o g k&

Wash the membrane with TBS-T and transfer it inside a falcon tube with the
diluted primary antibody.

8. Incubate at 4 °C overnight or for 2h at room temperature.

9. Wash three times for 5 min with 1 x TBS-T.

10.Incubate 1 h at room temperature in the secondary antibody.

11.Wash three times for 5 min with 1 x TBS-T.

12.Prepare ECL reagent at appropriate dilution in TBS-T. Place membranes in a
plastic container and apply ECL reagent with a pipette. Record the images with
the protein standard bands using the Alphamager device at different exposure

times.
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Western blot guantification

1. Upload the western blot images on the Image J software.

2. Go to Edit > Invert.

3. In case the western blot bands are not well aligned. Align the images using
Image J software. Go to Image > Transforms > Rotate > Choose the degree
angle you would like to rotate (e.g., 5 degrees).

4. Get rid of the image background, so the western blot bands are clear. Go to
Image > Adjust > Brightness/Contrast > modify accordingly.

5. Make a rectangle around the first band’s lines. Go to Analyze > Gels > Select
First Lane.

6. Repeat the same procedure for all the remaining band’s lines.

7. Go to Analyze > Gels > Plot Lanes

8. Click on each parabola to get the area under the curve. This corresponds to each
band of the western blot.

9. Copy the data to an Excel file.

10. Determine the ratio for NO-GC and p-VASP and analyze each drug treatment
respectively. ldentify your protein control group (GAPDH). Equation 2 shows an

example of how to calculate the ratio of p-VASP in DMSO-treated platelets.

DMSO treated platelets (p—VASP)
DMSO treated platelets (GAPDH)

Ratio DMSO (p — VASP) = 2)

11. Normalize the ratio values obtained against 8-Br-cGMP.

12. Plot the quantification graphs for p-VASP and NO-GC using Igor Pro
(Wavemetrics, Lake Oswego, Oregon, USA)

2.10 Endothelial-derived microparticles

Endothelial dysfunction has been correlated with cardiovascular diseases (95). Platelet
aggregation, leukocyte recruitment and blood coagulation are regulated by the vascular
endothelium (95). Disruption in the endothelium by ARTs administration may potentially
lead to the development of thrombosis and other CVDs (95). Endothelial micro-particles

(EMPs) have been isolated from human umbilical cord vein endothelial cells (HUVEC)
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to understand how EMPs incubated with vericiguat and riociguat influence platelet

activation in HIV-positive patients taking TFV- or ABC-containing regimens.

Endothelial-platelet crosstalk was evaluated in platelets isolated from HIV-positive

patients taking TFV- or ABC-containing regimens.

Endothelial Cell Culture (Figure 7 — part 1)

1.

Thaw and culture HUVEC cells (PromoCell GmbH, Germany) in 80 cm?
Nunclon Delta-treated tissue culture flasks (Thermo Scientific, United
Kingdom) filled with endothelial cell growth media-2 (PromoCell GmbH)
supplemented with 10% fetal calf serum.

Change the media the next day with the endothelial cell growth media-2
supplemented with 10% fetal calf serum.

On day 4, split the cells at around 50,000 cells/mL into 6-well Nunclon Delta-
treated tissue culture plates (Thermo Scientific, United Kingdom).

On day 5, treat cells with the desired drugs for 48h. HUVECSs cells were treated
with control (PBS), DMSO (1:1000), ADP (3 uM), riociguat (10 uM), vericiguat
(10 uM), and ODQ (20 puM).

On day 7, treat cells with 10 ng/mL tissue necrotic factor (TNF)-a (R&D
systems, United Kingdom) for 6 hours before the endothelial microparticle

isolation for each drug treatment (Figure 7, step 1).

Endothelial microparticle isolation and characterization (Fiqure 7 — steps 1 to 5)

a r w N E

Transfer cell medium to micro-centrifugation tube.

Spin at 3,000 x g for 5 min to remove dead cells/ cell debris.

Transfer supernatant to fresh tube.

Spin at 17,000 x g for 60 min at 4 °C to isolate EMPs. (Figure 7, step 2).

Re-suspend EMP pellet in filter sterilized AnnexinV (AnV) binding buffer (refer to

Table 1) (Figure 7, step 3).

Prepare AnV binding buffer (Table 1) with FACS antibodies in a 1:50 dilution.
o AnnexinV
o CD31 (PECAM-1)
o CD105 (Endoglin)

Add 5 pL of EMP to wells with AnV and FACS antibodies (stain in 50 pL).
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8. Incubate for 30 min in the dark, at RT, with gentle shaking (Figure 7, step 4).

9. Add 150 pL filter sterilized AnV buffer.

10.Add 2x10° 3 um latex beads.

11.Run on flow cytometer within an hour (Figure 7, step 5).

12.Gating tube should contain 0.3 um and 1 um latex beads (Fortessa can go as
low as 0.2 um). Apply gate between the two beads and carry forward to following
tubes.

13.The total number of EMP per mL was calculated using Equation 3 (95).

EMP  Beads added % AnV posit ts x EMP resuspension volume
11V positive events Volume of EMP stained

1000
X —
Initial supernatant volume (mL)

mL - Beads counted

3)

14.Keep the isolated EMPs in the fridge at 4 °C and use the next day for the

endothelial-platelet crosstalk experiment.

Annexin V binding buffer (pH 7.4)

Compounds Concentration
HEPES 10 mM
NaCl 140 mM
CaClz 2.5mM

Table 1. Annexin buffer

2.11 Flow cytometry

This SOP was partially modified from an existing protocol in the laboratory from Dr.

Michael Emerson at Imperial College London. During activation, platelets undergo

morphological changes, and they release activation molecules. Flow cytometry is a

standard technique used to assess the changes in the expression of platelet activation

markers. Flow cytometers evaluate single events (cells) and record their forward (FSc)

and side scatter (SSc) profiles based on their size and granularity, respectively. The

fluorescence of each antibody is detected and recorded using specific fluorescence

detectors and wavelength. The instrument used in this experiment is Accuri C6 plus

which has four fluorescent channels (FL1-FL4), allowing four different wavelengths to
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be recorded. Accuri C6 plus flow cytometer is equipped with a 488 nm (blue) and 640

nm (red), four fluorescent detectors and two scatter detectors.

Instrument start-up procedure

1.

Check that fluid bottles are topped-up (excluding waste bottle) before turning
machine on.

Press the power button on the front of the Accuri and turn on acquisition PC.
Wait for Accuri to start-up (approx. 13 min) and leave to allow laser to warm up
(approx. 30 — 40 mins total).

4. Log-onto PC

5. Run fresh distilled H-O (10 min, fast), and check number of events s (clean

fluidics 0-4 events s1).

Agonist-evoked expression of activation markers by platelets (Figure 7 — steps 6 to 8)

1.
2.

N o ok~ w

o

Set-up plot area to monitor activation markers:
Plot all the FSc/SSc density for the main platelet activation markers:
o FITC: PAC-1 (active integrin a3
o PE: CD63 (lysosome-associated membrane protein-3, LAMP-3)
o APC: CD62P (P-selectin — a granule marker)
Set threshold to 20,000 events.
Save the template file for further experiments.
Dilute PRP into Tyrode-buffer pH 7.4 in (1:10) ratio.
Mix isolated EMPs with platelet PRP, and incubate for 30 min (Figure 7, step 6).
Prepare a FACS master mix for the final volume of 120 pL for each drug
treatment (Table 2).

ADP and collagen were used to evoke platelet activation.

9. Mix 5 pL platelets with 103 uL master mix (Table 2) and register on the software

(Figure 7, step 7).

10.Press “run” to start acquisition (Figure 7, step 7).

11.Run sample for 30 sec (shown in sample stats — lower left of screen) (Figure 7,

step 7).

12.Bend a gel loading tip 45° and add 12 pL agonist into the sample (Figure 7, step

7).
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13.Mix the sample with the pipette for 30 s and acquire events for 4 min 30 sec
(Figure 7, step 8).

14.Discard in autoclave waste and repeat for each sample.

15. At the end of day perform “SIP clean’, follow on-screen instructions and place
tube with 2 mL FACS clean and press “start”, when prompted replace tube with
2 mL distilled H2O and press “start’.

16.Check number of events, if above 0 — 4 then see troubleshooting for extra
cleaning steps.

17.Export data for analysis in FlowJo/Excel/CFlow

Master mix for FACS

Compounds Volume (pL) for 1 sample
PAC-1 2

CD62P 2

CD63 2

Platelet Tyrode Buffer, pH 7.4 97

Platelets 5

10x Agonist (3uM ADP or 3uM collagen) 12

Total volumes 120

Table 2. Master mix for FACS

Platelets from: HIV-positive patients currently taking ABC or TFV

PART 1 (Endothelial microparticle isolation)

1 2 3 4 5
& - k‘ » - - e | \ - 1_,7
M_———V | @ - \y U sl )
Day 7: Ipcubate HUVEC m— Re-suspend EMP EMPs with AnV Microparticle
cells with TNFafor6 h CERRGEER pellet in AnV and FACS antl‘bodles counting with FACS
for 30 min
step for 1h
PART 2 (Flow cytometry)
T T 8
‘.\"J’: \!‘
PRP + EMPs Platelets+EMP: 5 pL FACS to detect:
incubated for 30 min master mix for FACS: 103 pL e PAC-1
agonist: 12 pL o CD62P

e CD63
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Figure 7. Endothelial microparticle isolation and flow cytometry to identify platelet activation markers in
platelets isolated from HIV-positive patients currently taking ABC or TFV. This figure was designed in
Biorender.com (2023).

2.12 Light transmission aggregometry

Platelet aggregation occurs when platelets adhere to each other (96). This
phenomenon can be replicated in vitro by adding different agonists such as ADP,
collagen, or TRAP-6 to PRP (96). Platelet aggregation is the gold-standard test to
characterize platelet function and to test potential therapeutical agents (96). The
aggregometer is constantly stirring at 37°C to emulate the shear stress of a vessel, with
a fixed wavelength (96). The beam of infrared light passes through the cuvette
containing the samples PRP or PPP (96). PPP is the sample reference, and it is
considered as 100% aggregation (96). The difference in light transmission between
PPP and PRP gives the percentage of aggregation (96).

In vitro platelet aggregation in a 96 well plate format was studied in human platelets
from HIV-positive patients taking ABC or TFV and healthy volunteers. This standard
operating procedure (SOP) was partially modified from an existing protocol in the

laboratory from Dr. Michael Emerson at Imperial College London.

Platelet aggregation
1. Turn on plate reader (Tecan SUNRISE).
2. Open Magellen 7.2 SP1 Software and select “Aggregation” protocol file (N.B.

Aggregation protocol shortcut saved onto desktop).
3. Settings
o Mode: kinetic
o Time: 16 min (00:16:00)
o Wavelength: 595 nm
o Read mode: sweep
o Plate: 96 well
o Temp control: yes
o Pre-heating: yes

o Temperature: 37°C
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4. Before each reading: Shaking = yes; Intensity = 3; Duration = 7 sec.

5. Select “New Plate”, “Read”, “Read Plate”.

6. Close the door and leave plate reader to reach desired temperature. The door of
the plate reader should be closed during the procedure to maintain the

temperature at 37°C.

7. Pre-incubate the platelet PRP with the different drugs in a 1:1 ratio at 37°C (refer

to Table 3).

8. Label 96-well plate according to your experimental design (Figure 8).

9. Prepare agonist (10 pL/concentration/well) (Table 4)

10. Pipette agonists to respective wells (inverse pipetting, multichannel)

11.Add PPP, PRP, and PBS to reference wells.

12.Pour RP into reagent reservoir and add 90 pL to respective wells.

13.Place plate into plate reader and start recording.

14.Remove plate, apply plate seal, and dispose in the autoclave waste.

15.To export entire timepoint data:

©)

©)

©)

©)

©)

Select “Edit method”.

Under the “Data handling” section, select “Data export”.

Move “Well positions” and “Raw data” into the right-hand column.
Click on “File” in the top menu bar and select “Excel Export”.

Export data on a USB stick or email spreadsheet to yourself.

16.Analyze in excel the data exported.

17.At the end of experiment, close reader door, close software and turn off plate

reader.

Drugs combination | Time

DMSO 20 min

OoDQ 20 min

Carbovir 20 min

ODQ-Carbovir 10 min (ODQ) + 10 min (CBV-TP)
Tenofovir 20 min

ODQ-Tenofovir 10 min (ODQ) + 10 min (TFV)
Riociguat 20 min

ODQ-Riociguat 10 min (ODQ) + 10 min (Riociguat)
Vericiguat 20 min

ODQ-Vericiguat 10 min (ODQ) + 10 min (Vericiguat)
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Table 3. Incubation times and drugs used in platelet aggregation experiments.

Agonist Concentration
ADP 10 uM
Collagen 10 pM

Table 4. Agonist concentrations used in platelet aggregation experiments.

1 2 |3 |4 5 |6 |7 |8 9 |10

A | PPP PRP PBS
B | DMSO | ODQ | CBV | ODQ | TFV | ODQ | RIO | ODQ | VERI | ODQ
o CBV CBV RIO VERI
< | C|DMSO |ODQ |CBV |ODQ |TFV | ODQ | RIO | ODQ | VERI | ODQ
CBV CBV RIO VERI
- | D |DMSO|0ODQ |CBV|ODQ|TFV|ODQ |RIO | ODQ | VERI | ODQ
o CBV CBV RIO VERI
S |E |DMSO |ODQ | CBV |ODQ | TFV | ODQ | RIO | ODQ | VERI | ODQ
S CBV CBV RIO VERI

Figure 8. Scheme of a 96-well plate labelled for a healthy volunteer aggregation experiment.

2.13 Micro-contact printing and biochemical confinement

Platelet morphology and mechanics are affected by physical confinement. The
development of micro-contact printed fibrinogen lines in cell culture dishes, with a width
of 5 um and a periodicity of 15 um, providing the necessary physiological conditions,
which mimics a blood capillary, allowed us to understand the effects of biochemical

confinement on platelet morphology and mechanics. This study is the first to compare

different platelet agonists (ADP or thrombin) in biochemical confinement.

UCP sample preparation

1. Fabricate a PDMS silicon master using replica-molding as previously described

(97). The stamp is divided into a flat and uCP line patterned regions.

2. Make a wafer pattern consisting of parallel and rectangular channels with a
periodicity of 15 um, depth of 5 um, and width of 5 um using PDMS Sylgard 184

(Avantor, Radnor, Pennsylvania, USA) in a 10:1 ratio for monomer and

crosslinker.

3. Centrifuge the PDMS mixture for 3 min at 1200 x g and pour over the silicon

wafer.
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4. Cure the sample for 2 hours at 80 °C and place the sample in the desiccator for
30 min to remove air bubbles.

5. Remove the PDMS layer from the silicone master and cut into smaller parts
providing stamps for uCP (Figure 9, step 1).

6. Wash PDMS stamps with 70% ethanol, dry with pressurizer air, and plasma
clean with oxygen (Zepto-QRS 200, Diener electronic GmbH) for 30 s.

7. Coat the pattern for 30 min at 37 °C with fluorescent fibrinogen (66 pg/mL, Alexa
FluorTM 594 Conjugate, F1391, ThemoFischer Chemical, Waltham, MA, USA)
(Figure 9, step 2).

8. Wash the samples with sterile water and dry with Nitrogen gas.

9. Plasma clean the glass bottom cell culture dishes with oxygen for 30 sec (81218,
ibidi, Grafeling, Germany) with oxygen plasma for 30 s using the same procedure
described above.

10.Face-down the fibrinogen-coated PDMS stamps on the center of the cell culture
dishes and incubate them for 15 min at 37 °C (Figure 9, step 3).

11.Remove the fibrinogen-coated PDMS stamps from the cell culture dishes.

12.Incubate the cell culture dishes for 1 h with PEG-grafted poly-L-lysine (PLL-g-
PEG, 10 pg/mL in 10 mM HEPES) to prevent the adhesion of platelets to the
regions without fibrinogen (Figure 9, step 4).

13.Wash three times with PBS to remove the excess of PEG from the cell culture
dishes.

14.1solate platelets (procedure explained above) (Figure 9, step 5)

15.Incubate freshly isolated platelets with ADP (10 uM) or thrombin (0.13 U/mL) for
2 min at 37 °C (Figure 9, step 6)

16. Add platelets pre-incubated with ADP or thrombin, or untreated, to the cell culture
dishes filled with Tyrode-HEPES buffer, pH 7.4. Allow platelets to spread for 25
min at 37 °C and wash the sample three times to remove non-adherent platelets.
Prepare each sample for live-imaging or F-actin immunostaining (Figure 9, step
7).

17.Record AFM images of living platelets (Figure 9, step 9) and epifluorescence
images of the flat and the puCP line patterned region in the same cell culture dish

(Figure 9, step 8).
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Figure 9. Micro-contact printing and sample procedure. This figure was designed in Biorender.com
(2023).

2.14 Statistics

Igor Pro (Wavemetrics, Lake Oswego, Oregon, USA) was used to do all the statistical
analysis and to process the data obtained. Significant differences were tested with
parametric or non-parametric multiple group comparisons with Tukey’s or Dunn’s post-
hoc tests. Statistically significant differences were defined according to the following * P
< 0.05; * P <0.01; ™ P < 0.001; ns, not significant.

38



Results and Discussion

3 Results and Discussion

3.1 Role of NO-GC/cGMP pathway in human and murine
platelets

Authors of the related publication: Johanna G. Rodriguez, Aylin Balmes,
Jan Seifert, Daniel Pinto-Quintero, Akif A. Khawaja, Marta Boffito, Maike Frye,
Andreas Friebe, Michael Emerson, Francesca Seta, Robert Feil, Susanne Feil,
Tilman E. Schaffer

Author position: 1

Title of paper: Role of NO-GC/cGMP signaling pathway in platelet biomechanics
Status in publication process: Manuscript in revision

Pre-print in bioRxiv with this DOI: https://doi.org/10.1101/2023.04.28.538670

Detailed contribution to the manuscript as part of this chapter
e Scientific ideas (50%)

- Experimental design and detailed analysis was carried out.

- Understanding the effect of NO-GC/cGMP signaling pathway in human and
murine platelets morphology and biomechanics, including platelets from
HIV-positive patients.

e Data generation (75%)

- Performance of all the sample preparation including isolation of human and
murine platelets. Mice were obtained from AG Fell.

- Optimization of all sample preparation protocols including SICM and
immunofluorescence imaging.

- Performance of all experiments including phase contrast images for CNN
deep-learning analysis.

- Performance of all experiments in Imperial College London.
- SICM imaging was performed in collaboration with Aylin Balmes (Fig. 11).

- Western Blot was performed in collaboration with Daniel Pinto-Quintero
(Fig. 11c, f, 0).

e Analysis & interpretation (50%)
- Analysis of the data, composition, and interpretation in all figures.

- CNN deep-learning morphology data was performed in collaboration with
Dr. Jan Seifert (Fig. 12 and Fig. 13 a, b). Further data morphological
analysis and interpretation was performed by Johanna Rodriguez.

e Paper writing (40%)
39


https://doi.org/10.1101/2023.04.28.538670

Results and Discussion

3.1.1 Role of NO-GC/cGMP in platelet biomechanics and morphology

The methods section of this manuscript has been removed to avoid repetition and
placed in the materials and methods section above. Everything else was kept the

same.

Role of the NO-GC/cGMP signaling pathway
in platelet biomechanics
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ABSTRACT

Introduction

Cyclic guanosine monophosphate (cGMP) is a second messenger produced by the
NO-sensitive guanylyl cyclase (NO-GC) enzyme. In platelets, the NO-GC/cGMP
pathway inhibits aggregation. One aspect of the inhibitory mechanism involves
changes in the cytoskeleton; however, the molecular mechanisms underlying platelet

inhibition and its correlation with cytoskeletal cellular stiffness are poorly understood.
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Methods

We measured the cellular stiffness of individual platelets after treatment with the NO-
GC stimulator riociguat or the NO-GC activator cinaciguat, using scanning ion
conductance microscopy (SICM). We quantified changes in platelet shape using deep
learning-based platelet morphometry. Cytoskeletal actin polymerization and platelet
activation were measured by co-immunostaining F-actin and P-selectin, respectively.
To test for clinical applicability of NO-GC stimulators in the context of increased
thrombogenicity risk, we investigated the effect of riociguat on platelets from human
immunodeficiency virus (HIV)-positive patients taking abacavir sulphate (ABC)-

containing regimens, compared with HIV-negative volunteers.

Results

Stimulation of human and murine platelets with the NO-GC stimulator riociguat or with
the NO-GC activator cinaciguat downregulated P-selectin expression, decreased F-
actin polymerization, and decreased cellular stiffness by =50%, compared to vehicle
control. In addition, platelets became more circular, indicating decreased activation.
Riociguat did not cause any change in platelet aggregation or circularity in HIV-positive

patients taking ABC-containing regimens.

Conclusions

These results corroborate a functional role of the NO-GC enzyme in platelet
biomechanics (cellular stiffness) in correlation with the inhibition of platelet activation
and morphological changes. The observed changes in stiffness and platelet shape
therefore demonstrate the possibility of pharmacologically targeting the NO-GC/cGMP
pathway.
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Introduction

Platelets are small anucleate blood cells responsible with critical roles in hemostasis
and thrombosis (3). Novel approaches to target inhibition of platelet activation, and
hence thrombus formation, are currently being studied to reduce mortality in individuals
affected by atherosclerosis, increased arterial stiffness (98), thromboembolism (99), or
bleeding disorders such as thrombocytopenia (2). Upon activation, platelets release
inflammatory cytokines and become highly adhesive with a drastic change in shape
(98). The platelet cytoskeleton supports platelet shape in the resting state, and it
changes dynamically during platelet activation in response to vascular damage (3).
Studies have shown that abnormalities in the biomechanical properties of platelets are
related to inherited platelet cytoskeletal diseases (100). Therefore, measuring platelet
shape or cellular stiffness (amount of resistance of an object against deformation in
response to an applied force), could help in the assessment of the bleeding risk in

patients with cytoskeletal disorders (101).

Nitric oxide (NO) is an endogenous platelet inhibitor that binds to NO-sensitive guanylyl
cyclase (NO-GC) (102). In platelets, NO-GC has been shown to be the only NO
receptor (103). NO-GC catalyzes the conversion of guanosine 5’-triphosphate (GTP)
to cyclic guanosine 3',5’- monophosphate (cGMP) (104). An increase in cGMP
activates the cGMP-dependent protein kinase (PKG), which phosphorylates, among
other proteins, vasodilator-stimulated phosphoprotein (VASP) in platelets and other
cell types (33). NO is involved in signaling cascades that support a healthy
cardiovascular system including inhibition of platelet aggregation in vitro (104) and in
vivo (105), making NO-GC an attractive target for cardiovascular pathologies including
thrombosis (13); however, continuous nitrate administration can lead to drug

resistance because of the desensitization of NO-GC (102).

In a cardiovascular pathology such as ischemia, heme, the essential NO-GC co-factor,
becomes oxidized, preventing NO from binding NO-GC and impairing cGMP
generation (106). Riociguat is a NO-GC stimulator, which has been approved for the
treatment of pulmonary arterial hypertension and chronic thromboembolic pulmonary
hypertension (107). Riociguat has a dual effect on NO-GC: it stimulates the enzyme

itself and decreases the dissociation of NO from NO-GC (108). On the other hand,
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cinaciguat is a NO-GC activator that can activate NO-GC independently of its heme
redox status (heme-oxidized or heme-free NO-GC) and irrespective of impaired NO

signaling (32).

In the present study, we examined the effects of riociguat and cinaciguat on platelet
biomechanics using scanning ion conductance microscopy (SICM), a non-invasive
imaging technique that allows simultaneous measurement of morphological and
mechanical properties in living cells (39,88) with high resolution. SICM has already
been used to investigate the Young's modulus (stiffness) of living migrating and non-
migrating platelets (43) and to show that reduced platelet stiffness is related to
increased bleeding in MYH9-related disease (109). We correlated SICM
measurements with F-actin and P-selectin (CD62P) immunostaining in human and
wild-type (C57BI6/J) or platelet-specific NO-GC knockout (KO) murine platelets.
Additionally, platelet morphology was investigated with deep learning platelet

morphometry (64).

Lastly, we studied the effect of riociguat on platelet morphology (circularity) in HIV-
positive patients taking the anti-viral drug abacavir-sulphate (ABC) as part of their daily
antiretroviral regimen, compared with platelets from HIV-negative volunteers.
Currently, the first line of antiretroviral therapy for HIV-positive patients involves a
combination of nucleotide reverse transcriptase inhibitors such as ABC (110). Carbovir
tri-phosphate (CBV-TP), the active ABC anabolite (110) is a guanosine derivative
shown to compete and antagonize cGMP in the NO-GC/cGMP signaling pathway in
platelets (110). Therefore, the potential blockage of NO-GC/cGMP pathway by CBV-
TP could increase the risk of thrombogenic events and lead to an increased
development of cardiovascular pathologies in HIV patients taking the drug (110). Our
study is the first to analyze the effect on morphology (circularity) of the NO-GC

stimulator riociguat in the setting of HIV.

43



Results and Discussion

Results

Platelet activation, stiffness, and shape changes were investigated in platelets
isolated from human, wild-type, and platelet-specific NO-GC KO mice.

Platelet activation is dampened by riociguat and cinaciguat. We first examined the
effect of the NO-GC stimulator riociguat and the NO-GC activator cinaciguat on the
cytoskeleton and activation for human platelets as well as platelets isolated from wild-
type (C57BI6/J) and platelet-specific NO-GC KO mice (Figure 10). We found that the
cGMP-modulating drugs 8-Br-cGMP, riociguat, or cinaciguat decreased F-actin (Figure
10b, e) and P-selectin (Figure 10c, f) in isolated human platelets and wild-type murine

platelets by =50%, compared to vehicle control (DMSO).

The P-selectin CTCF values ranged 2 — 225 [a.u.] in human platelets, 2 — 80 [a.u.] in
wild-type murine platelets, and 2 — 25 [a.u.] in NO-GC KO murine platelets. Thus, these
values indicate a lower basal protein expression of F-actin (Figure 10i) and P-selectin
(Figure 10h) in the KO mice. Moreover, no further decreases in F-actin and P-selectin
were observed in NO-GC KO platelets treated with riociguat or cinaciguat, whereas 8-
Br-cGMP decreased F-actin and P-selectin by an additional =50% (Figure 10g, h, i).
Downregulation of P-selectin suggests an inhibitory role of the NO-GC pathway in

platelet activation (Figure 10c, f, i).

Interestingly, P-selectin was observed mostly in the form of nodule-like local spots that
might be individual granules distributed throughout the platelet in the treated wild-type
murine platelets (Figure 10d), while a more homogenous distribution was observed in
the case of NO-GC KO murine platelets (Figure 10g). For human platelets, nodule-like
spots were only observed after treatment with riociguat or cinaciguat (Figure 10a).
Overall, these results indicate that F-actin and P-selectin are modulated by the NO-GC
enzyme and that an increase in cGMP decreases the downregulation of F-actin and P-
selectin. The NO-GC KO animals were used to show that the drug effect from riociguat

or cinaciguat is indeed mediated by NO-GC.
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Figure 10. F-actin and P-selectin are decreased in human platelets and wild-type (C57BI6/J) murine
platelets when treated with 8-Br-cGMP, riociguat, or cinaciguat. (a, d, g) Co-staining of F-actin and P-
selectin in washed human, wild-type murine, and platelet-specific NO-GC murine KO platelets. (b, e, h)
F-actin and (c, f, i) P-selectin fluorescence quantification. DMSO (1:1000), 8-Br-cGMP (1 mM), riociguat
(10 uM), cinaciguat (10 uM). The significance level of P values is indicated by asterisks (P < 0.05; ** P
< 0.01; ™ P < 0.001; ns, not significant; Tukey's test). Scale bars: 5 ym. Experiments were performed
with =15 platelets per donor from n=2 (human), n=2 (wild type mice), n=2 (NO-GC KO mice) donors.
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Platelet stiffness is decreased by riociguat and cinaciguat. SICM was used to
investigate the role of NO-GC in the biomechanical properties (stiffness) of wild-type
murine, platelet-specific NO-GC KO murine, and human platelets. Topography and
stiffness images of platelets were recorded with high spatial resolution (Figure 11).
Human (Figure 11b) and wild-type murine platelets (Figure 11e) treated with cGMP-
modulating drugs had a significantly decreased average cellular stiffness (=2
kilopascal, kPa) in comparison to DMSO-treated platelets (=5 kPa), indicating a

decrease of =50% in cellular stiffness.

In contrast, NO-GC KO platelets (Figure 11h) showed no decrease in cellular stiffness
after the treatment with riociguat or cinaciguat (=5 kPa) in comparison with DMSO (=5
kPa). A change in cellular stiffness by =60% was only observed when NO-GC KO
platelets were treated with 8Br-cGMP (=2 kPa) (Figure 11b, c, d). Furthermore, we
found increased levels of phosphorylated VASP (p-VASP), a downstream effector of
cGMP and regulator of F-actin polymerization (111), in wild-type and human platelets
for all the treatments (Figure 11c, f). In contrast, VASP phosphorylation was almost
undetectable in NO-GC KO platelets treated with riociguat or cinaciguat, but still
detectable when NO-GC KO platelets were stimulated with 8-Br-cGMP (Figure 11i).

Efficient NO-GC deletion in platelets of megakaryocyte/platelet-specific NO-GC KO
mice was confirmed via Western blot (Figure 11i). Taken together, these results
suggest that NO-GC-mediated VASP phosphorylation and actin cytoskeletal
rearrangements (Figure 10) may be linked to the regulation of cellular stiffness in
platelets (Figure 11). Specific deletion of NO-GC in platelets corroborated the role of
NO-GC in platelet stiffness treated with riociguat or cinaciguat, suggesting that
stiffness can be modulated through the NO-GC/cGMP pathway.
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Figure 11. Cellular stiffness is decreased in human platelets and wild-type (C5BI6/J) murine platelets
when treated with 8-Br-cGMP, riociguat or cinaciguat (a, d, g). Topography and cellular stiffness images
of washed human platelets, wild-type murine, and platelet-specific NO-GC murine KO platelets. (b, e,
h) Cellular stiffness quantification. (c, f, i) Western blot analysis of VASP phosphorylation (p-VASP) and
NO-GC. GAPDH was used as loading control. DMSO (1:1000), 8-Br-cGMP (1 mM), riociguat (10 pM),
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cinaciguat (10 uM). The significance level of P-values is indicated by asterisks ("P < 0.05; P < 0.01; ™
P < 0.001; ns., not significant; Tukey’s test). Scale bars: 5 pm. Experiments were performed with 6-21
platelets per donor from n=2 (human), n=2 (wild type mice), n=2 (NO-GC KO mice) donors. Control blots
were from the same sample, and performed from n=3 (human), n=3 (wild type mice), n=4 (NO-GC KO
mice) donors. SICM images were obtained in collaboration with Aylin Balmes. Western blots were done
in collaboration with Daniel Pinto-Quintero.

Platelet shape is influenced by riociguat and cinaciguat.-Platelet shape changes
were investigated with deep learning platelet morphometry (Figure 12). A convolutional
neural network (CNN) was used to generate binary prediction images from optical
phase contrast images for the analysis of the circularity of human, murine wild-type,
and platelet-specific NO-GC KO platelets. Platelet circularity could be an indicator of
platelet activation and spreading stages. When human platelets and wild-type murine
platelets were treated with cGMP-modulating drugs, a significant increase in platelet
circularity was observed (Figure 12a-d). However, the circularity (circ) of platelets from
platelet-specific NO-GC KO mice did not change when treated with riociguat (circ =
0.5; P = 0.98) or with cinaciguat (circ = 0.5; P = 0.94), compared to DMSO (circ = 0.5)
(Figure 12e, f). The absence of a change in the circularity of NO-GC KO platelets
treated with riociguat or cinaciguat demonstrated that platelet shape is likely modulated

via NO-GC-mediated signaling.
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Figure 12. Platelet shape is altered in human platelets and wild-type (C57BI6/J) murine platelets when
treated with 8-Br-cGMP, riociguat, or cinaciguat. (a, ¢, €) Phase contrast and binary prediction images
obtained via deep learning morphometry in washed human, wild-type murine, and platelet-specific NO-
GC KO murine platelets. (b, d, f). Platelet circularity. DMSO (1:1000), 8-Br-cGMP (1 mM), riociguat (10
uM), cinaciguat (10 uM). The significance level of P-values is indicated by asterisks (‘P < 0.05; "P <
0.01; ™P < 0.001; ns, not significant; Dunn’s test). Scale bars: 5 um. Experiments were performed with
=15 platelets per donor from n=2 (human), n=2 (wild type mice), n=2 (NO-GC KO mice) donors.
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Circularity and aggregation are decreased in riociguat-treated platelets from
HIV-negative donors but not in platelets from HIV-positive patients treated with
ABC. The circularity of platelets from HIV-negative platelet donors was significantly
increased (P = 0.001) by =50% when treated with riociguat (circ = 0.60) compared to
DMSO (circ = 0.31) (Figure 13a), consistent with our findings of riociguat-treated
platelets from healthy human volunteers (Figure 13b). However, the circularity of
platelets from HIV-negative platelet donors did not change (P = 0.71) when treated
with the active ABC anabolite CBV-TP (circ = 0.29), which mimics CBV-TP present in
HIV-positive patients taking ABC-containing regimens, compared to DMSO control
(circ = 0.31) (Figure 13a). Interestingly, the circularity of riociguat-treated platelets from
HIV-positive patients taking ABC-containing regimens (circ = 0.37) did not change
compared to DMSO control (circ = 0.34) (Figure 13b). Additionally, ADP median
circularity for HIV-negative volunteers (circ = 0.21) and HIV-positive patients taking
ABC-containing regimens (circ = 0.25) was =30 % smaller than for DMSO, albeit not
significantly different (Figure 13a, b). These findings could indicate a disruption of the
thrombo/cardio-protective NO-GC/cGMP signaling pathway in HIV-positive patients

treated with ABC-containing regimens.

Similarly, microplate reader-based analysis of platelet aggregation showed decreased
aggregation of platelets isolated from HIV-negative donors when treated with riociguat
(20% for riociguat, 58% for DMSO; P = 0.027) (Figure 13c), but not in platelets isolated
from HIV-positive patients ABC-containing regimens (58% for both riociguat and
DMSO; P = 0.58) (Figure 13d). Moreover, platelets isolated from HIV-negative
volunteers treated with CBV-TP showed a similar percentage of aggregation as
platelets from HIV-negative volunteers treated with the selective NO-GC antagonist
ODQ (P = 0.99; percentage of aggregation= 42% to 40%) (Figure 13c). No
pharmacological interaction of CBV-TP with ODQ was observed (Figure 4c). Likewise,
ODQ showed no effect in platelet aggregation when pre-incubated together with
riociguat in HIV-positive patients taking ABC-containing regimens (Figure 13d).
Additionally, when comparing the different drug combinations (ODQ-CBV-TP for HIV-
negative patients, ODQ-riociguat for both HIV-negative and HIV-positive patients
taking ABC-containing regimens), the maximum ADP-induced aggregation was
identical (=42%), and no significant difference compared to aggregation values for

DMSO (=42%) was detected.
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Figure 13. Riociguat increases platelet circularity and decreases platelet aggregation in HIV-negative
volunteers, but not in HIV-positive patients taking ABC-containing regimens. (a, b) Platelet circularity.
(c, d) Maximum of ADP-induced aggregation in response to indicated drug treatments. ADP (3 uM),
DMSO (1:1000), CBV-TP (50 uM), riociguat (10 uM), ODQ (20 uM). Platelet numbers for circularity: n =
15 per donor from n=2 donors. The significance level of P-values is indicated by asterisks (" P < 0.05; ™
P <0.01; ™ P < 0.001; ns, not significant; Tukey’s test). Donors for aggregation experiments: n=3.

Taken together, our findings show that activation of the NO-GC/cGMP pathway in
platelets results in platelet de-activation (or maintenance of platelets in an inactive
state) and interestingly correlates with a decrease in cellular stiffness, downregulation
of F-actin, and decrease in platelet circularity (Figure 3). Platelet shape changes
(circularity increase) observed in riociguat-treated platelets from healthy volunteers
were not observed in riociguat-treated platelets from HIV-positive patients currently

taking ABC (Figure 13b). Riociguat did not exert any changes in platelet shape in
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platelets isolated from HIV-positive patients currently taking ABC, because the
thrombo-protective effect of the NO-GC/cGMP pathway was abolished. Our data
further suggests that CBV-TP could block the NO-GC/cGMP pathway and thereby the
inhibition of platelet aggregation (Figure 3).

Discussion

The goal of this study was to investigate molecular mechanisms that mediate platelet
biomechanics, which could become novel strategies for the treatment or diagnosis of
thrombosis and related cardiovascular pathologies in a variety of clinical settings.
Specifically, we sought to elucidate the role of the NO-GC/cGMP signaling pathway in

human and murine platelets, with a focus on cytoskeleton biomechanics.

Platelets store P-selectin in their alpha granules and upon platelet activation, the
external membrane of the platelet exposes P-selectin (112). We found that P-selectin
expression and cytoskeletal F-actin polymerization were decreased in human and wild-
type murine platelets after treatment with different cGMP-modulating drugs (Figure 10a
and 10d) and these changes correlated with decreased platelet cellular stiffness
(Figure 11a, 11d). The specificity of our findings was confirmed with platelets from
platelet-specific NO-GC KO mice, where cGMP-modulating drugs did not have any
effect on cytoskeletal F-actin (Figure 10h), P-selectin (Figure 10i), platelet cellular

stiffness (Figure 11g), or platelet circularity (Figure 12f).

At the molecular level, we also observed an increase in phosphorylated VASP (Figure
11c, 11f). Phosphorylation of VASP at serine239 (p-VASP) is a marker for PKG activity
and NO-mediated effects in platelets (113) and is involved in the downregulation of F-
actin polymerization (114), which leads to a decrease in platelet cellular stiffness. The
phosphorylation of VASP in platelets is also associated with inhibition of fibrinogen
receptor (integrin GPIIb/Illa) (115). Fibrinogen binding to GPIIb/llla has been linked to
thrombus stabilization (116), suggesting that the activation of NO-GC/cGMP signaling

and subsequent VASP phosphorylation decreases thrombus formation (33).

Platelet shape (circularity) is mediated by actin-binding proteins (114), and upon

platelet activation, filopodia and lamellipodia are formed. Platelet shape change is
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essential for platelet adhesion (117) and spreading, which occur via four different
stages (59): (1) platelet adhesion; (2) formation of filopodia; (3) development of
filopodia and lamellipodia; and (4) presence of lamellipodia and of orthogonally arrayed
short actin filaments inside the lamellipodia (59). Our results suggest that the circularity
in platelets treated with 8-Br-cGMP, riociguat, or cinaciguat is significantly increased
(Figure 12b, 12d), owing to a more circular platelet spreading state and shape with
fewer filopodia and lamellipodia. This gives an indication that NO-GC plays a role in
platelet shape change, because the circularity was not altered by the treatments in NO-
GC KO platelets (Figure 12f). Platelet morphological features such as circularity could
define morphological subtypes such as not-spread, partially, or fully spread (118).
According to the circularity values obtained in this study, most of the platelets that were
stimulated with cGMP stimulating drugs fit within a partially spread category. This
suggests that when platelets increase cGMP upregulation through NO-GC stimulation
(riociguat) or activation (cinaciguat), platelets do not reach a fully spread state or
become fully activated. NO-GC has a basal, NO-independent activity, which would add
to the NO-induced, endothelium-derived inhibition and probably influence platelet

morphology (roundish shape).

Similarly, for platelets treated with riociguat, increased circularity values were observed
in healthy volunteers but not in HIV-positive patients taking ABC (Figure 13),
suggesting that the NO-GC/cGMP pathway may be downregulated or blocked by off-
target effects of antiretrovirals such as ABC in these patients. This thinking is supported
by the fact that platelet circularity was not altered by any GC-modulating treatment
suggesting platelets are hyperactivated in these patients. Consistent with this finding,
riociguat decreased platelet aggregation in HIV-negative volunteers but not in HIV-
positive patients currently taking ABC regimens (Figure 13e, 13d), suggesting that
CBV-TP, the active ABC anabolite, inhibits the NO-GC/cGMP pathway in platelets.
However, further studies on the interaction between cGMP and ABC are warranted.
Our studies suggest that treatment of HIV-positive patients with ABC-containing
regimens blocks NO-GC/cGMP-mediated thrombo-protection (readout circularity),
potentially putting these patients at higher risk of thrombotic events. This is supported
by observational studies, indicating an increased risk of myocardial infarction in
patients taking ABC (68).
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Platelets have high concentrations of PKG (above 0.1 pmol/mL), mainly the PKG-I3
isoform (119). Platelets can also be regulated by phosphodiesterases (PDEs) (120)
through the hydrolysis of cyclic adenosine 3’, 5’-monophosphate (CAMP) and cGMP
(121). Dipyridamole is an unspecific PDE inhibitor that decreases cGMP hydrolysis,
and it is occasionally used in combination with acetylsalicylic acid in therapy to inhibit
platelet activation; however, its efficacy is questioned (119). Platelet inhibition occurs
via cGMP/PKG activation, which is consistent with our finding that in platelets lacking
NO-GC, treatments with NO-GC stimulator or activator did not have any effect on the
platelet activation marker P-selectin (CD62P), suggesting that cGMP/PKG is essential

for platelet inhibition.

In summary, our study indicates that the NO-GC/cGMP signaling pathway is involved
in the inhibition of P-selectin expression and downregulation of cytoskeletal F-actin
polymerization. Moreover, when cGMP/PKG is stimulated via a NO-GC stimulator
(riociguat) or a NO-GC activator (cinaciguat), a decrease in platelet cellular stiffness
and platelet circularity occurs via NO-GC. Furthermore, we conclude that NO-
GC/cGMP signaling regulates the cellular stiffness and shape changes of platelets. As
cellular stiffness indicates the mechanical state of the platelet cytoskeleton, measuring
cellular stiffness could become a novel biomarker to evaluate patients’ cardiovascular
risk, considering that platelet hyperactivation is associated with multiple cardiovascular
conditions such as increased arterial stiffness (122), detrimental blood flow (123), or
atherosclerosis. Also, platelet circularity could give a hint of platelet activation state
suggesting that circularity could also become a biomarker in clinical research (Figure
13), which allows to identify patients with a tendency of developing a cardiovascular
pathology. In conclusion, both platelet stiffness and shape changes are biological
parameters that could be exploited as biomarkers in clinical research. Future studies

should include patients with a broad range of diseases since platelet activation
responses and pharmacological responses are likely to vary according to disease

setting.
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3.1.1.2 Effect of NO-GC stimulators and activators on human and
murine platelet morphology, p-VASP and NO-GC

The following part of the chapter is not part of a manuscript, and it is not necessary to

declare and disclose the detailed contributions.
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3.1.1.2.1 Platelet morphology

The manuscript presented above is part of the chapter “Role of NO-GC/cGMP pathway
in platelet biomechanics” and explains in detail the role of NO-GC in the modulation of
the platelet cytoskeleton and shape in human and murine platelets (WT and platelet-
specific NO-GC KO mice). Since, of the various shape parameters obtained with the
CNN, only circularity was included in the manuscript, in the following section, the
additional morphological parameter area is show as well as the quantification of p-
VASP and NO-GC obtained with western blots for human and murine platelets (Figure
11). The representative images of the western blots are shown in Figure 11, so only
the quantification values will be presented below.

Riociguat and cinaciguat did not influence platelet area in human, murine wild-
type, and platelet-specific NO-GC KO platelets. The lack of change in platelet
circularity in murine platelet-specific NO-GC KO mouse after treatment with NO-GC
activators or stimulator confirmed that platelet shape is influenced by the NO-
GC/cGMP signaling pathway (Figure 12). Platelet shape can be correlated with
different platelet adhesion and spreading stages, including platelet activation. The
connection between platelet shape and the cytoskeleton is undeniable, because upon
platelet activation lamellipodia and filopodia develop and consequently the overall

platelet cytoskeleton structure is being modified.

To further quantify platelet morphology, platelet area was analyzed using deep learning
platelet morphometry. Human and murine wild-type platelets had a similar median
platelet area ranging between 15 um? to 30 um? without any significant difference after
the drug treatments (Figure 14). cGMP-modulating drugs seem to have an influence
only in platelet circularity but not in platelet area. Additionally, platelet area of platelet-
specific NO-GC mice show smaller area values (10 pm? to 15 um?) in comparison with
murine wild-type platelets (Figure 14c). The reason why platelets from the mice lacking
NO-GC are smaller than WT is not clear; but the results suggest that NO-GC deletion
affects platelet areas at baseline. Area is important in platelet spreading, so smaller

platelets will take longer time to form a thrombus and block a hemorrhage in an injured

blood vessel in comparison to functional murine WT platelets.
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Figure 14. Platelet area is not altered in human platelets, wild-type (C57BI6/J), and platelet-specific NO-
GC KO murine platelets when treated with 8-Br-cGMP, riociguat, or cinaciguat. (a,b,c) Platelet area.
DMSO (1:1000), 8-Br-cGMP (1 mM), riociguat (10 uM), cinaciguat (10 uM). The significance level of P-
values is indicated by asterisks ("P < 0.05; "P < 0.01; ™P < 0.001; ns, not significant; Dunn’s test).
Experiments were performed with =15 platelets per donor from n=2 (human), n=2 (wild type mice), n=2
(NO-GC KO mice) donors.

Summarizing the key findings regarding the effect of cGMP-modulating drugs in
platelet morphology. Circularity and area were investigated in platelets isolated from
human, wild-type, and platelet-specific KO mice using deep learning morphometry. It
was previously hypothesized (Figure 3) that a decrease in platelet circularity will occur
upon stimulation of the NO-GC/cGMP signaling pathway because of the changes in
platelet cytoskeleton. Interestingly, platelet area was not altered and only platelet
circularity. Circularity (Equation 4) is a unitless parameter which defines a perfect circle

with a value of 1.0.

4TA
C=—7 (4)

where, C is the circularity, A is the area, and P is the perimeter.

Platelets can become circular in a resting state or when they are fully spread and
activated. However, most of the platelets treated with cGMP-modulating drugs which
showed increased circularity values were not fully spread and activated because
according to Figure 10, release of P-selectin from the alpha granules was decreased

upon cGMP-modulating drugs stimulation suggesting a lower degree of platelet
activation. Consequently, platelets were less activated and in an intermediate state of
platelet activation.
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Deep learning morphometry has the enormous advantage that can screen images of
thousands of platelets immediately and get several morphological parameters (64).
The training of a CNN in imaging analysis facilitates automated analysis and removes
the bias of manual analysis methods with commercial software. Previous studies with
the same CNN, have shown similar area values to DMSO (vehicle control) (Figure 14a)
in untreated human platelet area ranging from 10 pm? to 60 pm?, indicating that the

area values obtained are reproducible (64).

Additionally, other automated deep learning studies showed a circularity (circ=0.5) in
untreated washed platelets (124). Mean area values (= 20 pm?) in untreated human
platelets (124) were comparable to the area values presented in Figure 14a. Semi-
automated analysis of platelet spreading in untreated human platelets spread in
collagen (area= 35 um?; circ=0.47) and in fibrinogen (area= 20 pm?; circ=0.38) had
circularity values close to the values presented in Figure 12a, 13a (125). However, it
seems that collagen coating increases slightly platelet circularity in comparison with
fibrinogen coating (126). It is important to mention that in this study, we only focused

on fibrinogen coated surfaces.

Morphological parameters such as area and circularity help in the understanding of
platelet spreading. Platelet circularity depends on the filopodia or lamellipodia
formation and further cytoskeleton modifications (127). Platelet area is directly
proportional to platelet spreading (127). Platelet area of a fully spread platelet is around
50 um? (127). Mean area values from human and murine platelets treated with DMSO
or cGMP-modulating drugs were = 25um? (Figure 14) suggesting that these platelets
were partially spreaded. Taken together these results compared with other studies,

platelet area (Figure 14) seems to agree with what was found in literature.
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3.1.1.2.2 p-VASP and NO-GC quantification

Riociguat and cinaciguat did not significantly increase the relative amount of p-
VASP and NO-GC in human and wild-type platelets in relation to 8-Br-cGMP.

Representative western blot images were shown previously in Figure 11c, f, i. Western

blot quantification from three donors per species were performed to determine whether
riociguat or cinaciguat significantly upregulates p-VASP and NO-GC in human and
wild-type platelets. The quantification results presented in Figure 15 were normalized
to 8-Br-cGMP. Riociguat increased the relative amount of p-VASP present in human
and wild-type platelets more than cinaciguat (Figure 15a, c), although the difference
did not reach statistical significance. Riociguat has a dual mechanism of action, which
could contribute to enhanced VASP phosphorylation in comparison with cinaciguat.

The amount of p-VASP from platelet-specific NO-GC KO murine platelets was
significantly decreased when treated with riociguat (p-VASP = 0.09; P = 1.594 x 101%)
or cinaciguat (p-VASP = 0.04; P = 7.693 x 10*?) compared with 8-Br-cGMP (p-VASP
= 1). These results suggest that in the absence of NO-GC in platelets, pVASP
phosphorylation does not occur. The relative amount of NO-GC in human platelets
treated with riociguat (NO-GC = 0.80; P = 0.999) or cinaciguat (NO-GC = 0.90; P =
0.992) did not show any significant decrease in comparison with 8-Br-cGMP (Figure
15a). Similarly, the relative amount of NO-GC in wild-type murine platelets treated with
riociguat (NO-GC = 5.1; P = 0.404) or cinaciguat (NO-GC = 5.4; P = 0.206) did not
show any significant increase in comparison with 8-Br-cGMP (Figure 15b). As
expected, the relative amount of NO-GC in platelet-specific NO-GC KO murine

platelets were undetected because of the genetic deletion in NO-GC.

In summary, and as shown in Figure 11c, f, i., riociguat and cinaciguat phosphorylates
VASP in platelets, and there is no statistically significant difference in the level of
phosphorylation between NO-GC stimulators or activators. The relative amount of NO-
GC is also not significantly affected by riociguat or cinaciguat. Additionally, ADP-
treated platelets (activated platelets) show phosphorylation levels similar to DMSO
(vehicle control). Increase phosphorylation of p-VASP was associated with decreased

platelet stiffness, as shown in Figure 11, and discussed in the manuscript.
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Figure 15. Platelet p-VASP is not altered in platelet-specific NO-GC KO murine platelets when treated
with riociguat, or cinaciguat. (a,c,e) Relative amount of p-VASP. (b,d) Relative amount of NOGC.
DMSO (1:1000), ADP (3 upM), 8-Br-cGMP (1 mM), riociguat (10 pM), cinaciguat (10 pM). The
significance level of P-values is indicated by asterisks (‘P < 0.05; "P < 0.01; ™P < 0.001; ns, not
significant; Tukey’s test). Relative amount of p-VASP and NO-GC were normalized against 8-Br-cGMP.
Experiments were performed with n=3 (human), n=4 (wild type mice), n=4 (NO-GC KO mice) donors.
Western blots were done in collaboration with Daniel Pinto-Quintero. Representative western blots were
shown in Figure 11.

Large variations of NO-GC levels were observed in human and wild-type platelets
(Figure 15b, d). Most likely higher values came from donor-to-donor variation, which is
one of the major limitations in this study. Figure 15d shows two outliers coming from
two donors, which makes the overall median value increase for riociguat and cinaciguat

treated wild-type murine platelets.

VASP is the major substrate of cGK in human platelets (51). Previous studies in VASP
null mutants have proved the relevance of VASP in platelet recruitment, adhesion, and
activation (52). The main phosphorylation sites of VASP are serine-157, serine-239,
and threonince-278 (52). However, the phosphorylation at S239 and T278 are
responsible for actin-fibers binding and filopodia growth in platelets (52). Figure 15a,
c, e shows p-VASP at S239 to correlate with the stiffness values in Figure 11. This
increased phosphorylation of p-VASP at S239 correlates with the cytoskeletal
organization and downregulation of F-actin (Figure 10) which implicates a reduction in

platelet stiffness (Figure 11).

Additionally, some studies have shown that phosphorylation of p-VASP at S239 is also
involved in the inhibition of platelet activation by reducing P-selectin expression and
GPIIb-lla integrin-fibrinogen binding (52). This correlates with the P-selectin results
obtained in Figure 10. Previous studies done in washed wild-type murine platelets
treated with 10 uM of riociguat showed a 15-fold increase in cGMP compared to
baseline, demonstrating a significant increase in cGMP release and an increased
phosphorylation at p-VASP Ser?®° (108). The results presented in Figure 15a, c, e
agree with the literature, demonstrating that activating NO-GC leads to the formation
of cGMP.
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3.1.2. Conclusions and outlook

The effects of a NO-GC stimulator (riociguat), activator (cinaciguat), and a cGMP
analog were investigated on platelet activation, morphology, and stiffness. Also, the
study of a NO-GC stimulator (riociguat) was presented in platelets from HIV-positive
patients taking ABC-containing regimens and HIV-negative patients. NO-GC/cGMP
signaling pathway has been investigated extensively in platelets, but not to our
knowledge the biomechanical properties of platelets. The current study shows novel
results about platelet biology and the pharmacological effects of cGMP-modulating
drugs in platelet biomechanics. Nevertheless, further studies will include the study of
the mechanistic inside behind platelet stiffness like for example actin-myosin mediated
contraction studies. Microtubules support actin-myosin interactions which maintain

platelet structure and cause platelet centripetal forces during the spreading process.

It is important to recall the importance of platelet stiffness in this study. The platelet
cytoskeleton plays an important role in platelet activation and supports platelet
adhesion (35). Inherited platelet disorders (IPDs) are rare platelet diseases with
mutations in the platelet cytoskeleton particularly integrins, which are characterized by
spontaneous bleeding and a reduced platelet count (109). MYH9-related
thrombocytopenia (109), W.iskott-Aldrich syndrome (WAS), and X-linked
thrombocytopenia are examples of IPDs which have alterations in cytoskeletal

components (35).

The impact in the biomechanical properties of platelet cytoskeleton in pathogenesis is
still a field to explore. The implementation of a biomechanical assessment of platelet
cytoskeleton in the diagnosis of IPDs will provide a more personalized treatment and
prognosis. Therapeutic options that modulate platelet cytoskeleton are an alternative
to treat IPDs (35). This study shows the possibility of pharmacologically targeting NO-
GC/cGMP pathway in platelets and modulating platelet cytoskeleton, suggesting that
low stiffness and high circularity values induced by high levels of cGMP are potential

biomarkers.
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Two morphological parameters were analyzed with deep-learning morphometry
(circularity and area). The platelet area was unaffected, while circularity increased.
Circular platelets can be resting platelets or fully spread platelets. Low circularity values
show an early platelet spreading stage and activation followed by the formation of
filopodia and lamellipodia. cGMP may induce an intermediate state of platelet
activation in terms of platelet circularity, with a decreased P-selectin release from the
a-granules. Riociguat, cinaciguat, and 8-Br-cGMP induced cGMP generation in pre-
activated washed platelet, and inhibited platelet activation (Figure 10). Also, other
studies have suggested that increased activity of CAMP-dependent kinase was related
with inhibition of platelet activation and decreased thrombus formation (128).
Considering the interaction and resemblance between cAMP and cGMP signaling, the

inhibition of platelet activation observed in both pathways are congruent (128).

Platelet shape is a functional response to cytoskeletal changes and activation. ADP,
TXA>, integrins, and thrombin increases phosphorylation of myosin light chain (MLC)
according to previous studies (63). Thrombin stimulates RhoA which leads to ROCK-
mediated phosphorylation of MLCP (63). S-Nitrosoglutathione (GSNO) in an
endogenous NO donor which blocks ROCK-mediated phosphorylation of MYPT1-thr&53
in thrombin-activated platelets (63). This inhibition of the RhoA/ROCK pathway and
MLC phosphorylation was mediated by NO-GC/cGMP signaling pathway (63). This
study agrees with the results obtained with our circularity values (Figure 12) showed
before, where platelets treated with cGMP modulating drugs do not have increased

shape changes (increased circularity).

High-throughput screening of circularity in the past has been correlated with platelet
anomalies in clinical samples (129). How stiffness and roundness tie into known roles
of cGMP in controlling platelet adhesion and aggregation are the limitations of this
study. Further experiments could include the manipulation of platelet stiffness with F-
actin or stiffness enhancers, and then measure platelet aggregation and adhesion.
Platelet agonists (ADP, thrombin, TXA>) are not stiffness enhancers. Previously, it was
demonstrated that thrombin-treated platelets induce platelet softening (130). Stiffness

seems not to be directly linked to an increased platelet activation (130).
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The platelet cytoskeleton undergoes dynamic changes during platelet spreading (131).
Interestingly, actin-nodule like spots appear in early stages of adhesion and spreading,
and just before lamellipodia formation (131). Actin-rich structures were unique for
platelet-specific NO-GC KO murine platelets suggesting an early stage of adhesion
and spreading (131). The presence of NO-GC in platelets suggests a pivotal role in the
normal platelet spreading.

In summary, we studied the effect of pharmacological modulators of the NO-GC
pathway on platelet cytoskeleton modulation, shape, and activation using NO-GC
stimulators and activators. The lack of an effect of these drugs on stiffness, circularity,
and CD62-P (P-selectin) in platelets from platelet-specific NO-GC KO murine platelets
confirmed the importance of NO-GC/cGMP signaling pathway in platelet cytoskeleton

modulation.

65



Results and Discussion

3.2 Role of NO-GC/cGMP pathway in platelets from PLHIV
taking abacavir or tenofovir-containing regimens

The following chapter is not part of a manuscript, and it is not necessary to declare

and disclose the detailed contributions.
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3.2.1 Effect of NO-GC stimulators on platelet aggregation

The effect of riociguat and vericiguat (NO-GC stimulators), currently used in the clinics
for the treatment of pulmonary hypertension, were investigated in platelets isolated
from HIV-positive patients taking TFV- or ABC-containing regimens to study whether
riociguat or vericiguat could reduce the risk of thrombogenicity and platelet reactivity.
TFV- or ABC-containing regimes have been linked to an increased cardiotoxicity
especially in ABC-containing regimes. However, the mechanism behind this
cardiotoxicity has not been elucidated (78). There is also no clear evidence that

withdrawal of ART improves cardiovascular risk in HIV-patients (78).

However, we cannot exclude that HIV patients with diabetes, lipidemia, hypertension
will develop CVDs, independently of the ART (78). Platelet aggregation in response
to ADP and collagen was measured. The thrombin receptor activator (TRAP-6), a PAR-
1 agonist peptide, was also tested to test which platelet agonist was the most effective
in activating platelets; however, in the preliminary tests TRAP-6 did not give the
expected results, consequently only ADP and collagen were used to induce platelet

aggregation and later platelet activation in HIV-negative and HIV-positive patients.

Microplate reader-based analysis of platelet aggregation showed decreased ADP-
induced aggregation of isolated platelets from HIV-negative patients treated with
riociguat (20% for riociguat, 45% for DMSO; P = 0.04) (Figure 16a). Additionally,
collagen-induced aggregation also showed a decrease in platelets from HIV-positive
patients taking TFV-containing regimens treated with vericiguat (50% for vericiguat,
90% for DMSO; P = 0.004) (Figure 16d). Although, platelets treated with riociguat or
vericiguat did not show a significant decrease, in the case of HIV-negative and HIV-
positive patients taking TFV-containing regimens a tendency to decrease platelet
aggregation was observed in ADP- and collagen-induced platelet aggregation (Figure
16a, b, c, d). The reason why vericiguat was more effective in HIV-positive patients
taking TFV-containing regimens is not clearly understood. When ODQ and riociguat or
vericiguat were combined in the same sample preparation, the inhibition of the NO-GC

enzyme by ODQ was reflected in the aggregation results observed =50% (Figure 16d).

67



Results and Discussion

HIV-negative patients

ns

ns
ns
ns

ns
>

:

W
o

:

(%) uonebaibbe 19|8)e|d
paanpul-uabej|oo jJo xep

[
= o
o

=

(%) uoneba.bbe jo101E|d
psonpul-day jo xe|y

HIV-positive patients taking

TFV-containing regimens

ns
* K

ns
ns

ns

==

o o o
<t ™~

(%) uonebaibbe jaie)e|d
paonpul-uabe||o Jo xep|

I
o
o
-

I I
o

20

I
o
e}

(%) uonebaibbe 19ja)e|d
paonpul-day Jo xepy

HIV-positive patients taking

ABC-containing regimens

ns
ns

f

ns
ns

ns

100

H

-

S=h

e

ol

40

I I
=} o
@ N

(%) uonebaibbe joje)e|d
padnpul-4ay jo xey

5@@5@@

I
=]

(=]
O

o

I I
o o
0 <+ o

100

(%) uonebaibbe 19)81e/d
paosnpul-uabe||od Jo Xep

o

68



Results and Discussion

Figure 16. Riociguat decreases ADP-induced platelet aggregation in HIV-negative patients treated with
riociguat and collagen-induced platelet aggregation in HIV-positive patients taking TFV-containing
regimens treated with vericiguat. (a, ¢, €) Maximum of ADP-induced aggregation in response to
indicated drug treatments. (b, d, f) Maximum of collage-induced aggregation in response to indicated
drug treatments. ADP (3 uM), collagen (3 pM) DMSO (1:1000), CBV-TP (50 uM), TFV (50 pM), riociguat
(10 puM), vericiguat (10 uM), ODQ (20 uM). The significance level of P-values is indicated by asterisks
(‘P <0.05; "P < 0.01; ™P < 0.001; ns, not significant; Tukey’s test). Donors: n=3 (HIV-negative patients,
HIV-positive patients taking ABC-containing regimes), and n=2 (HIV-positive patients taking TFV-
containing regimes).

Summarizing these results, riociguat decreased ADP-induced platelet aggregation
only in HIV-negative volunteers but not in HIV-positive volunteers (Figure 16a).
Riociguat or vericiguat inhibited platelet aggregation (Figure 16a, b) by increasing the
release of cGMP, inhibiting the fibrinogen binding to the GPIIb/llla receptor, and
decreasing intracellular calcium release (54). However, one of the limitations of this
study is that we were not able to determine intracellular cGMP levels in the platelets
from HIV-negative and positive patients. Previous studies done with inhaled NO have
shown that inhibition of platelet aggregation, P-selectin expression, and consequently
fibrinogen binding was inhibited in a dose-response manner (54). Higher doses of
inhaled NO were required to achieve significant inhibition of platelet aggregation in
platelet’'s PRP (54). This could imply that perhaps higher doses of riociguat and
vericiguat were required to see an effect, and this dose was also dependent on the
type of agonist used to induce platelet aggregation (ADP or collagen). For that reason,
riociguat only inhibited ADP-induced platelet aggregation and not collage-induced

platelet aggregation (Figure 16a, b).

TFV-treated platelets showed a decrease in platelet aggregation in response to 3 uM
ADP mediated by S-nitroso-N-acetyl-penicillamine (SNAP) in previous studies (65).
However, NO-GC stimulators (riociguat or vericiguat) were not able to significantly
inhibit ADP-induced platelet aggregation (Figure 16c). Additionally, other studies
shown that a concentration above 50 uM of riociguat is required to inhibit ADP-induced
platelet aggregation in whole blood and PRP (108). Based on that study, the
concentration used in this study was too low (10 uM), and further studies with higher
concentration must be undertaken. In summary, it is not conclusive that riociguat or
vericiguat affect platelet aggregation in HIV-positive patients taking TFV-containing

regiments and HIV-negative volunteers.
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3.2.2 Effect of NO-GC stimulators on endothelial-platelet crosstalk

The vascular endothelium regulates vascular tone, VSM cell proliferation, and
haemostasis. Endothelial microparticles (EMPs) are small vesicles which are released
from endothelial cells upon inflammation, apoptosis, thrombosis, or vascular injury
(132). The physiological mechanism by which EMPs are released from endothelial
cells is called cell membrane blebbing and occurs mainly immediately after apoptosis
(133). The exact mechanism of endothelial vesiculation is poorly understood, but
increased release of EMPs has been correlated with severe cardiovascular diseases
including hypertension (132). EMPs have receptors which target major coagulation
pathways, immune regulation, angiogenesis, and fibrinolysis (133).

To produce EMPs, we incubated cultured HUVEC with the inflammatory cytokine
tissue necrosis factor-a (95,133). Our goal was to study the interaction between
isolated EMPs, previously treated with cGMP-modulating drugs, and platelets to
investigate endothelial-platelet crosstalk. Maximum ADP- and collagen-induced PAC-
1, CD62P, and CD63 activation were quantified in platelets from HIV-positive patients

currently taking ABC or TFV-regimens.

Only platelets from HIV-positive patients were investigated to determine whether there
is any difference in platelet activation solely based on the antiretroviral treatment (ABC
or TFV). EMPs from HUVECS, previously incubated with DMSO (1:1000), riociguat (10
MM), vericiguat (10 uM), or ODQ (20 uM) for 48 hours, were isolated and quantified
with FACS. The amount of EMPs per uL were different depending on the drug
treatment (DMSO: = 515; riociguat: = 297; vericiguat: = 297; ODQ: = 539). EMPs
production diminished under the stimulation of riociguat or vericiguat, suggesting a
decrease in endothelial inflammation in comparison with DMSO (vehicle control). ODQ
and DMSO had a similar EMPs release.
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Platelets isolated from HIV-positive patients taking TFV- or ABC-containing
regimens and pre-incubated with isolated EMPs from HUVEC previously treated
with DMSO, riociguat, vericiguat, or ODQ did not show any change in their
maximum of ADP- or collagen-induced PAC-1, CD62P, and CD63 activation
markers in platelets (Figures 17, 18). EMPs did not exacerbate platelet activation,
which is a positive outcome in HIV-patients. Similarly, we did not observe any effect of
EMPs from vericiguat- or riociguat-treated HUVECs on the activation of platelets from
HIV-patients taking TFV or ABC, measured by P-selectin. This lack of effect possibly
reflects that integrin allbp3 signaling pathway and P-selectin release from a-granules
were not upregulated in platelets from HIV-positive patients taking TFV- or ABC-
containing regimens (Figures 17, 18). Moreover, in the case of platelets isolated from
HIV-positive patients currently taking ABC-containing regimes, the absence of a
response in platelet activation is most likely related to the inhibition of the NO-
GC/cGMP signaling pathway by ABC. Lastly, results were similar independently of

whether ADP or collagen was used to induce platelet activation (Figure 17, 18).

Previous studies have shown that EMP alone were not able to induce platelet
activation; however, ABC-EMP increased allbp3 integrin activation by +1.9-fold in
comparison to vehicle-EMP (95). The modulatory effect of ABC-EMP was only present
in collagen-induced activation in previous studies (95) . However, figures 17 and 18
did not show any modulatory effect of DMSO-, riociguat-, vericiguat-, and ODQ-EMP
upon platelet activation to ADP or collagen. Other studies have shown that ABC do not
influence platelet activation, but influences platelet adhesion to endothelial cells via
ATP-P2X7 receptors and further ICAM-1 and P-selectin interplay (134).

Platelet reactivity was studied with three different markers: allbp3 (PAC-1) which is in
the plasma membrane and a-granules” membrane, CD62P (P-selectin) which is found
in the a-granules” membrane, and CD63 which is in the dense granule’s membrane
(135). No significant response of all activation markers after stimulation of collagen and
ADP is related to the diminished amount of a- and dense granules present in platelets

from HIV-positive patients.
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HUVECs were not explicitly tested whether they express NO-GC and respond to
riociguat or vericiguat with an increase of cGMP, and perhaps this is one of the
limitations of this study. Nevertheless, from literature is known that HUVECs migrate
in response to DEA/NO and DETA/NO gradients enhancing cGMP signaling (136).
Consequently, this study assumed that HUVECs express NO-GC enzyme. Previously,
it was reported that 50uM of riociguat (108) decreased platelet aggregation using PRP.
Probably, as further experiments a higher NO-GC stimulator concentration could be
tested to confirm the current results found Figure 17 and 18.
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Figure 17. Riociguat-EMP or vericiguat-EMP does not alter maximum ADP-induced activation in HIV-
positive patients taking TFV- or ABC-containing regimens. (a, d) PAC-1 activation. (b, e) CD62P
activation. (c, f) CD63 activation. ADP (3 pM), collagen (3 yM) DMSO (1:1000), riociguat (10 puM),
vericiguat (10 uM), ODQ (20 uM). The significance level of P-values is indicated by asterisks ("P < 0.05;
"P < 0.01; ™P < 0.001; ns, not significant; Tukey’s test). Donors: n=2 (HIV-positive patients taking TFV-
or ABC-containing regimes).
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Figure 18. Riociguat-EMP or vericiguat-EMP does not alter maximum collagen-induced activation in
HIV-positive patients taking TFV- or ABC-containing regimens. (a, d) PAC-1 activation. (b, e) CD62P
activation. (c, f) CD63 activation. ADP (3 pM), collagen (3 yM) DMSO (1:1000), riociguat (10 yuM),
vericiguat (10 uM), ODQ (20 uM). The significance level of P-values is indicated by asterisks (‘P < 0.05;
"P < 0.01; ™P < 0.001; ns, not significant; Tukey’s test). Donors: n=2 (HIV-positive patients taking TFV-
or ABC-containing regimes).
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3.2.3 Effect of NO-GC stimulators on platelet morphology

Circularity is increased in riociguat or vericiguat-treated platelets from HIV-
negative and HIV-positive patients taking TFV-containing regimens, but not in
platelets from HIV-positive patients taking ABC-containing regimens. The
circularity of platelets from HIV-negative donors was significantly increased by =50%
when treated with riociguat (circ = 0.55, P = 0.008) or vericiguat (circ = 0.58, P=0.004)
compared with DMSO (circ = 0.35) (Figure 19a). However, the circularity of platelets
from HIV-negative donors did not change when treated with CBV-TP (circ =0.31, P =
0.998) or TFV (circ =0.40, P = 0.953) (Figure 19a).

HIV-negative HIV-positive patients taking HIV-positive patients taking
patients TFV-containing regimens ABC-containing regimens

x n.s
a *k
b ns c s DS
1.0 1.04
- s 5081
3 8 S 0.6-
O O O 044,
0.2 7
0.04
i Q's
d n.s e n Q'S f
250 250 250
E‘ 200 g 200 %200—
3
= 150~ 2 150 < 150-
(0] [<}] fuel
< 100 << 100 » < 100
50 50 <« 50
0 | 0 | o0, 0—




Results and Discussion

Figure 19. Platelet area is not altered in human platelets from HIV-negative patients and HIV-positive
patients taking TFV-containing regimens when treated with riociguat or vericiguat. (a) Platelet circularity
(b) Platelet area. ADP (3 pM), DMSO (1:1000), CBV-TP (50 uM), TFV (50 uM), riociguat (10 pM),
vericiguat (10 pM). Platelet numbers for all conditions: n=45. The significance level of P-values is
indicated by asterisks (‘P < 0.05; "P < 0.01; ™P < 0.001; ns, not significant; Tukey’s test). Experiments
were performed with =15 platelets per donor from n=3 (HIV-negative patients, HIV-positive patients
taking TFV- or ABC-containing regimes) donors.

Platelet circularity from HIV-positive patients taking TFV-containing regimens treated
with riociguat (circ = 0.59, P = 0.005) or vericiguat (circ = 0.58, P = 0.014) significantly
increased compared to DMSO (circ = 0.4) (Figure 19b). On the other hand, circularity
of platelets from HIV-positive patients taking ABC-containing regimens did not change
after treatment with riociguat (circ = 0.40, P = 0.941) or vericiguat (circ = 0.41, P =
0.172) in comparison to DMSO (circ = 0.38) (Figure 19c). These findings suggest that
platelets previously exposed to CBV-TP, as observed in HIV-positive patients taking
ABC-containing drugs, are not influenced by the NO-GC stimulators (riociguat or
vericiguat) because NO-GC pathway is inhibited. The lack of change in circularity in
HIV-positive patients taking ABC-containing drugs confirms the disruption of the NO-

GC/cGMP signaling pathway and the loss of a thrombo/cardioprotective effect.

The median platelet area of HIV-negative patients and HIV-positive patients taking
TFV- or ABC-containing regimens was similar independently of the treatments =40 um?
(Figure 19d, e, f). These results suggested that platelet area is not modified by NO-GC
stimulators, CBV-TP, TFV, or ADP (Figure 19d, e, f). Additionally, the overall platelet
area was not affected by HIV status (Figure 19 d, e, f). Previously, it was mentioned
that an increased platelet circularity indicates a less activated platelet spreading stage
with fewer formation of filopodia and lamellipodia. Furthermore, platelets from HIV-
positive patients taking TFV-regimens treated with riociguat or vericiguat show a lower
degree of platelet activation and are less prone to thrombogenicity. The opposite is
observed in platelets from HIV-positive patients taking ABC-regimens treated with NO-
GC stimulators. It is important to note that platelet adhesion during a vascular injury is
mediated by platelet shape changes, disruption of the actin network, and increased

surface tension (137).
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Previous studies using high-throughput screening of platelet spreading analysis also
used circularity as a parameter to identify different platelet phenotypes in different
platelet-based disorders (129), so deep-learning morphological analysis is becoming
a powerful technique in data analysis. This study focused on the morphological
analysis of platelets from HIV-positive patients taking different drug regimens in
comparison with HIV-negative patients. Circularity changes close to zero are mainly
linked to the growth of filopodia and lamellipodia, suggesting activated platelets. On
the other hand, circularity changes close to 1 are either unspread or fully spread
platelets. However, based on the images most of the platelets are in an intermediate
state of platelet activation explained before.

Normally, fully spreaded platelets are active but previously was demonstrated that
cGMP-modulating drugs decrease release of P-selectin from a-granules. However, the
limitation of this study is that P-selectin was not measured in HIV-patients. Taking that
into consideration, an intermediate activation state was suggested for platelets treated
with  cGMP-modulating drugs. Normal circularity measurements from five
representative controls in previous studies were =0.5, which are within the values in
the platelet control group (129) (Figure 19 a, b, c). Platelet circularity could be a
complementary study to determine how platelet spreading stages differ in patients and

healthy volunteers.

3.2.4 Effect of NO-GC stimulators on F-actin

Platelet F-actin is not affected by riociguat and vericiguat in HIV-positive patients
taking ABC-containing regimens. Previously, we have corroborated that NO-GC
plays a role in the downregulation of F-actin polymerization and consequently in the
modulation of platelet cytoskeleton. In platelets from HIV-negative patients, riociguat
downregulated F-actin by =50% (Figure 10a, b); vericiguat (NO-GC stimulator) was not
tested. Platelet F-actin CTCF values from HIV-positive patients taking TFV-containing
regimens was significantly increased when treated with riociguat (P= 1.402x10°8) and
vericiguat (P= 4.907x101), compared to DMSO (Figure 20a).
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Additionally, platelets from HIV-positive patients taking TFV-containing regimens pre-
incubated with ADP (P= 0.40) did not show any significant change in F-actin CTCF
values (Figure 20a). ADP-activated platelets show a similar level of activation to DMSO
(vehicle control) in HIV-positive patients taking TFV-containing regimens. It could be
inferred from Figure 20a that platelets from HIV-positive patients taking TFV-containing
regimes have a functional NO-GC/cGMP signaling pathway because of a F-actin
upregulation in platelets treated with riociguat or vericiguat. This F-actin upregulation
could be related to an increased platelet overactivation usually present in HIV-positive

patients taking TFV-containing regimens.
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Figure 20. Platelet F-actin CTCF [a.u.] is not altered in HIV-positive patients taking ABC-containing
regimens. (a,b) F-actin CTCF in HIV-positive patients taking TFV- or ABC-containing regimens. ADP (3
MM), DMSO (1:1000), riociguat (10 uM), vericiguat (10 uM). Platelet numbers for all conditions: n=45.
The significance level of P-values is indicated by asterisks (‘P < 0.05; P < 0.01; ™P < 0.001; ns, not
significant; Tukey’s test). Experiments were performed with =15 platelets per donor from n=3 (HIV-
positive patients taking TFV- or ABC-containing regimes) donors.

In platelets from HIV-positive patients taking ABC-containing regimens, F-actin was
not altered by riociguat (P= 0.04) or vericiguat (P= 0.53) (Figure 20b). A significant
difference between ADP and DMSO F-actin CTCF values (P= 0.004) was only
observed in HIV-positive patients taking ABC-containing regimens. This finding could
be related to the large spread on the platelet population observed in DMSO platelet F-
actin CTCF values from HIV-positive patients taking ABC-containing regimens.
Whether F-actin polymerization is affected in platelets from HIV-positive patients is

unknown. However, platelets from HIV-positive patients tend to be in an activated state
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and over-reactive in comparison with healthy volunteers, which could contribute to an
increased risk of heart failure and cardiotoxicity in these patients. From our studies, it
is not clear whether riociguat or vericiguat can downregulate F-actin in platelets from
HIV-positive patients currently taking TVF. However, the absence of an alteration in F-
actin in platelets from HIV-positive patients currently taking ABC could be related to
the presence of CBV-TP in the blood of these patients and the inhibition of NO-
GC/cGMP signaling pathway. Nevertheless, this cannot be confirmed because cGMP

levels in platelets from HIV-positive patients were not measured.

Previous studies showed that a minimum of 20% actin polymerization is required to
activate platelets and 55% of actin polymerization is needed to aggregate platelets. F-
actin to G-actin ratio in platelets also contributes to understand the overall platelet
cytoskeleton function, so this should be considered as an additional study. Actin
polymerization induces further platelet shape changes, including lamellipodia and
filopodia extension (35). Thrombocytopenia is a very common disease in HIV-positive
patients, and around 40% percent will develop thrombocytopenia in late HIV-stages
(138).

Impaired function in platelet cytoskeleton and alterations in the biomechanical
properties have been observed in patients with thrombocytopenia and inherited platelet
disorders (IPDs) (35). Suggesting, that most likely the biochemical properties
(stiffness) in platelets from HIV-positive patients are different from HIV-negative
patients” platelets. Further, stiffness values from HIV-positive patients” platelets are
advisable to correlate with the current F-actin values obtained in Figure 20. Currently,
there are no known up to date previous investigations regarding F-actin quantification

and stiffness measurements in HIV-positive patients.

3.2.5 p-VASP quantification

Western blot quantification from three donors were performed to determine whether
CBV-TP blocks the upregulation of p-VASP caused by 8-Br-cGMP or riociguat. The
guantification results presented in Figure 21 were normalized to 8-Br-cGMP. Riociguat

and 8-Br-cGMP increased the relative amount of p-VASP present in human platelets
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likewise (Figure 15a). CBV-TP did not upregulate p-VASP in human platelets and the
relative amount of p-VASP obtained was comparable to platelets incubated with DMSO
or ADP (=0.2) (Figure 21). Platelets pre-incubated with CBV-TP and then with riociguat
or 8-Br-cGMP, did not show any significant difference in comparison with platelets
incubated with riociguat or 8-Br-cGMP only. Suggesting, that CBV-TP do not intervene
with the p-VASP phosphorylation increase mediated through NO-GC/cGMP signaling

pathway in HIV-negative volunteers.
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Figure 21. Carbovir does not affect p-VASP upregulation when incubated together with riociguat or 8-
Br-cGMP. (a) Relative amount of p-VASP. (b) Western blot analysis of VASP phosphorylation (p-VASP)
and NO-GC. GAPDH was used as loading control. DMSO (1:1000), ADP (3 uM), 8-Br-cGMP (1 mM),
riociguat (10 uM), cinaciguat (10 uM). The significance level of P-values is indicated by asterisks (‘P <
0.05; "P < 0.01; ™P < 0.001; ns, not significant; Tukey's test). Relative amount of p-VASP were
normalized against 8-Br-cGMP. Experiments were performed with n=3 (human). Western blots were
done in collaboration with Daniel Pinto-Quintero.

Further, investigation of the relative amount of p-VASP in platelets from HIV-positive
patients taking ABC- or TVF- is suggested. Additionally, quantification of cGMP levels
with the platelet-specific cGi500 mice was planned. However, because of the results
obtained with western blot (Figure 21) and time constraints, the FRET measurements

were not done. Nevertheless, it is important to consider that previous studies showed
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that flow-dependent FRET/cGMP signals correlate with phosphorylation of p-VASP
and usually are three times higher in flow than in static conditions (33). For that reason,
it could be interesting to corroborate the intracellular cGMP concentration in platelets
treated with CBV-TP and riociguat under flow conditions. Taken together these results,
CBV-TP do not affect p-VASP upregulation when incubated together with riociguat or
8-Br-cGMP.

80



Results and Discussion

3.2.6 Conclusions and outlook

The clinical applicability of riociguat and vericiguat (NO-GC stimulators) were studied
in platelets from HIV-positive patients currently taking TFV- or ABC-containing
regimens and HIV-negative patients. Previous studies suggested a potential link to an
increased cardiovascular risk in patients taking ABC because of an inhibition of NO-
GC/cGMP signaling pathway by the active anabolite of ABC (CBV-TP) (65). These
preliminary platelet aggregation studies used nitric oxide derivatives like S-nitroso-N-
acetyl-penicillamine (SNAP) (65) , but not NO-GC stimulators were not tested so far.

The goal was to investigate whether riociguat or vericiguat could decrease platelet
thrombogenicity in HIV-positive patients taking TFV- or ABC-containing regimens.
Caucasian HIV-positive patients between 51 to 62 years old currently taking ABC/
lamivudine (3TC)/dolutegravir (DTG) or nevirapine as their ART treatment for longer
than 5 years were used in this study. DTG is a HIV integrase inhibitor which blocks
DNA retroviral integration, while ABC/3TC incorporates their respective
monophosphate form in the viral HIV DNA resulting in an inhibition of viral replication
(139). The effects of the other two NRTIs (3TC or DTG) have not been investigated in

this study, and this will be important to consider for further experiments.

The effect of riociguat and vericiguat on platelet aggregation, EMP-platelet crosstalk,
morphology, and CTCF actin concentration were studied in platelets from HIV-negative
patients and HIV-positive patients taking TFV- or ABC-containing regimens. Riociguat
and vericiguat did not show any increase in platelet aggregation, EMP-induced platelet
activation, circularity, area and CTCF actin concentration in HIV-positive patients
taking ABC-containing regimens in comparison with HIV-positive patients taking TFV-
containing regimens and HIV-negative volunteers. EMPs previously incubated with
riociguat or vericiguat do not influence ADP- or collagen induced activation of PAC-1,
CD62P, and CD63 in platelets from HIV-positive patients taking TDF- or ABC-

containing regimens.
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Platelet adhesion to HUVECs were studied in a flow chamber to determine platelet-
endothelial interaction (134). The experimental design of this study was similar to what
was performed in Figure 17 and 18, where the endothelial-platelet crosstalk was
investigated. Incubation time of platelets were 30 min longer than in our study, and the
concentrations used were clinically relevant (CBV-TP; 1- 25 pg/mL) and (TDF; 0.1 —
10 pg/mL) (134). The clinically relevant concentrations agreed with what we used for
the experiments presented above. HUVECs and platelets were pre-treated with Po-
ATP receptor antagonists prior ABC or TFV treatment to check whether purine-
signaling pathway and ATP-P2X7; receptors are involved in the increased
thrombogenicity and vascular inflammation in HIV-positive patients currently taking
ABC (134).

These studies showed that ABC-treated platelets do not induce a direct platelet
activation, but the ABC-induced endothelial-platelet interaction induces further platelet
aggregation and activation (134). Also, TDF had no effect on platelet-endothelial
interaction and did not promote platelet adhesion to endothelial cells (134). According
to this study, ATP-P2X7 receptors present on the endothelial cells induce vascular
inflammation and then platelet hyperactivity (134). For further studies related to the
endothelial-platelet cross talk will also be relevant to take in consideration the influence
of purine-signaling pathway and ATP-P2X7 receptors present only in endothelial cells,

but not in platelets.

Additionally, an increased phosphorylation of VASP in static platelet conditions
observed in platelets treated with 8-Br-cGMP or riociguat are not affected by CBV-TP
when incubated together with the cGMP-modulating drugs. It is important to recall that
the NO generated by the vascular endothelium activates NO-GC in platelets in a shear-
dependent manner, and p-VASP in flow conditions significantly different to static

conditions.

PRPs from HIV-patients currently taking TFV- or ABC-containing regimens were used
for platelet aggregation and activation experiments, while washed platelets for F-actin
immunostaining, platelet morphology, and p-VASP quantification. Previously was

discussed, that other studies observed only above 50 uM of riociguat a significant
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decrease in platelet aggregation. However, 10 uM of riociguat was enough to observe
an effect in washed platelets. Further, studies must include testing everything again
with a concentration above 50 uM to compare with the current results obtained (Figure
16-21). Additionally, the average maximum drug concentration (Cmax) of CBV-TP in
blood plasma from HIV-positive patients currently taking ABC-containing regimens is
=4.3ug/mL (72). Although platelets from HIV-negative patients could be incubated for
30 min maximum, the amount of CBV-TP (=4.3ug/mL) will never be the same as
present in HIV-positive patients taking ABC-containing regimens. This also could be
one of the reasons why p-VASP was unaffected when CBV-TP and riociguat or 8-Br-
cGMP were incubated together. Consequently, p-VASP quantification is advisable in
platelets from HIV-positive patients taking TFV- or ABC-containing regimens.

Previously, it was tested whether CBV-TP could inhibit NO-GC with an enzyme
inhibition assay (72). cGMP production was assessed in whole blood or PRP with an
ELISA assay (72). CBV-TP inhibited the activity of purified NO-GC from bovine and
human enzymes (72). Other studies even suggested that ABC could induce vascular
inflammation via ATP-P2X7 receptors (purine-signaling pathway) because of the close
similarity between endogenous purines (ADP, AMP) and a guanosine analogue (81).
The limitation of this study is the absence of a relative quantification of NO-GC levels
after riociguat or vericiguat treatment in the platelets of HIV-positive patients currently
taking ABC- or TFV-containing regimens and in HUVEC cells via western blot. This
relative quantification levels of NO-GC would have helped to determine whether cGMP

increased or not when platelets or HUVECs were exposed to cGMP-modulating drugs.

Taken together, these results suggest that NO-GC stimulators could have a potential
clinical applicability and reduce thrombogenicity and hyperreactivity in platelets based
on the circularity and aggregation readout obtained in Figures 16, 19. However, further
studies need to be undertaken to corroborate that the cardiotoxicity present in HIV-
positive patients taking ABC-containing regimens is mainly related with a dysfunctional
NO-GC/cGMP pathway caused by CBV-TP
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3.3 Effect of biochemical confinement on platelet
morphology and mechanics
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- Optimization of all the protocols for micro-contact printing (UCP) and
biochemical confinement of platelets.

- Performance of all the microscopy experiments for morphological analysis,
including the images for the CNN deep-learning morphological analysis.

- MUCP patterned substrates were generated by Dr. Carmela Rianna.

- Performance of all the AFM experiments by MSc. Vincent Gidlund (Fig. 24
and 25).
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Seifert (Fig. 22). Further data analysis and interpretation was performed by
Johanna Rodriguez.

e Paper writing (40%)
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The methods section of this manuscript has been removed to avoid repetition, and
everything was placed in the materials and methods section above.

Effect of biochemical confinement on
platelet morphology and mechanics

Johanna G. Rodriguez!, Carmela Rianna?!, Vincent Gidlund?, Jan Seifert!, and Tilman
E. Schaffer!

I Institute of Applied Physics, University of Tibingen, Tibingen, Germany.

Abstract

An exacerbated release of platelet agonists induces platelet activation and
consequently triggers the enhancement of cardiovascular pathologies like thrombosis.
Furthermore, the study of platelet activation in an in vitro system similar to the size of
blood capillaries is important to fully understand platelet function. The understanding
of platelet stiffness and shape parameters in a more physiological environment created
with micro-contact printing (UCP) provides a new understanding of platelet
cytoskeleton modulation and spreading during agonist activation with ADP or thrombin.
Two soluble platelet agonists (ADP and thrombin) were tested in human platelets to
understand how biochemical confinement affects platelet morphology and mechanics
in platelet activation. We used micro-contact printing (LCP) to create fluorescent
fibrinogen lines (5 um width, 15 pym periodicity) for confined platelets, and a flat area
for unconfined platelets in the same pattern. We investigated the effect of confinement
on platelet morphology and mechanics using optical microscopy and atomic force
microscopy (AFM). Human platelet morphology and mechanics were strongly
influenced by biochemical confinement. Confined ADP-activated platelets showed an
increased volume and aspect ratio in comparison to untreated and thrombin-activated
platelets. Further, the actin content and the stiffness for confined ADP-activated
platelets were decreased in comparison with unconfined untreated and thrombin-
activated platelets. Taken together, these results demonstrate that platelet mechanics

and morphology are affected by confinement.
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Introduction

Platelets play a critical role during vascular injury because of their function during clot
formation and hemostasis (140). Platelets are immediately recruited when there is an
endothelial injury or an inflammatory sign (141). After activation by released platelet
agonists such as adenosine diphosphate (ADP) or thrombin, platelets adhere and
spread to an underlying surface through the formation of filopodia and lamellipodia.
This leads to multi-cellular aggregation and thrombus formation (116). Impaired
platelet activation is associated with severe cardiovascular pathologies such as
thrombosis, stroke, or myocardial infarction (142)(116). Additionally, clots can form on

the surface of medical stents, leading to the development of thrombosis (143).

The understanding of cellular stiffness and its dependence on the extracellular
environment is important for platelet research (34). The cytoskeleton generates
contractile forces and essentially contributes to mechanotransducive and haptotactic
mechanisms and platelet motility (43,141,144,145) Alterations in the cytoskeleton
imply a change in cellular stiffness (146) and can potentially lead to increased bleeding

tendencies (35).

In vitro mimicking of physiological conditions is important for the study and
understanding of platelet behavior. Micro-contact printing (WCP) allows to investigate
single platelet adhesion in a micro-environmental geometry space (143). For example,
MCP has been used to study the migration of tumor and mesenchymal stem cells in
confinement (147,148). uCP-3D collagen micro tracks were used to mimic
physiological conditions for metastatic breast cancer cells to understand the effect of
confinement on cancer cells (149). yCP aids in the development of versatile
biologically relevant patterns (150). However, platelet activation under biochemical
confinement has not yet been studied. In this study, we investigated how platelet
morphology and mechanics are affected by biochemical confinement using optical
microscopy and atomic force microscopy (AFM) on a single cell level. We used uCP
to fabricate fluorescent fibrinogen lines with a width of 5 um and a periodicity of 15 um

to provide a model system for platelet confinement in blood capillaries (151).
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We found that platelets were strongly affected by confinement when they were
activated with ADP. These platelets showed an increased aspect ratio, and volume in
comparison to thrombin-activated and untreated platelets. Moreover, the confinement
caused a drastic decrease in platelet stiffness and F-actin content for ADP-activated
platelets. The influence of confinement on morphology and mechanics was weaker for
thrombin-activated or untreated platelets. Taken together, these results suggest that
biochemical confinement indeed affects the overall platelet morphology and

biomechanics particularly when platelets are being activated with ADP.

Results
Morphology of platelets in confinement depends on activation agonist

We examined the morphology of platelets that were either untreated or activated with
ADP or thrombin (Figure 22). Platelets on a substrate fully covered with fibrinogen
showed a similar, spread-out morphology regardless of the activation agonist (Figure
22a). Platelets on a patterned fibrinogen substrate had an elongated morphology
mostly aligned with the fibrinogen-covered areas when activated with ADP or thrombin
(Figure 22b), whereas untreated platelets were mostly spread out regardless of the
presence of fibrinogen. Accordingly, both ADP- and thrombin-activated platelets
showed a significantly increased (P = 1.179x10° for ADP and P = 3.572x10° for
thrombin) overlap with the fibrinogen-covered areas compared to untreated platelets
(Figure 23a). Comparing both activation agonists, the platelet-fibrinogen overlap for
ADP-activated platelets was significantly larger (P = 0.002) than for thrombin-activated

platelets.
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Figure 22. Biochemical confinement of platelets activated with different agonists. Phase contrast, CNN
mask, and fluorescence images (green: F-actin, red: fibrinogen) of untreated platelets and platelets
activated with ADP or thrombin on (a) a fully covered fibrinogen substrate and (b) on a line-patterned
fibrinogen substrate. Scale bars: 10 ym.
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Figure 23. Morphological analysis of platelets in biochemical confinement. (a) Platelet-fibrinogen
overlap on line-patterned fibrinogen substrates for untreated platelets and platelets activated with ADP
or thrombin. Images analyzed: n = 15 containing approximately 750 platelets. (b) Area and (c) aspect
ratio of platelets in unconfined and confined condition. Platelet numbers for each condition and
treatment: n= 15 platelets per donor from n=3. The significance level of P values is indicated by
asterisks (* P < 0.05; ** P < 0.01; *** P < 0.001; n.s., not significant; Tukey’s test).

To further quantify the platelet morphology, we analyzed platelet area and aspect ratio
using deep learning platelet morphometry. Platelets on patterned substrates with a low
platelet-fibrinogen overlap (<50%) were defined as unconfined and excluded from the
analysis. Unconfined platelets had a similar platelet area (38 um?) and aspect ratio
(0.1) for all activation treatments (P = 0.4 and P = 0.9, respectively). On the other
hand, confined platelets showed an increased spreading aspect ratio regardless of the
activation treatment (Figure 23b, c). Analogous to the platelet-fibrinogen overlap, the
increase in platelet aspect ratio was highest for the ADP-activated platelets (P =
1.117x101?). This indicates that platelets were most affected by the confinement when
they were activated with ADP. Thrombin-activated platelets also showed an increased
aspect ratio (P = 3.493 x1071?)
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Biochemical confinement affects volume and mechanical properties of platelets

We investigated the three-dimensional morphology and the mechanics of platelets in
confinement by AFM (Figure 24). Using force mapping, we recorded maps of
topography and local stiffness (Figure 24a, b) of platelets. Unconfined platelets had a
roundish morphology with flat regions at the lamellipodium and higher regions at the
centrally located platelet body (Figure 24a, upper row). Stiffness maps of unconfined
platelets show softer regions at the platelet body and stiffer regions at the
lamellipodium. (Figure 24a, lower row). In contrast, confined platelets had an elongated
morphology without a clearly distinguishable lamellipodium and platelet body (Figure
24b, upper row). Accordingly, stiffness maps of confined platelets showed local
differences that could not be clearly correlated to a distinct part of the platelet (Figure

24D, lower row).

We analyzed the three-dimensional platelet morphology by calculating the platelet
volume and height from the AFM topography images. The maximum height of ADP-
and thrombin-activated platelets increased for confined vs. unconfined platelets
(Figure 25a), with the largest increase for ADP (from 0.5 umto 1.3 um, P = 1.131x10"
10), For untreated platelets, height (=0.5 um) and volume (=9 pL) were unaffected by
the confinement. Similarly, platelets activated with ADP and thrombin showed an
increased volume in confinement (Figure 25b). Again, this increase was stronger for
ADP than for thrombin (from =8 pL to =27 pL, P = 1.480x10°9).

The stiffness of biochemically confined platelets decreased in comparison with
unconfined platelets (Figure 25c). The decrease in stiffness was strongest for ADP-
activated platelets (from =20 kPa to =6 kPa, P = 2.602x10°") and weakest for thrombin-
activated platelets (P = 0.993). Similarly, the F-actin content (MFI) decreased in
confined platelets (Figure 25d), with the strongest decrease for ADP-activated platelets
(by approx. 50%, P = 1.22578x101). Biochemical confinement revealed an inverse
correlation of platelet stiffness and volume for ADP-activated platelets (Figure 25e).
For thrombin-activated platelets, the inverse correlation of platelet stiffness and volume
was smaller (Figure 25e). For untreated platelets, only stiffness was affected by the

confinement (Figure 25e).
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Figure 24. AFM force maps of unconfined and confined platelets. Topography (upper row) and stiffness
(lower row) of untreated platelets and of platelets activated with ADP or thrombin (&) in unconfined and
(b) in confined condition. Scale bars: 2 um. Images were taken by Vincent Gidlund.
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Figure 25. Platelet volume and mechanics in biochemical confinement. (a) Maximum height, (b) platelet
volume, (c) average stiffness (in terms of Young’'s modulus), and (d) F-actin mean fluorescence intensity
(MFI) of unconfined and confined platelets, untreated or activated with ADP or thrombin. (e) Median
stiffness vs. median volume (red circles: unconfined; blue circles: confined). The significance level of P
values is indicated by asterisks (* P < 0.05; ** P < 0.01; *** P < 0.001; n.s., not significant; Tukey’s test).
Platelet numbers for each condition and treatment: n = 15 platelets per donor from n = 3 donors.
Height, volume, and stiffness data were recorded by Vincent Gidlund.

Discussion

We investigated different aspects of human platelet behavior in a biochemically
confining environment. Micro-contact printed fibrinogen lines with a line width that
resembles the diameter of blood capillaries provided a substrate for platelets (Figure
22). Previous studies have shown that micro-topography and biochemical confinement
influence the spatial distribution of the platelet cytoskeleton (143), platelet spreading
(152), and platelet adhesion (153). Using optical microscopy and AFM, we investigated
the influence of biochemical confinement on platelet morphology and mechanics

dependent on the type of activation agonist (152).

ADP and thrombin specifically activate platelets via P2Y1/P2Y12 and PAR-1/PAR-4
receptors, respectively, leading to platelet shape change and the activation of the
fibrinogen-binding integrin aipBz (117)(5,144) Agonist-activated platelets had an
elongated morphology largely overlapping with the fibrinogen pattern, showing a high
platelet-ligand alignment (Figure 22, 23). Additionally, aspect ratio (Figure 23c) and
platelet volume (Figure 25c) were significantly increased, and platelet stiffness was
significantly decreased by the confinement for ADP-activated platelets. Here, an
inverse correlation of volume and stiffness for platelets induced by biochemical
confinement was found (Figure 25e). Similar results are known from nucleate cells,
where increased cell volume and decreased cell stiffness can be induced by
confinement with micropatterned collagen islands (154). In spatially unrestricted cell
spreading, water efflux followed by molecular crowding leads to a decrease in cell
volume (155)(156)(157). Further, changes in cell volume are associated with
contractility in the cytoskeleton and changes in intracellular water content (158). This
indicates that the morphological and mechanical alterations in platelets in confinement

are caused by spatially limited incomplete spreading.
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Biochemical confinement influences the overall spatial cytoskeletal organization in
platelets, and actin filaments tend to get distributed on the cell borders (148). Previous
studies in U20S cells have shown that tumor cells are softer in confined spaces (97).
Moreover, in renal carcinoma cells (A498) and renal cancer cells derived from a
metastatic site at the pleural effusion (ACHN), cellular stiffness and topography were
influenced by the cell microenvironment (159). Additionally, cells have been shown to
behave more fluid-like after adaptation to a confined space (160) with a reduced F-
actin content in the cell interior (160).

Untreated platelets showed a divergent response to biochemical confinement
compared to agonist-treated platelets. Unspecific activation of platelets by surface
contact and the consequently limited activation of integrins therefore potentially lowers
the mechanosensitive capabilities of platelets and the ability to adapt to a ligand-
defined pattern. In summary, our study indicates that an in vitro system based on uCP
for platelets is feasible and allows the investigation of platelet morphology and
biomechanics in a more biomimetic environment. Biochemical confinement affected
both morphological and mechanical properties of platelets while the strength of the
effect depended on the activation agonist. For untreated and thrombin-activated
platelets, the effects on morphological and biomechanical parameters were not
significant. Only in the presence of ADP a significant effect was observed. This
therefore demonstrates that biochemical confinement by uCP can provide further

understanding of platelet activation in a physiologically relevant environment.
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3.3.1 Conclusions and outlook

The manuscript presented above summarizes the study of the effect of biochemical
confinement in platelet activation and mechanics. This type of study with different
platelet agonists such as ADP or thrombin, could be also transferred to the effect of
confinement in platelets with cGMP-modulating drugs. This will improve the current
understanding of platelet biology in confined physiological conditions. From the results
obtained, we could conclude that physical space limitation has an impact on platelet
morphology and mechanics.

Upon the exposure of activation agonists such as ADP or thrombin, platelet shape
changes are induced by cytoskeletal re-organizations (117). Platelet shape changes
facilitate platelet adhesion to sites of vascular injury and promote platelet aggregation
(5). ADP and thrombin are the most relevant agonists interacting during thrombus
formation (5)(99). ADP induces shape change through the activation of Gai-coupled
P2Y1 and P2Y12 receptors and amplifies the effect of thrombin release (161).
Thrombin activates protease-activated receptor-1 and -4 (PAR-1 and PAR-4) in
platelets, which leads to the release of dense granules, platelet activation,
cytoskeleton, and further shape changes (161). Platelet-fibrinogen overlap
occasionally reached 100% for ADP-activated platelets (Figure 23a). Glycoprotein
GPIIb/llla or allbB3 (CD41/CD61) is the main platelet integrin which binds to fibrinogen,
fibrin, and von Willebrand factor (WWF) (162). The inside-out signaling of allbf3 on
platelets is initiated by ADP, thrombin, or other soluble agonists which triggers the

binding of fibrinogen to allbB3 integrin (162).

ADP and thrombin have similar kinetics and affinity to fibrinogen binding by the same
class fibrinogen receptors (163). Previous studies suggest that high local
concentrations of ADP can support fibrinogen binding and blockage of ADP release by
apyrase in thrombin-stimulating platelets inhibits further fibrinogen binding (163).
Thrombin induces the release of serotonin-containing dense granules which contain
ADP, suggesting the synergistic role of ADP and thrombin in platelets (163). It is not
clear the exact mechanistic role why ADP had more affinity for fibrinogen than thrombin
in confinement; however, it could be related to the different receptors involved for each
case and their expression. Targeting specifically with different antagonists P2Y1,
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P2Y12, PAR-1 and PAR-4 are possible approaches to be considered in the future.
Then, we know specifically which receptor influences shape change and adaptation to
the UCP line shape. The platelet shape is different depending on the spreading stage,
and influences platelet adhesion. The study of morphological parameters in platelets
is essential to understand platelet function.

Platelet mechanics was one of the focus points in this dissertation. The understanding
of cellular stiffness is important in platelet function, and the unique mechanical
properties in the cytoskeleton could help in medical diagnosis (34). Inherited platelet
disorders (IPDs) are rare diseases where there is an increased tendency to bleed
because of alterations in platelet cytoskeleton (35). Previous studies have shown that
stiffness is a novel biomarker which helps in the diagnosis of IPDs (35). Stiffness is a
unique biomarker of the cytoskeleton which could help in the identification of new cell
phenotypes based on their mechanical properties in the future (34). Additionally, as
shown previously stiffness also influences platelet shape. When there is an alteration

in platelet cytoskeleton, cellular stiffness is also affected (146).

This dissertation can be summarized in two main conclusions. First, the modulation of
platelet cytoskeleton and shape through the pharmacological targeting of NO-
GC/cGMP signaling pathway decreases platelet hyperreactivity and thrombogenicity.
Second, biochemical confinement influences platelet morphology and biomechanics.
However, the outcome is dependent on the platelet agonist. The physiological
relevance of confinement should be taken in consideration for further experiments and

drugs tests in platelets.
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